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e Baryon number ( B ) global accidental symmetry of Standard Model (SM)

— lightest baryon (proton) stable
e Sakharov's conditions for baryogenesis require B [Sakharov (1967)]
e Many arguments + reductionism suggest a more unifying theory underlying the SM

e Grand Unification (GUT) unites SM gauge groups | G > SU(3)c @ SU(2)w @ U(1)y

— coupling unification, charge quantization, etc.

— leptons + quarks in same GUT representation — nucleon decay (explicit B )
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— coupling unification, charge quantization, etc.

— leptons + quarks in same GUT representation — nucleon decay (explicit B )

e Proton decay is a signature prediction of GUTs and a unique test of (’)(1014_16) GeV scales
>

e Lifetime predictions (10°°") years ... how to observe?

— look long at 1 proton or look at very many protons accelerator can't reach
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e Baryon number ( B ) global accidental symmetry of Standard Model (SM)

— lightest baryon (proton) stable
e Sakharov's conditions for baryogenesis require B [Sakharov (1967)]
e Many arguments + reductionism suggest a more unifying theory underlying the SM

e Grand Unification (GUT) unites SM gauge groups | (3 O SUB)c @ SUR2)w @U(1)y

— coupling unification, charge quantization, etc.

— leptons + quarks in same GUT representation — nucleon decay (explicit B )

e Proton decay is a signature prediction of GUTs and a unique test of (’)(1014_16) GeV scales
>

e Lifetime predictions (10°°") years ... how to observe?

— look long at 1 proton or look at very many protons

accelerator can't reach

e |Large water Cherenkov detectors — lots of protons and “cheap”

State of the art experiment — Super-Kamiokande
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The Super-Kamiokande Experiment

e Super-Kamiokande:

— 22.5 kTon fiducial volume
— Inner (11k PMTs, 40% coverage) and outer (2k PMTs) detectors

— 4 run periods: SK-lI (1996 -2001)
SK-Il (2003 - 2005): accident, 2 PMT coverage
SK-lll (2006 - 2008): restore PMT coverage

SK-IV (2008 - now ): upgraded electronics
(Hida, Gifu Prefecture, Japan)

Super-Kamiokande

[ "
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The Super-Kamiokande Experiment

e Super-Kamiokande: 2015 Nobel Prize
— 22.5 kTon fiducial volume (neutrino oscillations)

— Inner (11k PMTs, 40% coverage) and outer (2k PMTs) detectors

— 4 run periods: SK-lI (1996 -2001)
SK-Il (2003 - 2005): accident, 2 PMT coverage
SK-lll (2006 - 2008): restore PMT coverage

SK-IV (2008 - now ): upgraded electronics
(Hida, Gifu Prefecture, Japan)

e Amazing multipurpose physics detector (range: MeV - TeV) Super-Kamiokande
— neutrino oscillations, Lorentz invariance, sterile neutrinos } o % l’?
— nucleon decay (PDK) P this talk g

— solar neutrinos, day/night effect, supernovae relic neutrinos
— indirect dark matter searches

— more exotic searches (monopoles, etc.)
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The Super-Kamiokande Experiment

Super-Kamiokande: 2015 Nobel Prize
— 22.5 kTon fiducial volume (neutrino oscillations)

— Inner (11k PMTs, 40% coverage) and outer (2k PMTs) detectors

— 4 run periods: SK-lI (1996 -2001)
SK-Il (2003 - 2005): accident, 2 PMT coverage
SK-lll (2006 - 2008): restore PMT coverage

SK-IV (2008 - now ): upgraded electronics
(Hida, Gifu Prefecture, Japan)

Amazing multipurpose physics detector (range: MeV - TeV) Super-Kamiokande
— neutrino oscillations, Lorentz invariance, sterile neutrinos }, - 5 r’
— nucleon decay (PDK) P this talk g

— solar neutrinos, day/night effect, supernovae relic neutrinos
— indirect dark matter searches

— more exotic searches (monopoles, etc.)

