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Nobel neutrinos



Happy Year

Tuesday 6th October Sunday 8th November

Nobel prize
Breakthrough prize

Daya Bay, K2K & T2K, 
KamLAND, SNO, SuperK

Thursday 10th Dec



Historic perspective

Fascinating neutrinos

Future horizons

The story of neutrinos – to SNO and beyond 



Historic perspective



Chadwick (1914) The Nobel Prize in Physics 1935 was 
awarded to James Chadwick "for the 
discovery of the neutron“
… not the neutrino  ….



Bohr vs Pauli 



Pauli (1930) The Nobel Prize in Physics 1945 was awarded 
to Wolfgang Pauli "for the discovery of the 
Exclusion Principle, also called the Pauli 
Principle".
… not the neutrino …



…. much later (1956)…. The Nobel Prize in Physics 1995 was 
Frederic Reines (Cowan had passed away 
by then) and Martin Perl ‘for pioneering 
contributions to lepton physics’.

Neutrinos 2006 – Santa Fe



Weak interaction (1957)

Charged Current (CC)      Neutral Current (NC)

The Nobel Prize in Physics 1979 was 
awarded to Sheldon Lee Glashow, Abdus
Salam and Steven Weinberg "for their 
contributions to the theory of the unified 
weak and electromagnetic interaction 
between elementary particles, including, 
inter alia, the prediction of the weak 
neutral current".

Robert Marshak & George 
Sudarshan, 
later Richard Feynman (Nobel 
1965) and Murray Gell-man 
(Nobel 1969) proposed ‘V-A’

x

x



Neutrino flavour (1962) The Nobel Prize in Physics 1988 was 
awarded jointly to Leon M. Lederman, 
Melvin Schwartz (pictured) and Jack 
Steinberger "for the neutrino beam method 
and the demonstration of the doublet 
structure of the leptons through the 
discovery of the muon neutrino".



Only three (light) neutrinos
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So what did we know about neutrinos?

Neutrinos come in three flavours

Neutrinos interact weakly only

Neutrinos are massless



The truly fascinating behaviour of neutrinos



Standard Solar Model: exact flux prediction

Championed by John F Bahcall, 
sadly passed away in 2005.
… no Nobel prize …



Ray Davis’ Chlorine Experiments*


e

+ 37Cl  37Ar + e

Homestake Gold Mine (South Dakota, US), 1.5 km UG, 380 m3 perchlorethylene

Proposed by Bruno
Pontecorve (1946):

* Tried Savanah and Brookhaven reactors first. 
We know now that this does not work for anti-neutrinos (right handed)



Raymond Davis’ result: solar neutrino problem

The Nobel Prize in Physics 2002 (just after SNO’s first results) was 
divided, one half jointly to Raymond Davis Jr. and Masatoshi 
Koshiba "for pioneering contributions to astrophysics, in 
particular for the detection of cosmic neutrinos“.

~0.5 interactions per day!



So what was happening?

• Is the Standard Solar Model 
wrong?

• Is our nuclear physics wrong?

• Is the experiment wrong?

• Is our understanding of neutrinos 
wrong?

SAGE

BiSONLUNA



Super Kamiokande (Japan)



Super Kamiokande observation in 1998



Herb Chen’s brilliant idea (1985)



Use heavy water (D2O) 
instead of normal water (H2O):
neutral current (all flavour) &
charge current (electron flavour)

(as well as electron scattering, mainly
Electron neutrino, but some sensitivity to 
other neutrino flavours)



Birth of the Sudbury Neutrino Observatory

First SNO collaboration meeting, Chalk River 1986

Official SNO Proposal: 1987





Sudbury in Northern Ontario, Canada

































SNO’s answer was:
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electron flavour neutrinos per square milli-furlongs per nano-minute*

and a total neutrino flux of about three times that many!

