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• impact of θ13: “angle of PMNS leptonic mixing matrix”

• physics related issues: high precision O(1%) experiments

• experimental panorama limited to next ~5-10 years

• two experimental approaches: beams and reactors

• more on MINOS [as requested]

• OPERA,T2K,NOνA,Double Chooz,Daya Bay,(...)

• complementarity: all experiment has input into global 

coherent(!) picture
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• flavour-νs (interact) while mass-νs (propagate)

• “mechanism” causing a non-diagonal free-Hamiltonian 
=> explain experimental fact: (dis)appearance

• oscillations dominates experimental evidence to >10%

• oscillation means:

• no lepton-flavour number conservation on SM

• mixing in lepton sector: PMNS matrix

• prediction: leptonic CP violation (in-built on PMNS)

• non-degenerate mass spectrum of 3(?) active νs

• “mirroring” lepton-quark mixing => beyond SM?
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2.5. Towards Neutrino Oscillations 25

Figure 2.8: The Neutrino Oscillations Unique Signature.

• The falling slope of the three models is different.

2.5 Towards Neutrino Oscillations

To the experimental evidence shown so far, there are essentially two more exper-

iments whose conception and results significantly support the neutrino oscillation

hypothesis. Experiment aiming to characterise neutrino oscillations are designed

such that the events obtained have a high L/E precision, as neutrino oscillation,

unlike any other hypothesis, modulates with L/E.

The KamLAND Experiment The KamLAND experiment [41] is a fascinating

experiment that uses ν̄e from about 16 nuclear reactors with an average energy

of 4MeV and an average base-line of about 180km. Therefore KamLAND’s

sensitivity covers the neutrino oscillation parameter space favoured by solar

neutrino experiments (∆m2 ∼ 5 × 105 eV2) but, for the first time, using

neutrinos produced on Earth. Note, however, that solar neutrinos are νe

rather than ν̄e. Therefore the direct comparison of KamLAND results with

solar neutrino results assumes CPT invariance3.

KamLAND measured the fraction of the nuclear reactor neutrinos to be

0.582 ± 0.069 ± 0.039, proving disappearance of ν̄e. The spectral distortion

3If there was no CPT invariance, the ∆m2 exhibited by neutrinos could be different from that
of anti-neutrinos.

Disappearance...

2ν oscillation probability equation:
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2.5 Towards Neutrino Oscillations

To the experimental evidence shown so far, there are essentially two more exper-

iments whose conception and results significantly support the neutrino oscillation

hypothesis. Experiment aiming to characterise neutrino oscillations are designed

such that the events obtained have a high L/E precision, as neutrino oscillation,

unlike any other hypothesis, modulates with L/E.

The KamLAND Experiment The KamLAND experiment [41] is a fascinating

experiment that uses ν̄e from about 16 nuclear reactors with an average energy

of 4MeV and an average base-line of about 180km. Therefore KamLAND’s

sensitivity covers the neutrino oscillation parameter space favoured by solar

neutrino experiments (∆m2 ∼ 5 × 105 eV2) but, for the first time, using

neutrinos produced on Earth. Note, however, that solar neutrinos are νe

rather than ν̄e. Therefore the direct comparison of KamLAND results with

solar neutrino results assumes CPT invariance3.

KamLAND measured the fraction of the nuclear reactor neutrinos to be

0.582 ± 0.069 ± 0.039, proving disappearance of ν̄e. The spectral distortion

3If there was no CPT invariance, the ∆m2 exhibited by neutrinos could be different from that
of anti-neutrinos.

Disappearance...

2ν oscillation probability equation:

E/L modulation unique feature!
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• Earth made of matter (no anti-matter): e-, p+, n

• free-Hamiltonian is different for anti-ν/ν due to 
interaction with matter by ν only (through W)

• i.e. modification of mass spectrum and mixing...

• new effective masses

• new effective mixing angles 

• break degeneracy (CPT) between anti-ν/ν

• modify oscillation equations

• explicit “L” dependence (not only E/L)
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The most fascinating demonstration so far...

SOLAR (ALL)
P=0.3 (Nobs/Nexp)
(matter effects) 

KamLAND
P=0.6 (Nobs/Nexp)
(vacuum osc.)
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The most fascinating demonstration so far...

SOLAR (ALL)
P=0.3 (Nobs/Nexp)
(matter effects) 

KamLAND
P=0.6 (Nobs/Nexp)
(vacuum osc.)

E/L modulation...?
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parameter bf±1σ 1σ acc. 2σ range 3σ range

∆m2
21 [10−5eV2] 7.9 ± 0.3 4% 7.3 − 8.5 7.1 − 8.9

|∆m2
31| [10

−3eV2] 2.5+0.20
−0.25 10% 2.1 − 3.0 1.9 − 3.2

sin2 θ12 0.30+0.02
−0.03 9% 0.26 − 0.36 0.24 − 0.40

sin2 θ23 0.50+0.08
−0.07 16% 0.38 − 0.64 0.34 − 0.68

sin2 θ13 − − ≤ 0.025 ≤ 0.041

TABLE I: Best fit values (bf), 1σ errors, relative accuracies at 1σ, and 2σ and 3σ allowed ranges of three-flavor
neutrino oscillation parameters from a combined analysis of global data.

!

0 0.2 0.4 0.6 0.8 1

sin
2
!

12

10
-5

10
-4

"
m

2 2
1
  
[e

V
2
]

solar only
KamLAND only

combined

"solar" parameters

! !

0 0.25 0.5 0.75 1

sin
2
!

23

0

2

4

6

"
m

2 3
1
 [
1
0
#
3
 e

V
2
]

atmospheric only

K2K +
MINOS

combined

"atmospheric" parameters

!

0 0.25 0.5 0.75 1

sin
2
!

23

0

2

4

6

"
m

2 3
1
 [
1
0
#
3
 e

V
2
]

ATM+K2K+MINOS

ATM+K2K

impact of MINOS data

FIG. 1: Determination of the leading oscillation parameters from an interplay of experiments with natural and
artificial neutrino sources (left and middle panels). In the right panel the allowed regions are shown with (colored
regions) and without (contour curves) MINOS data. In the left and middle panels the allowed regions are shown at
90% CL (dashed curves) and 99.73% CL (solid curves and shaded regions), whereas in the right panel regions are
shown at 90%, 95%, 99%, and 99.73% CL.

Also In this case, by now we have an independent
confirmation of the effect by experiments based on
man-made neutrinos, namely the first generation of
long-baseline (LBL) accelerator experiments explor-
ing the νµ disappearance oscillation channel. In the
K2K experiment [8] the neutrino beam is produced
at the KEK proton synchrotron, and originally con-
sists of 98% muon neutrinos with a mean energy of
1.3 GeV. The νµ content of the beam is observed at
the SK detector at a distance of 250 km. For the
K2K-I and K2K-II data (0.89 × 1020 p.o.t. in total)
107 events have been detected, whereas 151+12

−10 have
been expected for no oscillations.

Recently first data (0.93 × 1020 p.o.t.) from the
MINOS experiment have been released [9]. A neu-
trino beam with 98.5% (νµ + ν̄µ) and a mean en-
ergy of 3 GeV is produced at Fermilab and observed
at the MINOS detector in the Soudan mine at a
distance of 735 km. In the absence of oscillations
177 ± 11 νµ events with E < 10 GeV are expected,
whereas 92 have been observed, which provides a
5.0σ evidence for disappearance. In our re-analysis
we use spectral data divided into 15 bins in recon-
structed neutrino energy, and our allowed region
from MINOS-only is in very good agreement with
the official result [9]. The values of the oscillation pa-
rameters from MINOS are consistent with the ones
from K2K, as well as from SK atmospheric data.

The impact of the data from MINOS in the global
analysis is illustrated in Fig. 1 (right). We find that
the best fit point for ∆m2

31 is shifted upward from
2.2×10−3 eV2 for SK+K2K to 2.5×10−3 eV2. In ad-
dition MINOS improves the lower bound on ∆m2

31,
which is increased from 1.4×10−3 eV2 for SK+K2K
to 1.9 × 10−3 eV2 at 3σ. The relative accuracy on
∆m2

31 at 1σ is improved from 14% to 10%. As obvi-
ous from the middle panel of Fig. 1 the determina-
tion of θ23 is completely dominated by atmospheric
data and there is no change due to MINOS. Let us
add that present data cannot distinguish between
∆m2

31 > 0 and < 0, and hence, both, the normal and
inverted neutrino mass hierarchies provide equally
good fits to the data.

III. THE BOUND ON θ13

Similar to the case of the leading oscillation pa-
rameters, also the bound on θ13 emerges from an
interplay of different data sets, as we illustrate in
Fig. 2. An important contribution to the bound
comes, of course, from the CHOOZ reactor exper-
iment combined with the determination of ∆m2

31

from atmospheric and LBL experiments. However,
due to a complementarity of low and high energy so-
lar data, as well as solar and KamLAND data also
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Also In this case, by now we have an independent
confirmation of the effect by experiments based on
man-made neutrinos, namely the first generation of
long-baseline (LBL) accelerator experiments explor-
ing the νµ disappearance oscillation channel. In the
K2K experiment [8] the neutrino beam is produced
at the KEK proton synchrotron, and originally con-
sists of 98% muon neutrinos with a mean energy of
1.3 GeV. The νµ content of the beam is observed at
the SK detector at a distance of 250 km. For the
K2K-I and K2K-II data (0.89 × 1020 p.o.t. in total)
107 events have been detected, whereas 151+12

−10 have
been expected for no oscillations.

Recently first data (0.93 × 1020 p.o.t.) from the
MINOS experiment have been released [9]. A neu-
trino beam with 98.5% (νµ + ν̄µ) and a mean en-
ergy of 3 GeV is produced at Fermilab and observed
at the MINOS detector in the Soudan mine at a
distance of 735 km. In the absence of oscillations
177 ± 11 νµ events with E < 10 GeV are expected,
whereas 92 have been observed, which provides a
5.0σ evidence for disappearance. In our re-analysis
we use spectral data divided into 15 bins in recon-
structed neutrino energy, and our allowed region
from MINOS-only is in very good agreement with
the official result [9]. The values of the oscillation pa-
rameters from MINOS are consistent with the ones
from K2K, as well as from SK atmospheric data.

