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Introduction

Some Introductory Material
* Atmospheric Neutrinos, Super-K and Hyper-K

Systematic Uncertainties
= ...that hamper mass hierarchy measurements
« ...that hamper SCp measurements

Generally speaking most of the content of this talk is relevant to any
detector with capability to distinguish atmospheric ve and v
= Most of the relevant systematic errors are from the flux and cross section
models and nothing too specific to water Cherenkov

Some comments about other experiments

Conclusion



Atmospheric Neutrino Fluxes
M. Honda, et. Al Phys.Rev.D75:043006,2007
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Neutrino Interactions Relevant
for Atmospheric Neutrinos

Rev. Mod. Phys. 84, 1307 (2012)
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Super-Kamiokande: Introduction ’

22.5 kton fiducial volume
Optically separated into

* Inner Detector 11,146 20” PMTs

= Quter Detector 1885 8" PMTs
No net electric or magnetic fields
Excellent PID between showering (e-like)
and non-showering (m-like)

= <1% MISID at 1 GeV

c elu 5.6% /3.6%

mom

c, e / u 3.0°/1.8°
Today: 4581 days of atmospheric neutrino data o
. 40,000 Events v CC Purity :
= Statistics limited FC e-like 04.2 %
Use a total of ~60 independent error sources
(157 errors among all SK periods) including FC u-like 95.7 %
= Flux, Cross Section, Detector Response
PC p-like 98.7 %




Hyper-Kamiokande: Introduction 6

™ Present studies are performed assuming
= 560 kton fiducial volume G e/ 5.6% /3.6%
* Equivalent detector performance for SK mom
¥ No additional improvements relative to Super-K c.elp 3.0°/1.8°
analyses _
= |e, expected improvements in event v CC Purity :
reconstruction with upcoming reconstruction FC e-like 04.2 %
algoritms are not included
O Sirr%ilarly no extr_apolation of flux and cross section FC p-like 95.7 %
systematics PC u-like 98.7 %




Super-K Atmospheric v Analysis Samples
Fully Contained (FC)
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In total 19 analysis samples: multi-GeV e-like samples are

divided into v-like and v-like subsamples
Dominated by \a oscillations

= We thus expect (and find) vt interaction to appear somewhere
in the data at energies above the 1 threshold



Super-K Atmospheric v Analysis Samples
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Generally the data themselves off several ways of constraining

uncertainties:

* 4-1t detector, constrain Up/Down (0.1~2%) Horizontal/Vertical
ratio (0.3~3%) systematics
= Several “Sidebands” : NC ©°, DIS-enhanced samples



Searching for Three-Flavor Effects: Oscillation probabilities
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Key Points
= No vu —V_ Appearance above ~20 GeV,

= Resonant oscillations between 2-10 GeV (for v or v depending upon MH)
= No oscillations above 200 GeV

= No oscillations from downward-going neutrinos above ~5 GeV

= Expect effects in most analysis samples, largest in upward-going v



Oscillation Effects on Analysis Subsamples
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Super-Kamiokande Atmospheric v Analysis Results
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Hyper-Kamiokande Atmospheric v Sensitivity

Hyper-K 5.6 Mton year I3, Uncertainty '8, Uncertainty
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Expect better than ~36 sensitivity to the mass hierarchy using atmospheric
neutrinos alone
30 Octant determination possible if sin22623 <0.99

Oscillation parameter uncertainties are significant



Neutrino Interactions Relevant
for Atmospheric Neutrinos

Rev. Mod. Phys. 84, 1307 (2012)
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Systematic Effect on Hierarchy Sensitivity at Super-K

Detector Systematics B

v Int. Systematics
Flux Systematics
All Systematics

No Systematics
dv, IV E>10 GeV

dv, IV 1<E <10 GeV
dv IV E<1GeV

Multi-Ring PID

1 Ring PID

CCv

DIS 6 norm

DIS Model

1IBIEl

T

0.5 1 1.5 2 2.5

o —|—

Reduction in A ¥? Rejction of Wrong Hierarchy Relative To No Systematics

Sensitivity to the hierarchy is largely affected
by uncertainties interaction of high energy m
neutrinos No Syst. 0.81 4.7

= particularly the CC vt background component Full Syst. 0.59 2.7
The situation is compounded at Hyper-K



Tau Background For Mass Hierarchy Error

O . V+N> 1 +X ’

Q 0.3 Paschos ¢
(hep-ph/0107261)
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® Many events in the MH energy region are DIS
= Means many rings
"™ Hadronic tau decays will produce many visible particles
= decay is prompt and granularity of the detector is not enough to resolve the tau
= Many overlapping rings tend to look like electron neutrinos
" Currently the cross section is assigned an uncertainty of 25%, based on model
comparisons



Tau Cross Section Error Mitigation

CC vt Events Mass Hierarchy Sensitive v Events
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Currently this error is constrained only somewhat using sidebands in the SK analysis
However, in a separate analysis CC vt interactions have been identified in the SK data at
3.80

= Method is based on a neural network which works to identify hadronic T decays
This information can be incorporated into the oscillation analysis to further mitigate the
effected of these events (work in progress)



Particle Identification for Multiple Ring Topologies

™ Just the same as vt events DIS events with multiple rings often look like electrons
= Both of these events were classified as electrons and fall in the hierarchy signal sample
* The one on the left is DIS vu event
™ Ring PID uncertainty is estimated to be between 3 and 6% depending upon the sample
™ This systematic can be mitigated by making improvements to the reconstruction
= Addition of hit timing to original PID algorithm underway (short term)
= New maximum likelihood-based reconstruction (fiTQun) with both g,t, unhit probability,
and many other features nearly ready (mid term, base reconstruction for Hyper-K)



Deep Inelastic Scattering
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DIS Cross section systematics are taken from comparison of the default NEUT model with
the “CKMT” parameterization below 10 GeV
= Difference between these two model ranges from 10~50%

In addition an overall 5% normalization uncertainty is assumed at all energies



Hyper-K's Sensitivity to 6Cp Atmospheric neutrinos (5.6 Mton yr )
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reported next page
Sensitivity to dcp is mostly through ve <>vp oscillations below 1 GeV
= Though mostly QE interactions, lack of pointing and systematic errors hamper
measurements
= Improved separation between neutrino and antineutrino components desired



