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Here be dragons

• Postulating an 
impossibility:                               
The neutrino is born

• The Solar Neutrino 
Problem

• Neutrinos to probe the 
Universe 

• Experimental 
landscape

2



Solar Neutrinos 
come to Hollywood!

ν
“2012”

“We were warned”



Solar Eruptions 
Cause Spikes in 
Neutrino Flux

“The count doubled after the last solar eruptions”



Postulating an Impossibility

“I have done a terrible thing.  I 
have postulated a particle that 

cannot be detected”
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Wolfgang Pauli 

1930 

1930: Wolfgang Pauli 
proposes a new particle

n ! p+ e� + �̄e

The continuous spectrum of β decay poses 
a problem...



First Detection

• 1956: Reines and Cowan

Anti-neutrinos detected 
at Savannah River nuclear reactor

• Double coincidence signal
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1956 

Fred Reines & Clyde Cowan 

�̄e + p ! e+ + n

Prompt 
annihilation 

signal

Delayed 
neutron 
capture



Standard Model Neutrinos

• Interact weakly

• Massless

• 3 flavours
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Neutrino properties:

1.  Interact weakly

2.  Very tiny masses

3.  Three flavours



Standard Model Neutrinos

• Interact weakly

• Massless

• 3 flavours
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νe - The Sun, nuclear 
reactors

νμ - Cosmic rays, man-
made

ντ - Man-made beams
First observation in 2000

Neutrino properties:

1.  Interact weakly

2.  Very tiny masses

3.  Three flavours



How Does the Sun Shine?

Nuclear fusion 
reactions in the 
core produce:

• Helium 

• Energy 
(heat, light)

• Neutrinos
9
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How Does the Sun Shine?

• Nuclear fusion reactions in the core produce:

• Helium 

• Energy (heat, light)

• Neutrinos
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70 billion ν pass 
through your thumb 
nail every second

νs travel the Sun-
Earth distance in 

8 minutes

1 light year of lead 
would stops 50% of 
incident neutrinos

Vast detectors 
required for 
observation

Neutrino facts



How Does the Sun Shine?

• Nuclear fusion reactions in the core produce:

• Helium 

• Energy (heat, light)

• Neutrinos
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Not to scale



Solar Neutrinos
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CNO Cycle
(contributes ~1% of solar energy)

pp Chain

νe



Solar Neutrino Problem
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Something wrong with the theory?

Something wrong with the experiments?

Something wrong with neutrinos?

“Most likely, the solar neutrino problem has 
nothing to do with particle physics.  It is a 
great triumph that astrophysicists are able to 
predict the number of 8B neutrinos to within a 
factor of 2 or 3”... 
--H. Georgi & M. Luke, Nucl. Phys. B347, 1 (1990)



Neutrino Oscillations 
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P⌫e!⌫e = 1� sin2 2�12 sin
2

✓
1.27�m2L

E⌫

◆

Produced as weak (flavour) eigenstates   (νe, νμ, ντ)
Propagate as physical (mass) eigenstates  (ν1, ν2, ν3)
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θ

Max suppression of 0.5 for vacuum 
oscillation over long baselines



The missing piece
Wolfenstein, Mikheyev & 

Smirnov: coherent 
forward scattering of νe in 

the Sun
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Increases effective mass 
of νe

Alters mixing angle in 
matter

tan 2�m =
�m2

2E sin 2�
�m2

2E cos 2� �
p
2GFNe

�m2

2E
cos 2� �

p
2GFNe = 0

Resonance when



Can We Look For Appearance?
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Need:
1. 1kT heavy water
2. Deep underground
3. High PMT coverage

Review committee: 
“Physics goals... are of outstanding value”

Funding agency award: $0
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1.Elastic Scattering
Primarily sensitive to νe

Measures ν direction

2.Charged Current
Sensitive only to νe

Measures ν energy

3.Neutral Current
Sensitive to all flavours
Measures total 8B ν flux

Neutrino-Electron Scattering 
(ES)

Charged Current (CC)

Neutral Current (NC)

The Answer: Heavy Water



Sudbury Neutrino Observatory 
(SNO)
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• 1.7kT +
5.3kT 
H2O buffer

• 1kT D2O

• 12m 
acrylic 
vessel

• 6800ft level
• 5890 m.w.e.