Solar neutrino puzzle solved:
Neutrinos change their flavour between the Sun and Earth!
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SNO programme

• Neutrinos change flavour and thus have mass: BSM
• Neutrino oscillation parameters
• More precise measurement of solar neutrino flux (factor 2) than 

theoretical prediction
• Energy dependent survival probability for 8B 

SNO main results:

Difference 
between 
success and failure
can be small…



Final SNO collaboration meeting, summer 2008

Analysis of SNO data now continued, 
using 2/3 of the Breakthrough prize



Neutrino oscillations

Neutrinos have mass, 
and 
their mass eigenstate ≠ flavour eigenstate

sij = sin θij; cij = cos θijPontecorvo–Maki–Nakagawa–Sakata matrix (PMNS matrix)



Neutrino oscillations Two neutrino case



Neutrino oscillations Two neutrino case

𝑃𝑒𝑒 = 1 −
1
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Neutrino oscillations Two neutrino case

𝑃𝑒𝑒 = 1 −
1

2
sin22θ =

1

2
(1 + cos22θ) >

1

2

𝑃𝑒𝑒 =
1

2
1 + cos 2θ 𝑐𝑜𝑠2θ𝑚

With matter effects, this can 
be smaller than ½:



Neutrino oscillations

Reactor anti (electron) neutrinos (without CP)

𝑃(𝜈𝑒 → 𝜈𝑒) = 1 -cos4𝜃13sin
2(2𝜃12)sin

2(1.27Δ𝑚12
2 𝐿

𝐸
)−sin2(2𝜃13)sin

2(1.27Δ𝑚23
2 𝐿

𝐸
)

Long baseline (muon) neutrino beam …

Correlations between CP phase, matter effects, hierarchy:
go to long enough baseline to break those 

Three neutrino case

Known due to matter
effects in the Sun (MSW)



KamLAND
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Neutrino oscillations are well established now

K2K, KamLAND, Daya Bay, T2K experiments recognised in the 
Breakthrough Prize for fundamental physics 2015.
(As well as SuperK and SNO)

Many open questions however remain:

• Why is the neutrino so much lighter than all other particles?

• Is the neutrino Majorana
(particle and anti-particle essentially the same)?

• What is the mass hierarchy?

• What is the value of the CP violating phase δ (non-zero)?

…



Mass hierarchy 

CP violation

(Some of the things) coming up next …

Neutrino nature



T2K and reactor (Daya Bay), and recent NOvA results
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Mass hierarchy: 3 methods are being pursuit

Long baseline neutrino experiments
(INO, HyperK, DUNE)

Atmospheric neutrinos
(PINGU, ORCA)

Reactor experiments
(JUNO, RENO-50)



Reactor neutrinos

Large (20 ktonne LS) detector,
Excellent energy resolution (<3%)

JUNO
• Approved & funded
• Data taking expected 

in 2020

RENO-50
• Site identified
• R&D funding

More info: neutrino telescope 2015



Atmospheric neutrinos

PINGU
• Well understood
• 20 strings / season ,

40 total
• Completion 2021/2022

ORCA
• 6 strings deployed and operation end 2016
• Completion possible 2020

More info: neutrino telescope 2015



Long-base line experiments: HyperK

• 750 kW beam
• Water Cherenkov,

1 Mtonne total, 
0.56 fidiucial

• 2.5 degree off-axis

• proto-collaboration
• 240 people, 13 countries
• R&D funds granted
• Selected as one of the 25 top priority future projects by 

Science Council of Japan in 2014
• Not included in the MEXT (Japanese funding agency) 

roadmap in 2014, next round (2017)
• If the construction begins in 2018, experiment ~2025

Kajita, Invisibles 2015 workshop



Long-base line experiments: DUNE

• DUNE collaboration: liquid argon TPC
• 800 people, 25 countries
• Development of first 10 ktonne detector by 2021
• Followed by expansion to 34 ktonne soon thereafter
• LBNF: 1.2 MW of power by 2024,

up to 2.4 MW of beam power by 2030
• CERN neutrino platform / LArTPC BNB Fermilab



Mass hierarchy summary

arXiv: 1311.1822 



CP violation



Neutrino nature



Neutrinoless double-beta decay

Maria Goeppert-Mayer (1935)

Elliott, Hahn & Moe  1988  (82Se)

Phase factor
Matrix element
Effective neutrino mass

Neutrino oscillation matrix element



Neutrinoless double-beta decay
Observation of this process implies:

 Violation of lepton number (by 2!)

