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Super-Kamiokande V

32kton ring imaging pure water Cherenkov detector for SNe
« 11129 50cm PMTs for Inner detector

1km (2700 mwe) underground in Kamioka

Most sensitive to SN 7. through inverse beta decay

Since Jan 29, 2019, SK-V has been operated
« After the tank refurbishment work for coming Gd-loading

1996 2002 2006 2008 2018 2019
SK-1I SK-IV

107k

Cross-section (10 cm?)

102k
10°%E

104 E

1055 .-

10° = e

Ll ] Ll | - -1 l Ll
10 20 30 40 50 60 80 90 00
eutring Energy (Me\A

1orT_II|ld‘{]llll\l]tllll]‘llllll
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SK-V: The lowest BG phase

e Cleaning in 2018

e Tuning the water flow in 2019

« WWater convection is successfully suppressed

Vertex distributions
SOK-IV

[event/day]

Event/day/bin

Entriesiday EVent/day/bin

=10 15
10
-15 5
co b by bevs ben bvrs b by Bonn bvaa baas e b e b s b b Lo Bana L 0 "_ R n
0 20 40 60 80 100120140160180200220 = 0 20 40 60 80 100120140160180200220 200000 00O e e

4.0-4.5 MeV r2 [m2] 4.0-4.5 MeV r2 [m2]
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Solar angle distribution

Energy: 3.49-19.49 MeV

| SK-IV (2970 days)

__________

[:3 SK-V Run: 082035-082086 (20.012 day)
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A SK-Gd Project
e ]

Physic targets
 Precursor of nearby supernova by Si-burning neutrinos

* Improve pointing accuracy for galactic supernova

3 UPER « First observation of Supernova Relic Neutrinos
e QOthers
« Reduce proton decay background
D « Neutrino/anti-neutrino discrimination
d (For T2K and atmospheric nu’s analyses)
 Reactor neutrinos




SK-Gd project

. Cross se:'ﬂ?nr
Ve 48.89kb
p
Y \
2. 2|\/|evlLLL < r;,f Gd LLLLL,
2 !
e

e Loading Gd to SK

« To significantly enhance detection 100

capability of neutrons from v interactions . .....cccesssssssssss
« 0.02% Gd,(S0,); concentration in 2020. I 3 :
« About 50% of neutron would be captured by Gd, 2" =
enhancing neutron tagging efficiency by 2-3 5% .
« Planned gradual increasement of Gd 030 : :
. . =220 = ™
« Final target: 90% of neutron tagging &0 - -
 Aiming at /0% with this Kakenhi 0 p i

0 0 0.02
Gadolinium sulfate concentration [%]
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Supernova

Diffused Supernova Neutrino

Relic Neutrino

Backgrounds

* Neutrinos produced from the

Neutrinos from

past SN bursts and diffused in
past SNe the current universe.

« ~ afew SN explosions every
second — 0(1018) SNe so far in
this universe

e Can study history of SN bursts
with neutrinos

dFy, JO

dF,, /'Zmax dNy(EL)
= c

dt
(14 2)—dz
dz

Rsn(2)

dE],
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« Super-K holds the current best limits for the DSNB flux *
« Sensitivity limited by backgrounds
However, only one order magnitude above theoretical

DSN

T /O”n
AN

\

Q

e+

predictions.

Should be within Super-K’s reach, once we were able

to reduce background!
» Neutron tagging!

3 signal in SK

* Inverse beta decay channel

arXiv:1307.5458, 1004.33
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Water detectors
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M aJ O r b a C kg ro u n d S 9Li (from cosmic Atmospheric neutrinos

after n—tagged muon spallation) —
Signal
@e ) ) \*0

\ v " <
7*)0/0/} ( 9L| @ (@) T<éE)MeV

a y, CC
Ve
- 08— Among these, \o/”
() = - . ’
S o 4 atmospheric v's NC
< og 4 events are the most XY
= F . - . el
§ 05 Atmospheric v background = problematic BG NC(QE)
> 04 —
-.2 = 4’—: — Vx| Ux /ni
0 Qﬁﬁ o
Sy o [ Y
- T B = 0]
E—|—||——_|'_g|=_'__'_lelE Ml B
% 2 14 16 18 20 22 24 26 28

