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• Changing to mass basis by rotations

ℓW
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V ℓ
L,R≡ Unitary 3 × 3 matrices V ν≡ Unitary N × N matrix.
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• SM gauge invariancedoes not implyU(1)Le
× U(1)Lµ

× U(1)Lτ
symmetry

• Total lepton numberU(1)L = U(1)Le+Lµ+Lτ
canbe orcannot bestill a

symmetry depending on whether neutrinos areDirac or Majorana
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Sources ofν’s
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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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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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

⇒ 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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• No information on mass scale nor Majorana phases
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• 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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• Evolution ofΦ is given by the Dirac Equations [β = γ0 , αx = γ0γx (assuming 1 dim)]

E Φ1 =
[

− i αx
∂
∂x + β m1]Φ1

E Φ2 =
[

− i αx
∂
∂x + βm2

]

Φ2

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

αx

{
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)

φi = Eφi (1)

• φi have the form of free spinor solutions with energyE
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• 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)]

E Φ1 =
[

− i αx
∂
∂x + β m1]Φ1

E Φ2 =
[

− i αx
∂
∂x + βm2

]

Φ2

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

αx

{

E2 − m2
i

}1/2
+ β mi

)

φi = Eφi (1)

• φi have the form of free spinor solutions with energyE

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

−i
∂ν1(x)

∂x
=

n

E2 − m2
1

o1/2

ν1(x)

−i
∂ν2(x)

∂x
=

n

E2 − m2
2

o1/2

ν2(x)
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∂x
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• In the relativistic limit
√

E2 − m2
i ≃ E − m2

i

2E

−i ∂
∂x

(

ν1

ν2

)

=

(

E − m2
1

2E 0

0
E−m2

2

2E

)

(

ν1

ν2

)

• In weak (≡ flavour) basisνα = Uαi(θ)νi

−i ∂
∂x

(

να

νβ

)

=
[

E − m2
1+m2

2

2E

]

I −
(−∆m2

4E cos 2θ ∆m2
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)(
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νβ
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=
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2

2E

]

I −
(−∆m2

4E cos 2θ ∆m2

4E sin 2θ
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do not affect evolution:
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• In the relativistic limit
√

E2 − m2
i ≃ E − m2

i

2E

−i ∂
∂x

(

ν1

ν2

)

=

(

E − m2
1

2E 0

0
E−m2

2

2E

)

(

ν1

ν2

)

• In weak (≡ flavour) 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
νβ 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

)



Concha Gonzalez-Garcia

• Evolution Eq. for flavour eigenstates:
(

ν̇α

ν̇β

)

=

(−∆m2

4E cos 2θ ∆m2

4E sin 2θ
∆m2

4E sin 2θ ∆m2
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)(

να
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)
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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



Concha Gonzalez-Garcia

• Evolution Eq. for flavour eigenstates:
(

ν̇α

ν̇β

)

=

(−∆m2

4E cos 2θ ∆m2

4E sin 2θ
∆m2

4E sin 2θ ∆m2

4E cos 2θ

)(

να

νβ

)

Can be rewritten as

ν̈α + ω2 να = 0

ν̈β + ω2 νβ = 0
with ω =

∆m2

4E

• The solutions are:

να(x) = A1 e −i ωx
+ A2 e +i ωx

νβ(x) = B1 e −i ωx
+ B2 e +i ωx

with the 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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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

• ∆m2 → −∆m2 andθ → −θ + π
2 is only a redefinitionν1 ↔ ν2

⇒ We can chose the convention∆m2 > 0 and0 ≤ θ ≤ π
2

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

⇒ We can chose the convention∆m2 > 0 and0 ≤ θ ≤ π
4

This only happens for 2ν vacuum oscillations
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• In real experiments

neutrinos are not monochromatic

⇒ 〈Pαβ〉=
∫

dEν
dΦ
dEν

σCC(Eν)Pαβ(Eν)

• Maximal sensitivity for∆m2 ∼ E/L
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〉 ≃ 0 → 〈Posc〉 ≃ 0
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2-ν Oscillations

Posc = sin2(2θ) sin2
(

∆m2L
E

)

Appear

Pαα = 1 − Posc Disappear

• In real experiments

neutrinos are not monochromatic

⇒ 〈Pαβ〉=
∫

dEν
dΦ
dEν

σCC(Eν)Pαβ(Eν)

• Maximal sensitivity for∆m2 ∼ E/L

– ∆m2 ≪ E/L ⇒ No time to oscillate

⇒ 〈sin2
(

1.27∆m2L/E
)

〉 ≃ 0 → 〈Posc〉 ≃ 0

– ∆m2 ≫ E/L ⇒ Averaged oscillations

⇒ 〈sin2
(

1.27∆m2L/E
)

〉 ≃ 1
2 → 〈Posc〉 ≃ 1

2 sin2(2θ)
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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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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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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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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
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• 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)

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

)

• 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
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=
1
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U †(θm)
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A − ∆m2
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cos 2θ ∆m2
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− i U †U̇(θm)

(

νm
1
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(
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⇒ the evolution equation in instantaneous mass basis

i

(

ν̇m
1

ν̇m
2

)

=
1

2E
U †(θm)

(

A − ∆m2

2
cos 2θ ∆m2
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sin 2θ ∆m2

2
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ν̇m
1
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=
1