Hyper-K's Sensitivity to SCp with Atmospheric neutrinos

v Int. Systematics

Flux Systematics

All Systematics

No Systematics

Multi-Ring PID

1 Ring PID

Solar Modulation

CCQE v, /v,

CCQEv /¥

D (v, + v.uH['U; +"-?:] E > 10 GeV

(v, +v )/ (TG +T3) 1 <E <10 GeV

D, +v) I (VG+V) E<1GeV
dv, IV, E=>10 GeV

Ddv, IV, E<1GeV

dv, /T 1<E <10 GeV

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

o 116':;]]?&[&1n:li::\r?s'ii;l
Generally sensitivity is affected by systematics directly connected to the low
energy neutrino flux

* To alesser extent the low energy interaction model:

* CCQE v/v : 5~15% below 500 MeV, CCQE vu /ve : 2~10% below 500 MeV
Note that the detector performance also becomes important
= Single ring mis-PID uncertainty is 1~2% below 1330 MeV



Hyper-K's Sensitivity to SCp with Atmospheric neutrinos

v Int. Systematics

Flux Systematics
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Multi-Ring PID

1Ring PID . 1

Solar Modulation ! —3 =3n/2

CCQE v, v, : 5 i i —— cp
CCQEv/T ' | | ‘

D (v, +v ) T3 +V]) E =10 GeV : | .
v +v )i+ )1<E <10 GeV : i i :

{Efb(i'}+T:}!{';j+ﬂEc1GeU i | | | - — 9 =7/2 |

e [ e L J J J Cp J J J
®v, /7o E > 10 GeV
®v, ITTE <1GeV
dv, /T 1<E <10 GeV

Sub-GeV e-like 0-dcy e

1.05 ‘

Ratio

09— 0 1

cosine zenith

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 09
G [6': ) [radians]

Generally sensitivity is affected by systematics directly connected to the low epnergy

neutrino flux
* To a lesser extent the low energy interaction model:
= CCQE v/v : 5~15% below 500 MeV, CCQE vu /ve : 2~10% below 500 MeV

* Improved measurements will help
Note that the detector performance also becomes important
= Single ring mis-PID uncertainty is 1~2% below 1330 MeV



Atmospheric Neutrino Flux Uncertainties (Honda 2011)
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Systematic Errors on the Neutrino flux at Super-K (Hyper-K) are based on both direct
estimates from the authors of the Honda 2011 Flux and by comparisons with other models

= Flavor Ratio uncertainty is 2% below 1 GeV
= Electron ratio uncertainty is 5% below 10 GeV

Changes in solar activity affect the low energy neutrino flux, but the exact magnitude
depends on the real experimental run

= Here 10% uncertainty is assumed on a run with 35% (65%) 'high' ('low') activity



Other Systematic Error Estimates

100 ¢

Uncertainty (%) and Flux ratio

Systematic errors for the Bartol flux have been estimated

= Electron ratio uncertainty between 5% and 7% below 5 GeV
= Differing approaches with basically consistent results

= Better muon measurements at momenta around 500 MeV
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using variations in the hadron production model

Atmospheric neutrino flux models at low can be improved by
= Better hadron production measurements at low momenta
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= Most 500 MeV v are produced by cosmic ray protons with between 3 and 30 GeV

LAB



Some Brief Comments

Many of the above statements are not specific to water Cherenkov detectors, but with
appropriate switch from electron to muon neutrino-specific errors.

= Notable exceptions include vt cross section

MINOS(+), collected(s) atmospheric neutrino data, but due to its smaller size (5.4kton)
and lower efficiency for tagging electron neutrinos, its limited heavily by statistics
= The systematics with the largest impact on their oscillation analyses were absolute flux
normalization errors (the least well known part of the flux)

35
The ICAL experiment intends to make mass 30
hierarchy measurements using atmospheric
muon neutrinos, predominantly
= So far using a simplified error model they E 20
find the biggest impact on sensitivity from %ﬂ- 15
the zenith spectrum shape (5%) of the flux
and its energy dependence (5%)
= full analysis is under development

NORMAL HIERARCHY
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Without systematic errors

With systematic errors

Without systematic errors s

With systematic errors g
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Conclusion

For the most part, atmospheric neutrino measurements are primarily limited by statistics

However, the future (Hyper-K, DUNE, PINGU) is coming

= while atmospheric neutrino measurements may not be competitive with long-baseline
experiments in measuring 623 and Am223

= They offer strong, complementary sensitivity to sub-leading oscillation effects

Making the most of atmospheric neutrinos requires better handle over systematic errors,
particularly those from the flux and interaction model



Supplements
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Primary Systematics for Measurements with Atmospheric v

Measurements of dcp
= Flux Systematics
= Nue bar / nue ratio
= Nubar /Nu ratio generall
= Cross-Section and Reconstruction Errors have about the same impact
= Single-Ring PID

Neutrino Mass Hierarchy
= Flux Uncertainties
= Flux above 1 GeV
= Cross Section Uncertainties
= CCnutau
= DIS Cross section
= Detector Uncertainties
= PID for Multi Event topologies

Measurement of Am?
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Super-K Atmospheric v Analysis Samples
Fully Contained (FC)

10000 |- .

T e No Oscilators ‘

110000 | . [
| 1000

¢ 5000 .
?E Vv, >V,
@ Sub-GeV e-like _ s i ' -
- - . ub-GeV [-like
I.I>J 173944 - " 188546 ' : % gg PH
o L L L L L L L L 1 o L L L 1 L L L L 1 o L L L 1
“ -1 0 1 -1 0 1 -1 05 0
.
P ) S ———
2 | 10000 | .
:E, | 4000
3 | _
2000 1 5000 _
- i 1 2000
Multi-GeV e-like ' | Multi-GeV y-like + PC | : UpThrough
50053 - | 114029 . . _
Upward-going Muons (Up- 1 0 1 1 0 1 ¥ 05 0
cos zenith

In total 19 analysis samples: multi-GeV e-like samples are
divided into v-like and v-like subsamples
Dominated by \d oscillations

Interested in subdominant contributions to this picture
= |e three-flavor effects, Sterile Neutrinos, LIV, etc.



