Search for astronomic neutrinos in
Super-Kamiokande
[ LUK B AR W ERE

51428170 1& 5
BELTHRXFPIHEEE




_NETOHE

E3am SK-GAdMD eI TEEREGADSIZH 1T AR /R IE . AIE . FAF
Etr—a EGADSNGPSHEREDEAN —— WX —AHFHELT-
- == SKDEETFRET —IDIRER | %K
BN SORDBREFEDHE
%;15;&1%0817(:1#9:1—#') s B — AR LI
BEr=F SKIZEBITHRER=a—rJ/TREALUL .
St B B EL 5 I (CCQE) 1= 9 B2 AR

Bt/ T—<



BLmX DB &k
Physics Background

Super-Kamiokande Detector

Event Reconstruction

Simulation

Calibration

Data Set

Neutrino search associated with GW170817
De-excitation gamma search from CCQE reaction

Conclusion & Future
AN N
SHDO RN

Super-KamiokandelZDULVT 10~15%
GW170817I1ZF>=a—K) /{EBIZDINT 15~20%

WX NOULAEWNRE

WA T RRRISONT 5~10%)
17 RI- LU 2"~ 1UJ]



Super-KamiokaNDE

g Key word :
S = 1000m Underground
Water Cherenkov Detector
50kton pure water
22.5kton Fiducial Volume
11129 PMTs in Inner Detector

SK phase :

SK-I': 1996~2001
SK-II': 2002~2005
SK-III : 2006~2008
SK-IV : 2008~2018
SK-Gd : Coming Soon !



B FIE{EE (Photon Multiplier Tube)
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Neutrino Flux (cm? second” MeV ™)

SKCRZ45=a2—F)/(MeV)

Reactorv-
7 Solar *B.
10 ’ T T ' ' 1 1 ~ . 1
10 6 J Constant SN rate (Totani et al., 1995) 4Mev ZOMeV . SOIar NGUtrInO Ve (SBthep)
N . .
10 Cosmic gas infall (Malaney, 1997) Ve + € Ve + € (ElaStlc Scatterlng)

16MeV~30MeV : Supernova Neutrino or
Supernova Relic Neutrino v,
v, + e — v, + e (Elastic Scattering)
V., + p = e’ + n (Inverse Beta Decay)

Cosmic chemical evolution (Hartmann et al, 1997)

LMA neutrino oscillation (Ando et al., 2002)

—| Solar hep-

Atmospheric v,
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10 Neutral Current Quasi-Elastic
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Parent neutrino spectra
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neutrino energy (MeV)

20

v(MeV) Emission from NS-NS merger

Thermal v from Binary Neutrino Star merger
1. e e* production from thermal photon
2. v,/V, from e capture by nuclei :
e +p-ovetn,et+n-v, +p
3. v, /v, from e e*annihillation
et +e ->v,+V,
4. Spectrum can be approximated by Fermi-Dirac Dis.
5. Most of energy emitted in 10ms, by vin 10~30MeV

K. Kyutoku, K. Kashiyama, arXiv:1710.05922
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GW1/0817/

GW170817 is the first observation of NS-NS merge GW.
Phys. Rev. Lett. 119, 161101

Source : A merger of two neutron stars with total system mass of 2.74 solar masses,
from the Galaxy NGC4993 at a luminosity distance of 40 Mpc.

Optical observation lasted 14days, so here use two kinds of time window for search :

+500s and 14days.

GPS Time : 2017 Aug 17 12:41:04 UT (21:41:04 JST)
SK was in LINAC test run. Beam was not running but beam pipe was inside the tank.
(Linear Electron Accelerator to generate electron into SK tank by a pipe)
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GW170817 event search in 4~100MeV

Relic reduction

Solar reduction

Bsenergy [16, 100] MeV
no event found in +-500s window

Bsenergy [4, 16] MeV
After solar reduction : 7 events in +-500s

After Solar reduction and Calibration source cut : 0 event left in +-500s

MeV

bsenerg

7
6
5
4
3
2
1

Gw170817

gw170817

77+ 500s
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solar reduction
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Vertex r-z of the 7 events
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14days search in 4~100MeV

