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3: Breaking Things
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• “Symmetries” play key role in physics


• Symmetry — Transformation of a system


• Noether’s Theorem (1918): “every differentiable 
(continuous) symmetry of the action of a physical system 
with conservative forces has a corresponding conservation 
law.”


• Ie. If equations describing system doesn’t change with 
some symmetry transformation, then there is a 
corresponding conserved quantity:

• Translational — Conservation of Linear Momentum

• Rotational —Conservation of Angular Momentum

• U(1) Gauge — Conservations of Electric Charge

• Lorentz Invariance: particle mass, space-time interval, etc…

• …

Symmetries and Conservation Laws

Brittanica
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• Parity is discrete symmetry: 


• 1950’s — Physicists believe all physical 
processes invariant under parity:


 


• Particles have intrinsic parity: 


• Parity state of particle can be determined 
by helicity:


x → − x

ψ(x) ↔ ± ψ(−x)

±1

h =
S ⋅ p

p

 Parity and Helicity

Same helicity 
Invariant under rotation

Helicity Flip

Helicity Flip

Ang Mom

3-Rotation 

h=+1/2 
Right-handed

h=-1/2 
Left-handed

Ang Mom

Ang Mom
Ang Mom
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• Inferred Neutrino Helicity before 
Neutrinos were detected!

1957: Neutrino Helicity Measured
Phys Rev. 109 (1957) 1015 

AIP

Wikipedia

Wikipedia
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• “Tau-theta” puzzle — same particle appeared to decay into different parity states. 


• Lee and Yang found no existing experimental evidence for parity consideration in Weak 
interaction.


• Many skeptics:

• Pauli “Ich glaube aber nicht, daß der Herrgott ein schwacher Linkshänder ist.” (I do not believe 

that the Lord is a weak left-hander.)


• Proposed several test, including using nuclear beta decay


• Yang in his Nobel acceptance speech: “This prospect did not appeal to us. Rather we were, so 
to speak, driven to it through frustration.”

1956: Evidence of Parity Conservation Evaluated
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• 


• Polarized spin of 60Co nucleus using magnet and low 
temperatures.


• Gamma-rays served as control


• “A large beta asymmetry was observed.”


• Later found to be maximal 
• Weak interaction only “sees” LH  and RH 

60Co →60 Ni + e− + νe + 2γ

ν ν

1957: “Wu” Experiment Confirms Parity Violation
Next Paper in Journal

Images Courtesy Wikipedia
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• New type of neutrino associated with 
muon

1962: Muon Neutrino Discovered

 μ
νμ
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• Late 1960’s Electroweak Model developed by Glashow, Salam, Weinberg, 
Ward…


• 1973: Weak current discovery by Gargamelle experiment at CERN


• 1983: Z,W Bosons Discovered at CERN

1970: Electroweak Model 

CERN Duchesneau
Wikipedia
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Columns -> “Flavors”
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Columns -> “Flavors”

Force Carriers 
Particle Physics “Force” is more than just 

push or pull 
A Force can change a particle type 
It describes how particles interact. 
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Columns -> “Flavors”



Reyco Henning 1: History of Neutrino Physics PIRE/GEMADARC Summer School, May 202314

Blackboard Time
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More about  Majorana vs. Dirac

Lorentz Boost Lorentz Boost

CPT

CPT

Original argument by Kayser, 1985

Note: Only valid if neutrinos are massive.

CPT

νL νR νR νL

ν ≠ ν ν = ν = νM

νM
R νM

L
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4: Strange Case of Missing Neutrinos
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Segue: Neutrinos from the Sun

CNO Cycle contributes as well
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Solar Neutrino Flux
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Production Location 
Can Probe Core of Sun!

astro-ph/0511337v1.pdf
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Low energy solar neutrinos 
Produced by plasma interactions

PLB 486 (2000) 263
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Why do physics underground?

