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Neutrinos in the Standard Model

Neutrinos are light, neutral leptons.

Three known flavours, each 
corresponding to a charged lepton 
flavour.

But we can go beyond the Standard Model?

Interact only via the weak force: low cross-sections.
● Charged current respects charged neutrino flavour.
● Neutral current does not.



Steve Dennis
3

Of course we can.
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Neutrino Oscillation
● Neutrinos change flavour as they

propagate.
● Dependent on L/E and neutrino mass.

● Know of three active flavours, each
corresponding to a charged lepton 
flavour.

● Two known mass splittings.
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Neutrino Oscillation - Discovery

SK Collaboration, 
PLB346 (1998)

PRL 89:011301 (2002)

Lots of 
experimental 
evidence for 
3F oscillation.

https://arxiv.org/abs/nucl-ex/0204008
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Neutrino Oscillation

With only two flavours, the oscillation 
probabilities take the form:

Neutrino oscillation is a quantum mechanical phenomenon in which a 
neutrino created with a specific lepton family number ("lepton flavor": 
electron, muon, or tau) can later be measured to have a different lepton 
family number. The probability of measuring a particular flavor for a 
neutrino varies between three known states, as it propagates through 
space (from Wikipedia, forgive me)

Neutrinos have different mass states and flavour states: 
they propagate as mass states but interact as flavour 
states. The mixing is controlled by the PMNS matrix U:
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Three-flavour Neutrino Oscillation

Atmospheric &
LBL disappearance

6 parameters: three mixing angles,
two mass-squared splittings and
a CP-violating phase form the PMNS matrix.

Reactor &
LBL appearance

Solar &
Reactor

Parameterise with the PMNS Matrix.
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The PMNS Matrix.
● There are three active neutrinos, and it has been shown 

they all mix, that opens up the possibility for the mixing 
matrix to be complex.

This complex phase causes neutrinos and antineutrinos to behave differently. If 
sin(δcp)!=0, we have a source of CP violation. But only in appearance: disappearance 
has T-symmetry, so CP-violation would also be CPT-violation.
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Global Fits to PMNS Parameters
● The global status here I am using is NuFit 5.1.

● Very much up-to-date (October 2021).

sin2(θ12) has 1-sigma uncertainty of ~5%,
driven by solar/reactor experiments.

sin2(2θ23) is ~2%, but octant 
degeneracy smears our sin2(θ23)
to have 3-sigma uncertainty of ~20%,
driven by LBL/atmospheric experiments.

sin2(θ13) uncertainty is ~3%, driven by 
reactor experiments, aided by LBL 
experiments.

Δm2
solar uncertainty is about 

3%, driven by solar/reactor 
experiments.

Δm2
atm uncertainty is about 

1%, driven by LBL 
experiments, aided by 
reactors.

Not much known about CPV violation.

http://www.nu-fit.org/?q=node/238
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Two-flavour Oscillation

Just handles the units.
Controls the amplitude

Controls the 
frequency

Physics beyond the Standard Model!

Mass squared splitting.

Can be same flavour (disappearance),
or different (appearance)
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Key Principle of 3F Oscillation Experiments

We directly 
measure this.

We want to know this.

So we control this.

We control L by placing our detectors, and control 
E by tuning our sources (where possible)

1 GeV beam neutrino first maximum is at 500km

3 MeV reactor neutrino first maximum at 100kmSolar

Atm

3 MeV reactor neutrino first maximum at 1km
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Reactor and Gallium Anomalies

2.5 sigma

Giunti et al (2021)
arXiv:2110.06820 

Many reactor experiments see 
deficit of electron antineutrinos.

Sage/GALLEX use 
electron capture 
radioactive sources, 
see deficit of 
electron neutrinos.

Neutrino-4 may have 
oscillatory pattern?
Serebov et al. PRD 104, 032003 (2021)

Far too many interesting things with 
reactors to talk about here!

