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Solar Neutrinos
4pa+2e++2ne+energy



The Solar Neutrino Problem c. 2000

Energy 
dependent 
deficit is 
observed solar 
neutrinos
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Sudbury Neutrino Observatory
neutrino reactions on deuterons

Neutrino-Electron Scattering (ES)

Neutral Current (NC)

Charged Current (CC)

National
Geographic



SNO: One million pieces transported down in the 
3x3x4 m mine cage and reassembled in ultra clean 
conditions. Every worker takes a shower and wears 
clean, lint free clothing. 

70000+ 
showers taken 
during the 
project.



Water systems were developed to provide low radioactivity light water 
and heavy water: 1 billion times better than tap water. Less than one 
radioactive decay per day per ton of water!! 



Detecting Neutrons: The Three Phases of 
SNO

Phase 1: Pure D2O.
◦ Nov 1999 – May 2001 : 306 days.

◦ Neutrons Capture on D

◦ Detect 6.25MeV g-ray. 

Phase 2: D2O+NaCl
◦ Jul 2001 - Sep 2003 : 391 days.

◦ Neutrons Capture on 35Cl

◦ Detect multiple g-rays. SE=8.6MeV

Phase 3: 3He Proportional Counters 
(NCD)
◦ Nov 2004 - Nov 2006 385 days.

◦ Neutrons capture on 3He

◦ Detected in the counters.



A Typical Solar Neutrino Event in SNO

We measure
◦ Number of hit PMTs
◦ PMT times, charges
◦ Global event time

We derive
◦ Position

◦ Vertex Resolution 16cm 

◦ Direction
◦ Angular Resolution 26.7o

◦ Energy
◦ Isotropy



Calibration
Deployment of multiple calibration 
sources was essential to produce 
the systematic uncertainties 
achieved.

◦ Laserball

◦ 16N

◦ 8Li 

◦ pT

◦ 252Cf

◦ AmBe

◦ Encapsulated U & Th

◦ Rn, 24Na spikes



Reconstruction
Reconstruct vertex fitting time 
residual distribution

Fiducial volume uncertainty ~0.5%



Energy Reconstruction
6.13 MeV 19.8 MeV



Isotropy
Isotropy Parameters
◦ qij

◦ Relatively simple, mean of average 
hit pair opening angle from vertex. 

◦ b14

◦ b parameters result from 
decomposition of hit angular 
distribution via spherical harmonics

◦ b14 =b1 -4b4 was found to be the 
best combination to separate 
neutron captures on 35Cl 

Hit i

Hit jqij

14

Uncertainties ~0.4% on 
mean and width.



U/Th Content

Exsitu
Ion Exchange
Membrane degassing
Count daughters

Insitu
Fit to isotropy of low energy data

Photodisintegration background well 
understood.

U Chain
Th Chain



Extraction of Neutrino Signals.
ES NCCC

E/MeV

(r/600cm)3

cos(q


)

Isotropy

 Carry out a maximum 

Likelihood fit of the data to 

signal PDFs.

 4 Dimensional fit.

• Energy. 

• Radius.

• Direction.

• Isotropy (salt only).

 Isotropy allows us to remove 

CC and ES energy PDFs.

 Model Independent Flux 

Extraction.

 Extract the Spectrum.



Salt Data Isotropy

Radius Direction

CC Spectrum and LMA



Neutrino Flavour Change

Flavour content of solar flux.
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Neutrino Flavour 
Change Demonstrated 
at >7s

Physics beyond the 
standard model!



Low energy threshold analysis

Search for LMA upturn

Threshold lowered to 3.5 MeV

Many analysis improvements and 
lowered systematics

Joint fit – further break CC/NC 
covariance

◦ “beam on/beam off”

Improved NC measure as well.

SNO Day

Night



Adding NCDs

Neutron source 4He Counters 3He Counters



Combined phase results

Combined fit of the three 
phases provides most 
sensitive result 

◦ Correlations broken in joint fit

Results are consistent 
between phases and with 
combined result

Pee

Aee

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

Φ8𝐵=5.25±0.16−0.13
+0.11 × 106𝑐𝑚−2𝑠−1

CC/NC = 0.317 ± 0.016 (stat) ± 0.009 (sys)
Implies flavour change at far more than 7 σ, 
shows that θ12 is non-maximal by more than 5σ.



Solar Neutrino Problem Resolved



Neutrino Oscillation Results

SNO Only Solar + KamLAND 3 flavour fits



Solar hep neutrinos
The highest energy solar neutrinos

◦ 3He + p → 4He + e+ + ne

Exploit strong correlation between neutrino 
and electron energy in CC interaction

Search in 14.3 < T < 20 MeV signal box

D2O phase

Expect:
◦ 3.13±0.60 Background
◦ 0.99±0.09 Signal

Observe 2 events

hep<2.3x104 cm-2s-1 @ 90% c.l.

Three phase results coming soon



Additional Analyses
SNO also exploited its data to search for other signals.

◦ Transient supernova neutrino bursts

◦ Diffuse supernova neutrino background

◦ Solar neutrino periodicities

◦ Invisible modes of nucleon decay

◦ Down going neutrino induced muons

SNO is now completing a number of analyses to exploit the rich data set 
including:

◦ Solar hep search

◦ Diffuse supernova neutrinos

◦ Spallations

◦ n-n bar oscillations

◦ Lorentz violations



UC Berkeley (since 2011)





Backup




