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Sources ofν’s

Concha Gonzalez-Garcia

The Big Bang

ρν = 330/cm3

pν =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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Evidence ofν Masses

Determination of Lepton Flavour Parameters

Implications
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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
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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
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There is noνR⇒
Accidentalglobalsymmetry: B × Le × Lµ × Lτ⇒

ν strictly massless
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• By 2015 we have observed with high (or good) precision:

∗ Atmosphericνµ & ν̄µ disappear most likely toντ (SK,MINOS, ICECUBE)

∗ Acceleratorνµ & ν̄µ disappear atL ∼ 250[700] Km (K2K, bf T2K, MINOS)

∗ Some acceleratorνµ appear asνe atL ∼ 700 Km ( T2K , MINOS)

∗ Solarνe convert toνµ/ντ (Cl, Ga,SK, SNO, Borexino)
∗ Reactorνe disappear atL ∼ 200 Km (KamLAND )

∗ Reactorνe disappear atL ∼ 1 Km (D-Chooz,Daya Bay, Reno)
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• By 2015 we have observed with high (or good) precision:

∗ Atmosphericνµ & ν̄µ disappear most likely toντ (SK,MINOS, ICECUBE)

∗ Acceleratorνµ & ν̄µ disappear atL ∼ 250[700] Km (K2K, bf T2K, MINOS)

∗ Some acceleratorνµ appear asνe atL ∼ 700 Km ( T2K , MINOS)

∗ Solarνe convert toνµ/ντ (Cl, Ga,SK, SNO, Borexino)
∗ Reactorνe disappear atL ∼ 200 Km (KamLAND )

∗ Reactorνe disappear atL ∼ 1 Km (D-Chooz,Daya Bay, Reno)

All this implies thatLα are violated

and There is Physics Beyond SM
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The New Minimal Standard Model
• Minimal extension to introduceLα violation⇒ give Mass to the Neutrino:
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ν Mass Terms: Dirac Mass

• A fermion massis aLeft-Right operator :Lmf
= −mffLfR + h.c.
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ν Mass Terms: Dirac Mass

• A fermion massis aLeft-Right operator :Lmf
= −mffLfR + h.c.

• One introducesνR which can couple to the lepton doublet by Yukawa interaction

L(ν)
Y = −λν

ijνRiLLj φ̃
† + h.c. (φ̃ = iτ2φ

∗)

• Under spontaneous symmetry-breakingL(ν)
Y ⇒ L(Dirac)

mass

L(Dirac)
mass = −νRMν

DνL + h.c. ≡ −1

2
(νRMν

DνL+(νL)cMν
D

T (νR)c)+h.c. ≡ −
X

k

mkνD
k νD

k

Mν
D = 1√

2
λν v =Dirac mass for neutrinos V ν

R
†MDV ν = diag(m1, m2, m3)

⇒ The eigenstates ofMν
D are Dirac particles(same as quarks and charged leptons)

νD = V ν†νL + V ν
R

†νR
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ν Mass Terms: Dirac Mass

• A fermion massis aLeft-Right operator :Lmf
= −mffLfR + h.c.

• One introducesνR which can couple to the lepton doublet by Yukawa interaction

L(ν)
Y = −λν

ijνRiLLj φ̃
† + h.c. (φ̃ = iτ2φ

∗)

• Under spontaneous symmetry-breakingL(ν)
Y ⇒ L(Dirac)

mass

L(Dirac)
mass = −νRMν

DνL + h.c. ≡ −1

2
(νRMν

DνL+(νL)cMν
D

T (νR)c)+h.c. ≡ −
X

k

mkνD
k νD

k

Mν
D = 1√

2
λν v =Dirac mass for neutrinos V ν

R
†MDV ν = diag(m1, m2, m3)

⇒ The eigenstates ofMν
D are Dirac particles(same as quarks and charged leptons)

νD = V ν†νL + V ν
R

†νR

⇒ Total Lepton numberis conservedby construction(not accidentally):

U(1)L ν = eiα ν and U(1)L ν = e−iα ν

U(1)L νC = e−iα νC and U(1)L νC = eiα νC
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• Onedoes notintroduceνR but uses that the field(νL)c is right-handed, so that one

can write aLorentz-invariantmass term

L(Maj)
mass = −1

2
νc

LMν
MνL + h.c. ≡ −1

2

∑

k

mkνM
i νM

i

Mν
M =Majorana mass forν’s is symmetric V νT MMV ν = diag(m1, m2, m3)

⇒ The eigenstates ofMν
M are Majorana particles

νM = V ν†νL + (V ν†νL)c (verify νM c
i = νM

i )
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• Onedoes notintroduceνR but uses that the field(νL)c is right-handed, so that one

can write aLorentz-invariantmass term

L(Maj)
mass = −1

2
νc

LMν
MνL + h.c. ≡ −1

2

∑

k

mkνM
i νM

i

Mν
M =Majorana mass forν’s is symmetric V νT MMV ν = diag(m1, m2, m3)

⇒ The eigenstates ofMν
M are Majorana particles

νM = V ν†νL + (V ν†νL)c (verify νM c
i = νM

i )

⇒ But SU(2)L gauge inv is broken⇒L(Maj)
mass not possible at tree-level in the SM

• Moreover under anyU(1) symmetry withU(1) ν = eiα ν

U(1) νc = e−iα νc and U(1) ν = e−iα ν so U(1) νc = eiα νc

⇒L(Maj)
mass breaksU(1) (so it can only appear for particles without electric charge)

⇒ Breaks Total Lepton Number⇒L(Maj)
mass not generated at any loop level in the SM

• in SM B − L is non anomalous⇒L(Maj)
mass not generated non-perturbatively in SM
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The New Minimal Standard Model
• Minimal extension to introduceLα violation⇒ give Mass to the Neutrino:

∗ IntroduceνR AND imposeL conservation⇒ Diracν 6= νc:

L = LSM − MννLνR + h.c.

∗ NOT imposeL conservation⇒ Majoranaν = νc

L = LSM − 1
2MννLνC

L + h.c.
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The New Minimal Standard Model
• Minimal extension to introduceLα violation⇒ give Mass to the Neutrino:

∗ IntroduceνR AND imposeL conservation⇒ Diracν 6= νc:

L = LSM − MννLνR + h.c.

∗ NOT imposeL conservation⇒ Majoranaν = νc

L = LSM − 1
2MννLνC

L + h.c.

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

g√
2
W+

µ

∑

ij

(
U ij

LEP ℓi γµ L νj + U ij
CKM U i γµ L Dj

)
+ h.c.

j

W
+

l
_
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ν

W
+

_
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j

d
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Lepton Mixing

• Charged current and mass for3 charged leptonsℓi andN neutrinosνj in weak basis

LCC+LM = − g√
2

3∑

i=1

ℓW
L,iγ

µνW
i W+

µ −
3∑

i,j=1

ℓW
L,iMℓijℓ

W
R,j−

1

2

N∑

i,j=1

νc
i

W Mνijν
W
j +h.c.
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Lepton Mixing

• Charged current and mass for3 charged leptonsℓi andN neutrinosνj in weak basis

LCC+LM = − g√
2

3∑

i=1

ℓW
L,iγ

µνW
i W+

µ −
3∑

i,j=1

ℓW
L,iMℓijℓ

W
R,j−

1

2

N∑

i,j=1

νc
i

W Mνijν
W
j +h.c.

