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e Parameters of the PMNS Matrix

Solar Sector L/E~15000km/GeV, 012, Amoq2
Atmospheric Sector L/E~500km/GeV, 023, Amsi2
Mixed Sector L/E~500km/GeV, 813, Ams42
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« Parameters of the PMNS Matrix
- Solar Sector L/E~15000km/GeV, 012, Amaq2
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Experiment

1000 tons of D20 in a nickel mine
2092 m underground
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KamLAND
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KamLAND

1 kton liquid scintillator
30% photocathode coverage
at 2700 m.w.e. depth
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It takes advantage of the former
Kamioka cavern that is surrounded
by reactors, typically ~180 km away
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KamLAND Results
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Solar neutrino experiments - neutrinos
KamLAND - disappearance of antineutrinos
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KamLAND/Solar
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Solar includes all solar experiments (3 phases of SNO,
SuperKamiokande, Chlorine, Gallium and Borexino)
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Solar includes all solar experiments (3 phases of SNO,

SuperKamiokande, Chlorine, Gallium and Borexino)
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Solar includes all solar experiments (
SuperKamiokande, Chlorine, Gallium and Borexino)
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(&) Summary (solar sector)§

Oscillation analysis tan2012 Am?221 (eV?)

Solar (2v) 0.457+0.038 540 5.89+2.13 5 16 x 100

Solar + KamLAND (2v) 0.457+0.040_; 509 7.59+0.20 554 x 105

Solar + KamLAND (3v) 0.468+0.042_ 5 533 7.59+0.21 551 x 10
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Oscillation analysis tan2012 Am?221 (eV?)

Solar (2v) 0.457+0.038 4 940 | 5.89+2.13 5 16x 10

Solar + KamLAND (2v) | 0.457+0.0405 09 | 7.59+0:20 4554 x 105

Solar + KamLAND (3v) 0.468+0.042 5 435 7.59+0.21 551 x 105

Going to 3 flavor analysis does not change solar
parameters significantly
Solar expts determine tan2012, KamLAND Am?Z»4
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e Parameters of the PMNS Matrix

 Atmospheric Sector L/E~500km/GeV, 023, Amzq2
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Fermilab

o Soudan
Al ‘ -
735.340 km - -
12 km

Neutrino beam produced at Fermilab
Near Detector - 1 km from the target
Far Detector - 735 km away and
710 m underground
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710 m underground
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— Near: 0.98 kt
¥y — Far: 5.4kt

— steel planes
« 2.5 cm thick

Far Detector ﬂ—/..:..\_é Ty !! — scintillator strips

- "V‘“’ P ‘w « 1 cm thick

* 4.1 cm wide

. — Wavelength shifting
% fibre optic readout

Y, | — Multi-anode PMTs
— Magnetised (~1.3 T)

Fermilab

Soudan

10 km
'

735.340 km

Neutrino beam produced at Fermilab
Near Detector - 1 km from the target
Far Detector - 735 km away and
710 m underground

The flux is measured in the Near Detector and then extrapolated to obtain
prediction in the Far Detector
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P.Vahle Neutrino2010
Stanley Woijcicki Rencontres de Blois 2010 11




A~ Q& “. L.““ Ly
fla L L L

3 ISR

e s

_MINOS Preliminary

|

MINOS Far Detector -

>3OO — —4— Far detector data _:
()] I — No oscillations .
(D i — Best oscillation fit ]
?)200 K || NC background -
H : -
C -
> nll -
e FpEied
—#——h———l———;

0

b 2 4 6 8 10
Reconstructed neutrino energy (GeV)

P.Vahle Neutrino2010
Stanley Woijcicki Rencontres de Blois 2010 11




MINOS Preliminary

' : MINOS Preliminary
MINOS Far Detector - (é) 1 '5_ | : A
§ o _
>300_ —4— Far detector data - o _
O ) —— No oscillations ] @ I
Q) i — Best oscillation fit o 1
i -
;200_ L] NC background ~ 8 I s B
T ! 2 I +
G>J1 OO_ - d _9 05 —4— Far detector data ;
LLJ B -+-:F @) Best oscillation fit
] ..c__U- Stats. only decay fit
; h fit A
! o B 'Statsl only deco ?rence it

