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I made the following talk on Nov./2002 here.
It was my 15" workshop talk on this subject.
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And we published this paper on 2003.
This 1s the 15" paper pointing out reactor-accelerator complementarity.

(Cited 166 times (Spires))

PHYSICAL REVIEW D 68, 033017 (2003)

Reactor measurement of 6;; and its complementarity to long-baseline experiments

H. Minakata * H. Sugiyama,’ and O. Yasuda®
Department of Physics, Tokyo Metropolitan University, Hachioji, Tokyo 192-0397, Japan

K. Inoue® and F. Suekane'
Research Center for Neutrino Science, Tohoku University, Sendai, Miyagi, 980-8578, Japan
(Received 8 November 2002; revised manuscript received 18 Aprl 2003; published 28 August 2003)

The possibility of measuring sin® 26, using reactor neutrinos is examined in detail. It is shown that the
sensitivity sin® 2¢,;=>0.02 can be reached with 40 ton yr data by placing identical CHOOZ-like detectors at
near and far distances from a giant nuclear power plant whose total thermal energy is 243 GWy . It 1s
emphasized that this measurement is free from the parameter degeneracies that occur In accelerator appearance
experiments, and therefore the reactor measurement 1s complementary to accelerator expenments. It is also
shown that the reactor measurement may be able to resolve the degeneracy i #»;3 if sin® 263 and cos® 26 are
relatively large.

9 years have passed
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Then we formed KASKA project which uses Kashiwazaki-Kariwa
Nuclear Power Station in 2002 and performed R&D and wrote Lol.
However, it was not funded and we joined Double Chooz in 2007.
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| Why we study neutrino oscillation |

There are many oscillations (Irrespective to it is observable or not)

% K'<K’, B'< B’ Oscillation. 2 CP violation

* spin precession by B (= |{}) < ||)oscillation) & Formation of Q.M.
*21cm wave of H p(f)e(l) < p(l)e()) oscillation = Astronomy

% |uit) < |dd)oscillation in i = Hadron structure, mass pattern. QCD
% d < s oscillation = Cabbibo angle, Higgs-Quark coupling

* B < W,oscillation 2 EW theory, Weinberg angle, Higgs-GB coupling.

=2 These oscillations are related to important physics.

=>» Neutrino Oscillationv, < Vv; should be related to

important physics, too.
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Purpose of v oscillation experiments

is o measure v flavor transition amplitudes
and to give hints to theorists to explain our world
and to construct unified theory.

14 14 .
Now we know —*—®—"—  exists.
HoO AR HO
Non Standard Higgs? ® or ® ?
Sub Structure?? R .
PS mixing
4 5 G < 7\ (07 07 0 \|um)))
For Example, 4 S S 0 |-|-04 04 08)[dd)
_ n 06 -0.6 06/ |s3)
Or something else?? 3¢
?
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‘CKI\/I matrix & MNS matrix \

(d"

!

\b’)

CKM mixing matrix
(09743 0.2253 0.0035)\(d)
s’ 1=10.2252 0.9735
\0.0086 0.040 0.9992 )b,

0.041 || s

Neutrino mixing matrix (MNS matrix) before 2011

vV

* Finite size of 6,

(v,)

(0.8 0.5 sinf,,e”)

~(04 0.6

u

\v,) 04 06

5 was not known

0.7
0.7

/

(v, )

Vs

\V3)

sinf,;<0.2

* CP violation depends much on 6,4 (as well as on other angles)
=> Need to measure

120329
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Importance of determinatin of 0

* 1t is one of the fundamental parameters.
* Future v experiments strongly depends on 6,4

Parameter Measurement Method

Ocp [PA(VH — ve) — PA(VM — Ve)] ~0.1sin26,, sino

A,

6,3 degeneracy [PA(VH — ve) + PA(VM — Ve)]@ ~ 2sin” 0,,sin”26,,

A23

Mass Hierarchy

[PA(VM — Ve;L)+ PA(VM — Ve;L,)]@Az

Po(V, = V,)q, ~1-0.5sin"20,, (sin2 A, +tan’ 6, sin’ A32)

~ sign(Amé)(L’ — L)sin’ 26,

We can not go further without knowing 0.

