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* Up/Down Symmetric response

 Cylindrically symmetric response

* Good energy reconstruction (*3% @ 1GeV)

* 47t acceptance, very efficient /e separation.
* High Particle ID (u/e) power (~99% at 600MeV/

c)
Inner
Detector
(ID) f=—a—kJ)/HT)L
OUter 250- | e-IiIke 31I91 Ié;%l mtllon-lilke 31I10 E
“| Detector 3 ]
:,,.T_ (OD) 200:_ + . _:
* Ring-imaging Water Cherenkov Detector, 150 ‘ ‘ B

@1000m underground, Kamioka, Japan

100

e Multi-Purpose experiment g
50—

(Atm.v, WIMP, Proton decay, solar-v, T2K,..) _ ¥4 5 Py
\\\\ L

e 22.5kton Fiducial Volume. 9% & 6
4D DEARS . 205D HIE ! Particle Identifier
SK-1(1996-2001) SK-1l (2003-2005)

SK-111(2005-2008) SK-IV(2008-Present) = total 5326 livetime-days data 3
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Phys. Rev. D 94, 052001 (2016), arXiv: 1510.08127
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Evidence for v._ Appearance at Super-K
Updated from 2013 publication

SK I-IV combined 5

(2] o P ~ .
€ 300 Jsorern 1« tleptons® AR LT E SN Hmulti-
Lﬁ | —$-Data | hadronicti$%§;‘%f€o
200 Ve /'* hadrons
i VM V. T
100 = Threshold
i B Fitted Excess i ~3.5GeV
o:- || Atm.vB.G.MC * Neural network M F;EZZFFHLVTB.G.
-1 -0.5 0 0.5 1 (mainly multi-hadronic production.)& 77 B
T Cos® ] 2D Un-binned maximum likelihood method
, AW TIDE R Z1b:
Tau-like
Signal PDF Background PDF
. RRERUUEDUNE I PDF = PDF(b.g) +axPDF(t) + Z € xAPDF,
a8 i 80.8?
Shemnoooce 120 a=1.47+0.32
S02fks cooooo 4 go.
3 poooile i 2 4.6 o excess from no-t
AT 05 0 05 1 1 i E— 05 1

(Expected 3.3 o significance )

cosine of zenith angle .



Zenith angle (cos 9)

gle

cosine of zenith an
Zenith angle (cos 6)

Yv,)
Y, (v,)

(¢ (osc.) / ¢ (no-osc.))

Zenith angle (cos 8)

Zenith angle (cos 6)

Er11ergy (GgV)

anti-v, 2anti-v,

~1=P,(r-cos’6,,~1) | “Solar Term”

Inverted Hierarchy | Normal Hierarchy

10

RR=—a—k)/I2HETH5=a— ) /IRE)

e “Solar term” =
sin%0,, octant

* Interference term
— CP violation
phase

| * Resonance term =2

mass hierarchy

BEREMEICEL
TResonance A* v ¥
LLIZRVIZFEZ 5,

J.Raaf, NNN2013

—r-sin°0,, -cos’ B, -sin26,.(cosd,., - R, —sind,., - 1,)

Interference

+2sin’0,,(r-sin’0,, - 1)

Resonance

P2: Osc. prob. driven by 12
sector

r: \/M/ve flux ratio
R2, 12: osc. prob driven by
12sector




Three flavor v oscillation analysis Super-K atm.v

Preliminary
T

20— 20— —] T T T
! Inverted Hierarchy
15 { b - 15(- Normal Hierarchy -
1 wf 1., i
5:—95% —: 5}95% { 5/\/
068%\/ 0-68%' j o \\/
0.001 0.002 0.003 0.004 0.005 0.2 08 0, 2 4 6
|AmZ, |, |Ami, | eV? dep
Fit (517 d.o.f.) X2 6Cp 0,, Am,, (x10-3)
Normal Hierarchy 571.74 4.189 0.587 2.5
Inverted Hierarchy 576.08 4.19 0.575 2.5

* %%y — X = -4.3 (-3.1 expected)

« A2 WY -4 3L T ELGELHFERIL IHNEDIZS 0.03 (sin20,,=0.6), 0.007
(sin20,,=0.4). NHAEDIFH :0.45 (sin?0,,=0.6)

* 0,; [EPDGMaveraged valuelZEE, FEMEFRIMRELLTERE, 9
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Inverted Hierarchy
Normal Hierarchy

99%

95%

90%

68%

1 1 1 11 111 111 1 1 T L 111 111 1 11
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Best fit : a = 1.0 for NH.
Ay?=5. 2(vacuum)
T—REYMENREFY Zfavor

B (MENREL) [X20LL ETdisfavor

R—IN—HSA T DT—3IE
MENRDFEZEfavord 50 ?
KB RT—IL T 73—
ZINZJLR=ZTUIZEAL. FD
EBZR5,

H=UMU"+a-V,

a=1HnominalZE B B IZH I
a=0lXEZE(X I (MENEREL),
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TEMEILEIHIIZREN?

