SUPER-KAMIOKANDE




Super-Kamiokande

- 50 kilotons pure water

-1 km (2700 m.w.e.)
underground in Kamioka

- 11,129 20-inch Inner
Detector (ID) PMTs

- 1,885 8-inch Outer
Detector (OD) PMTs
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See poster #34 by A. Oiri
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- Accident leading to lower coverage in SK-II has proven
useful in sensitivity studies for future large detectors



SK In the current era

Super-K has been operating for more than a decade!

Focus is now on precision measurements, investigation
of sub-dominant effects, searches for rare processes

Solar Neutrinos: flux, upturn in energy spectrum, day/night effect
Atmospheric Neutrinos: mass hierarchy, o.p, octant, sterile v

Nucleon Decay. search as many modes as possible, improve
background rejection and signal selection efficiency

Using more sophisticated analysis techniques, working
hard to further reduce systematic errors and improve
background rejection



Solar Neutrinos
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- 8B neutrino measurement

by elastic scattering
(sensitive to all v flavors)

- Reconstruct:

energy of recoil electron
direction relative to Sun
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8B Solar Neutrino Flux

- SK-IV improvements
- Better water quality control (allows lower energy threshold)
- New electronics (better timing determination)
- New multiple scattering “goodness” parameter
- Reduced systematic error (1.7% for flux, cf. SK-I: 3.2%, SK-Ill: 2.1%)

SK I-IV 8B Flux in each SK phase
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Matter Effects in Solar Neutrinos

Two testable signatures unique to neutrino oscillations:

Solar matter effect Earth matter effect
Upturn in energy spectrum Flux day/night asymmetry
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MSW to Vacuum Oscillation Upturn?
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No strong evidence of upturn yet, but

for the first time (SK-1V) a clear solar

neutrino signal has been extracted in
the 3.5-4 MeV energy bin!

— SK spectrum fit w/(solar global +
KamLAND) best fit osc values
(sin’012=0.304, Am? = 7.41x10° eV?)

— SK spectrum fit with solar global
best fit oscillation values
(sin®012=0.314, Am? = 4.9x10° eV?)

— SK spectrum fit to general
exponential/quadratic function

— SK spectrum fit to cubic function

Lowering SK energy threshold:
See poster #28 by G. Carminati
“New wideband trigger for SK Solar”
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errestrial Matter Effects (Day-Night Asymmetry)

- Test directly by comparing solar v’s that
pass through Earth (night) to those
which do not (day).

'p =Ty

1
5(”0""3\/)

Apy =

- Apn = 0 implies no matter effects in the
Earth

- Two methods:
1 Straight calculation

No oscillation parameter dependence
2 “Amplitude fit" (Aff = A% xa)

Less vulnerable to some systematic effects
(e.g., directional variation of energy scale)
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Day/Night Asymmetry

: . Amplitude Fit
Straight Calculation 20 — —
 asymmey RSO e
Asymmetry ; L sin29§=0:025
SK- -2.1+£2.0+1.3% e | 1|1
SK-II 55+4.2+3.7% % O =TT
SK-IlI -59+3.2+1.3% 2 - + J( T it
SK-IV -53+2.0+£1.4% g '
Combined -4.2+1.2+0.8% %-20 I fit all E-bins together:
(2.80 from zero) O |Apn = (3.2 1.1, £ 0.554)%
2.70 from zero .
-40 - '

10 15
Recoil Electron Kinetic Energy (MeV)

First direct indication that neutrino oscillation
probabilities are modified by the presence of matter
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Solar Neutrino Mini-Summary

- Flux measurements agree across all phases of SK
- Upturn not yet seen in SK recoil electron energy spectrum

- SK measures solar neutrino day/night asymmetry
- -4.2 £ 1.5% (straight calculation), 2.80 from zero
- -3.2 £ 1.2% (amplitude fit), 2.70 from zero
- Direct indication of matter-enhanced neutrino oscillation

- Oscillation analysis (solar global + KamLAND) best fit:
sin20,, = 0.304 + 0.013
sin20,, = 0.031 +0.017 -0.015
Am?2,, =7.45 + 0.2 x 105 eV?

