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Neutrino Oscillation & PMNS Matrix
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0,5 and Future v Experiments

:
Reactor @f

MO
2012 \

MO = Mass Ordering MO
¢m& \

Accelerator

..1
PINGU ORCA
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3 Generations of Kamiokande

Kamiokande (1983-1996)  Super-Kamiokande (1996- )  Hyper-Kamiokande (~2026- )
3000 ton 50,000 ton 2x260,000 ton

Dameter TAm

Henghe

Q Neutrinos from
SN1987a.

guy Physics programme:
Atmospheric neutrinol %"

g o /4
ascillation. .

@ Neutrino oscillations: Mass
Hierarchy, Leptonic CP

@ Atmospheric neutrino

EleTia 9 S(?Iar neutrino oscillation o latlon. . Octant...
@ Solar neutrinos. with SNO. . i =
o AR
@ Far detector for KEK-PS pl—lfKef,r; decay: p—et a0,
(K2K) and J-PARC beam s
(T2K): electron neutrino @ Neutrino astrophysics:
appearance. Solar neutrinos, Supernova

_ e neutrinos, WIMP searches
@ World leading limit on

proton lifetime > 103

?
years. (?) 4

Sunny Seo, SNU




Hyper-K Physics Program

Atmospheric v
|

Supernova Vv

Neutrino oscillatic

Beam \

Neutrino telescopé

New step to
geo-science

v Tomography

1) ag Macdute dqd

Palace Tokyo. Japan

Google .
lo1 3576450 44" N 138°5601 02" € slev 39141 Swoaming 11 105% Eye alt 31100 mi /(
CP phase & neutrino e

mass ordering (MO) \ |
Nucleon Decay Lifetime : 103 yr




Hyper-Kamiokande (Hyper-K)
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o Hyper-K Detector in Korea

2.5 deg. off axis ‘n‘%&s*zl
q)

The J-PARC v beam comes to Kore

an.
S
AL ANS
i‘%ﬁﬁﬂ"

D e AR A R ; ;
X ‘ - o see hep-ph/050406

Off-axis angle By K. Hagiwara, N. Okamoura, K. Senda




Neutrino Oscillations in Kamioka & Korea

Beam center

Sea
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v. flux
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P( Vi > Vo)

010
008
0.08
0.04
0.02

0.10
0.08
0.08
0.04
002 !

0o

Sunny Seo, SNU

1.C 20 30 40 50

Neutrino Energy (GeV)

Pion mass

\

M? — m?
E, = £
Y 2}E—pcos€)

\ Pion

momentum

Pion energy

T]IIIAI ll]-IlIlIl

Invisibles Workshop @ Zurich 2017.06.15 9




Ve appearance probability: address 3 key parameters

If Normal/Inverted Ordering,

v mass ordering ) shem T e

023 OCt?nt \ (+/-) sign is for v
' i (1574)AgiL
o O 5 1 . o (1F7r4)Az
P(l/# — l/e) ~ 48%33%3 m 81112 ..1E CP
) ) . (1¥‘7°_4)A31L l Az L
2 20: 0S(+0 —
+ sin 265 sin 2653513 sin 1B cos( B )
5 Ag L\ A 1 . o (1F7ra)Asz L
+ ¢35 sin” 2612 ( 4]:" ) — 4534513 m sin® ( 4;, 1
4 4

ra=2/2GpN,E, | Am, | |
solar term: suppressed by A%1  suppressed by sin“013

0(103) @ 1%t osc. Max 2% correction to the 15t term
0(102) @ 2" osc. Max
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1st Oscillation Maximum in Kamioka
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1st and 2"d Oscillation Maxima in Korea
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Benefits of T2ZHKK

The following physics sensitivities are improved
by locating the 2"? detector to Korea

» Neutrino mass ordering determination 15t&2" oscillation
maxima

» Leptonic CP violation phase measurement

Longer baseline
Higher v energy

» Non-standard neutrino interaction Higher matter
density
» Solar/SN/SRN/v geo physics sensitivities Deeper site:

650 vs. 1000 m

Sunny Seo, SNU Invisibles Workshop @ Zurich 2017.06.15 13



Unique benefits of a Korean Detector

(Biprobablitiy plots often used to (Larger ellipses mean less sensitivity to\
compare experiments. (e.g. T2K vs systematic errors.
NOvA).  Extend these to multiple Shape differences unpick degeneracies with
energies, to gain understanding of 2 \other parameters. (e.g. £423) y
\_Maxima measurement. Y

Blue: Energy of peak QE rate
Solid lines: Normal Hierarchy New detector at Kamioka Red: median of high-energy talil

) . . . . . u " “
Dotted lines: Inverted Hierarchy Improves statistics Green: low-energy
Rescaled to original T2K-I Biprobability at Tochibora site (®,, =0.959460) Biprobability at Bohyun site (@, =3.130079)
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Detector in Korea measures parameters in a very different way



T2HKK Inauguration

July 10 2016, London

Meeting after the first T2HKK proposal talk in London

’,
: o
By =
: o




T2HKK White Paper

November 215t 2016

*>§//é ~ 4 months later *lk//é

//(i\ from the inauguration AN

"./, AN *./* AN
. arXiv:1611.06118 .

(60 pages)

Physics Potentials with the Second Hyper-Kamiokande Detector
in Korea

(Hyper-Kamiokande Proto-Collaboration)

K. Abe,*"% Ke. Abe,2* H. Aihara,’%% A. Aimi,'® R. Akutsu,”® C. Andreopoulos,?®43

I. Anghel,?! L.H.V. Anthony.?® M. Antonova,?’ Y. Ashida,?® M. Barbi,** G.J. Barker,5
. Barr, . Beltrame, . Berardi,'® M. Bergevin,? S. Berkman,? T. Berry,*
G. Barr,** P. Belt v B 11,16 M. Berg 3 S. Berk 2 T. Berry,®

S. Bhadra.™ F.d.M. Bla.szczyk,l A. Blondel 12 S, ]301(‘),@:1‘103i,6 S.B. Bo_\,fcl,66 A. Bravar.1?
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1t T2HKK Workshop @SNU

15t T2ZHKK workshop (Nov. 21-22) at SNU was successfully finished.

ﬂ L

=

Sunny Seo, SNU Invisibles Workshop @ Zurich 2017.06.15
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1t T2HKK Workshop @SNU
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Ocp & MO Sensitivity Studies

Simulation parameters
e 2.7x10%2 POT with v:v =1 : 3 operation ratio

— 10 years of operation with 1.3 MW beam

187 kton fiducial volume (compared to 22.5 kton for SK)

e Baseline to Korea is 1100 km IAmi,|=2.5%10"" eV
$in’0,,=0.5
e Off-axis beam: 1.5°,2.0°, 2.5 §in220,,=0.085

Am5=7.53%10"" eV
sin”0,,=0.304
0,=0,m/2,7t,31/2

e Oscillation parameters; — —)

€ Note: Relatively simple systematic uncertainty model is used.
More realistic systematic uncertainty implementation is needed.



Mass Ordering Sensitivities

True Normal Hierarchy True Inverted Hierarchy
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HK+KD 1.5°:
HK x2

Invisibles Workshop @ Zurich 2017.06.15

5.5~ 7 o forall §.p

1~5 oforall 0.
(< 3 o for most cases)
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CP Sensitivities

True Normal Hierarchy, Hierarchy Known

True Inverted Hierarchy, Hierarchy Known
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Ocp Precision Sensitivities