The impact of the data from MINOS in the global
analysis is illustrated in Fig. 1 (right). We find that
the best fit point for ∆m2

31 is shifted upward from
2.2×10−3 eV2 for SK+K2K to 2.5×10−3 eV2. In ad-
dition MINOS improves the lower bound on ∆m2

31,
which is increased from 1.4×10−3 eV2 for SK+K2K
to 1.9 × 10−3 eV2 at 3σ. The relative accuracy on
∆m2

31 at 1σ is improved from 14% to 10%. As obvi-
ous from the middle panel of Fig. 1 the determina-
tion of θ23 is completely dominated by atmospheric
data and there is no change due to MINOS. Let us
add that present data cannot distinguish between
∆m2

31 > 0 and < 0, and hence, both, the normal and
inverted neutrino mass hierarchies provide equally
good fits to the data.

III. THE BOUND ON θ13

Similar to the case of the leading oscillation pa-
rameters, also the bound on θ13 emerges from an
interplay of different data sets, as we illustrate in
Fig. 2. An important contribution to the bound
comes, of course, from the CHOOZ reactor exper-
iment combined with the determination of ∆m2

31

from atmospheric and LBL experiments. However,
due to a complementarity of low and high energy so-
lar data, as well as solar and KamLAND data also

T.Schwetz hep-ph/0606060
PMNS: large mixing (unlike CKM)...
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3.1. The NuMI Beam 34

Figure 3.1: MINOS Experiment on a Map. Journey of neutrinos produced at FNAL
(IL) and detected at the MINOS far detector in the Soudan National Laboratory (MN).

NuMI beam starts by directing MI protons at 120GeV onto a slim carbon target.

Secondary mesons (mainly πs and Ks) are produced from the target due to the

strong interactions of the protons. Two magnetic horns located close to the target

serve to maximise the collection of secondary mesons. νµ are obtained from the

leptonic decay of the mesons in flight along the evacuated decay pipe. Most of

the νµ are from the decay of π±, and correspondingly the length of the decay pipe

(675m) is about one decay length of a 12GeV π±. Some minor contribution is

expected from the (semi-)leptonic decay of K±s. A hadron absorber and 250m

of rock located downstream ensure that only neutrinos reach the MINOS near

detector. Figure 3.2 illustrates the whole NuMI production process.

The horns are among the most important components of the NuMI beam. A

horn produces a strong pulsed magnetic field in synchronisation with the arrival of

the MI protons. The target is located very close to or even inside the horn. The

magnetic field inside the horn focuses charged mesons of one polarity along the

beam-line and de-focuses those of the opposite polarity. The horns collect a large

hep-ph/0607088

MINOS@Nu06

MINOS@NOW06

• 736km baseline

• 2 detectors

• magnetised

• beam physics

• cosmic physics

• ~7x1020pot
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Neutrinos at the Main Injector Beam

• 120 GeV protons strike graphite target 

• Magnetic horns focus produced pions and 
kaons, pions and kaons decay into muons and 
neutrinos

• Target position adjusts to change beam energy

• 10 !s spills as fast as once every 2 seconds

• 2.5 x 1020  POT/year
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     5.4 kton mass, 8×8×30m                                              1 kton mass 3.8×4.8×15m  

               484 steel/scintillator planes                                    282 steel and 153 scintillator planes 

                 VA electronics                                                           Robust QIE electronics

B ~1.2T

 Multi-pixel (M16,M64) PMTs

GPS time-stamping to synch FD data to ND/Beam

Continuous untriggered readout of whole detector (only during spill for the ND)

Interspersed light injection (LI) for calibration

Software triggering in DAQ PCs (Highly flexible : plane, energy, LI triggers in use)

 Spill times from FNAL to FD trigger farm

Coil

Veto Shield

Far Detector (FD) Near Detector (ND)
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for example, those emitted in a νµ CC interaction or through going cosmic muons.

In fully contained νµ CC events, the momentum of the muon can be additionally

measured from range (or even calorimetry) measurements. Range estimations have

the best resolution at low energies (∼ 6% at 10GeV/c), since the random-scattering

of muons degrades the precision of a curvature measurement (∼ 14% precision at

10GeV/c). The momentum of partially contained interacting muons from neutrinos

within the detector can only be measured from curvature.

Figure 3.5: A MINOS Detector Plane.

The sampling was achieved by interleaving active planes of plastic scintillator

and passive planes of steel. In terms of radiation lengths, the sampling was 0.024

and 1.44 radiation lengths corresponding to 1.0cm of scintillator and 2.54cm of

steel, respectively. A gap of air (2.5cm thick) was left in between every scintillator-

steel pair of planes. Each scintillator plane was made up of parallel scintillator

strips 4.1cm wide, as illustrated in Figure 3.6. The length of the scintillator strips

depends upon their location in the detector, which can be up to 8m long in the

FD, as illustrated in Figure 3.5. Tracking of particles through the detector is

made possible by having alternate scintillator planes with their strips in orthogonal

orientations, as shown in Figure 3.10 for the FD.

Detectors Optical System

The scintillator strips are made of polystyrene doped with fluor PPO (1%) and

POPOP (0.03%). The fluor PPO helps to convert the scintillation UV-photons
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for example, those emitted in a νµ CC interaction or through going cosmic muons.

In fully contained νµ CC events, the momentum of the muon can be additionally

measured from range (or even calorimetry) measurements. Range estimations have

the best resolution at low energies (∼ 6% at 10GeV/c), since the random-scattering

of muons degrades the precision of a curvature measurement (∼ 14% precision at

10GeV/c). The momentum of partially contained interacting muons from neutrinos

within the detector can only be measured from curvature.
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steel, respectively. A gap of air (2.5cm thick) was left in between every scintillator-

steel pair of planes. Each scintillator plane was made up of parallel scintillator

strips 4.1cm wide, as illustrated in Figure 3.6. The length of the scintillator strips

depends upon their location in the detector, which can be up to 8m long in the

FD, as illustrated in Figure 3.5. Tracking of particles through the detector is

made possible by having alternate scintillator planes with their strips in orthogonal

orientations, as shown in Figure 3.10 for the FD.

Detectors Optical System

The scintillator strips are made of polystyrene doped with fluor PPO (1%) and

POPOP (0.03%). The fluor PPO helps to convert the scintillation UV-photons
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for example, those emitted in a νµ CC interaction or through going cosmic muons.

In fully contained νµ CC events, the momentum of the muon can be additionally

measured from range (or even calorimetry) measurements. Range estimations have

the best resolution at low energies (∼ 6% at 10GeV/c), since the random-scattering

of muons degrades the precision of a curvature measurement (∼ 14% precision at

10GeV/c). The momentum of partially contained interacting muons from neutrinos

within the detector can only be measured from curvature.
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steel, respectively. A gap of air (2.5cm thick) was left in between every scintillator-

steel pair of planes. Each scintillator plane was made up of parallel scintillator

strips 4.1cm wide, as illustrated in Figure 3.6. The length of the scintillator strips

depends upon their location in the detector, which can be up to 8m long in the

FD, as illustrated in Figure 3.5. Tracking of particles through the detector is

made possible by having alternate scintillator planes with their strips in orthogonal

orientations, as shown in Figure 3.10 for the FD.

Detectors Optical System

The scintillator strips are made of polystyrene doped with fluor PPO (1%) and

POPOP (0.03%). The fluor PPO helps to convert the scintillation UV-photons
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for example, those emitted in a νµ CC interaction or through going cosmic muons.

In fully contained νµ CC events, the momentum of the muon can be additionally

measured from range (or even calorimetry) measurements. Range estimations have

the best resolution at low energies (∼ 6% at 10GeV/c), since the random-scattering

of muons degrades the precision of a curvature measurement (∼ 14% precision at

10GeV/c). The momentum of partially contained interacting muons from neutrinos

within the detector can only be measured from curvature.
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The sampling was achieved by interleaving active planes of plastic scintillator
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steel, respectively. A gap of air (2.5cm thick) was left in between every scintillator-

steel pair of planes. Each scintillator plane was made up of parallel scintillator

strips 4.1cm wide, as illustrated in Figure 3.6. The length of the scintillator strips

depends upon their location in the detector, which can be up to 8m long in the

FD, as illustrated in Figure 3.5. Tracking of particles through the detector is

made possible by having alternate scintillator planes with their strips in orthogonal

orientations, as shown in Figure 3.10 for the FD.

Detectors Optical System

The scintillator strips are made of polystyrene doped with fluor PPO (1%) and

POPOP (0.03%). The fluor PPO helps to convert the scintillation UV-photons
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for example, those emitted in a νµ CC interaction or through going cosmic muons.

In fully contained νµ CC events, the momentum of the muon can be additionally

measured from range (or even calorimetry) measurements. Range estimations have

the best resolution at low energies (∼ 6% at 10GeV/c), since the random-scattering

of muons degrades the precision of a curvature measurement (∼ 14% precision at

10GeV/c). The momentum of partially contained interacting muons from neutrinos

within the detector can only be measured from curvature.
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steel, respectively. A gap of air (2.5cm thick) was left in between every scintillator-

steel pair of planes. Each scintillator plane was made up of parallel scintillator

strips 4.1cm wide, as illustrated in Figure 3.6. The length of the scintillator strips

depends upon their location in the detector, which can be up to 8m long in the

FD, as illustrated in Figure 3.5. Tracking of particles through the detector is

made possible by having alternate scintillator planes with their strips in orthogonal

orientations, as shown in Figure 3.10 for the FD.
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for example, those emitted in a νµ CC interaction or through going cosmic muons.

In fully contained νµ CC events, the momentum of the muon can be additionally

measured from range (or even calorimetry) measurements. Range estimations have

the best resolution at low energies (∼ 6% at 10GeV/c), since the random-scattering

of muons degrades the precision of a curvature measurement (∼ 14% precision at

10GeV/c). The momentum of partially contained interacting muons from neutrinos

within the detector can only be measured from curvature.
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The sampling was achieved by interleaving active planes of plastic scintillator

and passive planes of steel. In terms of radiation lengths, the sampling was 0.024

and 1.44 radiation lengths corresponding to 1.0cm of scintillator and 2.54cm of

steel, respectively. A gap of air (2.5cm thick) was left in between every scintillator-

steel pair of planes. Each scintillator plane was made up of parallel scintillator

strips 4.1cm wide, as illustrated in Figure 3.6. The length of the scintillator strips

depends upon their location in the detector, which can be up to 8m long in the

FD, as illustrated in Figure 3.5. Tracking of particles through the detector is

made possible by having alternate scintillator planes with their strips in orthogonal

orientations, as shown in Figure 3.10 for the FD.
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The scintillator strips are made of polystyrene doped with fluor PPO (1%) and

POPOP (0.03%). The fluor PPO helps to convert the scintillation UV-photons
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for example, those emitted in a νµ CC interaction or through going cosmic muons.