To escape from cosmic-rays that can travel through miles of rock.

https://doi.org/10.22323/1.395.1226



Reyco Henning 1: History of Neutrino Physics PIRE/GEMADARC Summer School, May 202322

• 37Cl + νe ! 37Ar + e-


• Eth = 0.814 MeV (no pp) 

• 615 t of C2Cl4

• Flush tank, look for  37Ar decay

• Only 0.5 atoms of 37Ar per day!

• Sensi've to νe flavor only

Ray Davis Experiment
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Davis experiment results 
Only 1/3 of expected flux!

Predicted Flux Range

APJ 496:505 (1998)
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• νe+71Ga ! 17Ge + e-

• Eth = 0.233 MeV 
• Sensi've to pp neutrinos 

• SAGE: 60t metallic Ga

• GALLEX/GNO 30t GaCl3-HCl

• Measured 70 SNU, expected 130 

SNU

• Experiments disagreed initially. 

Resolved with source calibration 
(more later)

SAGE/GALLEX SAGE/Gran Sasso

GNO/ 
GALLEX 
Baksan
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GALLEX: 1.5 Mci; 1 ton 

51Cr Electron Capture Sources

SAGE: 0.6 MCi

e− + p → n + νe
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Gallex 51Cr Source

~1kW of neutrinos!
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The Solar Neutrino Problem ~2000

A. Poon
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Atmospheric Neutrino Anomaly
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Los Alamos Science

http://hep.bu.edu/~superk/atmnu/

Except: 
Isotropic Flux of νµ
Φ(νe) ≈ Φ(νμ)
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Water Cerenkov Detectors 
Particle ID

Super-K

Initially built for 
proton decay searches
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Up-down Asymmetry Observed
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Results

Mixing Angle quite large (consistent with maximal) 
Δm2 = 2.5x10-3 eV2 

Verified by Accelerator Experiments
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So what happened to the neutrinos?
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• 1958: Pontecorvo, inspired by K-meson oscillations 
studied lepton flavor-violating “mesonium and 
antimesonium” oscillations: .


• Oscillation timescale too long to detect (muon 
decays)


• 1967: Proposed 2-state neutrino oscillations:

• 

• 


• Provided first limit of mixing parameters based on 
Cowan and Reines Experiment (10m baseline)


• Postulated Sun as Source of neutrinos, but (!)

e+μ− ↔ e−μ+

νe ↔ νμ
ν ↔ ν

1958-67: Lepton / Neutrino Oscillations Predicted

Zh. Eksp. Teor. Fiz. 53, 1717

Sov. Phys. JETP. 26: 984

Also (!)

https://en.wikipedia.org/wiki/Sov._Phys._JETP
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• QM: Superposition Principle: Particles can exist in more than one state at a 
time (superposition of states)


• Neutrino flavor is a state


• Consider only 2 states: , 


• QM says this is also a valid neutrino state: 


• This is known as neutrino mixing. It is also observed in quarks (CKM mixing)


• Charge Current interaction determines flavor, e.g. electrons create 

|νe⟩ |νμ⟩

|νx⟩ = α |νe > + β |νμ⟩

|νe⟩

Neutrino Oscillations Concept
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• Not required for mass eigenstates to be same as flavor eigenstates

• ,  do not have well-defined mass. Must use effective masses








 …


Neutrinos interact as flavor eigenstates. 


Propagate as mass eigenstates 


A  from a beta decay will mix or oscillate between a  and  as it propagates. QM Gives:





|νe⟩ |νμ⟩

(
|νe⟩
|νμ⟩) = ( cos θ sin θ

−sin θ cos θ) ( |ν1⟩
|ν2⟩)

|νe⟩ = cos θ |ν1⟩ + sin θ |ν2⟩

|ν1⟩ = cos θ |νe⟩ − sin θ |νμ⟩

νe νe νμ

P(νe → νμ) = sin2(2θ) sin2 ( Δm2L
4E )

Toy Model: 2-Flavor Mixing




 : Energy of neutrino


: Distance Travelled

Δm2 = |m2
2 − m2

1 |

E
L
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3 - Flavor Mixing

€ 

θ12 ≈ 30° δ = ?
θ23 ≈ 45° α i = ?
θ13 ≈10°

cij = cos θij  sij = sin θij

CP Phase

|νe⟩ = Ue1 |ν1⟩ + Ue2 |ν2⟩ + Ue3 |ν3⟩e.g.

