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-decayβ
In 1914,  Lise Meitner, Otto Hahn, and James Chadwick showed that the energy distribution of the electrons in 
the beta decays follows a continuous spectrum

A
ZX →A

Z+1 X + e−

Is the energy conserved?

Ivan Martinez-Soler (IPPP)
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Neutrinos

Pauli, in a letter addressed to the “Dear Radioactive Ladies and 
Gentlemen”, resolved the issue of energy conservation by 
proposing that the electron is accompanied by a light-neutral 
particle that carries away part of the energy

A
ZX →A

Z+1 X + e− + νe

Ivan Martinez-Soler (IPPP)
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• Mass comparable to the electron

• The spin should be 1/2

• Weakly interacting

Pauli suggested that the new particles should have:

Pauli’s knew that it was hard to detect:

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

Neutrinos

Ivan Martinez-Soler (IPPP)
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Project Poltergeist

Neutrinos were detected for the first time by Reines and Cowan in 1953

The first idea was to use a nuclear bomb!

They finally used the nuclear reactor at the Savannah River Plant

ν̄e + p → n + e+

Frank Reines, Nobel lecture

Ivan Martinez-Soler (IPPP)
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Homestake Experiment
Following the discovery of neutrinos, several experiments were developed to detect neutrinos from various sources

In the 1970, Ray Davis and John Bahcall 
measured neutrinos emitted by the Sun 

using a chlorine-based detector

νe +37 Cl →37 Ar+ + e−

Only about a third of the expected neutrinos were detected, leading to what became known as the solar neutrino 
problem

Ivan Martinez-Soler (IPPP)
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SN 1987A

In 1987, three experiments, Kamiokande II, IMB, and Baksan, detected neutrinos from a Type II supernova 
in the Large Magellanic Cloud, marking the beginning of neutrino astronomy
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ν̄e + p → n + e+

These experiments used IBD to detect 
neutrinos, registering around 25 events

• Distance ~ 50kpc

• Progenitor mass of ∼ 20M⊙

Ivan Martinez-Soler (IPPP)



Neutrinos in the Standard Model
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 in the Standard Modelν
The SM is a gauge theory based on the symmetry group SU(3)C × SU(2)L × U(1)Y

There are 3 generations of fermions

The SM contains accidental global symmetriess

• Each individual lepton number is conserved


• The total lepton number is conserved 

( ) 


• The baryon number is also conserved

L = Le + Lμ + Lτ

Ivan Martinez-Soler (IPPP)



 in the Standard Modelν
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All fermions can be arranged into irreducible representations of the SM gauge group (qSU(3), qSU(2), qU(1))
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• Neutrinos are singlets of the strong force


• The electric charge is given by the hypercharge 
( ) and the isospin ( )
qU(1) I3

Qem = I3 + qU(1)

• Neutrinos do not have electric charge

Ivan Martinez-Soler (IPPP) 11



 in the Standard Modelν
All fermions have a well-defined chirality. They are left (right)-handed fields, if the eigenvalue of  is +1 (-1)γ5

PR/L =
1 ± γ5

2
 ψR/L = PR/Lψ

A spinor can be splitted into its left/right-handed 
components using the projection matrices

They are two-component spinors (Weyl fermions)
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(νμ
μ )

L
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 in the Standard Modelν
The Hamiltonian for a massive fermion is given H = ψ(−i∑

j

γ j∂j + m)ψ

The equations of motions are given by (γμpμ ± m)u = 0

Ivan Martinez-Soler (IPPP) 13



 in the Standard Modelν
The Hamiltonian for a massive fermion is given H = ψ(−i∑

j

γ j∂j + m)ψ

The equations of motions are given by (γμpμ ± m)u = 0

• The Hamiltonian does not commute with chirality [H, γ5] ≠ 0

• The momentum does not commute with the total angular momentum ( )⃗J = ⃗s + ⃗L

[ ⃗p , ⃗J ] ≠ 0

The total angular momentum neither the chirality can be used to charactirize a massive particle together 
with its energy and momentum

Ivan Martinez-Soler (IPPP) 14



 in the Standard Modelν
The helicity is defined as the projection of the spin into the direction of motion h = ⃗s ⋅ ̂p

[H, ⃗s ⋅ ̂p] = 0 [ ⃗p , ⃗s ⋅ ̂p] = 0

Ivan Martinez-Soler (IPPP) 15



 in the Standard Modelν

In the case of massive particles, helicity depends on the reference frame

⃗s ⋅ ̂p |m, s > = 1/2 |m, s > right-handed

⃗s ⋅ ̂p |m, s > = − 1/2 |m, s > left-handed

For massless fermions the chiral projectors are equivalent to the helicity projectors 

PR/L =
1 ± γ5

2
=

1
2

(1 ± ⃗s ⋅ ̂p) + o(m/E)

The helicity is defined as the projection of the spin into the direction of motion h = ⃗s ⋅ ̂p

Ivan Martinez-Soler (IPPP) 16



• Neutrino helicity was inferred from photon helicity 
measurements in nuclear decays involving electron 
capture.


• It was found that neutrinos are left-handed.

 in the Standard Modelν

Ivan Martinez-Soler (IPPP) 17
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Charge Current

 in the Standard Modelν
In the SM, neutrinos interact via the weak force

The three active neutrinos interact with the charged lepton through charged 
currents

ℒCC = −
g

2 ∑
α

ναγμPLlαW+
μ

Ivan Martinez-Soler (IPPP)
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Charge Current

 in the Standard Modelν
In the SM, neutrinos interact via the weak force

The three active neutrinos interact with the charged lepton through charged 
currents

Neutral CurrentNeutrinos also carry neutral current interactions

ℒNC =
g

2 cos θw ∑
α

ναγμPLναZ+
μ

ℒCC = −
g

2 ∑
α

ναγμPLlαW+
μ

Ivan Martinez-Soler (IPPP)



 in the Standard Modelν
The number of active neutrinos was measured by studying the decay width of the Z-boson into invisible particles

The total decay width of the Z-boson 

The number of neutrinos is given by

Nν =
Γinv

Γν
=

ΓZ − 3Γll − Γhad

Γν

ΓZ = Γee + Γμμ + Γττ + Γhad + NνΓνν

Ivan Martinez-Soler (IPPP) 20



 in the Standard Modelν
The number of active neutrinos was measured by studying the decay width of the Z-boson into invisible particles

Nν = 2.984 ± 0.0082

The measurements showed

The total decay width of the Z-boson 

The number of neutrinos is given by

Nν =
Γinv

Γν
=

ΓZ − 3Γll − Γhad

Γν

ΓZ = Γee + Γμμ + Γττ + Γhad + NνΓνν

S. Mele (CERN)

Ivan Martinez-Soler (IPPP) 21
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 in the Standard Modelν
The mass term for fermions arises from the coupling between the left-handed and right-handed fields

ℒm = mf ψ̄LψR

Ivan Martinez-Soler (IPPP) 22



 in the Standard Modelν

In the SM, the mass term originates from the spontaneous symmetry-breaking (SSB)

ℒY = YijLiLERjϕ + h.c. ϕ = (ϕ+

ϕ0)

The mass term for fermions arises from the coupling between the left-handed and right-handed fields

ℒm = mf ψ̄LψR

Ivan Martinez-Soler (IPPP) 23



 in the Standard Modelν

In the SM, the mass term originates from the spontaneous symmetry-breaking (SSB)

ℒY = YijLiLERjϕ + h.c. ϕ = (ϕ+

ϕ0)
After the SSB

ϕ =
0

v + h

2

ℒm =
Yv

2
ELER + h.c. Neutrinos are massless in the SM!!!

The mass term for fermions arises from the coupling between the left-handed and right-handed fields

ℒm = mf ψ̄LψR

Ivan Martinez-Soler (IPPP) 24



BSM in the  Sectorν

25

Experiments have shown that lepton flavor is not conserved, 
which indicates the existence of BSM physics in the neutrino sector

Takaaki Kajita (Super-kamiokande) Neutrino 98Arthur MacDonald. Nobel lecture

Ivan Martinez-Soler (IPPP)



BSM in the  Sectorν

26

Experiments have shown that lepton flavor is not conserved, 
which indicates the existence of BSM physics in the neutrino sector

Takaaki Kajita (Super-kamiokande) Neutrino 98

The flavor oscillates 
as a function of L/E

 (km/MeV)
eν

/E0L
20 30 40 50 60 70 80 90 100

Su
rv

iv
al

 P
ro

ba
bi

lit
y

0

0.2

0.4

0.6

0.8

1

eνData - BG - Geo  best-fit oscillationν3-

A. Gando et al. (KamLAND) PRD 88 (2013)

Ivan Martinez-Soler (IPPP)

https://arxiv.org/abs/1303.4667


To explain why flavor oscillations depend on L/E, we need to consider that neutrinos are massive particles

 are Massive Particlesν

Ivan Martinez-Soler (IPPP) 27



Dirac particles:


• The SM is extended by adding right-handed neutrinos ( )νR

ℒmass ⊃ νmDν = νLνRmD + h.c.

To explain why flavor oscillations depend on L/E, we need to consider that neutrinos are massive particles

 are Massive Particlesν

Ivan Martinez-Soler (IPPP) 28



Dirac particles:


• The SM is extended by adding right-handed neutrinos ( )νR

ℒmass ⊃ νmDν = νLνRmD + h.c.

• In general  is a matrix, and to determine the neutrino masses, we need to diagonalize it.
mD

To explain why flavor oscillations depend on L/E, we need to consider that neutrinos are massive particles

 are Massive Particlesν

VνLmDV†
νR = diag(mi)

Ivan Martinez-Soler (IPPP) 29



Dirac particles:


• The SM is extended by adding right-handed neutrinos ( )νR

ℒmass ⊃ νmDν = νLνRmD + h.c.

• In general  is a matrix, and to determine the neutrino masses, we need to diagonalize it.