• Changing to mass basis by rotations

ℓW
L,i = V ℓ

LijℓL,j ℓW
R,i = V ℓ

RijℓR,j νW
i = V ν

ijνj

V ℓ
L

†
MℓV

ℓ
R = diag(me, mµ, mτ ) V νT MνV ν = diag(m2

1, m
2
2, m

2
3, . . . , m

2
N )

V ℓ
L,R≡ Unitary3 × 3 matrices V ν≡ UnitaryN × N matrix.
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Lepton Mixing

• Charged current and mass for3 charged leptonsℓi andN neutrinosνj in weak basis
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• Changing to mass basis by rotations

ℓW
L,i = V ℓ

LijℓL,j ℓW
R,i = V ℓ

RijℓR,j νW
i = V ν

ijνj

V ℓ
L

†
MℓV

ℓ
R = diag(me, mµ, mτ ) V νT MνV ν = diag(m2

1, m
2
2, m

2
3, . . . , m

2
N )

V ℓ
L,R≡ Unitary3 × 3 matrices V ν≡ UnitaryN × N matrix.

• The charged current in the mass basis

LCC = − g√
2
ℓi
L γµ U ij

LEP νj W+
µ

ULEP ≡ 3 × N matrix U ij
LEP =

3∑

k=1

P ℓ
iiV

ℓ
L

†ik
V νkjP ν

jj
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Lepton Mixing

ULEP ≡ 3 × N matrix U ij
LEP =

3∑

k=1

P ℓ
iiV

ℓ
L

†ik
V νkjP ν

jj

• P ℓ
ii phase absorbed inli P ν

kk phase absorbed inνi (only if νi is Dirac)

• ULEPU †
LEP=I3×3 but in general U †

LEPULEP 6=IN×N

⇒ for N = 3 + s: 3s + 3 angulos and2s + 1 (3s + 3) phases forDirac (Majorana)
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Lepton Mixing

ULEP ≡ 3 × N matrix U ij
LEP =

3∑

k=1

P ℓ
iiV

ℓ
L

†ik
V νkjP ν

jj

• P ℓ
ii phase absorbed inli P ν

kk phase absorbed inνi (only if νi is Dirac)

• ULEPU †
LEP=I3×3 but in general U †

LEPULEP 6=IN×N

⇒ for N = 3 + s: 3s + 3 angulos and2s + 1 (3s + 3) phases forDirac (Majorana)

• For examplefor 3 Diracν’s : 3 Mixing angles+ 1 Dirac Phase

ULEP =

0

B

B

@

1 0 0

0 c23 s23

0 −s23 c23

1

C

C

A

0

B

B

@

c13 0 s13eiδ

0 1 0

−s13e−iδ 0 c13

1

C

C

A

0

B

B

@

c21 s12 0

−s12 c12 0

0 0 1

1

C

C

A
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Lepton Mixing
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• For 3 Majoranaν’s : 3 Mixing angles+ 1 Dirac Phase+ 2 Majorana Phases
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Effects ofν 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 ofν 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
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Effects ofν 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

• 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

• 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∑

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

(2) relativisticν

Ei =
√

p2
i + m2

i ≃ pi +
m2

i

2Ei
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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

(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

j

eV2

L/E

Km/GeV
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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
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

– 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:

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

– The first term δαβ − 4
n∑

j 6=i

Re[U⋆
αiUβiUαjU

⋆
βj ]sin

2

(
∆ij

2

)
equal forν (U → U∗)

→ conservesCP

– The last piece2
∑

j 6=i

Im[U⋆
αiUβiUαjU

⋆
βj ]sin (∆ij) opposite sign forν

→ violatesCP
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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

– The first term δαβ − 4
n∑

j 6=i

Re[U⋆
αiUβiUαjU

⋆
βj ]sin

2

(
∆ij

2

)
equal forν (U → U∗)

→ conservesCP

– 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)
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Vacuum Oscillations
• The oscillation probability:
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equal forν (U → U∗)

→ conservesCP

– 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

Posc = sin2(2θ) sin2
(

∆m2L
4E

)
Appear

Pαα = 1 − Posc Disappear

• For 2ν oscillation Prob in vaccumsame forθ and π
2 -θ
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ν Interactions

• SM Weak Interactions⇒ σνp ∼ 10−38cm2 Eν

GeV

• Take atmosphericν′s: ΦATM
ν = 1 ν per cm2 per sec 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
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ν Interactions

• SM Weak Interactions⇒ σνp ∼ 10−38cm2 Eν

GeV

• Take atmosphericν′s: ΦATM
ν = 1 ν per cm2 per sec 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
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ν Interactions

• SM Weak Interactions⇒ σνp ∼ 10−38cm2 Eν

GeV

• Take atmosphericν′s: ΦATM
ν = 1 ν per cm2 per sec 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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ν Oscillations: Experimental Probes

• Generically there are two types of experiments to search forν 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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ν Oscillations: Experimental Probes

• Generically there are two types of experiments to search forν 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 detectoscillationswe can studythe neutrino flavour

as function of theDistanceto the source As function of the neutrinoEnergy
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as function of theDistanceto the source As function of the neutrinoEnergy

• In real experiments⇒ 〈Pαβ〉=
∫

dEν
dΦ
dEν

σCC(Eν)Pαβ(Eν)
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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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Matter Effects
• If ν crossmatterregions (Sun, Earth...) it interactscoherently

– ButDifferent flavours

havedifferent interactions:

νe, νµ, ντ only νe

Z W

ν ν ν e

e, N e, N
e ν

⇒ Effective potential inν evolution :Ve 6= Vµ,τ ⇒ ∆V ν = −∆V ν̄ =
√

2GF Ne

⇒ Modification of mixing angle and oscillation wavelength≡ MSW effect

• The mixing angle in matter

sin(2θm) =
∆m2 sin(2θ)

p

(∆m2 cos(2θ) − 2E∆V )2 + (∆m2 sin(2θ))2

• For solar neutrinos in adiabatic regimeP (νe → νe) = 1
2 [1 + cos(2θm) cos(2θ)]



Neutrinos Concha Gonzalez-Garcia

Atmospheric Neutrinos

Atmosphericνe,µ are produced by the interaction ofcosmic rays (p, He . . . )with the
atmosphere

-

_

+

(    )

(    )

(    ) (    )

Rµ/e
=

N
µν

νe

N

π
p , He

νµ

µ+_

e

ννµ e

+_

N
π+_π+

2
N

N

νν µ
+

+
~

eν
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• SKI+II+III+IV data:
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• SKI+II+III+IV data:
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• SKI+II+III+IV data:
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• SKI+II+III+IV data:
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Atmospheric ν Oscillations: Parameter Estimate

SK sub-GeV e-like

No oscillation

N
 e

ve
nt

s

0

200

400

L~ 13000Km ~ 500Km ~ 15Km

SK sub-GeV µ-like

SK multi-GeV e-like

N
 e

ve
nt

s

UP HORIZ DOWN

0

100

200

-1 -0.5 0 0.5 1

SK multi-GeV µ-like

cosθ
-1 -0.5 0 0.5 1

• For SubGeV

〈Pµµ〉 = 1 − sin2 2θ sin2 ∆m2L

2E
∼ 0.5 − 0.7

⇒ sin2 2θ & 0.6

• ForE ∼ few GeV deficit atL ∼ 102– 104 Km

∆m2(eV2)L(km)

2E(GeV)
∼ 1

⇒ ∆m2 ∼ 10−4 − 10−2eV2
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Atmospheric ν Oscillation Analysis

(1) Theoretical Predictions:

− The expected number ofcontained events

Rα(θ) =
X

β

ntT

Z

d2Φβ

dEνd cos θν
Pβα(Eν)κβ(h)

dσ

dEα
ε(Eα)dEνdEαd cos θνdh

Φβ ≡ Neutrino Flux κα ≡ Neutrino Production Point Distribution

dσ

dEα
≡ Neutrino Interaction Cross Section ε(Eα) ≡ DetectionEfficiency

− The expectedupgoing-µ events:

Rµ(θ)S,T =

Z

dΦµ(Eµ, cos θ)

dEµd cos θ
AS,T (Eµ, θ)dEµ

dΦµ

dEµd cos θ
=

Z ∞

0

dΦνµ

dEνd cos θ
Pµµ(Eν)

dσ

dEµ0
Frock(Eµ0, Eµ, X)NAdEνdEν0dX

AS,T (Eµ, θ) ≡ DetectorEffectiveArea Frock(Eµ0, Eµ,X) ≡ Muon Energy Loss in Rock
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Atmospheric ν Oscillation Analysis

(2) Statistical Analysis:
90 (70) data points SKI+II+III+(IV) data:

Sub-GeV e-like andµ-like: 10+10 points

Mid-GeV e-like andµ-like: 10+10 points

Multi-GeV e-like:10 points

Multi-GeV FC and PCµ-like: 10+10 points

Stopping and Thrugoingµ’s: 10+10 points

Using 3-dim atmospheric fluxes from Honda

Use “pull” approach for theoretical

and systematic errors

χ2 = min
ξi

» 90
X

n=1

0

B

B

@

Rtheo
n −

X

i

ξiσ
i
n − Rexp

n

σstat
n

1

C

C

A

2

+
X

i,theory

ξ2
i +

X

i,syt

ξ2
i

–

Include many sources of theoretical and system-

atic uncertainties

νµ → ντ

★

0.3 0.5 1 2 3

tan
2 θ

0

1

2

3

4

5

∆m
2  [1

0-3
 e

V
2 ]

∆m2 ∼ 2.4 × 10−3 eV2

tan2 θ ∼ 1 ⇒ θ ∼ π
4
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• Flux Uncertainties:

(1) Total normalization:σnorm = 20%

(2) “Tilt” error

Φδ(E) = Φ0(E)
“

E
E0

”δ

σδ = 5% E0 = 2 GeV

(3) νµ/νe ratio: σµ/e = 5%

E independent for contained events

(4) Zenith angle dependence:

σzen,i = 5%〈cos θ〉i
• Cross Section Uncertainties:

(5) σ
σQE
norm = 15%

(6) σσ1π
norm = 15%,

(7) σσDIS
norm = 15% for contained

σσDIS
norm = 10% for upward-goingµ

(8)–(10) σQE,1π,DIS
i,νµ

/σQE,1π,DIS
i,νe

= 0.1–1%

• Systematic uncert(from SK pub):

(11) Simulation of had int (contained):

σsys
hadron = −0.25–1.1 %

(12) Particle identification (contained):

σsys
µ/e = −1.1–1.6%

(13) Ring Counting:

σsys
ring = −0.75–5.5%

(14) Fiducial Volume:

σsys
f−vol = −0.3–1.4%

(15) Energy Calibration:

σsys
E−cal = −0.4–2%

(16) PC/FC norm: (multi-GeVµ)

σsys
PC−nrm = 2.85%

(17) Up-µ track reconstruction:

σsys
track = 1.4–6.4%

(18) Up Effi and Stop/Thru separation:

σsys
up−eff = 1–1.4%
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Long Baseline Experiments:νµ Disappearance

K2K/T2K νµ at KEK SK L=250 km

MINOS νµ at Fermilab Soundan L=735 km
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Long Baseline Experiments:νµ Disappearance

K2K/T2K νµ at KEK SK L=250 km

MINOS νµ at Fermilab Soundan L=735 km

K2K 2004: spectral distortion

0

4

8

12

Ev
en

ts 
/ 0

.2
 (G

eV
)

0 1 5432
Eν

rec (GeV)

16

T2K 2010–: spectral distortion

MINOS 2006–: detail spectral distortion

Confirmation ofνµ oscillations and agreement in mass and mixing with ATM
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Solar Neutrinos: Fluxes

• The Sun shines converting protons intoα, e+ andν′s

4 p → 4He + 2 e+ + 2 νe + γ

4mp − m4He − 2me ≃ 26 MeV Thermal energy mostly inγ

• Two major 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

• Present Solar Model⇒ pp-chain dominates by 99%
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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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Solar Neutrinos: Data

ra
di

o-
ch

em
ic

al
re

al
tim

e

Experiment Detection Flavour Eth (MeV)

Homestake 37Cl(ν, e−)37Ar νe Eν > 0.81

Sage + 71Ga(ν, e−)71Ge νe Eν > 0.23
Gallex+GNO

Kam⇒ SK ES νxe− → νxe− νe, νµ/τ

“

σµτ

σe
≃ 1

6

”

Ee > 5

SNO CC νed → ppe− νe Te > 5

NC νxd → νxp n νe, νµ/τ Tγ > 5

ES νxe− → νxe− νe, νµ/τ Te > 5

Borexino νxe− → νxe− νe, νµ/τ Eν = 0.862

Experiments measuringνe observe a deficit

Deficit is energy dependent

Deficit disappears in NC
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• Real Time experiments can also give information on Energy and Direction ofν′s

and can search for Energy and Time variations of the effect

• From SK (also from SNO)

Energy Dependence
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Solar Neutrinos: Oscillation Solutions
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tan
2 θ
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∆m
2  [1

0-5
 e

V
2 ]

RATES ONLY GLOBAL
SK and SNO E and t dependence

SMA

LMA

LOW

VAC

LMA

∆m2 ∼ 7 × 10−5 eV2

tan2 θ ∼ 0.4 ⇒ θ ∼ π
6

Different frequency and flavour

than ATM and LBL
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LBL experiment with reactors: KamLAND

• Search forνe ⇒ νe atL∼ 180 km reactors,Eν ∼ few MeV:

2002:Deficit RKLAND = 0.611 ± 0.094
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∆m2 ∼ 8 × 10−5 eV2

tan2 θ = 0.40 or 2.2 ⇒ θ ∼ π
6 or π

3
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• Searches for̄νe → ν̄e disapperance atL ∼ Km (E/L ∼ 10−3 eV2)

• Relative measurement: near and far detectors
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• Searches for̄νe → ν̄e disapperance atL ∼ Km (E/L ∼ 10−3 eV2)

• Relative measurement: near and far detectors

Daya-Bay
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• Searches for̄νe → ν̄e disapperance atL ∼ Km (E/L ∼ 10−3 eV2)

• Relative measurement: near and far detectors

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

• Relative measurement: near and far detectors

Daya-Bay: 4 Near+ 4 Far

Described with∆m2 ∼ 2.5 × 10−3eV2

(asνµ ATM and LBL accνµ disapp)

andθ ∼ 9◦
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Long Baseline Experiments:νe Appearance

T2K νµ at KEK SK L=250 km

MINOS νµ at Fermilab Soundan L=735 km

• Observation ofνµ → νe transitions withE/L ∼ 10−3 eV2

MINOS T2K

Results described withνµ → νe oscilations with∆m2 ∼ 2 × 10−3 eV2 andθ ∼ 10◦
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ν Oscillations: Lab Searches at Short Distance
Appearance Experiment

L

αν sourceν ν detector
Searches for 
β

β

αdiff

Experiment〈E/MeV
L/m

〉 α β

CCFR 100 FNAL νµ, νe ντ

E531 25 FNAL νµ, νe ντ

Nomad 13 CERN νµ, νe ντ

Chorus 13 CERN νµ, νe ντ

E776 2.5 BNL νµ νe

Karmen2 2.5 Rutherford ν̄µ ν̄e

LSND 3 Los Alamos ν̄µ ν̄e

Miniboone 3 Fermilab νµ νe
ν̄µ ν̄e

ICARUS 1 Fermilab νµ νe
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ν Oscillations: Lab Searches at Short Distance
Appearance Experiment

