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        Short  Baseline Neutrinos?

Short noun
● knee-length trousers

Short verb
● to sell a stock in expectation 

of a fall in prices

Short adjective
● Describe flaky pastry

Short adjective
●  limited in distance

“Short” Dictionary Definition

$$

1. Introduction
Short-Baseline?
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        Short  Baseline Neutrinos?

Short noun
● knee-length trousers

Short verb
● to sell a stock in expectation 

of a fall in prices

Short adjective
● Describe flaky pastry

Short adjective
●  limited in distance

Let neutrinos propagate 
over some distance L

“Short” Dictionary Definition
1. Introduction
Short-Baseline?
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        Short  Baseline Neutrinos?

Short noun
● knee-length trousers

Short verb
● to sell a stock in expectation 

of a fall in prices

Short adjective
● Describe flaky pastry

Short adjective
●  limited in distance

Mixing 
angle

Mass Difference: 
m2

2 - m1
2

Flavor 
States

Mixing 
Matrix

Mass 
States

Amplitude Frequency

Distance, or 
Baseline, L

“Short” Dictionary Definition
1. Introduction
Short-Baseline?
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        Short , Relative to what?

Mixing 
angle

Mass Difference: 
m2

2 - m1
2

Amplitude Frequency

Distance, or 
Baseline, L

“Short-Baseline”

1. Introduction
Short-Baseline?
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        Short , Relative to what?

Mixing 
angle

Mass Difference: 
m2

2 - m1
2

Amplitude Frequency

Distance, or 
Baseline, L

Known neutrino 
oscillation lengths

“Short-Baseline”

1. Introduction
Short-Baseline?



FPCP2023                INSS24        M. Ross-Lonergan     June  12th 2024 7

  “Known”  Neutrino Oscillation

Super-Kamiokande 1998
Evidence for Oscillation of Atmospheric Neutrinos

Phys. Rev. Lett. 81, 1562

SNO 2001/2002
Direct Evidence for Neutrino Flavor Transformation from 

NC Interactions in the Sudbury Neutrino Observatory
Phys.Rev.Lett.89:011301

1. Introduction
Short-Baseline?
Brief History
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Super-Kamiokande 1998
Evidence for Oscillation of Atmospheric Neutrinos

Phys. Rev. Lett. 81, 1562

SNO 2001/2002
Direct Evidence for Neutrino Flavor Transformation from 

NC Interactions in the Sudbury Neutrino Observatory
Phys.Rev.Lett.89:011301

Expectation no  
oscillations

  “Known”  Neutrino Oscillation
1. Introduction
Short-Baseline?
Brief History



FPCP2023                INSS24        M. Ross-Lonergan     June  12th 2024 9

Super-Kamiokande 1998
Evidence for Oscillation of Atmospheric Neutrinos

Phys. Rev. Lett. 81, 1562

SNO 2001/2002
Direct Evidence for Neutrino Flavor Transformation from 

NC Interactions in the Sudbury Neutrino Observatory
Phys.Rev.Lett.89:011301

Expectation no  
oscillations

What was 
observed! 

“The data are consistent with 
two-flavor oscillations 𝜈𝜇 → 𝜈𝜏 ”

“...strong evidence for flavor 
transformation consistent with 
neutrino oscillations”

  “Known”  Neutrino Oscillation
1. Introduction
Short-Baseline?
Brief History
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1. Introduction
Short-Baseline?
Brief History
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Super-Kamiokande 1998
Evidence for Oscillation of Atmospheric Neutrinos

Phys. Rev. Lett. 81, 1562

SNO 2001/2002
Direct Evidence for Neutrino Flavor Transformation from 

NC Interactions in the Sudbury Neutrino Observatory
Phys.Rev.Lett.89:011301

Expectation no  
oscillations

What was 
observed! 

“The data are consistent with 
two-flavor oscillations 𝜈𝜇 → 𝜈𝜏 ”

“...strong evidence for flavor 
transformation consistent with 
neutrino oscillations”

“for the discovery of neutrino oscillations, 
which shows that neutrinos have mass”

2015 Nobel Prize 
in Physics

Takaaki Kajita     Arthur B. McDonald

  “Known”  Neutrino Oscillation
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1. Introduction
Short-Baseline?
Brief History
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Super-Kamiokande 1998
Evidence for Oscillation of Atmospheric Neutrinos

Phys. Rev. Lett. 81, 1562

SNO 2001/2002
Direct Evidence for Neutrino Flavor Transformation from 

NC Interactions in the Sudbury Neutrino Observatory
Phys.Rev.Lett.89:011301

Expectation no  
oscillations

What was 
observed! 

