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A Quick review of v Oscillation

Charged lepton=mass eigenstate

Flavor Transition Amplitudes Simplified view.

1% 1% \ % \ % \ % 1%
e R e u R u u R

m,, mMM A“e

v equation of motion: l
ii(ve ) ) (mee A‘ue )(Ve )
dt Vi Aue My \Vu

Vv, cosO sin@\(v,
Definition of mass eigenstate: jv' (v2)= (—sin@ cose)(vu)

; d(vi)_(m 0 \(v, 5 A
dt\v, 0 m,N\v, me
Then v Oscillation takes place:l
(mz _ mz)L My ™Mee
(m,, m,<<E) Pve—w —sin?20sin? \ 1E : 2m, = (m,,, + m,) = \/(mw ) 4
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What We Measure by v Oscillation

v v sin26 = 24, . ,
€ &) < \/(mw — mee) + 4Afw
mee 2
Am12 (m +m, )\/(mW - mee)
Vi Vi
& OR
o
Vi Q Ve rA = Am 12s1n2(9/
Ae im, = {(m)+Am, 00328/ (m)
|, =(m)- Amlzcos26/ (m)
Direct mass measurement

Both Mass and Mixing are a combination of flavor transition amplitude
—=Measurment of mixing angle is as importnat as measurement of mass.



Purpose of v Oscillation Measurements

4 V/)a

Now we know ¢ & exists.
What makes the transition amplitudes?
'HO ‘t :
Higgs ® &
Dirac? Majorana?
Sub Structure?? b2
I G T 7\ (07 07 0 \|luu)

For Example, =>|n|~|-04 04 08||dd)

7] 106 -06 06)ss)

—

S

L Similar to

Or something else?? ¢ MNS matrix!

= Physics of v oscillation is fo measure the flavor transition
amplitudes and think of its origin.



v Oscillations: 3 flavor case

Mixings ~ MNS Matrix s; =sinb, ¢; =cosf,

(v (1 0 O\ ¢ O s,¢°\c, s, O)v)
vV, =10 ¢y Sy 0 10 (-5, ¢, Ofv,
\V.) \0 =5y 023/\_3136_1.(S 0 ;s AO 0 1Avy)

Oscilla'rions
P(v — . - |
o, %Vﬁ —42R6(U UU LU )S1n2(Dlj+2i>EjIm(U U U Uy Jsin2®,
Ami.L
D, = 4;: : Am;=m§—mf) @
‘Amlzz, ‘Am223, 0,, 60,, 6,, 0

6 parameters can be accessible
from neutrino oscillation.
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- All limits are at 95%CL
unless otherwise noted




‘Upper' Iimiﬂ
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Our Current Knowledge

‘mg — mg‘ ~2.5x107eV?, (m,f - mf) ~8x107eV’

(0.8

U ~|-04 06 07

\0.4

0.5 Sl3ei5\
‘SB‘ <0.2

-0.6 0.7 )

If my>m,>>m~0, Flavor Transition Amplitudes become,

A% A% A% A%

(o] ) (o] u ) u T ) T
N4 ! N4 ! N4
m, ~5meV m, ~30meV m_~30meV
Ve O Vi Ve O Vi Vu O Vi
N4 N4 N4
. 5
A, ~(30s ;¢"+3)meV ,~(30s,5¢°-3)meV A ,~20meV
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Reactor Neutrinos

The v.energy spectrum

Reactor v, spectrum (a.u.)

Observed spectrum (a.u.)
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B //

20

— +
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v.+p—n+e’ cross
section (10-43 cm?)

10F
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E, (MeV)

0 _ ‘E ~ 4 t;‘MeV\
~6x107v, /s /reactor
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Accessible Oscillations by Reactor v

E-L Relation of Oscillation Experiments

100.000 * Up to now * Future Reactor Prospect
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Reactor Neutrino Spectrum

Reactor Neutrino Spectrum

Arbitrary

SRS

Evis (MeV)

Very precise 0,,
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Amzlz, 012; KGmLAND

kN 2002/12: Evidence of v, Deficit
g [ (PRL 90:021802, 2003)
%; 805_ 2004/06: Evidence of spectrum distortion
i°F (PRL 94,0818012005)
2 o 2008/01: Precise measurement of Am? ,&sin?26,,
20b- (arXiv:0801.4589, submitted to PRL)
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Events /0425 MeV
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KamLAND keeps taking reactor data while purification.
However, KL has already run 5 years and significant improvement
of the accuracy from here will be difficult.