Y 2 4 6 8 10 Yz 4 6 8§ 10
Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV

P.Vahle Neutrino2010
Stanley Woijcicki Rencontres de Blois 2010 11




MINOS Preliminary
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SUPERKAMICIKANDE  seniur . 50 ooeec Rey RESTAR0H UNISRETY OF TONYD MSEEN SEKKE

50 kt of water
42m high, 40 m diam
40% PMT coverage
1000m underground
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SUPERKAMICIKANDE  seniur . 50 ooeec Rey RESTAR0H UNISRETY OF TONYD

50 kt of water
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First candidate vy -> v T->m+ 1
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Oscillation analysis [sin22823(90% C.L.)  Am?

SuperK (2v, zenith angle) >0.96 2.11+0.11 549x 103

SuperK (2v, L/E) >(0.96 2.19t0.14 5 13x 103

SuperK (3v, normal mass 0.43 3
hierarchy) >0.93 2.11+943 012x 10

SuperK (3v, inverted mass +0.13 -3
hierarchy) 201 042X 10

MINOS . 2.31+0.11 598X 103

Neutrino2010
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Oscillation analysis [sin22823(90% C.L.)  Am?

SuperK (2v, zenith angle) >0.96 2.11+0.11 549x 103

SuperK (2v, L/E) >0.96 2.19+0.14 543x 103

SuperK (3v, normal mass +0.43 -3
erarchy) >0.93 2.11 0.12X 10

SuperK (3v, inverted mass +0.13 -3
hierarchy) 21 042X 10

MINOS 2.31+0.11 598X 103

No significant preference on mass hierarchy or CP phase
seen in SuperK 3 flavor fit

Neutrino2010
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e Parameters of the PMNS Matrix

-  Mixed Sector L/E~500km/GeV, 813, Ams42
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Mixed (Subdominant) Sector & #
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» 3 distinct approaches can be used
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» 3 distinct approaches can be used

» Reactor experiments (disappearance):
» Simple analysis - only 813 dependence
 But subtract two large numbers; systematics
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» 3 distinct approaches can be used

» Reactor experiments (disappearance):
» Simple analysis - only 813 dependence
« But subtract two large numbers; systematics

» Accelerator experiments (appearance):
* Dependance also on 823, mass hierarchy, ocp

» Atmospheric and solar experiments:
* Look for small effects in 3-flavor analyses

Caution: Values (limits) are quoted both for sin2(2013)
-accelerators and reactors, and sin2(613) - 3 flavor
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Reactors - CHOO/Z limit & i
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Previous reactor experiments showed no depletion of
neutrino flux, signature of oscillations
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Prewous reactor experiments showed no depletlon of
neutrino flux, signature of oscillations

Previous experiments
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Prewous reactor experiments showed no depletlon of
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* The principal challenge is reduction and
prediction of background (mainly NC)

* A neural network (ANN) using topological
variables is used to distinguish NC and CC

backgrounds from ve signal

* The ANN distribution in the Near Detector is
then used to optimize the cuts and predict the

background in the Far Detector
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The ND analysis predicts:
49.1+7.0(stat.)+2.7(syst.)

events In the Far Detector
54 observed, 0.70 excess
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Am? > 0
i —— MINOS Best Fit
i [68%CL
: [l 90% cL

= CHOOZ 90% CL i
2sin’6,,=1 for CHOOZ -

The ND analysis predicts:
49.1+7.0(stat.)+2.7(syst.)

events In the Far Detector
54 observed, 0.70 excess
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The ND analysis predicts:

AM? >0
49.1+7.0(stat.)x2.7(syst.) Swamen
events in the Far Detector I .

