
Laura Zambelli (LAPP)

GRASPA School


Annecy - July 17-18th 2024

NEUTRINO PHYSICS:

EXPERIMENTAL 
ASPECTS

First neutrino interaction recorded in hydrogen bubble chamber
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○ Neutrino properties, sources, interactions


○ Neutrino Oscillation with a « historical » approach


○ Produce, Detect and neutrino oscillations today & tomorrow
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○Neutrinos are leptons 

○3 flavors linked to their 
corresponding charged 
counterpart 

○Can only interact through 
weak force (through W± and 
Z0 bosons)
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Texte du sous-titre

Cosmological sources

Artificial and natural ra
dioactive sourcesNearby natural 

sources

Man-made using accelerators
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○ Only interact through weak interaction

→ Small cross section : 

σ ~ 10-42 cm2 for IBD

σ ~ 10-38 cm2 at 1 GeV 

N⌫ = 2.984± 0.008

○ Three flavors of light and active neutrinos named νe, νµ, ντ

→  In 1989, LEP mesures the Z invisible decay width :

○ Neutrinos are only left-handed

→ Cannot couple to the Higgs field, therefore the neutrinos are 
considered massless in the Standard Model

→ But they in fact do have a mass:

<latexit sha1_base64="DLoDOQXbFcys0KHyW566y6TWV0E="></latexit>

m⌫ < 1 eV ;
X

m⌫ > 0.06 eV

○ Most abundant massive particule 

Φsun = 65×109 νe/cm2/s on earth

Φreactor = 2×1020 νe̅/s/GWth


Φatmo = 4×102 νe+µ/m2/s/sr

Φaccelerator ~ 1×1012 νµ/m2


→ 50% chance a νe from the sun interact in you in your lifetime



HOW TO 
DETECT 

NEUTRINOS
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Neutrino have no electric charge -> We cannot detect them directly

We have to :

- Wait for a neutrino to interact

- Detect the products of the interaction

- Retrieve the original neutrino flavor/direction/energy/sign 

Neutrinos can only interact by weak interaction

-> Through Z0 exchange = Neutral Currents

-> Through W± exchange = Charged Currents
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<latexit sha1_base64="SmWzPlQXDW/ZcqG0+tIXxaOYbYY="></latexit>

Z

⌫` ⌫`

e�/qe�/q

○ Cannot identify the incoming neutrino flavor

○ All neutrino interact with same potential

Elastic scattering
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The Quasi-Elastic interaction  
The Golden Channel

○  ν flavor & sign tagged 
by the lepton 

○ Eν reconstructed with 
the lepton kinematics :

<latexit sha1_base64="WhsAIx4V/xIT5f2a1vzt4+ArvIE="></latexit>

E⌫ =
m2

f � (mi � Eb)2 �m2
µ + 2(mi � Eb)Eµ

2(mi � Eb � Eµ + pµ cos ✓µ)

mi, mf  : initial, final nucleon masses; 

Eb : nucleon binding energy in the nucleus

<latexit sha1_base64="zEORwkpY3DpT9IKiAHJy9LYDiXE="></latexit>

W+

⌫` `�

pn



GRASPA’24 

 L. ZAMBELLI

N
eu

tr
in

o 
In

te
ra

ct
io

ns Charged currents interactions

10

The Quasi-Elastic interaction  
The Golden Channel

○  ν flavor & sign tagged 
by the lepton 

○ Eν reconstructed with 
the lepton kinematics :

<latexit sha1_base64="WhsAIx4V/xIT5f2a1vzt4+ArvIE="></latexit>

E⌫ =
m2

f � (mi � Eb)2 �m2
µ + 2(mi � Eb)Eµ

2(mi � Eb � Eµ + pµ cos ✓µ)

mi, mf  : initial, final nucleon masses; 

Eb : nucleon binding energy in the nucleus

<latexit sha1_base64="zEORwkpY3DpT9IKiAHJy9LYDiXE="></latexit>

W+

⌫` `�

pn

The Resonant interaction 
<latexit sha1_base64="ho8oNQ0Lum9LSPFUjp0cFQXhVZM="></latexit>

⌫` `�

p

p

⇡+

�++

W+ Nucleon is excited

-> Many final states

At higher energies, more complex interaction topologies:



GRASPA’24 

 L. ZAMBELLI

N
eu

tr
in

o 
In

te
ra

ct
io

ns Charged currents interactions

10

The Quasi-Elastic interaction  
The Golden Channel

○  ν flavor & sign tagged 
by the lepton 

○ Eν reconstructed with 
the lepton kinematics :

<latexit sha1_base64="WhsAIx4V/xIT5f2a1vzt4+ArvIE="></latexit>

E⌫ =
m2

f � (mi � Eb)2 �m2
µ + 2(mi � Eb)Eµ

2(mi � Eb � Eµ + pµ cos ✓µ)

mi, mf  : initial, final nucleon masses; 

Eb : nucleon binding energy in the nucleus

<latexit sha1_base64="zEORwkpY3DpT9IKiAHJy9LYDiXE="></latexit>

W+

⌫` `�

pn

The Resonant interaction 
<latexit sha1_base64="ho8oNQ0Lum9LSPFUjp0cFQXhVZM="></latexit>

⌫` `�

p

p

⇡+

�++

W+ Nucleon is excited

-> Many final states

The Deep-Inelastic interaction 
<latexit sha1_base64="gWzvjfmq21apBqfucOJJ+Vw9qxw="></latexit>

⌫` `�

p

W+

Nucleon breaks

-> Interactions 
with the quarks

At higher energies, more complex interaction topologies:
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The Quasi-Elastic interaction  
The Golden Channel

○  ν flavor & sign tagged 
by the lepton 

○ Eν reconstructed with 
the lepton kinematics :

<latexit sha1_base64="WhsAIx4V/xIT5f2a1vzt4+ArvIE="></latexit>

E⌫ =
m2

f � (mi � Eb)2 �m2
µ + 2(mi � Eb)Eµ

2(mi � Eb � Eµ + pµ cos ✓µ)

mi, mf  : initial, final nucleon masses; 

Eb : nucleon binding energy in the nucleus

<latexit sha1_base64="zEORwkpY3DpT9IKiAHJy9LYDiXE="></latexit>

W+

⌫` `�

pn

Neutrino cross section increase 
with energy but the final states are 

more complex
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ν̅e low energy interaction
<latexit sha1_base64="PGPzv7VH5GZaniKWxSfCAZ980c4="></latexit>

W+

⌫e e+

p n

Interaction threshold

<latexit sha1_base64="4OwQZolHHlU6CIwkMQBsrRQMVCM="></latexit>

E⌫ � (m` +mp)2 �mn

2mn

<latexit sha1_base64="ujAAkt1PrBQmmuZOJPfWPJ2zo8g="></latexit>

⌫` + n ! `� + pFor CC interactions :

Ethr(νµ) = 110 MeV 

Ethr(ντ) = 3.45 GeV

 inverse β-decay : 

Ethr(νe̅) = 1.806 MeV
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<latexit sha1_base64="hxI7N+OPj2XhcV+Od2UFnrjBRVE="></latexit>⌧
�dE

dx

�
= Kz2

Z

A

1

�2


1

2
ln

2mec2�2�2Wmax

I2
� �2 � �(��)

2

�

Principle : When a charged particle crosses a medium, 
it looses energy through ionization. 

The mean amount of energy lost per cm through 
ionization is parametrized by the Bethe Bloch formula 
and depends on the particle energy (βγ)

PEP-4 detector, gas mixture 80:20 of Ar:CH4
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<latexit sha1_base64="hxI7N+OPj2XhcV+Od2UFnrjBRVE="></latexit>⌧
�dE

dx

�
= Kz2

Z

A

1

�2


1

2
ln

2mec2�2�2Wmax

I2
� �2 � �(��)

2

�

Principle : When a charged particle crosses a medium, 
it looses energy through ionization. 

The mean amount of energy lost per cm through 
ionization is parametrized by the Bethe Bloch formula 
and depends on the particle energy (βγ)

If this energy lost can be seen, one can have a 2D (or even 3D) image of the interaction. Through 
track topology, one can know the daughters identity.


Moreover, if this energy can be collected, one can reconstruct the energy of the daughters, and 
hence fully reconstruct the interacting neutrino kinematics.

PEP-4 detector, gas mixture 80:20 of Ar:CH4
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Bubble ChambersBEBC at CERN

Scanning ladies

Superheated fluid turns locally to gas (bubbles) 
when energy is deposited by a charged tracks :

First bubble chambers where equipped with cameras, the pictures were 
scanned manually by the scanning ladies. 

p

π- 

µ 

e
Discovery of 

neutral 
currents1st neutrino 

interaction in 
a bubble 
chamber
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Organic liquid that scintillates when energy is deposited.

In neutrino physics, often used to tag inverse β-decay interactions 

Using the Ionization potential

Liquid Scintillators

‣ The positron is quickly captured by an electron

‣ The neutron is captured later by a catcher-atom

Savannah river experiment by Reines & Cowan in 1956 νe̅ discovery ! 

<latexit sha1_base64="PGPzv7VH5GZaniKWxSfCAZ980c4="></latexit>

W+

⌫e e+

p n
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Time Projection Chamber [TPC]
Uses a chamber filled with gas or liquid with an electric field applied across.

