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LECTURE I

• Introduction: Neutrinos in the Standard Model

• Neutrino masses and mixing : Majorana versus Dirac

• Neutrino oscillations in vacuum and in matter

• Experimental evidence for neutrino masses & mixings 



Neutrino: the dark particle

b decay

Energy conservation:

1900 Radioactivity: Becquerel, M & P Curie, Rutherford….
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Electron spectrum:

Chadwick (Nobel 1935)

Meitner, Hahn 
(Nobel 1944 only him!)



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 Li6 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...

Unfortunately, I cannot personally appear in Tübingen since I am indispensable 
here in Zürich because of a ball on the night from December 6 to 7…. 

Pauli (Nobel 1945)



1934: Theory of beta decay

E. Fermi
(Nobel 1938)
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Bethe-Peierls (1934): compute the neutrino cross section using this theory

⇥ ' 10�44cm2, E(�̄) = 2 MeV

“there is not practically possible way of detecting a neutrino”

Nature did not publish his article: “contained speculations too remote from reality 
to be of interest to the reader…”

n+ � ! p+ e�

p+ �̄ ! n+ e+

GF



� ⇥ 1

n⇥
�|@water ⇥ 1.5� 1021 cm ⇥ 1600 Light Years

�|@interstelar ⇥ 1044 cm ⇥ 1026 Light Years

How to detect them ?

“I have done a terrible thing. I have postulated a particle 
that cannot be detected”  

W. Pauli

Pauli’s worst insult to a  theory: “Not even wrong”

Revealing Pauli’s dark matter was just a question of time and ingenuity…



Reactors: ~ 1020/second!

(1011/s@100 meters)

In a 1000kg detector, a 1011 n/cm2/s a few events per day



1956 anti-neutrino detection

6

Project Poltergeist from 1951First idea: put the detector close to a nuclear 
explosion !

Reines Nobel 95    Cowan (died 74)

Finally used the reactor Savannah River to discover the anti-neutrino

7

They Finally Found the Right Source -

Experimental Detection of the Neutrino

! = (11 ± 2.6) x 10-44 cm2 (within 5% of expected)

          Existence of “second” neutrino "µ established in 1962 by Schwartz, Lederman

and Steinberger at Brookhaven National Laboratory

          First direct evidence for the third (and last?) neutrino - "# - by the DONUT

collaboration at Fermilab in 2000

In nuclear reactors fission of 92U
235 produces chain of beta reactions 

Reines and Cowan detect in 1953 (Hanford) (discovery confirmed 1956 in Savannah River)

1) Detection of two back-to-back $’s from prompt signal e+e-->$$ at t=0.

2) Neutron thermalization: neutron capture in Cd, emission of late $’s

1

2

3

26 YEARS LATER!!

Poltergeist project

Golden signal

Modern versions of Reines&Cowan experiment: Chooz, Dchooz, Daya Bay, RENO…
still  making discoveries today



The flavour of neutrinos
1937 µ discovered in cosmic rays  

Neutrino cross section in Fermi theory grows with energy, it should be easier to 
observe: the first experiment with an accelerator neutrino beam ! 

Pontecorvo

Is a heavy version of the electron and not the nuclear 
agent (pion)

⇥ ! µ �̄µ

The neutrino that accompanies the µ is different to that in beta decay



Neutrino Flavour

Nobel 1988 

Lederman Schwartz Steinberger

✓
�e
e

◆✓
�µ
µ

◆

Modern versions of Lederman, Schwartz, Steinberger experiment are  accelerator 
neutrino experiments: MINOS, OPERA, T2K, NoVA,…



Kinematical effects of neutrino mass
Most stringent from Tritium beta-decay

Standard Model neutrinos assumed massless



Next generation of tritium beta decay experiment: Katrin

mne < 0.2 eVGoal:



Neutrinos in the Standard Model

Left-handed Right-handed

p p

 L/R ⌘ PL/R 

PL/R ⌘ 1⌥ �5
2

Neutrinos are Weyl fermions: two component spinor describing a massless
fermion with negative helicity + antifermion with positive helicity

PL,R| {z }
chiral projector

'v!c P⌥|{z}
helicity projector

SU(3)⇥ SU(2)⇥ U(1)Y



Dirac fermion= 4-component spinorWeyl fermion= 2-component spinor

Breaking of C and P 

(Minimal  spin ½) (Minimal  spin ½ + Parity) 

 L

 R



Neutrinos in the Standard Model
p

n

W

Νe

e
Z0

ne

e+

Neutral currents: NC

Only three neutrinos -> three SM families

At LEP:  

e+e� ! Z0 ! ff̄

e-



The most elusives particles have been key in the discovery of the 
weak interactions and in establishing the two most intringuing features 
of the SM:

chiral nature of the weak interactions

3-fold repetition of family structures



Ubiquitous Neutrinos 
They are everywhere…

Sun: 5 x 1012/second
Atmosphere: ~20/second 

Earth: ~109/second 



Ubiquitous Neutrinos 

Supernova 1987: ~1012/second

@168000 Light years! 
108 farther from Earth

Big Bang: ~2 x 1012/second 



Ubiquitous Neutrinos 
PeV neutrinos from still unknown sources…

Icecube



Using many of these sources, and others man-made, two decades of revolutionary 
neutrino experiments have demonstrated that neutrinos are not quite standard, 
because they have a tiny mass & massive neutrinos require to extend the SM! 

SuperKamiokande

SNO

MINOS, Opera

Borexino

...and more



“For the discovery of neutrino oscillations, 
which shows that neutrinos have mass”



Dirac fermion of mass m:

Massive (free) fermions  

�LDirac
m = m�̄� = m(�L + �R)(�L + �R) = m(�L�R + �R�L)

A massive particle must have both helicities… ⌫D = ⌫L + ⌫R

⌫L ⌫R



Majorana fermion of mass m (Weyl representation)

Massive (free) fermions  

�LMajorana

m

=
m

2
�c� +

m

2
��c ⇥ m

2
�TC� +

m

2
�̄C�̄T ,

⇥c ⌘ C⇥̄T = C�0⇥
⇤ C = i�2�0

⌫L ⌫cL = C⌫L
T

Massive field is both particle and antiparticle ⌫M = ⌫L + ⌫cL



Dirac fermion of mass m:

Majorana fermion of mass m (Weyl representation)

Massive fermions & Weak Interactions ? 

�LDirac
m = m�̄� = m(�L + �R)(�L + �R) = m(�L�R + �R�L)

�LMajorana

m

=
m

2
�c� +

m

2
��c ⇥ m

2
�TC� +

m

2
�̄C�̄T ,

✗
Breaks SU(2)xU(1) gauge invariance! 

✗
No gauge/global symmetry of       possible!  

Spontaneous symmetry breaking can induce Dirac masses for all fermions but
Majorana masses only for neutrinos !



Massive Dirac neutrino via Yukawa coupling: SM +  

Massive Dirac neutrinos & SSB ? 
e⇥ ⌘ �2⇥

⇤, e⇥ : (1, 2,�1

2
),

D
e⇥
E
=

✓ v
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◆

�LDirac
m = Y� L̄ e⇥|{z}

(1,1,0)

�R|{z}
(1,1,0)

+h.c ⇥ SSB ⇥ Y� �̄L
v⇤
2
�R + h.c.

m⌫ = Y⌫
vp
2

(Y�)ji

R L

⌫R



Massive Majorana neutrino via Weinberg’s coupling

Massive Majorana neutrinos & SSB ? 
e⇥ ⌘ �2⇥

⇤, e⇥ : (1, 2,�1

2
),

D
e⇥
E
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�LMajorana = �L̄ e⇤ C e⇤T L̄T + h.c. ⇥ SSB ⇥ �
v2

2
⇥̄LC⇥̄TL + h.c.