• 9500 PMTs 
55% 
coverage



Creighton Mine
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2km underground
Active nickel mine
Northern Ontario



Going Underground
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The End of the World...
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Incident νs cause water 
target to boil...

6000ft detector, 11000ft u/g

but only underground...

“...the neutrinos are causing a physical reaction”
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The
SNO 

Detector



The Detector
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Hollywood’s Take on Neutrino Detection
PMTs

Target

“This water tank goes down another 6000 feet”
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Hollywood’s Take on - Event Display
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Hollywood’s Take on -
A Neutrino 

Track...

Event Display
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Solar Neutrino Problem
Resolved



World News

30



2015 Nobel Prize in Physics

31

Takaaki Kajita Arthur B. McDonald
The Nobel Prize in Physics 2015 was awarded jointly to Takaaki 
Kajita and Arthur B. McDonald "for the discovery of neutrino 

oscillations, which shows that neutrinos have mass"

SNOSuperK



Fortuitous
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Solar data:
Best-fit point of vacuum 
oscillation parameters
under the hypothesis of MSW 
oscillations

P⌫e!⌫e = 1� sin2 2�12 sin
2

✓
1.27�m2L

E⌫

◆

L ~ 70 km for E = 4 MeV

Can do this on Earth!



Even More Fortuitous

• KamLAND reactor experiment proposed before SNO 
began taking data

• Multiple reactors (60GW) in Japan at ~ right baseline

• Lave = 180 km                                                                           
(flux-weighted                                                             
average)

• Eν ~ 2-4 MeV
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• 1 kT liquid scintillator

• 34% photocathode 
coverage

• H2O veto

• Inverse beta decay:           

                
                                
Same as Reines/Cowan
No additive
n capture on H

KamLAND
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⌫̄e + p ! n+ e+



Results
• Flux suppression:

766 ton-yrs

expect 365.2 + 17.8 bkg events

observe 258

• Disappearance at 99.998% 
significance
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PRL, 2003
Most cited physics paper, 2003

+ oscillation pattern 
clearly observed PRL, 2005



Neutrinos for nonproliferation
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Measure: reactor power, limit on Pu 
production, verify reactor shut down

Mid-field: ~1km 
Dedicated, but outside the facility

10–100 ton
Requires underground site (10s m)

Far-field: ~10km+ 
Monitor any facility within a region

100 ton — 1 kton
Deep underground site (100m-km)

Verify or exclude the presence of any 
reactor above a certain power level

Increasing standoff, decreasing flux, 
wider field of view

Increasing depth 
required to reduce 

cosmic-ray 
induced bkg

Near-field: ~100m 
Inside a reactor facility

1—10 ton, LS
Surface possible (requires segmentation)

Measure: reactor power, fissile core 
content, fuel burn up, maybe enrichment



Neutrinos for nonproliferation

• NuTools: 2021 study (DNN R&D) “exploring practical roles for 
neutrinos in nuclear energy and security”

• LBNL’s focus is to advance the technology to enhance the capabilities 
of such a detector

• Reduce the required scale, increase standoff, and provide 
additional synergies with Office of Science interests

• Close partnership with related efforts at BNL & LLNL
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Produced as a by-product of 
fission and fusion

Weakly interacting

Close to massless, travel ~c

Interaction products preserve      
incident direction

Provide a unique signature         
of nuclear fission / fusion

Signature can’t be shielded

Near-instantaneous detection

Can be used to “point”         
back to the source

Test site transparency

Small modular reactors

Maritime sensing
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Solar Neutrino Oscillation
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Solar  
Neutrinos
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“For 35 years people said to me: `John, we just don’t 
understand the Sun well enough to be making claims about 
the fundamental nature of neutrinos, so we shouldn’t waste 
time with all these solar neutrino experiments.’  

