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Neutrinos are one of the least-well-understood particles 
in the Standard Model

Neutrino oscillation is beyond the Standard Model, and 
opens the door to exciting new possibilites

However, a lot remains that we don’t understand (both 
within the 3-flavour oscillation picture and outside it)

New data from current and future precision experiments 
will shed light on this
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MY PERSONAL BIAS

Overview of (experimental) 
neutrino physics

MiniBooNE anomaly

MicroBooNE recent results

Neutrinos MiniBooNE Anomaly MicroBooNE Results
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NEUTRINOS: WHAT WE KNOW

Fundamental particles in 
the Standard Model

Interact via weak force

“Paired” with charged 
leptons

W
μ

νμ
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Source Detector

Distance: L

νμ νe
Neutrino energy: E

Muon neutrino disappearance

Electron neutrino appearance

NEUTRINO OSCILLATION
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TWO SETS OF EIGENSTATES

0

@
⌫e
⌫µ
⌫⌧

1

A =

0

@
Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

U⌧1 U⌧2 U⌧3

1

A

0

@
⌫1
⌫2
⌫3

1

A

flavour mass

⌫µ

⌫⌧

⌫e

⌫µ

⌫⌧

⌫e

⌫e

⌫⌧

⌫µ

⌫1

⌫µ

⌫⌧

⌫e

⌫2

⌫µ

⌫⌧

⌫3

PMNS matrix 
named after Pontecorvo, Maki, 

Nakagawa, and Sakata

⌫µ

⌫⌧

⌫e

⌫µ

⌫⌧

⌫e

⌫e

⌫⌧

⌫µ

⌫1

⌫µ

⌫⌧

⌫e

⌫2

⌫µ

⌫⌧

⌫3
⌫µ

⌫⌧

⌫e

⌫µ

⌫⌧

⌫e

⌫e

⌫⌧

⌫µ

⌫1

⌫µ

⌫⌧

⌫e

⌫2

⌫µ

⌫⌧

⌫3

Interaction Propagation
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Four free parameters: 

Three mixing angles θ12, θ23, θ13

One phase δCP 
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Source Detector

Distance: L

νμ νe
Neutrino energy: E

sin2
 
�m2

ijL

4E

!

�m2
ij = m2

i �m2
j

Probability to detect a 
neutrino of a given flavour 

oscillates as:
P (⌫µ ! ⌫µ) ' 1� 4cos2 ✓13sin

2 ✓23

⇥ [1� cos2 ✓13sin
2 ✓23] sin

2 �m2
32L

4E
+ (solar, matter e↵ect terms)
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Source Detector

Distance: L

νμ νe
Neutrino energy: E

sin2
 
�m2

ijL

4E

!

�m2
ij = m2

i �m2
j

Neutrino oscillation  
→ Neutrinos have mass  
→ Physics beyond the 

Standard Model!

Probability to detect a 
neutrino of a given flavour 

oscillates as:
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Is neutrino 
oscillation different 
for neutrinos and 

antineutrinos?

Which neutrino is 
heaviest? Which is 

lightest?

How many 
neutrinos are 

there?

Are neutrinos their 
own antiparticles?

Why are neutrino 
masses so much 

smaller than all other 
particles?

How much do 
neutrinos weigh?

Why is 
neutrino 
mixing so 

large?

How do 
neutrinos interact 

in the nuclear 
medium?

What else can 
neutrinos teach us?
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Which neutrino 
is heaviest? Which 

is lightest?
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THE MASS HIERARCHY

sin2
 
�m2

ijL

4E

!

�m2
ij = m2

i �m2
j

Oscillation is only sensitive to 
the size of Δm2, not the 

sign
→ We know the sign of 
Δm221 from solar neutrino 

measurements

→ We do not know the 
sign of |Δm232|
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MEASURING THE MASS 
HIERARCHY: MATTER EFFECTS

Long-baseline experiments 
are sensitive to the 
mass hierarchy via 
matter effects

Additional charged-current 
interactions in matter for νe, 
not available to νμ, ντ

→ “extra potential” for 
νe breaks mass-hierarchy 
symmetry (depending on 
which mass state contains 
the most νe)

ν ν

e,p,n

Z0      

e,p,n

νe e-

e-

W      

νe
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MEASURING THE MASS 
HIERARCHY: JUNO