Comparison to Current Super-K Exposure ¥

Fiducial Vol. 560 kton 22.5 kton
Eff. Area 22,000 m? 1500 m?
Protons 1.8 x 10%* 7.5 x 10%
Neutrons 1.4 x 10% 6.0 x 10%
Fully Contained p-/e-like 740,200 41,000
Partially Contained p-like 64,400 3,100
Upward-Going p 83,400 7,400

Event rates are a comparison between 10 years of Hyper-K and 12.8
years of SK
= Compare: HK beam events 42,000 Vu and 7,000 Vv

Analyses exposures have been adjusted to account for difference in
fiducial volume and effective area between Hyper-K and Super-K
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CP Violation Sensitivity 32

0 Hyper-K 5.6 Mton year
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Limited sensitivity to CP-violation with atmospheric v alone
Hyper-K can constrain only about 50% of 6Cp space at 30, so one of the CP-conserving

points is allowed at that C.L.
Sensitivity from SubGeV e-like samples becomes limited due to flux and cross section
systematics
= Reconstruction, systematic, and analysis improvements possible and expected to help
considerably



Oscillation-induced v measurements

Phys. Rev. Lett. 110, 181802 (2013)

2 f
2 2501 + Pre-cuts + NN
% = Total selection efficiency of 60%
2001 e
- %F ! per/ 100 ktonyr. | Hyper-K @ LBNE
mﬁ b ;| Signal CC v 40.2 28.5
mﬁ Background 448.7 44.8
Fitted Excess S AB 110 years ~14 ~8
0 Atm v BKG MC . HK Numbers are upward-going event rate
- SK-HIHIL 2806 days = LBNE based on PRD82, 093012
Ao 08060402 0 02°0.4 06 08

cos(0)

Super-K has demonstrated the ability to identify v_events in the atmospheric

neutrino data ( 3.86)
After 10 years Hyper-K will have O(2,000) vt events that can be used to study
= CC V_Cross section, leptonic universality, etc.



Geophysics: Chemical Composition of Earth's Outer Core
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Density profile of the Earth is well known from seismic measurements
= Quter core is thought to be liquid iron+Ni and another light element
(Unmeasured!)
Z/A ratio is important to understanding formation of Earth and its magnetic field
With 10 years of data Hyper-K can open the field of Earth Spectroscopy
= First Z/A measurement, can exclude lead-based and water-based outer core
* Longer exposures more useful (want to discriminate iron from pyrolite)



Hyper-K's sensitivity to Sterile Neutrino Mixing
1

B Searches for sterile neutrinos with the atmospheric

neutrinos are independent of the sterile Am? and the
number sterile neutrinos

- For Am52~ 1 eV? oscillations appear fast

0.8

| UlLL4 |> Induces a decrease in event rate of u-like data
of all energies and zenith angles

| U, |? Shape distortion of angular distribution of higher
energy \-like data

Al
/A

Sensitivity gains are limited by 10¢
= flux and cross section errors

= Better knowledge during actual hyper-K running can
improve these constraints

| Hyper-K  SK-IV :
|Uu4|2 0.029 0.038 - 99% C.L.

‘IO‘1""_2 — """'_1
U | 0.066 0.164 10 2 1°
- U

u4

Amz, (eV?)




Lorentz-invariance violating oscillations 36

H=UMU"+V,+Hy

T T TT TT
\ 0 Gy O VB 0 _ Cen Cot
_ T T =B TT TT
Hpyv = (a;ﬁ)* *19 O = (f%} )* T[; _ Cur
(acr) (aur) (cer ) (cur) 0
. . . . . on 2.0 | | | |
Lorentz invariance violating effects can be probed using < |
. . 2 I Up-u, non-showering
atmopsheric neutrinos ©1.5
Analysis using the Standard Model Extension (SME) o
Effects of LIV controlled by two sets of complex parameters 21 O +|-|-+
. . . . ™
. aTm[i dim = 3 induces oscillation effects ~ L .4 |1 T
. CTT(xB dim = 4 induces oscillation effects ~L X E = [
m I PR L PR S TR S IR TR S TR S |
Hyper-K Sensitivity will be ~ 3x better than Super-K 090 08 06 04 02 00
cos 0,
eu et ut eu et Ut
R(aT) 4x1020 8x1020 . R(cT) 1x1019 1x10°V7
(GeV) M'LniBlooNE DoublelChooz , Mini]%ooNE DoubleIChooz
v ! ! !
SK:  2x102% 4x1023 6x10-24 2x1026 1x1024 5x102%7

HK: 7x10%* 2x1023 2x10-24 6x1027 7x10%° 2x10-27



Combination of Beam and Atmospheric
Neutrinos

Beam and atmospheric neutrino data provide largely complimentary sensitivity
with several common systematic error sources (cross section, detector)
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Hyper-K Hierarchy Sensitivity With Beam Inputs

Hyper-K 560 kton FV 18, Uncertainty 8., Uncertainty
100 10
- [0 NH, 10 Years = 1 Year of running

c 9 c 9
s I NH, 5 Years 8 NH, Atm v + Beam v
© — o 8
_% - NH, 1 Years _% - - NH, Atm Vv
¥ - ¥ 7
> = > C
ﬁ 6 S 6F
& L 8
2 S5 o S5
I E I E
g 4 g 4c
E - E - 30
z 3F 2 3F
N oL SN

1= =

ool v e e b Loy o':'"""""""""""'

0.4 0.45 0.5 0.55 0.6 0.4 0.45 0.5 0.55 0.6
sin® 0, | s‘.inzf&)23

T2K 90% Allowed

™ Plots for true inverted hierarchy are similar
W Large benefit of precise determination of 923 and Am223 from the beam

= Example of benefit of combination with beam (neutrino mode only)
= 1 Year of running: 1.5 X 10** POT, with 560 kton FV
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Combination With Beam Neutrinos

Beam v
Atmospheric v === Beam + Atmospheric v
30 30
i 7
25 251
20 201
=15 =151
10F 101
5t 5E
O_II|IIII|IIIIIIIIIIIIII O_II|IIII|IIIIIIIIIIII|IIII|IIII|II
150 -100 - 150 -100 - 50 100 150

Though atmospheric neutrinos have limited sensitivity to CP-violation relative to
the beam measurement, the sensitivity is largely complementary

