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Neutron Decay:

n→ p + e− + ν̄e

Solar Engine:

p + p→ d + e+ + νe

SuperNova Cooling:

e+ + e− → ν + ν̄

Leptogenesis:

???
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Interactions:
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Majorana Neutrinos or Dirac Neutrinos?

The S(tandard) M(odel)

and

couplings conserve the Lepton Number L

defined by—

L(!) = L(l–) = – L(!) = – L (l+) = 1.

So do the Dirac charged-lepton mass terms
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Interactions:
ν̄α W− lα
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Interactions:
W− → l−α + ν̄α α = e, µ, or τ
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ν Left Handed (spin oppose motion)
ν̄ Right Handed (spin along motion)

Neutrino Flavor Change

implies

Neutrino Mass
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Electron mass

comes from a term of the form

L̄φeR

Absence of νR

forbids such a mass term (dim 4)

for the Neutrino
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Electron mass

comes from a term of the form

L̄φeR

Absence of νR

forbids such a mass term (dim 4)

for the Neutrino

Therefore in the SM neutrinos are massless

and hence travel at speed of light.
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ν Left Handed (spin oppose motion)
ν̄ Right Handed (spin along motion)

⇒ No Change

– Typeset by FoilTEX – 2

R

R

R

L

L

Spin

Massive Particle

at Rest

δm2
solar = 8.0± 0.4× 10−5eV 2 L/E = 15 km/MeV

⇓
mHeavy

ν >
√

δm2
atm = 50meV

What is Neutrino Mass ???

lightcone
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The Meaning of this Association
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Note That

Implies

Observed
small L/E (<< 1/δm2)

Not Observed
+ + −

large E (>> mν)
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Over short distances, neutrinos do not change flavor.

!" !µ

µ "

W

Short Journey

Does Not Occur

But if neutrinos have masses, and leptons mix, neutrino

flavor changes do occur during long journeys.

Observed
small L/E

Not Observed
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Note That

Implies

Observed
small L/E (<< 1/δm2)

Not Observed
+ + −

large E (>> mν)

neutrino beam (not anti-neutrino beam)
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Neutrino Flavor Change

implies

Neutrino Mass
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Summary:

The low energy pp and 7Be Solar Neutrinos exit the sun as
two thirds ν1 and one third ν2 due to (quasi-) vacuum oscillations.

f1 = 65± 2%, f2 = 35∓ 2% with Pee ≈ 0.56

The high energy 8B Solar Neutrinos exit the sun as
”PURE” ν2 mass eigenstates due to matter effects.

f2 = 91± 2% and f1 = 9∓ 2% with Pee ≈ 0.35.

δm2! = 8.0± 0.4× 10−5eV 2

sin2 θ! = 0.310± 0.026

at 68% CL

SNO, KamLAND, SK, Gallex, SAGE, Cl
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Solar Summary

L/E = 15 km/MeV

– Typeset by FoilTEX – 4

“Atmospheric” Neutrino Summary
νµ → ντ

no evidence of νe involvement:

δm2
atm = 2.7+0.4

−0.3 × 10−3eV 2 L/E = 500 km/GeV

sin2 2θatm > 0.92 ⇒ 0.35 < sin2 θatm < 0.65
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Masses:

Less than
4% νe

in the 3 state!

States 1 and 2 are νe rich.

E = mc2
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NEUTRINO OSCILLATIONS:
Two Flavors

flavor eigenstates != mass eigenestates(
νµ

ντ

)
=

(
cos θ sin θ
− sin θ cos θ

) (
ν1

ν2

)
W’s produce νµ and/or ντ ’s

but ν1 and ν2 are the states

that change by a phase over time, mass eigenstates.

|νj〉 → e−ipj·x|νj〉 p2
j = m2

j
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)
=

(
cos θ sin θ
− sin θ cos θ

) (
ν1

ν2

)
W’s produce νµ and/or ντ ’s

but ν1 and ν2 are the states

that change by a phase over time, mass eigenstates.

|νj〉 → e−ipj·x|νj〉 with p2
j = m2

j

α, β . . . flavor index i, j . . . mass index
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Production:

|νµ〉 = cos θ|ν1〉+ sin θ|ν2〉
Propogation:

cos θe−ip1·x|ν1〉+ sin θe−ip2·x|ν2〉
Detection:

|ν1〉 = cos θ|νµ〉 − sin θ|ντ〉
|ν2〉 = sin θ|νµ〉+ cos θ|ντ〉

P (νµ → ντ) = | cos θ(e−ip1·x)(− sin θ) + cos θ(e−ip2·x) sin θ|2

Same E, therefore pj =
√

E2 −m2
j ≈ E − m2

j
2E

e−ipj·x = e−iEte−ipjL ≈ e−i(Et−EL) e−im2
jL/2E

P (νµ → ντ) = sin θ cos θ|e−im2
2L/2E − e−im2

1L/2E|2
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√

E2 −m2
j ≈ E − m2

j
2E

e−ipj·x = e−iEte−ipjL ≈ e−i(Et−EL) e−im2
jL/2E

P (νµ → ντ) = sin2 θ cos2 θ|e−im2
2L/2E − e−im2

1L/2E|2

P (νµ → ντ) = sin2 2θ sin2 δm2L
4E

δm2 = m2
2 −m2

1 and δm2L
4E ≡ ∆ kinematic phase:

P (νµ → ντ) = sin2 2θ sin2 δm2L
4h̄cE
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P (νµ → νµ) = 1− sin2 2θ sin2 δm2L
4E

〈P (νµ → νµ)〉 = 1− sin2 2θ
〈
sin2 δm2L

4E

〉
L0 = 4πE/δm2

⇑ sin2 2θ ⇓
Oscillation Length Amplitude of Oscillation

flavor

flavor oscillations

effectively incoherent mass eigenstates

– Typeset by FoilTEX – 19

Appearance:

Disappearance:
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P (νµ → νµ) = 1− sin2 2θ sin2 δm2L
4E
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Limits

small L/E: P (νµ → ντ) = sin2 2θ (δm2L
4E )2

large L/E : P (νµ → ντ) = sin2 2θ1
2 = cos4 θ + sin4 θ

– Typeset by FoilTEX – 18

P (νµ → νµ) = 1− sin2 2θ sin2 δm2L
4E

〈P (νµ → νµ)〉 = 1− sin2 2θ
〈
sin2 δm2L

4E

〉
Fixed Eν

Spread Eν

L0 = 4πE/δm2

⇑ sin2 2θ ⇓
Oscillation Length Amplitude of Oscillation

flavor

flavor oscillations

effectively incoherent mass eigenstates
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–graph–

Limits

small L/E: P (νµ → ντ) = sin2 2θ (δm2L
4E )2

large L/E : P (νµ → νµ) = 1− P (νµ → ντ) = 1− sin2 2θ(1
2) = cos4 θ + sin4 θ

large L/E : P (νµ → ντ) = sin2 2θ(1
2) = 2 cos2 θ sin2 θ

large L/E : P (νµ → νµ) = cos4 θ + sin4 θ
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flavor oscillations

effectively incoherent mass eigenstates
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W+ → µ+ + ν1 probability cos2 θ

W+ → µ+ + ν2 probability sin2 θ

probability ν1 contains νµ is cos2 θ

probability ν2 contains νµ is sin2 θ
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Averaging over many oscillations ⇒
Understood in terms of probability

W+ → µ+ + ν1 probability cos2 θ

W+ → µ+ + ν2 probability sin2 θ

probability ν1 contains νµ is cos2 θ

probability ν2 contains νµ is sin2 θ
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What happens to the neutrino oscillation length
in the semi-classical limit, h̄→ 0 ?

• Losc →∞
• Losc → 0

• Other
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Solar δm2

Reactor Neutrinos
ν̄e + p→ e+ + n

KamLAND Only

Solar + KamLAND
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4p + 2e− →4 He + 2νe + 26.7MeV

1 νe for every 13.4 MeV (=2.1 ×10−12 J)

L" at earth’s surface 0.13 watts/cm2

φν = 0.13
2.1×10−12 = 6× 1010/cm2/sec
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4p + 2e− →4 He + 2νe + 26.7MeV

E = mc2

1 νe for every 13.4 MeV (=2.1 ×10−12 J)

L" at earth’s surface 0.13 watts/cm2

φν = 0.13
2.1×10−12 = 6× 1010/cm2/sec
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Solar Engine:

This corresponds to an average of 2 ν’s per cm3

since they are going at speed c.
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4 DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

Figure 1. The predicted solar neutrino energy spectrum. The figure shows the
energy spectrum of solar neutrinos predicted by the BP04 solar model [22].
For continuum sources, the neutrino fluxes are given in number of neutrinos
cm− 2 s− 1 MeV− 1 at the Earth’s surface. For line sources, the units are number
of neutrinos cm− 2 s− 1. Total theoretical uncertainties taken from column 2 of
table 1 are shown for each source. To avoid complication in the figure, we have
omitted the difficult-to-detect CNO neutrino fluxes (see table 1).

are rare; changes in their production cross-sections affect only the 8B and hep fluxes respectively.
The 15% increase in the calculated 8B neutrino flux, which is primarily due to a more accurate
cross-section for 7Be(p, γ)8B, is the only significant change in the best-estimate fluxes.

The fluxes in column 6 were calculated using a refined equation of state, which includes
relativistic corrections and a more accurate treatment of molecules [27]. The equation of state
improvements between 1996 and 2001, although significant in some regions of parameter space,
change all the solar neutrino fluxes by <1%. Solar neutrino calculations are insensitive to the
present level of uncertainties in the equation of state.

Themost important changes in the astronomical data fromBP00 result from the newanalyses
of the surface chemical composition of the Sun. The input chemical composition affects the
radiative opacity and hence the physical characteristics of the solar model, and to a lesser extent
the nuclear reaction rates. New values for C, N, O, Ne and Ar have been derived [24] using
three-dimensional rather than one-dimensional atmospheric models, including hydrodynamical
effects, and paying particular attention to uncertainties in atomic data and observational spectra.
New estimates of the abundance, together with the previous best estimates for other solar surface
abundances [28], imply a ratio of heavy elements to hydrogen by mass of Z/X = 0.0176, much

New Journal of Physics 6 (2004) 63 (http://www.njp.org/)
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φpp = 5.94(1± 0.01)× 1010cm−2sec−1
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Solar Spectrum:
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The Pioneers

Fact #2: … It requires enduring efforts and difficult experiments… 

John’s summary of 40 years of 

expt+theo work
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Ray Davis & John Bahcall Theory v Exp.

Neutrino Flavor Transistions!!!



Identical Solar Twins:

νe νµ ντ

ν1 ν2 ν3
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νe νµ ντ

ν1 ν2 ν3
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flavor eigenstates

mass eigenstates

?????



Kinematical Phase:

νe νµ ντ

ν1 ν2 ν3

δm2! = 8.0× 10−5eV 2

sin2 θ! = 0.31
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νe νµ ντ

ν1 ν2 ν3

δm2! = 8.0× 10−5eV 2

sin2 θ! = 0.31

∆! = δm2!L
4E = 1.27 8×10−5 eV 2 · 1.5×1011 m

0.1−10 MeV

∆! ≈ 107±1
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sin2 θ! = 0.31
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4E = 1.27 8×10−5 eV 2 · 1.5×1011 m

0.1−10 MeV

∆! ≈ 107±1
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Effectively Incoherent !!!