- Important for flavor symmetry model of neutrino mixing

True Normal Hierarchy True Inverted Hierarchy

Cf)\ 25 B L I LI | T II-IIK l2| L I I T I l— 6\ 25 B L I LI I L I L I L I UL I l-
N’ L E— X - N’ L - .
o —— HK+KD at2.5° . T — miﬁo at 2.5° .
© 20+ —— HK+KD at 2.0° - © 20 HK+KD at 2.0° -
B —— HK+KD at 1.5° i B HK+KD at 1.5° i
15p E 15p E
10F = 10F -
sE ] s :
: L1 11 I L1 11 I L1 11 I L1 11 I L1 11 I L1 11 I l: : L1 11 I L1 11 I L1 11 I L1 11 I L1 11 l L1 11 l l:

OO 1 2 3 4 5 6 OO 1 2 3 4 5 6
arXiv:1611.06118 Op (rad.) 8p (1ad.)

At maximum CP violation: HK+KD 1.5°: o(8p) = 13~14 degree
HK x2 : 0(8p) ~ 17 degree

Sunny Seo, SNU Invisibles Workshop @ Zurich 2017.06.15 22



Fraction of 3,

Fraction of dqp

How much fraction of dqp Can we cover ?
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Beam + Atm. Data

Mass ordering sensitivity
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Beam + Atm. Data

—— Atm+Beam(JD x 2)
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Beam + Atm. Data

Ocp Precision sensitivity
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Beam + Atm. Data

Su

\/Ax? Wrong Octant Rejection

Octant sensitivity

B Atm+Beam(JD x 2)
I Atm+Beam (JD+KD)

| I L I

o
H
p_
S
(8]

0.5 0.55 0.6

L ] . 2
sin 923

27



Muon shielding(Mt. Bisul)

L ow E benefits 3

1. Deeper site:
lower muon flux,

lower s pa llation BKG Due to the detector being located deep underground,
The background level 1s decreased

-~
~
>

H s . @ 'IPP/LSBB
2. Geographical separation: | .~ | W% Kook Super-K site
signal coincidence, glo.. \ / (1 km)
= oulby
degeneracy break-up E Hyper ¢ T LNas
10 site . LSM
- (650 m) . SURF
1077 ~
SNOLAB™._
' Jin-Ping %
lOvml ZI 3 ‘-It‘l‘l‘ﬁl‘ A

: 6 7
Depth [km w. e.]
Muon flux to each laboratory
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Low Energy Physics Benefits

J Solar neutrino physics

(2) HEP solar neutrinos

(1) Day/night asymmetry due to MSW matter effect in Earth
]» Sensitivity improves
(3) energy spectrum upturn

(J Super-Nova Relic neutrino detection

(1) SRN detection capability below 20 MeV improves
(2) Detection efficiency is more than twice in [16, 18] MeV than HK site.

(J Neutrino geophysics

(d Non-standard new physics

(2) tiny violation of Lorentz symmetry without/with CPT invariance,

(1) Quantum decoherence, Phys. Rev. D 77, 073007 (2008)
{ (3) nonstandard neutrino interactions with matter

- In most cases, these are improved with T2HKK configuration .



Solar v
: SK-Il [V px ] 2 25 Vx5
flux/location 1000m g(?Om ‘ HK IﬁtAgzumi ‘ 1812>(Om ‘Togh?(bora
Signal Efficiency
) Current (solar) Improved (Relic) Spallation cut
Spallation spallation cut
MBS EEEIET o o | 2] 23% || 3.9%
Amount of
spallation product x1 x1 x2 x4
Spallation BGleTt | 6% | -12%| -4% -46% || ~16%
before spallation cut) N
o ~80%
Korean site Japan site
Signal Eff. U X2 U X5
after spacut | 1000m [Mozumi Tochibora
“"20MeV 79% 62% 29%
20 26MeV 90% 17% 94%
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Some candidate sites in Korea

Site candidates for a 2" osc. maximum detector in Korea

-- Baselines with 1,000~1,200 km
-- 2.0~2.5° or 1.5~2.0° off axis beam directions
-- >1,000 m high mountains with hard granite rocks