Free electrons from ionization are drifting towards the anode plane where they are 
collected : that gives a 2D image. The e- arrival time provides the 3rd coordinates. The 
amount of e- collected/cm is a handle to retrieve the particle identity/energy.

ICARUS experiment in Italy (now in USA)

µ
π0

π
Kµ

p
- νµ interaction - 



GRASPA’24 

 L. ZAMBELLI

N
eu

tr
in

o 
de

te
ct

io
n Using the Cherenkov effect

17

Principle : When a charged particle travels at a speed v higher than the 
speed of light in a medium c/n it radiates a cone of light :

<latexit sha1_base64="k/ZHHfKAk7wz/91wz62MOBkjCZQ="></latexit>

cos ✓ =
c

vn
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Principle : When a charged particle travels at a speed v higher than the 
speed of light in a medium c/n it radiates a cone of light :

<latexit sha1_base64="k/ZHHfKAk7wz/91wz62MOBkjCZQ="></latexit>

cos ✓ =
c

vn
Cherenkov detectors are widely used in neutrino physics :

-> Can use cheap/free medium (ultra pure water, ice, sea)

-> Use photomultipliers to detect the light, very well known device

-> Can have large volume : bigger volume = more chances to catch a neutrino

-> Ring shape allows particle identification ; ring characteristics (diameter, nb of photons) is 
linked to the particle energy => Excellent e/µ separation
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Principle : When a charged particle travels at a speed v higher than the 
speed of light in a medium c/n it radiates a cone of light :

<latexit sha1_base64="k/ZHHfKAk7wz/91wz62MOBkjCZQ="></latexit>

cos ✓ =
c

vn
Cherenkov detectors are widely used in neutrino physics :

-> Can use cheap/free medium (ultra pure water, ice, sea)

-> Use photomultipliers to detect the light, very well known device

-> Can have large volume : bigger volume = more chances to catch a neutrino

-> Ring shape allows particle identification ; ring characteristics (diameter, nb of photons) is 
linked to the particle energy => Excellent e/µ separation

Particle identification using ring shape :
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νµ + N -> µ- + N’ νe + N -> e- + N’

Super-Kamiokande in Japan

Tank of 50 kt of ultra pure water underneath a mountain, equipped with ~11k PMTs

Color = nb of photons collectedSuper-Kamiokande partially filled
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νµ + N -> µ- + N’ νe + N -> e- + N’

Super-Kamiokande in Japan

Tank of 50 kt of ultra pure water underneath a mountain, equipped with ~11k PMTs

ICECUBE in Antartica

Giant detector in ice, equipped with 5k PTMs along 86 strings up to 
2.4 km below the surface

νe + N -> e- + N’νµ + N -> µ- + N’

Color = time

size = nb of photons collected

Color = nb of photons collectedSuper-Kamiokande partially filled



DISCOVERY 
OF NEUTRINO 
OSCILLATION
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Most of 20th century research focused on nuclear 
reactions: radioactivity, fission and fusion.


Among all the consequences, it helped to understand 
stellar nucleosynthesis that powers stars.
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Most of 20th century research focused on nuclear 
reactions: radioactivity, fission and fusion.


Among all the consequences, it helped to understand 
stellar nucleosynthesis that powers stars.

Proton-proton fusion chain in sun-like stars

Bahcall made a prediction on the νe flux from the sun [1964]

Neutrinos can escape the sun plasma unaffected.

Detecting those neutrino would prove the fusion chain 
happening inside sun’s core.

<latexit sha1_base64="MZcSpTv5SRGwAS4Wq8JM9lJ19Bc="></latexit>

�sun
⌫e

= 6.4⇥ 1010 ⌫e/s/cm
2
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Solar Neutrino Unit = 10-36 interaction/s/atom
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Solar Neutrino Unit = 10-36 interaction/s/atom

Homestake Experiment designed to detect solar neutrinos

<latexit sha1_base64="7e+aflV0AHYXkLI/bfvHPwGP46M="></latexit>

⌫e +
37Cl ! 37Ar+ + e�

Underground detector observing 
Cl to Ar conversion by: 

Number of Ar atom in the 
chamber was counted every 
few weeks with filters

Expected  : 8.2 ± 1.8 SNU

Observed : 2.56 ± 0.23 SNU

60% νe missing
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Solar Neutrino Unit = 10-36 interaction/s/atom

Homestake Experiment designed to detect solar neutrinos

<latexit sha1_base64="7e+aflV0AHYXkLI/bfvHPwGP46M="></latexit>

⌫e +
37Cl ! 37Ar+ + e�

Underground detector observing 
Cl to Ar conversion by: 

Number of Ar atom in the 
chamber was counted every 
few weeks with filters

Expected  : 8.2 ± 1.8 SNU

Observed : 2.56 ± 0.23 SNU

60% νe missing

<latexit sha1_base64="UxOIWeSjkZo4kDdDOuk74zG8AKc="></latexit>

⌫e +
71Ga ! 71Ge + e�

The GALLEX and SAGE experiments used 
Ga to Ge conversion : 

50% νe missing

Expected  : 127 ± 12 SNU

Observed : 68.1 ± 3.8 SNU
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Solar Neutrino Unit = 10-36 interaction/s/atom

Homestake Experiment designed to detect solar neutrinos

<latexit sha1_base64="7e+aflV0AHYXkLI/bfvHPwGP46M="></latexit>

⌫e +
37Cl ! 37Ar+ + e�

Underground detector observing 
Cl to Ar conversion by: 

Number of Ar atom in the 
chamber was counted every 
few weeks with filters

Expected  : 8.2 ± 1.8 SNU

Observed : 2.56 ± 0.23 SNU

60% νe missing

<latexit sha1_base64="UxOIWeSjkZo4kDdDOuk74zG8AKc="></latexit>

⌫e +
71Ga ! 71Ge + e�

The GALLEX and SAGE experiments used 
Ga to Ge conversion : 

50% νe missing

Expected  : 127 ± 12 SNU

Observed : 68.1 ± 3.8 SNU

The Kamiokande experiment

<latexit sha1_base64="3munWFoshFM9PoO5ByTv80M6W+c="></latexit>

⌫e + e� ! ⌫e + e�

45% νe missing

observed solar 
neutrino through 
elastic scattering :

Picture of the sun with νe
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In parallel, interest in neutrinos from cosmic rays 

p+ atm ! ⇡+ + . . .

⇡+ ! µ+ + ⌫µ

µ+ ! e+ + ⌫e + ⌫̄µ

→ When cosmic rays hit earth, they interact with the 
atmosphere and produce pions and muons

At ground, we expect:

νµ : νe = 2 : 1
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In parallel, interest in neutrinos from cosmic rays 

p+ atm ! ⇡+ + . . .

⇡+ ! µ+ + ⌫µ

µ+ ! e+ + ⌫e + ⌫̄µ

→ When cosmic rays hit earth, they interact with the 
atmosphere and produce pions and muons

At ground, we expect:

νµ : νe = 2 : 1

About 50% ν missing
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⚬ Several hypothesis to explain the anomalies: 

- Problems with fluxes computations, experiments 

- Neutrino behavior: ν-decay, ν-decoherence, flavor changing neutral currents, oscillations, …


⚬ In 1957, Pontecorvo suggested the ν→ν ̅oscillations, in analogy with K0→K̅0 mixing 

⚬ Neutrino oscillation principle : Neutrino flavor and mass eigenstates are not superimposed 

but linked by a unitary mixing matrix 

 

 

 

 

α = (e, µ, τ) := Flavor states

 i  = (1, 2, 3)  := Mass states

U = PMNS unitary mixing matrix

<latexit sha1_base64="oH3e59YPi3mNLfB+VZaLOz15IWA="></latexit>

|⌫↵i =
3X

i=1

U↵i|⌫ii
Where PMNS stands for


 Pontecorvo-Maki-Nakagawa-Sakata
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« Neutrino flavor and mass eigenstates are not superimposed but linked by a unitary mixing 

matrix »

This implies:

- The eigenstates of the Hamiltonian are |νj > with eigenvalues mj for neutrinos at rest

- A produced neutrino of type j with momentum p is an energy (or mass) eigenstate  
with eigenvalue 


- Neutrinos are produced by weak interactions in weak eigenstates of a definite lepton 
number (|νe >, |νµ > or |ντ >) that are not energy eigenstates, the PMNS matrix links the 
weak/flavor eigenstates to the energy/mass eigenstates


→ Neutrinos can be massive !


<latexit sha1_base64="kwtLx71wO+JIl4Fjm4YqsHf533c="></latexit>

Ej =
q

p2 +m2
j

<latexit sha1_base64="oH3e59YPi3mNLfB+VZaLOz15IWA="></latexit>

|⌫↵i =
3X

i=1

U↵i|⌫ii
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« Neutrino flavor and mass eigenstates are not superimposed but linked by a unitary mixing 

matrix »

This implies:

- The matrix that connects the flavor eigenstates to the mass eigenstates is a rotation matrix

- The basis change should not create nor annihilate neutrinos !