On the other hand, precise 6,, is needed to understand the sun.



Precise tan?6,, measurement can be performed
@ 1st oscillation maximum (L=50km)

Reactor Neutrino Oscillation

L=S0km

Reactor Neutrino Spectrus
10 1
g
o g A
0 2 4 6 8
Evis (MeV)

| E |

\1-12% KL+Solar

+3.6% Reactor
L=50km from KK

with KL size Detect%

(Minakata, et.al.)




A% A%

9 e O WT
13 A, ~(30sin0, ci*-3)meV

Remaining Issue

How to measure

813

], =1-sin"26,

|, ~sin6,;5in*26,, $0.05 sin6,;sind

I<II<I

e%‘_/e
%Ve

u

0

v, — ve]A - [VM — Ve]A ~ sin20,,81nd

0,, degeneracy

+ 2 - 2 —_ . .
[vu — ve]A ~sin“0,,sin” 26, , F0.05 -sin6,;sind

Mass hierarchy

Matter Effect ~0.00017L[km]- sign(Am,i)sin2 20,,

Precise 6,,

[Ve - Ve ]KamLAND

= cos” 6,,(1-sin"26),,

All the

=> Determination of 6,5 is urgent

measurements are related to 6,
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How to Measure 6,;

AN

N

@Am123L T E~MeV, L~1km Reactor Experiments
4E 2 E~GeV, L=100~1000km; Accelerator experiments

P, ~sin’20, ~1

VSV,

% u %
E Am123
L 27

T

P, .., ~ %(sin 0.1-5ii20,ind) Py, ~ %(sin £0.15i26), ino)

Accelerator Vv
.

Measurement L= Fe(V, = V)= Be(Ve = v, )+ Be(V. = 7, -

. 2 .
P,(v, = v,) ~sin® 26,;|sin’ 6,; -




Complementarity of Reactor-accelerator

6,3 measurement

0,, degeneracy ~
Pyc (VM g Ve) = 0-50=0.11 5 sin”26,, +0.045sin26,,sind
(1£0.00017L[km))
/ A\ ~~ J
Matter effec
Si n22923=0_95 o dependece
0.1 . . , .

- 05>T/4 623<1/4 |

0.08 | Am322<0§ .......... . ______________ A—

L=300km
0.06 |- Yasuda

Accelerator
Measu

P(v,— Vve) (Accelerator)

Measureme

0 0.03 0.06 0. .
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‘ How to improve the Chooz limit \

Systematic Error:

Chooz

—

Reactor cross section | 1.9 %
Number of protons 0.8 %
Detector efficiency 1.5 %

Reactor power

0.7 %

Energy per fission 0.6 %

Chooz case:

Near/Far detector comparison
& Cut-insensitive measurement

Cancel

|

SN,
N

v

) = +2 8%(star)+2.7%(sys.) = sin°26,, <0.15
CHOOZ

Statistic error:
Chooz ran only a few months
=> Longer run, Larger Detector & Higner Reactor Power
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Reactor-60,; Site Historical Map
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Reactors and Detectors

Double Chooz | Daya Bay - RENO
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Sensitivity & Start years

5

==== Double Chooz

==== Daya Bay phase | ||
==== Daya Bay phase ||
====RENO

DCHOOZ: 45f
2009 Starts with Far Detector

2010 run with Far+Near Detector | | AN | _
DayaBay: m:‘; YU SN AW - VU 0\ YR WRURUS SRS NS W S S—
2010 Starts with P=11.66W | ~F
2011 P=> 17.46W

2010 Starts G- Menhign ela] i preparaliom— e

| [ I
0 0.01 002 003 004 _005 006 007 008 009 0.1
sin~ (20

\_Y—’ 13)lim
Sensitivities=0.01~0.03
———>We will know the results within a few years!
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Status of the experiments

DoubleChooz Please hear
RENO : & talks

thls afternoon

DayaBay ::> K.B.-Luk kindly provided me the following sliedes
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Dayabay from K.B.-Luk

Civil Construction

* Total funnel length is about 3100 m > /\fﬁ. . Complete en'rr'a‘g} ¥

. €7 . . portal of accessd
SAB ready by July 2008 $=  3EBinnel in March 08

* Daya Bay Hall: Nov 2008 Fie BEEL s

»

* Ling Ao Hall: Jun 2009

* Far Hall: Sept 2009
ruu-n!