L

αν sourceν ν detector
Searches for 
β

β

αdiff

Experiment〈E/MeV
L/m

〉 α β

CCFR 100 FNAL νµ, νe ντ

E531 25 FNAL νµ, νe ντ

Nomad 13 CERN νµ, νe ντ

Chorus 13 CERN νµ, νe ντ

E776 2.5 BNL νµ νe

Karmen2 2.5 Rutherford ν̄µ ν̄e

LSND 3 Los Alamos ν̄µ ν̄e

Miniboone 3 Fermilab νµ νe
ν̄µ ν̄e

ICARUS 1 Fermilab νµ νe

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

Experiment 〈E/MeV
L/m

〉 α

CDHSW 1.4 CERN νµ

BugeyIII 0.05 Reactor̄νe

Chooz 0.005 Reactor̄νe
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LSND and MiniBooNE

• LSND: Main signal forν̄µ → ν̄e with Eν ∼ 0.03 GeV andL = 30 m

• MiniBooNE: Search forνµ → νe andν̄µ → ν̄e with Eν = 0.3− 2 GeVandL = 540 m

Compatibility (?)

for ∆m2 ∼ eV2

a third osc frequency?
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• By 2015 we have observed with high (or good) precision:

∗ Solarνe convert toνµ/ντ (Cl, Ga, SK, SNO, Borexino)

∗ Reactorνe disappear atL ∼ 200 Km ( KamLAND)

∗ Atmosphericνµ & ν̄µ disappear most likely toντ ( SK,MINOS)

∗ Acceleratorνµ & ν̄µ disappear atL ∼ 250[700] Km (K2K,T2K, [ MINOS])

∗ Some accelνµ appear asνe atL ∼ 250[700] Km ( T2K), [MINOS]

∗ Reactorνe disappear atL ∼ 1 Km (D-Chooz, Daya-Bay, Reno)

• Confirmed:

SK

MINOS/T2K

 (km/MeV)
eν/E0L

20 30 40 50 60 70 80 90 100
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ur

vi
va
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ro

ba
bi

lit
y

0
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0.6

0.8

1

eνData - BG - Geo 
Expectation based on osci. parameters

determined by KamLAND

KamLAND

Daya-Bay, RENO

Vacuum oscillationL/E pattern with 2 frequencies

MSW conversion in Sun
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• By 2015 we have observed with high (or good) precision:

∗ Solarνe convert toνµ/ντ (Cl, Ga, SK, SNO, Borexino)
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∗ Atmosphericνµ & ν̄µ disappear most likely toντ ( SK,MINOS)
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All this implies that neutrinos are massive

and There is Physics Beyond SM
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• By 2015 we have observed with high (or good) precision:

∗ Solarνe convert toνµ/ντ (Cl, Ga, SK, SNO, Borexino)

∗ Reactorνe disappear atL ∼ 200 Km ( KamLAND)

∗ Atmosphericνµ & ν̄µ disappear most likely toντ ( SK,MINOS)

∗ Acceleratorνµ & ν̄µ disappear atL ∼ 250[700] Km (K2K,T2K, [ MINOS])

∗ Some accelνµ appear asνe atL ∼ 250[700] Km ( T2K), [MINOS]

∗ Reactorνe disappear atL ∼ 1 Km (D-Chooz, Daya-Bay, Reno)

All this implies that neutrinos are massive

and There is Physics Beyond SM

• The importantquestion:

What is the BSM theory?

• Thedifficult path:

Detailed determination of the new low energy parametrization



Neutrinos Concha Gonzalez-Garcia3ν Flavour Parameters
• For for 3 ν’s : 3 Mixing angles+ 1 Dirac Phase+ 2 Majorana Phases
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Experiment Dominant Dependence Important Dependence

SolarExperiments → θ12 ∆m2
21 , θ13

Reactor LBL(KamLAND) → ∆m2
21 θ12 , θ13

Reactor MBL(Daya-Bay, Reno, D-Chooz) → θ13 ∆m2
atm

AtmosphericExperiments → θ23 ∆m2
atm, θ13 ,δcp

Accelerator LBLνµ Disapp(Minos) → ∆m2
atm θ23

Accelerator LBLνe App (Minos,T2K) → θ13 δcp , θ23

×



Neutrinos Concha Gonzalez-Garcia3 ν Flavour Parameters: Present Status
Global 6-parameter fit http://www.nu-fit.org(ArXiv:1409.5439)
Maltoni, Schwetz, MCGG
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Issues in 3ν Analysis: ∆m2
21 KamLAND vs SOLAR

Forθ13 ≃ 9◦ θ12 OK. But residual tension on∆m2
12
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Modified matter potential?
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Issues in 3ν Analysis: ∆m2
21 KamLAND vs SOLAR

Modified MSW with NSI (non-standard neutrino interactions):

LNSI = −2
√

2GF εfP
αβ (ν̄αγµνβ)(f̄γµf)
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Oscillations+NSI: Global Analysis

• Bounds on NSI
90% CL

Param. OSC SCATT

|εu
ee| 0.51–1.19 0.7–1

|εu
ττ | 0.03 1.4–3

|εu
eµ| 0.09 0.05

|εu
eτ | 0.15 0.5

|εu
µτ | 0.01 0.05

90% CL

Param. OSC SCATT

|εd
ee| 0.51–1.17 0.3–0.7

|εd
ττ | 0.03 1.1–6

|εd
eµ| 0.09 0.05

|εd
eτ | 0.14 0.5

|εd
µτ | 0.01 0.05

Bounds from global osc fit stronger than

scattering ones forεu,d
τβ

• Osc parameter robust

(but solar dark side)
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Issues with the Solar Fluxes

– Newer determination of abundance of heavy

elements in solar surface give lower values

– Solar Models with these lower metalicities

fail in reproducing helioseismology data

– Two sets of SSM:
Starting from Bahcalletal05, Serenellietal0909.2668

GS98uses older metalicities

AGSXX uses newer metalicities

Flux GS98 AGSS09 Diff (%)
cm−2 s−1

pp/1010 5.97 6.03(1 ± 0.005) 0.8

pep/108 1.41 1.44(1 ± 0.010) 2.1

hep/103 7.91 8.18(1 ± 0.15) 3.4
7Be/109 5.08 4.64(1 ± 0.06) 8.8
8B/106 5.88 4.85(1 ± 0.12) 17.7
13N/108 2.82 2.07(1+0.14

−0.13) 26.7
15O/108 2.09 1.47(1+0.16

−0.15) 30.0
17F/1016 5.65 3.48(1+0.17

−0.16) 38.4

Most difference in CNO fluxes
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Issues with the Solar Fluxes

– Two sets of SSM:

GS98uses older metalicities

AGSXX uses newer metalicities

∗ What is the effect on the determination

of oscillation parameters?

Very small

Impact in Parameter Determination
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Learning How the Sun Shines

– Two sets of SSM:

GS98uses older metalicities

AGSXX uses newer metalicities

∗ What is the effect on the determination

of oscillation parameters?

Very small

∗ Which SSM does the solar data favour?

Both model statistically equally prob

Better CNO :CleanerBorexino, SNO+

–Test of Solar Luminosity:

LCNO
L⊙

< 3.2 % (3σ)

L⊙(ν − inferred)
L⊙

= 1.0 ± 0.14 (1σ)

3ν oscillation fit with solar fluxes free:
(within luminosity constraint)

Comparison with Models

MCG-G,Maltoni,Salvado JHEP 2010
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Issues in 3ν Analysis: Reactor Flux anomaly andθ13

• The reactor̄νe fluxes have been recalculated

T.A. Mueller et al.,[arXiv:1101.2663].;P. Huber, [arXiv:1106.0687].