Mt. Bisul ~1.3° 1088 km 1084 m
Mt. Hwangmae ~1.8° 1140 km 1113 m
Mt. Sambong ~1.9° 1180 km 1186 m
Mt. Bohyun ~2.2° 1040 km 1126 m
Mt. Minjuii ~2.2° 1140 km 1242 m

Mt. Unjang ~2.2° 1190 km 1125 m
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Mt. Bisul at Dalsung (1,084m high)

= Excellent accessibility: Dalsung district in the city of Daegu
«— near Technopolis area, KTX from Seoul, access road,
electricity, water

Sunny Seo, SNU Invisibles Workshop @ Zurich 2017.06.15 33
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Hyper-K Schedule

FY 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026
2015

on

Caviz excavation | Tank ﬁnstruc tion |OPerat
Acces stunnells nsor '
installation
velopment hotosensor pnoduction ater
- . , _ filling

Beam up to 1.3MW

desig

‘WI-

® Assuming funding from 2018
® The |st detector construction in 2018~2025

® Cavern excavation: ~5 years

® Tank (liner, photosensors) construction: ~3 years
® Water filling: 0.5 years
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J-PARC Beam Power Plan
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LBNF/DUNE

| took slides from Ed Blucher’s talk
at Fermilab user’s meeting on June 8th, 2017



LBNF/DUNE Overview

* Muon neutrinos/antineutrinos from high-power proton beam
* 1.2 MW from day one; upgradeable to 2.4 MW In 2032
* Massive underground Liquid Argon Time Projection Chambers
* 4x17 kton fiducial mass of > 40 kton
* Near detector to characterize the beam (100s of millions of
neutrino interactions)

1300 km

South Dakota . Chicago
Underground
Research S N

Facility

Fermilab

W
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DUNE Science Program

» Neutrino Oscillation Physics
- Search for leptonic (neutrino) CP Violation
- Resolve the mass hierarchy (m;>m, , or m; , > mj;)

— Precision oscillation physics
Parameter measurements, 6., octant

Testing the current 3-neutrino model, non-standard interactions, ...

» Nucleon Decay
- Particularly sensitive to p — K*v

« Supernova burst physics and astrophysics
- 3000 v, events in 10 sec from SN at 10 kpc

+ many other topics (v interaction physics with near detector,
atmospheric neutrinos, sterile neutrinos, WIMP searches, Lorentz

Invariance tests, etc.)

5 8June2017 Ed Blucher | Fermilab Users Meeting CHICAGO

BIAVE



Mass Hierarchy and CP Violation

Mass Hierarchy Sensitivity CP Violation Sensitivity
30 10
[ DUNE Sensitivity [0 7 yoars (staged) OUNE Senelivity 17 years (staged)
i mmzm [ 10 years (staged) 9 :;-,.-m:om [ 10 years (staged)
25: e_: NuFit 2016 (90% C.L. range) —-—- sin's,, = 0.441 = 0.042 8 8- NuFit 2016 (0% C.L. range) -—-— sine, = 0.441 £ 0.042
7
6
|>r:( P /i _—
218
A © 4 ; '
: of 4 i %0
- 2 i .
:
o-lllIlllIlllllllllllllllllllllllllllllll 0 .
-1 -0.8-0.6 —0.4-0.26 0 . 0.2 04 06 0.8 7 -1 -0.8-06-0.4-0.2 6:/ - 0.2 04 06 08 1

After 7 years (staged):
* CP Violation: 50 if 6, near -1t/2; 30 over 65% of &, range
* Mass hierarchy determination: > 5c for all parameter values

7  8June2017 Ed Blucher | Fermilab Users Meeting CHICAGO DAUVE



Sensitivity vs. time

Mass Hierarchy Sensitivity CP Violation Sensitivity
| DUNE Sensitivity (Staged) B 5, = =2 12- DUNE Sensitivity (Staged) ] 5 = 2
1 2| —Normal Ordering [ 100% of 5, values - Normal Ordering [ 50% of 5, values
~ sin'26,, = 0.085 = 0.003 —— Nominal Analysis - sin’28,, = 0.085 +0.003 [ 75% of 5, values
~ sinfe,, = 0.441 = 0.042 ----— @ & 8_ unconstrained| 10}—sin*e,, = 0.441 = 0.042 —— Nominal Analysis
10 L .2 N 83 & 85 unconstrained
8 7 years