25in%,,=1 for CHOOZ -

54 observed, 0.70 excess

..............

The 90% C.L. limits are: A < 0
sin2(2013) < 0.12 (normal)

sin2(2643) < 0.20 (inverse) MINOS

7.0%10” POT

fOr Inverted -

Sin2(2923) =1, 0cp =0, Oy hierarchy
|Am23] = 2.43 X 103 eV? U Vg,
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Analyses

SuperK - atmospheric
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Summary (Mixed)

-

Oscilationanalysis | {05 (a0 Cl) (@30 L)
atmosphronormaly | 0-006+0%-005 | <0.066
(atmospiﬁi:r,ﬁverte g |0-044+%41032 | <0.122
SuperK (solar,global) | 0.025+018_ 545 <0.059
SNO (solar,global) 0.020+021_p46 <0.057
MINOS (normal) at cp=0 | 0.007+-014_ oo7 <0.03
MINOS (inverted) at dcp=0| 0.015+:021_ 513 <0.05
CHOOZ <0.037

Stanley Woijcicki
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We quote results (updated 2/10/2010) from:
T.Schwetz, M.Tortola, J.W.F. Valle in arXiv 0808.2016.v3
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Several 3-flavor fits have been made to all data
We quote results (updated 2/10/2010) from:
T.Schwetz, M.Tortola, J.W.F. Valle in arXiv 0808.2016.v3

Parameter best fit 20 30
Am221[105eV2] | 7.59+0-234 44 7.22-8.03 7.03 - 8.27
IAm2341 [103eV2]| 2.40%0-12 4 2.18 - 2.64 2.07 - 2.75

sin2012 0.318+00195016 | 0.29 - 0.36 0.27 - 0.38
Sin2023 0.50+0-07 ¢ og 0.39 - 0.63 0.36 - 0.67
sin2013 0.013+0:013,5 509 <0.039 <0.053
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e Related Issues

« Status of the LSND Effect
« Sterile Neutrinos
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Apparent v, -> V. transition  Oscillation interpretation
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Apparent v, -> V. transition  Oscillation interpretation
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If effect is due to oscillations, there must be a 4th,
sterile, neutrino R. Van de Water Nu2010
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MiniBooNE
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MiniBooNE was designed to test the LSND result

L/E is similar to that in LSND but L and E are roughly an
order of magnitude larger; different systematics
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MiniBooNE was designed to test the LSND result

L/E is similar to that in LSND but L and E are roughly an
order of magnitude larger; different systematics

[target and horn) decay region absorber dirt detector
YA a—
. . K+—Z
—~ - — ()(7.7
v,V
primary beam . secondary beam s tertiary beam >
(protons) (mesons) (neutrinos)
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MiniBooNE was designed to test the LSND result

L/E is similar to that in LSND but L and E are roughly an
order of magnitude larger; different systematics

[target and horn) decay region absorber dirt detector
—> v - 777
%J i Vu >V,
primary beam . secondary beam s tertiary beam >
(protons) (mesons ) (neutrinos)

Both neutrino and antineutrino exposures were obtained
Antineutrino run tests the LSND directly
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MiniBooNE Results §ims
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Neutrinos - 6.5E20 POT
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Neutrinos - 6.5E20 POT Antineutrinos - 5.66E20 POT
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Neutrinos: Excess of electrons (y’'s?) below 475 MeV
No excess in the LSND region
Antineutrinos: Small excess below 475 MeV
Excess of events (>20) in LSND region
10E20 POT in v mode requested to resolve the issue
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MINQOS can search for sterile neutrinos in a different
L/E domain than LSND/MiniBooNE
(small Am? and large mixing angle)
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MINQOS can search for sterile neutrinos in a different
L/E domain than LSND/MiniBooNE
(small Am? and large mixing angle)

MINOS looks for depletion of neutral current (NC)
events in the Far Detector

In the conventional oscillation picture there should be
no depletion of NC events

