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Super-Kamiokande Detector
Versatile detector:
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Solar neutrinos observation at SK

— Borexino FHSuper-K Poster #5 by Jeong Yeol Yang
— Ga —Cl —SNO SK

N (Bahcall-Pena-Garay-Serenelli 2008)
+X% is theoretical uncertainties
PP |

'Be, pep : integrated flux
+0.5%
v/ Be+5.8%
13\ +15% 4 mmmmm—p
— o | b-2e .

Ry | Super-Kamiokande
e . —pep target
1501125 | ] i=1a%

Neutrino Flux (cm-2/sec/MeV)

il - 19% T BB x113% \

"~ hep=15.5%

Neutrinaoenergy (MeV)

Flux
Energy spectrum
Day/night asymmetry

coso,= -1,
L~ 13000 km




Solar neutrinos observation at SK

— Borexino —Super-K Poster #5 by Jeong Yeol Yang
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Solar neutrinos observation at SK

— Borexino —Super-K Poster #5 by Jeong Yeol Yang
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WIT System

SK’s standard DAQ system:
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Modified by LL. Martt




WIT System

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

Receive 23 ms data blocks , Organizer
+ Sorts

Event reconstruction

. Organizer
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Modified by LI. Marti SN burst trigger

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

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



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.
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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
12 Spallation Removal in Super-Kamiokande-1V
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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
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Number of events
-
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12% Increase in solar

neutrino events
LS (~7000)

-08 06 -04 02 0 02 04 0.6 . Sun
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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




Neutron tang,r in water

IBD: inverse beta decay. Beacom, Vagins PRL.93, (2004) 171101
n.\ Pure water : ) n'\ Gd-loaded water
V_»P. 'pv (2.2 MeV) I v, _ 0 o %Gd
N A
g (Not efficiently detected) | & ﬂ} MeV gamma cascade
|
AT ~ 200 us . @ AT ~ 30 ps

With tight time (delayed) and position coincidence between positron
and neutron capture (90% neutron capture on Gd with 0.2% Gd (SO,),

concentration) we will be able to tag neutrons with high efficiency.

15



Neutron tagging in water

IBD: inverse beta decay. | Beacom, Vagins PRL.93, (2004) 171101
n | n
__ ‘\ Pure water | 9 Gd-loaded water
— - D 3 pi Gd
e p. - o (2 2 Mev) I Ve — 0 33::5
) Y
42 ﬂ | s ﬂ
C—”  (Notefficiently detected) | _’ 8 MeV gamma cascade
N— ~— g I N— ~— g
AT ~ 200 us AT ~ 30 us

100%

80%

Captures on Gd

40%

20%

0%
16

60%

0.0001% O. 001 %

HLtnms-) ~90% _
(ultimate goal) N

4010ns > ~75% T1 (SK-VI) phase finished.

|r1 2022)

o Now @ T1.5 (SK-VII):
13.2 tons of
Gd,(S0O,),*8H,0
in 50 ktons water 7/
- ~50% capture” |
on gadolinium /
(current SK etatie)/

— 75% of neutrons captured on Gd
— High neutron detection efficiency!

1%

Gd concentration [ %]

0.01% 0.1%

More info: NIM, A 1027 (2022) 166248



EGADS: birth of a new detector

valuating -adolinium’s Action on Detector Systems

R&D test facﬂlty to prove Gd related techmques for SuperK (SK Gd)
SR> . -«;.;..rv’ ,2. 3 .m&, 2 ,{3 ¢

.,Dlssolutlon and P
pre—treatment

EGADS Hall | varer svetern | P
(2500 m3) || SuperK Water system

17 -’

LL Mart1 et al, NIM A 959 (2020) 163549 Evaluatlon of gadohmum s action on -
water Cherenkov detector systems with EGADS



After Carbon ignition of massive stars
(M > 8 M) neutrino emission becomes

the main cooling mechanism.

Electron-positron annihilation generate
thermal neutrinos:

- + —
e"+em — vy t Vg

From there on up to the Silicon burning:

18

Burning phase Duration Neutrino <E>
Carbon 300 years 0.71 MeV
Neon 140 days 0.99 MeV
Oxygen 180 days 1.13 MeV
Silicon ~few days 1.85 MeV

Astropart.Phys. 21 (2004) 303-313




Pre-SuperNova Stars
After Carbon ignition of massive stars
(M > 8 M) neutrino emission becomes

the main cooling mechanism.