• The relation between the interaction (“flavor”) basis and the mass basis is given by a unitary transformation


mD

νmass = V†
νLνL + V†

νRνR

To explain why flavor oscillations depend on L/E, we need to consider that neutrinos are massive particles

 are Massive Particlesν

VνLmDV†
νR = diag(mi)

Ivan Martinez-Soler (IPPP) 30



Dirac particles:


• The SM is extended by adding right-handed neutrinos ( )νR

ℒmass ⊃ νmDν = νLνRmD + h.c.

• In general  is a matrix, and to determine the neutrino masses, we need to diagonalize it.


• The relation between the interaction (“flavor”) basis and the mass basis is given by a unitary transformation


• Neutrinos differ from anti-neutrinos. To describe neutrinos fully, we require four chiral fields . 


mD

νL, νR, νL, νR

νmass = V†
νLνL + V†

νRνR

To explain why flavor oscillations depend on L/E, we need to consider that neutrinos are massive particles

 are Massive Particlesν

VνLmDV†
νR = diag(mi)

Ivan Martinez-Soler (IPPP) 31



Dirac particles:


• The SM is extended by adding right-handed neutrinos ( )νR

ℒmass ⊃ νmDν = νLνRmD + h.c.

• Under a U(1) transformation, the fields transform as follow 

ν → eiαν ν → e−iαν

The total lepton number is conserved in the presence of a Dirac mass term for the neutrinos 

To explain why flavor oscillations depend on L/E, we need to consider that neutrinos are massive particles

 are Massive Particlesν

Ivan Martinez-Soler (IPPP) 32



Neutrinos are charless fermions; they can be their own antiparticle ( ). Neutrinos can be Majorana fermionsν = νC

 are Massive Particlesν

Ivan Martinez-Soler (IPPP) 33



•  is a right-handed field


• We can build a mass term for the neutrinos using only left-handed fields

νC = CνL

 are Massive Particlesν
Neutrinos are charless fermions; they can be their own antiparticle ( ). Neutrinos can be Majorana fermionsν = νC

ℒmass ⊃
1
2

νCmMν =
1
2

νLC†νLmM + h.c.

Ivan Martinez-Soler (IPPP) 34



•  is a right-handed field


• We can build a mass term for the neutrinos using only left-handed fields.

νC = CνL

ℒmass ⊃
1
2

νCmMν =
1
2

νLC†νLmM + h.c.

• For multiple , the mass eigenstates can be found by diagonalizing  as 
νL mM VT
ν mDVν = diag(mi)

νmass = V†
ν νL + (V†

ν νL)c

 are Massive Particlesν
Neutrinos are charless fermions; they can be their own antiparticle ( ). Neutrinos can be Majorana fermionsν = νC

VT
ν mDVν = diag(mi)

Ivan Martinez-Soler (IPPP) 35



•  is a right-handed field


• We can build a mass term for the neutrinos using only left-handed fields.

νC = CνL

ℒmass ⊃
1
2

νCmMν =
1
2

νLC†νLmM + h.c.

• For multiple , the mass eigenstates can be found by diagonalizing  as 


• A Majorana fermion is described by two chiral fields, 

νL mM VT
ν mDVν = diag(mi)

ν, νC

νmass = V†
ν νL + (V†

ν νL)c

 are Massive Particlesν
Neutrinos are charless fermions; they can be their own antiparticle ( ). Neutrinos can be Majorana fermionsν = νC

VT
ν mDVν = diag(mi)

Ivan Martinez-Soler (IPPP) 36



•  is a right-handed field


• We can build a mass term for the neutrinos using only left-handed fields

νC = CνL

• Under a U(1) transformation, the fields transform 

ν → eiαν νC → e−iανC νC → eiανC

The Majorana mass term violates the U(1) symmetry ℒmass → ei2αℒmass

 are Massive Particlesν
Neutrinos are charless fermions; they can be their own antiparticle ( ). Neutrinos can be Majorana fermionsν = νC

ℒmass ⊃
1
2

νCmMν =
1
2

νLC†νLmM + h.c.

Ivan Martinez-Soler (IPPP) 37



The Majorana mass term can be generated via a dimensional 5 operator

ϕ̃ = iσ2ϕ*whereℒmass ⊃
Y
Λ

LLϕ̃*C†ϕ̃†LL + h.c.

 are Massive Particlesν

Ivan Martinez-Soler (IPPP) 38



ℒmass ⊃
Y
Λ

LLϕ̃*C†ϕ̃†LL + h.c. where

After the spontaneous symmetry breaking, 
we recover the Majorana mass term ϕ̃ = (v/ 2

0 )

ℒmass ⊃
Yv2

2Λ
νLC†νL + h.c.

 are Massive Particlesν

ϕ̃ = iσ2ϕ*

The Majorana mass term can be generated via a dimensional 5 operator

Ivan Martinez-Soler (IPPP) 39



ℒD+M = − νLνRmD +
1
2

νRC†νRmM + h.c.

In the presence of  and , we can have a Dirac and a Majorana mass termνL νR

 are Massive Particlesν

Ivan Martinez-Soler (IPPP) 40



Defining NL = (νL

νC
R ) ℒD+M =

1
2

NC
L ℳNL

The mass matrix is given by ℳ = (
0 mD

m†
D mM)

• As  are singlets in the SM, a Majorana mass term can be added without breaking the lepton numberνR

 are Massive Particlesν
In the presence of  and , we can have a Dirac and a Majorana mass termνL νR

ℒD+M = − νLνRmD +
1
2

νRC†νRmM + h.c.

Ivan Martinez-Soler (IPPP) 41



The CC term in the Lagrangian can be written in the mass basis

ℒCC = −
g

2 ∑
α

NαLγμPLlαW+
μ −

1
2

NC
L ℳνNL − lLℳllR + h.c.

•  and  are the neutrino and charged lepton mass matricesℳν ℳl

 Mixingν

Ivan Martinez-Soler (IPPP) 42



To switch to the mass basis, we can use a unitary matrix that diagonalizes the mass matrix

diag(me, mμ, mτ) = Vl†
L ℳlVl

R lm
L/R = Vl†

L/RlL/R Where  is a 3x3 unitary matrixVl
L/R

diag(m1, m2, ⋯, mn) = Vν†ℳνVν Nm
L = Vν†NL Where  is an nxn unitary matrixVν

• n is the number of massive neutrinos

ℒCC = −
g

2 ∑
α

NαLγμPLlαW+
μ −

1
2

NC
L ℳνNL − lLℳllR + h.c.

 Mixingν
The CC term in the Lagrangian can be written in the mass basis

•  and  are the neutrino and charged lepton mass matricesℳν ℳl

Ivan Martinez-Soler (IPPP) 43



ℒCC = −
g

2
Nm

jL(V†νVl
L)ijγμlm

iLW+
μ + h.c.

UPMNS = V†l
L Vν  is a 3xn mixing matrixUPMNS

 Mixingν
Changing to the mass basis, we get

Ivan Martinez-Soler (IPPP) 44



Changing to the mass basis, we get

ℒCC = −
g

2
Nm

jL(V†νVl
L)ijγμlm

iLW+
μ + h.c.

The number of degrees of freedom of  depends on the number of fields required to describe the neutrino.UPMNS

Dirac:        3(n-2) angles and 2n -5 phases

Majorana: 3(n-2) angles and 3(n-2) phases 

Dirac and Majorana differs only in the 
number of phases

UPMNS = V†l
L Vν  is a 3xn mixing matrixUPMNS

 Mixingν

Ivan Martinez-Soler (IPPP) 45



UPMNS =
1 0 0
0 c23 s23

0 −s23 c23

c13 0 s13e−δcp

0 1 0
−s13eδcp 0 c13

c12 s12 0
−s12 c12 0

0 0 1

A standard parametrization of  in the case of 3 massive neutrinos is given by UPMNS

Dirac neutrinos

In the case of Majorana neutrinos

ŨPMNS = UPMNS

1 0 0
0 eiα1 0
0 0 eiα2

 Mixingν

Ivan Martinez-Soler (IPPP) 46



Neutrino Oscillations

47



To explain neutrino flavor oscillations, we can describe the flavor states as a superposition of massive states. 

|να⟩ = ∑ U†
αi |νi⟩

U =
1 0 0
0 c23 s23

0 −s23 c23

c13 0 s13e−δcp

0 1 0
−s13eδcp 0 c13

c12 s12 0
−s12 c12 0

0 0 1

Considering three massive states, the mixing matrix is parametrized as 

48

 are the states that describe 
the evolution in vacuum

νi

 Mixingν

Ivan Martinez-Soler (IPPP)
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In the 3ν scenario, neutrino evolution is described by the Schrödinger equation 

i
d |νk⟩

dt
= ℋ |νk⟩

The massive states are the 
eigenstates of the Hamiltonianℋ |νk⟩ = Ek |νk⟩

Flavor Oscillation

Ivan Martinez-Soler (IPPP)
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i
d |νk⟩

dt
= ℋ |νk⟩

The massive states are the 
eigenstates of the Hamiltonian

For ultrarelativistic neutrinos, the energy of each massive state can be approximated as

Ek ≃ E +
m2

k

2E
Where we are considering E = | ⃗p |

ℋ |νk⟩ = Ek |νk⟩

In the 3ν scenario, neutrino evolution is described by the Schrödinger equation 

Flavor Oscillation

Ivan Martinez-Soler (IPPP)
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The neutrino evolution in the flavor basis would be obtained by solving the following equation

i
d |να⟩

dx
= (E + U†

αk

m2
k

2E
Uβk) |νβ⟩ We used the equivalence t ≃ x

Flavor Oscillation

Ivan Martinez-Soler (IPPP)
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The neutrino evolution in the flavor basis would be obtained by solving the following equation

i
d |να⟩

dx
= (E + U†

αk

m2
k

2E
Uβk) |νβ⟩ We used the equivalence t ≃ x

Global phase

Independent of the flavor Flavor dependent term

Flavor Oscillation

Ivan Martinez-Soler (IPPP)
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The neutrino evolution in the flavor basis would be obtained by solving the following equation

i
d |να⟩

dx
= (E + U†

αk

m2
k

2E
Uβk) |νβ⟩ We used the equivalence t ≃ x

Under the approximation that neutrinos propagate as a plane wave, its massive state propagates as 

|νi(t)⟩ = eiEit |νi(t = 0)⟩

Flavor Oscillation

Ivan Martinez-Soler (IPPP)
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The neutrino evolution in the flavor basis would be obtained by solving the following equation

i
d |να⟩

dx
= (E + U†

αk

m2
k

2E
Uβk) |νβ⟩ We used the equivalence t ≃ x

Solving that equation, we find that the probability  is given by |να⟩ → |νβ⟩

Pαβ = ∑
k

|Uαk |2 |Uβk |2 + 2Re∑
k>j

UαkU†
βkU

†
αjUβj exp (−i

Δm2
jkL

2E )

