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Open Questions...

Absolute mass scale (kinematic, TOF, Ov[3f3
decay, astrophysical limits)

Dirac vs. Majorana (Ovp[ decay)

Majorana phases (Ov[p3[3 decay)
Octant of 0, (v oscillation)
CP-violation, dirac phase 0, (v oscillation)

Ordering of mass hierarchy sgn(Am2,;) (v
oscillation)
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Absolute Mass Measurements

Supernova TOF and energy spectrum
— <5.8 eV (95% C.L.) hep-ph/1005.3682

Cosmological: Mass power spectrum

—0.2<2m, < 2 eV 95% C.L., model dependent
hep-ph/0608060

Kinematic: Tritium P-decay
—m, < 2.2 eV (95% C.L.) hep-ex/1108.5034v3

Ovp decay: If v is Majorana
—<m_.>=(120-250) meV 90% C.L. hep-ex/1211.3863v2
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B-Decay Kinematic Mass Measurement
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Kinematic Mass Measurement
X=3H, KATRIN




Kinematic Mass Measurement
X=3H, KATRIN
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Data Taking - 2015
Sens. at 90% C.L. m,= 0.2 eV/c?

50 Meas. Potential m, = 0.35 eV/c?
@ 3 ‘full beam’ years (stats. + sys.)
T. Thimmlera, KATRIN Coll.
hep-ex/1012.2282v1




Kinematic Mass Measurement
X=3H, KATRIN X=18/Re,183Ho

Pre- and Main Spectrometer Detector

MARE/ECHO in R&D Stages

Data Taking - 2015 2-3 years
Sens. at 90% C.L. m,, = 0.2 eV/c? ,
(o)
50 Meas. Potential m, = 0.35 eV/c? Sens. 0.2eV/c® (90% C.L.)
@ 3 ‘full beam’ years (stats. + sys.) stats only - 10 Yrs 400g '/Re
T. Thimmlera, KATRIN Coll.
hep-ex/1012.2282v1 A. Nucciottia, MARE Coll.

hep-ex/1012.2290v1 .




Open Questions...

* Abselute-masssealetkinematic, FOE-OVBH
ecay hysical limits

* Dirac vs. Majorana (Ov[3[3 decay)

* Majorana phases (Ov[33 decay)
* Octant of 0,5 (v oscillation)
* CP-violation, dirac phase 0., (v oscillation)

* Ordering of mass hierarchy sgn(Am?2,;) (v
oscillation)
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Ovpp Decay Results

EXO 136Xe T% > 16x10%y ‘m ‘S 0.14-0.38 eV
hep-ex/1205.5608 / PP

KamLAND-Zen 3¢Xe | 70v o 1.9x10%y

hep-ex/1211.3863v2 /2

KLZ + EXO 136Xe ]10; > 3.4x105y||;m . | < 0.12-0.25 eV
hep-ex/1211.3863v2 / PP

CUORICINO 139Te TOV > 2.8X 10%4y m. | < 0.3-0.7 eV
hep-ex/1012.3266 /2 pp

Heidel-Moscow 76Ge Tlozv > 1.9x105y||l;;m . |< 0.32-1.0eV
hep-ph/0103062 / Bp

IGEX 76Ge TOV > 1.57x 10%°y m. | < 0.33-1.35eV
hep-ex/0202026 12 BB

All results stated at 90% C.L.
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Ovpp Decay Results

Has Ovpf been seen by 10— T / *

Heidelberg-Moscow?
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Ovpp Decay Future
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OVISB Decay Future
KamLAI\kD -Zen

aaaaa

Majorana
NEXT
nEXO

CUORE-0O

Super NEMO 15



Open Questions...
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Neutrino Oscillation

If neutrinos have mass then... h’l> = EUZZ.IVZ.> ... Where ...

{Uel Ue2 Ue3 \ \
Uli = U,,u Uuz Uu3
\Url Ur2 Ur3 / )

Atmospheric Interference  Solar

Oscillation probability depends also on mass difference squared Amzij,
energy of the neutrino, E, and distance it travels, L.

Six oscillation parameters to measure:

*3 Mixing angles 0,5, 6,5 and 0,

*2 Mass squared difference Am?,; and Am?,
*1 dirac CP-violating phase 0O.p
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Global Fits After Neutrino 2012
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Normal Hierarchy

Inverted Hierarchy

Global Fits After Neutrino 2012
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Global Fits After Neutrino 2012

o LBL + Solar + KamLAND
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Global Fits After Neutrino 2012
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Global Fits After Neutrino 2012
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T2K; A Long Baseline (LBL) Experiment
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Daya Bay, RENO, Double Chooz
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Future LBL - Mass Hierarchy & 0O,

Longer baseline experiments utilise matter effects (A) to determine MH
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Near Future LBL; NOVA
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Future LBL; J-PARC
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Future LBL; LAGUNA-LBNO

anode & charge readout
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Future LBL; LBNE

P(V,) vs. P(v,) at E = 2.2 GeV
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Neutrino-Nucleon Cross Sections

Different detector materials require knowledge of absolute neutrino cross

sections.

*High Energy — Deep Inelastic Scattering (DIS) interactions dominate
*Low Energy — Charged Current Quasi Elastic (CCQE) interactions

dominate.
At all Energies — Final State Interactions (FSI)
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Neutrino-Nucleon Cross Sections
Errors

K2K'v, disappearance MINOS (PRL 106:181801 (2011))
(PRD 74 072003 (2006)) Source of 5(Am ), d(sin"(20))
£15 FND spectrum shape. Il & systematic uncertainty (103 eV?)
& (a) Hadronic energy 0.051 < 0.001
" (b) p energy (range 2%, curv. 3%) 0.047 0.001
(c) Relative normalization (1.6%) 0.042 < 0.001
os | (d) NC contamination (20%) 0.005 0.p09
(e) Relative hadronic energy (2.2%) 0.006 0.p04
s (f) o, (E, < 10 GeV) 0.020 0.p07
A Efciency (g) Beam flux 0.011 0.001
2ol |||MHHHWH (h) Neutrino-antineutrino separation  0.002 0.002
e (i) Partially reconstructed events 0.004 0.003
" Total systematic uncertainty 0.085 0.013
Expected statistical uncertainty 0.124 0.060
oo T2K v, appearance (PRL 107:041801 (2011))
Near Near Detector Total
Detector Stats.
8 Size (%); +5.6/-5.2 10.5 94  +17.6/-
e el 6in220,,= 0.1 17.5

T2K, MINERVA, LBNE, LBNO & vStorm (v,.) are examples of current and

future experiments that will improve understanding of v cross sections
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Summary

0,5 is large! So measurement of lepton CP-
violation might be possible in the near future.

There are still other open questions.

Next generation of experiments in
combination will answer these questions.

We need a greater understanding of neutrino
cross-sections to achieve these goals.

Exciting time to be in neutrino physics!
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Plenty of experiments will help increase our understanding now and in the near future

T2K
MiniBooNE
SciBooNE
ArgoNeuT
MINERVA*

Some Current Cross Section
Experiments

—  Currently taking data
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Some Current Cross Section
Experiments

Plenty of experiments will help increase our understanding now and in the near future:
T2K* n
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Status of Oscillation Parameters

Solar + KamLAND
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