“The data are consistent with 
two-flavor oscillations 𝜈𝜇 → 𝜈𝜏 ”

“...strong evidence for flavor 
transformation consistent with 
neutrino oscillations”

“for the discovery of neutrino oscillations, 
which shows that neutrinos have mass”

2015 Nobel Prize 
in Physics

Takaaki Kajita     Arthur B. McDonald
Mixing angle ≠ 0 𝚫m2 ≠ 0

  “Known”  Neutrino Oscillation
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1. Introduction
Short-Baseline?
Brief History
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Neutrinos  a recent field?

Super-Kamiokande 1998
Evidence for Oscillation of Atmospheric Neutrinos

Phys. Rev. Lett. 81, 1562

SNO 2001/2002
Direct Evidence for Neutrino Flavor Transformation from 

NC Interactions in the Sudbury Neutrino Observatory
Phys.Rev.Lett.89:011301

Expectation no  
oscillations

What was 
observed! 

“The data are consistent with 
two-flavor oscillations 𝜈𝜇 → 𝜈𝜏 ”

“...strong evidence for flavor 
transformation consistent with 
neutrino oscillations”

Takaaki Kajita     Arthur B. McDonald

“for the discovery of neutrino oscillations, 
which shows that neutrinos have mass”

2015 Nobel Prize 
in Physics
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Neutrinos a ‘recent’ history  

13

1930

Pauli predicts 
“neutrinos”

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

1. Introduction
Short-Baseline?
Brief History
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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,” 

Neutrinos a ‘recent’ history  
1. Introduction
Short-Baseline?
Brief History
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1930

Pauli predicts 
“neutrinos”

1956

Reines and 
Cowan
Discover 𝝂e
“Project
Poltergeist”

1930→1956
Hypothetical Era

Neutrinos a ‘recent’ history  

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

Reines & Cowan

“Everything comes to 
him who knows how 
to wait”

Pauli

1. Introduction
Short-Baseline?
Brief History
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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

Neutrinos a ‘recent’ history  
1. Introduction
Short-Baseline?
Brief History
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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

“Wild-West” 

171966

Neutrinos a ‘recent’ history  
1. Introduction
Short-Baseline?
Brief History
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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 2002

Evidence for solar 
neutrino oscillation at 
SNO

1956

Reines and 
Cowan
Discover 𝝂e
“Project
Poltergeist”

1930→1956
Hypothetical Era

1956→2002
Discovery Era

“Wild-West” 

181966

Neutrinos a ‘recent’ history  

1966

Solar neutrinos 
discovered by Davis
→ MSW effect

1. Introduction
Short-Baseline?
Brief History
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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
Oscillation Era

    Recent: Precision!
  Rapid development!

KamLAND
(Anti-Neutrino osc)

OPERA
(𝝂𝝁 →𝝂𝜏

 osc)

Daya-Bay
(Measured 𝜽13)

T2K  & NOvA 
(Long 
Baseline Osc)

19

Neutrinos a ‘recent’ history  

Solar neutrinos 
discovered by Davis
→ MSW effect

1. Introduction
Short-Baseline?
Brief History
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Neutrinos Sources

Solar Neutrinos
Atmospheric 

Neutrinos
Nuclear Reactor 

Neutrinos
Accelerator 
Neutrinos
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Neutrinos 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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Neutrinos Sources

Solar Neutrinos
Atmospheric 

Neutrinos
Nuclear Reactor 

Neutrinos
Accelerator 
Neutrinos

Super-Kamiokande
KamLAND

IceCube 

L/E ~ 300 km/GeV

L/E ~ 50,000 km/GeV

L/E ~ 150 km/GeV

MSW driven 

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 Detector Technologies

Solar Neutrinos
Atmospheric 

Neutrinos
Nuclear Reactor 

Neutrinos
Accelerator 
Neutrinos

Liquid scintillator Cherenkov

Solar Neutrinos
Atmospheric 

Neutrinos
Nuclear Reactor 

Neutrinos

IBD Detectors

Accelerator 
Neutrinos

Magnetized Iron 
& Solid 

Scintillator
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   Stitched  together in a surprisingly coherent way! 

Accelerator 
T2K
NOvA

Atmospheric 
   SuperK
   IceCUBE

“Atmospheric Mixing Sector”

90% CL

Normal ordering

1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture
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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

   Stitched  together in a surprisingly coherent way! 
1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture
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      Global  three flavor neutrino paradigm  

𝜈1

𝜈2

𝜈3
1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture
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      Global  three flavor neutrino paradigm  

𝜈1

𝜈2

𝜈3

What’s the sign of 𝚫m2
32 ?

The “Mass Ordering” problem

“Normal Ordering”

“Inverted Ordering”

𝜈1

𝜈2

𝜈3
1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture
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      Global  three flavor neutrino paradigm  
Neutrino Mixing Matrix

cij = cos(𝜃ij)
sij = sin(𝜃ij)1. Introduction

Short-Baseline?
Brief History
Global 3𝛎 Picture
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      Global  three flavor neutrino paradigm  
Neutrino Mixing Matrix

cij = cos(𝜃ij)
sij = sin(𝜃ij)

Reactor 
Double ChooZ
RENO
Daya Bay
 

1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture
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      Global  three flavor neutrino paradigm  
Neutrino Mixing Matrix

cij = cos(𝜃ij)
sij = sin(𝜃ij)

??