4E

( −∆µ2(x) −4 i E θ̇m(x)

4 i E θ̇m(x) ∆µ2(x)

)(

νm
1

νm
2
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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
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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
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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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• Generically there are two types of experiments to search forν oscillations :
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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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To allow observation of neutrino oscillations:

– Nature has to be good:θ ≪/ 0

– Need theright set up(≡right 〈L

E
〉) for ∆m2
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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

Atmospheric 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

Accelerator 10 SBL: 0.1 & 0.01

LBL: 102– 103 10−2–10−3
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Plan of Lectures

Introduction: The New Minimal Standard Model

Effects ofν mass: Oscillations in Vaccum and Matter

Atmospheric Neutrinos

Solar Neutrinos

Accelerator and Reactor Neutrinos

Fitting all Together and Subleading effects

Summary

PS:The Near Future Experimental Program and Its Challenges



Concha Gonzalez-Garcia

Atmospheric Neutrinos

Atmosphericνe,µ are produced by the interaction ofcosmic rays (p, He . . . )with the
atmosphere
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Atmospheric Neutrinos: Data
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ATM νµ → ντ Oscillations: Parameter Estimate

• From Total Contained Event Rates:

〈Pµµ〉 = 1 − sin2 2θ sin2 ∆m2L

2E
∼ 0.5 − 0.7

⇒ sin2 2θ & 0.6

• From Angular Distribution:

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

ForE ∼ 1 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) ≡ DetectorEffective Area Frock(Eµ0, Eµ, X) ≡ Muon Energy Loss in Rock
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Atmospheric ν Oscillation Analysis

Atmospheric Fluxes
• Several calculations in literature

• Schematically all do:

Φν =
∑

A

ΦA ⊗ RA ⊗ YA→ν

ΦA ≡ Cosmic ray spectrum (fit fromdata)

RA ≡ Geomagnetic Cutoff (modeled)

north pole

the Earth

B
→

SK

ν

forbidden track (low energy)

allowed track (high energy)

YA→ν ≡ Cross Section for

A + Aatmos → ν + X

(Main difference between calculations)

Interaction Cross Section
• QEL : ν + (A, Z) → l± + (A, Z ± 1)

Dominant atEν < 1 GeV

• 1 π: ν + N → l± + N ′ + π N, N ′ ≡ p, n

Important atEν ∼ 1 GeV

• DIS: ν + N → l± + hadrons

Dominant atEν > few GeV
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Atmospheric ν Oscillation Analysis

(2) Statistical Analysis:
Including 90 data points SKI+II+III 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 all sources of theoretical and systematic

uncertainties

νµ → ντ

★

0.3 0.5 1 2 3 4

tan
2θ

1

2

3

4

5

∆m
2   [

10
-3

 e
V

2 ]

SK-I + SK-II + SK-III

Best fit:

∆m2 = 2.1 × 10−3 eV2

tan2 θ = 1
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Some New Physics in ATMν -Oscillations

• Oscillations are due to:
– Misalignment between CC-int and propagation states:Mixing ⇒ Amplitude

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

∆m2
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Some New Physics in ATMν -Oscillations

• Oscillations are due to:
– Misalignment between CC-int and propagation states:Mixing ⇒ Amplitude

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

∆m2

• ν masses are not the only mechanism for oscillations

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

Non universal coupling of neutrinosγ1 6= γ2 to gravitational potentialφ

λ =
π

E|φ|δγ

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

Non universal asymptotic velocity of neutrinosc1 6= c2 ⇒ Ei =
m2

i

2p
+ cip

λ =
2π

E∆c

Interactions with space-time torsion:Sabbata, Gasperini 81

Non universal couplings of neutrinosk1 6= k2 to torsion strengthQ

λ =
2π

Q∆k

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

due to CPT violating terms:̄να
Lbαβ

µ γµνβ
L ⇒ Ei =

m2
i

2p ± bi λ = ± 2π

∆b

Non-standardν interactions in matter:Wolfenstein 78

GF εαβ(ναγµνβ)(fγµf) λ = 2π

2
√

2Gf Nf

q

ε2
αβ

+(εαα−εββ)2/4
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ATM ν’s: Subdominant NP Effects

λNP ∝ 1
En∆δn

with n 6= −1

Pνµ→νµ
= 1 − sin2 2Θ sin2

(

∆m2L

4E
R
)

R cos 2Θ = cos 2θ +
∑

n

Rn cos 2ξn

R sin 2Θ = sin 2θ +
∑

n

Rn sin 2ξn eiηn

Rn = σ+
n

∆δnEn

2

4E

∆m2
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VLI CPT even
TORSION
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0.4
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1

SK multi-GeV (µ)

-1 -0.8 -0.6 -0.4 -0.2 0

cos θ
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1

SK stop (µ)
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cos θ
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1

1.2
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SK thru (µ)

• Questions:

– Do these effects affect our determination of oscillation parameters?

