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Plan of Lectures

I. Standard Neutrino Properties and Mass Terms (Beyond Standard)

II. Effects ofν Mass. Neutrino Oscillations in Vacuum and Matter

III. The Data: The Emerging Picture and Some Implications
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Summary I

• In theSM:

– Accidentalglobalsymmetry: B × Le × Lµ × Lτ ↔ mν ≡ 0

– neutrinos areleft andmν = 0 ⇒ chirality ≡ helicity⇒ spinorsu− or v+

– No distinction betweenMajoranaor Dirac Neutrinos

• If mν 6= 0 → Need to extend SM

→ different ways of addingmν to the SM

– breakingtotal lepton number (L = Le + Lµ + Lτ ) → Majorana ν: ν = νC

– conservingtotal lepton number→ Diracν: ν 6= νC

→ Lepton Mixing≡ breaking ofLe × Lµ × Lτ

• From direct searches ofν-mass: Tritiumβ decay:
√
∑

m2
i |Uei|2 ≤ 2.2eV
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Plan of Lecture II

Other Direct Probes of Neutrino Mass Scale

Neutrino Oscillations in Vacuum

Matter Effects: MSW
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ν-less Double-β Decay
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ν-less Double-β Decay

(A, Z) → (A, Z + 2) + e− + e−
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• Amplitude involves the product of two leptonic currents:
[

eγµLν
][

eγµLν
]
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ν-less Double-β Decay

(A, Z) → (A, Z + 2) + e− + e−
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• Amplitude involves the product of two leptonic currents:
[

eγµLν
][

eγµLν
]

– If ν Dirac⇒ ν annihilatesaneutrinoandcreatesanantineutrino

⇒ no same state⇒ Amplitude = 0

– If ν Majorana⇒ ν = νc annihilates and createsa neutrino=antineutrino
⇒ same state⇒ Amplitude∝ ν (νc)T

]

6= 0

• Amplitude ofν-less-ββ decay is proportional to|〈mββ〉| = |
∑

U2
ejmj |
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ν-less Double-β Decay

(A, Z) → (A, Z + 2) + e− + e−
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• Amplitude involves the product of two leptonic currents:
[

eγµLν
][

eγµLν
]

– If ν Dirac⇒ ν annihilatesaneutrinoandcreatesanantineutrino

⇒ no same state⇒ Amplitude = 0

– If ν Majorana⇒ ν = νc annihilates and createsa neutrino=antineutrino
⇒ same state⇒ Amplitude∝ ν (νc)T

]

6= 0

• Amplitude ofν-less-ββ decay is proportional to|〈mββ〉| = |
∑

U2
ejmj |

• Problem is uncertainty in the nuclear matter elements
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0νββ Decay: Circa 2013

• Bounds from136Xe exp EXO and KamLAND-ZEN, and from76Ge exp Gerda
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Massive ν in Cosmology

Relicν′s: Effects in several cosmological observations at several epochs

Primordial Cosmic Microwave Large Scale

Nucleosynthesis Background Structure Formation

BBN CMB LSS

T ∼ MeV T . eV

Number ofν′s (Nrel) Nrel and
∑

mν

Observables also depend on all other cosmological parameters
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Cosmological Analysis by Planck

Correlations
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Example of cosmological bounds on mν

Dependence on Data Samples and Cosmological Model

Model Observables Σmν (eV) 95%

ΛCDM + mν Planck-lowL+τprior ≤ 1.31

ΛCDM + mν Planck+WP+highL(AL) ≤ 1.08

ΛCDM + mν Planck+Lens+WP+highL(AL) ≤ 0.85

ΛCDM + mν Planck+WP+highL ≤ 0.66

oΛCDM + mν Planck+WP+highL ≤ 0.98

ΛCDM + mν Planck+Lens+WP+highL+BAO ≤ 0.25

oΛCDM + mν Planck+Lens+WP+highL+BAO ≤ 0.36

Lesson for Particle Physicists:

Carefulwith what you callCosmological bound onmν
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Effects of ν Mass

• Neutrino masses can have kinematic effects

• Also if neutrinos have a mass the charged current interactions of leptons are not

diagonal (same as quarks)

g√
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∑
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(

U ij
LEP ℓi γµ L νj + U ij

CKM U i γµ L Dj
)

+ h.c.

j

W
+

l
_

i

ν

W
+

_

i

u
j

d



Neutrinos Concha Gonzalez-Garcia

Effects of ν Mass: Flavour Transitions

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

• Mass basis(free propagation in space-time):ν1, ν2 andν3 . . .
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Effects of ν Mass: Flavour Transitions

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

• Mass basis(free propagation in space-time):ν1, ν2 andν3 . . .

• In generalinteraction eigenstates6= propagation eigenstates

ULEP
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νe
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ντ





⇒ Flavour is not conserved during propagation



Neutrinos Concha Gonzalez-Garcia

Effects of ν Mass: Flavour Transitions

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

• Mass basis(free propagation in space-time):ν1, ν2 andν3 . . .