Future of Super-K:

SK-GD (2017?): add gadolinium (Approved) [Beacom, Vagins (2004)]
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Detecting Nucleon Decay at Super-K

“Golden channel”: p — 7le™ Prn = Pe = 459 MeV . “Silverchannel= p— K'v pk = 340 MeV Kaons don't shine !

o — 27y py/nR = 68 MeV

(1) Signal: Nucleon Decay

: K' = pu*+V [Br=63.5%) K*— n*+ 1 [Br=20.7%) ¥
' + +
gamma \Y K T TCO /
/ E L -0——-* e = _0
+ Positron 70 " K+ Y
. - : p, = 236MeV/c = 205 MeWc
Proton .
\ ! - single cone - 2 EM cones
E - little opposite-side activity
gamma !

About one order of magnitude less sensitive than p — 7™

from Malinsky, Brussels (13)
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COSMIC
RAY

AIR NUCLEUS

from Ed Kearns, NEPPRS (09)
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Detecting Nucleon Decay at Super-K

“Golden channel”: p — 7le™ Prn = Pe = 459 MeV . “Silverchannel= p— K'v pk = 340 MeV Kaons don't shine !

o — 27y py/nR = 68 MeV

(1) Signal: Nucleon Decay

K*—n*+n0 [Br=zors]

 d

+ K" = u*+V [Br=63.5%

ot +
gamma \Y M T TCO
i / i o<—+ -4——0
= Positron a0 . K+ Y
. - 5 p, = 236MeV/c = 205 MeWc
Proton .
\ : - single cone - 2 EM cones
E - little opposite-side activity
gamma !

! About one order of magnitude less sensitive than p — 7™

from Malinsky, Brussels (13)

)LS n =number of observed events
b = expected number of background events

T
B D e -
L e (3) Set Limit

€ = efficiency

COSMIC
RAY

5 i
B S
" use Bayes' method to treat
" P (n,x + b)dx systematics
f s (11,2 + B)dx 4

PTIn = [[f e (?8 +b)" b1y P(A) P(e) P(b) dT di. de db

AIR NUCLEUS

from Ed Kearns, NEPPRS (09)
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Benchmark GUT mode: p — e’ n°

e Motivation: dominant decay channel in most GUTs [Georgi, Glashow (1974)]
()29—36

— typical predictions 7 ~ 1 yrs

— ruled out minimal SU(5) [IMB-3, Kamiokande, Super-K]

sample SU(5) diagram

GUT U et lifetime:
gaugeboson ————— "5 1 M3 2 5
P T a2 p
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Benchmark GUT mode:

—I-ﬂ.O

p —¢€

Motivation: dominant decay channel in most GUTs [Georgi, Glashow (1974)]

029—36

— typical predictions 7 ~ 1 yrs

— ruled out minimal SU(5) [IMB-3, Kamiokande, Super-K]

sample SU(5) diagram

U et

_|_

Search strategy: et, 70(— 7y + ) are visible

— reconstruct invariant mass and momentum of proton

V. Takhistov

Moriond-2016

lifetime:

2
_ 1 ~ MX 2 5
T === |—F=| M
IR 042 p



Benchmark GUT mode: p—em’

[Super-K, preliminary]

e Results:
Combined results for SK I-IV
~ 10000 ————T—————7T 71 T T T T T
O \
; i T T o - i Region 2 (R2):
% 800 |-  Signal MC T AtmvMC -+ Data - 41’0""‘1 nucleons
E i T  (zoooyears M) I | ]
S 600 - T T ] //,
c - + + 1
) - 1 1 i
e 400 . o 1T Ve Region 1 (R1):
o i T T /] free nucleons
= : 1 - — 1 v
s 200F T E T
— oL Y ] e PN NPY (N 1 M RSRPRN SUN SN 1 N
0 500 10000 500 10000 500 1000
Total Mass (MeV/c?)
exposure: 306 kt*years
SK I-IV R1 R2
o o o Av.Eff. (%)| 18.8 19.9
* No significant excess — lifetime limit (90% C.L.) BKG 0.07 0.54
Data 0 0
Tp—>e+7ro > 1.7 X 1034 yTS. - w/ neutron tag in SK4
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Benchmark GUT mode: p— ptr?

e Motivation: can be as dominantas p — e 7" (e.g. flipped SU(5)) {/flgfliefa(‘;ggg;l]los
+

o Search strategy: ut(— etvv), 7’ (— v + ) all visible, reconstruct nucleon
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Benchmark GUT mode: p— ptr?