Reactor neutrino 
experiment: νe̅ disappearance 
at baseline ~50 km

Sensitive to both oscillations 
according to Δm221 and 
Δm232 → interplay of 
both gives sensitivity to 
mass hierarchy

Extremely precise energy 
resolution → determine 
mass hierarchy at 3σ in 
6 years

Prog.Part.Nucl.Phys. 123 (2022) 103927

Phys.Lett. B533 (2002) 94-106

Neutrinos MiniBooNE Anomaly MicroBooNE Results

https://www.sciencedirect.com/science/article/pii/S0146641021000880
https://doi.org/10.1016/S0370-2693(02)01591-5


Kirsty Duffy 14

How much do 
neutrinos 

weigh?

Neutrinos MiniBooNE Anomaly MicroBooNE Results



Kirsty Duffy 15

MEASURING THE 
NEUTRINO MASS

Neutrino oscillation tells 
us that neutrinos have 
mass

But not the absolute 
mass (only the Δm2 
differences)

sin2
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j
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MEASURING THE 
NEUTRINO MASS

New KATRIN result: Nature 
Physics volume 18, pages160–
166, 14th February 2022

World’s best constraint 
on neutrino mass

Best fit: mν = 0.26±0.34 eV2c-4

Upper limit of mν < 0.8 eVc-2 
at 90% confidence level

Neutrinos MiniBooNE Anomaly MicroBooNE Results

https://www.nature.com/articles/s41567-021-01463-1
https://www.nature.com/articles/s41567-021-01463-1
https://www.nature.com/articles/s41567-021-01463-1
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Is neutrino oscillation 
different for 

neutrinos and 
antineutrinos?

Neutrinos MiniBooNE Anomaly MicroBooNE Results
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Source Detector

Distance: L

νμ νe
Neutrino energy: E

Muon neutrino disappearance

Electron neutrino appearance
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Source Detector

Distance: L

νμ νe
Neutrino energy: E

Muon neutrino disappearance

Electron neutrino appearance
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CP violation in neutrinos could 
provide insight into a mechanism that 

could provide matter-antimatter 
asymmetry

→ could neutrinos explain why we 
exist?
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(TRYING TO) MEASURE CP 
VIOLATION

NOvA  
(NuMI Off-axis νe Appearance)

T2K  
(Tokai to Kamioka)

Neutrinos MiniBooNE Anomaly MicroBooNE Results
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(TRYING TO) MEASURE CP 
VIOLATION

T2K/NOvA results

NOvA  
Favours δCP=-π/2 in inverted 
hierarchy; δCP=π/2 in normal

T2K  
Favours δCP=-π/2 in both 

normal and inverted hierarchy

Neutrinos MiniBooNE Anomaly MicroBooNE Results
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Hyper-Kamiokande

Neutrinos MiniBooNE Anomaly MicroBooNE Results



Kirsty Duffy 23

How do 
neutrinos 

interact in the 
nuclear medium?

Neutrinos MiniBooNE Anomaly MicroBooNE Results
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NEUTRINO INTERACTIONS

55 cm
Run 3469 Event 53223, October 21st, 2015 

ν (Eν)

P(osc.)~sin2(L/Eν)
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NEUTRINO INTERACTIONS

55 cm
Run 3469 Event 53223, October 21st, 2015 

ν (Eν) p

μ

?? p

P(osc.)~sin2(L/Eν)
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NEUTRINO INTERACTIONS

55 cm
Run 3469 Event 53223, October 21st, 2015 

ν (Eν) p
p

μ

??
Nucleus-

dependent 
models required 

to interpret 
measurements

P(osc.)~sin2(L/Eν)

Neutrinos MiniBooNE Anomaly MicroBooNE Results



Kirsty Duffy 27

Are neutrinos 
their own 

antiparticles?

Neutrinos MiniBooNE Anomaly MicroBooNE Results
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ARE NEUTRINOS THEIR 
OWN ANTIPARTICLES?

Uniquely in the Standard 
Model, neutrinos could be 
their own particles 
→ Majorana fermions

Could explain small 
neutrino mass

Most promising way to 
search: neutrinoless double 
beta decay

u 
d 
d 

u 
d 
u 

u 
d 
u u 
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ARE NEUTRINOS THEIR 
OWN ANTIPARTICLES?