• Both reevaluations find higher fluxes by about3.5 %

• Sonegativereactor experiments

at short baselines (RSBL) indeed

observed a deficit
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• For3ν analysis a consistent approach (T. Schwetz et. al. [arXiv:1103.0734]):

– Fit oscillation parameters and reactor fluxes simultaneously

– Use theoretical calculation and/or RSBL data as priors
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Issues in 3ν Analysis: Reactor Flux anomaly andθ13

★

0 0.01 0.02 0.03 0.04 0.05

sin
2θ

13

0.85

0.9

0.95

1

1.05
f flu

x

RSBL + CH + PV + DC 

All reactors
(w/o KamL)

NuFIT 2.0 (2014)

• Experiments without near detector

(CHOOZ, Palo-Verde,D-CHOOZ)

sensitive to the flux assumptions

• DAYA BAY andRENO

Near-Far comparison

⇒ results flux independent

• Two extreme priors :

a) Use fluxes fromHuber 1106.0687

without RSBL data

sin2 θ13 = 0.0223 ± 0.001

b) Leave flux free and include RSBL

sin2 θ13 = 0.0218 ± 0.001

Uncertainty at∼ 0.5σ level

χ2
min,a − χ2

min,b ∼ 7
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“New” Reactor Anomaly?

“Bump” at E ∼ 5 MeV in Near and Far spectra at RENO, Daya Bay and D-Chooz

Not understood within present reactor flux calculations

Does not affect to (& unexplained by) oscillations (cancelsin near/far)

Daya Bay D-Chooz
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3 ν Analysis: Long Baseline vs REACT and|∆m2
3l|

Independent and consistent determination of|∆m2
3l| from MBL reactor data

In particular from Daya Bay (also Reno and DC) near/far E Spectrum

0.3 0.4 0.5 0.6 0.7

sin
2 θ23

-3.5

-3

-2.5

-2

2

2.5

3

3.5

∆m
2 32

   
 [1

0-3
 e

V
2 ]  

  ∆
m

2 31

ATM

T2K

MINOS

0.015 0.02 0.025 0.03

sin
2θ13

[68.27%, 95.45% CL]

react
(no DB)

DayaB

NuFIT 2.0 (2014)
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3 ν Analysis: Long Baseline vs REACT

• In LBL APP νµ → νe

Pµe ≃ s2
23 sin2 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

So sin2 2θAPP = 2 sin2 θ23 sin2 2θ13

• In ReactorPee ≃ sin2 2θ13 sin2
“

∆31 L
2

”

So sin2 2θREAC = sin2 2θ13

–So from first term inPµe:

sin2 2θREAC ≤ sin2 2θAPP ⇒ θ23 ≥ π
4 favoured

–Or from second term inPµe:

⇒ δ ∼ 3π
2 (≡ −π

2 ) favoured
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3ν Analysis: Leptonic CP violation

• ∼ 2σ “Hint” CP phase aroundδCP = 3π
2 driven by the LBL-APP vs REACTθ13

(beware of diff notation forδCP in literature)

0 90 180 270
δCP

0

2

4

6

8

10

∆χ
2

0 90 180 270 360
δCP

NuFIT 2.0 (2014)IO NO

180 270 360
δCP

Sol + Rea + Minos-Dis
+ T2K-Dis
+ T2K-App
+ Minos-App
+ Atmos

• Leptonic Jarslog Determinant

0.025 0.03 0.035 0.04

JCP
max

 = c12 s12 c23 s23 c
2
13 s13

0

5

10

15

∆χ
2

-0.04 -0.02 0 0.02 0.04

JCP = JCP
max

 sinδCP

NO
IO

NuFIT 2.0 (2014)
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• Fermi proposed a kinematic search ofνe mass from beta spectra in3H 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
Cp E F (E) ∝

√
(Q − T )

√
(Q − T )2 − m2

νe

T = Ee − me, Q= maximum kinetic energy, (for3H beta decayQ = 18.6 KeV)

Taking into account mixingmνe
≡
√∑

m2
νj
|Uej |2
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• Fermi proposed a kinematic search ofνe mass from beta spectra in3H 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
Cp E F (E) ∝

√
(Q − T )

√
(Q − T )2 − m2

νe

T = Ee − me, Q= maximum kinetic energy, (for3H beta decayQ = 18.6 KeV)

Taking into account mixingmνe
≡
√∑

m2
νj
|Uej |2

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

mνe
= 0 ⇒ Tmax = Q

mνe
6= 0 ⇒ Tmax = Q − mνe

νm

K (T)

Q
T
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• Fermi proposed a kinematic search ofνe mass from beta spectra in3H 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
Cp E F (E) ∝

√
(Q − T )

√
(Q − T )2 − m2

νe

T = Ee − me, Q= maximum kinetic energy, (for3H beta decayQ = 18.6 KeV)

Taking into account mixingmνe
≡
√∑

m2
νj
|Uej |2

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

mνe
= 0 ⇒ Tmax = Q

mνe
6= 0 ⇒ Tmax = Q − mνe

νm

K (T)

Q
T

– At present only a bound:mνe
< 2.2 eV (at 95 % CL) (Mainz & Troisk experiments)

– Katrin operating to improve present sensitivity tomνe
∼ 0.3 eV
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Neutrino Mass Scale: Other Channels

Muon neutrino mass
• From the two body decay at rest

π− → µ− + νµ

• Energy momentum conservation:

mπ =
√

p2
µ + m2

µ +
√

p2
µ + m2

ν

m2
ν = m2

π + m2
µ − 2 + mµ

√
p2 + m2

π

• Measurement ofpµ plus the precise

knowledge ofmπ andmµ ⇒ mν

• The present experimental result bound:

meff
νµ

≡
√∑

m2
j |Uµj |2 < 190 KeV

Tau neutrino mass

• Theτ is much heaviermτ = 1.776 GeV

⇒ Large phase space⇒ difficult precision

for mν

• The best precision is obtained from

hadronic final states

τ → nπ + ντ with n ≥ 3

• Lep I experiments obtain:

meff
ντ

≡
√∑

m2
j |Uτj|2 < 18.2 MeV
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Neutrino Mass Scale: Other Channels

Muon neutrino mass
• From the two body decay at rest

π− → µ− + νµ

• Energy momentum conservation:

mπ =
√

p2
µ + m2

µ +
√

p2
µ + m2

ν

m2
ν = m2

π + m2
µ − 2 + mµ

√
p2 + m2

π

• Measurement ofpµ plus the precise

knowledge ofmπ andmµ ⇒ mν

• The present experimental result bound:

meff
νµ

≡
√∑

m2
j |Uµj |2 < 190 KeV

Tau neutrino mass

• Theτ is much heaviermτ = 1.776 GeV

⇒ Large phase space⇒ difficult precision

for mν

• The best precision is obtained from

hadronic final states

τ → nπ + ντ with n ≥ 3

• Lep I experiments obtain:

meff
ντ

≡
√∑

m2
j |Uτj|2 < 18.2 MeV

⇒ If mixing anglesUej arenot negligible

Best kinematic limit on Neutrino Mass Scale comes from Tritium Beta Decay
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ν-less Double-β Decay



Neutrinos Concha Gonzalez-Garcia

ν-less Double-β Decay

(A, Z) → (A, Z + 2) + e− + e−

n

p

W

n

p

W
ν

e−

e−

• Amplitude involves the product of two leptonic currents:
[
eγµLν

][
eγµLν

]



Neutrinos Concha Gonzalez-Garcia

ν-less Double-β Decay

(A, Z) → (A, Z + 2) + e− + e−

n

p

W

n

p

W
ν

e−

e−

• 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

• (T 0ν
1/2)

−1 ∝ (mee)
2 with |〈mee〉| = |

∑
U2

ejmj |
• Complication is uncertainty in the nuclear matter elements
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0νββ Decay: Present

Bounds from136Xe (EXO and KamLAND-ZEN),76Ge (Gerda) and130Te (Cuore-0)

