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Since the beginning of this school. . .

you have had lots of presentations involving neutrinos:
02/07 Introduction to astrophysics 1
03/07 Introduction to astrophysics 2
03/07 KM3Net
04/07 Introduction to Particle Physics @CPPM
05/07 BAO
06/07 Super-Novae
07/07 SuperNemo
13/07 Particle Physics 1 @IPHC

finally, we are going a bit more in depth about the ν . . .

and after this lecture you’ll still hear about them:
16/07 Particle Physics 2 @IPHC
19/07 JUNO

Physics for Both Infinities – Summer School Neutrino physics July 13th 2018 2 / 63



Outlook

Neutrino History and Properties

Using Neutrinos as a Probe of the Universe

Neutrino Oscillations

Neutrino Masses

Neutrino in relation to Matter/AntiMatter asymmetry
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The birth of the neutrino: measuring the β spectra
1896 Becquerel discovery of radiation

I β decay: e emission
228Ra

e

228Ac

I e observed should have known energy (2-body decay)

228Ra

~pRa = ~0
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mAc ; me

ERa = EAc + Ee ; ~pRa = ~pe + ~pAc ; E2 = m2 + |~p|2

⇒ Ee =
m2

Ra −m2
Ac + m2

e

2mRa
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The birth of the neutrino: measuring the β spectra
1896 Becquerel discovery of radiation

I β decay: e emission
228Ra

e

228Ac

I e observed should have known energy (2-body decay)

1914 Chadwick observed continuous electron spectra from β-decay

?

Expected
e energy
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The birth of the neutrino: A letter from W. Pauli (1930)
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The birth of the neutrino: A letter from W. Pauli (1930)
Dear Radioactive Ladies and Gentlemen,

As the bearer of these lines, to whom I graciously ask you to listen, will explain to you in more detail, how
because of the “wrong” statistics of the N and 6Li nuclei and the continuous beta spectrum, I have hit upon a
desperate remedy to save the “exchange theorem” of statistics and the law of conservation of energy.
Namely, the possibility that there could exist in the nuclei electrically neutral particles, that I wish to call
neutrons, which have spin 1/2 and obey the exclusion principle and which further differ from light quanta in
that they do not travel with the velocity of light. The mass of the neutrons should be of the same order of
magnitude as the electron mass and in any event not larger than 0.01 proton masses. The continuous beta
spectrum would then become understandable by the assumption that in beta decay a neutron is emitted in
addition to the electron such that the sum of the energies of the neutron and the electron is constant. . . I
agree that my remedy could seem incredible because one should have seen these neutrons much
earlier if they really exist. But only the one who dare can win and the difficult situation, due to the
continuous structure of the beta spectrum, is lighted by a remark of my honoured predecessor, Mr Debye,
who told me recently in Bruxelles: “Oh, It’s well better not to think about this at all, like new taxes”. From now
on, every solution to the issue must be discussed. Thus, dear radioactive people, look and judge.

Unfortunately, I cannot appear in Tubingen personally since I am indispensable here in Zurich because of a
ball on the night of 6/7 December. With my best regards to you, and also to Mr Back.

Your humble servant,
W. Pauli

[translation to english: http://www.pp.rhul.ac.uk/~ptd/TEACHING/PH2510/pauli-letter.html]
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The birth of the neutrino: quick (theoretical) acceptance
1896 Becquerel’s β decay: e emission

228Ra
e

228Ac

1930 Pauli’s β decay: invisible ν emitted carries away part of the energy

228Ra
e
ν

228Ac

1934 Fermi incorporated the ν in the electroweak theory
I Pauli’s “neutron” renamed as neutrino due to discovery of “atomic” neutron (1932)

Current “Standard Model” view of β decay:

W−

d

νe

e

u
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First measurement of neutrinos: “Project Poltergeist”
First step: find adequate ν emitter. . .

http://permalink.lanl.gov/object/tr?what=info:lanl-repo/lareport/LA-UR-97-2534-02
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First measurement of neutrinos 1995

1956 Reines and Cowan detected ν from Savannah River reactors

β decay: n → p + e− + νe

To measure neutrinos,
“invert” the process:

p + νe → n + e+

I source of νe: nuclear reactor
I target: p in water
I e+ + e− → 2γ
I Cd in water capture produced n

108Cd + n →109m Cd→109 Cd + γ

I γ emissions separated by 3 – 10 µs
Physics for Both Infinities – Summer School Neutrino physics July 13th 2018 10 / 63



Physics for Both Infinities – Summer School Neutrino physics July 13th 2018 11 / 63



Neutrino properties
1957 Wu shows weak interaction violates parity
1958 Goldhaber measures ν are left-handed
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Neutrino properties
1962 Lederman, Schwartz, Steinberger discover νµ ( 1988)

I there is more than one type of ν !

