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Super-Kamiokande Detector

Control room

Ikeno-yama

Kamioka-cho? Gifux"“?\zﬂ)()mwe)

Water and air
purification system

Versatile detector:

Solar neutrinos,

Atot . .
w4+l Atmospheric neutrinos,

entrance

od Proton decay,

_—r Supernovae,

& Supernova Relic
Neutrinos,

Indirect search for DM
and more
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Solar neutrinos observation at SK

— Borexino F>Super-K - Neutrino Flux
— Ga_>Cl —SNO - Energy spectrum

(Bahcall-Pena-Garay-Serenelli 2008)

pp +X% is theoretical uncertainties = DaY/Ilight asymmetry

0 59 'Be, pep : integrated flux

+0.5% :

| Bexs.5% - Global analysis

E N [ 4 mm—)
_ S { S Super-Kamiokande

pep target SK

1501125 Do x1.1%

Neutrino Flux (cm-2/sec/MeV)

8B +11.3%

"~ hep=15.5%

Neutrinaoenergy (MeV)

Poster #5 by Jeong Yeol Yang



Solar neutrinos observation at SK

- Neutrino Flux

= GaleCl = SNO - Energy spectrum

- Day/night asymmetry
- Global analysis

Flux in /keVem?®s
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Solar neutrinos at SK

SK-IV: o

Good water quality control '(\

Lower threshold: (kin). Sun

. . A
Largest statistics among all phases: 2970 days and {(V)}
events.
New electronics
. . . . SK-IV (2970.08) 3.49-19.49 MeV
High speed signal processing. £ 0168 —+ Observed data
All PMT signal digitized. No deadtime. g Best-fit

Background

Better timing determination.
Better MC model for trigger efficiency.

Analysis Prelimi
Multiple Scattering Goodness (MSG). . refiminary
. -1 -08 -06 04 0.2 0 02 04 06 08 1
New spallation cut. cosdg,,

Improvement in MC, energy reconstruction, etc.

Reduced systematics
B flux:

- thisis: 1.3% cf. SK-1 3.2% SK-III 2.1%




Solar neutrinos at SK

SK-IV: o

Good water quality control '(\
Lower threshold: (kin). Sun
Largest statistics among all phases: 2970 days and {é}
\

events.

New electronics
High speed signal processing.
All PMT signal digitized. No deadtime.
Better timing determination.

Preliminary
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Event/bin

++

ignal: 1983 '3 (stat) + 83 (sys)

Better MC model for trigger efficiency. 3.49-3.99 MoV (kinetic).
—— Observed data
AnalySiS E::(-::ound
Multiple Scattering Goodness (MSG).
-08 -06 04 -02 0 02 04 06 08 1

New spallation cut. ' cosby,,
Improvement in MC, energy reconstruction, etc.

Reduced systematics
B flux:
— thisis: 1.3% cf. SK-1 3.2% SK-III 2.1%
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Solar neutrinos at SK: Flux

—+— \statistical’+systematic

mfee Statistical only
[ | SK combined flux

Preliminary
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®B solar neutrino flux [x 10° Jem?/sec]
®B solar neutrino flux [x 10% cmr2s-1]

4
SK Phase

SNO combined NC flux

tral current

Elastic scattering

Charged current
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Ratio to SNO combined NC flux

e
o

Phase Lg:tyif]le DATA/MC Fl“f( fogfé";)z /Jg’e(csys)
SK-I 1496 0.453+0.005 ) 014 2.38+0.02+0.08
SK-II 791 0.459+0.010+0.030 2.41+0.05% s
SK-III 548 0.458-0.008-:0.010 2.40+0.0440.05
SK-IV 2970 0.443+0.003+0.006 2.334+0.01+0.03
Total 5805 0.447+0.002-0.008 2.346+0.011+0.043




SK-1V _Energy Spectrum
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Preliminary

SK-IV (2970 days)
3.49-19.49 MeV
e ENergy-uncor. Sys.
== ToOtal unicertainty
[ ] Energy-scale. Sys.

