
Physics of Massive Neutrinos Concha Gonzalez-Garcia

Plan of Lectures

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

II. Effects of ν Mass: Neutrino Oscillations (Vacuum)

III. Matter Effects in Neutrino Oscillations

IV. The Emerging Picture and Some Lessons
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Summary I+II

• In the SM:

– Accidental global symmetry: B × Le × Lµ × Lτ ↔ mν ≡ 0

– neutrinos are left-handed (≡ helicity -1): mν = 0 ⇒ chirality ≡ helicity

– No distinction between Majorana or Dirac Neutrinos

• If mν 6= 0 → Need to extend SM

→ different ways of adding mν to the SM
– breaking total lepton number (L = Le + Lµ + Lτ ) → Majorana ν: ν = νC

– conserving total lepton number → Dirac ν: ν 6= νC

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

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

• Neutrino masses and mixing ⇒ Flavour oscillations

• Atmospheric, K2K and MINOS (+ negative SBL searches)
⇒ νµ → ντ with ∆m2 ∼ 2 × 10−3 eV2 and tan2 θ ∼ 1
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Plan of Lecture III

Matter Effects in Neutrino Oscillations

Solar Neutrinos: Fluxes and Data

Matter Potentials

Neutrino Oscillations in Matter: MSW Effect

Oscillation Solutions to Solar Neutrino Data

Learning How the Sun Shines
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Solar Neutrinos: Fluxes

• The Sun shines converting protons into α, e+ and ν′s

4 p → 4He + 2 e+ + 2 νe + γ

4mp − m4He − 2me ' 26 MeV Thermal energy mostly in γ

• 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+

He4

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

• Most Relevant Fluxes :

- At SK, SNO and Chlorine, 8B neutrinos: 20% accuracy in total flux
At 1/105 spectrum independent of solar physics

- At Ga, pp neutrinos : Best determined by SSM (1%)

- At Chlorine, also 7Be neutrinos



Physics of Massive Neutrinos Concha Gonzalez-Garcia

Solar Neutrinos: Data
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Experiment Detection Flavour Eth (MeV) Data
BS05

Homestake 37Cl(ν, e−)37Ar νe Eν > 0.81 0.30 ± 0.03

Sage + 71Ga(ν, e−)71Ge νe Eν > 0.23 0.52 ± 0.03
Gallex+GNO

νe, νµ/τKam ⇒ SK ES νxe− → νxe− Ee > 5 0.41 ± 0.01“

σµτ

σe
' 1

6

”

SNO CC νed → ppe− νe Te > 5 0.29 ± 0.02

NC νxd → νxp n νe, νµ/τ Tγ > 5 0.87 ± 0.07

ES νxe− → νxe− νe, νµ/τ Te > 5 0.41 ± 0.05

All experiments measuring mostly νe observed a
deficit
Deficit is energy dependent
Deficit disappears in NC
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Solar Neutrinos: Flavour Conversion Evidence

SK and SNO measure Φ8B in different reactions
ES νxe− → νxe− ΦSK,ES

8B = (2.35 ± 0.08) × 106 cm−2s−1

CC νed → ppe− ΦSNO,CC
8B = (1.68 ± 0.1) × 106 cm−2s−1

NC νxd → νxd ΦSNO,NC
8B = (4.94 ± 0.42) × 106 cm−2s−1

∗ In the SSM with SM interaction all results should be equal
ΦES,SK

8B = ΦCC,SNO
8B ⇒ 3.2σ out

ΦNC,SNO
8B = ΦCC,SNO

8B ⇒ 7σ out

∗ If flavour conversion
everything fits perfectly:

ΦCC = Φe

ΦES = Φe + r Φµτ

ΦNC = Φe + Φµτ
(

r = σES(νe)
σES(νµ) ' 1

6

)
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Solar Neutrinos: Flavour Conversion Probabilities
• Fitting the observed rates:

Data
SSM

Rth

Cl 0.30 ± 0.03 0.76 fB 〈Pee〉H + 0.24 〈Pee〉I

Ga 0.52 ± 0.03 0.1 fB 〈Pee〉H + 0.36 〈Pee〉I
+ 0.54 〈Pee〉L

SK 0.41 ± 0.01 fB [〈Pee〉H + 1
6

(1 − 〈Pee〉H )]

SNO CC 0.29 ± 0.02 fB 〈Pee〉H

NC 0.87 ± 0.05 fB

• The νe survival probability :
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Neutrinos in Matter:Effective Potentials

• In SM the characteristic ν-p interaction cross section

σ ∼ G2
F E2

π
∼ 10−43cm2 at Eν ∼ MeV

• So if a beam of Φν ∼ 1010ν′s was aimed at the Earth only 1 would be deflected
so it seems that for neutrinos matter does not matter

• But that cross section is for inelastic scattering
Does not contain forward elastic coherent scattering

• In coherent interactions ⇒ ν and medium remain unchanged
Interference of scattered and unscattered ν waves

• Coherence ⇒ decoupling of ν evolution equation from eqs of medium.

• The effect of the medium is described by an effective potential depending on
density and composition of matter
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• Lets consider νe in a medium with e, p, and n. 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 of CC with the e medium. The effective CC 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 of e in homogeneous and isotropic medium.

∫

d3pef(Ee, T ) = 1

〈...〉 ≡ averaging over electron spinors and summing over all e.

coherence ⇒ s, pe same for initial and final e
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• Lets consider νe in a medium with e, p, and n. 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 of CC with the e medium. The effective CC 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
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• Expanding the electron fields e 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)〉

• Since a†
s(pe)as(pe) = N (s)

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

1

V
〈〈e(s, pe)|a†

s(pe)as(pe)|e(s, pe)〉〉 ≡ Ne(pe)
1

2

X

s

where Ne(pe) number density of electrons with momentum pe

〈〈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 electrons in matter is then:

H
(e)
C =

GF Ne√
2

νe(x)γ0(1 − γ5)νe(x)

• Thus the effective potential than νe “feels” due to e’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 of V is reversed
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• Other potentials for νe (νe) due to different particles in medium

medium VC VN

e+ and e− ±
√

2GF (Ne − Nē)∓GF√
2
(Ne − Nē)(1 − 4 sin2 θW )

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

n and n̄ 0 ∓GF√
2
(Nn − Nn̄)

Neutral (Ne = Np) ±
√

2GF Ne ∓GF√
2
Nn

For νµ and ντ 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 core ρ ∼ 100 g/cm3 ⇒ V ∼ 10−12 eV

– At supernova ρ ∼ 1014 g/cm3 ⇒ V ∼ eV
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Vacuum Oscillations Revisited
• ν oscillations can also be understood from the eq. of motion of weak eigenstates

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

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

E Φ1 =
[

− i αx
∂
∂x + β m1]Φ1

E Φ2 =
[

− i αx
∂
∂x + βm2

]

Φ2

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

αx

{

E2 − m2
i

}1/2
+ β mi

)

φi = Eφi (1)

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

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

−i
∂ν1(x)

∂x
=

n

E2 − m2
1

o1/2

ν1(x)

−i
∂ν2(x)

∂x
=

n

E2 − m2
2

o1/2

ν2(x)
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• In the relativistic limit
√

E2 − m2
i ' E − m2

i

2E

−i ∂
∂x

(

ν1

ν2

)

=

(

E − m2

1

2E 0

0
E−m2

2

2E

)

(

ν1

ν2

)

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

−i ∂
∂x

(

να

νβ

)

=
[

E − m2

1
+m2

2

2E

]

I −
(−∆m2

4E cos 2θ ∆m2

4E sin 2θ
∆m2

4E sin 2θ ∆m2

4E cos 2θ

)(

να

νβ

)

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

νβ is unobservable

⇒ pieces proportional to I =

„

1 0

0 1

«

do not affect evolution:

⇒ −i ∂
∂x

(

να

νβ

)