Then the SNO results came out.  

And the next day people said to me, `Well, John, we 
obviously understand the Sun perfectly well! No need for 
any more of these solar neutrino experiments.’”

--- John Bahcall, 2003



• Probing the Sun

• hep: last unobserved flux

• Precision CNO: Solar composition: 
high/low metallicity

• 8B, 7Be: T, environmental factors

• pp: luminosity constraint 

• Solar neutrinos

• Day/night effect

• Δm212 (mild tension)

• NSIs, sterile

40

M. Maltoni et al., Eur. Phys. Jour. A 52 (2016) 87

Beyond the Solar Neutrino Problem



• Solar neutrinos ~few x 10-6 TeV

• Study stellar astrophysics e.g. 
metallicity, T

• Probe interaction of ν with matter

• Search for new physics
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• Supernova neutrinos ~few x10-5 TeV

• Understand explosion mechanism

• Probe neutrino flavour physics

• Early warning for astronomers

Neutrino (astro)physics



• Geo neutrinos ~few x 10-6 TeV

• Probe radiogenic heat 
production

• Test model’s of Earth’s 
composition

• Mantle contribution
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• Majorana neutrinos ~few x 10-6 TeV

• Unique potential to be their own 
antiparticle

• Demonstrate lepton no. violation 

• Explain matter/antimatter asymmetry 

M.C. 
Escher

Nuclear / geo physics with neutrinos



• Reactor neutrinos 

• Probe oscillations (Δm122)

• Sterile neutrinos

• Coherent ν-N scattering

• Nonproliferation applications

43

• Long baseline neutrinos

• Neutrino mass ordering

• Search for leptonic CP violation

• Probe oscillation physics

High energy physics with neutrinos



ν
ν

ν
ν
ν

ν

ν

ν

ν
ν

ν
ν

νν

ν ν

ν

ν

Why is it Hard?
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SNO detector 
observes solar 

neutrinos during 
daytime hours

Not to scale



Why is it Hard?
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SNO detector 
observes just as 

many solar 
neutrinos at night

Not to scale



Experimental approaches

• Water Cherenkov detectors

• Liquid scintillator detectors

• “Hybrid” detection

• Noble liquid detectors — primarily for DM / LBL

• Solid state detectors — extremely good resolution

• Disclaimer: will only discuss a few examples!
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Experimental landscape
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• Search for Lorentz violating effects (preferred direction)

• New / improved constraints on 38 / 16 model 
parameters

• Search for neutrino decay

• Energy-dependent disappearance 

• New limit on lifetime                                                   
k2 (= τ2/m2) > 1.92 x 10-3 s/eV (90% CL)

• Search for hep & DSNB neutrinos

• Final undetected solar ν flux

• Probe “glow” from past core-collapse SNe

• Measurements of n production from μ and atm ν
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Sudbury Neutrino Observatory
Phys. Rev. D 98 112013 (2018)

Energy (MeV)

Phys. Rev. D 99 032013 (2019)

Phys. Rev. D 
102 062006 
(2020)

Phys. Rev. D 99 112007 (2019), Phys. Rev. D 100 112005 (2019)



Super-Kamiokande (+Gd)

• First large detector ever to be filled with Gd-H2O 
(0.021% Gd2(SO4)3 ~0.01% Gd)

• Enhance neutron capture efficiency

• Transparency observed to be as good as H2O phase

• 0.03%Gd should allow first detection of DSNB
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• Largest solar neutrino detector: 22.5kton (fiducial)

• Four phases of operation, 20+ years of data!