Improved signal extraction at low energy
have allowed us to push analysis threshold
to 3.5 MeV for the first time

See poster #25 by Y. Nakano
“Solar neutrino results in SK-1\VV”
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Atmospheric Neutrinos

>38,000 atmospheric v’'s
collected in SK-I+lI+ll1+IV

Fully Contained Partially
Sub-GeV Multi-GeV Contained Up-going u
A

,,,,,,

_____________________
~~~~~~

100’s of MeV

p-like, e-like (v,/v,), NCr'-like Long tracks - all u-like



Mass Hierarchy, 6,5 octant, and o-p

Study more sub-leading oscillation effects with sample of atmospheric
neutrinos spanning large range of energies and angles:

Non-zero 8,5 allows the possibility to investigate mass hierarchy
Also sensitive to 6,5 octant and d.p

solar term effect Interference Resonance due to non-zero 0,5
)
° Solar term effect
(=] g
5 sensitive to 0,5 octant
L
.‘§
N

Interference region
sensitive to 0.p

0,; resonance region
sensitive to 0,5, 0,5, MH

10" 1 10
Neutrino energy (GeV)



Mass Hierarchy

Resonance feature depends on neutrino type and mass hierarchy
Possible to determine MH if we can separate v, from anti-v,

v, —=V

Zenith angle (cos 9)
Zenith angle (cos 6)

Zenith angle (cos )
Zenith angle (cos 8)

Inverted hierarchy Normal hierarchy

10" 1 10 10" 1 10
Neutrino energy (GeV) Neutrino energy (GeV)



Increasing MH Sensitivity

Number of decay electrons

SK-I+1+1+1V
Single Ring

Cos zenith

100
I ve—enhanced+
Separating v from anti-v is difficultin SK g | +
m L
Can’t determine lepton charge, but some 5 | ﬁ:l_—
statistical separation is possible s RS +E+;
Qo L
Separate v from anti-v in single ring sample  E
: <
using number of decay electrons  Multi-GeV-elike v,
v_-like v -like I —
180F anti-ve-enhar_1+c_ed
160 2} :
. [ L
:‘2‘: mm CCantiv, | Apsorption of i from > 200- ﬂ
100 mm CCv, CC 1m anti-v interaction % *EFFF
o0 - => no u from & decay g 100~ 15 NH bestfith, = reactor
60 = no e from u decay § f Data
:: Gi Multi-GeV-(?-Iike ve bar
-8.5 0 0.5 1 1.5 2 25 3 3.5 -1 0 1

See poster #15 by T. Irvine
“Neutron detection and distinguishing
high energy anti-neutrinos in SK”

Multi-ring events are more complicated. Separation
uses likelihood function with kinematic variables
(e.g., pt, energy fraction of outgoing lepton, # rings)
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M H : 623 Octa nt, 6CP Inverted hierarchy(6,,=reactor)
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“Three-flavor oscillation analysis with atmospheric neutrinos in SK”




Sterile Neutrinos

Searches using SK atmospheric data
are independent of sterile Am? and U
number of sterile neutrinos

3+1 models and 3+N models have same
signature in Super-K

Atmospheric neutrinos can say something about:

|U,4l*:  Signature is extra v, |\U_,|?: Signature is shape distortion in
disappearance in all u—like data angular distribution of higher energy
samples, at all energies and angles subsamples
Sub-GeV -like 1-dcy e Stopping Up
No Oscillations - _ '\\3,{\00(’
800} ] 200 oS
_ R i—
. No Steriles A\ — .
i e \\Z
600_ Data ........ ('3\,6(\
“ 0
: ool N AT
—— Sterjle Examplle: o+
-1 0 1 -1 -0.5

cos zenith cos zenith



Sterile Neutrinos

Reactors/Ga ~ |U,,|?