In fully contained νµ CC events, the momentum of the muon can be additionally

measured from range (or even calorimetry) measurements. Range estimations have

the best resolution at low energies (∼ 6% at 10GeV/c), since the random-scattering

of muons degrades the precision of a curvature measurement (∼ 14% precision at

10GeV/c). The momentum of partially contained interacting muons from neutrinos

within the detector can only be measured from curvature.
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steel, respectively. A gap of air (2.5cm thick) was left in between every scintillator-

steel pair of planes. Each scintillator plane was made up of parallel scintillator

strips 4.1cm wide, as illustrated in Figure 3.6. The length of the scintillator strips

depends upon their location in the detector, which can be up to 8m long in the

FD, as illustrated in Figure 3.5. Tracking of particles through the detector is

made possible by having alternate scintillator planes with their strips in orthogonal

orientations, as shown in Figure 3.10 for the FD.
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Figure 3.18: CC νN Cross-Sections: Data and MC Different interaction regimes have
different contributions to the total CC νN cross-section. The modulation of the different
contributions is mainly dominated by threshold effects due to the physics involved.

to Soudan. The L/E pattern provides strong discriminating power for the rejec-

tion of alternative models still not fully ruled out such as neutrino decay [39] and

de-coherence [40] while confirming that neutrino oscillations are the responsible

mechanism. The same pattern provides the framework for high precision mea-

surements of the neutrino oscillation parameters attainable by MINOS: ∆m2
23 and

sin2(2θ23). MINOS has additional sensitivity on the admixture of sterile neutri-

nos and marginally on the value of θ13. In this section, the four main neutrino

oscillation channels that MINOS can address will be briefly described.

Figure 3.19: MINOS Experiment on the Earth.

The νµ CC Disappearance is the principal physics channel in MINOS: a preci-

sion up to about 4% is envisaged on the measurement of ∆m2
23. The quoted

level of precision is expected to be limited by systematic uncertainties. The

MINOS ND and FD detectors will measure the neutrino beam spectra and

55%/√E
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3.3 Physics Capabilities of MINOS

MINOS relies on a very efficient event-by-event neutrino interaction identification:

Charge Current (CC) and Neutral Current (NC) interactions. Equations 3.2 and

3.3 represent respectively the types of transitions caused by CC and NC neutrino

interactions with the detector target6.

νλ + N
W±

−→ λ + X : CC Interaction (3.2)

νx + N
Zo

−→ νx + X : NC Interaction (3.3)

According to the momentum transferred (Q2), the interactions can be classified

(see Figure 3.18) by the kinematics into [79]:

Quasi-Elastic: N and X represent nucleons: Q2 < ∼ 1GeV2.

Resonant : N is a nucleon and X represents a resonant excitation of the proton,

say a ∆+ (1.4GeV): ∼ 1GeV2 < Q2 < ∼ 1.9GeV2.

Deep Inelastic Scattering(DIS): N is a quark and X represents outgoing mesons:

Q2 > ∼ 1.9GeV2.

CC interactions are identified by tagging the outgoing lepton (λ: e, µ, τ). Mea-

suring the polarity of the lepton provides discrimination between neutrinos and

anti-neutrinos interactions. In MINOS, the recognition of the lepton polarity is

only possible for muons. In addition to the outgoing lepton, CC events also present

some hadronic activity. The NC interactions are characterised by transferring en-

ergy only to the hadronic system. In NC events, the outgoing neutrino (νx) cannot

be feasibly detected or identified. Therefore, NC event rates are flavour indepen-

dent making the NC events neutrino oscillation independent - unless there is some

degree of admixture to sterile neutrinos, as discussed below.

Clearly, CC interactions provide the largest amount of information and are

neutrino oscillation sensitive. The success of the CC ID resides in the efficiency of

the detector to identify the produced leptons. MINOS was optimised for νµ CC

detection, therefore most emphasis was given to the ID of muons. Electrons can

be efficiently detected, however, distinguishing electrons from πos - present in NC

6Since the cross-section scales with the mass of the target particle, interaction of neutrinos
with nuclei constituents (> A) should dominate over interactions with atomic electrons (Z) of
the target.
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FIG. 4: Distribution of χ2
1/β/ndf values from the 1/β deter-

minations for data and cosmic ray muon Monte Carlo events.
In this figure, the Monte Carlo distribution has been normal-
ized to the same area as the data distribution. Events with
χ2

1/β/ndf < 3 are used in the analysis.

TABLE I: Effect of cuts on data and simulated samples. The
fraction of the total events remaining is shown. N gives the
total number of events in each sample.

Cut Data µ MC ν-induced MC

N = N = N =
3.81 × 107 1.20 × 106 6.47 × 105

No Cuts 1.000 – 1.000
No Track 0.800 – 0.862
Multiples 0.743 – 0.848
20 Plane 0.561 0.561 0.606
2.0 m Length 0.557 0.557 0.578
Fiducial 0.534 0.538 0.559
χ2

fit/ndf < 1.5 0.429 0.447 0.497
Double-ended Strips 0.429 0.447 0.497
χ2

1/β/ndf < 3.0 0.428 0.447 0.497
Directionality 0.428 0.447 0.478
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FIG. 5: Distribution of 1/β for upward-going neutrino-
induced muons, with a peak at 1, and downward-going cosmic
ray muons, with a peak at -1. The vertical lines at 0.7 and
1.3 bracket the events included in the upward-going muon
sample.
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FIG. 6: Distributions of ∆T/∆S as in Fig. 3. The left panels
shows a typical upward-going muon and the right panel shows
a muon excluded by the 1/β cut from the upward-going sam-
ple.

ground from contained vertex interactions where the neu-
trino interacts close to the detector edge and cannot
be separated from muons entering the detector. This
background was estimated by calculating the rate of
Monte Carlo atmospheric neutrino events that interact
inside the detector volume [17]. The background in-
cludes events that pass the cuts in Table I and satisfy the
upward-going selection cut. The Monte Carlo events were
assumed to oscillate with the best-fit oscillation param-
eters from Super-Kamiokande [8]. The 20 Plane cut has
been shown to be effective at removing the background
due to upward-going pions produced by downward-going
cosmic ray muons interacting in the rock surrounding the
detector.

3. Horizontal Muons

In this analysis, we also include muons coming from
along and slightly above the detector’s horizon. The flat
overburden of the Soudan site [30] makes this search
feasible. The slant depth of rock between the detec-
tor and the surface for incoming directions above the
horizon increases approximately as sec θ, where θ is the
zenith angle. Only the highest energy cosmic ray muons
(Eµ > 100 TeV) have sufficient energy to penetrate the
large column of rock present for muons coming from di-
rections near the horizon. Since the intensity of cosmic
ray muons falls as E−2.7, very few cosmic ray muons sur-
vive to reach the detector, implying that muons from
near the detector’s horizon are neutrino-induced. These
events are important to the analysis because they sample
neutrino-induced muons with lower values of L/E than
the upward-going muons. Eq. (1) shows that the average
oscillation probability for these horizontal muons is lower
than for upward-going neutrino-induced muons and they
add information important in determining the neutrino
flux normalization, a parameter used in the oscillation
analysis in §IVC.
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ground from contained vertex interactions where the neu-
trino interacts close to the detector edge and cannot
be separated from muons entering the detector. This
background was estimated by calculating the rate of
Monte Carlo atmospheric neutrino events that interact
inside the detector volume [17]. The background in-
cludes events that pass the cuts in Table I and satisfy the
upward-going selection cut. The Monte Carlo events were
assumed to oscillate with the best-fit oscillation param-
eters from Super-Kamiokande [8]. The 20 Plane cut has
been shown to be effective at removing the background
due to upward-going pions produced by downward-going
cosmic ray muons interacting in the rock surrounding the
detector.

3. Horizontal Muons

In this analysis, we also include muons coming from
along and slightly above the detector’s horizon. The flat
overburden of the Soudan site [30] makes this search
feasible. The slant depth of rock between the detec-
tor and the surface for incoming directions above the
horizon increases approximately as sec θ, where θ is the
zenith angle. Only the highest energy cosmic ray muons
(Eµ > 100 TeV) have sufficient energy to penetrate the
large column of rock present for muons coming from di-
rections near the horizon. Since the intensity of cosmic
ray muons falls as E−2.7, very few cosmic ray muons sur-
vive to reach the detector, implying that muons from
near the detector’s horizon are neutrino-induced. These
events are important to the analysis because they sample
neutrino-induced muons with lower values of L/E than
the upward-going muons. Eq. (1) shows that the average
oscillation probability for these horizontal muons is lower
than for upward-going neutrino-induced muons and they
add information important in determining the neutrino
flux normalization, a parameter used in the oscillation
analysis in §IVC.
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We found 140 neutrino-induced muons in 854.24 live days in the MINOS far detector, which has
an acceptance for neutrino-induced muons of 6.91 × 106cm2sr. We looked for evidence of neutrino
disappearance in this data set by computing the ratio of the number of low momentum muons to the
sum of the number of high momentum and unknown momentum muons for both data and Monte
Carlo expectation in the absence of neutrino oscillations. The ratio of data and Monte Carlo ratios,
R, is

R = 0.65+0.15
−0.12(stat) ± 0.09(syst),

a result that is consistent with an oscillation signal. A fit to the data for the oscillation parameters
sin2 2θ23 and ∆m2

23 excludes the null oscillation hypothesis at the 94% confidence level. We separated
the muons into µ− and µ+ in both the data and Monte Carlo events and found the ratio of the total
number of µ− to µ+ in both samples. The ratio of those ratios, R̂CPT , is a test of CPT conservation.
The result

R̂CPT = 0.72+0.24
−0.18(stat)

+0.08
−0.04(syst),

is consistent with CPT conservation.

