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Observation of Ve appearance by T2K

[PRL 112,061802(2014)]
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T2K future sensitivity to

CPV
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MK Next generation project in Japan
One Megaton Water Cherenkov Detector

Hyper-Kamiokande
Recommendation byJapanese HEP communlty (Feb 20I2)

. Should the neutrlno mixing angle 013 be conﬁrmed as large, J apan should aim to |
realize a large-scale neutrino detector through international cooperation, accompanied j
by the necessary reinforcement of accelerator intensity, so allowing studies on CP !
symmetry through neutrino oscillations. This new large-scale neutrino detector should
have sufficient sensitivity to allow the search for proton decays, which would be direct
eV1dence of Grand Umﬁed Theorles

One of 27 top projects in Japanese Master Plan
for Large Scale Projects
by Science Council of Japan (Feb. 2014)
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MK Hyper-Kamiokande Detector

Hyper-K WG,
arXiv:1109.3262 [hep-ex]
arXiv:1309.0184 [hep-ex]
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Hyper-Kamiokande International Working Group

As of April 14,2014 —
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MK Site and Cavern

Rock mass characterization

Candidate site: - - -
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Cavity design studied based on the in-situ
measurements of rock quality and stress

HK caverns can be constructed with existing technology
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MK Detector design

CROSS SECTION ® Baseline design established

Measuremen t Facility Area

® Construction possible with
current technology
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SAtmospheric v
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Hyper-K WG,
arXiv:1109.3262 [hep-ex]

arXiv:1309.0184 [hep-ex]

Multi-purpose detector
Hyper-Kamiokande

higher intensity V by
upgraded J-PARC
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YPER

MK Broad science program with Hyper-K

® Neutrino oscillation physics

_.Atmos}pheri'(':' v,

® Search for nucleon decay

® Possible discovery with ~x |0
better sensitivity than Super-K

® o*110:5.7x10% years,
K*v: 1.2x10%* years (30)
® Neutrino astrophysics R
® ~200,000 Vv events for SN \
@ |0kpc (Galactic center) S

® Detection (~830 V) and study of
relic SN neutrinos

roto n

iDecays’
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® Geophysics (neutrinography of
interior of the Earth)
® Maybe more (unexpected)




YPER

® Long baseline experiment with
J-PARC neutrino beam

® Same configuration as T2K

® Well understood beam and
systematics (NAé6I etc.)

® Reliable sensitivity estimate
based on T2K results

® Main focus on
® Atmospheric neutrino

® >30 determination of
and

(OAB2.3

K V oscillation study w/ Hyper-K
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HVER Measurement of CP asymmetry with vV beam
P(Vu— Ve): Ve appearance probability

for 295km baseline,
normal hierarchy
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e Comparison of P(Vy—Ve) and P(Vy—Ve)
e Max. ~+25% change from 0=0 case
* Sensitive to exotic (non-MNS) CPV source
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| J-PARC Facility
(KEK/JAEA)
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YPER

K Reconstructed energy distributions
7.5MWx10’s (|.56x | 022 POT) sin220,3=0.1,0=0, normal MH
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HK Ocp dependence of observables

7.5MWx [07s (1.56x 1022 POT)

Neutrino mode: Appearance Antineutrino mode: Appearance
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Sensitive to all values of O with numbers + shape
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YPER o« o o {
MK Sensitivity study g,

® Based on the framework developed for T2K future Y 2,

sensitivity study &

® Fit reconstructed E, distributions
® Both Ve and v samples, for vV and anti-V run
® Fit sin20,3, Am?23,, sin?20 3, Ocp

® Mass hierarchy assumed to be known
(from other experiments and/or HK atmospheric V)

® Systematic error estimated based on T2K experience/
prospects

® Implemented as covariance matrix,
including correlation between energy/flavor bins

Masashi Yokoyama (UTokyo) The future Japanese neutrino program, SWAPS2014 16



MK Assumed systematic uncertainties

® Beam flux + near detector constraint

® Conservatively assumed to be the same
® Cross section uncertainties not constrained by ND

® Nuclear difference removed assuming water measurements
® Far detector

® Reduced by increased statistics of atmospheric vV control sample

Uncertainty on the expected number of events at Hyper-K (%)
______________________ vmode  antivmode | (T2K2014)
Ve VU Ve VU ve VU
Fux&ND | 30 28 56 42 | | 3. 27
XSEC model| 12 5 20 | .4 47 50
FarDet.+FSI| 07 10 17 L1 37 50
Total 33 33 62 45 68 7.6