[ ] Energy-resol. Sys.
] Energy-8B spec. Sys.
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10 12 14 16 18
Recoil electron kinetic energy [MeV]

SK-IV data analyzed, the largest phase for SK
Adds a big new data set in the already reach SK solar data sample



SK Energy Spectrum (stat, only)

Preliminary
SK-III|
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EX" in MeV

SK-IV data analyzed, the largest phase for SK
Adds a big new data set in the already reach SK solar data sample
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v Survival Probability (P,.)

$0.6 Quadratic fits Preliminary

Sy - KamLAND Am?, MSW

0.4

0.3

0.2
0.1

0.0
3.0 40 50 6.0 7.0 8.0 9.010.011.012.013.014.015.0

E, in MeV

- SK data prefers a slight “upturn” while SNO’s a “downturn”

- SK constrains tighter at low energy while SNO constrains more at
higher energy

- Combined fit favours an “upturn” more strongly than SK data only.
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Day/Night asymmetry (Am?,,)

sin“0,,=0.304 sin°0, ,=0.025

Preliminary
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light gray: stat. error
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Day/Night Asymmetry (%)
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pa ; % predicted = >21_ l E
_25_’\.___ '_:,,,-f" _/_1l E:jg | l E
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light gray: stat. error . - S
5 Y A R O e Y B e RS TS A AT AT SR
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[%] Asymmetry stat Sys total
SK-I -2.32 +1.73 +1.00 +2.00
SK-II -4.66 o +0.92 P
SK-III 4.01 264 +0.70 272 >
olar be
SK-IV -2.67 +1.07 +0.34 +1.12
combined -2.88 +0.85 +0.32 +0.90




Global neutrino oscillation

2 1059\4"% sin2(913}=0-0218=0-0007
: 10°eV*
sin’(@,,)=0.307£0,012  Am3,=(7.5

eV’ (Daya Bay+RENO+
107eV" Double Chooz)
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Global neutrino oscillation

"oV sin%(@,5)=0.0218:0.0007
| (Daya Bay+RENO+
Double Chooz)

. T
.,

“global solar v data



Summary

- Super-Kamiokande’s SK-IV (the longest phase and largest data set ~3k
days) analysis has been finished.

- For SK-1V, many improvements have been made, ranging from
hardware to software.

- Almost 64k solar events collected (total more than 101k)

- Almost 2k events in the lowest energy bin (3.5 — 4 MeV)

- New Flux: 2.346+0.0114+0.043

- Slight preference for “upturn” in SK/SNO combined fit.
- 3.2 o significance for Day/Night asymmetry.

- New oscillation parameters estimation from a global fit:
sin“0,,= 0.306+0.013

Am?,,= 6.10 9% x10° eV?
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WIT System

SK’s standard DAQ system:
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7

Diagram by Y. Hayato
Modified by LL. Martt
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WIT System

Computer cluster running parallel software trigger:
Online machines: WIT#[2-20]

Receive 23 ms data blocks , Organizer
+ Sorts

Event reconstruction

. Organizer
} 7 o —
: ger | PC
’ i g 55 T =T e S —n,
: ' : : (sukap)

the data blocks

SOIUOIIIJ[Q PU-JUOIT ]

e - s ontne \ - WIT
: , machines '
/d Z L —_— WlT#s — ,
" Front-end |/ b rigger SN Data ¥ [ disk :
PC o [LMITES :
Recorder |\ . _ :
112 o0 \ Organizer|
PMTs Front-end PCs Merger PCs . :
7 7 : " Organizer |
Q)iag{'am by 9. ﬂhyatq : ) Pre-SN E
Modified by LI. Marti SN burst trigger

Triggers events (electrons of E,;. > 2.5 MeV).

WIT hosts: < Online alarm.
Online alarm and SN-triggered
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WIT System

Computer cluster running parallel software trigger:

Online machines: WIT#[2-20]

Receive 23 ms data blocks | ‘\
- ) Sorts t|§

Event reconstruction

= [---> o
u A Y
., )
: _ . Merger: SW |+
: ] PC | Trigger
& . - C

UOJIMS

OUMS

/

g - f’ . - 5 . E ‘l '! ““ { ;"/ ‘A '“"177;» ‘77 E
- FlogtC—Fnd / " | Trigger SN Data ;PR e
: Recorder |\ | SN SN/ S ;
11,129 20 4 '
PMTs Front-end PCs Merger PCs :
7 7

Diagram by Y. Hayato
Modified by LI. Marti

SOIUOIIIJ[Q PU-JUOIT ]

Triggers events (electrons of E,; > 2.5 ;:V).

