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The Detector
cylindrical 50,000 ton water detector 
sees particle via Cherenkov light detected by 
11,149 photomultiplier tubes 
in addition to its science impact has also 
aesthetic value

2A. Gursky: “Kamiokande”
J. M. Turner (Painter of Light): “Campo Santo, Venice”

The Painter of  Light



Particle Detection in Super-K
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Ee-= 9.1MeV 
cos θsun = 0.95

Inner Detector

Outer Detector

(color: time)

Courtesy Y. Takeuchi, Kobe University

PMT timing ➛ 
vertex reconstruction: 
20cm (high 
energy)-60cm (low 
energy electrons) 
hit pattern ➛ particle 
ID and direction 
reconstruction: few 
(high energy 
muons) to 300 (low 
energy electrons) 
brightness ➛ energy: 
14% @ 10 MeV    
(≈6 hits/MeV above 
threshold)

solar neutrino



20th Anniversary Party: Super-K 
started taking data in April 1996 
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Neutrino Oscillations: 
Mass and Weak Eigenstates

weak or flavor eigenstate if  ν’s 
created by W’s (e.g. β+ decay: νe’s) 

linear comb. of  mass eigenstates 
(neutrinos with definite mass): e.g.                                     
|νe>=Ue1|ν1>+Ue2|ν2>+Ue3|ν3> 

ν’s propagate as mass eigenstates, 
(usual plane wave ei(p⃗⋅ r⃗-Et)/ħ) 
E2=m2c4+p2c2: p≈E/c-m2c3/(2E) 

component phases of  |νe> shift 
with time/distance: ν oscillations
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PMNS Matrix  
(Pontecorvo-Maki-Nakagawa-Sakata)

parametrize: three angles, one phase: 
solar angle θ12 governing solar ν oscillation 
reactor angle θ13 governing reactor ν oscillation 

atmospheric angle θ23 governing atm. ν oscillation 
 oscillation CP-violating phase δ (ν beams) 

(two more CP phases α1, α2 if  ν’s are Majorana-particles) 
use cij=cos θij and sij=sin θij, 

approximate numerical values:

Michael Smy, UC Irvine
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Quark and Lepton Mixing
in weak interactions, down-type quarks mix just as ν’s 
quark mixing angles are small; biggest is Cabibbo Angle 
big neutrino mixing angles: first discovered by Super-K 
in 1998 (θ23 from atm. ν), 2000 (θ12 from solar ν) and 
Super-K/T2K in 2011 (θ13 from an intense ν-beam) 
now: θ12 from Super-K/SNO, θ13 from Daya-Bay/
Reno/Double Chooz, θ23 from Super-K/T2K

Michael Smy, UC Irvine

θ12 θ13 θ23 δ
quarks 13.04 0.201 2.38 69
leptons 33.36 8.66 40.0 or 50.4 300



νe:  ν1+ν2

νμ/τ: ν1-ν2
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Neutrino Flavor Oscillation
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
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MSW Effect

matter interactions: phase shifts affecting ν oscillations 
sun: adiabatic conversion to ν2 (ρe changes “slowly” in the sun) 
earth: resonant conversion at the resonance energy 
extra “potential” of  νe (compared to νμ/τ)  in a “Hamiltonian” 
similar to light propagation in medium (“index of  refraction”), use 
effective mixing angle and Δm2

Michael Smy, UC Irvine
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Atmospheric Neutrinos
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Atmospheric Neutrinos

11from: hepoutreach.syr.edu

survival
probability

Eν = 3 GeV
Eν = 9 GeV
Eν = 15 GeV

cos θ

Rup

Rdown

-1 1updown

w/o osc.: 
Rup=Rdown

Michael Smy, UC Irvine

from: Ed Kearns, 
Boston University

http://hepoutreach.syr.edu


Discovery of  Neutrino Oscillation

12

T. Kajita in Takayama (1998)

μ-like

Courtesy Ed Kearns, Boston University



Discovery of  Neutrino Oscillation
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single ring μ single ring e partially contained μ upward μ from rock

eμ μ μ

no oscillations

through going μ

stopping μ-cited 4,845 times
Michael Smy, UC Irvine



Oscillation to νμ➛ντ or νμ➛νs?
use three different samples: 

a π0 enhanced sample to look 
for oscillation effects in NC 
interactions 
a high energy νμ sample to 
look for matter effects 
an even higher energy νμ 
sample 

to limit systematics take up/
down ratios 
answer: νμ➛ντ!