120329 suekane@ICRR 9




How 6,; can be measured

@Amf3L _m ( E~MeV, L~1km Reactor Experiments
4E 2 { E~GeV, L=100~1000km; Accelerator experiments
v 1%

P(v, = v,) =sin’0,sin*26,, P(v, = v,)=cos’0,,sin’26,,
—0.045 - sin20,,s1n0 v +0.045 - sin20,,s1n0

Accelerator \ /

Measurements  P(v, —v,)+P(v, = v )=sin’26,,

T2K, MINOS, NOVA Reactor measurements
DoubleChooz, Dayabay, RENO

120329 suekane@ICRR 10




‘ Why reactor measurement 1s important \

0,5 degenerac

0.50+0.11 . : :
Pe(v,—v.)= >sin”26,; =0.045sin26,,8ind
(1 F 0.00017L[km]) N ,
/ Y-
: od d
Mass Hierarchy = 250 05 ependece
23—V~
o ot et | Contrary, reactor
-§ 0.08 | gzzz:g et ,,,,,,,,,,,,,,,, S—— ” measurement 1S pure
5 | ? f sin®26,; measurement
8 o.06 | H‘ypotheticall example 2
< -
5, 0.04 ------------------ ‘ .............. ............... I Combining Reactor and
3 77 = i Accelerator will restrict
3 002 F — / ......................... ...................... .................... ] parameter space
o |
0

] ] ] ] I
0 0.03 0.06 0.09 0.12 0.15 0.18

sin22045 (Reactor)
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‘Reactor neutrino & Its detection \

@ _I__ 235 U

@

e %
Vv o Y e
— !@ %E -
Ve - 1 < —
T (e Y
v
Tl (e

v are produced in

B-decays of fission products.

~ 6 x 1020\/ /s | reactor

120329
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Delayed signal
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7(0/11Mer

The v.energy spectrum

Reactor v, spec'rrum (a.u.)

Obser'ved spectrum (a.u.)

20

v, +p—n+e* cross
ection (10-43 cm?)
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‘How to measure 6, by reactor neutrinos \

v, Detector
V,+p—>e +n

Reactor= Rich v, Generator O e sensitive only toV,
¢ v oscillation ¢
TN .. —
v, u v, b deficit of v,
> >
) Ve Ve
% Signal
1.5x10%1v/s
@Chooz reacors | ' ——
~1 km [PcdtmnlnodmmCHDOZ-Fll

Deficit of v, « sin?20,

[ ]

P(v, = v,)=1-sin’26,,

The probability forv, to remain

120329

Ve

2000

1500(-

1000~

500 |-

2500t gt
> L

v
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‘How to realize good precision: 2 detector scheme \

Near Far

Detector Detector Original idea Kr2Det
Reactor Neutrino Oscillation
1.2
| V—
A
0.8
P(v,=|v.) os6 | 5in%26,,=0.1 X
E =4MeV NS
04 &
0.2 %
0
0.1 1 10 100 1000
L(km)

Ratio measurement Far/Near Detectors => Cancels most systematics

120329 suekane@ICRR 14



- ouBE
Then we are performing Double Chooz/(*cc7
experiment to measure Pure 0,;

A " \car Detector % T

3 . S M <> 400m b iy <L>1050m
Chooz Reactors = Ay 400v/day 70v/day
4.27GWy, x 2 cores S A 120m.w.e. S g 00m.w.e.



Double Chooz collaboration D(‘”?‘;‘%&’f
Ol I LN k=g < =

Qpn;azﬂ France Germany Japan Russia S UK USA

CEA/DSM/IRFU:  EKU Tubingen Tohoku U. INR RAS -Madrid Sussex u. Alabama
UNICAMP SPP MPIK Heidelber  Tokyo Inst. Tech. IPC RAS . . S
UFABC SPhN TU Miinchen Tokyo Metro. U. RRC Kurchatw At

SEDI ~ U. Aachen Niigata U. o gy

SIS s ' Hamb\ll’g KObeU. i
SENAGI i - 3

S et DoubIeChooz Collaboalonmeetlng @ Tohoku 2012



‘ DC-Japan \

*Tohoku Univ.,

*Tokyo Institute of Technolygy,
*Tokyo Metropolitan Univ., @d

*Niigata U., Kobe Univ.,

*Tohoku Gakuin Univ., &
*Hiroshima Institute of Techndlogy

120329 suekane@ICRR 17




Main Components

of DC Detector
Target v :
10m3 Gd loaded Liquid Scintllator 7 —1r
8mmt Acrylic Tank - ’_ i
y Catcher : . ' mlﬂ
22m? Liquid Scintillator 2 = i
12mmt Acrylic Tank ’ }“‘g g"lx " (<

il‘..l(q ‘l“'ﬂl gi
Light Detection: “ o " ot ‘%, <

390 Low BKG 10” PMTs \
Buffer oil :

110m3 Paraffine Oil \

3mmt Stainless Steel Tank

Inner Muon Veto :
90m3 LS +78 8” PMTs

Iron shield:

15cmt

120329
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DC Milestones

(2008/5~) 2010/10
2010/12/
2011/4

201177
2011/11

2013

120329

Far Detector Structure complete
Liquid Scintillator Loading

Far detector commissioning
Physics data taking started.
Excavation of near tunnel started
Outer Veto Detector in Operation
15t Result @ LowNu conference
(Accepted by PRL)

Near Detector will be in Operation

suekane@ICRR 20



23/12/2010: Official start of Double Chooz

Press release 23/12/2010 |=

Double Chooz detector filled and measuring
reactor neutrino oscillations

TNy a—F... | ZH - BRRF | ®iLXZ -TOHOKU UNIVERSITY-

The Double Chooz collaboration recently
will see anti-neutrinos coming from the ( [ RILKZF
French Ardennes. The experiment is noy == ¢
measure fundamental neutrino propertie
particle and astro-particle physics.

