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Super—-KamiokancJe S oy

Kamioka-Mozumi zinc mine g ..
1 km (2700 meters-water-equiv.) rock overburden N |

Water (VZerenkov detector
50 ktons (22.5 ktons fiducial)

Instrumented with
50-cm PMTs in Inner Detector (ID) I =
20-cm PMTs in Outer Detector (OD) | § , - S

: -

Goals of Super-K ;
Solar neutrinos ‘
Supernova neutrinos (+ relic SN)

Accelerator-made neutrinos (T2K)
Proton decay

Atmospheric neutrinos N
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During SK-IIl construction

1996 | 1997 I998 2000 m 2002 12003 | 2004 § 2005 | 20,06 2007 | 2008 ' 2009 @ 2010 m XK
T >

SK-1 (1996-2001)
11,146 ID PMTs

N

accident | gl (2003-2005)
5182 ID PMTs

(40% coverage)

_—

1,885 OD PMTs | |

(19% coverage)

Acrylic shields added

SK-1Il (2006-2008)

SK-1V (2008-...)
new front-end electronics
(ID and OD)

new DAQ
record-all-hit data-taking

+ software trigger

11,129 ID PMTs (40% cov.)

OD segmentation
(top/barrel/bottom)




Atmosl:)heric Vs

Event Categories

/

N
______ 1 _______l\ o -
Fully-Contained Partially-Contained N Upward Upward Through-
opping Muon .
going Muon
Event Rate (events/day)
Event Category SK-| SK-I| SK-IIl

(1489 days) (798 days) (518 days)

Fully Contained (FC) 8.18 £ 0.07 8.22 £ 0.10 8.31 £ 0.22
Partially Contained (PC) 0.61 £ 0.02 0.54 £ 0.03 0.66 £ 0.04
Upward-stopping p (Upstop) 0.25 £ 0.01 0.28 £ 0.02 0.24 £ 0.03
Upward-thrugoing p (Upthru) 1.12 £ 0.03 1.07 £ 0.04 1.11 £ 0.06

Event rates consistent across a” Phases O1C SK



Atmosl:)heric Vv’s at 5uper~l< (simulatecl events)

Super-Kamiokande |

Charge (pe)
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What can we learn from atmospheric neutrinos?

1 0 0 C13 0 S13€_i6CP cro S1p O
U=||0 C23 A\ k! 0 1 0 —S512 C1?2 0
0 —5723 (23 —S13618CP 0 C13 0 0 1

: " s,-jzsineij

Atmospheric Mixing Parameters ci; = cos O

- Two-flavor zenith angle analysis
- L/E analysis

- Solar terms analysis

Mass Hierarchy and Value of 013

- Three-flavor zenith angle analysis ‘

Several methods for Probiﬂg ditferent neutrino sectors usi ngSuPer~K data.



Oscillation Analyses

Zenith angle analysis
(fine-binned)

Use many subsamples of data
Look for zenith angle distortion

L/E analysis

Use much more selective subsample of data
Require good L/E resolution
Look for first oscillation dip
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Z enith Angle Analgses

Data binned according to: Datasets
event type SK-I FC/PC: 1489 days
+ 420 bins for SK- SK-l Upmu: 1646 days
momentum 420 bins for SK-II SK-Il FC/PC: 798 days
+ 420 bins for SK-III gE::ILIJ:Fg‘;C 2%2 ‘333’3
. - : ays
zenith angle SK-IIl Upmu: 635 days

2 fit in bins of zenith angle with systematic error pull terms:

Nbins ) b NObS NS}’S e. 2
2 exp obs obs [ J
L = 22 Ni _Ni Ni lnNexp Z R
=1 l j=1 j
Nsys

l

where N.exp — NZO - P (VOL — VB) | -+ f]lgj
=1

J

122 systematic error terms to account for uncertainties in:
Neutrino flux Cross sections
Event reconstruction Data reduction



SK-1+2+5 Data (Preliminarg)

Sub-GeV e-like 1-dcy e

2uur§|:| .