– Can we limit these effects?
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ATM ν’s: Subdominant NP Effects

★

1

2

3

4

5

∆m
2 31

 [1
0-3

 e
V

2 ]

n=1 CPT even

10
-27

10
-26

10
-25

10
-24

10
-23

∆δ
1

n=1 CPT even

★

1

2

3

4

5

∆m
2 31

 [1
0-3

 e
V

2 ]

n=0 CPT odd

10
-24

10
-23

10
-22

10
-21

∆δ
0 [G

eV
]

n=0 CPT odd

★

0 0.25 0.5 0.75 1

sin
2 θ23

1

2

3

4

5

∆m
2 31

 [1
0-3

 e
V

2 ]

n=0 CPT even

-1 -0.5 0 0.5 1

sin 2ξn

10
-24

10
-23

10
-22

10
-21

∆δ
0 [G

eV
]
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At 90% CL:
|∆c|

c
≤ 1.2 × 10−24

|φ ∆γ| ≤ 5.9 × 10−25

|∆b| ≤ 3.0 × 10−23 GeV

|Q ∆k| ≤ 4.8 × 10−23 GeV

|εd
µµ − εd

ττ | ≤ 0.012

|εd
µτ | ≤ 0.038
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Learning About ATM Fluxes

Rβ = ntT
X

α

Z

d2Φα

dEνd cos θν
κα(h)

dσ

dEl,β
ε(Eν , El,β)dEνdEl,βPαβ(Eν , cos θ))d cos θνdh

• Question?Can we Extract (≡ Deconvolute) Φα from ATM ν data?
∗ Answer :Yes, but you need:

– Independent knowledge of oscillation parameters (OK)
– General enough analytical parametrization of fluxes (MISSING)
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Learning About ATM Fluxes

Rβ = ntT
X

α

Z

d2Φα

dEνd cos θν
κα(h)

dσ

dEl,β
ε(Eν , El,β)dEνdEl,βPαβ(Eν , cos θ))d cos θνdh

• Question?Can we Extract (≡ Deconvolute) Φα from ATM ν data?
∗ Answer :Yes, but you need:

– Independent knowledge of oscillation parameters (OK)
– General enough analytical parametrization of fluxes (MISSING)

Or Neural Networkparametrization offluxes

• Our First Attempt:Extract onlyE dependence using SK data
⇒ Φα,net(Eν , cos θ) = Fnet(Eν)Φα,calc(Eν , cos θ)

Procedure:
(1) GenerateNR Replicas of Data according to all uncertainties:

Statistical, Systematic, Theo from Cross Section . . .
(2) Train Network to each Replicak to get best fit flux Φ

(net)(k)
α (Eν , cos θ)

⇒ Chose some statistical criterion to define “best fit” avoiding overlearning
(3) Defineaverageandrangeof fluxes:
D

Φ
(net)
α

E

rep
(Eν , cos θ) = 1

Nrep

Nrep
X

k=1

Φ
(net)(k)
α σ2

Φ = 1
Nrep

Nrep
X

k=1

Φ(net)(k)2 −
D

Φ(net)
E2

rep
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Extracted ATM Fluxes from SK Data
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Plan of Lectures

Introduction: The New Minimal Standard Model

Effects ofν mass: Oscillations in Vaccum and Matter

Atmospheric Neutrinos

Solar Neutrinos

Accelerator and Reactor Neutrinos

Fitting all Together and Subleading effects

Summary

PS:The Near Future Experimental Program and Its Challenges
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• Sun=Main sequence star4.6 × 109 yr old
• Solar Models describes the Sun based on:

Surface Luminosity: L⊙ = 3.9 × 1033 erg/sec

Surface Temperature: Ts⊙ = 5.8 × 103 K

Solar Mass: M⊙ = 2 × 1033 gr

Solar Radius: R⊙ = 7 × 105 km

• Basic assumptions:

The Sun is spherically symmetric

Hydrostatic and Thermal equilibrium

Equation of state of an ideal gas
• The total energy emited per nucleon

(4.6 × 109 yr) × (3.86 × 1033 erg/sec)

(2 × 1033 gr) × NAV
≃ 3 × 105; eV

⇓
Energy is Produced by Nuclear Reactions

• Composition:∼70.5 % p, 27.5 %4He

and 2% heavier elements

• The Sun consists of 3 zones:

– Core: R . 0.3R⊙ where nuclear reactions

– Radiation Zone: 0.3R⊙ . R . 0.7R⊙

– Convective Zone: 0.7R⊙ . R

• Heavier elements in the core

Ne/Nn ≃ 2(core) − 6(surface)

• The Solar density distribution
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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
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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%



Concha Gonzalez-Garcia

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:the Solar Composition Problem

– 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,now Serenellietal0909.2668

GS98uses older metalicities

AGSXX uses newer metalicities

Flux GS98 AGSS09
cm−2 s−1

pp/1010 5.97(1 ± 0.006) 6.03(1 ± 0.005)

pep/108 1.41(1 ± 0.011) 1.44(1 ± 0.010)

hep/103 7.91(1 ± 0.15) 8.18(1 ± 0.15)

7Be/109 5.08(1 ± 0.06) 4.64(1 ± 0.06)

8B/106 5.88(1 ± 0.11) 4.85(1 ± 0.12)

13N/108 2.82(1 ± 0.14) 2.07(1+0.14
−0.13)

15O/108 2.09(1+0.16
−0.15) 1.47(1+0.16

−0.15)

17F/1016 5.65(1+0.17
−0.16) 3.48(1+0.17

−0.16)
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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

νe, νµ/τKam⇒ SK ES νxe− → νxe− Ee > 5“

σµτ

σe
≃ 1

6

”

