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“The” ν Standard Model

• 3 light (mi <1 eV) Majorana Neutrinos: ⇒ only 2 δm2

• Only Active flavors (no steriles): e, µ, τ

• Unitary Mixing Matrix:
3 angles (θ12, θ23, θ13), 1 Dirac phase (δ), 2 Majorana phases (α2,α3)

|νe, νµ, ντ〉Tflavor = Uαi |ν1, ν2, ν3〉Tmass

Uαi =

 1
c23 s23

−s23 c23

 c13 s13e−iδ

1
−s13eiδ c13

 c12 s12

−s12 c12

1

 1
eiα

eiβ


Atmos. L/E µ→ τ Atmos. L/E µ↔ e Solar L/E e→ µ, τ 0νββ decay

500km/GeV 15km/MeV

– Typeset by FoilTEX – 1

In oscillation phenomena,

the phases α, β are unobservable (UαiU
∗
βi)

as well as the value of mlite (δm2).

In 0νββ decay

only a combination of the phases α, β observable

in this CP conserving phenomena.
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Low Energy CP violation
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FIG. 4: (a) Neutrino oscillation parameter allowed region from KamLAND anti-neutrino data (shaded regions) and solar neutrino experiments

(lines) [12]. (b) Result of a combined two-neutrino oscillation analysis of KamLAND and the observed solar neutrino fluxes under the

assumption of CPT invariance. The fit gives ∆m
2 = 7.9+0.6

−0.5×10−5 eV2 and tan
2
θ = 0.40+0.10

−0.07 including the allowed 1-sigma parameter

range.

C.L., but this region is not consistent with the LMA region

determined from solar neutrino experiments assuming CPT

invariance.

A two-flavor analysis of the KamLAND data and the ob-

served solar neutrino fluxes [13], with the assumption of CPT

invariance, restricts the allowed ∆m2-tan2 θ parameters in

Fig. 4b. The sensitivity in ∆m2 is dominated by the observed

distortion in the KamLAND spectrum, while solar neutrino

data provide the best constraint on θ. The combined analysis

gives ∆m2 = 7.9+0.6
−0.5×10−5 eV2 and tan2 θ = 0.40+0.10

−0.07.

The conclusion that the LMA II region is excluded is

strengthened by the present result. The observed distortion

of the spectral shape supports the conclusion that the obser-

vation of reactor νe disappearance is due to neutrino oscilla-

tion. Statistical uncertainties in the KamLAND data are now

on the same level as systematic uncertainties. Current efforts

to perform full-volume source calibrations and a reevaluation

of reactor power uncertainties should reduce the systematic

uncertainties.
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FIG. 4: (a) Neutrino oscillation parameter allowed region from KamLAND anti-neutrino data (shaded regions) and solar neutrino experiments

(lines) [12]. (b) Result of a combined two-neutrino oscillation analysis of KamLAND and the observed solar neutrino fluxes under the

assumption of CPT invariance. The fit gives ∆m
2 = 7.9+0.6

−0.5×10−5 eV2 and tan
2
θ = 0.40+0.10

−0.07 including the allowed 1-sigma parameter

range.

C.L., but this region is not consistent with the LMA region

determined from solar neutrino experiments assuming CPT

invariance.

A two-flavor analysis of the KamLAND data and the ob-

served solar neutrino fluxes [13], with the assumption of CPT

invariance, restricts the allowed ∆m2-tan2 θ parameters in

Fig. 4b. The sensitivity in ∆m2 is dominated by the observed

distortion in the KamLAND spectrum, while solar neutrino

data provide the best constraint on θ. The combined analysis

gives ∆m2 = 7.9+0.6
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−0.07.

The conclusion that the LMA II region is excluded is

strengthened by the present result. The observed distortion

of the spectral shape supports the conclusion that the obser-

vation of reactor νe disappearance is due to neutrino oscilla-

tion. Statistical uncertainties in the KamLAND data are now

on the same level as systematic uncertainties. Current efforts

to perform full-volume source calibrations and a reevaluation

of reactor power uncertainties should reduce the systematic
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Figure 3. Schematic view of the KamLAND detector.

The analysis threshold of 2.6 MeV for visible energy increases the error from anti-neutrino
spectra from 2.3 to 2.5%. Then, the total systematic error of the anti-neutrino signal rate except
for a detector part was obtained as 3.4%.

3. KamLAND detector

3.1. Apparatus

KamLAND is a monolithic liquid-scintillator detector located at longitude 137◦18′43.495′′,
latitude 36◦25′35.562′′ in the Japanese geodetic system 2000 based on international terrestrial
reference frame and geodetic reference system 1980. Its altitude is 358 m and it is covered by
2700 m water-equivalent mountain rock under Mt. Ikenoyama (1368 m).As shown in figure 3, the
detector contains 1200 m3 liquid scintillator (LS: 1,2,4-trimethylbenzene, 20%; dodecane, 80%
and PPO, 1.52 g l−1 as a fluor) and 1800 m3 buffer oil (BO: dodecane, 50% and isoparaffin, 50%)

New Journal of Physics 6 (2004) 147 (http://www.njp.org/)
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Figure 12. The ratio of observed event rate to no-oscillation expectation is
plotted as a function of L0/Eν̄e . The energy spectrum is rebinned according to
L0 over Eν̄e and the constant L0 is chosen at 180 km as a relevant distance.
Histograms are for the best-fit-oscillation, decay and decoherence considering
real distance distribution of reactors and detector responses. Only the dashed sine
curve represents oscillatory behaviour for the best-fit oscillation parameter as if
only one reactor existed at a 180 km distance. Results from previous short baseline
experiments are also plotted.

as shown by the green solid histogram in the figure. It clearly shows about one full phase of
the oscillation. The oscillatory behaviour is compared with a neutrino decay model [23] and
a decoherence model [24]. Surveys of parameter spaces resulted in the best-fit parameters
of decay and decoherence as (sin2 θ, m/cτ) = (1.0, 0.011 MeV km−1) and (sin2 2θ, γ0) =
(1.0, 0.028 MeV km−1), respectively. The expected L/E dependences of these parameters
are also plotted in figure 12. Their monotonically decreasing ratio does not agree with the
observed oscillatory pattern, and the goodness-of-fit for these parameters using the Pearson-χ2

are only 5% (χ2
P/d.o.f. = 30.1/18) for decay and 6% (χ2

P/d.o.f. = 28.6/18) for decoherence.
Naively considering &χ2 from the oscillation (χ2

P/d.o.f. = 18.3/18), the oscillation is favoured
over decay and decoherence more than 99% level. Now, KamLAND alone can conclude the
observation of neutrino oscillation without a help of solar neutrino results and an assumption of
CPT invariance.

4.3. Measurement of neutrino oscillation parameters

The allowed region of two neutrino oscillation parameters from the updated data set is shown
in figure 13. Comparing with the first result, the precision of the parameter determination
has been significantly improved. The allowed region from solar neutrino results shown in
the figure uses the neutrino flux from BP2004 [5]. The best-fit point from KamLAND is
(sin2 2θ, &m2) = (0.83, 8.3 × 10−5 eV2) and sits in the LMA1 region. Maximal mixing of the
LMA1 region is allowed at the 79% CL. The LMA2 region barely appears at the 99.73% CL
(allowed at the 99.6% CL) while the LMA0 is allowed at the 94% CL.

New Journal of Physics 6 (2004) 147 (http://www.njp.org/)
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FIG. 2: (a) The correlation between the prompt and delayed event

energies after cuts. The three events with Edelayed ∼ 5 MeV are

consistent with neutron capture on carbon. (b) Prompt event energy

spectrum of νe candidate events with associated background spectra.

The shaded band indicates the systematic error in the best-fit reactor

spectrum above 2.6 MeV.

event energy after all selection cuts except for the Edelayed

cut. The prompt energy spectrum above 2.6 MeV is shown in

Fig. 2b. The data evaluation method with an unbinned max-

imum likelihood fit to two-flavor neutrino oscillation is sim-

ilar to the method used previously [1]. In the present analy-

sis, we account for the 9Li, accidental and the 13C(α,n)16O

background rates. For the (α,n) background, the contri-

bution around 6 MeV is allowed to float because of uncer-

tainty in the cross section, while the contributions around

2.6 MeV and 4.4 MeV are constrained to within 32% of the

estimated rate. We allow for a 10% energy scale uncer-

tainty for the 2.6 MeV contribution due to neutron quench-

ing uncertainty. The best-fit spectrum together with the back-

grounds is shown in Fig. 2b; the best-fit for the rate-and-shape

analysis is ∆m2 = 7.9+0.6
−0.5×10−5 eV2 and tan2 θ = 0.46, with

a large uncertainty on tan2 θ. A shape-only analysis gives

∆m2 = (8.0± 0.5)×10−5 eV2 and tan2 θ = 0.76.

Taking account of the backgrounds, the Baker-Cousins χ2

for the best-fit is 13.1 (11 DOF). To test the goodness-of-fit

we follow the statistical techniques in Ref. [7]. First, the

data are fit to a hypothesis to find the best-fit parameters.

Next, we bin the energy spectrum of the data into 20 equal-

probability bins and calculate the Pearson χ2 statistic (χ2
p)

for the data. Based on the particular hypothesis 10,000 spec-

tra were generated using the parameters obtained from the

data and χ2
p was determined for each spectrum. The con-

fidence level of the data is the fraction of simulated spectra

with a higher χ2
p. For the best-fit oscillation parameters and

the a priori choice of 20 bins, the goodness-of-fit is 11.1%
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FIG. 3: Ratio of the observed νe spectrum to the expectation for no-

oscillation versus L0/E. The curves show the expectation for the best-

fit oscillation, best-fit decay and best-fit decoherence models taking

into account the individual time-dependent flux variations of all re-

actors and detector effects. The data points and models are plotted

with L0=180 km, as if all anti-neutrinos detected in KamLAND were

due to a single reactor at this distance.

with χ2
p /DOF = 24.2/17. The goodness-of-fit of the scaled no-

oscillation spectrum where the normalization was fit to the

data is 0.4% (χ2
p /DOF = 37.3/18). We note that the χ2

p and

goodness-of-fit results are sensitive to the choice of binning.

To illustrate oscillatory behavior of the data, we plot in

Fig. 3 the L0/E distribution, where the data and the best-

fit spectra are divided by the expected no-oscillation spec-

trum. Two alternative hypotheses for neutrino disappear-

ance, neutrino decay [8] and decoherence [9], give dif-

ferent L0/E dependences. As in the oscillation analy-

sis, we survey the parameter spaces and find the best-fit

points at (sin2 θ, m/cτ) = (1.0, 0.011 MeV/km) for decay and

(sin2 2θ, γ0) = (1.0, 0.030 MeV/km) for decoherence, using

the notation of the references. Applying the goodness-of-fit

procedure described above, we find that decay has a goodness-

of-fit of only 0.7% (χ2
p /DOF = 35.8/17), while decoherence

has a goodness-of-fit of 1.8% (χ2
p/DOF = 32.2/17). We note

that, while the present best-fit neutrino decay point has already

been ruled out by solar neutrino data [10] and observation of

SN1987A, the decay model is used here as an example of a

scenario resulting in a νe deficit. If we do not assume CPT

invariance and allow the range 0.5 < sin2 θ < 0.75, then the

decay scenario considered here can avoid conflict with solar

neutrino [10] and SN1987A data [11].

