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Particle Detection in Super-K
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PMT ttiming >
vertex reconstruction:
20cm (high
energy)-60cm (low
energy electrons)

hit pattern > particle
ID and direction
reconstruction: few
(high energy
muons) to 30° (low
energy electrons)

brightness > energy:

14% @ 10 MeV
(=6 hits/MeV above
threshold)

Super-Kamlokande

Run 1742 Event 102496
96-05-31:07:123:23

Inner: 103 hits, 123 pE

Cuter: -1 hits, 0 pE (in-time)
Trigger ID: 0x03

E= 9.086 GIN=0.77 COSSUN= 0.949%
Solar Neutrino

Time(ns)
. < B15
815—- B35

® 995-1015
® 1015-1035
® 1035-1055
* 1055-1075
® 1075-1095
d »1095

solar neutrino

Ee-= 9.1MeV
c0S Osun = (0.95

Courtesy Y. Takeuchi, Kobe University
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Neutrino Oscillations:
Mass and Weak Eigenstates

<= weak or flavor eigenstate 1t v’s J
created by W’s (e.g. 37 decay: v¢’s)

<+ linear comb. of mass eigenstates . : :
(neutrinos with definite mass): e.g. L Ve
| Ve>=Uec1 | vi>+Ueo | vo>+Ucs | v3> e’
, , PMNS Matrix
RO avate as mnass C1ZENSTates; v\ i i S
(usual plane wave e!pTE0/h) ( : i) : (Zui & Zf) ( . i)

Ec=m-c*+p-c*: p=E/c-m-c’/(2E)

<= component phases of |ve.> shift phase shift after distance L

with time/distance: v oscillations mi-micd Amjed
Aol = ey ey

Michael Smy, UG Irvine
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PMNS Matnrix

(Pontecorvo-Maki-Nakagawa-Sakata)
parametrize: three angles, one phase:

= solar angle 612 governing solar v oscillation
= reactor angle 813 governing reactor v oscillation
<= atmospheric angle 693 governing atm. v oscillation

/
X4

oscillation CGP-violating phase o (v beams)

(two more GP phases a1, as if v’s are Majorana-particles}
L

use cij=cos B and s;=s1n B,

i) 0 €13 0= 5o G Sl
(0 C23 523) O 1 O (_512 C12 O)

:

¥

Masami

approximate numerical values:

[ 0826 0.544 0.075 + i0.130
—0.462 +i0.070  0.613 + i0.046 0.635
\ 0.305 +i0.083 —0.569 + i0.055 EEea




Quark and Lepton Mixing

/

o

o

- quark mixing angles are smal

in weak interactions, down-type quarks mix just as v’s
; biggest 1s Gabibbo Angle

- big neutrino mixing angles: first discovered by Super-K

i 1998 (623 from atm. v), 2000 (812 from solar v) and
Super-K /12K 1n 2011 (813 from an intense v-beam)

< NOW: 612 from Super-K/SNO, 613 from DaYa'BaY/
rom Super-K/T2K

Reno/Double Chooz, 623

quarks

leptons

T

40.0 or 50.4

300

Michael Smy, UC Irvine




Neutrino Flavor Oscﬂlatlon i

<= when neutrinos are detected by
conversion to lepton (W’s): after

distance L. there probability of

detecting a different type

= “disappearance” of production type
may not be complete at any L., but
composition must return to 100% original type

Re(
1

V
V‘AV‘A\V""‘\f’Qf"*“vf*‘v""e'*‘v“‘“'fv'*‘w""s/"‘w/‘\VAVAV‘A\'W'-’ e
B AV VWYY Y Y e

0 5000 1 OOOO 1 5000 20000 25000 30000 35000 4000(
- L/E in m/MeV <6 13 — O>
o | e o e
.6 5
4 AAé‘tgéﬁﬁ.-.:,: : gVe—»VP
2 S | e s e e
0 5000 10000 15000 20000 25000 30000 35000 4000(

L/E in m/MeV Michael Smy, UG Irvine
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ve forward-scattering oft electrons Vu/c-€ scattering

matter interactions: phase shifts attecting v oscillations

\/
%

\/
%

sun: adiabatic conversion to vs (p. changes “slowly” in the sun)

\/
%

earth: resonant conversion at the resonance energy

7
X4

extra “‘potential” of ve (compared to v,/-) 1n a “Hamiltonian”

\/

similar to light propagation in medium (“index of refraction”), use
effective mixing angle and Am?

