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Super-K detector

e Water Cherenkov imaging detector

e 1000 m underground in Kamioka mine

o=
=Rl " e 50 kton volume (fiducial 22.5 kton)
= g T e 11129 20” PMTs in inner detector (ID)
: for Cherenkov ring imaging
= R e 1885 8" PMTs for outer detector (OD)
SRR i :
N d
— e
< Phase Period # of PMTs
elp SK-| 1996.4 ~ 2001.7 11146 (40%)
SK-I| 2002.10 ~ 2005.10 5182 (20%)
SK-II 2006.7 ~ 2008.8
11129 (40%)
SK-IV 2008.9 -

39.3 m



Super-K physics

Multi-purpose detector with rich physics

solar neutrino supernova (relic) v

atmospheric v

TIME AXIS

Proton decay indirect WIMP search

::::_.:’;:4," Y = Dark matter
‘Mb o
mm L
ga/a L 12 AVAV4
Positron 0 ‘. '1\-3:5%1?:

n SNy i
- . el s R
. I

333 "" ol 1
« matter, hilatior
Proton Jo.
R The Sun
Neutrimos produced from

: decays of annihilation
gamma i products may be detected.

Also used as far detector of T2K experiment (LBL)



Contents of this talk

* Neutrino oscillation physics
* Atmospheric neutrino
* Solar neutrino

 Dark matter
* indirect WIMP search from Sun

* SuperK-Gd project



Neutrino oscillation

______ d | oo oo oo o o o o

flavor state PMNS matrix mass state
+ Majonara phas

——————— I I S S S s . — 1 S - e e e——
Ve 1 0 0 cos 013 0 sinfyze % cosfip sinfip 0 1
Vu 0 COS 923 sin 923 0 . 1 0 -sin 912 COS 912 0 V9
Uy | 0 -sinflys cosfos -sin 013 0 cos 013 I 0 1 0 Vs
atmospheric, LBL Reactor, LBL solar, KamLAND
Am2, = (2.44+0.06) x 10 3eV? £+0.0020 Am32, = 7.54;70351 10" ®eV?

-2 _
sin“ 6,3 = 0.0234"
sin? 13 = 0.43710:033 SO 4in? 61, = 0.308 £ 0.017

* All mass splitting and mixing angles are Mass hierarchy (MH):
measured by solar/atmos./ reactor/ LBL =
. Normal | == “ Inverted
* Still unknown: 1] i — {1
. . atmospheric — -,
* CP violation phase (6¢p) i [T
* Mass hierarchy (Normal or Inverted) | — — 1]
* 0,5 octant ( 0,3 >1/4 or 6,5 <m/4) 0 0
Normal Inverted

(Am?3,>0) (Am?Z3,<0) .



Atmospheric neutrino

, He « Decay products from cosmic ray
interaction with atmosphere

I TR « Energy ranges from sub-GeV over TeV

L + .1 .~ ° Atm.V’s are suitable for oscillation study
N

GeV TeV PeV
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Super-K atmospheric sample

e Vvy—->Vris dominant, but sensitive to other osc. parameters

cos zenith

» Interested in upward vy->Vve containing sub-dominant effect
| Prediction |
| =+
1000 —+ . .
- 500} . SK Data N
: . \r“ -V,
w 1 !
Sub-GeV e-like : Sub-GeV n-like » UpSt
I.I>.l 9775 < - 10147 570 P ¥
* o 1 L 2 L 2 6 2 4 1 0 2 4 L 4 415 2 4 2 L
5 3 '
- — -
2 | 1000} : j |
= 1 | 1000 _:,f
= | Rkl | +— |
Z - e | |
500 m "l 500
,..-_F; e
Multi-GeV e-like - Multi-GeV p-like + PC - » UpThrough p
) - 2653 | 5485 ! . 5896
- o " " | " o " " 2 1 " " 0 " " " 1
P} -1 0 -1 0 1 : 0.5




v, -> Ve effect in atmospheric v

cos® =-0.8  NH, sin’0,,=0.4, sin’0, ,=0.025, 5=40°

cos® =-0.8  NH, sin’0,,=0.6, sin’0, ,=0.025, 5=40°

\

10

solar term

cos© =-0.8  NH, sin’6,,=0.6, sin’0,,=0.025, 5=220°

cos® =0.8 IH, sin’6,,=0.6, sin’,,=0.025, 5=40°

© sin2623=04 — 0.6 08 | @
- 0.6 Normal — Inverted

o Multi-GeV: resonant-like peak due to matter effect in Earth
« appear in ether v or v, and depends on mass hierarchy
« 023 octant changes size of resonance peak

e sub-GeV : flux normalization changes by CP phase dcp



Oscillation fit result

2 2

* X scan for O¢p, 053, Am 3,, MH. (03 is fixed for reactor).