PACS numbers:

I. INTRODUCTION

Measurements of atmospheric neutrinos by Super-
Kamiokande experiment have shown that there is a
deficit of νµ when compared to expectations [1, 2, 3, 4, 5,
6, 7, 8, 9]. The hypothesis that best describes this deficit
is the oscillation of νµ(νµ) → ντ (ντ ) [10, 11], with the
oscillation probability given by

Pνµ→ντ
= sin2 2θ23 sin2(1.27∆m2

23L/E), (1)

where θ23 is the mixing angle, ∆m2
23 = |m2

3 − m2
2| is

the mass squared difference in eV2 between the neu-
trino mass states, L is the distance in km traveled by
the neutrino, or its baseline, and E is the energy of
the νµ in GeV [12]. The Super-Kamiokande data is
best fit by the oscillation hypothesis with parameters
(sin2 2θ23, ∆m2

23) = (1.0, 2.4×10−3 eV2) [8, 9]; the ranges
for these parameters given by the 90% confidence con-
tours of the zenith angle oscillation fit are sin2 2θ23 > 0.92
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and 1.5 < ∆m2
23 < 3.4×10−3 eV2. The MACRO [13, 14]

and Soudan 2 [15, 16] results are consistent with those
obtained by Super-Kamiokande. For the MINOS anal-
ysis of atmospheric neutrinos with an interaction vertex
in the detector, the parameter ranges are sin2 2θ23 > 0.2
and 7 × 10−5 < ∆m2

23 < 5 × 10−2 eV2 [17]. Below
we extend the MINOS atmospheric analysis to neutrino-
induced muons observed in the MINOS far detector.

The oscillation hypothesis for the atmospheric neu-
trino deficit has received strong support from the first
results of the MINOS long baseline experiment. MI-
NOS, which sends νµ produced at Fermilab to a de-
tector 735 km away in northern Minnesota [18], finds
(sin2 2θ23, ∆m2

23) = (1.00, 2.74×10−3 eV2) [19], when fit-
ting their νµ events; the ranges of these parameters given
by the 90% confidence contours are sin2 2θ23 > 0.72 and
2.2 < ∆m2

23 < 3.8×10−3 eV2. The K2K long baseline ex-
periment, which sent νµ produced at KEK to the Super-
Kamiokande detector located 250 km away, also found
consistent results – (1.0, 2.8×10−3 eV2) [20, 21] with 90%
confidence ranges for the parameters of sin2 2θ23 > 0.55
and 1.9 < ∆m2

23 < 3.6 × 10−3 eV2.
Since the magnetized MINOS far detector distin-

guishes µ− from µ+, MINOS data can be used as a probe
of CPT conservation in the neutrino sector. CPT con-
servation requires that the probability of an atmospheric
νµ of a given energy remaining a νµ after traveling from
its origin to its point of interaction be equal to the prob-
ability that an atmospheric νµ of the same energy re-
mains a νµ after traveling the same distance [11]. We
consequently test CPT conservation by comparing νµ-
induced µ− and νµ-induced µ+ with respect to expecta-
tions, as a measure of whether the atmospheric νµ and
νµ are disappearing at the same rate. Effects induced by
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TABLE I: Effect of cuts on data and simulated samples. The
fraction of the total events remaining is shown. N gives the
total number of events in each sample.

Cut Data µ MC ν-induced MC

N = N = N =
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ground from contained vertex interactions where the neu-
trino interacts close to the detector edge and cannot
be separated from muons entering the detector. This
background was estimated by calculating the rate of
Monte Carlo atmospheric neutrino events that interact
inside the detector volume [17]. The background in-
cludes events that pass the cuts in Table I and satisfy the
upward-going selection cut. The Monte Carlo events were
assumed to oscillate with the best-fit oscillation param-
eters from Super-Kamiokande [8]. The 20 Plane cut has
been shown to be effective at removing the background
due to upward-going pions produced by downward-going
cosmic ray muons interacting in the rock surrounding the
detector.

3. Horizontal Muons

In this analysis, we also include muons coming from
along and slightly above the detector’s horizon. The flat
overburden of the Soudan site [30] makes this search
feasible. The slant depth of rock between the detec-
tor and the surface for incoming directions above the
horizon increases approximately as sec θ, where θ is the
zenith angle. Only the highest energy cosmic ray muons
(Eµ > 100 TeV) have sufficient energy to penetrate the
large column of rock present for muons coming from di-
rections near the horizon. Since the intensity of cosmic
ray muons falls as E−2.7, very few cosmic ray muons sur-
vive to reach the detector, implying that muons from
near the detector’s horizon are neutrino-induced. These
events are important to the analysis because they sample
neutrino-induced muons with lower values of L/E than
the upward-going muons. Eq. (1) shows that the average
oscillation probability for these horizontal muons is lower
than for upward-going neutrino-induced muons and they
add information important in determining the neutrino
flux normalization, a parameter used in the oscillation
analysis in §IVC.
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TABLE IV: Sources of systematic uncertainty in low to high
momentum event ratio R.

Source σ ∆Rk

Reconstruction systematics:

(1) χ2
fit/ndf < 1.5 0.01 < 5 × 10−4

(2) χ2
1/β/ndf < 3.0 0.01 < 1 × 10−4

(3) χ2
line/ndf < 10 0.27 0.02

Model systematics:

(4) Normalization 0.15 < 1 × 10−4

(5) Spectral Index 0.03 0.08
(6) Cross Section (E < 30 GeV) 0.07 0.03
(7) Cross Section (E > 30 GeV) 0.02 0.01

∆R =
p

P

(∆Rk)2 0.09

given in Table IV. The 1σ values for the uncertainties
in χ2

fit/ndf and χ2
line/ndf were computed in a similar

manner.
The first source of systematic uncertainty in the

physics modeling is the (4) overall normalization of the
calculated neutrino flux. Uncertainties in the primary
cosmic ray fluxes and the hadronic production are the
main contributors to the overall uncertainty in the nor-
malization. Combining these sources gives an uncer-
tainty in the flux normalization of 15% [35]. There are
three sources of systematic uncertainty in the ratio of
the number of muons induced by low energy neutrinos to
those induced by high energy neutrinos. One contribu-
tion comes from (5) the uncertainty in the spectral index
of the atmospheric neutrino energy spectrum. The neu-

trino flux is proportional to E−(γ+1)
ν , with the value of

the spectral index, γ = 1.7 ± 0.05 [34], a 3% uncertainty
in the spectral index. In addition, the uncertainties in
the neutrino and anti-neutrino cross sections contribute
another 7% [36] to the rate of muons coming from neu-
trinos with energies < 30 GeV (6) and 2% [10] for muons
coming from neutrinos with energies > 30 GeV (7).

B. Low to High and Unknown Momentum Event
Ratio

One way to look for evidence of neutrino oscillations
in the neutrino-induced muons is to take the ratio of the
number of low momentum muons, which are more likely
to show an oscillation signal, to the sum of the number of
high momentum and unknown momentum muons, which
are less likely, and compare this ratio with its Monte
Carlo expectation including backgrounds. In the data,
this ratio of low to the sum of high and unknown mo-
mentum muons is given by

Rdata
L/H+U =

∑

L

(Nµ− + Nµ+)/
∑

H+U

(Nµ− + Nµ+), (2)

where Nµ− is the number of µ− observed in a bin and
Nµ+ is the number of µ+ observed in a bin. The sum over
L includes events in the range 1 < pfit < 10 GeV/c, and

the sum over (H + U) includes the remaining high mo-
mentum and unknown momentum events. In the Monte
Carlo simulation, a similar ratio, RMC

L/H+U , is defined. In
the absence of oscillations, the ratio of these two quan-
tities, R, will be consistent with unity; if an oscillation
signal is present, R will be less than unity.

We computed the systematic uncertainty in this ratio
with our Monte Carlo simulation by varying the value
of each of the parameters in Table IV by ±1σ from the
values used in the analysis. The change in the Monte
Carlo ratio resulting from the variation in each parame-
ter, ∆Rk, was assumed to be the uncertainty in the ratio.
The total uncertainty in ∆R was found by adding the un-
certainties from the individual parameters in quadrature.

As the reconstruction uncertainties are based on how
different the cut efficiencies are for data and Monte Carlo
simulation, we determined how the value of those se-
lection criteria affected the ratio by varying the value
of the cuts. Varying χ2

fit/ndf between 1.485 and

1.515 gives ∆R1 < 5 × 10−4. The value ∆R2 <
1 × 10−4 is as expected from Fig. 4. Changing the
value of χ2

line/ndf between 7.3 and 12.7 shows that
∆R3 = ±0.02. The flux normalization simply scales
the number of low momentum, high momentum, and
unknown momentum muons by a constant so this un-
certainty cancels in the ratio. Varying the spectral index
by ±3% alters the relative numbers of low momentum to
high momentum and unknown momentum muons which
leads to ∆R5 = ±0.08. Varying the cross section for neu-
trinos with E < 30 GeV by ±7% gives ∆R6 = ±0.03. A
variation of ±2% in the cross section for neutrino inter-
actions with E > 30 GeV gives ∆R7 = ±0.01. Adding
these uncertainties in quadrature gives the total system-
atic uncertainty, ∆R = 0.09. These results are given in
Table IV.

From Table III and Table IV we find

R =
Rdata

L/H+U

RMC
L/H+U

= 0.65+0.15
−0.12(stat) ± 0.09(syst). (3)

The upper and lower limits on the data event rate ratio
are estimated accounting for the Poisson fluctuations in
the numerator and demoninator [37]. The ranges quoted
are calculated to give coverage at 68% C. L. Adding the
upper statistical and systematic uncertainties in quadra-
ture, the upper uncertainty is +0.17 which results in a
value for R that differs from the no oscillation expec-
tation of unity by 2.0σ. This result is consistent with
neutrino oscillations.

C. Oscillation Fit

In the following section we test the significance of the
neutrino disappearance suggested by the value of R in
Eq. (3) by fitting for the oscillation parameters sin2 2θ23

and ∆m2
23.



9

E
v
e
n
ts

/y
e
a
r

0

0.5

1

1.5

2

 (GeV)!E
1 10 210

3
10 410

5
10

L

H

U

FIG. 11: Distribution of energies for neutrinos producing
neutrino-induced muons observed in the MINOS detector as
determined by the Monte Carlo simulation. The neutrinos
producing low momentum muons are shown by the solid line,
those producing high momentum muons are shown by the
dashed line and those producing unknown momentum muons
are shown by open circles. Neutrinos producing muons de-
tected by MINOS have energies ! 2 GeV.

E
v
e

n
ts

10

20

30

40

50

60

/ndf
line

2"

-210 -110 1 10
210

3
10 410

5
10

Data

 Monte Carloµ-induced !

FIG. 12: Comparison of the χ2
line/ndf distributions for

neutrino-induced muon data and unoscillated Monte Carlo
simulation.

expectation without oscillations (c.f., Fig. 2).