* Multiple baselines and matter effects give weaker degeneracies
Addition of atmospheric neutrino data to the beam measurement can improve the
6Cp measurement, particularly in regions of limited sensitivity for the beam



Comment on Leptonic Unitarity 40

€3 500 km/GeV If the PMNS matrix is unitary we expect
15,000 km/GeV <=

/ve\ /Uel Ue: Ue3\/vl\

these relations (forl=¢, U, T)

Normalization  [\; = Z |Ul?j|2 — 1
VH — Uﬂl U‘ug ng \%) 1=1,2.3
\V’c) \U’El Uz U’L‘3/ \VB) T, = U, U =0
Mass 1=1,2,3
flavor Eigenstates
states

The pieces of the matrix that can be probed depend on L and E of neutrino source
= Hyper-K will have both “fixed” L/E (beam) and “varying” L/E (atmospheric v)
Computations assume that the U is unitary, but this can be tested

pmns

= Models of new physics ( SeeSaw, SUSY) predict Upmns is piece of a larger matrix

For LBL v disappearance: |Uu3|2 (1— |Uu3’) ) ‘U‘LS‘Q(‘z(:]ﬁ‘b(lj‘%‘;“(]u??‘)
: e

Hyper-Kamiokande can probe many elements of this matrix by itself with
combined beam and atmospheric neutrino measurements
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Comment on Leptonic Unitarity

If Unitarity is NOT assumed, then to first order

~ LBL Vy — V) \C{ug\g (\L’T,u.l\g + |U,u.2\2\)
LBL v, — v, RA{UU% (UnUZ + UsUk)}
< ATM v, — v, R{U,aU%|(UnUz + UaUzy)}
ATM Reson v, — 1, (r|Uus|4— 1)
~ ATM Sub-GeV v, — v, U1 2| U o 2
Typically single oscillation channels are sensitive to multiple parts of U, U, Upo,\
the mixing matrix IUul Upr Uys

= true for any experiment
However atmospheric neutrino measurements have sufficient
breadth in L/E to have some sensitivity to both “1-2" and “2-3”
columns of the mixing matrix (in principle)

= separating Um and U!Ml2 with (1.0~3.0 GeV data)

. . U U
To really make progress improvements in detector performance and l;i‘” H2 o s
systematic errors (flux, cross-section) will be essential
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Global Study of Leptonic Unitarity

Plots from S.Parke@WIN15 .
Normalisations prellmlnary

10
o __ ________// ___________ 30 |

a1| +|Ua2| +Ua3| )

Hyper-K Beam + Atmospheric measurements:
Contribute to normalizations

»] " o=W (redline)

= o=1 ( line)

= i =3 (brown line)

1—(|

(8] €
a=pu
(8] T

(|Uei| +|U,u,'i|2 +Un’|2)

1—
i=1
1 =2
=3

lo

1 1 1 1 1 1 1 1 1
0.6 0.7 0.8 0.9 1.0

10 Unitarity Triangle Closure prellmlnary
_________________________________ 3 | Contribute to closure of triangles
UniUp* +UniUp" +UpgUss* | " o, =e,u (cyan line)
aﬁaze:p' - — H
e OLB Ww,T .Ilne)
< o, B—pyr = i,j =2,3 (brown line)
! |Uere_',' +U U +U Tj*l | 20 |
6 =1,2 : . .
ij=1,3 Hyper-K can provide high statistics
B =23 ) measurements with full systematic
correlations to improve (overconstrain) our

understanding of these relations



Atmospheric Neutrinos As Background
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nairect Dark Matter Sea
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Annihilatiun in the Sun
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Search for WIMP Annihilations in the Galactic Center

10-17

bB _ 2 % T T T TTTIT T T TTTTT T T TTTTIT T T TTTTIT T |||II?
xx ) M(X) - 5 Gev / C 10‘13;5 _él
: ' ' ] "™ ' ' RE 107° B ST gﬁpiiﬁﬁﬂﬁﬂi gﬁiﬁf,ﬁ"i?mm " —f
1000 SubGeVe M(e Odcye 1 [ SubGeVidikeOdcye Iy SubGeV ke 1dcye 3 E i Hy::er K sensitivity 10yrs 15 (NFW) =
NP S e g c ] 20 "™ IceCube-79 limit bB o i
REEESos s SRS S0 -, —10""E arXiv:1309.7007 [astro-ph.HE] e, E
L 4 200 — E ] - E ;;;;;;; -f
S0~ o] 3 E ME_ ] =2 1021C- o
----------- . S E o = S
------ | | | fommmmmmpre=m"y | I il | | riln‘zzf— —
17 05 0 05 1 -1 05 0 05 1 -1 205 0 05 1 4 = =
| T T 400 | T T \? 10 z E- =
MultiGeV e-like ¥, E MultiGeV p-like 3 E 3
200[ = 3 10724 :g _;I
e ] : + : = 3
: 1 zmm 1025 = .
" 1 E o expectation for thermal relic scenario 3
i © 26
ok R e ] ok L - 10 % | | ||||||| 1 | ||||||| | | ||||||| | 1 ||||||| | L 111l
4 205 0 05 1 4 205 0 0 : p . ; .
10 1 10 10 10 10
cos (GGC) M, [GeV/c?]
. . Blue line is resul%s from SK
- WIMP Signal, Best Fit x 15 Red line is Hyper-K 5.6 Mton year
== ATM v Background + WIMP sensitivity

Data and MC are binned in momentum and direction to the galactic center
Signal for a given WIMP mass appears in only some of analysis samples, but is peaked
towards the galactic center
= Remaining analysis samples help control background and its uncertainty
Hyper-K's sensitivity should exceed Super-K's limits by a factor of 4~5



Search for WIMP Annihilations in the Sun e
position, VDF,
Nuclear form factor
— 1 F i —
= =\ ——— 1 8
5 10" \ “DAMA/LIBRA ICECUBE bb PIcAssO 1 5,
= 3 q1 = 10
8 - \'N'-_._‘ — /E 8
3 102 i SIMPLE |CE6U|§E'~--BA'f§:“N bb A 3
s F L T 8 40
O S UUTETUURRR PR S ELL L 1 O
- 10 ° E \ -------"‘"""-“:-ISKS.AN" E U_}
UJ E --------------------- T-‘.‘m.-:s_;l W+W ------ - "
g S BAKSAN T'T R 8 10
§1 -4 = T—rT )
) : a = i SuperCDMS
' z uper
= |
= E — TS eees b =~ e WW- = XENON100
10—6 __bands showing astrophysical uncertainties >.k| 1 10_3 [ ~ bands showing astrophysical uncertainties fl
10 10° 10 10°
WIMP mass[GeV/c] WIMP mass[GeV/c]