® Further reduction by new near detectors under study

Masashi Yokoyama (UTokyo) The future Japanese neutrino program, SWAPS2014 |7



YPER

KK Expected sensitivity to CP asymmetry

Mass hierarchy assumed to be known

90% CL contour on sin?2083-0 plane

(0=0°,90°, 180°, -90° overlaid)
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® Excellent Ocp measurement capability
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HK Expected uncertalnty of 0 (10)

Mass hierarchy assumed to be known
|
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® 8°-19° depending on the true value of 0
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Sensitivity to CP violation

Mass hierarchy assumed to be known
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H vﬁ

Measurement of Am?23,, 053

7.5MWx107s (1.56x10%2 POT) 107
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Masashi Yokoyama (UTokyo)

cf. T2K 2014 result: Am?23;=2.51£0.10% | 0-3eV?2, sin?023=0.514£0.055
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HK Atmospheric V

Mass hierarchy 023 octant
30 357
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> “°I'sin220,3=0.1 :
q B |-25:_
20 5 L
- 3 5ol
i50 band: due to > L
! Hyper-K 10 years 5150
10[- 30 = or
- Y1030
5 20 5[20
u_|lll|||||||||||""|" n:|||||||||||||||||||||||
0.4 0.45 0.5 0.55 0.6 0.4 0.45 0.5 0.55 0.6
sin’ 0,, sin® 0},

sin20,3

Complementary measurements to accelerator v
Combined analysis of acc + atm V will enhance capability
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K Proton decay sensitivity

~|0 times better sensitivity op—e*TTo;
than current Super-K limits! *[.3x10%yrs (90%CL)
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H vﬁz

Neutrino astrophysics

® Supernova burst neutrino R
=0.9F |\
® >50% efficiency with >3 multiplicity § 0.8/
for <2Mpc SN (~1/10yrs expected) gg-;;
cC "I
. . . . o [
® Huge statistics if SN in our Galaxy 305}
2 0.4}
[ i
® ~250k events @ |0kpc S 0.3}
0.2}
® Supernova relic neutrino 0.1} _
. 0 awwall P T ot ) ]
® ~800 events in 10 years 012 5 6 7 8910
Distance (Mpc)

® History of heavy element synthesis in the universe
® Precision measurements of solar neutrino

® Spectrum upturn, day/night asymmetry
® Indirect WIMP Search

Masashi Yokoyama (UTokyo) The future Japanese neutrino program, SWAPS2014 24



Mic Hyper-KWorking Group Organization

Steering Committee International board of representative (IBR)
Nakaya (chair) a few members from each country

Aihara, Nakahata, Shiozawa, Yokoyama

» represent each countries
+ a few more

» budget request in each countries

» oversee the HK group
» channel for contacting to the group

. : : » PL oversees the sub-WGs
» involve non-Japanese in future Project Leader
: conveners may be composed o
Shiozawa » WG y b posed of
one Japanese plus some non-Japanese.
WG WC,SZ \AASE WG4 WGS WG6 WG7 Physics WG conveners
. Sekiya, Nakayama, Miura .
Shiozawa : . Hayato HideTanaka, Hartz Yokoyama
Vagins Nishimura Walter Hi
FED.Lodovico iroTanaka,
Koshio,Mine, i I
WG : Cavity and Tank Mecauley | | |
WG2:Water Phys-WGI Phys-WG2 Phys-WG3
WG3: Photo-sensor Yokoyama Wendell Takeuchi
WG4: DAQ
WG5: Software Phys-WG | : Accelerator
WG6: Calibration Phys-WG2: Atmv+Nucleon decays
WG7: Beam & Near Detectors Phys-WG3: Astroparticle Physics (SN,
solarv, etc)

25



MK International working group

® Open meetings: twice/year since Aug. 2012

® ~| 00 participants each time
(~half from outside Japan)

® Next: Jul.19-22 @ Vancouver, Canada
http://bit.ly/5th-hyperk
® EU-HK meeting: June 18 @ CERN
http://bit.ly/HK-EU2
® nternational Board of Representative

® Representatives from |3 countries:

Brazil, Canada, France, Italy, Japan, Korea, Poland, Portugal, Russia, Spain,
Switzerland, UK, USA

® Seriously discussing contributions and cost sharing

® In Japan, Grant-in-aid for R&D program from JFY2013 (5 years)

® |n Switzerland, included in the SERI inventory of planned research infrastructures

® Budget request for Hyper-K R&D projects being submitted in Canada and UK
® Travel grant request submitted in EU (UK, France, Italy, Poland, Spain)