Exciting 
hints at 
T2K!

1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture
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        Three remaining oscillation questions
Neutrino Mixing Matrix

cij = cos(𝜃ij)
sij = sin(𝜃ij)

??

What’s the octant of  of 𝛳23? 
Measured with sin2(2𝛳23)

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
Short-Baseline?
Brief History
Global 3𝛎 Picture
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      Future  Experiments probing the 3𝛎 paradigm    

32

71m

68m

66m
x3

43.5m

20,000 tons 
liquid scintillator~30,000 tons Liquid Argon

260,000 tons Ultra
Pure water

1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture

See lectures by E. Lisi, J. Maricic, F. Di Lodovico, A. Weber ..etc, for more on these 
experiments and many, many more 
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      Global  three flavor neutrino paradigm  
Neutrino Mixing Matrix

cij = cos(𝜃ij)
sij = sin(𝜃ij)

??

What’s the octant of  of 𝛳23? 
Measured with sin2(2𝛳23)

What’s the value of 𝛿CP ? Is 
there CP violation in 
neutrino sector

3𝛎  
paradigmWhat’s the sign of 𝚫m2

32 ?
The “Mass Ordering” problem

1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture
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2. Anomalies
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   There is  something anomalous happening…
1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture

2. Anomalies
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   There is  something anomalous happening at short-baselines

Short
Baselines

1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture

2. Anomalies
At Short Baselines?
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   There is  something anomalous happening at short-baselines

1930

Pauli predicts 
“neutrinos”

Lederman, 
Schwartz & 
Steinberger 
discover  𝝂𝝁

1962 1968

First evidence for 
atmospheric neutrino 
oscillation at 
Super-Kamiokande

𝝂𝜏 discovered at 
DONUT

1998 2000

Solar neutrinos 
discovered by Davis, 
leading to discovery of 
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 Era1. Introduction

Short-Baseline?
Brief History
Global 3𝛎 Picture

2. Anomalies
At Short Baselines?
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   There is  something anomalous happening at short-baselines

1930

Pauli predicts 
“neutrinos”

1968

First evidence for 
atmospheric neutrino 
oscillation at 
Super-Kamiokande

1998

Solar neutrinos 
discovered by Davis, 
leading to discovery of 
MSW effect

2002

Evidence for solar 
neutrino oscillation at 
SNO

Missing Energy 
Anomaly in beta 
decays

Missing Energy 

Anomaly in 𝛃 

decay

Solar Neutrino Anomaly 

Atmospheric 
Neutrino 
Anomaly 

1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture

2. Anomalies
At Short Baselines?
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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

1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture

2. Anomalies
At Short Baselines?
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   … + More Neutrino Anomalies

Reactor Anomaly
Nuclear Reactors

Neutrino-4 Anomaly
Nuclear Reactor

ANITA Anomaly
Cosmic Neutrinos

Not today!

*no longer anomaly 
with new fluxes?

*Complex Ice modeling? *Dubious systematics? 

IceCUBE “Anomaly”
Atmospherics

1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture

2. Anomalies
At Short Baselines?

P. Coloma touched base on some of these in 
her lecture last week
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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

1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture

2. Anomalies
At Short Baselines?
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The Short Baseline Anomalies 

LSND AnomalyLSND Anomaly
Decay-at-rest

LSND (Liquid Scintillator Neutrino Detector) 

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

𝜈𝜇 𝜈e

Protons → 𝜋+ (DAR) → 𝜇+ (DAR)

Protons → 𝜋- → ⋯ →
Highly suppressed through pion 
capture on heavy nuclei

Extremely Pure!

1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture

2. Anomalies
At Short Baselines?
Began with LSND
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The Short Baseline Anomalies 

LSND AnomalyLSND Anomaly
Decay-at-rest

LSND (Liquid Scintillator Neutrino Detector) 

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

𝜈𝜇 𝜈e

Protons → 𝜋+ (DAR) → 𝜇+ (DAR)

Protons → 𝜋- → ⋯ →
Highly suppressed through pion 
capture on heavy nuclei

Oscillated anti-electron neutrinos detected by inverse beta decay, with 
coincidence e+ and 2.2 MeV gamma

Extremely Pure!