= −
(−∆m2

4E cos 2θ ∆m2

4E sin 2θ
∆m2

4E sin 2θ ∆m2

4E cos 2θ

)(

να

νβ

)
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• Evolution Eq. for flavour eigenstates:
(

ν̇α

ν̇β

)

=

(−∆m2

4E cos 2θ ∆m2

4E sin 2θ
∆m2

4E sin 2θ ∆m2

4E cos 2θ

)(

να

νβ

)

Can be rewritten as

ν̈α + ω2 να = 0

ν̈β + ω2 νβ = 0
with ω =

∆m2

4E

• The solutions are:

να(x) = A1 e −i ωx
+ A2 e +i ωx

νβ(x) = B1 e −i ωx
+ B2 e +i ωx

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

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

<

:

A1 = sin2 θ A2 = cos2 θ

B1 = −B2 = sin θ cos θ
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Neutrinos in Matter: Evolution Equation

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

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

(

ν1

ν2

)

= E −
(

m2

1

2E 0

0
m2

2

2E

)

(

ν1

ν2

)

(b) 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

)

(c) 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

)

(c)6= (b) because different flavours
have different interactions
For example X = µ, τ :
VCC = Ve − VX =

√
2GF Ne

(opposite sign for ν) 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 along ν trajectory the effective masses and mixing vary too

The effective 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 resonant potential: AR = ∆m2 cos 2θ

Minimum ∆µ2 = µ2
2 − µ2

1

The mixing angle in matter

tan 2θm = ∆m2 sin 2θ
∆m2 cos 2θ − A

∗ At A = 0 (vacuum) ⇒ θm = θ

∗ At A = AR ⇒ θm = π
4

∗ At A >> AR ⇒ θm → π
2
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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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• In terms of the mass eigenstates in matter:
„

νe

νX

«

= U [θm(x)]

„

νm
1 (x)

νm
2 (x)

«

• For constant potential θm and µi are constant along ν evolution
⇒ the evolution is determined by masses and mixing in matter as

Posc = sin2(2θm) sin2

(

∆µ2L
2E

)

• For varying potential:
„

ν̇e

ν̇X

«

= U̇ [θm(x)]

„

νm
1 (x)

νm
2 (x)

«

+ U [θm(x)]

„

ν̇m
1 (x)

ν̇m
2 (x)

«

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

i

(

ν̇e

ν̇X

)

=
1

2E

(

A − ∆m2

2
cos 2θ ∆m2

2
sin 2θ

∆m2

2
sin 2θ ∆m2

2
cos 2θ

)(

νe

νX

)

⇒ 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

)

⇒ 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

)
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• The evolution equation in instantaneous mass basis
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⇒ It is not diagonal ⇒ Instantaneous mass eigenstates 6= eigenstates of evolution

⇒ Transitions νm
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 as evolution eigenstates

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

The adiabaticity condition

1

V

dV

dx

∣

∣

∣

R
� ∆m2

2E

sin2 2θ

cos 2θ
≡ 2π δrR � Losc

R

⇒ Many oscillations take place in the resonant region
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Neutrinos in The Sun : MSW Effect

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

The solar matter density

VCC =
√

2GF Ne ∼ 10−14 Ne

NA
eV

At core: VCC,0 ∼ 10−14–10−12 eV

The energy spectrum of solar ν ′
es

Eν ∼ 0.1–10 MeV
• For νe ↔ νµ(τ), in vacuum νe = cos θ ν1 + sin θ ν2

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

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

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

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

⇒ Adiabatic transition
∗ ν is mostly ν2 before and after resonance
∗ θm ↓ dramatically at resonance
⇒ νe component ↓ ⇒ Pee ↓

This is the MSW effect
µ2

A

ν

ν

2

1

µν
eν

νµ
ν

m
2

m

2

2

1

AR

e

Pee = 1
2 [1 + cos 2θm,0 cos 2θ]

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

⇒ Non-Adiabatic transition
∗ ν is mostly ν2 till the resonance
∗ At resonance the state can jump into ν1