Masashi Yokoyama (UTokyo) The future Japanese neutrino program, SWAPS2014 26
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MK Notional Timeline

( Full survey, Detailed design
\v/
2013|2014 | 2015|2016 | 2017 | 2018 [ 2019 [ 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026

)[ ~7 yrs construction J

JFY
2012

Cavity |excavat|on

S (R - -ﬁ* —'\>( OPeratiOn j
Survey, Ddtailed design  JAccess funnels Tan ﬂ

construction

waterlfilling

Ehoto-Insor dEveIoprT e|nt sensc»r:ins>tall tion

IL
Photo-:lensor Hroductipn

J-PARC Upgrade

220kW 730kW arrd beyord I

-2015 Full survey, Detailed design (3 years)
-2018 Excavation start (7 years)
-2025 Start operation
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HK Summary

® Hyper-Kamiokande will provide excellent
opportunities for wide range of physics topics

® Neutrino mixing and CP violation
® Nucleon decays
® Neutrino astronomy

® |-PARC v beam + Hyper-K: with 7.5MWx | 0’s beam
(1.56x10%2 POT), CP violation in the lepton sector

can be established (>30) for 76% of the Ocp space.

Masashi Yokoyama (UTokyo) The future Japanese neutrino program, SWAPS2014 28
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The Hyper-Kamiokande Working Group
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— V. Oscillation and CP violation
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K Neutrino beam

Hyper-K Flux for Neutrino Mode

® The same beam as T2K

=
© 10° —Vu E
ST v
® Horn current 320kA = 10 v,
5 1()4 -V |
: >k °
® Systematics well understood 2 w0 :
< 102 =
® >7/50kW operation expected g

in Hyepr-K era

® Sensitivity estimated with
7.5MWx0’s (1.56x10% POT)
as a baseline

® |0 years if 750kW, 10’s/year

Flux [/(50 MeV- cm?- 1e21 POT)]

® More beam power strongly desired

Masashi Yokoyama (UTokyo) The future Japanese neutrino program, SWAPS2014 32



Fractional uncertainty
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Masashi Yokoyama (UTokyo)

Comparlson to LBNE

| | | | | | |
— Hyper-K
—— LBNE (34kt LAr, 1.2MW 6yrs)

Normal mass hlerarchy
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LBNE sensitivity from Fig.4.1 | of arXiv:1307.7335

The future Japanese neutrino program, SWAPS20 1[4
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HK Sensitivity to CP violation

Mass hierarchy assumed to be known

‘N = Invertedlrr|1ass hielrarchy - | | =
For inverted hierarchy © 6
: : 4F -
® Exclusion of sind=0 NS\ :
2t =
® >30 for 77% of O o
® >50 for 61% of © oo
§ 90
® Possible to establish «~ 7
. . S -
CP violation s @
. () =
in the lepton sector! ¢ &
) =
= 20
O =2 4 6 8§ 10

Integrated beam power (MW 10’ sec)
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Near detectors

® For this sensitivity study,
we assume 2K ND280 detector
with expected improvements

® Measurement of water cross
section reduces uncertainties
due to different target nucleus

® Detector systematics
conservatively assumed to stay
at the current level

Masashi Yokoyama (UTokyo) The future Japanese neutrino program, SWAPS2014 37



MK Study of new near detectors

® Possible new near detectors under study
® Aim for further reducing systematics

® Upgrade of T2K ND280 detectors

® New water Cherenkov detector
at ~|-2km distance

® The same technology as the far
detector

® E, spectrum almost the same as HK

® Water Cherenkov + muon range
detector (TITUS)

® Utilize off-axis dependence of
spectrum (nuPRISM)

Masashi Yokoyama (UTokyo) The future Japanese neutrino program, SWAPS20 14
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Selected as one of 27 top projects
In Japanese Master Plan
for Large Scale Research Projects
by Science Council of Japan
(Feb. 2014)

7

il

5 22 PEMOXRBEARAEICEET S
RRA—TS v
(RRE—T3522014)

