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History of Super-Kamiokande
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Electronics Upgrade
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New front-end electronics, QBEE

Network Interface Card QTC-Based Electronics with Ethernet
(QBEE)

Ethernet Readout
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New DAQ readout scheme

HITSUM

) - Trigger (1.3usec x 3kHz) logic (HITSUM) IS5
12PMT ormer < Hardware Trigger
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1.3usec
event window

No hardware trigger. Instead record all hits and apply software triggers.
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Block diagram of the new online DAQ

| ~13000 PMTs Data Flow W Hardware Counter
Manager w/ SK GPS info.
request '\report

T2K GPS
DATA

Tokai

0d/s3390 0¢

N 0 I W @)
h N K% 3 =|13S oq
< o 3 R ER EE o
% S Q@D 4 FREE =
) ol = ol il z
o
m | I
m i 9 ‘
: Ethernet
~550 - 20 10 1
QBEEs Front-end PCs Merger PCs Organizer PCs

4 5kHz/PMT Collect the data from Merge the data from Collect the data
: 2/ QBEEs and sort them  FEPCs and apply software  from Mergers and
~660kB/s/QBEE in time order trigger (reduce the data)  Write on the disk
~14MB/s/FEPC ~430MB/s

Achieved by Gigabit Ethernet, 10GbE + Distributed Processing
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New electronics installation completed !
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SK-1V events, startup calibrations, etc.

Cosmic-ray muon Atmospheric v (e-like)  Atmospheric v (u-like)
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Solar Neutrinos




Phys. Rev. D78, 032002 (2008)

SK-1 + SK-II : Solar Neutrino Flux

L::;Z:;:;e Energy range (MeV) Number of signal events (x106 (I;I:); sec)
SK- 1496 5.0-20.0 22404 + 226 (stat) +;/f;* (sys) | 2.35 + 0.02 (stat) + 0.08 (sys)
SK-Il 791 7.0-20.0 [7212.872% (stat) o> (sys)| 2.38 +0.05 (stat) "o y. (5yS)
Seasonal Variation Correlation with Solar Activity
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Consistent with expected variations No correlation with solar cycle
due to eccentricity of Earth’s orbit minima or maximum seen



Phys. Rev. D78, 032002 (2008)

SK-I + SK-II : Solar Neutrino Flux (cont’d)

Day/Night Asymmetry
] SK I SK-1 (binned) SK II
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Flux (x10°cm™s™)
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SK-I day-night asymmetry:
—0.021 +0.020 (stat) 001 (sys)

SK-II day-night asymmetry:
—0.063 £0.042 (stat) £0.037 (sys)

Consistent with zero



Phys. Rev. D78, 032002 (2008)

SK-I + SK-II : Energy Spectrum / Oscillation Analysis

Energy Spectrum  Allowed Oscillation Parameter Region
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pre/i/,,.
SK-Ill : Background in the central region s,

T SK-1Il background rate lower
£33 than SK-I in central region
o © )
23 (water system improvement)

By a better timing calibration,
the low BG region extended

o | from the previous report
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SK-1Il : Solar Neutrino Measurement
I

5.0-20 MeV, 298 days

o
w

Event/day/kton/bin

o
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| Signal :
4563.1 +11(())1341 (stat. error only)
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Atmospheric Neutrinos




Simulation/Reconstruction Updates

Re-analysis of SK-I and SK-Il data due to many changes/improvements
Simulation

atmospheric neutrino flux model: Honda06

Changed to agree with K2K measurement
Effect: Increase number of events

neutrino interaction model (neut)

QE: Ma =1.2 GeV
1n (resonant): Ma = 1.2 GeV

Add A — Ny

Effect: Small change in lepton
momentum distributions

Effect: Suppression in forward
) direction of lepton scattering angle
Add lepton mass effects in CC1xn

1n (coherent): Rein & Sehgal with lepton mass correction
DIS: GRV98 PDF with Bodek-Yang correction \

