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Neutrino Physics with the recent
results from the T2K experiment
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Outline

|. Introduction to Neutrino Physics
2. Achievement and goals of the T2K Experiment.
|. Discovery of Vy—Ve

2. Goal of T2K

3. A Next Generation Neutrino Experiment to probe the
Grand Unification Theory.

|. Hyper-Kamiokande
2. ( Intensity Frontier by |-PARC accelerator )
4. Summary

4

13F2H12H A EH



Neutrino




Particles and Force

1st
Generation

Charge

Lepton

Quark
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2nd
Generation

3rd
Generation

W=, Z0
Weak
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Neutrinos

® Week interactions only

* Small mass

* Origin in physics beyond the standard
model?

* Mixing
* 3 neutrinos are mixed

* Different mixing patterns from that of quarks ‘
*What symmetry exists?

* No experimental information on the CP Vi {3 ‘ V3

symmetry
Much exciting to study neutrinos after the

discovery of neutrino oscillation in 1998
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Discovery of neutrino oscillation(1998)
Evidence of neutrino mass

Super-Kamiokande
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Mixing Matrix

Kobayashi-Maskaw matrix
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Mixing Matrix

Kobayashi-Maskaw matrix
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Mixing Matrix

Kobayashi-Maskaw matrix

Remarks on the Unified Model of Elementary Particles

91B1S MBIAA

Ziro MAKI, Masami NAKAGAWA and Shoichi SAKATA

Institute for Theoretical Physics
Nagoya University, Nagoya

(Received June 25, 1962)
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Mixing Matrix
Kobayashi-Maskaw matrix ’; /,"’\ﬁ’

7/ 11\
a) The weak neutrinos must be re- deﬁned by a relation

(2-18)

Y,=Y, COS 0 —Y, 81N 0, }

Y,=Y,; sin 0 + Y, cos 0.

The leptonic weak current (2-9) turns out to be of the same form with (2-1). sanicles
In the present case, however, weak neutrinos are not stable due to the occur- ;yxara
rence of a virtual transmutation y,2v, induced by the interaction (2-10). If

the mass difference between v, and y,, ie. |m,,—m,|=m,™ is assumed to be

a few Mev, the transmutation time 7 (v.&2v,) becomes ~107* sec for fast
neutrinos with a momentum of ~Bev/c. Therefore, a chain of reactions such

aS'lO)

xr—=ut<+v,, (2-19a)
v,+ Z (nucleus) -Z’+ (4~ and/or e7) (2-19b)

is useful to check the two-neutrino hypothesis only when [m,,—m,, |<107° Mev

Vs

()

9]E]S SSE|]
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Status of Neutrino
Oscillation
2?2 LSND anomaly ??2?

Atmospheric neutrinos
v, deficit (v, appearance)

Am,3 region
o Am23~2.5>( I O-3eV2

e 5in%20,5~1.0

solar neutrinos
ve deficit (NO NC deficit)

Am, region
e Am,~7.9x10~eV?

W ’ g
o Sinzze | 2~O.82 = All limits are at 95%CL.
unless otherwise noted
1 O—l 2 1

. . —4 —2 0 2
O,; discovered in 2011 10 10 tanzelo 10
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Grand Unified Theory (GUT)
Forces Merge at High Energies
I L e
(SUSY) SU(5), SO(10),E, =1 -

—
d
)

=
o)
=

%
[T,
S
S
1
o
é
v

| :} Proton Decay

@rk lept
1 1 | 1 1 1 | 1 1 1 I 1 1 1 1 1 1
"1 108 108 a4 10+ 304"
Energy in GeV
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A window to GUT

-=%» |epton flavor

Unified
Theoriés

—_— | HC
—> [evatron
e e oo e e e te———t——t—= —>
102 10* 105 108 10'0 10'2 [0'4 |Q'¢ Q'8
experimental reach [GeV]

(with significant simplifying assumptions)

courtesy Zoltan Ligeti
H. Murayama

| 4
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Discovery of
Vu—>Ve (01320)