[Ellis, Nanopoulos,
Walker (2002)]

e Search strategy: MJF(% e+yu), 770(—> ~v+ ) all visible, reconstruct nucleon

e Motivation: can be as dominantas p — e 7" (e.g. flipped SU(5))

e Results:
1000 . Colmblne.d rclasu!ts 1:or SKlI-I\{ — [Super-K, preliminary]
U E = -
= E _ I B i
L 800 | Signal MC 1 Atm. v MC 1 Data -
% B I I 3 exposure: 306 kt*years
g 00 F i £ o ] SKI-IV R1 R2
r= E 1 1 i Av.Eff (%) | 17.9 16.7
m - =9 - -
c 400 | T 1 7 BKG 0.05 0.82
E [ 1 1 : Data 0 2
= 200 - = | I % B ] - w/ neutron tag in SK4
5 B 2 | 1 I i - SK4 better decay-e detection
= oL I i T I O Y E] M SR R B 1 N

0 500 10000 500 10000 200 1000

Total Mass (MeV/c?)

(details in Appendix)
e 2 events pass selection, consistent with background (Poisson prob. 23%, “eye scan”)

e No significant excess — lifetime limit (90% C.L.) 33
Tp—s u+ 70 > 7.8 x 10
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Benchmark SUSY GUT mode: p — vK™

e Motivation: dominant decay in most SUSY GUTs [Weinberg (1982); Sakai, Yanagida (1982)]

— typical predictions 7 ~ 1029736 yrs

— ruled out minimal (TeV-)SUSY SU(5) [Kobayashi+ (SK), PRD (2005)]

~ sample SUSY SU(5) diagram |

lifetime:
SUSY )
' 2
partners o l N Mg m5
T La2 b
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Benchmark SUSY GUT mode: p — vK™

e Motivation: dominant decay in most SUSY GUTs [Weinberg (1982); Sakai, Yanagida (1982)]

— typical predictions 7 ~ 1029736 yrs

— ruled out minimal (TeV-)SUSY SU(5) [Kobayashi+ (SK), PRD (2005)]

~ sample SUSY SU(5) diagram |

SUSY lifetime:
partners o l N Mg m5
T La2 b

[64%] [21%]
e Search strategy: v, K+(—> ,u+ v, 7TO7T+) both invisible (K+ below threshold)

— can't reconstruct proton, can do ...

Search (A) (K T ,u*u) spectral fit to ,u+ momentum
Search (B) (K™ — u"v) tag «y from nuclear de-excitation
Search (C) (K™ — 7707r+) reconstruct pion from - Y
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Benchmark SUSY GUT mode:

Search (A) = spec. fit (11
Search (B) = prompt
e Results: K
Search (C) = pions
Sample combined results for SK I-IV
Search (A) 2 Search (B)
- + 1 2" l [Abe+ (SK), PRD (2014)]
L ] g 10 i_ { -
80 i:i . i E‘é 1 r DTN ]
- = - _— 3 f =
€ [ + + + 5"F Sk T \W 3 exposure: 260 kt*years
é il I I e Uﬂ HMMIM SKI-IV | SearchA | SearchB | Search C
s | ‘ | 0 AVEff(%)| 33.7 7.9 8.2
8 40 Data = - i
E | atm.-v(BKG) MC E 10 E BKG 579.4 0.39 0.56
Z PDK MC I = Data 566 0 0
Gl i ] % 1o _ SKIl S 1 -w/neutron tag in SK4
z2 Lf EDm_ - SK4 better decay-e detection
W AR TS 10 N T
200 225 250 275 300 10 ) 10°
P(MeV/c) Number of y hists

* Search (C) in Appendix

e No significant excess — lifetime limit (90% C.L.)

