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Neutrino physics in Particle Physics

Goals of particle physics
— Understand ultimate matter (& interactions)
— Understand origin of matter

What we have
— Standard model (SM)

Neutrino: still full of mysteries (~ 40yrs ago of quarks)
— Exhibit first violation of standard “SM”. Non-zero mass

— Extremely small mass with unknown reason
* Indication of new physics at very high energy?

— Large mixing (contrary to quarks)
« Some hint to connect quarks and leptons?

— Possible explanation of matter dominated universe

Unraveling full nature of neutrino could provide
breakthrough to approach our goals of particle physics



3 flavor mixing of neutrinos

Flavor eigenstates Mass eigenstates
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Pontecorvo-Maki-Nakagawa-Sakata Matrix (CKM matrix in lepton sector)
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What we have learned

v, disappearance established:0,,,
Amzs

— Indication:Kamiokande, Evidence
SK(1998), K2K confirmed=>» v has
non-zero mass!

— Predominantly to vt
v, disappearance established:0,,,
Am,,

— Homestake/Kamokande/SK/SNO(So
lar) + KamLAND (Reactor)

— Transition to v (or v.) INDIRECTLY
confirmed (NCL§

0,3, Am,5(~Am,;) are unknown
— Only upper limit for 6,5

CP violating phase 6 unknown
Mass hierarchy unknown

No established evidence of direct
detection of appeared v type after
transition

— OPERA detected 1evt. 98%CL
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‘I oaayls !guestlons 1n neutrmo pﬁysws

¢ Last unknown mixing 0,;. 3flavor mixing picture valid?
=» Long baseline Accelerator neutrino experiments

¢ CP symmetry violated?
+ Could be a hint to solve origin of matter in universe
=» Long baseline Accelerator neutrino experiments

¢ Neutrino 1s Dirac? Or Majorana?
=» neutrino-less double beta decay



Toward one of big goals of particle physics:
Origin of Matter-dominated Unvierse
Sakhalov’s 3 conditions

¢ Baryon number violation
+~Proton decay

"+ CP violation A
+Quark CPV seems not sufficient
S +Lepton CPV may contribute Y

¢ Non-equilibulium



vﬂg Vv, appearance and CPV

+ Vv, appearance is golden mode for CPV IF v, appearance exist
+ No CPV effect in disappearance

+ Only vu beam is presently technically available
+» Small leading CPC term =» Large CPV effect (& vt app.)

P(v, — v.) H4C] 2, 8in*

o Az, L 2a 0
T (1+Am§1 (1—2513))
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Toward discovery of non-zero 0,

MRFF=21—K)/(2k5B0,,

» Sa—=a—F)/:<E >~ O(GeV) > veHHIREER
* P(v,2V,) = sin%0,3°sin?20,;-sin%(1.27Am?;,L/E) + many terms (incl. 5)
=>» Appearance measurement

> i (=E—LN\T—xBHE Y/ X)HE

RFFE=a—r)/I12&50,;

- REF=a—F)/:<E >~ afew MeV > VB K EER
* P(v,2>V,) = 1- sin?26,5-sin?(1.27Am?;,L/E) + O(Am?,,/AmZ2;,)
=>» Almost pure measurement of 0,5.

HRESNNELD RMRERE

Severe world competition
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Double Chooz

micn

=7

MCALLUL INCULLINIL opooeLL ULl

Reactor-0,, Site Map

M=20ton
N=2+2+4

Reactor experiments

Disappearance measurement

Identical detectors at
near&far site

+ Reduce syst err

90%CL sensitivity ranges
0.01~0.03

+ systematic limited
Double Chooz started 2011~

Dayabay, RENO start
2011~(?)

Competition &

. L=1.8km Double Chooz Dayabay RENO
, ¥ \\ Power(GWih) 82GW 11 6GWth 16.1GW
: (17 4GW>2012)
) / \\ Detector(ton) 8 80 16
[ = Bascline(km) 105 18 14
' T ey sin?26,, Sensitivity ~003 ~0.01 ~0.02




Accelerator experlments

¢ MINOS/OPERA optimized for Atm v
confirmation =» Trying to find nue, w/

limited sensitivity Upgraded M (700kW)
¢ T2K & NOvVA optimized for nue app | B e el @ il
T Similar sensitivity as T2K
Ty Mass hierarchy



Tokai-to-Kamioka (T2K) experiment
The 1%t experiment w/ J-PARC v facility

¢ High intensity v, beam from J-PARC MR to Super-
Kamiokande @ 295km
¢ Discovery of ve appearance = Determine 0,;
+ Last unknown mixing angle
+ Open possibility to explore CPV in lepton sector
¢ Precise meas. of v, disappearance = 0,3, Am,;*

+ Really maximum mixing? Any symmetry? Anything
unexpected?

