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sources over the past 
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Introduction

● For a lot of the past decade, focus of results surrounding the anomalies 
remained on the more “traditional” 3+1 sterile neutrino interpretations. 

○ While this is definitely shifting in recent years to include more exotic 
scenarios, the majority of results I’ll discuss today were still focused this way 

○ Despite its shortcoming in stitching together global data, “3+1” sterile neutrino 
analyses (and 2-𝝂 approximations) provides an excellent benchmark to paint a 
picture of the global landscape

○ 10 years in 15 mins is tough, so I very much apologize in advance if I skip over 
some experiments. Focus also on experimental publications, and not 
independent re-analyses
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𝜈e 𝜈𝜇
𝜈𝜏
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The experimental anomalies in 2012
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The experimental landscape in 2012
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Caveat: In the interest of time, this is not 
a 100% comprehensive list, Apologies! 
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Decay-in-Flight 
(Atmospheric)
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What’s new in 
2022?Big increase in 

atmospheric results

A huge increase in both long 
and short baseline results

No new DAR results yet
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IceCube/DeepCore
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3+1 Sterile Neutrino Model

Beyond “3+1” 
sterile neutrino

https://arxiv.org/abs/2204.00612
Detects atmospheric neutrinos whose energies span over 5 orders of 
magnitude, baselines of 20-12,750 km, with over a Gigaton of polar ice. 

IceCube proves very sensitive to eV scale sterile neutrinos due to the matter enhanced resonant 
disappearance when crossing the Earth’s core, as well as searching for fast oscillations that have 
average out at lower energies

A closed contour at the 90% level, but results overall consistent with standard 3ν paradigm

Unstable 3+1 Sterile Neutrino Model

https://arxiv.org/abs/2005.12942

https://arxiv.org/abs/2204.00612
https://arxiv.org/pdf/2005.12942.pdf
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ANTARES & Updated Super-Kamiokande
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ANTARES: https://doi.org/10.48550/arXiv.1812.08650
Super-K: https://doi.org/10.1103/PhysRevD.91.052019

In addition to ice, atmospheric neutrinos are well probed by water Cherenkov detectors, 
both ultra-pure water in Super-Kamiokande and salt-water in the ANTARES neutrino 
telescope.

These are insensitive to mass squared differences, and so constraints placed on the 
|U𝜏4|2  vs.  |U𝜇4|2 parameter space

ANTARES Super-K IceCube

https://doi.org/10.48550/arXiv.1812.08650
https://doi.org/10.1103/PhysRevD.91.052019
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Adding tau’s to the mix with OPERA
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https://doi.org/10.1103/PhysRevLett.122.091803

In this past decade OPERA experiment has conclusively observed the 
appearance of 𝜈𝜏  in the primarily 𝜈𝜇 neutrino CNGS beam in 2015, using 
nuclear emulsion cloud chamber detectors (sub micro-meter resolution) 
1507.01417

In 2019, they released their final 3+1 sterile results utilizing various 
channels [1904.05686]

● CC 𝜈𝜇  Disappearance
● CC 𝜈e  and  CC 𝜈T  appearance used jointly
● Neutral current 

Event display showing 
tau appearance 
candidate

OPERA 90%

https://doi.org/10.1103/PhysRevLett.122.091803
https://arxiv.org/abs/1507.01417
https://arxiv.org/abs/1904.05686
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Addition of MINOS+
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  KARMEN While first MINOS searches for sterile neutrinos were pre-2012, the last decade saw both a 

large re-analysis and the addition of the higher energy MINOS+ dataset 

● Analysis combined both charged muon and neutral current selections and saw no 
evidence for 3+1 sterile neutrinos

https://doi.org/10.1103/PhysRevLett.122.091803

● Stringent constraints on 𝜈𝜇 disappearance across a 
wide range of 𝚫m2 was achieved by this combined 
short and long baseline, two detector fit.