Mild dependence on the assumption regarding 613 since
ve events would be classified as NC

Stanley Wojcicki Rencontres de Blois 2010 29
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Spectrum of NC events in FD
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Spectrum of NC events in FD
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e Related Issues

 Neutrinos vs Antineutrinos
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Atmospheric v’s IR
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<) Atmospheric v's  §Es
Both MINOS and SuperK have tried to extract the

oscillation parameters separately for v and v from their
atmospheric neutrino data
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Both MINOS and SuperK have tried to extract the

oscillation parameters separately for v and v from their

atmospheric neutrino data

Stanley Woijcicki

S MINOS Preliminary S
@ Atmospheric Neutrinos, 24.6 kT-Yrs V ()
Bz -1} ¥ BestFn S -1}
NE10 PRI <TE1O :
< [ —— 0% <]
— 99%
1072} 102}
107} 10
0.2 0.4 0.6 0.8 5 1
sin“26
data MC __ +0.11 +
Réeta | RMC = 1 04911 +0.10
‘Amz‘ — ‘Am2
A.Blake, Poster Nu2010

¥ MINOS Beamv, BestFit v)

¥ MINOS Beam ¥ Best Fit

=0 4:’%; x10™2eV? for maximal mixing
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Both MINOS and SuperK have tried to extract the
oscillation parameters separately for v and v from their
atmospheric neutrino data

MINOS Preliminary

. + Best Fit
107} i
— G8%
[ —O0%
— 99%

107

Atmospheric Neutrines, 24.6 kT-Yrs V

02 04 06

‘Amz‘—‘A—mz

Stanley Woijcicki

08 1
sin“20

A.Blake, Poster Nu2010

data MC _ 0.11
R | RMC =1 047011 +0.10

¥ MINOS Beamv, BestFit v)

¥ MINOS Beam ¥ Best Fit

=0 4:’%; x10™2eV? for maximal mixing
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SuperK analysis
Y.Takeuchi Neutrino2010

Neutrino:
Am,,?=2.2x10-3eV?

sin?20,,=1.0
Anti-neutrino:

Am,,2=2.0x10-3eV?

sin?26,,=1.0
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 Near Term Prospects

» Reactor Experiments
» Accelerator Experiments
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Reactor Experiments §

Next generation experiments aim at measurement
of 613 using ve disappearance

The new feature is the use of one or more
additional detectors to reduce the systematics

3 different efforts, aiming for sin2(26813) sensitivity
in the 0.01-0.03 range

DoubleChooz - France

RENO - South Korea
Daya Bay - China

Initial results in 2011/2012 time frame

Stanley Woijcicki Rencontres de Blois 2010
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LS
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Daya Bay
Detector —
(typical) total weight: 110 ton

DoubleChooz: Far Hall - Sept/10
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Daya Bay: Near Hall - Spring/11
All Halls - Fall/12
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PMT

inner acrylic vessel
(3m dxH)

outer acrylic vessel
(4m dxH)

stainless steel vesselg
bottom reflector

mineral oil
LS

Sm

Gd-LS ]
Daya Bay
Detector —
(typical) total weight: 110 ton

DoubleChooz: Far Hall - Sept/10
Near Hall - Sept/12

RENO: Data Taking - Dec/10

Daya Bay: Near Hall - Spring/11
All Halls - Fall/12

Experiments

DoubleChooz

Thermal Distances Depth Target Mass
Location | Power Near/Far Near/Far (tons)
(GW) (m) (mwe)
France 8.7 410/1050 115/300 10/10

360(500)/1985

(1613)

260/910
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inner acrylic vessel
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outer acrylic vessel
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stainless steel vesselg
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mineral oil
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Daya Bay
Detector —
(typical) total weight: 110 ton

DoubleChooz: Far Hall - Sept/10
Near Hall - Sept/12

RENO: Data Taking - Dec/10

Daya Bay: Near Hall - Spring/11
All Halls - Fall/12

Experiments
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Ultimate Daya Bay Sensitivity
Other 2 experiments 2-3 worse