The allowed region contours in ∆m2-tan2 θ parameter

space derived from the ∆χ2 values (e.g., ∆χ2 < 5.99 for 95%

C.L.) are shown in Fig. 4a. The best-fit point is in the region

commonly characterized as LMA I. Maximal mixing for val-

ues of ∆m2 consistent with LMA I is allowed at the 62.1%

C.L. Due to distortions in the spectrum, the LMA II region

(at ∆m2∼2×10−4 eV2) is disfavored at the 98.0% C.L., as

are larger values of ∆m2 previously allowed by KamLAND.

The allowed region at lower ∆m2 is disfavored at the 97.5%

12- Sector (Solar)

P = 1 − sin
2
2θ! sin

2
δm2

!L

4E

Pure Vac. Osc.
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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),
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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),
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TABLE XXVI: Day-night integral fluxes from a shape-unconstrained

signal extraction, with the constraint ANC ≡ 0. Fluxes are in units of

106 neutrinos cm−2 sec−1.

Signal Day flux Night flux Asymmetry

CC 1.71 ± 0.08 ± 0.09 1.65 ± 0.08 ± 0.09 −0.037 ± 0.063 ± 0.032

ES 2.18 ± 0.34 ± 0.14 2.53 ± 0.32 ± 0.16 0.153 ± 0.198 ± 0.030

NC 4.93 ± 0.21 ± 0.36 ANC ≡ 0

variations of the isotropy parameter β14, and diurnal variations

in energy scale and vertex shift. For the ES rate, directional

systematics are significant. However, the overall uncertainties

on all asymmetries are ultimately limited by statistics.

C. Shape-Constrained Day-Night Asymmetries

A variant of the preceding analysis is to constrain the day

and night νe energy spectra to follow an undistorted 8B shape.

This corresponds to an energy-independent oscillation prob-

ability that varies between night and day. The NC rate was

again allowed to vary in the fit. It should be noted that stan-

dard neutrino oscillations with mixing parameters in the LMA

region do not predict energy-independent day-night asymme-

tries. The derived asymmetries under the assumption that the

CC and ES energy spectra are undistorted, but allowing them

to have different normalizations between night and day, are

ACC = −0.021 ± 0.063 ± 0.035

ANC = 0.018 ± 0.079 ± 0.052

AES = 0.066 ± 0.198 ± 0.057. (17)

D. Day-Night Asymmetries with the ConstraintANC ≡ 0

In the previous two subsections the NC flux was allowed

to vary in the fit between the day and night data sets. Under

the standard picture of matter-enhanced neutrino oscillations,

ANC should be zero. This prediction has been confirmed by

the results of the previous two subsections. When determin-

ing the best estimate of the day-night asymmetry on the elec-

tron neutrino flux, assuming standard neutrino oscillations, it

is appropriate to constrain ANC. This constraint has been ap-

plied by simultaneously fitting the day and night data sets, not

allowing φNC to vary between night and day.

The additional constraint of ANC ≡ 0 reduces the statisti-

cal uncertainties on ACC and AES. It also produces a modest

covariance between the day and night fluxes, due to their com-

mon covariance with φNC. In contrast, without a constraint on

ANC the day and night neutrino fits are statistically indepen-

dent.

The day and night neutrino fluxes were fit in a shape-

unconstrained analysis, requiring ANC ≡ 0. Table XXVI gives

the day and night integral fluxes from this fit, and the NC flux.

No statistically significant asymmetries are observed. Forcing

ANC ≡ 0 results in some reduction in |ACC|, as expected from
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FIG. 33: (a) Day and night extracted CC energy spectra with statisti-

cal uncertainties only. Bin values are expressed in units of equivalent
8B flux, normalized such that the sum of the flux bin values above 5.5

MeV equals the total integral 8B neutrino flux above 0 MeV, as deter-

mined for the day and night integral fluxes quoted in section XII(D)

(see Appendix A). (b) Difference night - day between the spectra. In

both figures, the final bin extends to 20 MeV.

the anti-correlation of CC and NC event totals in the signal

extraction.

Figures 31(b) and 33 show the CC asymmetry as a function

of electron energy and the day and night CC energy spectra,

binned by electron energies. The additional constraint does

not significantly change the results. Table XXVII presents the

systematic uncertainties on ACC and AES for this analysis.

E. Shape-Constrained Day-Night Asymmetries with the

ConstraintANC ≡ 0

For the sake of completeness the analysis of Sec. XII C has

been repeated with the additional constraint that ANC ≡ 0. The

results are

ACC = −0.015 ± 0.058 ± 0.027

AES = 0.070 ± 0.197 ± 0.054. (18)
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TABLE XXVI: Day-night integral fluxes from a shape-unconstrained

signal extraction, with the constraint ANC ≡ 0. Fluxes are in units of

106 neutrinos cm−2 sec−1.

Signal Day flux Night flux Asymmetry

CC 1.71 ± 0.08 ± 0.09 1.65 ± 0.08 ± 0.09 −0.037 ± 0.063 ± 0.032

ES 2.18 ± 0.34 ± 0.14 2.53 ± 0.32 ± 0.16 0.153 ± 0.198 ± 0.030

NC 4.93 ± 0.21 ± 0.36 ANC ≡ 0

variations of the isotropy parameter β14, and diurnal variations

in energy scale and vertex shift. For the ES rate, directional

systematics are significant. However, the overall uncertainties

on all asymmetries are ultimately limited by statistics.

C. Shape-Constrained Day-Night Asymmetries

A variant of the preceding analysis is to constrain the day

and night νe energy spectra to follow an undistorted 8B shape.

This corresponds to an energy-independent oscillation prob-

ability that varies between night and day. The NC rate was

again allowed to vary in the fit. It should be noted that stan-

dard neutrino oscillations with mixing parameters in the LMA

region do not predict energy-independent day-night asymme-

tries. The derived asymmetries under the assumption that the

CC and ES energy spectra are undistorted, but allowing them

to have different normalizations between night and day, are

ACC = −0.021 ± 0.063 ± 0.035

ANC = 0.018 ± 0.079 ± 0.052

AES = 0.066 ± 0.198 ± 0.057. (17)

D. Day-Night Asymmetries with the ConstraintANC ≡ 0

In the previous two subsections the NC flux was allowed

to vary in the fit between the day and night data sets. Under

the standard picture of matter-enhanced neutrino oscillations,

ANC should be zero. This prediction has been confirmed by

the results of the previous two subsections. When determin-

ing the best estimate of the day-night asymmetry on the elec-

tron neutrino flux, assuming standard neutrino oscillations, it

is appropriate to constrain ANC. This constraint has been ap-

plied by simultaneously fitting the day and night data sets, not

allowing φNC to vary between night and day.

The additional constraint of ANC ≡ 0 reduces the statisti-

cal uncertainties on ACC and AES. It also produces a modest

covariance between the day and night fluxes, due to their com-

mon covariance with φNC. In contrast, without a constraint on

ANC the day and night neutrino fits are statistically indepen-

dent.

The day and night neutrino fluxes were fit in a shape-

unconstrained analysis, requiring ANC ≡ 0. Table XXVI gives

the day and night integral fluxes from this fit, and the NC flux.

No statistically significant asymmetries are observed. Forcing

ANC ≡ 0 results in some reduction in |ACC|, as expected from
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FIG. 33: (a) Day and night extracted CC energy spectra with statisti-

cal uncertainties only. Bin values are expressed in units of equivalent
8B flux, normalized such that the sum of the flux bin values above 5.5

MeV equals the total integral 8B neutrino flux above 0 MeV, as deter-

mined for the day and night integral fluxes quoted in section XII(D)

(see Appendix A). (b) Difference night - day between the spectra. In

both figures, the final bin extends to 20 MeV.

the anti-correlation of CC and NC event totals in the signal

extraction.

Figures 31(b) and 33 show the CC asymmetry as a function

of electron energy and the day and night CC energy spectra,

binned by electron energies. The additional constraint does

not significantly change the results. Table XXVII presents the

systematic uncertainties on ACC and AES for this analysis.

E. Shape-Constrained Day-Night Asymmetries with the

ConstraintANC ≡ 0

For the sake of completeness the analysis of Sec. XII C has

been repeated with the additional constraint that ANC ≡ 0. The

results are

ACC = −0.015 ± 0.058 ± 0.027

AES = 0.070 ± 0.197 ± 0.054. (18)
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FIG. 35: (a) Global neutrino oscillation analysis using only so-

lar neutrino data, and (b) including KamLAND 766 ton-year data.

The solar neutrino data included SNO’s pure D2O phase day and

night spectra, SNO’s salt phase extracted day and night CC spectra

and ES and NC fluxes, the rate measurements from the Cl, SAGE,

Gallex/GNO, and SK-I zenith spectra. The 8B flux was free in the

fit; hep solar neutrinos were fixed at 9.3 × 103 cm−2 s−1. The stars

are plotted at the best-fit parameters from the χ2 analysis, listed in

Table XXVIII.

The top panel in Fig. 35 shows the allowed region for

a global oscillation analysis that included data from all so-

lar neutrino experiments. The best-fit oscillation parameters,

with 1σ uncertainties on the 2-dimensional parameter region

given, are ∆m2 = 6.5+4.4
−2.3 × 10−5 eV2, tan2 θ = 0.45+0.09

−0.08
, with

a best-fit χ2 = 113.1 for 116 degrees of freedom in the global

solar χ2 analysis. The lower panel shows the results of the

analysis when the 766 ton-year data from KamLAND [61]

were also included. The best-fit parameters from the global

solar plus KamLAND analysis are: ∆m2 = 8.0+0.6
−0.4×10−5 eV2,

θ = 33.9+2.4
−2.2 degrees, fB = 4.93 × 106 cm−2 s−1, where the 1σ

uncertainties on the 2-dimensional parameter region are given.

The inclusion of KamLAND data shifts the best-fit ∆m2 value

but this shift is perfectly consistent with the global solar neu-

trino constraints and gives a χ2 = 113.6 for the solar neutrino

part of the calculation. A summary of the best-fit oscillation

parameters and their ranges within the allowed LMA regions

appears in Table XXVIII. SNO data are providing strong con-

straints on the mixing angle.

TABLE XXVIII: Best-fit neutrino oscillation parameters. Uncertain-

ties listed are ±1σ for the 2-D parameter regions (and only within

the LMA region for the SNO-only analysis).

