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235 Years of Neutrino- and Astrophysics

with Super-Kamiokande!
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Super-K-I Accident | SK-TT 1?1\14% aal SK-ITT

- - repair

< 1998: discovery of atmospheric neutrino
flavor transformation and neutrino mass

< 2000: solar mixing angle is large

< 2001: discovery of solar neutrino flavor
transformation with SNQO); uniquely measure
oscillation parameters (with all solar data)

= 2004: discovery of atmospheric v oscillation;
confirmation from K2K with v, beam

< 2011: first indication of positive 613 from
T2K with v, neutrino beam

< 2012: first evidence for t appearance

< 2013: first direct indication of matter effects
on v oscillations (solar v day/night eftect)

NG
0’0

< 2013: first observation of v,>Vv. appearance

@

0’0

< 2017: first hint ot CP violation 1n v oscillations 9

= 50,000 ton water Cherenkov detector

ID: 32,000 tons (FV 22,500 tons);
11,129 PMTs (SK-I 11,146 PMT5)

OD: 18,000 tons; 1,885 PMTs

layout by Y. Suzuki, ICRR (Michael Smy, UC Irvine)
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In Kamioka Town, Under Mountains|

((// Down, One Mornlng Last‘]uly...@'mI
%“‘ < S G of the Gounty Down (b Ballad

. Super-K started injecting Gda(SO4)3 to reach 0.011% Gd concentration
use neutrons generated by showering muons to track Gd injection progress
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This Succes 1s owed to the 2018
Preparation of the SK Tank
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Search for Distant Supernova

Neutrinos
“distant”: farther than Andromeda (M31, NG(224), z=1

(to be above reactor spectrum) with <1 exp. interactions

10

constant, diffuse (1sotropic positrons
from IBD), and low (~tew/year)
signal rate between 10 and 30 MeV
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delayed coincidence of neutron
capture 1s import handle to

distinguish from radioactive and _ X .
neutrino backgrounds e

Neutrino Energy [MeV]

flux=cosmic star formation history ® initial mass
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DSNB v, Flux [/cm%sec./MeV]

Model Predictions/Present Limits
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== Tabrizi+20 (NS+BH, NH)
Kresse+20 (High, NH)
Horiuchi+18 (Ez_s,cm =0.1)
— Nakazato+15 (Max, IH)
=== Nakazato+15 (Min, NH)
= = = = Galais+10 (NH)
= == Horiuchi+09 (6 MeV, Max)
=== Lunardini09
== Ando+03 (updated at NNNO5)
= Kaplinghat+00
Malaney97
., voonnn - Hartmann+97
., =1 n1 Totani+96
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SK-IV 2970 days, Observed 90% C.L. (This work)
SK-1V 2970 days, Expected 90% C.L. (This work)
SK-1V 2778 days (L. Wan Ph.D Thesis, 2018)

SK-IV 960 days (Astropart Phys 60, 41, 2015)
SK-1/11/11l 2853 days (Phys Rev D 85, 052007, 2012)
KamLAND 2343 days (Astrophys J 745, 2012)

SRN Theoretical Predictions

v, Flux Upper Limit [/cm%sec./MeV]
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Signal and Sidebands in SK-1V w/o0 Gd
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> one and only one 2.2 MeV y candidate, €,,=0(0.1)

%

< reconstruct Gherenkov angle:

< signal region: a positron Cherenkov cone
opening angle reconstructs as 33Y-50°

A

> low energy muons/pions: smaller opening angle

< large angles: overlay of multiple Cherenkov
cones (from y’s) in atmospheric v NC interactions

Y
ey # reconstructed cone
\/ Y cones
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Events/2-MeV

SK-IV Data, Signal and Background
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1 observed neutron, 38%-500
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SK-IV Data

Atmospheric-v (non-NCQE)
Atmospheric-v (NCQE)

Spallation oLi
Reactor-v

Accidental coincidence (spallation wit]
SRR R SRN (Horiuchi+09 6-MeV, Maximum)
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Number of events after cuts

Fit to SK-IV Energy Spectra using

various Models

'O"..O""OQO..Q"QO'.‘.".."'.“0'.O“QQ""O"O"‘...'.“"OOOQQ.QQO"O‘..."QO"Q‘.Q.Q

Signal rg\

side-band 51d@,deh(agﬁ

51de band  signal
: 1 observed
i neutron

1 neutron tag

=
o

—— all background

"

Ht ﬁ

L il

—_—

40 50
Ep (MeV)

leehhoods

60 30 40

Ep (MeV)

60 70

80 20

SK-I

SK-II

SK-IlI
== SK-IV
—— Combined

Likelihood

-

\
\
\
\
\

25 5.0 7.5 10.0

SRN events/year

12,5 15.0

17.5

20.

