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Super-K detector

lkeno-yama 1km ® Ring-imaging water Cherenkov detector
‘Ij(:n;i:ka-chQ; G' 700mweﬂ = Fiducial volume 22 kton (Total volume 50 kton)
1 - Photon yield ~10p.e./ MeV

= Atmospheric V ~10 events/day

= Solar v ~15 events/day

- Accellerator V a few events/day (depends on the
accelerator power\sV

= always ready for Supernova Vv and nucleon decays
Observables
- D,irecticsnbof recoiled charged particles (leptons,

pions, Y) by neutrinos
= Particle spices (neutrino flavor)
= Energy
= Time

| 1,129 x 20inch PMTs (inner detector, ID) 2



3-flavor oscillation scheme

Flavor eigenstate

Mass eigenstate

t MNS t MNS. i _ .
v,,v,,v.)=U"""(v,v,,v,) UMN>: Maki-Nakagawa-Sakata Matrix

, cos},,
. |=| —sindy,
v, 0

sin},, 0 cosd, 0 sind,e™
costd, O 0 1 0
0 1 || -sin?,e® 0 cosd,

1 0 0 Vi
0 cost,;, sind,, Vv,
0 -sin®,; cos,, Vv,

Parameterized by 4 (mixing matrix) and 2 (difference of squared masses)

023~45+5°
|Am?23,|=2.4% 1 0-3eV2

0,,~34+3°
Am?;1=+7.6x10°eV2

Atmospheric v,
Accelerator V

Solar v,
Reactor Vv

0,3~9°

Accelerator Vv,

Reactor v,
Atm & Solar v

O=unknown

Accelerator Vv,
Atmospheric v

Mass hierarchy (Am?%3;=m

2

3-m%>0 or Am?3,<0) is also unknown:

Accelerator v, Atmospheric v, reactor Vv

Solar&Atmospheric v's played pioneering roles in the past
and would also play important roles in future.




Stable operation and det. response

*\/ery stable operation " Mhos2 1005 PMT
*<1% Downtim % 2005 ot
(o) O e 115 [ 2004 PMT

2005 PMT

*Energy scale uniformity

and stability w/ RMS <0.4%

by correcting
etime-dependent light
attenuation length in water
etime-dependent,
production-period-
dependent PMT galn

PMT gain w.r.t. April 2009

71 SK-IV ~8 years

Ppecay-electron [Me V/C]

; 08060402 0 0204 06 0.8 1 019‘ 110‘ 11° 112‘ 13¢ 1[4‘ 15 116’
Zenith angle (cos ©)



20th anniversary
Symposium and Celebration (June 6, 2016)

http://www-sk.icrr.u-tokyo.ac.jp/sk/news/2016/06/sk20th-0617-e.html

Symposium: 240 particpan§ Theoretical importance of the i
— “EE ) | SK results by A. Smirnov

*Reviewed past scientific achievements but...
Many problems remains
eunknown parameters (0, mass hierarchy, 623 octant), Solar
Day/Night, spectrum, Supernova v, proton decays, WIMP...
eDiscussed future prospects:
Gadolinium loading and Hyper-Kamiokande



Contents

e Atmospheric neutrinos
eSolar neutrinos
oSK-Gd

*Proton decays



Studies of atmospheric v

V= V1

Prediction

Electron
400}

200.&?&&
* Multi-GeV e-like
0 N f ) | f | PR

s00y K DATA

Multi-GeV

w-like + PG

-1 0
cos zenith

cos zenith

lllll'l T 1 llllll'l

Oscillatio i

+ Decay

O N A~ O 0O = N B~ O O

TP PR 2. s aaaal 3. PP | 7
10 10 10 10
L/E (km/GeV) (SK 1+2+3+4)

Data/Prediction (null oscillation)

—t

* Dominant effect is vV, disappearance (discovered in 1998)
* Oscillatory signature (evidence in 2004)
* Vr appearance (established in 2013)

* Full three flavor analysis

* Studies on Ve and Vv, flux change to extract information on mass

hierarchy, Ocp, 023 octant

* Test of various non-standard scenarios



Evidence for T neutrino appearance

Update from PRL 110, 181802 (2013)

2D unbinned fit

N TDATA /N exP
=1.4710.32(stat+syst.)

