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Super Kamiokande

@ Feature of SK detector Ikeno-yama 1km

Water Cherenkov ring Imaging(50 kton). ",(::;': ka-che 9} 7§|((lrr:l1we

@Structure ing Y
- Height 41.4 m Mozumi SK Atotsu

- Diameter 39.3 m

@ Inner detector %
- 32 kton viewed by 20-inch PMTs wfg‘ = Tl
- fiducial volume 22.5 kton (2m from wall) [Sl W P g

- 11129 PMTs (Photo coverage 40 %) oy :
@ Outer detector
- 2 m viewed by 1885 8-inch PMTs. (588

@ Physics target

-Long base line neutrino oscillation (T2K)
-Atmospheric, Solar, Supernova neutrinos
-Proton decay



Physics motivation for solar neutrino

& Spectrum distortion

Super-K can search for the
spectrum “up-turn” expected by
neutrino oscillation MSW effect.
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€ Day-Night flux asymmetry

Due to the earth matter effect,
electron neutrino is regenerated.
The 2B flux during night is higher
than that during day.
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Observed 8B solar heutrino S|gnal
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neutrinos were observed.  SKI-IV combined flux -
5000— DATA/MC = 0.44590.0084(stat.+syst.) ]

Measured 2B fluxes are - 2.341+0.044(stat.+syst.) [ X 106cm~%sec™!| -
consistent within uncertainties. 0108 06 04 07 0 02 04 06 08 1
cosfg,,,

D0.54fF ' \'statZssyst?

Energy threshold | Live time 8B Flux mo 52F stat only
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SK1 4.5-19.5 1496  2.38+0.02+0.08 028 1 l i E
5044y

SK I 6.5-19.5 791 2.41 + 0.05+916 S04 l % E
SK 11 4.0-19.5 548 2.40 £+ 0.04 £+ 0.05 Eo?égii Preliminary E
SK IV 3.5-19.5 2034 2.31+0.02 + 0.04 0.36) . l l l =
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MC °B Flux =5.25x10° /cm”/sec ~ SK phase



3B solar neutrino yearly flux

e e _.................||||||||||||||_|2'00
& Solar activity cycle ‘_IPreIIimi||1aryl "' 4 K data(stat. only) - o
- . [ | Systematic error
Sun spot nurpbers are strong.IY E SK combined flux 160
correlated with the solar activity —
cycle (~11 years). =
SK has observed 2B solar neutrino

Sun spot number

for ~18 years (~1.5 cycle).

8 E_ o" . o i. L I . ::
@3B flux vs sun spot 04 o S Skl § o s
No correlation with the 11 years solar%38- ¢ '}.;.. ”;, ) 20
activity is observed. 035—9‘0 IR o,

19&5 019983 EIODO 21%03 520;33 2006, 2008 2010 2012 2014 2016

x*=13.10/18(D.0.F) Ux = 32510 emIsec Year

Preliminary SK I-IV combined flux
Prob.=78.6 % DATA/MC = 0.4459+0.0084(stat.+syst.)

+ 6 -2 cpe—1
Super-K solar rate measurements are 2.3410.044(stat.+syst.) [x 10°cm™?sec™"

fully consistent with a constant solar

neutrino flux emitted by the Sun.
Sun spot number was obtained by the web page of NASA

http://solarscience.msfc.nasa.gov/greenwch/spot_num.txt



Recoil electron spectrum of each SK phase

DATA/MC(unoscillated)

DATA/MC(unoscillated)
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SK I-IV combined recoil electron spectrum

& Spectrum shape

SK can search for the “up-
turn” in its recoil electron
energy spectrum.

MSW is slightly disfavored
by ~1.7 ¢ using the Solar +
KamLAND best fit
parameters, and

SK V11V LMA Spectrum
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Day-Night Asymmetry

Day-Night asymmetry

is expected to

be ~3 % in the SK energy region.

\pd ay

\I}night

Apn =

(\dea.y + \pnight)/z

SK confirms a higher solar neutrino
flux at night than during the day.

This is a “direct” indication for matter
enhanced neutrino oscillation.

m Amplitude fit [%] Straight calc. [%]

SK-I 20+ 18 1.0
SK-I -43 +3.8+ 1.0
SK-11I -4.2 =27 £ 0.7
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Day/Night Asymmetry (%)

Am.,1%vs Day/Night Asymmetry
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Oscﬂlatlon analy5|s (1)
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Oscﬂlatlon analy5|s (2)
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Summary

SK solar neutrino flux measurements agree across all phase.
— No correlation with the solar activity cycle is seen.