Uniquely in the Standard 
Model, neutrinos could be 
their own particles 
→ Majorana fermions

Could explain small 
neutrino mass

Most promising way to 
search: neutrinoless double 
beta decay
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ARE NEUTRINOS THEIR 
OWN ANTIPARTICLES?
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What else can 
neutrinos teach 

us?
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COSMIC NEUTRINO 
BACKGROUND

Cosmic Microwave 
Background: 

~300,000 years old

Big-Bang Relic 
Neutrinos:  

1 second old

Neutrinos MiniBooNE Anomaly MicroBooNE Results
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SOLAR NEUTRINOS

Nature volume 587, pages 577–582 (2020)

https://www.nature.com/articles/s41586-020-2934-0.epdf?sharing_token=YBzjQ5IVT-jFdY2PrZOpe9RgN0jAjWel9jnR3ZoTv0PqrW3gChFlnmnQVORYcUr53pP3-8Xr2yoh8TYAf4B7Ke_4F1nKyf4Xe8PfFKnESoPtK-FIP9udXHPBhPwN2IZKjBwmK4BXh1cdrKqDBioXLialpKiC5VnoXZjFN3sBUKE=
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SUPERNOVA NEUTRINOS
Super-Kamiokande: 12

IMB: 8
Baksan: 5

Supernova 1987a
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GALACTIC NEUTRINOS
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GALACTIC NEUTRINOS
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How many 
neutrinos are 

there?

Neutrinos MiniBooNE Anomaly MicroBooNE Results
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(A SMALL SELECTION OF) 
NEUTRINO  
ANOMALIES

Neutrinos MiniBooNE Anomaly MicroBooNE Results
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There have been a number of anomalies observed in the past 20-
odd years that don’t quite fit with the three-neutrino picture we 
know and love

See also:
R. Guennette, “Short-Baseline Neutrinos”, APS-DPF 2019 link
G. Karagiorgi, “Short-baseline neutrino experiments and phenomenology”, INSS 2019 link
K. N. Abazajian et. al., Light Sterile Neutrinos: A White Paper, arXiv:1204.5379 [hep-ph] (2012) link

Experiment Type Anomaly
LSND DAR νe̅ appearance

MiniBooNE SBL accel. νe appearance
MiniBooNE SBL accel. νe̅ appearance

GALLEX/SAGE/BEST Source - e capture νe disappearance

Reactors Beta decay
νe̅ rate
νe̅ shape

ANITA High energy High-energy events

Discl
aim

er: 
not an

 

exhaustiv
e li

st!
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https://indico.cern.ch/event/782953/contributions/3414291/attachments/1888417/3113667/DPF_SBL_Guenette.pdf
https://indico.fnal.gov/event/19346/contribution/59/material/slides/0.pdf
https://arxiv.org/pdf/1204.5379.pdf
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https://indico.cern.ch/event/782953/contributions/3414291/attachments/1888417/3113667/DPF_SBL_Guenette.pdf
https://indico.fnal.gov/event/19346/contribution/59/material/slides/0.pdf
https://arxiv.org/pdf/1204.5379.pdf
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ANOMALIES: LSND

Proton beam

Target

π±, μ±

Copper beam stop
→ π-, μ- mostly absorbed
→ π+, μ+ decay at rest

→ well-understood fluxes

νμ, νμ̅,  
νe, (νe̅)

Detector

Phys. Rev. D 64, 112007

Liquid Scintillator Neutrino Detector: μ+ decay at rest 
experiment at Los Alamos National Lab

Neutrinos MiniBooNE Anomaly MicroBooNE Results

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.112007
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ANOMALIES: LSND

Phys. Rev. D 64, 112007

Observed excess of νe̅ at 
3.8σ

If interpreted as two-flavour 
neutrino oscillation, 
requires Δm2~0.2-10eV2

Not consistent with 
any known 3-flavour 
oscillation

Expectation 
for oscillations

Neutrinos MiniBooNE Anomaly MicroBooNE Results

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.112007
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ANOMALIES: MINIBOONE

Similar L/E as LSND: if an oscillation really exists, should see it 
here too

Different energy, detector, beam, event signatures, backgrounds

Neutrinos MiniBooNE Anomaly MicroBooNE Results
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Recently released updated 
results (2021) with x2 more data 
than original anomaly (2009)

