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OUTLINE

• Historic Introduction to the SM of Massless Neutrinos

• Introducing ν mass: Dirac vs Majorana, Lepton mixing

• Mass induced Flavour Oscillations in Vaccum and in Matter

• Summary of Flavour Oscillation Observations:Status of 3ν global description
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Discovery of ν’s

• At end of 1800’s radioactivity was discovered and three types identified: α, β, γ

β : an electron comes out of the radioactive nucleus.

• Energy conservation ⇒ e− should have had a fixed energy

(A,Z) → (A,Z + 1) + e− ⇒ Ee =M(A,Z + 1)−M(A,Z)
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Discovery of ν’s

• At end of 1800’s radioactivity was discovered and three types identified: α, β, γ

β : an electron comes out of the radioactive nucleus.

• Energy conservation ⇒ e− should have had a fixed energy

(A,Z) → (A,Z + 1) + e− ⇒ Ee =M(A,Z + 1)−M(A,Z)
But 1914 James Chadwick showed that the electron energy spectrum is continuous

Do we throw away the energy conservation?

Bohr: we have no argument, either empirical or theoretical, for upholding the energy principle in

the case of β ray disintegrations
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Discovery of ν’s

• The idea of the neutrino came in 1930, when W. Pauli tried a desperate saving

operation of ”the energy conservation principle”.
In his letter addressed to the Liebe Radioaktive Damen und Her-

ren (Dear Radioactive Ladies and Gentlemen), the participants

of a meeting in Tubingen. He put forward the hypothesis that

a new particle exists as constituent of nuclei, the neutron ν,

able to explain the continuous spectrum of nuclear beta decay

(A,Z) → (A,Z+1)+e−+ν
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Discovery of ν’s

• The idea of the neutrino came in 1930, when W. Pauli tried a desperate saving

operation of ”the energy conservation principle”.
In his letter addressed to the Liebe Radioaktive Damen und Her-

ren (Dear Radioactive Ladies and Gentlemen), the participants

of a meeting in Tubingen. He put forward the hypothesis that

a new particle exists as constituent of nuclei, the neutron ν,

able to explain the continuous spectrum of nuclear beta decay

(A,Z) → (A,Z+1)+e−+ν

• The ν is light (in Pauli’s words:

mν should be of the same order as the me),

neutral and has spin 1/2
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Neutrino Detection

Fighting Pauli’s “Curse”:

I have done a terrible thing, I have postulated a particle

that cannot be detected.
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p

Sources of ν’s

Concha Gonzalez-Garcia

The Big Bang

ρν = 330/cm3

pν =0.0004 eV
SN1987

Eν ∼ MeV

ExtraGalactic

Eν & 30 TeV

The Sun

νe

ΦEarth
ν = 6× 1010ν/cm2s

Eν ∼ 0.1–20 MeV

Atmospheric ν′s

νe, νµ, νe, νµ
Φν ∼ 1ν/cm2sHuman Body

Φν = 340× 106ν/day

NSS
Eν ∼ MeV

Nuclear Reactors

νe

Eν ∼ few MeV

Accelerators

Eν ≃ 0.3–30 GeV

Earth’s radioactivity

Φν ∼ 6× 106ν/cm2s
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Problem: Quantitatively: a ν sees a proton of area:

σνp ∼ 10−38cm2 Eν

GeV
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Neutrino Detection

Problem: Quantitatively: a ν sees a proton of area:

σνp ∼ 10−38cm2 Eν

GeV

• So let’s consider the atmospheric ν’s:

ΦATM
ν = 1 ν/( cm2 second) y 〈Eν〉 = 1 GeV

• How many interact? In a human body

Nint = Φν × σνp ×Nhuman
prot × T human

life (M × T ≡ Exposure)

Nhuman
protons =

Mhuman

gr
×NA = 80kg ×NA ∼ 5× 1028protons

Thuman = 80 years = 2× 109 sec







Exposurehuman

∼ Ton× year

Nint = (5× 1028) (2× 109)× 10−38 ∼ 1 interaction in life

To detect neutrinos we need very intense source and/or

a hugh detector with Exposure ∼ KTon × year
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First Neutrino Detection

In 1953 Frederick Reines and Clyde Cowan put a detector near

a nuclear reactor (the most intense source available)

400 l of water

and Cadmium Chloride.

e+ annihilates with e− in the water and produces two γ’s simultaneouoly.

neutron is captured by por the cadmium and a γ’s is emitted 15 msec latter

Reines y Clyde saw clearly this signature: the first neutrino had been detected
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Neutrinos = “Left-handed”
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Only for massless fermions Helicity and chirality states are the same.
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• We define the chiral projections PR,L =
1± γ5

2 ⇒ ψL = 1−γ5

2 ψ ψR = 1+γ5

2 ψ

• The Hamiltonian for a massive fermion ψ is H = ψ(x)(−i
∑

j

γj∂j +m)ψ(x)

• 4 states with (E, ~p) (γµpµ −m)us(~p) = 0 (γµpµ +m)vs(~p) = 0 s = 1, 2

• Since [H, γ5] 6= 0 and [~P , ~J ] 6= 0 [ ~J = ~L+
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(Σi = −γ0γ5γi) ]

⇒ Neither Chirality nor Ji can characterize the fermion simultaneously with E, ~p

• But [H, ~J. ~P ] = [~P , ~J. ~P ]=0 ⇒ we can chose u1(~p) ≡ u+(~p) and u2(~p) ≡ u−(~p) (same

for v1,2) to be eigenstates of the helicity projector

P± = 1
2

(
1± 2 ~J

~P

|~P |

)
= 1

2

(
1± ~Σ

~P

|~P |

)
= PR,L +O(mp )

• For massless fermions the Dirac equation can be written

~Σ ~P ψ = −γ0γ5~γ ~pψ = −γ0γ5γ0E ψ = γ5Eψ ⇒ For m = 0 P± = PR,L

Only for massless fermions Helicity and chirality states are the same.
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ν in the SM

• The SM is a gauge theory based on the symmetry group

SU(3)C × SU(2)L × U(1)Y ⇒ SU(3)C × U(1)EM

• 3 Generations of Fermions:

(1, 2,− 1
2
) (3, 2, 1

6
) (1, 1,−1) (3, 1, 2

3
) (3, 1,− 1

3
)

LL Qi
L ER U i

R Di
R

(

νe
e

)

L

(

ui

di

)

L

eR ui
R diR

(

νµ
µ

)

L

(

ci

si

)

L

µR ciR siR
(

ντ
τ

)

L

(

ti

bi

)

L

τR tiR biR

• Spin-0 particle φ: (1, 2, 12 )

φ =

(
φ+

φ0

)
SSB→ 1√

2

(
0

v + h

)
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• Spin-0 particle φ: (1, 2, 12 )

φ =
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2

(
0
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QEM = TL3 + Y

• ν’s are TL3 = 1
2 components of LL

• ν’s have no strong or EM interactions

• No νR (≡ singlets of gauge group)
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SM Fermion Lagrangian

L =
3∑

k=1

3∑

i,j=1

Qi
L,kγ

µ
(
i∂µ − gs

λa,ij

2 Ga
µ − g τa

2 δijW
a
µ − g′ 16δijBµ

)
Qj

L,k

+
3∑

k=1

3∑

i,j=1

U i
R,kγ

µ
(
i∂µ − gs

λa,ij

2 Ga
µ − g′ 23δijBµ

)
U j
R,k

+
3∑

k=1

3∑

i,j=1

Di
R,kγ

µ
(
i∂µ − gs

λa,ij

2 Ga
µ + g′ 13δijBµ

)
Dj

R,k

+
3∑

k=1

LL,kγ
µ
(
i∂µ − g τi

2 W
i
µ + g′ 12Bµ

)
LL,k+ER,kγ

µ (i∂µ + g′Bµ)ER,k

−
3∑

k,k′=1

(
λukk′QL,k(iτ2)φ

∗UR,k′ + λdkk′QL,kφDR,k′+λlkk′LL,kφER,k′ + h.c.
)
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(
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)

• Invariant under global rotations

QL,k → eiαB/3QL,k UR,k → eiαB/3UR,k DR,k → eiαB/3DR,k LL,k → eiαLkLL,k ER,k → eiαLkER,k

⇒ Accidental (≡ not imposed) global symmetry: U(1)B × U(1)Le
× U(1)Lµ

× U(1)Lτ

⇒ Each lepton flavour, Li, is conserved

⇒ Total lepton number L = Le + Lµ + Lτ is conserved



Massive Neutrinos 2024 Concha Gonzalez-GarciaSM = massless ν ′s and LFC

• A fermion mass can be seen as at a Left-Right transition

mfψψ = mfψLψR + h.c. (this is not SU(2)L gauge invariant)
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In the SM:

– There are no right-handed neutrinos

⇒ No renormalizable (ie dim≤ 4) gauge-invariant operator for tree level ν mass

– SM gauge invariance ⇒accidental symmetry U(1)B × U(1)Le × U(1)Lµ × U(1)Lτ

⇒ Not possible to generate such term at any order perturbatively
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In the SM:

– There are no right-handed neutrinos

⇒ No renormalizable (ie dim≤ 4) gauge-invariant operator for tree level ν mass

– SM gauge invariance ⇒accidental symmetry U(1)B × U(1)Le × U(1)Lµ × U(1)Lτ

⇒ Not possible to generate such term at any order perturbatively

In SM ν’s are Strictly Massless & Lepton Flavours are Strictly Conserved
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• We have observed with high (or good) precision:

∗ Atmospheric νµ & ν̄µ disappear most likely to ντ (SK,MINOS, ICECUBE)

∗ Accel. νµ & ν̄µ disappear at L ∼ 300/800 Km (K2K, T2K, MINOS, NOνA)

∗ Some accelerator νµ appear as νe at L ∼ 300/800 Km ( T2K, MINOS,NOνA)

∗ Solar νe convert to νµ/ντ (Cl, Ga, SK, SNO, Borexino)

∗ Reactor νe disappear at L ∼ 200 Km (KamLAND)

∗ Reactor νe disappear at L ∼ 1 Km (D-Chooz, Daya Bay, Reno)
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• We have observed with high (or good) precision:

∗ Atmospheric νµ & ν̄µ disappear most likely to ντ (SK,MINOS, ICECUBE)

∗ Accel. νµ & ν̄µ disappear at L ∼ 300/800 Km (K2K, T2K, MINOS, NOνA)

∗ Some accelerator νµ appear as νe at L ∼ 300/800 Km ( T2K, MINOS,NOνA)

∗ Solar νe convert to νµ/ντ (Cl, Ga, SK, SNO, Borexino)

∗ Reactor νe disappear at L ∼ 200 Km (KamLAND)

∗ Reactor νe disappear at L ∼ 1 Km (D-Chooz, Daya Bay, Reno)

All this implies that Lα are violated

and There is Physics Beyond SM
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• In the SM neutral bosons can be of two type:

– Their own antiparticle such as γ, π0 ...

– Different from their antiparticle such as K0, K̄0...

• In the SM ν are the only neutral fermions
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Dirac versus Majorana Neutrinos

• In the SM neutral bosons can be of two type:

– Their own antiparticle such as γ, π0 ...

– Different from their antiparticle such as K0, K̄0...

• In the SM ν are the only neutral fermions

⇒ OPEN QUESTION: are neutrino and antineutrino the same or different particles?