18/03/16
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Tpovi+ > 0.6 X 1033 yTS.




e Motivation: AB = 2 process

[Babu, Mohapatra (2001);
Mohapatra (2009);

— natural connection w/ Majorana neutrinos (see-saw) + baryogenesis Kuzmin (1970)]

~ 10°% s.

~ 1()32 VIS. R - nuclear suppression ™~ 10%°

— parametrizes breaking scale of U(1)p_y,, can embed into GUT

— test of intermediate scale physics

1 current limit
On—m ~ W(udd)(udd) —I— TV ~ 108 s. |—> M ~ 100 TeV
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e Motivation: AB = 2 process

— parametrizes breaking scale of U(1)p_y,, can embed into GUT

— natural connection w/ Majorana neutrinos (see-saw) + baryogenesis

~ 10°% s.

— test of intermediate scale physics

[Babu, Mohapatra (2001);
Mohapatra (2009);

Kuzmin (1970)]

. 1023
nuclear suppression ~

v

current limit

1 vac.
On -~ 7= (udd) (udd) —|— ST

|—> M ~ 100 TeV

e Search strategy: 7 is captured by nucleons

— look for pions from n +p, N +n —

— reconstruct “di-nucleon” invariant mass and momentum

18/03/16 V. Takhistov Moriond-2016
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n—+p n+mn

at a0 1% L 2%
at o0 8% 270 1.5%
7 t3n? 10% ata 0 6.5%
2t~ n" 22% ata—2x0 11%
2rtn~2x° 36% rta~3x®  28%
2t~ 2w 16% 2t on~ ™%
3rtonr—a? % 2rtonr—n?  24%

atn~w 10%

2artor—270 10%




e Results: Results for SK |

2000 SRR | | I | | ERREE LT

A) Signal MC
1500 - e

1

1000

500 - R .

na
o
=]
o

(B) Atmospheric neutrino MC
* Largest systematic

uncertainty due to pion
nuclear effects

%]

=]

=]
]

Total Momentum (MeV/c)
S
(= =]
o o
I
|

(scattering,etc.) 2000 ::::|.:::}::.:::::l::::}::.“.I{‘:C:}:D:It
i ata
1500
1000 [ i .
500 -
0 _. RN I N N T [ N R RS S RS ST N TSR R R | ]
0 250 500 750 1000 1250 1500 1750 2000

Invariant Mass (MeV/c?)

* No significant excess — lifetime limit (90% C.L.)

— being redone for SK1-4 w/ boosted decision tree (BDT)

[Abe+ (SK), PRD (2015)]

exposure: 91.5 kt*years

SK1

Eff (%) 12.1

BKG 241
Data 24

T > 1.9 x 10%? yrs.

— same BDT technique as in recent SK dinucleon searches, with limits 0(1032 yTs.)

o+ - 0

pp = 7T, np — w07t nn — 7%7%  [Gustafson+ (SK), PRD (2015)]
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More Exotic Searches

Motivation: large theory uncertainty requires broad search strategy
— understand well 1-ring atm.-v background

— do wide search of channels w/ 1-ring signature:

- never searched
before!
np —etv, np—uty, @ n — yv
— trilepton decays arise in Pati-Salam models, in some 7, c(,iy,, ~ 1032 yrs. 90 (1973)]

[Arnold, Fornal,
Wise (2013)]

— because M+ > 1 GeV, T only occurs in dinucleon channels [Bryman (2014)]

— dinucleon decays arise in extended Higgs models

18/03/16 V. Takhistov Moriond-2016



More Exotic Searches

e Motivation: large theory uncertainty requires broad search strategy
— understand well 1-ring atm.-v background

— do wide search of channels w/ 1-ring signature:

- never searched
before!
p—etvr, poptor @
n + +
p—e'v, np— i, n — yv
— trilepton decays arise in Pati-Salam models, in some 7, _,¢(,)v ~ 1032i1yrs. g:i‘;in (1973)]

. . . . [Arnold, Fornal,
— dinucleon decays arise in extended Higgs models Wise (2013)]