SK recoil electron energy spectrum slightly disfavors
distortions.

SK measures the solar neutrino day-night asymmetry.

— First indication (2.8-3.00) of terrestrial matter effect on B solar
neutrino oscillation.

Solar global + KamLAND analysis gives:
— Amy,%=7.507012 x 1075 ev?,
— sin®6,, = 0.308 + 0.013,

— sin%6,3 = 0.0271391¢






Detection method

@ Cherenkov light

@EmissionifnXp>1 =
n : refractive index (water ~ 1.33) P e -
B:p/E 0 W hey
@Direction : cos® =1/np 3 ]
e~42° @ :
\ J!. i
@ # of emitted Cherenkov photons A
~ 340 photons/1cm - :




K H|story of Super Kamlokande

Aug-2002 '_ “‘f“ L
e ] | sk
1996/4 "‘2001/ 7 2002/10 ~2005/10 2006/ 7 "'2008/8 2008/9 ~ Running
4 PMT(ID) (3%)With Acrylic + FRP (3%)Recovered (>%¢)New electronics
11146 PMTs 5182 PMTs 11129 PMTs 11129 PMTs

40% photo coverage 19% photo coverage 40% photo coverage 40% photo coverage

& Kinetic Energy threshold Current  Target
4.5 MeV 6.5 MeV 4.0 MeV 3.5 MeV More lower




SK-IV new DAQ system

€ New front-end electronics

SK-1, 11, 1ll : partial data above threshold were read(1.3 micro sec window X 3kHz).
- SK-IV : All hits are read, then apply complex triggers with software.

Periodic trigger Event build Precise analysis in
— < [17j55ec x 60KHZ) Clock with variable parallel in real-
New Collect all hits every{ 17 sec . time windows time

PMT ® Electronics = —
° [T
signals o (QBEE) - ||_— — e —

Readout (Ethernet
( ) ETZK GPS from J-PARC

& Typical event time window

Time [ psec]

Super low energy (SLE) events( < ~6.5 MeV, 3kHz) -0.5/+1.0
Normal Events( > ~6.5 MeV, 35Hz) -5/+35
Supernova relic neutrino candidates(SRN) ( > ~8 MeV) -5/+35 + 500(AFT)

T2K events ( beam spill timing) -512/+512



Typical low energy event in SK

‘HOW to detect Super-Kamlokande

Fun 1742 Ewvent 102436

@) >

6=05=31:07:13:3F

Elastic scattering(ES)  zwer 103 bie. 33 52

Suter: =1 hits, & pE (in-time)

Trigger ID: 003

reaCtion is USEd for E= 5. .00 SM=0.77 (MO551IK= 0. 248
- Zolar Mewtrico
solar neutrinos

vx _|_ e - vx -|— e Tims(ns)

@ Reconstruction

@ Timing information

->Vertex position
@Ring pattern : to73-2095
—>Direction

@ Number of hit PMTs Eiota = 9.1MeV
éEnergy("'Ghits/MeV) Cc0S0Osun = 0.95

@ Resolutions

a
1] 800 11Ky 1800 20

Times (ns)

Energy : 14 % Vertex : 55 cm  Direction : 23°
(for E = 9.5 MeV(kin.) electron)



The Sun

& The Sun

The Sun is a main-sequence star at the stage of stable hydrogen burning.
It produces an intense flux of electron neutrinos as a consequence of the
nuclear fusion reactions.

4p — *He + 2e* + 2v, + 26.7MeV — E,,

Luminosity 3.86 X 1033 erg/s

Radius 6.96 X 10'° cm

Thickness of the convective zone ~1.8X10%cm
Age ~ 4.5 X 10° years

Surface temperature ~5.58 X 103 K

Core temperature ~1.56 X 107 K

Core density ~ 148 g/cm3



|p+p%2H+e*+Ve(pp) |

Solar neutrino

‘ pre+p—>2H+ve(pep) |

ZH+p->3He+y

& Solar neutrino |

| 3Het+p—>a+e*+ve(hep) ‘

3He+a—>7Be+y

pp-lli

3He+He—>a+2p
@Electron type neutrino emitted from the
core of the Sun.
4
4p - *He + 2e* + 2v, + 26.7MeV — E,, i ‘7BE+H7|Li+Ve(7Be)|
@ These neutrinos carry away about 2-3% of Tisp>2a

the total energy emitted by the Sun.