FR264 (2014%) 2H28H

B X %2

pre s
fii & &

HFEERER

HOXRBEHRERF I RS

S’filf?g- . . S . Project Fingncial Implementipg Ipstitution,
No. Field Project Name Project Summary Scientific Significance Social Value Duration Requllrement or Affiliation of
No. (1billion yen) Proposer
The project aims to The project will explore [Addressing profound questions Total-1.880 Lead by the
construct a one million [CP violation (matter— concerning the elementary C t ’ N Institute for Cosmic
ton—scale water antimatter asymmetry) |structure and evolution of the folr_lls ruc_lon Ray Research,
Nucleon decay |Cherenkov detector, in neutrinos in order to |universe appeals directly to %am?/oplfarnde University of Tokyo
and neutrino [Hyper—-Kamiokande, to |help understand the the inherent intellectual 800, Operating and the High Energy
oscillation succeed Super— evolution of the curiosity mankind harbors for 2015 to cosjc of Hyper— Accelerator
85 | 23-2 [experiment Kamiokande and to universe. Additionally, |comprehension of its origins 9038 Kamiokande Research
with an perform world—leading [with the world’s best and future. Additionally, 450, Operating Organization.
advanced large |neutrino and nucleon nucleon decay searches |dramatic advances in neutrino t of J- Participation from
detector decay research in it also aims to establish |[research with a world—leading (F:’c,)ASRC 600 domestic and foreign
conjunction with the J— [the unification of project in Japan represent Neutrino ’ universities and
PARC accelerator elementary particles and|society’s dreams for a rich monitor 30 research institutions

facility.

their forces.

program in basic science.

is anticipated.
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H Photo-sensor R&D

Established R&D R&D
°MT QEL Hybrid Det.

R&D going on to
get better
performance and
lower cost.

.. ““photo-
“detector
quantum eff. (QE) 22% 30%
collection eff. (CE) 80% 95%
timing resolution (FWHM) 5.5 nsec 2.7 nsec | nsec

» 50cm® Box&Line PMT and HPD

prototypes have been delivered last

e Ve month, start basic performance test
S %% > 20cm® HPD and HQE Super-K PMT
PRh . BN have been tested in 200 ton water tank

R ? ) R&D to be completed in 2016

6

Masashi Yokoyama (UTokyo) The future Japanese neutrino program, SWAPS20 14



Hr
Hyper-Kamiokande detector ~ Activities in the world ~
USA ~ New PMT R&D Europe & Canada

First WATCHMAN/Hyper-K

F1+ ETEL/ADIT PMIT envelopes ~ Near detector designs

prior to glass finishing

TITUS VPRISM

Magnetized Muon
Range Detector.
Capture escaping
muons and measure
charge.

Water-Cherenkov target

LAPPDs (w/ HPD)

o

% LERE |
1 .
1.0 B g
Muon p&0 g

Veto: PMTs facing

.. outwards in the veto

= region to reject patticles

| . that enter or are produced <
.= outside the detector

|

)

3';5 Al
1:: ' l
Muon pé&0 I

p— l
+0.2° ;
Muon pch

v beam !

—— '\/ Gd doped water.

wesna - Measure neutrons from

Ca nada s neutrino interactions.
Photo sensor test facility ~ Network I/O module study

* Implemented 4 RapidiO cores in FPGA on each board;
each RapidlO core has associated DMA engine.
* Managed to get each of 4 links running at 135MB/s; can
also run faster, near 250MB/s, but needs to tweak DMA.
 Starting to work on the routing functionality; did some
tests already, checking fail-over when cables are
detached.

UK DAQ system, HPD/LAPPD, Calibration system R&D etc.. 17

Masashi Yokoyama (UTokyo) The future Japanese neutrino program, SWAPS20 (4




T.Koseki, ]-PARC PAC, May 2014
Mid-term plan of MR

FX:The high repetition rate scheme is adopted to achieve the design beam intensity, 750 kW.

Rep. rate will be increased from ~ 0.4 Hz to ~1 Hz by replacing magnet PS’s and RF cavities.

SX: After replacement of stainless steel ducts to titanium ducts to reduce residual radiation dose, 50
KW operation for users will be started. Beam power will be gradually increased toward 100 kW
carefully watching the residual activity. Local shields will also be installed if necessary.

Li. energy Li. current

upgrade upgrade
FX power [kW] (study/trial) 150 200 200 - 240 200 -300 750

(400) >
SX power [kW] (study/trial) 3 (10) 10 (20) 25 (30) 20-50 100
Cycle time of main magnet PS 3.04 s 256 s 248 s 13 s
New magnet PS for high rep. 4 Manufacture F
R&D installation/test

Present RF system Install. #7,8 Install. #9 Manufacture
New high gradient rf system R&D installation/test

Additional Add.collimato  Add.collimat

Ring collimators shields rs and shields ors (3.5kW)
(2kW)