Black lines are results from SK
Red lines are Hyper-K 5.6 Mton year sensitivity
Similarly the data can be binned in the direction to the sun

Hyper-K limits are expected to be a factor of 3~5 stronger than Super-K in
the absence of a signal

= Strongest limits on SD interactions at low WIMP masses
= Possible to exclude hints for Sl interactions with hardest channel (t'1")
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Other Physics at Hyper-K

Atmospheric neutrino flux measurements
Tau neutrino studies (oscillation-induced, cross section)
Non-standard Neutrino Interactions in atmospheric neutrinos
Search for WIMP annihilation at the center of the Earth
Various nucleon decay modes

" poVT ,Nno>VvH
p — I'M° (other antilepton + meson modes)
n — I M" (Recent theoretical interest)
B+L modes
dinucleon decay modes

n < n oscillations

Astrophysical neutrino source search

The statistical uncertainty at Super-K on many of the analyses above
IS large so generically we can expect improvements at Hyper-K
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Summary

Atmospheric neutrino physics at Hyper-K is expected to be expansive and precise
30+ mass hierarchy and octant determination
Improved sensitivity to exotic oscillation scenarios
New studies of v physics and lepton unitarity

First measurements of Earth core's chemical composition

In combination with the beam neutrino data further precision is expected
Nucleon decay physics potential is equally promising
= Sensitivity to p — e'n° at ©/B > 10” years (only with Hyper-K!)

= Sensitivity to p — VK" at ©/B > 10> years and beyond
* Order of magnitude increase in sensitivity in many other modes

The future of non-accelerator measurements at Hyper-K is bright
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O Fixed Analysis (NH+IH) SK Only L
13 Preliminary
~ . 10— ————— 10— e 10 ‘
? i , . Normal Hierarchy | - Norma iy 1 - —— NormalHierarch y
8} gl |L ey B 8} chy ]
6: 1 e 1 6o -
4: \ v 4: 1 4L N
2- \ 12 | 2 :
%o 6.0'0‘2; 0005 00040005 003 04 05 06 07 % 60 200 300
A m, [eV7] sin®0,, 5 CP [degree]
Fit (517 dof 2 -3
( ) X s Bcp 0. Am_ (x107)
SK (NH) 582.4 0.0238 4,19 0.575 2.6
SK (IH) 585.4 0.0238 3.84 0.575 2.3

Offset in these curves shows the difference in the hierarchies

Normal hierarchy favored at:

szH B XZIH

-3.0

, hot significant

* Preference for matter over vacuum oscillations at ~1 ¢ (82% C.L.)
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Preliminary

Thetal3 Fixed SK + T2K vu, v Model, Normal Hierarchy

201 — 20— 20 ———————— | |
l | SK Atm '
- : ! SK+T2K VvV ,V model
15 | 15 - 15 hoe —
- : : T2K VM,Ve model
N; 10 - 10:_ N 10:_ ]
of 14 14 j
I 90% _/-—‘\“L \ A
68% I:‘ \' //‘\I
0l o ‘ T R e
0.001 0.002 0.003 0.004 0005 92 e % > 4 6
| A m2, | MeV? Bep
Fit (585 dof 2 K
it ( ) X 0, 5 0, Am_ (x107)
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 _
XNH_X|H_-3'2

Conservation (sinSCp =0 ) allowed at (at least) 90% C.L. for both hierarchies



O Fixed Analysis (NH+IH) SK Only o
13 Preliminary
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Offset in these curves shows the difference in the hierarchies

Normal hierarchy favored at: szH - xZIH =-3.0 | , not significant




Thetal3 Fixed SK + T2K vu, v Model, Inverted Hierarchy

Preliminary
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O Free Analysis (NH+IH) SK Only L
13 Preliminary
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W Offset in these curves shows the difference in the hierarchies



0 , Free Analysis (NH+IH) SK Only
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Super-K Atmospheric v Event Topologies
Fully Contained (FC)

— LLBLILIL T LI III| T T H
I FC Sub-GeV |
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W 450 =
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™ Average energies
= FC: ~1 GeV , PC: ~10 GeV, UpMu:~ 100 GeV




Evidence for v Appearance at Super-K

Events

“%i

Zenith Distribution

200

150

100

&
=

4
ff-

SK-1+11+111 : 2806 days
hys Rev Lett 110 181802 (2013)

L]
-l-lllllllll

=)

L |
030604020 020406081

Fitted Excess
Atm v BKG MC

cos(0)

!

Search for events consistent with hadronic
decays of T leptons
= Multi-ring e-like events, mostly DIS interactions

Negligible primary v flux so v_must be

oscillation-induced : upward-going

Event selection performed by neural network
= Total efficiency of 60%
/ P=0:nov_

Data = a(y)x bkg + B(r)x signal
Result Background DIS(y)  Signal

SK-1+11+11 094+002 1.10x0.05 1.42+0.35

This corresponds to
180.1 +£44.3 (stat) +17.8-15.2 (sys) events, a
3.8 0 excess (Expected 2.7 o significance )
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Changes and Updates to Oscillation Analyses

300k Multi-Ring e-like - Multi-Ring e-like 400}  Multi-Ring Other
%)) 200 B T
& 1
5 200} ; ]
LA | | =
< 1008 T
=== Prediction
— vu —V_ Osc.
03 0 1 03 0 1] @ 0
- cos zenith cos zenith cos zenith
v/Vv Separated Samples New Sample

Addition of a new analysis sample i elike Samole Purt
Multi-Ring e-like Inclusive (Fully Contained) UItIFRINg e-like sample Furiies

= Events that fail the multi-ring e-like selection ---
Improved systematic error treatments v-like 72 2% 8.3% 3.2% 16.1%
* Updates to cross-section, FSI, detector Slike 75.0% 6.5% 2.8% 15.6%

systematics, 2p-2h (MEC) uncertainties other 30.9% 33.4% 51% 30.5%
1775 days of SK-IV data: 4581.4 days total