Ui | QC

e

| 3 '\ 7\\ P"'?\\.
A N

| A Constructing surface
- assembly building




Dayabay from K.B.-Luk

Getting Ready To Build The Detector

.
Conital Lid —=

4-m prototype in the U.S.

3-m prototype in Taiwan <



‘Ver'y Precise 013\

dsin®2q,5<0.01 will be possible by large statisitics & shape analyisis.

Luminosity Scaling

003 : -
Reactor-1 Reactor-I  Lindner et al.
0.02 \
_ 05% bin-to-bin
2 |
z 001 f :
z —Z__ | KamLAND-Size Detector
p | @Kashiwazaki-Kariwa NPS
o
o | 4 f i |
0.004
DC RENO DB (...
0.003 £53
. [
10° 10° 10° 10°

Inteprated luminosity £ [tGW-y]

The current Reactor 0;; experiments will be in stable condition
within a few years

=> It is time to think of the next generation experiments seriously



‘(56,, detection in futur'e\

sin%260,,=0.95
0.1 T T T T (S =—J’|:/2
Ooh<n/a P

0_08 ,,,,,,,,,,, AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA - 6CP=O

(7Y B ————— ------------------------------------------- Ocp=Tt/2

0.04

P(v,— ve) (Accelerator)

< 5in?26,,=0.005
; i .

0 003 006 009 012 015 0.18
sin®20,5 (Reactor)

If 0sin?26,,<0.01 is achieved, there is chance to detect finite J,
combined with Accelerator data.



‘Reac‘ror‘-Acceler'a'ror' cooperation \

J-Parc group has already started to discuss about post T2K CP experiments.

PO8 nhttp://i-parc. jp/Npos/

March 5-7,52008
Mito, Ibaraki, Japan

Thursday 06 March 2008 top4
09:30->13:00 Parallel sessions 1

09:30 Future Beam Option for Long Baseline Neutrino Yves Declais (Lyon Univ.

Experiment (30') (¥ _Slides g ) IPNL/IN2P3/CNRS)

10:00 Introduction to the Work on the 2nd Phase Experiment Takuya Hasegawa (KEK)
with J-PARC Neutrino Facility (15') (% Slides T )

10:15 CP Violation Physics at a J-PARC Beam -Liquid Ar Takasumi Maruyama (Tsukuba
TPC Case- (45 (% Slides T ) Univ.)

11:00 CP Violation Physics at a J-PARC Beam -Water Cherenkov Kenji Kaneyuki (ICRR
Detector Casel- (25" (% Slides T ) Univ. of Tokyo)

11:25 CP Violation Physics at a J-PARC Beam -Water Cherenkov Fanny Dufour (Boston
Detector Case2- (20') (% _Slides s ) Univ.)

Future reactor and accelerator programs should be interweaved
from the first, in order to make efficient storategy to attack .



‘ Am?*; & Mass Hier'ar'chy\

Arbitrary

L=10km

Reactor Neutrino Oscillation
15 Large phase shift
| 7t due to mass hierarchy.
= .
A "\ An = Can't this be used to
e 08 il AN solve it??
A
v 0.6
1 * “
: e
g 04 /
0.2 \TW( \&
0 -
Reactor Neutrino Spectrum // 100 1000

L(km)

Evis (MeV)

080520

Several Oscillations take place in the

Energy Spectrum
—Precice Am?, measurement will be possible

@L~10km
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Summary

-Typical energy of reactor v is ~4MeV.
Both Am?, & Am?,; oscillations are accessible.

tan?6,,, Am?,, are being measured by KamLAND with L~180km.
‘For precise tan?6,, measuremnt, L=50km with KamLAND size detector=> 3.6%

*1st phase sin226,; experiments (DoublcChooz, Dayabay, RENO) will start
within 1~2 years. Their targetting sinsitivities are dsin?26,,=0.01~0.03

+ 2nd phase sin?26,; experiment (Jsin226,;<0.01) should be useful to detect §.p
together with accelerator measuremernt of precise P(v,->v,).

*There is a possiblity to measure Am?,; @L~10km.

‘Reactor v experiments /have had/are going to have/will have/ rich programs
to do.