14

νμ➛ντ

νμ➛νs~30% NC 
45-50% CC νe 
~20-25% CC νμ

CC νμ

CC νμ

νμ➛ντ

νμ➛νs

νμ➛ντ

νμ➛νs

PRL 85 3999 (2000) Michael Smy, UC Irvine

partially contained

upward- 
going μ



Search for the oscillated ντ’s
fairly high energy 
because of  τ lepton 
threshold 

use event shape 
variables (e.g. sphericity) 
to make an enriched 
sample 

purity is still low… 

look for excess in 
upward direction

15 PRL 97, 171801 (2006)Michael Smy, UC Irvine



Search for WIMP Annihilation
WIMPs get trapped in gravity wells when they 
interact with matter (single scattering) 

equilibrium: capture rate=annhil. rate; annihil. 
rate measurement implies WIMP cross section

16PRD 70, 083523 (2004)

w/o osc.

w/ osc.

Michael Smy, UC Irvine



Search for the Oscillation Pattern

angular resolution 
of  outgoing lepton 
limits the 
oscillation pattern 

make cut on 
energy and zenith 
angle to select 
high resolution 
event 

observe the 
oscillatory pattern

17 Phys. Rev. Lett. 93, 101801Michael Smy, UC Irvine



Current and Future Measurements

mass ordering 

octant of  θ23 
(<450 or >450) 

CP violation δ 

rich laboratory: 
large energy 
range, different 
samples, matter 
effects…
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P(νμ➛νμ) P(νμ➛νe)

P(νμ➛νμ) P(νμ➛νe)

from: Ed Kearns, Boston University



Super-K Atmospheric ν Data

19

νe appearance samples

Michael Smy, UC Irvine

Preliminary



Oscillation Fit

slight preference for normal mass ordering (Δχ2=4.3) 
very slight preference for δCP=-π/220 Michael Smy, UC Irvine

Preliminary

from: S. Moriyama, ICRR Neutrino 2016



τ Appearance

ντ comp. fit: 
1.46±0.31 
(4.6 σ)

21 Michael Smy, UC Irvine

Preliminary

neural network output



WIMPs: Present Solar Search

22

analysis of  all data 
sets 

first serious search 
for CP violation 

more electrons than 
expected and less 
positrons 

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



WIMPs: Limits from Solar Search

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



WIMPs: Limits from Solar Search

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



Accelerator Neutrinos

25
Nucl.Instrum.Meth. A789 (2015)



K2K: KEK to Kamioka

26

on axis beam produced 
by a 12 GeV proton 
beam hitting an Al 
target at KEK 
beam is focussed by a 
horn and send over 
250km to Super-K 
predominantly νμ 
confirm disappearance 
of  νμ and even a “dip” 
in the oscillation pattern Michael Smy, UC Irvine



K2K: KEK to Kamioka

27

use “1kt”, a mini-
version of  Super-K as 
near detector as well as 
fine-grained detectors 
first long-distance 
transmission via 
neutrinos: the nine-
bunch structure of  the 
proton beam 
first search of  νμ➛νe: 1 
candidate, 1.7 expected 
background

1kt

Super-K

Michael Smy, UC Irvine



T2K: Experimental Setup

28

 Experimental setup of T2K 
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Discovery of  νμ➛νe

using POLfit, a 
reconstruction tool 
that always assume 
two e-like rings, can 
control π0 background 

data taking was 
temporarily delayed 
by a 9.0 earthquake 

eventually, statistical 
significance exceeded 
seven sigma 

29
Michael Smy, UC Irvine



Maximal Disappearance: T2K νμ➛νμ
almost all 
events are 
gone! 

eventually, 
the world’s 
best 
measurement 
of  θ23 

disadvantage: 
hard to 
pinpoint the 
“dip”

30
Michael Smy, UC Irvine



Maximal Disappearance: T2K νμ➛νμ

checks CPT invariance 

consistent with muon 
disappearance 

larger backgrounds
31

Michael Smy, UC Irvine



T2K Results (so far) νμ➛νe

analysis of  all 
data sets 
first serious 
search for CP 
violation 
more electrons 
than expected 
and less 
positrons 
amplifies CP 
reach 32