1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture

2. Anomalies
At Short Baselines?
Began with LSND
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The Short Baseline Anomalies 

LSND AnomalyLSND Anomaly
Decay-at-rest

Background 𝜈e 
contamination 
was at the level 
of 0.078%

Observed a 3.8𝞂 
significance excess

LSND (Liquid Scintillator Neutrino Detector) 

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

𝜈𝜇 𝜈e

1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture

2. Anomalies
At Short Baselines?
Began with LSND
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The Short Baseline Anomalies 

LSND AnomalyLSND Anomaly
Decay-at-rest

Background 𝜈e 
contamination 
was at the level 
of 0.078%

Observed a 3.8𝞂 
significance excess

LSND (Liquid Scintillator Neutrino Detector) 

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

𝜈𝜇 𝜈e
If interpreted as oscillations, 
best fit 𝚫m2 ~ 1eV2

1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture

2. Anomalies
At Short Baselines?
Began with LSND
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𝜈1

𝜈2

𝜈3

  A 4th  Neutrino? 

Mass difference 𝚫m2 ~ O(1 eV2)

This does not line up with the global 
”three neutrino paradigm”  picture

1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture

2. Anomalies
At Short Baselines?
Began with LSND
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𝜈1

𝜈2

𝜈3

  A 4th  Neutrino? 

Mass difference 𝚫m2 ~ O(1 eV2)

This does not line up with the global 
”three neutrino paradigm”  picture

𝜈1

𝜈2

𝜈3

𝜈4
A fourth neutrino?

1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture

2. Anomalies
At Short Baselines?
Began with LSND



FPCP2023                INSS24        M. Ross-Lonergan     June  12th 2024 48

    Another Definition : Short Baseline Oscillations 

𝜈1

𝜈2

𝜈3

𝜈4
A fourth neutrino?

1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture

2. Anomalies
At Short Baselines?
Began with LSND
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𝜈1

𝜈2

𝜈3

  A 4th  Neutrino? … a Sterile Neutrino 

Mass difference 𝚫m2 ~ O(1 eV2)

This does not line up with the global 
”three neutrino paradigm”  picture

𝜈1

𝜈2

𝜈3

𝜈4
A fourth neutrino?

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

Phys.Rept.427:257-454,2006

Precision measurement at LEP shows only three (light) 
neutrinos feel the weak force

An O(1 eV) scale neutrino 
must be “sterile”

 I.e a fermion with no charge 
under the Standard Model

1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture

2. Anomalies
At Short Baselines?
Began with LSND

Incredibly generic extension to SM

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

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

1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture

2. Anomalies
At Short Baselines?
Began with LSND
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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

1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture

2. Anomalies
At Short Baselines?
Began with LSND
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The Short Baseline Anomalies 
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MiniBooNE was an 800 ton Mineral Oil 
Cherenkov detector

Marcol 7 Light Mineral Oil
Less dense than water  

~0.85 gm/cm3

CH2 targets

Long hydrocarbon chains
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The Short Baseline Anomalies 

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.

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

Sensitive to                      disappearance 
oscillations 

𝜈𝜇 𝜈e𝜈e

1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture

2. Anomalies
At Short Baselines?
Began with LSND
Enter MiniBooNE

https://doi.org/10.1103/PhysRevLett.128.232501


FPCP2023                INSS24        M. Ross-Lonergan     June  12th 2024 60

The Short Baseline Anomalies 

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.

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

Sensitive to                      disappearance 
oscillations 

Observed a ~4.0𝞂 
significance deficit

𝜈𝜇 𝜈e𝜈e

1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture

2. Anomalies
At Short Baselines?
Began with LSND
Enter MiniBooNE

https://doi.org/10.1103/PhysRevLett.128.232501


FPCP2023                INSS24        M. Ross-Lonergan     June  12th 2024 61

The Short Baseline Anomalies 

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.

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

Sensitive to                      disappearance 
oscillations 

Observed a ~4.0𝞂 
significance deficit

𝜈𝜇 𝜈e𝜈e

If interpreted as 
sterile oscillation

1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture

2. Anomalies
At Short Baselines?
Began with LSND
Enter MiniBooNE

https://doi.org/10.1103/PhysRevLett.128.232501


FPCP2023                INSS24        M. Ross-Lonergan     June  12th 2024 62

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

~4.0𝞂~3.8𝞂 ~4.8𝞂

1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture

2. Anomalies
At Short Baselines?
Began with LSND
Enter MiniBooNE



FPCP2023                INSS24        M. Ross-Lonergan     June  12th 2024 63

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

~3.8𝞂

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

~4.0𝞂~3.8𝞂 ~4.8𝞂

𝜈𝜇 𝜈e 𝜈𝜇 𝜈e 𝜈𝜇 𝜈e𝜈e

1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture

2. Anomalies
At Short Baselines?
Began with LSND
Enter MiniBooNE



FPCP2023                INSS24        M. Ross-Lonergan     June  12th 2024 64

  Why  the debate?
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Electron Cherenkov 
ring event in 
MiniBooNE

e-

𝜈𝜇 𝜈e
If truly electrons, strong evidence 
for 𝜈𝜇 → 𝜈e and sterile neutrino 
oscillations
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𝜈𝜇