4.6 O significance for zero T

— (V)] = ] L— L e e e L

] Ly = 300 [ ]BG after fit i B

Define neural network to g I o ot SK-HIHIHV
enhance hadronic decays of T W ~- Data

.BGMC 200

LI l T T 1

4

L= T e L

_.9' 0 [ 0O O 0O o - =+ =+ =+ =+ =+ +4  w= L. =« 0 © © © ©8 ©8 © ©© ©O © 0 = 0O+
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00'8 E’EE[IEID DDDDDD o o R Y =
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= oogooo cooOoDOo00000000 o 100 —

Loy ooOOOo oDooOo0O0O0O0O0O0O0O0ood |

Z "Qoooooo 1

S02fccoooos 7

o [° i | -

Z ol I O A
R N SRR B SRSRI LR b n o . s - | | |
-1 05 0 05 1 -1 05 0 05 1 oL———— e S —
Cosine of the Zenith Angle Cosine of the Zenith Angle -1 -0.5 0 0.5 1

Cos®

Atm. V anomaly has been concluded by v, — Vvt observation

Ongoing study to extract Vr CC crosssection.



W(v W o(v)-1

W(v Wy (v )1

detector
inner core

outer core

Bl Crust
Mantle
Core

3-flavor oscillation study

e CPO
* 0,3 octant

Through the matter effect in the Earth, we study on

* Mass hierarchy : resonance in multi-GeV Ve or Ve
:interference btw two Am? driven oscill.
: magnitude of the resonance

“Fractional change of upward Ve flux (cosOzenitn=-0.8)"

1

0.8 |
0.6
0.4

0.2

-0.2
-0.4

.
]
0 v
a
,

c0s0,=-0.8  NH, sin’0,,=0.6, sin’,,=0.025, 5=40°

~ (b)

in20,3=0.4 or 0.6

c0s0,=-0.8  NH, sin’0,,=0.4, sin0,,=0.025, 5=40° 1
solar term
E (a) """ interference term 0.8 E
"""""" 013 resonance te 06 :_s
0.2 L,
0
: -0.2
:_ | '0.4

10

cos®,=-0.8

Hierarchy is

.2 =2
NH, sin°0,,=0.6, sin°0,,=0.025, 5=220°

.2 .2
cos@ =-0.8 IH, sin“0,,=0.6, sin“0,,=0.025, 6=4(

T NHorIH

esonance in Ve
| (not shown) in the

10

case of |H.




Ve-like and anti-ve-like sample

Vet+tN—e ™+ X
VetN—et+X

sin220,3=0.1

1.2 . .
Upward Ve "% . Normal | 5 s
a P e a ra n C e —— s;,=0.5, inverted hierarchy|

—— s2,=0.6, inverted hierarchy

s2,=0.4, norma | hierarc hy

115 Jf

§2,=0.5, normal hierarchy

....... : ------. 82,=0.6, normal hierarchy

. Multi-GeV Ve-like
“Inverted

» Ve CC produce more positive TT* than Ve-bar
» because of negative lepton (e’)
» more muon decays
» More energy transfer to hadronic system
» more pions and muon decays
»lower charged lepton energy

1.1}

0.95[

Lo b by g |
4-02 0 02 0.

k\ 11 ‘ 111 ‘ 111 111 ‘ 111 ‘ 11|
0.91"0.8-06 -0 06 0.8 1

Oscillated e-like events
Non-oscillated

@ - cos 6

Define likelihood to make enhanced samples 1_15;____5

» Multi-GeV (1-ring) Ve » Multi-GeV Multi-ring Ve — e

» Multi-GeV (l-ring) ve-bar » Multi-GeV Multi-ring ve-bar ”? ______ B Multi-;e’\/ Ve-like
ve CC anti-ve CC others Total E:"Os? ___________

