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Super-Kamiokande detector |

LINAC ‘~- , Water and air =50 kton water

NS A . purification system | =~2m OD viewed

\_ o) trol room Atotsu by 8-inch PMTs

i 4 s | entrance .

> | |[m32ktID viewed by
e - 20-inch PMTs

m22.5kt fid. vol.

(2m from wall)
mSK-I: April 1996~

lkeno-yama Z}km mSK-1V is running
= IOk Kamioka- cho G 700mwe
i 4uassnvnTun'rJapan 3Km 240 2km

Inner Detector (ID) PMT. ~11100 (SK-1,111,1V), ~5200 (SK-II)
Outer Detector (OD) PMT: 1885



UPER

Hlstory & Plan of Super-Kamlokande

’96 97 | 98 | 99 01/ 02 03|04 (05|06 07 09 (10|11 12 13 |14 | 15 16 19‘
| D =) = =y
SK-I SK-II SK-III SK-1V Start upgrade for
SK-Gd

(current plan)

Aug-2002 F

11146 ID PMTs 5182 ID PMTs 11129 IDPMTs  Electronics Neutron tagging

(40% coverage) (19% coverage) (40% coverage) Upgrade with Gd
4.5 MeV 6.5 MeV 4.5 MeV 3.5 MeV Ve\p ?O”p‘i‘r
1496 days 791 days 548 days 2645 days o \ 2
(~March 2017) /\ o Cd \Y\e
B Analysis energy threshold (recoil electron kinetic energy) [
B Live time for solar neutrino analysis Current total: 5480 days N




Kamioka Underground site #%mwe

KamLAND | IPMU 0BSERVATORY
S http://www-sk.icrr.u-tokyo.ac.jp/

D01: Low-radioactivity R&D (LAB-A, 2015~ )

C02: Super-Kamiokande

1 “\ C01: SK-Gd water system

N

AO02: CANDLES

B01/C02:
XMASS

ZANRNF 7

AT TA
FES
.

“Revealing the history of the universe
with underground particle and

nuclear research” http://www.lowbg.org/ugnd/
A: Majorana v
A01: KamLAND, A02: CANDLES
B: Dark matter
B01: XMASS, B02: NEWAGE, ...
C: Supernova v
C01: SK-Gd, C02: SN network

w4 DO1: Low BG techniques X
EO1: Theory T’i jﬂi;ﬁ

APIMS
GC
Ge det.

C01: R&D B02: NEWAGE

SK-Gd SO lEwn
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S

O vte —->v+e

(for solar neutrinos)

Typical low-energy event

Super-Kamlokande

Run 1?42 Eve t 102496

33333333333333

03 hits. 123 pE

ta, 0 pE (in-time)
03

Time(ns)
< B1§

* Timing information
vertex position

* Ring pattern

i . RRPPEy direction
s « Number of hit PMTs
(color: time) energy
Eetota = 9.1 MeV ""‘6 h|t / |\/|eV
C0SOsun = 0.95 (SK-I, 1ll, V)

0
a 500 1000 1500 2000

Times (ns)

Resolutions (for 10MeV electrons) PO PR
Energy: 14% Vertex: 87cm Direction: 26° SK-I
Energy: 14% Vertex: 55cm Direction: 23° SK-III




UPER
B solar neutrino measurement S

» High statistics (~20events/day) measurement of B solar neutrinos
» Possible time variation of the flux

> Energy spectrum distortion due to solar matter effect _ (Day — Night)
» Day-night flux asymmetry due to earth matter effect Pon = (Day + Night) /2
Spectrum distortion Day-Night flux asymmetry
Daye-------g--mmmn >N i
Flux ay + Night
P(v,2v,) [/cm?2/s]
$0.8 r — r——— = —0 10 Regenerate ve by
. PP pep P 1,,° & x105 earth matter effect
0.7pF 0 8 % :llg
Vacuum oscillation —
06 'dominant Matter oscillation 1'° ’ N“qg ¥ : Electron neutrino : EXpECtEd
dominant 6 E 14 V- Muon/Tau neutrino (day'night)/((day+night)/2)
05 s <113
2
o.4r- : 13 " 1%
03F 5 8 ——
L 6 2%
' e 3%
0.1F P 3 — _";72' -4%
2 10%
OL . | 2 1
0 1 10 0.1 0.2 0.3 0.4 0.5

Neutrino energy [MeV]



UPER
B solar neutrino flux: Yearly plot S

)
©
4
o
.