𝜈𝜇

𝜈𝜇

𝜈𝜇

8 GeV Protons

 Fermilab’s Booster Neutrino Beam 

Be
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𝜈𝜇

𝜈𝜇
𝜈𝜇

8 GeV Protons

 MicroBooNE

Be

MiniBooNE

The MicroBooNE 
Cryostat

MicroBooNE!~70m
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            Enter   MicroBooNE

MicroBooNE is a Liquid Argon Time 
Projection Chamber (LArTPC) neutrino 
detector built at Fermilab to investigate 
the MiniBooNE anomaly

TPC being moved 
inside cryostat
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MicroBooNE’s primary aim was to discover if the 
excess in MiniBooNE was electrons or photons.

First results focused on the extremely rare 
and unmeasured standard model process, 
neutrino induced neutral current 𝚫 
radiative decay (NC 𝚫→N𝛾)

Only needs to be ~3.18 times higher than predicted 
in order to explain the MiniBooNE anomaly

MiniBooNE Collaboration 
Phys. Rev. D 103, 052002 

NC 𝚫→N𝛾
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MicroBooNE’s first photon search 𝛾

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
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MicroBooNE’s first photon search 𝛾
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MicroBooNE Phys.Rev.Lett. 128 (2022) 11, 111801

https://doi.org/10.1103/PhysRevLett.128.111801
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● No evidence for an enhanced rate of 
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decay

● Disfavors NC 𝚫→N𝛾 backgrounds 
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excess at 94.8% C.L
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MicroBooNE’s first photon search 𝛾
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MicroBooNE’s first photon search 𝛾
1𝛾0p

Vertex Shower

Very little sensitivity in 
the zero-proton sample 

1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture

2. Anomalies
At Short Baselines?
Began with LSND
Enter MiniBooNE
Why the Debate?

3. MicroBooNE
LArTPC Detectors
Photon Searches



FPCP2023                INSS24        M. Ross-Lonergan     June  12th 2024 98

MicroBooNE’s first photon search 𝛾
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MicroBooNE’s first electron search e- 𝜈e

What would be expected to see if 
MiniBooNE was solely due to increased 𝛎e 
in the beam

Intrinsic 𝜈e in the beam
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MicroBooNE’s first electron search e- 𝜈e
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MicroBooNE’s sterile oscillation result

MicroBooNE Phys. Rev. Lett. 130, 011801 (2023)
Transform CC inclusive 𝜈e 
selection into a direct sterile 
neutrino search
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MicroBooNE’s sterile oscillation result
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LSND sterile explanations
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MicroBooNE’s sterile oscillation result

MicroBooNE Phys. Rev. Lett. 130, 011801 (2023)
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“It appears that the sterile 
neutrino is not real.”
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MicroBooNE’s sterile oscillation result e- 𝜈e

“It appears that the sterile 
neutrino is not real.”

“The search failed to find the 
particle, known as the sterile 
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MicroBooNE’s sterile oscillation result e- 𝜈e

“It appears that the sterile 
neutrino is not real.”

“The search failed to find the 
particle, known as the sterile 
neutrino.”
“The search succeeded in not 
finding the sterile neutrino”

1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture

2. Anomalies
At Short Baselines?
Began with LSND
Enter MiniBooNE
Why the Debate?

3. MicroBooNE
LArTPC Detectors
Photon Searches
Electron Searches



FPCP2023                INSS24        M. Ross-Lonergan     June  12th 2024 108

MicroBooNE’s sterile oscillation result
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4. The SBN 
Programme 
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MicroBooNE being 
lowered into LArTF

MicroBooNE!MiniBooNE
~70m
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SBNDICARUS

ICARUS TPC’s being 
Installed at Fermilab

The SBND TPC 
being installed
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Mean Energy ~800 MeV
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NuMI Beam

NuMI Beam Flux off-axis at MicroBooNE

MicroBooNE, https://arxiv.org/pdf/2101.04228

Extremely peaked at low energy

https://arxiv.org/pdf/2101.04228
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               SBN  Muon Neutrino Disappearance Sensitivities  (BNB only)
𝜈𝜇 𝜈𝜇
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SBND will observe over 
5 million charged 
current 𝝂𝜇 events 

Extremely strong 
sensitivity to steriles in 
mass region favourable 
to LSND and 
MiniBooNE

SBN: Oscillation Strategy, 2nd Theory/Exp workshop

https://indico.nevis.columbia.edu/event/6/contributions/21/attachments/23/25/SBN_Oscillations_SantaFe.pdf
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𝜈𝜇 𝜈𝜇
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disappearance only

𝜈e 𝜈e

               SBN  Electron Neutrino Disappearance Sensitivities  (BNB only)