History of T2K&EGCOE

e 2008 : Finish the preparation of the T2K

experiment

e 2009 : First Beam. Commissioning.
e 2010 : Physics Data Taking start

* One (First) Ve event detected.

e 2011: 2010

Recent results of neutrino

® Vu—Ve (0,30) evidence oscillation experiments:
T2K and MINOS

e Great East Japan Earthquake
e 2012 . A. Minamino (Kyoto)

201 |

* Vu—Ve (013%0) discovery Quest for physics of

e A proposal of the next generation neutrino neutrino mixing
experiment: Hyper-Kamiokande Al Ichikawa

L — B R,

| 6 Physics I, Kyoto university
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—EREHEEEIFHRYE (+FHIEHRERR) in the T2K neutrino oscillation experiment

PR Al (FRXK-P= - -BLXRILF-) T. Nakaya (Kyoto University)

201 |

Quest for physics of

neutrino mixing
A.K.Ichikawa

5T RV — P B AT EE, |
Physics I, Kyoto university
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22 J-PARC= 2. — 1) )t — 2, ol
Vo™ 20005 4 A 23 T9mr0nss
- e R,

Reconstructed invariant mass assuming
2y rings exist <105MeV
Reject x°
Reconstructed v energy < 1250 MeV
Oscillation maximum at ~600 MeV

Background rejecgiclzr(u) for v, appearance
# of decay electron (u=2¢+v,) =0 E .
Reject v contamination : 1 event rejected. f 4

Nuvber of Fvents

Neutrino (Dump) %

Number of Fyents

1 candidate exist!
obs ]

Ngy

KEK Physics Seminar
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T2K result

—+— RUNI-3 data
(3.010x107POT) . s
B Osc. v, CC ‘ i

. L A
[ v,+7,, CC T R
I v_+V. CC R e Rt
B NC AR -

(MC w/ sin*20, ,=0.1) SRR

&
=
L
>
L
B
o
—
L
Ko
=
-
Z

x11

2000
Reconstructed v energy (MeV)

® Evidence of v,— Ve
e PRL 107 (2011) 041801 Citation - 501

® 3 types of neutrinos are mixed

® Open a window to study CP violation in neutrinos

|8
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L& g Prix

LRecherche

Impact of T2K results|jss

//I”llll ~ 1 "“'('

3’[" R A
P A @n 2L
- i~

K.Abe et al.
PRL, 107, 041801, 2011

Top |10 Physics breakthroughs
in IOP 201 |

SNCF I LEXPRES< |
A

A "

e Prix LLa Recherche 1in 2012 et

NEUTRINO2012 @ Kyoto physicsworld.com o =

Fiter by opic ~ Pease select

Home Blog Multimedia Indepth Jobs Events Buyer's guide

News archive Physics World reveals its top 10 F VACUUM PUMPS

- ad - - . breakthroughs for 2011 . TWISTORR
5 - . Dec 16,2011 13 commens R ¢ TECHNOLOGY

X ‘ Y O IFARCDCIIIN

g ‘ 7th place: Catching the flavour of a neutrino
. . > oscillation

Seventh place is awarded to the intemational team of physicists
working on the Tokai-to-Kamioka (T2K) experiment in Japan. The

: ... researchers fired a beam of muon neutrinos 300 km underground to a
‘4 o .’ o Pl A BN detector, where they found that six neutrinos had changed, or

. "oscillated”, into electron neutrinos. While the measurement is not
\l J » Jr

good enough to claim the discovery of the muon-to-electron neutrino
oscillation, it is the best evidence yet that one "flavour”" of neutrino

19
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Reactor V results
Daya Bay (China-US)  RENO (Korea)

—¢— Far hall
—}— Near halls (weighted)

Double Chooz

E= Fast neutron
Accidental
Lif*He

| —®—— Double Chooz 2012 Data
vesssesaaeas NO Oscillation, Best-fit Back

nts/(0.5 MeV)
~
o
> o

on,
—————  BestFit: sin’(20_) = 0.109
3

Entries / 0.25MeV
E

Entries / 0.25MeV
Entries / 025 MeV

5 10
Prompt energy [MeV

—— Far Detector
~ —— Near Detector

No oscillation
— Best Fit

& «100 :A
E: —'_'"’2" CERES S . R, | T !
Energy [MeV]