IR ve-like 62% 9% 29% | 100% tedbod b EEL b

IR Ve-like 55% 37% 8% 100% ok

MR ve-like 56% 10% 34% 100%

MR Ve-like 539 27% 20% 100% 095550604 95042 04706 08 |},




Oscillation fit to SK Atmyv data

1. sin2613 = 0.0219(PDG14), additional scale factor

a for Earth’s matter effect
2. sin2013 = 0.0219(PDG14)
3. MH sensitivity enhanced w/ T2K constraint

Parameter Value
Am?21 7.53%£0.18 x 10-°%eV? (fix)
sinZ012 0.304+0.014 (fix)
Am?Z23; free
Sin2623 free
Sin2013 0.0219+0.0012 (fix)
Ocp free
Mass Hierarchy free




Matter effect fit

0 0 oal 0 O(

- . :scale factor
sz 0 ) +UT (0 0 0) U

0

3
~
=

2 000 a=sqrt(2) Gf Ne

5
Hmatter = (

o o

Normal Hierarchy

99%

[ee]
|II||III

95%

90%
68%

0IIl|l|||I1IIIII|Illllllllllllllllllll
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

X

*Best fit a=1 for NH, consistent w/ standard matter effect
*Ax?=5.2 for a=0, Data disfavors zero matter-effect by >2c



electron’s Up/Down ratio

Up(cos©®<-0.4) to Down(cos®>0.4) event ratio for multi-GeV electrons

Multi-GeV ve-like Multi-GeV Ve-like
%o . + Normal Hierarchy
++ ---------- & -- e e e i
5o o2 eSome data points
w2 eV 210GV favors matter-effect
Multi-GeV Mulri-ring ve-like Multi-GeV Mulri-ring Ve-like

o o eIndication of
;" g o excess at ~5GeV
S T " + e + ____ ~ where resonance is
. P expected to occur

2 3 10GeV 5 3 10GeV



A x?

Atmv data fit w/ fixed 613

20— 20— —— . 20—
1 [ Normal Hieranghy | | :
15| 1 [ Inverted Hierarchy] «s| -
10| 1 10 1 1o} —
99% 99% : |’_9,° :
5 —_ 5 __ __ 5 _u/\/
- 95% E - 95% | 5% =
- 90% \/ | - 90% _] 0 //_‘
68% _ i % % . _
0 IR N PRI N R S N N N R R 0 ] 68/, ) 0 > ! | |\J\\‘h‘_| J«"I/./J |
0.001  0.002  0.003  0.004  0.005 02 08 0 2 4 6
|AmZ, |, | AmZ,| eV? Ocp
Fit (517 dof) v sin%0,, sin0,; | |Am?,,|eV?
SK (IH) 576.08 | 0.0219 (fix) 4.189 0.575 2.5x10°3
SK (NH) 571.74 | 0.0219 (fix) 4.189 0.587 2.5x10°3

eMass hierarchy: Ax? = ¥2nH - X2H = -4.3 (-3.1 expected)

eUnder IH hypothesis, the probability to obtain -4.3 or less is 3.1%
(sin2023=0.6) and 0.7%(sin%623=0.4).

eUnder NH hypothesis, it is as large as 45% (sin?623=0.6)



Atmv data fit w/ T2K

Publicly available T2K data is used as an external constraints
T2K s constramts on 023 and Am232 help senS|t|V|ty to mass hlerarchy

f 1 | Normal Hlera/( hy f o

15 -1 15

- 99% 7 - 99% :
of \U 1 o .
95% - _ 95% -
- 90% - - 90% \ -
isa% \ / 7 7 68% /
b AL A R N R
0001 0002 0003 0004 0005 02 0.4 0.6 0.8
lAm, 1, 1AM, eV? sin’ 0,,
Fit (585 dof) i sin%0,, dcp sin%0,; | |[AmZ,,|eV?
SK+T2K (IH) 644.82 | 0.0219 (fix) 4.538 0.55 2.5x103
SK+T2K (NH) | 639.61 | 0.0219 (fix) 4.887 0.55 2.4x103

oSK+T2K: Ax? = ¥2nH - X241 = -5.2 (-3.8 exp’d for SK best point, -3.1 for
combined best)

eUnder |H hypothesis, the probability to obtain -5.2 or less is 2.4%
(sin?623=0.6) and 0.1%(sin%023=0.4).