Could indicate additional neutrinos?

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.032003
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What’s a sterile neutrino?

Z decay BR

We know there are three active
neutrinos (that couple to the 
weak force) thanks to colliders.

But if there’s another mass 
splitting, there has to be a fourth 
neutrino.

We know this neutrino doesn’t
couple to the weak force, 
because it would affect the 
fraction of Z bosons that decay 
into neutrinos, unless it is 
extremely heavy (>40 GeV).

So this hypothesis is called sterile – it doesn’t interact 
directly, you only see it via effects like oscillation.
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The LSND and MiniBooNE Excess

● 20 years ago, the Liquid Scintillator Neutrino Detector at LANL saw an 
unexpected signal.

● Excess of electron antineutrinos in a muon

antineutrino beam, 3.8σ.
● Note that this an excess rather than a deficit.
● Evidence for a 1eV sterile neutrino?

● Development of the MiniBooNE experiment to test
this hypothesis.

● MiniBooNE collected 12.84E20 POT in neutrino
and 11.27E20 POT in antineutrino mode between
2002 and 2017.

● Same L/E, different energy, different uncertainties.
● Also observed excess of electron-like CCQE events

– 4.5σ excess in neutrino mode.
– 4.7σ excess in antineutrino mode.
– 6.0σ when combined with LSND.

arXiv:nucl-ex/9605002
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MiniBooNE Electron-like Excess

Flux?
Mis-ID’d pi-zero 
background
(measured in-situ)

Mis-ID’d photon 
background?

Or real electron 
neutrino 
appearance?
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MiniBooNE

MiniBooNE is a mineral oil Cerenkov detector.
  → Poor electron-photon separation.

Excess could be photon-like (mismodeled 
backgrounds) or electron-like (sterile neutrino?)

Or something more exotic?



Steve Dennis
17

Enter MicroBooNE
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MicroBooNE?
● Designed to probe the LSND-MiniBooNE anomaly.

● Same beam, baseline, L/E as MiniBooNE.

● But a vastly improved detector technology – the LArTPC.

● Liquid Argon TPCs have excellent ability to distinguish 
between electrons and photons.

● Which lets us understand if the MiniBooNE excess was really caused 
by electron neutrinos, or some kind of photon background induced 
by the remaining muon neutrinos in the beam.

85 t fiducial LArTPC
Exposed in the same beam as MiniBooNE.
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Liquid Argon TPCs
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Liquid Argon TPC

A fully active tracking calorimeter: excellent resolution, 
and target-as-tracker is great for neutrinos which need 
high density.
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MicroBooNE Event Displays

Ability to see hadronic system allows vertexing.

Can determine shower distance from vertex:
 → Distinguish electrons and photons.
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MicroBooNE Running
● Collected data since 2015.

● Currently analysing half of the collected POT (6.8x1020 POT)

● Successfully operating LArTPC.
● Important for future experiments! (eg DUNE)

● Neutrino interaction measurements.

● BSM physics searches.
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But before we start:

JINST 15 (2020) 07, P07010
JINST 15 (2020)  P12037

JINST 15 (2020) 03, P03022
JINST 15 (2020) 02, P02007

Electric field 
calibration with lasers 
and cosmic muons Calorimetry 

calibration with 
crossing muons and 
𝜋0 samples

Adapted From J. Evans.

Signal Processing:
From raw signals on wires to 
2D reconstructed “hits”

JINST 13, P07006 (2018) JINST 12 P08003 (2017)

https://doi.org/10.1088/1748-0221/15/07/P07010
https://doi.org/10.1088/1748-0221/15/07/P07010
https://iopscience.iop.org/article/10.1088/1748-0221/15/12/P12037
https://doi.org/10.1088/1748-0221/15/03/P03022
https://doi.org/10.1088/1748-0221/15/02/P02007
https://doi.org/10.1088/1748-0221/15/02/P02007
https://doi.org/10.1088/1748-0221/13/07/P07007
https://iopscience.iop.org/article/10.1088/1748-0221/12/08/P08003
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The MicroBooNE LEE Analyses
● Released four independent Low Energy Excess analyses.