<latexit sha1_base64="oH3e59YPi3mNLfB+VZaLOz15IWA="></latexit>

|⌫↵i =
3X

i=1

U↵i|⌫ii

In practice:

-

- The sum of the squared values of each row and each column is 1

<latexit sha1_base64="ovMSmp3jLY78WGV7NDcIgmsD1EI="></latexit>

UU† = U †U = I

<latexit sha1_base64="ElwBKpYch69cBoXKEAOhrORmOKw="></latexit>

|⌫ii =
3X

↵=1

U⇤
↵i|⌫↵i
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With only two ν flavors, the 2×2 unitary mixing matrix is equivalent to a rotation matrix:

• να νβ are flavor eigenstates

• νj νk are mass eigenstates 

• θ is the mixing angle

The flavor states can be written as : 

νj

νk

να

νβ

θ

θ cosθ
co

sθ sinθ

sinθ

<latexit sha1_base64="Shdi75q7QGn2Nn5frzbcyqvV2AU="></latexit>✓
⌫↵
⌫�

◆
=

✓
cos ✓ sin ✓
� sin ✓ cos ✓

◆✓
⌫j
⌫k

◆

<latexit sha1_base64="EGRou635I3I4HRNah9InslHs2JM="></latexit>

|⌫↵i = cos ✓|⌫ji+ sin ✓|⌫ki
<latexit sha1_base64="8QLObP0n2zktV/88P3BtqcFGBWo="></latexit>

|⌫�i = � sin ✓|⌫ji+ cos ✓|⌫ki
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To understand how state evolves with time, we apply the Schrödinger equation to each mass 
eigenstates in their reference system:

<latexit sha1_base64="X9+qllg6IMgazRQ1k7d4Z6VljFY="></latexit>

|⌫j(⌧j)i = e�imj⌧j |⌫ji
• mj is the mass of νj

• τj is the time in the νj rest frame



GRASPA’24 

 L. ZAMBELLI

  D
er

iv
at

io
n 

of
 O

sc
ill

at
io

ns Simplified case with only two flavor

29

To understand how state evolves with time, we apply the Schrödinger equation to each mass 
eigenstates in their reference system:

<latexit sha1_base64="X9+qllg6IMgazRQ1k7d4Z6VljFY="></latexit>

|⌫j(⌧j)i = e�imj⌧j |⌫ji
• mj is the mass of νj

• τj is the time in the νj rest frame

The phase can be re-written in laboratory time frame: 
<latexit sha1_base64="hCEkZF6xkQe3Wpl9eJ5ism/AQ/0="></latexit>

|⌫j(t)i = e�i(Ejt�pjL)|⌫ji • t is the time

• L is the position
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To understand how state evolves with time, we apply the Schrödinger equation to each mass 
eigenstates in their reference system:

<latexit sha1_base64="X9+qllg6IMgazRQ1k7d4Z6VljFY="></latexit>

|⌫j(⌧j)i = e�imj⌧j |⌫ji
• mj is the mass of νj

• τj is the time in the νj rest frame

The phase can be re-written in laboratory time frame: 
<latexit sha1_base64="hCEkZF6xkQe3Wpl9eJ5ism/AQ/0="></latexit>

|⌫j(t)i = e�i(Ejt�pjL)|⌫ji • t is the time

• L is the position

<latexit sha1_base64="rYnJxhZHma3NNuWZz+V/rq2rfKk="></latexit>

|⌫↵(t)i = cos ✓e�i(Ejt�pjL)|⌫ji+ sin ✓e�i(Ekt�pkL)|⌫ki
<latexit sha1_base64="VOudqdkEQihUo4LkMQ6ru23w32g="></latexit>

|⌫�(t)i = � sin ✓e�i(Ejt�pjL)|⌫ji+ cos ✓e�i(Ekt�pkL)|⌫ki

The flavor states evolution with time can be written as:
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We are going to make a few approximations:

• Neutrinos are highly relativistic, such that t ~ L (with c = ℏ = 1)


The phase becomes:    


• The να is produced with a momentum p => all the mass eigenstates components of να have 
the same momentum pj = pk = p


• Given that p >> mj, with can develop the expression with Taylor expension at the 1st order 
 
 
 
 
• Finally, let’s assume that E ~ p be the average energy of the neutrino mass eigenstates.

The phase simplifies as: 

<latexit sha1_base64="ua3siUHjNFVhZ0YgdTQSNO0paVQ="></latexit>

�i(Ejt� pjL) = �i(Ej � pj)L

<latexit sha1_base64="93wHROmNgvhBll1jU0VwLDZZZRI="></latexit>

Ej =
q

p2j +m2
j ⇡

q
p2 +m2

j

<latexit sha1_base64="xiMAMRgm2dikjkiXY3zVsqOPTsI="></latexit>

Ej = p

s

1 +
m2

j

p2
⇡ p+

m2
j

2p

<latexit sha1_base64="1fJinhIl1G423nsuq6ywIhJkgZE="></latexit>

�i(Ej � pj)L ⇡ �i(E +
m2

j

2E
� E) = �i

m2
j

2E
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We are going to make a few approximations:

• Neutrinos are highly relativistic, such that t ~ L (with c = ℏ = 1))


The phase becomes:    


• The να is produced with a momentum p => all the mass eigenstates components of να have 
the same momentum pj = pk = p


• Given that p >> mj, with can develop the expression with Taylor expension at the 1st order 
 
 
 
 
• Finally, let’s assume that E ~ p be the average energy of the neutrino mass eigenstates.

The phase simplifies as: 

<latexit sha1_base64="ua3siUHjNFVhZ0YgdTQSNO0paVQ="></latexit>

�i(Ejt� pjL) = �i(Ej � pj)L

<latexit sha1_base64="93wHROmNgvhBll1jU0VwLDZZZRI="></latexit>

Ej =
q

p2j +m2
j ⇡

q
p2 +m2

j

<latexit sha1_base64="xiMAMRgm2dikjkiXY3zVsqOPTsI="></latexit>

Ej = p

s

1 +
m2

j

p2
⇡ p+

m2
j

2p

<latexit sha1_base64="1fJinhIl1G423nsuq6ywIhJkgZE="></latexit>

�i(Ej � pj)L ⇡ �i(E +
m2

j

2E
� E) = �i

m2
j

2E
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We are going to make a few approximations:

• Neutrinos are highly relativistic, such that t ~ L (with c = ℏ = 1))


The phase becomes:    


• The να is produced with a momentum p => all the mass eigenstates components of να have 
the same momentum pj = pk = p


• Given that p >> mj, with can develop the expression with Taylor expansion at the 1st order 
 
 
 
 
• Finally, let’s assume that E ~ p be the average energy of the neutrino mass eigenstates.

The phase simplifies as: 

<latexit sha1_base64="ua3siUHjNFVhZ0YgdTQSNO0paVQ="></latexit>

�i(Ejt� pjL) = �i(Ej � pj)L

<latexit sha1_base64="93wHROmNgvhBll1jU0VwLDZZZRI="></latexit>

Ej =
q

p2j +m2
j ⇡

q
p2 +m2

j

<latexit sha1_base64="xiMAMRgm2dikjkiXY3zVsqOPTsI="></latexit>

Ej = p

s

1 +
m2

j

p2
⇡ p+

m2
j

2p

<latexit sha1_base64="1fJinhIl1G423nsuq6ywIhJkgZE="></latexit>

�i(Ej � pj)L ⇡ �i(E +
m2

j

2E
� E) = �i

m2
j

2E
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We are going to make a few approximations:

• Neutrinos are highly relativistic, such that t ~ L (with c = ℏ = 1))


The phase becomes:    


• The να is produced with a momentum p => all the mass eigenstates components of να have 
the same momentum pj = pk = p


• Given that p >> mj, with can develop the expression with Taylor expension at the 1st order 
 
 
 
 
• Finally, let’s assume that E ~ p be the average energy of the neutrino mass eigenstates.

The phase simplifies as: 

<latexit sha1_base64="ua3siUHjNFVhZ0YgdTQSNO0paVQ="></latexit>

�i(Ejt� pjL) = �i(Ej � pj)L

<latexit sha1_base64="93wHROmNgvhBll1jU0VwLDZZZRI="></latexit>

Ej =
q

p2j +m2
j ⇡

q
p2 +m2

j

<latexit sha1_base64="xiMAMRgm2dikjkiXY3zVsqOPTsI="></latexit>

Ej = p

s

1 +
m2

j

p2
⇡ p+

m2
j

2p

<latexit sha1_base64="1fJinhIl1G423nsuq6ywIhJkgZE="></latexit>

�i(Ej � pj)L ⇡ �i(E +
m2

j

2E
� E) = �i

m2
j

2E
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With those approximations, the flavor states evolution with distance now writes as :

Let’s assume a να is produced at t = 0.