Preliminary

e SuperK data favored normal hierarchy, but not significant (XZNH-XZ|H= -3.0)

10 —
we NOEMAI Hierarchty
8._ \ wiwi inwerted Hierarchy
6— ’
al 95%C.L.
i 90%C.L. |
2
0001 0002 0003 0004  0.005

|Am?3;| (eV?)

Fit (517dof)
Normal

x2
582.4
585.4

Inverted

10._‘.\'---- ,

e NOrmal Hieraechy

- Inverted Hierarchy

0.3

sinZ20 13 (fix)
0.0238
0.0238

OcpP
240
220

0.575
0.575

100

2.6x10-3
2.3x103




Preliminary

Fit with T2K published data (NH)

* Introduce constraint from modeled T2K data for better sensitivity
o X wX = -3.2 (SKonly : -3.0)
» SK and T2K favors 8-p™~-11/2, but CP conservation (sind-=0) allowed

e JLL ';'] L ’ :‘ T ZU T Y U 20 ¥ Y Y ! y Y ' | y ' r |
l " | = SK Atm
- : ; : - - == SK+T2K VvV ,V model
15} : : -1 15| = = Hoe T
‘ : 15
i ; - i - == T2K VoV, model
~N | 'r_ :
. >< : | . .
4 10 ; $ -1 10| i 101 N
oo o | g 99%C.L. |
S \‘ : 51 o 51, . ‘ . =
90 - oo [ 90%C.L. |
T o A

0001 0002 0003 0004 0005 D7
|Am232| (EVZ)
Fit (585dof) sin2 6 13 (fix) ocp

Normal 651.5 0.0238 280 0.525 2.5x103
Inverted 654.7 0.0238 240 0.550 2.4x103
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Physics motivation of solar neutrino

1. Spectrum distortion
 “Up-turn” by MSW oscillation is expected around 3MeV

2. Day / Night flux asymmetry
* Regeneration of v, in Earth’s matter effect will enhance night flux

SuperK

Ie < 2 Day N\
0.9; vacuum OSC. matter osc. _ A
0.8F dominated  pep (BX) dominated / Solar Neutrino Vn/z
0.7¢ pp (all solar) || | —

= ® ’ matter effect in the\Earth
g - + Y, sB(sNO+SK Ve
g"g 0sE el cvm—— +"“‘-4+-. . [Z//.h ( + ) V”/t /7\’\

0.4;_ Be (BX) ) */ matter effect in the Sun | Night Ve
0.2 \pda.‘v — \I]nigllt
o.1F 8B (SNO LETA + BX) Apn = — _

E (\Il(la_\«' T \Ilnigllt. )/2

0 1 1 r 1o el 1 1 r 11 1 aal

10° 10° 10*

Energy [keV] 11



Preliminary

Observed 2B solar neutrino flux

c UL B L UL IUBLELE B UL LAY BUELELE UL BUELELE B B0.54f ' | (tat?ssver?
530000 4 Sos2f ) ey
£ - 1 T osf
©25000— i 00.48} _ -
o - Data 1 Soas- L f R 2
- I ] 00.44 N i e et 3o —
- -] K oaf 3
15000(— i °3'§? E
- - — PO ---.—,‘—-“'"f 5 o 'll é 3 ‘l‘
10000 ~ - - —_ MC °B Flux = 5.25x10° /cm%sec ~ SK phase
5000 = Yearly flux with sun spot number
- N S — 4200 o
- . 2 0.54;—] S —4— SK data(stat. only) 5180 2
0708 0604 02 0 02 04 06 08 1 2052 ' - o comtimed hx o 2
S : SK combined flux —4160 €
cos(98un 2 05 . e Sunspotnumber — %
c - e » -:140 8,
. 30481 1. + E P
e ~77 k solar events in SK I-IV S 0.46- . -,;,:++1 h =+ 3% 3
r <100
e Data/MC = 0.4459 + 0.0084 (stat.+syst.) g 044 ¥ ! T "
: o . 0.42 'y % R
* Measurement consistent within uncertainties  ,,- o . R
. Ay £ &, % o
among SuperK phases 0.38 . oo 3
* No correlation seen with sun spot number 0'%_"‘ R~ # €20
p 1996 19‘98 2000 20022004 20062008 2010 2012 2014 2016o
MC °B Flux = 5.25x10° /cm/sec Year