Oscillation analysis ∆m2 (10−5 eV2) tan2 θ
SNO-only 5.0+6.2

−1.8 0.45+0.11
−0.10

Global solar 6.5+4.4
−2.3 0.45+0.09

−0.08

Solar plus KamLAND 8.0+0.6
−0.4 0.45+0.09

−0.07

Compared to [12] the inclusion of the 391-day salt data

set (with spectral and day-night information) in the oscilla-

tion analysis moves the allowed oscillation region to slightly

larger mixing angles. This is due to the larger central value

of the φCC /φNC ratio found in the present analysis. The 2004

KamLAND data [61] have already tightly constrained the pa-

rameter ∆m2. In terms of individual uncertainties the results

become ∆m2 = 8.0+0.4
−0.3 × 10−5 eV2 and θ = 33.9+1.6

−1.6 degrees,

where the uncertainties were obtained as 1-dimensional pro-

jections of the respective parameter while marginalizing the

uncertainties in the other.

TABLE XXIX: Comparison of SNO total active 8B solar neutrino

flux measurements and solar model predictions.

Source Total 8B Flux (106 cm−2 s−1)

SNO pure D2O phase NC 5.09+0.44
−0.43

(stat.)+0.46
−0.43(syst.)

above, energy unconstrained 6.42 ± 1.57(stat.)+0.55
−0.58

(syst.)

SNO salt phase NC 4.94 ± 0.21(stat.)+0.34
−0.38

(syst.)

SNO salt day NC 4.81 ± 0.31(stat.) ± 0.39(syst.)

SNO salt night NC 5.02 ± 0.29(stat.) ± 0.41(syst.)

SNO-only oscillation fit 5.11

global solar fit 5.06

solar plus KamLAND fit 4.93

BS05(OP) [13] 5.69 ± 0.91

BS05(AGS,OP) [13] 4.51 ± 0.72

BP04 [11] 5.79 ± 1.33

BP2000 [10] 5.05+1.01
−0.81

TC04 tac A [14] 4.25

TC04 seismic [14] 5.31 ± 0.6

The total active 8B solar neutrino flux, measured by the NC

reaction, has been presented in several ways in SNO analyses.

Table XXIX lists SNO measured (or fit) values and fluxes pre-

dicted by solar models. In the first row, the SNO NC flux was

extracted assuming an undistorted 8B spectrum (for the null

hypothesis test). All subsequent values in the table are free

from that assumption. The salt phase NC value (this work)

is the most precise and appropriate one to compare with solar

models. The agreement between solar models and this mea-

surement is good.

Based on the best-fit parameters from the global solar plus

KamLAND analysis, the predicted CC electron energy spec-

trum is determined. In Fig. 36, this prediction is compared
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FIG. 35: (a) Global neutrino oscillation analysis using only so-

lar neutrino data, and (b) including KamLAND 766 ton-year data.

The solar neutrino data included SNO’s pure D2O phase day and

night spectra, SNO’s salt phase extracted day and night CC spectra

and ES and NC fluxes, the rate measurements from the Cl, SAGE,

Gallex/GNO, and SK-I zenith spectra. The 8B flux was free in the

fit; hep solar neutrinos were fixed at 9.3 × 103 cm−2 s−1. The stars

are plotted at the best-fit parameters from the χ2 analysis, listed in

Table XXVIII.

The top panel in Fig. 35 shows the allowed region for

a global oscillation analysis that included data from all so-

lar neutrino experiments. The best-fit oscillation parameters,

with 1σ uncertainties on the 2-dimensional parameter region

given, are ∆m2 = 6.5+4.4
−2.3 × 10−5 eV2, tan2 θ = 0.45+0.09

−0.08
, with

a best-fit χ2 = 113.1 for 116 degrees of freedom in the global

solar χ2 analysis. The lower panel shows the results of the

analysis when the 766 ton-year data from KamLAND [61]

were also included. The best-fit parameters from the global

solar plus KamLAND analysis are: ∆m2 = 8.0+0.6
−0.4×10−5 eV2,

θ = 33.9+2.4
−2.2 degrees, fB = 4.93 × 106 cm−2 s−1, where the 1σ

uncertainties on the 2-dimensional parameter region are given.

The inclusion of KamLAND data shifts the best-fit ∆m2 value

but this shift is perfectly consistent with the global solar neu-

trino constraints and gives a χ2 = 113.6 for the solar neutrino

part of the calculation. A summary of the best-fit oscillation

parameters and their ranges within the allowed LMA regions

appears in Table XXVIII. SNO data are providing strong con-

straints on the mixing angle.

TABLE XXVIII: Best-fit neutrino oscillation parameters. Uncertain-

ties listed are ±1σ for the 2-D parameter regions (and only within

the LMA region for the SNO-only analysis).

Oscillation analysis ∆m2 (10−5 eV2) tan2 θ
SNO-only 5.0+6.2

−1.8 0.45+0.11
−0.10

Global solar 6.5+4.4
−2.3 0.45+0.09

−0.08

Solar plus KamLAND 8.0+0.6
−0.4 0.45+0.09

−0.07

Compared to [12] the inclusion of the 391-day salt data

set (with spectral and day-night information) in the oscilla-

tion analysis moves the allowed oscillation region to slightly

larger mixing angles. This is due to the larger central value

of the φCC /φNC ratio found in the present analysis. The 2004

KamLAND data [61] have already tightly constrained the pa-

rameter ∆m2. In terms of individual uncertainties the results

become ∆m2 = 8.0+0.4
−0.3 × 10−5 eV2 and θ = 33.9+1.6

−1.6 degrees,

where the uncertainties were obtained as 1-dimensional pro-

jections of the respective parameter while marginalizing the

uncertainties in the other.

TABLE XXIX: Comparison of SNO total active 8B solar neutrino

flux measurements and solar model predictions.

Source Total 8B Flux (106 cm−2 s−1)

SNO pure D2O phase NC 5.09+0.44
−0.43

(stat.)+0.46
−0.43(syst.)

above, energy unconstrained 6.42 ± 1.57(stat.)+0.55
−0.58

(syst.)

SNO salt phase NC 4.94 ± 0.21(stat.)+0.34
−0.38

(syst.)

SNO salt day NC 4.81 ± 0.31(stat.) ± 0.39(syst.)

SNO salt night NC 5.02 ± 0.29(stat.) ± 0.41(syst.)

SNO-only oscillation fit 5.11

global solar fit 5.06

solar plus KamLAND fit 4.93

BS05(OP) [13] 5.69 ± 0.91

BS05(AGS,OP) [13] 4.51 ± 0.72

BP04 [11] 5.79 ± 1.33

BP2000 [10] 5.05+1.01
−0.81

TC04 tac A [14] 4.25

TC04 seismic [14] 5.31 ± 0.6

The total active 8B solar neutrino flux, measured by the NC

reaction, has been presented in several ways in SNO analyses.

Table XXIX lists SNO measured (or fit) values and fluxes pre-

dicted by solar models. In the first row, the SNO NC flux was

extracted assuming an undistorted 8B spectrum (for the null

hypothesis test). All subsequent values in the table are free

from that assumption. The salt phase NC value (this work)

is the most precise and appropriate one to compare with solar

models. The agreement between solar models and this mea-

surement is good.

Based on the best-fit parameters from the global solar plus

KamLAND analysis, the predicted CC electron energy spec-

trum is determined. In Fig. 36, this prediction is compared
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FIG. 2: LMA Solar Zenith Angle Variation Shapes. The pre-
dictions are for ∆m2 = 6.3 × 10−5eV2 in the energy bins 16
to 20 MeV (top), 12.5 to 13 MeV, 10 to 10.5 MeV, 7.5 to 8
MeV, and 5-5.5 MeV (bottom).

perihelion and eccentricity). After that, the additional
seasonal amplitude variation is 0.48 ± 0.43 times the
eccentricity-induced variation which is consistent with
zero. We search for solar zenith angle variations (em-
ploying the solar zenith angle as the time variable) and
additional seasonal variation due to the oscillation phase
(using the distance between sun and earth). In each bin
i we calculate the rate ri(t) (oscillated Monte Carlo).
From this rate and the live-time distribution the av-
erage (rav

i ), day, and night rates and subsequently the
day/night asymmetry Ai are computed. Using the day
(night) live-times LD (LN ) and the live-time asymme-
try LDN = (LD − LN )/(0.5(LD + LN )), the effective
asymmetry parameter ai = 0.25AiLDN is computed and
zi(α, t) is defined as

zi(α, t) =
1 + α ((1 + ai)ri(t)/rav

i − 1)

1 + α × ai
,

so that r′i(α, t) = zi(α, t) × rav

i has the same average to-
tal rate rav

i , but the day/night asymmetry is Ai × α.
In particular, r′i(0, t) = rav

i is independent of t and
r′i(1, t) = ri(t). Figure 2 shows the expected solar zenith
angle variation shapes zi(1, cos θz) in five different energy
bins using an LMA solution and the density model of the
earth [7].

The resulting likelihood function is maximized with
respect to signal S, the backgrounds Bi, and the asym-
metry scaling parameter α. For the best-fit LMA os-
cillation parameters (which will be described later) we
find α = 0.86± 0.77 which corresponds to the day/night
asymmetry

ADN = −1.8 ± 1.6(stat)+1.3
−1.2(syst)%

where −2.1% is expected for these parameters. The sta-
tistical uncertainty is reduced by 25% with this likelihood
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FIG. 3: LMA Spectrum (top) and D/N Asymmetry (bottom).
The predictions (solid lines) are for tan2 θ = 0.55 and ∆m2 =
6.3 × 10−5eV2 with φ8B = 0.96×Standard Solar Model [8]
and φhep = 3.6×Standard Solar Model. Each energy bin is fit
independently to the rate (top) and the day/night asymmetry
(bottom). The gray bands are the ±1σ ranges corresponding
to the fitted value over the entire range 5-20 MeV: A = −1.8±
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FIG. 4: SK Day/Night Asymmetry as a Function of ∆m2.
The solid line is expected from two-neutrino oscillations, the
band (±1σ) results from the fit to the SK data. The mixing
angle tan2 θ = 0.55 is used. Overlaid are the allowed ranges
in ∆m2 (cross-hatched bands) from the KamLAND experi-
ment [4]. The second band (LMA-I) is favored.

analysis; however, the resulting day/night asymmetry is
still consistent with zero. Figure 3 shows the fitted rate
(top), as well as the day/night asymmetry (bottom) for
each energy bin separately. The oscillation expectations
are indicated by the solid lines. The asymmetry fit value
and uncertainty depends on the solar zenith angle varia-
tion shapes zi(1, t) which in turn depend on the oscilla-
tion parameters. Figure 4 shows the expected day/night
asymmetry and fit results for each ∆m2 in the LMA re-
gion with the best-fit mixing angle tan2 θ = 0.55. The
expected day/night asymmetry and the ±1σ band of the
fit overlap between 5 − 12 × 10−5eV2.
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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
0

Neutrino Flavor Change in Matter

In matter, coherent forward scattering via —

W

e

e

!e

(  )

!e

(  )

raises the effective mass of !e, and lowers that of !e.

This changes both the spectrum and the mixing angles.