Total energy MeV
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Neutrino calibration source: T2K

T2KRun 1-9  Phys. Rev. D 100, 112009 (2019)

—1}— Data (T2K Run1-9 FHC) 22
v-NCQE

EEEEE -Ncos

« Large part of beam energy i
spectrum overlaps with % % '
atmospheric neutrinos - V mode

+ T |y
OE-I....l.%fi%-é-Fl-%-é-.-H.-é-.. 2P R

—}— Data (T2K Run1-9 RHC)
v-NCQE
BEIE v-NCaE
NC-other
CC
[ | Beam-unrelated (from off-timing data)

Events/MeV
Events/MeV
)

V mode

B Control sample of NCQE interaction

5 10 20 25 5 10 15 20 25
. Erec [MeV] . E... [MeV]
« NCOQE cross sections has . Measured cross-sections
B P — e
been measured by T2K for
1 1 —_— - - ,-'.Il total error —_— 16 f_
the first time. . _
I B A 4
b Sti” |arge Uncerta|nty: Iﬁg 1.55_ —e— T2K Neutrino Data (Run1-9) Iil.é‘ 081: :;‘ —— T2K Antineutrino Data (Run1-9)
 due to small statistics & vl € o6l | - wewrsas
. Co NEUT 5.3.3 Flux-averaged NEUT 5.3.3 Flux-averaged
« ~30% systematic error for NCQE BG  ost; 2K FHC v Flux (Run-9 2‘; E R
 More data will come ) N [y T
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5
E, [GeV] E, [GeV]
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Development of NCQ

- cut w/ T2K data

 Improved vertex resolution w/Gd will enable topology cuts.
« Further background reduction w/ event topology

 Neutron from NQCE interaction should be more energetic

Entries

3.5

0.5

Neutron capture vertex resolution (x)

0_5||||

x2 / ndf 139.3/7
Constant 3.397 + 0.029
Mean 0.5247 + 0.2853
Sigma 42.55 + 0.27

—~ 0.45

— nGd
o~43cm

— nH
o~85cm

| |
UWJMW/

E 0.4
Q
0.35

0.3
0.25
0.2
0.15

Arbitray unit (area n

-1000-800 -600 -400 -200 0 200 400 600 800 1 :
AX 0

X(rec) - X(true) [cm]

000

2020.6.3 ugap2020
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DSNB sensitivity

« Assuming neutron tagging efficiency increased to >70% in 2022

e wies | Tv ~6MeV — Bkg. = 1.7 + 0.3 evt/year
> 10 TS case Assumed DSNB rate = 4 int/year — Bkg. =1.7 £ 0.7 evt/year
LI - e / (before detection efficiency)
S )(' - 4 : ; : : : : : : : — Bkg. = 3.4 + 1.4 evt/year
5 o T R - > g
Theoretical / """"""""" Tl @
predictions oo 10 15 20 ....... - 2:3 \\\\\ 30 35 i 3.5
E,[MeV] (1] :
! % 1/2 bkgs and 20% sys error
Cg 3
z" 2.5
g 1/2 bkgs and 40% sys error
c
(1]
= 2 Current bkgs and 20% sys error
S
® 15
1 Current bkgs and 40% sys error
0.5
OIIIIIIIII|IIIIIIIIIIIIIIIIIII|IIIIIIIII|IIIIIIIII

0 1 2 3 4 5 6 7 9 10
Exposure [22 5kt x Year]
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Major activities since ugap2019 meeting