5𝜎90%
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35,000 intrinsic 𝜈e in 6.6e20 
POT.  
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based 𝜈e disappearance 
search, complementary to 
both reactor and radioactive 
source 𝜈e disappearance 
experiments

● ICARUS will also see many 
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NuMI and will be able to 
perform a stand alone search 
quickly!
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               SBN  Electron Neutrino Appearance Sensitivities  (BNB only)
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     SBN will be able to cover: 

● Entire LSND and MiniBooNE 
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● Best Fits being covered at >5𝛔
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 Degeneracy due to 𝜈𝜇/𝜈e ratio
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0.5%    𝜈e & anti-𝜈e
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99.5% 𝜈𝜇 & anti-𝜈𝜇
0.5%    𝜈e & anti-𝜈e

96%  𝜈𝜇 & anti-𝜈𝜇
4.0%  𝜈e & anti-𝜈e
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NuMI has ~x8 
times more 𝜈e  
relative to 𝜈𝜇 in its 
beam composition

 Degeneracy Breaking with the NuMI Beam

MICROBOONE-NOTE-1116-PUB MICROBOONE-NOTE-1116-PUB
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Effect of NuMI on MicroBooNE’s Sensitivity

Proper “3+1” combined 
appearance/disappearance

Unphysical “Appearance 
Only”. 

Addition of NuMI 
breaks the 
degeneracy!

Allows full 3+1 to 
get very close to 
“appearance only”
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Not just anomaly hunting, Cross-Section measurement
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Liquid Argon is one of the important nuclear targets of the future. 
The SBN program aims to improve our understanding of 𝜈-Ar interactions. 

3D νμCC Inclusive Cross Section Results

MicroBooNE: https://arxiv.org/abs/2307.06413

MicroBooNE already has 22 published cross-section papers, 
and SBND/ICARUS will dwarf this in the long run

https://arxiv.org/abs/2307.06413
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          Where  do we currently stand on eV scale sterile 
neutrinos?

1. eV sterile neutrinos as solution for 
MiniBooNE and LSND are not ruled 
out

2. MicroBooNE’s results combined with 
extreme tension in global picture 
has led to “disfavor” of eV sterile 
neutrino in community* 

3. While we 100% need to close the 
box on the eV sterile question, 

○ And SBN, with its dual beams, 
will do this…

○ We also need to look outside 
the box..

*my opinion entirely!
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Anomalies  still need explanations!

LSND Anomaly
DAR Anomaly (LSND)

Pion decay-at-rest

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

LSND Anomaly
Decay-at-rest

MiniBooNE Anomaly
Decay-in-flight

Gallium Anomaly
Radioactive Source

~4.0𝞂~3.8𝞂 ~4.8𝞂
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5. The Dark 
Sector
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Welcome to  the Dark Sector  

The 
Standard 

Model

“Dark Matter”
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Welcome to  the Dark Sector  

The 
Standard 

Model

● Plethora of particles

● Three forces 

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

● Forms complex atoms & molecules 
(chemistry)

● “Just” Dark Matter

“Dark Matter”
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Welcome to  the Dark Sector  

The 
Standard 

Model

The 
“Dark” 
Sector
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Welcome to  the Dark Sector  

The 
Standard 

Model

The 
“Dark” 
Sector

● Rich particle content
○ Dark matter candidate (s)
○ Sterile Neutrinos .. + more

● New Forces and Interactions

● Potentially complex phenomenology   
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Neutrinos  as a portal to the Dark Sector  

The 
Standard 

Model

The 
“Dark” 
Sector

|H|2|S|2

Scalar Portal

F𝜇𝝂 X
𝜇𝝂

Vector Portal

LHN

Neutrino Portal
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Neutrinos  as a portal to the Dark Sector  

The 
Standard 

Model

The 
“Dark” 
Sector

|H|2|S|2

Scalar Portal

F𝜇𝝂 X
𝜇𝝂

Vector Portal

LHN

Neutrino Portal

Why is this useful?

● Low level: To explain the anomalies without violating other null bounds 

● High Level: The discovery of a dark sector, potentially containing theorized dark 
matter would be groundbreaking!
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See F. Sala’s lectures for details!
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Electron Cherenkov 
ring event in 
MiniBooNE

e-

→e+e–𝛾
pair-production

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

Electron Cherenkov 
ring event in 
MiniBooNE

e-

→e+e–𝛾

?→e+e–

e-e+

pair-production
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    Proposed MiniBooNE Solution
P.Ballett, S.Pascoli, M. RL (2018)  PhysRevD.99.071701

One such proposal of a “dark sector” 
e+e-  signal as a plausible MiniBooNE 
explanation

Provided the e+e- pair is
 (a) Sufficiently Overlapping   

 (b) Asymmetric enough

?→e+e–

e-e+

?→e+e–

e-e+
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https://doi.org/10.1103/PhysRevD.99.071701
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Generating  e+e- pairs