IV. OSCILLATION ANALYSIS

After first discussing the systematic uncertainties asso-
ciated with the analysis procedure, we test the neutrino-
induced muons in Table III for evidence of neutrino os-
cillations.
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FIG. 13: Distribution of fit momenta for events in the com-
bined low momentum and high momentum data samples.
The Monte Carlo expectation for no oscillations is shown by
the solid line. The unknown momentum muons are not in-
cluded in this figure.

TABLE III: Momentum and charge sign of selected neutrino-
induced muons. The calculated background is shown as well
as the Monte Carlo expectation in the absence of oscillations.

pfit (GeV) Data Bkgd MC

µ−

1 − 10 (L) 21 2.2 37.5
10 − 100 (H) 20 0.2 17.5

µ+

1 − 10 (L) 16 1.3 19.3
10 − 100 (H) 13 0.2 8.6

U
unknown (U) 70 0.7 76.5

A. Systematic Uncertainties

There are several sources of systematic uncertainty in
this analysis. These are due to both the event recon-
struction and the physics modeling. These uncertainties
are summarized in Table IV.

The sources of reconstruction systematic uncertain-
ties are those associated with the data selection cuts
(1) χ2

fit/ndf , (2) χ2
1/β/ndf and (3) χ2

line/ndf , where the
numbers refer to Table IV. The systematic uncertain-
ties for these cuts were all computed in a similar man-
ner. For example, we computed the systematic uncer-
tainty on χ2

1/β/ndf by establishing that the cut value of

χ2
1/β/ndf = 3 selects 98.9% of events seen in Fig. 4. We

divided the total Monte Carlo data set into 12 subsam-
ples of 20,000 events each. For each subsample we found
the value of χ2

1/β/ndf that accepts 98.9% of the events.

The variance in these values of χ2
1/β/ndf divided by the

nominal value of the χ2
1/β/ndf cut is the 1σ uncertainty
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expectation without oscillations (c.f., Fig. 2).

IV. OSCILLATION ANALYSIS

After first discussing the systematic uncertainties asso-
ciated with the analysis procedure, we test the neutrino-
induced muons in Table III for evidence of neutrino os-
cillations.
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TABLE III: Momentum and charge sign of selected neutrino-
induced muons. The calculated background is shown as well
as the Monte Carlo expectation in the absence of oscillations.
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U
unknown (U) 70 0.7 76.5
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FIG. 14: The intensity of neutrino-induced muons as a func-
tion of cos θ. The data are shown by the points, the best fit
is shown by the solid line, and the null oscillation hypoth-
esis is shown by the dotted line. The prediction using the
MINOS result with the NuMI neutrino beam is shown by
the dashed line. The top left panel shows the events with
1 < pfit < 10 GeV/c (L), the top right shows the events with
10 ≤ pfit < 100 GeV/c (H) and the bottom left shows events
with unknown momentum (U).

1. Method

We used the data and Monte Carlo samples from
Table III for the oscillation fit. We first divided the
momentum-separated muons (L,H,U) into three cos θ
bins: −1.0 < cos θ < −0.6, −0.6 < cos θ < −0.2 and
−0.2 < cos θ < 0.05. To find the oscillation parame-
ters (sin2 2θ23, ∆m2

23), we compared the data and Monte
Carlo simulation with the χ2 statistic,

χ2 = 2
9

∑

i=1

(

NMC
i − ND

i + ND
i ln

ND
i

NMC
i

)

+
7

∑

k=1

ε2k
σ2

k

. (4)

The first sum is the χ2 for Poisson distributed data [38].
The number of data events seen in bin i is ND

i and the
number of events predicted in bin i by the Monte Carlo
simulation is NMC

i . The parameters εk in the second
sum account for the systematic uncertainties described
in §IVA. The εk are included in the fit as penalty terms
and allow the fit to adjust the predicted number of muons
in each bin i based on the systematic uncertainties. The
εk are assumed to be Gaussian distributed with a mean of
0 so that excursions of the fit values from the expected
values contribute an amount ε2k/σ2

k to the χ2 statistic,
where the σk are given in Table IV.

The NMC
i depend on the effects of neutrino oscilla-

tions, the systematic uncertainties in the reconstruction
and input physics model, and the background present for
bin i. We define the expected number of muons in bin
i as NMC

i = NMC
i (sin2 2θ23, ∆m2

23,%ε) + NBG
i . The back-
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FIG. 15: The the 68% (dotted line) and 90% (solid line) con-
fidence intervals for the oscillation parameter fit. The best
fit point is indicated by the star. Also shown is the 90%
confidence interval for the MINOS contained vertex analysis
(dashed line) based on the first 418 days of data taking with
the far detector.

ground events due to neutrino interactions inside the de-
tector, NBG

i , have been oscillated with the best fit Super-
Kamiokande parameters and %ε = (ε1, . . . , ε7) correspond
to the uncertainties listed in Table IV. We calculated the
values of χ2 at each point on a grid in (sin2 2θ23, ∆m2

23)
space. The fit varied the εk at each point to find the
minimum χ2 [39] in Eq. (4) [8].

2. Results of Oscillation Fit

The best fit in the physical region is found at
sin2 2θ23 = 1 and ∆m2

23 = 0.93×10−3 eV2 with χ2/ndf =
5.9/7. The values of the εk were all found to be less than
1σk. The results of the fit are shown in Fig. 14, where the
best fit to the data in the physical region (solid line), the
Monte Carlo prediction for the null oscillation hypothesis
(dotted line), and the prediction derived from the MINOS
result with the NuMI neutrino beam (dashed line) [19]
are superposed onto the observed intensity of neutrino-
induced muons. For the results from the null oscillation
hypothesis and the MINOS beam analysis we varied the
εk to minimize Eq. (4) at the fixed values of sin2 2θ23 and
∆m2

23.
Fig. 15 shows the 68% and 90% confidence intervals for

the oscillation parameter fit. The points within the 68%
contour have a difference in χ2 with the best fit point,
∆χ2, of less than 2.3. The points within the 90% contour
have ∆χ2 < 4.61. The null oscillation hypothesis has
∆χ2 = 5.5 and is excluded at the 94% confidence level.
Also shown in Fig. 15 is the 90% confidence interval for
the MINOS contained vertex analysis [17] based on the
first 418 days of data taking with the far detector. The
results of these two analyses are consistent.

hep-ex/0701045

~850 days: 140 νμs
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• PID parameter: event interaction selection

• observed μ-: CC-quasielastic and low-“y”

• NC contamination: pattern-ID hard <1.5GeV
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• Measurement of oscillation parameters based on observed deficit of 
neutrinos as a function of E! - use ND spectrum to predict unoscillated FD 
spectrum

• ND and FD see different spectra of neutrinos because the beam is a line 
source at the ND but a point source at the FD 

• ND sees more low energy neutrinos from large angle pion decays near the 
end of the decay pipe

• Several methods used to make prediction 

• Some make direct extrapolations

• Some fit ND data for systematic uncertainties and propagate results to 
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Relative Measurements

• MINOS measurement:
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• BUT...

• Extended ν-source @ π-decay

• ND more low E νs (high angle)

• ND-νs ≠ FD-νs!!!
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• ND sees more low energy neutrinos from large angle pion decays near the 
end of the decay pipe

• Several methods used to make prediction 

• Some make direct extrapolations

• Some fit ND data for systematic uncertainties and propagate results to 
FD

   

Near Det Far Det

675 m

Not to scale!!!!

Pions Neutrinos

Decay Pipe

245 m

734,000 m

beam section ~1m beam section 
~10km
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Predicting Far E! Spectrum

•Beam matrix is primary method, 
accounts for 2-body pion decay 
kinematics and beam geometry

•All methods agree to within ~5% 
bin to bin
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ND to FD extrapolation
• Beam Matrix:

• beam MC

• pion production

• decay kinematics

• Detector MC:

• acceptances & responses

• Predict νND => νFD

• Verify with 3 more methods

• Fitting ND PDFs

• More direct extrapolation
24
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MINOS: rate information
Full Far Detector Data Set Vs MC 

Expectation

Data sample observed expected ratio

!
"
 only (< 30 GeV) 215 336.0 ± 14.4 0.64 ± 0.05

!
"
 only (< 10 GeV) 122 238.7 ± 10.7 0.51 ± 0.05

!
"
 only (< 5 GeV) 76 168.4 ± 8.8 0.45 ± 0.06

• Energy dependent deficit of events

• 49% deficit below 10 GeV - 6.2# (stat+sys)
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!"#$%&'()#*+,%-. /00120

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

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

01)*2+($)&#1("3*)+*$1(454"6#,

!"#$%&'(&)*+,%-+.

/0/.1223/.+.2$$#45/%'

674$/0/.123/.+.2289#5*

4:#$5:

5

5:99#$

5;#$

5

:5

!

"!

#"!$

%

%"

%

&
' ( ' () * ++

!!

$""%!
'/0/

4<

5

/

5

<

'=%'/

4%

%%%%%

5

<
/6&,'&5&65 ,-

!"#$%&'()#*+,%-. /00120

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

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

01)*2+($)&#1("3*)+*$1(454"6#,

!"#$%&'(&)*+,%-+.

/0/.1223/.+.2$$#45/%'

674$/0/.123/.+.2289#5*

4:#$5:

5

5:99#$

5;#$

5

:5

!

"!

#"!$

%

%"

%

&
' ( ' () * ++

!!

$""%!
'/0/

4<

5

/

5

<

'=%'/

4%

%%%%%

5

<
/6&,'&5&65 ,-

!"#$%&'()#*+,%-. /00120

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

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

01)*2+($)&#1("3*)+*$1(454"6#,

!"#$%&'(&)*+,%-+.

/0/.1223/.+.2$$#45/%'

674$/0/.123/.+.2289#5*

4:#$5:

5

5:99#$

5;#$

5

:5

!

"!

#"!$

%

%"

%

&
' ( ' () * ++

!!

$""%!
'/0/

4<

5

/

5

<

'=%'/

4%

%%%%%

5

<
/6&,'&5&65 ,-

!"#$%&'()#*+,%-. /00120

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

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

01)*2+($)&#1("3*)+*$1(454"6#,

!"#$%&'(&)*+,%-+.

/0/.1223/.+.2$$#45/%'

674$/0/.123/.+.2289#5*

4:#$5:

5

5:99#$

5;#$

5

:5

!

"!

#"!$

%

%"

%

&
' ( ' () * ++

!!