1 year E 6
A :

©
LI L B B I B B B |

4 years \ ................
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2 4 6 8 10 12 14
Years Years

Important sensitivity milestones throughout beam physics
program

8  8June 2017 Ed Blucher | Fermilab Users Meeting B CHICAGO TUVE



Staging assumptions

* Year 1 (2026): 20-kt FD with 1.07 MW (80-GeV) beam
and initial ND constraints

« Year 2 (2027): 30-kt FD

* Year 4 (2029): 40-kt FD and improved ND constraints

* Year 7 (2032): upgrade to 2.14 MW (80-GeV) beam
(technically limited schedule)

Exposure Exposure
(kt-MW-years) (Years)

171 <
300 7
556 10
984 15

27 8June2017 Ed Blucher | Fermilab Users Meeting CHICAGO TRAVE



DUNE CDR:
d-p Resolution

-
—

—

' DUNE Sensitivity
35 Normal Hierarchy
: sin“20,, = 0.085

' - sin’en =045

N
"N

7/ years 10 years

—
o

S.p Resolution (degrees)

—

L1 1 l 1 1 l L1l l L1 1 l L1l I Ll l L1 1 l 1
) 200 400 600 800 1000 1200 1400
Sunny Seo, SNU Exposure (kt-MW-years)

43



DUNE Timeline

struétin Begins

SN N AN
S LN [

o Ry e o

Con

v

2018: protoDUNESs at
CERN

.

2021: Far Detector
Installation Begins

b

Data Begins

40 kton + 2 MW beam to
) .
follow in subsequent years

[5ed THE UNIVERSITY OF
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Neutrino Physics in 2035

: 295 km + 295 km + 295 km +
Heseli 295 km ~ 1100 km ~ 1100 km HLEH0D)
Detector 2 x 190 kton 2 x 190 kton 2 x 190 kton 40 kton
Fiducial Vol. water water water LAr
POT 2.7 x 10%2 2.7 x 10%2 2.7 x 10%2 556/ kt.MW.yr

(run time, viv) (10 yrs, 1:3) (10 yrs, 1:3) (10 yrs, 1:3) (10 yrs, 1:1)

Ocp = /2, 37/2 N
(known N.O.) 80 >80 >80 <80&>70
Ocp precision 17° 13~14° ~11° ~go
@ Oy =0, 1
Ocp COVETage  coo 5 ~58%at50 | 75%at3c  65%at3o
(known N.O.)
M.O. >10 >60 >7.50 >80

(true: N.O.) for all Op for all O.p for all 0.p for all O.p




J Hyper-K and DUNE use different technology to study very
challenging but fundamental v physics . 2 both are needed.

(d T2HKK: 2" Hyper-K detector in Korea (1%t and 2"9 osc. Max.)

will improve MO & CP sensitivities in Hyper-K.
Ocp Precision and non-standard v interaction are also improved.
Solar/SN burst & relic v sensitivities will be improved as well.

1 Adding atm. data will improve sensitivities a little more in HK.

d Both Hyper-K and DUNE will start taking data in 2026.