4.8σ excess of measured νe and 
νe̅ over prediction, focused at 
low energy

Consistent with LSND results: 
combined significance of 6.1σ 

Best fit for neutrino oscillation 
hypothesis: Δm2 = 0.04 eV2

 

Phys. Rev. D 103, 052002

THE MINIBOONE LOW-ENERGY 
EXCESS (LEE)

Neutrinos MiniBooNE Anomaly MicroBooNE Results

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
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MINIBOONE 800-ton mineral oil (CH2) 
Cherenkov detector

Detect Cherenkov ring from 
electrons produced in νe 
CC scattering interactions 
 
 

 However, photons produce 
identical Cherenkov rings 
 
 

νe

Neutrinos MiniBooNE Anomaly MicroBooNE Results
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THE MINIBOONE LOW-ENERGY 
EXCESS (LEE)

Is the excess electrons?

Sterile neutrino oscillations → difficult to 
explain MiniBooNE excess and all other 
global data

Best-fit 2-neutrino sterile oscillation 
appearance spectrum does not predict 
data well at very low energies

More complex models can help
Mixed oscillations and decay
Resonance matter effects
Additional sterile neutrinos
Non-unitary mixing
…and many more!

Neutrinos MiniBooNE Anomaly MicroBooNE Results
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Is the excess photons?

Several sources of photon backgrounds:

NCπ0 mis-ID

→ measured in-situ

Dirt (neutrino interactions outside the 
detector)

→ beam timing

NC Δ→Nɣ 

→ not constrained directly - predicted from 
NCπ0 rate and theoretical branching fraction

Need x3.18 increase to explain excess

→ to be investigated…

48

THE MINIBOONE LOW-ENERGY 
EXCESS (LEE)
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THE MINIBOONE LOW-ENERGY 
EXCESS (LEE)

Is the excess photons?

Several sources of photon backgrounds:

NCπ0 mis-ID

→ measured in-situ

Dirt (neutrino interactions outside the 
detector)

→ beam timing

NC Δ→Nɣ 

→ not constrained directly - predicted from 
NCπ0 rate and theoretical branching fraction

Need x3.18 increase to explain excess

→ to be investigated…
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THE MINIBOONE LOW-ENERGY 
EXCESS (LEE)

Or neither?

Rich phenomenology 
developed in recent years 

I’ll come back to this!

For now, it’s clear that we need 
more information…

Neutrinos MiniBooNE Anomaly MicroBooNE Results
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MICROBOONE

Neutrinos MiniBooNE Anomaly MicroBooNE Results
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MicroBooNE: 170 ton Liquid 
Argon Time Projection Chamber 
(LArTPC)

Stable detector operation since 2015: 
longest-running LArTPC to date

>95% DAQ uptime

1.52x1021 POT collected in total  
(analyses shown here use subsets, not full POT)

Grateful to Fermilab 
Accelerator Division, 

Cryogenics team, 
Operations team, and 
Scientific Computing 

Division!

Neutrinos MiniBooNE Anomaly MicroBooNE Results
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LIQUID ARGON TPC

S. Zeller, 01/13/15 

Liquid Argon TPC 
20 

Cathode 

Anode 

ν

neutrino interacts with the argon 
inside the TPC volume and 
produces secondary particles 

E = 500 V/cm 

(Anne Schukraft) liquid argon  
detectors work 
differently than 
scintillator  
detectors so 
their “pictures” 
look different 

E = 273V/cm
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S. Zeller, 01/13/15 

Liquid Argon TPC 
20 

Cathode 

Anode 

ν

neutrino interacts with the argon 
inside the TPC volume and 
produces secondary particles 

E = 500 V/cm 

(Anne Schukraft) liquid argon  
detectors work 
differently than 
scintillator  
detectors so 
their “pictures” 
look different 

56

LIQUID ARGON TPC

Flash of scintillation 
light at time of 

neutrino interaction


Detected by PMTs behind 
Anode plane to get t0 

→ time of interaction

E = 273V/cm
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S. Zeller, 01/13/15 

Liquid Argon TPC 
21 

Cathode 

Anode 

E = 500 V/cm 

ν

secondary particles produce 
ionization electrons 

Ionization e- 

(Anne Schukraft) 

57

LIQUID ARGON TPC

E = 273V/cm
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S. Zeller, 01/13/15 

Liquid Argon TPC 
22 

Cathode 

Anode 

E = 500 V/cm 

ν

these electrons drift 
towards the anode 

Ionization e- 

Drift 

(Anne Schukraft) 