(p-value=0.786)
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Preliminary

Recoil electron spectrum

- T - T
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SK I-1V combined spectrum

Data / MC (w/o oscillation)
5 2 & o o @ o
(&) N (0] Qo »

&
S
(o))

S

0.42

0.4

SK V111V LMA Spectrum

= ! I bt ] vl 1 ] L L] I T 1 "
- Solar + KamLAND 70.13 -
- Solar global 68.14 -
- Quadratic fit 67.67 E
:— Exponential 67.54 _j'
. | -
r el - =
— = A N -
- Statistic error only -
[ | 1 l 1 | 1 l 1 1 | l | 1 1 l | | | I 1 | 1 l 1 | 1 I 1 1 N
6 8 10 12 14 16 18

Kinetic energy [MeV]

Preliminary

MSW is slightly disfavored (~1.70 for solar+KL, ~1.0c0 for solar global)
e Still spectral “up-turn” is not observable
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Preliminary

SK I-1V combined spectrum

00.8
[4}] ‘ . .
o | preliminary all solar (pp) Borexino (pep)
0.7 T
0.6 —— !
0.5 » ‘.%E 1
i { T Borexino (°B)-
0.4 Borexino ("Be) T |
0.3~
SK+SNO 1
0.2 Homestake
| +SK+SNO
0.1 (CNO)
0 - -
10 1 10

 MSW is slightly disfavored (~1.70 for solar+KL, ~1.00 for solar global)
e Still spectral “up-turn” is not observable
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Preliminary

Day/Night flux asymmetry

g 2.55

E, 2.5

‘©

T 245

%

™ 2.4
-

5235

&

@ 23
2.25

E ] T T T T I T T T T | I T T T l | f
- Best fit to SK .
: = solar global 4 4
S > O solar+KamLAND ]
SR P .
- << |0 Z -
- Day .
- 4 (Sbins) TR
N } o]
- T [ &+ o+ 7
- T =+ :
- Night -
- (5 bins) -
l 1 1 1 1 | 1 1 l | 1 | | I | l | | 1 [

ALL Day N|ght~1 -0.5 0 0.5 1
coseZenith

e ~3% higher flux expected for night

« ~30 difference seen btwn day and night

 Direct indication of matter effezct in Earth

e Better agreement for solar Am

Day/Night asymmetry : Apn (%)

A \D(lay — \Iluight.
- DN — : ¢
(\I](Ia_\,’ + \I]night.)/z
1 T ! VSRR BN LR NN AL NLELELE NN B
a
5 :%
s
E% Expected
8 XX
il
n

Measured
(with 10 band) -

a
i
A....AA'lAAJlAAAlALAJAAAlAL 1 A

o

n
o

Day/Night Asymmetry (%)

40

6 8 10 12 16 18 220 . 22

Am? (105eV?)

L " A " A |

. 10 15 16
Recoil Electron Kinetic Energy (MeV)



Preliminary

Status of solar / KL osc:llatlon fit

. Best fit:
> [Tsin® Ao = 031270052
.QEJ 18 - fitted with reactor constraint: I A'”n -7 )4+8 l;)
b 12 | sin2013=0.0242+0.0026 | Lin on — 0.377+0011
<45 « ~20 difference between solar and KL | sin” 615 = 0.014
14 | Am? 51 = 4. \T'f(') S
13 \lll H| 5 = (). %()(\*:;::i;
1(1) A/Nj, =7 '()ft;::(\)
9 .
573 ‘Solar + KamLAND
6 KamLAND
2  Solar Global
3 .
2
1
..................................................... l6 26 . 3o
0.1 0.2 0.3 0.4 0.5 2 468



Solar WIMP search by SuperK
9

« DM, trapped in the center of Sun, could annihilate
and produce neutrinos via xx —> 71 /bb/W*W-

« Tighter limits on spin-independent (SD) scattering
due to hydrogen-rich composition of Sun

« Recent direct DM experiments report event excess /
annual modulation below 30 GeV/c?