(with probability PLZ )
⇒ νe component ↑ ⇒ Pee ↑

µ2

A

ν

ν

2

1

µν
eν

m
2

m

2

2

1

AR

νµ
ν

e

Pee = 1
2 [1 + (1 − 2PLZ)cos 2θm,0 cos 2θ]



Physics of Massive Neutrinos Concha Gonzalez-Garcia

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

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

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

⇒ Adiabatic transition
∗ ν is mostly ν2 before and after resonance
∗ θm ↓ dramatically at resonance
⇒ νe component ↓ ⇒ Pee ↓

This is the MSW effect
µ2

A

ν

ν

2

1

µν
eν

νµ
ν

m
2

m

2

2

1

AR

e

Pee = 1
2 [1 + cos 2θm,0 cos 2θ]

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

⇒ Non-Adiabatic transition
∗ ν is mostly ν2 till the resonance
∗ At resonance the state can jump into ν1

(with probability PLZ )
⇒ νe component ↑ ⇒ Pee ↑

µ2

A

ν

ν

2

1

µν
eν

m
2

m

2

2

1

AR

νµ
ν

e

Pee = 1
2 [1 + (1 − 2PLZ)cos 2θm,0 cos 2θ]



Physics of Massive Neutrinos Concha Gonzalez-Garcia

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

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

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

⇒ Adiabatic transition
∗ ν is mostly ν2 before and after resonance
∗ θm ↓ dramatically at resonance
⇒ νe component ↓ ⇒ Pee ↓

This is the MSW effect
µ2

A

ν

ν

2

1

µν
eν

νµ
ν

m
2

m

2

2

1

AR

e

Pee = 1
2 [1 + cos 2θm,0 cos 2θ]

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

⇒ Non-Adiabatic transition
∗ ν is mostly ν2 till the resonance
∗ At resonance the state can jump into ν1

(with probability PLZ )
⇒ νe component ↑ ⇒ Pee ↑

µ2

A

ν

ν

2

1

µν
eν

m
2

m

2

2

1

AR

νµ
ν
e

Pee = 1
2 [1 + (1 − 2PLZ)cos 2θm,0 cos 2θ]



Physics of Massive Neutrinos Concha Gonzalez-Garcia

Neutrinos in The Sun : MSW Effect

ν does not cross resonance: Pee = 1 − 1

2
sin2 2θ >

1

2

ν crosses resonance
MSW effect Adiabatic MSW transition Pee = sin2 θ <

1

2

Adiabacity breaking
Effect of PLZ



Physics of Massive Neutrinos Concha Gonzalez-Garcia

Neutrinos in The Sun : MSW Effect

ν does not cross resonance: Pee = 1 − 1

2
sin2 2θ >

1

2

ν crosses resonance
MSW effect Adiabatic MSW transition Pee = sin2 θ <

1

2

Adiabacity breaking
Effect of PLZ



Physics of Massive Neutrinos Concha Gonzalez-Garcia

Neutrinos in The Sun : MSW Effect

ν does not cross resonance: Pee = 1 − 1

2
sin2 2θ >

1

2

ν crosses resonance
MSW effect

Adiabatic MSW transition Pee = sin2 θ <
1

2

Adiabacity breaking
Effect of PLZ



Physics of Massive Neutrinos Concha Gonzalez-Garcia

Neutrinos in The Sun : MSW Effect

ν does not cross resonance: Pee = 1 − 1

2
sin2 2θ >

1

2

ν crosses resonance
MSW effect Adiabatic MSW transition Pee = sin2 θ <

1

2

Adiabacity breaking
Effect of PLZ



Physics of Massive Neutrinos Concha Gonzalez-Garcia

Neutrinos in The Sun : MSW Effect

ν does not cross resonance: Pee = 1 − 1

2
sin2 2θ >

1

2

ν crosses resonance
MSW effect Adiabatic MSW transition Pee = sin2 θ <

1

2

Adiabacity breaking
Effect of PLZ



Physics of Massive Neutrinos Concha Gonzalez-Garcia

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 Solutions
Allowed regions by Fit to Total Rates: Cl, Ga, SK and SNO CC
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Different regimes can explain the Total Rates
All give similar 〈Pee〉L, 〈Pee〉I ,〈Pee〉H
Need more observables to discriminate
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Energy Dependence of Pee for Different Solutions
SMA LMA