58

LIQUID ARGON TPC

E = 273V/cm
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S. Zeller, 01/13/15 

Liquid Argon TPC 
23 

(Anne Schukraft) 

Cathode 

Anode 

E = 500 V/cm 

ν

electrons arrive at anode 

Ionization e- 

59

LIQUID ARGON TPC

E = 273V/cm
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LIQUID ARGON TPC

S. Zeller, 01/13/15 

Liquid Argon TPC 
24 

(Anne Schukraft) 

Cathode 

Anode 

E = 500 V/cm 

ν

Ionization e- 

the pattern is recorded on a 
set of closely spaced wires 

wire planes 

E = 273V/cm
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S. Zeller, 01/13/15 

Liquid Argon TPC 
25 

(Anne Schukraft) 

Cathode 

Anode 

E = 500 V/cm 

ν

Ionization e- 

get a 3D picture 

wire planes 
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LIQUID ARGON TPC

S. Zeller, 01/13/15 

Liquid Argon TPC 
25 

(Anne Schukraft) 

Cathode 

Anode 

E = 500 V/cm 

ν

Ionization e- 

get a 3D picture 

wire planes 

E = 273V/cm
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Wire number (beam direction)

T
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Wire number (beam direction)

T
im

e 
(d

ri
ft
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ir
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tio

n)

LArTPCs:
→ enable incredible precision 

measurements at scale
→ Transformative physics in 
oscillations, BSM, and cross-

section measurements
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LARTPC STRENGTH: ELECTRONS 
AND PHOTONS

64

e-

ɣ
4 cm

4 cm

Electrons and photons 
produce showers in 
LArTPCs

Distinguish using dE/dx at start 
of shower and start point

Phys. Rev. D 104, 052002 (2021)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052002
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SHORT-BASELINE NEUTRINOS AT 
FERMILAB

Booster Neutrino 
Beam (BNB)

MiniBooNE

Neutrinos MiniBooNE Anomaly MicroBooNE Results
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SHORT-BASELINE NEUTRINOS AT 
FERMILAB

Booster Neutrino 
Beam (BNB)

MicroBooNEMiniBooNE

500m 470m
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SHORT-BASELINE NEUTRINOS AT 
FERMILAB

Booster Neutrino 
Beam (BNB)

MicroBooNEMiniBooNE SBNDICARUS
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INVESTIGATING THE MINIBOONE 
LOW-ENERGY EXCESS

I will give only a brief overview of the headline results from 
MicroBooNE

For more details and information, please see the 
following talk by N. Foppiani

Neutrinos MiniBooNE Anomaly MicroBooNE Results
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MICROBOONE SELECTIONS

Photon search

γ

p
γ

Target Δ→Nɣ:
1ɣ0p and 1ɣ1p

arXiv:2110.00409 [hep-ex]

Neutrinos MiniBooNE Anomaly MicroBooNE Results

https://arxiv.org/abs/2110.00409


Kirsty Duffy 70

SINGLE PHOTON SEARCH
arXiv:2110.00409 [hep-ex]
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SINGLE PHOTON SEARCH

No evidence of an excess in either sample

arXiv:2110.00409 [hep-ex]
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https://arxiv.org/abs/2110.00409
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OUR SELECTIONS

p
e-

p
p

e-e-

X

e-

Electron searches

CCQE-like: 
1e1p

CC0π: 1e0p 
and 1eNp

Inclusive: 
1eX

Photon search

γ

p
γ

Target Δ→Nɣ:
1ɣ0p and 1ɣ1p

arXiv:2110.00409 [hep-ex]

arXiv:2110.14080 [hep-ex]

arXiv:2110.14065 [hep-ex]

arXiv:2110.13978 [hep-ex]
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νe SEARCH

p
e-

1e1p 1e0p

1eNp 1eX

p
p

e-

e-

X

e-

arXiv:2110.13978 [hep-ex]

arXiv:2110.14065 [hep-ex]

arXiv:2110.14065 [hep-ex]

arXiv:2110.14080 [hep-ex]

Neutrinos MiniBooNE Anomaly MicroBooNE Results

https://arxiv.org/abs/2110.13978
https://arxiv.org/abs/2110.14065
https://arxiv.org/abs/2110.14065
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1e1p

1eNp

1e0p

1eX

arXiv:2110.13978 [hep-ex]

arXiv:2110.14065 [hep-ex]

arXiv:2110.14065 [hep-ex]

arXiv:2110.14080 [hep-ex]
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arXiv:2110.14054 [hep-ex]
More details: N. Foppiani talk
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https://arxiv.org/abs/2110.14054
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WHAT DOES THIS MEAN?