Thermal Distances Depth Target Mass
Location | Power Near/Far Near/Far (tons)
(GW) (m) (mwe)
France 8.7 410/1050 115/300 10/10

360(500)/1985

(1613) 260/910
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New accelerator (JPARC) and new
beamline
Existing detector (SuperKamiokande)

Data taking started in spring of 2010
with reduced (50 kW) intensity
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Data taking started in spring of 2010
with reduced (50 kW) intensity
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T2K and NOVA

T2K: One of first events - v,
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T2K: One of first events - v,

Stanley Woijcicki

T2K and NOVA

T2K: Assumes 5 years at 750
kW, 22.5 kton fiducial volume

- 90% CL 6,, Sensitivity
107
&
>
L2
Né‘ H
<
10° 10times improv t
e J5MWx107s
| oty Bcr0
10
10° 107 10" 1

sin’ 2 0., sensitivity
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15.7m

Stanley Woijcicki
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The long distance (810 km)
gives it some sensitivity to
mass hierarchy
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 Much progress in neutrino oscillations
since their discovery in 1998

* Two mixing angles and the two Am=’s are now
known at a level of few percent

* The big remaining questions are values of 613
and ocp and the mass hierarchy

® The experiments on the horizon might
provide the answers if 813 Is large enough

® The LSND effect and possible v/v
differences are issues still to be resolved
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e Separation statistical
» Visible energy (Tef)
e Anisotropy
* COSOsun
 Location in detector (R3)

Stanley Wojcicki Rencontres de Blois 2010 42



SNO Results

e Separation statistical
e Visible energy (Tet)

e Anisotropy
o COSesun
 Location in detector (R3)

e 3 experimental phases

e Standard - D20
« Salt (NaCl) added
e Hes neutron ctrs added
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e Separation statistical

o Visible energy (Teff) “ T 20t
* Anisotropy )3 |
e COSOsun 4(_ | + |
« Location in detector (R3)  ue — 5110 6sat) 012 vt
e 3 experimental phases
e Standard - D2O
« Salt (NaCl) added
 Hes neutron ctrs added
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. S e a rat I O n Stat I St I Ca I ..,, 8.()7 = Previous SNO results + total uncert
£ - Systematic uncertaintics
[ -
s 7.5 3 —&— LETA results + total uncert
- LETA systematic uncertaintics
V- . = 10
» Visible energy (1 7l
gy (leff £ Nu2010

6.5k

e Anisotropy F |

5.0F + *
= Cosesun o: I

Previous Previous Previous LETA I LETA I

o Location in detector (R3)  @xc = 5.140 “§1% (stat) #4122 (syst)

e 3 experimental phases

- Solar alone - ambiguity

» Salt (NaCl) added Tl Low
|0" — —Jé)/ —
hPhys Rev C81, 55504 :
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Where Are We? G
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e Great progress since the discovery of neutrino
oscillations in 1998
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e Great progress since the discovery of neutrino
oscillations in 1998

e Current questions within the Standard Picture
of Oscillations:

e Whatis the value of 013?

e What is the mass hierarchy?
e [s there CP violation - dcp?

e Tri-bi-maximal mixing? Why? Deviations?
e [.SND, Sterile Neutrinos, etc.??

e Neutrino/antineutrino issues??

Stanley Wojcicki Rencontres de Blois 2010 43
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Comparison of v and v [ e

Parameters of v and v have to be equal by CPT
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related by CPT because of passage through matter
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uam
Parameters of v and v have to be equal by CPT

But experiments with v and v beams are generally not
related by CPT because of passage through matter

'he current data do not constrain the equality of oscillation
parameters in the solar sector to better than ~2
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Parameters of v and v have to be equal by CPT

But experiments with v and v beams are generally not
related by CPT because of passage through matter

'he current data do not constrain the equality of oscillation
parameters in the solar sector to better than ~2

The situation in the v, sector is made difficult by the fact
that v, contamination in a v, beam is generally rather high.

