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complementarity: all experiment has input into global

coherent(!) picture
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neutrine oscillations summary
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flavour-vs (interact) while mass-Vs (propagate)

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

oscillations dominates experimental evidence to >107%
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 Vs

® “mirroring” lepton-quark mixing => beyond SM!?
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® Earth made of matter (no anti-matter): e-, p+, n

® free-Hamiltonian is different for anti-V/V due to
interaction with matter by v only (through W)

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

new effective masses

new effective mixing angles

break degeneracy (CPT) between anti-V/V
modify oscillation equations

explicit “L” dependence (not only E/L)
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SOLAR (ALL)
P=O.3 (Nobs/Nexp)
(matter effects)

KamLAND
P=O.6 (Nobs/Nexp)
(vacuum osc.)

E/L modulation...?
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Fermilab Soudan
N e T

Far Detector
@ Soudan

/36km baseline
2 detectors
magnetised
beam physics
cosmic physics

~7x10%°pot
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Far Detector

!",’

) Near Detector (ND)

[l

5.4 kton mass, 8x8x30m | kton mass 3.8%x4.8%|5m
484 steel/scintillator planes 282 steel and 153 scintillator planes
VA electronics Robust QIE electronics
B~I1.2T
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
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® sampling calorimeter: showers
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® |ight collection & Readout:

g2m
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® | 3T Bfelgttracker: J-spectrometer
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® sampling calorimeter: showers

® |.3T Bfeldttracker: ph-spectrometer

® |ight collection & Readout:
® simple & cheap: many channels!
® scintillation + wave-shifting fiber

® strips form modules (one view)
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® sampling calorimeter: showers

® | 3T Bfelgttracker: J-spectrometer

® |ight collection & Readout:

® simple & cheap: many channels!

cm x 4.1 cm extruded polystyrene scintillator

Scintillator Module

® scintillation + wave-shifting fiber

® strips form modules (one view)

)

-6m

Cable (2

® photons detected by multi-anode

64 PMT

Optical Connector Optical Connector

PMs with mu-metal shielding i |
(16 or 64 per PM: optimal!)
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® sampling calorimeter: showers

® | 3T Bfelgttracker: J-spectrometer

® |ight collection & Readout:

® simple & cheap: many channels!

cm x 4.1 cm extruded polystyrene scintillator

Scintillator Module

® scintillation + wave-shifting fiber
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v, Spectrum spectrum ratio

Unoscillated

1.4,
1.2f
1

Oscillated

I.hlllllmllhil

Oscillated/unoscillated

o O O O

N

10
Visible energy (GeV)




Additonal Physics Channels
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Sample of V-induced ps: |30 up and |10 horizontal
® use the cosmic veto shield (top and sides)
® good single track events: vertex within fiducial-V
® sood timing (1/B distribution)

+pu (anti-V/V) measured by curvature (B-field)

Results...
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® PID parameter: event interaction selection
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® observed U-: CC-quasielastic and low-"y

Calorimeter :Spectrometer
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® PID parameter: event interaction selection

(L 5

® observed P-: CC-quasielastic and low-"y

® NC contamination: pattern-ID hard <|.5GeV

PID = —(,/- log(PM) —\ log(Pyc))
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® MINOS measurement:
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® MINOS measurement:

® relative comparison ND/FD
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e BUI..
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Near Det Far Det
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MINOS measurement:
® relative comparison ND/FD

BUT...

Extended V-source @ Ti-decay
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Near Det Far Det

Not to scale!ll!  Decay Pipe

beam section ~Im beam section
245 m

Rl ~10km
734,000 m

MINOS measurement;

® relative comparison ND/FD

e BUTI...