• In generalinteraction eigenstates6= propagation eigenstates

ULEP









ν1

ν2

ν3

...









=





νe

νµ

ντ





⇒ Flavour is not conserved during propagation

⇒ ν can be detected with different (or same) flavour than produced

• The probabilityPαβ of producing neutrino with flavourα and detecting with

flavourβ has to depend on:

– Misalignmentbetween interaction and propagation states (≡ U )

– Differencebetween propagationeigenvalues

– Propagation distance
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Vacuum Mass Oscillations
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Vacuum Mass Oscillations

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

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

|να〉=
n
∑

i=1

Uαi |νi〉

U is the leptonic mixing matrix.
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Vacuum Mass Oscillations

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

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

|να〉=
n
∑

i=1

Uαi |νi〉

U is the leptonic mixing matrix.

• After a distanceL (or timet) it evolves

|ν(t)〉=
n
∑

i=1

Uαi|νi(t)〉
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Vacuum Mass Oscillations

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

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

|να〉=
n
∑

i=1

Uαi |νi〉

U is the leptonic mixing matrix.

• After a distanceL (or timet) it evolves

|ν(t)〉=
n
∑

i=1

Uαi|νi(t)〉

• it can be detected with flavourβ with probability

Pαβ = |〈νβ(t)|να(0)〉|2 = |
n
∑

i=1

UαiU
∗
βi〈νi(t)|νi(0)〉|2
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Vacuum Oscillations

• The probability

Pαβ = |〈νβ(t)|να(0)〉|2 = |
n
∑

i=1

UαiU
∗
βi〈νi(t)|νi(0)〉|2



Neutrinos Concha Gonzalez-Garcia

Vacuum Oscillations

• The probability

Pαβ = |〈νβ(t)|να(0)〉|2 = |
n
∑

i=1

UαiU
∗
βi〈νi(t)|νi(0)〉|2

• We callEi the neutrino energy andmi the neutrino mass
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Vacuum Oscillations

• The probability

Pαβ = |〈νβ(t)|να(0)〉|2 = |
n
∑

i=1

UαiU
∗
βi〈νi(t)|νi(0)〉|2

• We callEi the neutrino energy andmi the neutrino mass

• Under the approximations:

(1) |ν〉 is aplane wave⇒ |νi(t)〉 = e −i Eit|νi(0)〉

Pαβ = δαβ − 4

n
X

j 6=i

Re[U⋆
αiUβiUαjU

⋆
βj ]sin

2

„

∆ij

2

«

+ 2
X

j 6=i

Im[U⋆
αiUβiUαjU

⋆
βj ]sin (∆ij)

with ∆ij = (Ei − Ej)t
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Vacuum Oscillations

• The probability

Pαβ = |〈νβ(t)|να(0)〉|2 = |
n
∑
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∗
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• We callEi the neutrino energy andmi the neutrino mass

• Under the approximations:
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i ≃ pi +
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Vacuum Oscillations

• The probability

Pαβ = |〈νβ(t)|να(0)〉|2 = |
n
∑

i=1

UαiU
∗
βi〈νi(t)|νi(0)〉|2

• We callEi the neutrino energy andmi the neutrino mass

• Under the approximations:

(1) |ν〉 is aplane wave⇒ |νi(t)〉 = e −i Eit|νi(0)〉

Pαβ = δαβ − 4

n
X

j 6=i

Re[U⋆
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⋆
βj ]sin
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„

∆ij

2

«

+ 2
X

j 6=i

Im[U⋆
αiUβiUαjU

⋆
βj ]sin (∆ij)

with ∆ij = (Ei − Ej)t

(2) relativisticν

Ei =
√

p2
i + m2

i ≃ pi +
m2

i

2Ei

(3) Lowest order in masspi ≃ pj = p ≃ E

∆ij

2
= 1.27

m2
i − m2
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eV2
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Vacuum Oscillations
• The oscillation probability:

Pαβ = δαβ − 4

n
X

j 6=i

Re[U⋆
αiUβiUαjU

⋆
βj ]sin

2

„

∆ij

2

«

+ 2
X

j 6=i

Im[U⋆
αiUβiUαjU

⋆
βj ]sin (∆ij)

∆ij

2 =
(Ei−Ej)L

2 = 1.27
(m2

i−m2

j )

eV2

L/E

Km/GeV
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Vacuum Oscillations
• The oscillation probability:

Pαβ = δαβ − 4

n
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„
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– The first term δαβ − 4
n
∑

j 6=i

Re[U⋆
αiUβiUαjU

⋆
βj ]sin

2

(

∆ij

2

)

equal forν (U → U∗)

→ conservesCP
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Vacuum Oscillations
• The oscillation probability:
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– The last piece2
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αiUβiUαjU

⋆
βj ]sin (∆ij) opposite sign forν

→ violatesCP
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Vacuum Oscillations
• The oscillation probability:

Pαβ = δαβ − 4
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⋆
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– The last piece2
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j 6=i

Im[U⋆
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⋆
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→ violatesCP

• Pαβ depends on Theoretical Parameters and on TwoExperimentalParameters:

• ∆m2
ij = m2

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

• Uαj The mixing angles • L Distanceν source to detector
(and Dirac phases)
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Vacuum Oscillations
• The oscillation probability:

Pαβ = δαβ − 4
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– The first term δαβ − 4
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equal forν (U → U∗)
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– The last piece2
∑

j 6=i

Im[U⋆
αiUβiUαjU

⋆
βj ]sin (∆ij) opposite sign forν

→ violatesCP

• Pαβ depends on Theoretical Parameters and on TwoExperimentalParameters:

• ∆m2
ij = m2

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

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

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

• For 2-ν: U =

0

@

cos θ sin θ

− sin θ cos θ

1

A
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2-ν Oscillations

• For 2-ν: U =

0

@

cos θ sin θ

− sin θ cos θ

1

A

Posc = sin2(2θ) sin2
(

∆m2L
4E

)

Appear

Pαα = 1 − Posc Disappear
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Equations of Motion for Weak Eigenstates

• ν oscillations can also be understood from the eq. of motion ofweak eigenstates
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Equations of Motion for Weak Eigenstates

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

• A state mixture of 2 neutrino species|νe〉 and|νX〉 or equivalently of|ν1〉 and|ν2〉
Φ(x) = Φe(x)|νe〉 + ΦX(x)|νX〉 = Φ1(x)|ν1〉 + Φ2(x)|ν2〉
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Equations of Motion for Weak Eigenstates

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

• A state mixture of 2 neutrino species|νe〉 and|νX〉 or equivalently of|ν1〉 and|ν2〉
Φ(x) = Φe(x)|νe〉 + ΦX(x)|νX〉 = Φ1(x)|ν1〉 + Φ2(x)|ν2〉

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

E1 Φ1 =
[

− i αx
∂
∂x + β m1]Φ1

E2 Φ2 =
[

− i αx
∂
∂x + βm2

]

Φ2
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Equations of Motion for Weak Eigenstates

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

• A state mixture of 2 neutrino species|νe〉 and|νX〉 or equivalently of|ν1〉 and|ν2〉
Φ(x) = Φe(x)|νe〉 + ΦX(x)|νX〉 = Φ1(x)|ν1〉 + Φ2(x)|ν2〉

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

E1 Φ1 =
[

− i αx
∂
∂x + β m1]Φ1

E2 Φ2 =
[

− i αx
∂
∂x + βm2

]

Φ2

• We decomposeΦi(x) = νi(x)φi φi is the Dirac spinor part satisfying:
(

αx

{

E2
i − m2

i

}1/2
+ β mi

)

φi = Eφi (1)

• φi have the form of free spinor solutions with energyEi
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Equations of Motion for Weak Eigenstates

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

• A state mixture of 2 neutrino species|νe〉 and|νX〉 or equivalently of|ν1〉 and|ν2〉
Φ(x) = Φe(x)|νe〉 + ΦX(x)|νX〉 = Φ1(x)|ν1〉 + Φ2(x)|ν2〉

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

E1 Φ1 =
[

− i αx
∂
∂x + β m1]Φ1

E2 Φ2 =
[

− i αx
∂
∂x + βm2

]

Φ2

• We decomposeΦi(x) = νi(x)φi φi is the Dirac spinor part satisfying:
(

αx

{

E2
i − m2

i

}1/2
+ β mi

)

φi = Eφi (1)

• φi have the form of free spinor solutions with energyEi

• Using (1) in Dirac Eq. we can factorizeφi andαx and get:

−i
∂ν1(x)

∂x
=

n

E2
1 − m2

1

o1/2

ν1(x)

−i
∂ν2(x)

∂x
=

n

E2
2 − m2

2

o1/2

ν2(x)
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• In the relativistic limit and first order in mass
√

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 and first order in mass
√

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) basisνα = 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 and first order in mass
√

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) basisνα = 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 andνβ → eiηx

νβ is unobservable

⇒ pieces proportional toI =

„

1 0

0 1

«

do not affect evolution:
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• In the relativistic limit and first order in mass
√

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) basisνα = 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 andνβ → eiηx

νβ is unobservable

⇒ pieces proportional toI =

„

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 :(change∂x to ∂t using group velocityv ≃ c)

i

(

ν̇α

ν̇β

)

=

(−∆m2

4E cos 2θ ∆m2
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∆m2

4E sin 2θ ∆m2

4E cos 2θ

)(

να

νβ

)
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• Evolution Eq. for flavour eigenstates :(change∂x to ∂t using group velocityv ≃ c)
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=

(−∆m2
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4E sin 2θ
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4E cos 2θ

)(
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=
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4E cos 2θ

)(

να
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)

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 normalization|να(x)|2 + |νβ(x)|2 = 1
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• Evolution Eq. for flavour eigenstates :(change∂x to ∂t using group velocityv ≃ c)

i

(

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 normalization|να(x)|2 + |νβ(x)|2 = 1

• For initial conditions:να(0) = 1 andνβ(0) = 0 ⇒
8

<

:

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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• To detectoscillationswe can studythe neutrino flavour

as function of theDistanceto the source As function of the neutrinoEnergy

• In real experiments⇒ 〈Pαβ〉=
∫

dEν
dΦ
dEν

σCC(Eν)Pαβ(Eν)

• Maximal sensitivity for∆m2 ∼ E/L

– ∆m2 ≪ E/L ⇒ 〈sin2
(

1.27∆m2L/E
)

〉 ≃ 0 → 〈Posc〉 ≃ 0

– ∆m2 ≫ E/L ⇒ 〈sin2
(

1.27∆m2L/E
)

〉 ≃ 1
2 → 〈Posc〉 ≃ 1

2 sin2(2θ)
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p

Sources of ν’s

Concha Gonzalez-Garcia

The Big Bang

ρν = 330/cm3

Eν =0.0004 eV
SN1987

Eν ∼ MeV

The Sun
νe

ΦEarth
ν = 6 × 1010ν/cm2s

Eν ∼ 0.1–20 MeV
Atmosphericν′s

νe, νµ, νe, νµ

Φν ∼ 1ν/cm2sHuman Body
Φν = 340 × 106ν/day

Nuclear Reactors

νe

Eν ∼ few MeV

Accelerators
Eν ≃ 0.3–30 GeV

Earth’s radioactivity
Φν ∼ 6 × 106ν/cm2s
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To allow observation of neutrino oscillations:

– Nature has to be good:θ ≪/ 0

– Need theright set up(≡right 〈L

E
〉) for ∆m2

Source E (GeV) L (Km) ∆m2 (eV2)

Solar 10−3 107 10−10

Atmos 0.1–102 10–103 10−1–10−4

Reactor 10−3 SBL: 0.1–1 10−2–10−3

LBL: 10–102 10−4–10−5

Accel 10 SBL: 0.1 & 0.01

LBL: 102– 103 10−2–10−3
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ν Interactions

• Due to SM Weak Interactions

σνp ∼ 10−38cm2 Eν

GeV

• Let’s consider for example atmosphericν′s?

ΦATM
ν = 1 ν per cm2 per second and 〈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

T human = 80 years = 2 × 109 sec

9

=

;

Exposurehuman

∼ Ton × year

Nint = (5 × 1028) (2 × 109) × 10−38 ∼ 1 interaction per lifetime

⇒ Needhugedetectors withExposure∼ KTon × year
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Neutrinos in Matter:Effective Potentials

• In SM the characteristicν-p interaction cross section

σ ∼ G2
F E2

π
∼ 10−43cm2 at Eν ∼ MeV

• So if a beam ofΦν ∼ 1010ν′s was aimed at the Earthonly 1 would be deflected

so it seems that for neutrinosmatter does not matter

• But that cross section is forinelasticscattering

Does not containforward elasticcoherentscattering

• In coherentinteractions⇒ ν andmediumremainunchanged

Interference of scattered and unscatteredν waves
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Neutrinos in Matter:Effective Potentials

• Coherence⇒ decoupling ofν evolution equation fromequations of the medium.

• The effect of the medium is described by aneffective potentialdepending on density
and composition of matter

• For example forνe in medium withe−

W

ν e

e ν

VCC =
√

2GF Ne

Ne ≡ electron number density

• The effective potentialhasopposite sign for neutrinos y antineutrinos

• Other potentials forνe (νe) due to different particles in medium
medium VC VN

e+ ande− ±
√

2GF (Ne − Nē)∓GF√
2

(Ne − Nē)(1 − 4 sin2 θW )

p andp̄ 0 ±GF√
2

(Np − Np̄)(1 − 4 sin2 θW )

n andn̄ 0 ∓GF√
2

(Nn − Nn̄)

Neutral(Ne = Np) ±
√

2GF Ne ∓GF√
2

Nn
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Neutrinos in Matter: Evolution Equation

Evolution Eq. for|ν〉 = ν1|ν1〉 + ν2|ν2〉 ≡ νe|νe〉 + νX |νX〉 (X = µ, τ, sterile)

(a) In vacuum in the weak basis

−i ∂
∂x

(

νe

νX

)

= E − m2

1
+m2

2

2E −
(−∆m2

4E cos 2θ ∆m2

4E sin 2θ
∆m2

4E sin 2θ ∆m2

4E cos 2θ

)(

νe

νX

)
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Neutrinos in Matter: Evolution Equation

Evolution Eq. for|ν〉 = ν1|ν1〉 + ν2|ν2〉 ≡ νe|νe〉 + νX |νX〉 (X = µ, τ, sterile)

(a) In vacuum in the weak basis

−i ∂
∂x

(

νe

νX

)

= E − m2

1
+m2

2

2E −
(−∆m2

4E cos 2θ ∆m2

4E sin 2θ
∆m2

4E sin 2θ ∆m2

4E cos 2θ

)(

νe

νX

)

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

−i ∂
∂x

(

νe

νX

)