Under the approximation that neutrinos propagate as a plane wave, its massive state propagates as 

|νi(t)⟩ = eiEit |νi(t = 0)⟩

Flavor Oscillation

Ivan Martinez-Soler (IPPP)
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Pαβ = ∑
k

|Uαk |2 |Uβk |2 + 2Re∑
k>j

UαkU†
βkU

†
αjUβj exp (−i

Δm2
jkL

2E )

The flavor oscillation probability depends on:

• Flavor oscillations depend on the mass difference:    

•   

• Depends on the ratio L/E (baseline/neutrino energy)


•  mixing between flavor and massive states


• Independent of the Majorana phases

Δm2
ij = m2

i − m2
j

Uαi

Flavor Oscillation

Ivan Martinez-Soler (IPPP)
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The flavor oscillation probability depends on:

Losc
ij =

2πE
Δm2

ij

We can define the oscillation length as

For Δm2
ij ∼ 10−3eV2 Losc ∼ 2000 × (E/GeV)km

Pαβ = ∑
k

|Uαk |2 |Uβk |2 + 2Re∑
k>j

UαkU†
βkU

†
αjUβj exp (−i

Δm2
jkL

2E )

Flavor Oscillation

Ivan Martinez-Soler (IPPP)
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The flavor oscillation probability depends on:

Antineutrinos are produced in CC involving charged antileptons 

ℒν
CC = −

g

2
lm
iLUPMNS

ij γμNm
jLW−

μ

The oscillation probability for antineutrinos is obtained by  U → U†

Pαβ = ∑
k

|Uαk |2 |Uβk |2 + 2Re∑
k>j

UαkU†
βkU

†
αjUβj exp (−i

Δm2
jkL

2E )

Flavor Oscillation

Ivan Martinez-Soler (IPPP)



The oscillation probability can be rewritten as 

Pαβ = ∑
k

|Uαk |2 |Uβk |2 + 2∑
k>j

Re [UαkU†
βkU

†
αjUβj] cos (−i

Δm2
jkL

2E )
+2∑

k>j

Im [UαkU†
βkU

†
αjUβj] sin (−i

Δm2
jkL

2E )

Flavor Oscillation

Ivan Martinez-Soler (IPPP) 58



At very large distances or very low energies, the oscillation terms average out.

Pαβ = ∑
k

|Uαk |2 |Uβk |2
This corresponds to 

oscillations on 
astrophysical scales

Pαβ = ∑
k

|Uαk |2 |Uβk |2 + 2∑
k>j

Re [UαkU†
βkU

†
αjUβj] cos (−i

Δm2
jkL

2E )
+2∑

k>j

Im [UαkU†
βkU

†
αjUβj] sin (−i

Δm2
jkL

2E )

The oscillation probability can be rewritten as 

Flavor Oscillation

Ivan Martinez-Soler (IPPP) 59



• The first two terms are the same for  and , conserving CP, but still depends on  through   
ν ν δCP UPMNS

Pαβ = ∑
k

|Uαk |2 |Uβk |2 + 2∑
k>j

Re [UαkU†
βkU

†
αjUβj] cos (−i

Δm2
jkL

2E )
+2∑

k>j

Im [UαkU†
βkU

†
αjUβj] sin (−i

Δm2
jkL

2E )

The oscillation probability can be rewritten as 

Flavor Oscillation

Ivan Martinez-Soler (IPPP) 60



• The first two terms are the same for  and , conserving CP, but still depends on  through   


• The second line has the opposite sign for  and . Violates CP.


• CP violation happens for . If 

ν ν δCP UPMNS

ν ν

α ≠ β α = β → Im [UαkU†
βkU

†
αjUβj] = Im [ |Uαk |2 |U†

αj |
2 ] = 0

Pαβ = ∑
k

|Uαk |2 |Uβk |2 + 2∑
k>j

Re [UαkU†
βkU

†
αjUβj] cos (−i

Δm2
jkL

2E )
+2∑

k>j

Im [UαkU†
βkU

†
αjUβj] sin (−i

Δm2
jkL

2E )

The oscillation probability can be rewritten as 

Flavor Oscillation
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CP violation in neutrino oscillations can be probed by

ACP
αβ = Pνα→νβ

− Pνα→νβ
= 4∑

k>j

Im [UαkU†
βkU

†
αjUβj] sin (−i

Δm2
jkL

2E )

Flavor Oscillation
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JCP = Im[UαiU*αjU*βiUβj] = Jmax
CP sin δCP ACP

αβ = 4∑
k>j

Jkj
CP sin δCP sin (−i

Δm2
jkL

2E )

CP violation in neutrino oscillations can be probed by

The CP asymmetry is parametrized by the Jarlskog invariant

ACP
αβ = Pνα→νβ

− Pνα→νβ
= 4∑

k>j

Im [UαkU†
βkU

†
αjUβj] sin (−i

Δm2
jkL

2E )

Flavor Oscillation
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CP violation in neutrino oscillations can be probed by

The CP asymmetry is parametrized by the Jarlskog invariant

ACP
αβ = 4∑

k>j

Jkj
CP sin δCP sin (−i

Δm2
jkL

2E )
• The quartic product of  is invariant under a global rephase Uαj Uαj → eiαUαje−ij

CP violation only depends on the Dirac phase

JCP = Im[UαiU*αjU*βiUβj] = Jmax
CP sin δCP

ACP
αβ = Pνα→νβ

− Pνα→νβ
= 4∑

k>j

Im [UαkU†
βkU

†
αjUβj] sin (−i

Δm2
jkL

2E )

Flavor Oscillation
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ACP
αβ = Pνα→νβ

− Pνα→νβ
= 4∑

k>j

Im [UαkU†
βkU

†
αjUβj] sin (−i

Δm2
jkL

2E )

The CP violation effects are observables if neutrinos oscillate:


• For small L or large E, the oscillation phase vanishes, cancelling the CP asymmetry


• For large phases, the oscillation is averaged out and  cancels due to the unitarity relations  ACP

∑
k>j

Im [UαkU†
βkU

†
αjUβj] = 0

CP violation in neutrino oscillations can be probed by

Flavor Oscillation
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In the3 neutrino mixing scenario, the oscillation probability has two oscillation wavelengths

sin2(2θ)

Flavor Oscillation
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Wavepacket Description
• Neutrino oscillation happens while there is an interference between 

the massive states 
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• Neutrino oscillation happens while there is an interference between 
the massive states 

• Considering neutrinos as plane waves, the mixing happens at all the 
points along the trajectory 
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• Neutrino oscillation happens while there is an interference between 
the massive states 

• Considering neutrinos as plane waves, the mixing happens at all the 
points along the trajectory 


• Real particles are localized objects described by wavepackets. 

• The oscillation stops for small wavepackets/long distances due to 
the wavepacket separation (incoherent superposition of states).  


• Incoherent neutrino flux: Sun, astrophysical sources… 
Giunti and Kim, “Fundamental Neutrino 

Physics and Astrophysics”
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Wavepacket Description

Ivan Martinez-Soler (IPPP)



Each massive state is described by the sum over all the momentum distribuctions

ψk = ∫
dp

2π

e
− (p − pk)2

4σ2p

(2πσ2
p)1/4

eipx−iEkt • : average neutrino momentum

• : momentum uncertainty

pk
σp

The flavor state is given by the sum over all the massive states weighted by the momentum distribution

|να⟩ = ∑
k

U†
αkψk |νk⟩

The spatial width of the wavepacket is obtained from the uncertainty principle

σx ∼
1

2σp

Wavepacket Description
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The wavepacket separation manifest as a damping effect in the 
oscillation


The coherence length depends on the wave packet size ( )σx

71

Lcoh = 0.2pc ( E
100TeV )

2

( σx

100fm ) ( eV2

Δm2 )

Pαβ = ∑
k

|Uαk |2 |Uβk |2 + 2Re∑
k>j

UαkU†
βkU

†
αjUβj exp −i

Δm2
jkL

2E
− ( L

Lcoh
kj )

2

Pee

Wavepacket Description
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The wavepacket separation manifests as a damping effect in the 
oscillation


For very long distances ( ), the oscillation probability becomes 
an incoherent sum of states

L > > Lcoh

72

Pee

Pαβ = ∑
k

|Uαk |2 |Uβk |2

Wavepacket Description

Pαβ = ∑
k

|Uαk |2 |Uβk |2 + 2Re∑
k>j

UαkU†
βkU

†
αjUβj exp −i

Δm2
jkL

2E
− ( L

Lcoh
kj )

2
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Matter Effects
• As neutrinos propagate through matter, their interaction with it can modify their propagation.
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• As neutrinos propagate through matter, their interaction with it can modify their propagation.


• The inelastic scattering happens predominantely with nucleons.


σν ∼ G2
FME

Matter Effects
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• As neutrinos propagate through matter, their interaction with it can modify their propagation.


• The inelastic scattering happens predominantely with nucleons.


• For densities  and energies above 100 TeV, the scattering length becomes comparable to the Earth's 
size.


5.5g/cm

σν ∼ G2
FME

Lsct ∼
1

nnσ
∼ 4 × 103km

Matter Effects
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• As neutrinos propagate through matter, their interaction with it can modify their propagation.


• The inelastic scattering happens predominantely with nucleons.


• For densities  and energies above 100 TeV, the scattering length becomes comparable to the Earth's 
size.


