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Delayed coincidence

Reaction threshold: 1.8 MeV
Neutrino signal

~ 65 events/day (R B & Hi25)

v,+p-oet+n

Delayed signal

(arbitrary units)

Prompt signal :

o PEEF +eteXIHR

* E, =Eyjs + 0.8 MeV
Delayed signal:

* Gd HTEFHIE(8 MeV)

Timing correlation:
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-------- Emitted spectrum

----- Cross-section

Detected spectrum
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Double Chooz detector

Outer Veto detector
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Readout system for Neutrino detector
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Detector constructlon

Far detector laboratory Inner vgs.) mJJJJ
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File Config Command Help

DAQ/Online system
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R Server INITIALISED NuDAG

Fun settines

Shifter :

Run Mumber :

Run Tupe

Description

Run Length

Comment

OVDAQ

Tomowuki Kanng

11198

DCPHYS_RUM_ D0
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indow)
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| RUNNING |
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[INFO][2012/01
[INFO][2012/01
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25 17:20] STATE OVDAQ STOPPING_MS
17:20] STATE MuDAQ INITIALISED_S
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17:20] STATE RunControlSe
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Run control
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Online monitor (HV)
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File Show Config Help
Flags || Detaill Fun State Monitor | I0IV-HV | LyMon | O\ Manitor | FEMan | PowerStrip | NuDAQ Online Monitor |
RCStateMonitor Summary (Page Zero) | Detector-wise | Hardware|
— ID/IV-HV Page Z
update at : 2012/01/23 14:48:51 9
Total status OPERATING Last update: 2012-01-23 14:48:53
IDIV-HV
state: m Module status Monitored voltage Monitored current
update at : 2012/01/23 14:48:53 Crate 0 Crate 1 50 45
Sict 0 40
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H £ 25
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: [ uwno |
100
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0 0
state: m NOT USED NOT USED 2 2
< 100 £ 50
NOT USED NOT USED o o
update at: 2012/01/2314:48:28 5 5
NOT USED NOT USED sol-
NuDAQ Online Menitor NOT USED NOT USED
MOTUER _MeTeem 15 -1.0 050 0 050 1.0 15 E 0 E

2012/01/23 14:48:52
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Commissioning & data taking
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We are here now!

2011 < 2012 = 2013 Timeline

2007 . 2008 . 2009 |

2010

- Construction Far

Data Taking (Phase 1)

Cstr.

Data Taking (Phase 2)
Near

-

Far detector only Far + Near Detector
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Data taking efficiency

_l | T T T | T T T | T T | T T T |
— Double Chooz (prel.) [ JAnalysed [ JPhysics [ |Others |
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Optical fibre

SMA
connector

LED calibration system

DC pulser box
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DC control box
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Energy calibration
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Thermal power

Double Chooz preliminary

i
o (3]
|
I i

3.5

3.0

2.5

Thermal power (GW)

2.0

1.5

L -
I S S ot
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Illlll | | | | |-

| I | ||||| |
0.0¢ 20 40 60 80
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120 140
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Prompt event:
— No Inner Veto Energy deposition
_ QMax/Qtot <0.09
— RMS.,: <40 ns
— 0.7<E <12.2 MeV

Delayed event:
— No Inner Veto Energy deposition
_ QMax/Qtot <0.06
— RMS.,: <40 ns
— 6 <Ejeayeq < 12 MeV

Time correlation:
— 2 us < AT(prompt - delayed) < 100 ps
— (no space correlation)

Qo Qor ERMS . [F/ A XD EREIZEH

prompt
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Neutrino Rate (day'l)

100

80

Neutrino candidate rate

Double Chooz preliminary @ oo --- Expected v rate —

Average Rate: 42.6t0.7 day™

e Measured v rate

1 | 1
20 40 60 80

 Rate:42.6 [day!]

