Determining the
Neutrino Mass Hierarchy:

Stephen Parke, Fermilab
NO-VE 2006

® “Mass”’ Measurements
® | ong Baseline v, — v or ve — 1,

® Other Possibilities
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Neutrinoless double beta decay
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Similarly, if Tritium decay exp. (Hyper-Katrin)
could exclude m,,, > 3—10 eV, then Normal Hierarchy

these 3 figs from Strummia and Vissani hep-ph/0503246




Long Baseline v, — v, or v, — v,

e SUPERBEAMS: (0.4 to 4 MW)

® Counting Expts (3 ways)

® Spectrum Measurement

e NEW NEUTRINO BEAMS

® Neutrino Factory (muon storage ring)

® High Gamma Beta Beams
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Counting Expts at First Osc. Max.

® Neutrino v Anti-Neutrino One Expt.
® Neutrino v Anti-Neutrino Two Expts Different L’s

® Neutrino v Neutrino Two Expts Different L’s
and EQUAL E/L’s

%

The NUMI Beamlme /\/O

JHF — Super-Kamiokande

295 km baseline : x s;iéﬁ
Super-Kamiokande: 4 AN
22.5 kton fiducial - N
Excellent e/p ID s afl L S i
Addttional /e ID Super Ham'k f&d 295km J.?ER' "
Hygﬁr-:?mlclnkandef .&«f} o 5,«— e R

e = Lo
SUDEFIKUUE mass o h ?m; ;;.m.;,
Matter effects small o el "’-“
Study using fully
simulated and
reconstructed data

4

Two functionally identical
nem‘r-mo dz*rec‘rors

Fermilab 10 km Soudan
730 km

12 km




Neutrino v Anti-Neutrino One Expt.

NOvA: E=2.3GeV and L=810km

The NUMI Beamline /\/
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NOvA: E=2.3GeV and L=810km
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JHFE = Super-Kamlokande

295 km baseline
Super-Kamiokande: A
22.5 kton fiducial L S
Excellent e/ ID

Additional n%e ID
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Neutrino v Anti-Neutrino
Two Expts. Different L’s

JHF > Super-Kamlokande

295 km baseline

Super-Kamiokande:
22.5 kton fiducial
Excellent efu ID
Additional =%/e ID

Hyper-Kamiokande
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Matter effects small
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NuMI P(v,—v,) [%]

Neutrino v Neutrino
Two Expts. Different L’s
Same E/L!

A0B/0 (%) for positive and negative Amzl3
JHF neutrino vs. NuMI neutrino

“Fans” narrow
as the (E/L)’s
become equal.

2 : Minakata, Nunokawa
25 ' and SP hep-ph/0301210

E,=0.6 GeV 7
Eym=2.0GeV |

T2K: 2 degrees
NOVA: 12 km

JHF P(v,—v,) [%]
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Spectrum Measurements:

® On Axis
® Off Axis - 2nd Peak




On Axis Beams:

® 28 GeV protons. | MW beam power. Horn focussed _
BNL Wide Band. Proton Energy = 28 GeV

Distance = 1 km

® 500 kT water Cherenkov detector.

® baseline > 2500 km. WIPP, Henderson, Homestake

nw/GeV/m?POT at 1 km

ve/v“ =0.007

Brookhaven Proposal




Why Broadband Beam?

observe multiple nodes

extraction of oscillating v, — Vv, Oscillation

signal from background. z o1
- S 0.00 BNL-HS 2540 kmn, matter effects
Iarger energies g i 28, 5,233 = (0.86, 1.0, 0.04)
larger cross sections ~ £0.08 Iamgsifl =368, 2] e¥

less running time for 0.07

anti-neutrinos
Sensitive to different
parameters in different
energy regions: 0.04
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Hierarchy resolved for sin® 265 > 0.008 for all 6.




Off Axis:

Some recent progress: detector in Korea

T ’
1Mton (0.54Mton fiducial mass)
Hyper-Kagmiokande

m 1»‘ ,._:'f..'-. :
Total cost must

be similar to the
baseline design.
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Kamioka Korea
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Tokail to Kamioka-Korea

Expected sensitivity

Neutrino + anti-neutrino runs = 8 years

Sensitivity to mass hierarchy
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e NEW NEUTRINO BEAMS

® Neutrino Factory (muon storage ring)

® High Gamma Beta Beams

see Winter talk:




Neutrino Factory:

Mass Hierarchy: — sign of 5m§1

Matter Effects
v, » v, E,=13 GeV L=3000 km
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Wrong-Sign Muon Measurements
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Neutrino Factory:

Only way to get to very small values of sin® 263




Other Possibilities

Supernova (Raffelt)
Atmospheric
Precision Disappearance Measurements

High Energy Cosmic Neutrinos (Quigg)




Conclusions

for Hierarchy Determination:

® Near Term: NOvA + T2K a powerful
combination for sin?26,; > 0.02 - 0.03

® For smaller gj,22¢9,, spectrum
measurements are needed

® Very small values: Neutrino Factory

® Other







T2K + NOVA, Neutrino Only, sin 26 ,=0.01,0.02,..,0.1

N for T2K

(2.5 deg)

T2K: 0.75 MW, 5 yrs, 22.5 kton.

NOvA: 6.5¢20 POT/yr, 5 yrs, 30 kton, 24%

NOvVA: 12 km (2.0 GeV) 4

—— Normal
— Inverted
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