Ando+03

nal side-band

(38 < O¢ < 50) High sideband (78 < ©¢ < 90)

Ve CC
— NC
—— Decaye ™
— u/n
relic
—— all background

15

10

no or >1
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}[ neutron
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detailed results in the presentation from

Alberto Giampaolo last week:

— I 19th, 12:15 Parallel Room 2
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T VT T A T O
®v[om# sec”] (for E>17.3MeV) gt fit 90% CL limit Pred.

Model SK4 All | SK1 SK2 SK3 SK& All
Totani+96 Constant 191t 1408 1 24 68 79 37 26 | 467
Malaney97 CGI 1810 14708\ 23 72 77 37 26| 026
Hartmann+97 CE 193 14898 1 24 70 78 37 26| 063
Kaplinghat+00 HMA 183 14908 1 23 71 78 37 26| 3.00
Ando+03 (updated 05) 1.9 *15  15%%9 |\ 25 71 79 38 27| 174
Lunardinio9 Failed SN~ 1.9 F13 1533 1 25 75 81 38 27 | 072
Horiuchi+09 6mev,max 1.9 +}32 157991 25 69 80 38 27| 194
Galais+10 (NH) 19t 141281 23 71 78 37 26| 149
Nakazato+15 (min, NH) 1.8 +1 > 14t9% 1 24 73 78 37 27| 019
Nakazato+15 (max, IH) 1.9 F5  15*%% 1 25 71 80 38 27| 053
Horiuchi+18 ¢, 5 = 0.1 19+t 1591 25 69 81 38 27| 123
Horiuchi+18 g5 =05 1.7 113 14198 1 23 76 75 36 25| 055
kresse+2PiHigh NH)  1.9+13 1509 | 24 72 79 37 27| 157
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Sensitivity with Gd (10 years
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< currently: 0.011% Gd concentration, ~50% neutron captures on Gd
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< eventually: 0.1% Gd concentration, ~90% neutron captures on Gd
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Galactic Supernova Neutrinos
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< dominant channel: IBD of 7’s on protons — _» <

e S €

< sub-dominant channel: elastic scattering

v.+e~ — v + e (dominated by v,’s); recoil
electrons follow neutrino direction ﬁ
(8 MeV)™

< with Gd: separate those two channels, improve
sensitivity to late burst

v ' v+e scaterin v i 0
. W/o taggln s d e tagged with 80% eff.
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events/bin

events/bin

Galactic Supernova Neutrinos
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< 1mprove LS signal and flavor decomposition of galactic SN v burst

&

< 1mprove angular resolution by factor of two!

12 Courtesy M. Nakahata, ICRR




Galactic Supernovae: Pre-SN Alert

E=Z SKGd 15M,

B2 SKGd 15M,
=] KamLAND 15M,

=3 KamLAND 15M, 1.0+

1.0
Ed SKGd 25M, B2 SKGd 25M,
=3 KamLAND 25M, =3 KamLAND 25M,

c 0.8 .

ke 1 |
B C. Simpson et al: Astrophys. ] C. Simpson et al: Astrophys. J. 885 (2019)
% 885 (2019)
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< detection in ~48 hour period before SN

\/
X4

only viable for massive stars in the neighborhood (e.g. Betelgeuse)

< some model dependence of 5o detection range; it 1s sitmilar to KamILLAND’s
Michael Smy, UC Irvine




Solar B Neutrinos
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‘:‘ high Statistics .E 0.25| [ L L L L L L L L [ |E
observations % 0.18- . .

e . + -

< solar core i 0.16:— 63 890—379 <Stat%
temperature S 0.14- solar neutrinos -

< observe solar v f:; 0.12 —E
oscillation; & 041 F
determination of T F -
parameters 0.08 -

