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 There has been a revolution in Neutrino
Physics.

— Observation of Atmospheric Neutrino
oscillations (Super-K, Soudan, Macro).

— Confirmation by K2K.

— Observation of Solar Neutrino oscillations
(Chlorine, Super-K, SAGE, Gallex, SNO)

— Confirmation by KamLAND



Three Neutrino Picture
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Mass Hierarchy
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Remaining Questions

Measurement of 0,
— Precision measurements of other quantities

What is the value of Dirac CP phase 67
What is the mass hierarchy?
What is the mass of the lightest neutrino?

Are neutrinos Majorana particles?
— If so what are Majorana phases?




Off-Axis Physics Program

Initial Goals

 Discover if 6,5 is non-zero by observing v,
appearance

« Attempt to resolve if 8,5 is non-maximal.
 Precisely determine dm?,; (~10-4 eV?)

Combination of more than one distance and/or v,
running.

* Discovery of non-zero CP phase

* Determination of mass hierarchy



v, Appearance
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chose E to ~maximize sin?A,q, at particular location:

- For NOVA: L=820 km E_ =2.3 GeV
. ForT2K: L=290km E,=600 MeV



Off-axis ldea

First pointed out in the Long Baseline Neutrino Oscillation Proposal for
Experiment, E889, at Brookhaven.)

Off-axis Kinematics > 3 /0
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Pick an Angle=Pick an Energy
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High Intensity Proton Accelerators

Power Energy Intensity Rep. rate
(MW) (GeV) (10%2 ppp) (Hz)
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Neutrino Beams

<Ev> L #CC

(GeV) (km) v/kt/yr
K2K 1.3 250 2
NuMi (High E) |15 730 3100
NuMi (Low E) |3.5 730 469
CNGS 17.7 732 2448
JHF-I 0.7 295 133
Numi off-axis | 2.3 820 ~80
Super AGS 1.5 2540 |11
JHF-11 0.7 295 691
SPL 0.26 130 16.3
B beam** 0.58 130 84

> R&D

From Nakaya



T2K Experimental Layout
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NuMI| Beam
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Matter Effects

If we now include matter effects:

,_ . (2FEa(x o [ Am?, L
Pratis [Vu(0,) — ve(,)] =va cos 26,5 sin” 20,385, (ﬁz(‘fi)) sin? ( Tg% )
V'S ()L ‘ Am?,L
F a(z) sin 26013 cos 20,355, sin ( ?QREH ) ,

Where a(z) = \/iGFNe(.CL“)
“~ Electron number density at x

Matter induced effects are a function of E, and can be
large for long path lengths.

— T2K ~10%

— Nova ~25% (higher energy and longer distance)

* QOpposite sign

— forvandv

— for NH and IH



vo(V,) Prob. vs. Energy at CHOOZ Limit

| T2K - NOVA
10%¢ v 10% 1 | .
: e g
. - Matter effect Nl bigger
? e enhancesv, -f
e appearance |
ﬁ and decreases ﬁ 5

100.0 I I T Em;rggu(ﬂe\ﬁ ‘ I 10000.0 100.0 Ene1rggfn(rxnde\/) T 10000.0
600 MeV 2.3 GeV
290 km 820 km

om?2,,=2.5x10-3 eV? sin%20,,=1.0

om?2,,=7.1x10-° eV? sin?%20,,=0.81

sin%20,,=0.16




Hierarchy/CP Degeneracy

Invert hierarchy

Invert hierarchy
0=-90°
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NOvA study:
Two Far Detectors Different Energies

Optimization under study
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700 MeV
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Summary

The off-axis technique is a very promising method
to:

» discover if 8,5 is non-zero by observing v, appearance
« enable high precision measurements of
0,5 and dm?,,

* More studies are needed to optimize the procedure for
establishing the mass hierarchy and for searching for
non-zero CP phase.

* Most likely several complimentary techniques will have
to be used.
— Different distances
— Neutrino and anti-neutrino beams
— Reactor measurements of 0,5
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