= E − VX − m2

1
+m2

2

2E −
(

Ve − VX − ∆m2

4E cos 2θ ∆m2

4E sin 2θ
∆m2

4E sin 2θ ∆m2

4E cos 2θ

)(

νe

νX

)
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Neutrinos in Matter: Evolution Equation

Evolution Eq. for|ν〉 = ν1|ν1〉 + ν2|ν2〉 ≡ νe|νe〉 + νX |νX〉 (X = µ, τ, sterile)

(a) In vacuum in the weak basis

−i ∂
∂x

(

νe

νX

)

= E − m2

1
+m2

2

2E −
(−∆m2

4E cos 2θ ∆m2

4E sin 2θ
∆m2

4E sin 2θ ∆m2

4E cos 2θ

)(

νe

νX

)

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

−i ∂
∂x

(

νe

νX

)

= E − VX − m2

1
+m2

2

2E −
(

Ve − VX − ∆m2

4E cos 2θ ∆m2

4E sin 2θ
∆m2

4E sin 2θ ∆m2

4E cos 2θ

)(

νe

νX

)

(a)6= (b) becausedifferent flavours

havedifferent interactions

For exampleX = µ, τ :

VCC = Ve − VX =
√

2GF Ne

(opposite sign forν) νe, νµ, ντ only νe

Z W

ν ν ν e

e, N e, N
e ν
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⇒ Effective masses and mixing are different than in vacuum

⇒ If matter density varies alongν trajectory the effective masses and mixing vary too

Theeffective masses: (A = 2E(Ve − VX))

µ1,2(x) =
m2

1 + m2
2

2
+ E(Ve + VX)

±
1

2

q

(∆m2 cos 2θ − A)2 + (∆m2 sin 2θ)2

νν
ν2

2

ν1

ν
1

AAR

µ2

1
m2

2
m2

At resonantpotential:AR = ∆m2 cos 2θ

Minimum ∆µ2 = µ2
2 − µ2

1
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⇒ Effective masses and mixing are different than in vacuum

⇒ If matter density varies alongν trajectory the effective masses and mixing vary too

Theeffective masses: (A = 2E(Ve − VX))

µ1,2(x) =
m2

1 + m2
2

2
+ E(Ve + VX)

±
1

2

q

(∆m2 cos 2θ − A)2 + (∆m2 sin 2θ)2

νν
ν2

2

ν1

ν
1

AAR

µ2

1
m2

2
m2

At resonantpotential:AR = ∆m2 cos 2θ

Minimum ∆µ2 = µ2
2 − µ2

1

Themixing 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
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The oscillation length in vacuum

Losc
0 =

4πE

∆m2

The oscillation length in matter

Losc =
Losc

0
√

(∆m2 cos 2θ − A)2 + (∆m2 sin 2θ)2
≡ 4πE

∆µ2
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The oscillation length in vacuum

Losc
0 =

4πE

∆m2

The oscillation length in matter

Losc =
Losc

0
√

(∆m2 cos 2θ − A)2 + (∆m2 sin 2θ)2
≡ 4πE

∆µ2

Losc presents a resonant behaviour

AAR  

R  Aδ

L
osc

0L
osc

/

At the resonant point

Losc
R =

Losc
0

sin 2θ

The width of the resonance in potential:

δVR =
∆m2 sin 2θ

E

The width of the resonance in distance:

δrR =
δVR

|dV
dr |R
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• Forconstant potentialθm andµi are constant alongν evolution

⇒ the evolution is determined bymasses and mixing in matteras

Posc = sin2(2θm) sin2

(

∆µ2L
2E

)

• For varying potential:
„

ν̇e

ν̇X

«

= U̇ [θm(x)]

„

νm
1 (x)

νm
2 (x)

«

+ U [θm(x)]

„

ν̇m
1 (x)

ν̇m
2 (x)

«



Neutrinos Concha Gonzalez-Garcia

• In terms of the mass eigenstates in matter:
„

νe

νX

«

= U [θm(x)]

„

νm
1 (x)

νm
2 (x)

«

• Forconstant potentialθm andµi are constant alongν evolution

⇒ the evolution is determined bymasses and mixing in matteras

Posc = sin2(2θm) sin2

(

∆µ2L
2E

)

• For varying potential:
„

ν̇e

ν̇X

«

= U̇ [θm(x)]

„

νm
1 (x)

νm
2 (x)

«

+ U [θm(x)]

„

ν̇m
1 (x)

ν̇m
2 (x)

«

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

i

(

ν̇e

ν̇X

)

=
1

2E

(

A − ∆m2

2
cos 2θ ∆m2

2
sin 2θ

∆m2

2
sin 2θ ∆m2

2
cos 2θ

)(

νe

νX

)
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• The evolution equation in instantaneous mass basis

i

(

ν̇m
1

ν̇m
2

)

=
1

4E

( −∆µ2(x) −4 i E θ̇m(x)

4 i E θ̇m(x) ∆µ2(x)

)(

νm
1

νm
2

)

