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The Super-K collaboration
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The SK detector

World's largest water Cherenkov detector (to-date)

Located under Mt. Ikenoyama, Gifu prefecture, Japan
at 1Tkm (2700 mwe) rock overburden

Cylindrical shape, 50 kton of purified water
Fiducial mass : 22.5 kton

Optical separation between :

Inner Detector (ID):
~32kton
~11,129 large 20 inch PMTs

Outer Detector (OD):
~1,885 smaller 8 inch PMTs E | i
2m thick veto around the ID | S

Physics : MeV to TeV scale
Solar neutrinos

\’-\-\/ “\[ :,_1‘\1:} il

Supernovae (and relic SN) S
Atmospheric neutrinos
Proton decay [H- Nishinols talk] PERKAMIOKANDE  INSTITUTE FOR COSMIC RAY RESEARCH UNIVERSITY OF TOKYO
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12 years since first data !

SK-1 (1996 to 2001) 40% photo-cathode coverage
Nov 2001 : accident...

SK-II (2003 to 2005) 20% photo-cathode coverage
SK-IIl (2006-2008)  Full reconstruction, back to 40%
NEW: SK-IV (fall 2008-....) Electronics upgrade in Sept

M. Fechner, NNN2008, Paris



Electronics upgrade : new DAQ system

® Same readout for ID & OD
® Better performance :

> Dynamic range

> Multi hits

> Reduce SPE threshold
® Use ethernet for read out
® No hardware trigger :

> record every hit by periodic clock signal
60 kHz x 17 ys TDC window

> Apply software triggers : variable event window

® Being installed as we speak (sept 2008)
® ~ 6 months of commissioning

FULLY READY FOR FIRST T2K BEAM IN 2009

M. Fechner, NNN2008, Paris



Solar neutrino results
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Solarv at SK

® Detection of solar B neutrinos via v+e - v+ e
e Sensitive to all neutrino flavors, but mostly v,

® Reconstruct recoil electrons : energy & angle wrt sun

® Measurement goals : *
> Total flux 1 —
» Day night differences | preliminary
» Spectrum SK-IIl : 289 days

energy 6.5- 20 MeV in 22.5 kton

+82.2

signal: 3378.9_ g, (stat only)

Event/day/kton/bin
o
o

o
—

® Super-K Il 's lower coverage prompted

improvement of reconstruction tools \ Data

* Now app“ed to SK-I & SK-II — ggﬂ(%ﬁg;s}l(:+background)
0.05} *
» Observed rate : ~ 15 v_/ day above 5 MeV B
o SK-Il flux consistent with SK-1 & SK-I T 5 0 05 1
(flux measurement being prepared) cos 0 COSOgun

M. Fechner, NNN2008, Paris



SK-lll & SK-I

* SK-| “full final” sample
> Energy > 6.5 MeV
> Livetime 288.9 days

e SK-Ill RR (Radon reduced sample)

> Period from jan 07 to march 08
livetime 191.7 days

> high radon activity periods rejected

> 100% trigger efficiency above 5 MeV

o o o o
o, ¥ W

Events/day/kton/(0.5 MeV)

S
S ]

SK-I PRD 73 112001, SK-lll Preliminary (191.7 days RR sample)

L T T T T T T T T T T ;

= — SK-1 SK-III _ .

o o = Tlstreduction £

i T — + pre-ambient BG cut A

== A after spallation cut
- —— v after ambient BG cut

——

E == = e O —— final data sample -

Fo- T e :

- —v= e —— |

== e T e

E T, e E
= . -

E == -3

- == 3

- =
S

=2 3

-

E L 1 L T

6 8 10 12 14
Energy (MeV)

¢ Good agreement between SK-| & SK-III
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Improved Backgrounds

 Background in SK-lll's central region is lower than in SK-I
thanks to improvements in the water system