20115 | =K - BRE

2011415 68 15:23 | BH - HR%S , ARAR
TN a—BFFE=—a—bY /IRERREAE

FEZ2—- M)/ HERARE S —DBBMLTNEY TN 3 —BFF=a— b/ RRHERLARR*T
3, Za—bFU/EREBORBOSTRL, —a— )/ F—yREREMBET S LICAY, 2010F12H23
BIKZSYATILRAYY—-REhELE. CORRCIYRNFOEELURO—DOPBESHICEDLEDIC
FRO=Z2— P/ RARPESSICERTHLICRVET.

(*FTNa—RRIE, 7520 a—RFHARBHTHLO=2— MU /EBZRIEL, 613 (L—%&
WBZA) EFENZBRED=2— MY/ REAZMETHIRRTY. )

Tohoku Univ. News -

YT 3 —RBER. SEREAD=21— MY /BREBICIYRBHBEBEINS.




‘Pysics Run Start 2011/4/13 \

2011/04/13

18:00:48




‘Data taking time and efficiency \

»
Data taking efficiency

>

o
N

@ | Double Chooz (prel) [Anaiysed [Jphysics [Jothers |,
© N
B 250 JN i
@ ”‘W | W I
E | 19
- 200 |
— i lify
=< 150
-l w ‘! "
8 L A “o
© . ahl
S 100 E
L — Total
S0 — Physics _|
C - Analysed -
oL . . . o | T P 0
May. Jul. Sep. Nov. Jan.

2011 2011 2011 2011 2012
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Stability of Liquid scintillator

— 100 _ —
(o) —
= 8- I
S 6F g5 =
o 4 1 =
S 2:_ N CTJ
) s SR
O 0F S ST == SIS 1@
> 2;’—4— ------------------------------ SN ressgoondn 3 x
- E ] G)
L ] o
-6F 75
_8F -
_1(): 1 | L i

L L L PR T T T N TN TR NN AN TN TR S A T N
0O 20 40 60 80 100 120 140 160
Elapsed day
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l Positron spectrum CHOOZ-Far (1050m) 11.5t PXE 3y eff=64% I

2500

‘ Trigger Efficiency \ P

1000

500

Re ut Threshg
R = _
QL B
S o8 PRELII+
S osf Analysis Physics Threshold
= F Threshold e+e- > 2y (1.02MeV)
- 50% @)|350keV E 0
0.2: (lOO+O_ 4>% @\IOOI{GV - 100 _04% @O.7M€V
085 02 o4 o5 T oB —To iz '1!4'_

visible energy [MeV]
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L\

[)O%BLE

Calibration Systems

Glove Box

Embedded LED

calibration system|
385, 420, 470 nm

Buffer guide
Tube

suekane@ICRR 26
F. Ardellier, Ch. Veyssiére, Th. Lasserre, D. Lhuillier, CEA-Saclay, Nov. 09t 2011




%Ge Detector Center X=0mm, Y=0mm, Z=Omm

Number of Events
3

-
o
w

10?

10

120%)29100 150 200 250 300 350 400 450

2011/11/117

Energy calibration

e.g.) 8Ge positron source
(e+e- annihilation1.02 MeV ys)

@ Detector Center

Guide-tube system
in y-catcher

*8Ge Guide Tulke X=0mm, Y=1433.9mm, Z=0mm

Total Event Cha gﬁe(ékane(@ICRR

:III IIIII|IIIIII]IIIIIIIIIIIIIIIII.II.||III|: 2 :lIII|I|l|l||lll|lllIIIIIII|III||III|I-III-IIIII|:

B . Double Chooz preliminary § 10° «** Double Chooz preliminary |
* > E A4 E

— — w E o® 8 E

i S i 5 L i -

- Ty ] B *

- - . ’ é 10° o R =

L 3 E S e E
*

E PS = - - e Cov 0,0 00 .'. .

= *. - 102 =, . . —

- s 4 PS J _ = 3

L | ®ee 404 %" o i -

— * — —

= * 3 =

- ¢ O i

- +* ] -

[ 34 ¢+ -
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Neutrino Signal

Energy:“prompt’ vs “delay”

e 27(0.511MeV,

. — 12 T
., S T T T
' L [ | ouble Chooz preliminar
’ 5 p y
} j{‘/ ’ s - | i) ]
g / NN l.g 1~ I
e 7 7 (0.511MeV’ o f . 7 [l
V. i ©
: » / R ]
©

T

b .
x prompt.signal

F prompth (Mevi)2
P
Prompt signal Delayed signal .
4
‘/ < ~30us R

120329 1~8MeV  suekane@ICRR 8MeV 28



The v.energy spectrum

Reactor v, spectrum (a.u.)