⇒ It is not diagonal⇒ Instantaneous mass eigenstates6= eigenstates of evolution

⇒ Transitionsνm
1 → νm

2 can occur≡ Non adiabaticity

• For∆µ2(x) ≫ 4 E θ̇m(x)
[

1
V

dV
dx

∣

∣

∣

R
≪ ∆m2

2E
sin2 2θ
cos 2θ

]

≡ Slowly varying matter potent

⇒ νm
i behave approximately asevolution eigenstates

⇒ νm
i do not mix in the evolutionThis is theadiabatictransition approximation

The adiabaticity condition

1

V

dV

dx

∣

∣

∣

R
≪ ∆m2

2E

sin2 2θ

cos 2θ
≡ 2π δrR ≫ Losc

R

⇒ Many oscillations take place in the resonant region
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Neutrinos in The Sun : MSW Effect
• Solar neutrinosareνe produced in the core (R . 0.3R⊙) of the Sun

The solar matter density

VCC =
√

2GF Ne ∼ 10−14 Ne

NA
eV

At core:VCC,0 ∼ 10−14–10−12 eV

The energy spectrum of solarν′
es

Eν ∼ 0.1–10 MeV

• Forνe ↔ νµ(τ), in vacuumνe = cos θ ν1 + sin θ ν2

• For10−9 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 mostlyν1

In Sun coreνe = cos θm,0 ν1 + sin θm,0 ν2 is mostlyν2

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

⇒ Adiabatictransition

∗ ν is mostlyν2 before and after resonance

∗ θm ↓ dramaticallyat resonance

⇒ νe component↓ ⇒ Pee ↓
This is the MSW effect
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For θ ≪ π
4 : In vacuum νe = cos θ ν1 + sin θ ν2 is mostlyν1

In Sun coreνe = cos θm,0 ν1 + sin θm,0 ν2 is mostlyν2

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

⇒ Adiabatictransition

∗ ν is mostlyν2 before and after resonance

∗ θm ↓ dramaticallyat resonance

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

ν
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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-Adiabatictransition

∗ ν is mostlyν2 till the resonance

∗ At resonance the state can jump intoν1

(with probabilityPLZ)

⇒ 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

ν does not cross resonance:Pee = 1 − 1

2
sin2 2θ >

1

2

ν crosses resonance

MSW effect Adiabatic MSW transitionPee = sin2 θ <
1

2

Adiabacity breaking

Effect ofPLZ
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Summary II

• If mν 6= 0 → Lepton Mixing≡ breaking ofLe × Lµ × Lτ

• From direct searches ofν-mass:mν ≤ O(eV )

• Neutrino masses and mixing⇒ Flavour oscillations

• Experiments observing oscillations⇒ measurement of∆m2
ij andθij

• ν traveling throughmatter⇒ Modification of oscillation pattern

• Mattereffect iscrucial to interpretation ofsolar data
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0νββ Decay: Future
JJ Gomez-Cadenas, sl etal ArXiv:1109.5515

Experiment Mββ ε ∆E c Bgr/ROI

(kgββ ) (keV) (10−3 counts/(keV· kgββ · year)) (cts/yr)

EXO-200 141 0.34 100 0.78–5 11–71

GERDA-1 15.2 0.95 4.2 12–70 0.77–4.5

GERDA-2 30.4 0.84 2 1.2–7 0.07–0.43

CUORE-0 10.9 0.83 5 180–390 9.8–21.3

CUORE 206 0.83 5 36–130 37.1–134

KamLAND-Zen 357 0.61 250 0.22–1.8 19.6–161

MAJORANA Demonstrator 17.2 0.85 2 1.2–12 0.04–0.41

SNO+ 44 0.50 220 9–70 87–680

NEXT 89.2 0.33 18 0.2–1 0.32–1.6

SuperNEMO Demonstrator 7 0.28 130 0.6–6 0.55–5.5
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Cosmic Neutrino Background

• Neutrinos decouple atT ∼ MeV and forT < MeV keep the distribution as of

relativistic speciefν =
1

exp p/Tν +1

• Number Density

nν = gν

∫

d3p

(2π)3
fν =

3

11
nγ =

6ξ(3)

11π2
T 3

CMB

• Energy Density

ρν = gν

∫

d3p

(2π)3

√

E2 + m2
νfν =



















7π2

120

(

4

11

)
4

3

T 4
CMB mν = 0

mνnν mν ≫ T
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Cosmic Neutrino Background

• Neutrinos decouple atT ∼ MeV and forT < MeV keep the distribution as of

relativistic speciefν =
1

expp/Tν +1

• Number Density

At present112 (ν + ν̄) cm−3 per flavour

• Energy Density(H0 = h
0.98×1010 years

= 2.13 × 10−29h eV)

Contribution to presentΩ =















Ωνh2 ≃ 1.7 × 10−5 mν = 0

Ωνh2 =

∑

i mνi

94eV
mν ≫ T
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Cosmic Neutrino Background

• Neutrinos decouple atT ∼ MeV and forT < MeV keep the distribution as of

relativistic speciefν =
1

expp/Tν +1

• Number Density

At present112 (ν + ν̄) cm−3 per flavour

• Energy Density(H0 = h
0.98×1010 years

= 2.13 × 10−29h eV)