Relic reduction [16, 100] MeV
2 event found in 14days after GW170817

Solar reduction [4, 16] MeV
So much low energy BG due to LINAC calibration runs, difficult to get physics
meaning

Expected Background Num : 0.00193/1000sec * 9.1527 days(Live Time) =1.526
(No significant signal observed)

Possibility of Observed Num >=2: 45.08%
(IR BIIZILFluence LimitEt & IZ{ED)
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2 events left after relic reduction in
14days after GW170817

60"

1: 22.5MeV
2: 40.9MeV

30°

15° Sun1~2 xSun GW

120 ’Th“

220 2ph 18h 160 140 gh

-15°
/GW source
-30°

-60°

-75°
equatorial coordinate system (FREEIE, EDHMEF M EZ TS, Bk HERITKFLAELY)
Points 1&2: Right Ascension and Declination of the 2 events
Shadow Area : angle solution

Both 2 events are far away from GW170817 source.



GW170817 event search in 100MeV~100PeV

GW170817 GW170817
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date/time date/time

No event in £ 500s

Live time 11.3025 days

No significant signal observc?d in 14days

Observed Num SK IV average rate Expected Num Away from expected
76

FC FV cut 8.09 & 0.05/day 91.44 1.66 sigma lower
PC FV cut 8 0.65 & 0.02/day 7.35 0.21 sigma higher
UPMU 13 1.42 £+ 0.02 16.05 0.796 sigma lower



Fluence Limit

RN EFTHIHLTIO%C. L. TDE

Fluence Limit

—H{AmBETOvED LR{E

T BMEECIEAOVA R R CEAESND T A

GW170817 &, (cm?)

from FC+PC only

from UPMU only

vy 5.6 x 10 16.070%
D 1.3 x 10° 21.3701
Ve 4.8 x 10*

Ve 1.2 x 10°

from low-energy only
flat spectrum Fermi-Dirac with E,,.=20 MeV

7, 1.2 x107 6.6 x107
Ve 1.0 x10° 3.4 x10°
A 7.5 x10° 2.6 %10
vy 6.3 x10° 2.1 x10'

4~100MeV :
Nog

i owe — A+ :
v = Np [dENE)o(By ) R(Ee, Evie)e(Euis)

100MeV~10GeV :
Noo

ArT deu ) (EU ( 2)‘
10GeV~100PeV :

Preo po =

Noo
Acss(2) [dE,P(E,)S(z, E))\E;?)

Pypymu =
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Fluence Limit for v (4~100MeV)

b; . = Yoo
lowe ;\'TT r f'I?Eyf\(EyJﬁ(EM)R(Ee- E-L?-E.S)F(Et'f-&‘) -

Ng, : 90% integral when considering a Poisson Distribution by expected rate. (Ngg=2.3)

N7 : Number of Target Nuclei in SK detector volume. (Proton for v, and electron for v,,)
A(E,) : neutrino energy spectrum

o(E,) : cross section for v. (IBD for v, and ES for v,

R(E,, E,is) : Detector Response from E, to E,;

e(E,;s) : Detection Efficiency for E;
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detect efficiency

R(Eez Evis) X E(Evis)
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Fluence Limit for v (100MeV~10GeV)

Noo

Nr [ dE,o(E,)e(E,)A(Ey?)

Ng, : 90% integral when considering a Poisson Distribution by expected rate. (Ngg=2.3)

Oro.pec =

N7 : Number of Target Nuclei in SK detector volume. (Oxygen)
A(E,) : neutrino energy spectrum
o(E,) : total cross section for v.

e(E,) : Detection Efficiency for E,,
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detect efficiency
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Fluence Limit for v (1.6GeV~100PeV)

Nog
(I) TPAMIT — . '
VMY T AL 4 (2) [dE,P(E,)S(z. Ey)ME; %)

Ngq : 90% integral when considering a Poisson Distribution by expected rate. (Ngg=2.3)
Agrr(2) : effective area depending on zenith angle

A(E,) : neutrino energy spectrum

P(E,) : when a v come into SK, the possibility to make a detectable p

S(z, E,) : shadowing of the neutrinos due to interactions in the earth
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S(z, E\,)

S A. Vincent et.al., arXiv:1706.09895v2 S
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z-dependent UPMU fluence limit

Fluence Limit [cm~2] Fluence Limit [cm~2]

77 : LIGO fitting data by 90%C.L.
PS. GW170817H0 & STl (X, FEAEJENGCA993[XUPMUD BEREH A F 5 IZH 1=,



E°F [GeVZcm?)