100 120 140

o INVDTTIURIEELBILNTLVELY

L7y

* expected neutrino rate& )



Observed v.s. Predicted rate
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40

Data
Reactor Off-Off

No osc. (x2/dof=16/6)
Best fit (y2/dof=3.5/4)

[__190% CL interval

Observed rate (day'l)
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40 50

Expected rate (day™)

£1 8 f=Neutrino ratelXHAFF S Hneutrino ratek R UMRFZ 1E
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* Fast neutron BG

* Cosmogenic BG



Entries / 400 keV

Accidental background

Z—DONERBAZRDEZR H Delayed
coincidence windowl|Z{BAABDER

—a—rY)/IZEELZEL Mtime window T
coincidenceZx > THZRIELS
(Off-timing method)

Accidental Background Prompt event Visible energy

10 ++ S Il)oljb;e IChloolz plrellin';in;r\lf | I—E

i 0.33+0.03 [day!] -

- " .
10-1;— *+ b vy 4T —;

- ot ++ ++ MRS 4+ cosmic
102 Prompt energy spectrum r

; by off-timing coincidence

L B T

E (MeV)

34



Fast neutron background

Correlated background

* Prompt: S EHFEFICESRBKET

* Delayed : GdIZ& A FIEIZHE SR
Fast-n & Stopping u

Rate : & TRI/ILX—FEEMDIME
 0.83%0.38 [day!]

Shape : 7Y EARIRILE{RTE
* stopping u [Z&kHshape FAEE

-
o
w

F Dotible Chooz preliminaiy:3

—
o
N
1
J_I'

cosmic |

Entries/500keV

0 5 10 15 20 25 30 35
Energy (MeV)



Cosmogenic background

Correlated background

- FEERII -T2 OZWRRIEIC

— #9250 msec@Life time TP + nZ&x

number of entries

& UOLI, BHeld E MV AR

HL,. Za—K)/BRERBAISNDS
(FEEVY FILIZEO>TVETOTELLY)

Muon-Prompt-Delayed signal®
triple coincidence CERH#MZRELS
Rate: 2.3%1.2 [day!]

Shape: MC (nuclear database)

-
N
I

Double Chooz preliminary

-
o
I

(o] [es]
1
I'..‘
| I,
s
T
S0
! |
' 1
5 I
|

B

N

o

.2...4...6...8...10 .12
visible energy [MeV]

36



—a—k)/IRENEEHT



REHT F ik

e ¥2testh obest fit/  \TA—2FEHH
— Rate analysis : T—3&MC + background D A N % LLER
— Rate + Shape analysis : x? with covariance matrix + pull term

Reactors Bkgs _ Bkgs
ZZ _ Ni _ Z Niv,R 4 Z Nib(Pb) x| M is_|gnal +M detector +M stat 4 Z M b
J 1 1J 1)
R b b
Reactors Bkgs T

v,R b
2N+ NG (R)
R b :
M ;'gnal . Signal covariance matrix

Reactors (D ) BkgS(P ) (reactor v flux etc.)

Z detector

PR . Pull parameter varying the total rate of
neutrinos from reactor R

_|_

- Detector covariance matrix
(E scale etc.)

R

I\/Ii?tat + Statistical covariance matrix

Pb . Pull parameter varying the total rate of M2 - Covariance matrix for background b
of background b ! *



Systematic Uncertainties

Source Uncertainty w.r.t. signal
Statistics 1.6%
Bugey4 measurement 1.4%
Fuel Composition 0.9%
Thermal Power 0.5%
Reactor Reference Spectra 0.5% 1.8%
Energy per Fission 0.2%
IBD x-sec 0.2%
Baseline 0.2%
Energy response 1.7%
Epelayed CONtainment 0.6%
Gd fraction 0.6%
Detector At 0.5% 2.1%
Spill in/out 0.4%
Trigger efficiency 0.4%
Target H 0.3%
Accidental <0.1%
Backgrounds Fast neutron 0.9% 3.0%
i 2.8%

39



(Data - Predicted)/(0.5 MeV)

Rate Only fit:
Rate & Shape fit:

Events/(0.5 MeV)