— because M > 1 GeV, T only occurs in dinucleon channels [Bryman (2014)]

e Search strategy: only e™, u™ are visible
— can't reconstruct nucleon(s)

— do spectral fit for 1-ring momenta

18/03/16 V. Takhistov Moriond-2016



More Exotic Searches

[Takhistov+ (SK), PRL (2014)]
e Results: [Takhistov+ (SK), PRL (2015)]

Combined results for SK |- IV
1 e-like ring 1 p-like ring

1200 — ——— 1200
Signal # single-ring e-hal:;:::tahiasr:f: l\"“!?l : ] single-ring mu-like data (SK I-IV) —+
@ 90 C.L. 1000— P = 1000[— atmospheric v fit =— ]
(x5) ] B N
. ~QE0 el o . QN0 |
s = eff.: ~95 Yo Signal spectra B g’ eff.: ~80 /0 si =}
B sl m gnal spectra
£ o : F :
S = g 6o - 1 exposure:
w - w i Py |
r ] . 273.4 kt*years
=] 400— ikl
g 200 =
0 __L L e}
_ 100 - - 100¢
- 3 3 ® S .
S8 SOf 3 S8 S0p E
32 o ¥ f F | e ARt SIIASEO NP
S -s0f 3 2 -s0f E
-100¢ E P - 3
200 400 600 800 1000 1200 1400 " 00 400 600 800 1000 1200 1400
Momentum [MeV/c] Momentum [MeV/c]

* No significant excess — lifetime limit (90% C.L.)

— limit improved > 2 orders
" Tspec. modes = few x 1072 yTsS.

— constrain Pati-Salam models
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Summary of Super-K Results

from S. Mine, TAUP (2015)

18/03/16

p>e*n®

p->vK*

p->p'nl
p->e*/p*(n,p,w)
P> u*KO

n>vn®, p>vr*

p->e*/utvy

p->et/uX
n->vy
pp>K*K*

pp=>7tnt, pn>mtnad,
nn->71n°

np->(e*,u*,t)v

n-n oscillation

|A(B-L)]

0
0(v), 2(v)

o(Vv),
2(vv,wv)

?

0(v), 2(v)
2

2

0(v), 2(v)
2

V. Takhistov

Lifetime lower limit
at 90% CL (years)

(*) 1.67 X 10%

6.61 X 103

(*) 7.78 X 10%
(0.04-4.2) X 10%

1.6 X 103

1.1 X 10%, 3.9 X 102

1.7/2.2 X 10%

7.9/4.1 X 1032
5.5 X 1032
1.7 X 1032

7.22 X103, 1,70 X 1032,
4.04 X 10%

(0.22-5.5) X 1032
1.9 X 102

T>1

Paper
(previous result)

( PRD 85, 112001 (2012) )
( PRD 90, 072005 (2014) )

( PRD 85, 112001 (2012) )

PRD 85, 112001 (2012)
PRD 86, 012006 (2012)
PRL 113, 121802 (2014)

PRL 113, 101801 (2014)

arXiv:1508.05530, accepted by PRL

arXiv:1508.05530, accepted by PRL

PRL 112, 131803 (2014)

PRD 91, 072009 (2015)

arXiv:1508.05530, accepted by PRL

PRD 91, 072006 (2015)

032
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e Future: Hyper-K (+ DUNE/LBNF)

Hyper-K = SK x 20, improved technology

e |Large uncertainty in predictions, however ...

035

— approaching interesting regime of 7 ~ 1 VTS.

— will greatly benefit from large volume of Hyper-K

Frejus IMB Super-K Hyper-K
p—etnd ¢ B ——
o minimal SU(5) minimal SUSY SU(5)
gregct(ifong flipped SU(5)
SUSY SO(10)
non-SUSY SO(10) Gzen . o0, SO110)
p—s et KO L ———
p—u K° ¢ [ g
n— oK @ e — DUNE: (40 kt)
p— KTl # [ b g
minimal SUSY SU(5) Hypet-K
p— KT non-minimal SUSY SU(5)
predictions
SUSY SO(10) from
| I | Ed Kearns
31 32 33 34 35
10 10 10 10 10

18/03/16

/B (years)
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Conclusions

e Baryon number violation appears in many contexts

e Connection between nucleon decay and other physics highlights it

as a unique experimental window to high energies

e Uncertainty in theory predictions requires a broad search program

and Super-K is the best detector for this

— new future analyses (e.g. n — vvv,pp — etet..)