14



J-PARC

Japan Proton Accelerator Research Complex

\ Joint PrOJect between KEK and JAEA |

= | Slow Extracted
Materlals and Llfe Science Beam Fac|I|ty

xprlmental Facility

= = e . - ‘ \\\ - =
v . 5 \\\
Kamioka # m ; Ay : T \ N

(A|m at) MW-cIass power frontler machlne

¥ s 7
JAEA= JEpEﬂﬁtQMIC Energy AQ}EDCY

——

Neutrino to
Kamiokande

Main Ring

: \\\\\\g@ww

Rapid Cycling (30 GeV, 0.3 Hz,
180—400 MeV | Synchrotron R
- (3GeV, 25 Hz, 1MW) 0.75 MW— 1.66 MW)

Construction: JFY01~08 (Neutrino: JFY04~08)



accumulated # of protons

T it A=l
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Reconstructed v energy cut (Eiec < 1250 MeV)

T i L L '_
-y + Data 2 p
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0 1000 2000 3000
Reconstructed v energy (MeV) sm226 13

0.03 <sin22013 <0.28 0.04 <sin?2013<0.34
1
sin220643=0.11 chulMiE sin2203=0.14
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gEort term prospect of 'I-FK RE' & I'!R
¢

J-PARC will resume operation in 2011 and provide > 2 “cycle” in JFY2011

LINAC upgrade to 400MeV delayed 2012 =» 2013 (JFY2012: Full 9 month
operation)

5 times more data necessary to establish finite 0, for present central value
Precision of 0,5 gradually approach 10%~20% (w/ and w/o present syst)
+ Have to/Will improve analysis method (eg Ev info) and syst. Error

Expected significance o excude 8,0 bypett U nofficial plOtS 5 POT x10 POT @8x102! POT
f / oW g 0 3 400 ___APATOVEd HOT
[ ’,: Z 35 z 70 “ 350 (x50)
/ ( \ 30 H e0 -
’;’ sin'28,,70.11 (stat + syst.) 25 t__ 50 L 300
5 / 0 ] 20\/\ 40 2500 L
sin’20,=0.1 stat. only) 200
/ 15 P _/\ 30 150
- ! sin’20,,=0.28 stat. +syst 10 20 100
24 / — 5 10 50
g \ bt .. U of~———y— ASSUMING PRESENT CENTRAL &
§ / CPV phase o VALUE, ANALYSIS METHOD & .4
B ASSUMING SAME ~ ©-=Fractional error on <‘in22€)SYST T
’ ANALYSIS&SYST ERR SV P 13¢ar. error
. ,O-4E (Width of aove plots) " _ " _ .
11t VVH-vvaf"‘*"‘“’ 0-3;
o o.=|
i "~ o.1
1438420 11438421 2143 E ; ; ><1§| 01 =s
Integrated # of protons on target [POT] O 2000 4000 S000 8S000




Events / 8.2x10%° PoT

For SCP: 0 the allowed values of
2sin*(26 ,)sin’(8,,) at 90% CL are: .

dlCSl IcSu

T v T T T T T _ T I
" Far Detector Prediction (LEM > 0.7) ]
- MINOS PRELIMINARY zz Signal .

—— Background’
— FD Data

sin?(26,,)=0.040, Am%,>0, 5_,=0

Merged for Fit

r Y

S S

Expected background events:
49.5 + 2.8 (syst) + 7.0 (stat)

Observed events in FD data:

1.76 excess above background

-]

3 4 5 6
Reconstructed Energy (GeV)

For LEM>0.7

62

0 to 0.12 (normal) central value: 0.04
0 to 0.19 (inverted) central value: 0.08

dcp (1)

3ep ()

: — MINOS Best Fit

: [ 682 cL

: [ o0 cL

} -+ CHOOZ 90% CL
2sin®_,=1 for CHOOZ

8.2<10* POT

MINOS
PRELIMINARY

F.
i

] L i 'l L 1 i Fl L
0.2 0.3

2sin’(20, 5)sin’0,,




Prospect of DoubleChooz

Double Ch S itivit
D E itivity limi
011 T T T T T T T T
I phase I: 1.5 y with the far detector {(1.05 km) only
! phase Il : 3.6 ¥ with both near {400 m) and far detectors
.