F | u e n Ce I i m it APJL, Volume 850, Number 2

GW 170817 Neutrino limits (fluence per flavor: v, +7y)

GW170817 &u(cm™?) + 103 L 500 sec Lime-window 14
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Ve 2 X - (};
from low-energy only 9‘ 10 ] ()": Kimura et al.
flat spectrum Fermi-Dirac with E,,.=20 MeV (EIL 107! ; 4 = _ EE moderate |
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Summary
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B 2FRBEER=21—F)/(Supernova Relic Neutrinos, SRN)
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Evaluating Gadoliniums Action on

Detector Systems

240APMTZERY {5 [+7-200b 4% Hi 25




Atmospheric v,/ v, CCQE interaction

v+ 180 o p + BN +p

-

vy + 80 5w+ 5F +n

e

wand y at same !
' timing/position

timing/position

KL and y at same

Decay e after
~2.2s

n signal after -
i ~200 ps

Decay e after
~2.2Us

d




Oxygen de-excitation y

160 nucleus
proton neutron

- 1p,;; —0—0—
—0—0—0—0- 1lp;, —0—0—0—0-
- — 151/2 —_———

de-excitation occurs when 1p,,, or
1s,/, is knock out.

(1p,, case is stable)

PHYSICAL REVIEW D 90, 072012 (2014)

Ipiy Lp3/o Lsy/n
Spectroscopic factors 0.632 0.703 0.422
y-ray branching ratios:
> 6 MeV from p hole 0% 91.8% 14.7%
> 6 MeV from n hole 0% 86.9% 14.7%
3—-6 MeV from either 0% 0% 27.8%

SF is from calculation, branching ratio of each
state Is from electron/proton beam experiment.

Br(y>6MeV) = 4/16 * 0.703 * 91.8% + 4/16 *
0.703 * 86.9% + 2/16 * 0.422 * 14.7% + 2/16 *
0.422 * 14.7% = 33%



CCQE cases and Br(y)

invisible y, noy decay e 1. Impossible to count it
invisible u, with y decay e 2. y+epair
v, on 10
visible g, noy decay e 3. In FC data
visible y, withy decay e 4. In FC data

1TEHAITESDIIdecay eDH T, BREFRATI D /NI T S RIZH 5 (EIZSRNFEFT
T)o SHIZ, HEFAEEHINDIGEEEHY. SK-GAIZEWVWTHRERTTIZES,

384X AITENIL. Br(y)Dh oD, (FCusampleZFIFHL . E—eventA T6MeV
y Z1R9)

SHI220HMM I NIE, 1ZRFBEHCENTES,



Plan

invisible y, noy decay e 1. Impossible to count it
invisible u, with 'y decay e 2. y+epair
v, on 0
visible g, noy decay e 3. In FC data
visible y, with y decay e 4. In FC data

3&4% X |9 B A REME ZSimulation TR ETL . WB R D P T”YVERE T FEZFHEIL T 5,
20y + e pairFiEL T, BREIEEH > < D SampleZ{E5,

KE=a2—F)/DFlux. CCQER it Dcross sectionIBEHIE. SKDERHEEZZEELI-L
C.BRBOFEEZHLTLEDFERELLERT S,

ARENEC T > < #R D SampleZFI AL T, FC dataTBr(y)Z#H 9,



SK EVENT DISPLAY

SK Simulation of 300MeV/c u + 6MeV y

delta ray basic process:
H+e—->p+e

When pu loss energy by
“ionization”, it is really
by scattering electrons
from a few eV to a few
tens MeV.

