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Super-Kamiokande

Bjﬁ.gﬁper—Kamlokande 50,000 tons of Pure Water Q
| (1996 20inch PMT (inner detector) #PMT, coverage.
SK-1(1996-2001): 11146, 40%
SK-11(2001-2005): 5182, 20%
SK-111(2006-2008): 11129, 40%
@ SK-1V(2008-):  New DAQ Elec.
1,885 of 8 inch PMT (outer detector)
* Fiducial Volume (>2m from wall) =22,500 tons

% Large volume active neutrino target
% 41 coverage

% Large dynamic range on neutrino energy
(afew MeV —-TeV)

w=39.3m "
" Hyper-K &
g (201X?-)
Kamiokande i
- (1983-1996)
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Nucleon Decay (IVIE”lGeV)

Atmospheric Neutrino (Ev=100MeV~TeV+) .

* Long baseline Accelerator Neutrino (Ev ~ 1GeV
* Solar Neutrino (Ev= 4MeV ~ 10MeV) ‘

e Supernovae Neutrino (Ev ~ 10MeV)

e WIMP, GRB, Solar Flare and more...

* This talk covers mainly on higher energy part
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After the recovery of accident,
all the ID PMTs are
sheltered by FRP + Acrylic case

£
=
=
g 2
2
2
o
=] -
+ rl \2
____________ g . =l — T
& <
< 1—-
water proof structure

to prevent chain reaction of explosion

(mm)

Shape

Photocathode area
Window material
Photocathode material

Quantum efficiency

Dynodes
Gain
i Dark current
5 Dark pulse rate

Anode non-uniformity
Transit time

Transit time spread
Weight

Pressure tolerance

Cathode non-uniformity

Hemispherical

50 cm diameter

Pyrex glass (4 ~ 5mm)
Bialkali (Sh-K-Cs)
22% at A = 390 nm
11stage Venetian blind type
107 at ~ 2000V
200nA at 107 gain
3kHz at 107 gain

< 10%

< 40%

90 nsec at 107 gain

2.2nsec (1 o) for 1 p.e. equivalent signals

13kg

6 kg/cm? water proof




Qbee Distributor <~ Distributor <}~ Distributor “{{~ MCLK
Qbee @Each Crate || @Each HUT || @central HUT
abee ||/ 60MHz Clock, Periodic Trigger, Event#
Qbee L\
Qbee
Qbee |
Qbee | Online Compute
Qbee
Qbee | “Software Trigger”
Qbee
QBEE specification: =
-qrc
A custom ASIC (0.35um CMOS)
3 input channel/chip, Readout All hits above QTC threshold
3 charge stage/channel - Apply “Software Trigger” at Semi-Online
i Dynamic range: 0.2pC — 2500pC . Gate widthes
‘ (~0.1p.e.— 1200 p.e.) > 40us f ,
« Multi-hit TDC us for LowE/nghE (?vents (solar/atm. nu)
Atlas Muon TDC(AMT) —> 1000us for T2K spill trigger
« Driven by 60MHz master clock and = 1.3us for super LE trigger (solar nu) I
60kHz periodic trigger Redundant DAQ for very high trigger rate (nearby %
* TCP/IP readout Supernova) will be implemented
* On board calibration pulsar
—->T. Tomura
Thu. 16:40 ¢
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Event Reconstruction for Atmospheric/LB v & Proton decay-::\:

Ve,

Super-Kamiokande IV
T2K Beam Run 0 Spill 952106

Vertex Reconstruction

- d PMT hit timing

* Ring Count
PMT hit pattern
N2

e Particle Identification ' s

\l/ PMT hit pattern &
Cherenkov opening angle

* Energy Reconstruction

\l/ PMT charge sum in aring
+ Correction for water transp.