∗ ANSWER 1: ν different from anti-ν ⇒ ν is a Dirac fermion (like e)

⇒ It is described by a Dirac field ν(x) =
∑

s,~p

[

as(~p)us(~p)e
−ipx + b†s(~p)vs(~p)e

ipx
]
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−
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The difference arises when including a neutrino mass
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• L(Dirac)
mass involves the four chiral fields νL , νR , (νL)
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C

⇒ Total Lepton number is conserved by construction (not accidentally):

U(1)L : ν → eiα ν and ν → e−iα ν

U(1)L : νC → e−iα νC and νC → eiα νC

}
⇒ L(Dirac)

mass → L(Dirac)
mass
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• CC and mass for 3 charged leptons ℓi and N neutrinos in weak basis νW ≡




νL,e

νL,µ

νL,τ

(νR,1)
C
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µ −
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ℓWL,iMℓijℓ
W
R,j−

1

2

N∑
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νci
WMνijν

W
j +h.c.
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L,R≡ Unitary 3× 3 matrices V ν≡ Unitary N ×N matrix.
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• ULEP ≡ 3×N matrix ULEPU
†
LEP=I3×3 but in general U †

LEPULEP 6=IN×N

U ij
LEP =

3∑

k=1

P ℓ
iiV

ℓ
L

†ik
V νkjP ν

jj
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ULEP ≡ 3×N matrix U ij
LEP =

3∑

k=1

P ℓ
iiV

ℓ
L

†ik
V νkjP ν

jj

• P ℓ
ii ⊃ 3 phases absorbed in li

• P ν
kk ⊃ N-1 phases absorbed in νi (only possible if νi is Dirac)

⇒ For N = 3 + s: ULEP⊃ 3(1+ s) angles + (2s+1) Dirac phases + (s+2) Maj phases

• For example for 3 Dirac ν : 3 Mixing angles + 1 Dirac Phase

ULEP =









1 0 0

0 c23 s23

0 −s23 c23

















c13 0 s13e
iδ

0 1 0

−s13e
−iδ 0 c13

















c21 s12 0

−s12 c12 0

0 0 1








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ULEP ≡ 3×N matrix U ij
LEP =

3∑

k=1

P ℓ
iiV

ℓ
L

†ik
V νkjP ν

jj

• P ℓ
ii ⊃ 3 phases absorbed in li

• P ν
kk ⊃ N-1 phases absorbed in νi (only possible if νi is Dirac)

⇒ For N = 3 + s: ULEP⊃ 3(1+ s) angles + (2s+1) Dirac phases + (s+2) Maj phases

• For example for 3 Dirac ν : 3 Mixing angles + 1 Dirac Phase

ULEP =









1 0 0

0 c23 s23

0 −s23 c23

















c13 0 s13e
iδ

0 1 0

−s13e
−iδ 0 c13

















c21 s12 0

−s12 c12 0

0 0 1









• For 3 Majorana ν : 3 Mixing angles + 1 Dirac Phase + 2 Majorana Phases

ULEP =









1 0 0

0 c23 s23

0 −s23 c23

















c13 0 s13e
iδ

0 1 0

−s13e
−iδ 0 c13

















c21 s12 0

−s12 c12 0

0 0 1

















1 0 0

0 eiφ2 0

0 0 eiφ3








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• Minimal Extension to allow for LFV ⇒ give Mass to the Neutrino

∗ Introduce νR AND impose L conservation ⇒ Dirac ν 6= νc:

L = LSM −MννLνR + h.c.

∗ NOT impose L conservation ⇒ Majorana ν = νc

L = LSM − 1
2MννLν

C
L + h.c.

• The charged current interactions of leptons are not diagonal (same as quarks)

g√
2
W+

µ

∑

ij

(
U ij
LEP ℓ

i γµ Lνj + U ij
CKM U i γµ LDj

)
+ h.c.

j

W
+

l
_

i

ν

W
+

_

i

u
j

d
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• Fermi proposed a kinematic search of νe mass from beta spectra in 3H beta decay

3H →3 He + e+ νe

• For “allowed” nuclear transitions, the electron spectrum is given by phase space alone

K(T ) ≡
√

dN
dT

1
CpE F (E) ∝

√
(Q− T )

√
(Q− T )2 −m2

νe

T = Ee −me, Q= maximum kinetic energy, (for 3H beta decay Q = 18.6 KeV)

Taking into account mixing meff
νe

≡
√∑

m2
νj
|Uej |2
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3H →3 He + e+ νe

• For “allowed” nuclear transitions, the electron spectrum is given by phase space alone

K(T ) ≡
√
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1
CpE F (E) ∝

√
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√
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νe

T = Ee −me, Q= maximum kinetic energy, (for 3H beta decay Q = 18.6 KeV)

Taking into account mixing meff
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•mν 6= 0⇒ distortion from the straight-line at the end point of the spectrum

mν = 0 ⇒ Tmax = Q

mν 6= 0 ⇒ Tmax = Q−mν

νm

K (T)

Q
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• Fermi proposed a kinematic search of νe mass from beta spectra in 3H beta decay

3H →3 He + e+ νe

• For “allowed” nuclear transitions, the electron spectrum is given by phase space alone

K(T ) ≡
√

dN
dT

1
CpE F (E) ∝

√
(Q− T )

√
(Q− T )2 −m2

νe

T = Ee −me, Q= maximum kinetic energy, (for 3H beta decay Q = 18.6 KeV)

Taking into account mixing meff
νe

≡
√∑

m2
νj
|Uej |2

•mν 6= 0⇒ distortion from the straight-line at the end point of the spectrum

mν = 0 ⇒ Tmax = Q

mν 6= 0 ⇒ Tmax = Q−mν

νm

K (T)

Q
T

– At present only a bound: meff
νe
< 0.8 eV (at 90 % CL) (Katrin)

– Katrin operating can improve present sensitivity to meff
νe

∼ 0.3 eV
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Dirac or Majorana? ν-less Double-β Decay

Lectures of C. Patrick

(A,Z) → (A,Z + 2) + e− + e−

n

p

W

n

p

W
ν

e−

e−

• Amplitude includes
[
eγµLνe

][
eγµLνe

]
=
∑

ij

UeiUej

[
eγµνi

][
eγµνj

]
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Dirac or Majorana? ν-less Double-β Decay

Lectures of C. Patrick

(A,Z) → (A,Z + 2) + e− + e−

n

p

W

n

p

W
ν

e−

e−

• Amplitude includes
[
eγµLνe

][
eγµLνe

]
=
∑

ij

UeiUej

[
eγµνi

][
eγµνj

]

– If νi Dirac ⇒ νi annihilates a neutrino and creates an antineutrino

⇒ no same state ⇒ Amplitude = 0

– If νi Majorana ⇒ νi = νci annihilates and creates a neutrino=antineutrino

⇒ same state ⇒ Amplitude ∝ νi (νi)
T

]

6= 0
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Dirac or Majorana? ν-less Double-β Decay

Lectures of C. Patrick

(A,Z) → (A,Z + 2) + e− + e−

n

p

W

n

p

W
ν

e−

e−

• Amplitude includes
[
eγµLνe

][
eγµLνe

]
=
∑

ij

UeiUej

[
eγµνi

][
eγµνj

]

– If νi Dirac ⇒ νi annihilates a neutrino and creates an antineutrino

⇒ no same state ⇒ Amplitude = 0

– If νi Majorana ⇒ νi = νci annihilates and creates a neutrino=antineutrino

⇒ same state ⇒ Amplitude ∝ νi (νi)
T

]

6= 0

• If Majorana mν only source of L-violation

⇒ Amplitude of ν-less-ββ decay is proportional to 〈mee〉 =
∑

j

U2
ejmj
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Probes of ν Mass Scale

Single β decay : Pure kinematics, Dirac or Majorana ν’s, only model independent

νm

K (T)

Q
T

m2
νe

=
∑

m2
j |Uej |2

Present bound: mνe
≤ 0.8 eV (90% CL KATRIN 2021)

Katrin (20XX) Sensitivity to mνe
∼ 0.2 eV

ν-less Double-β decay: ⇔ Majorana ν′s

n

p

W

n

p

W
ν

e−

e−

If mν only source of ∆L T 0ν
1/2 = me

G0ν M
2
nucl m

2
ee

mee = |
∑

U2
ejmj |

Present Bounds: mee < 0.04−0.2 eV

COSMOLOGY for Dirac or Majorana

mν affect growth of structures
∑

mi ≤? (Lecture by. E Di Valentino )
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Effects of ν Mass: Flavour Transitions

• Flavour (≡ Interaction) basis (production and detection): νe, νµ and ντ

• Mass basis (free propagation in space-time): ν1, ν2 and ν3 . . .
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• Flavour (≡ Interaction) basis (production and detection): νe, νµ and ντ

• Mass basis (free propagation in space-time): ν1, ν2 and ν3 . . .

• In general interaction eigenstates 6= propagation eigenstates




νe
νµ
ντ


 = ULEP




ν1
ν2
ν3
...




Flavour not conserved in propagation

⇒
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Effects of ν Mass: Flavour Transitions

• Flavour (≡ Interaction) basis (production and detection): νe, νµ and ντ

• Mass basis (free propagation in space-time): ν1, ν2 and ν3 . . .

• In general interaction eigenstates 6= propagation eigenstates




νe
νµ
ντ


 = ULEP




ν1
ν2
ν3
...




Flavour not conserved in propagation

⇒

• The probability Pαβ of producing neutrino with flavour α and detecting with

flavour β has to depend on:

– Misalignment between interaction and propagation states (≡ U )

– Difference between propagation eigenvalues

– Propagation distance
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Mass Induced Flavour Oscillations in Vacuum

• If neutrinos have mass, a weak eigenstate |να〉 produced in lα + N →να + N ′

is a linear combination of the mass eigenstates (|νi〉)

|να〉=
n∑

i=1

U∗
αi |νi〉

U is the leptonic mixing matrix.
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• After a distance L (or time t) it evolves
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U∗
αi|νi(t)〉



Massive Neutrinos 2024 Concha Gonzalez-Garcia

Mass Induced Flavour Oscillations in Vacuum

• If neutrinos have mass, a weak eigenstate |να〉 produced in lα + N →να + N ′

is a linear combination of the mass eigenstates (|νi〉)

|να〉=
n∑

i=1

U∗
αi |νi〉

U is the leptonic mixing matrix.

• After a distance L (or time t) it evolves

|να(t)〉=
n∑

i=1

U∗
αi|νi(t)〉

• it can be detected with flavour β with probability

Pαβ = |〈νβ |να(t)〉|2 = |
n∑

j=1

n∑

i=1

U∗
αiUβj〈νj |νi(t)〉|2
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Mass Induced Flavour Oscillations in Vacuum

• The probability

Pαβ = |〈νβ |να(t)〉|2 = |
n∑

j=1

n∑

i=1

U∗
αiUβj〈νj |νi(t)〉|2

• We call Ei the neutrino energy and mi the neutrino mass

• Under the approximations:

(1) |ν〉 is a plane wave ⇒ |νi(t)〉 = e −iEit|νi(0)〉 and using 〈νj |νi〉 = δij

Pαβ = δαβ − 4

n
∑

i<j

Re[UαiU
∗
βiU

∗
αjUβj ]sin

2

(

∆ij

2

)

+ 2
∑

i<j

Im[UαiU
∗
βiU

∗
αjUβj ]sin (∆ij)

with ∆ij = (Ei − Ej)t
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Mass Induced Flavour Oscillations in Vacuum

• The probability

Pαβ = |〈νβ |να(t)〉|2 = |
n∑

j=1

n∑

i=1

U∗
αiUβj〈νj |νi(t)〉|2

• We call Ei the neutrino energy and mi the neutrino mass

• Under the approximations:

(1) |ν〉 is a plane wave ⇒ |νi(t)〉 = e −iEit|νi(0)〉 and using 〈νj |νi〉 = δij

Pαβ = δαβ − 4

n
∑
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∗
βiU

∗
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2

(

∆ij

2

)

+ 2
∑

i<j
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∗
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∗
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with ∆ij = (Ei − Ej)t

(2) relativistic ν

Ei =
√
p2i +m2

i ≃ pi +
m2

i

2Ei
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Mass Induced Flavour Oscillations in Vacuum

• The probability

Pαβ = |〈νβ |να(t)〉|2 = |
n∑

j=1

n∑

i=1

U∗
αiUβj〈νj |νi(t)〉|2

• We call Ei the neutrino energy and mi the neutrino mass

• Under the approximations:

(1) |ν〉 is a plane wave ⇒ |νi(t)〉 = e −iEit|νi(0)〉 and using 〈νj |νi〉 = δij

Pαβ = δαβ − 4

n
∑

i<j

Re[UαiU
∗
βiU

∗
αjUβj ]sin

2

(

∆ij

2

)