Observation of V. disappearance

20
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2011-2012: 0,30 Discovery

Am2>0, 0=0
Am?2<0, 0=0

Am?2>0, 0=0
Am2<0, =0

sin%20,3

Open the window to neutrino CP study

pA
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Status of J-PARC accelerator

Integrated POT so far (Power history)

Delivered POT (Good Spill)

Beam power (Good spill)

Beam power (kW)

v
c
O
whed
o
-
Q.
L
o
+H
©
o
-
()
2
Q
o

~230kW Beam Power achieved (design: 750kW)

23
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T2K Goal

30 times more data (78x10%° protons)

Now

Evidence of Ve appearance

(99.92% probability) with
3x10%° protons data

Precision Neutrino Physics

|PARC .

More beam power

EZ RzL (3101 -i:)§°lggr)
-0 A hint of Vv CP violation

I v+¥, CC
— I\
(MC w/ sin‘ZBU:O.l)

Allowed region assuming NH or IH

[
o

~
o

(2]
o

a

S
o

wW
o

Ocp==-90,
sin220,5=1.0
Normal
Hierarchy

Reconstructed v energy (MeV)

Number of Events / 100MeV @ 7.8e21 POT

Open the window to
study Vv CP violation

8.2 03 04 05 06 07 08 09 1 11 1.2
Reconstructed Ev [GeV]

004 006 008 01 012 014 016 0.18
Reconstructed V energy (GeV)

.
sin 2613
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v CP violation
&
Proton Decay

toward
Grand Unified Theory




Design of Hyper-Kamiokande

Total Volume 0.99 Megaton
Inner Volume  0.74 Mton
Fiducial Volume 0.56 Mton (0.056 Mton x |10 compartments)
Outer Volume 0.2 Megaton
Photo-sensors 99,000 20”® PMTs for Inner Det.

(20% photo-coverage)

25,000 8”® PMTs for Outer Det.

-
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Japan HEP community

Recommendations

The committee makes the following recommendations concerning large-scale projects, which
comprise the core of future high energy physics research in Japan.

« Should a new particle such as a Higgs boson with a mass below approximately 1 TeV
be confirmed at LHC, Japan should take the leadership role in an early realization of
an e*e linear collider. In particular, if the particle 1s light, experiments at low collision
energy should be started at the earliest possible time. In parallel, continuous studies on new
physics should be pursued for both LHC and the upgraded LHC version. Should the energy
scale of new particles/physics be higher, accelerator R&D should be strengthened 1n order
to realize the necessary collision energy.

Should the neutrino mixing angle 013 be confirmed as large, Japan should aim to |

realize a large-scale neutrino detector through international cooperation, accompanied

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
evidence of Grand Unified Theories.

28
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Timelines of Current/Future Projects

2012 2015 2020 2025
LHC j 1TeV SLJS | |
19S
| |
ILC R & Review
-
SuperKEKB onstruction
] |
J-PARC '
N N e |
T2K

MEG
M —e conversion

Muon g-2
KOTO
nEDM

OvEBB
Dark Matter

CMB B mode
CMB satellite

SuMiIRe

Tech. sion

T o109

imaging
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E_A.tmospheric '

x50 of T2K

______________

x25 Larger V larget
& Proton Decay Source = |~ ¢ higher intensity V by

-

upgraded |-PARC

-~

- >
," -

> -

) Al
B—soo - oogle'

=5

© 2012 Cn=35'Spot Image
L2012 vivabccom d
e ¥ AqZOlZAZENl!IN vy, Ah
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Physics in Hyper-K
arX|v 1109 3262 [hep-ex]

Neutrino Oscillations
w/ CPV

. Atmospherlc Neutrinos

L

® Solar Neutrinos
® Astrophysical Neutrinos
® Supernova, Dark Matter, Solar flare, etc..

