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Neutrino oscillations
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Reactor neutrino experiment

Chooz B reactor

< ki;..’, CHOOZ reactor experiment —
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Reactor neutrino & Its detection
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v, Spectrum

The v.energy spectrum

Reactor v, spectrum (a.u.)

Observed spectrum (a.u.)

]/ -
70 g + A
" T u o(v.+p—>e+n) CHOOZ data
89 [ Reactor ON
:LJ? -wf— > 30 \
$2 2 | | d +>30cm
=~ 30 % i ! e
Ls . 5 : d >30cm
+5 F 5 25 - :
?ug of £ > T d_+ = 100 cm
D:I 2 3 4 E] 6 ?” 8 9I I1|0 :_:_d; r i 2 5 &t ‘E ]-DO l.I.S
E, (MeV) " 20 [ A B
B : v candidate region
e sin?(20,3)=0.04 NGNS C
’ sin2(20,5)=0.1 B e |
2000 (2643) i % ik
1500/ B & |
N | CHOOZ
1000}~ : D hep-ex/0301017v1
RTINS RN ST R R SRR SR N SR N BRI
0 5 10 15 20 25 30
500(- e'-like Energy (MeV)
6




+
e energy

* V signal
— MC

L50
Loo

=0

eV

2
31

-2

710

90% CL (2 do
GLOBAL

Am

70

SK+KZK+MINOS

H

10
.2
(Thomas Schwetz, hep-ph/0606060) SN O, 5

$in22 6<0.15 @Am?=2.5x10-3¢V?2

Accelerator

‘ The next quest for 6,4 ‘

\[ Reactor }

World best cons

traint

Chooz Result | cHooz: R, =1.01 + 2.8% (stat)  2.7% (syst)

No effect from &

Small Matter effect

P(vy, > ve)

= (sinzezgsin22013 + 0.05~sin24913sin5)5in2(

g

Am%3 L]

P(Ve - 17e)

zl—sin22013sin2(

Am123 L

|

Complementary



Reactor Neutrino Oscillation
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Detector design/
Physics prospect

How to improve CHOOZ result?

sin?(20,5)<0.15
Rosc = 1.01 £ 2.8% (stat) &= 2.7% (syst)
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We are here now! _ _
Timeline

2007 , 2008 , 2009 , 2010 ,%11 2012 . 2013

- Construction Far Data Taking (Phase 1)
Cstr. _
Near Data Taking (Phase 2)

Phase 1:Far detector Only Phase 2:Far + Near Detector
Improve statistics |dentical detectors cancel systematics on.
Large target volume Neutrino flux/Reactor power
Longer stable operation Acceptance/Cross section.

Improve systematics
Better detector design
Low BG PMT/material
Buffer oil/ Gamma catcher
Improved Cosmic-Veto detectors

Better understand of Background
and Energy scale is necessary
for further reduction of systematic errors

CHOOZ Result :sin?(26,3)<0.2
Ry = 1.01 £ 2.8% (stat) &= 2.7% (syst)

11
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New 4-region large detector concept

Outer Veto: plastic scintillator strips (400 mm-t)

v-Target: 10.3 m? scintillator doped with 0.1g/I
of Gd in an acryclic vessel (8 mm-t)

y-Catcher: 22.3 m3 scintillator in an acrylic

/ vessel (12 mm-t)

| Buffer: 110 m3 of mineral oil in a stainless
, / steel vessel (3 mm) viewed by 390 PMTs

-

Inner Veto: 90m:3 of scintillator in a steel
vessel equipped with 78 PMTs
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How much can we improve?