In the earth, it can also lead to —

          P(!"# !$) % P(!"# !$), a fake CP violation.
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νe = sin θN ν2

+ cos θN ν1
ν2 = sin θ0 νe

+cos θ0 νµ+τ

ν1 = cos θ0 νe

− sin θ0 νµ+τ
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13- Sector (Reactor)
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mated to be ±0.6 events for the 2.0 events. Contributions
from various sources to the systematic error are summa-
rized in Table II. Since the horn current and target di-
ameter were different in June 1999 from the other period,
systematic errors are estimated separately for these two
periods and properly weighted to obtain the total sys-
tematic error. The uncertainty in the NC cross-section
gives the largest contribution of +20

−25%. Systematic er-
rors from ring counting and PID are estimated by com-
paring the shape of the MC and data likelihood distri-
butions for cosmic-ray muons and atmospheric neutrino
events. They are assigned to be +15

−13% and ±11%, re-
spectively. Systematic errors from the neutrino energy
spectrum (±1.0%) and far/near ratio (±6.0%) are esti-
mated in the same manner as in Ref. [5]. Systematic
errors from the fiducial volume definition and detection
threshold in the 1KT (ε1KT ) and SK (εSK) are estimated
to be ±4% and ±3%, respectively.

The expected background from beam νe interactions in
SK is estimated to be 0.4 events, which is derived from
the νe/νµ flux ratio predicted by the beam MC simula-
tion and the νµ flux extrapolated from the 1KT mea-
surement. The systematic uncertainty in the number of
beam νe events is estimated to be 0.11 events, which is
dominated by the uncertainty in the νe energy spectrum.
The νe/νµ ratio has been verified by a measurement of
νe events in the FGD [16]. The νe events in the FGD are
selected by requiring 1) a vertex inside the SciFi fiducial
volume, 2) an energy deposit in the PSH of greater than
20 MeV, 2.5 times larger than expected from a muon, 3)
an energy deposited in the LG of greater than 1 GeV,
and 4) no corresponding hits in the MRD. During an
exposure of 2.9 × 1019 POT, 51 electron candidates are
selected with an estimated background of 24 νµ induced
events. The νe/νµ interaction ratio is measured to be
1.6 ± 0.4(stat.)+0.8

−0.6(sys.)% which is in agreement with
the beam MC prediction of 1.3%.

The observation of one electron event in SK is consis-
tent with the expected background of 2.4 events in the
case of no oscillation. A constraint on neutrino oscilla-
tions from νµ to νe is obtained by comparing the observed
number of electron events with the expectation assuming
oscillations. The expected number of electron events is
calculated by

Nexp = NOSC
νe

+ NBG
νµ

+ NBG
νe

, (3)

where NOSC
νe

is the number of electron events induced by
oscillated νe, NBG

νe
is that induced by beam νe, and NBG

νµ

is that induced by both CC and NC interactions of νµ

and NC interactions of νe and ντ from oscillations. The
νµ → νe oscillation signal, NOSC

νe
, depends on the proba-

bility of νe appearance expressed by Eq. 1. The number
of beam νe induced background, NBG

νe
= 0.4, is treated

as a constant, since a contribution of νe → νx oscilla-
tion is negligible. The CC component of NBG

νµ
decreases
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FIG. 2: The confidence interval for νµ → νe oscillations as
a function of the effective ∆m2

µe at 90% C.L. (solid line).
Dashed line indicates 90% C.L. sensitivity of the experiment
for the current statistics. The area to the right of each curve is
excluded. Dotted line shows the limit at 90% C.L. by CHOOZ
assuming sin2 2θµe = 1
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with νµ disappearance observed in K2K and atmospheric
neutrino experiments , depending on the survival proba-
bility,

P (νµ → νµ) = 1 − sin2 2θµµ sin2(1.27∆m2
µµL/E), (4)

where θµµ and ∆m2
µµ are the effective mixing angle and

mass squared difference for νµ disappearance, respec-
tively. In the present analysis, we assume θµµ = π

4
based

on the nearly full mixing observed by atmospheric neu-
trino experiments, and ∆m2

µµ = ∆m2
µe, which is implied

in the framework of 3-flavor neutrino mixing by the small
mass difference found in solar neutrino experiments [17].
Thus, Nexp reduces to a function of two parameters, θµe

and ∆m2
µe.

A probability density function (PDF) for Nexp is con-
structed from the Poisson distribution convoluted with
the systematic uncertainty. Given the observation of
one electron event, the systematic uncertainty has a very
small effect on the derived confidence interval. The confi-
dence interval of sin2 2θµe is calculated using the method
suggested in Ref. [18]. In the calculation, the best-fit pa-
rameters are searched for in the 2-dimensional parameter
space with sin2 2θµe bounded in [0,1].

Figure 2 shows the limit on sin2 2θµe as a function of
∆m2

µe. The experimental limits on the neutrino mixing
for the νµ → νe oscillation hypothesis are given at 90%
C.L. for a parameter region with ∆m2

µe > 6× 10−4 eV2.
Neutrino oscillations from νµ to νe are excluded at 90%

4

mated to be ±0.6 events for the 2.0 events. Contributions
from various sources to the systematic error are summa-
rized in Table II. Since the horn current and target di-
ameter were different in June 1999 from the other period,
systematic errors are estimated separately for these two
periods and properly weighted to obtain the total sys-
tematic error. The uncertainty in the NC cross-section
gives the largest contribution of +20

−25%. Systematic er-
rors from ring counting and PID are estimated by com-
paring the shape of the MC and data likelihood distri-
butions for cosmic-ray muons and atmospheric neutrino
events. They are assigned to be +15

−13% and ±11%, re-
spectively. Systematic errors from the neutrino energy
spectrum (±1.0%) and far/near ratio (±6.0%) are esti-
mated in the same manner as in Ref. [5]. Systematic
errors from the fiducial volume definition and detection
threshold in the 1KT (ε1KT ) and SK (εSK) are estimated
to be ±4% and ±3%, respectively.

The expected background from beam νe interactions in
SK is estimated to be 0.4 events, which is derived from
the νe/νµ flux ratio predicted by the beam MC simula-
tion and the νµ flux extrapolated from the 1KT mea-
surement. The systematic uncertainty in the number of
beam νe events is estimated to be 0.11 events, which is
dominated by the uncertainty in the νe energy spectrum.
The νe/νµ ratio has been verified by a measurement of
νe events in the FGD [16]. The νe events in the FGD are
selected by requiring 1) a vertex inside the SciFi fiducial
volume, 2) an energy deposit in the PSH of greater than
20 MeV, 2.5 times larger than expected from a muon, 3)
an energy deposited in the LG of greater than 1 GeV,
and 4) no corresponding hits in the MRD. During an
exposure of 2.9 × 1019 POT, 51 electron candidates are
selected with an estimated background of 24 νµ induced
events. The νe/νµ interaction ratio is measured to be
1.6 ± 0.4(stat.)+0.8

−0.6(sys.)% which is in agreement with
the beam MC prediction of 1.3%.

The observation of one electron event in SK is consis-
tent with the expected background of 2.4 events in the
case of no oscillation. A constraint on neutrino oscilla-
tions from νµ to νe is obtained by comparing the observed
number of electron events with the expectation assuming
oscillations. The expected number of electron events is
calculated by

Nexp = NOSC
νe

+ NBG
νµ

+ NBG
νe

, (3)

where NOSC
νe

is the number of electron events induced by
oscillated νe, NBG

νe
is that induced by beam νe, and NBG

νµ

is that induced by both CC and NC interactions of νµ

and NC interactions of νe and ντ from oscillations. The
νµ → νe oscillation signal, NOSC

νe
, depends on the proba-

bility of νe appearance expressed by Eq. 1. The number
of beam νe induced background, NBG

νe
= 0.4, is treated

as a constant, since a contribution of νe → νx oscilla-
tion is negligible. The CC component of NBG

νµ
decreases
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FIG. 2: The confidence interval for νµ → νe oscillations as
a function of the effective ∆m2

µe at 90% C.L. (solid line).
Dashed line indicates 90% C.L. sensitivity of the experiment
for the current statistics. The area to the right of each curve is
excluded. Dotted line shows the limit at 90% C.L. by CHOOZ
assuming sin2 2θµe = 1
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with νµ disappearance observed in K2K and atmospheric
neutrino experiments , depending on the survival proba-
bility,

P (νµ → νµ) = 1 − sin2 2θµµ sin2(1.27∆m2
µµL/E), (4)

where θµµ and ∆m2
µµ are the effective mixing angle and

mass squared difference for νµ disappearance, respec-
tively. In the present analysis, we assume θµµ = π

4
based

on the nearly full mixing observed by atmospheric neu-
trino experiments, and ∆m2

µµ = ∆m2
µe, which is implied

in the framework of 3-flavor neutrino mixing by the small
mass difference found in solar neutrino experiments [17].
Thus, Nexp reduces to a function of two parameters, θµe

and ∆m2
µe.

A probability density function (PDF) for Nexp is con-
structed from the Poisson distribution convoluted with
the systematic uncertainty. Given the observation of
one electron event, the systematic uncertainty has a very
small effect on the derived confidence interval. The confi-
dence interval of sin2 2θµe is calculated using the method
suggested in Ref. [18]. In the calculation, the best-fit pa-
rameters are searched for in the 2-dimensional parameter
space with sin2 2θµe bounded in [0,1].

Figure 2 shows the limit on sin2 2θµe as a function of
∆m2

µe. The experimental limits on the neutrino mixing
for the νµ → νe oscillation hypothesis are given at 90%
C.L. for a parameter region with ∆m2

µe > 6× 10−4 eV2.
Neutrino oscillations from νµ to νe are excluded at 90%

K2K:

+7.3 × 10−5eV 2 < δm2
21 < +9.0 × 10−5eV 2

0.25 < sin2 θ12 < 0.37

at the 90 % confidence level.

1.9 × 10−3eV 2 < |δm2
32| < 3.0 × 10−3eV 2

0.36 < sin2 θ23 < 0.64

at the 90 % confidence level.

sin2 θ13 < 0.04

0 < δCP < 2π

limit δm2
31 dependent.
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Summary:
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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
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Quest for νe fraction in ν3: sin2 θ13

• Current LBL (MINOS)

• Atmospheric Neutrinos

• Low and High Energy Solar Neutrinos

• Supernova Neutrinos

• Short Baseline Reactor (Double Chooz, ...)

• Future Long Baseline (T2K, NuMI, BNL2?, ...)

• Neutrino Factories

• Beta Beams
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Hierarchy Quest: sign of δm2
31

• 0νββ decay

• Atmospheric Neutrinos

• Supernova Neutrinos

• Future Long Baseline (NuMI, NuMI+T2K, BNL2? ...)

• Neutrino Factories (hi-γ Beta Beams)
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Quest for CP Violation: sin δ

• Future Long Baseline with Superbeams (T2HK, NuMI, BNL2? ...)

• Neutrino Factories

• Beta Beams
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Quest for νe fraction in ν3: sin2 θ13

• Current LBL (MINOS)

• Atmospheric Neutrinos

• Low and High Energy Solar Neutrinos

• Supernova Neutrinos

• Short Baseline Reactor (Double Chooz, ...)

• Future Long Baseline (T2K, NuMI, BNL2?, ...)

• Neutrino Factories

• Beta Beams
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October 6, 2003 Hisakazu Minakata

WIN03, Lake Geneva, Wisconsin

No indication yet of nonzero !13 from

atmospheric, solar and terrestrial "
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How Good is Good

Enough?