Validation of SK—Gd system with non-Gd water

K Transparency [ m ]

g6 U
10/24/19

14

12

10

Return water resistivity

94 -

92 “} PO e%e

88 -

Gradual droppmg

~DT

e Stagnated water is
good for Rn

| * No difference in
transparency
between SK and

11/07/19 11/21/19 12/05/19 12/19/19

SK ultra pure water system

01/02/20 01/16/20 01/30/20

‘SK-Gd water system

e SK-Gd water

OD top
ID top v Z
OD barrel top 7
OD bottom 11 7.5t/h
ID bottom - = — -
OD barrel bottom T [ < T hot/h
t 2.5¢n 1

t t 3.5t/ ¢ t R4.5t/h

| Tt Tt 1 1]
31t/h
. i
| . | , | , | S i ‘ i ‘ I . \ e
10/31/19 11/14/19 11/28/19 12/12/19 12/26/19 01/09/20 01/23/20 02/06/20
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Modifications on piping in the tank oone auing reb 12- Feb 25

For better water flow control and lower BG in
120t/h recirculation of SK-Gd

I
%

VET1601-08
[
T e L]
j 504 A
VBI17 0112

 Enhancing OD top piping

o « By swapping the main branch of ID-T(150A) and that of OD-T (65A)
o o  Putting diffuser caps on water outlets by RTV
0oDS oDS * ‘

SOUPW-IW)-B-0DS (8N 4 2+ 2

SOUPW-KW}-B-ID (12N 21 71X 1D30)

SOUPW-0(WI-B-0DE (4N)

‘ B80A [ ESA‘ BSUPW-DIW}-B-0DE \
[ = !

VR
AN ,} 1 f‘\ \

[
100L {FH!— iW"—Fl—EzD‘ii
100A 0ODB 3
L
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Tank temperature °C

The water flow control

Return water resistivity

13.7

13.6

13.5

13.4 -

13.3 &

=
o

N W R U1 N 00 WO

CHie:z=+1§m CH8:‘Z=-1m 13?'_70°C"” A —
CH15:Z=+13 CH7:Z=-3 ; o
CH14:2=+11m CHe:Z=-5m o 1380C
TICH13:Z=+9m CH5:Z=-7m | ; ]
ICH12:Z=+7 CH4:Z=-9 | ]
CHILLZ=+5m - CH3Z=-lm 1350°C \ \ N\
ICH10:Z=+3m CH2:Z=-13m |
| CH9:Z=+1m CH1:Z=-15m

.13, 32°(‘ ______ : b

13 82°C
13 55°c : | ;
03/05 03/19 04/02 04/16 04/30 05/14

Recirculation Convection Simulation

in SK IV mode of Gd-loading
i | Return water(return ﬁlter) ‘ | I —-—.:______
2 o] S _ 1 B . N T S oo Vsupply _
- | | . B~ [ "frO'm'ID-B;"' T
e T o xDecrea:sed Oob-sB - | OD-SB. ... .. .. -
-/ =\ | Increased ID-B ' &OD-B
3 ; " Decreased ID-T Supply | .
S X || tereased 00T dom
i IDTflow  Ret-Sup o :
o 1 ‘ 1 ‘ i ‘ i 1 i

03/05 03/19 04/02 04/16 04/30 05/14

Simulation of Gd-loading

* Nice temperature gradient

e Decrease of the return
water resistivity

No mixture of supply water

—Laminar flow

Gd-loading simulation is successful!
Also it shows the modifications were

successful!
OD top
ID top //
B
ID bottom - - — = 121tIhN -
0D barrel bottom T P m— 1
M ! [22t/h
tq2yn 1
4 33t/h t N9t/h
Tt f t t
3t/h
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Preparation of Gd detail— Fafsstsiaes

e Getting 14 tons of “uniform quality Gd” is difficult.
« Getting “Uniform feedstock quality” is almost impossible! =IO & A

o 238 232Th 40K are not only the targets.

Chemical process::broken equilibrium
228Rg 228\

235) 231Pg 227\

176|_u

138La,134CS,137CS,”‘

 Not only Rls

Ce, Eu,--- wavelength shifter

Our Requirement

:L\-{r

'.’-'5:‘[-'

226 R < 0.5
....... : *** Ra < 0.05
“HETh .

“HTh < 0.05

'_’:L-'-[.' -
2357 30

TAe | BTThH = 30
TABLE VII. Physics-based requirements for radioactive impurities. Where no number is given (-), the

orresponding rec

||'{e1[hoe1('ti~;|: ('lli-lill‘pi-u'l of the (']1&1111‘51?1\' |j1r113q..-"kg':‘Su]ar v ::]1113q_,.-"]-;gj‘

juirement is less restrictive than that for the other physics analysis.