/

Observed spectrum (a.u.)
prd

70

20

v, tp—n+e’ cross
section (10-43 cm?)

10

IIIIIIIIT]IIIIIIIIIIIIIIIIIIIIIIIIIII

0

~

12MeV for rate analysis

T‘ 2 K} 4 S 6 7 8 9 10
|
E, cut (6=99.9+0.1%)
Physics threshold

et+e- > 2y (1.02Mev)  (Actual data will be shown at result page.)

120329 suekane@ICRR 29



Events/0.25 MeV

T

Delay ~

T

Time Correlation

Prompt cut

Edelay cut
1000:1 T T T | T T T I T T L ] T T T | T T T l:
9005 Double Chooz preliminary 3
= —4$— Data 3
800 —
E [ ] Neurrinomc
700 =
600 -
500 -
400 e
300- b
200 -
1005 R
% 8 9 10 11 TA
Delayed energy [MeV
e=94.5+0.6%

Difference (~1%) is taken into
account in the error.

120329

The efficiency within [2,100]ps 1s 0.96510.4%

Events/2 usec

TT T T[T T T T[T T T T[T T T T [T T T[T T[T T T T[T T TT[TTTT[TTTT

102;'

105'

Double Chooz preliminary i
—~—om
[ Neutrinomc

| IlIIlIll

{
t +++
Pt

0

MC hasfo background

111 l 1111 l 1111 l 1111 I 1111 I 111 l 1111 l 1111 I 1111 I 1111
10 20 30 40 50 60 70 80 90 mo
AT [usec]

suekane@ICRR

<€ >

£€=96.5+0.5%
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‘ Event Selection Summary \

Condition

Efficiency [Inefficiency]

Trigger efficiency

0.7MeV < E

100+0-0.4% [0+0.4-0.0%]

Neutrino Selection

0.7MeV < E, < 12MeV

99.9+0.1% [0.1+0.1%]

6MeV < E ;< 12MeV

94.5+0.6% [14.0+0.6%]

2us < AT, 4 < 100us

96.5+0.5% [3.5+0.5%]

After Muon Cut Ims < AT, 95.5+0.0% [4.5+0.0%]
Multi Neutron <3 triggers 99.5+0.0% [0.5+0.0%]
rejection @-100us< AT <400us

Light noise rejection

MaxQ/TotalQ
signal time structure

100+£0.0% [0.0+0.0%]

Gd Capture efficiency

86.0+0.5% [14.0+£0.5%]

Total

74+1.0%

120329

4121 events Remained

suekane@ICRR
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Candidate vs Time

Neutrino candidates rate no background subtraction
oo 1m 1 ] T ] T l T ] T I T l 1 I

_;' | Double Chooz preliminary --=-0--=-- Expectedv rate _
& . o Measured v rate

; 80— Average Rate: 42.610.7 day’ ]
-

-

-

7 60

40

20

1 Reactor OFF
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‘Back grounds \

ey Accidental BG
\\‘—-.. * et-like signal: y-rays from radioactivity
(20871, etc.).
n-signal: n from muon induced spallation
AT accidentally <100us

Correlated BG
* Long Life (°Li, He)
p+n —decaying spallation isotopes
* Fast neutrons:
Recoil proton + neutron capture
* Stopping muon + its decay

(Michel electron)
120329 suekane@ICRR 33




Accidental BG

Accidental Background Prompt Event Visible Energy

)

E 10 s Double Chooz preli:ninary
8 .., Promptenergy after
w > . . - .
s ! off-timing coincidenc
w -
*
10” '

*’ff’****ﬁ”#q’**’mm 1+ f

L 1
3 10
Visible Energy [MeV)

:;0.55 Stability of acé:id'ent'al BKG -

“ i -

1203

Rater 0.33 +0.03 evt/day™ |



Correlated BG: fast neutron

Prompt signal:
Recoll proton

Delayed signal
8MeV y's from neutron capture on Gd

v T s T |

J(HLI Preliminary

p—
o
w

10?

Entries/500keV

20 25 30
Energy (MeV)

Number of BG events estimated
from the spectrum at high energy
ekane@

Rate’ 0.8 +0.4 events/day




Correlated BG: cosmogenic

Cosmic-ray u spallation products:
9Li, 8He
- n+f decay with decay time of 200msec

completely mimic neutrino signal
li—=e +n+8Be(n+e<11.9MeV)

E:llno'. 723
¥ Ingx g2.561124
LS counts 1424+ 28.0
constant 2841+ 76.4

[ @ w
A S &

o
(5] U
e

.
"
TrY

number of sotries [per 20msx)

-
o L=~

Preliminary

al 1 " A
v %00 1000 1500 2000 2600
A [ms)