$""%!
'/0/

4<

5

/

5

<

'=%'/

4%

%%%%%

5

<
/6&,'&5&65 ,-

Fit constrained to 
physical region

Penalty terms for 
systematic uncertainties

Fit for Oscillation Parameters

!"#$%&'()#*+,%-. /00120

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

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

01)*2+($)&#1("3*)+*$1(454"6#,

!"#$%&'(&)*+,%-+.

/0/.1223/.+.2$$#45/%'

674$/0/.123/.+.2289#5*

4:#$5:

5

5:99#$

5;#$

5

:5

!

"!

#"!$

%

%"

%

&
' ( ' () * ++

!!

$""%!
'/0/

4<

5

/

5

<

'=%'/

4%

%%%%%

5

<
/6&,'&5&65 ,-

!"#$%&'()#*+,%-. /00120

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

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

01)*2+($)&#1("3*)+*$1(454"6#,

!"#$%&'(&)*+,%-+.

/0/.1223/.+.2$$#45/%'

674$/0/.123/.+.2289#5*

4:#$5:

5

5:99#$

5;#$

5

:5

!

"!

#"!$

%

%"

%

&
' ( ' () * ++

!!

$""%!
'/0/

4<

5

/

5

<

'=%'/

4%

%%%%%

5

<
/6&,'&5&65 ,-

!"#$%&'()#*+,%-. /00120

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

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

01)*2+($)&#1("3*)+*$1(454"6#,

!"#$%&'(&)*+,%-+.

/0/.1223/.+.2$$#45/%'

674$/0/.123/.+.2289#5*

4:#$5:

5

5:99#$

5;#$

5

:5

!

"!

#"!$

%

%"

%

&
' ( ' () * ++

!!

$""%!
'/0/

4<

5

/

5

<

'=%'/

4%

%%%%%

5

<
/6&,'&5&65 ,-

!"#$%&'()#*+,%-. /00120

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

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

01)*2+($)&#1("3*)+*$1(454"6#,

!"#$%&'(&)*+,%-+.

/0/.1223/.+.2$$#45/%'

674$/0/.123/.+.2289#5*

4:#$5:

5

5:99#$

5;#$

5

:5

!

"!

#"!$

%

%"

%

&
' ( ' () * ++

!!

$""%!
'/0/

4<

5

/

5

<

'=%'/

4%

%%%%%

5

<
/6&,'&5&65 ,-

Fit constrained to 
physical region

Penalty terms for 
systematic uncertainties

E/L modulation

(also @: K2K, SK and KamLAND)



Δm2 Measurement

27

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

,-.,

., %/012345657',891,9:;<!= !

>?%+'@*5'*4'A#+45B6*+%&'5#'4*+,," <'0

4C45734565'0911<,"4*+

%/0124C457'34565',9:;<!=

190.'-',.

,

,-.D19;;

19,E'-

,

.,

"

"

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

21

2xσsyst~σstat

potential ~5%measurement

Fit for Oscillation Parameters
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looking for θ13...
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FIG. 2: The bound on sin2 θ13 from the interplay of the
global data.

solar+KamLAND provide a non-trivial constraint
on θ13, see e.g., Refs. [10, 11, 15]. We find at 90% CL
(3σ) the following limits:

sin2 θ13 <











0.027 (0.058) CHOOZ+atm+LBL,

0.033 (0.071) solar+KamLAND,

0.020 (0.041) global data.

The addition of MINOS data leads to a slight
tightening of the constraint (the 3σ limit from
CHOOZ+atm+K2K is shifted from 0.067 to 0.058
if MINOS is added) because of the stronger lower
bound on ∆m2

31, where the CHOOZ bound becomes
weaker (c.f. Fig. 2). Note that also the update in the
solar model [13] leads to a small shift in the limit
from solar+KamLAND data (from 0.079 to 0.071 at
3σ). Both of these updates contribute to the change
of the global bound from 0.046 [16] to 0.041 at 3σ.

IV. SUB-LEADING EFFECTS IN

ATMOSPHERIC NEUTRINOS

In principle one expects that at some level sub-
leading effects will show up in atmospheric neutri-
nos, involving oscillations with ∆m2

21 or effects of
a finite θ13, see e.g., Refs. [17, 18, 19, 20, 21]. An
excess of e-like events observed in SK [5] might be
a possible hint for such effects, and in Refs. [19, 20]
a slight preference for non-maximal values of θ23 <
π/4 has been found. In contrast, the SK analysis
presented in Ref. [21] did not confirm that hint.

From a full three-flavor analysis of SK data [22]
shown in Fig. 3 one finds that indeed sub-GeV data
prefer a value θ23 < π/4, however, if only multi-GeV
data is used the best fit occurs for θ23 > π/4. Sum-
ming sub- and multi-GeV data leads incidentally to
a cancellation of both effects and the best fit oc-
curs very close to maximal mixing. Finally, using all
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sub-GeV (e + µ) multi-GeV (e + µ)

sub + multi-GeV (e + µ) sub + multi-GeV (e + µ) +
stopping + through-going (µ)

SK + K2K + MINOS + CHOOZ

FIG. 3: Contours of ∆χ2 = 0.2, 0.5, 1, 4.6 in the plane
sin2 θ23-sin

2 θ13 from various SK data samples, taking
into account oscillations with ∆m2

21 = 8 × 10−5 eV2.

data including sub-GeV, multi-GeV, stopping and
through-going µ-like data, the best fit moves again
to sin2 θ23 = 0.46 [19]. From these considerations
we conclude that the final result for θ23 appears as a
delicate interplay of different data samples, involving
cancellations of opposite trends. Hence the result is
rather sensitive to the very fine details of the anal-
ysis. Let us stress that the ∆χ2 contours shown in
Fig. 3 correspond to 9.5%, 22%, 39%, and 90% CL
(2 d.o.f.), i.e., there is no significance in these effects.
The purpose of this analysis is to show that present
data does not allow to obtain statistically mean-
ingful indications of non-maximal values of θ23 nor
of non-zero values of θ13. Nevertheless, sub-leading
three-flavor effects in atmospheric oscillations can be
explored in future Mt scale water Čerenkov [23] or
magnetized iron calorimeter [24] experiments, and
may provide complementary information to LBL ex-
periments.

Fig. 4 illustrates how details of the atmospheric
neutrino analysis affect the bound on sin2 θ13 from
CHOOZ+atm+K2K data. It is evident from the
figure that the inclusion of three-flavor effects (from
θ13 and/or ∆m2

21), as well as different treatments of
systematics lead to an “uncertainty” of about 16%
on the bound on sin2 θ13 at 2σ, as indicated by the
“error bar” in the figure. Note that the shifts of
the global θ13 limit due to MINOS or changes in the
solar neutrino analysis reported in Sec. III are at
the same level as this uncertainty from details in the
atmospheric neutrino analysis.

T.Schwetz hep-ph/0606060
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3 Qualitative discussion and analysis methods

In general, our calculations are done in the three flavor framework, where we use the standard
parameterization U of the leptonic mixing matrix described by three mixing angles and one
CP phase [32]. Our results are based on a full numerical simulation of the exact transition
probabilities, and we also include Earth matter effects [8] because of the long baselines used
for the NuMI beam. We take into account matter density uncertainties by imposing an
error of 5% on the average matter density [33]. The probabilities are convoluted with the
neutrino fluxes, detection cross sections, energy resolutions, and experimental efficiencies to
calculate the event rates, which are the basis of the full statistical χ2-analysis. We use all
the information available, i.e., the appearance and disappearance channels, as well as the
energy information. The simulation methods are described in the Appendices of Ref. [27];
for details of the conventional beam experiments, see also Appendix A, for the superbeam
experiments Ref. [26], and for the the reactor experiments Ref. [20] and Appendix B. All
of the calculations are performed with the GLoBES software [34].

In order to obtain a qualitative analytical understanding of the effects, it is sufficient to use
simplified expressions for the transition probabilities, which are obtained by expanding the
probabilities in vacuum simultaneously in the mass hierarchy parameter α ≡ ∆m2

21/∆m2
31

and the small mixing angle sin 2θ13. The expression for the νµ → νe appearance probability
up to second order in α and sin 2θ13 is given by [35, 36]

P (νµ → νe) # sin2 2θ13 sin2 θ23 sin2 ∆

∓ α sin 2θ13 sin δCP sin 2θ12 sin 2θ23 ∆ sin2 ∆

+ α sin 2θ13 cos δCP sin 2θ12 sin 2θ23 ∆ cos ∆ sin ∆

+ α2 cos2 θ23 sin2 2θ12 ∆2 (1)

with ∆ ≡ ∆m2
31L/(4Eν). The sign of the second term is negative for neutrinos and positive

for antineutrinos. The relative weight of each of the individual terms in Eq. (1) is determined
by the values of α and sin 2θ13, which means that the superbeam performance is highly
affected by the true values ∆m2

21 and ∆m2
31 given by nature. Reactor experiments can be

described by the corresponding expansion of the disappearance probability up to second
order in sin 2θ13 and α [19, 20, 36]

1 − Pēē # sin2 2θ13 sin2 ∆ + α2 ∆2 cos4 θ13 sin2 2θ12. (2)

The second term on the right-hand side of this equation is for sin2 2θ13 ! 10−3 and close
to the first atmospheric oscillation maximum relatively small compared to the first one,
and can therefore be neglected in the relevant parameter space region. In principle, there
are also terms of the order α sin2 2θ13 and higher orders in Eq. (2). Though some of these
terms could be of the order of the α2-term for large values of sin2 2θ13, they are, close to the
atmospheric oscillation maximum, always suppressed compared to the sin2 2θ13-term by at
least one order of α. Thus, the sin2 2θ13-term carries the main information.

From Eq. (2), it is obvious that a reactor experiment cannot access θ23, the mass hierarchy,
or δCP. In addition, the measurements of ∆m2

31 would only be possible for large values
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FIG. 6: Oscillation probability for νµ → νe appearance vs. δCP for the T2K (top) and Nova

(bottom) experimental setups with ∆m2 = 2.5 × 10−3 eV2, sin2 2θ13 = 0.05 and sin2 2θ23 = 0.95.

The four curves correspond to pure neutrino (solid: normal hierarchy, dashed: inverted hierarchy)

or antineutrino (black circle: normal hierarchy, white circle: inverted hierarchy) beams.