e 6000 r—nits=e2tmeveks——
) " Real Vertex=-431.1,609.4,-768.1
- APfit vertex=-420.5,599.5,-830.4 621hitdD A :
- n=300.0MeV/c y=6.0MeVic . .
4000 | 1 dir=-0.45,0.04,0.89 Dark noise ~50 hits
| vy dir=0.18,0.31,-0.93 ~ .
| Apfit dir=-0.46,0.03,0.89 Gamma ~30hits
| e=154.7°
2000 —
0 I
-2000—
— i Cherenkov
— u reflection
— 1 scattering
-4000 — ué ray
- v hit
— dark hit
i L L L | L L
609&000 -4000 -2000 0 2000 4000

6000

cm




How to search for a y inside a

ﬂ i h‘ﬂl‘hml‘n—ru—d.

Ql'lﬂ 950 1000 1050 1100
T-TOF(ns)

1. BRELERSTIE. CherenkovtF &YKL EEBEZES A, hitBFEIAEND

2. Dark noiselZPMTE B D ER /A X T. BEMIZrandomIZH 95

3. CherenkovytF7%i 5. vertex->PMTDvector&EuDEIT AR E42°

4

5

. BREhERyXEARICHS
. WHYDFERTIE., pOFRALBERIND



v[0.18,0.31,-0.93]6.0MeV/c p[-0.45,0.04,0.89]300.0MeV/c [-431.1cm,609.4cm,-768.1cm]

In this Fig :

4 10ns T-Tof cut can
remove dark/refl/scat

T-TOF(ns)

Simulation

—
-
o
o

1050

900

850

a4 - » >

i Cherenkov
u o ray

u reflection
L scattering
v hit

dark hit

-1

-0

8 -06

2 0 0.2

cosB to u direction.

(cos42° =0.74)

1 ] | ]
0.4 0.6 0.



soomevicnandemevy | BUild Likelihood from Hit Map

102 —

'p Cherenkov

d ray

reflection

scattering

dark hit |
10 o . .
— Simulation: random 300MeV/c p + 6MeV 'y
.. CosB to mu dir after =10ns cut
I _________ 1 _____________________________ _____________________________ , 2

“I Hits in (TO-10ns, TO+10ns)
can be separated into 3
categories:

1.-1<cosB<-0.34

1 Mainly y hits, with a little
‘| delta ray hits

| 2.-0.34<c0s6<0.6
Mainly delta ray hits,
with a little possible y
hits

3.06<cosB<1
Mainly u Cherenkov hits,
with a little delta ray hits

or a little possible y hits
coso



Input variable: nhit1 Input variable: nhit2
- O Signal T T - T
= 0225 = = .
= n_zBackground g 00|
Z oasf z C
=~ o016 T 0Mp
0.14

How to classify w/oy

0.12 0031
0.1
0.08
0.06
0.04
0.02
0

0.02

0.01}

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

| L B B

UiO-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

P . ) T
0 40 &0 80 100
nhit1

NPT T N A i
20 40 60 80 100 120 140 160

nhit2

Input variable: nhit3

(1/N) dN/ 1

0.009 F———

0.008 |
0.007 [
0.006 [
0.008 [
0.004 [
0.003 [
0.002 [
0.001

100 200 300 400 500
nhit3

300MeV/c u simulation, Signal is generated with uniform 6MeV/c y, BG means no y events

nhitl : hits number in -1 < cosB < -0.34
nhit2 : hits number in -0.34 < cosB < 0.6
nhit3 : hits numberin 0.6 < cosB < 1

Use 1 and 2 to make likelihood (3 is too similar)

Lot ettt il
U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%



300MeV/cu+w/oy

TMVA response for classifier: Likelihood

(1/N) dN / dx

25

20

15

] Signal =~

Background

L>0.33
Signal (y&) : 89%
Bg (yEE) : 13%

Uio-flow (S,B): (0.0, 0.0)%/ '(u.u, 0.0)%

Likelihood response

How to calculate Br(y)

Signal : CCQE with y
BG : CCQE without y
Eff . Cut Efficiency when cut at max significance

Br(y) = Ns/(Ns + Np)