® Neutrino geophysics

o Nucleon Decay GUT

31
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Measuring CP asymmetry w/ ]-PARC v beam

13F2H12H A EH

P(Vu—Ve) appearance probability

(normal hierarchy)

Sin22043=0.1
— 0=0
— 0=1/2x
— d==
— 0=-1/2xn

* Comparison between P(Vy—Ve) and P(Vy—Ve)
* as large as £25% from nominal.
* Sensitive to exotic (hon-MNS) CPV

32




Ve candidate events after selection

sin220,3=0.1,0=0, normal MH

vV.Mmode  55cMw. 107 vV mode 5.25MW - 107s

= 0.75MWx3yrs : = RIS
Total (1.5SMWx | 5yrs) : Total (1.5MWx3.5yrs)

/ : v, — Ve + BG
BG all : BG v Vv /Y
: Ve/Ve/Vy/Vy

BG from ve+v, /v,
BG fromv,,

Wrong sign beam Ve/Ve
appearance contamination

V (225MW - [07s) 46 880
V (5.25MW - 107s) 380 878

2000-4000 signal events expected for each of v and v
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CPV parameter 0O sensitivit
5% systematics on signal, vy BG, ve BG, V/V

=%

e

.ﬁ)

Normal Hlerarchy

—

O[]
o

|
—h

0

01 '015'

‘7.5MW years \ sin226, DayaBay | cCL

- Good sensitivity for CPV
- modest dependence on 0,3 value
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.
6 resolutlon

— 0=90°
—— 6=OO

~
(@)

Sin22913=0.1

7.5 MW -yrs

N
-

)
)
| -
O)
)
)
Qo
Y
@
-
O
| -
| -
)
©
+~—

2 3 4 5 6 7 8 9
Integrated beam power (MW-year)

O precision < 20° (0=90°)
< 10° (8= 0°)
»modest dependence on 03

35
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Atmospheric Neutrino Oscillations
at Hyper-Kamiokande

Roger Wendell, ICRR
2012.08.22
Hyper-K Open Meeting, Kashiwa



3-flavor oscillations in atmospheric Vv

NUCIPh)IS 8669’255(2003) r :we fluxratio (~2 at low energy)
NUCIPh)’S B680,479(2004) P, = [Aeul?: 2V transition probability Ve = v, in matter

R, = Re(A"ccAey)
@ I/ |2 = |m(A*eeAeu)
( e) — ]_ ~ PQ(T' . COSQ 923 — ]_) Solar‘ 'te r‘m Ace : survival amplitude of the 2v system

@0(1/6) Aey : transition amplitude of the 2v system

—r - sm013 COS 913 sin 2693(cosd - Ry — sind - Iy)

Interference term (6%:P)

+2 sin? 913(7‘ . 8in® Bz — 1)
0,5 resonance term
Ve appearance (and Vy distortion) is
expected due to MSWV effect in the
Earth’s matter
- happens in V in the case of normal
mass hierarchy

- in anti-V in inverted mass hierarchy

L
o
c

<

£
=
c

@

N
@

£

)
o

o

Large O3 value gives us a good
chance to discriminate mass
hierarchy.

10 10°
v Energy [GeV]

“Multi-GeV”
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cosO© =-0.8  NH, sin®0,,=0.4, sin’0,,=0.025, 5=40° cos® =-0.8  NH, sin’0,,=0.6, sin’0,,=0.025, 5=40°

solar term AT

interference term . § o —
fisresonance term A~ ] ESII12923 = 0.4 vs 0.6

total

2 #
"'5"

”” FWTHHYVV VAVA VNN A SRR
A | it D 2 ] [\)

1 A 1 10

cos® =-0.8  NH, sin’0,,=0.6, sin’0,,=0.025, 5=220° IH, sin’0,,=0.6, sin®6,,=0.025, 5=4D°

(c)

mass hierarchy: NH vs IH

.,lwmmumm.
m :

i

1
Ev(GeV)

-1

® Trough matter effect (MSW), we study

® Mass hierarchy — Asymmetry between neutrinos and antineutrinos.
® Octant of 023 — Appearance (and V,—V, disappearance) interplay