+ 2
∑

i<j

Im[UαiU
∗
βiU

∗
αjUβj ]sin (∆ij)

with ∆ij = (Ei − Ej)t

(2) relativistic ν

Ei =
√
p2i +m2

i ≃ pi +
m2

i

2Ei

(3) Lowest order in mass pi ≃ pj = p ≃ E

∆ij

2
=

(m2
i −m2

j )L

4E
= 1.27

m2
i −m2

j

eV2

L/E

Km/GeV
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Mass Induced Flavour Oscillations in Vacuum

• The oscillation probability:

Pαβ = δαβ − 4
n
∑

i<j

Re[UαiU
∗
βiU

∗
αjUβj ]sin

2

(

∆ij

2

)

+ 2
∑

i<j

Im[UαiU
∗
βiU

∗
αjUβj ]sin (∆ij)

∆ij

2 =
(Ei−Ej)L

2 = 1.27
(m2

i−m2
j )

eV2
L/E

Km/GeV
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Mass Induced Flavour Oscillations in Vacuum

• The oscillation probability:

Pαβ = δαβ − 4
n
∑

i<j

Re[UαiU
∗
βiU

∗
αjUβj ]sin

2

(

∆ij

2

)

+ 2
∑

i<j

Im[UαiU
∗
βiU

∗
αjUβj ]sin (∆ij)

∆ij

2 =
(Ei−Ej)L

2 = 1.27
(m2

i−m2
j )

eV2
L/E

Km/GeV

– The first term δαβ − 4
n∑

i<j

Re[UαiU
∗
βiU

∗
αjUβj ]sin

2

(
∆ij

2

)
equal for ν (U → U∗)

→ conserves CP
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Mass Induced Flavour Oscillations in Vacuum

• The oscillation probability:

Pαβ = δαβ − 4
n
∑
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∗
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∗
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(
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2
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+ 2
∑
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∗
βiU

∗
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∆ij

2 =
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– The first term δαβ − 4
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i<j

Re[UαiU
∗
βiU

∗
αjUβj ]sin

2

(
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2

)
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– The last piece 2
∑
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Im[UαiU
∗
βiU

∗
αjUβj ]sin (∆ij) opposite sign for ν

→ violates CP
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Mass Induced Flavour Oscillations in Vacuum

• The oscillation probability:

Pαβ = δαβ − 4
n
∑

i<j

Re[UαiU
∗
βiU

∗
αjUβj ]sin

2

(

∆ij

2

)

+ 2
∑

i<j

Im[UαiU
∗
βiU

∗
αjUβj ]sin (∆ij)

∆ij

2 =
(Ei−Ej)L

2 = 1.27
(m2

i−m2
j )

eV2
L/E

Km/GeV

– The first term δαβ − 4
n∑

i<j

Re[UαiU
∗
βiU

∗
αjUβj ]sin

2

(
∆ij

2

)
equal for ν (U → U∗)

→ conserves CP

– The last piece 2
∑

i<j

Im[UαiU
∗
βiU

∗
αjUβj ]sin (∆ij) opposite sign for ν

→ violates CP

– If α = β ⇒ Im[UαiU
∗
αiU

∗
αjUαj ] = Im[|U⋆

αi|2|Uαj|2] = 0

⇒ CP violation observable only for β 6= α
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Mass Induced Flavour Oscillations in Vacuum

• The oscillation probability:

Pαβ = δαβ − 4

n
∑

i<j

Re[UαiU
∗
βiU

∗
αjUβj ]sin

2

(

∆ij

2

)

+ 2
∑

i<j

Im[UαiU
∗
βiU

∗
αjUβj ]sin (∆ij)

∆ij

2 =
(Ei−Ej)L

2 = 1.27
(m2

i−m2
j )

eV2
L/E

Km/GeV

– The first term δαβ − 4

n∑

i<j

Re[UαiU
∗
βiU

∗
αjUβj ]sin

2

(
∆ij

2

)
equal for ν (U → U∗)

→ conserves CP

– The last piece 2
∑

i<j

Im[UαiU
∗
βiU

∗
αjUβj ]sin (∆ij) opposite sign for ν

→ violates CP

• Pαβ depends on Neutrino Parameters and on Two set-up Parameters:

•∆m2
ij = m2

i −m2
j The mass differences • E The neutrino energy

• Uαj The mixing angles • L Distance ν source to detector
(and Dirac phases)
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Mass Induced Flavour Oscillations in Vacuum

• The oscillation probability:

Pαβ = δαβ − 4

n
∑

i<j

Re[UαiU
∗
βiU

∗
αjUβj ]sin

2

(

∆ij

2

)

+ 2
∑

i<j

Im[UαiU
∗
βiU

∗
αjUβj ]sin (∆ij)

∆ij

2 =
(Ei−Ej)L

2 = 1.27
(m2

i−m2
j )

eV2
L/E

Km/GeV

– The first term δαβ − 4

n∑

i<j

Re[UαiU
∗
βiU

∗
αjUβj ]sin

2

(
∆ij

2

)
equal for ν (U → U∗)

→ conserves CP

– The last piece 2
∑

i<j

Im[UαiU
∗
βiU

∗
αjUβj ]sin (∆ij) opposite sign for ν

→ violates CP

• Pαβ depends on Neutrino Parameters and on Two set-up Parameters:

•∆m2
ij = m2

i −m2
j The mass differences • E The neutrino energy

• Uαj The mixing angles • L Distance ν source to detector
(and Dirac phases)

• No information on mass scale nor Majorana phases
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2-ν Oscillations

• When oscillations between 2-ν dominate: U =





cos θ sin θ

− sin θ cos θ





Posc = sin2(2θ) sin2
(

∆m2L
4E

)
Appear

Pαα = 1− Posc Disappear
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2-ν Oscillations

• When oscillations between 2-ν dominate: U =





cos θ sin θ

− sin θ cos θ





Posc = sin2(2θ) sin2
(

∆m2L
4E

)
Appear

Pαα = 1− Posc Disappear

• Posc is symmetric independently under ∆m2 → −∆m2 or θ → −θ + π
2

⇒ No information on ordering (≡ sign∆m2) nor octant of θ

• U is real ⇒ no CP violation

This only happens for 2ν vacuum oscillations
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ν Oscillations: Experimental Probes

• Generically there are two types of experiments to search for ν oscillations :

Disappearance Experiment

αν sourceν ν
α

detector ναdetector
I II

Φα Ι Φα ΙΙL
L

I

II

α Ι α ΙΙandCompares ΦΦ to look for loss

Appearance Experiment

L

αν sourceν ν detector
Searches for 
β

β

αdiff
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• Generically there are two types of experiments to search for ν oscillations :

Disappearance Experiment

αν sourceν ν
α

detector ναdetector
I II

Φα Ι Φα ΙΙL
L

I

II

α Ι α ΙΙandCompares ΦΦ to look for loss

Appearance Experiment

L

αν sourceν ν detector
Searches for 
β

β

αdiff

• To verify mass-induced oscillations we can study the neutrino flavour

as function of the Distance to the source As function of the neutrino Energy
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∫
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σCC(Eν)Pαβ(Eν)
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• To verify mass-induced oscillations we can study the neutrino flavour

as function of the Distance to the source As function of the neutrino Energy

• In real experiments ⇒ 〈Pαβ〉=
∫
dEν

dΦ
dEν

σCC(Eν)Pαβ(Eν)

• Maximal sensitivity for ∆m2 ∼ E/L

– ∆m2 ≪ E/L ⇒ 〈sin2
(

∆m2L/4E
)

〉 ≃ 0 → 〈Pα 6=β〉 ≃ 0 & 〈Pαα〉 ≃ 1

– ∆m2 ≫ E/L ⇒ 〈sin2
(

∆m2L/4E
)

〉 ≃ 1
2

→ 〈Pα 6=β〉 ≃ sin2(2θ)
2 ≤ 1

2 & 〈Pαα〉 ≥ 1
2
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Neutrinos in Matter:Effective Potentials

• In SM the characteristic ν-p interaction cross section

σ ∼ G2
FE

2

π
∼ 10−43cm2 at Eν ∼ MeV

• So if a beam of Φν ∼ 1010ν′s was aimed at the Earth only 1 would be deflected

so it seems that for neutrinos matter does not matter
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Neutrinos in Matter:Effective Potentials

• In SM the characteristic ν-p interaction cross section

σ ∼ G2
FE

2

π
∼ 10−43cm2 at Eν ∼ MeV

• So if a beam of Φν ∼ 1010ν′s was aimed at the Earth only 1 would be deflected

so it seems that for neutrinos matter does not matter

• But that cross section is for inelastic scattering

Does not contain forward elastic coherent scattering

• In coherent interactions ⇒ ν and medium remain unchanged

Interference of scattered and unscattered ν waves
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Neutrinos in Matter:Effective Potentials

• Coherence ⇒ decoupling of ν evolution equation from equations of the medium.

• The effect of the medium is described by an effective potential depending on density

and composition of matter
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Neutrinos in Matter:Effective Potentials

• Coherence ⇒ decoupling of ν evolution equation from equations of the medium.

• The effect of the medium is described by an effective potential depending on density

and composition of matter

• For example for νe in medium with e−

W

ν e

e ν

VCC =
√
2GFNe

Ne ≡ electron number density

• The effective potential has opposite sign for neutrinos y antineutrinos

• Other potentials for νe (νe) for να (να) α = e, µ, τ

medium VC VN

e+ and e− ±
√
2GF (Ne −Nē)∓GF√

2
(Ne −Nē)(1− 4 sin2 θW )

p and p̄ 0 ±GF√
2
(Np −Np̄)(1− 4 sin2 θW )

n and n̄ 0 ∓GF√
2
(Nn −Nn̄)

Neutral (Ne = Np) ±
√
2GFNe ∓GF√

2
Nn
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Vacuum Oscillations Revisited

• ν oscillations can also be understood from the eq. of motion of weak eigenstates

• A state mixture of 2 neutrino species |να〉 and |νβ〉 or equivalently of |ν1〉 and |ν2〉
Φ(x) = Φα(x)|να〉+ Φβ(x)|νβ〉 = Φ1(x)|ν1〉+Φ2(x)|ν2〉
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• ν oscillations can also be understood from the eq. of motion of weak eigenstates

• A state mixture of 2 neutrino species |να〉 and |νβ〉 or equivalently of |ν1〉 and |ν2〉
Φ(x) = Φα(x)|να〉+ Φβ(x)|νβ〉 = Φ1(x)|ν1〉+Φ2(x)|ν2〉

• Evolution of Φ is given by the Dirac Equations [β = γ0 , αx = γ0γx (assuming 1 dim)]

E Φ1 =
[
− i αx
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∂x + β m1]Φ1

E Φ2 =
[
− i αx

∂
∂x + βm2

]
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• ν oscillations can also be understood from the eq. of motion of weak eigenstates

• A state mixture of 2 neutrino species |να〉 and |νβ〉 or equivalently of |ν1〉 and |ν2〉
Φ(x) = Φα(x)|να〉+ Φβ(x)|νβ〉 = Φ1(x)|ν1〉+Φ2(x)|ν2〉

• Evolution of Φ is given by the Dirac Equations [β = γ0 , αx = γ0γx (assuming 1 dim)]

E Φ1 =
[
− i αx

∂
∂x + β m1]Φ1

E Φ2 =
[
− i αx

∂
∂x + βm2

]
Φ2

• We decompose Φi(x) = νi(x)φi φi is the Dirac spinor part satisfying:
(
αx

{
E2 −m2

i

}1/2
+ β mi

)
φi = Eφi (1)

• φi have the form of free spinor solutions with energy E
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Vacuum Oscillations Revisited

• ν oscillations can also be understood from the eq. of motion of weak eigenstates

• A state mixture of 2 neutrino species |να〉 and |νβ〉 or equivalently of |ν1〉 and |ν2〉
Φ(x) = Φα(x)|να〉+ Φβ(x)|νβ〉 = Φ1(x)|ν1〉+Φ2(x)|ν2〉