SBL Vu—™Ve 7 |Ue4|2|UM4|2

Global fit to both, assuming 3+1,

gives allowed regions in |U ,|?
ot

&

Fit for |U,,|? in SK-+l1+III+1V <

data (1631 days):

U2 < 0.021 at 90% C.L.

U,,|? < 0.031 at 99% C.L.

SK excludes a large portion of
the global allowed regions.
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Sterile Neutrinos

Fitfor |U,,|2 in SK-I+lI+Il+]V data T
(1631 days): 08 Super-K
|U_,|2<0.22 at 90% C.L. L Excluded
|Ur4|2 <0.27 at 99% C.L. ~ 0.6F
_¥ —— SK 90% CL
U 4|2%P(“%3) = . SK 99% CL
T Py — %) : Valid for Am2 > 0.8 eV/2
.................. N
as ]UM4\2 — 0 0.2F
Constraint from not seeing sterile (., Prefminan
matter effect 10 102 107" 1
Conclusion from both fits: U 4|2
w

Limits from SK are applicable to both

3+1 and 3+N models.

SK sees no evidence of oscillations
with sterile neutrinos.

Related analysis:
See poster #30 by E. Richard,
“Sterile Neutrino Decay in SK”
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N UCIGOn Soudan Frejus Kamiokande IMB Super-K (2013)
+_0 : IR : SRR : ———

p—em .

minimal SU(5)

p—ern’ P
e‘ :ay predictions A

The fully-contained o> KO

atmospheric neutrino 7' K] ‘2 ¢ —
. p—v ey
sample is the haystack ;- okt ¢ = i —

in which we can search minimal SUSY SU(S)
p— DK S

for rare processes. predictions

|  minmalSUSYSU(S)
~ fipped SUE)

© SUSY SO(10)
~ non-SUSY SO(10) Gzeap 565'35?50(10) 5

~non-minimal SUSY SU(5)

- susysoto)

32 33 34 5
10 10 10 10 10°

/B (years)

Directly test the idea of Grand Unification

- GUTs generally allow lepton and baryon number violation, and
predict instability of nucleons

- Many theories, many decay modes...

Observation of a single event could mark discovery!
No observation so far = constraints on GUT models
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Experimental Challenges

Sensitivity to partial decay lifetime

is affected by: T _ @@

Signal detection efficiency B Nobs _
Keep this as high as possible

Background rate

Keep this as low as possible

Improved knowledge of BG needed to extract convincing signal
Exposure

SK-I+II++IV =(91.7 + 49.2 + 31.9 + 87.3) = 260.1 kton-yrs

Gains with more SK running are marginal. Get bigger detector!
Systematic uncertainties

Keep these as low as possible
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gammata&;’:"\/ |mprOvementS in \

Qbk Y
— L+
L+ /K p— VK lmo
Y
Qres
- Better momentum reconstruction
& y-tagging efficiency
Reduces atmospheric v BG .
‘ Be_tt_er decay-electron tagging 5 59x10% years (90% CL)
efficiency B . .
SK-LILII ~80% of SK-IV ~96% p—>vK SK-I+1I+1l+1V Preliminary

- Refined particle ID and new x°
reconstruction algorithm

y-tag and wt*n® SK-l SK-II SK-ll SK-1V

(20% coverage) (new electronics)
Efficiency 15.7% 13.0%

Background rate 28104 6.2+0.8 3.1+£0.5
(evts/Mton/yr)

SK-I (PRD72, 052007 (2005)) 14.6% efficiency, ~14 evts/Mton/yr




Non-Traditional Searches (1)

Dinucleon decay (AB = 2)

Quarks of two bound nucleons interact to produce decay
Could be mediated by exchange of non-Standard Model particle

Violates only baryon number (single nucleon decay violates both B and L)

Several modes searched for in Super-K so far, no
dinucleon decay observed