Electron-positron annihilation generate
thermal neutrinos:

- + —
e t+te” — vy t Uy
Shock

Shell Si breakout
starts

Core Si Direct pre-
burning -collapse stage
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Delayed black
hole formation ?

Difference due to SN neutrino
positron captures 7 burst

44—
-8days -1.7 hours

19 A. Odrzywolek, A. Heger, Neutrino signatures of dying massive stars: From main sequence to the neutron star, Acta Phys.Polon.B 41 (2010)



Pre-SuperNova Stars
After Carbon ignition of massive stars
(M > 8 M) neutrino emission becomes

the main cooling mechanism.

Electron-positron annihilation generate
thermal neutrinos:
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SK’s Pre-SuperNova WIT Alarm

50
Stars at 150 pc .
15Me Odrzywolek 45 MaSS hlerarChy
25Mg Odrzywolek 40 SEHSlthIty
15Mg Patton
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Time to core collapse [hours]

Updated number of events and significance for SK-Gd with 0.03% Gd.

L. N. Machado, Pre-supernova Alert System for Super-Kamiokande, The Astrophysical Journal, 935, 40 (2022)
21 Patton, et al 2017 ApJ 851 6



SK’s Pre-SuperNova WIT Alarm

Stars at 150 pc )
15My Odrzywolek MaSS hleraFChy

25Mo Odrzywolek SensitiVity

15M, Patton

solid — NH

dashed - TH ate stage stellar

L
Evolution insight

)
0]
9
c
©
)

=
c

Rl
n

I_ l_l_ I_ r— i — —
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Time to core collapse [hours]

Updated number of events and significance for SK-Gd with 0.03% Gd.

— Assuming 150 pc and M=15 Mg, a pre-SN warning could be issued ~15h

before explosion

L. N. Machado, Pre-supernova Alert System for Super-Kamiokande, The Astrophysical Journal, 935, 40 (2022)
22 Patton, et al 2017 ApJ 851 6



SK’s Pre-SuperNova WIT Alarm

Stars at 150 pc )
15My Odrzywolek MaSS hleraFChy
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<1/century
=10/century
=100/century

35 25 20
Time to core collapse [hours]

Updated number of events and significance for SK-Gd with 0.03% Gd.

— Assuming 150 pc and M=15 Mg, a pre-SN warning could be issued ~11h

before explosion (~1 false alarm/century)

L. N. Machado, Pre-supernova Alert System for Super-Kamiokande, The Astrophysical Journal, 935, 40 (2022)
23 Patton, et al 2017 ApJ 851 6



SK and KamIL. AND Pre-SuperNova Alarm

Assuming current background rate

15 M stars at 150 pc - MoU
Odrzywolek with normal ordering bEtween
- = = = Od olek with inverted ordering
Patrtzawwith nmtd;lrmIalvorlderingr r SK & KamLAND
= = = = Patton with inverted ordering
<1/century
=<10/century °
=<100/century Paper ln
°
preparation

Time before core collapse [hour]

Time to core collapse with false alarm rate at 1/100 years.

KamLAND and SK have their own pre-SN alarms since 2015 and 2021.

to close pre-SNe.

— Assuming 150 pc and M=15 M, a pre-SN warning could be issued ~13h
before explosion (~1 false alarm/century)

L. N. Machado, Pre-supernova Alert System for Super-Kamiokande, The Astrophysical Journal, 935, 40 (2022)
24 K. Asakura et al., 'KamLAND Sensitivity to Neutrinos from Pre-Supernova Stars'. 2016 ApJ 818 91



SK and KamLAND Pre-SuperNova Alarm

Assuming current background rate
15 M stars

Odrzywolek with normal ordering

Warning Time [hour]

= = = Qdrzywolek with inverted ordering
e Patton with normal ordering

= = = Patton with inverted ordering

450 500
Distance [pc]

Time to core collapse with false alarm rate at 1/100 years.
KamLAND and SK have their own pre-SN alarms since 2015 and 2021.
to close pre-SNe.

— Assuming 150 pc and M=15 Mg, a pre-SN warning could be issued ~13h
before explosion (~1 false alarm/century)

L. N. Machado, Pre-supernova Alert System for Super-Kamiokande, The Astrophysical Journal, 935, 40 (2022)
25 K. Asakura et al., 'KamLAND Sensitivity to Neutrinos from Pre-Supernova Stars'. 2016 ApJ 818 91



SK and KamIL. AND Pre-SuperNova Alarm

Do you want to have access to the real-time alarm status?