S B i '|"'|"'|"'|"'|_"25DE o
% B —4— SK data(Stat. only) | 'E Prellmlnary
% - - ¢ . . ] Systematic error - = SK-1~IV 5200 days
9 05__ - | SK combined flux —_ZDD _E
- — - t". + ® Sun spot number - Q
- B + - a
g 0.4588 e - _+J.+_+ #4150 S
s | +n Tl 8
S B . ° :i"- o
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0.4 () :. _3.: - -{100
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0.35— - s Y . . —150 Sun spot number:
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L 8 8 i i
- F{,. o '.’1- i 7 Observatory of
0.34 ' ' ' L. . P, : L g Belgium, Brussels
1996 1998 EDDD EDDE 2[}[}4 2[}[}5 2008 2[}1[} 2[}12 2[}14 2[}1 6
MC ®B Flux = 5.25x10° /cm?/sec Date

x%=15.52 / 19 d.o.f. = Confidence level = 69 %
Super-K solar rate measurements are fully consistent with
a constant solar neutrino flux emitted by the Sun.



Day/Night asymmetry (A,

Assuming the expected time variation as a function For solar global parameter: :
of cosb: like below, amplitude of A, was fitted. Am?,1=4.84x105 eV A, = (Day — Night)
. : (Day + Night)/2
E«’u 1.0% 16-20 MeV m sin2012=0.311
o 0.98 ,
2102 12513 MeV. _ Apy™ (%)
& ?-83' SK-1V, 1664 days -3.3+/-1.5+/-0.6
& 098] SK-IIV, 4499 days  -3.3+/-1.0+/-0.5
o1
§ ?'8? Non-zero significance 290
g PRD94, 052010 (2016)
.-1-0,8-0.6-0.4-0.200.20.40.6268891 1 o L LR
’ PRL112, 091805 (2014)]
20 — 0

" PRL112, 091805 (2014] Solar

global Expected (MSW)

i
—
I|IIII|IIII T T 1T 1T
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T T | T <| T Ik

iyl Observe

-20 . —

i expected E

- Am?%21=4.8x107 eV?2 1 ]
40 I 5in201,=0.342 7 - . .i.i...|...|...|...|...|...|(.1.0.)|:
2 4 6 8 10 12 14 16 18 20 22

5 1015 AmZ, (10%eV?)
Recoil Electron Kinetic Energy (MeV)

Day/Night Asymmetry (%)
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UPER

0,, and Am?,, from Solar global vs. KamLAND

: PRD94, 052010 (2016)
- Same ~20 tension between solar ————————— —T—

| global and KamLAND in Am?2;

18 sin2012= 0.316+0.034/-0.026
17 ¢ Am?y1= 7.54+0.19/-0.18
e sin2812= 0.308+/-0.014
14 | Am?Z;1= 4.85+1.33/-0.59
L 13 ¢ sin2012= 0.307+0.013/-0.012
O ﬁ - Am?21= 7.49+0.19/-0.18
= i (The unit of Am?;1 is 10 eV?)
= 18_ Solar .
o gl +KamLAND oo
,.% 7t . ~. &':"" - :
6t | KamLAND
_;51 I Constrained with
3t Solar global sin2013=0.0219+/-0.0014
2 (from short baseline exp.)
| I Lo Lo Loe v v v L. 4

=
ke
o
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w
=
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o
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UPER
Recent progress in solar v analysis S

June 2017
m Updated spectrum analysis
= Total live time 5480 days (May 1996 - March 2017)

m SK-I (1496 days), SK-1l (791 days), SK-1ll (548 days),
SK-1V (2645 days, PRD94, 052010: 1664 days)

m Preliminary periodic modulation analysis in SK-IV
m Using same data set as PRD94, 052010

m Energy scale improvement
m Taking into account PMT gain & dark rate effects

m Study of spallation BG
m Start looking neutron data in SK-IV

m Study of radon BG

m “Measurement of Radon Concentration in Super-Kamiokande's Buffer Gas”,
NIM A867 (2017) 108-114 (DOI: 10.1016/j.nima.2017.04.037 )

AAAAAA
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UPER

Vertex distribution i in SK-IV

Color : Events/day/bin low->high

June 2017

Preliminary
0 J>R SK-IV 2645 days

4.0-4.5 MeV/(kin)
! ozs

4.5-5.0 MeV/(kin) _
Z>-7.5[m] , 5

(16.5kt)

Z[m] £

| |
100 150 200 200

rm?] RZ [ m Z] r[m?]