200

100

58

-50

R s

—&@— Data
+ -------- No Oscillation

Best Fit: sin’(20, ) = 0.086

@A mi,; = 2.40-3 6V2
Summed Backgrounds (see inset)
Lithium-9
.. Fast n and Stopping p
Accidentals

3

s 20~

0

(=]

=

8 10-

c

o

I.E NN N R R RNAENY

2 4 6

8§ 10 12
Energy [MeV]

F

N
F Y
»
-}
| [ _
ISS‘\\‘\\\\_\\H‘\\H‘\H\‘\H\‘\H\‘HH‘HH‘H\\

10
Energy [Me

sin?20,; = 0.104+0.030(stat.) =0.076(syst.)
sin?20,; =0.086=%0.041(stat.) =0.030(syst.)

=) No oscillation excluded at 94.6%
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sin%20,; sensitivity

Double Chooz - sensitivity, no oscillations

1 B N X sensitivity -
0.14:_ ....... ...... ....... o M S =
Now . ? il
1 LU : : : .
012H- - : ..... RS ST RN e L e —
[ T2Kbest fit N.H. (0.11) ]
f | S T 0 o F—
0.1: """"" : """ SR """" """" —_
@9 - | . DC best fit (0.086) 1
N B | ; : ; : ; "
<\.IE 0.08\ : ..... R ....... .................... |
@ i FAR detector i
i | only ' i
0.06_— ....... & ...... ST SR SRR o
i X FAR+NEAR detectors |
- ol ; ; : ; ; .
0_04__ ....... : .................................................................... —
[ 1 ; ; ; ; ; ; ; ; ; ]
n : _
OOAI L 11 | | | ] | ] | ] | | | ] | | | ] | ] |

10
SN NG
PO 2™ A ™

o\?

N 0\'3) Q\b«

20 90 S
)\)\ yb(\‘ 3\)\ Ba(\‘ 5\)\ )3(\‘ 5\)\ )0‘\'

Am?_ =2.5x1073 eV?

atm

(20% uncert. by MINQOS)

* CHOOZ limit:
sin?20,, < 0.15

* T2K result (N.H.):
0.03 <sin%20,,<0.28

* DC result:
0.001 < sin%20,, < 0.169

Q’\b‘ ,LQ'\?) ,LQ'\6 ,2’0'\6 '2«0\6 10\1 IR 7£ MDData taki ng efficiency

#EZELTWS
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F=EH

* Double ChoozEERIF2011F4 A Mo WIBT—42IEEAR,
- BRHFITEELTEY. IBRRIZT—2EFH
« F1I00BDT—2ERAVTRAD—2— ) /IREFEFT OISR
Rate + Shape Analysis:
sin220,; =0.086=*0.041(stat.) =0.030(syst.)
No oscillation excluded at 94.6% C.L.

Rate only Analysis:

sin?20,; = 0.1040.030(stat.) ==0.076(syst.)

- &
- REBRHB[OHDAIE
« #91.5%E T sin220,,< 0.06 £ TIEFEAAE
— 2013F LI OHIERH IR/ ERE T E,
o IH[ZHIZEMDBITE T, sin220,, < 0.03 ETIEFEAIHE
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P(v,— ve) (Accelerator)

0.1

0.08

0.06

0.04

0.02

ZULl/11/21

INEFFEEREDIEMETE

Sin22923=0.95

 0>T/4 | O3<T4
AmZ,<0 5 | S A

T T

L=300km

iguity

+0.025 (DC)

3
~
Sso i
~a_ !
-~
e R e

-~
-~
' -~
H ~
-~
-~
N
-~

003 006 009 012
sin22045 (Reactor)

Degeneracy solved!
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BF=a1—kF)/HIRBER (non-zero 0,;) D Jkf&:

T2KSEER (201156 A )

’>-"‘ I —4— Data
[ i < Osc. v, CC
S 3¢t v
S ,
Ln
% (MC w/
) sin22813 = 0.1)
£ 2[ T |
% 6 candidate events
S remain after all cuts !!
E 1 ﬁ (NP = 1.5 + 0.3 at sin°2613=0)
=
> L
0 1000 2000 3000