[PhysRevLett.122.091803]

https://doi.org/10.1103/PhysRevLett.122.091803
https://doi.org/10.1103/PhysRevLett.122.091803
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Off-axis & long-baseline experiments
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https://doi.org/10.1103/PhysRevLett.122.091803

● 300 ton near detector @ 1km
● 14,000 ton far detector @ 810km 
● 0.8 Degrees off-axis

Two previous sterile neutrino searches 
using both neutrino[Ref] and anti-neutrino 
mode [Ref] neutral current searches show 
no evidence for sterile neutrinos

This year, 
preliminary results 
of a combined NC 
and CC analysis 
were shown.

No evidence for 
sterile neutrinos 
observed. 

● Multi-detector complex @ 280m
● Super-K as far detector @ 295km
● 2.5 Degrees off-axis

Searches for sterile neutrinos have been 
performed with both Near and Far detectors 
(Super-K) separately over the past decade. 

Far Detector fit

https://doi.org/10.1103/PhysRevLett.122.091803
https://arxiv.org/abs/1706.04592
https://arxiv.org/abs/2106.04673
https://arxiv.org/pdf/1410.8811.pdf
https://arxiv.org/pdf/1902.06529.pdf
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Probing Low-Energy Excess Anomaly
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https://doi.org/10.1103/PhysRevLett.122.091803

MicroBooNE is a Liquid Argon Time Projection Chamber (LArTPC) 
neutrino detector. 
In the same Booster Neutrino Beam as MiniBooNE, ~50m upstream. 

Its primary goal is to identify the source of the MiniBooNE low-energy excess, if it’s truly 
electron in origin, or mis-identified photons

First results have ruled out one of the leading 
photon interpretations, NC 𝚫 radiative decay, 
at the ~95% CL

https://doi.org/10.1103/PhysRevLett.128.241801 https://doi.org/10.1103/PhysRevLett.128.111801

MicroBooNE observed no excess of electrons that 
could explain the MiniBooNE excess. Subsequent 
re-analysis of this data has placed a direct bound on 
3+1 𝜈𝜇 →𝜈e appearance (see next slides..)

https://doi.org/10.1103/PhysRevLett.122.091803
https://doi.org/10.1103/PhysRevLett.128.241801
https://doi.org/10.1103/PhysRevLett.128.111801
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The experimental landscape in 2012

12

Decay-at-Rest
  LSND
  KARMEN

 

Decay-in-Flight 
(Accelerator)

  MiniBooNE
  CDHS 
  NOMAD 
  CCFR
  MINOS

Decay-in-Flight 
(Atmospheric)

  Super-Kamiokande

Reminder, where we stood a 
decade ago
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The experimental landscape in 2012 2022
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2022 … and beyond
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On the cusp of a DAR 
revolution

Upcoming full SBN short-baseline program
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  Direct probe of LSND
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JSNS2: J-PARC Sterile Neutrino Search at the J-PARC Spallation Neutron Source

● Proposed in 2013, JSNS2 provides a clean and direct test of the LSND anomaly. 

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

● Combination of low-duty factor beam, and Gadolinium doped liquid scintillator gives 
excellent signal/noise ratio

1st Phase: JSNS2  [1310.1347]

● Commissioned 2020, First physics data in 2021
● By May 2022, already has 23 % of the approved POT!

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) 

Greatly improves 3+1 sensitivity. Data taking aim to start 

around the end of 2023

https://doi.org/10.48550/arXiv.1310.1437
https://doi.org/10.48550/arXiv.2012.10807
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The Fermilab Short-Baseline Program
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https://doi.org/10.1103/PhysRevLett.122.091803

Three detectors in the same neutrino beam. All with the same 
nuclear target (Ar) and detector technology (LArTPC). Goal is 
discovery or definitive exclusion of ~1 eV scale sterile neutrino 
mass region

ICARUS is fully operational 
and is taking physics data 
from BNB and NuMI beams 
as of 9th June 2022!