1 i 55 splitti =24

I

I : ; Se 5 5 5 : -
I

E : z

I 2 : .
: . :

¢ Near and Far detectors )
{ : 3

t

! , : _
{

I

I

|
Q
= 0
[=]
(=7]
@u
3
Q[I
N
&
=
wn
o
=
=
E
_ILI

Exposure time (years)

P. Novella, Moriond 2011 36

¢ IF sin°20,;~0.1, Dchooz can measure 20~30%

¢ Near detector will be ready around end of 2012



Quest for the Origin of Matter Dominated Universe

One of the Main Subject of the
KEK Roadmap

Discovery of
Lepton CP Violation
Proton Decay

[ Neutrino |
Intensity Improvement

| Construction of |
Huge Detectorj

=L iquid AL TPC i
LLISs W] l "

uptossTom ‘} -

D
l'" passibly up to
on

putt
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Kamioka L=295km OA=2.5deg

Okinoshima L=658km OA=0.78deg
Almost On-Axis

P32 proposal (Lar TPC R&D)
Recommended by J-PARC PAC
(Jan 2010). arXiv:0804.2111 b



Essential requirements for CPV discovery

+ High intensity beam (Multi-MW)

«» Increase statistics

+ High sensitivity huge detector
+ Increase statistics
+ Increase signal efficiency
+ Reduce background
+ Reduce systematic errors

+Should also capable for proton decay
detection

23



MR Power Improvement Scenario
toward MW-class power frontier machine

— KEK Roadmap —
(up to Mar.2011)
0.145 0.45 >1.66
3.04 2.2 1.92~0.5
12X101 2.5X101 4.1~83 %101
9.2X 1013 2.0X 10 3.3~6.7X 101
181 181 400
RCS h=2 h=2 h=2 or 1

Combination of High rep. cycle and High beam density
R&D for Power Supply, RF, and funding are necessary
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0 02 04 06 08 1 1.2 1.4

How to measure CPV & sign(Am,

\ /" "\ Mate

E, (GeV)

665km

=
295km 02
a‘ L
p=2.8g/cm’ L=295km T,‘0.18
amy=3x10"  By=n/4
Amly=5x10" d9,=n/8 50.16
S=n/4 9,,=0.05 014
\ (sin"29,,=0.01)
\ T
{1 // u 8 % ‘:‘“‘“1:
| f =

665 km, sin’(20,,)=0.025

Red: v NH, 0<5<180
Dark-Red: v NH, 180<0<360
Blue:v IH, 0<i<180
Dark-Blue: v IH, 180<5<360

L T — |

§ 8 10
Ev (GeV)

ve appearance energy spectrum shape

+ Peak position and height for 1st, 2nd maximum and minimum

A Sulsa

5 02
Eo.m
016
0.14
0.12
01
0.08
0.06
0.04

2300km

)

A.Ru

bbia

2300 km, sin’(20,)=0.025

Red: v NH, 0<5<180
Dark-Red: v NH, 180<3<360

V

Blue:v IH, 0<6<180
Dark-Blue: v IH, 180<0<360

Matter

+ Measure both sind & cosd terms =» can descriminate Odeg vs 180geg
Difference between ve and ve behavior

+ Sensitive to any mechanism to make asymmetry (No assumption)

+ Basically measure sino term

Distance:

+ Larger L (L/E=const=>» higher E) : Matter effect large =» Sensitive to sign(Am,;) too
+ Smaller L (lower E): Puerer CPV measurement
+ Note: For large sin?20,;>~0.1, Matter effect >~ CPV asymmetry, cannot neglect

25




Scenario 1

J-PARC to Okinoshim

Distance = 658 km
Off-axis angle = 0.76°

(2.5° @ SK)
100 kton liquid Argon

P32 proposal (Lar TPC R&D)
Recommended by J-PARC PAC
(Jan 2010), arXiv:0804.2111

-g‘ [=
‘i 250 [— OA 2.5 at SK
%
3 20 Okinoshima
£l
£
5
T 100
50

Okinoshima

ey R

—> Extract Ocp from fit of It & 2" maximum



Scenario 1

(Jan 2010), arXiv:0804.2111

. . P32 proposal (Lar TPC R&D)
J-PARC to Okinoshima Recommended by J-PARC PAC

Distance = 658 km gm— on 25 at K
Off-axis angle = 0.76° = Okinoshima
(2.5° @ SK) ot /
100 kton liquid Argon fwi 11 on2a

15 2 25 3 3.5 4
Ene (GeV)
[ 3

- I-a
-

Am? =425 %10 eV?
Am?, =82x1073¢V?