 Threshold below 5 MeV
SK-I
SK-II

n

SK-I SK-II

| 0.05 {
5.0-20MeV 22.5kt

#
+ |
.'.".*Mﬂ',o “W*“M #ﬁ‘ O . 0 5
i
TR ALY o'wpﬂ ,ﬂ

Events/daykton/bin,

top e y +*|
2 0.025
o 0.3 10 0-3;% ottt it gt h*ﬂn*ﬂuni*lﬁ*ﬂ’f*”m w;ﬂ H';’MW
° LY
£ 2 2% 19 1% 1
N 0 0245  cosl,,, 5.0-5.5MeV cosf,, 5.5-6.0MeV cosf,, 6.0-6.5Me\
-10 0.1 -10 0.1
bottom .
0 200 0 200 0.15
SK-1  R*(md) SK-1ll 192days (Preliminary) . | [
center——» edge 04 0.1} b5 |
2 (12 ; T
R? (m?) 0.05, o e 0.05 ! |
f oo b gpih | i
) O"*""‘ R O'w,ﬂ!o;.«u.w,ﬂ‘.w*

-1 1 -1 1 -1 1
cosf,,, 6.5-8.0MeV cosf,, 8-10MeV cosf, 10-14MeV
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Prospects for SK-IV

1 T UL LR R LA | T L
hep-ph/040517v6 Toof sk energy IR
10 L L LI LI : :
. . %Y - -
~~~ | _ > - -
Al 9 — ~— 0.7F 3
> ¢ ] A F
o C 7 0.6 : =
w8k — E
o C ] 0.5F
Tt ] z
&7 E E L
L - —(0.32,7.6x
g n ] O3F (03273107 E
6 — o2F —(032,81x10% -
- . TF (0.28,7.6x107) 3
5 C T B AN N A A AN AN A AN B AR AN AN A 0.1 :_ —(037,7.6x107) _:
o1 02 03 04 05 o £ e . :
10 1 10

. 2
Sin 912 Neutrino energy (MeV)

® Test of standard oscillation model
— look for upturn at low energy
predicted by LMA solution

° ~ 10 % effect in SK
® Observation requires :
> Lowering threshold to 4 MeV

> Reducing energy correlated
systematics (to 72 SK-I)

> Running longer...

Work in progress....

M. Fechner, NNN2008, Paris



Atmospheric neutrino results
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Atmospheric neutrino analyses

A

Z
> Zenith angle analysis : (D
» Reconstruct leading lepton track 0 enith
and upward-going muons lepton
> Angular correlation with incoming neutrino ) <
> Fit Data & MC zenith angle distributions ’ &

Upward-going u

> L/E analysis :

> Reconstruct leading lepton track

—h

o
[y

-t LA B B B B S B B B L T

> Estimate neutrino flight length L
and energy E

Survival probability
e o
= D

> Look for oscillatory shape in L/E
distribution

o
N

o e 21 — 3 . 4
10 10 10 10
L/E (km/GeV)

o

M. Fechner, NNN2008, Paris



SK-Il only had 20% coverage : careful studies of vertex fitters, ring counting
and particle ID algorithms were needed
Improvements were applied to SK-IIl and SK-I

40 %

20 %

Super-Kamiokande |

SK-I
1 GeV e-

Super-Kamiokande |

SK-I
1 GeV

Super-Kamiokande Il

SK-II
1 GeV e-

Super-Kamiokande I

R
4 8
3
oL
© g
‘%‘.?

SK-II
1 GeV

M. Fechner, NNN2008, Paris
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Other improvements

* New cosmic ray flux model
» matches cosmic muon data better (Honda 2006)

* Neutrino cross-section Monte-Carlo improvements:
» M =1.2 GeV/c?

> Improved single pi resonant production model
(added A—Ny, lepton mass effects)
» Improved of single pi coherent production model
(Rein-Sehgal with lepton mass correction)
> Improved DIS model (GRV98 pdfs with Bodek-Yang correction)

® Detector simulation improvements :
» Better tuning of scattering & reflections
» Improved OD tuning

® Higher Monte-Carlo statistics :
» 500 yrs of SK-I & 500 yrs of SK-lIl MC generated

® Improved reconstruction :
» Re-evaluate systematics of the experiment