500

- Sub-GeV e-like O-dcy o

200

400F————————

| Sub-GeV u-like O-dey e |

- Sub-Gey u-like 1-dcy e -

O

L Sub-GeV 1'-like 1-R |

10J
: »

_- 20&&

- Multi-GeV e-like 1

0

| Multi-GeV p-like

Sub-GeV u-like 2-dcy e

20

10

#

2IZI[It Multi-Ring e-like -

- Showeringu

- Sub-GeV n'-like M-R |

500F 5

- PC Through |

log10{p) MeV

| Non-showering p |

05 0
cos O

Sub-GeV samples subdivided to
improve sensitivity to low energy
oscillation effects

e Data
— MC (no oscillations)
— MC (best fit oscillations)



| /E Analysis: SK-1+2+5

1 .27Am2L>

v

P (vOC — VB) — sin”20sin” (

Datasets
SK-I FC/PC p-like: 1489 days
SK-II FC/PC p-like: 798 days
SK-IIl FC/PC p-like: 518 days

Use only event categories with
good L/E resolution:

Partially-contained muons
Fully-contained muons

v2 fit to 43 bins of log1o(L/E)
with 29 systematic error terms

Compare against:
Neutrino decay (disfavored @ 4.40)
Neutrino decoherence (5.40)

Grossman and Worah: hep-ph/9807511
Lisi et al.: PRL85 (2000) 1166
Barger et al.: PRD54 (1996) 1, PLB462 (1999) 462

SK-1+2+3 (Preliminary)
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Results of two-flavor oscillation analyses

4
> SK-1+2+3, Preliminary |
@
s | 1
A
~N N |
E | )
<
3 _— p—
- —— SK(zenith) 90% C.L.
| SK(zenith) 68% C.L.
27— SK(L/E) 90% C L.
| e SK(L/E) 68% C.L.
1 1 | 1 I 1 1 1 | I 1 1 | 1 I 1 | 1 1 | 1 1 1 1 ]
0.5 0.6 0.7 0.8 09 , 1
sin“20,,

Complcmentarg analgses:
L/F has stronger Am? constraint

Equa”g strong sin“20,, constraint

Zenith angle analysis best fit

SiIl2 2923 = 1.0
Am3;,  =2.1x1077eV?
x*/d.o.f. =468 /420

L/E analysis best fit

Sin22923 =1.0
Am3,  =22x103eV?
x*/d.o.f.=119/126




Results of two-flavor oscillation analyses

4
> SK-1+2+3, Preliminary |
mﬂ)
Ic i
A
o [ [ aeesemeeeesneaa
NN et e
e |
<
3 _—
- — SK(zenith) 90% C L. )
| SK(zenith) 68% C.L.
27— SK(L/E) 90% C L.
i MINOS 90% C.L.
| — K2K 90% C.L. |
| 1 | 1 l 1 | 1 | l | | 1 1 I 1 | 1 1 | 1 1 1 |
05 0.6 0.7 0.8 09 1

sin®20,,

Zenith angle analysis best fit

SiIl2 2923 =1.0
Am3;,  =2.1x1077eV?
x*/d.o.f. =468 /420

L/E analysis best fit

sin22923 =1.0
Am3,  =2.2x103eV?
x*/d.o.f.=119/126

Results agree we” with other exPeriments

L BL better constrains Am?

Atmospheric still has stronger sin?20 constraint




Solar Terms Analgsis

Look for changes in low energy ve flux induced by solar-sector oscillations,
assuming 013 = 0.

Driven by Am?12 and 012.

In constant density matter:

P(V, < V) :P(ve — V)

cos? 0,3 < 0.5 ve flux reduction

1 . N C082 923 =0.5
nergy (Ge
COS? 0,35 > 0.5 ve flux enhancement

Cosine Zenith Angle

May be Possi;bﬁe to determine octant of 0,5 fz)g observmg chang@s in

the flux of ﬁoweenergg e-like sampﬂes._

13



Solar Terms Analysis

Fit using 3-flavor oscillation probabilities with and without solar terms, assume 613 = 0.