035

e Approaching interesting limit range of 7 ~ 10°° yrs.

— exciting times ahead (Hyper-K + DUNE)
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Appendix
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Appendix: 2 events passing selection in p — v

Event 1 Event 2

Super-Kamiokande IV
Aun 70600 Sub 62 Event 152562538

Super-Kamiokanda IV
Aun 727130 Sub 1767 Feent 28559985008

“fake ring”

(M, Pioy) = (902.5,248.0) MeV (M, Pioy) = (832.4,237.9) MeV
Wall = 466.0 cm Wall = 351.6 cm

# rings = 2 # rings = 2

P. = 374.9 MeV /¢ P. = 460.5 MeV /c

P, =551.1 MeV/c P,=391.3 MeV/c

Oc_, = 157.9 Oc_, = 148.9
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Appendix: 2 events passing selection in p — v

—it EV1
il 1 1wt 80
a00 | ] 120 70
. - 60
Signal _| o 50
8o |
MC w [ EV.2 ] s | 8
30
40
100 | . 20
L “h 10 :
. 800 1000 1200 0 o b . nd. e oo v
Mtot 120 1% { 160 180
ang

s EV2 - I Ly 8 - Ev.2 - Ev.1
L - s :_
7t . ) Ev2|f Ev1 7 \
BKG ;|| 3 I
EV.A1 5 5
5 F 5 E 3
MC 4 4 - 4
3 F l 3 3 2 3 .
. F ) ; 2 ]
| 1L L 1 L
0 800 800 1000 1100 b 0 1 1 I 7 T R—T
Mtot 0 200 P4r(r)10u 600 800 Opening ang

plots from M. Miura
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Appendix: Search (C) for p — VK™

from S. Mine, Moriond (2015)

' method: B

- - » invisible

(p~> VK, K> n0) S

T @
* event selections: 17“ 205 MeVio

— 1 or 2 e-like rings with Michel-e

— 85<M_,<185MeV/c? 175<P_,<250MeV/c
— charge profile likelihood for w*

— 10<E, <50MeV (E,,: visible energy for 1*)

atm.-v(BKG) MC

2R sample

major improvements in event rec.:

Number of events

— single-ring 7° fitter (new)
— 1t* charge profile

in SK-I:

— expected #BKG: 0.6—0.18
— signal €: 6.0%—>7.8%

no data candidate E,, ()

of events

Number

18/03/16 V. Takhistov Moriond-2016 31



Appendix: Dinucleon Decay to Pions

from S. Mine, TAUP (2015)

Dinucleon decay

(plots for pn—> ' 7° in SK-IV as example)
Boosted Decision Tree Output

1

T L

20 130 140 150 160 170 180
%-t* angle (degrees)

SK-IV

1 h s
200 400 600 800 1000 1200 1400
n* momentum (MeV/c)

18/03/16 V. Takhistov

DNDK MC
Atm.-v MC
Data

BDT Output

Mode

Frejus limit (*°Fe)

This analysis ('°0)

pp—x'a
pn— nx -

]
nn — o'q"

7.0 x 10* yrs
2.0 x 10°° yrs
3.4 x 1070 yrs

7.22 x 10*! yrs

1.70 x 10°* yrs
4.04 x 10°? yrs

Moriond-2016




Appendix: Neutron Tagging in SK-IV

from S. Mine, TAUP (2015)

Neutrons in 1297.4 days atmospheric
neutrino data

Atm.-v BKG frequently accompanied P -
by neutron production ga3sot 4 L= R
= : True lifetime
wi

300 : T=204us

n+p->d+7vy(2.2MeV)