SBND TPC installation is 
complete and aiming to fill 
by June 2023 

https://doi.org/10.1103/PhysRevLett.122.091803
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  Emergence of a new probe, CEvNS
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The discovery of Coherent elastic neutrino-nucleus scattering (CEvNS) in 2017 opened up 
an entire new field to probe these anomalies. 

● After decades of searching, COHERENT using Spallation Neutron Source at Oak Ridge found 6.7σ 
evidence for CEvNS with rate consistent with SM 

Coherent CAPTAIN-Mills at the Los Alamos 
Neutron Science Center explores this space of 
CEvNS to probe the LSND result by both 
measuring ν’s µ from 𝜋+ decay-at-rest 
as well as  using 𝜋0 decay in 
flight to probe complementary 
dark sector physics:  
https://doi.org/10.1103/PhysRe
vD.106.012001 

By building multiple detectors at the SNS, 
COHERENT plans to search for sterile 
neutrinos through NC CEvNS disappearance

● 610 kg LAr calorimeter at 28 m

● 50 kg germanium PPC detector at 22 m

● 10-kg CsI scintillation detector at 19.3 m

https://arxiv.org/pdf/1708.01294.pdf

https://doi.org/10.1103/PhysRevD.106.012001
https://doi.org/10.1103/PhysRevD.106.012001
https://arxiv.org/pdf/1708.01294.pdf
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Towards Isotope Decay-at-Rest sources
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Goal is a extremely well known and very high intensity 
isotope DAR source by developing a compact isochronous cyclotron

● Cyclotron gives 600kW, continuous wave 60 MeV protons
● Proton beam strikes Be target → n → captures on 7Li → 8Li → νe 
● Prototype cyclotron under construction

Compact Isochronous Cyclotron

This is just the neutrino source, needs 
to be paired with a kTon scale 
detector.

● Preliminary approval has been 
granted to run 
isoDAR@YemiLab, where could 
be paired with the planned 
Liquid Scintillation Counter 
detector (2110.10635)

https://arxiv.org/pdf/2110.10635.pdf
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The experimental landscape in 2012 2022
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Reminder, where we stand as of today
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The experimental landscape in 2012 2022 202x?
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*Note, different CL’s on these plots
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Summary
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𝜈e 𝜈𝜇
𝜈𝜏

𝜈4+       ?
● We have learned a lot in the past decade, but the “decay-at-rest” LSND and 

“decay-in-flight” MiniBooNE anomalies are as of yet unexplained

● We are on the cusp, however, of a plethora of results that will directly probe them

○ A direct test of the LSND Anomaly using an improved decay-at-rest beam 
facility and experimental arrangement has just begun in the form of the 
JSNS2/JSNS2-II experiment.

○ A direct test of MiniBooNE has already begun with MicroBooNE, and will 
continue once the full SBN program at Fermilab comes online

● Increased atmospheric sector gives access to many orders of magnitude of 
neutrino energies & baselines with which to probe the SBL anomalies

● Isotope decay-at-rest sources are close to becoming a reality that delivers 
powerful probes of relevant sterile parameter space

● Entire new direction to search are opening up with the use of CEvNS to search for 
sterile neutrinos and dark-sector particles 
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The experimental landscape in 2012
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The experimental landscape in 2012 2022
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The experimental landscape in 2012 2022 202x?

25

Decay-at-Rest
  LSND
  KARMEN
  JSNS2 / JSNS2-II
  Coherent
  Coherent CAPTAIN-Mills
  IsoDAR

 

Decay-in-Flight 
(Accelerator)

  MiniBooNE
  CDHS 
  NOMAD 
  CCFR
  MINOS/MINOS+ 
  OPERA
  NOvA
  T2K
  uBooNE
  SBN (SBND & ICARUS)

Decay-in-Flight 
(Atmospheric)

  Super-Kamiokande
  IceCube/DeepCore
  ANTARES