M. Fechner, NNN2008, Paris



Zenith angle analysis

SK-1 Sub-GeV 1-ring e-like Omue

40D

350

300 T T T

250

200

150

100

50

O 08 060402 0 02040608 1
o, =K-1 Multi-Gev 1-ring e-like

O 08060402 0 02 040608 1
SK-1 Multi-Gev Multi-ring mu-like

U 58060402 0 02040608 1

120 SK-1 Upmu stopping

100

670203040506 070809 1

SK-1 Sub-GeV 1-ring mu-like Omue

oB82238E23

1 08060402 0 020408608 1
SK-1 Multi-Gev 1-ring mu-like

- T
100E -—H

80 + l—!—!

—y
ha
[=]
T

1 08060402 0 0204 06 0.8 1
SK-1 PC stop

20

15E = 1 1
1uf+q:l=}=| '_I

5E =i

u aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

1 0.806-0402 0 0204 0608 1

SK-1 Upmu non-showering

01020304 050607 0809
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SK-1 Sub-GeV 1-ring mu-like 1mue
350F

1 080604020 02040608 1

100 2K-1 Multi-Gev Multi-ring e-like

80
60
40
20

O DA 0604020 02040608 1

SK-1 PC through

160E
140
120F
1'IJIJ
BOE
EE""H-F-:F: =i
20F

0 0806-04-02 0 020406 08 1

SK-1 =92 kton yr
SK-Il = 49 kton-yr
Total = 141 kton-yr

#




L/E analysis

® Select events with good L/E resolution (<70%)
» Need good pointing accuracy & momentum fitting

» High energy muons essential for this analysis
— include partially-contained muons

® Compare (Data/MC no osc) to (MC / MC no osc)

® Oscillatory shape (“dip”) allows to compare different
hypotheses for observation :

» Decoherence model disfavored at 5.0 c compared to osc.

» Neutrino decay model disfavored at 4.1 ¢ compared to osc

400 o1+ SKNl Preliminary

350 f
(7] :
= 300}
s |
3 250 f
S 200 |
B 150k
S
2100F |
50F @

—— Oscillation
Decoherence
— Decay

Iog10(L/I\I/%)Fechner, NNN2008, Paris Iogm(L/E)



Allowed regions

Zenith angle analysis

- SK-1l + SK-II
N-—-H:II
5 | Bestfit:
L AM?2=2.1x103eV?
- sin?20 = 1.02
=830.1/745 d.o.f
99% C.L.
90% C.L. <’t
68% C.L. .
m-;.? u.la 09 g 1
sin EEE
40—
8K, MINOS & K2K -
380 (From C. Watter, ICHEP08)
< 3.0 ‘_
>
0
2 25F l
NE e _ , "a'
= oo ® MINOSbesifit ® Super-Kbestfi. \ \ .
[ —— MINOS90% —— Super-K 90% M:
1.5:— ———— MINOS 8%  ——— Super-K 68% —
T — K2K 00%
1 0_ | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ]

sin(20)

10

Am® {e\"z}

10

L/E anaIyS|s

Best flt
- AM2=2.2x 103 eV?
| sin?20 = 1.04

= 78.9/83 d.o.f

[ i I
232
OO0
-

Current best measurement of 923
~ 45%4° (10% accuracy)
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SK-III preliminary results

Super Kamiokande Ill Preliminary 397.7 days Super Kamiokande NIl Preliminary 297.7 days Upward stopping muons
I T Trr TrT Trr TrT LELIL Trr TrT LELIL Trr T T -
120 _ 120 T T T T T T T T T M ﬁ 45 T T T T T T T T T
b 3 E = e SK-III data (345.6 days)
] - T q>a 40F — Monte Carlo (no oscillations) E
100 1 100} —*_ — % 3 ;
] [ + 1 &3 —
- L ] [}
s 1 soF + 4 B3 3
— [ 1 =} —
- . ‘}—{'— ] “osf ——
sor 7] so¢ ] —
L . J i . ] 20 E
o Sub-GeV e-like 7 ,f Sub-GeV p-like 1 .t ]
i . [ ] 10f + .
20~ =1 201 —
] [ ] 5F ]
| | | | I I | | Lied] 5 R Background subtracted
G1II-IﬂélIDEIi”On‘:IHDéHDHIDZ”bﬂl:Ibﬁnbsl“1 P PSP P B I S R R R P ST T SN TR