Vacuum νe Survival Probability:

〈Pee〉 = f1 cos2 θ! + f2 sin2 θ!
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where f1 and f2 are the fraction of ν1 and ν2 at production.

In vacuum f1 = cos2 θ! and f2 = sin2 θ!.

Note energy independence.

〈Pee〉 = cos4 θ! + sin4 θ! = 1− 1
2 sin2 2θ!

for pp and 7Be this is approximately THE ANSWER.

f1 ∼ 69% and f2 ∼ 31% and 〈Pee〉 ≈ 0.6

f3 = sin2 θ13 < 4%
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〈Pee〉 = f1 cos2 θ! + f2 sin2 θ! ≈ 0.6
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What about 8B ?

SNO’s CC/NC

CC
NC = f1 cos2 θ! + f2 sin2 θ!

f1 =
(

CC
NC − sin2 θ!

)
/ cos 2θ!

= (0.35− 0.31)/0.4 ≈ 10 ± ???%
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TABLE XIX: Systematic uncertainties (%) on fluxes for the energy-

unconstrained analysis of the salt data set. Note that “const.” de-

notes an energy-independent systematic component and “E dep” an

energy-dependent part.

Source NC uncert. (%) CC uncert. (%) ES uncert. (%)

Energy scale (const.) -3.3, +3.8 -0.9, +1.0 -1.6, +1.9

Energy scale (E dep.) -0.1, +0.1 -0.1, +0.1 -0.1, +0.1

Energy radial bias -2.0, +2.1 -0.6, +0.7 -1.1, +1.2

Energy resolution -0.8, +0.8 -0.2, +0.2 -0.7, +0.7

β14 mean (const.) -3.6, +4.5 -4.0, +3.7 -1.2, +1.3

β14 mean (E dep.) -0.1, +0.2 -0.2, +0.0 -0.0, +0.1

β14 width -0.0, +0.0 -0.2, +0.2 -0.2, +0.2

Radial scale (const.) -3.0, +3.3 -2.6, +2.5 -2.6, +3.0

Radial scale (E dep.) -0.6, +0.5 -0.9, +0.8 -0.7, +0.8

Vertex x -0.0, +0.0 -0.0, +0.0 -0.1, +0.1

Vertex y -0.1, +0.0 -0.0, +0.0 -0.1, +0.1

Vertex z -0.2, +0.2 -0.1, +0.1 -0.0, +0.0

Vertex resolution -0.1, +0.1 -0.1, +0.1 -0.1, +0.1

Angular resolution -0.2, +0.2 -0.4, +0.4 -5.1, +5.1

Internal neutron bkgd. -1.9, +1.6 -0.0, +0.0 -0.0, +0.0

Internal γ bkgd. -0.1, +0.1 -0.1, +0.1 -0.0, +0.0

Internal Cherenkov bkgd. -0.9, +0.0 -0.9, +0.0 -0.0, +0.0

External Cherenkov bkgd. -0.2, +0.0 -0.2, +0.0 -0.0, +0.0

Instrumental bkgd. -0.4, +0.0 -0.3, +0.0 -0.0, +0.0

Neutron capture eff. -2.3, +2.1 -0.0, +0.0 -0.0, +0.0

Total systematic -6.9, +7.6 -5.1, +4.7 -6.2, +6.5

Cross section [45] ±1.1 ±1.2 ±0.5
Total statistical ±4.2 ±3.7 ±9.3

TABLE XX: Systematic uncertainties (%) on fluxes for the energy-

constrained analysis of the salt data set. Note that “const.” denotes an

energy-independent systematic component and “E dep” an energy-

dependent part.

Source NC uncert. (%) CC uncert. (%) ES uncert. (%)

Energy scale (const.) -0.3, +0.7 -3.7, +3.9 -1.8, +1.6

Energy scale (E dep.) -0.9, +1.0 -1.0, +1.0 -0.2, +0.2

Energy radial bias -0.1, +0.1 -2.5, +2.6 -1.0, +0.9

Energy resolution -2.1, +2.1 -1.1, +1.1 -0.6, +0.6

β14 mean (const.) -2.2, +3.0 -2.4, +2.0 -0.5, +2.3

β14 mean (E dep.) -0.2, +0.2 -0.2, +0.2 -0.7, +0.7

β14 width -0.0, +0.0 -0.1, +0.1 -0.8, +0.8

Radial scale (const.) -3.0, +3.3 -2.7, +2.6 -1.9, +2.9

Radial scale (E dep.) -0.2, +0.2 -1.3, +1.2 -0.8, +0.8

Vertex x -0.0, +0.1 -0.0, +0.0 -0.1, +0.1

Vertex y -0.1, +0.0 -0.0, +0.0 -0.2, +0.2

Vertex z -0.1, +0.1 -0.1, +0.0 -0.0, +0.0

Vertex resolution -0.1, +0.1 -0.2, +0.2 -0.7, +0.7

Angular resolution -0.2, +0.2 -0.4, +0.4 -4.9, +4.9

Internal neutron bkgd. -1.9, +1.6 -0.0, +0.0 -0.0, +0.0

Internal γ bkgd. -0.2, +0.1 -0.1, +0.0 -0.0, +0.1

Internal Cherenkov bkgd. -0.9, +0.0 -0.8, +0.0 -0.0, +0.0

External Cherenkov bkgd. -0.2, +0.0 -0.2, +0.0 -0.0, +0.0

Instrumental bkgd. -0.4, +0.0 -0.3, +0.0 -0.0, +0.0

Neutron capture eff. -2.3, +2.1 -0.0, +0.0 -0.0, +0.0

Total systematic -5.4, +5.7 -6.2, +6.0 -5.9, +6.6

Cross section [45] ±1.1 ±1.2 ±0.5
Total Statistical ±3.9 ±3.1 ±9.8

Note that the uncertainties on the ratios are not normally dis-

tributed.