• At lower energies, the coherent forward elastic scattering of the neutrinos with the medium can modify the 
effective neutrino mass, leading to a modification of the flavor oscillations

5.5g/cm

σν ∼ G2
FME

Lsct ∼
1

nnσ
∼ 4 × 103km

Matter Effects
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Neutrinos interact via NC with electrons, protons and neutrons in matter

Vf
NC = 2GFNf g

f
v

ge
v = −

1
2

+ 2 sin2 θw gp
v =

1
2

− 2 sin2 θw gn
v = −

1
2

Matter Effects

Ivan Martinez-Soler (IPPP) 77



Neutrinos interact via NC with electrons, protons and neutrons in matter

Vf
NC = 2GFNf g

f
v

ge
v = −

1
2

+ 2 sin2 θw gp
v =

1
2

− 2 sin2 θw gn
v = −

1
2

For neutral matter, only neutrons contribute to the NC potential

VNC = −
1

2
GFNn

Matter Effects
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Electron neutrinos have a CC interaction with the electrons in the medium

VCC = 2GFNe

Neutrinos interact via NC with electrons, protons and neutrons in matter

Vf
NC = 2GFNf g

f
v

ge
v = −

1
2

+ 2 sin2 θw gp
v =

1
2

− 2 sin2 θw gn
v = −

1
2

For neutral matter, only neutrons contribute to the NC potential

VNC = −
1

2
GFNn

Matter Effects
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The effective matter potential for the neutrinos is given by

Vα = 2GF(Neδαe −
1
2

Nn)

Matter Effects
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Vα = 2GF(Neδαe −
1
2

Nn)

• The NC term is flavor independent, acting as a global phase, therefore it doesn’t affect the flavor oscillations


The effective matter potential for the neutrinos is given by

Matter Effects
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Vα = 2GF(Neδαe −
1
2

Nn)

• The NC term is flavor independent, acting as a global phase, therefore it doesn’t affect the flavor oscillations


• For antineutrinos, the effective potential has the opposite sign

Vν
α = − Vν

α

The effective matter potential for the neutrinos is given by

Matter Effects
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The evolution of the neutrinos in matter is described by the Schrödinger equation

i
dν
dE

=
1

2Eν
(U†diag(0,Δm2

21, Δm2
31)U ± Vα) ν Vα = 2 2GFNeEνdiag(1,0,0)

• The mixing between flavor and massive states depends on the electron density


• The effective neutrino mass is also affected by the matter effects

Matter Effects
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Let’s consider a two neutrino scenario, in this case, the neutrino evolution depends on  and θ Δm2

i
d

dE (να
νβ) = ( 1

2E ( cos θ sin θ
−sin θ cos θ) (E1 0

0 E2) (cos θ −sin θ
sin θ cos θ ) + (VCC 0

0 0)) (να
νβ)

Matter Effects
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Let’s consider a two neutrino scenario, in this case, the neutrino evolution depends on  and θ Δm2

i
d

dE (να
νβ) = ( 1

2E ( cos θ sin θ
−sin θ cos θ) (E1 0

0 E2) (cos θ −sin θ
sin θ cos θ ) + (VCC 0

0 0)) (να
νβ)

After removing the global phases, the hamiltonian discribing the evolution is given by 

H2x2 =
1

4E (
−Δm2 cos 2θ + 2EVCC Δm2 sin 2θ

Δm2 sin 2θ Δm2 cos 2θ − 2EVCC)

Matter Effects
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Let’s consider a two neutrino scenario, in this case, the neutrino evolution depends on  and θ Δm2

After removing the global phases, the hamiltonian discribing the evolution is given by 

H2x2 =
1

4E (
−Δm2 cos 2θ + 2EVCC Δm2 sin 2θ

Δm2 sin 2θ Δm2 cos 2θ − 2EVCC)
The mixing between the flavor and the massive states in matter are obtained diagonalizing the effective Hamiltonian

UT(θ̃)H2×2U(θ̃) =
1

4E
diag(−Δm̃2, Δm̃2)

i
d

dE (να
νβ) = ( 1

2E ( cos θ sin θ
−sin θ cos θ) (E1 0

0 E2) (cos θ −sin θ
sin θ cos θ ) + (VCC 0

0 0)) (να
νβ)

For constant matter

Matter Effects
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The mixing between the flavor and the massive states in matter are obtained diagonalizing the effective Hamiltonian

UT(θ̃)H2×2U(θ̃) =
1

4E
diag(−Δm̃2, Δm̃2)

The mixing can be enhanced due to the matter effects

sin 2θ̃ =
sin 2θ

(cos 2θ − 2EVCC /Δm2)2 + sin2 2θ

10°1 101 103

E(GeV )

0.0

0.5

1.0

si
n

2µ̃

sin 2µ = 0.28

¢m2 = 2.5 £ 10°3eV 2 Ω = 5.5g/cm3

Matter Effects
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The mixing between the flavor and the massive states in matter are obtained diagonalizing the effective Hamiltonian

UT(θ̃)H2×2U(θ̃) =
1

4E
diag(−Δm̃2, Δm̃2)

The mixing can be enhanced due to the matter effects

sin 2θ̃ =
sin 2θ

(cos 2θ − 2EVCC /Δm2)2 + sin2 2θ

10°1 101 103

E(GeV )

0.0

0.5

1.0

si
n

2µ̃

sin 2µ = 0.28

¢m2 = 2.5 £ 10°3eV 2 Ω = 5.5g/cm3

cos 2θΔm2 = 2ErVr
CC

For some values of E and density, there is a resonant flavor 
conversion 

θ̃ = 45∘

Er

Matter Effects
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The mixing between the flavor and the massive states in matter are obtained diagonalizing the effective Hamiltonian

UT(θ̃)H2×2U(θ̃) =
1

4E
diag(−Δm̃2, Δm̃2)

The effective neutrino mass changes in matter

Ẽ1,2 =
E1 + E2

2
+ VCCE

∓Δm2 (cos 2θ − 2EVCC /Δm2)2 + sin2 2θ

0.0 2.5 5.0 7.5 10.0
E(GeV )

0.09

0.10

0.11

Ẽ

sin 2µ = 0.28 Ω = 5.5g/cm3

Ẽ1

Ẽ2

Matter Effects
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The mixing between the flavor and the massive states in matter are obtained diagonalizing the effective Hamiltonian

UT(θ̃)H2×2U(θ̃) =
1

4E
diag(−Δm̃2, Δm̃2)

The oscillation length also gets modified in matter

10°1 101 103

E(GeV )

10°3

10°2

10°1

¢
m̃

2 (
eV

2 )

¢m2 = 2.5 £ 10°3eV 2

sin 2µ = 0.28 Ω = 5.5g/cm3

Δm̃2 = Δm2 (cos 2θ − 2EVCC /Δm2)2 + sin2 2θ

Losc =
2πE
Δm̃2

Matter Effects
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The mixing between the flavor and the massive states in matter are obtained diagonalizing the effective Hamiltonian

UT(θ̃)H2×2U(θ̃) =
1

4E
diag(−Δm̃2, Δm̃2)

10°1 101 103

E(GeV )

10°3

10°2

10°1

¢
m̃

2 (
eV

2 )

¢m2 = 2.5 £ 10°3eV 2

sin 2µ = 0.28 Ω = 5.5g/cm3

Losc
r =

Losc
vac

sin 2θ

At the resonance, the oscillation length becomes 
larger than in vacuum 

Er

Matter Effects
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In the case of constant matter, and for the two-neutrino approximation, the oscillation probability is given by

Pconst
να→να

= 1 − sin2 2θ̃ sin2 ( Δm̃2L
4E )

102 103 104

L(km)

0.6

0.8

1.0

P
Æ
Æ

E=5 GeV

sin 2µ = 0.28 Ω = 5.5g/cm3 ¢m2 = 2.5 £ 10°3eV 2

vacum

matterMatter effects modify both the oscillation 
length and amplitude

Matter Effects
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Matter Effects: MSW
If matter varies along the neutrino trajectory, the same happens with the effective mass and the mixing

Ivan Martinez-Soler (IPPP) 93



If matter varies along the neutrino trajectory, the same happens with the effective mass and the mixing

In the mass basis, the Hamiltonian is non-diagonal

i
d

dE (ν1
ν2) =

1
4E ( −Δm̃2(x) 4Edθ̃/dx

−4Edθ̃/dx Δm̃2(x) ) (ν1
ν2)

• The off-diagonal term generates a transition between  and 
ν1 ν2

Matter Effects: MSW
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If matter varies along the neutrino trajectory, the same happens with the effective mass and the mixing

In the mass basis, the Hamiltonian is non-diagonal

i
d

dE (ν1
ν2) =

1
4E ( −Δm̃2(x) 4Edθ̃/dx

−4Edθ̃/dx Δm̃2(x) ) (ν1
ν2)

• The off-diagonal term generates a transition between  and 


• The transition between the massive states will not happen if the diagonal terms are larger than the off-
diagonal (adiabatic regime)

ν1 ν2

γ =
Δm̃2

4Edθ̃/dx
> > 1 Adiabatic condiction

Matter Effects: MSW
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In the adiabatic limit, each massive state evolves independently

Padb
να→να

=
1
2

+
1
2

cos 2θ̃i cos 2θ̃ f +
1
2

sin 2θ̃i sin 2θ̃ f cos (∫ dx
Δm̃2(x)

2E )
• Oscillation probability depends only on mixing at the initial ( ) and final ( ) points of the path
θ̃i θ̃ f

Matter Effects: MSW
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In the adiabatic limit, each massive state evolves independently

Padb
να→να

=
1
2

+
1
2

cos 2θ̃i cos 2θ̃ f +
1
2

sin 2θ̃i sin 2θ̃ f cos (∫ dx
Δm̃2(x)

2E )
• Oscillation probability depends only on mixing at the initial ( ) and final ( ) points of the path


• The adiabatic regime describes the neutrino evolution inside the stars: the Sun, supernovas…


θ̃i θ̃ f

For the solar potential γ > 1Solar electron density

0.00 0.25 0.50 0.75 1.00
r/RØ

105

108

1011

∞

E=10 MeV

E=1 MeV

E=0.1 MeV

Matter Effects: MSW
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In the case of the Sun, the long distance averages out  the phase term

Padb
νe→νe =

1
2

+
1
2

cos 2θ̃i cos 2θ

10°1 100 101

E(MeV)