Contribution to presentΩ =















Ωνh2 ≃ 1.7 × 10−5 mν = 0

Ωνh2 =

∑

i mνi

94eV
mν ≫ T

⇒ a conservative limitΩνh2 < 0.1 ⇒
∑

i

mνi
< 9 eV
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Effective Number of Neutrinos Neff

• At T < me the radiation contribution to the energy density of Universe

ρr = ργ + ρν =
π2

15
T 4

γ + 3
7

8

π2

15
T 4

ν =

[

1 +
7

8
× 3

(

4

11

)
4

3

]

ργ

• In general atT < me we can always write

ρr =

[

1 +
7

8
×
(

4

11

)
4

3

Neff

]

ργ

∆Neff = Neff − 3 (exactly -3.04) parametrizes;

– Any new relativistic states(accounting for their decoupling temperature

– Possiblenewν-interactions(which change the relation betweenTγ andTν )
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Big Bang Nucleosynthesis

• BBN: Nuclear reactions producing

D, 3He, 4He, 7Li

from protonsp andneutronsn

• The produced abundances depend on:

– The neutron life time: (well-known)

τn = 881.5 ± 1.5 s

– G: (well-known)

– ηB = nB

nγ
, baryon to photon # density:

(independently measured in CMB)

– Nuclear reaction rates

(larger uncertainties)

– New physics which affects

the expansion of Universe . . .



Neutrinos Concha Gonzalez-Garcia

BBN & Neff

ρr =

[

1 +
7

8
×
(

4

11

)
4

3

Neff

]

ργ



Neutrinos Concha Gonzalez-Garcia

BBN & Neff

ρr =

[

1 +
7

8
×
(

4

11

)
4

3

Neff

]

ργ

• Neff > 3 :

⇒ Faster expansion of Universe

⇒ Weak Interac freeze-out earlier

⇒ Larger nn

np
⇒ LargerYP

Burles, Nollet, Turner (1999)



Neutrinos Concha Gonzalez-Garcia

BBN & Neff

ρr =

[

1 +
7

8
×
(

4

11

)
4

3

Neff

]

ργ

• Neff > 3 :

⇒ Faster expansion of Universe

⇒ Weak Interac freeze-out earlier

⇒ Larger nn

np
⇒ LargerYP

Burles, Nollet, Turner (1999)

With latestYP determination

Izotov, Thuan (2010)

Neff = 3.8+0.8
−0.7 at 95%



Neutrinos Concha Gonzalez-Garcia

BBN & Neff

ρr =

[

1 +
7

8
×
(

4

11

)
4

3

Neff

]

ργ

• Neff > 3 :

⇒ Faster expansion of Universe

⇒ Weak Interac freeze-out earlier

⇒ Larger nn

np
⇒ LargerYP

Burles, Nollet, Turner (1999)

With latestYP determination

Izotov, Thuan (2010)

Neff = 3.8+0.8
−0.7 at 95%

More conservatively
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CMB: Effect of Neutrinos

• CMB almost unaffected byν’s if they arerelativisticat recombinationzrec = 1089

At recombinationT rec
γ ≃ 1000 K≃ 0.26 eV ⇒ T rec

ν =

(

4

11

)
1

3

T rec
γ ≃ 0.18 eV

The mean momenta of the neutrino〈pν〉rec =
7π4

180ξ(3)
T rec

ν = 0.58 eV

Soν’s direct effect of CMB if
∑

mνi
> 1.7 eV

• For lighterν′s effect isindirect(andsmall):

they changebackgroundevolution

(time of matter-radiation equality)
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l

fν=0

fν=0.1, fixed (ωc, ΩΛ)

fν=0.1, fixed (ωc, h)   

J. Lesgourgues & S.Pastor Phys. Rep.(2006)

• But parameter degeneracies:

Same effect by change of

other cosmological parameters
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CMB: Effect Neff

• In general atT < me we can always write

ρr =

[

1 +
7

8
×
(
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)
4
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Neff

]

ργ

∆Neff = Neff − 3 (exactly -3.04) parametrizes;
– Any new relativistic states(accounting for their decoupling temperature

– Possiblenewν-interactions(which change the relation betweenTγ andTν )

• A change inNeff changes the time of matter-radiation equality

1 + zeq =
Ωm

Ωr
=

Ωmh2

Ωγh2

1

1 + 0.2271Neff

• The ratio of 1st to 3rd peak in CMB⇒ zeq = 3145 ± 140

but effect ofNeff degenerated withΩm



Neutrinos Concha Gonzalez-Garcia

CMB: Effect Neff

• In general atT < me we can always write

ρr =

[

1 +
7

8
×
(

4

11

)
4

3

Neff

]

ργ

∆Neff = Neff − 3 (exactly -3.04) parametrizes;
– Any new relativistic states(accounting for their decoupling temperature

– Possiblenewν-interactions(which change the relation betweenTγ andTν )