⇒ If neutrinos are Majorana:

mee ≤ 0.20–0.40 eV 76 Ge (Gerda+HdM+IGex)

mee ≤ 0.14–0.28 eV 136Xe (KamLAND-ZEN)

mee ≤ 0.19–0.45 eV 136Xe (EXO)

mee ≤ 0.27–0.76 eV 130Te (Cuore-0)
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Massiveν 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 (Neff ) Neff and
∑

mν

Observables also depend on all other cosmological parameters
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Cosmological Analysis by Planck (2015)

Correlations
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Range of Bounds

Dependence on Data Samples

and Cosmological Model
Model Observables Σmν (eV) 95%

ΛCDM + mν Planck TT + lowP ≤ 0.72

ΛCDM + mν Planck TT + lowP + lensing ≤ 0.68

ΛCDM + mν Planck TT,TE,EE + lowP+lensing ≤ 0.59

ΛCDM + mν Planck TT,TE,EE + lowP ≤ 0.49

ΛCDM + mν Planck TT + lowP + lensing + BAO + SN +H0 ≤ 0.23

ΛCDM + mν Planck TT,TE,EE + lowP+ BAO ≤ 0.17

Neff < 3.7 (95% Planck TT+lowP+lensing+BAO)
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Global oscillation analysis

⇒ Correlationsmνe
, mee and

∑
mν

(Fogli et al(04))

Maltoni, Schwetz,Salvado, MCGG(95%)
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Global oscillation analysis

⇒ Correlationsmνe
, mee and

∑
mν

(Fogli et al(04))

Maltoni, Schwetz,Salvado, MCGG(95%)
Width due to range in oscillation

parameters very narrow

High precision determination of

mνe
and

∑
mi can give informa-

tion on ordering

Wide band due to unknown

Majorana phases
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• SeveralObservationswhich can be Interpreted asOscillations with∆m2 ∼ eV2

Reactor Anomaly
New reactor flux calculation

⇒ Deficit in data atL . 100 m
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Explained asνe disappearance

Kopp etal, ArXiv 1303.3011

Gallium Anomaly
Acero, Giunti, Laveder, 0711.4222
Giunti, Laveder,1006.3244

Radioactive Sources (51Cr, 37Ar)

in callibration of Ga Solar Exp;

νe + 71Ga→ 71Ge + e−

Give a rate lower than expected

R =
Nobs

Nth
Bahc

= 0.86 ± 0.05 (2.8σ)

Explained asνe disappearance

10
� 3

10
� 2

10
�1

10
�1

10
0

10
1

�Ue4
2

�
m

4
12
�e
V
2
�

�

95� CL

Gallium

C�12

Kopp etal, ArXiv 1303.3011

LSND, MiniBoone

νµ → νe andν̄µ → ν̄e
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Light Sterile Neutrinos

• These explanations require 3+Ns mass eigenstates→ Ns sterile neutrinos

1−3

1−31−3

3 + 23 + 1

45

4 4

5

1+ 3 + 1

• Problem: fit together
νe → νe disapp(REACT,Gallium,Solar, LSND/KARMEN)

νµ → νe app(LSND,KARMEN,NOMAD,MiniBooNE,E776,ICARUS)

νµ → νµ disapp(CDHS,ATM,MINOS,MiniBooNE)

• Generically:P (νe → νµ) ∼ |U∗
eiUµi| [i =heavier state(s)]

But |Uei| constrained byP (νe → νe) disappearance data

And |Uµi| constrained byP (νµ → νµ) disappearance data}⇒ Severe tension
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Light Sterile Neutrinos:3+1

• Comparing the parameters required to explain signals with bounds from disapp
Kopp etal, ArXiv 1303.3011

10�4 10� 3 10� 2 10�1
10�1

100

101

sin 2 2 Θ Μe

�
m

2

disappearance

appearance

Giunti etal, ArXiv 1308.5288

sin22ϑeµ

∆m
412

   
 [e

V
2 ]

10−4 10−3 10−2 10−1 1
10−1

1

10

+

10−4 10−3 10−2 10−1 1
10−1

1

10

+

3+1 − GLO

68.27% CL
90.00% CL
95.45% CL
99.00% CL
99.73% CL

3+1 − 3σ
νe DIS
νµ DIS
DIS
APP

– Difference in the analysis of both appearance and disappearance

– Somewhat different conclusions

• Adding more steriles (3+2 or 1+3+1): not much improvement

Also tension with cosmology
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One lightνs mixed with 3ν′
as contributes toρ asNeff .

From evol eq for3 + 1 esemble one finds

⇒ So if “explaination” to SBL anomalies

1 νs contributes as much as 1νa

But analysis of cosmo data inΛCDM+r + νs tells us

Plank+WP+high-l+BAO

J. Bergstrom, etal, ArXiv:1407.3806
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Implications

The two arising questions

• Why are neutrinos so light?

The Origin of Neutrino Mass

• Why are lepton mixing so different from quark’s?

The Flavour Puzzle
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Implications: New Physics

A fermion masscan be seen as at aLeft-Right transition

mffLfR
(this is notSU(2)L gauge invariant)

If the SM isthe fundamental theory:

– All terms in lagrangian (including masses) must be

{
gauge invariant

renormalizable (dim ≤ 4 )

– A gauge invariant fermion mass is generated
by interaction with the Higgs fieldλffLφfR → mf = λfv

(v ≡ Higgs vacuum expectation value∼ 250 GeV)

– But there are no right-handed neutrinos
⇒ No renormalizable gauge-invariant operator for tree levelν mass

– SM gauge invariance also implies the accidental symmetry
Gglobal

SM = U(1)B × U(1)Le
× U(1)Lµ

× U(1)Lτ
⇒ mν = 0 to all orders
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Implications: New Physics

A fermion masscan be seen as at aLeft-Right transition

mffLfR
(this is notSU(2)L gauge invariant)

If the SM isthe fundamental theory:

– All terms in lagrangian (including masses) must be

{
gauge invariant

renormalizable (dim ≤ 4 )

– A gauge invariant fermion mass is generated
by interaction with the Higgs fieldλffLφfR → mf = λfv

(v ≡ Higgs vacuum expectation value∼ 250 GeV)

– But there are no right-handed neutrinos
⇒ No renormalizable gauge-invariant operator for tree levelν mass

– SM gauge invariance also implies the accidental symmetry
Gglobal

SM = U(1)B × U(1)Le
× U(1)Lµ

× U(1)Lτ
⇒ mν = 0 to all orders

Thus the most striking implication ofν masses:

There is New Physics Beyond the SM

To go further one has to make assumptions. . .
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Light Neutrino Mass: Type I See-Saw

• IntroduceνRi
(i = 1, m) and write all Lorentz andSU(2)L invariant mass term

L(ν)
Y = −λν

ijνR,iLL,j φ̃
† − 1

2
νR,iM

ν
N,ijν

c
R,j + h.c.