Caution: not 
an exhaustive 

list!  
This is meant to 
be representative 

only

More information: see  
P. Machado, Fermilab PAC, November 2021

Neutrinos MiniBooNE Anomaly MicroBooNE Results

https://indico.fnal.gov/event/51174/contributions/224749/attachments/149348/192224/2021-PAC-winter-Machado.pdf
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WHAT DOES THIS MEAN?
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WHAT DOES THIS MEAN?
MicroBooNE’s first LEE results
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Future 
investigations

WHAT DOES THIS MEAN?

Neutrinos MiniBooNE Anomaly MicroBooNE Results
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How many 
neutrinos are 

there?
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Is neutrino 
oscillation different 
for neutrinos and 

antineutrinos?

Which neutrino is 
heaviest? Which is 

lightest?

How many 
neutrinos are 

there?

Are neutrinos their 
own antiparticles?

Why are neutrino 
masses so much 

smaller than all other 
particles?

How much do 
neutrinos weigh?

Why is 
neutrino 
mixing so 

large?

How do 
neutrinos interact 

in the nuclear 
medium?

What else can 
neutrinos teach us?
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Neutrinos are one of the least-well-understood particles 
in the Standard Model

Neutrino oscillation is beyond the Standard Model, and 
opens the door to exciting new possibilites

However, a lot remains that we don’t understand (both 
within the 3-flavour oscillation picture and outside it)

New data from current and future precision experiments 
will shed light on this

Thank you for listening!

Neutrinos MiniBooNE Anomaly MicroBooNE Results



Kirsty Duffy 83



Kirsty Duffy 84

A NOTE ON NEUTRINO ENERGY
Each analysis selects different 
combinations of particles

Each analysis uses a different 
reconstruction paradigm

Electron-search results presented as a 
function of reconstructed neutrino energy

Remember we have to estimate 
neutrino energy from the particles we 
measure

→ reconstructed neutrino energy != 
true neutrino energy

→ AND reco→true mapping is 
different between analyses

γ

e-

p

e-

Neutrinos MiniBooNE Anomaly MicroBooNE Results Interpretations
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|Δm223| ≈ 2.5x10-3 eV2

Δm221 ≈ 7.5x10-5 eV2

Figure from https://arxiv.org/abs/0905.1793

Neutrinos MiniBooNE Anomaly MicroBooNE Results

L/E (km/GeV)

https://arxiv.org/abs/0905.1793
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Figure from https://arxiv.org/abs/0905.1793

Solar neutrino experiments:
L = 1010 m
E = 1 MeV

→ Δm2 = 10-10 eV2

Atmospheric neutrino experiments:
L = 104-107 m

E = 102-105 MeV
→ Δm2 = 10-1-10-4 eV2

Reactor neutrino experiments 
(medium-baseline):

L = 104-105 m
E = 1 MeV

→ Δm2 = 10-4-10-5 eV2

Accelerator neutrino experiments 
(long-baseline):

L = 105-106 m
E = 103-104 MeV

→ Δm2 = 10-2-10-3 eV2

sin2
 
�m2

ijL

4E

!

�m2
ij = m2

i �m2
j

Experimental data from PDG review of neutrino mixing 

Neutrinos MiniBooNE Anomaly MicroBooNE Results

https://arxiv.org/abs/0905.1793
https://pdg.lbl.gov/2021/reviews/rpp2021-rev-neutrino-mixing.pdf
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Figure from https://arxiv.org/abs/0905.1793

Heights of oscillation 
peaks/dips determined by 

mixing angles
Solar neutrino experiments:

θ12, θ13

Atmospheric neutrino 
experiments:

θ23

Reactor neutrino experiments 
(medium-baseline):

θ13

Accelerator neutrino 
experiments (long-baseline):