Effect: Reduction in number of
detector simulation

multiple-n events

more detailed model of light reflections and scattering
better OD tuning

\ Effect: Better data/MC
Reconstruction

agreement for various quantities

improved ring counting <

Effect: Reduced systematic errors
Other

higher MC statistics «—

re-evaluate and add systematic uncertainties

Increase from 100 yrs to 500 yrs

Pt

=
LI




SK-1 + SK-II : Zenith Angle Analysis (2-flavor)

o SK-l + SKAI
% | sK-IFC/PC: 1489 days
£ || SK-1 Upmu : 1646 days
| SK-1l FC/PC : 799 days
-| SK-Il Upmu : 828 days
I 99% C.L.
90% C.L. @
*
68% C.L.
10;.7 08 05 o, 1
sin 2823
Best fit:

1 in= 834.3/745 d.o.f (physical region)
at (sin226, Am?) = (1.00, 2.1x103eV?)

12 min= 832.8/745 d.o.f (including unphysical region)
at (sin26, Am?) = (1.02, 2.1x103eV?)

90% confidence level allowed region:
sin226 > 0.95
1.7x103eV2< Am?2< 2.7x103eV?

T. Kajita, Nufact08 procedings
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[ -=---- SK(zenith) 68%C.L.
21— —— SK(L/E) 90%C.L.
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| —— K2K 90%C.L.
1 1 1 1 I 1 1 Il Il ‘ Il Il Il Il ‘ Il L Il Il | Il 1 1 Il

0.5 0.6 0.7 0.8 0.9 1

sin’26
MINOSD & &
2.1x103eVZ< Am?2< 2.7x103 eV?
sin220 >0.85 (90%C.L.)
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SK-I + SK-II : L/E analysis

_ o Datasets
Select good L/E resolution (<70%) events SK-I FC/PC p-like: 1489 days
Perform oscillation analysis with a L/E binning SK-Il FC/PC p-like: 799 days
v L | L | L | LY | -2
/R : — Oscillation 107 ' '
@ 1.6 SK-l+ 5Kl Decoherence Best fit:
2 —_— Decay Am?Z=22x 103 eV?2
= sin220 = 1.04

Compare against
Neutrino Decoherence (50)

Neutrino Decay (4.10)

Grossman and Worah: hep-ph/9807511
Lisi et al.- PRL85 (2000) 1166
Barger ef al.. PRDS54 (1996) 1, PLB462 (1999) 462

i 10 102 10>  10°
L/E (km/GeV)

2 =78.9/83 d.of.

/<
— 99% C.L. C\N_“_H :
— 90% C.L. )
— 68% C.L.
3
10 1 1
0.7 0.8 0.9 1
sin“26
90% C.L. allowed region
sin? 20 > 0.94

1.85x103 < Am? < 2.65x103 eV?




SK-1 + SK-II : Oscillation + NSI Hybrid Analysis

Non-standard neutrino-matter interaction (NSI)

X 0
H=—U, |0
2E 9\,

0 0

Am3, 0 ) (UT)kﬁ‘|‘
0 Am%l ik

Standard oscillation

M Flavor changing neutral current (FCNC)
M Lepton non-universality (NU)

By a 2-flavor analysis
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By a 3-flavor analysis
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SK-III : Zenith Angle Distributions / Future

-4~ SK-1ll data (550 days)

sub-GeV 1ring e-like multi-GeV 1ring e-like FC/PC == Monte Carlo (no oscillation)
g o ++ ] - 4 SK-lll data (636 days)
2o — + 40 Upmu Monte Carlo (no oscillation)
1 | 1w — Monte Carlo (oscillation)
i ° F No oscillation analysis yet, but
i " 1 zenith angle distortion clearly visible
¥ R " 08-06-04-02 0 0.2 04 06 0.8 1 Upwa rd Upwa rd
sub-GeV 1ring p-like  multi-GeV p-like + PC stopping n through-going 1
' [ oo YR | | b e
60 [ — %2“
s0 | — 7100
30 60
20 | 40 |
10¢ Back 20 j+_
iR e s