= (282.2 kton yrs)



Sterile Neutrino Oscillations in Atmospheric Neutrinos

Sterile Neutrino searches at SK are
independent of the sterile Am? and the
number sterile neutrinos

= 3+1 and 3+N models have the same
signatures in atmospheric neutrinos

« For Am52~ 1 eV oscillations appear fast:

<sin® Am*L/E > ~0.5

U, I’

pa
" Induces a decrease in event rate of -

like data of all energies and zenith
angles
R

= Shape distortion of angular distribution
of higher energy u-like data

U =

MNS Sterile

/ UEL]_
il
UTl
Usl

PC Through
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Search for WIMP Annihilations in the Galactic Center and Sun 7

Search for a signal of WIMP SO L o b‘G . Irk Odl .
of o . . = u e L=fIKe cye -
annihilation from the Galactic Halo or 300 ... et ye 4
solar |n.ter|or assuming several 200/t -f=
branching modes - —+
= Vv, bb, tt, W'W W 100 =
V direction f' 5 28
. }r ﬂl-: ] i vot |
Signal would appear atop the ATM v | . 05 0 05 1
background, peaked towards either .. Signal Norm Arbitrary
the galactic center or towards the sun (Or Sun) ATM BG MC
. . i I 1 I 1]
Simulate signal and detector response for all v 600~ Non-Showeringu -
flavors ; oui
400 s o
. ——— - = Y
Same analysis samples as oscillation analyses, - r-I"" ¥ 1
but binned in angle to the galactic center 200~ === : =
= Use all samples i : 7
. 0 J L 1 '
= Previous analyses used only Up 1L sample -1 05 0 0.5 1

= Allows probe of both low O(GeV) and high 0
O(TeV) WIMP masses COSUgc
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Search for WIMP Annihilations : Signal Demonstration
O(100) MeV
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Search for WIMP Annihilations : Signal Demonstration
O(100) MeIV
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=== WIMP Signal, Best Fit x 15
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e I M
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Search for WIMP Annihilations in the Galactic Center: Results .

200 A 1022
T

ANNIHILATION, NFW PROFILE 90% CL UPPER LIMIT Preliminar
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fitted # of DM-induced neutrinos (all flavors)

-200— — 1075
C livetime: FC/PC 4223.3 days, UPMU 4527 days ] S Natural Scale - DM as a thermal relic
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No evidence for event excess on top of the atmospheric neutrino background
= N.B. ~300 events allowed at 5 GeV test point are distributed over several
analysis bins
Stringent limits placed on the velocity-averaged annihilation cross section
down to WIMP masses of 1 GeV (x — VV)



Neutron Tagging Preliminary

T 205.2 + 3.7 — SK-IV Data
800 I
% Compare: —Me
700F ) 10—
: 204.8 ps : Geant3 +
600 3 Phys Rev. C [

- 15 (1977) 1636
500

400F

Average Neutron Multiplicity per event

300F
200
100t t_ =V interaction time

-l 'l 1 'l I 1 1 1 1 I 1 'l 'l 1 I 'l | -
% 100 200 300

Il I Il Il 1 1 I 1

400 500 107!
15 2 25 3 35 4 45 5

dt (us) Neutrino Interaction Visible Energy Log(E _MeV)

Upgraded detector electronics in SK-IV store all PMT hits in a
500 usec window after a physics trigger .
= Search for the 2.2 MeV gamma from p(n,y)d -
Search is performed using a neural network built from 16 Efficiency 20.5%
variables Background / Event 0.018
= Data and MC show good agreement on atmospheric
neutrino sample

Future: Implement neutron tagging to help distinguish v/V
interactions and to reduce proton decay backgrounds



Sterile Neutrino Oscillations in Atmospheric Neutrinos

Sterile Neutrino searches at SK are
independent of the sterile Am? and the
number sterile neutrinos

= 3+1 and 3+N models have the same
signatures in atmospheric neutrinos

« For Am52~ 1 eV oscillations appear fast:

<sin® Am*L/E > ~0.5

U, I’

pa
" Induces a decrease in event rate of -

like data of all energies and zenith
angles
R

= Shape distortion of angular distribution
of higher energy u-like data

U =

MNS Sterile

/ UEL]_
il
UTl
Usl

PC Through
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Sterile Oscillations Results  PRD.91.052019 (2015)

2 H B | 7T T T T =
10 ; T T T T TTT1 I\l“:,‘,_.- N i tCFR : 1
B “m\ PRL. 52,
- S| B 2384 (1984)
10 F | E
f‘f} S ———— : al
~ - L. i o
€ - MiniBooNE + . | -
5 SciBooNE a
1E PRDS86, e E
- 052009 (2012) - o
_10_1 | Lol 1 1 |:||||| 1 -
107 107 10” u P
U 12 "

. A . . . .
= Turning off sterile matter effects while preserving standard three-flavor oscillations
provides a pure measurement of | Uu4 |2

W Using sterile matter effects, but decoupling v oscillations provides a joint measurement
of | Uu4 |? and | U, |? , with a slightly biased estimate of the former

® Using SK-1+11+11+1V data ( 4438 days)
| Uu4 |?<0.041at 90% C.L. | UT4 |?<0.18 at 90% C.L.
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Tests of Lorentz Invariance PV, -V, )
H=UMU"+V,+ H.y

T T / TT TT

0 . Ay, a,, 0 . Cen Cor

T T TT TT

+ (a,e#)* :? a,., | —E[ (¢ 0 chr

)
@l)" (L) 0 (7)) o

“ur

Path Length (km)

Lorentz invariance violating effects can be probed
using atmopsheric neutrinos . . . .
" i ; 107 1 10 10? 10°
Focus. here on. isotropic effects Energy (GeV)
* (sensitive to sidereal effects as well...)

Up-u Non-Showering

N
o

Analysis using the Standard Model Extension (SME)
= Not a perturbative calculation
= Effects computed using full solutions of the
Hamiltonian

— %(a,) =107 _
 — %(CMTT) — 10-23 5

—
o

Ratio to 3v Oscillations
o

! 4 — 4 |
_+_
Effects of LIV controlled by two sets of complex 05l ]
parameters [
. aTmB dim = 3 induces oscillation effects ~ L 00l
-1.0 -0.8 -06 -04 -0.2 0.0

. cTTmB dim = 4 induces oscillation effects ~ L X E

... cos 0, ‘
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Constraints on Lorentz Invariance Violating Oscillations: 90% C.L.