@From the observed solar luminosity, the solar flux
of neutrinos is about 6.0 X 1012 cm2s! on the Earth.

@ pp chain

The main process responsible for the helium production.
->detail is next page.

€ CNO cycle

~

"

’I
12C+p9 13 N+V
I

| BN->13Cte*+ve

13C+p914N +y

|
"Be+p—>8B+y

|
3B->%Be " +e"+ve(°B) |
I

8Be*>2a

IJ
I‘

14N+p9150+y
I

| 150->1N+et+ve

|

I
BN+p->12C+a

This cycle dominates over the pp chain only if the temperature

exceeds 1.8 X 107 K. For the Sun, this condition is not much,

therefore this cycle contributes only 1.5% to neutrino production.

15N+p9IlEO+V
150+p9Il7F+}/
| 17F9”(!+e*+'./e |
17O+p—l)14N+Ct

L




p p c h a i n p+p—>*H+e*+ve(pp) p+e+p—>2H+ve(pep)
I

Ll iy H+p->3He+y
@ pp chain
_ *He+*He—>a+2p
The main process responsible for SHetp>arer+ve(hep)
the helium production. - Hera->7Bery
5 kind of solar neutrinos are ™ IesptBey
produced via this chain. L P .
. pp-lll | = | 8B>8Be"+e*+ve(®B)
Li+p—=>2a I
8Be*>2a
Contribution Energy[MeV]
p+p-2*H+e" +v, < 0.42
86%(pp+
pep dppreep) e p o 2H 4w, 1.44
hep 107 SHe + p —» ‘He + et + v, < 18.77
7Be 14% 'Be + e~ - "Li+ v, 0.861

°B 10 8B - 8Be* + e* + v, < 14.06



8B solar neutrino

€ 2B neutrino

This neutrino is emitted through 2B decay.

8B - %Be* + et + v, (< 14.06MeV)

This neutrino carries away higher energy.

- can detect with SK

But, the contribution for the flux is low(10-4).
- 5.79 X 10°cm2s1 (SSM) / 6.0 X 101° cm2s-}(total)

- need to prepare big scale detectors

& Neutrino Energy Spectrum

Energy spectrum of each solar neutrino
branches are shown >
(values mean theoretical uncertainty)

Flux (cm2sec'MeV1)

http://arxiv.org/pdf/nucl- th/9601044 pdf
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http://arxiv.org/pdf/nucl-th/9601044.pdf
http://arxiv.org/pdf/nucl-th/9601044.pdf
http://arxiv.org/pdf/nucl-th/9601044.pdf

Global oscillation analysis input
& sK \

SK-1 1496days, Spectrum : 4.5-19.5MeV(kin.) + D/N : Ekin=4.5MeV
SK-1l 791days, Spectrum : 6.5-19.5MeV(kin.) + D/N : Ekin=7.0MeV
SK-11l 548days, Spectrum : 4.0-19.5MeV/(kin.) + D/N : Ekin=4.5MeV
SK-IV 1669days, Spectrum : 3.5-19.5MeV/(kin.) + D/N : Ekin=4.5MeV

€ SNO

- Parameterized analysis (c0,c1,c2,a0,al) of all SNO phased published in
Phys.Rev.C88 (2013) 025501

& Radiochemical (Cl, Ga)

- Ga rate 66.1£3.1 SNU (All Ga global) (PRC80, 015807(2009))
- Cl rate 2.56+0.23 (Astrophys.J. 496(1988) 505)

€ Borexino
- Latest ’Be flux (Phys.Rev.Lett. 107 (2011) 141302)
Does NOT include Borexino pp 2014
€ KamLAND reactor

- Latest(3-flavor) analysis -> PRD88, 3, 033001 (2013)

€ 2B spectrum

- Winter 2006 - PRC73, 73, 025503 (2006)



Allowed survival probability

SK gives the world’s strongest
constraints on the shape of
the survival probability in the
transition region between
vacuum oscillations and the -°
MSW resonance.

~ SNO

Preliminary

8.0 40 50 6.0 7.0 80 9.010.011.012.013.014.015.0
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Searching for the Day/Night effect

Nbins n;

L=e B TT T (Bile)Bi + oi(cy)miS)

i=1 v=1
Nipin = 23: 20 bins (0.5MeV from 3.5MeV),
2 bins (1MeV) and 1bin (4MeV)

oF; (Cu )

B,L- : # of background events, energy bins i

5

4.5

MeV

o

S :# of signal events fosl
e - 8.