_ duced , Capture rate inside the Sun Allowed regions and limits from
Neutrinos produce several experiments (Sl interaction)
from decays of
annihilation products o] 10%

T . z
—— =10 1
10° spin -independent § S
' . ZL g 10" §
!.’ = 10°% ZC') . G
| © g 107 g
10°7 dey g 4o 'ogl
S =
LUX ]
0 20 T 60 $0 ‘0“3 s 5 6 7 80910 20 210
m [GeV] WIMP mass IGeV/c




Events

Super-K WIMP analysis

« SuperK’s sensitivity to GeV energies are suitable for light WIMP search

« WIMP signal has angular correlations with Sun’s direction

2000

1000

Sub-GeV angle

e P e PN e

SK I-IV data
Background MC _
Signal MC(6 GeV/c? bb)

-0.5 0 0.5

Sub-GeV energy

momentum [GeV/c]

8001 Multi-GeV angle
9 600 —_——
Q400
w
200
o I ——— [ - o = = o= = o , e
-1 -0.5 0 0.5 1
Cos6_
Multi-GeV ener
4000} 9y
2
o
[
&1 2000}
0‘ ...... n”:"r'-l'l-rnrri----A-.'-~n~-1--.«rr.;
1 10 107

momentum [GeV/c]

Events

Events

400
PC + stopping muon angle
00r —4—
4 R .
rw—— e
200}
100}
o R ———— o o= g = = o= o o e
-1 -0.5 0 0.5 1
Cos6

600~ Through-going muon angle

400,

2001
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Limit on neutrino flux from WIMP annihilation

Upper limit on muon neutrino flux

15
100 11

muon neutrino flux[/km?/y]
o

10

10°
WIMP mass [GeV/c?]

Simulate xx —> Tt1/bb/W+W-
for 4~200 GeV/c? and apply fit
to data

No significant excess are
seen. upper limit (90% C.L.)
was set on neutrino flux

DarkSUSY 5.0.6 is utilized to
convert to WIMP-proton cross
sections

Assumptions:

Sl or SD interaction

Standard DM halo

Mono channel annihilation (bb, tt, WW)
BS2005-OP model of solar composition
Equilibrium btwn capture and annihilation

20



]

-2

WIMP-proton SD Cross section [cm

PRL 114, 143301 (2015)

90% C.L. limit on SD/SI cross section

« SD interaction: current best limits were set below 200 GeV/c2

even for the softest (bb) channel

* Sl interaction: some fraction of allowed regions are ruled out

SD interaction

—

=
w
o

PICASSQ — — *
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(Isospin conservation fp/fn=1)

A S S |
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! : : e e ‘o
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PRL93,171101 (2004)

SuperK-Gd project (was known as GADZOOKS!)

Capture efficiency:

neutron 100%]  0.2% Gd,(SO,),
(~100t for SK)

=) pr()ton, i gives 90% neutron
-y / capture
Ve C | Gd capture eff.

60

\ Gd
é
Prompt signal 0

Delayed signal 0 0.002 0.02 0.2
(~8 MeV in total) Gadolinium sulfate concentration[%)]

Ve + p 2 et +n 0.2%

40

* Add 0.2% Gd,(SO,),; in water to enhance neutron capture
* multiple gammas (¥*8MeV in total) emitted from Gd by neutron capture
e Possible to identify anti-neutrino interaction with delayed coincidence
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Supernova Relic Neutrino (SRN)

1010 stellar/galaxy x101° galaxy x0.3%(become SNe) ~O(10'/)SNe

Neutrinos \

o LN !
Total
ISl from past SNe )
~ <z<1 |
—" oy 1<z<2
N\UPER A
NOW SK . Bl A\ 2<72<3
- “ 0.1 h. N J<z<d. =
i ; -
“1.1-' A ' \\\ 42D
s ';4' “’,-7 E: ‘.‘ \ ‘ ‘7‘-_
= 107 | R \\\ )
g E 107§
’ ~ :
= _
102 ! | 1 | \, 1 | B | L 1
0 10 e 30 40 o0 60

Neutrino Energy [MeV]
S.Ando, Astrophys.J. 607, 20(2004)
Theoretical flux prediction : 0.3~1.5 /cm2/s (17.3MeV threshold) 23

Beginning of the universe



o O

o

Neutrino Flux (/cmzlsec/MeV)
o

— — R . . D
o

o

10

Search for SRN at Super-K

Search window for SRN at SK : From ~10MeV to ~30MeV

We need BG reduction by the neutron tagging!