pp —> K'K* % >1.7x10” years (SK-I190% CL)

pp — e'e’ z >1.0 % 1033 ycears (SK—I 90% CL) _ Super_K limits

B Preliminary

pp— 't % >3.07x10" years (SK-IV 90% CL)

See poster #17 by J. Gustafson,
“Searches for Processes Violating Baryon Number by Two Units at SK”
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Non-Traditional Searches (1)

- Some GUTs predict interesting modes such as B-L violating
tri-lepton decay: p — evv
Historically, proposed to explain the “neutrino anomaly”

Physics Letters B 291 (1992) 200-205
North-Holland PHYSICS LETTERS B

The atmospheric flux v, /v, anomaly
as manifestation of proton decay p—»e*vv

W.A. Mann, T. Kafka and W. Leeson
Department of Physics, Tufts University, Medford, MA 02155, USA

Received 22 June 1992

- First SK search for 3- body modes _
13 See poster #21 by V. Takhistov,
>1.7x10°" yrs

B(p — evv) 90% CL “Proton Decay into Purel’}/ Leptonic
. SK-I+I1+11+IV Three-Body Final States

>1.9%x10% yrs Preliminary

Order of magnitude improvement over existing published limits

T

B(p — uvv)
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Partial mean life
p DECAY MODES (1030 years)
Three (or more) leptons
_ p— eteter > 793
Antilepton + meson two-body modes p— etutu > 350
Soudan Frejus Kamiokande IMB Super-K p — e+ vy >x >1 70 (SK-|_|V)
p— et 0 ¢ 0 01— n— ete v > 257
::Z:o 00 “ 01— n— pre v > 83
n—utr ¢ 6 Nreee— n— pf",u_u 30 > 79
— vt L — —
PTve | 0 e —————— p— ptete x10°" yrs > 529
p—emn 00— p— pwrpt > 675
—ut ¢ 1 e—
:_)Snn ‘0 0 e—— p= 'u+’/i n >X >190 (SK-I-1V)
p—e*p0 1 ¢ (e p— e utu >6
n—>ep- —— i n— 3v > 0.0005
p = po [ Y '
;:";‘f T . 1 AB = 2 dinucleon modes
::Zf:) J ‘l e — The following are lifetime limits per iron nucleus.
P ¢ — —:—l pp — wtrat >3 >30.7 (SK-IV only)
R e —— pn — wi 70 >2 per oxygen nucleus
n—e*K- | nn— Tt > 0.7
e K+ O e——
p_>M+KKo ¢ [ — nn— 070 > 3.4
i LRI pp — etet x1030 yrs >5€ >1000 (SK-I only)
P . "_ pp — et put > 3.6 per oxygen nucleus
p — e K92 01 pp — putpt > 1.7
p = vK*@o2)* ) ] n— etv 2.8
n — v K*892)0 ’ lI i | P + -
3 3® .3 3| pn— pu'v > 1.6
10 -
" 1:/B1(§)/ears) 10 nn— Vele > 1.4
T
pp — K*K* > 170 (SK-1 only)
per oxygen nucleus




Summary & Conclusions

Solar neutrinos:

D/N asymmetry gives first evidence of matter-enhanced neutrino
oscillation, but no evidence of solar upturn yet

Working to push energy threshold even lower
Atmospheric neutrinos:

Data are well described by 3-flavor oscillations with weak preference for
inverted hierarchy, favor 2"? octant and §.p~220°.

No evidence of sterile neutrinos
Nucleon decay:

No observation yet, but important to test as many modes as possible and
continue working to reduce BG & increase signal efficiency

Neutrino physics is in the era of precision measurements and investigation
of sub-leading effects (& continued searches for rare processes).

While planning and building the next generation of experiments, we
continue to make small gains in every way that we can.
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Spectrum
Upturn B0 e e

- MSW resonance leads ﬁ
to energy dependence of *°
Vv, survival probability o4

- Search for signature 02
“upturn” in recoil electron , "
energy spectrum . | S L 4"

107 1 ‘10