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 found 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)
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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

0.2

0.4

0.6

0.8
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Energy(MeV)

D
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a/
S

S
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P
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Deficit indepEν & 5 MeV

Day-Night Variation

Not significant

Seasonal Variation

1

2

3

4

1998 2000 2002 2004 2006
YEAR

F
lu

x 
(x

10
6 /c

m
2 /s

)

Nothing beyond 1
R2
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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
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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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Forθ ≪ π
4 : In vacuum νe = cos θ ν1 + sin θ ν2 is mostlyν1

In Sun core νe = cos θm,0 ν1 + sin θm,0 ν2 is mostlyν2
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Forθ ≪ π
4 : In vacuum νe = cos θ ν1 + sin θ ν2 is mostlyν1

In Sun core νe = 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] ≃ sin2 θ
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Forθ ≪ π
4 : In vacuum νe = cos θ ν1 + sin θ ν2 is mostlyν1

In Sun core νe = 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] ≃ 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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ν does not cross resonance:Pee = 1 − 1
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sin2 2θ >

1

2
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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
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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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Solar Neutrinos: Oscillation Analysis

• With all the measured event rates:

χ2
R =

∑

i

(Rth
i − Rexp

i )σ−2
ij (Rth

j − Rexp
j )

σij contains theoretical uncertainties and the experimental systematic and statistical

errors

– For Cl, Ga, and SNO CC

Rth
i =

X

k=1,8

φk

Z

dEν λk(Eν) ×
h

σe,i(Eν)〈Pee(Eν , t)〉
i

– For SK, SNO and Borexino ES

Rth
i =

X

k=1,8

φk

R

dEν λk(Eν) ×
h

σe,i(Eν)〈Pee(Eν , t)〉

+σx,i(Eν)(1 − 〈Pee(Eν , t)〉)
i
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Solar Neutrinos: νe → νµ,τ Oscillations

Allowed regions by Fit to Total Rates:Cl, Ga, SK and SNO CC

10-12

10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-4 10-3 10-2 10-1 1 10.

SMA

LMA

LOW

VAC

νe → νµ,τ

Different regimes can explain the Total Rates

Energy and Time dependence of Observables al-

low to discriminate
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Energy Dependence ofPee for Different Solutions

SMA LMA

LOW VAC
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Expected Day-Night variation

• Matter effects in the Earth are maximal when∆m2 cos(2θ)/2E
10−13eV ∼ gcm−3

ρEarthYe

• Since〈ρEarthYe〉 = 2 − 5 g cm−3

⇒ For example AT SK effect is most importantfor ∆m2 cos(2θ) ∼ 10−6 − 10−7 eV2
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Solar Neutrinos: νe → νµ,τ Oscillations

10-12

10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-4 10-3 10-2 10-1 1 10.

RATES ONLY GLOBAL
SK and SNO E and t dependence

SMA

LMA

LOW

VAC

SMA, LOW, VAC at> 4σ

LMA

Best fit

∆m2 = 6.8 × 10−5 eV2

tan2 θ = 0.45
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eX ⊗ Sun Properties

– We will see that now Non-solar exp determine independentlyPeX(osc param)

⇒ Back to studySun Propertiesfrom Obs⊙
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Learning How the Sun Shines

– Solarν experiments measure a convolutionObs⊙ = P sun
eX ⊗ Sun Properties

– We will see that now Non-solar exp determine independentlyPeX(osc param)

⇒ Back to studySun Propertiesfrom Obs⊙

• 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

pp chain: CNO cycle:

N13

C12 C13

N15 N14

O15

O16 O17

F17

<E >=0.707MeV

<E >=0.999MeV

<E >=0.997MeV

He4

p p

p p

p p

e+

e+

e+

He
4
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• First proposal by Bethe (1939) was that CNO dominated
“ It is shown that the most important source of energy in ordinary stars is the reactions of

carbon and nitrogen with protons.”

• Improved Solar Model& nuclear reaction data⇒ Sun shines primarily by p-p

• SSM Fluxes

LCNO
L⊙

= 1.5%

Lp−p

L⊙
= 98.5%

• Can this be tested experimentally?Difficult in past

– Radiochemical experiments sensitive to CNO fluxes
But do not measureE ⇒ only integrated flux aboveEth

– Oscillations modify theE dependence of detected fluxes
⇒ Possible suppression of CNO fluxes⇒ no experimental limit
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How the Sun Shines? Older Answer
• Before SK and SNO large CNO solutions allowed

Bahcall, Fukugita, Krastev PLB (1996)
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How the Sun Shines? Present Answer
Global Fit to solar+LBL+ATM+reactor:

– 3ν oscillations+8 free solarν fluxes: fi ≡ Φi

Φi(GS98)

Under conditions:
* Nuclear Physics inequalities:

– From pp-chain:

Φ7Be + Φ8B ≤ Φpp + Φpep

⇒ 8.49 × 10−2f7Be + 9.95 × 10−5f8B ≤ fpp + 2.36 × 10−3fpep

– The14N(p, γ)15O slowest of the CNO-cycle:Φ15O ≤ Φ13N ⇒ f15O ≤ 1.34f13N

– CNO-II branch subdominantΦ17F ≤ Φ15O ⇒ f17F ≤ 37f15O

– pep flux related topp flux (same matrix elements):fpep

fpp
= 1.008 ± 0.010

* Luminosity constraint: L⊙

4π(A.U.)2
=

8
X

i=1

αiΦi
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How the Sun Shines? Present Answer
Results of Oscillation fit with solar flux normalizations free:

Present limit on CNO:
LCNO
L⊙

< 3.2 % (3σ)

Test of Lum Constraint:
L⊙(ν − inferred)

L⊙
= 1.0 ± 0.14 (1σ)
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How the Sun Shines? Present Answer
Comparing with GS98 and AGSS09 Models

Both statistically

equally probable
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ν Oscillations: Accelerator and Reactor Searches

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,ν̄µ νe ,ν̄e
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ν Oscillations: Accelerator and Reactor Searches

Appearance Experiment

L

αν sourceν ν detector
Searches for 
β

β

αdiff

Experiment〈E/MeV
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ν Oscillations: Accelerator and Reactor Searches

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,ν̄µ νe ,ν̄e

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 Reactorν̄e

Chooz 0.005 Reactor̄νe
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µ+ → e+ νe νµ
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LSND

• Theshort distance signalfor oscillation:L = 30 m with 〈Eν〉 ∼ 30 MeV
• Used the proton beam of Los Alamosp + Target → π+ + X

π+ → νµ µ+

µ+ → e+ νe νµ

• observedνµ → νe with probability〈Peµ〉= (0.26 ± 0.07 ± 0.05)%

• Karmen which searched for the same signal and did not observe oscillations.
• MiniBoone in Fermilab has been running to solve this but....
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• Search forνµ → νe andν̄µ → ν̄e with Eν = 0.3 − 2 GeV andL = 540 m

Neutrino Results (2007): No Signal, Bound
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Antieutrino Results (2010): Signal
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Summary of Searches at Short/Medium Baseline
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Summary of Searches at Short/Medium Baseline
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Summary of Searches at Short/Medium Baseline
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• To reach small∆m2 ∼ 10−3 eV2 with ν′
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⇒ very large L and intermediate E
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Summary of Searches at Short/Medium Baseline
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• To reach small∆m2 ∼ 10−3 eV2 with ν′
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⇒ very large L and intermediate E
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• To lower∆m2 ∼ 10−5 eV2 with ν′
es

⇒ Long Baseline Exp at Reactors
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K2K νµ at KEK SK L=250 km

MINOS νµ at Fermilab Soundan L=735 km

Opera νµ at CERN Gran Sasso L=740 km

K2K 2004: spectral distortion
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K2K νµ at KEK SK L=250 km

MINOS νµ at Fermilab Soundan L=735 km
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Little Puzzle with MINOS νµ versusν̄µ Disappearance

New Results Presented inν2010:

νµ → νµ 7.2 × 1020 POT νµ → νµ 1.7 × 1020 POT
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MINOS νµ → νµ: Leading Oscillations

νµ → νµ 3.4 × 1020 POT νµ → νµ 7.2 × 1020 POT νµ → νµ 7.2 × 1020 POT
versus versus versus

νµ → νµ 7.2 × 1020 POT νµ → νµ 1.77 × 1020 POT νµ → νµ + νµ → νµ
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Terrestrial Test of LMA: KamLAND
• Search onνe atL∼ 180 km reactors,Eν ∼ few MeV: ν̄e + p → n + e+

2002:Deficit RKLAND = 0.611 ± 0.094
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Plan of Lectures

Introduction: The New Minimal Standard Model

Effects ofν mass: Oscillations in Vaccum and Matter

Atmospheric Neutrinos

Solar Neutrinos

Accelerator and Reactor Neutrinos

Fitting all Together and Subleading effects

Summary

PS:The Near Future Experimental Program and Its Challenges
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• We have learned:

∗ Atmosphericνµ disappear (> many σ) most likely toντ

∗ K2K: acceleratorνµ disappear atL ∼ 250 Km with E-distortion (∼ 2.5–4σ)

∗ MINOS: acceleratorνµ disappear atL ∼ 735 Km with E-distortion (> 5σ)

∗ Solarνe convert toνµ or ντ (> 7σ)

∗ KamLAND: reactorνe disappear atL ∼ 200 Km with E-distortion (> 3σ CL)

∗ LSND and MINOS found some evidence forνµ → νe ?
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• We have learned:

∗ Atmosphericνµ disappear (> many σ) most likely toντ

∗ K2K: acceleratorνµ disappear atL ∼ 250 Km with E-distortion (∼ 2.5–4σ)

∗ MINOS: acceleratorνµ disappear atL ∼ 735 Km with E-distortion (> 5σ)

∗ Solarνe convert toνµ or ντ (> 7σ)

∗ KamLAND: reactorνe disappear atL ∼ 200 Km with E-distortion (> 3σ CL)

∗ LSND and MINOS found some evidence forνµ → νe ?