LOW VAC
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• Real Time experiments can also give information on Energy and Direction of ν ′s

and can search for Energy and Time variations of the effect

• From SK
(Confirmed
by SNO)

ν’s come from the SUN

cos ΘSun

Ev
en

t/d
ay

/k
to

n/
bi

n

0
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0.2

0.25

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Super-Kamiokande

θsun

No Energy Distorsion
Deficit indep Eν & 5 MeV

No Earth Matter Effect:
Small Day-Night Asymmetry

2 N−D
D+N

= 0.020 ± 0.025

Seasonal Variation
Nothing beyond 1/R2
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Solar Neutrinos: Oscillation Solutions
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Terrestrial Test of LMA: KamLAND

• Search on νe at L∼ 180 km reactors, Eν ∼ few MeV: ν̄e + p → n + e+

2002: Deficit RKLAND = 0.611 ± 0.094
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Learning How the Sun Shines

• The Sun shines converting protons into α, e+ and ν′s

4 p → 4He + 2 e+ + 2 νe + γ

4mp − m4He − 2me ' 26 MeV Thermal energy mostly in γ

• 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+

He4

• The ratio pp/CNO very sensitive to Tcore
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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

• BP00 Fluxes

LCNO
L�

= 1.5%

Lp−p

L�
= 98.5%

• Can this be tested experimentally? Difficult

– Radiochemical experiments sensitive to CNO fluxes
But do not measure E ⇒ only integrated flux above Eth

– Oscillations modify the E 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
• Fit solar (and KamLAND) data for:

– 2ν oscillations ∆m2, tan2 θ

– 8 free solar ν fluxes under conditions:
* Luminosity constraint

L�

4π(A.U.)2
=

8
X

i=1

αiΦi ⇒ 1 =

8
X

i=1

“ αi

10 MeV

”

aifi

fi ≡ Φi
Φi(BP2000)

, ai ≡
Φi(BP2000)

(8.5272×1010cm−2s−1)

* Nuclear Physics inequalities:

Φ7Be + Φ8B ≤ Φpp + Φpep Φ15O ≤ Φ13N

* 15O and 17F fluxes: Φ15O
(BP2000)

Φ13N
(BP2000) <

Φ15O

Φ13N

< 1 and Φ17F
(BP2000)

Φ13N
(BP2000) <

Φ17F

Φ13N

≤ 1

* pep flux: Φpep

Φp−p
=

Φpep(BP2000)
Φp−p(BP2000)±10%

* hep flux: within present limits 1 ≤ fhep ≤ 8
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How the Sun Shines? Present Answer

Study the quality of fit as a function of: LCNO

L�
=

∑

i=N,O,F

(
αi

10 MeV
)ai fi

∆χ
2

LCNO /L°•

⇑ ⇑

Resulting Limit:

LCNO

L�
< 7.3% (7.8%)

at 3σ

Old large CNO solutions were SMA-like
⇒ Improvement from SK and SNO data

Future:
– Borexino: ⇒ LCNO

L�
< 5.6% [4.9%]

– To test BP00 prediction 1.5%: lowE experiment with excellent E resolution
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Summary III

• ν traveling through matter ⇒ Modification of oscillation pattern

• Effect of medium can be included as an effective potential in ν

evolution equation

• Matter effect is crucial to interpretation of solar data

• Solar and KamLAND
⇒ νe → νµ, ντ with ∆m2 ∼ 8 × 10−5 eV2 and tan2 θ ∼ 0.4

⇒ The Sun burns by the pp-chain by more than 90%

• Can we fit all toegether? What can we learn from all this?
Tomorrow
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