WIT hosts: < Online alarm.
Online trigger and SN-triggered
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Removing Spallation Background

"“"“-\HlLONG o _
\(longitudinal distance)

neutron/
spallation
candidate

.

(transverse
distance)

u track

Variables: A, 1, and Q. where:

A, = time diff. between candidate and muon
Q= (Charge deposited) - (min. ionization)

— Define PDFs
— Define log likelihood

Resulted in:
90% spallation events removed
20% deadtime

More details in:

arXiv:1606.07538 [hep-ex]
arXiv:0508053 [hep-ex]
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Removing Spallation Background with WIT

"“‘“-\HlLONG o _
\(longitudinal distance)

neutron/
spallation
candidate

.

(transverse
distance)

u track

Variables: A, 1, and Q. where:

A = time diff. between candidate and muon
Q= (Charge deposited) - (min. ionization)

— Define PDFs
— Define log likelihood

Tag neutrons with WIT:

- neutron clouds
— 388/2970 days in SK-IV

neutrons

More details in (paper in preparation):
New Methods and Simulations for Cosmogenic Induced
Spallation Removal in Super-Kamiokande-IV




Removing Spallation Background with WIT

Variables: A, 1, and Q. where:

\ i ong A, = time diff. between candidate and muon

\(longitudinal distance) Qo= (Charge deposited) - (min. ionization)

neutron/
spallation

1 candidate — Define PDFs

(g.ansverse — Define log likelihood
istance)

New variables:

Alr ong

Neutron multiplicity
u track

More details in (paper in preparation):
New Methods and Simulations for Cosmogenic Induced
22 Spallation Removal in Super-Kamiokande-1V
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\ lLong
'--\,\I.l\(\|l0ng|tudlna| distance) QI‘ES: (Charge deposited) - (mln ionization)

Removing Spallation Background with WIT

Variables: A, 1, and Q. where:
A, = time diff. between candidate and muon

neutron/
spallation

candidate — Define PDFs

(g.ansverse — Define log likelihood
istance)

.

New variables:

Alr ong

Neutron multiplicity
u track

Define new cuts:
——+—— Difference in data ul .
Difference in signhal+background - 47% SpallathH EVEHtS FemOVGd
Difference In background - 1.3% effective deadtime

N
(=
(=]
o

Number of events
-
(3]
=)
o

12% Increase in solar

neutrino events
S (~7000)

-08 06 -04 02 0 02 04 0.6 . Sun
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\lLone
'--\,\I.l\(\|l0ng|tudlna| distance) QI‘ES: (Charge deposited) - (mln ionization)

Removing Spallation Background with WIT

Variables: A, 1, and Q. where:
A, = time diff. between candidate and muon

neutron/
spallation

candidate — Define PDFs

(g.ansverse — Define log likelihood
istance)

.

New variables:

Alr ong

Neutron multiplicity
u track

Define new cuts:
——+—— Difference in data ul .
Difference in signhal+background - 47% SpallathH EVEHtS FemOVGd
Difference In background - 1.3% effective deadtime

N
(=
(=]
o

Number of events
-
(3]
=)
o

12% Increase in solar
neutrino events
(~7000)
Improvement expected for

08 06 -04 02 O 0.2 04 0.6 Gd phases




Systematics

SK-I SK-II SK-III SK-IV
Threshold [MeV] 449 6.49 399 349
Trigger efficiency 0.4% +0.5% -
Angular resolution
Reconstruction goodness
Hit pattern /0
Small hit cluster
External event cut
Vertex shift

Second vertex fit

WO G 0 ]
o e T e T S s e R s T

Background shape

Multiple scattering goodness
Livetime

Spallation cut

Signal extraction

Cross section

Subtotal

Energy scale

Energy resolution

*B spectrum
Total




Systematics

Angular resolution . 0.2% 2 0.1%  +0.1% 0.1% 0.1% 0.1% +0.1%
Reconstruction goodness 0.2% /o 0.1%  +0.1% 0.3% 0.5% +0.4%
Hit pattern 0.5% 0.5% +0.4%

