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Solar Neutrinos
 A Path to Discovery



Neutrinos reaching the Earth

Sudbury Neutrino 
Observatory (SNO)

Super Kamiokande



• Science:
• He proposed chlorine as a detection medium for reactor and solar neutrinos: 1946
• Developed proportional counters – used by Davis and SNO 3He detectors: 1949
• Proposed neutrino oscillations: 1957
• Proposed oscillations as the explanation for the solar neutrino problem: 1968

Many Connections Between Bruno Pontecorvo and Solar Neutrinos

1968: Gribov and 
Pontecorvo suggest flavor 
change (oscillation) of 
electron neutrinos to 
muon neutrinos as a 
possible outcome of 
measurements of solar 
neutrinos.



4 Homestake Gold Mine

100,000 gallons of cleaning fluid C2Cl4

Expected 1.5 interactions per day 
Measured 0.5 interactions per day

Sensitive to 8B solar neutrinos only

νe + 37Cl → e- + 37Ar

Ray 
Davis

John 
Bahcall



SOLAR FUSION CHAIN

The detection of neutrinos from the Sun is a very direct way 
to verify models of the Sun and the energy generation reactions.
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Davis Koshiba SAGE, GNO

Experiments sensitive primarily or exclusively to Electron 
Neutrinos saw too few neutrinos compared to Solar Models. Was this 

solar physics or neutrino physics?

1967 - 2001

“Solar

Neutrino

Puzzle”



Solar Model Independent Measurements: SuperKamiokande,
(Using elastic scattering from electrons in 8B Solar Neutrinos)

• MSW Effects
   - Distortion of the spectrum
   - Regeneration in the Earth (Day/Night Effects)

• Other Time Dependent Effects
  - Seasonal effects (Earth-Sun Distance, Neutrino Magnetic Moments ..)
  - Long Term: Solar cycle … (Neutrino Magnetic Moments …)



Superkamiokande





Superkamiokande

Also: Limit on Anti-electron neutrinos: few % of Standard Solar Model



The Sudbury 
Neutrino 
Observatory 
(SNO) 



1) Neutrino Electron Elastic Scattering
86 % νe  and  14% νµ , ντ  

As observed by SuperKamiokande

2) Charged Current Interaction on Deuterium
100 % νe 

3) Neutral Current Interaction on Deuterium
Equal sensitivity for νe , νµ , ντ 

Neutrons are detected by capture in 1) Deuterium, 
2) Chlorine in dissolved salt and 3) 3He in a detector 

array during the three phases of the experiment.

Gamma radioactivity must be very low to avoid 
neutron background from photodisintegration

First: SNO-SK comparison with lower 
sensitivity to νµ , ντ  
First result: flavor change: 3.3 σ (2001)

Second: SNO-only comparison with high 
sensitivity to νµ , ντ  
Second result: flavor change: 5.3 σ (2002)

D2O



The Sudbury Neutrino Observatory: SNO

Acrylic vessel (AV) 
12 m diameter

1700 tonnes H2O 
inner shielding

1000 tonnes D2O
($300 million)

5300 tonnes H2O 
outer shielding

~9500 PMT’s
Creighton mine
Sudbury, CA 

6800 feet (~2km) underground 

- Entire detector
Built as a Class 2000

Clean room
- Low Radioactivity
Detector materials



One million pieces
 transported down in the 
10 foot square mine
cage and re-assembled under
ultra-clean conditions.

More than 70,000 showers.

Ultra-pure water systems.



Phase III (3He)
Nov. 04-Dec. 06

Phase I (D2O)
Nov. 99 - May 01

Remove salt, add
400 m of proportional 

counters 5 cm diameter.
Neutron Effc. ~ 30% 

Phase II (salt)
July 01 - Sep. 03

n captures on 
deuterium

Effciency ~14.4% 
νall and νe

Separation difficult

Add 2 tons NaCl 
n captures on chlorine

Effc. ~40% 
νall and νe separation 

by event isotropy

36Cl

35Cl+n 
8.6 MeV

3H

2H+n 
6.25 MeV

n + 3He → p + 3H

p
3H

n

3He

SNO: 3 neutron detection methods for νall reaction.

Demonstrate Neutrino
Flavor Change clearly

Measure Total Flux
of all Neutrino types (νall), 
Compare with solar models.

Measure νall rate with 
Independent system.
Paper in June 2008.

Final νe / νall ratio
Measured to < 7 %



Measuring U/Th Content
Ex-situ

 Ion exchange (224Ra, 226Ra)
 Membrane Degassing (222Rn)
     count daughter product decays
                        
     

  In-situ
 Low energy data analysis
 Separate U and Th Chains
          Using Event isotropy

        
                        
     

  
U Chain Th Chain

Objective met and measured: Less 
than one radioactive decay per day 
per tonne of heavy waterIsotropy



SNO Energy Calibrations

β’s from 8Li  
γ’s  from 16N and t(p,γ)4He 252Cf neutrons

6.13 MeV
19.8 MeV Detailed 

Detector 
Mapping 

with 
LaserBall, 
16N, 252Cf, 
238U, 232Th

Radioactivity: Rn and 
encapsulated U and Th 
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Improved accuracy for θ12. 