• Evolution of Φ is given by the Dirac Equations [β = γ0 , αx = γ0γx (assuming 1 dim)]

E Φ1 =
[
− i αx

∂
∂x + β m1]Φ1

E Φ2 =
[
− i αx

∂
∂x + βm2

]
Φ2

• We decompose Φi(x) = νi(x)φi φi is the Dirac spinor part satisfying:
(
αx

{
E2 −m2

i

}1/2
+ β mi

)
φi = Eφi (1)

• φi have the form of free spinor solutions with energy E

• Using (1) in Dirac Eq. we can factorize φi and αx and get:

−i
∂ν1(x)

∂x
=

{

E2 −m2
1

}1/2

ν1(x)

−i
∂ν2(x)

∂x
=

{

E2 −m2
2

}1/2

ν2(x)
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• In the relativistic limit

√
E2 −m2

i ≃ E − m2
i

2E

−i ∂
∂x

(
ν1

ν2

)
=

(
E − m2

1

2E 0

0
E−m2

2

2E

)(
ν1

ν2

)
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• In the relativistic limit

√
E2 −m2

i ≃ E − m2
i

2E

−i ∂
∂x

(
ν1

ν2

)
=

(
E − m2

1

2E 0

0
E−m2

2

2E

)(
ν1

ν2

)

• In weak (≡ flavour) basis να = Uαi(θ)νi

−i ∂
∂x

(
να

νβ

)
=
[
E − m2

1+m2
2

2E

]
I −

(−∆m2

4E cos 2θ ∆m2

4E sin 2θ
∆m2

4E sin 2θ ∆m2

4E cos 2θ

)(
να

νβ

)
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• In the relativistic limit

√
E2 −m2

i ≃ E − m2
i

2E

−i ∂
∂x

(
ν1

ν2

)
=

(
E − m2

1

2E 0

0
E−m2

2

2E

)(
ν1

ν2

)

• In weak (≡ flavour) basis να = Uαi(θ)νi

−i ∂
∂x

(
να

νβ

)
=
[
E − m2

1+m2
2

2E

]
I −

(−∆m2

4E cos 2θ ∆m2

4E sin 2θ
∆m2

4E sin 2θ ∆m2

4E cos 2θ

)(
να

νβ

)

• An overall phase: να → eiηx
να and νβ → eiηx

νβ is unobservable

⇒ pieces proportional to I =

(

1 0

0 1

)

do not affect evolution:

⇒ −i ∂
∂x

(
να

νβ

)
= −

(−∆m2

4E cos 2θ ∆m2

4E sin 2θ
∆m2

4E sin 2θ ∆m2

4E cos 2θ

)(
να

νβ

)
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• Evolution Eq. for flavour eigenstates:

(
ν̇α

ν̇β

)
=

(−∆m2

4E cos 2θ ∆m2

4E sin 2θ
∆m2

4E sin 2θ ∆m2

4E cos 2θ

)(
να

νβ

)

Can be rewritten as

ν̈α + ω2 να = 0

ν̈β + ω2 νβ = 0
with ω =

∆m2

4E



Massive Neutrinos 2024 Concha Gonzalez-Garcia

• Evolution Eq. for flavour eigenstates:

(
ν̇α

ν̇β

)
=

(−∆m2

4E cos 2θ ∆m2

4E sin 2θ
∆m2

4E sin 2θ ∆m2

4E cos 2θ

)(
να

νβ

)

Can be rewritten as

ν̈α + ω2 να = 0

ν̈β + ω2 νβ = 0
with ω =

∆m2

4E

• The solutions are:

να(x) = A1 e −i ωx
+ A2 e +i ωx

νβ(x) = B1 e −i ωx
+ B2 e +i ωx

with the condition |να(x)|2 + |νβ(x)|2 = 1



Massive Neutrinos 2024 Concha Gonzalez-Garcia

• Evolution Eq. for flavour eigenstates:

(
ν̇α

ν̇β

)
=

(−∆m2

4E cos 2θ ∆m2

4E sin 2θ
∆m2

4E sin 2θ ∆m2

4E cos 2θ

)(
να

νβ

)

Can be rewritten as

ν̈α + ω2 να = 0

ν̈β + ω2 νβ = 0
with ω =

∆m2

4E

• The solutions are:

να(x) = A1 e −i ωx
+ A2 e +i ωx

νβ(x) = B1 e −i ωx
+ B2 e +i ωx

with the condition |να(x)|2 + |νβ(x)|2 = 1

• For initial conditions: να(0) = 1 and νβ(0) = 0⇒






A1 = sin2 θ A2 = cos2 θ

B1 = −B2 = sin θ cos θ

• And the flavour transition probability

P (να → νβ) = |νβ(L)|2 = B2
1 +B2

2 + 2B1B2 cos(2ωL) = sin2(2θ) sin2
(
∆m2L

4E

)
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Neutrinos in Matter: Evolution Equation

Evolution Eq. for |ν〉 = ν1|ν1〉+ ν2|ν2〉 ≡ να|να〉+ νβ |νβ〉

(a) In vacuum in the mass basis: −i ∂
∂x

(
ν1

ν2

)
=

{
E × I −

(
m2

1

2E 0

0
m2

2

2E

)}(
ν1

ν2

)

(b) In vacuum in the weak basis

−i ∂
∂x

(
να

νβ

)
=

{[
E − m2

1+m2
2

4E

]
× I −

(−∆m2

4E cos 2θ ∆m2

4E sin 2θ
∆m2

4E sin 2θ ∆m2

4E cos 2θ

)}(
να

νβ

)
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Neutrinos in Matter: Evolution Equation

Evolution Eq. for |ν〉 = ν1|ν1〉+ ν2|ν2〉 ≡ να|να〉+ νβ |νβ〉

(a) In vacuum in the mass basis: −i ∂
∂x

(
ν1

ν2

)
=

{
E × I −

(
m2

1

2E 0

0
m2

2

2E

)}(
ν1

ν2

)

(b) In vacuum in the weak basis

−i ∂
∂x

(
να

νβ

)
=

{[
E − m2

1+m2
2

4E

]
× I −

(−∆m2

4E cos 2θ ∆m2

4E sin 2θ
∆m2

4E sin 2θ ∆m2

4E cos 2θ

)}(
να

νβ

)

(c) In matter (e, p, n) in weak basis

−i ∂
∂x

(

να

νβ

)

=

{

[

E − m2
1+m2

2
4E

]

× I −
(

Vα − ∆m2

4E
cos 2θ ∆m2

4E
sin 2θ

∆m2

4E
sin 2θ Vβ + ∆m2

4E
cos 2θ

)}(

να

νβ

)
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Neutrinos in Matter: Evolution Equation

Evolution Eq. for |ν〉 = ν1|ν1〉+ ν2|ν2〉 ≡ να|να〉+ νβ |νβ〉

(a) In vacuum in the mass basis: −i ∂
∂x

(
ν1

ν2

)
=

{
E × I −

(
m2

1

2E 0

0
m2

2

2E

)}(
ν1

ν2

)

(b) In vacuum in the weak basis

−i ∂
∂x

(
να

νβ

)
=

{[
E − m2

1+m2
2

4E

]
× I −

(−∆m2

4E cos 2θ ∆m2

4E sin 2θ
∆m2

4E sin 2θ ∆m2

4E cos 2θ

)}(
να

νβ

)

(c) In matter (e, p, n) in weak basis

−i ∂
∂x

(

να

νβ

)

=

{

[

E − m2
1+m2

2
4E

]

× I −
(

Vα − ∆m2

4E
cos 2θ ∆m2

4E
sin 2θ

∆m2

4E
sin 2θ Vβ + ∆m2

4E
cos 2θ

)}(

να

νβ

)

(c)6= (b) because different flavours

have different interactions

For example α = e,β = µ, τ :

VCC = Vα − Vµ =
√
2GFNe

(opposite sign for ν) νe, νµ, ντ only νe

Z W

ν ν ν e

e,N e,N
e ν



Massive Neutrinos 2024 Concha Gonzalez-Garcia

Neutrinos in Matter: Evolution Equation

Evolution Eq. for |ν〉 = ν1|ν1〉+ ν2|ν2〉 ≡ να|να〉+ νβ |νβ〉

(a) In vacuum in the mass basis: −i ∂
∂x

(
ν1

ν2

)
=

{
E × I −

(
m2

1

2E 0

0
m2

2

2E

)}(
ν1

ν2

)

(b) In vacuum in the weak basis

−i ∂
∂x

(
να

νβ

)
=

{[
E − m2

1+m2
2

4E

]
× I −

(−∆m2

4E cos 2θ ∆m2

4E sin 2θ
∆m2

4E sin 2θ ∆m2

4E cos 2θ

)}(
να

νβ

)

(c) In matter (e, p, n) in weak basis

−i ∂
∂x

(

να

νβ

)

=

{

[

E − Vα+Vβ

2
− m2

1+m2
2

4E

]

× I −
( Vα−Vβ

2
− ∆m2

4E
cos 2θ ∆m2

4E
sin 2θ

∆m2

4E
sin 2θ −Vα−Vβ

2
+ ∆m2

4E
cos 2θ

)}

(

να

νβ

)

Diagonalizing:

−i ∂
∂x

(
να

νβ

)
≡
{[
E − µ2

1+µ2
2

4E

]
× I −

(−∆µ2

4E cos 2θm
∆µ2

4E sin 2θm
∆µ2

4E sin 2θm
∆µ2

4E cos 2θm

)}(
να

νβ

)

Effective masses and mixing are different than in vacuum
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⇒ Effective masses and mixing are different than in vacuum

– The effective masses: (A = 2E(Vα − Vβ))

µ2
1,2(x) =

m2
1 +m2

2

2
+ E(Vα + Vβ)∓

1

2

√

(∆m2 cos 2θ − A)2 + (∆m2 sin 2θ)2

∆µ2(x) =

√
(∆m2 cos 2θ −A)

2
+ (∆m2 sin 2θ)

2

– The mixing angle in matter

tan 2θm =
∆m2 sin 2θ

∆m2 cos 2θ −A
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√
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√
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– The mixing angle in matter

tan 2θm =
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∆m2 cos 2θ −A

• Dependence on relative sign between A and ∆m2 cos(2θ)

⇒ Information on sign ∆m2 or Octant of θ
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⇒ Effective masses and mixing are different than in vacuum

– The effective masses: (A = 2E(Vα − Vβ))

µ2
1,2(x) =

m2
1 +m2

2

2
+ E(Vα + Vβ)∓

1

2

√

(∆m2 cos 2θ − A)2 + (∆m2 sin 2θ)2

∆µ2(x) =

√
(∆m2 cos 2θ −A)

2
+ (∆m2 sin 2θ)

2

– The mixing angle in matter

tan 2θm =
∆m2 sin 2θ

∆m2 cos 2θ −A

• Dependence on relative sign between A and ∆m2 cos(2θ)

⇒ Information on sign ∆m2 or Octant of θ

• For constant matter density ⇒ θm and µi are constant along ν evolution

⇒ the evolution is determined by masses and mixing in matter so

Pα 6=β = sin2(2θm) sin2
(
∆µ2L
2E

)

• Constant matter potential is a good approximation for LBL experiments.
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⇒ If matter density varies along ν trajectory the effective masses and mixing vary too
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⇒ If matter density varies along ν trajectory the effective masses and mixing vary too

The effective masses: (A = 2E(Vα − Vβ))

µ1,2
2(x) =

m2
1 +m2

2

2
+ E(Vα + Vβ)

∓
1

2

√

(∆m2 cos 2θ −A)2 + (∆m2 sin 2θ)2

νν
ν2

2

ν1

ν
1

AAR

µ2

1
m2

2
m2

At resonant potential: AR = ∆m2 cos 2θ

Minimum ∆µ2 = µ2
2 − µ2

1
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⇒ If matter density varies along ν trajectory the effective masses and mixing vary too

The effective masses: (A = 2E(Vα − Vβ))

µ1,2
2(x) =

m2
1 +m2

2

2
+ E(Vα + Vβ)