(Eho) SEm T
e 00 0=0) +EU;MNS 5 K = \/EGF
g 00 A

Michael Smy, UG Irvine
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Atmospheric Neutrinos

B A Ll e e e e R e

Primary cosmic rays

w/0 0SC.:

survival
Rup =Rdowr

probability

from: Ed Kearns,
Boston University

-1 cos 6 |

electromagnetic

shower Radien

cascade
digital-typhoon.org

0-10-28 12:00 UTC

Mont Blanc
(4807 m)

MTSAT-1R ‘ _ Processed by
NASA: the Blue Marble National Institute of Informatics

\

This cosmic r‘a)vfi'rhage'is-a modified versioh ofaJoriginal p|tture‘prt:;&uced by CERN °, Ilchael Smi UG Ir\rine
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__Z_enifh ang(e dependence }l-hke

(Mu(%i-&eV)
UPLQO‘Mg Diu*n —305»\9
|~ 2wl X2 (shape)
‘ @ t“; :2 8/4.0(0)(—
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Courtesy Ed Kearns, Boston University




Discovery of Neutrino Oscillation
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VOLUME 81, NUMBER 8 PHYSICAL REVIEW LETTERS 24 AucusTt 1998

Evidence for Oscillation of Atmospheric Neutrinos

Y. Fukuda,' T. Hayakawa,! E. Ichihara,' K. Inoue,! K. Ishihara,! H. Ishino,! Y. Itow,! T. Kajita,! J. Kameda,'
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PRL 81, 1562 (1998) E PRLEY, 2644 (1999

1 Smy, UC Irvine




Oscillation to vy>vr or vy vy?

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

< use three different samples:

2 52 O ‘ - =17
a T en.han.ced sample to look i
for oscillation ettects in NC B I
Interactions cos ©

TR o 350
> a high energy v, sample to :
look for matter ettects S0

%20

< an even higher energy v, 210

sample

5

< to limit systematics take up/ o
- 'g2s .
down ratios 2 .
X '
< answer: vy > vy! e

-1 -08 -06 -04 -0.2 0

= e . o
Michael Smy, UC Irvine PRI, 85 3999 (2000) cos O Am*(eV?)




Search for the oscillated v<’s

0000000000000000000000000000000000000000000000000000000000000000000

SN [ BKG
hecause of T lepton b 1 - oama
threshold ) +,;t f i

[%

=

<. )

< use event shape z
variables (e.g. sphericity) gmg' -------------------

L&

=

=3

Z

to make an enriched

" Neural Network —— TAU+BKG
o0 4 L ES,
sample s + |

< purity 1s still low... ~ ek
0l
< look for excess 1n Y T —
cosb

upward direction

Michael Smy, UC Irvirie 15 PRL 97) 1 7 1 80 1 (2006)




Search for WIMP Annihilation
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< WIMPs get trapped 1n gravity wells when they

interact with matter (single scattering)

o

- equilibrium: capture rate=annhil. rate; annihil.
rate measurement 1mphes WIMP Cross section

500 : 300

WIMP signal expected in this reglon
WIMP signal expected in this reglon "

75} (7)) w2
= = =
) ) o
= = = 300
= = 250 =
20 400 50 )
E = 2 150
. — o
$0350 S &0
&, 4200 <
50 50 {0
= 300 = = 200
o) o) o
= = v
= 250 = 150 =
1= o = 150
z 200 5 3
2 2 z
=9 2. 100 2
=Y 150 e = 100
(7 (. S
5 100 5 2
Yt —
2 s | y oz g 2 0 E-EY
g 50, Fais : WIMP signal expected in this region g Towards The Sun : § - Towards the Galactic Cglter
2 E | | | | | | | Z 0 | | | | | | | L ~ 0 —d | | . | | | | B
-1 09 08 07 D605 0403 0201 0 -1 -08 -06 -04 -02 0 02 04 06 08 1 -1 08 -06 -04 -02 0 02 04 06 08 1
cos © ensi@ ... €08 O yajacic