eUnder NH hypothesis, it is 43% (sin?623=0.6)  Paper in preparation



Solar Neutrinos

*Remaining issues: precision measurements of day/night and
spectrum upturn
*They will be compelling evidence of solar v oscillations
*Precision measurement of V.'s 012 and Am?;| necessary to
address the 20 tension between Solar and KamLAND
*Recent Activities
*Reduce Radon BG in water
*Effort to lowering trigger threshold

in = 7%6—99%
eeff. @Ekin = 3.5-4.0MeV 84% 6
g“‘o_lﬂ—*l T e &30.8 pp Be pep ; CNO 8 " Hep 0;0
g I ) . o7t KIS | BOREXINO 1"
= 08— * — | 1
> — 06 2 ransitc 10
s L i . _ KamLAND Am? : 1
ol 100% trigger efficiency - osbeomr e : l
Tk above 2.5MeV(kin.) A SK am?
C 7] 04f w0t
0.4 — { 03
—— = 03 2
- rigger - 1 1
sl B WIT Trigg N 02k .] "
: ® Current Trigger : o1k 1 1 :
I 1 Il 1 1 | o | 1 1 1 1 Il 1 11 1 L=l I_ 0
0055 3 35 7 a5 5 55 6 o . o . .l e
Reconstructed Kinetic Energy (MeV) 2016/7/4 10 . 0




35000

Flux measurement updates

All SK I 1V, 5200 dayS

s/bi

<30000

Even

25000

20000

15000

Preli
reliminary + : Data(stat. only)

@ — . BESt fit

: === : Background
esu,; . §un y/';

“T:Illl‘l_’_?_T_T_l'_tll

10000

1]]][][1]]{[[[![][11'Illllll

5000

I

0

SK I-1V combined flux

DATA/MC = 0.4486 % 0.0062(stat.+syst.)

2 355+0 033 (stat +syst ) [x 106cm‘zsec 1]
i

IlI[III

-1

-08 -06-04 -02 0 02 04 06 0.8 1
cosfg,,

*84k signal for 5200 days

*Data/MC = 0.4486 £ 0.0062(stat+syst)

Solar cycle 23 iolar cicle 24 I
LI 1] 1 1 T ] T L LI 250

%‘0-5k| o I L I UL LN IR B
2 —4— SK data(Stat. only) |
m -
= [ ] systematic error -
o) o Sunspot number -
c .
E el
O 0.451 ot 1150
= .y, i
S l ]
© . .
o 04 ‘.o o .. . ‘:.. —_100
LY s Ten o0
- o ,. ¢ ’ .\_.
| 0.35- " R
¢ [ . AL > ]
i :" Prellmmary ‘.,““ s ? ’
IX ® ) -
1 P ‘ 1
0'3 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 20160
MC ®B Flux = 5.25x10° /cm%/sec Date

ey for flat = 15.52/19d.0.f.
ep-value = 68.9%

*¢ = 2.355 + 0.033 (stat+syst) [10° cm2s™"]

Data is consistent with a constant flux emission by Sun

|7

Sun spot number



gata/MC (ugoscillgted)
( S T BT
EEN (®)] Qo (@)

o)
N

0.48

0.46

0.44

0.42

04

Spectrum
SKI/II/III + SK-IV 2365 days

All SK phase are combined without regard to

:_ energy resolution or systematics in this figure _:
:_ (total # of bins of SKI-IV is 83, 80 dof) %2 disfavor _:
— Solar+KamLAND 76.60 s —
_ Solar 73.86 =
— quadratic fit 7233 | _
- Prellmlnary -
[ | | | | I | | | I | | | | | | | | | | | | | | ]
4 6 8 10 12 14 16