∓
1

2

√

(∆m2 cos 2θ −A)2 + (∆m2 sin 2θ)2

νν
ν2

2

ν1

ν
1

AAR

µ2

1
m2

2
m2

At resonant potential: AR = ∆m2 cos 2θ

Minimum ∆µ2 = µ2
2 − µ2

1

The mixing angle in matter

tan 2θm = ∆m2 sin 2θ
∆m2 cos 2θ −A

∗ At A = 0 (vacuum) ⇒ θm = θ

∗ At A = AR ⇒ θm = π
4

∗ At A > AR ⇒ θm = π
2 − θ

∗ At A >> AR ⇒ θm = π
2
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The oscillation length in vacuum

Losc
0 =

4πE

∆m2

The oscillation length in matter (A = 2E(Vα − Vβ))

Losc ≡ 4πE

∆µ2
=

Losc
0√

(∆m2 cos 2θ −A)2 + (∆m2 sin 2θ)2

Losc presents a resonant behaviour

AAR  

R  Aδ

L
osc

0L
osc

/

At the resonant density AR = ∆m2 cos 2θ

Losc
R =

Losc
0

sin 2θ

The width of the resonance in potential:

δVR ≡ δAR

E =
∆m2 sin 2θ

E

The width of the resonance in distance:

δrR =
δVR

|dVdr |R
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• The instantaneous mass and mixings in matter (A = 2E(Vα − Vβ))

∆µ2(x) =

√
(∆m2 cos 2θ − A)

2
+ (∆m2 sin 2θ)

2
tan 2θm = ∆m2 sin 2θ

∆m2 cos 2θ −A
• The evolution equation in instantaneous mass basis

i

(
ν̇m1
ν̇m2

)
=

1

4E

( −∆µ2(x) −4 i E θ̇m(x)

4 i E θ̇m(x) ∆µ2(x)

)(
νm1
νm2

)

⇒ It is not diagonal ⇒ Instantaneous mass eigenstates 6= eigenstates of evolution

⇒ Transitions νm1 → νm2 can occur ≡ Non adiabaticity
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• The instantaneous mass and mixings in matter (A = 2E(Vα − Vβ))

∆µ2(x) =

√
(∆m2 cos 2θ − A)

2
+ (∆m2 sin 2θ)

2
tan 2θm = ∆m2 sin 2θ

∆m2 cos 2θ −A
• The evolution equation in instantaneous mass basis

i

(
ν̇m1
ν̇m2

)
=

1

4E

( −∆µ2(x) −4 i E θ̇m(x)

4 i E θ̇m(x) ∆µ2(x)

)(
νm1
νm2

)

⇒ It is not diagonal ⇒ Instantaneous mass eigenstates 6= eigenstates of evolution

⇒ Transitions νm1 → νm2 can occur ≡ Non adiabaticity

• For ∆µ2(x) ≫ 4E θ̇m(x)
[

1
V

dV
dx

∣∣∣
R
≪ ∆m2

2E
sin2 2θ
cos 2θ

]
≡ Slowly varying matter potent

⇒ νmi behave approximately as evolution eigenstates

⇒ νmi do not mix in the evolution This is the adiabatic transition approximation
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• The instantaneous mass and mixings in matter (A = 2E(Vα − Vβ))

∆µ2(x) =

√
(∆m2 cos 2θ − A)

2
+ (∆m2 sin 2θ)

2
tan 2θm = ∆m2 sin 2θ

∆m2 cos 2θ −A
• The evolution equation in instantaneous mass basis

i

(
ν̇m1
ν̇m2

)
=

1

4E

( −∆µ2(x) −4 i E θ̇m(x)

4 i E θ̇m(x) ∆µ2(x)

)(
νm1
νm2

)

⇒ It is not diagonal ⇒ Instantaneous mass eigenstates 6= eigenstates of evolution

⇒ Transitions νm1 → νm2 can occur ≡ Non adiabaticity

• For ∆µ2(x) ≫ 4E θ̇m(x)
[

1
V

dV
dx

∣∣∣
R
≪ ∆m2

2E
sin2 2θ
cos 2θ

]
≡ Slowly varying matter potent

⇒ νmi behave approximately as evolution eigenstates

⇒ νmi do not mix in the evolution This is the adiabatic transition approximation

The adiabaticity condition:
1

V

dV

dx

∣∣∣
R
≪ ∆m2

2E

sin2 2θ

cos 2θ
≡ δrR ≫ Losc

R /2π

⇒ Many oscillations take place in the resonant region
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Solar Neutrinos

• Sun shines by nuclear fusion of protons into He

And only νe are produced
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Solar Neutrinos

• Sun shines by nuclear fusion of protons into He

And only νe are produced

• Two main chains of nuclear reactions

pp Chain : CNO cycle:

N13

C12 C13

N15 N14

O15

O16 O17

F17

<E >=0.707MeV

<E >=0.999MeV

<E >=0.997MeV

He4

p p

p p

p p

e+

e+

e+

He
4
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Solar Neutrinos: Fluxes

PP CHAIN Eν (MeV)

(pp)

p + p →2 H + e+ + νe ≤ 0.42

(pep)

p + e− + p →2 H + νe 1.552

(7Be)

7Be + e− →7 Li + νe 0.862(90%)

0.384 (10%)

(hep)

2He + p →4 He + e+ + νe ≤ 18.77

(8B)

8B →8 Be∗ + e+ + νe ≤ 15

CNO CHAIN Eν (MeV)

(13N)

13N →13 C + e+ + νe ≤ 1.199

(15O)

15O →15 N + e+ + νe ≤ 1.732

(17F)

17F →17 O + e+ + νe ≤ 1.74
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Experiments measuring νe observe a deficit

Deficit disappears in NC

⇒ Solar Model Independent Effect

Deficit is energy dependent

Deficit ⇒ Pee ∼ 30% (< 0.5) for Eν & 0.8 MeV
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Neutrinos in The Sun : MSW Effect

• Solar neutrinos are νe produced in the core (R . 0.3R⊙) of the Sun

The solar matter density

VCC =
√
2GFNe ∼ 10−14 Ne

NA
eV

At core: VCC,0 ∼ 10−14–10−12 eV

The energy spectrum of solar ν′es

Eν ∼ 0.1–10 MeV
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The solar matter density

VCC =
√
2GFNe ∼ 10−14 Ne

NA
eV

At core: VCC,0 ∼ 10−14–10−12 eV

The energy spectrum of solar ν′es

Eν ∼ 0.1–10 MeV

• For νe ↔ νµ(τ), in vacuum νe = cos θ ν1 + sin θ ν2

• For 10−9 eV2 . ∆m2 . 10−4 eV2 ⇒ 2EνVCC,0 > ∆m2 cos 2θ
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Neutrinos in The Sun : MSW Effect

• Solar neutrinos are νe produced in the core (R . 0.3R⊙) of the Sun

The solar matter density

VCC =
√
2GFNe ∼ 10−14 Ne

NA
eV

At core: VCC,0 ∼ 10−14–10−12 eV

The energy spectrum of solar ν′es

Eν ∼ 0.1–10 MeV

• For νe ↔ νµ(τ), in vacuum νe = cos θ ν1 + sin θ ν2

• For 10−9 eV2 . ∆m2 . 10−4 eV2 ⇒ 2EνVCC,0 > ∆m2 cos 2θ

⇒ ν can cross resonance condition in its way out of the Sun
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For θ ≪ π
4 : In vacuum νe = cos θ ν1 + sin θ ν2 is mostly ν1

In Sun core νe = cos θm,0 ν1 + sin θm,0 ν2 is mostly ν2



Massive Neutrinos 2024 Concha Gonzalez-Garcia

For θ ≪ π
4 : In vacuum νe = cos θ ν1 + sin θ ν2 is mostly ν1

In Sun core νe = cos θm,0 ν1 + sin θm,0 ν2 is mostly ν2

If
(∆m2/eV2) sin2 2θ
(E/MeV)cos 2θ ≫ 3× 10−9

⇒ Adiabatic transition

∗ ν is mostly ν2 before and after resonance

∗ θm ↓ dramatically at resonance

⇒ νe component ↓ ⇒ Pee ↓
This is the MSW effect

µ2

A

ν

ν

2

1

µν
eν

νµ
ν

m
2

m

2

2

1

AR

e

Pee =
1
2 [1 + cos 2θm,0 cos 2θ] ≃ sin2 θ
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For θ ≪ π
4 : In vacuum νe = cos θ ν1 + sin θ ν2 is mostly ν1

In Sun core νe = cos θm,0 ν1 + sin θm,0 ν2 is mostly ν2

If
(∆m2/eV2) sin2 2θ
(E/MeV)cos 2θ ≫ 3× 10−9

⇒ Adiabatic transition

∗ ν is mostly ν2 before and after resonance

∗ θm ↓ dramatically at resonance

⇒ νe component ↓ ⇒ Pee ↓
This is the MSW effect

µ2

A

ν

ν

2

1

µν
eν

νµ
ν

m
2

m

2

2

1

AR

e

Pee =
1
2 [1 + cos 2θm,0 cos 2θ] ≃ sin2 θ

If
(∆m2/eV2) sin2 2θ
(E/MeV)cos 2θ . 3× 10−9

⇒ Non-Adiabatic transition

∗ ν is mostly ν2 till the resonance

∗ At resonance the state can jump into ν1

(with probability PLZ )

⇒ νe component ↑ ⇒ Pee ↑
µ2

A

ν

ν

2

1

µν
eν

m
2

m

2

2

1

AR

νµ
ν
e

Pee =
1
2 [1 + (1− 2PLZ)cos 2θm,0 cos 2θ]
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Neutrinos in The Sun : MSW Effect
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Neutrinos in The Sun : MSW Effect

ν does not cross resonance: Pee = 1− 1

2
sin2 2θ >

1

2
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ν does not cross resonance: Pee = 1− 1
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MSW effect
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Neutrinos in The Sun : MSW Effect

ν does not cross resonance: Pee = 1− 1

2
sin2 2θ >

1

2

ν crosses resonance

MSW effect Adiabatic MSW transition Pee = sin2 θ <
1

2
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Neutrinos in The Sun : MSW Effect

ν does not cross resonance: Pee = 1− 1

2
sin2 2θ >

1

2

ν crosses resonance

MSW effect Adiabatic MSW transition Pee = sin2 θ <
1

2

Adiabacity breaking

Effect of PLZ
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Experiments measuring νe observe a deficit

Deficit disappears in NC

⇒ Solar Model Independent Effect

Deficit is energy dependent

Deficit ⇒ Pee ∼ 30% (< 0.5) for Eν & 0.8 MeV

Best explained by MSW νe → νµ,τ
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Experiments measuring νe observe a deficit

Deficit disappears in NC

⇒ Solar Model Independent Effect

Deficit is energy dependent

Deficit ⇒ Pee ∼ 30% (< 0.5) for Eν & 0.8 MeV

Best explained by MSW νe → νµ,τ
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∆m2 ∼ 5× 10−5 eV2, θ ∼ π
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Terrestrial test: KamLAND

KamLAND: Detector of ν̄e produced in nuclear reactors in Japan at an average distance

of 180 Km
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Terrestrial test: KamLAND

KamLAND: Detector of ν̄e produced in nuclear reactors in Japan at an average distance

of 180 Km

Results of KamLAND

compared with Pee for

θ = 35◦ y ∆m2 = 7.5× 10−5 (eV/c2)2
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Terrestrial test: KamLAND

KamLAND: Detector of ν̄e produced in nuclear reactors in Japan at an average distance

of 180 Km
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Byproduct: Testing How the Sun Shines with ν ′s

Fitting together ∆m2, θ and normalization of ν-producing reactions: fi =
Φi

ΦSSM
i⇒ Constraint on solar energy produced by nuclear reactions

Present limit on CNO:

LCNO
L⊙

< (0.75± 0.3)% (3σ)

Test of Lum Constraint:

L⊙(ν − inferred)
L⊙

= 1.04± 0.06

MCGG, Maltoni, Pinheiro, Serenelli 2311.16226
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Atmospheric Neutrinos