The non-νe active neutrino component (φµτ) of the 8B flux

can be determined by subtracting the φe component, as mea-

sured by the CC flux, from the NC and ES fluxes. Whereas the

NC measurement is equally sensitive to all active neutrinos,

the ES measurement has reduced sensitivity to non-electron

neutrinos in the form φES = φe + 0.1553φµτ. The resulting φµτ
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FIG. 29: Flux of µ + τ neutrinos versus flux of electron neutri-

nos. CC, NC and ES flux measurements are indicated by the filled

bands. The total 8B solar neutrino flux predicted by the Standard So-

lar Model [13] is shown as dashed lines, and that measured with the

NC channel is shown as the solid band parallel to the model predic-

tion. The narrow band parallel to the SNO ES result correponds to

the Super-Kamiokande result in [9]. The intercepts of these bands

with the axes represent the ±1σ uncertainties. The non-zero value

of φµτ provides strong evidence for neutrino flavor transformation.

The point represents φe from the CC flux and φµτ from the NC-CC

difference with 68%, 95%, and 99% C.L. contours included.

fluxes, in units of 106 cm−2 s−1, are

φNC,uncon
µτ = 3.26 ± 0.25 (stat) +0.40

−0.35 (syst)

φES,uncon
µτ = 4.36 ± 1.52 (stat) +0.90

−0.87 (syst).

Figure 29 shows the flux of non-electron flavor active neutri-

nos (φµτ) versus the flux of electron neutrinos (φe). The error

ellipses shown are the 68%, 95% and 99% joint probability

contours for φµτ and φe.

Adding the constraint of an undistorted 8B energy spectrum

to the signal extraction yields, for comparison with earlier re-

sults (in units of 106 cm−2s−1):

φcon
CC = 1.72+0.05

−0.05(stat)+0.11
−0.11(syst)

φcon
ES = 2.34+0.23

−0.23(stat)+0.15
−0.14(syst)

φcon
NC = 4.81+0.19

−0.19(stat)+0.28
−0.27(syst),

with corresponding ratios

φcon
CC

φcon
NC

= 0.358 ± 0.021 (stat) +0.028
−0.029 (syst)

φcon
CC

φcon
ES

= 0.736 ± 0.079 (stat) +0.050
−0.049 (syst),

What about 8B ?

SNO’s CC/NC

CC
NC = f1 cos2 θ! + f2 sin2 θ!

f1 =
(

CC
NC − sin2 θ!

)
/ cos 2θ!

= (0.35− 0.31)/0.4 ≈ 10 ± ???%
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CC: νe + d→ e− + p + p

NC : νx + d→ νx + p + n

ES: να + e− → να + e−
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What about 8B ?

SNO’s CC/NC
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NC = 〈Pee〉 = f1 cos2 θ! + f2 sin2 θ!

f1 =
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NC − sin2 θ!

)
/ cos 2θ!

= (0.35− 0.31)/0.4 ≈ 10 ± ???%

Wow!!! How did that happen???
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f1 ∼ 10% and f2 ∼ 90% and 〈Pee〉 ≈ sin2 θ = 0.31

Wow!!! How did that happen???
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What about 8B ?

SNO’s CC/NC
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f1 ∼ 10% and f2 ∼ 90% and

〈Pee〉 = sin2 θ + f1 cos 2θ! ≈ sin2 θ! = 0.31

Wow!!! How did that happen???
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f1 ∼ 10% and f2 ∼ 90% and

〈Pee〉 = sin2 θ + f1 cos 2θ! ≈ sin2 θ! = 0.31

Wow!!! How did that happen???

energy dependence!!!
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Neutrino Flavor Change in Matter

Coherent forward scattering 

from ambient matter can have 

a big effect.

VW = +
√

2GF Ne

VZ = −
√

2

2
GF Nn

(− for νe)

(+ for να)

#e/vol

#n/vol

Coherent Forward
Scattering: 

Wolfenstein ‘78

Mikheyev + Smirnov Resonance  WIN ‘85

MATTER EFFECTS
CHANGE THE NEUTRINO

MASSES AND MIXINGS

νe νµ ντ

ν1 ν2 ν3

δm2! = 8.0× 10−5eV 2

sin2 θ! = 0.31

∆! = δm2!L
4E = 1.27 8×10−5 eV 2 · 1.5×1011 m

0.1−10 MeV

∆! ≈ 107±1
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These are ν2 Neutrinos !!!
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Summary:

The low energy pp and 7Be Solar Neutrinos exit the sun as
two thirds ν1 and one third ν2 due to (quasi-) vacuum oscillations.

f1 = 65± 2%, f2 = 35∓ 2% with Pee ≈ 0.56

The high energy 8B Solar Neutrinos exit the sun as
ν2 mass eigenstates due to matter effects.

f2 = 91± 2% and f1 = 9∓ 2% with Pee ≈ 0.35.

– Typeset by FoilTEX – 19

Summary:

The low energy pp and 7Be Solar Neutrinos exit the sun as
two thirds ν1 and one third ν2 due to (quasi-) vacuum oscillations.

f1 = 65± 2%, f2 = 35∓ 2% with Pee ≈ 0.56

The high energy 8B Solar Neutrinos exit the sun as
ν2 mass eigenstates due to matter effects.

f2 = 91± 2% and f1 = 9∓ 2% with Pee ≈ 0.35.

– Typeset by FoilTEX – 19

Summary:

The low energy pp and 7Be Solar Neutrinos exit the sun as
two thirds ν1 and one third ν2 due to (quasi-) vacuum oscillations.

f1 = 65± 2%, f2 = 35∓ 2% with Pee ≈ 0.56

The high energy 8B Solar Neutrinos exit the sun as
”PURE” ν2 mass eigenstates due to matter effects.

f2 = 91± 2% and f1 = 9∓ 2% with Pee ≈ 0.35.