= TEtquarkéEBFDERMNEBEHMELLGOMN?
(lel |Qu| |Qe|_123)

?*_L?O)j(ﬁ % (Grand Unified Theories, GUTs) [ bl
HRGRIEEZ5Z25,

RIS FDIRREMEZEZTE ’d‘é(ﬁ?ﬁﬁiﬁ)

Minimal SU(5) model

SUSY SU(5) model

GUTs IZETILIZIHCTEDLDEBRIEE—FREFTET 5,
(Di-nucleon decay processes, NN=>1+X, 7 & $)
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_ arXiv:1610.003597, submitted to PRD
Event Selection: MC simulation

* All visible particles are contained

* Fiducial Volume cut

e 2 or 3 Cherenkov rings

e All rings are e-like

* no decay electron

e 85MeV/c?< M.  <185MeV/c?(3ring)

* 800MeV/c? <M, <1050MeV/c?

. EEE(P,) cut
* P,.<100MeV/c. neutring data o oo

£ LL<IE Yy

* 100MeV/c< P, <250MeV/c "

Entries 4546
2104 + 7.0

¥

True lifetime
T = 204us

no neutron signal (SK-1V only) SK preliminary

EBIEESZRANTHEFERT, s 100
jcﬁ:l_l\l)/}im (B.G.)lj:EIJ'I‘i%%{Elé—B:g;ﬁﬁ 0 400 200 300 400 500
ZLNDTHELGEEE D, (¥50% reduction of B.G.) ATGis)
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1000 1000 ECII e ——
= i .quer.-Kémlpk;nde I-IV Data = 7 .5 Super-K -V Data |
S800F . S 800 [ Y :
> , > 800 | S
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€ & |
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E 400 §400 o
E £
= [ O
3 200 S 2001 -
= :

%0 200 400 600 800 1000 1200

0 "‘266 400 600 800 1000 1200
Invariant proton mass (MeV/c?)

* Signal Efficiency ~40% e Signal Efficiency 30%~40%

* No candidate e 2 candidates

« HERexcesslIRONT,
t/B >7.7x1033 year (90%C.L.)

Invariant proton mass (MeVIcz)

t/B >1.6x103* year (90%C.L.)

Ptot<100Me 100<Ptot<250

Total B.G.s

V/c
<0.07

MeV/c
~0.55

Observation

0

0

Ptot<100MeV 100<Ptot<250
/c MeV/c
Total B.G.s ~0.05 ~0.82
Observation 0 p)




D F+mesonBRIEE—

FARREIZ(,p,0) T ELE—

FDIERZEITOT=,

* SKI-IVDT—%4(316kton"yr)
Z FULV=f## (RiTE D
publicationD & & %2.31%)

o HIRE—FREFRICHEFH
XTI E R ENE

e Total Momentum#Z—
fEAT(M>2yDIES)

nEET ERIEE—F (316kt-yr)

B.G. Observation

p>en

0.78

HLT

0

p>un

0.85

2
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MRER

200F
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5o§
0-.

n = 3a’
.

0 200 400 600 800 1000 O 200 40 600 800 1000

BRI T-n mass (MeV/c?)
(MC simulation, [R & [ free proton)

p>en(2y) p->un(2y) p->en(3n0) p->un(3m0)
3 T 1 | T |
3 Signal MC- :

E_ i | * =
T
PSS S I B
0 500 1000 0 500 10000 500 10000 500 1000

total mass (MeV/cz)
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Lifetime limit (years)

T—ARIEB.G.EAVVRTURTH 1=,
LifetimeD TRIEIXBEDFERD
factor 2-3EELULNED THoT=,
n>(e,w)pAMELME R DL, B zhE
HYMELY, Systematic errorD &L,
B.G.rateMEULVE, 15L&,
fEROFMIERERTE
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A—IN—HWEA DO TEROEFHER (KK=2—KF) /. #%FH
%) [CDWTERELT=,
SEHA0EFELAT -, TEELRTEL-BREROEREB S
BREHEDH TS,
RKR=Za—k)/I2&KD=Za—R) /IRBIDEAZE
— BEMRERBMIZDULNT, Normal Hierarchy® 73 Hinverted Hierarchy &
Yt favoraL TS ELVOTFER N FEoNT-=,
* Ayx2=y2(NH)-x2(IH)=-4.3 (SK only). P-value 0.031 - 0.007 (sin?26,,=0.6, 0.4)
BFERIRDEZER
— p—>e P : No candidate, t/B >1.6x103* year (90%C.L.)
— pounP: B.G. consistent, t/B >7.7x1033 year (90%C.L.)
— N,0,0FIREICELE—FDIER
« WEINEBEFNRBOT—2ZANTERE,

o FEGIHLIEERINGN o=, Z<LDE—FIZH L TFactor 2-3MFRL Vil
fRx5 A 1=

« KRBT E
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