↵ij

m⌫ = �
v2

2
[↵] = �1

Implies the existence of a new physics scale unrelated to v !



?

SM

nSM

Neutrinos have tiny masses -> a new physics scale, what ?

m⌫ = �
v2

⇤

Scale at which new
particles will show up



L

mn

Seesaw mechanism: 
Minkowski
Gell-Mann, Ramond Slansky
Yanagida, Glashow
Mohapatra, Senjanovic



If L >> v natural explanation for the smallness of neutrino mass

Massive Majorana neutrinos & SSB ? 

mf (charged) ⇠ Y v, m⌫ ⇠ Y
v2

⇤
⇠ mf

v

⇤



Neutrino masses & lepton mixing (Dirac)

�Llepton
m = �̄Li (M�)ij| {z }

3⇥nR

�Rj + l̄Li (Ml)ij| {z }
3⇥3

lRj + h.c.

M� = U†
� Diag(m1,m2,m3) V� , Ml = U †

l Diag(me,mµ,m⇥ ) Vl

Yukawa couplings are generic complex matrices in flavour space

In the mass eigenbasis

L
gauge�lepton

⇥ � g⇤
2
l̄⇥Li (U

†
l U�)ij| {z }

UPMNS

�µW
�
µ ⇥⇥Lj + h.c.

UPMNS(⇥12, ⇥13, ⇥23, �) unitary matrix analogous to CKM 

Pontecorvo-Maki-Nakagawa-Sakata

(Mf )ij = Yij
vp
2



Neutrino masses & lepton mixing (Majorana)

Are generic complex matrices in flavour space

In the mass eigenbasis

L
gauge�lepton

⇥ � g⇤
2
l̄⇥Li (U

†
l U�)ij| {z }

UPMNS

�µW
�
µ ⇥⇥Lj + h.c.

�Llepton
m =

1

2
�̄Li(M�)ij�

c
Lj + l̄Li(Ml)ij lRj + h.c.

MT
� = M� ! M� = UT

� Diag(m1,m2,m3)U�

UPMNS(⇤12, ⇤13, ⇤23, ⇥,�1,�2) depends on three CP phases      

Exercise: make sure you agree



Neutrino Mixing

flavour eigenstates (in combination with e, µ, t)

UPMNS =

0

@
1 0 0
0 c23 s23
0 �s23 c23

1

A

0

@
c13 0 s13ei⇥

0 1 0
�s13e�i⇥ 0 c13

1

A

0

@
c12 s12 0
�s12 c12 0
0 0 1

1

A

0

@
1 0 0
0 ei�1 0
0 0 ei�2

1

A

cij ⌘ cos �ij sij ⌘ sin �ij
Majorana phases



Total lepton number

Massive neutrinos imply that family number is not conserved

->   a new mechanism to explain the matter/antimatter asymmetry emerges

Dirac neutrinos conserve total lepton number: 

L↵ ! ei✓L↵, lR↵ ! ei✓lR↵, ⌫R↵ ! ei✓⌫R↵

X

↵=e,µ,⌧

L(↵)

Majorana neutrinos violate also this global symmetry



Majorana versus Dirac

In principle clear experimental signatures

In practice theses processes are extremely rare:

Rate(+) = Rate(�)
⇣m⌫

E

⌘2



Neutrinoless double-b decay

Best hope is neutrinoless double-b decay

If neutrinos are Majorana this process must be there at some level

T_{2\betaT2�2⌫ ⇠ 1018 � 1021 years



Neutrinoless double-b decay

Present bounds:  Sarazin 2012

EXO-Kamland ‘12 0.12  0.25136Xe

0.2     0.4 GERDA ‘13

Kamland ‘16 0.061 0.165



Neutrino oscillations
1968   Pontecorvo

If neutrinos are massive

A neutrino experiment is an interferometer in flavour space, because 
neutrinos are so weakly interacting that can keep coherence over 
very long distances  ! 