S | Solar terms off (best fit)
4.5 Am%2 — () (fixed)

4 Am3, = 2.1 x 1073eV?

a5 sin*@1, = 0 (fixed)

. ; SiIl2 923 =0.50
R W 0% L x*/dof =470.2/418
é 2.5 -

, Solar terms on (best fit) *

15 Am3, =7.59 x 1075 V?

S N o es%cl Ay =2.1x 107V

: sin® 0y, = 0.30
05 - L sin2 923 =0.51
: ) Preliminary ,
0 o4 THET e X>/dof =471.2/416

Sin26 *Solar parameters are constrained with Ay2 map
23 information from combined fit to solar neutrino
experiment data + KamLAND data.

Fogli et al. (hep-ph/0808.2016)

Addition of solar terms shows no signiﬁcant deviation of 0,5 from /4.
14



Aclclressing non-zero 05 at SuPer~K

at cos zenith = -0.6

0.5 Ve~V
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matter effect
enhancement
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sin? 013 = 0.015 sin? 013 = 0.04

sin2 013 = 0.005

-t

o
n

(=]

0.5

1 10 1 10

1
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10
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MSW effect gives rise to additional scattering
amplitudes in matter (for ve only).

Clearest indication of non-zero 013 at Super-K:
resonance @ ~2-10 GeV for up-going e-like events

Normal hiera_rchy = neutrino enhancement

lnverted hierarchg = anti-neutrino en-hancernent

Analysis uses 3 parameters (sin2013, sin%023, Am?223)

assuming a single “dominant mass scale” (Am?Zz3 » AmZ212).

15



Three-]qavor Zéﬂlt]ﬁ angle analysus

SK-1+2+3, 2806 days

| T T
600 |- _ ! 1
Multi-GeV u- I|ke+PC_ 200 L MUltl Rlng e'llke 1
* - _
c | : _
e s |
o == —4— - -
S | +1,
2 -. Feb
: ]‘ Preliminary | Preliminary -
{ ) ) \ ' , ' , 1 1 1 1 | 1 1 1 1
E st | -1 0 1
0S Uzenit
h COos ezenith
Clear distortion of muon-like zenith _ Multi-GeV e-like

distribution, well-described by 2-flavor
vy — Vv, disappearance...

Allow also v, — v. appearance in 3-flavor —+
analysis, look for enhancement of high-
energy upward-going e-like events.
Preliminary |
No distortion in electron-like saml:)les... 0 | — 0 — :

no CViClCﬂC@ ]COT' matter~enhancecl Ve BPPCBYBHCC. cOS Bzenith



Three-flavor results

AL B BN I DU T L B B
0.0051 Super-K PRELIMINARY 0.0051 Super-K PRELIMINARY
- Normal Hierarchy - Al [nverted Hierarchy g
0.004 = 0.004 =
& i o - |
> ] > ]
9 i | 9L i
o & 0:003) N o & 0-003(7 —
S ] S
< 3 Chooz 90% exclusion: < Q Chooz 90% exclusion |
0.002 = 0.002= -
- — 68% CL - — 68% CL
- — 90% CL - — 90% CL
0001~1.9.51°/OICLL1,.111.11111.11,.1 0001h11.951°/?9|711 PR S TR S [N T T TN T [ Y S S
0 0.1 0.2 0.3 0.4 0.5 U0 0.1 0.2 0.3 0.4 0.5
.2 2
sin“o,, sin“,,
y?/dof | Am?x3 | sin%023 | sinZ013
Normal | 469/417 | 2.1x103 0.50 0

Inverted

468/417

Data consistent with both hierarchies; no electron-like excess observed.

Analysis assumes Am%, = O, next uPclate will include solar terms.
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Conclusions

Super-K’s atmospheric neutrino dataset is useful in studying oscillations and
other phenomena

Updated physics results using >28,000 events from 3 phases of the experiment

Probe atmospheric mixing (2-3 sector) and sub-dominant effects
<+ Two-flavor oscillation (zenith angle and L/E analyses)
Am?23 = 2.1x103 eV?, sin? 2023=1.0
<+ Two-flavor oscillation with solar terms
Observe no significant deviation from sin? 023= 0.5
Best fit with solar terms on: Am?12 = 7.59x10~ eV?, sin? 012= 0.30

Search for non-zero 013
<+ Three-flavor oscillation
013 consistent with O
No preference for mass hierarchy

Full three-flavor analysis including solar terms is currently underway...