B Whole area in these plots corresponds
to 22.5 kton.

B Above 5.0 MeV(kin), fiducial volume is
22.5kton.

B Below 5.0 MeV tight fiducial volume cut
is applied.

B Water condition is controlled well




SK-IV 3.5-19.5 MeV(kin)

Events/day/kton/bin
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UPER
SK-1V solar neutrino signal S

June 2017

Preliminary
SK-1V 2645 days

_I I | [ I | I I I | I | I T I | I I I I I I I I I I I 1 I I ] I I I | I I 1__
- S

- 4 :Data

Z — : Best-fit Background

— — : Best-fit Signal +/- stat. err.

- Sun ]
:,, . +1-|,+ g ettt sty st sttt il iy -"t‘*'ﬁﬁ PEN-STE _
Z_ Signal (in SK-1V): 51521 +349 —347 events _:
— (SK-1: 22404, SK-11: 7212, SK-11l: 8148) e
B Total: 89285 events .
B 1 1 | | 1 | | I 1 | 1 I | | 1 I 1 1 1 | 1 1 | I | | 1 I | | 1 | | 1 1 | 1 1 | |

-0.8 -0.6 —-04 -0.2 0 0.2 0.4 0.6 0.8

cos (0

1

sun)
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UPER
SK-IV solar neutrino energy spectrum 6

June 2017

Preliminary
SK-1V 2645 days

o
o)

o

D

0]
IIII|lIIIlflIII.|IIII|IIII|IIII|I‘

0.55

o
o

Data/MC (unoscillated)

T

0.4

|

0.35

0.3

I=|IIII|IIII||=III|IIII|IIII|IIII|I=I

N
—_—
»
—_—
oo

6 10 12 16
(MC flux = 5.25x106 cm?/s from SNO NC) Recoil electron kinetic energy [MeV]
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S

June 2017

Data set for oscillation analysis

Prelimi
m SK: PRD94,052010(2016) + preliminary SK-IV spectrum data refiminary

= SK-1 1496 days, spectrum 4.5-19.5MeV/(kin) + D/N : E 2 4.5MeV/(kin)
= SK-11 791 days, spectrum 6.5-19.5MeV(kin) + D/N : E 2 7.0MeV(kin)
= SK-111 548 days, spectrum 4.0-19.5MeV(kin) + D/N : E 2 4.5MeV/(kin)

m SK-IV 2645 days, spectrum 3.5-19.5MeV(kin)
+ D/N (1664days) : E = 4.5MeV(kin)

= SNO: PRC88,025501 (2013)

m Radiochemical : Cl, Ga
= Ga rate: 66.1+/-3.1 SNU (All Ga global) (PRC80, 015807(2009))
= Cl rate: 2.56+/-0.23 SNU (Astrophys. J. 496, 505 (1998))

= Borexino : 7Be flux (PRL107, 141302 (2011))

= KamLAND : reactor measurement (PRD88, 033001 (2013))

= 8B spectrum : Winter 2006 (PRC73, 025503 (2006))

= 8B and hep flux free, if not mentioned.

15
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0.48
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Super-K Spectral Data

S

June 2017
B | | | I | | I | I | | I I | | | | | | | I | — | | | | | _
n - Preliminary
— Solar+KamLAND parameter —]
~ Solar global parameter SK-I~IV: 83 bins
~ Quadratic spectrum best-fit X2:
C Exponential spectrum best-fit Quad. Fit: 75.5 /80 dof
- Exp. Fit: 75.5 /80 dof
:_ T _: All SK phases are
] 7 | combined
- | I— — o
gy By Ny — | without regards
- = - | to energy
— |+ —1 | resolution or
- -|- 4 | systematics in
- - | this figure
N ! AT N N TN TN T T T T N N T N SO SN T NN N SN N R A
4 8 10 12 14 16

18
E inMeV

kin

SK spectrum is consistent within ~1 sigma with the MSW upturn for the solar best
fit parameters, and marginally consistent within ~2 sigma with the MSW upturn
for the solar+KamLAND best fit parameters.