• High-precision rate, hint of day/night (~2σ)

• Spectral measurements

https://arxiv.org/pdf/2109.00360.pdf; M. Vagins Supernova and Early Universe Workshop



Hyper-Kamiokande

50https://arxiv.org/pdf/2109.00360.pdf https://arxiv.org/abs/1805.04163

• Largest ever neutrino detector, starting 2027

• Less deep than SK: higher cosmogenic 
backgrounds; several methods to tag showers

• Huge statistics: ~5 8B ν/hour

• If oscillation parameters are that of solar best fit, 
can reach 5σ precision on day-night effect and 
low energy upturn (less if reactor)

• 2-3 σ measurement of hep νs

• >200 kton, 40% coverage



• First measurement of CNO ν flux!

• 232Th and 238U ~ 10-19g/g; 210Bi events ≤11.5 ± 1.3 cpd/100t

• CNO flux: 6.6 +2−0.9 x108 cm-2s-1 (7σ)

• First evaluation of C, N solar abundance using ν

• 2σ tension with low-metallicity measurements

• Global fit (8B, 7Be) allows to                                    
disfavour B16-AGSS09met                                                 
(vs B16-GS98) at 3.1σ 

Borexino

51

Nature 587, pages 577–582 (2020), Phys.Rev.Lett. 128 (2022) 9, 091803, Phys.Rev.D 105 (2022) 5, 052002; PRD 105.052002, PRL 128 (2022) 9, 091803

• Integrated directionality at Borexino: 

• consider earliest photons in the event

• take angle between early photons and solar direction

• 6σ angular excess caused by Cherenkov photons

• Measurement of primarily 7Be ν demonstrates           
first directional detection of sub-MeV neutrinos



• Completed data taking with water

• LS fill complete, end of March, 2021  
(780kg LAB+PPO)

• PPO fill complete: 2.2 g/L

• Largest, deepest operating LS detector

• Ultra-low background

• NLDBD target backgrounds achieved!

• Broad ongoing physics program
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Related work: 
Phys. Rev. D 105, 112012 (2022) 
JINST 16 P10021 (2021) 
JINST 16 P08059 (2021) 
JINST 16 P05009 (2021) 
Phys. Rev. C 102, 014002 (2020) 
Phys. Rev. D 99, 032008 (2019) 
Phys. Rev. D 99, 012012 (2019)

SNO ➾ SNO+



SNO+ water phase
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• New analysis of 126.6 kt-days, including 
190.3 days of low background data

• Radon in water ~6 × 10−15 gU/g 

• Lowest background for water Cherenkov 
detectors > 5 MeV: 0.32 ± 0.07 ev./kt-days 

• 3.5 MeV threshold (large uncertainties in 
lowest bins)

• Best-fit flux consistent (inc. oscillations) 
with other experiments, and HZ and LZ 
solar models 



“Partial fill” / LS physics
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• ~ 7 months data with 365t LAB + 0.5 g/L PPO

• Threshold lowered from 1MeV to 40keV

• Measure internal backgrounds, detector 
response with LS

• New physics opportunities

First event-level directionality in LS!



SNO+ pure LS phase
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• Analysis of 8B ES interactions in 138.9 live 
days of scint. data

• Fitted oscillation parameters compatible 
with global fits 

• Strict fiducial volume cut opens prospects 
for future sensitivity < 3 MeV 

• 232Th still dominates 3-5 MeV regions; 
multi-site discriminant will help 
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Antineutrino detection
• Evidence of antineutrinos from distant 

reactors using pure water at SNO+

• Following first detection in a water Cherenkov 
detector, new results from partial and scint phases

• Main background: (α,n) reactions on 13C;            
αs from high rate 210Po decays

• Partial fill: 114 t.y exposure, 85 Hz of 210Po     
Stats and background-limited 

• Pure LS: lower bkg, expect reactor + geo sensitivity

PRL 130 091801 
(2023)

Partial fill

Pure LS, preliminary



JUNO
• 20 kton, 3% / MeV resolution

• 0.7 km overburden (Guangdong, China)

• Data taking starts this year!