® Extended V-source (@ T-decay

Far True E  (GeV)

® ND more low E Vs (high angle)

10 20 30
® ND-vs # FD-vs!!! Near True E, (GeV)
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ND to FD extrapolation
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® Beam Matrix;
® beam MC

® pion production
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® decay kinematics

5 5-5-5-1
True E, (GeV) True E (GeV)

® Detector MC:

® acceptances & responses

® Predict VND => VFD
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Beam Matrix;
® beam MC

® pion production
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® decay kinematics

2

True E  (GeV)

Detector MC:

— Matrix method
— NDfit method
— F{N ratic method
— 2D Grid method

® acceptances & responses

Predict VND => VED

. . ! all methods to 5% bin-to-bin
Verify with 3 more methods -

® Fitting ND PDFs

Predicted events/ 1E20PoT

® More direct extrapolation Aoconstructed By (GeV)
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(

v, only (< 30 GeV) 336.0 + 14.4 | 0.64 + 0.05
v, only (< 10 GeV) 238.7 +10.7 | 051 +0.05

v, only (<5 GeV) 168.4 + 8.8 | 0.45 +0.06

® Energy dependent deficit of events
® 49% deficit below 10 GeV - 6.20 (stat+sys)
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Penalty terms for
systematic uncertainties

E/L modulation
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(also @: K2K, SK and KamLAND)
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MINOS Sensitivity as a function of Integrated POT
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® neutrino oscillation, therefore:
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® neutrino oscillation, therefore:
® PMNS matrix: 02,023[max?],03,0cp
® E/L dependence of the signal: Am?so, Am?aem

® +tAm?im & +Am? [matter effects]
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® neutrino oscillation, therefore:
® PMNS matrix: 02,023[max?],03,0cp
® E/L dependence of the signal: Am?so, Am?aem

® +AmZm & +AmZ [matter effects]

% MINOS: Am? = 2.7e-3eV? £ 10%
% sin2(203) < 0.12-0.20
CHOOZ @ 90%CL
% sin2(203) < 0.12
Global Analysis @ 907%CL
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Physics behind the B3 effore...



® O3>0 necessary to measure dirac-Ocp & £Am?(atm)
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Complementarity






® reactor: disappearance => high statistics
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® reactor: disappearance => high statistics

® no NC BG or matter effects

® sensitive to 03 only:

1— P =~ sin?20;5 sin? A + o? A? cos® 03 sin? 204,.
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® reactor: disappearance => high statistics

® no NC BG or matter effects

® sensitive to O3 Only:

1— P ~ sin?205 sin? A + a? A? cos* 043 sin? 2645.

® beams: appearance => low statistics (<I50vs Phase-|)
® BG:11° production and beam Ve contamination

® correlation: Ocp, 013,  degeneracy and matter
effects™

SiIl2 2913 SiIl2 (923 SiIl2 A

A= Am3 L/(4E,)
« sin 2043 sin Ocp sin 26045 Asin? A

a = Ams,/Ams,

« sin 26013 cos dcp Sin 291A cos Asin A

a? cos? Oog sin® 265 A?




beam sensitivity illustraton
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0cp=90, sin?2(203)=0.1 (large), Am2>0, Am?<0 (V only)

J-PARC-SK: Projection NuMI: Projection
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Sensitivity to CP violation at 3o
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MINOS: measure Dm2: E/L tuning!
Statistically limited (full set by 2010) excLuDED 0% L)

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

BGorera: DIS & lower E from signal e
Super-K atmospheric v, —v. (1998)
CHOOZ V,;:ESQQQ) y
BGminos: from ND extrapolation -
Off-axis: lower BG
v.CC
013 Lo e WNC O peam
9° 9.3 4.5 1.0 5.2 18
8° 7.4 4.5 1.0 5.2 18
7° 4.6 1.0 5.2
5° 3.0 4.6 1.0 5.2 18
Efficiency







Why off-axis beams?



® Off-axis: narrow band aimed to oscillation maximum

Medium Energy NuMI Beam Tune

rates for L = 810 km _** *
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® Off-axis: narrow band aimed to oscillation maximum

® More flux: wide range of Er contribute to narrow Ey

Medium Energy NuMI Beam Tune

®

rates for L = 810 km _** *

E, =0.43E_/(1+7°0)

e

At 14 mrad ~all pion _i.\‘o
decays resultin 2 GeV oo'z’

neutrinos 7 mrad off axis Omrad e«
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v, CC events/kt/3.7E20 POT /0.2 GeV
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® Off-axis: narrow band aimed to oscillation maximum

® More flux: wide range of Er contribute to narrow Ey

® |ess sensitive to beam modeling

Medium Energy NuMI Beam Tune

®

E, = 0.43E_/(1+7°0?) o*%
rates for L = 810 km _°*®

e
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® Off-axis: narrow band aimed to oscillation maximum