Periodic modulation analysis in SK-IV

m  Past publication: PRD68, 092002 (2003)
m SK-1 1496 days, 4.5-19.5 MeV(kin)
m Used Lomb-Scargle (LS) and 5-day long samples

—
—
L

- PRD68, 092002 (2003)

Lomb Power

L] .
n o fnwn
L LA LR

(S = o] o0
T

k)

R
FTTTTTTTITIITY
e e—

I LR 1 | ) ' | . | |
MM AA A .lL o B AT 8 CAAYIN Vbt
£ 90 F

= 80 F
270 F 63.09%CL

PRD6S, ogonz (2003)
2 60 F
250 F

_ i

EEd ‘ T

10 E

).
=
Neutrino flux

] —
nor—n o
LA LAl LAl Rl

()~...|.I.I...I...I...I.i.....I,‘.I...Ii..
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Periodic modulation analysis in SK-IV

m  Past publication: PRD68, 092002 (2003)
m SK-1 1496 days, 4.5-19.5 MeV(kin)
m Used Lomb-Scargle (LS) and 5-day long samples

m Itis pointed out that a maximum peak is observed at around 9.43/year from
several researchers.

m Analysis techniques are improved
m  We have reanalyzed SK-I data with Generalized LS method in astroML.
A preliminary search in SK-IV in 5~15/year region is also done.

. — \/ _____________ _  false alarm
7] B - = ope
é 10 PI}P_GS, 092002 (2003 10f R 1 probability
g 8F 3 I ' | (FAP) = 0.015
SeF1 | | 8} i :
L | 1 : ' '
4k : : 1 : :
1 1 | : [ '
2 II' d | ! | @ 1 : :
~100 l-nhﬂ'! AT h .ll._.u .L.'.I.l. IH II .'l.il., l.. ‘I., HJ].!. -iLI. E.i..lll 5 : : :
S f gy ! af P '
- 1 1 1 ' '
T80 ! I T 2 '
o 60 F ! I 2 TR :
250 F . 1 (| :
S 40 1 1 1
= 1 1
z 30 F I 0 1
S20F ! I 0 Mo ____ o 5
10 F | l N i N Frequency (7year)
0 el L4 b —— Lo o oo o o il et g Qo
0 o2 0.04 0.06 0.08 0.1 0.120.14 0.16 0.18 S. Desai, D.W. Liu/Astroparticle Physics 82 (2016) 86-92

~——— frequency(1/day) 18




UPER
Periodic modulation analysis in SK-IV 6

Data set:

SK-I: 1496days, 5-day long sample, 4.5-19.5 MeV(kin)
SK-1V: 1664 days, 5-day long sample, 4.5-19.5 MeV(kin)

Generalized LS method (with symmetric error)

Search region: 5 — 15 [/year]

June 2017

Preliminary

Lomb power

=
=

o0
L

6

0
D

1 Preliminary

— : SK-1 1496 days
— : SK-1V 1664 days

H

i

Maximum peak at
around 9.43 /year is
not found in SK-IV.

-1

G

10

11 12 13 14

Frequency [/year]

15
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Relative gain change

Averaged dark rate (kHz)

UPER
Energy scale improvement: 1/4 S

=
N

2004 PMT

19921995 PMT
1996-1997 PMT -
2003PMT

2005PMT -

ligid 4
- Le Ul
1.0
[ ] HJ
. ] !’

w1t

|

|

—— K2K 1kt

- — 1992-1995 (manufactured year),
8:_ —1- 1996-1997 — 2003
= L 2004 — 2005
7
6—
5
4
3—
E | | | |
2008 2010 2012 2014 2016 2018
Year

June 2017

Preliminary

PMT gain and PMT dark
rate are changing.

So far, these variation
are not considered in
energy scale calculation
for low-energy events.