Number of BG events estimated from time
correlation with showering n

- Consistent with reactor OFF measurement

Rat&”2.3 +1.2 events/d&y™



9 %

1%

T=1h15 T=2h00 T=25h30 :
C - Time (h)
"
OFF-OFF data
« Reactor 1 stopped for 2 months (refueling)
« Reactor 2 stopped for 1 day (maintenance)

- In-situ background measurement (Unique capability of Double Chooz)
2 events within 0.7~12 MeV... (Agree with the estimagi70n)

120329 suekane@ICRR




Observed vs. Expected

'7: wl . Data '.'.1 —
3 A Reactor Off-Off 3
@ ——- No osc. (x2/dof=16/6) i -
£ ol T Best fit (2/dof=3.5/4) &
E [_] 90% CL interval
2 1
Z 30— o
1
Vo ""’
20(— /
/:_‘."".
10— _{,r.’f"
s‘{'
i & i
c { L L 1 1 1L
0 10 20 30 40 S0
Expected rate (day'l)

* Good linearity observed

* Number of expected background events 1s consistent with

reactor OFF measurement (2 events in one-day)
120329 suekane@ICRR 38



Background summary

Background Rate/day error(%)

Accidental 0.33 <0.1

Fast Neutron 0.83 0.9

Li 2.3 2.8

Total 3.46 3.0
(335events)

Observed Neutrino =4121-355=3766 events

120329

suekane@ICRR

39



Expected Neutrino Flux

Bugey4 (L~15m) is considered as "near detector".
(Water target & 3He proportional counter. only neutron
was tagged (=no prompt energy threshold))

PCTTTT [ T T T T T
145 hnd e b s ' ' IO OO OO OO

|

Nl091

.H_[ ROVN :
npt bsep+ G

: Bugey-3
: Bugey-4
VI

—r
—r
| ’ | ‘ | ’ |
Krasnfoyarsk{l
! Goesgen-l
i Krasrioyarsk-Jil
. Goesgen-Ill :

i Krasnoyaisk-Ii
i pEleVierde
CHOOZ

I——-—|—| SRP-II
& | :' ROVNO88-28
|
I
Bugey-3

| -
I | ]
T | R S S RO S W — — . R P SO RUURRU PP ORI ORI SO DO
— . ——
0.9_ ...E”. e A A _
— T L : . —
085— ..................... s e SR —— S U URN SUUREURUUUR SOURRU SUUUUNE SUUUNS SR SPOL |
— s 1837 s 1 . T -
0.8— .. g 2.8 s 0/ UG NPIS NS SO A0S
" Z2Z2ZZ22Z2 . " . : : : : : : . " : : . : .
— o 8888 : : : I | : : : : : A ]
— 1 | ‘ | | I N O T | I I O I —

10’ 10° 10°
Distance to Reactor (m)

Bugey4; Uncorrelated error with DC (1.7%)
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Expected Neutrino Event rate Calculation

N &
NIP(E f)= " foh(”x<af>

2
Axl’  (E,)
Average nergy release / fission
k=235U, 239PU, 241PU, 238U
E on (t ) o, relative fission rate
_ Bugeyk Bugey
<Gf>‘<‘7f> + (@ (t) (1)) (o),
BGY4 i’g ; —241Pu
SR e

= [dE-S((E) 0y, (E) | *
0 AR

120329 suekane@ICRR e A
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©

Now
n o

Thermal power (GW)

- N
h ©

Reactor operation information

» Available from Electricité de France
Relative Fission Rate

Opeartion Power

Preliminary

JU U O O O S N 9 ) P S OV S O B OO S O S

w
o

—h
(=]
Ll LA

i Core B1

(=]
S  r

120329

.Core B2

AR O S B
1 140 160

Days after April 13, 2011

suekane@ICRR

Double Chooz preliminary

Burnup [MWd/t)
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wu BLE -

Expected Event Rate and Error

N, - 8 || Double thoog prefimingry
_ Very detailed simulation of all
reactor cycle (MURE) and fuel L'
evolution [reactor data input] -
Pth
TBugey — |
1.7% total error b m

0 02 04 06 08 1 12 14 16 1.8
Relat Error (%)
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Systematic error summary

Event Selection Efficiency error

Event selection 4121 events 1.0%

Background 355 events 3.0% Observed 4121

_ Expected 4344

Spill in/out +1.4% 0.4%

Expected Event rate 4344 events 1.7%

Energy response - 1.7%

# of proton - 0.3%

Total 4.0%

i rate analysis
N, _ Ny =Ny _4121-335

N N, —Ny 4344-335 ~ 4121
=0.944+0.016 = 0.040
sin® 26, =0.104 = 0.030(stat.) = 0.076(syst )

120329 suekane@ICRR 44
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Spe

ctrum analysis

S 700 I O
é’ = —— Double Chooz Data 7]
] eoo— = 4. | T No Oscillation i
e + Best Fit: sin’(26,) = 0.086 .
‘?‘:‘, I { for AmZ, = 2.4x10° eV? _
2 500 — { Summed Backgrounds (see inset) | _]
w C Lithium-9 .
C [ | Fastnand Stopping 1 .
400— Accidentals —
— ; 1
- > n
- = 20- 4
300— 0 —
L e -
L 2 10F ]
- S -
200— g | iz ]
- w c L 1 1 —
L 2 4 6 10 2 _|
- Energy [MeVl _|
100— —
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Best fit: sin?20,; = 0.08610.041(stat.)x0.030(syst.)