Reconstructed v energy (MeV)

* 2.5c significance of non-zero 0,

* 0.03 (0.04)< sin%28,,< 0.28 (0.34) @90% C.L.
for normal (inverted) hierarchy
(Am2,,=2.4 x1073 eV?, §,=0, sin?20,,=1.0Z X )
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232¢f Data Delayed Signal

Events(arb. units)

22cf MC Delayed Signal

Events(arb. units)

Y
o
rs

ﬂ

MC

om v
-----------------------

2011/11/21

10 15 20 25
Visible Energy(MeV)

Fraction of Gd capture

252CfRRTEFHRIRZ AL T,
GAdIZLHHEFHHEEDLE
F—REMCTLLER

> MCZ2%## 1E
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Delayed energy spectrum

e Selection of neutron capture on Gd only
1000 « + ¢+ 1

900 Double Chooz preliminary -
—+— Data
|:| Neutrino MC

800
700
600
500
400
300
200
100

Events/0.25 MeV

I I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
4

o
N_
oo

T9 10 1112
Delayed energy [MeV]

* Delayed energy cut efficiency : 86.0+0.6 %



252Cf neutron multiplicity

Multiplicity of total neutron capture (H+Gd)

: —
.'% 0301~ = = B >°*Cf Monte Carlo —]
2 - : e 252 -
= ~ [ Cf data .
@® 0.25 =
5= - -
= n ]
© 0.20— 3
£ - —— Preliminary J
g 0.15— Statistical erroronly
- 7
c - ]
2 I —
5 0.10 — -
0 _ —
: N —
0.05— — E
- | | | | | | i | | | | _
000453 4 5 6 7 8 9 10 11 12

# neutrons/fission

Important verification of the neutron detection efficiency

Average neutron multiplicity
Data : 3.659+0.008 (stat.)
MC : 3.677=x0.013 (stat.)
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Time coincidence

o _IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_
i _ Double Chooz preliminary |
N | —+—Data |
E |:|Neutr|noMC

S 2

S 10°h =
L - .

10;'
0 10 20 30 40 50 60 70 80 90 100

AT [usec]
* keV neutrons thermalized within a few us
- then, captured on Gd with 1 =27 us
* Efficiency within [2, 100] us : 96.5%£0.5 %



Y (prompt) [m]

Z (prompt) [m]

»

N

—

Vertex distributions
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Prompt — Delayed : Ar

Prompt - Delayed Reconstructed Distance
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Events / 5 cm
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| |
Double Chooz preliminary

—&— Neutrino Candidates

/ backgrounds
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Neutrino MC
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Beactor 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)

= In-situ background measurement (Unique capability of Double Chooz)

3 events within 0.7~30 MeV...
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ORE = =

Spallation Neutrons

(=0 = Evaluation of the (Q,Z) correction in all volumes
= Study of spallation neutrons in p? = x2+y2 in slices of z
= Capture on Gd peak

» Except for the extremes of the GC all is within +/-2.5%.

o 110 S I E ) B B B BN I B
= ~ Double Chooz prelimina -
= 1.05— —
© = .
= - Y _
1.00F—— : ; -

- = ===|=, =l

0.95— —]

[ —— 72.0<2z<108.0 .

0.90— —

[ —— 360<z2<72.0 7

. —— 0.0<z<36.0 —

0.85— ]

. —+— -36.0<z<0.0 _]

0.80 f_ —— 720<2<-36.0 _f

[ —— -108.0<z<-72.0 _]

0 75 a I 1 | 1 1 1 | 1 1 1 | 1 1 1 | L 1 L | 1 L L | 1 L 1 | 1 _I

Y0 2000 4000 6000 8000 10000 12000 14000

p? [em?]