T2K and Nova with increased intensity can start to probe the CP violation phase space if

sin2 2θ13 ! 0.02. (The narrow region in the lower range of δ is due to the ambiguity between

normal and inverted hierarchies.) The reactor measurements show how viable a CP violation

measurement will be with the various combinations of the long-baseline setups.
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FIG. 6: Oscillation probability for νµ → νe appearance vs. δCP for the T2K (top) and Nova

(bottom) experimental setups with ∆m2 = 2.5 × 10−3 eV2, sin2 2θ13 = 0.05 and sin2 2θ23 = 0.95.

The four curves correspond to pure neutrino (solid: normal hierarchy, dashed: inverted hierarchy)

or antineutrino (black circle: normal hierarchy, white circle: inverted hierarchy) beams.

T2K and Nova with increased intensity can start to probe the CP violation phase space if

sin2 2θ13 ! 0.02. (The narrow region in the lower range of δ is due to the ambiguity between

normal and inverted hierarchies.) The reactor measurements show how viable a CP violation

measurement will be with the various combinations of the long-baseline setups.
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FIG. 6: Oscillation probability for νµ → νe appearance vs. δCP for the T2K (top) and Nova

(bottom) experimental setups with ∆m2 = 2.5 × 10−3 eV2, sin2 2θ13 = 0.05 and sin2 2θ23 = 0.95.

The four curves correspond to pure neutrino (solid: normal hierarchy, dashed: inverted hierarchy)

or antineutrino (black circle: normal hierarchy, white circle: inverted hierarchy) beams.

T2K and Nova with increased intensity can start to probe the CP violation phase space if

sin2 2θ13 ! 0.02. (The narrow region in the lower range of δ is due to the ambiguity between

normal and inverted hierarchies.) The reactor measurements show how viable a CP violation

measurement will be with the various combinations of the long-baseline setups.
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FIG. 6: Oscillation probability for νµ → νe appearance vs. δCP for the T2K (top) and Nova

(bottom) experimental setups with ∆m2 = 2.5 × 10−3 eV2, sin2 2θ13 = 0.05 and sin2 2θ23 = 0.95.

The four curves correspond to pure neutrino (solid: normal hierarchy, dashed: inverted hierarchy)

or antineutrino (black circle: normal hierarchy, white circle: inverted hierarchy) beams.

T2K and Nova with increased intensity can start to probe the CP violation phase space if

sin2 2θ13 ! 0.02. (The narrow region in the lower range of δ is due to the ambiguity between

normal and inverted hierarchies.) The reactor measurements show how viable a CP violation

measurement will be with the various combinations of the long-baseline setups.
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FIG. 6: Oscillation probability for νµ → νe appearance vs. δCP for the T2K (top) and Nova

(bottom) experimental setups with ∆m2 = 2.5 × 10−3 eV2, sin2 2θ13 = 0.05 and sin2 2θ23 = 0.95.

The four curves correspond to pure neutrino (solid: normal hierarchy, dashed: inverted hierarchy)

or antineutrino (black circle: normal hierarchy, white circle: inverted hierarchy) beams.

T2K and Nova with increased intensity can start to probe the CP violation phase space if

sin2 2θ13 ! 0.02. (The narrow region in the lower range of δ is due to the ambiguity between

normal and inverted hierarchies.) The reactor measurements show how viable a CP violation

measurement will be with the various combinations of the long-baseline setups.
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FIG. 6: Oscillation probability for νµ → νe appearance vs. δCP for the T2K (top) and Nova

(bottom) experimental setups with ∆m2 = 2.5 × 10−3 eV2, sin2 2θ13 = 0.05 and sin2 2θ23 = 0.95.

The four curves correspond to pure neutrino (solid: normal hierarchy, dashed: inverted hierarchy)

or antineutrino (black circle: normal hierarchy, white circle: inverted hierarchy) beams.

T2K and Nova with increased intensity can start to probe the CP violation phase space if

sin2 2θ13 ! 0.02. (The narrow region in the lower range of δ is due to the ambiguity between
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FIG. 6: Oscillation probability for νµ → νe appearance vs. δCP for the T2K (top) and Nova

(bottom) experimental setups with ∆m2 = 2.5 × 10−3 eV2, sin2 2θ13 = 0.05 and sin2 2θ23 = 0.95.

The four curves correspond to pure neutrino (solid: normal hierarchy, dashed: inverted hierarchy)

or antineutrino (black circle: normal hierarchy, white circle: inverted hierarchy) beams.

T2K and Nova with increased intensity can start to probe the CP violation phase space if

sin2 2θ13 ! 0.02. (The narrow region in the lower range of δ is due to the ambiguity between

normal and inverted hierarchies.) The reactor measurements show how viable a CP violation

measurement will be with the various combinations of the long-baseline setups.
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FIG. 6: Oscillation probability for νµ → νe appearance vs. δCP for the T2K (top) and Nova

(bottom) experimental setups with ∆m2 = 2.5 × 10−3 eV2, sin2 2θ13 = 0.05 and sin2 2θ23 = 0.95.

The four curves correspond to pure neutrino (solid: normal hierarchy, dashed: inverted hierarchy)

or antineutrino (black circle: normal hierarchy, white circle: inverted hierarchy) beams.

T2K and Nova with increased intensity can start to probe the CP violation phase space if

sin2 2θ13 ! 0.02. (The narrow region in the lower range of δ is due to the ambiguity between

normal and inverted hierarchies.) The reactor measurements show how viable a CP violation

measurement will be with the various combinations of the long-baseline setups.
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FIG. 6: Oscillation probability for νµ → νe appearance vs. δCP for the T2K (top) and Nova

(bottom) experimental setups with ∆m2 = 2.5 × 10−3 eV2, sin2 2θ13 = 0.05 and sin2 2θ23 = 0.95.

The four curves correspond to pure neutrino (solid: normal hierarchy, dashed: inverted hierarchy)

or antineutrino (black circle: normal hierarchy, white circle: inverted hierarchy) beams.

T2K and Nova with increased intensity can start to probe the CP violation phase space if

sin2 2θ13 ! 0.02. (The narrow region in the lower range of δ is due to the ambiguity between

normal and inverted hierarchies.) The reactor measurements show how viable a CP violation

measurement will be with the various combinations of the long-baseline setups.
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FIG. 6: Oscillation probability for νµ → νe appearance vs. δCP for the T2K (top) and Nova

(bottom) experimental setups with ∆m2 = 2.5 × 10−3 eV2, sin2 2θ13 = 0.05 and sin2 2θ23 = 0.95.

The four curves correspond to pure neutrino (solid: normal hierarchy, dashed: inverted hierarchy)

or antineutrino (black circle: normal hierarchy, white circle: inverted hierarchy) beams.

T2K and Nova with increased intensity can start to probe the CP violation phase space if

sin2 2θ13 ! 0.02. (The narrow region in the lower range of δ is due to the ambiguity between

normal and inverted hierarchies.) The reactor measurements show how viable a CP violation

measurement will be with the various combinations of the long-baseline setups.
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sin2 2θ13 ! 0.02. (The narrow region in the lower range of δ is due to the ambiguity between

normal and inverted hierarchies.) The reactor measurements show how viable a CP violation

measurement will be with the various combinations of the long-baseline setups.
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FIG. 1: 90% C.L. upper limit regions for various oscillation measurements for an underlying null

oscillation scenario where sin2 2θ13 = 0 (sin2 2θ23 = 0.95 ± 0.01, ∆m2 = 2.5 ± 0.1 × 10−3 eV2 and

δCP = 0◦). The left (right) plot is for the T2K (Nova) long-baseline experiment. The grey region

is the 90% C.L. allowed region for the long-baseline experiments for a three year neutrino only run

with nominal beam rate. The white line is the limit of the 90% C.L. allowed region for a three year,

neutrino only run at 5× the nominal beam rate. The black region gives the combination of three

year long-baseline runs with a medium reactor measurement. The vertical dashed line indicates

the 90% CL upper limit for a medium reactor experiment alone.

value is sizable. The large reactor experiment has sensitivity comparable to planned long-

baseline experiments and the medium scale experiment can measure values in the range

for sin2 2θ13 > 0.02 at the 10% to 30% level. As will be seen in later plots, studies of CP

violation and matter effects over the next decade are only possible if sin2 2θ13 is significantly

larger than about 0.01. A small or medium scale reactor experiment can establish if these

studies will be possible and, if they are, add additional information for determining the

mixing parameters.
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FIG. 2: 90% C.L. regions for underlying oscillation parameters of sin2 2θ13 = 0.05, sin2 2θ23 =

0.95±0.01, ∆m2 = 2.5±0.1×10−3 eV2 and δCP = 0◦. The grey regions are for the T2K (left plot)

or Nova (right plot) experiments for three years of neutrino running. The black regions are the

90% C.L. allowed regions for a combined medium reactor plus long-baseline analysis. The dashed

lines indicate how the combined measurement would degrade with the small reactor sensitivity.

III. RESOLUTION OF THE θ23 DEGENERACY

The mixing angle θ23 is an important parameter in developing an understanding of the

mixing matrix and for proceeding with a determination of θ13. In many theoretical models,

θ23 is not expected to be 45◦ and the difference from this value, both in sign and magnitude,

may lead to a deeper understanding of the mixing.

Information on the value of θ23 has been obtained from νµ disappearance measurements

in the atmospheric ∆m2 region, such as the Super-K and K2K experiments. These experi-

ments restrict the allowed region of sin2 2θ23. Unfortunately, a single value of sin2 2θ23 = a

corresponds to two possible solutions for θ23,
1

2
sin−1 (

√
a) or π

2
− 1

2
sin−1 (

√
a). The current

Super-K measurement of sin2 2θ23 = 1.00 ± 0.1 corresponds to values of θ23 = 45◦ ± 9.22◦.

For the determination of θ13 using a long-baseline νµ → νe appearance measurement, this
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Figure 8: The 90% CL (solid curves) and 3σ (dashed curves) allowed regions (2 d.o.f.) in the sin2 2θ13-

δCP-plane for the true values sin2 2θ13 = 0.1 and δCP = 90◦ for JPARC-SK, NuMI, Reactor-II. The right-most

plots are calculated for the shown experiments in combination with the conventional beams. For the true

values of the un-displayed oscillation parameters, we choose the current best-fit values and a normal mass

hierarchy. The black curves refer to the allowed regions for the normal mass hierarchy, whereas the gray

curves refer to the sgn(∆m2
31)-degenerate solution (inverted hierarchy), where the projections of the minima

onto the sin2 2θ13-δCP-plane are shown as diamonds (normal hierarchy) and triangles (inverted hierarchy).