0.2

0.4

0.6

0.8

P
ad

b ee

Matter Effects: MSW
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In the case of the Sun, the long distance averages out  the phase term

Padb
νe→νe =

1
2

+
1
2

cos 2θ̃i cos 2θ

10°1 100 101

E(MeV)

0.2

0.4

0.6

0.8

P
ad

b ee

θ̃ f = θAt the end of the path, the mixing 
coincides with vacuum

Matter Effects: MSW
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In the case of the Sun, the long distance averages out  the phase term

Padb
νe→νe =

1
2

+
1
2

cos 2θ̃i cos 2θ

10°1 100 101

E(MeV)

0.2

0.4

0.6

0.8

P
ad

b ee

θ̃ f = θAt the end of the path, the mixing 
coincides with vacuum

At low energies, matter effects are small, and 
neutrino evolution is effectively vacuum-like

θ̃i = θ

Matter Effects: MSW
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In the case of the Sun, the long distance averages out  the phase term

Padb
νe→νe =

1
2

+
1
2

cos 2θ̃i cos 2θ

10°1 100 101

E(MeV)

0.2

0.4

0.6

0.8

P
ad

b ee

θ̃ f = θAt the end of the path, the mixing 
coincides with vacuum

At low energies, matter effects are small, and 
neutrino evolution is effectively vacuum-like

θ̃i = θ
At higher energies, matter effects dominate

θ̃i = 90∘ νe ≃ ν2
In the denser 

region of the Sun

Matter Effects: MSW
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To understand flavor evolution, we study how the effective mixing angle changes inside the Sun

10°2 10°1 100

r/RØ

40

60

80

µ̃

µ = 33.4±

E=20 MeV

|ν2⟩ ≃ sin θ̃ |νe⟩ ≃ + cos θ̃ |νx⟩

Let’s consider

Matter Effects: MSW
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To understand flavor evolution, we study how the effective mixing angle changes inside the Sun

10°2 10°1 100

r/RØ

40

60

80

µ̃

µ = 33.4±

E=20 MeV

|ν2⟩ ≃ sin θ̃ |νe⟩ ≃ + cos θ̃ |νx⟩

Let’s consider

Good approximation if  is small,  and θ13 θ = θ12
|νx⟩ = cos θ23 |νμ⟩ − sin θ23 |ντ⟩

Matter Effects: MSW
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To understand flavor evolution, we study how the effective mixing angle changes inside the Sun

10°2 10°1 100

r/RØ

40

60

80

µ̃

µ = 33.4±

E=20 MeV

|ν2⟩ ≃ sin θ̃ |νe⟩ ≃ + cos θ̃ |νx⟩

Let’s consider

Good approximation if  is small,  and θ13 θ = θ12
|νx⟩ = cos θ23 |νμ⟩ − sin θ23 |ντ⟩

The Sun mainly produces 
νe

Matter Effects: MSW

Ivan Martinez-Soler (IPPP) 104



To understand flavor evolution, we study how the effective mixing angle changes inside the Sun

10°2 10°1 100

r/RØ

40

60

80

µ̃

µ = 33.4±

E=20 MeV

|ν2⟩ ≃ sin θ̃ |νe⟩ ≃ + cos θ̃ |νx⟩

Let’s consider

Good approximation if  is small,  and θ13 θ = θ12
|νx⟩ = cos θ23 |νμ⟩ − sin θ23 |ντ⟩

The Sun mainly produces :

• In the denser part of the Sun 


νe
|νe⟩ ≃ |ν2⟩

|νe⟩ ≃ |ν2⟩

Matter Effects: MSW
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To understand flavor evolution, we study how the effective mixing angle changes inside the Sun

10°2 10°1 100

r/RØ

40

60

80

µ̃

µ = 33.4±

E=20 MeV

|ν2⟩ ≃ sin θ̃ |νe⟩ ≃ + cos θ̃ |νx⟩

Let’s consider

Good approximation if  is small,  and θ13 θ = θ12
|νx⟩ = cos θ23 |νμ⟩ − sin θ23 |ντ⟩

The Sun mainly produces :

• In the denser part of the Sun 

• If the evolution is adiabatic, there would be no oscillation of 


νe
|νe⟩ ≃ |ν2⟩

|ν2⟩ → |ν1⟩

|νe⟩ ≃ |ν2⟩

Matter Effects: MSW
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To understand flavor evolution, we study how the effective mixing angle changes inside the Sun

10°2 10°1 100

r/RØ

40

60

80

µ̃

µ̃ = 45±

E=20 MeV

|ν2⟩ ≃ sin θ̃ |νe⟩ ≃ + cos θ̃ |νx⟩

Let’s consider

Good approximation if  is small,  and θ13 θ = θ12
|νx⟩ = cos θ23 |νμ⟩ − sin θ23 |ντ⟩

The Sun mainly produces :

• In the denser part of the Sun 

• If the evolution is adiabatic, there would be no oscillation of 

• At the resonance, the flavor of the flux is equally distributed between  and  (MSW resonance)


νe
|νe⟩ ≃ |ν2⟩

|ν2⟩ → |ν1⟩
νe νx

|νe⟩ ≃ |ν2⟩

|ν2⟩ ≃
1

2
( |νe⟩ + |νx⟩)

Matter Effects: MSW
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To understand flavor evolution, we study how the effective mixing angle changes inside the Sun

10°2 10°1 100

r/RØ

40

60

80

µ̃

µ = 33.4±

E=20 MeV

|ν2⟩ ≃ sin θ̃ |νe⟩ ≃ + cos θ̃ |νx⟩

Let’s consider

Good approximation if  is small,  and θ13 θ = θ12
|νx⟩ = cos θ23 |νμ⟩ − sin θ23 |ντ⟩

The Sun mainly produces :

• In the denser part of the Sun 

• If the evolution is adiabatic, there would be no oscillation of 

• At the resonance, the flavor of the flux is equally distributed between  and  (MSW resonance)

• As the flux exists the Sun, the flux is dominated by 

νe
|νe⟩ ≃ |ν2⟩

|ν2⟩ → |ν1⟩
νe νx

νx

|νe⟩ ≃ |ν2⟩

|ν2⟩ ≃ 0.55 |νe⟩ + 0.83 |νx⟩

Matter Effects: MSW
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To understand flavor evolution, we study how the effective mixing angle changes inside the Sun

|ν2⟩ ≃ sin θ̃ |νe⟩ ≃ + cos θ̃ |νx⟩

Let’s consider

Good approximation if  is small,  and θ13 θ = θ12
|νx⟩ = cos θ23 |νμ⟩ − sin θ23 |ντ⟩

10°2 10°1 100

r/RØ

0

25

50

75

µ̃

E=20 MeV

µ = 33.4±

µ = 10±

µ = 1±

Smaller vacuum mixing angles lead to a larger flavor conversion

|νe⟩ ≃ |ν2⟩

|ν2⟩ ≃ |νx⟩

Matter Effects: MSW
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Neutrino Sources
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Solar neutrinos are produced by nuclear fusion reactions: pp chains and CNO cycles
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Solar Neutrinos
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A flux of   with MeV energies is producedνe

Solar Neutrinos
Solar neutrinos are produced by nuclear fusion reactions: pp chains and CNO cycles
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Arthur MacDonald. Nobel lecture

The measurement of the solar neutrino 
flux (CC) shows a disappearance of 
νe

The all-flavor measurement of the solar neutrino flux 
(NC) showed oscillations among the flavor states.

Ivan Martinez-Soler (IPPP)

Solar Neutrinos



Survival probability for neutrinos from dense solar regions

P3ν
eff(Δm2

21, θ12) = cos2 θ̃13 cos2 θ13
1
2

(1 + cos θ̃12 cos θ12)

+sin2 θ̃13 sin2 θ13

• Solar neutrinos are mainly sensitive to θ12

Maltoni and Smirnov, EPJA 52 (2016) 
arXiv:1507.05287

Ivan Martinez-Soler (IPPP) 114

The constraint over  are mainly driven by SK+SNOθ12

Solar Neutrinos

https://arxiv.org/abs/1507.05287
https://arxiv.org/abs/1507.05287


Survival probability for neutrinos from dense solar regions

P3ν
eff(Δm2

21, θ12) = cos2 θ̃13 cos2 θ13
1
2

(1 + cos θ̃12 cos θ12)

+sin2 θ̃13 sin2 θ13

Matter effects brings sensitivity over Δm2
21

Maltoni and Smirnov, EPJA 52 (2016) 
arXiv:1507.05287

Ivan Martinez-Soler (IPPP) 115

 modifies the transition from 
lower to higher energies

Δm2
21

Solar Neutrinos

https://arxiv.org/abs/1507.05287
https://arxiv.org/abs/1507.05287


K. Abe et al., PRD 94 (2016) arXiv:1606.07538

The matter effects on the Earth lead to an enhacement of the electron neutrino flux
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Introduces an asymmetry between neutrinos 
detected during the day and at night

Solar Neutrinos

https://arxiv.org/abs/1606.07538


K. Abe et al., PRD 94 (2016) arXiv:1606.07538

AD/N =
Φday − Φnight

0.5 * (Φday + Φnight)

−2.1 % SK4-2970

Day-night asymmetry shows a preference for a small value of Δm2
21

Ivan Martinez-Soler (IPPP) 117

The day-night asymmetry can be used to measure the oscillation parameters

The asymmetry is a small effect

Δm2
21 = 7.5 × 10−5eV2

Δm2
21 = 4.8 × 10−5eV2

Solar Neutrinos

https://arxiv.org/abs/1606.07538
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The neutrino flux is created due to the fission of 
four different isotopes:


 
235U( ∼ 56%),238 U( ∼ 8%),239 Pu( ∼ 30%),241 Pu( ∼ 6%)

In reactor experiments, a flux of  is created with energies around the ~ MeV  ν̄e

118
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The neutrino flux is created due to the fission of 
four different isotopes:


 
235U( ∼ 56%),238 U( ∼ 8%),239 Pu( ∼ 30%),241 Pu( ∼ 6%)