Michael Smy, UC Irvine

H. Tanaka, Neutrino 2016

PreliminaryPreliminary

Preliminary
Preliminary



T2K Results (so far) νμ➛νe

analysis of  all 
data sets 

first serious 
search for CP 
violation 

more electrons 
than expected 
and less 
positrons 

amplifies reach
33

use reconstructed energy use momentum, angle
Bayesian analysis Bayesian analysis

Preliminary

PreliminaryPreliminary

Preliminary

Michael Smy, UC Irvine H. Tanaka, Neutrino 2016

H. Tanaka, Neutrino 2016H. Tanaka, Neutrino 2016

H. Tanaka, Neutrino 2016



Solar Neutrinos

34



Solar Fusion and Solar Neutrinos

35 Michael Smy, UC Irvine
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Solar Neutrino Survival Probability
large mixing: 
very broad 
resonance 
solar ν’s are 
on the edge 
for pp, only 
averaged 
vacuum 
oscillations 
coherence 
already lost 
above 
resonance 
strong Earth 
effects in the 
same region

36Michael Smy, UC Irvine

matter oscillation dominant 
(solar MSW resonance)

vacuum oscillation dominant

vacuum osc. dominant

8B range pp range



Constrain Neutrino Oscillation 
Parameters

37

many different, disjoint regions  of  
oscillations parameters called SMA, 
LMA, Low and Vacuum 

day/night analysis: PRL 82, 1810 (1999) 

recoil electron spectrum analysis: PRL 
82, 2430 (1999) 

at Neutrino 2000 in Sudbury: exclude 
small mixing and sterile neutrino 
oscillations at 95% C.L. 

beginning of  the end of  the “small 
mixing” paradigm 

it took two more years to convince the 
field this is correct…

SMA LMA

Vac.

Low

exclude from 
spectrum, D/N

favor using 
absolute rate

Michael Smy, UC Irvine



A year later…

38

careful study of  recoil electron 
spectrum and solar zenith angle 
variation excluded also the Low 
solution favoring a single region 
of  parameter space: LMA

“double paper” 
 Phys.Rev.Lett. 86 (2001) 5656-5665 Michael Smy, UC Irvine



The Discovery of  Solar ν Oscillation

difference between SNO’s pure charged-
current solar neutrino interaction rate and 
Super-K’s electron elastic scattering rate 
demonstrate solar neutrino flavor conversion 

SNO’s rate and Super-K’s recoil e- spectrum 
strongly exclude small mixing 39

A. McDonald receives the 
Vanne Cocconi prize on behalf  

of  SNO two years agoMichael Smy, UC Irvine



Unique Solution in Global Analysis
immediately confirmed and 
strengthened by SNO’s NC 
measurement 
robust (leaving out some data sets) 
eventually confirmed by KamLAND

40

no SNO

no Gallex/GNO, 
SAGE, Homestake

with SSM constraint on φ8B

Michael Smy, UC Irvine
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SK-I/II/III/IV Combine Day/Night Asymmetry

Present Super-K Day/Night
first indication 
(~3 sigma) of  
matter effects 
likelihood fit  
to solar zenith 
angle 
distribution 
depends 
slightly on 
Δm221 
less vulnerable 
to detector 
asymmetries 
lower statistical  
errors than 
from separate 
D, N rates

41
Michael Smy, UC Irvine

sin2θ12=0.311, sin2θ13=0.025
1σ KamLAND1σ Solar

SK-I,II,III,IV best fit

expected
2.8σ2.9σ3.0σ

Day/Night asymmetry 
(from separate D and N rates)



ν Energy in MeV
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SNO published
Phys. Rev. C 88, 025502 (2013)

SK Spectrum analysis

most precise probe of  transition region from vacuum 
oscillation to MSW adiabatic conversion: ~50% less 
uncertainty on Pee 
complementary to SNO: SNO is most precise in MSW region
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Current Oscillation results
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Supernova Explosions
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! 

from: M. Vagins, WATCHMAN meeting at Virginia Tech in 2013

Core collapse 
Supernova

Type Ia Supernova



Core-Collapse Supernova 
Explosion: The ν Bomb!

~99% of  energy released into neutrinos 
~0.01% goes into light emission! 
must understand neutrinos to understand these events!