1967 Standard Model of elementary particles proposed
I Model works well up to now. . .
I . . . however, no ν mass foreseen

2000 DONUT discovers ντ
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The Standard Model and Neutrinos
Standard Model poses mν = 0

I In SM, mf from Higgs mechanism:
need L and R helicities

I (interacting) ν only have L field
I now know: 0 <

∑
j mνj

< O(1 eV)
I even assuming νR exists, mν ≪ mf\{ν}

From Z0 width measurement
I only 3 ν with mν < 45 GeV
I from SM symmetries, and small mν

⇒ only 3 families of particles
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Neutrino Interaction with matter
Looking on the ν side of the interaction

Charged Current (CC) interaction :

W

ν` `
−

W

ν` `
+

Neutral Current (NC) interaction :

Z

ν ν

Z

ν ν

Measure of produced lepton (`)→ define ν flavor
May measure recoil of nucleus or hadronization

Physics for Both Infinities – Summer School Neutrino physics July 13th 2018 15 / 63



Neutrino Interaction with matter
Classifications regarding what happens on nuclei

ν ν

e, N e, N

Elastic

Z

νe e

e νe

νe – e elastic

W

ν` `

N N’

Quasi-Elastic (QE)

W

ν` ν`, `

N N’
π

Resonant (RES)

∆

ν` ν`, `

N

Deep Inelastic (DIS)

hadrons

For detection purposes, need to consider nuclear effects at low energy
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Neutrino Interaction with matter: cross section

data from νµ CC cross section (per nucleon)

low cross section:
I for Eν ∼ 3 MeV→ O(1 light-year of lead)
I for Eν ∼ 1 GeV→ O(1 a.u. of lead)
I for Eν ∼ 40 TeV→ O(Earth’s diameter @ Earth’s density)
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Using neutrinos to measure the Universe
Potential to test astrophysical models since:

1965 Detection of Cosmic Rays ν : gold mine exps, . . . , SK, IceCube
1970 Detection of Solar ν : Homestake ( 2002), . . . , SNO, SK, Borexino
1987 Detection of ν from SN1987A: Kamiokande ( 2002), IMB, Baksan

Phys. Rev. D38 (1988) 448-458.

2013 Detection of astrophysical ν : IceCube
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Verifying the Standard Solar Model with Neutrinos
The Solar Model predicts the Sun produces νe during the reactions to fuse H in He.

I The pp chain:
1 1

1H + 1
1H →

2
2He + γ

2 2
2He → 2

1H + e+ + νe
3 2

1H + 1
1H →

3
2He + γ

4 3
2He + 3

2He → 4
2He + 2 1

1H

I Other chains produce varying
amounts and energies of νe

I ν produced at center of the sun
reaches surface in ∼ 2 s

F same for γ takes O(106 year). . .

Idea: Measure ν from Sun to check model!
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Verifying the Standard Solar Model with Neutrinos: Homestake
Build detector with 100k gallons of tetrachloroethylene (common cleaning fluid)

I Detector 1.5 km below surface in Homestake Mine
I Detect neutrinos through: νe + 37Cl → 37Ar + e

F Energy threshold: 0.814 MeV
I Every few weeks, count how many 37Ar produced

F Extract 37Ar, count decays (τ=35d). . . expected ∼1 count/day

Astrophysical Journal 496:505-526 (1998)
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Verifying the Standard Solar Model with Neutrinos: Exp. Results
Discrepancy on “expected” and “observed” rate of ν ⇒ “Solar Neutrino Problem”

I Homestake: observed 2.56± 0.23 SNU; expected 8.1± 1.2 SNU

Astrophysical Journal. 496: 505–526. (1998)

Lowering the detection threshold energy [GALLEX/GNO, SAGE]:
I Replace 37Cl by 71Ga as target: νe + 71Ga → 71Ge + e
I Detection threshold: 233 keV

Still deficit of ν . . .→ oscillations?
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Neutrino Oscillation (in vacuum) – overview

νe

ν propagation ν detectionν production

ν1
ν2

|νe〉 =
∑

j U∗ej |νj〉 |νj〉 → e−iEj t |νj〉

37Ar
νe

e−

|νj〉 =
∑

α Uαj |να〉

37Cl

e+

2
1H

2
2He

· · ·

P(νe → νe, t) = ||〈νe|νe, t〉||
2

For oscillations to happen {|να〉} and {|νj〉} different
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Neutrino Oscillations – simplest case
2 flavor case, vacuum