Double Chooz 

Goal

Original Chooz

Detector Error

Short Baseline Reactor (Double Chooz, ...)

νe Survival Probability is

1− P (ν̄e → ν̄e) = 4|Ue3|2(1− |Ue3|2) sin2 ∆eff + O(∆2
21)

where ∆ is the kinematical phase ∆ij = δm2
ijL/4E

and δm2
eff is the effective atmospheric δm2 for νe disappearance:

δm2
eff = cos2 θ12 δm2

31 + sin2 θ12 δm2
32
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Short Baseline Reactor (Double Chooz, ...)

νe Survival Probability is

1− P (ν̄e → ν̄e) = 4|Ue3|2(1− |Ue3|2) sin2 ∆eff + O(∆2
21)

where ∆ is the kinematical phase ∆ij = δm2
ijL/4E

and δm2
eff is the effective atmospheric δm2 for νe disappearance:

δm2
eff = cos2 θ12 δm2

31 + sin2 θ12 δm2
32
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Short Baseline Reactor (Double Chooz, ...)

νe Survival Probability is

1− P (ν̄e → ν̄e) = 4|Ue3|2(1− |Ue3|2) sin2 ∆eff + O(∆2
21)

where ∆ is the kinematical phase ∆ij = δm2
ijL/4E

and δm2
eff is the effective atmospheric δm2 for νe disappearance:

δm2
eff = cos2 θ12 δm2

31 + sin2 θ12 δm2
32
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Short Baseline Reactor (Double Chooz, ...)

νe Survival Probability is

1− P (ν̄e → ν̄e) = 4|Ue3|2(1− |Ue3|2) sin2 ∆eff + O(∆2
21)

where ∆ is the kinematical phase ∆ij = δm2
ijL/4E

and δm2
eff is the effective atmospheric δm2 for νe disappearance:

δm2
eff = cos2 θ12 δm2

31 + sin2 θ12 δm2
32 = m2

3 − (cos2 θ12 m2
1 + sin2 θ12 m2

2)

Direct measurement of νe fraction of ν3:

|Ue3|2 = sin2 θ13 > 0.008 (ultimately to 0.003)

(independent of sign δm2
31, δ etc)

What about δm2
eff ???

LBLs measure sin2 θ23 sin2 θ13 remember θ23 ↔ π/2− θ23 degeneracy!!!
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Short Baseline Reactor (Double Chooz, ...)

νe Survival Probability is

1− P (ν̄e → ν̄e) = 4|Ue3|2(1− |Ue3|2) sin2 ∆eff + O(∆2
21)

where ∆ is the kinematical phase ∆ij = δm2
ijL/4E

and δm2
eff is the effective atmospheric δm2 for νe disappearance:

δm2
eff = cos2 θ12 δm2

31 + sin2 θ12 δm2
32 = m2

3 − (cos2 θ12 m2
1 + sin2 θ12 m2

2)

Direct measurement of νe fraction of ν3:

|Ue3|2 = sin2 θ13 > 0.006 (ultimately to 0.003)

(independent of sign δm2
31, δ etc)

What about δm2
eff ???

LBLs measure sin2 θ23 sin2 θ13

remember θ23 ↔ π/2− θ23 degeneracy!!!
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Nunokawa, Zukanovich +SP
hep-ph/0503282

Short Baseline Reactor (Double Chooz, ...)

νe Survival Probability is

1− P (ν̄e → ν̄e) = 4|Ue3|2(1− |Ue3|2) sin2 ∆eff + O(∆2
21)

where ∆ is the kinematical phase ∆ij = δm2
ijL/4E

and δm2
eff is the effective atmospheric δm2 for νe disappearance:

δm2
eff = cos2 θ12 δm2

31 + sin2 θ12 δm2
32 = m2

3 − (cos2 θ12 m2
1 + sin2 θ12 m2

2)

Direct measurement of νe fraction of ν3:

|Ue3|2 = sin2 θ13 > 0.006 (ultimately to 0.003)

(independent of sign δm2
31, δ etc)

How well can you measure δm2
eff ???

LBLs measure sin2 θ23 sin2 θ13

remember θ23 ↔ π/2− θ23 degeneracy!!!
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Short Baseline Reactor (Double Chooz, ...)

νe Survival Probability is

1− P (ν̄e → ν̄e) = 4|Ue3|2(1− |Ue3|2) sin2 ∆eff + O(∆2
21)

where ∆ is the kinematical phase ∆ij = δm2
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Quest for νe fraction in ν3: sin2 θ13

• Current LBL (MINOS)

• Atmospheric Neutrinos

• Low and High Energy Solar Neutrinos

• Supernova Neutrinos

• Short Baseline Reactor (Double Chooz, ...)

• Future Long Baseline (T2K, NuMI, BNL2?, ...)

• Neutrino Factories

• Beta Beams
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Figure 6: The iso-contours of CC/NC = 0.31 at SNO and QGe = 68.1 SNU in Ga experiments in
the sin2 θ12 − sin2 θ13 plane for different values of ∆m2

21 : ∆m2
21 = 9 · 10−5 eV2 - the dotted lines;

∆m2
21 = 8 · 10−5 eV2 - the solid lines; ∆m2

21 = 7 · 10−5 eV2 - the dashed lines.
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Goswami + Smirnov
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SK - Suzuki

CC
NC ∼ cos2 θ13 sin2 θ12 + · · ·
sin2 θ13 ↑ ⇒ sin2 θ12 ↑
Ga ∼ cos4 θ13 cos4 θ12 + · · ·
sin2 θ13 ↑ ⇒ sin2 θ12 ↓
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sin2 θ13 ↑ ⇒ sin2 θ12 ↓
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νµ → νe

Pµ→e =
∣∣∣ ∑3

j=1 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 ≈ c23s12c12 +O(s13):

Pµ→e ≈
∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23s12c12 sin∆21

∣∣2
Interference term different for ν and ν̄:

CP violation !!! provided ∆32 #= 0
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Pµ→e ≈ Patm + 2
√

PatmPsol cos(∆32 ± δ) + Psol

where

Patm = sin2 θ23 sin2 2θ13 sin2 ∆31

Psol = cos2 θ13 cos2 θ23 sin2 2θ12 sin2 ∆21∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2
Pµ→e ≈

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

∣∣2
At the first atmospheric
oscillation maximum, ∆32 = π

2 ,
the Neutrino-AntiNeutrino
Asymmetry is maximum when

|aatm| = |asol|

sin2 2θ13 ≈ sin2 2θ12
tan2 θ23

[
π
2

δm2
21

δm2
31

]2

At the second oscillation maximum, ∆32 = 3π
2 , the peak in the
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Asymmetry occurs when sin2 2θ13 is 9 times larger. BNL → ???.
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≈ 0.002 !!!
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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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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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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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Figure 1: Shown are (a) the neutrino mass-squared eigenvalues in matter and (b) the ratio

Jm/Jv, for the parameters listed in eq. (15), as a function of the neutrino energy. Positive

energies correspond to neutrinos, and negative energies correspond to anti-neutrinos (vice

versa for inverted δm2’s).

produces a large value of Jm. A quantitative view of the impossibility of matter to produce

a truly large amplitude results when the explicit expression for Jv in eq. (5) is substituted

into eq. (8). The result is

P !T
m = 2 cos θv

31 sin(δv)

[
[(sin 2θ21δm2

21)(sin 2θ32δm2
32)(sin 2θ31δm2

31)]v
[δm2

21 δm2
32 δm2

31]m

]
sin ∆m

21 sin ∆m
32 sin ∆m

31 .

(17)

As seen from eqs. (10) and (13), at either resonance the bracketed factor in this equation does

not become large. What the resonance manages to do is to cancel the small vacuum value of

sin 2θv
21 or sin 2θv

31 in the amplitude (16Jv) of the T-violating oscillation. But accompanying

even this cancellation is a negative consequence for the associated oscillation lengths, to

which we now turn.

3 Baseline Limitations

A significant enhancement of T-violating oscillation amplitudes requires a small-angle reso-

nance. The conditions for this are either

δm2
21|m ! δm2

21|v or δm2
32|m ! δm2

21|v . (18)

6

Matter Effects:

sin∆31 ⇒
(

∆31
∆31∓aL

)
sin(∆31 ∓ aL)

sin∆21 ⇒
(

∆21
∆21∓aL

)
sin(∆21 ∓ aL)

sin∆32 ⇒ sin∆32

{δm2 sin 2θ} is invariant
and

a = GFNe/
√

2
= (4000 km)−1

Matter effects are IMPORTANT when sin(∆∓ aL) $= (∆∓ aL).

Matter Effects important for NuMI-OFF-Axis ( 800 km), less so for JParc (295 km).
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T2K: NOvA:

Matter Effects 3 times more important

for NOvA than T2K.

Bi-Probability Diagram:

Minakata+Nunokawa
hep-ph/0108085



The proposed long baseline, off-axis experiments are T2K and NoνA. T2K utilizes a

steerable neutrino beam from JHF and SuperKamiokande and/or HyperKamiokande as

the far detector. The mean energy of the neutrino beam will be tuned to be at vacuum

oscillation maximum, ∆13 = π
2 , which implies a 〈Eν〉 = 0.6 GeV at the baseline of 295

km using |δm2
31| = 2.4 × 10−3eV2 [6]. This is the 3o off-axis beam. For this configuration

the matter effects are small but not neglible [13] as can be seen from the separation of the

allowed regions in the bi-probability diagram, Fig. 1, for this experiment. Applying our

identity, Eqn.[11], to T2K, we find:

〈sin δ〉+ − 〈sin δ〉
−

= 0.47

√
sin2 2θ13

0.05
for T2K (12)

i.e. the difference between the true and fake solutions for the CP violating parameter sin δ

is 0.47 (≈ √
2/3) at sin2 2θ13 = 0.05.

NOνA proposes to use the Fermilab NuMI beam with a baseline of 810 km with a 50 kton

low Z detector which is 10km off-axis resulting in a mean neutrino energy of 2.3 GeV. The

NOνA beam energy is about 30% above the vacuum oscillation maximum energy for this

baseline. Matter effects are quite significant for NOνA as can be seen from the bi-probability

diagram, Fig 2. Applying our identity to NOνA we find:

〈sin δ〉+ − 〈sin δ〉
−

= 1.41

√
sin2 2θ13

0.05
for NOνA. (13)

The difference between the true and fake solutions for the CP violating parameter sin δ

is 1.41 (≈ √
2) at sin2 2θ13 = 0.05. The factor of 3 increase in the difference of the sin δ’s

compared to T2K is due to the coefficient in front of the square root which is proportional to

(aL). The NOνA detector is 2.75 times further away from the source than the T2K detector

and the average density for the NOVA baseline is slightly higher than for the T2K baseline.