Atmospheric νe,µ are produced by the interaction of cosmic rays (p, He . . . ) with the

atmosphere
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Detection of Atmpospheric Neutrinos: SuperKamiokande

Located in the Kamiokande mine in the center of Japan at ∼ 1Km deep

50 Kton of water surounded by ∼ 12000 photomultipliers
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• SKI+II+III+IV data:
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Alternative Oscillation Mechanisms

• Oscillations are due to:

– Misalignment between CC-int and propagation states: Mixing ⇒ Amplitude

– Difference phases of propagation states ⇒ Wavelength. For ∆m2-OSC λ =
4πE

∆m2



Massive Neutrinos 2024 Concha Gonzalez-Garcia

Alternative Oscillation Mechanisms

• Oscillations are due to:

– Misalignment between CC-int and propagation states: Mixing ⇒ Amplitude

– Difference phases of propagation states ⇒ Wavelength. For ∆m2-OSC λ =
4πE

∆m2

• ν masses are not the only mechanism for oscillations

Violation of Equivalence Principle (VEP): Gasperini 88, Halprin,Leung 01

Non universal coupling of neutrinos γ1 6= γ2 to gravitational potential φ

λ =
π

E|φ|δγ

Violation of Lorentz Invariance (VLI): Coleman, Glashow 97

Non universal asymptotic velocity of neutrinos c1 6= c2 ⇒ Ei =
m2

i

2p
+ cip

λ =
2π

E∆c

Interactions with space-time torsion: Sabbata, Gasperini 81

Non universal couplings of neutrinos k1 6= k2 to torsion strength Q

λ =
2π

Q∆k

Violation of Lorentz Invariance (VLI) Colladay, Kostelecky 97; Coleman, Glashow 99

due to CPT violating terms: ν̄αLb
αβ
µ γµν

β
L ⇒ Ei =

m2
i

2p ± bi λ = ± 2π

∆b
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Alternative Mechanisms vs ATM ν’s

• Strongly constrained with ATM data (MCG-G, M. Maltoni PRD 04,07)
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Long Baseline Accelerator ν Experiments

T2K:

νµ produced in Tokai (Japan)

detected in SK at ∼ 250 Km

MINOS, NOνA

νµ produced en Fermilab (Illinois)

detected in Minnesota at ∼ 800 Km



Massive Neutrinos 2024 Concha Gonzalez-Garcia

Long Baseline Experiments: νµ Disappearance

K2K/T2K 2004–: NOνA: 2015–

νµ oscillations with ∆m2 ∼ 2.5× 10−3 eV2 and mixing compatible with π
4
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Long Baseline Experiments: νe Appearance

• Observation of νµ → νe transitions with E/L ∼ 10−3 eV2

T2K

νµ → νe ν̄µ → ν̄e

NOνA

νµ → νe ν̄µ → ν̄e

• Test of P (νµ → νe) vs P (ν̄µ → ν̄e) ⇒ Leptonic CP violation
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• Searches for ν̄e → ν̄e disapperance at L ∼ Km (E/L ∼ 10−3 eV2)

• Relative measurement: near and far detectors

Daya-Bay Reno
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• Searches for ν̄e → ν̄e disapperance at L ∼ Km (E/L ∼ 10−3 eV2)

• Relative measurement: near and far detectors

Daya-Bay Reno

Described with ∆m2 ∼ 2.5× 10−3eV2 (as νµ ATM and LBL acc but for νe) and θ ∼ 9◦
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• We have observed with high (or good) precision:

∗ Atmospheric νµ & ν̄µ disappear most likely to ντ (SK,MINOS, ICECUBE)

∗ Accel. νµ & ν̄µ disappear at L ∼ 300/800 Km (K2K, T2K, MINOS, NOνA)

∗ Some accel νµ & ν̄µ appear as νe & ν̄e at L ∼ 300/800 Km ( T2K, MINOS,NOνA)

∗ Solar νe convert to νµ/ντ (Cl, Ga, SK, SNO, Borexino)

∗ Reactor νe disappear at L ∼ 200 Km (KamLAND)

∗ Reactor νe disappear at L ∼ 1 Km (D-Chooz, Daya Bay, Reno)

• Confirmed:

– Vacuum oscillation L/E pattern with 2 frequencies
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3ν Flavour Parameters

• For for 3 ν’s : 3 Mixing angles + 1 Dirac Phase + 2 Majorana Phases

ULEP =









1 0 0

0 c23 s23

0 −s23 c23


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
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0 1 0

−s13e
−iδcp 0 c13

















c21 s12 0

−s12 c12 0

0 0 1
















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
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• Convention: 0 ≤ θij ≤ 90◦ 0 ≤ δ ≤ 360◦ ⇒ 2 Orderings

NORMAL INVERTED
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m3

m3
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>
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>
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∆m
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32 < 0 for IO

×
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• For for 3 ν’s : 3 Mixing angles + 1 Dirac Phase + 2 Majorana Phases
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Experiment Dominant Important Additional

Solar Experiments θ12 ∆m2
21 θ13

Reactor LBL (KamLAND) ∆m2
21 θ12 θ13

Reactor MBL (Daya Bay, Reno, D-Chooz) θ13, ∆m2
3ℓ

Atmospheric Experiments (SK,IC) θ23 ∆m2
3ℓ θ13 ,δcp

Acc LBL νµ Disapp (Minos,T2K,NOvA) ∆m2
3ℓ. θ23

Acc LBL νe App (Minos,T2K,NOvA) δcp θ13

, 2 , 2

×



Massive Neutrinos 2024 Concha Gonzalez-Garcia

Summary: Global 3 ν Flavour Parameters

Global 6-parameter fit http://www.nu-fit.org
Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, JHEP’20 [2007.14792]
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(Good agreement with other groups’: Capozzi,et al, 2107.00532; Salas etal 2006.11237)
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Summary: Global 3 ν Flavour Parameters

Global 6-parameter fit http://www.nu-fit.org
Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, JHEP’20 [2007.14792]
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Summary: Global 3 ν Flavour Parameters

Global 6-parameter fit http://www.nu-fit.org
Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, JHEP’20 [2007.14792]
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Flavour Parameters: Mixing Matrix

• We have the three leptonic mixing angles determined (at ± 3σ/6)

|U |3σ =





0.80 → 0.85 0.51 → 0.56 0.14 → 0.16

0.23 → 0.51 0.46 → 0.69 0.63 → 0.78

0.26 → 0.53 0.47 → 0.70 0.61 → 0.76





• Good progress but still precision very far from:

|V |CKM =




0.97427± 0.00015 0.22534± 0.0065 (3.51± 0.15)× 10−3

0.2252± 0.00065 0.97344± 0.00016 (41.2+1.1
−5 )× 10−3

(8.67+0.29
−0.31)× 10−3 (40.4+1.1

−0.5)× 10−3 0.999146+0.000021
−0.000046




• But clearly very different flavour mixing of leptons vs quarks ≡ Flavour Puzzle
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Summary: Global 3 ν Flavour Parameters

Global 6-parameter fit http://www.nu-fit.org
Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, JHEP’20 [2007.14792]
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• Ordering NO or IO?

CPV?:
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Matter effects in LBL

• At LBL:
√
2GFNe ≡ V⊕,CRUST ∼ 5× 10−14 eV ∼ constant at ν trajectory

• Most relevant for νµ → νe

Pµe(µ̄ē) ≃ s223 sin
2 2θ13

(

∆31

∆31 ∓ V⊕

)2

sin2
(

(∆31 ∓ V⊕)L

2

)

+ J̃
∆21

V⊕

∆31

∆31 ∓ V⊕
sin

(

V⊕L

2

)

sin

(

(∆31 ∓ V⊕)L

2

)

cos δ cos

(

∆31 L

2

)

± J̃
∆21

V⊕

∆31

∆31 ∓ V⊕
sin

(

V⊕L

2

)

sin

(

(∆31 ∓ V⊕)L

2

)

sin δ sin

(

∆31 L

2

)

+ . . .

∆ij =
∆m2

ij

2Eν

J̃ = c13 sin
2 2θ13 sin

2 2θ23 sin
2 2θ12

⇒ Sensitivity to θ13, octant of θ23, δCP , sign∆m2
31 ≡ Ordering
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Matter effects in LBL

• Most relevant for νµ → νe

Pµe(µ̄ē) ≃ s223 sin
2 2θ13

(

∆31

∆31 ∓ V⊕

)2

sin2
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sin
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sin

(

(∆31 ∓ V⊕)L
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(
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± J̃
∆21
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∆31

∆31 ∓ V⊕
sin

(

V⊕L

2

)

sin

(

(∆31 ∓ V⊕)L

2

)

sin δ sin

(

∆31 L

2

)

+ . . .

∆ij =
∆m2

ij

2Eν

J̃ = c13 sin
2 2θ13 sin

2 2θ23 sin
2 2θ12

Plots taken from J. Wolcott 52nd FNAL users meeting talk

In plots: θ13 ∼ 8◦ fix

In plots: ∆31L ∼ π (osc max)

Left: V⊕ ≪ ∆31 (no matter)

Right: V⊕L ∼ 0.2 (NOνA)



Massive Neutrinos 2024 Concha Gonzalez-GarciaOrdering and CPV in LBL: νe appearace

• Dominant information from νe appearance in LBL

Pµe ≃ s223 sin
2 2θ13

(

∆31

B∓

)2

sin2
(

B∓ L

2

)

+J̃
∆21

V⊕

∆31

B∓
sin

(

V⊕L

2

)

sin

(

B∓L

2

)

cos

(

∆31L

2
± δCP

)

∆ij =
∆m2

ij

4E
B± = ∆31 ± V⊕ J̃ = c13 sin2 2θ13 sin

2 2θ23 sin
2 2θ12

⇒ Each T2K and NOνA favour NO
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• Dominant information from νe appearance in LBL

Pµe ≃ s223 sin
2 2θ13
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)

∆ij =
∆m2

ij

4E
B± = ∆31 ± V⊕ J̃ = c13 sin2 2θ13 sin

2 2θ23 sin
2 2θ12

⇒ Each T2K and NOνA favour NO

But tension in favoured values of δCP in NO
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∆m2
3l in LBL & Reactors

• At LBL determined in νµ and ν̄µ disappearance spectrum

∆m2
µµ ≃ ∆m2

3l +
c212∆m2

21 NO

s212∆m2
21 IO

+ . . .