«2/DOF = 23.7/17 (best fit); 26.6/18 (sin220,,=0)

sin220,5;=0 excluded at 94.69,C.L.
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9/Nov./2011 1st result was shown
@ LowNu conference Korea

Indication for the disappearance of reactor 7, in the Double Chooz experiment

Y. Abe,?® C. Aberle,?! T. Akiri,'5 J.C. dos Anjos,® F. Ardellier,'® A.F. Barbosa,® A. Baxter,?® M. Bergevin,’
A. Bernstein,'® T.J.C. Bezerra,*® L. Bezrukhov,'? E. Blucher,® M. Bongrand,'>*° N.S. Bowden,'®
C. Buck,?! J. Busenitz,® A. Cabrera, E. Caden,'? L. Camilleri,® R. Carr,® M. Cerrada,” P.-J. Chang,'”

P. Chimenti,* T. Classen,®'® A.P. Collin,'® E. Conover,® J.M. Conrad,?® S. Cormon,?® J.I. Crespo-Anadén,’
M. Cribier,'®* K. Crum,® A. Cucoanes,?® 15> M.V. D’Agos.tino,3 E. Damon,'? J.V. Dawson %% S. Dazeley,'®
M. Dierckxsens,® D. Dietrich,*® Z. Djurcic,® M. Dracos,?* V. Durand,'®:* Y. Efremenko,?” M. Elnimr,?

Y. Endo,® A. Etenko,'? E. Falk,2® M. Fallot,>® M. Fechner,'® F. von Feilitzsch,*' J. Felde,® S.M. Fernandes,?®
D. Franco,? A.J. Franke,® M. Franke *" H. Furuta,®® R. Gama,® I. Gil-Botella,” L. Giot,>® M. Goger-Neff *!
L.F.G. Gonzalez,* M.C. Goodman,* J.TM. Goon,?2 D. Greiner,* B. Guillon,2® N. Haag,?*' C. Hagner,!! T. Hara,'®
F.X. Hartmann,?' J. Hartnell 26 T. Haruna,?® J. Haser,2! A. Hatzikoutelis,>” T. Hayakawa,?>'5> M. Hofmann *!
G.A. Horton-Smith,!7 M. Ishitsuka,?® J. Jochum,3? C. Jollet,?? C.L. Jones,20 F. Kaether,2! L. Kalousis, 24
Y. Kamyshkov,2” D.M. Kaplan,!* T. Kawasaki,?? G. Keefer,'® E. Kemp,3® H. de Kerret,%3 Y. Kibe, 28
T. Konno,?® D. Kryn,* M. Kuze,2® T. Lachenmaier,*® C.E. Lane,!’ C. Langbrandtner,?! T. Lasserre,!%:4
A. Letourneau,'® D. Lhuillier,!® H.P. Lima Jr,® M. Lindner,?! Y. Liu,2 J.M. Lépez-Castand,” J.M. LoSecco,>*
B.K. Lubsandorzhiev,'? S. Lucht,! D. McKee, 7 J. Maeda,?® C.N. Maesano,? C. Mariani,® J. Maricic,'°
J. Martino,?® T. Matsubara,?® G. Mention,'® A. Meregaglia,?* T. Miletic,'® R. Milincic,'” A. Milzstajn,'5:*

H. Miyata,?2 D. Motta,'®:* Th.A. Mueller,'®3° Y. Nagasaka,'? K. Nakajima,?? P. Novella,” M. Obolensky,!

L. Oberauer,*! A. Onillon,?® A. Osborn,?" 1. Ostrovskiy,? C. Palomares,” S.J.M. Peeters,?® I.M. Pepe,® S. Perasso,'”
P. Perrin,'® P. Pfahler,®! A. Porta,2® W. Potzel *! R. Queval,'® J. Reichenbacher,? B. Reinhold,2! A. Remoto,?*
D. Reyna,® M. Réhling,* S. Roth,' H.A. Rubin,'® Y. Sakamoto,*? R. Santorelli,” F. Sato,?® S. Schénert,*!