Muon Decay Electron Finding

PMT hit time profile
(T, ~ 2us)
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Detector Calibration
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¢77Timing Calibration (Time walk & Offset) ok
A thist of cable # 00001
N Laser P S N AR U—
337nm, pulse width 0.4nsec g E" . -
i '_1250:— -
- Dye Laser i 12405—_ -
£ 398nm, pulse width 0.2nsec -
’ %12305—
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e Make T-Q curve for all the
PMTs and use as correction
functions for data

Di'ffuser ball
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Timing Resolution

8.079186e4+07
1.996e+05/ 42
4.869e+06 + 756
3.385+0.001
2.333+0.000
2.32e+05 + 239

Late Hit Part

8962+149

lllllllllllllllll

SK- IV Dynamlc Range (QBm 1~ 170 N 1000 p e.)

Summed up T—TO — ToF for all PMT.

resolution(ns)

0,~25ns @1 p.e.

o SKIVTDClateSigma |

,..V\:lhenQ>25pe;

0.5 ns @ >100p.e.

early and late parts have
S|m|Iar time resolutlons

v

100 &&g 140
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-

¢~ PMT Gain Calibration (HV adjustment) % 4§
{'e Make 420 “Standard” = Gain(i) = a; x HV (i)
#° PMTs at OUTSIDE of .
T . Xe flush lam / filter
( the tank before install /" :
* Place these standard ﬁm\@i
i lzﬁ?‘:cl])’ PMT2 ) inch PNIT
PMTs in the tank to SRS Y, B @
O
i

cover all geometry scintilstor Gl |

e Adjust HV of each o
PMTs comparing

standard PMT charge

inch PMT1

I metal box

OO
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Ni + Cf gamma source

Smgle h|t Charge dlstrlbutlon
- : average

SK2PMT 1.25
SK3PMT 120

“~20cm

 Neutron from 2°2Cf is
converted to 6-9MeV 10°

gamma in Ni
| > ~single hitsonPMTs .l ™

lIlilllilllilllilllilllilll

2 4 6 8 10 12 14

; e Measure

— 1p.e. distribution "

— Q.E. of each PMT P-€. a
USEd as input Of “SK2PMT”: PMT used from SK begini
d . | “SK3PMT”: Newly produced PMT after _ ¥

etector simulator accident i 2000 £
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o LASER > Fro
Optical Fiber 337nm 1 é_ P
371nm 0'% S
: ; ._Barrel1
400nm :
¢ 0 fs
o EBarreI2
§ OliB I 13
ﬂ 2 F arre
2 b
0 fo——r
2 f_BarreI4
W) oL e 0 b
> EBarrel 5 :
07%0. = I8(I)0l = .9(I)0. = I1000I . 1106 . 12100
_ y * |ght scatteri ng measurement PMT Hit Time (nsec)
£10 /
R . 7 Fitting with parameter:
o S seonin absorption, Rayleigh scattering and
~oooramensarens ) Mje scattering for each wavelength
=]
e = Input of Detector Simulator
300 400 500 600 700

wavelength(nm)
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,,,-"."'LINAC / DT Calibrations for Solar v analy5|s

% ', 7 LINAC svstem DT Generator
y ® N ®) \ © \r
y beam pipe support tructare
LINAC Magnets £ N 1 N s
f °”‘-é I Tunad B | | B e
BeamPIpe B ™ e i B L I
\ E =142 MeV
Yowp'N
Ve 2m
,_“%_ = (e W ‘ P
T | Super- Kamiokande tank A "n {
Tlrmﬁz:::m ::7 ?ﬂ E.'.\. 1&\] :
= 2H +3H - 4He +n
.. 16 16
Accelerate and inject electrons: O(n,p)**N
Pe=5-18 MeV/c 16N> Y(6.1|V|€V),€(4.3|V|€V) etc.
\ < r = - &= v r <L 0.05:
 wiR iRl e £ wf = E oul
a FA ¥ =-1237cm, Z =-1209cn] 5 - 8 ook
's 120_9 Koem 3JUJ\.m,Z—1}.7\.II % 120_ ~~ * C
% ¢ % =-388.9cm, 7 —-6am z - = 002f
= 100 | =-388.9¢m, Z=-%209¢cm 100 & E 001
- : 5 %
w -
. = 001
o * 202--<1% tevel
- 0.03F -
o, oa-Agreement.|
| I T - 11 1 _llllllllllllll 1 1 1 :Illilll ) I T TN N N N N N A
12 14 16 18 20 204 10 12 14 16 18 20 -0054 6 8 10
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Vertex Resolution