Pontecorvo–Maki–Nakagawa–Sakata matrix (PMNS matrix)
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Absolute masses weakly constrained, < 1eV.

Relative mass-squared differences known. 

Three possible scenarios: Quasi-degenerate, also:

Δm232 = 2x10-3 eV2

1

2

3

3

1

2

Δm122= 7.1x10-5 eV2

Δm232

Δm122

“Normal” “Inverted”

νe 

νµ

ντ

? ?

?

Needs to be resolved

Neutrino Masses
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Current parameters values
https://pdg.lbl.gov/2020/reviews/rpp2020-rev-neutrino-mixing.pdf

~50 years of work
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3-flavor Oscillation Example
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Resolution
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1 kton ($300M!) D2O

3 Channels:


Elastic Scattering (ES)

νeτµ+e-! νeτµ+e-

Neutral Current (NC)

 νeτµ+d ! νeτµ+p++n


Charged Current

νe+d ! νe +p++p+ +e-

3 Phases:

I: n + d ! 3H + γ + 6.3 MeV

II: n + 35Cl ! 36Cl + γ + 8.6 MeV

III:  n + 3He ! 3H + p + 0.76 MeV

9/17/12

SNO 
Sudbury Neutrino Observatory
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Solar Neutrino Problem Solved!

9/17/12
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9/17/12

Interpretation

Ga, Cl

SK, SNO
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• Late 90s: Evidence for neutrino oscillations become compelling from solar 
neutrino and atmospheric neutrinos.


• Not observed in reactor neutrinos yet, though

9/17/12

2002: Discovery of Reactor Neutrino Oscillations

Probability of νe disappearance:
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2800 mwe in Kamioka mine in Japan

~ 200km from reactors 

1 kton ultra pure liquid scintillator 

(80% dodecane, 20% 
pseudocumene) doped with fluor  
(2,5-Diphenyloxazole)


1900 PMTs

Muon veto and buffer shield 

(add map)

KamLAND
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Main KamLAND  Results

2002: First observation of νe 
disappearance at very long baselines  

Precision measurements of mixing 
parameters consistent with solar 
experiments
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2005: Discover of Geoneutrinos

Nature 346 (2005) 499
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Geoneutrinos Initial Hints

KamLAND 2005
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BOREXINO

9/17/12
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BOREXINO

9/17/12

Search for 7Be neutrinos via  
νx + e- ! νx  + e- 

Careful control of 
backgrounds 
First measurements of 7Be 
(2008) and pep (2011) 
neutrinos
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Geoneutrino Discovery

BOREXINO
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• Non-zero θ13 required for observable CP violation in neutrino sector

	 	 Long baseline accelerator experiments.

• Important cosmological implications 

• ~ 1km baseline

• Exquisite control of systematic errors to ~1%

• Two, identical detector concept:


• Near detector monitors reactor output

• Far detector (1 ~km) searches for νe disappearance

• Cancels many systematics

2012: First measurement of θ13
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Three Experiments Realized : 
Daya Bay

9/17/12
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2012: Daya Bay does First measurement of θ13 

9/17/12

Pure rate. Shape measurement in progress
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RENO, Double CHOOZ, and others follow.

9/17/12
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Kamiokande-II and Super-K

9/17/12

Detect High Energy 8B neutrinos via neutrino electron elastic scattering: 
 νX + e- ! νX+ e- 

1   :  6

1989: K-II shows 
Neutrinos are 
from sun!
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Galbiati 2008
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Solar neutrinos combined

9/17/12

arXiv:1110.3230

 (Input from KamLAND)

http://arxiv.org/abs/1110.3230