Thus independent verification of muon charge is helpful
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Parameters of v and v have to be equal by CPT

But experiments with v and v beams are generally not
related by CPT because of passage through matter

'he current data do not constrain the equality of oscillation
parameters in the solar sector to better than ~2

The situation in the v, sector is made difficult by the fact
that v, contamination in a v, beam is generally rather high.

Thus independent verification of muon charge is helpful

Magnetic field in its detectors makes MINOS
particularly suitable for v,/v,, comparison
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MINOS can search for sterile neutrinos in a different
L/E domain than LSND/MiniBooNE
(small Am?2 and large mixing angle)
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MINOS can search for sterile neutrinos in a different
L/E domain than LSND/MiniBooNE
(small Am?2 and large mixing angle)

MINOS looks for depletion of neutral current (NC)
events in the Far Detector compared to prediction
obtained from the measured rate in the Near Detector
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MINOS can search for sterile neutrinos in a different
L/E domain than LSND/MiniBooNE
(small Am?2 and large mixing angle)

MINOS looks for depletion of neutral current (NC)
events in the Far Detector compared to prediction
obtained from the measured rate in the Near Detector

In the conventional oscillation picture there should be
no depletion of NC events

Stanley Wojcicki Rencontres de Blois 2010 45
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Oscillation analysis [sin22823(90% C.L.)  Am?

SuperK (2v, zenith angle) >0.96 2.11+0.11 549x 103

SuperK (2v, L/E) >(0.96 2.19t0.14 5 13x 103

SuperK (3v, normal mass 0.43 3
hierarchy) >0.93 2.11+943 012x 10

SuperK (3v, inverted mass +0.13 -3
hierarchy) 201 042X 10

MINOS . 2.31+0.11 598X 103

Neutrino2010
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Oscillation analysis [sin22823(90% C.L.)  Am?

SuperK (2v, zenith angle) >0.96 2.11+0.11 549x 103

SuperK (2v, L/E) >0.96 2.19+0.14 543x 103

SuperK (3v, normal mass +0.43 -3
erarchy) >0.93 2.11 0.12X 10

SuperK (3v, inverted mass +0.13 -3
hierarchy) 21 042X 10

MINOS 2.31+0.11 598X 103

In their 3 flavor analysis Super K fixes sin2012 and Am2z1 to

0.304 and 7.66 x 10> eV2 respectively
No significant preference on mass hierarchy or CP phase

seen in SuperK 3 flavor fit Neutrino2010
Stanley Woijcicki Rencontres de Blois 2010 46




MiniBooNE was designed to test the LSND result
It uses a neutrino beam produced by Fermilab Booster

L/E is similar to that in LSND but L and E are roughly an
order of magnitude larger; different systematics
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MiniBooNE was designed to test the LSND result
It uses a neutrino beam produced by Fermilab Booster

L/E is similar to that in LSND but L and E are roughly an
order of magnitude larger; different systematics

[target and horn decay reglon absorber d|rt detector

_/
‘——»ﬁ ‘LI\' V.SV 27

primary beam secondary beam > tertiary beam
(protons) ~ (mesons ) (neutrinos)
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MiniBooNE

MiniBooNE was designed to test the LSND result
It uses a neutrino beam produced by Fermilab Booster

L/E is similar to that in LSND but L and E are roughly an
order of magnitude larger; different systematics

[target and horn decay reglon absorber dirt detector
. _ /
'-—’%J v, v,
primary beam secondary beam > tertiary beam g
(protons) ~ (mesons ) (neutrinos)

Both neutrino and antineutrino exposures were obtained
Antineutrino run tests the LSND directly
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Accelerator Efforts §isia
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New accelerator (JPARC) and new
beamline
Existing detector (SuperKamiokande)

Data taking started in spring of 2010
with reduced (50 kW) intensity
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