2 ν interaction flavours (νe and νµ)
mass eigenstates {|νj〉} = {|ν1〉 , |ν2〉} 6= {|να〉} flavour eigenstates

mixing matrix U: |να〉 =
∑

j U∗αj |νj〉 with UU† = 1 (ie, U rotation matrix)

U =

(
cos θ sin θ
− sin θ cos θ

)
Propagate through space time as plane waves in mass state:

|νe, t〉 =
∑

j

U∗eje
−iEj t |νj〉 = cos θe−iE1t |ν1〉+ sin θe−iE2t |ν2〉

P(νe → νe, t) = ||〈νe|νe, t〉||
2 = 1− sin2(2θ) sin2[(E2 − E1)t/2]

Given mi small: Ei =

√
m2

i + p2 ≈ p + 1
2

m2
i

p and t ≈ L, therefore (E2−E1)t ≈ 1
2

m2
2−m2

1
p L ≈ ∆m2L

2E

⇒ P(νe → νe,L) = 1− sin2(2θ) sin2
(

∆m2 L
4E

)
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Neutrino Oscillations
3 flavor case, vacuum

P(να → νβ) =
∑
j,k

UβjU
∗
αjU

∗
βkUαke−i∆m2

jk
L

2p , ∆m2
jk = m2

j −m2
k

3 known ν interaction flavours : νe, νµ and ντ ⇒ matrix U is 3× 3

U =

“atmospheric sector”︷ ︸︸ ︷ 1 0 0
0 c23 s23
0 −s23 c23

×
“reactor sector”︷ ︸︸ ︷ c13 0 s13e−iδCP

0 1 0
−s13eiδCP 0 c13

×
“solar sector”︷ ︸︸ ︷ c12 s12 0
−s12 c12 0

0 0 1


sij = sin θij , cij = cos θij

θ23, θ13, θ12: ν mixing angles

δCP : leptonic CP violation phase

∆m2
32, ∆m2

21: ν mass splitting
I Note: ∆m2

31 = m2
3 −m2

1 = ∆m2
32 + ∆m2

21
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Neutrino Oscillations
3 flavor case, vacuum
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θ12 = 34◦, θ13 = 8.8◦, θ23 = 45◦, ∆m2
21 = 7.59 · 10−5 eV2/c4, ∆m2

32 = 2.43 · 10−3 eV2/c4, δCP = 0◦.
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Neutrino Oscillations
3 flavor case, vacuum
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Neutrino Oscillations Matter Effects
In vaccum Hamiltonian H0 is

H0 =
1

2E
U diag(m2

1,m
2
2,m

2
3) U†

I NB: H = H ′ + α1, α term is global phase→ H and H ′ same for oscillations
In matter, Hamiltonian Hm = H0 + Hint , with Hint describing interaction ν – matter

I Of interest here is the elastic scattering where coherence of ν preserved
I ν – u and ν – d not interesting as Hu

int ∝ 1 and Hd
int ∝ 1

I ν – e interesting: He
int = diag(V W ,0,0) + V Z

1, with V W = ±
√

2GF Ne
F Ne: electron density in medium F + sign for ν and − sign for ν

For 2-flavor osc.: θ → θm matter mixing angle related to matter-eigenstates |νm
i 〉

tan 2θm =
tan 2θ

1∓ Ne/N
r
e

; ∆m2
m = ∆m2 cos 2θ

√(
1∓ Ne

N r
e

)2

+ tan2 2θ ; N r
e =

∆m2 cos 2θ
2E
√

2GF

Resonance condition for specific densities if ν and ∆m2
> 0 (or ν and ∆m2

< 0)
Large matter effects in Solar (∆m2

21) & Atmospheric (∆m2
32) ν

As δCP , produce ν – ν asymmetry observable in experiments
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Experimental Overview
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Atmospheric Neutrinos

c©David Fierstein, originally published in Scientific American, August 1999
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Atmospheric Neutrinos: Neutrino Oscillation Signatures
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Atmospheric Neutrinos: Neutrino Oscillation Signatures
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The Super-Kamiokande Detector

�

� -39 m

?

6

42 m

?