Small hit cluster 0.1% o 7o —

External event cut 0.1% 0.1% 0.1% 7 0.1% 0.1% : +0.2%

Vertex shift

Background shape

Signal extraction

Cross section

Multiple scattering goodness

Total ) 2.4% 2.37 A% ) ) 270 A7 /0 +0.9%
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1996/Apr -
2001/Jul

SK-I
Pure water
40% ID photocoverage
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Super-Kamiokande Detector Timeline
SK-II

After quick recovery
from PMT chain reaction

28

20% ID photocoverage
1996/Apr - 2002/0ct -
2001/Jul 2005/0ct
SK-I
Pure water
40% ID photocoverage



Super-Kamiokande Detector Timeline

SK-II

After quick recovery
from PMT chain reaction

29

20% ID photocoverage
1996/Apr - 2002/0ct - 2006/Jul -
2001/Jul 2005/0ct 2008/Sep
SK-I SK-III
Pure water Full recovery
40% ID photocoverage 40% ID photocoverage



Super-Kamiokande Detector Timeline
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SK-II SK-IV
After quick recovery Front-end electronics and
from PMT chain reaction DAQ upgrade.
20% ID photocoverage
1996/Apr - 2002/0ct - 2006/Jul - 2008/Sep -
2001/Jul 2005/0ct 2008/Sep 2018/Mar
SK-I SK-III
Pure water Full recovery
40% ID photocoverage 40% ID photocoverage



Super-Kamiokande Detector Timeline
SK-1I SK-IV

After quick recovery Front-end electronics and

31

from PMT chain reaction DAQ upgrade.
20% ID photocoverage
1996/Apr - 2002/0Oct - 2006/Jul - 2008/Sep - 2019 -
2001/Jul 2005/0ct 2008/Sep 2018/Mar 2020"
SK-I SK-III SK-V
Pure water Full recovery Detector refurbishment
40% ID photocoverage 40% ID photocoverage Pure water

* 2019/Feb — 2020/Jul



Super-Kamiokande Detector Timeline
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SK-II SK-IV SK-VI
After quick recovery Front-end electronics and 0.01% Gd by mass
from PMT chain reaction DAQ upgrade. SK-Gd start!
20% ID photocoverage
2020-
2022**
1996/Apr - 2002/Oct - 2006/Jul - 2008/Sep - 2019 -
2001/Jul 2005/0Oct 2008/Sep 2018/Mar 2020*
SK-I SK-III SK-V
Pure water Full recovery Detector refurbishment
40% ID photocoverage 40% ID photocoverage Pure water

* 2019/Feb — 2020/Jul
** 2020/Jul - 2022/Jun



Super-Kamiokande Detector Timeline
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SK-II SK-IV SK-VI
After quick recovery Front-end electronics and 0.01% Gd by mass
from PMT chain reaction DAQ upgrade. SK-Gd start!
20% ID photocoverage
2020-
2022™F
1996/Apr - 2002/Oct - 2006/Jul - 2008/Sep - 2019 - SK-VII
2001/Jul 2005/0Oct 2008/Sep 2018/Mar 2020 0.03% Gd
by mass
SK-I SK-III SK-V
Pure water Full recovery Detector refurbishment
40% ID photocoverage 40% ID photocoverage Pure water

* 2019/Feb — 2020/Jul
** 2020/Jul - 2022/Jun



Super-Kamiokande Detector Timeline

SK-II SK-IV SK-VI
After quick recovery Front-end electronics and 0.01% Gd by mass
from PMT chain reaction DAQ upgrade. SK-Gd start!
20% ID photocoverage
2020-
2022™F
1996/Apr - 2002/Oct - 2006/Jul - 2008/Sep - 2019 - SK-VII
2001/Jul 2005/0Oct 2008/Sep 2018/Mar 2020 0.03% Gd
by mass
SK-I SK-III SK-V
Pure water Full recovery Detector refurbishment
40% ID photocoverage 40% ID photocoverage Pure water
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* 2019/Feb — 2020/Jul
** 2020/Jul - 2022/Jun