—Evaluation methods themselves must be developed

« Chemical pretreatment: separation, extraction, concentration---

« Ultra sensitive Ge and ICP-MS are indispensable.
—EAT A, FEIA, TRIA, IRAZTA
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TRILF—BIE:EFINES X T LEAE A)
C/N> F80cmilEeE
IR A > ~10 MeV

<L — 4 —

PEREY /%y b
N

mul

FVIRL~Y T %Y

MeV
b BF S FER SR <A 7 0ER
R S AR Cos o RIMW
P s54Z AV

BT AGYEs + VIR INEEB D B F
SEEMERERFROBEZE :  250-300 keV  FEIHRE TlE3MeVIZE

BFASEE RALBHICI LI HEBNRTCOBFRLES = K5
SHBEAELFHEMRT 150~200 keVOBEFZ=HKET S

MENRZER Rl % . RFADRTE+~100 keV IRENERD RADH 5 T & = HER

0/
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T1 modified plan; Quic

K recovery from COVID-19

2020.6.3 ugap2020

1 January 2 February 3 March 4 April 5 May 6 June 7 July 3 August 9 September 10 October 11 November 12 December 1 January 2 Febru
2020 2021
T2K Physiecsyun (40 | | Avalable for T2K physics run.
AJ1020 AJ1020
for FR3 for dissolving
Recirculation l l
x/-SK=Gd--F-F:3 .........................................................................................................................................................................
_ Tank open “ ________________________
________________________________ Making Full Stopping Making | [
Convection ) {mmm) oo
l _____________ Dissohving | | @m0
Calibrations X 0‘(\:\(\% (\'
A ,{\0 )l
------- > [l > GOSN (S
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Water system & Gd are ready to go

 These Gd will be dissolved in July!

2020.6.3 ugap2020




-xtra slides
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Pre-supernova signals

« Precursor signal from Si-burning is

detectable for SK-Gd

* Pre-SN’s v energy is lower than SN’s

« Gd loading is a requirement for SK
Odrzywolek & Heger, 2010

54
) Shock
Shell Si } breakout
starts £ lhl
52t . o a\
Core Si Direct pre- A\‘* o
burning -collapse stage e Rl L
o |
@ 50f < ™\
e Ve o 5 Cold
E. — { NS
. O |
. N |
o 48} Ve =
w A v
Delayed black
46} ‘ hole formation ?
Difference due to SN neutrino
positron captures ? burst
agL. ‘ -
-8 days -1.7 hours 0.2s 23s

Time before and after core-collapse [ NOT TO SCALE!]

Expected signal events in 12 hour window

Integrated Flux (/MeV)
W

6156

The Astrophysical Journal, 885:133, 2019

' — Pre-SN Patton
5L E = SN Nakazato |
= IBD Threshold

1071 10° 10’ 10°
Neutrino energy (MeV)
120
=== 15M , Odrzywolek
== 25M_, Odrzywolek
100r —— 15)/ Patton
=== 300, Patton
80} == Background

(=)}
(=)

S
(=)

N
o

(=}

10" 10°
Time to core collapse (hours)

Early warning system will be prepared

2020.6.3 ugap2020
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SK-Gd pointing accuracy

* 1, events can be tagged and rejected, and directional events
(v,+e scattering events) are enhanced.

T T T T 05 F—— RS

0.4 :_ ........... ............... ............... .............. .............................. ........................... _ 0_2 ;_ . : e ]

0 i 08 06 0402 0 02 04 06 08 1 0 1 08 06 04 02 0 02 04 06 08 1

cos0
v, w/o tagging v+e scattering v, tagged with 80% eff.
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A 1
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‘ m paCt Of S K_Gd Nakamura, Horiuchi et al., MNRAS, 461, 3296 (2016)

.