- Other factors can also distort spectrum: vEneravin ey
- Solar hep v's observed in high energy end
- E-dependence of time varying oscillation effects

- E-dependence of differential cross sections
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PY(E)=c +c,(E,-10)+c,(E, -10)’

Solar+tKamLAN Dexp

0.4
0.3
0oL SNO only
Solar global,,,
0.1 ]
0.0
3 4 5 6 7 8 9 10 11 12 13 14 15

E, in MeV



November 11, 2013 J. Raaf, NNN 2013

Multiple Scattering Goodness

An 8-unit-vector event

13 H L] 4 R
o unit vectors | More scattering
(test directions from Hough transform of PMT pairs, .

within 20ns hit PMTs, within 50°)

“best direction” 7
(longest vector sum of unit vectors) / :

Length of best direction - _
MS Goodness = : Less scattering :
# of unit vectors . _/
0.6 Simultaneous fit to 3
1 } bt t 4 E., = 3.5-4.0 MeV MS Goodness bins for
: e 4 IS { each energy range.
+ 04 f + - ]
= Data s +++
© BG fit
E BG wl signal fit Y t it TR 1
§ 0.2 # LA
L
MS Goodness < 0.35 0.35 < MS Goodness < 0.45 MS Goodness > 0.45
0

-1 0 1 CosH

sun
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v, [ anti-v, enriched samples

v/anti-v separation by statistical method is not perfect, but

does make reasonably enriched samples

NC and CC v, backgrounds, which cause hadronic
shower events, amount to ~20%

Composition (%) CCv, Ccva"t" CCv,*anti-v, NC
e
. 1R 60.2 10.6 13.5 14.8
v, like , ,
MR 57.5 17.4 10.7 137
Anti-v, like | 1R 55.7 36.6 1.1 6.4
MR 51.9 20.7 8.2 19.7
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Expected Multi-GeV Electron Enhancement

- Both samples have enhancement in upward-going events,
compared to 8,; = 0, but amount differs depending on MH
- Larger excess in v.-like (anti-v_-like) for normal (inverted) hierarchy

1 .2 T T T T I T T T T I T T T T I T T T T 1 .2 T T T | T T _ T T ] T _ T T T
s2,=0.4, inverted hierarchyl| i s2,=0.4, inverted hierarchy _
"""" $2,=0.5, inverted hierarchy] i S§3=0-5’ inverted hierarchy |
— T : $2,=0.6, inverted hierarchy]| I §§3f82 Ir?gr?;;eldh?:;?éﬁcy }
o s e s2,=0.4, normal hierarchy || S N S§Z=0:5: normal hierarchy|
”OO [ | A s§3=0.5, normal h!erarchy__ 1_11 """""" N L s2,=0.6, normal hierarchy| _|
B T EEEPPERS $5,=0.6, normal hierarchy .
S [ B N Multi-GeV
S e T E Mult-GeV _ ;|—‘_ anti-v_-like
Z ve-like = °
\ i S . I T
ZCD 1 1 s
B Sin2613 =0025, 6CP=4OO
- 1-Ring and Multi-Ring combined
O 9 ] 1 L1 | 1 L1 L 1 | 1 | | | 1 11 O 9 ] 1 ] 1 | L1 L1 | 11 1 | 1 L1 I
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
f cos © ‘ cos ©
#
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Future Improvement: Neutron Tagging

- Identify anti-v events by neutron tagging

- Promising work currently underway. Hope to incorporate
Into oscillation analyses soon

e.g., anti-v, CCQE: &

Hydrogen
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SK Hierarchy Preference?
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Ocp

SK data favor 8.p = 220° over 40°, regardless of assumed

hierarchy
Preference is stronger for inverted hierarchy
Slightly more electron appearance and slightly more muon

disappearance preferred by a few low energy data subsamples
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