9 B TT | T IIIIII| T IIIIIII| T IIIIIII| Il T IIIIIII| T IIIIIII| T

Bame —HHHH
. YYy””” _
> 10%E % _10%E
; ; 2 h
b:;' 1025 L . = - E- 1025 ://”
E jo%L . = . 26 fops
E Zete % 10 /
1027 & sClm . + - o7 _
= A ‘,/ 10’
N Ll g T - _
-28 L |”“"| : II|““| L |”““| L |””“| -IEEEE & i L — | — | — '28 1 IIIIIIII 1 EE':E% IIIIIII| 1 IIIIIII| /Illlllll 1 IIIIIII| I_ 1 1 11 11
102 1027 102 1T 0% 102 102 1020 3 6 9 10002 1027 10 10% 102 102 1020 3 6 9
RE(E ) (GGV) 512 Re(crr} 'I—“IE
SK-1+I1+I11+1V : 4438 days of data PRD.91.052019 (2015)
Perform separate fits on both hierarchy assumptions for each coefficient and each sector :
eu, et, Ut

No indication of Lorentz invariance violation
* Limits placed on the real and imaginary parts of 6 parameters < O(10%)
* New limits on Lt sector, improvements by 3 to 7 orders of magnitude over existing limits



Cross section ratio

50 100 150 200 250 300 350 400 450 500

Ev(MeV)
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Systematic error Fit value (%) a (%)
Flux normalization E, < 1GeV" 21 25
E, > 1 GeV" 1.7 15
(vy + 8,)/ (ve + £,) E, <1GeV —0.25 2
1 <E, <10 GeV —0.26 3
E, > 10 GeV* 6.7 5
o/, E, <1GeV 2.5 5
1 <E, <10 GeV 2.6 o
E, > 10 GeV" 2.6 R
By fu, E, <1GeV 0.021 2
1 <E, <10 GeV 1.9 6
E, > 10 GeV* 4.2 15

Up/down ratio < 400 MeV e-like —0.0037 0.1

yi-like —0.011 0.3

O-decay u-like —0.041 1.1

= 400 MeV e-like —0.029 0.8

yi-like -0.018 0.5

O-decay u-like —0.063 17

Multi-GeV e-like —0.026 0.7

u-like —0.0074 0.2

Multi-ring sub-GeV e-like —0.015 0.4

yi-like —0.0074 0.2

Multi-ring mult-GeV e-like —0.011 0.3

ui-like -0.0074 0.2

PC -0.0074 0.2
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Horizontal/vertical ratio < 400 MeV e-like 0.011 0.1

p-like 0.011 0.1

O-decay p-like 0.033 0.3

= 400 MeV e-like 0.15 1.4

p-like 0.21 1.9

O-decay u-like 0.15 1.4

Multi-GeV e-like 0.35 3.2

p-like 0.25 23

Multi-ring sub-GeV e-like 0.15 1.4

p-like 0.14 1.3

Multi-ring multi-GeV e-like 0.31 2.8

p-like 0.17 1.5

PC 0.19 1.7
K/ ratio in flux calculation 1.3 10
Neutrino path length 0.094 10
Sample-by-sample FC mult-GeV —5.8 5
PC + stopping UP-u 0.79 5

Matter effects 1.8 6.8

*Uncertainty decreases linearly with log E, from 25% (0.1 GeV) to 7% (1 GeV).

bUnce;rl,ajnly is 7% up to 10 GeV, linearly increases with log E, from 7% (10 GeV) to 12% (100 GeV) and then to 20% (1 TeV).
“Uncertainty linearly increases with log E, from 5% (30 GeV) to 30% (1 TeV).

dUllLEIl,EI]]ll}I' linearly increases with log E, from 8% (100 GeV) to 20% (1 TeV).

"’Um,erlmnl}r linearly increases with log £ from 6% (50 GeV) to 40% (1 TeV).

Umerlmnly increases linearly from 5% to 20% between 100 GeV and 1 TeV.



Systematic error Fit value (%) a (%)
M, in QE and single « —6.4 10
CCQE cross section” 1.8 10
CCQE ©/v ratio” 18 10
CCQE u/e ratio” 0.12 10
Single meson production cross section 14 20
DIS cross section 22 2
DIS model comparisons’ ~1.5 10
DIS @? distribution (high W)° 0.003 10
DIS ¢? distribution (low W)° -3.1 10
Coherent & production 1.8 100
NC/CC 9.8 20
L, CTOsS section —4.6 25
Single & production, a°/x* —35 40
Single x production, Z; /v; (i = e, p)° ~11 10
NC fraction from hadron simulation -3 10
at decay uncertainty sub-GeV 1-ring e-like O-decay —0.48 0.6
p-like O-decay —0.64 0.8
e-like 1-decay 33 4.1
p-like 1-decay 0.71 0.9
p-like 2-decay 4.5 5.7
Am?y; [15] 2 3.98
sin(63) [15] 2.8 10.9
Am?y; [3] 0.079 2.55
sin®(812) [3] 0.42 6.89
sin?(20,4) [45] —0.55 10.5

‘Difference from the Nieves [67] model is set to 1.0.

®Difference from CKMT [71] parametrization is set to 1.0.

“Difference from GRV98 [72] is set to 1.0.