Combining the results from T2K and NOνA we note that for the correct hierarchy and

hence the true value of sin δ the results should coincide within uncertainties

| 〈sin δ〉T2K
true − 〈sin δ〉NOνA

true | ≈ 0. (14)

Whereas for the wrong hierarchy, the fake solutions of sin δ are separated by

| 〈sin δ〉T2K
fake − 〈sin δ〉NOνA

fake | = 0.94

√
sin2 2θ13

0.05
. (15)
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The proposed long baseline, off-axis experiments are T2K and NoνA. T2K utilizes a

steerable neutrino beam from JHF and SuperKamiokande and/or HyperKamiokande as

the far detector. The mean energy of the neutrino beam will be tuned to be at vacuum

oscillation maximum, ∆13 = π
2 , which implies a 〈Eν〉 = 0.6 GeV at the baseline of 295

km using |δm2
31| = 2.4 × 10−3eV2 [6]. This is the 3o off-axis beam. For this configuration

the matter effects are small but not neglible [13] as can be seen from the separation of the

allowed regions in the bi-probability diagram, Fig. 1, for this experiment. Applying our

identity, Eqn.[11], to T2K, we find:

〈sin δ〉+ − 〈sin δ〉
−

= 0.47

√
sin2 2θ13

0.05
for T2K (12)

i.e. the difference between the true and fake solutions for the CP violating parameter sin δ

is 0.47 (≈ √
2/3) at sin2 2θ13 = 0.05.

NOνA proposes to use the Fermilab NuMI beam with a baseline of 810 km with a 50 kton

low Z detector which is 10km off-axis resulting in a mean neutrino energy of 2.3 GeV. The

NOνA beam energy is about 30% above the vacuum oscillation maximum energy for this

baseline. Matter effects are quite significant for NOνA as can be seen from the bi-probability

diagram, Fig 2. Applying our identity to NOνA we find:

〈sin δ〉+ − 〈sin δ〉
−

= 1.41

√
sin2 2θ13

0.05
for NOνA. (13)

The difference between the true and fake solutions for the CP violating parameter sin δ

is 1.41 (≈ √
2) at sin2 2θ13 = 0.05. The factor of 3 increase in the difference of the sin δ’s

compared to T2K is due to the coefficient in front of the square root which is proportional to

(aL). The NOνA detector is 2.75 times further away from the source than the T2K detector

and the average density for the NOVA baseline is slightly higher than for the T2K baseline.

Combining the results from T2K and NOνA we note that for the correct hierarchy and

hence the true value of sin δ the results should coincide within uncertainties

| 〈sin δ〉T2K
true − 〈sin δ〉NOνA

true | ≈ 0. (14)

Whereas for the wrong hierarchy, the fake solutions of sin δ are separated by

| 〈sin δ〉T2K
fake − 〈sin δ〉NOνA

fake | = 0.94

√
sin2 2θ13

0.05
. (15)
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The proposed long baseline, off-axis experiments are T2K and NoνA. T2K utilizes a

steerable neutrino beam from JHF and SuperKamiokande and/or HyperKamiokande as

the far detector. The mean energy of the neutrino beam will be tuned to be at vacuum

oscillation maximum, ∆13 = π
2 , which implies a 〈Eν〉 = 0.6 GeV at the baseline of 295

km using |δm2
31| = 2.4 × 10−3eV2 [6]. This is the 3o off-axis beam. For this configuration

the matter effects are small but not neglible [13] as can be seen from the separation of the

allowed regions in the bi-probability diagram, Fig. 1, for this experiment. Applying our

identity, Eqn.[11], to T2K, we find:

〈sin δ〉+ − 〈sin δ〉
−

= 0.47

√
sin2 2θ13

0.05
for T2K (12)

i.e. the difference between the true and fake solutions for the CP violating parameter sin δ

is 0.47 (≈ √
2/3) at sin2 2θ13 = 0.05.

NOνA proposes to use the Fermilab NuMI beam with a baseline of 810 km with a 50 kton

low Z detector which is 10km off-axis resulting in a mean neutrino energy of 2.3 GeV. The

NOνA beam energy is about 30% above the vacuum oscillation maximum energy for this

baseline. Matter effects are quite significant for NOνA as can be seen from the bi-probability

diagram, Fig 2. Applying our identity to NOνA we find:

〈sin δ〉+ − 〈sin δ〉
−

= 1.41

√
sin2 2θ13

0.05
for NOνA. (13)

The difference between the true and fake solutions for the CP violating parameter sin δ

is 1.41 (≈ √
2) at sin2 2θ13 = 0.05. The factor of 3 increase in the difference of the sin δ’s

compared to T2K is due to the coefficient in front of the square root which is proportional to

(aL). The NOνA detector is 2.75 times further away from the source than the T2K detector

and the average density for the NOVA baseline is slightly higher than for the T2K baseline.

Combining the results from T2K and NOνA we note that for the correct hierarchy and

hence the true value of sin δ the results should coincide within uncertainties

| 〈sin δ〉T2K
true − 〈sin δ〉NOνA

true | ≈ 0. (14)

Whereas for the wrong hierarchy, the fake solutions of sin δ are separated by

| 〈sin δ〉T2K
fake − 〈sin δ〉NOνA

fake | = 0.94

√
sin2 2θ13

0.05
. (15)
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The proposed long baseline, off-axis experiments are T2K and NoνA. T2K utilizes a

steerable neutrino beam from JHF and SuperKamiokande and/or HyperKamiokande as

the far detector. The mean energy of the neutrino beam will be tuned to be at vacuum

oscillation maximum, ∆13 = π
2 , which implies a 〈Eν〉 = 0.6 GeV at the baseline of 295

km using |δm2
31| = 2.4 × 10−3eV2 [6]. This is the 3o off-axis beam. For this configuration

the matter effects are small but not neglible [13] as can be seen from the separation of the

allowed regions in the bi-probability diagram, Fig. 1, for this experiment. Applying our

identity, Eqn.[11], to T2K, we find:

〈sin δ〉+ − 〈sin δ〉
−

= 0.47

√
sin2 2θ13

0.05
for T2K (12)

i.e. the difference between the true and fake solutions for the CP violating parameter sin δ

is 0.47 (≈ √
2/3) at sin2 2θ13 = 0.05.

NOνA proposes to use the Fermilab NuMI beam with a baseline of 810 km with a 50 kton

low Z detector which is 10km off-axis resulting in a mean neutrino energy of 2.3 GeV. The

NOνA beam energy is about 30% above the vacuum oscillation maximum energy for this

baseline. Matter effects are quite significant for NOνA as can be seen from the bi-probability

diagram, Fig 2. Applying our identity to NOνA we find:

〈sin δ〉+ − 〈sin δ〉
−

= 1.41

√
sin2 2θ13

0.05
for NOνA. (13)

The difference between the true and fake solutions for the CP violating parameter sin δ

is 1.41 (≈ √
2) at sin2 2θ13 = 0.05. The factor of 3 increase in the difference of the sin δ’s

compared to T2K is due to the coefficient in front of the square root which is proportional to

(aL). The NOνA detector is 2.75 times further away from the source than the T2K detector

and the average density for the NOVA baseline is slightly higher than for the T2K baseline.

Combining the results from T2K and NOνA we note that for the correct hierarchy and

hence the true value of sin δ the results should coincide within uncertainties

| 〈sin δ〉T2K
true − 〈sin δ〉NOνA

true | ≈ 0. (14)

Whereas for the wrong hierarchy, the fake solutions of sin δ are separated by

| 〈sin δ〉T2K
fake − 〈sin δ〉NOνA

fake | = 0.94

√
sin2 2θ13

0.05
. (15)
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!
δ = π/4

The proposed long baseline, off-axis experiments are T2K and NoνA. T2K utilizes a

steerable neutrino beam from JHF and SuperKamiokande and/or HyperKamiokande as

the far detector. The mean energy of the neutrino beam will be tuned to be at vacuum

oscillation maximum, ∆13 = π
2 , which implies a 〈Eν〉 = 0.6 GeV at the baseline of 295

km using |δm2
31| = 2.4 × 10−3eV2 [6]. This is the 3o off-axis beam. For this configuration

the matter effects are small but not neglible [13] as can be seen from the separation of the

allowed regions in the bi-probability diagram, Fig. 1, for this experiment. Applying our

identity, Eqn.[11], to T2K, we find:

〈sin δ〉+ − 〈sin δ〉
−

= 0.47

√
sin2 2θ13

0.05
for T2K (12)

i.e. the difference between the true and fake solutions for the CP violating parameter sin δ

is 0.47 (≈ √
2/3) at sin2 2θ13 = 0.05.

NOνA proposes to use the Fermilab NuMI beam with a baseline of 810 km with a 50 kton

low Z detector which is 10km off-axis resulting in a mean neutrino energy of 2.3 GeV. The

NOνA beam energy is about 30% above the vacuum oscillation maximum energy for this

baseline. Matter effects are quite significant for NOνA as can be seen from the bi-probability

diagram, Fig 2. Applying our identity to NOνA we find:

〈sin δ〉+ − 〈sin δ〉
−

= 1.41

√
sin2 2θ13

0.05
for NOνA. (13)

The difference between the true and fake solutions for the CP violating parameter sin δ

is 1.41 (≈ √
2) at sin2 2θ13 = 0.05. The factor of 3 increase in the difference of the sin δ’s

compared to T2K is due to the coefficient in front of the square root which is proportional to

(aL). The NOνA detector is 2.75 times further away from the source than the T2K detector

and the average density for the NOVA baseline is slightly higher than for the T2K baseline.

Combining the results from T2K and NOνA we note that for the correct hierarchy and

hence the true value of sin δ the results should coincide within uncertainties

| 〈sin δ〉T2K
true − 〈sin δ〉NOνA

true | ≈ 0. (14)

Whereas for the wrong hierarchy, the fake solutions of sin δ are separated by

| 〈sin δ〉T2K
fake − 〈sin δ〉NOνA

fake | = 0.94

√
sin2 2θ13

0.05
. (15)
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The proposed long baseline, off-axis experiments are T2K and NoνA. T2K utilizes a

steerable neutrino beam from JHF and SuperKamiokande and/or HyperKamiokande as

the far detector. The mean energy of the neutrino beam will be tuned to be at vacuum

oscillation maximum, ∆13 = π
2 , which implies a 〈Eν〉 = 0.6 GeV at the baseline of 295

km using |δm2
31| = 2.4 × 10−3eV2 [6]. This is the 3o off-axis beam. For this configuration

the matter effects are small but not neglible [13] as can be seen from the separation of the

allowed regions in the bi-probability diagram, Fig. 1, for this experiment. Applying our

identity, Eqn.[11], to T2K, we find:

〈sin δ〉+ − 〈sin δ〉
−

= 0.47

√
sin2 2θ13

0.05
for T2K (12)

i.e. the difference between the true and fake solutions for the CP violating parameter sin δ

is 0.47 (≈ √
2/3) at sin2 2θ13 = 0.05.