@CHOOZ: R =1.01 £ 2.8%(stat) £ 2.7%(syst)

— Statistical error —

Luminosity incerase L = At x P(GW) x Np

Large detection volume & Long stable operation are necessary

CHOOZ Double-Chooz
Target volume 5,55 m3 10,2 m3
Target composition 6,77 10?8 H/m?3 6,82 1028 H/m3
Data taking period Few months 3-5 years
Statistical error 2,8% QSCVD

13



Goal Double-Chooz:

1.5% syst. err. (Efficiency ~70% )

«2 layer design (no fiducial cut)
* Low BG PMT/material
 Improve Veto detector

= hybEI2TILIZ, Eff ~100%

Efficiency is INSENSITIVE to the energy scale error

In total, 0.2~0.3% syst. err.:
Better calibration (depends on position) realize further reduction
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Backgrounds

Estimated with CHOOZ OFF data & Simulation ( represent CHOOZ data well)

Correlated

Accidentals

A

Fast neutrons

(. |

/Wzv ~ 8 MeV
proton.recojls  \&@

“Positron” Energy spectrum

PMT + rocksY\/\/\/\
/_

accidentals
IIIIII + neutron-like event

~1.6 evts/day (Far) 2% of v signal
=0.7% syst err.

=10~20evts/day (Near) 0.5%
= 0.2% syst err.

kag
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~ How much can we improve?

@CHOOZ: R = 1.01 £ 2.8%(stat) £ 2.7%(syst)

— Systematic errors —

Systematic error Chooz Dobule Chooz
Reactor Cross section 1.9% -
Number of protons 0.8% 0.2%
Detection efficiency 1.5% 0.5%
Reactor power 0.7% -
Energy per fission 0.6% -
Total systematic error 2.7%

Double Chooz Goal in Phase 2 (Far+Near)

Thanks to improved detector design and 2 detectors concept

16



Detector Construction

Steel shield Complete
Inner veto tank Complete
Inner veto PMT (8” 78PMTs) Complete
Buffer tank Complete
Buffer tank PMT(10” 390PMTs) Complete
Gamma catcher and Target vessels Complete
Close Lids Complete
Electronics/DAQ installation Complete
Liquid filling Complete
Commissioning Complete
Physics Run Started =
Outer Veto Partially OK == crmis

17



Lab cleaning

\staljftlon Veto and Veto PMTs /] Installation Buffertank




PMT €12 XAr—)L

390High performance low background 10" PMTs(Oil proof)
(HAMAMATSU R7081MOD-ASSY)

Test
Assembly

May 2009 |
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Gamma Catcher transport '

' Gamma Catcher installation Acrylic vessels in buffer tank | Oct 2009
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(Controller + 6 x LED box)
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Preliminary Results
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Data taking time (days)

Data taklng efficiency

20085 e Cho ' a3
— Double Chooz (prel ) D Physncs |:|0thers Q
x “ 1 c
180;, J"Lu o
" (&)
160 ‘L|‘\ ﬁh —
Hp 0.8 %5
140 | . ] g
1 20 / ) ne . // __ 0.6 .%
100} |0 2 = 1 e
80/ i T
: - 104 7
60— i
40— — Total __ 0.2
20E- — Physics ]
0: | ] ] ] 1] ] ] | 1 1 0
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2011 2011 2011 2011
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Fraction of analyzed data

Data taking efficiency

N — I ' ' ' [ ' I
2 200 — Double Chooz (prel.) [JAnalysed [ |Physics [ ]Others |
© n —1
o] 180
e _‘1’ Ljh! :]
o 160 \w | WLN .
£ a0l JHN 1
2 120 N R ]
K I —0.6
s 100p V% gl mE |
- I e |
"g 80 - / = —0.4
)] 60— ]
40— — Total N
0 - — Physic l 0.2
20— o Analysjd -
0 - Il I L | | ) | . I_ 0
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2011 2011 2011 2011

Run Time: 101.5234 days from April 13" to September 18"
Live Time : 96.823 days (1 ms muon veto)
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Reconstruction
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= Cross check
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Neutrino selection
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Event Selection

0.7MeV < E, < 12MeV (99.9+0%)
* Main cuts: 6MeV < E, < 12MeV (86.0£0.6%)
2us < AT, 4 <100us(96.5%0.5%)

* Remove after muon effect: | 1ms <AT,_ (95.5%+0%)

* Remove multi neutron events:

No trigger within 100us before prompt signal
1 trigger within 400us after prompt signal(99.5 +=0%)

MaxQ/TotalQ

* PMT light noise cut: | .
J signal time structure (100%)

= 4121 vcandidates‘
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Neutrino Candidates Selection

Discard all triggers in |ms after each muon (mainly tagged by inner-veto)