“Difference from the Hernandez [73] model is set to 1.0.
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Systematic error

FC reduction

PC reduction

FC/PC separation

PC stopping/through-going separation (bottom)
PC stopping/through-going separation (barrel)

PC stopping/through-going separation (top)

Non-v background

Fducial volume

Sub-GeV p-like

Multi-GeV p-like

Sub-GeV l-ring O-decay u-like
PC

Sub-GeV e-like

Multi-GeV e-like

Multi-GeV 1-ring e-like
Multi-GeV multiring e-like

SK-1 SK-II

Fit value & Kt value o
0.006 0.2 0007 0.2
—099 24 =347 48
—0.027 06 0081 0.5

-224 23 0.2 13
1.88 7 =554 94

83 46 =33 19
0.009 0.1 0009 0.1
0.036 04 0009 0.1
0.009 0.1 0009 0.1
0018 0.2 0062 07
0016 05 0003 02
0.003 0.1 0002 0.1

3.3 13 =150 38

1.1 12 2.5 11

—0.04 2 008 2

SK-IIT SK-IV
Fit value o« FHFtvalue o
0.038 08 0030 03
—0.041 05 =024 1
0.003 09 0.0001 002
=02 12 —-1.06 6.8
-9.0 29 —0.65 B85
16.0 87 -33 40
—0.009 0.1 -=0026 0.1
—0.009 0.1 -0.026 0.1
—0.018 0.2 -0211 08
—-0.16 1.8 —-0.129 049
-0.003 0.1 =0000 0.1
—0.013 04 —-0.000 0.1
51 27 1.1 18
—6.1 11 3.1 12
—0.42 2 040 2

(Table continued)
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Systemabic ertor

ak-l

Fit value o Fit valoe o

Ring separation < 400 MeV

= 400 MeV
Mulu-GeV
Multnng Sub-GeV
Multinng mult-GeV

Particle identification (1 mmg)  Sub-GeV

Multi-GeV
Particle identification (mulinng) Sub-GeV
Mult-GeV

Energy calibration

Upddown asymmetry energy calibration

UP-p reduction Stopping
Through-going

UP-u stoppmgithrough-going separation

Energy cut for stoppmg UP-u

Path length cut for through-going UP-u

Through-going UP-p showermg separation

Background subtraction for UP-u Stopping”
Nonshowering™
Showering”

v, /[, separation

Sub-GeV 1-ring #* selection

Sub-GeV 2-ring 7
Decay-¢ tagmng
Solar activity

100 < P, < 250 MeV /¢
250 < P, < 400 MeV /¢
400 < P, < 630 MeV /¢
630 < P, < 1000 MeV fc
1000 < P, < 1330 MeV/c

elike  1.07
p-like 0324
elike  0.185
p-like 0324
elike  1.71
plike  0.79
e-like —1.62
p-like —2.08
e-like —1.44
p-like —1.90
elike  0.016
p-like —0.013
elike  0.013
p-like —0.013
e-like —0.31
p-like  0.066
elike  0.64
p-like —0.29
0.00
0.293
—0.185
—0.132
0.007
0.085
0.86
3.59
10.2
—40
~15
—2.67
347
355
6.1
5.2
4.5
0.31
—5.5
0.1

23
0.7
0.4
0.7
37
1.7
35
4.5
3.1
4.1
023
0.18
0.19
0.19
31
(.66
6.5
29
1.1
0.6
0.7
0.5
0.4
0.9
1.5
34

16

18

18
72
9
92

16

14

12
56

10

20

SE-IT
—-1.09 13
-193 23
—1.43 1.7
—0.588 0.7
—218 26
—1.43 1.7

319 38
6,88 82
1.59 1.9
0.671 0.8
0099 0.66
—0.075 0.5
0.036  0.24
—0.039  0.26
—3139 6
145 25
5% 97
224 39
020 1.7
—0.070 0.6
—0.131 0.7
—0.0%4 0.5
0.016 0.6
0.11 1.3
1.0 2.3
284 44
—4.0 21
08 14
—129 14
008 7.9
29 10
4.1 14
iz 11
48 16
287 9%
242 44
=27 10
17.2 50

SKE-II SK-IV
Fit value o Fit value o
079 23 005 1.6
1.03 3 009 3
.44 13 —003 1
0205 06 —0018 0.6
.44 1.3 —-003 1
(.34 1 004 1.2
(.44 1.3 006 1.9
—(.89 26 007 23
—.38 1.1 0027 09
—0.72 21 —-0.07 24
0.023 026 —0.025 028
—0016 019 0020 022
0027 031 —0.031 035
—N026 03 0031 035
5009 95 215 42
—279 52 —0BE0 1a
—263 49 1.71 i3
143 27 —080 16
0es 27 036 23
(.36 1.3 —0.0109 03
0111 07 0126 05
0080 05 0075 03
0034 04 —0109 06
087 2 001 1.7
—0.12 28 —187 15
235 24 —488 3
—22 20 —67 17
06 24 1.8 17
26 24 96 24
=019 77 —407 68
223 63 192 46
1.73 49 1.25 3
B4 24 56 13
200 E2 70 17
i9 11 99 24
—-1.17 539 1.78 5.6
1.5 10 1.1 10
20 20 03 10

“The uncertainties in BG subtraction for upward-going muons are only for the most horizontal bin, —0.1 < cosé# < 0.
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Other Systematics

Detector Systematics

v Int. Systematics

Flux Systematics

All Systematics

No Systematics

0 0.01 0.02 0.03 0.04 0.05 0.06 0.0
o (sin?e,,)

Detector Systematics

v Int. Systematics

Flux Systematics

All Systematics

No Systematics

0 2 4 6 8 0 21416 18, .20
o (Am) [eV]



MINOS Atm Nu

Parameter Uncertainty Best Fit (2 Osc. Param.) Best Fit (4 Osc. Param.)
[AmZ[jeV? 19x10° 22 x 102
|A°| feV*® 1.9 x107° 1.6 x 107°
sin?26 0.99 0.99
sin?26 0.99 1.00
normalization (contained-vertex i) o =15% +0.6c +0.7e
normalization (r-induced rock-p) oa=2% +01e +01e
up/down ratio (contained-vertex v) a=3% 01z —01le
ve /v, ratio (contained-vertex i) o=5% —050 —05¢7
Ty /vy ratio (contained-vertex i) og=10% —05¢ —060
v, /v, ratio (v-induced rock-pu) o=125% +1lo +09¢
NC/CC ratio (contained-vertex v) o =20% +0.6c +06¢
v spectrum parameter a=6% —04da —04c
¥ spectrum parameter a=6% +0.30 +030
4 momentum (range) a=3% —03e —030
1 momentum (curvature) og=5% +0.3e +030
shower energy o=15% +040 +04 0

TABLE III. Summary of systematic uncertainties included in the oscillation fit, along with the best fit oscillation and systematic
parameters returned by each fit. For the two-parameter fit, equal oscillation parameters are used for neutrinos and antineutrinos;
for the four-parameter fit, separate oscillation parameters are used. The best fit systematic parameters are given in units of
standard deviations.
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