zenith angle, sub GeV e-like 1-ring ‘1 -I:I.B -I:I.E -I:I.d -n.z nun;é,:st.g.ge\.?flihgﬁdn; -1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -Oéz)seo
Super Kamiokande Il Preliminary 307.7 days Super Kamiokande Ill Preliminary 307.7 days Upward through-going muons
30 TT | TrT I TTT I LI} I T™orT I TrT I T T I LILIL) T T TT T T T T T T T T T
40 ] Z100-
2
35 25 : -
° 8ot
30 ) e SK-III data (345.6 days)
20 -E —— Monte Carlo (no oscillations)
25 =
4

20| 15

_+_
-

10|

£ Multi-GeV e-like s

01 0.8 0.6 -04 02 0 0.2 04 06 0
zenith angle, multi GeV e-like

R R
Multi-GeV p- I|ke e RS

07 08 06 04 02 0 0.2 04 0.6 0.8 0

Background subtracted

.E 1 1 1 1 1 1 1 1 1 1
1-ring zenith angle, multl GeV p-like 1-ring -1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0610560

No oscillation analysis yet... but clear zenith angle distortion effects.
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Observation of recoil protons

® Particle ID was extended to identify recoil protons from v scattering
® Cherenkov threshold in water ~ 1070 MeV/c for protons
® Two main analyses :
> NC elastic events v + p — v + p [not covered today]
> CCQE events v + n — lepton + proton
® Goals of recoil proton search in CCQE events :
» Complete kinematic reconstruction of incoming neutrino energy & zenith angle
» Selection of a quasi-pure neutrino sample v/v~9

25 40,

u-like § u-like

[
o
T T
w
T

PRELIMINARY
SK-l&ll data

MC no osc
[ MC osc

—_
8]
T

—_
o
UL

Number of events
Number of events
N
JO

—_
o
I L I

v.&v_energy : W CCQE
& zenith angle OO s = Gl
. . . Cb 1000 2000 3000 4000 5000 9 -0.
dIStrIbU'[IOnS 05 vV energy (MeV) v cos(zenith angle)
e-like § e-like

w
T ToT

5
c

Clear zenith angle
distortion for p-like
events

W
<

-
(o]
I

Number of events
- N
IIII\IIICT.II\\IOlIII
—_—r

Number of events
)
T

-
o
B L

I
L} f 1, |

N e

% ~"1000 2000 3000 4000 5000 05 0 05 1

Vceﬂ-epg‘j P v co_s(zenith angle)
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» SK-IlI has been running for 2 years as of today

> SK-I+II+1ll data set : > 25,000 atm v events

» Results are compatible with previous observations
» Reduced background for solar analyses

> Improved simulation & systematics for analyses

» SK-IV : starting in a few weeks

> Complete replacement of ID & OD electronics
> Ready for T2K beam

» Current physics :
» 23% admixture of sterile neutrinos is allowed
» 6, measured to ~ 45+4° (10% accuracy)

» Results on 6., coming soon (current limit sin®6__ <.14)

» Future physics goals :
» See the upturn in solar neutrinos
> Further constrain atmospheric models & parameters

Thank you
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Backup slides
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Proton vs muon

~ 1400 MeV proton | ~ 300 MeV muon

o - . . . R - -
-, o P %0
* . - = -

Proton ID relies on :
smaller opening angle
“thinness” of the ring
different light density

M. Fechner, NNN2008, Paris




CCQE search

CCQE events :
identified as 2 rings by standard ring finder
identified as 1 ring but found by dedicated CCQE search algorithm

M. Fechner, NNN2008, Paris