We are currently
implementing theses
effect in our detector
simulation and energy
reconstruction codes to
reduce energy scale
uncertainty in future.
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UPER
Energy scale improvement: 2/4 S

June 2017
m  Peak of decay electron energy from stopping cosmic-ray muons prefimi
m  Distribution looks stable after the gain correction refiminary
Effective number of hit PMT (with various corrections) is
used in the energy scale for low-energy events.
283 e Before gain correction ______ 283 After gain correction
- ] Z C .
E 282 [ : 2821 =
4= : - ]
' 81p . 81— —
[T C ]
O 10 'I mw - 280 e T =
L bl gl ol )\ i ] ; - il ‘ -
27F T * H f I H} } WM HH | ﬁ.? } E
£ il { =~ RETHENE
= 277 | ] 777:_ } l # + ] | =
L —— : Average | i I L |
276 | — :+/-0.5% |1 276~ E
275 :....|....|....|....|....| N B TR N B qa::. et b b b b b b b g L %

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

2009 2010 2011 2012 2013 2014 2015 2016 2017 2b18
Year

Year
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UPER
Energy scale improvement: 3/4 S

m DT neutron generator calibration June 2017
= Gamma rays from 16N Preliminary
m  Center position data in 2009-2017
m  Looks stable
= 46.33— .
E — | After gain correction +0.5%
49 46,2 T T T T T T T T T T T T T T T T T m mmm e e e e g
= . .F 8 ;
o 461 .
?J 46 f— @ ¢ ¢ Average
g E ;
O 459 ¢ P ®
= — ® F
Ll == é
45.8 = M
P P
456: e by by 0 by by s by e by e b by s e by
’ 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
Year
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MC/DATA

MC/DATA

UPER
Energy scale improvement: 4/4 S

After gain correction June 2017
1.03; 1.03, Preliminary
1.021 aMeV E 1.02t S8MeV
- o . .
1 oy 2 1'015;"'1: __________________________________________________________ O !.INAC calibration
- —— .
: 0.99F e B m Monochromatic
0.98f electrons
T . . . . . |m looks stable
123456 1234508

Position Position

1.03, < 103

1.02;— 1 2Mev E 1.02;— 1 8Mev o erwcer S amaonEr
S B 1 01:. ................................................................... B

1.01:_:[_| = 10

1 |—'|'—||_:[_| 1k —— l—I—l|+|_I_I £

0.99F 099 T | oope i

0.93[ 0.98f L @@l' e
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Position Position 73



Study of spallation BG: 1/2

Motivation: More effective removal
of spallation from SRN (DNSB) and
solar neutrino data samples

John Beacom and Shirley Li predict
many neutrons would be produced
in the hadronic shower from a
spallation causing muon.

Neutrons could be observed when
energy threshold is lowered via

2.2 MeV gamma from n + p reaction
(Astropart. 60 (2015) 41)

Tried to use Wide-band Intelligent
Trigger (WIT) data stream
(~2.5 MeV(kin) threshold)

Ways to identify showers

Neutron captures (and muon decays)

Using neutron captures to
tag showers

Neutron multiplicity

Dazeley et al.,, 2016

More efficient way to tag hadronic showers

Shirley Li (Workshop on Supernova at

Hyper-Kamiokande)
http://www-sk.icrr.u-tokyo.ac.jp/indico/

conferenceDisplay.py?confld=2935

gz AmBe source,
P % 203.7+/-2.8ps
éscﬁ . Astropart. 60 (2015) 41

100 200 300 400 500 600 700 800
AT (us) 24


http://www-sk.icrr.u-tokyo.ac.jp/indico/conferenceDisplay.py?confId=2935

Study of spallation BG: 2/2 SUPER

Data set:

~6 week data from WIT
20 ~ 500 psec. after muons
Energy < 5.5 MeV(kin)

Further study is on going

Transverse distance (Ligans) <5 m
Applied a simple event quality cut

We observed neutron candidates

# of candidates

June 2017

Muon track

— Preliminary

Neutron
candidlates
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0
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o0 802340008 | §2s00]-
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ol

i3

5 100 150 200 250 300 30 400 450 & 0

Transverse distance [cm?] Longitudinal difference [cm]

| L E_\II\ [ I Loy
200 20 -2000 -1500 -1000 500 0 500 1000 1500 2000

25



Summary SUPER

Precise measurement of solar neutrinos are on
going

Latest (preliminary) results are reported.

= Day/Night, Oscillation analysis (PRD94, 052010 (2016))
m SK-I1~1V 5200 days yearly flux

m SK-1V 2645 days spectrum

m SK-1V 1664 days periodic modulation analysis

Improvements of analysis are on going.
m Gain correction in energy scale
m Spallation BG

Detector upgrade work for SK-Gd is planned to start in
2018

26