7
.=’1 BN e o BT aE o R D T EEL B O WE B DN D oy NE BE e On oy LN EE AR v TN 'E. 9 °
6 freactor v : Fl 1 S p —K
foscors. e ~ Flux [imit at Super
. 1
4: \ SRN (T =6MeV) S
N SRN (T_=4MeV) 1
[ - e 3.0
2 M RN (T =>N1987A) 1 Y 2.8 _r .l 28
\ q
'rf“%‘\ 1 ","5 2
1 ﬁ \ ] g
- ; —d <18
2 \ — QI,mQEPheriC Ve 3 o Model Prediction 17 T
i > E| g  —
4 ' - >
ES
5 ] = v
. 1
pn o ol o g iy o o o llg o o o0 o p o Bl oo By g ool o oo O—A
0 10 20 30 40 50 60 70 80 by | ""m‘:‘:”""| e ‘(:"m“‘:":m Siotwy ot
S Neutrino Energy (MeV) Hartmann, 1997) mmr’umu (NNNOS corrected) m..n..m'....,
C 2 (200¢ 3
Phys.Rev. D 79, 08013 (2009) Phys. Rev. D 85, 052007 (2012)
Now SRN search is limited by atmospheric neutrino BG
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EGADS

(Evaluating Gadolinium’s Action on Detector System)

Instrument to measure
water transparency

L

)

| | : :“ 4 : i " ‘{f,"‘"v 5§ :_. A T o o~ -
| - 3 | Gd water
%5m3 tank to dissolve Gd Circulation systern

Test tank was build with same detector materials
as Super-K, and study Gd water quality

Gd dissolving test has been performed from Oct
2014 to Apr 2015

e [nside 200m3 tank !
f (240 PMTs)
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Cherenkov Light Left (%)

Transparency of Gd water in EGAS

00" Cherenkov light left at 15 m for EGADS detector
Blue band: SK-IIT and SK-IV values.  pure water (SK-{I1,1V)
80 7 7
70- \
‘ Gd water (EGADS)
60 -
Sampling position
50- —o—Bottom
40 ’ | T Centre Light left at 15m in the
; —+-Top 200m3 tank was ~7Q% for
301 2 7 75— 0.2% Gd2(S04)3, which
‘ corresponds to ~92% of SK-IV
20 ?;. Y Y MR pure water average
< — — o
= o o/ ©
= = =~
0- ' : . , . / v . ' v
11/Oct 10/Nov 10/Dec 09/)Jan 08/Feb 10/Mar 09/Apr 09/May 08/Jun 08/Jul 07/Aug

Date .



Rayleigh Scattering measurement

 Increase of scattering lights in Gd water may affect detector
performance

« Measure fraction of scattering light by laser injector
« No significant increase of scattered light was observed

I..s LERBR W IE H | | BRI LER R LB LB T 5 K E 3 T3 LR
L | I I I | | |
Reflector OFF Top EGADS -

Absorber (W — | | e R = = wew e v Error : stat + sys |Assumption:
\\ / 'r Ao=AB (all scat.) [

|
Center § '
: ‘ / =] - |AB:Ay = 2:8
catibeation hole? &I i S — AB AV e
/ Damper ‘ X B y =1:
" : ey idactor N . |Aa=Ay (all abs.)
Scahttered m? "_- e T".;'.' :
photon 2 . . ' . __

Reflector ON 5 R ] UV SO S SRS . S N
Movable -\ al ) \ | I | e
o b I O 0 e e R

\ .-~ | |Linearly polarized laser 3 i | | | * L
i Wth gaLl ® L TR TR TR R VR R .
o g X “‘{.‘1: = _W; = l;.wl = 350 - 1}(.01 = l370 = 1}:«». = l_ml - 'm; = fuul - 130
Reflect y’ Definition of coordinate
"o Bottom e wavelength [nm]




Official statement from SuperK collaboration

On June 27, 2015, the Super-Kamiokande
collaboration approved the SuperK-Gd project
which will enhance anti-neutrino detectability by
dissolving gadolinium to the Super-K water.

The actual schedule of the project including
refurbishment of the tank and Gd-loading time

will be determined soon taking into account the
T2K schedule.
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Timeline of SuperK-Gd

T, = Start leak stop work(~3.5)

Numbers in parentheses are
months to be taken for the work

- T, = Load first Gd,(SO,); 1t=0.002% (~1)
Wil water(~2) and 2 Gd,(SO,); 10t=0.02%(~1)

o 4
Pure water I

circulation

i
R Observation 28

Stabilize
water transparency

T, = Load full Gd,(SO,),
100t=0.2% (~2)

Observation

In order to set T,, T,,&T,, T2K schedule will be also taken into account
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Summary

e Atmospheric neutrino

* thereis ™1 o preference in normal hierarchy
* indicate &6¢p ™~ -11/2, but still CP conservation allowed

* energy spectrum slightly disfavor expected distortion
* first indication of terrestrial matter effect at ~30

* Indirect solar WIMP search

+ Strongest limit for SD in 4-200 GeV/c’
* Partially reject Sl allowed regions indicated by direct exp.

* Aim to detect SNR using neutron capture by adding Gd
* SuperK Gd project approved by collaboration
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