(d By 2035 Hyper-K and DUNE will determine v MO at high CL
& give precision measurements of o, (discover v CPV ?).
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Non-standard v Interaction

0 0 0

— U]l 0 ém3 0 U'+V

0 0 dmj3

where U is the Pontecorvo-Maki-Nakagawa-Sakata mixing matrix [1]

C13C12 C138512
[.' — . L 14 . 14
Ji —812C23 — C12823813€ C12C23 — 512823513€
o "5 - - o -‘(':
812823 — C12023813€ —C12823 — 812€23513€

arXiv:1612.01443
(2)
.'3138_”?
C13823 J (3}
C13C23

and V represents the potential from interactions of neutrinos in matter,

Here c¢jx = cos i, sj = sinfy;,

A

/ l + er'c.' ec:,'.'e‘om t',__.._. C,_-'a‘», '
. p—iden : . ptur
ec:_u © &,':;.' 6,'.".' €

\ €. €0 €, €70 €. .

o~
=
S

JN

A=2V2G+N.E, N, is the number density of electrons| the

unit contribution to V,, arises from the standard charged-current interaction. The effective




Non-standard v Interaction

arXiv:1612.01443

T21IKK 1.5 T2HKK 2.5

L2

0 50 100 15 200 250 300 330 30 100 150 2040 230 -SUU 33

Sunny Seo, SNU &' [deg] &' [deg] 49



Non-standard v Interaction

Conclusion:

e In comparison to T2HK, T2HKK is far superior in
constraining the NSI parameters

e Among the possible configurations of T2HKK, 1.3° is best

arXiv:1611.06141 arXiv:1612.01443

> There is an update on this study
from Yasuda-san’s group (M. Ghosh) tomorrow.

Sunny Seo, SNU 4th Hyper-K meeting @IPMU, 2017.02.15 50



Estimated Muon Fluxes

820 m overburden

Ratio of total muon flux (HKK / SK) = 2.47 + 0.49

Bisul

Ratio of rate ("°N) ('j.K'f /| SK) =1.99 + 0.44
1,000 m overburden

Ratio of total muon flux (HKK / SK) = 1.03 £ 0.21

Bisul

Ratio of rate ('°®N) (HKK / SK) = 1.03 + 0.21

Bisul

Comparison of Muon Flux rx«sz0moversurden Comparison of Muon Flux ki 1,000 m overburden

10° cosf 104 cosl
e | Data W f Data
E 1.5 MC (MUSIC) e Ko, SK H 5 L5 MC (MUSIC) s
.-;: e Z 5,
§ o e BISUm —] g o
E e Bohwun SK ™ —— g 05 o Bisul SK
e !
v (N) 70z 03 04 03 06 07 05 09 / 1 v IN) T M
Y J
- 1w ¢ i .~
- 25¢ @ o~ 2 s
3 [ Data , % (E) H —
W [ MC(MUSIC) N 7N HK Y
’rE 1 5E— ) = \:.‘_\_'m, \._r\ ‘E 1.
muen flux measurement FER /7 Bisul _ ¥, muon flux measurement ‘E‘
with 12 day data = i S N > with 12 day data 2
in spherical volume § °'5E- S in spherical volume H o
(R=10m) E 4 - (R=10m) E
E N w S (deg)
Ratio of total muon flux Bisul / SK=2.47 £ 0.49 Ratio of total muon flux Bisul / SK =1.03 £ 0.21
HK/SK=4.90 £ 0.98 HK/SK=4.90+0.98

Bohyun / SK =2.32 £ 0.46 Bohyun /SK =097 £0.19



events/0.44Mega-ton

IC

alact
nter

10°
distance(kpc)

10

3

— —
o o
N w

Events/0.44Mt/10msec

—
o

7\ Neutronization v+e ]

No oscillation

e A—_— .Oscillation 1.H.

7 i Oscillation N.H. —:

Time (sec)

SN explosion mechanism

® |arge statistics for galactic SN

1 1
events/bin

£ 700F

A T R AT ey
0.02 004 0.06 008 0.110:

Supernova burst neutrino

F Energy=5-10 MeV

cos(8g,)

||x||||l|.||||.|||nE
%5 06 07 08 09 1

cos(8g,)

C 1 1 1 1 N
%506 07 08 098 1

Energy = 10-20 MeV

U ST TN U N TN U U T N U T U T B8 |:
0 025 05 0.75 1
cos(8g,)

- Energy = 30-40 MeV |-

cos(eg,)

SN directional info.
by v+e scattering

® Precise timing and energy information to probe SN mechanism

® Pointing (2deg@ | 0kpc) and timing for multi-messenger astronomy

® Nearby (>1Mpc) SN

® Check of dim SN, coincidence with GWV telescope, ...