PRD 70, 083523 (2004) 16 FEa———




Search tor the Oscillation Pattern

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

< angular resolution O il

of outgoing lepton 3 14

limaits the ? 1.2 1 . 1
oscillation pattern g 1 4 |
= ) L )
L 0.8 ;
< make cut on 3 t 1k
. = "y, 2
energy and zenith 2 e - cod b i
angle to select = 04 ) t
high resolution € 0.2 t
event 0 Eredal ettt s teail =
1 10 10 10 10
S b e LE (km/GeV)

oscillatory pattern

B UG e 17 Phys Re\/'. Lett 93, 101801




Current and Future Measurements
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< mass ordering £

<= octant of 993 o )
(<45 or >45Y)

< (P violation o

rich laboratory:
large energy
range, different
samples, matter
chicets =

Cosine Zenith Angle
Cosine Zenith Angle

1 8 Energy [GeV] Energy [GeV]

from: Ed Kearns, Boston University
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er-K Atmospheric v Data
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200 -4 500 -
; | | [ bt
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SK only parameter determination

Oscillation kit

from: S. Moriyama, ICRR Neutrino 2016
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Y
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L 95°% \ g
20% b ! . .
\ A
o & ¢ Preliminary;
| “‘A j‘ | 1 1 N

09001 0.002 0.003 0.004

0.005

2 2 2
lAmg, |, |Ami,| MeV

SK (NH)

571.74

- - — = ' preliminary
. | l 'I
l'|‘| It - w—SK IH
\
- ! 1 == SK NH
15 I /| 15
L |I o
| ||
H (!
|
| 'I | i
10 A f |‘ 10
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|H \ l|' ‘I
- 20%, \ h — 4
.l‘ \\ )'l' |' e : //
5| ! B "W A | — = ~ o
3% ' i .’I . ass, ~——
L 30% H-..‘ 8‘ -~
™ o YOS _ . o~
A A " ‘._J 0 Y | _.._'_-l' A
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e
sin® 6,, o

0.0219 (fix)

4.189

0.587

2.5x1073

SK (IH)

576.08

0.0219 (fix)

4.189

0.575

2:.5%10~

slight

very slight preference for ecp=-1/2

preference for normal mass ordering (Ay*=4.3)

Michael Smy, UC Irvine




# of events

T Appearance

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

taulike
30 0 D Background after it Dyp /700000 ary

< v comp. fit:
1.46x0.31
(4.6 o)

100

0 02 04 06 08 1
neural network output

1 -0.5 0 0.5 1

COSl Zenith Angle Michzel S UG T
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WIMPs: Present Solar Search
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analysis of all data
sets

first serious search
for CP violation

more electrons than
expected and less
positrons

amplifies reach

400,

| | |
1000 SubGeV e-like Odcy e
—

500—

T L
0 1 1 1

300,

200

100

[ RS B R

1 05 0 0.5

bl

T T T
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200

!

IIllIllll

- 200
100, . ]
: 1 3
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-
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o
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-
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1000
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o: | | |
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100~
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Courtesy P. Mijakowski, National Centre for Nuclear Research, Warsaw




WIMPs: Limits from Solar Search

0000 R O O VO VN VR0 VRO R VO V0N VO VO TN R N 0N 0N PO VN TN VO TR 0 0 O O V0N 0N T TN TR N R 0N V0N V0N VO VO O O R 0N 0N 0N TN T T D D O TR LT TR TR

0:‘_1035 - Ty Y T L T T Ty
E AMA/LIBRA
S107 E
g :
(7)) - SIN ceCube B) "
2 1097 & N \bIMPLE ceCube (05) ™. picASSQ o — =
\\- ‘-'-—
2 N STTRTITIRAKSAN (b5
O .38 ~ Lre=RAKS D
O 10 ) — . @ "taa. R - T
' — . —
n IceCube (t"tT/W'W) -
S (n39 = " ',
S10% £ sK(bb) - s v AW
BAKSAN (1)~ el SK (W'W b
CT). SK(t*v) = '=mrees (""""" LT ik
S 10
=
10-41 - A A A PR S S T 12
10 10

WIMP mass[GeV/c’]

10 uncertainty band

23

Courtesy P. Mijakowski, National Centre for Nuclear Research, Warsaw




WIMPs: Limits from Solar Search
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Y L |
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L : ol Y | L
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WIMP mass[GeV/c?]