• At MBL Reactors (Daya-Bay, Reno, D-Chooz) determined in ν̄e disapp spectrum

∆m2
ee ≃ ∆m2

3l+
s212∆m2

21 NO

c212∆m2
21 IO

Nunokawa,Parke,Zukanovich (2005)

⇒ Contribution to NO/IO from combination of LBL with reactor data
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∆m2
3l in LBL & Reactors

• At LBL determined in νµ and ν̄µ disappearance spectrum
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• LBL/Reactor complementarity in ∆m2
3ℓ ⇒ NO best fit in LBL+Reactors



Massive Neutrinos 2024 Concha Gonzalez-Garcia

∆m2
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• At LBL determined in νµ and ν̄µ disappearance spectrum
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• in NO: b.f δCP ∼ 195◦ ⇒ CPC allowed at 0.6 σ

• in IO: b.f δCP ∼ 270◦ ⇒ CPC disfavoured at 3 σ
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Ordering and CPV including SK-ATM

ATM results added to global fit using SK χ2 tables

- NUFIT 5.0: included SK I-IV 328 kton-years table

- NUFIT 5.1 and 5.2: include SK I-IV 372.8 kton-years table

- NUFIT 5.3: include SK I-V 484 kton-years table
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Add SK-atm table ⇒ favouring of NO:

∆χ2
NO−IO,w/o SK−atm = 2.3

∆χ2
NO−IO,with SK−atm328 = 6.4



Massive Neutrinos 2024 Concha Gonzalez-Garcia

Ordering and CPV including SK-ATM

ATM results added to global fit using SK χ2 tables

- NUFIT 5.0: included SK I-IV 328 kton-years table

- NUFIT 5.1 and 5.2: include SK I-IV 372.8 kton-years table

- NUFIT 5.3: include SK I-V 484 kton-years table

Add SK-atm table ⇒ favouring of NO:

∆χ2
NO−IO,w/o SK−atm = 2.3

∆χ2
NO−IO,with SK−atm328 = 6.4

∆χ2
NO−IO,with SK−atm373 = 6.4
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Ordering and CPV including SK-ATM

ATM results added to global fit using SK χ2 tables

- NUFIT 5.0: included SK I-IV 328 kton-years table

- NUFIT 5.1 and 5.2: include SK I-IV 372.8 kton-years table

- NUFIT 5.3: include SK I-V 484 kton-years table
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NuFIT 5.3 (SK-484 kton-yr)

Add any SK-atm table⇒ favouring of NO:

∆χ2
NO−IO,w/o SK−atm = 2.3

∆χ2
NO−IO,with SK−atm328 = 6.4

∆χ2
NO−IO,with SK−atm373 = 6.4

∆χ2
NO−IO,with SK−atm484 = 9.0

Add 373 (484) table ⇒ slight increase of signif of CPV in NO:

w/o SK-Atm b.f δCP = 197◦ CPC at 0.6σ

with SK-Atm: b.f δCP = 232◦ CPC at ∼ 2 (1.5)σ
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Near Future for CP and Ordering: Strategies

Lecture by N. McCauley

• ν/ν̄ comparison with or without Earth matter effects in νµ → νe & ν̄µ → ν̄e at LBL:

DUNE (wide band beam, L=1300 km), HK (narrow band beam, L=300 km)

Pµe ≃ s223 sin
2 2θ13

(
∆31

∆31±V

)2
sin2

(
∆31±V L

2

)

+8 Jmax
CP

∆12

V
∆31

∆31±V sin
(
V L
2

)
sin
(
∆31±V L

2

)
cos
(
∆31L

2 ± δCP

)

Jmax
CP = c213s13c23s23c12s12

– Challenge: Parameter degeneracies, Normalization uncertainty, Eν reconstruction
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Near Future for CP and Ordering: Strategies

Lecture by N. McCauley

• ν/ν̄ comparison with or without Earth matter effects in νµ → νe & ν̄µ → ν̄e at LBL:
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– Challenge: Parameter degeneracies, Normalization uncertainty, Eν reconstruction

• Reactor experiment at L ∼ 50 km (vacuum) able to observe

the difference between oscillations with ∆m2
31 and ∆m2

32: JUNO, RENO-50

Pνe,νe = 1−c413 sin
2 2θ12 sin

2

(

∆m2
21L

4E

)

−sin2 2θ13

[

c212 sin
2

(
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4E
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+ s212 sin
2

(

∆m2
32L

4E

)]

– Challenge: Energy resolution
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Near Future for CP and Ordering: Strategies

Lecture by N. McCauley

• ν/ν̄ comparison with or without Earth matter effects in νµ → νe & ν̄µ → ν̄e at LBL:

DUNE (wide band beam, L=1300 km), HK (narrow band beam, L=300 km)
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– Challenge: Parameter degeneracies, Normalization uncertainty, Eν reconstruction

• Reactor experiment at L ∼ 50 km (vacuum) able to observe

the difference between oscillations with ∆m2
31 and ∆m2

32: JUNO, RENO-50

Pνe,νe = 1−c413 sin
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– Challenge: Energy resolution

• Earth matter effects in large statistics ATM νµ disapp : HK,INO,ORCA . . .

– Challenge: ATM flux contains both νµ and ν̄µ, ATM flux uncertainties
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Confirmed Low Energy Picture

• At least two neutrinos are massive ⇒ There is BSM Physics

• Oscillations DO NOT determine the lightest mass

Model independent probe of mν β decay:
∑
m2

i |Uei|2 ≤ (0.8 eV)2 (Katrin 21)

• Dirac or Majorana?: Best probe ν-less ββ decay Lecture by C. Patrick

• 3ν scenario: Robust determination of θ12, θ13, ∆m2
21, |∆m2

3ℓ|
ULEP very different from UCKM

Mass ordering, θ23 Octant, CPV depend on subdominant 3ν-effects

⇒ interplay of LBL/reactor/ATM results. But not statistically significant yet

Definite answer will require new osc experiments Lecture by N. McCauley

• Neutrinos in Cosmology: Lecture by E Di Valentino

• Only three light states? Other NP at play in oscillations? Lecture by M. Maltoni
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Model independent probe of mν β decay:
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• Only three light states? Other NP at play in oscillations? Lecture by M. Maltoni

• What about a UV complete model?
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ν Mass from Non-Renormalizable Operator

If SM is an effective low energy theory, for E ≪ ΛNP

– The same particle content as the SM and same pattern of symmetry breaking

– But there can be non-renormalizable

(dim> 4) operators
L = LSM+

∑

n

1

Λn−4
NP

On

First NP effect ⇒ dim=5 operator

There is only one!
L5 =

Zν
ij

ΛNP

(
LL,iφ̃

)(
φ̃TLC

L,j

)
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ν Mass from Non-Renormalizable Operator

If SM is an effective low energy theory, for E ≪ ΛNP

– The same particle content as the SM and same pattern of symmetry breaking

– But there can be non-renormalizable
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First NP effect ⇒ dim=5 operator

There is only one!
L5 =

Zν
ij

ΛNP

(
LL,iφ̃

)(
φ̃TLC

L,j
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which after symmetry breaking

induces a ν Majorana mass
(Mν)ij = Zν

ij

v2

ΛNP

Implications:

– It is natural that ν mass is the first evidence of NP

– Naturally mν ≪ other fermions masses ∼ λfv if ΛNP >> v
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ν Mass from Non-Renormalizable Operator

If SM is an effective low energy theory, for E ≪ ΛNP

– The same particle content as the SM and same pattern of symmetry breaking

– But there can be non-renormalizable

(dim> 4) operators
L = LSM+

∑

n

1

Λn−4
NP

On

First NP effect ⇒ dim=5 operator

There is only one!
L5 =

Zν
ij

ΛNP

(
LL,iφ̃

)(
φ̃TLC

L,j

)

which after symmetry breaking

induces a ν Majorana mass
(Mν)ij = Zν

ij

v2

ΛNP

Implications:

– It is natural that ν mass is the first evidence of NP

– Naturally mν ≪ other fermions masses ∼ λfv if ΛNP >> v

– mν >
√

∆m2
atm ∼ 0.05 eV for Zν ∼ 1⇒ ΛNP ∼ 1015GeV⇒ ΛNP ∼ GUT scale

⇒ Leptogenesis possible (Tutorial by J. Turner

If Zν ∼ (Ye)
2 (or more complex NP sector) ⇒ ΛNP ∼ TeV scale ⇒ Collider signals
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Confirmed Low Energy Picture
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Model independent probe of mν β decay:
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• 3ν scenario: Robust determination of θ12, θ13, ∆m2
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Mass ordering, θ23 Octant, CPV depend on subdominant 3ν-effects

⇒ interplay of LBL/reactor/ATM results. But not statistically significant yet

Definite answer will require new osc experiments Lecture by N. McCauley
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Back up Slides
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The Other Flavours

ν coming out of a nuclear reactor is νe because it is emitted together with an e−

Question: Is it different from the muon type neutrino νµ that could be associated to

the muon? Or is this difference a theoretical arbitrary convention?
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The Other Flavours
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The Other Flavours

ν coming out of a nuclear reactor is νe because it is emitted together with an e−

Question: Is it different from the muon type neutrino νµ that could be associated to

the muon? Or is this difference a theoretical arbitrary convention?

In 1959 M. Schwartz thought of

producing an intense ν beam from

π’s decay (produced when a proton

beam of GeV energy hits matter)

Schwartz, Lederman, Steinberger

and Gaillard built a spark chamber

(a 10 tons of neon gas) to detect νµ

They observe 40 ν interactions: in 6 an e− comes out and in 34 a µ− comes out.

If νµ ≡ νe ⇒ equal numbers of µ− and e− ⇒ Conclusion: νµ is a different particle

In 1977 Martin Perl discovers the particle tau ≡ the third lepton family.

The ντ was observed by DONUT experiment at FNAL in 1998 (officially in Dec. 2000).
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• The neutrino helicity was measured in 1957 in a experiment by Goldhaber et al.

• Using the electron capture reaction
e− + 152Eu→ ν + 152Sm∗
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with J(152Eu) = J(152Sm) = 0 and L(e−) = 0
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• The neutrino helicity was measured in 1957 in a experiment by Goldhaber et al.

• Using the electron capture reaction
e− + 152Eu→ ν + 152Sm∗

→152Sm+ γ

with J(152Eu) = J(152Sm) = 0 and L(e−) = 0

• Angular momentum

conservation ⇒





Jz(e
−) = Jz(ν) + Jz(Sm

∗)

= Jz(ν) + Jz(γ)

+
−

1
2 = −

+
1
2

+
−1 ⇒ Jz(ν) = − 1

2Jz(γ)

• Nuclei are heavy ⇒ ~p(152Eu) ≃ ~p(152Sm) ≃ ~p(152Sm∗) = 0

So momentum conservation ⇒ ~p(ν) = −~p(γ) ⇒ ν helicity= γ helicity

• Goldhaber et al found γ had negative helicity ⇒ ν has helicity −1
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Number of Neutrinos

• The counting of light left-handed neutrinos is based on the family structure of the

SM assuming a universal diagonal NC coupling:

ν

νZ jµZ =
∑

α

ν̄αLγ
µναL

• For mνi
< mZ/2 one can use the total Z-width ΓZ to extract Nν

Nν =
Γinv

Γν
≡ 1

Γν
(ΓZ − Γh − 3Γℓ)

=
Γℓ

Γν

[√
12πRhℓ

σ0
hm

2
Z

−Rhℓ − 3

]

Γinv= the invisible width

Γh= the total hadronic width

Γl= width to charged lepton

Leads Nν = 2.9840± 0.0082
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• In terms of the instantaneous mass eigenstates in matter:

(

να
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)

= U [θm(x)]

(
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1 (x)

νm
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)

• For varying potential:
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ν̇α
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(

νm1 (x)

νm2 (x)

)

+ U [θm(x)]

(
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)

⇒ the evolution equation in flavour basis (removing diagonal part)
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(
ν̇α

ν̇β

)
=

1

4E

(
A−∆m2cos 2θ ∆m2sin 2θ

∆m2sin 2θ −A+∆m2cos 2θ

)(
να

νβ

)

⇒ the evolution equation in instantaneous mass basis

i

(
ν̇m
1

ν̇m
2

)
=

1

4E
U †(θm)

(
A−∆m2cos 2θ ∆m2sin 2θ

∆m2sin 2θ −A+∆m2cos 2θ

)
U(θm)

(
νm
1

νm
2

)
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(
νm
1

νm
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• In terms of the instantaneous mass eigenstates in matter:

(

να
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)

= U [θm(x)]
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νm
1 (x)

νm
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)

• For varying potential:
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ν̇α
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(
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)
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⇒ the evolution equation in flavour basis (removing diagonal part)

i

(
ν̇α

ν̇β

)
=

1

4E

(
A−∆m2cos 2θ ∆m2sin 2θ

∆m2sin 2θ −A+∆m2cos 2θ

)(
να

νβ

)

⇒ the evolution equation in instantaneous mass basis

i

(
ν̇m
1

ν̇m
2

)
=

1

4E
U †(θm)

(
A−∆m2cos 2θ ∆m2sin 2θ

∆m2sin 2θ −A+∆m2cos 2θ

)
U(θm)

(
νm
1

νm
2

)
− i U †U̇(θm)

(
νm
1

νm
2

)

⇒ i

(
ν̇m1
ν̇m2

)
=

1

4E

( −∆µ2(x) −4 i E θ̇m(x)

4 i E θ̇m(x) ∆µ2(x)

)(
νm1
νm2

)
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• Lets consider νe in a medium with e, p, and n. The low-energy Hamiltonian density:

HW =
GF√
2
[J (+)α(x)J (−)

α (x) +
1

4
J (N)α(x)J (N)

α (x)]