S. Schoppmann,' U. Schwan,?' T. Schwetz,?' M.H. Shaevitz® D. Shrestha,'” J-L. Sida,'® V. Sinev,!%: 15
M. Skorokhvatov,'? E. Smith,'? J. Spitz,2° A. Stahl,' I. Stancu,> M. Strait,® A. Stiiken,' F. Suekane,*’

S. Sukhotin,'® T. Sumiyoshi,?® Y. Sun,? Z. Sun,’® R. Svoboda,? H. Tabata,*® N. Tamura,?? K. Terao,?’

A. Tonazzo,* M. Toups,® H.H. Trinh Thi,*! C. Veyssiere,'® S. Wagner,2! H. Watanabe,?! B. White,?” C. Wiebusch,'
L. Winslow,2® M. Worcester,® M. Wurm,!! E. Yanovitch,!* F. Yermia,® K. Zbiri,2® '° and V. Zimmer®!
(Double Chooz Collaboration)

Paper is accepted by PRL
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Press conference and news on TVs and news papers
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| Comparison with other 6,; measurements |

MINOS: PRL 107, 181802 (2011)

T2K: PRL 107,041801 (2011)

Double Chooz: arXiv:1112.6353 [hep-ex]
DayaBay: rXiv:1203.1669 [hep-ex]

MINOS
T2K

Double Chooz

Daya Bay

120329
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15t View of Reactor-Accelerator complementarity

0.24
0.2
A 3 0.16
-
T 0.12
=.
<
T2K Q. .08
0.04
v
120329

sin220,3;=0.95

All‘n22>0,l 923>m}4 _written by hand
Amgz>0, 623<TE/4 — :

- — S ]

T L =l

" | Courtesy of Dr. O.Yasuda, |}
Tokyo Metropolitan Univ.
Confidential within DC

0.05 = 0.1-’; 0.15 0.2 = 0.25
sin22613

0.3

8:0 ’---f---; - - -

~J
ra
v

Fig.1, Relation between oscillation probability and sin®26,5.

< > Double Chooz
( «— Da aya Bay)
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| Unique features of Double Chooz |

Double Chooz Daya Bay RENO

923 m.w.e

675m.w.e

300m.w.e

P=8.5GWth (2&) P=17.4GWth (6&) P=16.1GWth (6&)
L=1.05km L~1.8km L~1.4km
M=10ton M=20ton x 4 M=20ton

* Baseline is shortest = reactor complementarity

* # of reactor is only 2 = direct background measurement
120329 suekane@ICRR 50




Measurement of L. dependence of oscillation

< 1.15
g - 35
% C 30
Z - 25
A 15
5 _ 10
Zz 105 S
N O
1 ) oottt
" ¢
C EH1 EH2
095
- [ ]
- Double Chooz now EH3
09

O 02 04 06 08 1 12 14 16 18 2
Weighted Baseline [km]

TRENO FD
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Measurement of L. dependence of oscillation

< 1.15
g - 35
= [ 30
Z B 25
A 15
3 - 10
Z 105 5
N O
1 .........................................................................
:_\+¢ Double Chooz expected
- EH1" EH2 ( 3 years with Far&Near)
095 (DB S810)8
B DC errors assuming fh—— will reduce
- *0.5% uncorrelated syst. errors EH3 also)
0.9 C « Stat. error for 3 years observation
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0O 02 04 06 038 1 12 14 16 18 2
Weighted Baseline [km]
TRENO FD
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Measurement of |1Am? ;|

by combination of reactor experiments
(DC & DB results use |1Am,;?l)

° 03[ -
P L — 30 "= Double Chogz |,
ol <0 E
1 Daya Bay 2l

0.15 —16

RIS R LTI
0.05 |- - 2
= dAm;°~10% _I
| I0.I001|5I IOI.OO|2I I0.I002I5I IOI.OOI3I I0.|003I5I I()I.OO;lI IO.IOO4I5I IOI.OOISI I0.I005|5I | 0
Ami; [eV?]
e 0820, 2 ~x1% << 10% ANy significant
‘Amm‘ Amy, Difference

=> new physics
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Double Chooz Near Lab.
Near detector construction.
Data taking with Near + Farfy
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What reactor neutrino could do in the future?

Reactor Neutrino S Reactor Neutrino KamLAND
precise 6,
o~ L=180km
Vam\\ Chooz, PaloVerde
§ \\ DoubleChooz, RENO, Dayaba > Am 12 012
< / = \ Reactor Neutrino Oscillation £ // \
/ \ T~ sin226,,=0.1 assumed / \ V\\\
0 2 4 6 8 13 . /\/ \
Evis (MeV) ‘ 0 6 8
1 \\; o Evis (MeV)
\ 7| X
—~—1 \q\/l \'/\A
/;\ 08 LY 4 |
N
/=\ 0.6 —— Ngrmal Hierarch
= I
= 04 Inverted Hierarchy
0-2 ’I’I
Reactor Neutrino Spectrum Reactor Neutrina Snantrm
No experiment yef] % I

No experiment yef

L=JUKIIT

N Am?,, 10 //_\\
%/ \\ L(km) . / \
] N\ Very precise 6, / N
7 S Mass Hierarchy| /™" =3
T20329 suekane@ICRR 0 2 4 695

4 3 6 7 8 Evis (MeV)
Evis (MeV)