— o

s an€Stlgate SOlar 0.06 ;nthM-%WMWMMﬁ%wﬂ ."f. -.wf".“ ..... E
matter effects 0.04— background—‘

= study tenesial — 0.02F§K-TV 2970 days, 3.49-19.5 MeV-
matter effects 0 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | || I—

-1 -08 -06 -04 -02 0 02 04 06 08 1
< found v osc.: 019 consistent with SNO, Am?9; a bit smaller than KamLLAND

< no evidence (but slight hint) of MSW energy “edge”, hint of terrestrial matter effects

14 Michael Smy, UC Irvine




What’s New?
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> 1mproved removal of cosmogenic radioactive
events using neutron Captures on hydrogen

leference in Events (New Old)

3100 | this method will improve
800, : 0 | further with Gd-enhanced
- gall 12% CXposurc | neutron tagging as showers

with less neutrons (neglected

N | now due to small detection

b g b e et . .
200 |{ |'| lulu‘ IIIH l' T ethciency) will also be tlagged

l \ |
0—1 08 06 04 02 0 0.2 0.4 0.6

improved energy reconstructlon and re- tune of
flicteneroy scale 5 1

/
0‘0

E

pos. dependence -

0 180 200 220 B 180 200 220
R? [m?] R? [m?]

< 1mproved detector simulation ;s Michael Smy UG Invne




Fit Solar v Oscillation Parameters
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use rate, spectral
and day/night

rate variation

larger value of
Am3, than before

less tension (1.4 o)

with KamLAND
addition of SNO

data improves
mixing angle
constraint, but no
eftect on Am221 or
tension with KL




lest Solar Matter Effects

< MSW adiabatic conversion >3 MeV, transitions to
vacuum oscillation <1 MeV = energy dependent
survival probability Pe. from sin?619 to 1-'/251n2269

fit with generic functions

e SK I/II/11I/IV MSW Spectrum >0
S | | P | 280.6 62<ME_éV_10>
0,58 |— ¢ -1
20.563— -1 0I5 : —Ioae
ot = e e (W) . < 101\/IDeV>
o2 KamLAND Am? '

: =
3
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III|IIITIIImIrI'”m
i - ]
: {
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previous solar Am?

| o1 favor MSW-distortion by ~1.3
0.42 — F N
= " Preliminar
0.4 L | | T i ISIK | |SNQ|Am2_ OOy
4 6 8 10 12 14 16 E??,]Mev e Y o L e Gl o R o R O S [ P o s e B

E, in MeV
1

Michael Smy, UC Irvine




lest Earth Matter Effects

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

< fit amplitude of day/night solar neutrino interaction

: . R D whe RN
rate variation expressed as Apy = —
Day/Night Variation Amplitude > (RD - RN)
L L L L L L BN L BN BRI
fit resu:_t_ " /i; irﬁt result in SK-1V:
i AAARARRRNE R L ey
MU E

fit result varies

. E somewhat with
prediction from o y 7 Amzzl and
= standard matter = o :
— offects - energy dependence;= H€ghglbly with

© e ey :x10'3 e 19

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
18 Amg1
Michael Smy, UC Irvine




Atmospheric (and Gosmic) Neutrinos

¢

/
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/
X

/
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O(GeV) neutrinos measure neutrino oscillation parameters from

zenith angle and energy distributions from many samples
Up: cos 6<-0.4, Down: cos 6>0.4

combined analysis using

364.8kton years o
ey —— Normal Orderin
sensitive to matter effects . | " Jnverted Orering
- s > A 0.4 SK-I-lll Multi-GeV v, SK-I-lll Multi-GeV v
neutron-tagging to .dlstmgulsh v :
from 7: ~25% tagging eft. g
+
new BD'l based event selection 5
for multi-track events S 02 . e
1_ N 1 DI .0.4: SK-IV Multi-GeV v, (n 1 SK-IV Multi-GeV Vg (n SK-IV Multi-GeV e-like Mix (n
Py, > v,)NH) g 5 ‘
” R . | T [ )
g ] —0:3 0.2 . ] o T ] . +
. J =] o .0.4:SK-I-IV Multi-Ring v, SK-I-IV Multi-Ring v SK-I-IV Multi-Ring Other _
b DN T e

Neutrino Eneray [GeVl  matter effects Energy [MeV]




Atmospheric Neutrinos

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

< oscillation parameters/mass ordering: prefer first 823 octant,
ocp~3m/2 and distavor inverted ordering at 71.4-90.3% C.L.

