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Lecture I

Neutrino Physics
• Neutrinos in the Standard Model 

• Neutrino mixing and oscillations 

• Models of neutrino masses and mixing

• Neutrino-less double beta decay 

• Neutrino astronomy
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Theoretical predictions 
 

Nobel Prizes awarded in Neutrino 
PhysicsExperimental discoveries 
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Wolfgang Pauli, 1930 
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Neutrinos: elusive particles 
4-fermion theory of 
weak interactions 

(Fermi, 1934) 

GF

GF

σνe+n→p+e−
~GF

2s ~10−43cm2

 (for comparison:                            )σγ +p→γ +p ~10
−25cm2

Fermi constant 
GF ~10-5 GeV-2

A neutrino with MeV energy has a mean free path in steel of about 10 lightyears! 

“I have done a terrible thing, I postulated a particle that can never be detected” (Pauli, 1930) 

But with intense fluxes in nuclear reactors Cowan and Reines (1956) managed to  
detect finally the (electron) neutrino in inverse beta decay:                  ν e + p→ n + e+

(Bether, Peierls 1934) 

On the other hand the reaction                 ν e + n→ p + e− was NOT observed(Davis 1956)                
         LEPTON NUMBER IS CONSERVED:  

L(νe ) = L(e
− ) = +1 L(ν e ) = L(e+ ) = −1

⇒





Neutrinos have flavour! 
Why we do not observe                              ?µ→ e+ γ
The idea of “lepton flavour” was introduced: muonic and electronic lepton numbers are 
separately conserved

This has been extended to neutrinos carrying lepton flavour of the same kind of the 
charged leptons in a way that flavour lepton number are conserved.  

µ− → e− +ν e +νµ

π − → µ− +ν µ

Example:

Brookhaven experiment (1962):

p→ µ+ + n

p→ e+ + n   NOT OBSERVED !

νe ≠ νµ ≠ ντ ν e ≠ ν µ ≠ ντ

Lµ = +1 Le = +1 Le = −1 Lµ = +1

Why do we not observe



Kinematic upper bound on (electron) neutrino mass

Tritium beta decay: Kurie plot 





KATRIN (KArlsruhe TRitium Neutrino experiment) 

The weight is approximately 200 tons !



After the leak tests the tank was ready to be shipped. There is a slight problem of 
transportability from Deggendorf to Karlsruhe: The tank is too big for motorways,  and 
the canal between the rivers Rhine and Danube has to be ruled out, too. Thus, instead of a 
journey of about 400 km, the spectrometer has to travel nearly 9000 km as indicated in 
the map











KATRIN 2406.13516 : mee< 0.45 eV (90% C.L.)  





Muon and tauon neutrinos



Neutrinos in the SM



e- e+

e- e+

Right 
Handed

Right 
Handed

Left 
Handed

Left 
Handed

Dirac fermions (e.g. electrons) 
C

C

P P





Gell-Mann –Nishijima relation 



𝜈!



Neutrino interactions
Universal coupling to Z boson

Neutral currentCharged current



Number of neutrino species from the invisible Z decay width 



Neutrino mixing



Neutrino mixing

!!
να = Uαi

i=1,2,3
∑ ν i

neutrino
weak 
eigenfields

Neutrino
mass 
eigenfields

Leptonic or PMNS mixing matrix

Parameterisation of the leptonic mixing matrix





Neutrino oscillations in vacuum



Neutrino oscillation probability



iiU nn aa å=

Solar,ReactorsAtmospheric, LB Reactors, Accel.,LB
CP violating phase

ββ0ν decay

�m2
atm, or IO, with m2

3 �m2
2 = �m2

sol and m2
2 �m2

1 = �m2
atm. For example, in a recent

global analysis [24] it is found matm ⌘
p
m 2

3 �m 2
1 ' 0.0495 eV and msol ⌘

p
�m2

sol '

0.0087 eV.

Finally, the cosmological observations place an upper bound on the sum of the neutrino

masses and recently the Planck collaboration found
P

i mi . 0.23 eV that, combined with

the measurements of msol and matm, translates into the upper bound

m1 . 0.07 eV . (10)

For NO the leptonic mixing matrix can be parameterised in the usual standard way 9

U (NO) =

0

B@
c12 c13 s12 c13 s13 e�i �

�s12 c23 � c12 s23 s13 ei � c12 c23 � s12 s23 s13 ei � s23 c13
s12 s23 � c12 c23 s13 ei � �c12 s23 � s12 c23 s13 ei � c23 c13

1

CA diag
�
ei ⇢, 1, ei�

�
,

(11)

(sij ⌘ sin ✓ij, cij ⌘ cos ✓ij) while for IO, within our convention for labelling light neutrino

masses and adopting the usual definition for the thee mixing angles ✓ij, the columns of

the leptonic mixing matrix have to be permuted in a way that

U (IO) =

0

B@
s13 e�i � c12 c13 s12 c13
s23 c13 �s12 c23 � c12 s23 s13 ei � c12 c23 � s12 s23 s13 ei �

c23 c13 s12 s23 � c12 c23 s13 ei � �c12 s23 � s12 c23 s13 ei �

1

CA diag
�
ei�, ei ⇢, 1

�
.