– Typeset by FoilTEX – 19

Summary:

The low energy pp and 7Be Solar Neutrinos exit the sun as
two thirds ν1 and one third ν2 due to (quasi-) vacuum oscillations.

f1 = 65± 2%, f2 = 35∓ 2% with Pee ≈ 0.56

The high energy 8B Solar Neutrinos exit the sun as
”PURE” ν2 mass eigenstates due to matter effects.

f2 = 91± 2% and f1 = 9∓ 2% with Pee ≈ 0.35.

– Typeset by FoilTEX – 19

sin
2Θ13

1

2

3

sin
2Θ12

sin
2Θ23

NORMAL

Νe ΝΜ ΝΤ

N
eu
tr
in
o
M
as
s
S
q
u
ar
ed

Fractional Flavor Content

%msol
2

%matm
2

sin
2Θ13

1

2

3

sin
2Θ23

sin
2Θ12

INVERTED

%msol
2

%matm
2

〈f1〉 (%) 〈f2〉 (%)

vac 69 ± 3 31 ∓ 3

pp 67 ± 4 33 ∓ 4
7Be 63 ± 4 37 ∓ 4

8B 9 ∓ 2 91 ± 2

quasi-vacuum

matter dominated

f1 = cos2 θN! and f2 = sin2 θN! 〈Pee〉 = f1 cos2 θ! + f2 sin2 θ!

vac pp 7Be 8B NeEν

〈Pee〉 = cos4 θ! + sin4 θ!

⇒ sin2 θ!
8B: ν2 fraction (%)

– Typeset by FoilTEX – 15

〈f1〉 (%) 〈f2〉 (%)

vac 69 ± 3 31 ∓ 3

pp 67 ± 4 33 ∓ 4
7Be 63 ± 4 37 ∓ 4

8B 9 ∓ 2 91 ± 2

quasi-vacuum

matter dominated

f1 = cos2 θN! and f2 = sin2 θN! 〈Pee〉 = f1 cos2 θ! + f2 sin2 θ!

vac pp 7Be 8B NeEν

〈Pee〉 = cos4 θ! + sin4 θ!

⇒ sin2 θ!
8B: ν2 fraction (%)

– Typeset by FoilTEX – 15

〈f1〉 (%) 〈f2〉 (%)

vac 69 ± 3 31 ∓ 3

pp 67 ± 4 33 ∓ 4
7Be 63 ± 4 37 ∓ 4

8B 9 ∓ 2 91 ± 2

quasi-vacuum

matter dominated

f1 = cos2 θN! and f2 = sin2 θN! 〈Pee〉 = f1 cos2 θ! + f2 sin2 θ!

vac pp 7Be 8B NeEν

〈Pee〉 = cos4 θ! + sin4 θ!

⇒ sin2 θ!
8B: ν2 fraction (%)

– Typeset by FoilTEX – 15

sin
2Θ13

1

2

3

sin
2Θ12

sin
2Θ23

NORMAL

Νe ΝΜ ΝΤ

N
eu
tr
in
o
M
as
s
S
q
u
ar
ed

Fractional Flavor Content

%msol
2

%matm
2

sin
2Θ13

1

2

3

sin
2Θ23

sin
2Θ12

INVERTED

%msol
2

%matm
2

sin
2Θ13

1

2

3

sin
2Θ12

sin
2Θ23

NORMAL

Νe ΝΜ ΝΤ

N
eu
tr
in
o
M
as
s
S
q
u
ar
ed

Fractional Flavor Content

%msol
2

%matm
2

sin
2Θ13

1

2

3

sin
2Θ23

sin
2Θ12

INVERTED

%msol
2

%matm
2

Summary:

The low energy pp and 7Be Solar Neutrinos exit the sun as
two thirds ν1 and one third ν2 due to (quasi-) vacuum oscillations.

f1 = 65± 2%, f2 = 35∓ 2% with Pee ≈ 0.56

The high energy 8B Solar Neutrinos exit the sun as
”PURE” ν2 mass eigenstates due to matter effects.

f2 = 91± 2% and f1 = 9∓ 2% with Pee ≈ 0.35.

δm2! = 8.0± 0.4× 10−5eV 2

sin2 θ! = 0.310± 0.026

at 68% CL

SNO, KamLAND, SK, Gallex, SAGE, Cl

– Typeset by FoilTEX – 19

Summary:

The low energy pp and 7Be Solar Neutrinos exit the sun as
two thirds ν1 and one third ν2 due to (quasi-) vacuum oscillations.

f1 = 65± 2%, f2 = 35∓ 2% with Pee ≈ 0.56

The high energy 8B Solar Neutrinos exit the sun as
”PURE” ν2 mass eigenstates due to matter effects.

f2 = 91± 2% and f1 = 9∓ 2% with Pee ≈ 0.35.

δm2! = 8.0± 0.4× 10−5eV 2

sin2 θ! = 0.310± 0.026

at 68% CL

SNO, KamLAND, SK, Gallex, SAGE, Cl

– Typeset by FoilTEX – 19

Summary:

The low energy pp and 7Be Solar Neutrinos exit the sun as
two thirds ν1 and one third ν2 due to (quasi-) vacuum oscillations.

f1 = 65± 2%, f2 = 35∓ 2% with Pee ≈ 0.56

The high energy 8B Solar Neutrinos exit the sun as
”PURE” ν2 mass eigenstates due to matter effects.

f2 = 91± 2% and f1 = 9∓ 2% with Pee ≈ 0.35.