10 uncertainty band
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Courtesy P. Mijakowski, National Centre for Nuclear Research, Warsaw




Accelerator Neutrinos
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K2K: KEK to Kamioka

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

on axis beam produced
by a 12 GeV proton
beam hitting an Al

target at KEK

-

»
™
|

events/0.2GeV
S

beam 1s focussed by a
horn and send over

250km to Super-K

predominantly v,

b

4 5
GeV

confirm disappearance
of vy and even a “dip”
1n the oscillation pattern 2 Michael Simy UC Ivine
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K2K: KEK to Kamioka

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

I%.5ns

Exents/ﬁ
(8]
1 1 I T 1 T

|

—

N

(&) ]

-

(2]

|

o
T I |l 1

version of Super-K as

near detector as well as )]
fine-grained detectors Al

first long-distance
transmission via

neutrinos: the nine-
bunch structure of the

proton beam

first search of vy>ve: 1

...................................................................................................
" 3 '

candidate, 1.7 expected :
_ 0 0.2 0.4 0.6
background i Michsl Sy UC lrvine




T2K: Experimental Setu

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

30GeV, 2.5°
Protonﬁ’ D )

Target |
Distance .f‘

&Horns Muon monitQr
from target

b [ = om 118m

- Secondary nt*(and K*) from
30 GeV protons focused by
three E.M. horns

- vy beam (mainly it pu*+vy )

- Off axis neutrino beam(2.5°)

*Narrow band @ osc. max
*Reduce BG from high energy
v direction stability < 1mrad

=2

Oscillation Maximum __,__,_-:

g

Near
Detectors (ND280) Super-K
INGRID ~

280m ... . 295km
5 & 0.0 deg
5505 2.0deg E
é o 25deg N
> N i

28

Am?,;=2.4 X 103eV?
0,,=1/4m, L=295km
| sin?26,,=0.1

vn - | p (CCQE)

05l vN-=>Imnt N (CCln)
' VN >IN (NClm)

0 05 1 15 2 E(GeV)

Courtesy M. Ikeda, Kyoto University
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Discovery of vp>ve

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

using POLAit, a
reconstruction tool
that always assume
two e-like rings, can
control ¥ background

data taking was
temporarily delayed
by a 9.0 earthquake

eventually, statistical
significance exceeded
seven sigma

N

Number of events /(250 MeV)

0

—4— Data
< P Osc.v, CC
- \m¥ﬂJCC
pred v, CC
N\ NC
' 72
B ? i = 3§tcjve cc
2% =
al :
7 N
: ¢%¢ SUB I !
1" e
% / / é a,m- < éjilc;(;\é e ;60
_ / / // é Invariant mass (MeV/cz)
0 1000 2000 3000

Michael Smy, UC Inine  R€CONStructed v energy (MeV)




Maximal Disappearance: 12K v,>v,

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

< almost all L A L L L L R
events are 13 ;_ see  mmmmmmees No-disappearance hypothesis _;
oone! G & ¢ =

s r Best-fit oscillation hypothesis =

= eventually § 4F | E
the world’s 3 12fF | = [2RRunl+2data :
best qé 10 E i =
measurement 8 g i -
of B3 = F ' g

7 O g=

< disadvantage: Y= | o T : =
hard to > E ! L_‘)—I_J——:
pinpoint the '_;‘||+|||:
“dip” 0 | 2 3 4 5 6

Reconstructed energy (GeV) i i ce mine




Maximal Disappearance: 12K v,>v,
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12K Results (so far) vy > ve
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12K Results (so far) vy > ve
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Solar Fusion and Solar Neutrinos
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v Enerav in MeV
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Solar Neutrino Survival Probability

< large mixing::

=
very broad §
resonance £
< solar vsare S
on the edge =
/)]
< for pp, only
averaged
vacuum
oscillations 2
< coherence §
already lost £
above IS
resonance §
< strong Earth ’

effects i1n the

same region
Michael Smy, UC Irvine
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Constrain Neutrino Oscillation
Parameters

0000 R O O VO VN VR0 VRO R VO V0N VO VO TN R N 0N 0N PO VN TN VO TR 0 0 O O V0N 0N T TN TR N R 0N V0N V0N VO VO O O R 0N 0N 0N TN T T D D O TR LT TR TR