The probability of observing a neutrino of flavor α at t = L is defined as: 

<latexit sha1_base64="Dibk0IIDNRxQlynQ9w1dlklEcjY="></latexit>

|⌫↵(L)i = cos ✓e�i(m2
j

L
2E )|⌫ji+ sin ✓e�i(m2

k
L
2E )|⌫ki

<latexit sha1_base64="6fiFElBlqKZsixbnYhVfWQgbDfU="></latexit>

|⌫�(L)i = � sin ✓e�i(m2
j

L
2E )|⌫ji+ cos ✓e�i(m2

k
L
2E )|⌫ki

<latexit sha1_base64="mAbiF3ztPz9p/ODHJdfXOLUSoZw="></latexit>

P (⌫↵ ! ⌫↵) = |h⌫↵ | ⌫↵(L)i|2

The probability of observing a neutrino of flavor β at t = L is defined as: 
<latexit sha1_base64="JzxO9eWpJMgDgnQWKQMpAP3b+IU="></latexit>

P (⌫↵ ! ⌫�) = |h⌫↵ | ⌫�(L)i|2
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With those approximations, the flavor states evolution with distance now writes as :

Let’s assume a να is produced at t = 0.

 

<latexit sha1_base64="Dibk0IIDNRxQlynQ9w1dlklEcjY="></latexit>

|⌫↵(L)i = cos ✓e�i(m2
j

L
2E )|⌫ji+ sin ✓e�i(m2

k
L
2E )|⌫ki

<latexit sha1_base64="6fiFElBlqKZsixbnYhVfWQgbDfU="></latexit>

|⌫�(L)i = � sin ✓e�i(m2
j

L
2E )|⌫ji+ cos ✓e�i(m2

k
L
2E )|⌫ki

Given how the neutrino states evolve with time, there is a 
possibility that the neutrino you will detect has a different flavor 

from its flavor at production
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With those approximations, the flavor states evolution with distance now writes as :

Let’s assume a να is produced at t = 0.

The probability of observing a neutrino of flavor α at t = L is defined as: 

<latexit sha1_base64="Dibk0IIDNRxQlynQ9w1dlklEcjY="></latexit>

|⌫↵(L)i = cos ✓e�i(m2
j

L
2E )|⌫ji+ sin ✓e�i(m2

k
L
2E )|⌫ki

<latexit sha1_base64="6fiFElBlqKZsixbnYhVfWQgbDfU="></latexit>

|⌫�(L)i = � sin ✓e�i(m2
j

L
2E )|⌫ji+ cos ✓e�i(m2

k
L
2E )|⌫ki

<latexit sha1_base64="mAbiF3ztPz9p/ODHJdfXOLUSoZw="></latexit>

P (⌫↵ ! ⌫↵) = |h⌫↵ | ⌫↵(L)i|2

The probability of observing a neutrino of flavor β at t = L is defined as: 
<latexit sha1_base64="JzxO9eWpJMgDgnQWKQMpAP3b+IU="></latexit>

P (⌫↵ ! ⌫�) = |h⌫↵ | ⌫�(L)i|2
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Let’s derive the να -> να probability.
<latexit sha1_base64="W1EQhQCQ38QReYKzjiDV8+fv00o="></latexit>

P (⌫↵ ! ⌫↵) = |h⌫↵ | ⌫↵(L)i|2

= |(cos ✓h⌫j |+ sin ✓h⌫k|)(cos ✓e�i(m2
j

L
2E )|⌫ji+ sin ✓e�i(m2

k
L
2E )|⌫ki)|2

<latexit sha1_base64="pUeQMkHnVNEd3rNyvc25n7zkEfQ="></latexit>

ha | bi = �abRecalling that:

The probability is:
<latexit sha1_base64="71kBGoD1/amgHXqfaNsklQXK9D0="></latexit>

P (⌫↵ ! ⌫↵) =
���cos2 ✓e�i(m2

j
L
2E ) + sin2 ✓e�i(m2

k
L
2E )

���
2

<latexit sha1_base64="QFoWMEIpxd/ySPZqB6LXBI7iksQ="></latexit>

|z + w|2 = |z|2 + |w|2 + 2zw⇤Recalling that for z and w being two complex numbers:
<latexit sha1_base64="syORpkQrtH+q9BtVr5UIpJ85W0M="></latexit>

P (⌫↵ ! ⌫↵) = cos4 ✓ + sin4 ✓ + 2 cos2 sin2 ✓
���e�i L

2E (m2
k�m2

j )
���
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Let’s derive the να -> να probability.
<latexit sha1_base64="W1EQhQCQ38QReYKzjiDV8+fv00o="></latexit>

P (⌫↵ ! ⌫↵) = |h⌫↵ | ⌫↵(L)i|2

= |(cos ✓h⌫j |+ sin ✓h⌫k|)(cos ✓e�i(m2
j

L
2E )|⌫ji+ sin ✓e�i(m2

k
L
2E )|⌫ki)|2

<latexit sha1_base64="pUeQMkHnVNEd3rNyvc25n7zkEfQ="></latexit>

ha | bi = �abRecalling that:

The probability is:
<latexit sha1_base64="71kBGoD1/amgHXqfaNsklQXK9D0="></latexit>

P (⌫↵ ! ⌫↵) =
���cos2 ✓e�i(m2

j
L
2E ) + sin2 ✓e�i(m2

k
L
2E )

���
2

<latexit sha1_base64="QFoWMEIpxd/ySPZqB6LXBI7iksQ="></latexit>

|z + w|2 = |z|2 + |w|2 + 2zw⇤Recalling that for z and w being two complex numbers:
<latexit sha1_base64="syORpkQrtH+q9BtVr5UIpJ85W0M="></latexit>

P (⌫↵ ! ⌫↵) = cos4 ✓ + sin4 ✓ + 2 cos2 sin2 ✓
���e�i L

2E (m2
k�m2

j )
���
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Let’s derive the να -> να probability.
<latexit sha1_base64="W1EQhQCQ38QReYKzjiDV8+fv00o="></latexit>

P (⌫↵ ! ⌫↵) = |h⌫↵ | ⌫↵(L)i|2

= |(cos ✓h⌫j |+ sin ✓h⌫k|)(cos ✓e�i(m2
j

L
2E )|⌫ji+ sin ✓e�i(m2

k
L
2E )|⌫ki)|2

<latexit sha1_base64="pUeQMkHnVNEd3rNyvc25n7zkEfQ="></latexit>

ha | bi = �abRecalling that:

The probability is:
<latexit sha1_base64="71kBGoD1/amgHXqfaNsklQXK9D0="></latexit>

P (⌫↵ ! ⌫↵) =
���cos2 ✓e�i(m2

j
L
2E ) + sin2 ✓e�i(m2

k
L
2E )

���
2

<latexit sha1_base64="QFoWMEIpxd/ySPZqB6LXBI7iksQ="></latexit>

|z + w|2 = |z|2 + |w|2 + 2zw⇤Recalling that for z and w being two complex numbers:
<latexit sha1_base64="syORpkQrtH+q9BtVr5UIpJ85W0M="></latexit>

P (⌫↵ ! ⌫↵) = cos4 ✓ + sin4 ✓ + 2 cos2 sin2 ✓
���e�i L

2E (m2
k�m2

j )
���θ 
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<latexit sha1_base64="syORpkQrtH+q9BtVr5UIpJ85W0M="></latexit>

P (⌫↵ ! ⌫↵) = cos4 ✓ + sin4 ✓ + 2 cos2 sin2 ✓
���e�i L

2E (m2
k�m2

j )
���

Let’s call Δmjk2 the mass squared difference: 
<latexit sha1_base64="x+/y4efVXPSVnP87nwEyZLJiCbg="></latexit>

�m2
jk = m2

k �m2
j

<latexit sha1_base64="+EBAx1LnP/TyWSMScsdvVuuQOjQ="></latexit>���e�i L
2E (m2

k�m2
j )
��� =

���e�i L
2E�m2

jk

��� = cos

✓
�m2

jk
L

2E

◆

Let’s recall the trigonometry equations: 
<latexit sha1_base64="KtF0LXgcl38iWGi2qofjPaIn94k="></latexit>

cos4 a+ sin4 a = 1� 2 cos2 a sin2 a

<latexit sha1_base64="eHRjrRFZ172QuwN2NJwSb1Wxe/M="></latexit>

cos2 a+ sin2 a = 1

(cos2 a+ sin2 a)2 = 1

cos4 a+ sin4 a+ 2 cos2 a sin2 a = 1

<latexit sha1_base64="cy/gdtYbb860PeFJ+uLExCSzgkg="></latexit>

P (⌫↵ ! ⌫↵) = 1� 2 cos2 ✓ sin2 ✓ + 2 cos2 ✓ sin2 ✓ cos(�m2
jk

L

2E
)

= 1� 2 cos2 ✓ sin2 ✓

✓
cos(�m2

jk
L

2E
)� 1

◆

We have: 

θ 
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<latexit sha1_base64="syORpkQrtH+q9BtVr5UIpJ85W0M="></latexit>

P (⌫↵ ! ⌫↵) = cos4 ✓ + sin4 ✓ + 2 cos2 sin2 ✓
���e�i L

2E (m2
k�m2

j )
���

Let’s call Δmjk2 the mass squared difference: 
<latexit sha1_base64="x+/y4efVXPSVnP87nwEyZLJiCbg="></latexit>