• A change inNeff changes the time of matter-radiation equality

1 + zeq =
Ωm

Ωr
=

Ωmh2

Ωγh2

1

1 + 0.2271Neff

• The ratio of 1st to 3rd peak in CMB⇒ zeq = 3145 ± 140

but effect ofNeff degenerated withΩm

The conclusions is:

Combined analysis of Several Observables to break Degeneracies
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Formation of Structures: Effects of ν’s

• Contrary to CDM,ν′s move at speedvν ∼ min

[

c, 3
Tν

mν

]

⇒ They can travelfreely over distancesλFS ∼ vν

H(t)

⇒ They affect structures formed over scalesk with
2πa(t)

k
≤ λFS

k ≥ knr ≃ 0.018 Ω1/2
m

mν

1 eV

• If all DM formed of ν′s (Hot Dark Matter) no structure formed withk ≥ knr

⇒ PureHDM Ruled out by Observations

⇒ Subdominant contribution ofν′s to DM Constrained by Observations
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Formation of Structures: Effects of ν’s

• The matter power spectra〈δm(~x1)δm(~x2)〉 =
∫

d3k
(2π)3 expi~k(~x1−~x2) P (k) is modified

∆P (k)

P (k)
≃ −8

Ων

Ωm
≃ −0.09

∑

mνi

1 eV

1

Ωmh2
for k ≫ knr

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

110-110-210-310-4

P
(k

)f ν
 / 

P
(k

)f ν
=

0

k   (h/Mpc)

knrknr
Ων

Ωm

0.01
0.02
0.03

0.1

J. Lesgourgues & S.Pastor Phys. Rep.(2006)
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• Lets considerνe in a medium withe, p, andn. The effective low-energy Hamiltonian:

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) − s2

W γα]e(x)

+p(x)[γα(1 − g
(p)
A γ5) − 4s2

W γα]p(x) − n(x)[γα(1 − g
(n)
A γ5) − 4s2

W γα]n(x)
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• Lets considerνe in a medium withe, p, andn. The effective low-energy Hamiltonian:

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) − s2

W γα]e(x)

+p(x)[γα(1 − g
(p)
A γ5) − 4s2

W γα]p(x) − n(x)[γα(1 − g
(n)
A γ5) − 4s2

W γα]n(x)

• Example: The effect ofCC with thee medium.The effectiveCC Hamiltonian:

H
(e)
C = GF√

2

∫

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

rearrange
= GF√

2
νeγα(1 − γ5)νe

∫

d3pef(Ee, T )〈〈e(s, pe)|eγα(1 − γ5)e|e(s, pe)〉〉
f(Ee, T ) statistical energy distribution ofe in homogeneous and isotropicmedium.

∫

d3pef(Ee, T ) = 1

〈...〉 ≡ averaging over electron spinors and summing over alle.

coherence⇒ s, pe same for initial and finale
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• Expanding the electron fieldse in plane waves

〈e(s, pe)|eγα(1−γ5)e|e(s, pe)〉 = 〈e(s, pe)|us(pe)a
†
s(pe)γα(1−γ5)as(pe)us(pe)|e(s, pe)〉

• Sincea†
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

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

1

2

X

s

whereNe(pe) number density of electrons with momentumpe

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

2

X

s

u(s)(pe)γα(1 − γ5)u(s)(pe)

=
Ne(pe)

2

X

s

Tr

»

us(pe)γα(1 − γ5)us(pe)

–

=
Ne(pe)

2

X

s

Tr

»

us(pe)us(pe)γα(1 − γ5)

–

=
Ne(pe)

2 Tr
X

s

»

us(pe)us(pe)γα(1 − γ5)

–

=
Ne(pe)

2 Tr

»

me + /p
2Ee

γα(1 − γ5)

–

= Ne(pe)
pα

e
Ee
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e (pe) (number operator) and assuming that there are the
same number of electrons with spin 1/2 and -1/2

〈〈e(s, pe)|a†
s(pe)as(pe)|e(s, pe)〉〉 ≡ Ne(pe)
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2

X

s

whereNe(pe) number density of electrons with momentumpe

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

2

X

s

u(s)(pe)γα(1 − γ5)u(s)(pe)

=
Ne(pe)

2

X

s

Tr

»

us(pe)γα(1 − γ5)us(pe)

–

=
Ne(pe)

2

X

s

Tr

»

us(pe)us(pe)γα(1 − γ5)

–

=
Ne(pe)

2 Tr
X

s

»

us(pe)us(pe)γα(1 − γ5)

–

=
Ne(pe)

2 Tr

»

me + /p
2Ee

γα(1 − γ5)

–

= Ne(pe)
pα

e
Ee

• Isotropy⇒
∫

d3pe ~pef(Ee, T ) = 0

• Also
∫

d3pef(Ee, T )Ne(pe) = Ne electron number density
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• The effective charged current Hamiltonian due to electronsin matter is then:

H
(e)
C =

GF Ne√
2

νe(x)γ0(1 − γ5)νe(x) =
√

2GF NeνeL(x)γ0νeL(x)

which contributes a potential term to the Dirac Eq of the neutrinos

VC =
√

2GF Ne