• After spontaneous symmetry-breaking

L(ν)
mass = −νRMDνL − 1

2
νRMNνc

R + h.c. ≡ −1

2
~νcMν~ν + h.c.

with ~ν =

(
νL

νc
R

)
andMν =

(
0 MT

D

MD MN

)

• L(ν)
mass = −

∑

k

1

2
mkνM

k νM
k where V νT MνV ν = diag(m1, m2, . . . , m3+m)

• In general ifMN 6= 0 ⇒ 3+mMajorananeutrino states

νM = V ν†νL + (V ν†νL)c (verify νM c
i = νM

i )

⇒ Total Lepton Numberis not conserved



Neutrinos Concha Gonzalez-Garcia

Type I See-Saw

• Add m νRi
so

L(ν)
mass = −νRMDνL − 1

2
νRMNνc

R + h.c. ≡ −1

2
~νcMν~ν + h.c.

with ~ν =

(
νL

νc
R

)
andMν =

(
0 MT

D

MD MN

)

• AssumeMN ≫ mD ⇒

– 3 light neutrinosν’s of mass mνl
≃ MT

DM−1
N MD

– m Heavyν’s of mass mνH
≃ MN

– The heavierνH the lighterνl ⇒ See-Saw Mechanism
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Type I See-Saw

• Add m νRi
so

L(ν)
mass = −νRMDνL − 1

2
νRMNνc

R + h.c. ≡ −1

2
~νcMν~ν + h.c.

with ~ν =

(
νL

νc
R

)
andMν =

(
0 MT

D

MD MN

)

• AssumeMN ≫ mD ⇒

– 3 light neutrinosν’s of mass mνl
≃ MT

DM−1
N MD

– m Heavyν’s of mass mνH
≃ MN

– The heavierνH the lighterνl ⇒ See-Saw Mechanism

– Naturalexplanation tomν ≪ ml, mq

– Arises in many extensions of the SM:SO(10) GUTS, Left-right...
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Light Neutrino Mass: Type II See-Saw

• Add aSU(2) triplet Scalar∆ ≡ (1, 3)1

• One can build a Gauge Invariant Yukawa Coupling

−L = f∆ijLLi ∆LC
Lj + h.c.

• The scalar potential:

V (φ, ∆) = λ |φ|4 − µ2 |φ|2 + M2
∆ |∆|2 + (κ φT ∆† φ + h.c.)

it is minimum at 〈φ〉 = v√
2

= µ√
2λ

and〈∆〉 = κ v2

2M2
∆
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Light Neutrino Mass: Type II See-Saw

• Add aSU(2) triplet Scalar∆ ≡ (1, 3)1

• One can build a Gauge Invariant Yukawa Coupling

−L = f∆ijLLi ∆LC
Lj + h.c.

• The scalar potential:

V (φ, ∆) = λ |φ|4 − µ2 |φ|2 + M2
∆ |∆|2 + (κ φT ∆† φ + h.c.)

it is minimum at 〈φ〉 = v√
2

= µ√
2λ

and〈∆〉 = κ v2

2M2
∆

⇒ Mν = f∆
κ v2

M2
∆

The heavier∆ the lighterνL ⇒ See-Saw Mechanism

• If M2
∆/κ≫ v 〈∆〉≪ v ⇒ Naturalexplanation tomν ≪ ml, mq
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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 benon-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

)(
φ̃T LC

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 benon-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

)(
φ̃T LC

L,j

)

which after symmetry breaking

induces aν Majorana mass
(Mν)ij = Zν

ij

v2

ΛNP

Implications:
– It is naturalthatν mass is the first evidence of NP

– Naturallymν ≪ other fermions masses∼ λfv if ΛNP >> v

– See-sawwith heavy fermions or scalar integrated out is a particularexample of this
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Implications: The Scale of New Physics

mν >
√

∆m2
atm ∼ 0.05eV⇒ 1010 < ΛNP < 1015GeV

New Physics Scale
close to Grand Uni-
fication scale
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ΛNP in See-Saw Models

Mohapatra,Senjanovich; Foot,Lew,He,Joshi

O5 can be generated by tree-level exchange of singlet (Ni ≡ (1, 1)0) (Type-I) or triplet
fermions (Ni ≡ Σi ≡ (1, 3)0) (Type-III) or a scalar triplet∆ ≡ (1, 3)1 (Type-II)
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ΛNP in See-Saw Models

Mohapatra,Senjanovich; Foot,Lew,He,Joshi

O5 can be generated by tree-level exchange of singlet (Ni ≡ (1, 1)0) (Type-I) or triplet
fermions (Ni ≡ Σi ≡ (1, 3)0) (Type-III) or a scalar triplet∆ ≡ (1, 3)1 (Type-II)

•For fermionic see-saw

−LNP = −iNi/DNi + 1
2MNijN c

i Nj + λν
αjLαφ̃Nj [.τ ]

⇒ O5 =
(λνT λν)αβ

ΛNP

(
Lαφ̃

)(
φ̃T LC

β

)
with ΛNP = MN

• For scalar see-saw

−LNP = f∆αβLα ∆LC
β + M2

∆ |∆|2 + κ φT ∆† φ . . .

⇒ O5 =
f∆αβ

ΛNP

(
Lαφ̃

)(
φ̃T LC

β

)
with ΛNP =

M2
∆

κ

Very different physics, but sameν parameters: How to proceed?
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ΛNP in See-Saw Models

Mohapatra,Senjanovich; Foot,Lew,He,Joshi

O5 can be generated by tree-level exchange of singlet (Ni ≡ (1, 1)0) (Type-I) or triplet

fermions (Ni ≡ Σi ≡ (1, 3)0) (Type-III) or a scalar triplet∆ ≡ (1, 3)1 (Type-II)

How to proceed?

– Top-down: Assume some specific model and work out the relations

– Still Bottom-up: Hope for additional information fromcharged LFV, collider signals

. . .
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Implications: We are here(Leptogenesis)

• Majoranamν ⇒ /L ⇒ Baryon asymmetry can be generated

• How? In the Early Universe viadecay of heavyN Fukugita and Yanagida

l

νR

φ

l̄

νR

φ̄

– If /CP :Γ(N → φ lL) 6= Γ(N → φ lL)

– And decay isout of equilibrium:

(ΓN ≪ Universe expansion rate)
}∆ L is generated

Sphaleron processes⇒ ∆ L is transformed in∆B ≃ −∆L
2
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Implications: We are here(Leptogenesis)

• Majoranamν ⇒ /L ⇒ Baryon asymmetry can be generated

• How? In the Early Universe viadecay of heavyN Fukugita and Yanagida

l

νR

φ

l̄

νR

φ̄

– If /CP :Γ(N → φ lL) 6= Γ(N → φ lL)

– And decay isout of equilibrium:

(ΓN ≪ Universe expansion rate)
}∆ L is generated

Sphaleron processes⇒ ∆ L is transformed in∆B ≃ −∆L
2

• Details are model dependent

In simplest scenarioM & 1010 GeV,
∑

mν . 0.5 eV

But also scenarios for leptogenesis withM ∼O(TeV)⇒ collider signals
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• Neutrino oscillationsearches have shown us

∆m2
21 = 7.50 × 10−5 eV2 (2.3%) |∆m2

3ℓ| = 2.45 × 10−3 eV2 (1.9%)

sin2 θ12 = 0.3 (4%) sin2 θ23 = 0.58 [0.44] IO [NO] (8.5%) sin2 θ13 = 0.0219 (4.8%)

⇒ ULEP Very different fromUCKM

• Still ignoreor not significantly determined

Majorana/Dirac? mν scale leptonic/CP? Normal/Inverted?

Standing Puzzles: SBL anomalieslight sterileν’s?

⇒ New experiments needed to answer these questions

• mν 6= 0 ⇒ Need to extend SM
NP breakingtotal L→ Majoranaν : ν = νC

NP conservingtotal L→ Diracν : ν 6= νC

• Majoranaν′s: genericif SM is LE effective theory and explainν lightness

ΛNP ∼ 1015 GeV Fits OK inGUT

Leptogenesismay explain the baryon asymmetry

Possiblescenarios withΛNP ∼ O(TeV) reachable at LHC
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ν masses are BSM physicseffects to be put together withall other NP effects:

from charged LFV, Collider signals, Cosmo-astroparticle. . . to establish

the Next Standard Model
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Comment on Theoretical Uncertainties� Flux Uncertainties:

(1) Total normalization:�norm = 20%

(2) “Tilt” error�Æ(E) = �0(E)� EE0 �Æ�Æ = 5% E0 = 2 GeV

(3) ��=�e ratio: ��=e = 5%E independent for contained events

(4) Zenith angle dependence:�zen;i = 5%hos �ii� Cross Section Uncertainties:

(5) ��QEnorm = 15%

(6) ��1�norm = 15%,

(7) ��DISnorm = 15% for contained��DISnorm = 10% for upward-going�

(8)–(10) �QE;1�;DISi;�� =�QE;1�;DISi;�e = 0:1–1%
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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

• Coherence⇒ decoupling ofν evolution equation fromeqs of medium.