(12)

The mixing angles, respectively the reactor, the solar and the atmospheric one, are

now measured with the following best fit values and 1� (3�) ranges [23] for NO and IO

respectively,

✓13 = 8.8� ± 0.4� (7.6�–9.9�) and ✓13 = 8.9� ± 0.4� (7.7�–9.9�) , (13)

✓12 = 33.7� ± 1.1� (30.6�–36.8�) and ✓12 = 33.7� ± 1.1� (30.6�–36.8�) ,

✓23 = 41.4�+1.9�

�1.4� (37.7�–52.3�) and ✓23 = 42.4�+8.0�

�1.8� (38.1�–52.3�) .

It is interesting that current experimental data also start to put constraints on the Dirac

phase and the following best fit values and 1� errors are found for NO and IO respectively,

�/⇡ = �0.61+0.38
�0.27 and �/⇡ = �0.69+0.29

�0.33 , (14)

while all values [�⇡,+⇡] are still allowed at 3�.

9In the PDG parameterization the matrix of Majorana phases is defined as diag
⇣
1, ei

↵21
2 , e

i
↵31
2

⌘
and,

therefore, one simply has ↵31 = 2(� � ⇢) and ↵21 = �2 ⇢.
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Factorization of the PMNS matrix

!!

Uαi =

Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ 2 Uτ 3

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

=

c12c13 s12c13 s13e
− iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13
s12s23 − c12c23s13e

iδ −c12s23 − s12c23s13e
iδ c23c13

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

eiα1 0 0
0 eiα2 0
0 0 1

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

=
1 0 0
0 c23 s23
0 −s23 c23

⎛

⎝

⎜
⎜
⎜⎜

⎞

⎠

⎟
⎟
⎟⎟

c13 0 s13e
− iδ

0 1 0
−s13 0 c13

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

c12 s12 0
−s12 c12 0
0 0 1

⎛

⎝

⎜
⎜
⎜⎜

⎞

⎠

⎟
⎟
⎟⎟

eiα1 0 0
0 eiα2 0
0 0 1

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

Within a three-neutrino mixing framework different experimental observations get
connected and CP violation is possible. Historically first studies were done within a
two neutrino mixing description since in the approximation of vanishing ϴ13
`solar‘ and `atmospheric‘ mixing decouple. This approximation was justified
by the CHOOZ upper bound (1999): ϴ13≲ 13∘ (3σ)



!!

U
αi
=

1 0 0
0 c23 s23
0 −s23 c23

⎛

⎝

⎜
⎜
⎜⎜

⎞

⎠

⎟
⎟
⎟⎟

⋅

c13 0 s13e
− iδ

0 1 0
−s13e

iδ 0 c13

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

⋅

c12 s12 0
−s12 c12 0
0 0 1

⎛

⎝

⎜
⎜
⎜⎜

⎞

⎠

⎟
⎟
⎟⎟

⋅
eiα1 0 0
0 eiα2 0
0 0 1

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

where cij = cosθij ,and sij = sinθij

ii
U nn

aa å= *

Within a three-neutrino mixing framework different experimental observations get
connected and CP violation is possible. Historically first studies were done within a
two neutrino mixing description since in the approximation of vanishing
`solar‘ and `atmospheric‘ mixing decouple. This approximation was justified by the
CHOOZ upper bound (1999):

Solar,ReactorAtmospheric CP Violating PhaseReactor, Accel. Majorana Phases

(Double b decay only)

8

Parametrization of the leptonic mixing (PMNS) matrix: 

!θ13

Some insight
Pνe→νe

= 1− sin2 2θ × sin2 (m2
2 −m1

2 )L
4E

⎡

⎣
⎢

⎤

⎦
⎥

 At least 1 neutrino has to be massive since for exactly massless particles travelling at 
the speed of light, there cannot be any time scale associated to propagation because 
of “time dilation” that freezes any dynamics. For exampple in the u.r. limit a decaying 
particle does not decay! t is a consequence of Special Relativity



The solar standard model 
John Bahcall       

  
  Neutrinos are produced inside the Sun, on average:

< Eve
>! 0.6MeV

  More precisely:



Missing neutrinos! 
Raymond Davis       

                                       

Homestake experiment (final results in 1998):

νe +
37Cl→ 37Ar + e−

final solar neutrino rate : 2.56 ± 0.16(stat)± 0.16(sys)SNU

theoretical prediction: 8.5 ± 0.9SNU

GALLEX/GNO experiment:

νe +
71Ga→ 71Ge+ e−

final solar neutrino rate ~ 50% predicted 

vacuum 
solution

“MSW” 
solutions

How to pin down the right solution? How to be sure the Solar Model is correct? 