ni pick up different phases when travelling in vacuum

L



Neutrino oscillations

Many ways to derive the oscillation probability master formula

Quantum mechanics with neutrinos as plane waves
Quantum mechanics with neutrinos as wave packets
Quantum Field Theory <-> neutrinos as intermediate states

The basic ingredients: 

ü Uncertainty in momentum at production & detection (they must be 
better localized than baseline)

ü Coherence of mass eigenstates over macroscopic distances   



Neutrino oscillations in QM (plane waves)

Ei(p)� Ej(p) ⇥
1

2

m2
i �m2
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|p| +O(m4)
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⇤
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X
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jiL

2E U⇥iU
⇤
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⇤
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Neutrino oscillations in QM (plane waves)

Why same p for the i-th states ?

Why plane waves if the neutrino source is localized ?

Why t <-> L conversion ?

Well founded criticism to this derivation



Neutrino oscillations in QM (wavepackets)

Wave packet created at source @   (t0,x0) = (0,0)

fS
i (p�Qi) ' e�(p�Qi)

2/2�2
SFor example: 

�S $ momentum uncertainty

Qi $ average momentum of i� th wavepacket

Wave packet created at detector @    (t0,x0) = (t,L)

|��(t,x)⇥ =
X

j

U⇤
�j

Z

p

fD
j (p�Q

0
j) e

�iEj(p)(t�T ) eip(x�L) |�j⇥

|��(t,x)⇥ =
X

i

U⇥
�i

Z

p

fS
i (p�Qi)| {z }

Wave packet at source

e�iEi(p)t eip·x |�i⇥

Ei(p) ⌘
q

p2 +m2
i

B. Kayser ‘81,... many more authors…



Neutrino oscillations in QM (wavepackets)

For Gaussian wave packets overlap is also gaussian:    

A(�� ⇥ �⇥) =
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Neutrino oscillations in QM (wavepackets)
⇥Q⇤i � ⇥Q0⇤i, L||⇥Q⇤i

There must be sufficient uncertainty in production & detection so that 
wave packets include all mass eigenstates: 

Problems: normalization is arbitrary, needs to be imposed a posteriori  
X
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L > Lcoh coherence is lost 

L
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Can be cured in QFT…



Neutrino Oscillation

a ≠ b appearance probability
a = b disappearance or survival  probability

P (�� ⇥ �⇥) = 2
X

i<j

Re[U⇤
�iU⇥iU�jU

⇤
⇥j ] +
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⇤
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CP-even 

CP-odd 
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Only one oscillation frequency,

L
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Neutrino Oscillation: 2n
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L, E dependence   give amplitude of oscillation gives  ✓�m2

Neutrino Oscillation: 2n



Optimal experiment:

E

L
� �m2 Oscillation suppressed 

E

L
⌧ �m2

Fast oscillation regime 

E

L
⇠ �m2

P (⇥↵ ! ⇥�) / sin2 2�
�
�m2

�2

Equivalent to incoherent propagation: sensitivity to mass splitting is lost

P (⇥↵ � ⇥�) ⇥ sin2 2� ⇤sin2 �m2L

4E
⌅ ⇥ 1

2
sin2 2� = |U⇤

↵1U�1|2 + |U⇤
↵2U�2|2



Neutrino Oscillations in matter
Many neutrino oscillation experiments involve neutrinos propagating
in matter (Earth for atmospheric neutrinos or accelerator experiments, 

Sun for solar neutrinos) 

Index of refraction (coherent forward scattering) can strongly affect the 
oscillation probability 

Wolfenstein

L ⇥ ⇥̄ (i⇤/�M� � �0Vm) ⇥ + ...