● Carefully validated before unblinding.

● Search for a MiniBooNE-like excess in our data – which we can do 
without assuming a specific new-physics hypothesis.

● Three search for an electron-neutrino induced MiniBooNE-like 
excess.

● Exclusive two-body charged current quasi-elastic nuE scattering 
(1e1p).

● Semi-inclusive charged current nuE scattering without final state 
pions (1eNp0pi and 1e0p0pi)

● Inclusive nuE scattering (1eX).

● One searches for a photonic
MiniBooNE-like excess.

● Using NC Δ  N→ γ hypothesis

– 1 0p, 1 1pγ γ
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Photon-Like Analysis

Uses two two-photon selections 
to constrain NCπ0 background.

Physics modeled with GENIE v3.0.6
→ Berger-Sehgal resonance model.

● To match MiniBooNE excess, requires 3.18x scaling 
of NC Δ  N→ γ model.

● Rare process, never directly observed, GENIE predicts 
121.4 events for our 6.8x1020 POT dataset (pre-scaling).
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Photon selection BDTs
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Photon-like data
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Photon Results

Entirely consistent with nominal 
prediction at 1-sigma.

● Rejects the NC Δ  N→ γ LEE 
hypothesis at 94.8% CL.

Interpreted as branching 
fraction:

More than 50x better than 
world’s previous limit!

arXiv:2110.00409

90% CL

https://arxiv.org/abs/2110.00409
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Electron-like Search.
● Three independent analyses using different reconstruction.

● Deep learning used for 1e1p.

● Pandora used for 1eNp0pi/1e0p0pi.

● Wire-Cell used for 1eX.

● Start with high-statistics
muon-like samples.

● Use to make data-driven electron-like
prediction.

● Heavily reduces uncertainties
on electron-like spectrum.

● Use unfolded MiniBooNE-like excess
to test hypothesis.

 → Not a sterile model!

1μ1p
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Pandora Reconstruction

Versatile pattern recognition used across 
many analyses and experiments.

Eur. Phys. J. C78, 82 (2018)

https://link.springer.com/article/10.1140/epjc/s10052-017-5481-6
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Deep Learning Reconstruction

Event Selections

Semantic Segmentation 
Using SparseSSNet (pixel-based 

classification CNN)
PRD 103 052012

Wire-Cell Cosmic Tagging
PR Applied 15, 064071 

Vertex and Track / 
Shower Reconstruction

JINST 16 P02017 
arXiv:2110.11874  

Multiple PID using 
image-based 

classification CNN
PRD 103, 092003 

Uses computer vision 
methods for event 
classification.

https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevD.103.052012&v=0673628d
https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.15.064071
https://arxiv.org/ct?url=https://dx.doi.org/10.1088/1748-0221/16/02/P02017&v=8f16cc26
https://arxiv.org/abs/2110.11874
https://arxiv.org/abs/2110.11874
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.092003
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Wire-Cell Reconstruction

Deep-learning neural 
network for neutrino 
vertex identification

Graph theory-based multi-
track fitting (e.g. Steiner 
tree)

38

Hybrid of Traditional and 
Deep-Learning based 

approaches

From X. Qian.
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Constraints from muons

1eX (Wire-Cell)

First complete analysis for 
LArTPC systematic 
uncertainties!

arXiv:2111.03556

Uses novel data-driven 
technique.
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Electron-like Results - Neutrino Energy
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Electron-like Results – Hadronic Energy
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Electron-like Results – Lepton Angle
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Electron-like Results

Observe electron neutrino 
candidates at or below 
predicted rates.

Reject the hypothesis that simple electron neutrino 
charged current explains fully the MiniBoonE results at 
>97% CL in all analyses. 