® Ocr (and 013) — Magnitude of resonance effect

38
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Mass Hierarchy Sensitivity
50
. 2 =0.4, Inverted hierarchy sin2 023 =0.6
— sran ms e 3.y = 40 deg
: ------. §2.=0.4, normal hlerarchy

normal hierarchy case

L -
=

------- 82.=0.6, normal hlerarchy

E narmal hlararchu

w
th

)
Vs s ey VTG E 30
S 10 years &
25
______ q %
<220
=]
15
4 6 8
liveti
091" 0806-04-02 0 0.2 04 06 0.8 | vetime lyears]
cos ©
o o ° A o
® Sensitivity depends on 073, 0 and ormal hierarchy c;
1 Ogp

~NH, 3, = 140

mass hierarch (a little).

® 30 mass hierarchy determination for

sin023>0.42 (0.43) in the case of
normal (inverted) hierarchy.

Y
=
£
& 15
.-
e
<]

-
o

4

o
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Experimental Limits

p—>e+g-|10

p—>e+J'Co : o : S : S :ml:mr:n?: :) — T
predictions : — il : P b n : P b : Pooi bbb
T fipped SU(S), SO(10), 5D SU

p— e+KO —I—
b — utKO L _l_§
n—vK©0 0—— DR :

p—vK* , T .
m.ﬁ.mal - -  sueRAsUs)
p—>vK~* Do - | SUSY SU( )W|th addltlonal U( )fla\:/or s:ym:m;atr:y: -
predictions : S ? varlous SUSY SO(10) T
| sUsYso{ojwinGley)
H SUSY S0(10) W|th Unified nggs. -

» Super-K gives most stringent limits for many decay modes.
pT(p—e*T1%)>1.3x103%years (90%C.L. by 220kton * yrs data)

»T(p— VK*) >4.0%1033years (90%C.L. by 220kton * yrs)

» No signal evidence has been found giving constraints on models (GUTs)
» Constraints on SUSY models (ex: R-parity conservation)

» Exclude minimal SU(5) and minimal SUSY SU(5) models.
41
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-+ 0 Super-K cut
_> e + I I S ea rc h e S ® 2 or 3 Cherenkov rings
P ® All rings are showering
® 85 < Mo < 185MeV/c? (3-ring)
® No decay electron

Super-K data are consistent with BG MC. Rttt

> <

Signal Box

T

200 400 600 800 1000 1200 1 o 200 400 600 800 1000 1200 10 A B C
Invariant proton mass (MeV/c?) Total invariant mass (MeV/c?) Selection criteria

Number of events
(events/ktyr)

.. Signal Box

)
S
Q
S
S
=
el
c
Q
£
o}
S
©
et
o
|—

PRD77:032003,2008

[ .
i
i

T-Station(x 5)

1| BT e » BG measurement by accelerator v (K2K)

Near detector e

ST T et » BG=1.63+0.42/-0.33(stat.)+0.45.-051(syst.) (Mtxyrs)' (Ev<3GeV)
: » Consistent w/ simulation |.8+0.3(stat.)

-

. —\\‘
\

200m decay tunnel

SRON BG in Hyp4er—K is under control.

2

@) :::
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Search for nucleon decays

- |0 times better sensitivity than Super-K.
- only realistic plan to go beyond 103> years for p—e*+mn
- >30 discovery is possible for lifetime beyond Super-K limits.

Hyper-K sensitivities

Super-K Hype r—

p— e*n0  em(espom)

n—etn el ) _
D U 70 e—— »p—ret+mf

e » Tororon/Br > 1.3 x1035 years @90%CL
»5.6Mtonxyears (10 Hyper-K years)

|
p—vm* |
n— vno ey
p—etn — .
p—utn B
n—vn g
p —etpd B
n—et*p-
p — u*p0 S am— >
oo »SUSY favored p—v+K*
n—vpo R IR, »2.5x10%* years

p—etw

»p,n— (et u*)+(m,p,w,Nn)
»O(1034-3°)years

p—>M+0) ' L S .

n>vo » KO modes, vr®, vit possible
p—e*KO
n—etK-

n—eK* » Other various decay modes.