Day/Night aymmetry

Assuming the expected time variation as a function

(Day — Night)

Ay =
of cos6: like below, amplitude of Ay, was fitted. For solar global parameter: ~ > (Day + Night)/2
) AmZ=4 84x105 V2 =
<& 102 16-20 MeV W"—M sin2812=0.311 Abn
0.98r | ~ -
gwg 12513 MoV ——— SK-| 2.0+1.8+1.0%
0.98 SK-l -4.4+3.8+1.0%
8102 10-10.5 MeV MF/M e SK-III -42+2.7+0.7%
S .98 z
x 102 7.5.8 MeV — SU" SK-IV -3.6+1.6+0.6%
= Earth .
102 555 MoV combined | -3.3%1.0+0.5%
l'v/"’_——
0.9&13( non-zero 30
1 -0.8-0.6-04-02 0 02040608 1 significance Vo

COS(’)

:—9‘ 20 1 1 v I - v v _—~
< - (Preliminary){ &R
> | {
T | + | £
| F Sy - N B 50 — 4 o .
E rt En et E
| + ll =
< o 1 >
= | | @ -
220F { 8
€ | | =
2 | &
- e | £
9 = >
-40 F Am<21=4.84x107 eV~ 17 © -
. sin?612=0.311 1 e

10 15
Recoil Electron Kinetic Energy (MeV)

l

IT'I"I

_Solar__KamLANn(‘ln\

sm291z—0 311 5|n2913 0 025

SK-IV 16
PRL 112, 091805 (2014):

- —

—

(Preliminary)

ays, updated from]

—

arXiv: 1606.,07538
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Am2,,(10-5eV/2)




Super-K+SNO vs KamLAND

filled regions: 3o

o 30 | 311+0.014
2 8
< 6 ot
320 Ay = 48370 6o
1o sin- ¢ 3107 ::::,‘I
18 Ama, =17 -')r;?,;};

sin- o — 0.309+0.013

Amg 1 in 107%eV?
>

14 ) ) .
12 ,'_\‘"..-‘1 (AS TG
10 KamLAND |/ g\ - TR
8 TN
SK+SNO+KamLAND [ [ 1 | T -
4 \ | 1 ) < 0.0219 + 0.0014
\ ::"’J /’

2 Prellmmary :

la  2a 3o

0.1 0.2 0.3 0.4 ) 05 246 82
sin“(8.,) Ay

SK spectrum and D/N favor lower Am?21 that causes ~20 tension
w/ KamLAND. More data is needed to conclude.
20



SK-Gd

eDiscovery of relic SN
neutrinos is expected by O(1)
sensitivity improvement
*0.1% Gd loading to tag
ve+p—e+n, Gd+n—Gd+ys

*R&D in test tank and water
system construction going on
-Start SK Gd in a few yrs

o 200-ton test tank
R (240 50 -cm PMTs)

15-ton Gadollmum z
Pre-treatment
Mudng Tank

' ‘ ‘ m
» . O || ' "2
Fal 1 Y e
= 1 Selective Water+Gd it .
2 Filtration System

15 20 30
Measured E, [}\- ’]
Phys. Rev. Lett. 93 (2014) 171101.

Model 10-16MeV 16-28MeV Total
Tv Eve/10yrs | Eve/10yrs | (10-28MeV)

R ke liz)
B 1215
S B 7.7 4.8
LEnis 5.1 6.8
BG 10 24

0
> Pe /+' \'@Gd
(-\H - /éJSMeV
AT~30ps
Significa
2 energy bin
31.2 5.30
24.8 4.30
12.5 2.50
11.9 2.1c
34 ==

Model: Phys. Rev. D 79 (2009) 083013.

New water system under |

construction

|
4
==



PDecay-BG reduction by neutrons

Beacom and Vagins PRL93:171101(2004)

» We expect that neutrino events are often accompanied with neutrons

(e.g. Vetp—e*+T%¢n)recoiled protons kickdaeutrondin water etc.)