PMT spontaneous light emission rejection cuts (14PMT switched OFF)
- ensure light approx. homogeneously spread across (use ratio Qmax/Qtrotal)

- ensure light arrives at approx. the same time (use RMS of hit-time per

PMT)
Prompt signal within [0.7,12]MeV

Delayed signal within [6,12]MeV

Coincidence window between [2, 100]us

Multiplicity condition
 No trigger (E>500keV) 100us before prompt

= Only one trigger (E>500keV) 400us after the prompt
38




Neutrino candidates(=BG)
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trigger efficiency

Trigger threshold

1.0 — 2 .
0.8 .
B d‘\\ 1
0.6 ) (6\(\ -
B e |
-4— Q —_
0.2 Prompt Minimum energy —
- energy cut of neutrino S|gnal 1
09602 04 06 08 10 12 14

visible energy [MeV]
 Trigger efficiency
* 50% @ 350keV
« 100", ,% above 700keV
* Prompt energy cut efficiency > 99.9%
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Gd / (Gd + H) ratio

22cf Data Delayed Signal

Preliminary

Data
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0.30

0.25

0.20

0.15

0.10

neutron multiplicity distribution

0.05

0.00

Neutron multiplicity

Multiplicity of total neutron capture (H+Gd)

'|""|""|""|#

:

rlo —]

< -

:

12

# neutrons/fission

Average neutron multiplicity

Data: 3.659 =+0.008 (stat)
MC : 3.677 £=0.013 (stat)
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Delayed energy cut

1000~
900
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500
400
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1 l 1 1 I 1 l L 1 I I I L} L 1 1 I I

Double Chooz preliminary
—4— Data
[ ] Neutrino mc

Events/0.25 MeV

llllllllllllllllllllIllllllllIlllllLlJlILJlllllll

8 9 10 11 12
Delayed energy [MeV]

Efficiency of delayed signal: 86.0
—+0) 6 0f
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Time coincidence

SRR FLELELERS) [REURELE PLIREL LS RS PSSR FLEREL L] FULELAL T FERLSLARE) PLELELE,
I Double Chooz preliminary I

Events/2 usec

102:—

10

l lllll

-Allljllllllll Ll lllllll
O 10 20 30 40 50 6

Loy 1

VS LAELT I B Ot Y T
0 70

L 1 Ll l I
80 90 100
AT [usec]

« KeV neutrons thermalized within a few ys
— captured on Gd with 1 = 27us
 Efficiency within [2,100] us: 96.5 £0.5 %
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Quality : Neutrino candidates
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Neutrino candidates

Eprompt el Edelayed
v (0. 511MeV) ; 12_ LA B LB A L L AL L
g B l l Double Chooz preliminary 1
feﬂ W | ]
A s _
_ . y (0. 511MeV) % F " 1 i :
S 1o 1n
. - 10_— :
{ Prompt i L} g
Delayed 5 304 s
‘? > E ~8MeV
prompt E (MeV)
Prompt Delayed

‘/ o p30us ‘/

1~8MeV 8MeV .



Reconstructed vertex positions
No Vertex cut
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Ar. prompt vs. delayed

Prompt - Delayed Reconstructed Distance

£ T T T T
b 10* Double Chooz preliminary
Tn —&— Neutrino Candidates
E_
® 10
|.I>J Neutrino MC

10?
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1 iyt

T Ry

|
50 100 150 200 250
Ar [em]

NoO Ar cut
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Neutrino candidate: event rate

Neutrino candidates rate (background not subtracted)

100 ' | ' T ' I ' l ' T ' I ' T

&

§ Double Chooz preliminary = .. oee- Expected v rate

& - . Measured 1

= 80b— Average Rale: 42.6:0.7 day —
~

=]

= A =
=

-

=

7 60

40

Background not subtracted
— good agreement indicates low background levelss



Backgrounds
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Cosmic muon rate

Muon rate in Inner Detector: 13 Hz
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Accidental BG

Accidental Background Prompt Event Visible Energy

-t
o

I
5 Double Chooz preliminary

->

..., Prompt energy after
. off-timing coincidence

Events / 250 keV

10
Visible Energy [MeV]

Day

Rate: 0.332 =0.004 events/day




Correlated BG:
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Reactor Off-Off