<= many different, disjoint regions of &, 15 | Streremerene sy oo |
2 2 (€] E * Observed solar neutrino events E o
oscillations parameters called SMA,  =.8 | | Lo o i ]
% g ¥ [stat.®+syst.® E% 1
LMA, Low and Vacuum Ng s . L
. . 13
< day/night analysis: PRL 82, 1810 (1999)
E?
= : - T
< recoll electron spectrum analysis: PRL al h3 I
YRS TIEE DY) . | | |
= at Neutrmo 2000 1n Sudbury: exclude g
small mixing and sterile neutrino 5
oscillations at 95% C.L. 15
< beginning of the end of the “small 13
mixing’~ paradigm 3
157
< 1t took two more years to convince the - E =z g =2 = =
field this 1s correct...
37 O =% "0z 04 06 08 1
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Data/SSM
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A year later...
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Energy(MeV)

0.35"

Allt

Day ¢
Nightt

careful study ot recoil electron

spectrum and solar zenith angle
variation excluded also the Low
solution favoring a single region

of parameter space: LMA

38
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£959% C.L. (Ve—V, o)
_g [Zenith Spectrum and SK Flux

10}
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“double paper”

10 m
sin“(20)

Phys.Rev.Lett. 86 (2001) 5656-5665
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T'he Discovery ot Solar v Oscillation
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@_ (10° em™s™)
difference between SNO’s pure charged-
current solar neutrino interaction rate and
Super-K’s electron elastic scattering rate
demonstrate solar neutrino flavor conversion

SINO’s rate and Super-K’s recoil e spectrum

= o
strongly exclude small mixing e

A. McDonald receives the

Vanne Cocconi prize on behalf
of SNO two vears ago




Unique Solution in Global Analysis
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immediately confirmed and

strengthened by S

measurement

NO’s NC

robust (leaving out some data sets)

eventually confirmed by KamLAND

| Gallex/GNO,

L, Homestake

constraint on ¢sgs
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Present Super-K Day/Night

first indication
(~3 sigma) of

matter effects s ’\?

likelithood fit *E;
to solar zemthg
angle 2‘
distribution

(@)
depends %
shghtlyon 8
Am?9,

less vulnerable
to detector
asymmetries

lower statistical
errors than
from separate

D, N rates

Michael Smy, UC Irvine
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sin2012=0.311, sin2613=0.025

expected

SK-LILIILIV best fit - —

Day/Night asymmetry
(from separate D and N rates)
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SK Spectrum analysis
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SK Al [MA Spectrum

8(')_8 r = = 0-6_ T | =1 1 | T ] T i [
Qb T B -
L $0.58 — 8 (4 212 —
07, . 3 [ distavor “upturn” :
: Bao”res>(<)||r;c; BS ¢ Borexino pep S 9 =
06 -- o —at KlEAT E e E
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0'4} Solar : 0.5:— _:
i e E - 2
0.3F SK & SNO 8B el | 048 =
0.2 046/ -|- .|. -|-__ 3 =
5 SNO published | 044~ [T -|-|- £ e =
S - Phys. Rev. C 88, 025502 (2013) e s -|- =
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18
v Energy in MeV E, . inMeV

< most precise probe of transition region from vacuum
oscillation to MSW adiabatic conversion: ~50%o less
uncertainty on Pee

< complementary to SNO: SNO 1s most precise in MSW region
15
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Current Oscillation results
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Supernova Explosmns

= origin of heavy elements >He (or stars would just keep theirs)|

|= production of elements heavier than Fe

|= very energetic, interesting events: core collapse supernovae

release about three sextillion Yottawatts for ~10 seconds!
Type Ia -Sup'\{ "

Sheds outer Cools and But if it can
Expands to layers cONtracts to accrete mass | l
red giant white dwarf from a binary solar masses anc
R —— partner suddenly explode

Star like ’ into a Type la supernova

o 2 - FE
Sun e 3 i R
. @ 23 3 ¥ \ 3 . R
'y ‘ -\ ; ey hN . . " . ;
€9 ’ = - |
: %, © . - rkm.com.au
Cave
§
A ]

It may pass 1.4

Core collapse

10 billion years
Supernova

Blue Compact
Massive star of Star 10 n““|on years

more than 8
solar masses

i

:

| / Sheds outer Lakine
1 A layers
L &

. ,o‘l " » v,

f X ‘~-,, ’:ﬂ'

i

i Core Collapse
-i -

it

}

i

p—

produces Type |l
supernova
Expands to

red giant from M Vagms WATCHMAN meetmg at Vlrg1n1a Tech n 2013




Core-Collapse Supernova
Explosion: The v Bomb!