SKRR=a—hJ/EBEFDSEDTE
W v_appearancef##T Mupdate -> significance >3c B89
B sub-dominant effect (non-zero 6,3, octant of 0,;) Mstudy HE



Nucleon Decays




SK-1+SK-Il : p=2e'n® & p =2 pnd

Proton decay MC Atmospheric v MC Data (SK-I)
1000 1000 R TSR T 1000
L . )kandePreh&mnary . C i ‘ L SuperKamlnlfla:;;:;llzlzzntfa
T 400 | efficiency poem st estimated BG 7 g : Y
S C > (I b
S | 44.9% (SK-I) 3 0.2 (SK-1) 3 No candidate in
E 600 - 43.7% (SK-II) E 600 0.1 (SK-11) E 600 ¥ SK | and SK-1l data
£ R £ e £
Q ,_;‘.'.._ (] Q o
€ 400 ¢ E 400 £ 400 -
£ £ £
5.0 s : . |
2 200 - 2 200 | 2 200
© ] [~ L
%0 200 400 600 800 1000 1200 00 200 400 600 800 1000 1200 90 200 400 600 800 1000 1200
Invariant proton mass (MeV/c?) Invariant proton mass (MeV/c?) Invariant proton mass (MeV/c?)
1000 1000 BSiae e s 000
: .. :kand:FreTI[lanmacry . C . Super Kamloi;ang; l;r;;r;uzlaar{a
T g | efficiency Pk % oo | estimated BG ¢ g & did
E - 35.7% (SK-I) E 0.2 (SK-1) : E . NO candidate in
E coo | 34.8% (SK-II) E 600 | 0.1 (SK-1) e | . SK:land SK-Il data
€ Lo g € .t - : :
”» : :
E 400 | E 400 | E 400 |
£ £ E .
3 200 £ 200 | Sa00 .-
= | e Pt i
L | L ! | L. FEVEETE A e on ! TEMEE. (SRS ) - A N Y TR IR A S
0 0 200 400 600 800 1000 1200 0 0 200 400 600 800 1000 1200 0 0 260 460 660 800 1600 1200
Invariant proton mass (MeV/c?) Invariant proton mass (MeV/c?) Invariant proton mass (MeV/c?)

t/B
t/B

0 > 8.2 x 1033 years (90% C.L.)
o > 6.6 x 1033 years (90% C.L.)

e+

SK-I + SK-Il Combined Limit :

L+TT



SK-1+SK-Il : p > VK

Proton decay MC Atm. v MC Data (SK-1)

K+9H+VM w/ prompty — 600 3600 F————————3 600 [T
N @ 500  efficiency 500 F estimated BG 3500 F Data .
Y (6.3MeV) e g 400 _ ;;Zo (EE:: 3400 £ 8.(1)2 (EE:? 1400 £ !\Io candidate 3
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SK-I + SK-Il Combined Limit :
T/B, > 2.8 x 1033 years (90% C.L.)
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SK-1 + SK-Il : Other modes

p—en’
p_)u+n0

p—oe'n

p—u'n

p—ep’

p—u*p°

p—oeto
p—ou o
n—e' 1

n—p*n

n—e'p”

n—p*p

p(n) = lepton + meson

y

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

| W Kam-1+I
i

{) FREJUS

1031

1 032

1 033

Lifetime limit (years)

1 034

L] Many other decay-modes
are under study
®m n2>nv
pp =2 K*K*
pp =2 L4 etc.
p =2 mukK
p > KO

long



Summary

[J Electronics Upgrade
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[1 Solar Neutrinos
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] Atmospheric Neutrinos

B Simulation/Reconstruction/MC statistics® 2R B &3 [T TSK-1 + SK-II
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[1 Nucleon Decays
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