OFF

9%

1 %

T=1h15 T=2h00 T=25h30 :
O - Time (h)
~

OFF-OFF data

* Reactor 1 stopped for 2 months (refueling)
* Reactor 2 stopped for 1 day (maintenance)

-2 In-situ baCkground measurement (unique capability of Double Chooz)

3 events within 0.7~30 MeV... (see next pages)



Neutrino oscillation analysis

56



—a—k)/ISVIORETE

HAsE X4 Z — o 1| JEE 4 kh
7"

Bugey4EERD=—a21—M) /75y I RBIEEZETTIC
Chooz|R FIFD AR LLZFFHIEL TETE

S7



n (fission™.Mev?)
H
o

1072 &

BraERH-UDIRILT—ARTE)LE
Chooz[&RFIF RN D PAFLLE

v

=
TTTT

a, [%]

NI RN A

5000 10000 15000
Burnup [MWd/t]

58



Thermal power (GW)

Thermal power
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Systematic Uncertainties - efficiency

Double Chooz Preliminary

mE

Target fi 3%

Trigger 5 %

Neutrin

Prompt ;ib—le
Delayec 6 %

Time co 5 %

Energy: 6 %

Live-tin

Muon d¢ § ;ib—le
Multiplic jible |
Gd fract 6 %

Spill in/c 4 %

Total 0%




Osclllation fit strategy
 MC events and Data flow handled in parallel.
Several statistical tests are done.

:(Ni —(RZF:: N+ BﬁsNib(Pb)j]x(

Bkgs

X[Nj —(Reafrﬂl;ﬁ + Z N'J.O(Pb)]j

eactors (P
5 ( )

R R

R 9
+ Z
b
. Pull parameter varying the total rate of

neutrinos from reactor R

. Pull parameter varying the total rate of
of background b

Bkgs
signal detector stat b
M 9" 4 M ST M +Zb:|v|ijj

signal .
M ij [l

Signal covariance matrix
(reactor v flux etc.)

M JeteCtor - patector covariance matrix

(E scale etc.)

Statistical covariance matrix

stat .
M ij [l

M i? . Covariance matrix for background b
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Results

I?olublel Chqoz

200

100

; 700 | | ] T T T I T T T ] T T T l T l_
é’ - —e— Data -
- 1 | e No Oscillation ]

g 600(- B + Best Fit: sin’(20,,) = 0.085 -
E N : - @ A m?, = 2.4e-3 eV? _
-4 - #_I'_ RS Lithium-9 ]
GC, 500 _+_ ZF Fastn -
> Y - Accidentals .
Ll B 1 -
400 -+ =

n 7 ]

300 4= —

Energy [MeV]
Rate Only: sin?28,, = 0.096 *+0.029(stat) =0.073(syst)

Rate & Shape: sin?208,, = 0.085 *+0.029(stat) =0.042(syst)
- No-Oscillation Excluded at 92.9 %



Results

X2 vs. sin’(20,,)

" a0 Rate & Shape
29:—
28—
27
26f
251 Preliminary
0 002 004 006 008 01 012 014 016 018 02 022
sin2(2913)
Rate Only: sin?28,, = 0.096 *+0.029(stat) =0.073(syst)

Rate & Shape: sin?208,, = 0.085 *£0.029(stat) *=0.042(syst)
- No-Oscillation Excluded at 92.9 %
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Combined analysis
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sin?20,, AITE Bl X E

Am?,. = 2.5x103 eV? (20% uncertainty by MINOS)

Double Chooz - sensitivity, no oscillations
ar T | | | | T | I | | | T T T |
! l l l l l l — 90 % sensitivity
[]14: ........ ...... ....... ....... ...... ...... ............. ........... =

042+ Achievable sensitivity |~

.| of 5in228,,(90%CL)

BIER BRI |

DU 111 1 Illllililililililil_

pr ﬁﬁ'l Q‘{?— Qﬂ‘b ﬁ{b Q*\ﬁk Gﬂﬁx {3’\6 ﬁ*{:’ (}*‘6 E}*‘E' Q’d — —
P@"il :,a“'laﬁ\'rl:,a‘?" 5&'1&@“-15\)\-1530-15&-%9{\-13\;\-15,&9-']’ —RIEDOME S EfficiencyZ