MiniBooNE

𝜈𝜇

Add 
● Heavy sterile neutrino 𝜈4

 

● Charged under a dark sector U(1)’
○ With its own gauge boson Z` 
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Generating  e+e- pairs

𝜈4

MiniBooNE

𝜈𝜇

● Neutrino Portal: Mixing allows 
for 𝜈4 production in scattering

Add 
● Heavy sterile neutrino 𝜈4

 

● Charged under a dark sector U(1)’
○ With its own gauge boson Z` 
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Generating  e+e- pairs

e-e+ZSM/Z’

Z’
𝜈4

𝜈

MiniBooNE

𝜈𝜇

● Neutrino Portal: Mixing allows 
for 𝜈4 production in scattering

● Vector Portal:  Allows for tiny 
coupling of Z’ to e+e- pairs & 
quarks 

Add 
● Heavy sterile neutrino 𝜈4

 

● Charged under a dark sector U(1)’
○ With its own gauge boson Z` 
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    Explosion in the theoretical landscape

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

“Standard” 3+1 light oscillation 
sterile model

1. Introduction
Short-Baseline?
Brief History
Global 3𝛎 Picture

2. Anomalies
At Short Baselines?
Began with LSND
Enter MiniBooNE
Why the Debate?

3. MicroBooNE
LArTPC Detectors
Photon Searches
Electron Searches

4. SBN Programme
Intro to the SBN
Sterile Sensitivities
Using NuMI Beam

5. The ‘Dark’ Sector
Portals to Darkness
Pheno Explosion

https://inspirehep.net/literature/2051352
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    Explosion in the theoretical landscape

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

25+ dark-sector models in 
last 5 years  
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    Explosion in the theoretical landscape

Incredibly rich and varied 
phenomenology containing  

𝛾

e-
e+

𝛾
𝛾

e-

e-

e-

e-

e-

e-

e-

𝛾

e-
e+

𝛾
𝛾

e-
e+

𝛾
𝛾

𝛾

𝛾
𝛾 e-

e+e-
e+

e-

𝛾

Electron signals

Photon signals

Di-Photon signals

e+e- signals

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

25+ dark-sector models in 
last 5 years  
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             Dark  Sector Phenomenology at SBL Neutrino Detector

𝜈𝜇 𝜈e

e-
Flavor changing: “3+1” Neutrino Oscillations 𝚫m2 ~ eV21. Introduction
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             Dark  Sector Phenomenology at SBL

𝜈𝜇 𝜈e

e-

3+1 with Anomalous/Resonant 
Matter effects

Flavor changing: “3+1” Neutrino Oscillations 𝚫m2 ~ eV2

Neutrino Detector
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             Dark  Sector Phenomenology at SBL

𝜈𝜇 𝜈e

e-

3+1 with Anomalous/Resonant 
Matter effects

𝜈𝜇
𝜈𝜇 N4

e-e+
𝜙,Z’,𝛾 𝛾

𝜙,Z’,𝛾

Flavor changing: “3+1” Neutrino Oscillations 𝚫m2 ~ eV2

Neutrino induced upscattering 
“Dark Neutrinos “

Neutrino Detector
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𝜈𝜇
Flavor changing: “3+1” Neutrino Oscillations 𝚫m2 ~ eV2

𝜈e

e-

3+1 with Anomalous/Resonant 
Matter effects

𝜈𝜇
𝜈𝜇 N4

e-e+Neutrino induced upscattering 

𝜙,Z’,𝛾 𝛾
𝜙,Z’,𝛾

𝜋± 
Decay Pipe

𝜙, V, 𝜒, N4

Upscatter

Decay

e-e+

       Exotic Production in Beam

“Light dark matter/ Heavy neutral leptons”𝜋0K±

“Dark Neutrinos “

𝛾

Neutrino Detector             Dark  Sector Phenomenology at SBL
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    Explosion in the theoretical landscape: MiniBooNE explanations
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Light axion-like particles

Light Dark Matter and 
Scalar Primakoff

B.Dutta et al, 
Phys. Rev. Lett. 
129, 111803

Dark Neutrino upscatter w/ light Z’

C. V.Chang et al,
 Phys. Rev. D 104, 015030

E.Bertuzza et al, 
Phys. Rev. Lett. 121, 241801

A. Abdullahi et a,
arXiv:2308.02543v2 [hep-ph]

Broad class of upscattering, 
both on and off shell Z’

NHL with transmission magnetic 
moment

O. Fischer et al,  
Phys. Rev. D 101, 075045
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    Your Own  theory? Anatomy of an Anomaly in MiniBooNE (I)
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Visible Energy

~Easy ~Quite Difficult

Angle relative to Neutrino Beam
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    Your Own  theory? Anatomy of an Anomaly in MiniBooNE (I)
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Beam Timing Invariant Mass of di-photon system

In time with the neutrino spills, 
I.e can’t be due to very heavy 
particles traveling from target

If it is two photon-like rings, invariant 
mass <= 50 MeV
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LArTPC technology used at the SBN is the 
perfect  place to probe these models as an 
explanation for the MiniBooNE Anomaly

e-e+

Z’

Z’

e-e+

𝜽sep

Ee+e-  ~470 MeV
𝛳sep ~17o

Ee+e-  ~210 MeV
𝛳sep ~ 3o

      LArTPC‘s targeting dark-sector e+e- pairs e-e+
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Future Probes
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             What if a positive signal is observed in a search?   