Neutrino oscillations in constant matter

0

@
m̃2

1 0 0
0 m̃2

2 0
0 0 m̃2

3

1

A = Ũ †
PMNS

0

@M2
� ± 2E

0

@
Ve 0 0
0 Vµ 0
0 0 V⇥

1

A

1

A ŨPMNS

Effective mixing angles and masses depend on energy

sin2 2�̃ =

�
�m2 sin 2�

�2
�
�m2 cos 2� ± 2

�
2GFENe

�2
+ (�m2 sin 2�)2

�m̃2 =

r⇣
�m2 cos 2� ± 2

�
2EGF Ne

⌘2
+ (�m2 sin 2�)2

For two families (- neutrinos, + antineutrinos):

�m2 cos 2� ± 2
�
2GFENe = 0 sin2 2�̃ = 1, �m̃2 = �m2 sin 2�

E2 � p2 = ±2 VmE +M2
� +: neutrinos, -: antineutrinos



MSW resonance
Mikheyev,  Smirnov ‘85

Ne

mé iHNeL
mé m

mé e

q=0



MSW resonance
Mikheyev,  Smirnov ‘85

Ne

mé iHNeL
mé 2

mé 1

q≠0

-Only for n or n, not both

-Only for one sign of Dm2 cos2q

MSW Resonance: 

�m2 cos 2� ± 2
�
2GFENe = 0



Neutrinos in variable matter
Solar neutrinos propagate in variable matter:

Ne(r) / Ne(0)e
�r/R

If the variation is slow enough: adiabatic approximation (if a state is at r=0 in an 
eigenstate it remains in the i-th eigenstate until it exits the sun)m̃2

i (0)

P (�e � �e) =
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|⇤�e|�̃i(⇥)⌅|2|⇤�̃i(0)|�e⌅|2
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Solar neutrinos
P (�e ! �e)

E

sin2 ✓

1� 1

2
sin2 2✓

MSW resonance energy

Eres =
�m2 cos 2�

2
p
2GFNe(0)

In most physical situations: piece-wise constant matter or adiabatic approx. good 
enough



Stars shine neutrinos 
1939 Bethe  

Stablishes the theory of stelar nucleosynthesis

Nobel 1967



¿How many neutrinos from the Sun ?

Bahcall



Nobel 2002
R. Davis    

1966 detects for the first time
solar neutrinos in a tank of 

400000 liters 1280m underground
(Homestake mine)  

The hero of the caves

Did not convince because he saw 0.4 of the expected….

Problem in detector ? In solar model  ? In  neutrinos ?

Other radiochemical experiments: Gallium with lower-threshold confirmed

37Cl + �e !37 Ar + e�



Koshiba (Nobel 2002) 

Underground cathedrals of light

Allows to reconstruct velocity and direction, e/µ particle identification



e- n

SuperKamiokande (22.5 kton)
SNO

Neutrinography of the 
sun



Flavour of solar neutrinos

Can be tested in the Earth with 
Reines&Cowen experiment !

-1



KamLAND: solar oscillation 
Reines&Cowan experiment ½ century later 
at 170 km from Japenese reactors …

�m2

solar

' 8⇥ 10�5 eV 2



Solar neutrinos and MSW
68

pp (all solar) !

7Be (BX)!

pep (BX)!

8B (SNO + SK)!

Energy [keV]!

P e
e!

8B (SNO LETA + BX)!

3ν
"

FIG. 84. Electron neutrino survival probability as a function
of neutrino energy according to MSW–LMA model. The band
is the same as in Fig. 83, calculated for the production region
of 8B solar neutrinos which represents well also other species
of solar neutrinos. The points represent the solar neutrino
experimental data for 7Be and pep mono–energetic neutrinos
(Borexino data), for 8B neutrinos detected above 5000 keV
of scattered-electron energy T (SNO and Super-Kamiokande
data) and for T > 3000 keV (SNO LETA + Borexino data),
and for pp neutrinos considering all solar neutrino data, in-
cluding radiochemical experiments.

including both the experimental and theoretical (solar
model) uncertainties and P

3⌫
ee (E⌫ = 1440 keV) = 0.62 ±

0.17. A combined analysis of the Borexino data together
with those of other solar experiments allows to obtain
also the values of survival probability for the pp and 8B
neutrinos. Figure 84 reports the results.