All this implies that neutrinos are massive

• We have important information (mostly constraints) from:

∗ The line shape of the Z:Nweak = 3

∗ Limits from Short Distance Oscillation Searches at Reactorand Accelerators

∗ Direct mass measurements: 3H →3 He + e− + ν̄e andν-lessββ decay

∗ From Astrophysics and Cosmology: BBN, CMBR, LSS ...
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Solar+Atmospheric+Reactor+LBL 3ν Oscillations

U : 3 angles, 1 CP-phase
+ (2 Majorana phases)
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Solar+Atmospheric+Reactor+LBL 3ν Oscillations

U : 3 angles, 1 CP-phase
+ (2 Majorana phases)
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2ν oscillation analysis⇒ ∆m2
21 = ∆m2

⊙ ≪ ∆M2
atm ≃ ±∆m2

32 ≃ ±∆m2
31

Generic 3ν mixing effects:

– Effects due toθ13

– Difference betweenInvertedandNormal

– Interference oftwo wavelengthoscillations

– CP violationdue to phaseδ
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3–ν Neutrino Oscillations

• In general one has to solve: i
d~ν

dt
= H ~ν H = U · Hd

0 · U † + V

Hd
0 =

1

2Eν
diag

(

−∆m2
21, 0, ∆m2

32

)

V = diag
(

±
√

2GF Ne, 0, 0
)

⇒ Oscillation Probabilities Depend on the 6 parameters
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3–ν Neutrino Oscillations

• In general one has to solve: i
d~ν

dt
= H ~ν H = U · Hd

0 · U † + V

Hd
0 =

1

2Eν
diag

(

−∆m2
21, 0, ∆m2

32

)

V = diag
(

±
√

2GF Ne, 0, 0
)

⇒ Oscillation Probabilities Depend on the 6 parameters

• Hierarchical approximation: ∆m2
21 ≪ ∆m2

31 ∼ ∆m2
32

⇒ Simplification of the relevant Oscillation Probabilities
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3–ν Neutrino Oscillations: CHOOZ and KamLAND

• Hierarchical approximation: ∆m2
21 ≪ ∆m2

31 ∼ ∆m2
32

P 3ν
ee = 1 − sin2 2θ13sin

2 ∆m2
31L

4E − cos4 θ13sin
2 2θ12 sin2 ∆m2

21L
4E
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3–ν Neutrino Oscillations: CHOOZ and KamLAND

• Hierarchical approximation: ∆m2
21 ≪ ∆m2

31 ∼ ∆m2
32

P 3ν
ee = 1 − sin2 2θ13sin

2 ∆m2
31L

4E − cos4 θ13sin
2 2θ12 sin2 ∆m2

21L
4E

∗ CHOOZ: L∼ 1 km, E∼ MeV ⇒ ∆m2
21L

4E ≃ 0

P CH
ee = 1 − sin2 2θ2

13 sin2
(

∆m2
31L

4E

)

Limit on sin2 θ13 . 0.1–0.02
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3–ν Neutrino Oscillations: CHOOZ and KamLAND

• Hierarchical approximation: ∆m2
21 ≪ ∆m2

31 ∼ ∆m2
32

P 3ν
ee = 1 − sin2 2θ13sin

2 ∆m2
31L

4E − cos4 θ13sin
2 2θ12 sin2 ∆m2

21L
4E

∗ CHOOZ: L∼ 1 km, E∼ MeV ⇒ ∆m2
21L

4E ≃ 0

P CH
ee = 1 − sin2 2θ2

13 sin2
(

∆m2
31L

4E

)

Limit on sin2 θ13 . 0.1–0.02

∗ KamLAND: L∼ 180 km, E∼ MeV

⇒ ∆m2
31L

4E ≃ 1
2

P KL,3ν
ee = c4

13P
2ν
ee (∆m2

12, θ12) + s4
13
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3–ν Neutrino Oscillations: SOLAR

Convenient to use an intermediate basis

νe′ = c12ν1 + s12ν2 νµ′ = −s12ν1 + c12ν2 ντ ′ = ντ

At lowest order inEV sin 2θ13/m3 andm2
2/m

2
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Solving one gets:

P⊙,3ν
ee = c4

13P
⊙,2ν
ee (∆m2

12, θ12, V
′ = V cos2 θ13) + s4

13
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3ν Solar Neutrino Oscillations: θ13

For solar neutrinos

P 3ν
ee = sin4 θ13 + cos4 θ13P

2ν
ee (∆m2

21, θ12)

ForEν . few × 100 KeV (Cl,Ga)

P 2ν
ee (∆m2

21, θ12)≃ 1 − 1
2 sin2(2θ12)

ForEν & few × 1 MeV (SNO,SK)

P 2ν
ee (∆m2

21, θ12)≃ sin2(θ12)
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Solar Neutrino Oscillations:θ13

θ13 = 0 Best fit
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Solar + KamLAND and θ13

For KamLAND:P 3ν
ee = sin4 θ13 + cos4 θ13P

2ν
ee (∆m2

21, θ12)

With P 2ν,kam
ee = 1 − 1

2
sin2(2θ12) sin2 ∆m2

21L

2E

Better Agreement withθ13 6= 0
But Not very significant

sin2 θ13 =
0.021 ± 0.017 forGS98

0.017 ± 0.017 forAGSS09
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3–ν Atmospheric Neutrino Oscillation: Effect of θ13

• In general one has to solve: i
d~ν

dt
= H ~ν H = U · Hd

0 · U † + V

Hd
0 =

1

2Eν
diag

(

−∆m2
21, 0, ∆m2

32

)