You can get more info and register at: https://www.lowbg.org/presnalarm/

L. N. Machado, Pre-supernova Alert System for Super-Kamiokande, The Astrophysical Journal, 935, 40 (2022)
26 K. Asakura et al., 'KamLAND Sensitivity to Neutrinos from Pre-Supernova Stars'. 2016 ApJ 818 91


https://www.lowbg.org/presnalarm/

WIT online SN alarm

Searches IBD candidate events in
a 10 sec window.

|
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It can process all the SN related data in 20 seconds even for a close SNe.

Now implementing SN direction capabilities and improving the SN detection
efficiency.

It is expected to be able to deliver information such as event energy spectrum,
number of events and SN direction within 40 seconds.
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Summary

Super-Kamiokande has been running since 1* of April 1996 with
impressive results.

Continuous efforts to improve the detector through each phase.

The Wide-band Intelligent Trigger (WIT) started taking data during
SK-IV and it has improved low energy physics — more in the future!

— SK solar paper in preparation including full SK-IV phase data.

Since July 2022 it is loaded with 0.03% Gd which has vastly improved
SK’s neutron efficiency detection - SK-Gd !!

WIT can now search for close pre-SN and galactic SN neutrinos:
— FEarly pre-warning: avoid missing such a golden opportunity.
— Save SN raw data for later improved analysis.
— Under development: a new SN direction fitter based on WIT.

28



SK’s Pre-SuperNova WIT Alarm

® 15M; Odrzywolek
® 25M; Odrzywolek
® 15Mg Patton
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Updated number of events and significance for SK-Gd with 0.03% Gd
— Assuming 150 pc and M=15 Mg, a pre-SN warning could be issued ~15h

before explosion.
Warning hours for a 3 o' detection (12 hour sliding window)

29 L. N. Machado, Pre-supernova Alert System for Super-Kamiokande, The Astrophysical Journal, 935, 40 (2022)



EGADS/HEIMDALL

High Efficiency IBD Monitoring Detector and Automated cal L.

HEIMDALL is an online machine that searches for IBD (prompt + delayed
neutron capture) events in real time:

If = 3 events (within 10 sec) are detected, a SN automated alarm is issued.

— Latency time =~ 5 seconds
— False alarm rate: 1/decade (at threshold).

- EGADS/HEIMDALL is watching for SNe:

—~ HEIMDALL watches for galactic SNe and would give an instant, automatic
and independent alert to us and the community.

30



EGADS/HEIMDALL

High Efficiency IBD Monitoring Detector and Automated cal .l

HEIMDALL is an machine that searches for IBD (prompt + delayed
neutron capture) events in ;

If = 3 events (within 10 sec) are detected, a is issued.

— Latency time =~ 5 seconds
— False alarm rate: 1/decade.

Good galactic coverage already with the

== invPHO

current concentration: —— invPHL

normPHO

— to be increased in the future to 0.1% § 4 normPH1
(90% of captures on Gd)

5 10

. . [kpc]
- EGADS/HEIMDALL is watching for SNe: P
- HEIMDALL watches for galactic SNe and would give an instant, automatic
and independent alert to us and the community.

“inv” for inverse and “norm” for normal neutrino hierarchy
PH: 0 adiabatic transitions, 1 w/o
31 Nakazato model for: M=13. Z=0.02 trev=100 ms



HEIMDALL public SN webpage

- Public SN webpage:

Available for everyone at: https://www-sk.icrr.u-tokyo.ac.jp/egadsSNalarm/

The page includes a sound alarm. You can open it and check it
200-ton EGADS/HEIMDALL

Galactic Supernova Monitor

Page loading time (local time): Monday, 29 May 2023 14:53:56

HEIMDALL status update time (JST): Monday, 29 May 2023 14:53:35

Status: No supernova detected

Page loading time should be ~ 2 seconds
HEIMDALL update time should be < 2 minutes
(In case of supernova alarm will fired within < 10 seconds from the burst onset)

A prompt email is sent as soon as a supernova is detected.
More information is sent by email within about less than 30 minutes.
IT you want to receive them or have guestions/suggestions send an email to: martillu_at_suketto.icrr.u-tokyo.ac.jp

Sound Test

For contact: martillu_at_suketto.icrr.u-tokyo.ac.jp

32


https://www-sk.icrr.u-tokyo.ac.jp/egadsSNalarm/
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