LArTPC technology at MicroBooNE is the perfect  
place to probe these models. 

e-e+

True photon

𝛳sep ~ 30o

𝛳sep ~ 20o

𝛳sep ~ 10o

𝛳sep ~ 4o

𝛳sep ~ 1o

Where can we stop telling 
the difference? 𝛾
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Very little in the Standard Model that 
produces e+e- pairs with wide (> 50) opening 
angles at O(100 MeV) energies

Observation would be a smoking gun 
signature of BSM physics!
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MicroBooNE  e+e- Searches

MicroBooNE
Phys.Rev.Lett. 132 (2024) 24, 241801

Building on the first generation 
photon searches, MicroBooNE has 
several analyses targeting e+e- 
final states. Dark-trident searches 

using the MicroBooNE 
detector and NuMI 
Beam

Targeting phase 
space that can 
explain the 
MiniBooNE anomaly

Based on:
A. Abdullahi, J. Hoefken 
Zink, M. Hostert, D. 
Massaro, S. Pascoli
arXiv:2308.02543 [hep-ph]
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Be

Protons

𝜋-K
+

𝜋+

Booster 
Accelerator 

~8 GeV

110m 470m 600m

110 ton 90 ton 476 ton

Huge Rate increase!

SBND will collect more data in 3 months 
than MicroBooNE did in 5 years! 

A lot of dark 
sector physics is 
not oscillatory or 
L/E dependent
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6. Conclusions 
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Conclusions  I

Now→ Future
“Portal Era”

● Access to 
increasingly high 
precision neutrino 
data 

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

The 
“Dark” 
Sector

𝜈
𝜈𝜈

● The 3-𝜈 paradigm fits most global data astoundingly well

● But persistent anomalies still hint at something happening at 
short-baselines outside our understanding
○ Regardless of your personal opinion of “light eV scale sterile neutrinos” 

the anomalies themselves remain unexplained! 

○ Big Picture: Let data point the way! 
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Conclusions  II

● MicroBooNE, using LArTPC technology, has already ruled 
out many possibilities with first photon and electron 
searches, and has shown were capable of probing a vast 
array of possible explanations including Dark Sector e+e- 
results

● The full SBN program , with three detectors across two 
neutrino beams will prove invaluable as we probe deeper 
into the anomalies and the dark sector

The 
“Dark” 
Sector

𝜈
𝜈𝜈

● The 3-𝜈 paradigm fits most global data astoundingly well

● But persistent anomalies still hint at something happening at 
short-baselines outside our understanding
○ Regardless of your personal opinion of “light eV scale sterile neutrinos” 

the anomalies themselves remain unexplained! 

○ Big Picture: Let data point the way! 
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Thank You!
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 Accelerator direct probes of LSND
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JSNS2 (J-PARC Sterile Neutrino Search at the J-PARC Spallation Neutron Source)

● JSNS2 provides a clean and direct test of the LSND 
anomaly. 

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

Introduction

The Anomalies

DAR Anomaly
     JSNS2
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 Accelerator direct probes of LSND
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JSNS2 (J-PARC Sterile Neutrino Search at the J-PARC Spallation Neutron Source)

1st Phase: JSNS2  [1310.1347]

● Commissioned 2020, First physics data in 2021, 
● Expect first results in 2023!

2nd Phase: JSNS2-II [2012.10807[

Upgrade to two detectors, Has been granted stage-2 
approval

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

Expected data taking in late 2023.

Introduction

The Anomalies

DAR Anomaly
     JSNS2

     
    

● JSNS2 provides a clean and direct test of the LSND 
anomaly. 

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

https://doi.org/10.48550/arXiv.1310.1437
https://doi.org/10.48550/arXiv.2012.10807
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         Prompt  …

𝜇BooNEBNB 
target 𝜈𝜇Proton beam 𝜈5

𝜈4

c𝜏5 << 10m

e- e+
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         Prompt  and long lived particles

𝜇BooNEBNB 
target 𝜈𝜇Proton beam 𝜈5

𝜈4

c𝜏5 << 10m

e- e+

𝜇BooNEBNB 
target

𝜈𝜇
Proton beam

𝜈5

𝜈4

e- e+

𝜈5

c𝜏5 > 10m
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NuMi @ MicroBooNE