DMeV

¢, = cos 0, sun: angle from solar direction *|

0.15}

10

.0MeV

Bi(cy) : background shapes

0.1

;
7

<3 (ty) : New signal factor can include any time variable, such as
zenith angle (day/night effect),distance(eccentricity, seasonal), etc.

o;(c,) :signal shapes (solar peak) /,;%
Dﬁ[(ji . e q; 01 02 03 m441§§EFE;=;§???Eé“J§"5
m; = S NC, MC ratio of energy bin i cost
Nbins ni
L = 6_(2'5' Bi+S) H H (6@(CV)B?; + O};(CU Z’é_(ty)l]??ﬂi_S)
i=1 v=1



Searching for the Day/Night effect(2)

L=¢e" (22; Bit5) H H Cr/ B ‘|’O'z((°1/ Z;g(t,,)TTEiS)
i=1 v=
Zexp ()
L a((L+a)r(t)/rve = 1) : take into account
2i(ty) = ziont) = 1 aa, X Zexp(t) eccentricity corrections
and the Day/Night MC
(X : Day/Night scaling parameter efficiency difference,

does not depends on a
(1; : Effective Day/Night asymmetry

3 1.02F BB ey | =
r;(t) : rate in zenith bin of event(MC) = 0.00E— ! 620Mev o

1.02F
2}

: livetime averaged rate ?.ggf: =
02|

0.98F
1.02F
pday _ night 0.98F
= a X ApN,i 1.02F

1 =
0.98...| coe b e b b b v e b b by

-1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1
coseZ

ave
r;




Day/Night Asymmetry

g 0.43 _I I4 5I—5|M9I\-‘I | l??'ISIMIV e T — n
g mmm mm g
: = 0.425[ sostey ﬁ
€ Day/Night Asymmetry g L Day time ﬁ
3 042[- |' =
Compare 2B solar neutrino flux(W) ° ¢ (vacuum) | :
. o o 0.415— —
during day/night time. - .
pday _ ypnight 041= Night time
— - Matter .
ADP\ (\I;da.y + q;night)/z 0-405F ( ) -
04758 o6 04 02 0 oz o4 o8 'ola(': | 8_1
& Neutrino oscillation due to matter effect

S L B R B BLPLLS I BN BN B

Apy depends on w050, = 1 Soast r
(1)Neutrino energy 3 o4t =
(2)Mass Am, > Fd . N 7
SK 043 i
(3)Density of electron g,y 2 cos9, =0 E (?lay t'me) 3
e acuum =
in the Earth 0.42F m /MJ:
0.415 5 L =
These parameters are G /| Nighttime 3
dered /Night 0.405 & (Matter) E
consiaered In our T 08 loe 0d o2 0 o2 o4 os o8 1
anaIyS|s. Am,,2=4.9 x10-5 , Cose,

cosf,=1

sin20,,=0.314



Day/Night asymmetry

@ zenith angle distribution

Clear flux difference between day-time and night-time.

Solar neutrino flux during night-time is higher than day-time.

N N
2 M o
a o o,

®B Solar v Flux[x10%cm?/sec]
N
=

Oscillation Parameter

(sin® 3 = 0.025)

sin? 1. = 0.311

Am? = 485 < 10 %eV?

sin? fya = (L308

Am® = 750 = 10 %eV?

sin” fya = 0.311

Am? =417 % 107 %eV?

F

]

L

=

e 1

L] + L Night = -
|||||||||D|a|y||||||||||||||.E
ALL Day Night-1 -0.5 0 0.5 1
cQSGZenith

SK - LILIILIV combined

cos@,=-1

/

cosf@,=0

cosf,=1



Abn systematics

@ Large reduction in energy scale error from SK-I to SK-11l comes from
introduction of z-dependence water transparency parameter into MC.

@External event cut had a negligible affect in SK-1 and SK-II
because no tight fiducial volume cut was applied.

@ Total errors among SK phases are considered uncorrelated

| SKd | Skl Skl | sk

Energy scale 0.8% 0.8% 0.2% 0.05%
Energy resolution 0.05% 0.05% 0.05% 0.05%
Background shape 0.6% 0.6% 0.6% 0.6%
External event cut - - 0.2% 0.1%

Earth model 0.01% 0.01% 0.01% 0.01%

Total 1.0% 1.0% 0.7% 0.6%