End state of a Collapse of Bounce at ppyc Grav. binding E
massive star degenerate core Shock wave forms ~3 X% 10°3 erg
explodes the star emitted as nus

of all flavors

Neutrino
cooling by
diffusion

o

> ~99% ot energy released into neutrinos

\/
0‘0

~0.01% goes into light emission!

Courtesy G. Raffelt @ NOW 2014

must understand neutrinos to understand these events!

\/
L4




Neutrinos Power the Explosmn

| = simulations: shock
| rebound stalls after

about 600ms

stalled shock wave
needs energy to start
re-expansion against
ram pressure of
inflating stellar core

e o £ A A m___i

\/
%

6979 E0ET:AIXIE “|e 19 MueH

\/

neutrinos can supply ,
' SASI episodes only convection
ff@Sh €H€rgy 1000 = ' — ' '\\ TN ‘ 12M

SASI is 3D -]

”" 600 |

“sloshing” of § .|

shock wave =] | Z\ S
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Cooling

vx G. Raffelt |
@NOW 2014
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]
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©
Jud
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Supernova v Emission

0

events/32 kton

N W DA U1 O N

10

e
10 10
distance(kpc)

shock breakout; outer shock stalls ~150km; in- cooling on neutrino SN v events in Super-K
core de-leptonization falling matter powers v’s diffusion time scale

<= water detectors: mostly V¢’s; liquid Argon TPCs (LBNF) ve’s
<= see V. burst with LAr'T'PC, cooling with water detector




v-v Interaction: Only in SN!

Antineutrinos

QO
O®

Neutrinos

IH

Dasgupta, Dighe,

"V x Raffelt, Smirnov,
PRL 103, 051105

(2009)

@
Oe®

\/
9

Energy [MeV]

30 40 50
Energy [MeV]

Michael Smy, UC Irvine

neutrinos

trapped by
dense PNS

Vx €scape at
earlier

(higher '1)

non-linear v
self-
Interaction
“swaps’~ the
spectra

depends on
mass
ordering




Supernovae in our Backyard

e “‘.

STS'FROM THE PAST: k S’T:.I;ERNDVAS bt 3/9 remnants; nOt
= core collapse SN

fx ) \ <+ s1xX observed core

collapse explosions
in ~ 1300 years

|
i

BBBBBBBBBBBBBBBBBBBBB

: 7,000 ght years

/
0‘0

see only =20 /5re
CCSN/ cenfury

e SN\ | 885a
| B SN 19874
HHHP IR s |||||||||||||||||| (LMC>
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i : from: M. Vagins,
el WATCHMAN meeting at

- , NASA'SQHANDRA X-RAY OBSERVATOR Vlrglnla T@Ch 1n 2013
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Dittuse, Distant SN Flux

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

galactic core Collapse supernova neutrinos: a long Journey, a long wait!

| (PhD students should finish <50yr) |
| ... 50 look beyond our galaxy: GG SN rate about 1 Hz! |

resulting neutrino interaction rate 1s a few per year in Super-K
| observed SN rate only ~half of

a problem with the observation? or the prediction? neutrinos would tell!

1 Horiuchi et al., L N
’ 10f Ap.J., 738(2011 )154 PR g
E g H_:—- \‘)\\, ’/"/ / E
e
2 \u\a\\\"'“
- SO
> (,oﬁ\\ e
-
< 1 =
] Rate ~0.01/yr Rate ~ 1/yr Rate ~ 10%/yr 024 1 1!
| A O Lietal. (2010b) ?
: CB"ippellliuo st 111(%83)9) i
. - . . - - = otticella et a
high statistics, object identity, cosmic rate, J  Cappellaro et al. (2005)
. L. - © mean local SFl:\ B Baznetal. (2009) 7
4] all flavors burst variety average emission (see Figure 2) A Dahlen et al. (2004)
0.1 I 1 L 1 I 1 1 I 1 1 1 I 1 1 1 I 1 1 1
0 02 04 0.6 0.8 1.0

John Beacom, Ohio State University Neutrino 2012, Kyoto, Japan, June 2012 6 Re dSh lft 7
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<= atm. v NC background will important
(even with hlgh efﬁmency tagging)

-
o
)

v, flux upper limit (cm? s' MeV™)

g

102%

—t
o
L

- SK I-III: 2+2 events/yr + J%%OLQ?O
SK-1V only analyzed with n Slgnal PV, CC

tagging (10-20% ethciency)