NOνA proposes to use the Fermilab NuMI beam with a baseline of 810 km with a 50 kton

low Z detector which is 10km off-axis resulting in a mean neutrino energy of 2.3 GeV. The

NOνA beam energy is about 30% above the vacuum oscillation maximum energy for this

baseline. Matter effects are quite significant for NOνA as can be seen from the bi-probability

diagram, Fig 2. Applying our identity to NOνA we find:

〈sin δ〉+ − 〈sin δ〉
−

= 1.41

√
sin2 2θ13

0.05
for NOνA. (13)

The difference between the true and fake solutions for the CP violating parameter sin δ

is 1.41 (≈ √
2) at sin2 2θ13 = 0.05. The factor of 3 increase in the difference of the sin δ’s

compared to T2K is due to the coefficient in front of the square root which is proportional to

(aL). The NOνA detector is 2.75 times further away from the source than the T2K detector

and the average density for the NOVA baseline is slightly higher than for the T2K baseline.

Combining the results from T2K and NOνA we note that for the correct hierarchy and

hence the true value of sin δ the results should coincide within uncertainties

| 〈sin δ〉T2K
true − 〈sin δ〉NOνA

true | ≈ 0. (14)

Whereas for the wrong hierarchy, the fake solutions of sin δ are separated by

| 〈sin δ〉T2K
fake − 〈sin δ〉NOνA

fake | = 0.94

√
sin2 2θ13

0.05
. (15)
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The proposed long baseline, off-axis experiments are T2K and NoνA. T2K utilizes a

steerable neutrino beam from JHF and SuperKamiokande and/or HyperKamiokande as

the far detector. The mean energy of the neutrino beam will be tuned to be at vacuum

oscillation maximum, ∆13 = π
2 , which implies a 〈Eν〉 = 0.6 GeV at the baseline of 295

km using |δm2
31| = 2.4 × 10−3eV2 [6]. This is the 3o off-axis beam. For this configuration

the matter effects are small but not neglible [13] as can be seen from the separation of the

allowed regions in the bi-probability diagram, Fig. 1, for this experiment. Applying our

identity, Eqn.[11], to T2K, we find:

〈sin δ〉+ − 〈sin δ〉
−

= 0.47

√
sin2 2θ13

0.05
for T2K (12)

i.e. the difference between the true and fake solutions for the CP violating parameter sin δ

is 0.47 (≈ √
2/3) at sin2 2θ13 = 0.05.

NOνA proposes to use the Fermilab NuMI beam with a baseline of 810 km with a 50 kton

low Z detector which is 10km off-axis resulting in a mean neutrino energy of 2.3 GeV. The

NOνA beam energy is about 30% above the vacuum oscillation maximum energy for this

baseline. Matter effects are quite significant for NOνA as can be seen from the bi-probability

diagram, Fig 2. Applying our identity to NOνA we find:

〈sin δ〉+ − 〈sin δ〉
−

= 1.41

√
sin2 2θ13

0.05
for NOνA. (13)

The difference between the true and fake solutions for the CP violating parameter sin δ

is 1.41 (≈ √
2) at sin2 2θ13 = 0.05. The factor of 3 increase in the difference of the sin δ’s

compared to T2K is due to the coefficient in front of the square root which is proportional to

(aL). The NOνA detector is 2.75 times further away from the source than the T2K detector

and the average density for the NOVA baseline is slightly higher than for the T2K baseline.

Combining the results from T2K and NOνA we note that for the correct hierarchy and

hence the true value of sin δ the results should coincide within uncertainties

| 〈sin δ〉T2K
true − 〈sin δ〉NOνA

true | ≈ 0. (14)

Whereas for the wrong hierarchy, the fake solutions of sin δ are separated by

| 〈sin δ〉T2K
fake − 〈sin δ〉NOνA

fake | = 0.94

√
sin2 2θ13

0.05
. (15)
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√
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√
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√
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hence the Hierarchy is Determined -- CP Violation???

The proposed long baseline, off-axis experiments are T2K and NoνA. T2K utilizes a

steerable neutrino beam from JHF and SuperKamiokande and/or HyperKamiokande as

the far detector. The mean energy of the neutrino beam will be tuned to be at vacuum

oscillation maximum, ∆13 = π
2 , which implies a 〈Eν〉 = 0.6 GeV at the baseline of 295

km using |δm2
31| = 2.4 × 10−3eV2 [6]. This is the 3o off-axis beam. For this configuration

the matter effects are small but not neglible [13] as can be seen from the separation of the

allowed regions in the bi-probability diagram, Fig. 1, for this experiment. Applying our

identity, Eqn.[11], to T2K, we find:

〈sin δ〉+ − 〈sin δ〉
−

= 0.47

√
sin2 2θ13

0.05
for T2K (12)

i.e. the difference between the true and fake solutions for the CP violating parameter sin δ

is 0.47 (≈ √
2/3) at sin2 2θ13 = 0.05.

NOνA proposes to use the Fermilab NuMI beam with a baseline of 810 km with a 50 kton
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√
Psol sin δ

√
Patm = −2

√
Psol cos(∆32 ± δ)

if the measurement uncertainty on
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then the two fake solutions are well separated down to sin2 2θ13 = 0.01!!!
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T2K:

no info on sign of cos δ = ±

√
1 − sin

2
δ

Solar Survival Probability: sin δ+ = sin δ− + 1.5
√

sin2 2θ13
0.05

Kinematic Phase: ∆ij =
δm2

ijL

4E = 1.27
δm2

ijL

E

T2K: sin δ+ = sin δ− + 0.5
√

sin2 2θ13
0.05

NOνA sin δ+ = sin δ− + 1.5
√

sin2 2θ13
0.05
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LBL LBL Reactor
Variable νµ → νµ νµ → νe ν̄e → ν̄e Comments
Measured ν̄µ → ν̄e

|∆m2
32| Y n n magnitude but not sign

sin2 2θ23 Y n n θ23 ↔ π
2 − θ23 ambiguous

sin2 θ13 n n Y direct measurement

sin2 θ23 sin2 θ13 n Y n combination of θ23 and θ13

sign(∆m2
32) n Y n via matter effects

cos θ23 sin δCP n Y n CP violation

cos θ23 cos δCP n ? n extremely difficult
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Solving Degeneracies:



October 6, 2003 Hisakazu Minakata

WIN03, Lake Geneva, Wisconsin

Neutrinoless double beta decay

• Most sensitive (terrestrial)

probe of the absolute

neutrino mass

• Unique way of proving

Majorana nature of !

• If Majorana ! is the only

mechanism, ===>



October 6, 2003 Hisakazu Minakata

WIN03, Lake Geneva, Wisconsin

What LMA implies for neutrinoless double

beta decay?

• If inverted mass
hierarchy, there must
be signal when one go
down at <m>!! =

!!m2
atm = a few tens

of meV

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

dividing point mββ ≈ 10 meV =⇒
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dividing point mββ ≈ 10 meV =⇒
• If Inverted hierarchy and no signal
above 10 meV then Dirac !!!
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Petcov // talk

dividing point mββ ≈ 10 meV =⇒
• If Inverted hierarchy and no signal
above 10 meV then Dirac !!!

• If Inverted hierarchy and Majorana
then a signal above 10 meV.
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Beyond the ν Standard Model

• Sterile Neutrinos, (LSND/miniBOONE) e.g. 3+n models

• Dirac Neutrinos

• CP and/or T violation requiring more than one phase

• CPT violation

• Exotic interactions:
magnetic moments, addition matter interactions, . . .

• · · ·

The UNEXPECTED is the REAL reason !!!

(remember "NKE)
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Sam  Zeller, SSI 2004, Aug. 3, 2004

Updated MiniBooNE Sensitivity

!"! !
e

oscillation search

contains our current best knowledge

updated from MiniBooNE proposal

4-5 # coverage of LSND

90% CL region with

1x1021 POT

90%CL
3#

5#

to definitively exclude LSND in the event that MiniBooNE 

does not see a signal, we need 1x1021 POT

detailed re-evaluation of ultimate sensitivity MiniBooNE can achieve

Sam  Zeller, SSI 2004, Aug. 3, 2004

Updated MiniBooNE Sensitivity

!"! !
e

oscillation search

contains our current best knowledge

updated from MiniBooNE proposal

4-5 # coverage of LSND

90% CL region with

1x1021 POT

90%CL
3#

5#

to definitively exclude LSND in the event that MiniBooNE 

does not see a signal, we need 1x1021 POT

detailed re-evaluation of ultimate sensitivity MiniBooNE can achieve

Light Sterile Neutrinos:
LSND/miniBOONE

October 6, 2003 Hisakazu Minakata

WIN03, Lake Geneva, Wisconsin

Heterodoxy

Various schemes are
proposed motivated by
the LSND data, which
include:

• 2+2 sterile-active scheme

• 3+1

• 3+2

• CPT violation

• Sterile + CPT violation

• …..

 (Are they really heterodox?)

LSND: ν̄µ → ν̄e from µ− decay.

miniBOONE: νµ → νe from π+ decay.
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October 6, 2003 Hisakazu Minakata

WIN03, Lake Geneva, Wisconsin

Four Neutrino Scenarios

• 2+2 scheme: strongly

disfavored by atmospheric

and solar data (99.95% CL)

• 3+1 scheme: constrained by

SBL experiments, allowed

only marginally

  (Maltoni, Schwetz Tortola, Valle

hep-ph/0209368)



October 6, 2003 Hisakazu Minakata

WIN03, Lake Geneva, Wisconsin

3+2 Active-Sterile Scenario

• Best-fit point utilizes a

“dip” in sensitivity of

SBL experiments
(Sorel-Conrad-Shaevitz,

hep-ph/0305255)

• Constrained by

disappearance

measurement in the

Mini-BOONE

(When?)



Posc(!"# !$) % Posc(!"# !$)

 

MiniBooNE can have
a small signal in neutrino-mode

(which could easily fluctuate to a null signal!)

 & a &3 larger signal in antinneutrino mode

If so,
we may see
the effect at 
MiniBooNE





R

R

R

L

L

Spin

Massive Particle

at Rest

u(P, S) =
(1 + γ5)

2
u(

P + MS

2
) + eiφ (1 − γ5)

2
u(

P − MS

2
)

P 2
= M2, P · S = 0 and S2

= −1

right massless left massless

Fermion Masses:

electron positron
Left Chiral eL ēR SU(2)×U(1)

Right Chiral eR ēL U(1)

CPT: eL ↔ ēR and eR ↔ ēL

Mass couples L to R: eL to eR AND also ēR to ēL Dirac Mass terms.

A coupling of eL to ēR OR eR to ēL would be mass term but this violates
conservation of electric charge. (Majorana masses)
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Fermion Masses:

electron positron
Left Chiral eL ēR SU(2)×U(1)

Right Chiral eR ēL U(1)

CPT: eL ↔ ēR and eR ↔ ēL

Mass couples L to R:

eL to eR AND also ēR to ēL Dirac Mass terms.

A coupling of
eL to ēR OR eR to ēL would be (Majorana) mass term
but this violates conservation of electric charge!

– Typeset by FoilTEX – 14

mass
less



• Coupling of νR to ν̄L allowed and coefficient is unprotected. (→M)

Also applies to sterile neutrinos.

Light Sterile Neutrinos and/or Dirac Neutrinos Unexpected!!!
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Seesaw / Dirac neutrinos / Light Sterile Neutrinos

Nu Anti-Nu
Left Chiral νL ⇔ ν̄R

" " Dirac Masses
Right Chiral νR ⇔ ν̄L

Majorana
Masses

Coupling of

• νL to νR AND ν̄R to ν̄L are the Dirac masses.