δm2! = 8.0± 0.4× 10−5eV 2

sin2 θ! = 0.310± 0.026

at 68% CL

SNO, KamLAND, SK, Gallex, SAGE, Cl

– Typeset by FoilTEX – 19

Summary:

The low energy pp and 7Be Solar Neutrinos exit the sun as
two thirds ν1 and one third ν2 due to (quasi-) vacuum oscillations.

f1 = 65± 2%, f2 = 35∓ 2% with Pee ≈ 0.56

The high energy 8B Solar Neutrinos exit the sun as
”PURE” ν2 mass eigenstates due to matter effects.

f2 = 91± 2% and f1 = 9∓ 2% with Pee ≈ 0.35.

δm2! = 8.0± 0.4× 10−5eV 2

sin2 θ! = 0.310± 0.026

at 68% CL

SNO, KamLAND, SK/K, GNO/Gallex, SAGE, Cl

– Typeset by FoilTEX – 19

Solar Summary
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Solar Summary

L/E = 15 km/MeV
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Atmospheric Neutrinos

Isotropy of the > 2 GeV cosmic rays + Gauss’ Law + No !µ disappearance

"  –––––––  = 1 .

But Super-Kamiokande finds for E! > 1.3 GeV

   ––––––––––––  =  0.54 ± 0.04 .

#!µ (Up)

#!µ(Down)

~

Detector

Cosmic ray

!µ

!µ

#!µ(Up)

#!µ(Down)

!"#$"%&'(&)*+',-."/$0&! 12*2

3"*"/&4&5$*0.($"67

89$#"/,$*:&'(&;$99",'*2



4

z

(Super-K)

!"#$%&'()*+*

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

1 10 10
2

10
3

10
4

L/E (km/GeV)

D
a

ta
/P

re
d

ic
ti

o
n

 (
n

u
ll

 o
s

c
il

la
ti

o
n

)

!!"#$'&'()*+*$,*-*$'$.-*/.+0/-1$

*'23(-$45$6+76-.$.-*4(,/+4&$-8-&/*

!9+3$04..-*34&1+&7$/4$/6-$5+.*/$

4*0+(('/+4&$2+&+2,2

!:*0+(('/+4&;$1-0')$'&1$

1-046-.-&0- 241-(*$/-*/-1

!<4*0 =$$$>?@A">?

!<10) =$BCD@B">?; "!
< =$<?@<E4.8!F

!<1-0 =$BB<@G">?;$"!
< =$<D@HE5.3!F

!I-*/$5+/$3'.'2-/-.*

Oscillation

Decay

Decoherence

"m2
23=2.3x10-3 eV2 (2.0x10-3<"m2<2.8x10-3 eV2 at 90%C.L.) 

sin22#23=1.00          (sin22#23>0.93 at 90%C.L.)

!"#$%&'()*+*

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

1 10 10
2

10
3

10
4

L/E (km/GeV)

D
a
ta

/P
re

d
ic

ti
o

n
 (

n
u

ll
 o

s
c
il
la

ti
o

n
)

!!"#$'&'()*+*$,*-*$'$.-*/.+0/-1$

*'23(-$45$6+76-.$.-*4(,/+4&$-8-&/*

!9+3$04..-*34&1+&7$/4$/6-$5+.*/$

4*0+(('/+4&$2+&+2,2

!:*0+(('/+4&;$1-0')$'&1$

1-046-.-&0- 241-(*$/-*/-1

!<4*0 =$$$>?@A">?

!<10) =$BCD@B">?; "!
< =$<?@<E4.8!F

!<1-0 =$BB<@G">?;$"!
< =$<D@HE5.3!F

!I-*/$5+/$3'.'2-/-.*

Oscillation

Decay

Decoherence

"m2
23=2.3x10-3 eV2 (2.0x10-3<"m2<2.8x10-3 eV2 at 90%C.L.) 

sin22#23=1.00          (sin22#23>0.93 at 90%C.L.)

!"#$%&'()*+*

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

1 10 10
2

10
3

10
4

L/E (km/GeV)

D
a

ta
/P

re
d

ic
ti

o
n

 (
n

u
ll

 o
s

c
il

la
ti

o
n

)

!!"#$'&'()*+*$,*-*$'$.-*/.+0/-1$

*'23(-$45$6+76-.$.-*4(,/+4&$-8-&/*

!9+3$04..-*34&1+&7$/4$/6-$5+.*/$

4*0+(('/+4&$2+&+2,2

!:*0+(('/+4&;$1-0')$'&1$

1-046-.-&0- 241-(*$/-*/-1

!<4*0 =$$$>?@A">?

!<10) =$BCD@B">?; "!
< =$<?@<E4.8!F

!<1-0 =$BB<@G">?;$"!
< =$<D@HE5.3!F

!I-*/$5+/$3'.'2-/-.*

Oscillation

Decay

Decoherence

"m2
23=2.3x10-3 eV2 (2.0x10-3<"m2<2.8x10-3 eV2 at 90%C.L.) 

sin22#23=1.00          (sin22#23>0.93 at 90%C.L.)



37

(∆m2, sin2 2θ) = (2.6×10−3eV2, 1.2), which is outside of
the physical region. The probability that we would get
sin2 2θ ≥ 1.2 if the true parameters are at our best fit
point is 26.2%, based on the virtual MC experiments.
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FIG. 43: The reconstructed Eν distribution for the 1-ring µ-
like sample. Points with error bars are data. The solid line is
the best fit spectrum with neutrino oscillation and the dashed
line is the expectation without oscillation. These histograms
are normalized by the number of events observed (58).

The probability that the observations can be explained
equally well by the no oscillation and by the oscillation
hypotheses is estimated by computing the difference of
log-likelihood between the null oscillation case and the
best fit point with oscillation. The null oscillation prob-
ability is calculated to be 0.0015 % (4.3σ). When only
normalization (shape) information is used, the probabil-
ity is 0.06% (0.42%).