::LEO » (B-L) violated modes
p—vK* e pradiative decays p—ety, pty

o » neutron-antineutron oscillation (JAB|=2)
p — v K*(892)* }di—nucleon decays (lAB|=2)

n — v K*@892)0 y I EEE R R }pp—’XX, nn— XX...

/B (years)
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Ryper-K candidate site

4 8km south from Super-K e
4 same T2K beam off-axis angle (2.5 degree) T une
4 same baseline length (295km)

4 2.6km horizontal drive from entrance

4 under the peak of Nijuugo-yama
4 648m of rock or 1,750 m.w.e. overburden

4 13,000 m3/day or 1megaton/80days natural

water

-+zu 25yama

| , | 56m a.s.l (EHE1,15 56m)

& 845m a.s.l.

= TN
i e = e N
‘K-/-\_
=l = = @ 000 QAuw OOM

f«-

508m a.s.l. \9 M
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Overview of the geological survey

Tunnel Bore hall core
-300mL (~tank top)

-370mL (tank floor) | i
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Cavern analysis

step-by-step calculations for each excavation benches

® cavity analysis (and PS anchor design) going on

® scheduling & costing ongoing
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Photo-sensor development

® Candidates for ID sensor

® 20” Hybrid Photo Detector (HPD)
® (New 20” PMT as backup)

® Proof test of 8’ HPD in a water tank from this winter

® 20” HPD prototype is expected in ~a half year

Preparation @ Kamioka

EGADS 200 ton tank
@Kamioka
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More Development works

L
L] L] L] L] -
® Detector design optimization ' FREN [ sol ot ntomal Frton—s5
) 0 BE%@ incyz | Cohesion=0.1N/mm o008 ey T 2 L 0XI0nT0
1] ‘w > mE

600kN (L=7m)

600kN (L=10m)
1.5m@3m

® tank shape, segmentation wall,
tank liner, PMT support <
structure il e =

® Water purification system, water
quality control

® DAQ electronics (under water?)

® (Calibration source deployment
system

® automated, 3D control
® Software development

® Detector geometry
optimization, enhance physics

capabilities
. . A Immersed In water?
® Physics potential studies -
® requirements for near detectors || = /T3] i —
® works in the international working 2 - e

group




Outlook

® Good and timely progress in neutrino physics with the
GCOE program.

® Exploring nature with neutrinos.
® Goals of T2K (another 5 years or more)
® Anti-neutrinos measurements will be proposed.
® A hint of CPV
® A proposal of the new experiment, Hyper-Kamiokande
®Neutrino CP violation
®Proton Decay for GUT
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Long baseline projects

T2HK Little 86 (74)* 2023

Lund Some 86 (70) >2019 Yes

P. Coloma et al.hep-ph:1203.5651 " 1t mass hierachy is known

30

e ; o T2HK: 4MW, 500 kt
i LBNE: 0.8 MW,33 kt
~ R C2P=LBNO : 0.8 MW, 100 kt

15
Py ra
- —
101 /’ \“‘l’,/ T e
o - ~

5

~150-100 50 0 50 100 150 ~150-100 —50 0 50 100 150
6 () 6 (")

by Marco Zito@Open Symposiim - European Strategy Preparatory Group
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Vu— Ve probability

P(vy — ve) = 4C7387385; - sin” Agy L€ading . CP violating (flips sign for v
-|—8013512513523(C’12023 CcosS 0 — 912513523) COS A32 sin A31 - Sin A21

80130126'23512513523 sin A32 sin A31 sin A21

—|—4;S'2 0123(02 C§3 —|— Sz 23533 2012023512523513 COS 5) Sln2 A521 I
al olar
8033532533 4E — (1 —2S 3) cos Asgs - sin Agy

Matter effect
Am 3

Leading term o sin%203 A ' ) 295km
CPV term o sin20;3 ]
Matter effect o sin?20,3

For larger sin2203

signal T, CP asymmetry |
matter/CP 1T

Ev (G eV)
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