 Neutrinos have Majorana masses

(different than quarks and leptons,

Schlechter and Valle, 1982)

 Neutrinos are their own anti-particles

It would give information about:

 The seesaw model and why neutrinos 

are so much lighter than other particles

 Leptogenesis, a possible origin of the 

baryon-antibaryon assymmetry in the 

Universe

 Neutrino absolute mass scale



Current status
Excluded by Planck & BAO
Arxiv:1511.05983

0
ν
β
β

Cosmology

Current combined experimental limit Arxiv:1504.08285

SNO+ /CUORE

SNO+ upgrade

More information: see NSAC report November 2015



CUORE vs SNO+
NSAC review (US) Nov 2015:
The modular and monolithic approaches both offer 
advantages and disadvantages. However, it is not possible 
to firmly conclude which approach will be optimal at this 
point and it is certainly prudent to pursue both approaches 
in this R&D phase of the subject. This is certainly the case at 
present, and will likely continue to be the situation for at 
least a few more years. 



Sensitivity – improving limits is difficult

Experimental
Sensitivity:



Sensitivity – improving limits is difficult

Background scales with mass 

(bi dominant):

Experimental
Sensitivity:



Sensitivity – improving limits is difficult

Background scales with mass 

(bi dominant):

Background does not scale with mass

(ai dominant):

Experimental
Sensitivity:



Sensitivity – improving limits is difficult

Background scales with mass 

(bi dominant):

Background scales with mass 

(ai dominant):

SNO+

Experimental
Sensitivity:



To summarise

SuperK & SNO showed that neutrinos change mass, 

creating a step-change 
in neutrino physics.

Many intriguing questions are

still open:

• Lightness of the neutrino

• Is the neutrino Majorana?

• What is the mass hierarchy?

• CP violating phase δ?

and more …

Neutrino physics is an active field pursuing the 
answers to these fundamentally important questions.



Watch this space:
More neutrino prizes to follow!



Sudbury is Southern
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MSW effect
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P(e →e ) = ½ (1 + cos2mcos2 )



Neutrinoless double beta decay rate



0νββ Sensitivity (Phase I)

Top physics priority for SNO+ is a 0νββ
using 130Te loaded into the scintillator

Expected spectrum for 5 years assuming:

– 0.3% natTe loading
– Fiducial radius of 3.5 m
– 99.99% rejection of 214BiPo
– 98% of 212BiPo
– Light yield of 200 Nhits/MeV

SNO+ can set a lower bound of:

Assuming a phase space factor 
G=3.69x10-14 yr-1 and gA=1.269, this 
corresponds to an mββ of 55-133 meV

74



Understanding Backgrounds

Internal U/Th Chains:
-β from 214BiPo and 
212BiPo
-Tag using time-
coincidence of α follower

External BGs:

- From AV, ropes, PMTs, …

- Reduced by fiducial volume

2νββ:

- Sharply falling with energy

- Assymetric ROI about 0νββ
signal

- Limited by energy resolution

Solar 8B:

- Flat spectrum

- Constrained by SNO/SK

- Limited by energy 
resolution

α-n:

- Αbsorption of α produces 
neutron

- Tagged using time-
coincidence between 
prompt light and neutron 
capture gamma

Cosmogenics:

- 60Co, 110Ag, 88Y, 22Na

- Reduced UG cool down period 
and purification



0νββ Sensitivity (Phase II)

R&D efforts have shown that 3% loading can be 
achieved with ~150 Nhits/MeV

This could be compensated for by replacing PMTs 
with high QE PMTs and new concentrators, 
expected to triple light yield

Assumptions:

– 3% loading of natTe

– Fiducial radius of 3.5 m

– Light yield of 450 Nhits/MeV

Preliminary studies suggest a sensitivity at 3% and 
after 5 years running of:

and mββ of 19-46 meV
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SNO+ collaboration
Arxiv:1508.05759

“Current Status and Future Prospects of the SNO+ Experiment”



Refurbishing



Filling with water!