We can observe N; 41 , but don’t know Ng
and N,

{ Ng + Np = Niotai
Ny X Effs + Ny X Effy = N'torar



Gamma + Decay Electron(Data)

Parrenty Cherenkov angle distribution Decay e Cherenkov angle distribution
= Eovies 316 = Enies 316
= Mean 38.11 60— Mean 43.07
s Std Dev  15.96 - StdDev  5.571
305_ ] 50—
- mix C
5 a0l
2oF : 305—
= pelike y-like -
15— =
- 20—
10— / -
- 1o
5 =
D:|-||||||||-||||||||||| .r‘l_‘I'I’_Lﬂ_ﬂulﬁl'll'l_ll_l'!_uLY_\FrL!j‘ 0:""|""|||| IIIII-L:-Ll_|I|-!_L‘I‘|l‘|II‘|IIl‘|IIIIIIII_|
0 10 20 30 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
degree degree
In SRN and T2K analysis, [38° , 50° ]is
defined as electron region, [50° ,90° ] Most of them should be decay e

is defined as gamma region.



Still Need To do......

invisible y, noy decay e 1. Impossible to count it
invisible u, with 'y decay e 2. y+epair
v, on 0
visible g, noy decay e 3. In FC data
visible y, with y decay e 4. In FC data

3847 XAl 9 SR BEMEZ 1R ET S O
2y + e pairdIEL T, BRI H > < DSampleZx{E5, O

AKER=21—k")/DFlux. CCQE it Dcross sectionIBEHE. SKDEHESIEEZEELI-L
C.BRBOFEEZHLTCLEDFERELLERT S, X

AR EhRE > < $E DSampleZFIFAL T, FC dataTBr(y)ZH 9, X



SK phase

Phase SK-I SK-II SK-III SK-IV SK-Gd
Start Apr 1996 Oct 2002  Jul 2006  Sep 2008 Nov 2018
End Jul 2001 Oct 2005 Aug 2008 Jun 2018 Running
ID PMT 11146 5182 11129 11129 11129
OD PMT 1885 1885 1885 1885 1885
PMT Coverage 40% 19% 40% 40% 40%
Electronics ATM ATM ATM QBEE QBEE

Energy Thre. 4.5MeV 6.5MeV 4.0MeV 3.5MeV -

SKI-> SKIl &KLY, PMTH K

SKIl -> SKIll - PMTIZ{EEE R LE D A D Acrylic CoverZ{t(+1-E . 11129 KPMTHEIF
SKIII -> SKIV  Electronics@upgrade (ATM->QBEE, Hardware Trigger -> Software Trigger)
SKIV-> SK-Gd  BREAH K'Y =™ LUKFIH(GA,(SO,), - 15H,0) & RBMKI BT



rtex x-y of the 7 events

GW170817
E 1500 [—
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e e o e | By oy s et |
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E 00—
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Ve rtex

‘GW170
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bsenergy

2 events left in relic sample in 14days
after GW170817

50

40

30

20

10

. gw170817

: A events

B nrunsk 76734 ‘
— nevsk 437068568

- Bsenergy 40.88MeV

3 nrunsk 76673 .

— nevsk 80499271

5 Bsenergy 22.52MeV

— I 08:’19 I I 08}21 I I 08}23 I I 08}25 I I 08}27 I I I 08}29

date/time
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CCQE cases and Br(y)

invisible g, noy

decay e

16
vy, on @)

invisible u, with y

decay e

visible g, noy

decay e

visible y, withy

decay e

1. Impossible to count it
2. y+epair
3. In FC data

4. In FC data

334X AT HDIEARE, =1L, REEDZ S BENEEH > VR T EFMD6MeV K

UMY 185 (6.18MeV. 6.32MeV. 9.93MeV) .