0 T
i Inverted Ordering, 2020
15[ - 15| 15). — Normal Ordering, 2020
N
> N N
< 10 B ] = 10 - = 10 L —
- 99% 99%
5[ - sl N
| 95% | 95% 5% A
- 90% - 90% 0% =
.68% | | | 68% 68% ]
0 | | Il L L L L L 1 | | 1 L L L | | oy 1 | |
0.001 0.002 0.003 0.004 0.005 %2 2 4 6

2 2 2
IAmM;, 1, 1Am3g, 1 eV

930 bins

SK: normal ordering

SK: inverted ordering

detailed results in the presentation from Pablo Fernandez:

— Wed 24t 10:00 Parallel Room 3) 20




Atmospheric Neutrinos: Search tor

Non-Standard Interactions (NSI)
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n-t sector NSI:

vacuum oscillation
< fit to 25 years of SK data
< (standard) oscillation parameters fixed to SK best fit point
I
<2 — =. =
= Set all 86(1_0 CPP 04— Normal Hierarchy
. . 3G G . . - —— 68% C.L.
< oscillation probabilities invariant ~ « | el
under simultaneous transformations 02 ek
?) %) ' s —
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Atmospheric Neutrinos: Search for

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

e-t sector NSI:

< (standard) oscillation
parameters fixed to
SK best fit point

set all £,¢=0

excess In upward-

ooing ve'szd GeV

< excess In upward-
ooing v,’s 20-80 GeV
€0 =-1.0
e 1t
w L Normal Hierarchy
C — 68%C.L.
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Michael Smy, UC Irvine




Search for Dark Matter Annihilation
at the Galactic Center and Halo

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

PHYSICAL REVIEW D 102, 072002 (2020)

< published last year in

Indirect search for dark matter from the Galactic Center and halo

PRD 1 O 2 D O 7 2 O O 2 with the Super-Kamiokande detector
S e T T e
annihilation into a single 19 - WHW ! ) E
channel with 100% BR: 4L | ]
ax = bb, WW=, ptu= g ¢ %
to predict v energy -
spectra g E »
L = 3]
< search for (directional) % 107 £
signal on top of Wgel ]
atmospheric neutrino 10_3% I -
background 213 0" T 10°

Michael Smy, UC Irvine




Search for Dark Matter Annihilation
at the Galactic Center and Halo
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Super-Kamiokande Limits
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Looking for Neutrinos Related to
Gravitational Wave LEvents

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@

last October, LIGO-Virgo  look in both the SuperKamiokande MeV and GeV scale samples within 500
collaborations released sec of the GW time.

catalogue of confirmed — no significant excess observed (with respect to the expected background)

Gravitational Wave events

(

St s b ey

)

Masses in the Stellar Graveyard Most significant observation Neutrino ﬂUX/Eiso limits
SK neutrino in coincidence with For each GW + stacking analysis
GW190602 175927 PRELIMINARY
BNS —p—
1074+ NSBH ———
+ BBH L
30° —‘_||
‘E == —4&—GwW190521
2 A A
?’f 10% * _‘_‘
LIGO-Virgo | Frank%‘(:\—lrivyz, E\:[Q:I-C-C-)e\\er | Northwestern ~30 .

102 10°
distance [Mpc]

associated post-trial p-value 7.8%

detailed results in the presentation from Mathieu Lamoreux:
— tomorrow morning (Tue 23, 10:20 Parallel Room 2)
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Summary and Outlook

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

Super-K data ofters 25 years of exciting neutrino
physics from MeV’s to '1eV’s, but naturally statistical
and systematic improvements have slowed down 1n
recent years

with the addition of Gdy(SO4)3 we start a new era
allowing us to use new handles enhancing previous
analyses and starting new ones (e.g. reactor neutrinos)

expect us to gradually increase the Gd loading in the
next years (reach 0.03% in May 2022) to fully access
these new physics opportunities
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tm. v Samples w/o Neutron lag
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Neutron lagged Atm. v Samples
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