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



Detector Stabllity

Neutron capture on H; after a muon ~[0000/day
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u-correlated rate around H capture energy [s
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BDCHOOZEER TIXRAL UFL—2—DLIEDT=0 . #ir AL BTz oT=h%,
Double Chooz CIX I TIZF F L ERRE,




Non-linearity correction

* C(Calibrated the non-linearity effect due to single photoelectron
efficiency, electronics and Q-reconstruction method.

1.10 T 1T 1 L L L L | L | T T 1 | L | T 1 | T 1
Double Chooz preliminary
1.08

1.06
1.04
1.02
1.00
0.98

—e— Calibration Sources

0.96

137
0.94 Cs

Ratio Total Event Charge Data/ MC

Non-Linearity Correction

0.92

_I 1 1 I |

| 11 1 | 11 1 | 11 1 | 11 1 | 11 I_
1000 1200 1400 1600 1800 2000
Total Event Charge

| I | | I | 1 I |
400 600 800



Z-dependence correction

e C(Calibrated z-dependent bias. Residuals in the correction will
be included in the detector covariance matrix.

1.01

1.00

0.99
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Ratio Total Event Charge Data/ MC
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Double Chooz preliminary
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Cosmic muon rate
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Double Chooz prellmmary
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Cosmlc muon rate
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trigger efficiency

1.0
0.8
0.6
0.4

0.2

0.9

Trigger efficiency

—> >

- . (\’5‘\‘ -
o o (0\ .
i < \ 7
- Q §
- Prompt v signal -
: I I T N eln?rgyucﬁjtu PSS SO N NN TR T :
0O 02 04 06 08 10 12 1.4
visible energy [MeV]

Trigger efficiency :

* 50% @ 350 keV
* 100%°, ,% above 700 keV

Prompt energy cut efficiency : > 99.9%
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(=== Delayed Event Energy Containment

» Part of the Gd-capture gamma’s escape the Target + G-Catcher
* Deployment of 2°2Cf along the Target z-axis
» Eff. (CHOOZ) = # capture [6,12] MeV / # capture [4,12] MeV

JAgLEL AN PR A S L R L LI B B B B LI N R R B B
DATA/MC . .
-

s

98 :

96

efficiency [%]
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88
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Double Chooz preliminary
1 1 J I 1 1 1 I 1 I 1 1 I 1 1 I 1 I 1 1 1 L I 1 1
-1000 -500 0 500 1000
Z [mm]

II|III|III|III|[[[[III|||||

Averaged (Data-MC)/Data relative difference: = 0.6%

F. Ardellier, Ch. Veyssiére, Th. Lasserre, D. Lhuillier, CEA-Saclay, Nov. 09 2011



E vs E

prompt delayed

Reasonable distribution of reactor neutrinos
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Giccz  Back Of The Envelop Estimation

eSd
~—— = Data (Neutrino Candidates) : 4121 (+ bkg = 328)

» MC (Expected Signal) : 5339 (+ £ = 76% + spill in/out)

* Neutrinos_, . = (4121 — 328) = 3793

* Neutrinos,,.q = 5339 . 0.76 . 0.995 = 4037

1_ Nobs
N
sin?(26..) = el 2011
( ”) 1-0.54

F. Ardellier, Ch. VVeyssiére, Th. Lasserre, D. Lhuillier, CEA-Saclay, Nov. 09" 2011
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[RFFE=a—K) /iREHEER

DayaBay

923 m.w.e.

Double Chooz

120 m.w.e.

Iso-ratio curve
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4.27GWy, v-target
10t x2
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e O s
230 m.w.e. RENO
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Idea: Combining reactor results

o RFFZa—F)/EEDBIERERIEAM? ;E5in220,,Dcontour| 27525
* BaselineDEHDELLIEBRDIERZLRT S EITKY IMRZFESREIFIRILIC

AmMZ WNEBIETED

DayaBay+DoubleChooz
0.005
0.004 ——
Double- i
& Chooz \ —#— Dayabay
~ 0.003
N:] gh_ﬁ..
S 0.002 L —
] ——
0.001 |

P#=0.055£0.01, L=1.05km
Ppg=0.082+0.01, L=1.8km
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