2y + e pairzEL T, BREIFEH > TR DSampleZ1E5,



CCQE De-excitation y in SK

. VDRI NIE, B35usDgate TReventHNERsiSN 5,

. T=7=L.raw datalCEA DL, TEHAIERR (TIRERTIEZ LN (B B
~EFEE),

. 6MeVIEsolar neutrino& R CenergynBigi D &, CD1E X TIL, SK-IVD
10 M MDdataZzFIFAL . solar reductionDfirst stephriostartL 1=,



10

Gamma event energy Electron event energy

parrent energy

subevent energy

Entries 5729 10°
Mean 9.219
StdDev  8.5894

-

Entries 5729
Mean 17.56
Std Dev 16.87

A

1T
=
M
=]

1 1 1 1 1 1 1 1
60 70 80
MeV

L=]

Selections (all SKIV) :
Gamma event bsenergy < 50MeV
Electron event has and only has one sub-event in 35us gate

Other cuts included in solar reduction step:
bswallsk < 2m, Itimediff < 50us, spaloglike < 4.517......

1 1 1 1 1 1 1 1 1 1 1 1
40 50 60 70 80
MeV

very close to michel
spectrum when > 15MeV




Decay time

Fitby: f(x) = p0 X er1 + p2

decay time decay time
_ decay time _ decay time
350 Entries 5729 - Entries 316
N Mean 1.299e+04 = Mean 3236
N Std Dev 1.099e+04 50 Std Dev 3704
3007 %2 I ndf 39.38/45 u %2/ ndf 12.66 / 20
- po 509.2 +31.6 - po 97.32 + 13.41
250F p1 1921+ 97.9 40 p1 1732 £183.0
H p2 44.22 +1.31 N p2 1.342 + 0.580
200} o} Selection
ol No cut, all events H 1 Pre Gamma < 10MeV
a 2t [ Delay Electron > 15MeV
100 -
i 1ol
50— ~
0::| I | | | T | | | T | | I | || | I N | | | T | | L11 | | T | 0—:@ - | T | |ﬁ||‘|‘|| Iﬂ M |I'|| 111 |I'|l‘|'|| L1 | [ |
0 5000 10000 15000 20000 25000 30000 35000 40000 0 5000 10000 15000 20000 25000 30000 35000 40000
ns ns

Most of the background are removed by energy selection.

New problem : The “Pre-Gamma” can be weak muons close to Cherenkov Threshold!



Cherenkov Angle Fit

1. Select PMT hits in 15ns time window by T-Tof

2. Calculate the angle from vertex to the triangle of all 3-PMT sets
3. Search for the highest position by taking the sum of near 7-bins

Opening Cherenkov Angle from 3-PMT combinations

h1

Entries
Mean
Std Dev

37820

39.69
18.82

1 event of u MC
p=170MeV
(bsenergy = 10MeV)

Opening Cherenkov Angle from 3-PMT combinations

h1

= Entries 12341
__ Mean 56.66
250 - Std Dev 17.68
~ 1 event of y MC
200 F = gMeV
150—
100
50—
_ 11 1 1 11 11 1 1 11 1 1 11 1 L1 | 11 11
% 10 20 30 40 50 60 70 80 90

degree




Cherenkov Angle Fit

1. Select PMT hits in 15ns time window by T-Tof
2. Calculate the angle from vertex to the triangle of all 3-PMT sets
3. Search for the highest position by taking the sum of near 7-bins

cherenkov angle by 7-bin fit

7hin
et o
- Std Dev 8.25
3000—
2500F- 20000 event of p MC
- P=170MeV
2000—
- (bsenergy = 10MeV)
1500 —
moof—
snof—
C [

(=1

1400

1200

1000

800

600

400

200

cherenkov angle by 7-bin fit

20000 event ofly 1MC

E=6MeV

R

7bin

Entries 20000
Mean 48.62
Std Dev 12.08
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neutrino energy (MeV)

v(MeV) Emission from NS-NS merger

Thermal v from NS-NS merger
1. e e* production from thermal photon
2. v,/v, from e capture by nuclei :
e +p-ovetn,et+n-v, +p
3. v, /v, from e e*annihillation
et +e v, +V,
4. Spectrum can be approximated by Fermi-Dirac Dis.
5. Most of energy emitted in 10ms, by vin 10~30MeV

ergls] Ty [1OMeV] p o 10" gfem’]

53
L, 110

K. Kyutoku, K. Kashiyama, arXiv:1710.05922
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Y. Sekiguchi et al., PRL 107, 051102 (2011)
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