XXVIII. CONCLUSIONS AND PERSPECTIVES

The rich scientific harvest of the Borexino Phase-I was
made possible by the extreme radio–purity of the detec-
tor and of its liquid scintillator core in particular. Chal-
lenging design purity levels have been mostly met, and,

in some cases, surpassed by a few orders of magnitude.
The central physics goal was achieved with the 5%

measurement of the 7Be solar neutrino rate. Three more
measurements beyond the scope of the original proposal
were made as well: the first observation of the solar pep
neutrinos, the most stringent experimental constraint on
the flux of CNO neutrinos, and the low-threshold mea-
surement of the 8B solar neutrino interaction rate. The
latter measurement was possible thanks to the extremely
low background rate above natural radioactivity, while
the first two exploited the superior particle identifica-
tion capability of the scintillator and an e�cient cosmo-
genic background subtraction. All measurements benefit
from an extensive calibration campaign with radioactive
sources that preserved scintillator radio–purity.
In this paper we have described the sources of back-

ground and the data analysis methods that led to the
published solar neutrinos results. We also reported, for
the first time, the detection of the annual modulation of
the 7Be solar neutrino rate, consistent with their solar
origin. The implications of Borexino solar neutrino re-
sults for neutrino and solar physics were also discussed,
both stand–alone and in combination with other solar
neutrino data.
Additional important scientific results (not discussed

in this paper) were the detection of geo–neutrinos [56]
and state-of-the art upper limits on many rare and exotic
processes [99].
Borexino has performed several purification cycles in

2010 and 2011 by means of water extraction [26] in batch
mode, reducing even further several background com-
ponents, among which 85Kr, 210Bi, and the 238U and
232Th chains. After these purification cycles, the Borex-
ino Phase-II has started at the beginning of 2012, with
the goal of improving all solar neutrino measurements.
Borexino is also an ideal apparatus to look for short base-
line neutrino oscillations into sterile species using strong
artificial neutrino and anti–neutrino sources [100]. An
experimental program, called SOX (Source Oscillation
eXperiment), was approved and it is now in progress.
The Borexino program is made possible by funding

from INFN (Italy), NSF (USA), BMBF, DFG and MPG
(Germany), NRC Kurchatov Institute (Russia) and NCN
(Poland). We acknowledge the generous support of the
Laboratory Nazionali del Gran Sasso (Italy).
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Solar neutrinos
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In most physical situations: piece-wise constant matter or adiabatic approx. good 
enough



Atmospheric Neutrinos



Atmospheric Neutrinos

Produced in the atmosphere when primary cosmic rays collide with it, 
producing p, K
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Atmospheric Oscillation

Reines&Cowan experiment at 1km!

Lederman&co experiment  at 1000km!
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Lederman&co neutrinos oscillate with the 
atmospheric wave length

Pulsed neutrino beams to 700 km baselines
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Reines&Cowan (reactor)  neutrinos oscillate with 
atmospheric wave length

Two different wave lengths

Double Chooz, Daya Bay, RENO 

@ATM

10% effect 

Modern copies of the influential experiment Chooz that barely missed 
the effect and set a limit 
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Using the SuperKamiokande detector! 
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3n scenario

Solar and atmospheric osc. decouple as 2x2 mixing phenomena:

• hierarchy

• small
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Experiments in the atmospheric range are described approximately by 2x2 
mixing with 
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Experiments in the solar range are described approximately by 2x2 mixing with 

The measurement of                     implies that corrections to these approximations 
are  sizeable and need to be included in all analyses 
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Standard 3n scenario