0, =m /4.8, =05Trad
sin?26,, =01

+---
=====tf

....

—> Extract Ocp from fit of It & 2" maximum -



100kt L1q Argon TPC “GLACIER”

¢ Extremely high performance
“Electronic Bubble Chamber”

3D tracking of all charged
particle from very low energy
threshold

+ Precise resolution of ~mm
Fully active homogeneous 4n

detecotor (as WC)
Good PID w/ dE/dx, n° rejection
o Double phase w/ Gas
amplification
¢ <I1O0ppt purity needed
¢ LEM readout (~10°ch)
¢ 600ton detector realized and

working

vt charged current eve

P =
i

i

ve charged currentevent, , ~F
A. Bueno, et.al.,, hep-ph/0701101.

ant Liquid Argon Charge Imaging ExpeRiment

calable detector with a non-evacuable dewar and ionization charge
detection with amplification

mass = 100 kton

]
'ﬁ'l"

Electronic crates

s B
p AAd
s

s

Readout

Sinﬂle Staﬂe GEM Double phase detector
.................................. CESFTECCM  readout using both liquid
Liquidphase  EULECEERTGTe] W o]t ECEERA]

GEM/LEM)

Electronic

Charge readout plane racks

- E=3k\Wom RIS
------- -—-:—-*:*:—_*—_*7 ——

o : R8s RS o]

o : S w8

. : 8

S : °

o e, E SIS g

o BT S 2 B ) e CPom 9

-g LII.I LA]" B ZUm 31
e SE R fite

.g E=4 kVlom @ faiainas 8 ) )
= SEmmEEn e :& | Field shaping
2 e 70m O | electrodes
o : e 5

Cathode (- HV)




GLACIER 100 kt @ Okinoshima, 5+5 years vU+antiv
1 | __|.6MW

Nu only, 1.66MeWx5yr, sin?20,,=0.03, NH ! != S1CS 80tent1a!

=
U

08l
06H
04}-
£ 02t
%u
Ko
E 0_ .........................

02k

i | Very good chance both to detect CPV
CP Meagurgme & eletermrne sign(Am,)
“t | . * Critical path: Need to demonstrate

i 10m scale LAr can extract physics

from Y mteractlons > 4 Berng prepared

30U AYdaeualy ssew) AUBA0ISIP-4D

|

“(umoun

k3
=

UKINOsSNIma - o055 K
- e
250 |- e
00 = -
200 |— (
150 / _‘q.-b“-\
= 2026 C T
100 /“{'_____
= o C. J—
S50 |- e
rrrrr — L £
o L n = L L
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sin® (20, 29
0: Mo n at 3o FOr S45 years neutrino-—antineutrinos runs.



[ yWiew evant display tovent 1702)

' Double phase readout
I test@ ETHZ

ot

3PP | AL o) LS

E uul’u;.-' § I b
' eff. gain ~ 27 J
ot SIN (x.y) ~ (260, I63)/
L] 1 I"-G k] E:“”:;}r

10 :—eﬁ’.gain ~3
S/N (x,y) ~ (31,21)

S e =] _F.d__,gd—f”"f

File: physicsoct12_1 [ i: 25 / Spill: 27 / Event: 2049 [ EFEPETErE AR BT B AT ST BYEE TS BVSC AT SRR

= I 28 20 30 3 32 33 34 35 36
= pioh pogninal oloatele fold (LU no

Okinoshima:
Geology and Geography

N | Charged particle test-bean
3 @J-PARC (Oct/24-31)

J_‘-ﬂ;;f;_.-._.a-z!:z._' e =
: -l v

positron - ‘ A conceptual design

Site No.1

AGSHI Quarry

proton

to suppress cosmogenic background
(A Bueno et 2l THEP 0704,041 (2007))

e Site visit e e s sy
" " . more overburden is necessary,
= PENTA-OCEAN construction co., Ltd.,

inclined access tunnel is also possible



Super-K
50kton total
22kton fiducial

¢ ¢ 4 0 00

(]
e
CIC
N\ee

=

Photo-Detectors

Outer Detector

Inner Detector

Access Drilt

50cmPMT ~100,000 -

Plat form

Ipaque_Sheet
Liner

A ',l-_—;—-""%\_
. i s

Water Purification System

sy e
F i

o

o

NSECTION

Plat forn

i Liner
Muter fetector

Width 48 |

Excellent performance especially for low energy w/ low multiplicity
Cherenkov threshold
Energy reconstruction assuming Ccqe =» Efficient for low energy

Good PID (u/e)
Established analysis

Good at low E (<1GeV) narrow band beam

+ Match with low energy off-axis beam

......