Georg Raffelt, MPI Physics, Munich NOW 2014, 7–14 Sept 2014, Otranto, Italy 

Core-Collapse Supernova Explosion 

Neutrino 
cooling by 
diffusion 

   End state of a 
   massive star 
   M ≳ 6– 8 M⊙ 

Collapse of 
degenerate core 

 Bounce at ρnuc 
 Shock wave forms 
 explodes the star  

  Grav. binding E  
  ~ 3 × 1053 erg 
  emitted as nus 
  of all flavors 

• Huge rate of low-E neutrinos 
   (tens of MeV) over few seconds 
   in large-volume detectors 
• A few core-collapse SNe in our 
   galaxy per century 
• Once-in-a-lifetime opportunity 
 

Courtesy G. Raffelt @ NOW 2014



Neutrinos Power the Explosion

Georg Raffelt, MPI Physics, Munich NOW 2014, 7–14 Sept 2014, Otranto, Italy 

Convection and SASI (27 MSUN) 

Hanke et al., arXiv:1303.6269 

SASI episodes

Cooling on neutrino 
diffusion time scale

shock stalls ~150km 
Neutrinos powered by 
inflating matter

G. Raffelt @NOW 2014; 27M☉

Georg Raffelt, MPI Physics, Munich NOW 2014, 7–14 Sept 2014, Otranto, Italy 

Examples for Different Progenitor Masses 

SASI episodes Convection only 

  27 𝑀⊙ Progenitor 
  Two SASI episodes 
  Otherwise convection 

  20 𝑀⊙ Progenitor 
  One SASI episodes 
  Otherwise convection 

  11.2 𝑀⊙ Progenitor 
  No SASI  
  Large-scale convection 

IceCube and Hyper-Kamiokande rates at 10 kpc 

only convection

27M☉ 20M☉ 11.2M☉

simulations: shock 
rebound stalls after 
about 600ms 
stalled shock wave 
needs energy to start 
re-expansion against 
ram pressure of  
inflating stellar core 
neutrinos  can supply              
fresh energy! 
SASI  is 3D        
“sloshing” of          
shock wave            
(=standing accretion 
shock instability)



Supernova ν Emission

Georg Raffelt, MPI Physics, Munich NOW 2014, 7–14 Sept 2014, Otranto, Italy 

Three Phases of Neutrino Emission 

• Shock breakout 
• De-leptonization of 
   outer core layers 

• Shock stalls  ~ 150 km 
• Neutrinos powered by 
   infalling matter 

Cooling on neutrino 
diffusion time scale 

Spherically symmetric Garching model (25 M⊙) with Boltzmann neutrino transport 

Explosion 
triggered 

shock breakout; outer 
core de-leptonization

cooling on neutrino 
diffusion time scale

shock stalls ~150km; in-
falling matter powers ν’s

G. Raffelt 
@NOW 2014

SN ν events in Super-K

water detectors: mostly νe’s; liquid Argon TPCs (LBNF) νe’s 
see νe burst with LArTPC, cooling with water detector

Michael Smy, UC Irvine



ν-ν Interaction: Only in SN!
Dasgupta, Dighe, 
Raffelt, Smirnov, 
PRL 103, 051105 
(2009)

neutrinos 
trapped by 
dense PNS 
νx escape at 
earlier 
(higher T) 
non-linear ν 
self-
interaction 
“swaps” the 
spectra 
depends on 
mass 
ordering 

νe

νx

νe νx

νe

νx

νe

νx

Michael Smy, UC Irvine



Supernovae in our Backyard
3/9 remnants: not 
core collapse SN 
six observed core 
collapse explosions 
in ~1800 years 
see only ~20%: ~2 
CCSN/century… and 

SN1885a 
(M31) 
SN 1987a 
(LMC)
from: M. Vagins, 
WATCHMAN meeting at 
Virginia Tech in 2013

X

X X



galactic core collapse supernova neutrinos: a long journey, a long wait! 
(PhD students should finish <50yr) 
… so look beyond our galaxy: CC SN rate about 1 Hz! 
resulting neutrino interaction rate is a few per year in Super-K 
observed SN rate only ~half  of  prediction from star formation  
a problem with the observation? or the prediction? neutrinos would tell!

Horiuchi et al.,  
Ap.J., 738(2011 )154.