The null oscillation probability calculated separately
for each sub-sample or each likelihood term is shown in
Tab. XX. In addition, Tab. XXI shows the effect of each
systematic uncertainty on the null oscillation probability.
The effect is tested by turning on the error source written
in the first column in the table. As shown in the table,
the dominant contributions to the probabilities for the
normalization information are from the F/N flux ratio
and the normalization error, while the energy scale is
the dominant error source for the probability with the
Erec

ν shape information consistent with the results found
using the MC test described in Sec. IXB2.

The allowed region of oscillation parameters are eval-
uated based on the difference of log-likelihood between
each point and the best fit point:

TABLE XX: Summary of the null oscillation probability.
Each row is classified by the likelihood term used, and each
column represents the data set.

K2K-I+II K2K-I only K2K-II only
Shape + Norm. 0.0015% (4.3σ) 0.18% (3.1σ) 0.56% (2.8σ)
Shape only 0.42% (2.9σ) 7.7% 5.2%
Norm. only 0.06% (3.4σ) 0.6% 2.8%

TABLE XXI: Effect of each systematic uncertainty on the
null oscillation probability. The numbers in the table are null
oscillation probabilities when only the error written in the
first column is turned on.

Norm-only Shape-only Combined

Stat. only 0.01% 0.22% 0.0001%
FD spectrum 0.01% 0.24% 0.0002%
nQE/QE, NC/CC 0.01% 0.23% 0.0002%
Far/Near 0.02% 0.23% 0.0003%
ε1Rµ — 0.23% 0.0002%
Energy scale — 0.38% 0.0002%
Normalization 0.03% — 0.0005%

All errors 0.06% 0.42% 0.0015%

∆lnL(∆m2, sin2 2θ) ≡ ln

( Lphys
max

L(∆m2, sin2 2θ)

)
= lnLphys

max − lnL(∆m2, sin2 2θ),

(28)

where Lphys
max is the likelihood at the best-fit point and

L(∆m2, sin2 2θ) is the likelihood at (∆m2, sin2 2θ) with
systematic parameters that maximize the likelihood at
that point.

The allowed regions in the neutrino oscillation param-
eter space, corresponding to the 68%, 90% and 99% con-
fidence levels (CL) are shown in Fig. 44. They are de-
fined as the contour lines with lnL = lnLphys

max − 1.37,
−2.58 and −4.91, respectively. These regions are derived
by using the two-dimensional Gaussian approximation
from the maximum in the unphysical region [21]. The
90% C.L. contour crosses the sin2 2θ = 1 axis at ∆m2 =
1.9 and 3.5×10−3 eV2. Figure 45 shows the distributions
of lnLphys

max − lnL(∆m2, sin2 2θ) as a function of sin2 2θ
and ∆m2, with a slice at either ∆m2 = 2.8× 10−3eV2 or
sin2 2θ = 1.0.

We also check the consistency of the fit results per-
forming the analyses with only the normalization term
or spectrum shape term, and with the K2K-I or K2K-II
sub-samples separately. The fit results are summarized in
Tab. XXII. There is no entry for the normalization term
only, because the two parameters cannot be simultane-
ously determined from only one number. The oscillation
parameters allowed by the normalization and the spec-
trum shape alone agree with each other, as shown in both

K2K
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“Atmospheric” Neutrino Summary
νµ → ντ

no evidence of νe involvement:

δm2
atm = 2.7+0.4

−0.3 × 10−3eV 2 L/E = 500km/GeV

sin2 2θatm > 0.92 ⇒ 0.35 < sin2 θatm < 0.65
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P (ν̄e → ν̄e) ≈ 1− sin2 2θ13 sin2 ∆atm
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P (ν̄e → ν̄e) ≈ 1− sin2 2θ13 sin2 ∆atm

<10%
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θ13 from Reactor Disappearance

P (ν̄e → ν̄e) ≈ 1− sin2 2θ13 sin2 ∆atm

<10%
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T.L. (Saclay) - NO-VE 2006 -

One nuclear plant & two detectors

Nuclear reactor

1,2 core(s) ! ON/OFF : ok

! 4 cores !  ON/OFF : no !

Near detector

5-130 tons

> 50 mwe

Far detector

5-130 tons

> 300 mwe

 D1 = 0.1-1 km D2 = 1-3 km

"e "e,µ,!

#  Isotropic  "e  flux (uranium & plutonium fission fragments)

#  Detection tag :  "e + p ! e+ + n,  <E>~ 4 MeV,  Threshold ~1.8 MeV

" Disappearance  experiment:

   suppression+shape distortion between the 2 “IDENTICAL” detectors

θ13 from Reactor Disappearance

P (ν̄e → ν̄e) ≈ 1− sin2 2θ13 sin2 ∆atm

<10%

- Double Chooz
- Daya Bay
- ...

– Typeset by FoilTEX – 2



νµ → νe

Pµ→e =
∣∣∣ ∑

j U∗µj Ueje
−im2

jL/2E
∣∣∣2

Elimate U∗µ1Ue1

using unitarity of U.
Use ∆ij = δm2

ijL/4E = 1.27δm2
ijL/E

Pµ→e =
∣∣ 2U∗µ3Ue3 sin∆31e−i∆32 + 2U∗µ2Ue2 sin∆21

∣∣2
Square of Atmospheric+Solar amplitude:

U∗µ3Ue3 = s23s13c13e∓iδ for ν and ν̄:

Approx. U∗µ2Ue2 ≈ c23c13s12c12 +O(s13):