1N o Saitama
17

| 295km
~0.6GeV v ¥

ok

© 2010 ZENRIN
Data © 2010 MIRC [ JHA
t il
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400 E

s00  anti-v mode

= | — =0
. |_:"" — &=12z
400 E _

J-PARC- HyperK @

160 ki L 3 % e

0 02 04 06 03 10 12 14 1.6 1.8 20
rec ted Ev (GeV)

leptonic
CPV w/
JPARC v

0[]

Kamioka

(540kt FV) / 1.5yrs v + 3.5yrs v /1.66MW

@

<

sensitivity o e \/@ry good chance to detect CPV &
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Hyper-K Base-Design

* 1Mton total volume, twin cavity
* 0.54Mton fiducial volume

* Inner (D43m x L250m) x 2

* Quter Detector >2m

» Photo coverage 20% (1/2 x SK)
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Proton decay search

* One of the conditions needed to explain Matter-Anti-Matter Asymmetry

e High sensitivity huge detector for future v physics should also have high
sensitivity to detect proton decay
— LigAr’ superior efficiency for low energy particle enable drastic improvement
on sensitivity on modes such as vK
— Water Charenkov is very good at “total absorption” modes with relatively high
energy (low mass) particles, such as en0

SUSY GUT prediction

1036

— : 36
£ Hp > v+K* (90%CL) £10
E | E
= USY GUT dicti 4 -
51035 _E__ prediction 51035
- iquid Argon TPC = +™~Water Cherenkov
[ 100kt X 1 /] 500Kt 10years
34 ¥ A
1034 k 2x10 yr 103 uperittimitg Liquid Argon TPC
- ater Cherenkov 100kt X 10years
1033 F 1033

p = e+n° (90%CL)
a '

sl i aauaul a1l [ EERT]

100 1000 10000 (kt X year) 100 1000 1000kt x year)

® v+ K™ mode: LAr (100ktX10years) =~5XWC (500ktX 10yeas)
® ¢ + a°mode: LAr (100ktX10years) =~1/2XWC (500ktX 10years)



Next generatlon LBL facilities
LAGUNA-LBNO study cases

; s ! s . 3. CN2PY B
3 main Options i WS ‘\ | L=2288 km, CERN SPS 400 GeV \E

; \ + new beam line 0.75 MW |

selected for h i E‘.p + near detector infrastructure f

LAGUNA-LBNO S e Y . 4, Longer term: 2MW with
e o S ¢ ) LP-SPL+HPPS accelerator
' andf’or Neutrlno Factcry

Requires ﬁew beam (LBNE)
Requires new far site detector
(LBNE/DUSEL ?)

CN2FR

| L=130 km, :-
HP-SPL 5 GeV 4 MWV LINAC + 1’, = : i

accumulator ring "4"33\ e ; CNGS-Umbria

+ MMW target + horn o % P X, L=658 km, ldeg OA

CERN SPS 400 GeV
presently operating 0.3 MW
5 (0.5 MW max) :
wte | no near detector infrastructure

+ near detector infrastructure ?‘

ey
Li. %

.Requir new far site detector
(LAGUNA + LAGUNA-LBNQO)

= “Wém&m?» o s Requires new beam

....... P

e e g VR, (LAGUNA-LBNO)

Existing beamline (up to =1 MW)
Requires upgraded MR proton accelerator

A. Rubbia OPERA Collaboration meeting, June 201 1, LNGS




Summary

Highest priority for now is to establish non-zero 0,; and determine it

Indication of large 0,; makes conventional beam long baseline experiment
be promising to probe CPV and sign(Am,;?)
To realize the next generation experiment,

+ Multi-MW beam power

+ High sensitivity huge detector

MUST BE REALIZED

Japan HAS operating, capable of ~MW proton machine =» Want/could be
carliest to realize the next generation experiment

Though, significant improvements have to be made on accelerator to achieve
Multi-MW
Two detector options are under consideration:
+» HK & 100kton LigAr TPC
+ Optimization of physics capabilities are being done
+ R&D of detectors and sites are being made intensively
Need decision on
+ Experiment configuration (Distance, Energy spectrum, Measurement method)
+ Detector technology

As soon as possible (~few years) 36