Diffuse, Distant SN Flux

50



SK I-III: 2±2 events/yr 
SK-IV only analyzed with n      
tagging (10-20% efficiency) 
atm. ν NC background will important 
(even with high efficiency tagging)

Super-K’s Diffuse, Distant SN ν 
Search Using IBD: νe+p➝e++n

51
Michael Smy, UC Irvine

Phys. Rev. D 85:  
052007 (2012)

PRL 90, 0611101 
(2002)

[Astro.	Phys.	60,	41–46,	2014]		

νμ CC

νe CC

signal

SK-IVwith n 
tagging

SK-I-III w/o n 
tagging

KamLAND

Phys. Rev. D 85:  
052007 (2012)



Atmospheric Background 
with Gd n tagging

52
Hiroyuki Sekiya                                                               NEUTRINO2016    London                                                    July 9 2016

BG source: atmospheric neutrino
y CC

19

Inv.μ n + decay-e

（anti-）νe CC         

μ/π generation

νe e

νμ μ e
T < 50 MeV
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νμ μ
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EGADS

53
Hiroyuki Sekiya                                                               NEUTRINO2016    London                                                    July 9 2016

EGADS
y To study the Gd water quality with actual detector materials.
y The detector fully mimic Super-K detector.

: SUS frame, PMT and PMT case, black sheets, etc.

23

Evaluating Gadolinium’s Action on Detector Systems
200 m3 tank with 240 PMTs

15m3 tank to dissolve Gd

Gd water circulation system
(purify water with keeping Gd)

EGADS

2014
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pure 
water

dissolving Gd2(SO4)3 full 0.2% Gd2(SO4)3 experimentation 
with water system

Michael Smy, UC Irvine

H. Sekiya, Neutrino 2016 H. Sekiya, Neutrino 2016

full 0.2% 
Gd2(SO4)3
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T 2 K - I I :  P H Y S I C S  P O T E N T I A L

• Assumes ~50% increase in effective statistics/POT 

• increase horn current to design (320 kA): ~+10% 

• SK multi-ring samples and fiducial volume increase: ~+40% 

• ~3 σ sensitivity to CP violation for favourable (and 
currently favoured) parameters 

• Precise measurement of θ23: 

• octant resolution if θ23 at edge of currently allowed values 

• otherwise, measure θ23 to ~1.7° 
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that the T2K-II data is taken in roughly equal alternating periods of ⌫-mode and ⌫̄-mode932

(with true normal MH and �
CP

= �⇡/2) is given in Fig. 22.933
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FIG. 22: Sensitivity to CP violation as a function of POT with a 50% improvement

in the e↵ective statistics, assuming the true MH is the normal MH and the true value

of �
CP

= �⇡/2. The plot on the left compares di↵erent true values of sin2 ✓23, while

that on the right compares di↵erent assumptions for the T2K-II systematic errors with

sin2 ✓23 = 0.50.

Above study assumes that the ⌫-mode and the ⌫̄-mode share the same running time.934

The running time configuration would be optimized to enhance the significance for the CP935

violation resolving. However the CP violation resolving depends on the capability to solve936

other degeneracies such as the mass hierarchy and the ✓23 octant. Thus optimal option937

requires a meticulous consideration over the large space of neutrino oscillation parameters.938

Here the study is to validate that the configuration of ⌫ : ⌫̄ = 50 : 50 running time ratio is939

not worse choice after all. Figure 23 shows the sensitivity to the CP violation plotted as a940

function of POT with seven values of sin2 ✓23 mixed with seven options of the ⌫ : ⌫̄ running941

time ratios (in percentage). In this study, only the statistic uncertainty is considered and942

no e↵ective statistics improvement is applied. It can be observed that the configuration in943

which the ⌫-mode is dominant, gives the worst sensitivity to the CP violation if the true944

value of ✓23 is in the low octant. This is explained by the fact that the ⌫-mode running945

alone has limited power to resolve the ✓23 octant. On other hand, the ⌫̄-mode running has946

higher power to resolve the ✓23 octant. However, this running mode su↵ers a decrease of947

statistics. After all, taking data equally in ⌫-mode and ⌫̄-mode is not the most optimal948

configuration for every true value of sin2 ✓23 but gives high sensitivity to the CP violation949

in overall range of sin2 ✓23.950
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(a) Assuming true sin2 ✓23 = 0.43.
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(b) Assuming true sin2 ✓23 = 0.60.
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(c) Assuming true sin2 ✓23 = 0.50.

FIG. 25: Expected 90% C.L. sensitivity to �m2
32 and sin2 ✓23 with the 2016 systematic

error. The POT exposure accumulated by 2014 corresponds to 6.9 ⇥ 1020 POT ⌫- +

4.0 ⇥ 1020 POT ⌫̄-mode. For the ultimate T2K-II exposure of 20 ⇥ 1021 POT, a 50%

increase in e↵ective statistics is assumed.