CC Int J
(+)
α (x) = νe(x)γα(1− γ5)e(x) J

(−)
α (x) = e(x)γα(1− γ5)νe(x)

NC Int J
(N)
α (x) = νe(x)γα(1− γ5)νe(x)− e(x)[γα(1− γ5)− s2Wγα]e(x)

+p(x)[γα(1− g
(p)
A γ5)− 4s2W γα]p(x)− n(x)[γα(1− g

(n)
A γ5)− 4s2W γα]n(x)
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• Lets consider νe in a medium with e, p, and n. The low-energy Hamiltonian density:

HW =
GF√
2
[J (+)α(x)J (−)

α (x) +
1

4
J (N)α(x)J (N)

α (x)]

CC Int J
(+)
α (x) = νe(x)γα(1− γ5)e(x) J

(−)
α (x) = e(x)γα(1− γ5)νe(x)

NC Int J
(N)
α (x) = νe(x)γα(1− γ5)νe(x)− e(x)[γα(1− γ5)− s2Wγα]e(x)

+p(x)[γα(1− g
(p)
A γ5)− 4s2W γα]p(x)− n(x)[γα(1− g

(n)
A γ5)− 4s2W γα]n(x)

• Example: The effect of CC with the e medium. The effective CC Hamiltonian density:

H
(e)
CC = GF√

2

∫
d3pef(Ee)〈〈e(s, pe)|eγα(1− γ5)νeνeγα(1− γ5)e|e(s, pe)〉〉

Fierz

rearrange
= GF√

2
νeγα(1− γ5)νe

∫
d3pef(Ee)〈〈e(s, pe)|eγα(1− γ5)e|e(s, pe)〉〉

f(Ee) statistical energy distribution of e in homogeneous and isotropic medium.∫
d3pef(Ee) = 1

〈...〉 ≡ summing over all e of momentum pe.

coherence ⇒ s, pe same for initial and final e
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∑
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where Ne(pe) number density of electrons with momentum pe summed over helicities
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• Expanding the electron fields e in plane waves (quantized in a volume V)

〈e(s, pe)|eγα(1−γ5)e|e(s, pe)〉 =
1

2Ee V
〈e(s, pe)|us(pe)a†s(pe)γα(1−γ5)as(pe)us(pe)|e(s, pe)〉

• Since a†s(pe)as(pe) = N (s)
e (pe) (number operator) and assuming that there are the

same number of electrons with spin 1/2 and -1/2

1

V〈〈e(s, pe)|a†
s(pe)as(pe)|e(s, pe)〉〉 ≡

∑

s

Ns
e (pe) = Ne(pe)

1

2

∑

s

where Ne(pe) number density of electrons with momentum pe summed over helicities

〈〈e(s, pe)|eγα(1− γ5)e|e(s, pe)〉〉 =
Ne(pe)
4Ee

∑

s

us(pe)γα(1− γ5)us(pe)

=
Ne(pe)
4Ee

∑

s

Tr

[

us(pe)γα(1− γ5)us(pe)

]

=
Ne(pe)
4Ee

∑

s

Tr

[

us(pe)us(pe)γα(1− γ5)

]

=
Ne(pe)
4Ee

Tr
∑

s

[

us(pe)us(pe)γα(1− γ5)

]

=
Ne(pe)
4Ee

Tr

[

(me + /p)γα(1− γ5)

]

= Ne(pe)
pαe
Ee



Massive Neutrinos 2024 Concha Gonzalez-Garcia

• Expanding the electron fields e in plane waves (quantized in a volume V)

〈e(s, pe)|eγα(1−γ5)e|e(s, pe)〉 =
1

2Ee V
〈e(s, pe)|us(pe)a†s(pe)γα(1−γ5)as(pe)us(pe)|e(s, pe)〉

• Since a†s(pe)as(pe) = N (s)
e (pe) (number operator) and assuming that there are the

same number of electrons with spin 1/2 and -1/2

1

V〈〈e(s, pe)|a†
s(pe)as(pe)|e(s, pe)〉〉 ≡

∑

s

Ns
e (pe) = Ne(pe)

1

2

∑

s

where Ne(pe) number density of electrons with momentum pe summed over helicities

〈〈e(s, pe)|eγα(1− γ5)e|e(s, pe)〉〉 =
Ne(pe)
4Ee

∑

s

us(pe)γα(1− γ5)us(pe)

=
Ne(pe)
4Ee

∑

s

Tr

[

us(pe)γα(1− γ5)us(pe)

]

=
Ne(pe)
4Ee

∑

s

Tr

[

us(pe)us(pe)γα(1− γ5)

]

=
Ne(pe)
4Ee

Tr
∑

s

[

us(pe)us(pe)γα(1− γ5)

]

=
Ne(pe)
4Ee

Tr

[

(me + /p)γα(1− γ5)

]

= Ne(pe)
pαe
Ee

• For isotropic medium ⇒
∫
d3pe ~pef(Ee)Ne(pe) = 0

• By definition
∫
d3pef(Ee)Ne(pe) = Ne electron number density
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• The effective charged current Hamiltonian density due to electrons in matter is then:

H
(e)
CC =

GFNe√
2
νe(x)γ0(1− γ5)νe(x)
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• The effective charged current Hamiltonian density due to electrons in matter is then:

H
(e)
CC =

GFNe√
2
νe(x)γ0(1− γ5)νe(x)

• Thus the effective potential than νe “feels” due to e’s

VCC = 〈νe|
∫
d3xH

(e)
CC |νe〉

=
GFNe√

2
〈νe|

∫
d3xνe(x)γ0(1− γ5)νe(x)|νe〉

=
GFNe√

2

1

2EνV
2

∫
d3x u†νL

uνL
=

√
2GFNe

VCC =
√
2GFNe
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• The effective charged current Hamiltonian density due to electrons in matter is then:

H
(e)
CC =

GFNe√
2
νe(x)γ0(1− γ5)νe(x)

• Thus the effective potential than νe “feels” due to e’s

VCC = 〈νe|
∫
d3xH

(e)
CC |νe〉

=
GFNe√

2
〈νe|

∫
d3xνe(x)γ0(1− γ5)νe(x)|νe〉

=
GFNe√

2

1

2EνV
2

∫
d3x u†νL

uνL
=

√
2GFNe

VCC =
√
2GFNe

• for νe the sign of VCC is reversed
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• Other potentials for νe (νe) due to different particles in medium

medium VCC VNC

e+ and e− ±
√
2GF (Ne −Nē)∓GF√

2
(Ne −Nē)(1− 4 sin2 θW )

p and p̄ 0 ∓GF√
2
(Np −Np̄)(1− 4 sin2 θW )

n and n̄ 0 ∓GF√
2
(Nn −Nn̄)

Neutral (Ne = Np) ±
√
2GFNe ∓GF√

2
Nn

For νµ and ντ : VNC are the same as for νe BUT VCC = 0 for any of these media
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• Other potentials for νe (νe) due to different particles in medium

medium VCC VNC

e+ and e− ±
√
2GF (Ne −Nē)∓GF√

2
(Ne −Nē)(1− 4 sin2 θW )

p and p̄ 0 ∓GF√
2
(Np −Np̄)(1− 4 sin2 θW )

n and n̄ 0 ∓GF√
2
(Nn −Nn̄)

Neutral (Ne = Np) ±
√
2GFNe ∓GF√

2
Nn

For νµ and ντ : VNC are the same as for νe BUT VCC = 0 for any of these media

• Estimating typical values:

VCC =
√
2GFNe ≃ 7.6Ye

ρ
1014g/cm3 eV

Ye =
Ne

Np+Nn
≡ relative number density

ρ ≡ matter density

– At the solar core ρ ∼ 100 g/cm3 ⇒ V ∼ 10−12 eV

– At supernova ρ ∼ 1014 g/cm3 ⇒ V ∼ eV
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• Last decade: after including θ13 ≃ 9◦ the comparison of KamLAND vs Solar
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• Last decade: after including θ13 ≃ 9◦ the comparison of KamLAND vs Solar
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θ12 better than 1σ agreement

But ∼ 2σ tension on ∆m2
12

• Tension arising from:

Smaller-than-expected MSW low-E turn-up

in SK/SNO spectrum at global b.f.
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AD/N,SK4−2055 = [−3.1± 1.6(stat.)± 1.4(sys.)]%
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• Last decade: after including θ13 ≃ 9◦ the comparison of KamLAND vs Solar
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• Tension arising from:

Smaller-than-expected MSW low-E turn-up

in SK/SNO spectrum at global b.f.
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Borexino (
8
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Best fit (SOLAR only)

Best fit (SOLAR + KamLAND)

“too large” of Day/Night at SK

AD/N,SK4−2055 = [−3.1± 1.6(stat.)± 1.4(sys.)]%

⇒ “hint” of NP in propagation: NSI?
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• AFTER NU2020: With SK4 2970 days data

Slightly more pronounced low-E turn-up Smaller of Day/Night at

AD/N,SK4−2055 = [−3.1± 1.6(stat.)± 1.4(sys.)]%

AD/N,SK4−2970 = [−2.1± 1.1]%

• In NuFIT 5.2
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⇒ Agreement of ∆m2
21 between solar and KamLAND at 1 σ
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Leptonic CPV in 3ν Mixing: Jarlskog Invariant

• Leptonic /CP ⇒ Pνα→νβ
6= Pν̄α→ν̄β

• In 3ν always

Pνα→νβ
− Pν̄α→ν̄β

∝ J with J = Im(Uα1U
∗
α2
Uβ2U

∗
β1
) = Jmax

LEP,CP sin δCP

Jmax
LEP,CP = 1

8c13 sin2 2θ13 sin
2 2θ23 sin

2 2θ12
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Leptonic CPV in 3ν Mixing: Jarlskog Invariant

• Leptonic /CP ⇒ Pνα→νβ
6= Pν̄α→ν̄β

• In 3ν always

Pνα→νβ
− Pν̄α→ν̄β

∝ J with J = Im(Uα1U
∗
α2
Uβ2U

∗
β1
) = Jmax

LEP,CP sin δCP

Jmax
LEP,CP = 1

8c13 sin2 2θ13 sin
2 2θ23 sin

2 2θ12

• Maximum Allowed Leptonic CPV:
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Jmax
LEP,CP = (3.29± 0.07)× 10−2

to compare with

JCKM,CP = (3.04± 0.21)× 10−5

⇒ Leptonic CPV may be largest CPV

in New Minimal SM

if sin δCP not too small
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Probes of Mass Scale in 3ν-mixing

Single β decay : Pure kinematics, Dirac or Majorana ν’s, only model independent

νm

K (T)

Q
T

m2
νe

=
∑

m2
j |Uej |2 =





NO : m2
ℓ +∆m2

21c
2
13s

2
12 +∆m2

31s
2
13

IO : m2
ℓ +∆m2

21c
2
13s

2
12 −∆m2

31c
2
13

Present bound: mνe
≤ 0.8 eV (90% CL KATRIN 2021)

Katrin (20XX) Sensitivity to mνe
∼ 0.2 eV

ν-less Double-β decay: ⇔ Majorana ν′s

n
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W
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e−
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If mν only source of ∆L T 0ν
1/2 = me

G0ν M
2
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2
ee
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U2
ejmj |

=
∣∣c213c212m1 e

iη1 + c213s
2
12m2 e

iη2 + s213m3 e
−iδCP

∣∣

= f(mℓ, order,maj phases)

Present Bounds: mee < 0.04−0.2 eV

COSMO for Dirac or Majorana
mν affect growth of structures

∑
mi=





NO :
√
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√
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Neutrino Mass Scale: The Cosmo-Lab Connection

Global oscillation analysis⇒ Correlations mνe
, mee and

∑
mν( Fogli et al (04))



Massive Neutrinos 2024 Concha Gonzalez-Garcia
Neutrino Mass Scale: The Cosmo-Lab Connection

Global oscillation analysis⇒ Correlations mνe
, mee and

∑
mν( Fogli et al (04))

Width due to range in oscillation parameters very narrow

Lower bound on
∑
mi depends on ordering

Wide band due to unknown Majorana phases ⇒
Possible Det of Maj phases?