20 S K S K' G d 1 00 B 4———Nakedeye Evryscope 1-2m 4m >8m _

§’ 18f—--Nm--n%mdei-,--SK-é-Gd-------- - AN : ]

g 16 E_ :w!tnomv ]

e A -

§ 12;_ ....................... % 7

2 10 = 10t .

© 8 o : _ _ _ SKj

L & : :

4 8 F emem === - e — — — —

F S 1

25||‘ =

% 5 10 15 __ 20 25 30 O 1 L _

Distance to SN (kpc) L : ]

For 10kpc SN ~5° - ~3° ]

« Pointing in 3° accuracy will allow :
the follow-up with large telescopes g4 Lioeui. ooy | 1

-5 0 5 10 15 20 25 30
Optical magnitude
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Tests with the EGADS (200t tank)
demonStratOr Evaluating Gadolinium’s Action on Detector Systems

Transparency
measurement
(UDEAL)

200 m3 tank with 240 PMTs

. 4

':i‘l‘ ] :‘, ', 13555 ‘ “
15m3tank to © 7 sl ‘ ;
dissolve Gd = - Vigr - IS
T , water circulation system
‘ ' (purify water with Gd)

1

3 1—;— 4
Studying Gd water quality with actual detector materials USHSK
Also testing 13 HPDs for Hyper-K

« Have been operating with full (0.2%) Gd2(S04)3 loading since 2015

2020.6.3 ugap2020
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3500

-GADS water quality

90

Blue band: SK-III and SK-IV water transparency values
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g e (4 =t
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20 & 2 = = b= -
] & o —~ o = o Y < =
1 & £ o 7 X 5 =S o /a
{ = = IR 22 B o 2 500 <
10 i — o = o E o :.n j= B CD
1 =7 Z o SR = -
—7 w = § =
=3 F M as]

0 T T — T T T T T T T T T T -0
11/0ct 10/Dec 08/Feb 09/Apr 08/Jun 07/Aug 06/Oct 05/Dec 03/Feb O03/Apr 02/Jun O01/Aug 30/Sep 29/Nov 28/Jan
2014 2015 2016 2017

« The light left at 15 m has been stable at ~75% for 0.2% Gd2(S04)3,
corresponds to ~92% of SK-1V average.

 No loss of Gd: >99.99% of Gd remains after circulating the water

system for more than 350 times
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Neutron Calibrations in EGADS

h 1 . Neutron
Calibration done w/ AmBe neutron source AfiifBe ”Lfﬂl
BGO crystal used to detect 4.4 MeV “prompt” y signal s Gd
Decay time constant consistent w/ expectation . N 1 5
= " . J ¥ . .
Energy distribution well reproduced by MC T /
light
Time to delayed signal Delayed signal spectrum
%2/ ndf = 98.57 / 95 o ———————————————
8 7O Fretiminary T T T b0 = 20470405 = 5.26405 3 50 e Ciiminary | | ' ' ' | =
E woi P 231520408 < 0T60s03 s E o i'#f e AmBe20l7Dam | -
f p. =42.37 £ 0. - .
i - 600 — $'+ ﬂ*, —— MC =
5001~ AmBe run = 5005_ ++ ﬁ =
4004 exp(-x/p1) - . 4005_ ; b - . .
PO——57 —+P3 Gd,(S04)38H,0 concentration = R ' Gd neutron capture efficiency
3008 2178x=76ppm 300 — Iy . 0
b — Expected 30.05+1.14 ps s00E- ¥ % Dat.a. 85.3+0.9 /ﬁ,’ (stat)
= Fitted data  31.32+0.76 ps E *M RN MC: 84.4+ 0.3% (stat)
100~ o £t e o e e s 2e
TR R R (= R
AtF’rompl—Delayed [nS] # of PMT hits

Demonstrated neutron detection with Gd in water Cherenkov detectors
2020.6.3 ugap2020
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