V = diag
(

±
√

2GF Ne, 0, 0
)
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3–ν Atmospheric Neutrino Oscillation: Effect of θ13

• In general one has to solve: i
d~ν

dt
= H ~ν H = U · Hd

0 · U † + V

Hd
0 =

1

2Eν
diag
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21, 0, ∆m2

32

)

V = diag
(

±
√
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)

• Hierarchical approximation: ∆m2
21 ≪ ∆m2

31 ∼ ∆m2
32 ⇒ neglect∆m2
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3–ν Atmospheric Neutrino Oscillation: Effect of θ13
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3–ν Atmospheric Neutrino Oscillation: Effect of θ13
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• Multi-GeV : Enhancement due to Matter

Larger Effect in Normal

Possible Sensitivity to Mass Ordering
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3–ν Atmospheric Neutrino Oscillation: Effect of θ13
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• Multi-GeV : Enhancement due to Matter

Larger Effect in Normal

Possible Sensitivity to Mass Ordering

• Sub-GeV: Vacuum Osc:Smaller Effect

r ≃ 2 ⇒ θ23 < π
4 ⇒ s2

23 < 1
2 ⇒ Ne(θ13) < Ne0

θ23 > π
4 ⇒ s2

23 > 1
2 ⇒ Ne(θ13) > Ne0
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∆m
2
21 effects in ATM Data

• In general one has to solve: i
d~ν

dt
= H ~ν H = U · Hd

0 · U † + V

Hd
0 =

1

2Eν
diag

(

−∆m2
21, 0, ∆m2

32

)

V = diag
(

±
√

2GF Ne, 0, 0
)
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= H ~ν H = U · Hd

0 · U † + V

Hd
0 =
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2Eν
diag

(

−∆m2
21, 0, ∆m2

32

)

V = diag
(

±
√

2GF Ne, 0, 0
)

• Neglectingθ13:

Pee = 1 − Pe2

Peµ = c2
23Pe2

Pµµ = 1 − c4
23Pe2 − 2s2

23c
2
23
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]
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(

∆m2
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sin 2θ12,m

)
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sin 2θ12

√

(cos 2θ12 ∓ 2EνVe

∆m2
21

)2 + sin2 2θ12

φ ≈ (∆m2
31 + s2

12 ∆m2
21)

L
2Eν
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∆m
2
21 effects in ATM Data
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For Sub-GeV:
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θ23 < π
4 ⇒ c2

23 > 1
2 ⇒ Ne(θ13) > Ne0
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⇒ Sensitiv to Deviations from Maximalθ23

⇒ Sensitivity toOctant ofθ23

(even for vanishingθ13)

⇒ Effect proportional to(∆m2
21)

2
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Beyond Hierarchical: Effect θ13 × ∆m
2
21 in ATM

For sub-GeV energies
Ne

N0
e

− 1 ≃ Pe2r(c
2
23 −

1

r
) + 2s̃2

13r(s
2
23 −

1

r
) − rs̃13c̃

2
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2
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MINOS νµ → νe: θ13

With 3.15 × 1020 POT:arXiv:0909.4996

35 events for27 ± 5 ± 2 bckg(1.5σ excess)

With 7 × 1020 POT:April 2010

54 events for49.1 ± 7 ± 2.7 bckg(0.7σ excess)

PMINOS
µe ≃ sin2 2θ13 sin2 ∆m2

31L

4E
+ O(δ, ∆m2

21)

Significance ofθ13 6= 0 decreased
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GLOBAL ANALYSIS

GS98 (full) or AGSS09’ (lines)
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LSND/MiniBOONE/MINOS:CPT Violation?

From Global Fit to Solar+ATM+Reactor+MINOS with 3ν and 3ν andCPT/
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Driven Mostly By MINOS

But ∆m2
31 ≤ 3 × 10−3

Not possible to explain

MiniBooNE only with CPT

More (sterile) states

+ CPT or new CP violation?

Akhmedov,Schwetz 1007.4171

Barger,Marfatia (2003). . .



Concha Gonzalez-Garcia

Summary and Some Open Questions

Present Determination of NMSM:∆m2
21

10−5 eV2 = 7.59 ± 0.20
`

+0.61
−0.69

´

,

∆m2
31

10−3 eV2 =

8
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−2.41 ± 0.09
`

+0.30
−0.27

´

+2.44 ± 0.09
`

+0.30
−0.27

´

|ULEP |3σ =

0

@

0.79 → 0.86 0.50 → 0.61 0.00 → 0.20

0.25 → 0.53 0.47 → 0.73 0.56 → 0.79

0.21 → 0.51 0.42 → 0.69 0.61 → 0.83

1

A
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
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Summary and Some Open Questions

We still ignore: { (1) Isθ13 6= 0? How small?

(2) Isθ23 = π
4 ? If not, is it > or <?

(3) Is there CP violation in the leptons(is δ 6= 0, π)?

(4) What is the ordering of the neutrino states?

(5) Mass Scale: are neutrino masses
hierarchical: mi − mj ∼ mi + mj ?
degenerated: mi − mj ≪ mi + mj ?

(6) Dirac or Majorana?