Hit cluster search for y enabled by
QBEE with deadtime-less DAQ +

software trigger

- detection efficiency: 20.5%

Atm.-v MC 1200 E_;_
t 1000 -
~50% BKG rejected ; Data
800 -
600 -

5 (after p—>en® selections
400 © before (M,,P,)
and neutron tag)

+ (after p>en® selections)

Number of tagged neutron Neutron
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Appendix: Proton Decay w/ Gadolinium

Exposure (Mton*year)

D — € T
) | |
45 |— -4
#+ no neutron cut
40— B with neutron cut
-g 33 |— A with neutron cut (Gd) - —
“?. 30 f #
X 25 ; e
2 20 A
- i
a .-""'f - "'i’/
wi 15 /_, i
o
T
10 ”;"’"
]
0
0.2 0.4 0.6 0.8 1.2

V. Takhistov
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Appendix: Atmos

heric Oscillation Results (SK)

from R. Wendell, ICRC (2015)

613 Fixed Analysis (NH+IH) SK Only

~ 10—
=2 L

<]
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Preliminary

8"
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4

2:

Fit (517 dof)

SK (NH)
SK (IH)

A mZ, [eVd]

2

X

582.4
585.4
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N T R SN A L
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Offset in these curves shows the difference in the hierarchies

Normal hierarchy favored at:‘ X, - X, =-3.0 I , not significant
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Appendix: Atmospheric Oscillation Results (SK+T2K)

from R. Wendell, ICRC (2015)

Thetal3 Fixed SK + T2K V.,V Model, Normal Hierarchy

S— o © o Plrellin*llinlarly |
: | SK Atm '
- ! [ SK+T2K V ,V model
15|~ 1 151 1 15F he 7
- i : T2K Vu,\f'e model
'} 10:_ B W:— — 10:— -
5 -— — 5__ — 5-_ —]
:H(}K.- i 90% I:/"”_"“H.\ 1
OQDD“II 0.002 0.003 (Il{;(lfi — lIIII.|:I€I5 %.2 I 0.8 0(} — é \\-h_-‘ill I‘:/.r‘..é
| Am3, | MeV? dcp
Fit (585 dof) ¥ 0 S 0 Am_ (x107%)
13 cp 23 23
SK + T2K (NH) 651.5 0.0238 4.89 0.525 2.5
SK + T2K (IH) 654.7 0.0238 4.19 0.550 2.4

2 -— 2 "
X NH X H 3.2
Conservation (sino_=0) allowed at (at least) 90% C.L. for both hierarchies
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Appendix: Sterile Neutrinos

from R. Wendell, ICRC (2015)

Sterile Neutrino Oscillations in Atmospheric Neutrinos

MNS Sterile

Sterile Neutrino searches at SK are / Ui Ueo Ugsz U,y --- \
independent of the sterile Am? and the Uy Uy Uys :
number sterile neutrinos N\ v, v, U

« 3+1 and 3+N models have the same U = rhowTe T
sighatures in atmospheric neutrinos Usi Us2 Usz Usa

- For Amfﬁ' 1 eV? oscillations appear fast: \ : Do }

< sin” Am? L/E > ~ 0.5 PC Through

—_—
|:%|
|

|u,I°

L4
* Induces a decrease in event rate of -

—_—
|i\|J| T

+

w
2
o
: : . o T
like data of all energies and zenith 210l T‘_\ ; 4
angles IS -+ R
2 0 0.8 -
| UM | T [ — \Uu4|2at 50 sensitivity
: : e O () 6l e |U |2 itivity
= Shape distortion of angular distribution 0.6p==[U,,["at 5o sensitivity -
of higher energy u-like data -1.0 05 00 05 1.0
T cos 8, |
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Appendix: Sterile Neutrinos

from R. Wendell, ICRC (2015)
Sterile Oscillations Results PRD.91.052019 (2015)

2

10 E T T TTT II_L::-- =T IE[_'T[tCFR T E 1 [ 1T
: o] PRL52, i
-] b 1384(1984)
: Tz
—~ 10 F R : E
T ' -
R =)
= . MiniBooNE+ - | ! -
< SciBooNE A
1E PRD8S, Sl E .
- 052009 (2012) ' -
I | sk
! T | ‘.‘-I‘Illll T N I
10—1 | 1 | IIIII| 1 1 l:lllll 1 1 | 10_5 _10_2 10_1 1
10° 10 10" U P
U 2 “