CHOOZ: sin?20,,< 0.15(0.12@global)
5 times better than current limit (5 year measurement)
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Am?,. = 2.5x103 eV? (20% uncertainty by MINOS)
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Double Chooz - sensitivity, no oscillations

D | =99 % sensitivity ;

Achievable sensitivity

..... AIERHBRAS—
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Double Chooz

} 3 2 7
" Near Detector **

Tunnel for 21
Near Detector & 4fe
v a2 /

Tunnel Plan |l
O BHLI50M, 5T 2l 600

P=11.6GWth/4
P=8.2GWth/2 17.4GWth/6(2011~) P=16.1GWth/6
L=1.05km L~1.8km o) |
=10 s (2011)
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JRFWR=—a1—k) /EER

DayaBay DoubleChooz

120 m.w.e

923 m.w.e

Iso-ratio curve

° \ o 1,050m
400m 2>_ 300m.w.e

&
<

291 m.w.e

v-target
20t X8

4.27GWy, v-target
10t X 2

255 m.w.e

2.9GW,, 360m

3B 7 58
® =37

230 m.w.e

675m.w.e

v-target
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sin?[(1 — A)A)

: sin2 20,3 sin®fpg— 2
: (1-27 )
Complementarity to Accelerator-6,; o st i sn(ay BRI = D]
o sin2013£ coséep cos(.ﬁ)wsm[{l1 :g))A]
a? cos? 023 Sin22912,
. sinod
sin%26,,=0.95 -
ambiguity
0.1 , f . - !
- 623>T/4 | 63<T/4 & ?
0.08 | am§2<0§ _ ................. ' .............. -

L=300km

Both Measurements
are Important

P(v,— ve) (Accelerator)

0 003 006 009 012 015 018
sin22044 (Reactor) -



One possible case of Complementarity to Accelerator-6,,

P(v,— ve) (Accelerator)

sin%26,,=0.95
0.1 , , _ .
L 03>T/4 | B3<[V4 |
0.08 | 5-“‘322‘05 .........
L=300km ?
006 b i LA
If ..
0.04
Degeneracy
0.02 Solved!
TSNS gu<m4

0 0.03 0.06 0.09 0.12 0.15 0.18

sin22044 (Reactor)
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ldea: Combining reactor results

« RFWF=21—MI/EEROAFEHERIL. Am 2 - sin2(26,5)Dcontour &%E5
« BaselineDIERENDELLHEERD ., AIEFFRE LR T HIEIZKY., MNESF
KRERE (XL [CAM2 L, EBITETED,

DayaBay+DoubleChooz DayaBay+RENO F.Suekane
0.005 — - 0.005
—1 0.004
0.004
Double- i 5
= RENO
> 0.003 0.003
2,
"t 0.002 0.002
<]
0.001 0.001 _
5c=0.055+0.01, L=1.05km Ppn=0.07420.01, L=1 4km
Pp=0.082+0.01, L=1.8km 0 Pp=0.082+0.01,L=1.8km
f 0 0.05 0.1 015 0.2 0 005 01 015 02
Baseline® sin20,. sin20),,

ENKREVANRL
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FED

« DoubleChooz3EE&
- AR13BXYMES VR, BT —2%EET
— BRHBEEELTEELTLS,

¢ Za—M)/RE RAOER~100B7DT—4
— Rate + Shape Analysis:
* Sin2(26,3) = 0.085=%x0.029(stat)+0.042(syst)
— Rate Only:

. Sin2(28,,) = 0.093%0.029(stat)£0.073(syst)
— 5% DiERE  Systematic error® RIELYMNEE,

- SROTFE
- RERHEBIOHDAIE
= BEZTLE5FENTU T, SiN3(26,5) < 0.06 ETTEEATEE

— 2013FLIF(FE). RIEHRHEIFEE., “Double” Chooz~,
= SHIZ. BELEIFEMDBIE T, sin?(26,5) < 0.03 FTERAHE,
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