In reactor experiments, a flux of  is created with energies around the ~ MeV  ν̄e
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The spectrum lies in the MeV range

Zhongstan U. et al. (Daya Bay), PRL 134 (2025) 20

Nuclear Reactors

https://arxiv.org/abs/2501.00746
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KamLAND is an LS detector that collected all the  emitted by power plants in Japanνe
Inner Balloon
(3.08 m diameter)

Photomultiplier Tubes

Outer Balloon
(13 m diameter)

Buffer Oil

Chimney

Fiducial Volume
(12 m diameter)

LS 1 kton

Xe-LS 13 ton

A. Gando et al. (KamLAND) PRD 88 (2013)• Detected via inverse decay


• The average baseline is 

β−

L ∼ 200km

νe + p → e+ + n

Nuclear Reactors

https://arxiv.org/abs/1303.4667
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Xe-LS 13 ton

A. Gando et al. (KamLAND) PRD 88 (2013)• Detected via inverse decay


• The average baseline is 

β−

L ∼ 200km

νe + p → e+ + n

P3ν
ee = c4

13 (1 −
1
2

sin2(2θ12)sin2 Δm2
21L

2E ) + s4
13

For reactor neutrinos can be described in vacuum
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KamLAND is an LS detector that collected  emitted by power plants in Japanνe
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21

Vacuum oscillation probability 
cannot resolve the octant of θ12

Nuclear Reactors
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Tension in the determination of  
between reactor and solar experiments

Δm2
21

Solar Sector:  and  θ12 Δm2
21

I Esteban, MC Gonzalez-Garcia, M Maltoni, 
IMS,JP Pinheiro, T Schwetz, JHEP 12 (2025)

!

!

0.2 0.25 0.3 0.35 0.4

sin
2
θ

12

0

2

4

6

8

10

12

14

∆
m

2 2
1
 [
1
0

−
5
 e

V
2
]

sin
2
θ

13
 = 0.0222

2 4 6 8 10

∆m
2

21
 [10

−5
 eV

2
]

0

2

4

6

8

10

12

∆
χ

2

MB22m w/o D/N from SK
MB22m
AAG21
KamLAND
SNO+
KL & SNO+

NuFIT 6.0 (2024)

!

!

0.2 0.25 0.3 0.35 0.4

sin
2
θ

12

0

2

4

6

8

10

12

14

∆
m

2 2
1
 [
1
0

−
5
 e

V
2
]

sin
2
θ

13
 = 0.0222

2 4 6 8 10

∆m
2

21
 [10

−5
 eV

2
]

0

2

4

6

8

10

12

∆
χ

2

MB22m w/o D/N from SK
MB22m
AAG21
KamLAND
SNO+
KL & SNO+
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Combining solar and reactor measurements, we can resolve 
the octant of θ12

• KamLAND determined 

• Solar experiments determined 

Δm2
21

θ12
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Reactor neutrinos:  and θ13 Δm2
31

At shorter distances, neutrino evolution is dominated by  and Δm2
31 θ13

Pee = 1 − sin2 2θ13 (cos2 θ12 sin2 ( Δm2
31L

4E ) + sin2 θ12 sin2 ( Δm2
32L

4E )) − cos4 θ13 sin2 2θ12 sin2 ( Δm2
21L

4E )
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At shorter distances, neutrino evolution is dominated by  and Δm2
31 θ13

Pee ≈ 1 − sin2 2θ13 sin2 ( Δm2
eeL

4E )
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Daya Bay

Similar configuration used by 
RENO and Double Chooz

• To reduce the flux uncertainties, the flux is measured at 
both a near (~300m) and a far detector (~1000 m)

Δm2
ee = Δm2

31 − sin2 θ12Δm2
21

Reactor neutrinos:  and θ13 Δm2
31



At shorter distances, neutrino evolution is dominated by  and Δm2
31 θ13

Pee ≈ 1 − sin2 2θ13 sin2 ( Δm2
eeL

4E )
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• Near detector imposes an upper bound over 


• The oscillation measured at the far detector imposes a 
lower bound on  and 

Δm2
31

θ13 Δm2
31

Reactor neutrinos:  and θ13 Δm2
31



At shorter distances, neutrino evolution is dominated by  and Δm2
31 θ13
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• Near detector imposes an upper bound over 


• The oscillation measured at the far detector imposes a 
lower bound on  and 

Δm2
31

θ13 Δm2
31

Δm2
31

Pee ≈ 1 − sin2 2θ13 sin2 ( Δm2
eeL

4E )

Reactor neutrinos:  and θ13 Δm2
31



At shorter distances, neutrino evolution is dominated by  and Δm2
31 θ13
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• Near detector imposes an upper bound over 


• The oscillation measured at the far detector imposes a 
lower bound on  and 

Δm2
31

θ13 Δm2
31

Δm2
31

sin2 2θ13

Pee ≈ 1 − sin2 2θ13 sin2 ( Δm2
eeL

4E )

Reactor neutrinos:  and θ13 Δm2
31



Long-Baseline Accelerators
Neutrinos are generated from pion/kaon decays caused by an accelerated proton beam hitting a target.
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π± → μ± + (−)ν μ

NuMI Beam



Neutrinos are generated from pion/kaon decays caused by an accelerated proton beam hitting a target.

T2K NOvA

Neutrinos travel  Km and have energies  
GeV, making these experiments sensitive to the 
oscillation driven by 

∼ 100 E ∼ 1

Δm2
31

Ivan Martinez-Soler (IPPP)

Nosek (NOvA Collaboration) Fermilab
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Long-Baseline Accelerators

https://indico.cern.ch/event/1154836/contributions/4849060/attachments/2433808/4168159/TNosek_NOvA_WUF_talk.pdf


Accelerator experiments are sensitive to  and , searching for -disappearanceΔm2
31 sin2 2θ23 νμ

Pμμ ≃ 1 − sin2 2θμμ sin2
Δm2

μμL
4E

+ o(
2EVCC sin2 θ13

Δm2
31

)
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Accelerator experiments are sensitive to  and , searching for -disappearanceΔm2
31 sin2 2θ23 νμ

Pμμ ≃ 1 − sin2 2θμμ sin2
Δm2

μμL
4E

+ o(
2EVCC sin2 θ13

Δm2
31

)
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Accelerator experiments are sensitive to  and , searching for -disappearanceΔm2
31 sin2 2θ23 νμ

Pμμ ≃ 1 − sin2 2θμμ sin2
Δm2

μμL
4E

+ o(
2EVCC sin2 θ13
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• Matter effects are small for this channel


• Cannot resolve the octant of θ23

sin2 θμμ ≈ sin2 θ23

Long-Baseline Accelerators



Pνμ→νe
≈ 4 sin2 θ13 sin2 θ23(1 + 2oA) − C sin δcp(1 + oA)
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Accelerator experiments can search for -appearanceνe

C =
Δm2

21L
4E

sin 2θ12 sin 2θ13 sin 2θ23o = sign(Δm2
31) A = |2EV/Δm2

31 |

Long-Baseline Accelerators
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Pνμ→νe
≈ 4 sin2 θ13 sin2 θ23(1 + 2oA) − C sin δcp(1 + oA)

Ivan Martinez-Soler (IPPP)

0

5

10

15

∆
χ

2

Minos
NOvA
T2K
IC19
LBL/IC

0.3 0.4 0.5 0.6 0.7

sin
2
θ

23

0

5

10

15

∆
χ

2

0.3 0.4 0.5 0.6 0.7

sin
2
θ

23

R + Minos
R + NOvA
R + T2K
R + IC19
R + LBL/IC

NuFIT 6.0 (2024)
IO NO0

5

10

15

∆
χ

2

Minos
NOvA
T2K
IC19
LBL/IC

0.3 0.4 0.5 0.6 0.7

sin
2
θ

23

0

5

10

15

∆
χ

2

0.3 0.4 0.5 0.6 0.7

sin
2
θ

23

R + Minos
R + NOvA
R + T2K
R + IC19
R + LBL/IC

NuFIT 6.0 (2024)
IO NO

I Esteban, MC Gonzalez-Garcia, M Maltoni, 
IMS,JP Pinheiro, T Schwetz, JHEP 12 (2025)C =

Δm2
21L

4E
sin 2θ12 sin 2θ13 sin 2θ23o = sign(Δm2

31) A = |2EV/Δm2
31 |

The dependence of  breaks the 
octant degeneracy

sin2 θ23

Octant θ23

Long-Baseline Accelerators

Accelerator experiments can search for -appearanceνe
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≈ 4 sin2 θ13 sin2 θ23(1 + 2oA) − C sin δcp(1 + oA)

Ivan Martinez-Soler (IPPP)

0

5

10

15

∆
χ

2

Minos
NOvA
T2K
IC19
LBL/IC

0.3 0.4 0.5 0.6 0.7

sin
2
θ

23

0

5

10

15

∆
χ

2

0.3 0.4 0.5 0.6 0.7

sin
2
θ

23

R + Minos
R + NOvA
R + T2K
R + IC19
R + LBL/IC

NuFIT 6.0 (2024)
IO NO0

5

10

15

∆
χ

2

Minos
NOvA
T2K
IC19
LBL/IC

0.3 0.4 0.5 0.6 0.7

sin
2
θ

23

0

5

10

15

∆
χ

2

0.3 0.4 0.5 0.6 0.7

sin
2
θ

23

R + Minos
R + NOvA
R + T2K
R + IC19
R + LBL/IC

NuFIT 6.0 (2024)
IO NO

I Esteban, MC Gonzalez-Garcia, M Maltoni, 
IMS,JP Pinheiro, T Schwetz, JHEP 12 (2025)C =

Δm2
21L

4E
sin 2θ12 sin 2θ13 sin 2θ23o = sign(Δm2

31) A = |2EV/Δm2
31 |

Ordering

The appearance depends on the mass 
ordering
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Accelerator experiments can search for -appearanceνe
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The appearance depends on the CP-phase

CP-violation
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Accelerator experiments can search for -appearanceνe
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T2K vs NOvA
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The tension between T2K and NOvA over  and NO shifts the LBL 
preference toward IO