. N . . . .
Turning off sterile matter effects while preserving standard three-flavor oscillations
provides a pure measurement of | U“4 |2

Using sterile matter effects, but decoupling Vv oscillations provides a joint measurement
of | U, | and | U, |” , with a slightly biased estimate of the former

Using SK-I+II+III+]V data ( 4438 days)
| Uw1 |2<0.041 at 90% C.L. | U, |2<0.18 at 90% C.L.
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Appendix: Testing Lorentz

H=UMU"+V, + Hpy
0 uz,;{ ar.
Hyy = | (al)* 0 al
ezl (@)™ 0
0 A
4E |
Y # & ik
~3 (Cop ) 0 e
ca) gy #
Up-u Non-Showering
o 2.0
. B
Q | — g{[amT) 5 10_22
_f=£5 1.5 mmm R(C W) =103 -
o - b
m L
2 ! B i T O
o 0.5F e -~
E L |
D: 0 | |

cos 6,

o e g g B o g
-04 -0.2 0.0

. S

Invariance

from S. Mine, Moriond (2015)

Coetticient Unait d LPT Oscillation eftect
[sotropic
a f’;ﬁ GeV 3 Odd gk,
cIT 4 Even x LE
afl
LV Parameter 95% Upper Limi Best Fit No LV Ay? Previous Limit
Re(a”)] 1.8x10 % GeV | 1.0 %1072 GeV s 19 % 10-2 GeV I51]
PR - uk v T ael )
Im(a®)| 1.8x107% GeV | 4.6 x 1072 GeV s
A TT 26 28 ~
Re (fﬂ_) 1.1 x 10 . 1.0 x 10 - 0.0 0.6 x 10-20 -
Im(c"" )| 1.1x10°° 1.0 x 10~ ]
Re(a”)] 41x107% GeV | 2.2 x 107 GeV 00 8% 10-2 GeV [52
Im(a”)| 2.8x107% GeV | 1.0 x 1072 GeV ' )
eT R
Re (eTT)) 12107 1.0 x 10728 N )
e(‘{n-'j ) 24 ) ot 0.3 1.3 % 10717 52
Im(e )| 1.4x10 " 1.6 = 10~ )
Re(a”)| 6.5x107* GeV | 3.2 x 107 GeV 0.9
Im(a”)| 5.1x107% GeV | 1.0 x 1072 GeV
T R - 5
Re(¢™)] 5.8 %1077 1.0 x 107 01 B
Im (") 561077 1.0 x 10777 )

no evidence of Lorentz violation observed (4,438days ~ 274kt year
* set limits for the first time in neutrino pt sector of SME
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Appendix: Indirect DM Searches (solar WIMPs)

[Choi+ (SK), PRL (2015)]

Spin Independent Spin Dependent
—10™" ¢ - — 35
DHE E \XENON10 $Z-only 10 - 1
S - | 5 - __DAMA/LIBRA
a0 N " =‘ 5107 £ e E
'% 10 g_\' thm DAMA/LIBRA E % E EEEEEE IEEEEEE R
v - e it eNTcowmsiite 2555 0 N )
» - ! SK [bb) SRR o 1077 & “‘*«-.._. PICASSQ - — — 3
8 10'41 e w = T e e — 3
= = 9 - —-—q—.-——-— ]
O - S - E,almsmuhm ]
%) - % 10 LT
- - . E
3 10 g S 130 L == /
© - 210 F SK (bb) . BAKSAN (W'W)=
3 - o £ SK ( E;EEKSAH (T Ty - SK (W'W ). R
: - Qo 2 TT [
o .~ L _ O 440 i - : :
= 10 E E = 10 3 3
= a = -
: |2 10'41 I I I I | |
10 WIMP mass[GeV/c? 10 10°
mass[GeVic-] WIMP mass[GeV/c?]
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