® More flux: wide range of Er contribute to narrow Ey

® |ess sensitive to beam modeling

® | ess BG: NC HE-tail and Ve intrinsic contamination

Medium Energy NuMI Beam Tune

E, = 0.43E_/(1+7°0?) o*%
rates for L = 810 km _°*®

e

At 14 mrad ~all pion _i.\‘o
decays resultin 2 GeV oo'z’

neutrinos 7 mrad off axis e Omrad
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— 14 mrad
21 mrad
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® 0.6GeV beam (0.75kW): 807 quasi-elastic Vs
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0.6GeV beam (0.75kWV): 80% quasi-elastic Vs

On-axis beam monitoring detectors: beam centre profile
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140m  280m

® 0.6GeV beam (0.75kW): 807% quasi-elastic Vs

® On-axis beam monitoring detectors: beam centre profile

® ND (280m off-axis): Oy factory and normalisation
® Middle Detector: match the off-axis spectrum of FD

® SuperKamiokande lll (fine resolution: TT° taggings)
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® sin2(203) & dirac-0Ocp (harder during phase-1)
® sin2(2023) to 1% & Am2 to |%

® critical input to world neutrino community

more upon updates (4MW beam & HK)

- Total BG: v, beam + NC 4+ misrecon v
- BG from v, beam + NC events
- BG from v, beam

+ Expected Signal+BG

{Am?=0.0025, 0_,=45" 01 =3.0)

. 5x 107 POT
sin?26,,=0.01| _ |
=" fitter applied

00 02 04 06 08 1 12 14 16 18 2

Reconstructed v, Energy (GeV) 46




® sin2(203) & dirac-0Ocp (harder during phase-1)
® sin2(2023) to 1% & Am2 to |%

® critical input to world neutrino community

more upon updates (4MW beam & HK)

- Total BG: v, beam + NC 4+ misrecon v

- BG from v, beam + NC events
- BG from v, beam New: Previous beam power x 2

+ Expected Signal+BG

{Am?=0.0025, 0_,=45" 01 =3.0)

. 5x 107 POT
sin?26,,=0.01| _ |
=" fitter applied

sin?20,; sensitivity (90%)

2009 2010 2011

Japanese Fiscal Year (Apr-Mar)

00 02 04 06 08 1 12 14 16 18 2

Reconstructed v, Energy (GeV)







NOVA Detector



® physics: 013 & (0cp,£Am?)
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® V. detector: EM showers
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® |ongest baseline: ~8 | 0km
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physics: 013 & (0cp,£Am?)
Ve detector: EM showers
® tracking too: muons
longest baseline: ~8 | Okm
20-25kT full active volume B To 1 APD pixel
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® physics: 013 & (0cp,£Am?)

® V. detector: EM showers
® tracking too: muons

® |ongest baseline: ~8 | 0km

® 20-25kT full active volume [ B
o MINOS-like but...
® |iquid scintillator
® no B-field

® photodetection: APD
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® physics: 013 & (0cp,£Am?)

® V. detector: EM showers
® tracking too: muons

® |ongest baseline: ~810km

e 20-25kT full active volume [E [
e MINOS-like but...
® liquid scintillator
® no B-field

® photodetection: APD
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® V. detector: EM showers
® tracking too: muons

® |ongest baseline: ~810km

e 20-25kT full active volume [E [
e MINOS-like but...
® liquid scintillator
® no B-field

® photodetection: APD
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Physics reach



® Correlation among 013,0cp,xAm?2 => to disentangle

3 ¢ Sensitivity to sinztzeu) =0

3 ¢ Sensitivity to sin2(2(-]13) =0

L =810 km, 25 kT
Am,,2 =26 107 oV*
sin®(20,,) =1

Vu running only.

60.3x10% pot "
" 30.2x10°" pot
All v runniing B
—_— AmZ> 0 E for eachzv and v
— AmZ< 0 — .-ima.: 0
= Am“< 0

-1
10

sin’(26,,)

L =810 km, 25 kT

Am,2 =25107 oV?

sin(20,,) =1
Vi and Vi
running.
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® Correlation among 03,0cp,£Am? => to disentangle

3 ¢ Sensitivity to sinztzeu) =0

3 ¢ Sensitivity to sin2(2(-]13) =0

L =810 km, 25 kT : TP T——
3 a2 ! = m,
2=2510" oV - =810 km, 2547
sin‘(26,,) = 1 ) Am,,2=2.5 107 oV
sin(20,,) =1
Vi and Vi
running.