δCP
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LBL+Reactors
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Full LBL-reactor combo eases T2K-NOvA tension
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Δeμ = ( |Δm2
ee | − |Δm2

μμ | )/Δm2
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• Combining LBL( ) and reactors ( ) 
strengthens NO preference
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Δeμ = ( |Δm2
ee | − |Δm2

μμ | )/Δm2
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Atmospheric neutrinos are created in the collision of 
cosmic rays with the atmospheric nuclei

141Ivan Martinez-Soler (IPPP)

Atmospheric Neutrinos
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The most recent atmospheric neutrino flux estimations are based on 3D-MC simulation 

ϕνi
= ϕp ⊗ Rp ⊗ Yp→νi

+ ∑
A

ϕA ⊗ RA ⊗ YA→νi

The atmospheric flux composition 
changes with the energy

Honda, Sajjad Athar, Kajita, Kasahara, 
Midorikawa Phys.Rev.D 92 (2015) 

The main components in the flux calculations are:


• Cosmic ray flux ( )

• Geomagnetic effects (R)

• Hadronic interactions (Y)

ϕp
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Atmospheric Neutrinos
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i
dν
dE

=
1

2Eν
(U†diag(0,Δm2

21, Δm2
31)U ± Vα) ν

Vα = 2 2GFNeEνdiag(1,0,0)

Atmospheric Neutrinos

Matter effects play a crucial role in the evolution of atmospheric neutrinos

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.17.2369
https://inspirehep.net/literature/228623
https://lweb.cfa.harvard.edu/~lzeng/papers/PREM.pdf
https://lweb.cfa.harvard.edu/~lzeng/papers/PREM.pdf


Matter effects play a crucial role in the evolution of atmospheric neutrinos
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dν
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=
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2Eν
(U†diag(0,Δm2

21, Δm2
31)U ± Vα) ν

Vα = 2 2GFNeEνdiag(1,0,0)

Evolution in the Earth is 
not adiabatic

Atmospheric Neutrinos

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.17.2369
https://inspirehep.net/literature/228623
https://lweb.cfa.harvard.edu/~lzeng/papers/PREM.pdf
https://lweb.cfa.harvard.edu/~lzeng/papers/PREM.pdf
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Neutrino oscillation is modified by matter effects

Wolfenstein, PRD 17 (1978)

Mikheyev and Smirnov, Yad.Fix 42 (1985)

Atmospheric 
resonance

Solar 
resonance

Core/Mantle

Atmospheric Neutrinos

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.17.2369
https://inspirehep.net/literature/228623
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P(νμ → νe) ≠ P(νe → νμ)

For atmospheric neutrinos, both fluxes are sensitive to 


• In the case of , the CPT conservation implies 


• The impact of  depends mainly on the neutrino direction


•    contribute to measuring the phase via    

δCP

δcp ≠ 0

δcp

Pμμ cos δCP
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Sub-GeV

https://arxiv.org/pdf/hep-ph/0204171
https://arxiv.org/abs/hep-ph/0208163
https://arxiv.org/abs/2401.10326
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At the GeV scale, trajectories crossing the mantle experience 
an MSW resonance, making neutrinos sensitive to the mass 
ordering:


• The matter effect enhances the oscillation of neutrinos 
(anti-neutrinos) for NO (IO)
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Multi-GeV

https://arxiv.org/abs/hep-ph/0406096
https://arxiv.org/abs/hep-ph/0612285
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In the multi-GeV region, neutrino evolution is dominated by  and 



•  shows a linear dependence on the octant of 

Δm2
31

sin2 θ23

Pμe θ23

•  can determine whether  is 
maximal mixing.


• The matter effects can resolve the 
degeneracy between the two octants.


Pμμ θ23 Symmetric with 
respect to  

octant
θ23

Matter effects

Multi-GeV
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Several experiments have measured the atmospheric neutrino flux, with SK starting from the sub-GeV scale.

Super-Kamiokande (SK) 

• 22.5 kton water Cherenkov

• Small sample at multi-GeV due to the volume

• The event sample is divided in FC, PC and Up-μ

149

Abe et al. (Super-Kamiokande), PRD 97 (2018)

Wester et al. (Super-Kamiokande), arXiv: 2311.05105

Super-Kamiokande

https://arxiv.org/abs/1710.09126
https://arxiv.org/abs/2311.05105
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The neutrino telescopes measure the atmospheric neutrino flux from 
the multi-GeV scale

•  ice Cherenkov

• The sample is divided into tracks and cascades


∼ 1km3
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Abbasi et al. (IceCube), PRD 108 (2023)                                            
Abbasi et al. (IceCube), arXiv: 2405.02163 

Wilks'

IceCube

https://arxiv.org/abs/2304.12236
https://arxiv.org/abs/2405.02163
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The total expected volume is 7 Mt, with events classified 
into high-purity tracks, low-purity tracks, and showers 

ORCA measures the multi-GeV component of the atmospheric neutrino flux from ~2GeV

Carretero et al. (KM3NeT), PoS ICRC2023            
Aiello (KM3NeT), EPJC 82, 26 (2022)

ORCA

https://pos.sissa.it/444/996
https://arxiv.org/abs/2103.09885
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Atmospheric Mass-Squared Splitting

Combining different datasets results in significant synergy, as 
the global regions are smaller than the individual ones.
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• Colored regions: LBL+IC19

• Black-dashed: LBL+IC24+SK

• Good agreement with reactor experiments

• Preference for the higher octant ( ) sin2 θ23 = 0.561
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Mass Ordering

• Combining IC24+Reactors, we get a 
preference for  NO of 


• Super-Kamiokande alone shows a 
preference for NO of  


• Combining IC+SK+global fit results 
in a preference for NO of 

Δχ2 ∼ 4.5

Δχ2 ∼ 5.7

Δχ2 ∼ 6.1
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JCP = Im[UαiU*αjU*βiUβj]

The Jarlskog invariant provides a convention-independent measurement of the violation of the CP symmetry

= Jmax
CP sin δCP

CP-conservation is 
margnizaly disfavored
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Most parameters are known at the percent level, but several 
open questions remain:


• For , small preference for the lower octant (higher octant), 
combining IC24+SK+global fit (global)


• For , almost the entire region is allowed, with CP-
conservation preferred for NO and maximal CP-violation for IO.


• Mass ordering shows small preference until IC24+SK is 
included, which favors NO. 


θ23

δcp



Neutrino Mass
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• Neutrino oscillation experiments cannot probe the absolute neutrino mass scale


Neutrino Mass
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• Neutrino oscillation experiments cannot probe the absolute neutrino mass scale


• The maximum energy accessible to  in -decays is modified if neutrinos are massive particlese− β

Neutrino Mass

CERN

Ivan Martinez-Soler (IPPP)

A
ZX →A

Z+1 X + e− + νe

158

https://cerncourier.com/a/a-voyage-to-the-heart-of-the-neutrino/


Neutrino Mass

M. Aker et al (KATRIN) Nature Phys. 18 (2022)

KATRIN explores the  energy spectrum in tritium decayse−

T2 →3 He T+ + e− + νe -spectrum end point at 18.6 keV β

Ivan Martinez-Soler (IPPP) 159

https://arxiv.org/abs/2105.08533


Neutrino Mass

M. Aker et al (KATRIN) Nature Phys. 18 (2022)

KATRIN explores the  energy spectrum in tritium decayse−

T2 →3 He T+ + e− + νe

It is sensitive to the νe

mνe
= ∑

i

U2
eim

2
i

= m2
1 + Δm2

21c
2
13s

2
12 + Δm2

31s
2
13

-spectrum end point at 18.6 keV β
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Neutrino Mass

M. Aker et al (KATRIN) Nature Phys. 18 (2022)

KATRIN explores the  energy spectrum in tritium decayse−

T2 →3 He T+ + e− + νe

It is sensitive to the νe

mνe
= ∑

i

U2
eim

2
i

= m2
1 + Δm2

21c
2
13s

2
12 + Δm2

31s
2
13

From oscillation:
NO: 

IO:  

9 × 10−3 eV ≤ mνe

5.8 × 10−2 eV ≤ mνe

-spectrum end point at 18.6 keV β
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https://arxiv.org/abs/2105.08533


Neutrino Mass

The analysis of the spectral distribution showed no evidence for 
the neutrino masses

M. Aker et al (KATRIN) Science 388 (2025)

mνe
< 0.45 eV

Ivan Martinez-Soler (IPPP)

NO:  

IO:  

9 × 10−3 eV ≤ mνe
≤ 0.4 eV

5.8 × 10−2 eV ≤ mνe
≤ 1.2 eV

162

https://arxiv.org/abs/2105.08533


Neutrinoless Double-Beta Decay
A fundamental question remains: are neutrinos their own antiparticles?
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Neutrinoless Double-Beta Decay
A fundamental question remains: are neutrinos their own antiparticles?