» neutron emission probability in proton decay is expected to be small.

Since SK-IV we have started recording faint signature of neutrons;
ntp—d+y(2.2MeV, T~200psec)
by new high speed pipelined electronics. BG reduction by ~2

SK-IV 1297days atmv Data p—e*11° BG Monte Carlo
S4000 Entries 4546
N —%+ T 210.4 + 7.0 1.6 [
‘\ : 350: + True lifetime 1.4 % BIaCk:Tagged Y

T=204us

10 [+ average~0.9

250

200

Number of events (/Mt*yr)

0.8 -
1500 0.6 | Red: True neutrons
100 0.4 —I | average~4
50— 0.2 — 1
EL.,II.,,ll..l,l,J,,ll‘lll, O:H‘l“mﬂk“m”m \I‘\‘lx
0 100 200 300 400 500 0 2 4 6 8 10 12 14 16

Tagged Y’s Timing (Msec) Number of neutrons or Y’s



Potential BG reduction by tighter cut

1000
Shiozawa, talk@NNNOO-Fermilab = 900 free prO tOn 9 e+ J'L'O
+ Ptot < 250 MeV/c (SK cut) il
BG=2.2 ev/Mtonyrs, eff.=44% £ 600 |
BG reduction by ~15 2 roo |
 Ptot < 100 MeV/c (tighter cut) £ 400
BG=0.15ev/Mtonyrs, eff.=17.4% £ 200
1000 e e ez TS
- nvr - ) :{ &
900 | onyrs atmy BG MG 0/>
sa-. 0 200 400 (6['}0 |00 1000 1200
S 800 - . .
o : main target is free proton decays
= 700 3 1000 |
E 600 - = %0 | ?60(;’”;1 ;195roton ﬁcgecay
= 3 S 800 N e*
£ 500 | s700: ..
E 400 ¢ £ 600 |
£ 300 - ‘E‘,soo
© AR L RN T s | 400
o 200 | S| £ w00
100 © 3 200 -
0 Lo BRI L L " 100 | T
0 200 400 600 800 1000 1200 0 k-

0 200 400 600 800 1000 1200
Invariant proton mass (MeV/c?) 23 Invariant proton mass (MeV/c?)



Number of events

Number of events

Proton decays into leptont+meson

signal MC(free proton) prp 95 012004 (2017)
BG MC | |

103

' ' ' '
-~ w N -

O T T T T T T T TTEN T T TI T T NT T TR T T T TR T T T Ty T

Iy
=

wh mh mk mh mb [ —y
o O O O O = O o
n

—

-
ol

p—* T

Wl

500 1000 0 500 1000

Total mass (MeV/c2)  Total mom (MeV/c)
*p—e* T
0 candidates (40% eff. & 0.61BG)
*To/Br > 1.6 x 1034 yrs
g
o2 candidates (40% eff. & 0.87BG),

-
' ol
[ o

—
, o
il

paper under preparation

p—e*n’
p—u*n’
p—>e'n
P—u'n
p—e*p’
p—utp°
p—e'o
p—ute
n-e'mw
n— u*mw
n—etp

n— u*p°

one is rejected after energy re-calibration

oTo/Br > 7.7 x 1033 yrs
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LISK IV
IMB-3
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Summary

sAtmospheric neutrino

*T appearance (4.60) concluded the atmv anomaly
eData consistent w/ Earth’s matter effect (>20)
Mass hierarchy: preference to Normal hierarchy
SK+T2K: Ax? = x2NH - X2H = -5.2
Under IH hypothesis, the probability to obtain -5.2 or less is 2.4%
(sin%623=0.6) and 0.1%(sin?023=0.4).

eSolar neutrinos
*SK spectrum and D/N favor lower Am?221 that causes ~20 tension

w/ KamLAND.

SK-Gd

eDiscovery is within the reach. Start in a few years.

*Proton decays

eContinuous efforts to reduce BG and keep BG-free regions.
25