6
1000 m

50 kton water Cherenkov detector
(22.5 kton in fiducial volume)
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The Super-Kamiokande Detector
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Detecting ν at Super-Kamiokande
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Discovery of Neutrino Oscillations: Super-Kamiokande 2015
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Recent Super-Kamiokande results
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Sudbury Neutrino Observatory (SNO)

Located at Sudbury mine located in
Canada

Acrylic vessel filled with D2O
surrounded by H2O

9600 PMTs configures in a geodesic
sphere

Very low energy threshold of ∼1 MeV
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SNO: detecting neutrinos

νe

e

d u d u d u

u u d u d u

CCQE reaction

νe only

W

n p

p p

deuteron

ν`

ν`

d u d u d u

d u d u d u

NC reaction

all ν

Z

n p

n p

deuteron

ν`

ν`

e

e

νe

e

e

νe
+

ES reaction

νe enhanced

Z

W

CCQE and ES: e can be seen via Cherenkov radiation
I For ES: σ

νµ
ES = σ

ντ
ES ≈ 0.15σνe

ES ⇒ ≈ 7 : 1 : 1 (νe : νµ : ντ ) at detection

NC: need to detect free n (different strategies implemented)
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SNO: detecting neutrinos

Split up into three distinct phases:

1 Neutron captures on 2H forming 3H and causing a 6.25 MeV γ to be released
I 14.4% efficiency in neutron capture
I Ran from November 1999 through May 2001

2 2 tonnes of NaCl added: 35Cl + n → 36Cl + γ
I Increases efficiency up to 40% and releases a 8.6 MeV γ
I Ran from July 2001 through September 2003

3 Proportional counters using Helium added: 3He + n → p + 3H
I 30% efficient with an entirely different technology to measure NC events
I Ran from November 2004 through December 2006

All three phases could see CCQE and ES
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Discovery of Neutrino Oscillations: SNO 2015

)-1 s-2 cm
6

 10× (eφ
0 0.5 1 1.5 2 2.5 3 3.5

)
-1

 s
-2

 c
m

6
  
1
0

×
 ( τµφ

0

1

2

3

4

5

6

 68% C.L.
CC

SNOφ

 68% C.L.
NC

SNOφ

 68% C.L.
ES

SNOφ

  68% C.L.
ES

SKφ

 68% C.L.
SSM

BS05φ

 68%, 95%, 99% C.L.τµ
NCφ

Physics for Both Infinities – Summer School Neutrino physics July 13th 2018 39 / 63



Studying Neutrino Oscillations: Neutrino Sources

We already discussed the two main natural sources to study ν oscillation:
I Good: “free” abundant ν sources
I Bad: can’t adjust L, E or composition
I Tricky: understanding φ emmitted essential

But we can also produce our own ν !
I Good: Control L, may also control E and composition
I Bad: potentially “expensive” ν
I Good and Bad: extra detectors useful to understand φ emmitted, but also expensive
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Map of nuclear reactors “close” to Kamioka mine

r
KamLAND
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Kamioka Liquid Scintillator Antineutrino Detector (KamLAND)

Located in Kamioka mine,
Japan

ν target: liquid scintillator

Measure ν produced by
nuclear reactor

Many baselines (L), but
well placed to study ∆m2

�
(∆m2

21)

Very complementary to
Solar experiments
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KamLAND & Solar results
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Search for θ13
θ13 roughly regulates νe ↔ {νµ, ντ} for short L

I Atmospheric ν at good L/E , but φ is a 2:1 mix of νµ and νe
I Solar flux is pure νe but 1–2 mixing dominant (same for KamLAND) [MSW/‘wrong L’]

θ13 smallest of mixing angles
⇒ subdominant effect in first studies
I need good understanding of φ
I if θ13 = 0, no possible CPV in lepton sector

Need to design new series of experiments geared towards measuring it
I Started data taking circa 2011
I Currently best known mixing angle. . .

DayaBay, RENO, Double Chooz
Reactor ν
Measure νe → νe

“Only” sensitive to θ13

T2K, NOvA
Long Base Line (LBL) accelerator ν
Measure νµ → νe, ν µ → νe

Sensitive jointly to θ13 and δCP (and NMO)
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DayaBay: experiment layout
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DayaBay
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Tokai 2 Kamiokande (T2K): layout
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Neutrino Beams: how to make them?
Problem: ν is neutral⇒ acceleration, energy selection techniques do not work

Solution: produce beams of charged particles that will decay into ν
I unfortunately cannot make mono-energetic ν beams. . . (off-axis technique helps)

Other ‘options’: Neutrino factory (µ storage ring), Beta beams
I Not yet realised
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The T2K Neutrino Beam