If neutrinos are Majorana particles the lepton number is 
not conserved

(A, Z) → (A, Z + 2) + 2e−

Lepton number 
violated by 2 units
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Neutrinoless Double-Beta Decay
Neutrinoless double beta decay is sensitive to the absolute scale of the neutrino masses

The half-life of the process is

Phase space Nuclear matrix 

element mββ = |∑

i

U2
eimi |

(T0ν
1/2)

−1 = G0ν(Qββ, Z) |M0ν |2 m2
ββ
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Neutrinoless Double-Beta Decay
Neutrinoless double beta decay is sensitive to the absolute scale of the neutrino masses

The half-life of the process is (T0ν
1/2)

−1 = G0ν(Qββ, Z) |M0ν |2 m2
ββ

Phase space Nuclear matrix 

element mββ = |∑

i

U2
eimi |

The mixing matrix contains two additional phases

UPMNS =
1 0 0
0 c23 s23

0 −s23 c23

c13 0 s13e−δcp

0 1 0
−s13eδcp 0 c13

c12 s12 0
−s12 c12 0

0 0 1

1 0 0
0 eiα1 0
0 0 eiα2
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Neutrinoless Double-Beta Decay
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The main uncertainties over  come from the Majorana phases mββ

Excluded by Katrin
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: GERDA0νββ
A Germanium detector using 127.2 kg yr exposure has not found evidence
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M. Agostini et al (GERDA), PRL 125 (2020)

Expected signal

GERDA (Zurich)
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: KamLAND-Zen0νββ
KamLAND-Zen uses 745 kg of Xenon to search for  0νββ

3.8 × 1026 yr < T0ν
1/2 mββ < 28 − 122 meV

1 2 3 4
Visible Energy (MeV)

1−10

10

310

510

Ev
en

ts
 / 

0.
05

 M
eV

Total
 U.L.)ββνTotal (0
ββνXe 2136 

 (90%C.L. U.L.)ββνXe 0136 
Xenon spallation products

Xe137Carbon spallation +  
IB/External RI
Internal RI
Solar Neutrino ES + CC
Data

(b) LD

Qββ

Ivan Martinez-Soler (IPPP)

1 10 210

(b) IO

1 10 210
0

50

100

150

 (m
eV

)
〉 

β
β

m〈
Ef

fe
ct

iv
e 

M
aj

or
an

a 
m

as
s 

Shell Model
QRPA
EDF
IBM

(a) NO

0

50

100

150

Xe

Ge
Te

(A) (B) (C)

(c)

 (meV)lightestm
S. Abe et al. (KamLED-Zen), arXiv:2406.11438

169

https://arxiv.org/abs/2406.11438


e µ τ

u

d

c

s b

t

ν1 ν2 ν3

T
e

V

G
e

V

M
e

V

k
e

V

e
V

m
e

V

µ
e

V

( l a r g e  a n g l e  M S W )

Neutrino Mass
There is a large mass gap between neutrinos and the other fermions, which could signal BSM physics

P. Hernandez, CLASHEP2015 arXiv:1708.01046
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Neutrino Mass

If neutrinos are Majorana particles, they can get their masses via the Weinberg operator 

ℒmass ⊃
Y
Λ

LLϕ̃*C†ϕ̃†LL + h.c.

ϕ ϕ

ν ν

The smallness of the neutrino mass could be explained by the 
suppression of the new physics scale mν ∼

Yv2

2Λ
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Neutrino Mass: see-saw mechanism

If neutrinos are Majorana particles, they can get their masses via the Weinberg operator 

ℒmass ⊃
Y
Λ

LLϕ̃*C†ϕ̃†LL + h.c.

ϕ ϕ

ν ν

At the tree level, the Weinberg operator can be generated as the exchange of a massive particle

See-saw type I See-saw type II See-saw type III

Singlet fermion Triplet scalar Triplet fermion 
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See-saw type I

ℒTypeI =
1
2

NC
L ℳNL + h.c.

By adding a right-handed neutrino to the SM, we can construct a Dirac and Majorana mass terms

ℳ = (
0 mD

m†
D mM)where NL = (νL

νC
R )
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See-saw type I

ℒTypeI =
1
2

NC
L ℳNL + h.c.

By adding a right-handed neutrino to the SM, we can construct a Dirac and Majorana mass terms

ℳ = (
0 mD

m†
D mM)where NL = (νL

νC
R )

In case of  we found a light and a heavy statemM ≫ mD

ml ≃
mT

DmD

mM
mh ≃ mM

mD =
Yv

2
where
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See-saw type I

ℒTypeI =
1
2

NC
L ℳNL + h.c.

By adding a right-handed neutrino to the SM, we can construct a Dirac and Majorana mass terms

ℳ = (
0 mD

m†
D mM)where NL = (νL

νC
R )

In case of  we found a light and a heavy statemM ≫ mD

ml ≃
mT

DmD

mM
mh ≃ mM

mD =
Yv

2
where

For  and mM ∼ 1014 GeV Y ∼ o(1) mD ∼ 0.1 eV
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See-saw type I

ℒTypeI =
1
2

NC
L ℳNL + h.c.

By adding a right-handed neutrino to the SM, we can construct a Dirac and Majorana mass terms

ℳ = (
0 mD

m†
D mM)where NL = (νL

νC
R )

In case of  we found a light and a heavy statemM ≫ mD

ml ≃
mT

DmD

mM
mh ≃ mM

mD =
Yv

2
where

The mixing is very suppressed θ ≃
mD

mM
∼ 10−12 For mM ∼ 1014 GeV
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Heavy Neutral Leptons
In the presence of , the flavor states can be written as a superposition of massive states as NR

ναL = ∑ UαmνmL + Uα4N UαN =
Yαv

2mN

 3x3 matrix that is not unitaryUαm
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Heavy Neutral Leptons
In the presence of , the flavor states can be written as a superposition of massive states as NR

ναL = ∑ UαmνmL + Uα4N UαN =
Yαv

2mN

lα να
NUαN

να
να

NUαN

HNLs are produced through the same weak interactions as active neutrinos
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Heavy Neutral Leptons
In the presence of , the flavor states can be written as a 
superposition of massive states as 

NR

ναL = ∑ UαmνmL + Uα4N4L

Fernandez-Martinez, Gonzalez-Lopez, Hernandez-Garcia, 
Hostert, Lopez-Pavon, JHEP 09 (2023)
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Neutrino Astronomy
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Neutrino Astronomy

• At 100 TeV, the universe is opaque to photons due to their interactions with the cmb before they reaching the 
Earth

γ + γ → e+ + e−

• Cosmic rays are deflected by magnetic fields as 
they travel to Earth.

• Neutrinos are neutral particles that interact 
weakly, allowing their detection to directly trace 
back to their source.

Why neutrinos?

Ivan Martinez-Soler (IPPP)
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Neutrino Astronomy

Detecting them provides insights into cosmic ray 
acceleration and their interaction with gas or photons.


IceCube/NASA

Image:Space.com

p + p → p + p + π+ + π−

Interaction with matter

Neutrinos can originate from sources of UHE cosmic rays


p + p → p + p + π0

Interaction with radiation fields

p + γ → n + π+

p + γ → p + π0

Ivan Martinez-Soler (IPPP)
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Neutrino Astronomy

• The predicted flux follows 


• The normalization and the spectral index reveal 
information about the neutrino source and its 
environment


• They travel vast distances, ranging from kpc to 
Gpc, before reaching the Earth 


• Due to their low flux, large detectors are necessary 
for their detection.

ϕ ∼ E−γ

IceCube/NASA

Image:Space.com
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Astrophysical neutrinos

R. Abbasi, et al. (IceCube), Astrophys.J. 928 (2022) 1, 50

Atmospheric neutrinos Astrophysical neutrinos

At energies above ~10 TeV, the flux reaching the Neutrino 
Telescopes is dominated by astrophysical sources.
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Through-going Muons

R. Abbasi, et al. (IceCube), Astrophys.J. 928 (2022) 1, 50

Atmospheric neutrinos Astrophysical neutrinos
IceCube has measured the astrophysical muon-neutrino 
flux


• It includes both starting and through-going samples.


• The measurement is dominated by  CC, with a small 
contribution from  CC


• To minimize the background, only up-going events 
have been considered ( )


• The energy range considered is 15 TeV to 5 PeV

νμ
ντ

θzenith > 85∘
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Electron and Tau Neutrinos

IceCube has searched for astrophysical events using cascades


• This analysis is dominated by  and 


• The astrophysical neutrino flux at Earth assumes an equal 
number of neutrinos and anti-neutrinos, with an equal flavor 
composition


• The energy range considered spans from 16 TeV to 2.6 PeV


• Cascades from all the sky are included.

νe ντ

M.G. Aartsen, et al. (IceCube), PRL 125 (2020)
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Electron and Tau Neutrinos

Assuming the astrophysical flux follows a power law

ϕν(E) = ϕ0 ( E
E0 )

γ
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HESE (7.5y Full-sky)
Phys. Rev. D 104, 022002 (2021)
Inelasticity Study (5y, Full-sky)
Phys. Rev. D 99, 032004
Cascades (6y, Full-sky)
Phys. Rev. Lett. 125, 121104 (2020)
This work: Through-going Tracks
(9.5y, Northern-Hemisphere)
ANTARES Cascades+Tracks
(best-fit: 9y, Full-sky) PoS(ICRC2019)891

R. Abbasi, et al. (IceCube), Astrophys.J. 928 (2022) 1, 50

Tracks

Cascades

ANTARES HESE

• Compared to the muon analysis, there is a good 
agreement in both normalization and γ
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Where Do Neutrinos Come From?
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• On 22 September 2017, IceCube’s alert system detected a 
high-energy track (  TeV) 


• FermiLAT confirmed it coincided with a period of intense 
-ray activity from TXS 0506+056


• Subsequent observation by MAGIC and other experiments 
also detected high-energy -ray


• The significance of that source is 
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M.G. Aartsen, et al. (IceCube), Science 361, 147 (2018)

Point Sources
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Abbasi et al. (IceCube) Science 
378, 538 (2022)

Point Sources
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The most significant source observed by IceCube is NGC 1068 with a significance of 4.2σ

0 1 2 3 4

√̂2 [deg2]

20

40

60

80

#
E

ve
nt

s

Signal

Background

Total

Data
• The analysis is optimized for searching tracks from 

the Northern Hemisphere


• The analysis assumes a single power law finding a 
preference for  and an excess of 

 events


• Most of the events have energies between 1.5TeV 
and 15TeV

γ = 3.2 ± 0.2
79+22

−20

Abbasi et al. (IceCube) Science 
378, 538 (2022)

Point Sources
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These sources contribute no more than  to the total diffuse flux measured.∼ 1 %

Abbasi et al. (IceCube) Science 
378, 538 (2022)

Point Sources
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Galactic Plane

• The highest neutrino production in the galaxy is expected near the Galactic Center


• Three models of Galactic diffuse neutrino emission have been considered, differing in energy spectrum and 
emission location. 

IceCube, Science 380 (2023) 1338
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Galactic Plane
The larger neutrino production in the galaxy can be expected in the Galactic Center

IceCube, Science 380 (2023) 1338
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Galactic Plane

IceCube, Science 380 (2023) 1338

• Neutrino emission from the Galactic Plane is found 
at 


• The flux from the galactic plane will contribute 
between 6-13% to the diffuse flux at 30TeV


4.5σ
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