    Two neutrino mixing and oscillations

|νe >= _cosθ |ν1 > +sinθ |ν2 >

|νµ+τ >= −sinθ |ν1 > +cosθ |ν2 >

  flavour eigenstates
  mass eigenstates 

with masses  
m1 and m2

Source
L Detector

|νe >

E=energy

Pνe→νµ+τ
= sin2 2θ × sin2 (m2

2 −m1
2 )L

4E
⎡

⎣
⎢

⎤

⎦
⎥ ! sin

2 2θ × sin2 1.27 Δm
2[eV 2 ]L[km]
E[MeV ]

⎛
⎝⎜

⎞
⎠⎟

 appearance 
probability

disappearance 
probability Pνe→νe

= 1− Pνe→νµ+τ

(Gribov-Pontecorvo 1969) 

2 neutrino mixing  
(Maki-Nakagawa- 
Sakata 1962  

2 neutrino oscillations 



Atmospheric neutrinos Atmospheric neutrinos 
Takaaki Kajita     

  

SK results on atmospheric neutrinos  
support the conclusion that muon  
neutrinos are converted into tauon  
neutrinos with approximately  
maximal mixing 
 



Determination of θ13 
The CHOOZ  upper bound 



KamLAND 



18 

A first hint: Combining solar neutrino data
with Kamland (longbaseline reactor neutrinos)

Phys.Rev.Lett. 101 (2008) 141801



Short baseline reactor neutrino experiments: Daya Bay 



Reno 





Long baseline accelerator experiment: T2K 

23



Long baseline experiments: T2K measurement of 𝛿 

24



Matter effects 



Matter effects 

They are crucial to fully explain solar neutrinos 



Missing neutrinos! 
Raymond Davis       

                                       

Homestake experiment (final results in 1998):

νe +
37Cl→ 37Ar + e−

final solar neutrino rate : 2.56 ± 0.16(stat)± 0.16(sys)SNU

theoretical prediction: 8.5 ± 0.9SNU

GALLEX/GNO experiment:

νe +
71Ga→ 71Ge+ e−

final solar neutrino rate ~ 50% predicted 

vacuum 
solution

“MSW” 
solutions

How to pin down the right solution? How to be sure the Solar Model is correct? 



SNO Experiment 
1000ton of ultra-pure heavy water (D2O) 
in an acrylic 12m diameter sphere  

Solar electron neutrino do not oscillate  
travelling from the Sun to the Earth but are 
“converted” inside the Sun! 

Notice that also that   
 

Δm2 > 0



Best fit:
Δm2 = 2.1 x 10-3 eV2

sin2 2θ = 1.02



Matter effects in long baseline accelerator experiments 

21



Long baseline experiments



NOνA experiment 
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!!

Uαi =
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Uµ1 Uµ2 Uµ3
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⎛

⎝

⎜
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⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
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⎜
⎜
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⎟
⎟
⎟
⎟
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⎜
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⎟
⎟
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Neutrino mixing parameters:

PDG :
α31 = 2(σ-ρ)
α21 = -2ρ 

!!cij ≡ cosθij , sij ≡ sinθij

NO favoured over IO:
 
Δ𝝌2 (IO-NO)=9.41

3σ ranges (NO)

𝜃#$= 31.63°, 35.95°
  𝜃#%= 8.19°, 8.89°  

	𝜃$%= 41.3°, 49.9°
𝛿 = −236°, 4°
𝜌, 𝜎 = 0°, 360°



NO IO

‘

‘

‘‘

!!matm
2

!!msol
2

!!matm
2 		NO :m2 = m1

2 +msol
2 , m3 = m1

2 +matm
2

		IO : m2' = m1'
2 +matm

2 −msol
2 , m3' = m1'

2 +matm
2

		m3'
2

		m2'
2

		m1'
2

𝑚sol = (8.6 ± 	0.1)	𝑚𝑒𝑉
𝑚𝑎𝑡𝑚 = (50.0 ± 	0.3)	𝑚𝑒𝑉

Neutrino masses (m1’ < m2’ < m3’)

KA
TRIN

 (90%
 CL)

KamLAND-Zen (90% C.L.)

!!msol
2

𝑚!! < 0.45	eV 90%	C. L.

⟹"𝑚! ≳ 58meV	(95%CL)

Lower bound on neutrino masses (NO) 

For IO it would be much more stringent:

$𝑚! ≳ 98meV	(95%CL)

Cosmological upper bound (Planck 2023, 2309.10034)
m1’/eV &𝑚! ≲ 0.11	eV 95%CL ⇒ for	NO:	 𝑚" < 30	meV 95%CL



JUNO: MASS ORDERING DETERMINATION 

NORMAL 
ORDERING

INVERTED 
ORDERING





NORMAL 
ORDERING

INVERTED 
ORDERING







1) much lighter than all other fermions:

2) neutral Þ Majorana mass terms are possible 
27



Leptonic mixing angles are much larger than quark mixing angles

	ν3

lepton flavour space quark flavour space

•Cosmological puzzles?

•Why not a Majorana mass term as well?



Neutrinoless double beta decay



Double beta decay 
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Neutrino Astronomy

































From Evidence for High-Energy Extraterrestrial Neutrinos at the IceCube Detector,
Science 342 (2013), 1242856 [arXiv:1311.5238 [astro-ph.HE]].

Shower Track