θ23, θ13
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THE PMNS MATRIX
cij = cosθij

sij = sinθij0

@
⌫e
⌫µ
⌫⌧

1

A =

0

@
1 0 0
0 c23 s23
0 �s23 c23

1

A

0

@
c13 0 s13e�i�CP

0 1 0
�s13ei�CP 0 c13

1

A

0

@
c12 s12 0
�s12 c12 0
0 0 1

1

A

0

@
⌫1
⌫2
⌫3

1

A

Each mixing angle describes mixing 
between two mass states (3c2 = 3)

flavour mass

Four free parameters: 

Three mixing angles θ12, θ23, θ13

One phase δCP I’ll come back to what this 
parameter does…

Interaction Propagation
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THE PMNS MATRIX

cij = cosθij

sij = sinθij0

@
⌫e
⌫µ
⌫⌧

1
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0

@
1 0 0
0 c23 s23
0 �s23 c23

1
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0

@
c13 0 s13e�i�CP

0 1 0
�s13ei�CP 0 c13

1

A

0

@
c12 s12 0
�s12 c12 0
0 0 1

1

A

0

@
⌫1
⌫2
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1

A

SolarReactorAtmospheric
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MEASURING THE MASS 
HIERARCHY: NOVA

Long-baseline experiments 
are sensitive to the 
mass hierarchy via 
matter effects

Additional charged-current 
interactions in matter for νe, 
not available to νμ, ντ

→ “extra potential” for 
νe breaks mass-hierarchy 
symmetry (depending on 
which mass state contains 
the most νe)
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THE MASS HIERARCHY

sin2
 
�m2

ijL

4E

!

�m2
ij = m2

i �m2
j

Oscillation is only sensitive to 
the size of Δm2, not the 

sign
→ We know the sign of 
Δm221 from solar neutrino 

measurements

→ We do not know the 
sign of |Δm232|

Neutrinos MiniBooNE Anomaly MicroBooNE Results

Some interesting motivation:
If the hierarchy turns out to be inverted →  

neutrinoless double beta decay experiments may have sensitivity to 
rule in/out Majorana neutrinos in the next few years
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4 x 10kt fiducial 
volume liquid argon 

TPC detectors

One 190kt fiducial volume 
water Cherenkov detector

8 x Super-K FV66 meters

787 Dreamliner:  
56.7m
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66 meters

787 Dreamliner:  
56.7m

4 x 10kt fiducial 
volume liquid argon 

TPC detectors

One 190kt fiducial volume 
water Cherenkov detector

8 x Super-K FV
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66 meters

787 Dreamliner:  
56.7m

4 x 10kt fiducial 
volume liquid argon 

TPC detectors

One 190kt fiducial volume 
water Cherenkov detector

8 x Super-K FV
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Low thresholds → access to 
new information about nuclear 
effects, neutrino interactions

Example: proton detection 
thresholds

95

LArTPC STRENGTH: LOW 
DETECTION THRESHOLDS

JINST 15, P03022 (2020)

MicroBooNE: 250 MeV/c
ArgoNeuT: 200 MeV/c

T2K: 500 MeV/c
MINERvA: 450 MeV/c

Phys. Rev. D 98, 032003 (2018)

Phys. Rev. D 90, 012008 (2014) Phys. Rev. D 99, 012004 (2019)

Phys. Rev. D 102, 112013 (2020)

Phys. Rev. Lett. 125, 201803 (2020)

arXiv:2110.13978 [hep-ex]

arXiv:2110.14065 [hep-ex]

arXiv:2110.14080 [hep-ex]
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https://iopscience.iop.org/article/10.1088/1748-0221/15/03/P03022
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.032003
https://doi.org/10.1103/PhysRevD.90.012008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112013
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.201803
https://arxiv.org/abs/2110.13978
https://arxiv.org/abs/2110.14065
https://arxiv.org/abs/2110.14080


Kirsty Duffy

LARTPC STRENGTH: ELECTRONS 
AND PHOTONS

96

e-

ɣ

Electrons and photons 
produce showers in 
LArTPCs

Distinguish using dE/dx at start 
of shower and start point

Phys. Rev. D 104, 052002 (2021)
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SINGLE PHOTON SEARCH

Simple hypothesis test: use 
combined Neyman-
Pearson χ2 as test statistic

Data consistent with 
nominal Δ→Nɣ prediction

Data rejects LEE 
model hypothesis in 
favour of nominal 
prediction at 94.8% CL

Nucl. Inst. Meth. A 961 (2020) 163677

arXiv:2110.00409 [hep-ex]
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