IIIIII

Sub-GeV e
0=27.1cm

[T TTTTTTTTTTTTT

200  Evaluated by
30 60 80 100 120 140 160 180 200 A(rec' vVix —true VtX)

A vertex (cm)

e ~30cm resolution

Sub-GeV mu @ Sub-GeV region
0=30.6cm

T
-
(]
(=]
(=]

TTTTTTTTTT]TTT

-

T o et e s e e
40 60 80 100 120 140 160 180 200
A vertex (cm)

X
N
o
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e-like 1170 €<——> muon-like 1177 J o e-like 288 <—}—> muon-like 258

! 4 v‘/’: ': ’ ‘, ° ° [] ° :‘"’( -. h ,: .
i Particle Identification TN
Bt | Sub-GeV (Evis < 1.3GeV) Multi-GeV (Evis > 1.3GeV)

?‘{‘;/‘100 IIIIIIIIIlIllIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIII

8o~ ~ 50 l -

60|~ . 40 E

! ] 30 l l -

: A | |1 :

i i 20 H ‘ -

20 - - i 1 :

i il 10 ' I .

B * 7 T 1 { I * ; T . 7

0 IIIIIIIIIIIIII'-IlIllllllll'i!I I&IiIIHIIIIII Illlll LIHJ......_
-10 -8 6 -4 -2 O 2 4 6 8 10 S!30 -20 -10 0 10 20 30

PID likelihood sub-GeV 1ring (FC) PID likelihood multi-GeV 1ring (FC)

* |dentify e or mu using Likelihood with Cherenkov light
pattern and Opening angle.

* MissID rate:
vu CCQE missID as e-like: 0.5% .
ve CCQE missID as u-like: 1.5% ,,.1 1
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Energy Resolution

Solar neutrino analysis Atmospheric neutrino analysis

I 1 I 1 I I I l 1 1 1 I I I 1 1 1 g (i) eIeCtron
§20 1
= - ® SK-i
1 = s NS TR SR A SKeflL
. i 9 15 i {0 SK-HI
- e, ---- 1 SK-IlI o 10 ot : :
O — : SK-| E P ..
0.2 C . j "2 S tioy LI I Y
LN Q * ! : ¢ .
I \ I~ Y ST I S I I U I P S
0.15 - \\‘ . § 0 250 500 750 1000 1250 1500 1750 2000
’ - “ey 1 Momentum (MeV/c)
i e 1 & (i) muon
0.1 : ...“,: § 6 _ ........ ,. . SK-E
: 1 3 A SKI
[ ] @ 4L b O.SKblL .
0 05 TR TR R NN (NN TN SO SO TR N SO SR TR SR NN S SR N 2 - A ‘ A oA, i
0 10 20 30 40 € I .359. o g ¢ 2.¢ 8.8 3 &
True total e|eCtr0n energy (MeV) .g 2 __ ............ R s S .
S i
§ 0 0 250 500 750 1000 1250 1500 1750 2000

Momentum (MeV/c)

~15% @ Solar neutrino energy, 2~3%@1GeV (SK-1,111)
e SK-11 shows worse resolution due to low PMT coverage(”ﬁ)‘?
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Reconstructed Momentum of Decay Electron

r AL o o e w50 L
- Mean Values 4t B
0 Data: 37.78 + 0.05 MeV ] a5 F
—+ =+ 292 F
5000[— MC: 37.18 = 0.05 MeV —+ — @ E + DATA
0 -+ ] 40 |
- N 1 g ] MC
C —+ 0 ] o
4000— - — £
C —+ ]
C L ]
C . ]
3000— —+ -+ —
C L B
C —+ ]
C L . ]
2000 - - -
0 - ]
C - L ]
1000~ = .
- = . o B LIy L8 e m
07\44 Pl I R B RN B Ay Sy o} 50 100 150 200 ZbO 300
0 10 20 30 40 50 60 70 MeV /c?