Flavor change 

is determined with > 7 σ

Electron neutrinos

νµ ,

ντ

The Total Flux of Active

  Neutrinos is measured

 independently (NC) and agrees

 well with solar model

Calculations:

5.82 +- 1.3 (Bahcall et al),

 5.31 +- 0.6 (Turck-Chieze et al)

CC, NC FLUXES
MEASURED

INDEPENDENTLY

SNO Salt Phase

Fluxes



The latest SNO data: 391 live days with salt hep-ex/0502021 March 2005

New Information: Charged Current Energy Spectrum

040.0037.0A OD salt 2 ±=+Day-Night Asymmetry assuming ANC=0

Data from Experiments in Operation



Physics Motivation
Event-by-event separation. Measure NC 
and CC in separate data streams. 

Different systematic uncertainties  
than neutron capture on NaCl.

Detection Principle
2H + νx → p + n + νx - 2.22 MeV        (NC)

 
   3He + n → p + 3H + 0.76 MeV 

νx

n

 40 Strings on 1-m grid

 440 m total active length

NCD

PMT

SNO Phase III (NCD Phase)

 3He Proportional Counters (“NC Detectors”)



Final Complete Analysis of SNO solar data 
Presented at TAUP2011 in Munich Sept. 5, 2011: arXiv:1109.0763v1

NCD pulse shape analysis to identify neutron events

3He detectors: 
neutron source

3He detectors: 
neutrino data

4He detectors: 
alpha backgnd

Full joint analysis of solar 
data from all three phases 
provides best sensitivity 

with all correlations, 
backgrounds, systematic 
uncertainties included. 

S. Habib thesis(Alberta) 

Individual results from all 
three phases are very 

consistent within 
uncertainties

)(009.0)(016.0317.0/ syststatNCCC ±±=
implies flavor change at far more than 7 σ

11.0
13.016.025.58

+
−±=Φ B

More accurate than 
current solar models and 
lying between the fluxes 
predicted for two values 
of metallicity in the sun 

Brown: All events
Red: Neutron-Like



Solar Neutrino Problem
Pre 2001

pp ν

7Be, 8B ν
8B ν



Solar Neutrino Problem
Resolved

8B ν νeonly

all νx
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For three neutrinos:

Solar,Reactor Atmospheric

Using the oscillation framework:

For two neutrino oscillation in a vacuum: (valid approximation in many cases)

CP Violating Phase Reactor,LBL Majorana Phases

Range defined for ∆m12, ∆m23

Maki-Nakagawa-Sakata-Pontecorvo (MNSP) matrix

(Double β decay only)

Neutrino Properties to Date

? ?



Matter Effects – the MSW effect
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The extra term arises because solar νe have an extra interaction
 via W exchange with electrons in the Sun or Earth.

In the oscillation formula:

(Mikheyev, Smirnov, Wolfenstein)

Fits to solar neutrino data indicate that electron neutrinos interact with electrons 
in the sun via MSW and emerge as a mass 2 state with nearly equal parts electron, 
mu, tau neutrinos. These matter interactions define the mass hierarchy (m2>m1). 
The MSW effect produces an energy spectrum distortion and flavor regeneration 
in Earth giving a Day-night effect of about 3% as measured by SuperK.



Future objectives: 
• δCP
• θ23 max?
• Hierarchy?
• Majorana ν?
• Absolute mass
• Sterile ν?

SUMMARY OF OSCILLATION RESULTS FOR THREE 
ACTIVE  ν TYPES

Mass Hierarchies

Normal Inverted

Particle Data Group

Solar, Reactor

Atmospheric,Accelerator

Reactor, Accelerator







Kamland

• Conversion of Kamioka to liquid scintillator. First results in 2002.
• Oscillation of electron anti-neutrinos from Japanese reactors at an average distance of 180 km.
• Oscillation parameters very similar to those observed for solar neutrinos (Θ12 and ∆m2)





Reactor electron anti-neutrino Experiments Medium Baseline



Future objectives: 
• δCP
• θ23 max?
• Hierarchy?
• Majorana ν?
• Absolute mass
• Sterile ν?

SUMMARY OF OSCILLATION RESULTS FOR THREE 
ACTIVE  ν TYPES

Mass Hierarchies

Normal Inverted

Particle Data Group

Solar, Reactor

Atmospheric,Accelerator

Reactor, Accelerator

Accelerator,Reactor,
Atmospheric

0νββ, Cosmology, 
Electron spectrometers, 

Accelerator,Reactor,
Atmospheric



mνββ =  |m1 cos2θ13cos²θ12 + m2 e2iα cos2θ13sin²θ12 + m3 e2iβ sin²θ13|

ν-less Double Beta Decay: Measuring Effective ν Mass

2.01.51.00.50.0
Sum Energy for the Two Electrons (MeV)

 Two Neutrino Spectrum
 Zero Neutrino Spectrum

1% resolution
Γ(2 ν) = 100 * Γ(0 ν)

(T1/2)-1= F(Qββ,Z) |Μ0ν|2 <mνββ>2

Neutrinoless

2 ν 
Emission

Requires: Neutrinos to be their own antiparticle (Majorana particles)

• Finite ν mass: Lifetimes > ~1026 years imply ν mass < 0.1 eV

Additional phases

130Te



m
νβ

β  
(e

V)

Lightest neutrino mass in eV

Inverted

Normal
Mass
Hierarchy

Degenerate

Variation of mββ vs Lightest ν mass

Objective for longer  
term experiments

Objective for nearer  
term experiments

Very long term objective.