Pµ→e ≈
∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2
Interference term different for ν and ν̄: CP violation !!!
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 Long BaseLine:



where
√

Patm = sin θ23 sin 2θ13 sin∆31

and
√

Psol = cos θ23 sin 2θ12 sin∆21

where
√

Patm = sin θ23 sin 2θ13
sin(∆31∓aL)
(∆31∓aL) ∆31

and
√

Psol = cos θ23 sin 2θ12
sin(aL)
(aL) ∆21
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Pµ→e ≈ | √
Patme−i(∆31±δ) +

√
Psol |2

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E and ± =

sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31
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νµ → νe

Pµ→e =
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j U∗µj Ueje
−im2

jL/2E
∣∣∣2

Elimate U∗µ1Ue1

using unitarity of U.
Use ∆ij = δm2

ijL/4E = 1.27δm2
ijL/E

Pµ→e =
∣∣ 2U∗µ3Ue3 sin∆31e−i∆32 + 2U∗µ2Ue2 sin∆21

∣∣2
Square of Atmospheric+Solar amplitude:
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Vacuum LBL:

Pµ→e ≈ | √
Patme−i(∆32±δ) +

√
Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31
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Within ν Standard Model

The Big Questions to be Addressed are

• νe fraction of ν3: – sin2 θ13

•mass hierarchy: – sign of δm2
31

• CP violation: – sin δ != 0

Other Questions

• θ23 ↔ π
2 − θ23

• sign of cos δ = ±
√

1− sin2 δ

– Typeset by FoilTEX – 9
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Off-Axis Beams:
BNL 1994

Proposed Experiments:

Narrow Beams - Counting Expts:

L=295 km and
Energy at Vac. Osc. Max. (vom)

Evom = 0.6 GeV
{

δm2
32

2.5×10−3 eV 2

}

L=700 - 1000 km and
Energy near 2 GeV

Evom = 1.8 GeV
{

δm2
32

2.5×10−3 eV 2

}
×{

L
820 km

}
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0.75  upgrade to  4 MW 0.4  upgrade to  2 MW

T2K NOvA

Neutrino v Anti-Neutrino  One Expt.

〈sin δ〉+ − 〈sin δ〉− = 2〈θ〉/θcrit ≈ 1.4

√
sin2 2θ13

0.05

〈sin δ〉+ − 〈sin δ〉− = 2〈θ〉/θcrit ≈ 0.47

√
sin2 2θ13

0.05

(ρL) for NOvA three times larger than (ρL) than T2K.

θcrit = π2

8
sin 2θ12
tan θ23

δm2
21

δm2
31

/(aL) ∼ 1/6

〈sin δ〉+ − 〈sin δ〉−

≈ 0.5

√
sin2 2θ13

0.05

〈sin δ〉+ − 〈sin δ〉−
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0.75  upgrade to  4 MW 0.4  upgrade to  2 MW

T2K NOvA

〈sin δ〉+ − 〈sin δ〉− = 2〈θ〉/θcrit ≈ 1.5

√
sin2 2θ13

0.05

〈sin δ〉+ − 〈sin δ〉− = 2〈θ〉/θcrit ≈ 0.5

√
sin2 2θ13

0.05

(ρL) for NOvA three times larger than (ρL) than T2K.
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〈sin δ〉+ − 〈sin δ〉− = 2〈θ〉/θcrit ≈ 1.4

√
sin2 2θ13

0.05

〈sin δ〉+ − 〈sin δ〉− = 2〈θ〉/θcrit ≈ 0.47

√
sin2 2θ13

0.05

i.e. sin2 2θcrit = 0.10

(ρL) for NOvA three times larger than (ρL) than T2K.

θcrit = π2

8
sin 2θ12
tan θ23

δm2
21

δm2
31

/(aL) ∼ 1/6

〈sin δ〉+ − 〈sin δ〉−

≈ 0.5

√
sin2 2θ13

0.05
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• 28 GeV protons. 1 MW beam power. Horn focussed

• 500 kT water Cherenkov detector.  

• baseline > 2500 km.  WIPP, Henderson, Homestake

• We have proven by 3 years of work that this can be done.

 

2540 km

Homestake
BNL

AGS Super Neutrino Beam Facility Horn Geometry

BNL Wide Band. Proton Energy = 28 GeV
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Figure 6.7: Wide band horn focused muon neutrino spectrum for 28 GeV protons on a graphite
target.

BNL Wide Band. Proton Energy = 28 GeV
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Figure 6.8: Wide band horn focused muon antineutrino spectrum for 28 GeV protons on a
graphite target.
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Numerous Approaches to Studying νµ↔ νe Transitions:

• Off Axis - Narrow Band Beams νµ → νe (T2K and NOvA)

• On Axis - Broadband Beam νµ → νe (BNL 2 HSK)

• Neutrino Factory νe → νµ

• Beta Beams νe → νµ

On Axis Beams:
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Off Axis:

see Kajita talk:
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SUMMARY
neutrino mass ⇔ flavor change

Unknowns:

• Majorana v Dirac

• Mass Hierarchy m3 > m2 > m1 OR m2 > m1 > m3

using |Ue3|2 < |Ue2|2 < |Ue1|2

• fraction of νe in ν3 (< 4%)

• Is CP violated ? sin δ "= 0

• Mass of Heaviest Neutrino

• Mass of Lightest Neutrino
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SUMMARY
neutrino mass ⇔ flavor change

Unknowns:

• Majorana v Dirac

• Light Steriles ???

• Mass Hierarchy m3 > m2 > m1 OR m2 > m1 > m3

using |Ue3|2 < |Ue2|2 < |Ue1|2

• fraction of νe in ν3 (< 4%)

• Is CP violated ? sin δ "= 0

• Mass of Heaviest Neutrino

• Mass of Lightest Neutrino

• New Interactions, Surprises !!!
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Geordi La Forge:

in “The Enemy”

Star Trek: The Next Generation

The visor “sees”

Neutrinos!!!

... but this requires special
New Physics !!!