Arbitrary




H More Precise sinZZHDJ

Very high statistics = sin?260,; can be measured from distortion
of spectrum precisely

Luminosity Scaling
003 ——— ——r
Reactor-1 | Reactor-1I I
0.02 P.Hauber et al. hrp-ph/0303232
= 05‘.%‘bin—to—bin
;g A
e
z 001}
"
g
% 0005
0004 oc| [RENO| |DB|
0003 u u ll

Inteprated luminosity £ [tGW-y]

10° 10° 10° 1%
120329 suekane @ICRR
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“ Early "0" detetion by Accelerator+ Reactor “

v mode operation of accelerator
P.(v, —v,)~0.5sin’26,; - 0.05sin26,;sind
=(0.5sin’20/Y
Reactor measurement
P, (v, =v,)=1-sin"20,, =1-sin°20/5

Difference between reactor 0, & !
accelerator ¢, indicates sino

[ sind ~ 30 x (sin> 26" — sin’ 26/ ]

May be possible to identify finite 0
before ¥ mode operation which costs $$$ ¢
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Parameter region to determine non-0 6

IpESS ST
90°% CL(1d.of.) 10° GW,, tyr —— 10ton x 20GW x Syear
AmZ, >0
4MW,540kt, 2yr 10° GW,, tyr —— 100ton x 20GW x 5year
016 — , :

014

=
| \
012 } ’L/f -

0.1 } Determine Determine -

sin220%§st

008
J=
0.06 L // -;\ |
004} ‘_.
002 | i
0 ) . H.Sugiyama hep-ph/0411209y1
04 02 0 0.2 04
sbest/,t

If sin?26,,>0.05 there is a possibility to determine non-0 ¢
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Mass Hierarchy determination at 50km
/

Principle

Petcov et al., Phys. Lett. B 533, 94 (2002)
S.Choubey et al., Phys. Rev. D 68,113006 (2003)
J. Learned et al., hep-ex/062022
L.Zhan et al., hep-ex/0807.3203

M.Batygov et al., hep-ex/0810.2508
etc. 2 R 6

Ripple o sin’26,;(sin®A;, +tan’ 6, sin* A,

It is essential that 6, is not maximum (tanZ6,,~0.4)

. . . 2 2
Foueier analysis will show peaks at @ = ‘Amm ; ‘Amn‘
. 2 . 2
Smaller peak is ‘Amn‘ larger peak is ‘Am31

o

A A Where i1s
\ [ optimam L?
(6)) . .
» : Normal Hierarch
Power y Need more
L\ e - Inverted Hierarchy | study.
(6))
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()

Am’ (IO’5 eVZ)

6
120329

‘ Precise 6,, @50km \

P(v, =v,)~cos" 6,5(1-sin> 26, sin> A, |

at 50km, ~80% of v disappears due to N.O.
=>» A high sensitivity 6,, measurement is possible.

H.Minakata, hep-ph/07-1070

] L ] L I
- 1 0 allowed repons

| SADO 10 GW, kt-yr
SADO 20 GW, kt-yr _
B SADO 60 GW_ kt-yr _

—

—

\! ¢

SRSy,
, . . ~
<F .

« &Q-'.
7

-

Nru S
* ""!;-}unn.l\cb!}

- ----—- S+K3yr+['Be]  +5%
[ —— +[p-pl, . +3%

*y-}‘:_@‘_,
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1 L 1 1 l 1 1 1

g oW 2.5y
osin” 0, - 2,4%(10)

.2
sin” 6,

03

04
tan“(r)l )
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Current Global fit
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Settlement of 6,; Degeneracy

Py, )
K. lealde et aI PRD73 093008(2006)
Ule e ——t—f—+—+— 1 —
£ (a2 :
Accelerator | 06 F (a2) i (b2) Accelerator Only =
4AMW*0.54Mt | 055 | ; L&)
2+6years Of = S qa
"’N’O.-‘o - 'g 3~
D o4 = 'SD
N - q
C 03 F + ,:,:,g
N 05k (c2) ¥ (42) Accelerator+Reactor @
2= E k3 ') =k
Reactor: 0zE  P(Vv,—W,) E 3 5 .
100t * 20GW *5y | | f— 30 mputt
04k _ Theotetical Input F— 20 5i'28,,=0.1 3
3 10 SmQ F
ox lllll Lo o s da s bt o e al s s T Lag sl e s a bl e st a ol
0 0. 08 0.0 0078 01 0 128 0 0,028 00f 0078 01 0128 015
DC « > . 2
DB sin“20,
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‘ Conclusions \

* 15t positive neutrino oscillation result from short baseline

experiment.
sin®26,; = 0.086+0.041(stat.)+0.030(syst.) (rate+shape)

0,5=0 is excluded with 94.6 % CL

* Near Detector will be in operation in 2013.
sin*26,; error will be +0.02

* Relatively large ,; opens up next round neutrino studies.
Combinations of reactor and accelerator experiments

will work effectively.
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