Present Limit



Neutrino-less Double Beta Decay

SNO+ (Te) nEXO (Xe) LEGEND (Ge) CUPID (Mo) KAM-ZEN (Xe)

• There are a number of experiments in operation and others in development 
with several different isotopes. This will be an advantage in the advent of a 
discovery

• Detailed nuclear theory calculations are needed to interpret these 
measurements and are an important part of the field.

• There is a question of quenching of gA that could reduce the sensitivity of 
these experiments to effective neutrino mass by a factor of 2 to 4.



Increase to 1.5% planned for future

Te in 2026



SNO+
5 years at 0.5%

Te Loading:
1300 kg 130Te

mββ < 30-130 meV
(99.7% CL)

Phase II 
1.5 % 130Te

mββ < 17-80 meV

Presently running with liquid scintillator for 
other physics and evaluating backgrounds. Te 
projected for 2026
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Top of Normal Ordering for lightest mass

From: Fundamental Symmetries, Neutrons, and Neutrinos (FSNN):
Whitepaper for the 2023 Nuclear Science Advisory Committee Long Range 
Plan:  arXiv:2304.03451iv:2304.03451





- DUNE in the US and 
Hyper-Kamiokande in Japan

Compare neutrino oscillations initiated 
by muon neutrinos and their anti-
particles.

δCP, θ23 max?, Hierarchy?

295 km

In progress: Next-Gen Long-Baseline experiments: Different neutrino 
interactions in the earth. Combined analysis will be valuable.

DUNE 





Short-Baseline 
Neutrino

 Oscillation + 
Source 

Measurements 
in Progress

Summary Talk by 
M. Danilov at 

Moriond Mar 2024

Sterile 
Neutrinos

• Gallium

• Short Baseline

• Reactor Neutrinos

Sterile Neutrinos

Sterile 
Neutrino 
Summary 
by 
Danilov at 
Moriond 
2024



Fermilab 
Short 
Baseline 
program

ICARUS SBN

• Two similar Liquid Argon Detectors
• Search for neutrino oscillations at O(Δm2) ~ 0.1-10 eV2

• Measure ν-Ar interactions
• Search for physics beyond the Standard Model

FERMILAB





Jiangmen Underground Neutrino Observatory 

46

Leading term at JUNO 

Leading term at Daya Bay 

Sensitive to mass ordering

Daya Bay 
Far Hall

Key for NMO:

1、20 kton liquid 
scintillator detector

2、3% energy 
resolution at 1 MeV 
energy deposit

3、low background

Z. Yu at NPB 2024



Jiangmen Underground Neutrino Observatory 

47

Leading term at JUNO 

Leading term at Daya Bay 

Sensitive to mass ordering

Daya Bay 
Far Hall

Key for NMO:

1、20 kton liquid 
scintillator detector

2、3% energy 
resolution at 1 MeV 
energy deposit

3、low background





KATRIN

PROJECT 8
Cyclotron Radiation Emission 
Spectrometry (CRES)
Published result:
Neutrino Mass < 150 ev/c2

Future: Atomic Tritium, 
greater statistics:
Projected reach: ~ 0.040 ev/c2  

Neutrino Mass from Tritium Beta decay

Both Projects will also search for 
kinks in the spectra at lower 
energy to look for sterile 
neutrinos: KATRIN Next Phase

IO Minimum

Katrin 2025 < 0.45 eV (0%)

Project 8



Studies of the Large-scale Matter Power Spectrum are 
sensitive to the sum of ν masses

Future Measurements will 
improve this sensitivity







High-Energy Neutrinos and 
Multi-messenger Astronomy

ICECUBE

ICECUBE: Potential correlation between 
active galaxy NGC 1068 and neutrino hot 
spot (with 79 +22 -21 events). Significance 
4.2 sigma. [Halzen at NPB 2024 Hong 
Kong] 

[Coyle for KM3NET at NPB 2024]

Two Major Talks at this conferenceFuture P-ONE? In Ocean off Vancouver Island

ICECUBE

KM3NET: Remarkable 120 PeV event!!

Galactic Plane



Neutrino-Matter Interactions, including coherent scattering

Efremenko at 
NPB 2024

COHERENT 
Collaboration



A remarkable set of measurements to understand solar neutrino reactions in the pp and CNO cycles
Bellini, Calaprice and the Borexino collaboration





pp
8B

Bahcall & Pena-Garay
hep-ph/0305159

Vacuum

Matter: LMA

BOREXINO RESULTS





This will be an interesting week
Have fun!Thank You
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