Super-K’s Dattuse, Distant SN v
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Likelihood Everits / year
o (=] N » » ©
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E&{amLAND Eoee
59 _ Phys. Rev. D 85]
K-IVwith n 3 ys. Rev.
SK-IVwit S 7952007 (2012)
3 e .
P o tagging 27 S
e T e 25 ~Phys. Rev. D 8
3 - 1 24 1,052007 (2012)
_A__A_—A—_ A - % 3 O SK-I
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B e | § A N - T T R S S T | M SK-III-
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[Astro Phys 60 41—46 2014] O T, in MeV
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Atmospheric Bzickgréund
with Gd n tagging

BG source: atmospheric neutrino

O CC ¢ NC
(anti-) ve CC NC elastic de-excitation vy
Ve... N VX ..................... 7VX
--------- % — e na, _.-r-]
160* — v
Inv.u n + decay-e
n > OSEI T T LI T T T T | T T | T LI T LI |E
Vi, T gt B o :
’7'nvisibe;::ne’\) E e Expected BG rate E
- F =
} 0.5:— =
u/m generation . -NC elastic =
......... Vx .
Vx ”-"'"'HN'(; """ T> 200 MeV : _’_t
...... ) J— & C|>) 0.2 4’7 C _E
V“ ..... % “ 4)“".?..).) ()] 013_ _:
P v I e 7 T
N.B. Vertex information gives further BG reduction Total energy MeV
Hiroyuki Sekiya NEUTRINO2016 London July 9 2016 19
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EGADS
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EGADS 200 m3 ank with 240 PMTs
Evaluating Gadolinium’s Action on Detector Systems e _ -\\_ Ay A
« To study the Gd water quality with actual detector material D) 2 N '

« The detector fully mimic Super-K detector.
SUS frame PMT and PMT case, black sheets,etc.

15m3 tank to dissolve Gd R

Hiroyuki Sekiya NEUTRINO2016 London July 9 2016 23
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T2K Preliminary

PHYSICS POTENTIAL

T2K Preliminary
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H. Tanaka, Neutrino 2016



Summary
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Rich physics program

/

still producing interesting
physics

< more 1S yet to come: 12K

phase 1l and SK-Gd

56

Decay Mode |A(B — L)| 7 /B (90%C.L.)
p—eta? 0 1.7 x 10%* yrs.
p— pta® 0 7.8 x 1033 yrs.
p—vK™ 0(7),2(v) 6.6 x 10%? yrs.
p— ptK° 0(7),2(v) 6.6 x 10%3 yrs.
p—ety 0 4.2 x 10* yrs.
p—uty 0 1.3 x 1033 yrs.
p—etp? 0 7.1 x 1032 yrs.
p—ptp° 0 1.6 x 1032 yrs.
p— et 0 3.2 x 10%2 yrs.
p— ptw? 0 7.8 x 10%2 yrs.
p—vrt 0(7),2(v) 3.9 x 1032 yrs.
p—etur 0(vv),2(vv,vv) | 1.7 x 1032 yrs.
p— ptov 0(vv),2(vv,vv) | 2.2 x 1032 yrs.
p—etX? 0(X7?) 7.9 x 1032 yrs.
p—ptX? 0(X7) 4.1 x 1032 yrs.
n—etn™ 0 2.0 x 10*3 yrs.
n—pta~ 0 1.0 x 1033 yrs.
n—etp” 0 7.0 x 103! yrs.
n—ptp 0 3.6 x 103! yrs.
n — va’ 0(7),2(v) 1.1 x 10* yrs.
n — vy 0(7),2(v) 5.5 x 1032 yrs.
pp— KTK+ 2 1.7 x 1032 yrs.b
pp = wtat 2 7.2 x 103! yrs.P
np — etv 0(7),2(v) 2.6 x 1032 yrs.b
np — ptv 0(7),2(v) 2.0 x 1032 yrs.b
np = 7w 0(7),2(v) 3.0 x 103! yrs.b
np — wt a0 2 1.7 x 10%2 yrs.b
nn — 7070 2 4.0 x 1032 yrs.b
n — 7 oscillations 2 1.9 x 1032 yrs.

a w 1 N oed 1

Michael Smy, UC Irvine




<+ SK spectrum disfavors KamLAND Am?9; by ~two sigma

< SK favors solar Am?9; over KamLAND’s by more than two sigma

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

SK spect fit sin?(012) sin?(013)
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