Vu running only.
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All v runniing B
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= Am“< 0
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® Correlation among 63,0cp,£Am? => to disentangle

® anti-V/V running helps self-disentangle
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® Correlation among 0)3,0cp,£Am?* => to disentangle

® anti-V/V running helps self-disentangle

3 ¢ Sensitivity to sinztzeu) =0

® comparison with T2K and reactors

3 ¢ Sensitivity to sin2(2(-]13) =0

L =810 km, 25 kT
2=2510° oV?
sin‘(26,) = 1

Vu running only.

60.3x10% pot "
" 30.2x10°" pot
All v runniing B
—_— AmZ> 0 E for eachzv and v
— AmZ< 0 — .-ima.: 0
= Am“< 0

o 10"
sin“(26,,)

L =810 km, 25 kT

Am,2 =25107 oV?

sin(20,,) =1
Vi and Vi
running.

g 10"
sin“(26,,)



Measure sin?(2023) to ~1% and Am?(atm) to ~2%

MINOS Best Fit
MINOS 90% C.L.
MINOS 68% C.L.

K2K 90% C.L.
—— SK 90% C.L.
— SK (L/E)90% C.L.

235
09 091 092 093 0.94 095 096 097 098 IJ..QIPm 1
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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.



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

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.
. NuMI upgrade_| (700kWV): dut%' C{cle.better (~2009)
Nov 2010: First 5 kT completed, start of data taking

Nov 2011: Far Detector completed, 25 KT.
NuMI upgrade |l (1.2MW): higher intensity (~201 1)



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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reactor experiments: goals



® make flux uncertainty negligible: multi-detector
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® large (or many) detectors: S/B ~ f( radius )

® although few reactors may be nice:“reactor off”
reduce & understand backgrounds

® overburden & detector design [DC]
reduce & understand experimental systematics

® inter-detector normalisation: <0.6%

® inter-detector energy calibration: <|%
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Tag near-passing ps
causing fast-n (& p-entry point?)



Double Chooz

“near-miss” p tagging

Volume for v-interaction (0.1% Gd)

: Extra-volume for v-interaction

: oil no
scintillator to isolate PMs from target area

Traversing muon and
fast-n tagging (by proton recoil)

: Reduce rock radioactivity from
U,Th chains and K
Tag near-passing ps
causing fast-n (& p-entry point?)
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Double Chooz & RENO
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What to remember?



Competitive & overlapping coverage by both techniques!
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Similar time scale
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® Angra (reactor): 013 [hep-ex/0511059]
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® Angra (reactor): 013 [hep-ex/0511059]

® KASKA (reactor): 8:3,812,Am?(atm) [hep-ex/060701 3]
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® Angra (reactor): 013 [hep-ex/051 1059]
® KASKA (reactor): 03,012,Am?(atm) [hep-ex/060701 3]

® (-beam (beam): 0,3,Am?(atm) [hep-ph/0605033]
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Angra (reactor): 013 [hep-ex/0511059]
KASKA (reactor): 013,012,Am?(atm) [hep-ex/060701 3]
B-beam (beam): 83,Am?(atm) [hep-ph/0605033]

NuFact (beam): 03,Am?(atm) [hep-ph/0210192]
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Angra (reactor): 0,3 [hep-ex/0511059]

KASKA (reactor): 013,012,Am?(atm) [hep-ex/060701 3]
B-beam (beam): 013,Am?(atm) [hep-ph/0605033]
NuFact (beam): 03,Am?(atm) [hep-ph/0210192]

Hanohano (reactor): 013,Am?(atm) [hep-ex/0612022]
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Angra (reactor): 03 [hep-ex/0511059]

KASKA (reactor): 013,012,Am?(atm) [hep-ex/060701 3]
B-beam (beam): 03,Am?(atm) [hep-ph/0605033]
NuFact (beam): 03,Am?(atm) [hep-ph/0210192]

Hanohano (reactor): 83,Am?(atm) [hep-ex/0612022]

And more...
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