52



SRN Sensitivity
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Expected O by years
for the Korean sites and Tochibora

Sunny Seo, SNU

15

Invisibles Workshop @ Zurich 2017.06.15

O = N W H OO0 O N O

_ =a ==

——

dep

ok

Korea(0.8km

th) E—
Korea(Tkm

th)
amagoshi

(Ttank)

sl | OChibOra (1-
tank)

Toc

hibora

(staging)

15

T

20

53

25




Beam + Atm. Data

Mass ordering sensitivity

W At 10 years

B Beam sin2913 =0.0219

B Atm+Beam Normal Hierarchy 0%‘ ess
I JD Beam Only POT ratio: 1:3 \‘ -\“ p‘

2 mt. Bisul Only \N o‘

crrrrrryprT T rrrrra IIIIIIIIIIIIII]IIIIII

T [ .
@ 12— 45 9———A|m+Boam(JD+KD] -
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> [ ] - -
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sin 0,4

Error bar represents the effect from the uncertainty of §CP.
(Only 8cp =0 and m are tested.) Invisibles Workshop*@ Zurich 2017.06.15 54



Beam + Atm. Data

CP sensitivity Octant sensitivity

10 years
Sin2813 =0.0219 SS
- 2 —
SKm 0,5 NO.S - ) 0%(3 10 years
nown' ormal Hierarchy . p‘ sin20_, = 0.0219
POT ratio: 1: 3 \‘ \“ Known Normal Hierarchy
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Beam + Atm. Data

(o
W or\( 1 Y sin2,, = 0.0219

sin%0,,=0.5

U n Ce rta I nty Of 6CP —jg XKE Known Normal Hierarchy
—JD+ POT ratio:1:3
VS runnlng tlme (StagintgonlyforJD X2)

) C
Q L
g 40 Dotted lines: OCP = 90 deg
T 3 Solid lines: 0CP = 0 deg
JD + KD has better precision than that of JD X 2, LE B
always. o 30
25
20—
Error bar shows the effect due to the sin623. =
Three points (0.4, 0.5, 0.6) are tested. 15
100
5~_—r | | | | ] | | |

11112‘1 131 l'411151116llll71 1811 19‘ 11101
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Appearance and disappearance spectra

140,

DUNE v, appearance
3.5 years (staged)
Normal MH, &.,=0
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DUNE v, disappearance
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Pros and Cons of Water Cherenkov and

Liquid Argon Huge detector

Water Cherenkov

Liquid Argon

* matured technique
* 50 kton detector has been

* Possible to have excellent
tracking performance, and it

* electrons / pi0 separation is
relatively bad compared to
LAr TPC

P ros yw;rrlgng forimerethan10 has directly impact to ve
* Easier to build huge and appearance or proton decays
. search.
massive detector
* Cherenkov threshold is high
for Kaons, protons, massive * There are lots of R&D items
particles. to attack to achieve 100 kton
Cons

level detector. -> therefore, |
have this talk

Sunny Seo, SNU

Invisibles Workshop @ Zurich 2017.06.15




NO: Normal Ordering

Neutrino mass ordering -[
10: Inverted Ordering

m? m?
A .Y, A
il  GUT = Normal ordering
Normal ™= Y- Inverted o .
il 1,2 * Origin of the universe
1 Feolar-7x10-ev2 | - Inverted orderin
atmospheric PP 1 . . 5
~2x10-3eV?2 _ e Connection to Dirac or
atmospheric i
m,2 L ~2x1073eV? Majorana nature of v
my %l |"r— L m,?
0 0

Sunny Seo, SNU Invisibles Workshop @ Zurich 2017.06.15 59



Leptonic CP Violafibn Phase '
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