�m2
jk = m2

k �m2
j

<latexit sha1_base64="+EBAx1LnP/TyWSMScsdvVuuQOjQ="></latexit>���e�i L
2E (m2

k�m2
j )
��� =

���e�i L
2E�m2

jk

��� = cos

✓
�m2

jk
L

2E

◆

Let’s recall the trigonometry equations: 
<latexit sha1_base64="KtF0LXgcl38iWGi2qofjPaIn94k="></latexit>

cos4 a+ sin4 a = 1� 2 cos2 a sin2 a

<latexit sha1_base64="eHRjrRFZ172QuwN2NJwSb1Wxe/M="></latexit>

cos2 a+ sin2 a = 1

(cos2 a+ sin2 a)2 = 1

cos4 a+ sin4 a+ 2 cos2 a sin2 a = 1

<latexit sha1_base64="cy/gdtYbb860PeFJ+uLExCSzgkg="></latexit>

P (⌫↵ ! ⌫↵) = 1� 2 cos2 ✓ sin2 ✓ + 2 cos2 ✓ sin2 ✓ cos(�m2
jk

L

2E
)

= 1� 2 cos2 ✓ sin2 ✓

✓
cos(�m2

jk
L

2E
)� 1

◆

We have: 

θ 
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<latexit sha1_base64="syORpkQrtH+q9BtVr5UIpJ85W0M="></latexit>

P (⌫↵ ! ⌫↵) = cos4 ✓ + sin4 ✓ + 2 cos2 sin2 ✓
���e�i L

2E (m2
k�m2

j )
���

Let’s call Δmjk2 the mass squared difference: 
<latexit sha1_base64="x+/y4efVXPSVnP87nwEyZLJiCbg="></latexit>

�m2
jk = m2

k �m2
j

<latexit sha1_base64="+EBAx1LnP/TyWSMScsdvVuuQOjQ="></latexit>���e�i L
2E (m2

k�m2
j )
��� =

���e�i L
2E�m2

jk

��� = cos

✓
�m2

jk
L

2E

◆

Let’s recall the trigonometry equations: 
<latexit sha1_base64="KtF0LXgcl38iWGi2qofjPaIn94k="></latexit>

cos4 a+ sin4 a = 1� 2 cos2 a sin2 a

<latexit sha1_base64="eHRjrRFZ172QuwN2NJwSb1Wxe/M="></latexit>

cos2 a+ sin2 a = 1

(cos2 a+ sin2 a)2 = 1

cos4 a+ sin4 a+ 2 cos2 a sin2 a = 1

<latexit sha1_base64="cy/gdtYbb860PeFJ+uLExCSzgkg="></latexit>

P (⌫↵ ! ⌫↵) = 1� 2 cos2 ✓ sin2 ✓ + 2 cos2 ✓ sin2 ✓ cos(�m2
jk

L

2E
)

= 1� 2 cos2 ✓ sin2 ✓

✓
cos(�m2

jk
L

2E
)� 1

◆

We have: 

θ 
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<latexit sha1_base64="kjvOGELwWS+7EUlF3yy289E7/yg="></latexit>

P (⌫↵ ! ⌫↵) = 1� 2 cos2 ✓ sin2 ✓

✓
cos(�m2

jk
L

2E
)� 1

◆

Recalling that:  

Recalling that:  

<latexit sha1_base64="9v+zFTDDzkCsdb4W0iTlIgEMJkg="></latexit>

2 cos a sin a = sin 2a

2 cos2 a sin2 a =
sin 2a

2

<latexit sha1_base64="9v+zFTDDzkCsdb4W0iTlIgEMJkg="></latexit>

2 cos a sin a = sin 2a

2 cos2 a sin2 a =
sin 2a

2

<latexit sha1_base64="UX4SFBh0k+Jdf7EJs1eEr17FoYs="></latexit>

1� cos 2a

2
= sin2 a

1� cos a

2
= sin2

a

2

<latexit sha1_base64="UX4SFBh0k+Jdf7EJs1eEr17FoYs="></latexit>

1� cos 2a

2
= sin2 a

1� cos a

2
= sin2

a

2

<latexit sha1_base64="rJd5YoN5JfbAg/ylfO5QlVB6E4k="></latexit>

P (⌫↵ ! ⌫↵) = 1� sin2 2✓ sin2(�m2
jk

L

4E
)

<latexit sha1_base64="zZFugC6fPVJmuvJNMOrEJQKjsBI="></latexit>

P (⌫↵ ! ⌫↵) = 1� sin2 2✓

2

✓
cos(�m2

jk
L

2E
)� 1

◆

The probability can be further simplified with trigonometry:

We have:

We finally have:
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<latexit sha1_base64="kjvOGELwWS+7EUlF3yy289E7/yg="></latexit>

P (⌫↵ ! ⌫↵) = 1� 2 cos2 ✓ sin2 ✓

✓
cos(�m2

jk
L

2E
)� 1

◆

Recalling that:  

Recalling that:  

<latexit sha1_base64="9v+zFTDDzkCsdb4W0iTlIgEMJkg="></latexit>

2 cos a sin a = sin 2a

2 cos2 a sin2 a =
sin 2a

2

<latexit sha1_base64="9v+zFTDDzkCsdb4W0iTlIgEMJkg="></latexit>

2 cos a sin a = sin 2a

2 cos2 a sin2 a =
sin 2a

2

<latexit sha1_base64="UX4SFBh0k+Jdf7EJs1eEr17FoYs="></latexit>

1� cos 2a

2
= sin2 a

1� cos a

2
= sin2

a

2

<latexit sha1_base64="UX4SFBh0k+Jdf7EJs1eEr17FoYs="></latexit>

1� cos 2a

2
= sin2 a

1� cos a

2
= sin2

a

2

<latexit sha1_base64="rJd5YoN5JfbAg/ylfO5QlVB6E4k="></latexit>

P (⌫↵ ! ⌫↵) = 1� sin2 2✓ sin2(�m2
jk

L

4E
)

<latexit sha1_base64="zZFugC6fPVJmuvJNMOrEJQKjsBI="></latexit>

P (⌫↵ ! ⌫↵) = 1� sin2 2✓

2

✓
cos(�m2

jk
L

2E
)� 1

◆

The probability can be further simplified with trigonometry:

We have:

We finally have:
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<latexit sha1_base64="rJd5YoN5JfbAg/ylfO5QlVB6E4k="></latexit>

P (⌫↵ ! ⌫↵) = 1� sin2 2✓ sin2(�m2
jk

L

4E
)

This is the probability to detect a neutrino in the same flavor state as it was created:

The probability to detect a neutrino with a different flavor state is:

<latexit sha1_base64="EqPNXXSOqDrqmIteFbla48kjm28="></latexit>

P (⌫↵ ! ⌫�) = |h⌫↵ | ⌫�(L)i|2

=
���� cos ✓ sin ✓e�i(m2

j
L
2E ) + cos ✓ sin ✓e�i(m2

k
L
2E )

���
2

= cos2 ✓ sin2 ✓ + cos2 ✓ sin2 ✓ � 2 cos2 ✓ sin2 ✓ cos

✓
�m2

jk
L

2E

◆

=
sin2 2✓

2

✓
cos(�m2

jk
L

2E
)� 1

◆

= sin2 2✓ sin2(�m2
jk

L

4E
)
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<latexit sha1_base64="rJd5YoN5JfbAg/ylfO5QlVB6E4k="></latexit>

P (⌫↵ ! ⌫↵) = 1� sin2 2✓ sin2(�m2
jk

L

4E
)

This is the probability to detect a neutrino in the same flavor state as it was created:

The probability to detect a neutrino with a different flavor state is:

<latexit sha1_base64="EqPNXXSOqDrqmIteFbla48kjm28="></latexit>

P (⌫↵ ! ⌫�) = |h⌫↵ | ⌫�(L)i|2

=
���� cos ✓ sin ✓e�i(m2

j
L
2E ) + cos ✓ sin ✓e�i(m2

k
L
2E )

���
2

= cos2 ✓ sin2 ✓ + cos2 ✓ sin2 ✓ � 2 cos2 ✓ sin2 ✓ cos

✓
�m2

jk
L

2E

◆

=
sin2 2✓

2

✓
cos(�m2

jk
L

2E
)� 1

◆

= sin2 2✓ sin2(�m2
jk

L

4E
)
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<latexit sha1_base64="rJd5YoN5JfbAg/ylfO5QlVB6E4k="></latexit>

P (⌫↵ ! ⌫↵) = 1� sin2 2✓ sin2(�m2
jk

L

4E
)

This is the probability to detect a neutrino in the same flavor state as it was created:

The probability to detect a neutrino with a different flavor state is:

<latexit sha1_base64="EqPNXXSOqDrqmIteFbla48kjm28="></latexit>

P (⌫↵ ! ⌫�) = |h⌫↵ | ⌫�(L)i|2

=
���� cos ✓ sin ✓e�i(m2

j
L
2E ) + cos ✓ sin ✓e�i(m2

k
L
2E )

���
2

= cos2 ✓ sin2 ✓ + cos2 ✓ sin2 ✓ � 2 cos2 ✓ sin2 ✓ cos

✓
�m2

jk
L

2E

◆

=
sin2 2✓

2

✓
cos(�m2

jk
L

2E
)� 1

◆

= sin2 2✓ sin2(�m2
jk

L

4E
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<latexit sha1_base64="rJd5YoN5JfbAg/ylfO5QlVB6E4k="></latexit>

P (⌫↵ ! ⌫↵) = 1� sin2 2✓ sin2(�m2
jk

L

4E
)

This is the probability to detect a neutrino in the same flavor state as it was created:

The probability to detect a neutrino with a different flavor state is:

<latexit sha1_base64="EqPNXXSOqDrqmIteFbla48kjm28="></latexit>

P (⌫↵ ! ⌫�) = |h⌫↵ | ⌫�(L)i|2

=
���� cos ✓ sin ✓e�i(m2

j
L
2E ) + cos ✓ sin ✓e�i(m2

k
L
2E )

���
2

= cos2 ✓ sin2 ✓ + cos2 ✓ sin2 ✓ � 2 cos2 ✓ sin2 ✓ cos

✓
�m2

jk
L

2E

◆

=
sin2 2✓

2

✓
cos(�m2

jk
L

2E
)� 1

◆

= sin2 2✓ sin2(�m2
jk

L

4E
)



GRASPA’24 

 L. ZAMBELLI

  D
er

iv
at

io
n 

of
 O

sc
ill

at
io

ns Simplified case with only two flavor

50

This is the probability to detect a neutrino in the same flavor state as it was created:

The probability to detect a neutrino with a different flavor state is:

Or, using the fact that the mixing matrix is unitary and that we have only two neutrino flavor :

<latexit sha1_base64="6xBG2A2kqlL9kzkvNYgBbEktmfk="></latexit>

P (⌫↵ ! ⌫�) = 1� P (⌫↵ ! ⌫↵)

= sin2 2✓ sin2(�m2
jk

L

4E
)

<latexit sha1_base64="rJd5YoN5JfbAg/ylfO5QlVB6E4k="></latexit>

P (⌫↵ ! ⌫↵) = 1� sin2 2✓ sin2(�m2
jk

L

4E
)

(…)
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• L : source → detector distance

• E : neutrino energy 

<latexit sha1_base64="5F6AwVA6R4xM4S9Q0b2hvzy0Y6k="></latexit>

P (⌫↵ ! ⌫�) = sin2 2✓ sin2(�m2
jk

L

4E
)
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Explanation proposal:

Missing νe have 

oscillated into νµ and ντ 
and cannot be detected 
through CC interactions

Ethr(νµ) = 110 MeV 

Ethr(ντ) = 3.45 GeV
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SNO (1kton of heavy water) was designed to detect solar 
neutrinos through:

⚬ CC interactions νe + d → p + p + e- 
  νe only (νµ & ντ don’t have enough energy)


⚬ ES interactions νx + e-  → νx + e-   
 all flavors


⚬ NC interactions νx + d → p + n + νx 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φ SNO

NCφ

SSMφ

SNO

CCφ
SNO

ESφ SNO measured the ratio :


And showed that the total flux of solar neutrino is 
compatible with the solar standard model

�CC

�NC
= 0.34± 0.023(stat.)+0.029

�0.031(syst.)

Could only detect νe through CC SNO

SNO proved that neutrino change flavors
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Explanation proposal:

Produced νµ and νe 

oscillates, we should see 
the L/E dependance



GRASPA’24 

 L. ZAMBELLI

Th
e 

ne
ut

ri
no

 a
no

m
al

ie
s Proofs of neutrino oscillations - Atmospheric

56

~10 km
~10

4 km

EAR
THAT
M

OS
PH

ER
E

p

π±, K±

μ±

e±
νμνμνeDE

T

θ Super-Kamiokande measured the atmospheric 
νe and νµ energy as a function of cosθ ↔︎ L
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56

~10 km
~10

4 km

EAR
THAT
M

OS
PH

ER
E

p

π±, K±

μ±

e±
νμνμνeDE

T

θ Super-Kamiokande measured the atmospheric 
νe and νµ energy as a function of cosθ ↔︎ L

- - - Prediction

⧳    Data

— Fit

For νe :


As predicted for all directions 
and energy


For νµ :

Loss of upwards νµ (L ~ 104 km)

As expected for downwards νµ 
(L ~ 10 km)
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66 14. Neutrino mixing
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Figure 14.12: Results of the L/E analysis of SK1-SK4 atmospheric neutrino data.
The points show the ratio of the data to the Monte Carlo prediction without
oscillations, as a function of the reconstructed L/E. The error bars are statistical
only. The solid line shows the best fit with 2-flavour νµ ↔ ντ oscillations. The
dashed and dotted lines show the best fit expectations for neutrino decay and
neutrino decoherence hypotheses, respectively. (This figure is provided by the
Super-Kamiokande Collab.)

analysis, the best-fit value of sin2 θ23 < 0.5 (θ23 < π/4) is obtained for inverted ordering.

T2K [249] has estimated these parameters in two methods. In an analysis of νµ

disappearance alone [249], the 1D 68% CL intervals obtained are sin2 θ23 = 0.514+0.055
−0.056

and ∆m2
32 = (2.51±0.10)×10−3 eV2 for normal mass ordering and sin2 θ23 = 0.511±0.055

and ∆m2
13 = (2.48 ± 0.10) × 10−3 eV2 for inverted mass ordering. These results are

derived by fitting the reconstructed neutrino energy spectrum of 120 1-ring µ-like events.
In an analysis of combined measurements of νµ disappearance and νµ → νe appearance
with inclusion of reactor data, normal mass ordering is weakly favored, and 1D 68% CL
intervals obtained are sin2 θ23 = 0.528+0.055

−0.038 and ∆m2
32 = (2.51 ± 0.11) × 10−3 eV2. The

T2K results for sin2 θ23 are consistent with maximal mixing, θ23 = π/4.

14.11.3. ν̄µ disappearance :

The CPT symmetry requires neutrinos and antineutrinos to have the same masses and
mixing parameters. In vacuum, this means the same survival probabilities for a neutrino
and an antineutrino which have the same energy and which traveled the same distance.
In matter, νµ and ν̄µ survival probabilities are different, but with the experimental
conditions of MINOS and T2K, the differences are small.

October 6, 2016 11:02

Super-Kamiokande measured the atmospheric 
νe and νµ energy as a function of cosθ ↔︎ L

—  Oscillation fit

⧳    Data (νµ)

- - - ν decay prediction

• • • ν decoherence

Super-Kamiokande proved that νµ disappear as a function of L/E (possibly into ντ )
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Kamland experiment in Japan measured the νe̅ 
flux from 53 nuclear reactors (Lmean ~ 180 km)

Reactor νe̅ spectrum 
up to ~10 MeV

-> Cannot measure 
appearance of new 
flavors
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Kamland experiment in Japan measured the νe̅ 
flux from 53 nuclear reactors (Lmean ~ 180 km)

Reactor νe̅ spectrum 
up to ~10 MeV

-> Cannot measure 
appearance of new 
flavors
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- First results - 

○ Rejection of the ν-decay and ν-decoherence hypotheses

○ ν-oscillation preferred 
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Kamland experiment in Japan measured the νe̅ 
flux from 53 nuclear reactors (Lmean ~ 180 km)

Reactor νe̅ spectrum 
up to ~10 MeV

-> Cannot measure 
appearance of new 
flavors
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- Final results - 

○ Very clear L/E pattern

○ Can see the disappearance dip, and re-appearance of νe̅ !

KAMLAND proved that ν̅e oscillates !
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sij = sin ✓ij

cij = cos ✓ij

<latexit sha1_base64="Shdi75q7QGn2Nn5frzbcyqvV2AU="></latexit>✓
⌫↵
⌫�

◆
=

✓
cos ✓ sin ✓
� sin ✓ cos ✓

◆✓
⌫j
⌫k

◆
With only two flavors, the mixing matrix was a simple rotation matrix:

Let’s now consider 3 neutrino flavors. In that case, the unitary mixing matrix U is written as :
<latexit sha1_base64="6vAyuIe2maA3JxvGUvZsjM/kdUk="></latexit>

U =

0

@
c12c13 s12c13 s13e�i�

�s12c23 � c12s13s23ei� c12c23 � s12s13s23ei� c13s23
s12s23 � c12s13c23ei� �c12s23 � s12s13c23ei� c13c23

1

A

We now have 3 rotation angles and one complex phase

This is the neutrino 3×3 unitary mixing matrix, the PMNS matrix

 for Pontecorvo, Maki, Nakagawa, Sakata
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0

@
⌫e
⌫µ
⌫⌧

1

A =

0

@
1 0 0
0 c23 s23
0 �s23 c23

1

A

0

@
c13 0 s13e�i�

0 1 0
�s13ei� 0 c13

1

A

0

@
c12 s12 0
�s12 c12 0
0 0 1

1

A

0

@
⌫1
⌫2
⌫3

1

A sij = sin ✓ij

cij = cos ✓ij

�m2
ij = m2

i �m2
j

There is a more convenient way to write the PMNS matrix as a product of 3 rotation matrices:

<latexit sha1_base64="WhgpmGsxzkV0ydKM8YHT+e+L5Ec="></latexit>

�m2
21, �m2

31, �m2
32

<latexit sha1_base64="1S3UhsmpA4Pz/kMiMsraiPvG5tk="></latexit>

�m2
12 +�m2

23 +�m2
31 = 0

Three neutrinos ->  3 mass splittings : 

But only two are relevant, since :
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0