InjeCtiOn System Inj. kicker J Kicker PS improvement, Septa manufacture /test _
FX SVStem * Kicker PS improvement, LF septum, HF septa manufacture /test h
SX collimator / Local shields  SX collimator # Local shields »
Ti ducts and SX devices with SX septum Beam ducts Beam ducts
Ti chamber endplate ESS

42



Hic Atmospheric neutrinos

Ve appearance prob. in 3 flavor oscillation / no oscillation

r:MJ/e flux ratio
P2: Ve—Vx prob. in matter

d(v
(ve) l~ Py (r- cos? faz — 1) Solar R2=Re(A"ccAcy), 12=Im (A'ccAcy)

Do (ve)

—7r - sin 513 . cos> 513 - sin 26053 - (cosd - Ro —siné - Is)
) Matter Interference, O
+258in% @13 - (r - sin® fag — 1) I

sin’0,,=0.5, sin’0,,=0.04, solar on

Oscillated Ve flux
Non-oscillation

Vu— Ve appearance resonance in earth’s core
either vV or V depending on mass hierarchy

Sensitive to 5 04 G\
e Mass hierarchy S 0.6 0.9
e 0,3 octant 0.8 :
* CP asymmetry , T pe

larger 0.3 gives better sensitivity

Masashi Yokoyama (U.Tokyo) / Hyper-Kamiokande Project 43



H“"’KE“ Mass hierarchy determination with
atmospheric neutrinos

1.2 [ —— s2,=0.4, Inverted hlerarchy 30 -
i -Normal hierarchy,
115 S L ot mormat meraeny -
— E E sg:=0.5. normal hlerarchy 25: Slnzze I 3:0. I
1.1 normal hierarchy case N>< B
2 05 J """" 10 years <] 20
P T s B B
ol — [ ] - band: due to
1_<} | } T == %’JF % % : Hyper-K 10 years
0.95] . . 10 30
L Multi-GeV e-like events -
090 bl bl b Lo bl L B
1 -0.8-0.6 -0.4 0.2002 E)'[1.2 04 06 08 1 5 ZG
MSWV effect in Earth’s core I B S R I
. 0.4 0.45 0.5 0.55 0.6
— resonance effect on either sin? 6,

s a2
V or anti-V SIn 623

30 determination with <|0 year observation
(better sensitivity depending on the value of 033)

Masashi Yokoyama (U.Tokyo) / Hyper-Kamiokande Project
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M 0,3 octant determination

HK atm v 10 years
NH, unknown | 0_, is fixed : sin220,, = 0.10 IH, Unknown
band: due to 0
350 35
30 302—
- 25 25"
S E T
>°F ;20_—
5 C c -
s - o
z 15 S 15
= [ E -
> L
< 1{]30’ <] 100 30
5[-2G 520
0:I|IIII|IIIIIIIII|IIII|I :I|IIII|IIIIIIIII|IIII|I
0.4 0.45 0.5 0.55 0.6 0—5.2 0.45 0.5 0.55 0.6
sin’ 6. ' ' sinZoue :
23

>30 discrimination

for sin?023<0.47(0.45) or sin?023>0.53(0.0.56)
for normal (inverted) MH

Complementary measurements to accelerator v
Combined analysis of acc + atm V will enhance capability

Masashi Yokoyama (U.Tokyo) / Hyper-Kamiokande Project 45



Proton decay sensitivity with Hyper-K

p—eTr ‘o p—VK* 0
c <V ................................................ 7+ \-\-\—----.1;"" /
o AN
40 .
Tproton=|;2x|03.4)I?ar’S 16 7 Toroton=4% | 0334F
35  (SK90% CLiimid G (SK 90% CL limit)
30 | e
12 - Uvewe =11.5"°_, nsec
2 i a °
9 10 [ JKX /@ //fé .
20 O .| .,
15 { % | | 0. ©
10 . [BG 05,,
X t | Lt )
0 \l_ L V'% e I 0 L Ll Q[/&\
600 . 800 1000 1 200 0 -;-0 20 30 40 50 . 60 70 80 90 100 0)(
Invariant mass (MeV/c?) - K* decay time (nsec) "/

» Discovery reach (30)

»T(p— e 119)~5.4%1034years (HK 10yrs)
b Limit (90%CL)

»T(p— e 119)>1.3%x1035years (HK 10yrs)

» Discovery reach (30)
»T(p—VK*)~1.2x103%years (HK 10yrs)
b Limit (90%CL)
»T(p—VK*)>3.2x103%years (HK 10yrs)

Good discovery potential, 90% CL sensitivity of 1034~103 yrs
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