• Largest LS to-date, with world-leading 
sensitivity to several oscillation 
parameters and physics searches

• 2-MeV t/h:                                                                 
sensitivity to probe transition                                         
region via low-energy 8B ν

• 2-3σ sensitivity to day/night

• 7Be rate < 1%

• Pep rate < 10%

• CNO rate ~ Bx

• Precision measurement of ΔM221 

57Prog.Part.Nucl.Phys. 123 (2022) 103927

The Astrophysical Journal,         
965:122 (13pp), 2024 April 20



LAr: DUNE
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• Offers CC on Ar, good for precision spectral 
measurement (day/night); 

• Limited by threshold and background

• Novel ideas to leverage phase II upgrades  

• UG-Ar, 

• pixelated detectors, 

• novel readout, 

• Xe doping

• Hybrid detection (Theia-25)

CC dominates signal
~10MeV e + γ cascade



Hybrid detection: THEIA
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Eur. Phys. J. C 80, 416 (2020);  
Eur. Phys. J. C (2018) 78: 435; 
Phys. Rev. D 103, 052004 (2021)

• Dominant background to CNO 
ν: 210Bi 

• Unique low-threshold, 
directional detection

• Particle and event ID from LS 
time profile, quenching, Ch/S 
ratio

• Few-% level sensitivity to CNO 
ν, 8B spectral shape

Cherenkov

Scintillation

Theia-100

Theia-25



• ~90% events are IBD 

Highly complementary to νe LAr signal

Fast, can act as trigger for DUNE

• ES ⇒ pointing accuracy < 1o

• CC & monoE γ from NC ⇒        

burst T & subsequent mixing

• Flavour-resolved neutrino spectra

• High-stats, low-threshold signal with 
good resolution

• Pre-supernova                                 
ν sensitivity

Supernova Detection
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Event rate in 100-kt WbLS, SN at 10 kpc

Eur. Phys. J. C 80, 416 (2020)



Diffuse Supernova ν Background

61Eur. Phys. J. C 80, 416 (2020); Phys. Rev. D 103, 023021

• Diffuse ν “glow” from past core-collapse supernovae

• Astrophysics of SNe 

• Signature: IBD detection of antineutrino signal

• Prompt e+ and delayed n-capture signal

• Main background: NC interaction of atmospheric ν
• ν hits C nucleus, causing recoil 

• n captures

• Can mimic signal

• Cherenkov/scintillation ratio provides                        
a powerful handle for background         
discrimination

• 5σ in 125 kton-yrs



Anti-ν Detection

62Eur. Phys. J. C 80, 416 (2020); arXiv:2204.12278

• Geo-ν observation by KL, Borexino (< 220 ev)

• THEIA: large statistics, complementary site: 218 ev/yr (25 kt)

• Full spectral analysis with BDT for bkg rejection

• Future improvements: PID (p/e+, e-/e+)

• Could offer first evidence for surface variation

• U/Th ratio to 15% precision in 10 years

• Reactor ν prospects: ~ 20 reactor ev/kt-yr                                    

• Demonstrate techniques for remote reactor monitoring                                                 

• Range & direction at >1000km standoff

#
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Prospects
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https://www.annualreviews.org/doi/pdf/10.1146/annurev-nucl-011921-061243

• First hep observation: within reach at future large WCD

• Day/night effect: within reach at future large WCD / LS / LAr

• Δm212 within reach (WCD / LS / LAr)

• Large LXe offers good prospects for luminosity /              
lowest energy (high flux) signals

• Precision CNO for probe of metallicity may require new 
technology

Esteban et al, J High En Phys 2020 178 (2020)



The Future
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...Your results here...

J.R.Klein



The Future
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Water boils at 
measurement / SSM = 1e25

...Your results here...

Year 10^27

(including BF oscillations)

J.R.Klein



Summary
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Introduction to the neutrino
SNO: Solving the Solar Neutrino Problem

SNO+: a multi-purpose neutrino experiment
⇒The search for the nature of the neutrino

⇒Understanding the Earth & the Sun

⇒Hollywood’s scare

mongering!



Thank you 
for your 
attention