@
⌫e
⌫µ
⌫⌧

1

A =

0

@
1 0 0
0 c23 s23
0 �s23 c23

1

A

0

@
c13 0 s13e�i�

0 1 0
�s13ei� 0 c13

1

A

0

@
c12 s12 0
�s12 c12 0
0 0 1

1

A

0

@
⌫1
⌫2
⌫3

1

A sij = sin ✓ij

cij = cos ✓ij

�m2
ij = m2

i �m2
j

There is a more convenient way to write the PMNS matrix as a product of 3 rotation matrices:

<latexit sha1_base64="WhgpmGsxzkV0ydKM8YHT+e+L5Ec="></latexit>

�m2
21, �m2

31, �m2
32

<latexit sha1_base64="1S3UhsmpA4Pz/kMiMsraiPvG5tk="></latexit>

�m2
12 +�m2

23 +�m2
31 = 0

Three neutrinos ->  3 mass splittings : 

But only two are relevant, since :

The three mixing angles can be probed with different sources of neutrinos

SolarReactor/AcceleratorAtmospheric
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0
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⌫µ
⌫⌧

1

A =

0

@
1 0 0
0 c23 s23
0 �s23 c23

1

A

0

@
c13 0 s13e�i�

0 1 0
�s13ei� 0 c13

1

A

0

@
c12 s12 0
�s12 c12 0
0 0 1

1

A

0

@
⌫1
⌫2
⌫3

1

A sij = sin ✓ij

cij = cos ✓ij

�m2
ij = m2

i �m2
j

SolarReactor/AcceleratorAtmospheric

In the 3 ν-flavor case, the oscillation phenomena is described by: 


⚬ 3 mixing angles: θ12, θ23 and θ13

⚬ 2 mass splittings: Δm221 = Δm2sol and Δm231 = Δm2atm

⚬ 1 CP violation phase δ

There is a more convenient way to write the PMNS matrix as a product of 3 rotation matrices:

<latexit sha1_base64="WhgpmGsxzkV0ydKM8YHT+e+L5Ec="></latexit>

�m2
21, �m2

31, �m2
32

<latexit sha1_base64="1S3UhsmpA4Pz/kMiMsraiPvG5tk="></latexit>

�m2
12 +�m2

23 +�m2
31 = 0

Three neutrinos ->  3 mass splittings : 

But only two are relevant, since :
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A neutrino of flavor α, is written as the sum of the three mass eigenstates
<latexit sha1_base64="3F+hc8n6zOjik7WG2qKnHioLOj8="></latexit>

U =

0

@
Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

U⌧1 U⌧2 U⌧3

1

A

<latexit sha1_base64="oH3e59YPi3mNLfB+VZaLOz15IWA="></latexit>

|⌫↵i =
3X

i=1

U↵i|⌫ii

With the same approximations as in the 2 neutrino case, we can write the time evolution 
of the mass eigenstates as:

<latexit sha1_base64="ObPfY9NJXY9pVxqqMg1uOmfk7dA="></latexit>

|⌫i(L)i = e(�im2
i

L
2E )|⌫ii

For the flavor eigenstates:
<latexit sha1_base64="4/pOhPJ+fVCNePl5Qz5ZAkg/n9E="></latexit>

|⌫↵(L)i =
3X

i=1

U↵i|⌫i(L)i =
3X

i=1

U↵ie
(�im2

i
L
2E )|⌫ii
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The probability to detect a neutrino of flavor β at t=L while a neutrino of flavor α was 
created at t=0 is then:

<latexit sha1_base64="MxppFIQ9MrjWoBMxnqr1Eag4+3w="></latexit>

�j = m2
j
L

2E
Where: 

<latexit sha1_base64="4kCRASYyej3Zdr0UZTAW7/D8jFI="></latexit>

|z + w + v|2 = |z|2 + |w|2 + |v|2 + 2Re(zw⇤ + zv⇤ + wv⇤)

To develop the expression, we will use the relationship (z, w and v are complex numbers):

<latexit sha1_base64="9bPgW2unU+Z305saRVYmEq6DUQg="></latexit>

P (⌫↵ ! ⌫�) = |h⌫� | ⌫↵(L)i|2

=

������

3X

j=1

U⇤
↵jU�je

(�im2
j

L
2E )

������

2

=
��U↵1U

⇤
�1e

�i�1 + U↵2U
⇤
�2e

�i�2 + U↵3U
⇤
�3e

�i�3
��2
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Without entering too much into details, we obtain:
<latexit sha1_base64="CIV50Rw4yrefhUo/29HgfiT71ac="></latexit>

P (⌫↵ ! ⌫�) = |h⌫� | ⌫↵(L)i|2

=

������

3X

j=1

U⇤
↵jU�je

(�im2
j

L
2E )

������

2

= �↵� � 4
3X

j<k

Re(U↵jU
⇤
�jU

⇤
↵kU�k) sin

2

✓
�m2

jk
L

4E

◆

± 2
3X

j<k

Im(U↵jU
⇤
�jU

⇤
↵kU�k) sin

2

✓
�m2

jk
L

4E

◆

No questions 
allowed

‘+’ for neutrinos, ‘-‘ for anti-neutrinos
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<latexit sha1_base64="3ubG63bbf4+nDLBXWJ//I0VpU2k="></latexit>
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The oscillation probability is written as : 

As we have 2 mass splittings, we have 2 oscillation frequencies interfering :

Δm221 = Δm2sol 


Δm231 = Δm2atm

Δm2sol << Δm2atm
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Up to here, we considered that the neutrino propagates in vacuum, let’s now consider the case of 
propagation in matter.

If we recall the 2 flavor case, the time evolution of the mass eigenstates can be written in the 
matrix format as:

<latexit sha1_base64="Z3hm3/uDVJd85aFboAjeT9+Mfj0="></latexit>
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Applying the 2×2 mixing matrix, we can write the flavor eigenstate evolution as:
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Up to here, we considered that the neutrino propagates in vacuum, let’s now consider the case of 
propagation in matter.

If we recall the 2 flavor case, the time evolution of the mass eigenstates can be written in the 
matrix format as:
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Applying the 2×2 mixing matrix, we can write the flavor eigenstate evolution as:
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Up to here, we considered that the neutrino propagates in vacuum, let’s now consider the case of 
propagation in matter.

If we recall the 2 flavor case, the time evolution of the mass eigenstates can be written in the 
matrix format as:
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Applying the 2×2 mixing matrix, we can write the flavor eigenstate evolution as:
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In vacuum, the transformed hamiltonian can be written as:
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When in matter, the neutrinos can interact through CC or NC : 
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In vacuum, the transformed hamiltonian can be written as:
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When in matter, the neutrinos can interact through CC or NC : 
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This implies that in matter, the Hamiltonian have an extra potential V for the νe-νe interactions
<latexit sha1_base64="YRRYc3CI5fdPnf3QcSHBaX8fHIo="></latexit>

V = ±
p
2GFNe

• GF is the Fermi constant

• Ne is the number of electrons per unit of volume

• ‘+’ for neutrinos, ‘-‘ for anti-neutrinos

Some simplifications to be done:

• H0 is a constant

• Subtract V/2×I
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This implies that in matter, the Hamiltonian have an extra potential V for the νe-νe interactions
<latexit sha1_base64="YRRYc3CI5fdPnf3QcSHBaX8fHIo="></latexit>
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• Ne is the number of electrons per unit of volume
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• H0 is a constant

• Subtract V/2×I
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The Hamiltonian we obtain has the same form as in vacuum, except that we now have effective 
masses and mixing angles
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This implies that in matter, the 
oscillation probabilities will be 

modified

With 3 neutrino families, the derivation is more 
complex but the implications are the same: 
propagation in matter will modify the oscillation 
probabilities
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The Hamiltonian we obtain has the same form as in vacuum, except that we now have effective 
masses and mixing angles
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With 3 neutrino families, the derivation is more 
complex but the implications are the same: 
propagation in matter will modify the oscillation 
probabilities
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Even earth crust has an impact on neutrino oscillation (denser matter -> stronger effect)

The earth density is not constant -> stronger modification of the neutrino oscillation 
probability when crossing the earth core
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Current values of the oscillation parameters:

○ Oscillations in vacuum are not 
sensitive to the sign of Δm2

○ Matter effects helps to determine 
Δm2 sign:

‣ m2 > m1 from solar νe


‣   Not yet resolved for m3

νe survival in vacuum νe survival in matter Solar νe flux measurement
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?
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Atmospheric
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?
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solar

⇠7.5⇥10�5eV2

m2
1

m2
2

m2
3

0

m2
3

m2
1

m2
2

0

: ⌫e : ⌫µ : ⌫⌧

Normal

Ordering

Inverted

Ordering
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Three unknowns of neutrino oscillations :


• Mass Hierarchy : Normal or inverted ?


• θ23 octant : θ23 < 45° or θ23 > 45° ?


• δCP : Do ν behaves as ν ̅?
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ν source Detector

Requirements : 

- Powerful source

- Initial location known

- Initial flavor content known

- Initial energy spectrum known

Requirements : 

- At L/E for oscillation

- Able to distinguish e/µ/τ

- Energy reconstruction

- Big and/or dense
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Continuous powerful emission of νe̅ 
through the fission of 235U, 239Pu and 239Pu.