Momentum (MeV/c)

Absolute Energy-Scale

%) F £ “ =
=g = £ E
2 S0 F ﬂ} + DATA 2i1s0 | 1:+
100 | i ¥ 100 t 3
x + MC A
50 + 50 +
+ 9 &
o e ale Mt | ° L, ‘l‘-_tg-... L,
1.5 2 2.5 3 3.5 1.5 2 2.5 3 3.5
MeV/c/cm MeV,/c/cm
range=5—10m 4 range=10—15m =4
= 200 » -
= £ E
5 § 150
3150 F 1 A i
100 |
100 F 1: } E + #
= 50 +
50 ' t*:. : s b
0 Bovm o LB, L, e by 0 Byl oy, a1,
1.5 2 25 3 3.5 1.5 2 2.5 3 3.5
MeV/c/cm MeV, <m
range=15—20m /el range=20—25m /e
© o
S = E
5 5 o
3100 | -Iﬂ 3100 |
. 1 E t
s0 t :I:* s0 t
E ; E ty
o C Lo s o o Lot wlat, i‘d. 1
1.5 2 2.5 3 3.5 1.5 2 2.5 3 3.5
MeV/c/cm MeV/c/cm
range=25—30m range=30—35m

Muon decay electron momentum invariant mass of i®2yy Momentum/range of cosmic muons

[
°
e decay electron
: m neutral pion :
.......................................... A TQ R MMUIOQN.. sub:. eV
: 4 stop muon multl Ge
10 10 10 10

momentum (MeV/c)
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Evaluated with MC-DATA
comparison with several
physics samples
Absolute energy scale error is
within £2%
through
30MeV ~ 5+ GeV




Energy Scale Stability

nght attenuatlon length in SK water _ _
A P L . * Despite that light

A “-.-.;f’ T by w"ﬂ"‘é

~80m to 90m,

17(?/01/08 01/01/09 04/01/09 07/01/09 10/01/09 01/01/10 04/01/10 07/01/10 10/01/10 01/01/11 04/01/11 07/01/11 reconStrUCtEd
E __| Cosmic Muon Momentum/Range momentum after water
= attenuation correction is
L 3 * s . .
S | e Iﬁ:;zgm%%&;; P s L o P quite stable with
RMS/Mean~0.4% RMS/Mean ~0.4%.
* (Monitored attenuation length is |

10/01/08 01/01/09 04/01/09 07/01/09 10/01/09 01/01/10 04/01/10 07/01/10 10/01/10 01/01/11 04/01/11 07/01/11 d i h
o/ used In the momentum

v Muon decay electron Momentum reconstruction)
38 II
ool }ﬁiﬁ%i # B Iizizﬁﬂ L AT 5
Hy i Pyoap by TRt U E g pi gt By
a7 t it % 1 % ! % t {{ ;
w65 RMS/Mean~0.4% |

o | i | |
) 04/01/09 07/01/09 10/01/09 01/01/10 04/01/10 07/01/10 10/01/10 01/01/11 04
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Summary

50,000 ton Water Cerenkov detector Super-
Kamiokande

* Well calibrated with various calibration sources
* Nice performance

— Vertex resolution ~¥30cm @ sub-GeV

— MissID rate of vu CCQE as electron-like: ~0.5%

— Energy Scale error <2%, stability ~0.4% RMS/mean
,; — Energy resolution: ~15%@solar, “3%@1GeV

* Well established technique

.+ Keep effort to improve its performance =
Applicable for Next Generation WC discussion”

2 ‘t..‘
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