As observed, the octant degeneracy of ✓23 mixing angle can be resolved by the proposed968

T2K-II data at some levels if ✓23 is not maximum. More specifically, Fig. 26 shows that969

the octant degeneracy can be solved by more than 3� if the ✓23 is in the high octant,970

sin2 ✓23=0.6. For the lower octant case, sin2 ✓23=0.43, the significance of resolving octant971

degeneracy is also close to 3�. Fig. 26 also shows uncertainty on sin2 ✓23 as function of972

POT. If sin2 ✓23 is maximum, the expected 1� precision of sin2 ✓23 determined by the973

proposed T2K-II is 1.7�. For the case of sin2 ✓23 = 0.43, 0.6 the uncertainty is 0.5�, 0.7�974

respectively. The uncertainty of ✓23 in the case of maximum is much higher than the other975

cases since the survival probability close to sin2 ✓23 ⇠ 0.5 is basically independent of ✓23.976
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(a) Assuming the MH is unknown.
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(b) Assuming the MH is known – measured by

an outside experiment.

FIG. 20: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20⇥ 1021 POT with a 50% improvement in the e↵ective statistics, 2016 systematics are

employed, and assuming that the true MH is the normal MH. The left plot is with assump-

tion of unknown mass hierarchy and the right is with known mass hierarchy. Sensitivities

at three di↵erent values of sin2 ✓23 (0.43, 0.5 and 0.6) are shown.
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(a) Assuming the MH is unknown.
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(b) Assuming the MH is known – measured by

an outside experiment.

FIG. 21: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20 ⇥ 1021 POT with a 50% improvement in the e↵ective statistics, a reduction of the

systematic uncertainties to 2/3 of their current size, and assuming that the true MH is the

normal MH. The left plot is with assumption of unknown mass hierarchy and the right is

with known mass hierarchy. Sensitivities at three di↵erent values of sin2 ✓23 (0.43, 0.5 and

0.6) are shown.

The expected evolution of the sensitivity to CP violation as a function of POT assuming931
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(a) Assuming the MH is unknown.
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(b) Assuming the MH is known – measured by

an outside experiment.

FIG. 20: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20⇥ 1021 POT with a 50% improvement in the e↵ective statistics, 2016 systematics are

employed, and assuming that the true MH is the normal MH. The left plot is with assump-

tion of unknown mass hierarchy and the right is with known mass hierarchy. Sensitivities

at three di↵erent values of sin2 ✓23 (0.43, 0.5 and 0.6) are shown.
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(a) Assuming the MH is unknown.
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(b) Assuming the MH is known – measured by

an outside experiment.

FIG. 21: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20 ⇥ 1021 POT with a 50% improvement in the e↵ective statistics, a reduction of the

systematic uncertainties to 2/3 of their current size, and assuming that the true MH is the

normal MH. The left plot is with assumption of unknown mass hierarchy and the right is

with known mass hierarchy. Sensitivities at three di↵erent values of sin2 ✓23 (0.43, 0.5 and

0.6) are shown.

The expected evolution of the sensitivity to CP violation as a function of POT assuming931

external hierarchy inputhierarchy unknown

H. Tanaka, Neutrino 2016



Summary

Rich physics program 

still producing interesting 
physics 

more is yet to come: T2K 
phase II and SK-Gd
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SK spect fit sin2(θ12) sin2(θ13) Δm221 
[10-5eV2]

φ8B [106/
cm2sec]

φhep [106/
cm2sec] χ2spec #σ

solar 0.304 0.02 4.84 5.50 1.9 73.86 1.2

solar+KL 0.304 0.02 7.50 5.28 1.9 76.60 2.1
SK spect fit c0/e0 c1/e1 c2/e2 φ8B φhep χ2spec #σ

quadratic 0.334 0.0010 0.0005 5.25 14 72.33 0.0

exponential 0.336 0.0000 - 5.24 14 72.36 0.2

SK spectrum disfavors KamLAND Δm221 by ~two sigma 

SK favors solar Δm221 over KamLAND’s by more than two sigma

SK D/N & 
spectrum fit sin2(θ12) sin2(θ13) Δm221 

[10-5eV2]
φ8B [106/
cm2sec]

φhep [106/
cm2sec] χ

2DNsp #σ

solar 0.304 0.02 4.84 5.50 1.9 64.00 0
solar+KL 0.304 0.02 7.50 5.28 1.9 69.18 2.3