Energy spectrum from 2 to 8 MeV

○ Cannot tag new flavor appearance (νµ̅ or ντ̅)

○ Only the disappearance measurement is possible


L ~ 1 km to be at atmospheric oscillation

○ Considered to be in vacuum, the 2 flavor approximation 
is valid. No sensitivity to δCP or MH


L ~ 50 km to be at solar oscillation

○ Study of the interference between the 2 oscillations gives 
sensitivity to MH [JUNO experiment]
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Beam
Target

Horn(s) Decay pipe Dump

h+

h�

⌫

`+

Near Detector Far Detector

⇠ ⇠ ⇠ ⇠

O(1m) O(10m) O(100m) O(5m) at
L
E << 1

�m2 at
L
E =

1
�m2

Principle : 


• Accelerated proton collides into a target, produces mostly π±.


• Pions main decay channel (99%) :                       


• Focussing horns to select π+ (νµ flux) or π- (νµ̅ flux)


• A near detector to measure the flux before oscillations


• A far detector at the L/E to observe oscillations 

- ν beamline parameters tuned for optimal E

<latexit sha1_base64="+omCJeVXaihdtqv5QrrNAlIRBv8="></latexit>
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Three Channels possible (same for νµ̅):


○ νµ→νµ : 

- No CP violation :  

- Negligible matter effects 

○ νµ→νe : The Golden Channel 
- Very sensitive to CP  
- Very sensitive to MH with matter 
- Very sensitive to θ23 octant 

○ νµ→ντ : 
- Similar discovery potential as νe appearance but: 
   mτ = 1.7 GeV, cττ = 87 µm and τ± have hundreds of complicated decay channels

<latexit sha1_base64="XvlXx78BwOBwoQQn5rKMNHNuaHM="></latexit>

P (⌫µ ! ⌫µ) ⌘ P (⌫̄µ ! ⌫̄µ)
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Three Channels possible (same for νµ̅):


○ νµ→νµ : 

- No CP violation :  

- Negligible matter effects 

○ νµ→νe : The Golden Channel 
- Very sensitive to CP  
- Very sensitive to MH with matter 
- Very sensitive to θ23 octant 

○ νµ→ντ : 
- Similar discovery potential as νe appearance but: 
   mτ = 1.7 GeV, cττ = 87 µm and τ± have hundreds of complicated decay channels
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Three Channels possible (same for νµ̅):


○ νµ→νµ : 

- No CP violation :  

- Negligible matter effects 

○ νµ→νe : The Golden Channel 
- Very sensitive to CP  
- Very sensitive to MH with matter 
- Very sensitive to θ23 octant 

○ νµ→ντ : 
- Similar discovery potential as νe appearance but: 
   mτ = 1.7 GeV, cττ = 87 µm and τ± have hundreds of complicated decay channels
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Tokai

Kamioka Since 2010, L = 295 km, E = 0.6 GeV

Equal ν and ν ̅runs

Near detector is a gaseous TPC

Far detector is Super-Kamiokande

MN

WI

IL

MI

Fermilab

Ash River

Since 2013, L = 810 km, E =  2 GeV

Equal ν and ν ̅runs

Near and Far detectors are plastic 
scintillators

44q (ADC)10 102 310

q (ADC)10 102 3
10

q (ADC)10 102 310

νμ

e
νe
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μ
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• The	NOvA	detectors	are:
– Large,	14	kTon at	the	Far	Detector
– Consist	of	plastic	cells	filled	with	liquid	scintillator
– Arranged	in	alternating	directions	for	3D	reconstruction

• The	far	detector	is	on	the	surface	while	the	near	detector	is	300	ft underground.
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T2K in Japan NOνA in the US

St
ud

y 
ne

ut
ri

no
 o

sc
ill

at
io

ns Current ν accelerator experiments



GRASPA’24 

 L. ZAMBELLI

94

T2K in Japan NOνA in the US
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○Prefers Normal Hierarchy at 1.0σ

○Exclude δCP = π/2 + IH at >3σ

○Exclude δCP = 3π/2 + NH at 2σ

○Slight preference for Normal Hierarchy

○δCP = (0, π) excluded at 95% C.L. for both MH

○Large range around δCP = +π/2 excluded at 3σ
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T2HK in Japan DUNE in the US
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• L=300 km, E ~ 0.6 GeV


• 260 kt water Cherenkov detector


• Proven and scalable technology 


• Excellent e-µ ring separation 


• Little R&D foreseen


• Only low energy beam possible (< 1 GeV)

• L=1300 km, E ~ 1-3 GeV


• 40 kt liquid argon TPC detector


• 3D imaging with high granularity for precise 
tracking


• Low energy threshold (~10s MeV)


• Important R&D efforts ongoing :


Scalability, Engineering

Both planning of starting data taking in ~2027
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T2HK in Japan DUNE in the US
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Inside DUNE prototype (6×6×6 m3) at CERN

-> Future : 4 modules of 60×12×12 m3 each

Notre-Dame will fit inside Hyper-Kamiokande !
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In the ideal case of δCP = -π/2

○ DUNE will resolve the MH at 5σ in ~1.5y 
 [3y to exclude the wrong MH for any δCP value]

○ T2HK itself do not have a lot of sensitivity 
 [can reach 5σ in 10y with beam + atmospheric ν]

T2HK in Japan DUNE in the US

DUNE default operation : 

40 kton of LAr staged

Beam power at 1.2 ~ 2.4 MW
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T2HK in Japan DUNE in the US

Normal hierarchy

10 y at 1.3MW

2018 T2K systematics

HK preliminary
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In 10 years of operation, if the MH is known:

○ DUNE can exclude δCP = (0, π) for 50% of δCP values

○ T2HK can reach 5σ for 60% of δCP values
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Neutrinos oscillates : 


○ νe, νµ, ντ ≠ ν1, ν2, ν3 


○ Two oscillation frequencies:  

         fast (solar) and slow (atmospheric)


○ Neutrinos mix a lot more than quarks


○ In the next decade(s), all parameters measured: 

  - matter/anti-matter asymmetry in the leptonic sector 

  - neutrino mass ordering


○ Neutrinos are massive - and it raises many other questions !

‣ What mass ? 

‣ Mass mechanism ?

‣ Could there be other neutrinos ?
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Neutrino absolute mass ?  KATRIN experiment in Germany 

Look at the end-point of the β spectrum

↳ rare cases were the e- takes most of the available energy

Current limit : 

mνe̅ ≤ 0.45 eV at 90% CL

mν = 1.0 eV

mν = 0.3 eV

mν = 0.0 eV

Last eV has only 2×10-13 
fraction of events

Installation of KATRIN experiment
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How neutrinos get massive ? ββ0ν experiments (SuperNEMO, CUORE, SNO+)
⚬  The Dirac way

Through Higgs coupling

Need a sterile right handed ν 

⚬ The Majorana way


No distinction between ν and ν
̅
Mass given by seesaw mechanism

Need massive neutrinosLD

mass = �mD(⌫̄R⌫L + ⌫̄L⌫R)

mD =
vp
2
Yv← ~ 10-12 (why?)

⌫R = C⌫̄TL = ⌫CL

m =
m2

D

mR

← Dirac term

← Very big

→ Only one way to prove that neutrino are Majorana particles :

Double β decay with no neutrino emission

⚬ ββ2ν is very rare (half life ~1018 - 1024 y)


⚬ ββ0ν is forbidden in SM 

↳lepton number violated by 2 units
Very clean 

experimental 
signature
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Only 3 Neutrinos ? STEREO, SOLID, PROSPECT,…

Δm2 ~ 2 eV2

sin2(2θ) ~ 0.15

Losc ~ few m

Best fit parameters of reactor anomaly:

- Sterile because this neutrino cannot interact with weak force: 
it would be invisible

-  But all 4 neutrinos could oscillate within each others

→ New mass splitting and new mixing angle 

A revised reactor νe̅ flux analysis showed 
that all past ν experiments had a ~6% 
deficit at small distances (3σ)


-> Problem with reactor flux ?

-> Existence of a sterile neutrinos ?

Latest results from STEREO
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Neutrino Astronomy: ICECUBE, KM3NET

⚬ Unlike protons & gammas,  neutrinos points to their 
sources


⚬ Can probe the inside of the structure


⚬ No GZK threshold : can probe far away objects

On February 23rd 1987, a supernova exploded in the large magellan cloud (170 000 l.y.)

9 @ Kamiokande
⚬ 99% of the SN energy is released as 
neutrinos


⚬ 1st case of  neutrino astronomy and 
multi-messenger


⚬ all ν experiments waiting for next 
nearby SN explosion

BEFORE AFTER

SN1987A
3h before the light signal, three neutrino detectors observed a 
large number of events in a very short time (24 events in 13s)
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Neutrino Astronomy: ICECUBE, KM3NET

⚬ Unlike protons & gammas,  neutrinos points to their 
sources


⚬ Can probe the inside of the structure


⚬ No GZK threshold : can probe far away objects

On September 22nd 2017 : Simultaneous light & neutrino 
detection from the TXS 0506+056 blazar (3σ, Eν = 290 TeV)

(blazar = Active Galactic Nucleus with one jet pointing to earth)

VERITAS

ICECUBE⚬ 1st case of planned multi-messenger astronomy


⚬ Confirmed that blazar emits neutrinos