• The effect of the medium is described by aneffective potentialdepending on
density and composition of matter
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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)〉 =
1

V
〈e(s, pe)|us(pe)a

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

V
〈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

1

V
〈〈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
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• Expanding the electron fieldse in plane waves

〈e(s, pe)|eγα(1−γ5)e|e(s, pe)〉 =
1

V
〈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

1

V
〈〈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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• Expanding the electron fieldse in plane waves

〈e(s, pe)|eγα(1−γ5)e|e(s, pe)〉 =
1

V
〈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

1

V
〈〈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

• 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)
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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)

• Thus the effective potential thanνe “feels” due toe’s

VC = 〈νe|
∫

d3xH
(e)
C |νe〉

=
GF Ne√

2
〈νe|

∫
d3xνe(x)γ0(1 − γ5)νe(x)|νe〉

=
GF Ne√

2

1

V
2

∫
d3x u†

νuν =
√

2GF Ne

VC =
√

2GF Ne
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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)

• Thus the effective potential thanνe “feels” due toe’s

VC = 〈νe|
∫

d3xH
(e)
C |νe〉

=
GF Ne√

2
〈νe|

∫
d3xνe(x)γ0(1 − γ5)νe(x)|νe〉

=
GF Ne√

2

1

V
2

∫
d3x u†

νuν =
√

2GF Ne

VC =
√

2GF Ne

• for νe the sign ofV is reversed
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• 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

Forνµ andντ VC = 0 for any of these media
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• 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

Forνµ andντ VC = 0 for any of these media

• Estimating typical values:

VC =
√

2GF Ne ≃ 7.6 Ye
ρ

1014g/cm3 eV

Ye = Ne

Np+Nn
≡ relative number density

ρ ≡ matter density

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

– At supernovaρ ∼ 1014 g/cm3 ⇒ V ∼ eV
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Vacuum Oscillations Revisited

• 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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Vacuum Oscillations Revisited

• 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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Vacuum Oscillations Revisited

• 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:
(

ν̇α

ν̇β

)
=

(−∆m2

4E cos 2θ ∆m2

4E sin 2θ
∆m2

4E sin 2θ ∆m2

4E cos 2θ

)(
να

νβ

)
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νβ(x) = B1 e −i ωx
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• The solutions are:

να(x) = A1 e −i ωx
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with the condition|να(x)|2 + |νβ(x)|2 = 1
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B1 = −B2 = sin θ cos θ
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with ω =
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• 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 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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Evolution Eq. for|ν〉 = ν1|ν1〉 + ν2|ν2〉 ≡ νe|νe〉 + νX |νX〉 (X = µ, τ, sterile)
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Evolution Eq. for|ν〉 = ν1|ν1〉 + ν2|ν2〉 ≡ νe|νe〉 + νX |νX〉 (X = µ, τ, sterile)

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

(
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2E 0

0
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)(
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(c) In matter(e, p, n) in weak basis
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(
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(c)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
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(
∆µ2L
2E

)
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• Forconstant potentialθm andµi are constant alongν evolution
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• In terms of the mass eigenstates in matter:
„

νe

νX

«

= U [θm(x)]

„
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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

(
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)

• 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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• In terms of the mass eigenstates in matter:
„
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«

= 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

(
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2E

)

• For varying potential:
„

ν̇e

ν̇X

«
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„
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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

)

⇒ the evolution equation in instantaneous mass basis

i

(
ν̇m
1

ν̇m
2

)
=

1

2E
U †(θm)

(
A − ∆m2

2
cos 2θ ∆m2

2
sin 2θ

∆m2

2
sin 2θ ∆m2

2
cos 2θ

)
U(θm)

(
νm
1

νm
2

)
− i U †U̇(θm)

(
νm
1

νm
2

)
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• Forconstant potentialθm andµi are constant alongν evolution
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2
cos 2θ

)
U(θm)

(
νm
1

νm
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1

νm
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1

4E
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• The evolution equation in instantaneous mass basis
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)
=
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4E
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4 i E θ̇m(x) ∆µ2(x)

)(
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)

⇒ 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



Neutrinos Concha Gonzalez-Garcia

• 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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• Solar neutrinosareνe produced in the core (R . 0.3R⊙) of the Sun

The solar matter density
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2GF Ne ∼ 10−14 Ne
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At core:VCC,0 ∼ 10−14–10−12 eV

The energy spectrum of solarν′
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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

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]
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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

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]

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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1
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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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Neutrinos from The Sun : The Full Story

A(νe → νe) = ASun(νe → ν1) × Avac(ν1 → ν1) × AEarth(ν1 → νe)

+ASun(νe → ν2) × Avac(ν2 → ν2) × AEarth(ν2 → νe)
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3 ν: θ23 Octant and Mass Ordering

0.3 0.4 0.5 0.6 0.7

sin
2 θ23

0

1

2

3

4

∆χ
2

0.3 0.4 0.5 0.6 0.7

sin
2 θ23

IO NO

180 270 360
δCP

Sol + Rea + Minos-Dis
+ T2K-Dis
+ T2K-App
+ Minos-App
+ Atmos

• Determination of Octant ofθ23:

– θ23 = 45 Disfavoured at 1.5σ

Mostly driven by MINOSνµ DIS

– IO: θ23 > 45 Favoured at 1.7σ

Driven by T2K-APP+REACT

– NO: θ23 < 45 Favoured at 1σ

Driven by SK I–IV ATM Sub-GeVνe excess

• Determination of Mass Ordering:

– No significant difference NO vs IO

IO favoured at 1σ

• Sign and size of these 1-1.5σ “hints”

vary among analysis
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3ν Analysis: Leptonic Unitarity Triangles
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3ν Analysis: CL of CP hints

MC generation of probability distribution of∆χ2(δcp) for T2K+DB
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observed data ∆χ2
 levels NuFit 2.0 (2014)

– ProbMC smaller thanProbχ2−1dof

– “Allowed” interval at given CL smaller than assumingχ2 distribution
– Strongdependence on trueθ23 due to degeneracyθ23-octant/sig[sin(δcp)]

Pµe ≃ s2
23 sin2 2θ13
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Implications: LFV & Collider Signatures

• ν oscillation⇒ Lepton Flavour is not conserved

If only O5 ⇒ Br(τ → µγ) ∼ 10−41 too small!

• But dim=6 operators areLN conservingbutLFV (f.e. O6 ∼ L̄αL̄βLγLρ).

So may be L = LSM +
c5αβ

ΛLN

(
Lαφ̃

)(
φ̃T LC

β

)
+
∑

i

c6,i

Λ2
LF

O6,i
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• In general to haveobservable LFVone needs todecouple:

New PhysicsscaleΛLN responsible for thesmallmν from

New PhysicsscaleΛLF (≪ ΛLN ) controlling ofLFV

• Collider signaturesif heavy state massM ∼ ΛLN ∼ TeV and/orM ∼ ΛLF ∼ TeV

If M ∼ ΛLF ∼ TeV (≪ ΛLN ) motivation of lightν OK

Furthermore ifc6,i ∝ c5
some power ⇒ LFV andcoll signalsdirectly related toMν
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Minimal Lepton Flavour Violation

Cirigliano, Grinstein, Isidori, Wise(05); Davidson, Palorini (06); Gavela, Hambye, Hernandez,Hernandez (09)
Alonso, Isidori, Merlo, Munoz, Nardi(11)