For the latter, the ∆χ2-value with respect to the best-fit point is also given. The upper row shows the fit

manifold section (with the un-displayed oscillation parameters fixed at their true values), and the lower row

shows the projection onto the sin2 2θ13-δCP-plane as the final result.
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Figure 9: The same as Figure 8 but for the true value δCP = −90◦.
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Figure 8: The 90% CL (solid curves) and 3σ (dashed curves) allowed regions (2 d.o.f.) in the sin2 2θ13-

δCP-plane for the true values sin2 2θ13 = 0.1 and δCP = 90◦ for JPARC-SK, NuMI, Reactor-II. The right-most

plots are calculated for the shown experiments in combination with the conventional beams. For the true

values of the un-displayed oscillation parameters, we choose the current best-fit values and a normal mass

hierarchy. The black curves refer to the allowed regions for the normal mass hierarchy, whereas the gray

curves refer to the sgn(∆m2
31)-degenerate solution (inverted hierarchy), where the projections of the minima

onto the sin2 2θ13-δCP-plane are shown as diamonds (normal hierarchy) and triangles (inverted hierarchy).

For the latter, the ∆χ2-value with respect to the best-fit point is also given. The upper row shows the fit

manifold section (with the un-displayed oscillation parameters fixed at their true values), and the lower row

shows the projection onto the sin2 2θ13-δCP-plane as the final result.
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Figure 9: The same as Figure 8 but for the true value δCP = −90◦.
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Figure 8: The 90% CL (solid curves) and 3σ (dashed curves) allowed regions (2 d.o.f.) in the sin2 2θ13-

δCP-plane for the true values sin2 2θ13 = 0.1 and δCP = 90◦ for JPARC-SK, NuMI, Reactor-II. The right-most

plots are calculated for the shown experiments in combination with the conventional beams. For the true

values of the un-displayed oscillation parameters, we choose the current best-fit values and a normal mass

hierarchy. The black curves refer to the allowed regions for the normal mass hierarchy, whereas the gray

curves refer to the sgn(∆m2
31)-degenerate solution (inverted hierarchy), where the projections of the minima

onto the sin2 2θ13-δCP-plane are shown as diamonds (normal hierarchy) and triangles (inverted hierarchy).

For the latter, the ∆χ2-value with respect to the best-fit point is also given. The upper row shows the fit

manifold section (with the un-displayed oscillation parameters fixed at their true values), and the lower row

shows the projection onto the sin2 2θ13-δCP-plane as the final result.
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Figure 9: The same as Figure 8 but for the true value δCP = −90◦.
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Figure 8: The 90% CL (solid curves) and 3σ (dashed curves) allowed regions (2 d.o.f.) in the sin2 2θ13-

δCP-plane for the true values sin2 2θ13 = 0.1 and δCP = 90◦ for JPARC-SK, NuMI, Reactor-II. The right-most

plots are calculated for the shown experiments in combination with the conventional beams. For the true

values of the un-displayed oscillation parameters, we choose the current best-fit values and a normal mass

hierarchy. The black curves refer to the allowed regions for the normal mass hierarchy, whereas the gray

curves refer to the sgn(∆m2
31)-degenerate solution (inverted hierarchy), where the projections of the minima

onto the sin2 2θ13-δCP-plane are shown as diamonds (normal hierarchy) and triangles (inverted hierarchy).

For the latter, the ∆χ2-value with respect to the best-fit point is also given. The upper row shows the fit

manifold section (with the un-displayed oscillation parameters fixed at their true values), and the lower row

shows the projection onto the sin2 2θ13-δCP-plane as the final result.
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Figure 9: The same as Figure 8 but for the true value δCP = −90◦.
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MINOS & OPERA
(“conventional beams”)



Conventional Beams (running)
• MINOS: measure Dm2: E/L tuning!

• Statistically limited (full set by 2010)

• If no observation: improved by ~2x the 
CHOOZ limit

• BGOPERA: DIS & lower E from signal

• BGMINOS: from ND extrapolation

• Off-axis: lower BG 

41

3.3. Physics Capabilities of MINOS 60

The νe CC Appearance Current knowledge implies that the atmospheric neu-

trinos phenomenology is dominated by νµ → ντ oscillations. The yet unob-

served oscillations νµ → νe are expected to occur via sub-dominant processes

within the 3ν oscillation framework for long baseline experiments. The pro-

cess is modulated by sin2(2θ13). A handful of oscillated νe could appear in

MINOS depending on the value of sin2(2θ13), which is known to be < 0.11

[81]. The MINOS sensitivity to the value of θ13 beyond the Chooz limit [36]

is shown in Figure 3.22.

Figure 3.22: νe CC Appearance Oscillation Parameter Sensitivity Plot. This plot
shows the expected sensitive of MINOS to θ13 (blue), where the regions already explored
by Chooz (red) and SK (green) are also indicated.

However, the degree of νe CC excess has to be statistically significant beyond

a background, which has to be well understood. The major contributors to

the background are an irreducible contribution of beam νe contamination for

kaon decay and NC events with a leading πo events being produced. πo are

believed to be generally indistinguishable from νe in the MINOS, due to the

coarse graining. In addition, the expected number of the background events

is not very certain, since the cross-sections for their production are not well

known [80]. The contents of the beam will need to be very well understood

and quantified to accurately account for expected beam νe, a task for which

θ13 signal τ→e νµCC νµNC νeCC 
beam

9º 9.3 4.5 1.0 5.2 18
8º 7.4 4.5 1.0 5.2 18
7º 5.8 4.6 1.0 5.2 18
5º 3.0 4.6 1.0 5.2 18

Efficiency 0.31 0.032 0.34x10-4 7.0x10-4 0.082

OPERA@NOW06

MINOS TDR (old)



T2K & NOνA
(“off-axis beams”)



Why off-axis beams?

43



Why off-axis beams?
• Off-axis: narrow band aimed to oscillation maximum

Caius Howcroft

General Idea

• Locate a large detector 14 mrad off 
axis from the NuMI and look for 
appearance of !e in the !" beam.

• Taking the detector off-axis gives a 
very narrow band beam due to 
decay kinematics 
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Why off-axis beams?
• Off-axis: narrow band aimed to oscillation maximum

• More flux: wide range of Eπ contribute to narrow Eν

• less sensitive to beam modeling 

• Less BG: NC HE-tail and νe intrinsic contamination
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• Taking the detector off-axis gives a 
very narrow band beam due to 
decay kinematics 
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T2K

JPARC beam + SuperK

Kajita@NOW2006



T2K features...

45



• 0.6GeV beam (0.75kW): 80% quasi-elastic νs

0m

T2K features...

45

p π ν



• 0.6GeV beam (0.75kW): 80% quasi-elastic νs

• On-axis beam monitoring detectors: beam centre profile

0m

T2K features...

45

p π ν

140m



• 0.6GeV beam (0.75kW): 80% quasi-elastic νs

• On-axis beam monitoring detectors: beam centre profile

• ND (280m off-axis): σν factory and normalisation

0m

T2K features...

45

280m

p π ν

140m



• 0.6GeV beam (0.75kW): 80% quasi-elastic νs

• On-axis beam monitoring detectors: beam centre profile

• ND (280m off-axis): σν factory and normalisation

• Middle Detector: match the off-axis spectrum of FD

0m

T2K features...

45

280m

p π ν

140m 2 km
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• 0.6GeV beam (0.75kW): 80% quasi-elastic νs

• On-axis beam monitoring detectors: beam centre profile

• ND (280m off-axis): σν factory and normalisation

• Middle Detector: match the off-axis spectrum of FD

• SuperKamiokande III (fine resolution: πo taggings)

• Impressive progress & future...
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Physics

46

• sin2(2θ13) & dirac-δCP (harder during phase-1)

• sin2(2θ23) to 1% & Δm2 to 1%

• critical input to world neutrino community

• more upon updates (4MW beam & HK)

sin22θ13=0.01



Physics

46

• sin2(2θ13) & dirac-δCP (harder during phase-1)

• sin2(2θ23) to 1% & Δm2 to 1%

• critical input to world neutrino community

• more upon updates (4MW beam & HK)

sin22θ13=0.01



NOνΑ



NOνΑ Detector
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NOνΑ Detector• physics: θ13 & (δCP,±Δm2)
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NOνΑ Detector• physics: θ13 & (δCP,±Δm2)

• νe detector: EM showers

48 Caius Howcroft

Detector Design

7

• Design is optimized for 
excellent !e identification 
while maintaining high mass 
at low cost.

• Fully active, no absorber.
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• Correlation among θ13,δCP,±Δm2 => to disentangle

• anti-ν/ν running helps self-disentangle

• comparison with T2K and reactors
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Measure 

50
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!" Disappearance Measurement

20

• NO!A can still do !" disappearance measurement, measure 
the mixing angle #23 and $m2

23.

!"#$%&'(

)*

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

5-year # run 

5-year # run

with Proton Driver 

x10

Measure sin22#23 to 0.5-1%

Measure sin2(2θ23) to ~1% and Δm2(atm) to ~2% 
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Road Map

• April 2006: DOE CD1 review. Recommends approval

• Early 2007: DOE CD2 review

• Oct 2007: DOE CD3 and begin Far Detector building 
construction.

• Late 2007: completion of an small Integration Prototype at 
FNAL.

• Oct 2008: First construction of Far Detector Scintillator 
modules.

• June 2009: Completion of Far Detector building.

• Nov  2010: First 5 kT completed, start of data taking

• Nov 2011: Far Detector completed, 25 kT.

22

Time  Scale

51
http://www-nova.fnal.gov/NOvA_Proposal/NOvA_P929_March21_2005.pdf

http://www-nova.fnal.gov/NOvA_Proposal/NOvA_P929_March21_2005.pdf
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NuMI upgrade 1 (700kW): duty cycle better (~2009)

NuMI upgrade 1I (1.2MW): higher intensity (~2011)

http://www-nova.fnal.gov/NOvA_Proposal/NOvA_P929_March21_2005.pdf
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• although few reactors may be nice: “reactor off”

• reduce & understand backgrounds

• overburden & detector design [DC]

• reduce & understand experimental systematics
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• inter-detector energy calibration: <1%
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What to remember?



beams + reactors = deeper insight

57

observation no observation

Competitive & overlapping coverage by both techniques!

P. Huber et al: hep-ph/0601266

Similar time scale
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