• νL to ν̄R suppressed by weak isospin. (higher dim. Op. (LH)2/M)

• νR to ν̄L allowed and coefficient is unprotected. (→M)

(ν̄R, ν̄L)
(

0 mD

mD M

) (
νL

νR

)
Two Majorana neutrinos
with masses m2

D/M and M
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Seesaw / Dirac Neutrinos / Light Sterile Neutrinos

Nu Anti-Nu
Left Chiral νL ⇔ ν̄R

" " Dirac Masses
Right Chiral νR ⇔ ν̄L

Majorana
Masses

Coupling of

• νL to νR AND ν̄R to ν̄L are the Dirac masses.

• νL to ν̄R forbidden by weak isospin.

• νR to ν̄L allowed and coefficient is unprotected. (→M)
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) (
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Two Majorana neutrinos
with masses m2
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Seesaw:
Yanagida, Gell-man-

Ramond-Slansky



Leptonic CP and T Violation in Oscillations

CP
νµ ↔ νe ⇐⇒ ν̄µ ↔ ν̄e Super-Beams

T $ $ T

νe ↔ νµ ⇐⇒ ν̄e ↔ ν̄µ Nu-Factory
CP

CP Violation in Neutrino Oscillations

is related to Leptogensis
and hence Baryogenesis.
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Pmat(νe → νµ, δm2
31, δm

2
21, δ)

≈ Pmat(ν̄µ → ν̄e,−δm2
31, δm

2
21,π − δ)
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Minakata, Nunokawa + SP 
hep-ph/0204171

Beyond the ν Standard Model

• Sterile Neutrinos, (LSND/miniBOONE) e.g. 3+n models

• Dirac Neutrinos

• CP and/or T violation requiring more than one phase

• CPT violation

• Exotic interactions:
magnetic moments, addition matter interactions, . . .

• · · ·

The UNEXPECTED is the REAL reason !!!

(remember "NKE)
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Predictions from Models:
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∆ sin2 θ12 sin2 2θ13 D23 ≡ 1
2 − s2

23 Jlep/ sin δ
Scenarios

neutrino bi-maximal 0.051 0.10 ± 0.032 0.025 1.5 × 10−3

lepton bi-maximal −6 × 10−4 2 × 10−3 0.035∗ 5 × 10−3

hybrid bi-maximal 1.4 × 10−4 3.3 × 10−4 0.04∗ 2.1 × 10−3

neutrino max+large 0.057 ± 0.023 0.10 ± 0.032 SK bound ≤ 6.8 × 10−3

lepton max+large −6 × 10−4 2 × 10−3 SK bound ≤ 5 × 10−3

hybrid max+large 1.4 × 10−4 3.3 × 10−4 SK bound ≤ 2.1 × 10−3

single maximal 0.015 0.034 0.06 − 0.16 9.1 × 10−3

Table 1: Predictions to the deviation from the QLC relation ∆ sin2 θ12, sin2 2θ13, the deviation
parameter from the maximal 2-3 mixing D23, and the leptonic Jarlskog factor Jlep for different
scenarios. The uncertainties indicated with ± come from the experimental uncertainty of the at-
mospheric mixing angle θ23. Whenever there exist uncertainty due to the CP violating phase δ we
assume that cos δ = 0 to obtain an “average value”. For the quantities which vanish at cos δ = 0
(indicated by *) the numbers are calculated by assuming cos δ = 1 “SK bound” implies the whole re-
gion allowed by the Super-Kamiokande: |D23| ≤ 0.16. The numbers for the last row (single-maximal
case) are computed with the assumed values of θl

23 = θC and θν
23 = 27◦.

Uν = Ubimaximal ← Seesaw enhacement Vup = I (14)

Ulepton = VCKM ← GUT → Vdown = VCKM (15)

where “Seesaw enhacement” indicates that the mechanism my be responsible for
neutrino-origin bimaximal (or bi-large) matrix 26). Notice that while the maximal
mixing comes purely from the lepton sector in these constructions, an amalgam of
quark and lepton mixing arises once the GUT constraint is imposed.

Now we briefly review these scenarios and their consequences in a minimal way;
See 10) for more detailed discussions. In the lepton-origin bimaximal scenario, the
MNS matrix can be written as

UMNS = Rm
23ΓδR

m
12V

CKM† = Rm
23ΓβR12(π/4 − θCKM

12 )RCKM†
13 RCKM†

23 . (16)

where Γδ = diag[1, 1, eiδ]. The lepton-origin bimaximal scenario is also discussed in
11). Whereas in the neutrino-origin bimaximal scenario, it takes the form

UMNS = V CKM†ΓδR
m
23R

m
12 = RCKM†

12 RCKM†
13 RCKM†

23 ΓδR
m
23R

m
12, (17)

It is worth to note that the order of rotations and the location where the maximal
angle is inserted deserve careful attention 10).

Having specified the MNS matrix it is straightforward to work out the phenomeno-
logical consequences. Instead of repeating the discussion given in 10), we give a sum-
mary Table 1. We define the parameter which describes deviation from the QLC
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QUARK-LEPTON COMPLEMENTARITY; A REVIEW a

HISAKAZU MINAKATA

Department of Physics, Tokyo Metropolitan University,
1-1 Minami-Osawa, Hachioji, Tokyo 192-0397, Japan

E-mail: minakata@phys.metro-u.ac.jp

ABSTRACT

It has been recognized recently that there is a remarkable empirical relation
between lepton and quark mixing angles, θ12 + θC ≈ π/4. If not accidental, it
should testify for yet uncovered new relationship between the fundamental twin
particles in nature which only differ in their ability to feel color. The nontrivial
structure which is presumed to exist behind the empirical relation is named as
“quark-lepton complementarity”. In this talk, I review the idea at the kind
request of the organizer. Starting from pedagogical discussions of bimaximal
mixing, which likely to be involved in the whole picture, I try to give a flavor
of the new field which is still in rapid development. Toward the more balanced
knowledges of flavor mixing in lepton and quark sectors, I describe a promising
way for precision measurement of θ12 which utilizes solar and reactor neutrinos.

1. Introduction

In the last year, three experiments observing neutrinos originated from the at-
mosphere 1), the reactor 2), and the accelerator 3) all saw the oscillatory behavior,
providing us with a long awaited confirmation of ν mass-induced neutrino oscillation
since its discovery by Super-Kamiokande 4). Now, we can talk about neutrino masses
and lepton flavor mixing 5) with confidence, and it made the by now traditional work-
shop series “Neutrino Telescopes” in Venice even more important to establish future
direction of research in fundamental particle physics. I should note that we all owe
much to Milla for her tireless great enthusiasm for having the meeting in such a scenic
place.

Let me start by giving a few ward on the thus uncovered structure of lepton flavor
mixing; It consists of a large and possibly maximal angle θ23 (atmospheric angle
4)), a large but non-maximal angle θ12 (solar angle 6)), and a known-to-be small

angle θ13 (reactor angle 7)). The rich variety in lepton mixing angles from small to
nearly maximal mixing is in sharp contrast to quark mixing angles and it must be
testifying something important on how nature organized the structure of, to date,
the most fundamental matter. One of the key wards in understanding the structure
may be the notion of lepton-quark correspondence which dates back to late fifties
and early sixties 8). The contemporary theory of the fundamental matter, of course,
lends supports to the relation in the form of anomaly cancellation mechanism in the

aWritten version of a talk presented at the XI International Workshop on “Neutrino Telescopes”,
Venice, Italy, February 22-25, 2005.

Minakata hep-ph/0505262



Summary + Conclusions
Tremendous progress has been made in the last 10 years,

Many hard questions left (the low olives have been picked):

• # of light sterile neutrinos

• Majorana v Dirac

• absolute mass, mlite

• fraction νe in m3

• mass hierarchy

• CP violation

• mass and mixing models
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Summary + Conclusions (conti)

• miniBOONE confirms LSND osc.

• inverted hierarchy

• Dirac neutrinos

• degenerate masses

• new neutrino interactions

• STHNTO
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Matter Effects:
Matter Effects:

sin∆31 ⇒
(

∆31
∆31∓aL

)
sin(∆31 ∓ aL)

sin∆21 ⇒
(

∆21
∆21∓aL

)
sin(∆21 ∓ aL)

sin∆32 ⇒ sin∆32

{δm2 sin 2θ} is invariant
and

a = GFNe/
√

2
= (4000 km)−1

Matter effects are IMPORTANT when sin(∆∓ aL) $= (∆∓ aL).

Matter Effects important for NuMI-OFF-Axis ( 800 km), less so for JParc (295 km).
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Figure 1: Shown are (a) the neutrino mass-squared eigenvalues in matter and (b) the ratio

Jm/Jv, for the parameters listed in eq. (15), as a function of the neutrino energy. Positive

energies correspond to neutrinos, and negative energies correspond to anti-neutrinos (vice

versa for inverted δm2’s).

produces a large value of Jm. A quantitative view of the impossibility of matter to produce

a truly large amplitude results when the explicit expression for Jv in eq. (5) is substituted

into eq. (8). The result is

P !T
m = 2 cos θv

31 sin(δv)

[
[(sin 2θ21δm2

21)(sin 2θ32δm2
32)(sin 2θ31δm2

31)]v
[δm2

21 δm2
32 δm2

31]m

]
sin ∆m

21 sin ∆m
32 sin ∆m

31 .

(17)

As seen from eqs. (10) and (13), at either resonance the bracketed factor in this equation does

not become large. What the resonance manages to do is to cancel the small vacuum value of

sin 2θv
21 or sin 2θv

31 in the amplitude (16Jv) of the T-violating oscillation. But accompanying

even this cancellation is a negative consequence for the associated oscillation lengths, to

which we now turn.

3 Baseline Limitations

A significant enhancement of T-violating oscillation amplitudes requires a small-angle reso-

nance. The conditions for this are either

δm2
21|m ! δm2

21|v or δm2
32|m ! δm2

21|v . (18)
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T2K: NOvA:

Matter Effects 3 times more important

for NOvA than T2K.

Pµ→e ≈ Patm + 2
√

PatmPsol cos(∆32 ± δ) + Psol

where

Patm = sin2 θ23 sin2 2θ13 sin2 ∆31

Psol = cos2 θ13 cos2 θ23 sin2 2θ12 sin2 ∆21∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2
Pµ→e ≈

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

∣∣2
At the first atmospheric
oscillation maximum, ∆32 = π

2 ,
the Neutrino-AntiNeutrino
Asymmetry is maximum when

|aatm| = |asol|

sin2 2θ13 ≈ sin2 2θ12
tan2 θ23

[
π
2

δm2
21

δm2
31

]2

At the second oscillation maximum, ∆32 = 3π
2 , the peak in the
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Asymmetry occurs when sin2 2θ13 is 9 times larger. BNL → ???.
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≈ 0.002 !!!
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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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where
√

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

and
√

Psol = cos θ13 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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LBL:
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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)
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θcrit
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