1eX analysis rejected median MiniBooNE electron-like 
model at 3.75σ

arXiv:2110.14054

https://arxiv.org/abs/2110.14054
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So, what’s happening?
● I don’t know.

● But it’s going to be interesting to find out.

From M. Ross-Lonergan

But the LSND-MiniBooNE data exists. It doesn’t go 
away just because another experiment didn’t see it.
It still needs to be explained.
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Or what else?

From J. Evans.
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From J. Evans.
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Short Baseline Neutrino Program
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What next for MicroBooNE?
● Bright future!

● Only analysed a fraction of the dataset, there will be updated LEE 
results, with higher sensitivity.

● Many neutrino cross-section results coming out.

● Liquid Argon R&D to help future experiments.

● But also an upgraded short baseline program at FNAL.
● Two new detectors:

– One upstream of MicroBooNE (SBND)

– One downstream (ICARUS)

● Can use the powerful near-detector method to drastically reduce 
systematic uncertainties on baseline-dependent physics.

– All LArTPCs, so additional interaction and detector uncertainties can be 
cancelled.
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Thanks for listening
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Backup Slides
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All cartoons by Yuki Akimoto - Higgstan
KEK Pamphlet

https://higgstan.com/
https://www-he.scphys.kyoto-u.ac.jp/nucosmos/en/files/NF-pamph-EN.pdf
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LSND Excess

3.8 sigma excess

 
arXiv:nucl-ex/9605002

https://arxiv.org/abs/nucl-ex/9605002
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Solar Neutrinos
● Nuclear processes in the Sun 

produce a lot of neutrinos.
● Solar neutrino flux accurately 

predicted by 
J. Bahcall (PRL 12,300 1964)

● Measured by the Homestake 
Experiment by 
R. Davis et al(PRL 20,1205 1968)

● Homestake was 380m3 of dry-
cleaning fluid, rich in Chlorine.

● Captured electron neutrinos via 
inverse beta decay.

Only saw a third of the predicted rate!
● We have a problem.

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.12.300
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.20.1205
https://lappweb.in2p3.fr/neutrinos/anexp.html
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Is there a problem?
● Initially, many people believed the Homestake 

experimental result was wrong.
● It’s counting single digit numbers of argon atoms on a monthly 

basis, who even knows if they’re from solar neutrinos?

● But other solar neutrino experiments were conducted, and 
the experimental deficit became fully accepted.

● For example, Super-Kamiokande 
detected using elastic scattering, 
at a much higher threshold.
● Can reconstruct direction, 

actually see they’re from the 
sun.

R. Svoboda and K. Gordan, 
LSU
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Super-Kamiokande

50 kt ultrapure water Cherenkov detector instrumented with 
11,000 PMTS in the inner detector for 40% photo-coverage. 
1 km underground to reduce background.

Excellent muon-electron separation
You’ll be seeing this again later...
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Other solar experiments
● Also, important to mention 

the Gallium experiments, 
SAGE and GALLEX.

● Observed much lower energy 
neutrinos.

● Saw a smaller deficit.

● The deficit is energy 
dependent?
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Solar Neutrino Problem

● So, the deficit is real.

● Is the solar model wrong?

● Bahcall’s Standard Solar Model works 

very well for everything except 

neutrinos.

● Eg helioseismology.

● No way to change the solar model to 

reduce the neutrino flux enough 

without breaking it in other ways.

● Something “wrong” with the 

neutrinos!
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Great, another anomaly.
● But Super-K wasn’t just looking at solar neutrinos.

● They could study atmospheric neutrinos.
– Produced in the upper atmosphere, by high energy cosmic rays.

– As they’re not attenuated by the Earth, flux should be isotropic.

– Not only did they see a reduced rate of muon-like neutrinos compared 
to electron-like, but with a dependence on zenith angle – effectively how 
far the neutrino had travelled since being created in the upper 
atmosphere.

SK Collaboration, 
PLB346 (1998)
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