“Traditional” ν beam:
I ∼99 % νµ
I Hadronic Collector ‘selects’ ν /ν beam

“Off-axis” beam:
I lower overall φ
I smaller E spread
I At “max E”, higher φ than for “on-axis”
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T2K: CCQE-like data distribution

arXiv:1707.01048
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T2K: results

arXiv:1707.01048
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Old/Other Neutrino Oscillation Experiments (not complete list)

OPERA – ντ appearance IceCube/DeepCore – θ23,∆m2
32

regular osc.: NOνA, MINOS, RENO, Double Chooz, Borexino, Antares
sterile osc.: MINOS+, MiniBOONE, µBOONE, DANSS, NEOS, Prospect, Stereo, SOLID
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What we do not know at this point. . .

Absolute Scale of Neutrino Masses

Neutrino Mass Ordering

P(να → νβ)
?
= P(να → νβ)

Mixing Matrix U is Unitary?

Are there Sterile ν?

ν Majorana or Dirac Particle

Can ν explain Matter/AntiMatter
asymmetrie?

Normal Inverted
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Future Neutrino Oscillation Experiments (not complete list)
JUNO – NMO

Start 2021

ORCA, PINGU – NMO

Start 2023

DUNE, T2HK, ESSνSB – δCP (+NMO)

Start 2026?

long term project
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What we do not know at this point. . .
Absolute Scale of Neutrino Masses

Neutrino Mass Ordering
⇒ Km3Net/ORCA, JUNO

P(να → νβ)
?
= P(να → νβ)

⇒ LBL accelerator future projects

Mixing Matrix U is Unitary?

Are there Sterile ν?

ν Majorana or Dirac Particle
⇒ SuperNemo

Can ν explain Matter/AntiMatter
asymmetrie?

Normal Inverted
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Absolute Neutrino Mass: Direct Measurement
3H → 3He + e + νe

I Well know β-transition energy
I Measures mβ =

√∑
i |Uei |

2

Current limits: mβ < 2 eV

Future/Current Projects:
I KATRIN:

F Mac-E filter spectrometer
F Started this year
F Sensitivity: 0.2 eV

I Project 8:
F Single Electron Cyclotron Radiation
F towards using atomic tritium
F now: demonstrating technology
F Sensitivity: 40 meV
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Absolute Neutrino Mass: Cosmology
ν play a role in structure formation in the universe

I some model dependency in results
F or we are really getting cosmology wrong. . . and getting good fits while at it

I Measures
∑

mν (and Neff
ν )

Current limits:
∑

mν < 250 – 600 meV
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Absolute Neutrino Mass
Other techniques:

I SN ν time of flight→ mνe < 5.8 eV [SN 1987A]
I 2β0ν decay (if Majorana ν)→ mββ = |

∑
U2

1jmνj
| < 61 – 165 meV

I Ho decay (mνe 6= mνe?) → mνe < 225 eV
Comparing them all (limits from 2012):
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What we do not know at this point. . .

Absolute Scale of Neutrino Masses

Neutrino Mass Ordering

P(να → νβ)
?
= P(να → νβ)

Mixing Matrix U is Unitary?

Are there Sterile ν?

ν Majorana or Dirac Particle

Can ν explain Matter/AntiMatter
asymmetrie?

Normal Inverted
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How to produce Baryon Asymmetry?

Sakharov Conditions (1967):

Baryon number violation
I ie, can have a reaction that produces f and not f̄

C and CP violation
I ie, f and f̄ don’t behave alike
I exists on quark sector, but too small→ tied to ν δCP?

Deviation from thermal equilibrium
I ie, processes non reversible
I can get this from expansion of the universe
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ν and the Baryon Asymmetry

Quark & Neutrino sectors very different
I PMNS JCP = 0.033 sin δCP ; CKM JCP ≈ 3 · 10−5

I PMNS JCP could explain observedy asymmetry (in some models) if | sin δCP | > 0.7

ν induced Baryon Asymmetry→ Leptogenesis
I Many different theories, with different requirements
I Dirac vs Majorana. . . SeeSaw usually base for these theories
I In any case, large | sin δCP | in ν good indicator of large CP violation in ν also

At this point, need more data (discoveries)!
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What we do not know at this point. . .

Absolute Scale of Neutrino Masses

Neutrino Mass Ordering

P(να → νβ)
?
= P(να → νβ)

Mixing Matrix U is Unitary?

Are there Sterile ν?

ν Majorana or Dirac Particle

Can ν explain Matter/AntiMatter
asymmetrie?

Normal Inverted
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