We have unsolved puzzles:

–We lack a sensible explanation of LSND and MiniBooNE
–We have 2σ difference betweenνµ andν̄µ in MINOS

Also interesting information on:

–Natural (atmospheric, solar, earth) neutrino fluxes
–More exotic forms of new physics
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Plan of Lectures

Introduction: The New Minimal Standard Model

Effects ofν mass: Oscillations in Vaccum and Matter

Atmospheric Neutrinos

Solar Neutrinos

Accelerator and Reactor Neutrinos

Fitting all Together and Subleading effects

Summary

PS:The Near Future Experimental Program and Its Challenges
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Neutrino Parameters: Future Strategies

• Oscillation Probabilities in Earth:∆ij =
∆m2

ij

2Eν
B± = ∆31±VE (VE ∼ 10−13 eV)

J̃ = c13 sin2 2θ13 sin2 2θ23 sin2 2θ12

Pνeνµ(ν̄eν̄µ) ≃ s2
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„

∆31

B∓

«2

sin2

„

B∓ L

2

«

+ J̃
∆12

VE

∆31

B∓
sin

„

VEL

2

«

sin

„

B∓L

2

«

cos δ cos

„

∆31 L

2

«

± J̃
∆12

VE

∆31

B∓
sin

„

VEL

2

«

sin

„

B∓L

2

«

sin δ sin

„

∆31 L

2

«

+ . . .

P (νµ → νµ) ≃ 1 − c213 sin2 2θ23 sin2

„

∆31 L

2

«

+ O(∆12, s2
13)

P (νe → νe) ≃ 1 − sin2 2θ31 sin2

„

∆31 L

2

«

− c431 sin2

„

∆21 L

2

«



Concha Gonzalez-Garcia

Neutrino Parameters: Future Strategies

• Oscillation Probabilities in Earth:∆ij =
∆m2

ij

2Eν
B± = ∆31±VE (VE ∼ 10−13 eV)

J̃ = c13 sin2 2θ13 sin2 2θ23 sin2 2θ12

Pνeνµ(ν̄eν̄µ) ≃ s2
23 sin2 2θ13

„

∆31

B∓

«2

sin2

„

B∓ L

2

«

+ J̃
∆12

VE

∆31

B∓
sin

„

VEL

2

«

sin

„

B∓L

2

«

cos δ cos

„

∆31 L

2

«

± J̃
∆12

VE

∆31

B∓
sin

„

VEL

2

«

sin

„

B∓L

2

«

sin δ sin

„

∆31 L

2

«

+ . . .

P (νµ → νµ) ≃ 1 − c213 sin2 2θ23 sin2

„

∆31 L

2

«

+ O(∆12, s2
13)

P (νe → νe) ≃ 1 − sin2 2θ31 sin2

„

∆31 L

2

«

− c431 sin2

„

∆21 L

2

«

– sgn(∆m2
31): Need ofmatter effects⇒ very long L
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Neutrino Parameters: Future Strategies

• Oscillation Probabilities in Earth:∆ij =
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– sgn(∆m2
31): Need ofmatter effects⇒ very long L

– θ13: Very intenseνµ or νe beamwith low background

– /CP: All angles and∆m2 non vanishing⇒ ∆m2
21 in LMA andθ13 not too small

Intense beams with exchangeable initial state (ν/ν̄)
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Experimental Set-ups

• Conventional (=fromπ decay) Superbeams
Exp L 〈E〉
T2K 295 km 0.76 GeV
(Japan)

Nova 812 km 2.22 GeV
(Fermilab)O

ff-
A

xi
s
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Experimental Set-ups

• Conventional (=fromπ decay) Superbeams
Exp L 〈E〉
T2K 295 km 0.76 GeV
(Japan)

Nova 812 km 2.22 GeV
(Fermilab)O

ff-
A

xi
s

• Reactor Experiment with 2 Detectors[only θ13]

P (νe → νe) ≃ 1 − sin2 2θ31 sin2
(

∆31 L
2

) CHOOZII, Daya-Bay, Reno

〈E〉 ∼ 4 MeV L ∼ 1–2 km

• ν-factory: ν beam fromµ decay

〈E〉 ∼ 20–50 GeV

L ∼ 700–7000 km

• β-beam: Beam ofpureνe or νe from heavy-ion decay: 6
2He++ →6

3 Li++ e− νe
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Possible Time Scale in Sensitivity toθ13
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Challenge at Future LBL: Parameter Degeneracies
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Challenge at Future LBL: Parameter Degeneracies
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If only total number ofνe, νµ, νe andνµ at given Lare measured⇒ 8-fold degeneracy
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• Go tomagicbaselines:

At L = 2π
Ve

∼ 7500 km ⇒ Only first term survives

Unambiguousdetermination ofθ13 butno sensitivity to CP violation(also a bit
too long...)
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At L = π
4∆31

≃ 560km E
GeV

2.2×10−3

∆m2
31

⇒ cos δ term cancels out

(θ13, δ) ambiguity brokenbut others remain
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• Combinemeasurements at differentL and differentE
Need several detectors and/or several beams
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• Wide-band superbeamallowing for spectrum measurementsNν(Eν)

Need detector with good energy resolution
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• Combinemeasurements at differentL and differentE
Need several detectors and/or several beams

• Wide-band superbeamallowing for spectrum measurementsNν(Eν)

Need detector with good energy resolution

• Use“silver” oscillation channelsνe → ντ andνµ → ντ

Need higher beam energy and high resolution detector