Thank 9oul
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Neutrinos vs. anti-neutrinos

MINOS can distinguish neutrinos from

anti-neutrinos on an event-by-event Super-K must rely on statistical
basis by +/-charged particle sensitivity from different fluxes, cross
discrimination. sections, etc.
1 [T [T 10-21_ | T : . . : : I,,_'r
| MINOS Prelimina ‘1Y —#— Far Detector Data | i Super-K preliminary .- ]
. | —— No Oscillations - i SK1+5K2 |
> 15 B ——-=- CPT Conserving - i 1
()} + _J Systematic Error i |
O i | | —— Background (CPT) | .
<t Lot :
~ 10? Low Energy Beam | Q
..(2 . Far Detector A (\1&
- 3.2x10°° POT -
q>) <
5 i |
L 68% CL
| ] 99% CL
%l — - S  — 10'34—' ] | ] 1 1 ] ] ] —L

Reconstructed v, Energy (GeV) AP (eV?)



| /E event distribution

10 *p——m

— FC+PC

C single + multi-xi

Number of events

1 10 102 10° 10
L/E (km/GeV) (SK1+2+3)

Events in “dip” region mostly PC through-going
- good L/E resolution

High purity sample: >93% CC v, interactions

21



What can we learn from atmospheric neutrinos?

Ve ; Ve

o [ v | = [UMU" +4] | v,

\Z \Z
1 0 0 C13 0 S13€_i6CP cro Spp O
U=|0 Co3 573 ) 1 0 —S12 C12 0]
0 —s23 €23 —s13€%cr () C13 0 0 1

Atmospheric Mixing Parameters

- Two-flavor zenith angle analysis
- L/E analysis
- Solar terms analysis

Mass Hierarchy and Value of 613
‘ - Three-flavor zenith angle analysis ‘

Value of Potential A
‘ * Non-standard interactions analysis ‘ Not covered in this talk

Sij = sinG,-j
Cij = COSGij

22



Non-Standard V Interactions (NSD: SK-1+ SK-~]I

Non-standard interactions (beyond Standard Model) may coexist with v oscillations,
but would be subdominant:

- matter-dependent

- could enhance or suppress oscillations (variety of signatures)

Flavor-changing neutral currents

886 O 86’5
Ansi=V2GN;[ 0 0 0

€ OQ

Assume 2-flavor oscillation parameters (v, — v:): (sin28, Am?) = (0.5, 2.1 x 10-3)

Lepton non-universality

Determine best fit parameters for NSI under an oscillation + NSI hypothesis

Best fit NS| parameters:

(886786’578’CT) — (_0.25070.01670.024)
Xz /d.o.f =830/747

23



| imits on Non-Standard Interactions

T B AT B AP ETIT B R TTTT B r |

5 L 2222 '.3 : - : :
10 167 10° 10" { 1p_
———— % (dy"PA)(V,1 Lv,) lceel CHARM
# E i(:’yppd)(;.'prv.) Iefl CHARM

dL

: : 5 : Lo~ -
E —E E E E (dy Pd)(v“‘ypl-v“) le,ul NuTeV

: : : : : Do~ - dR
——— 1 (dy"Pd)v Y L)) eyl NuTeV
S N NP N B aL -
i Qi (d°PA)Y 7 LV ) sl Z5VV)
P I R ® _
* L (dy P)v Y Lv.) lecl @—vV)
A T T A S -
p—— 01 (drPA)v Y Lv) eyl (Tik > Tie)
T I R G B R o
#: : : : E E (dy Pd)(vt'prv.) le; o/ CHARM
e, T,
p—— 1 (dy'Pd)(v,y L)) leg,| NuTeV

Leinid il viiad i i

10*10° 102 10" 1 10

® SK-1+2 limit (90% CL)

= Lepton Non-Universality

]|

| Flavor Changing
Neutral Currents
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