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Double Chooz Overview

Main Goal: Measure 613

Near Detector e Far Detector
distance: ~400 m > W) distance: 1050 m
400 v/day — 65 v/day (@ full power)
overburden: 120 mwe |gg S overburden: ~300 mwe
under construction start datataking: apr. 2011
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v-source: Reactors
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=k Reactor Antineutrino Flux
N »\xfh\-[hfuu o 703 Double Chooz prelimifflary
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Detection Principle @Z

Inverse beta decay:

v+ p—oe +n

_ delayed
4 promptE, . _=E -0.78 MeV
"N Gd ‘% 0.3: Value of sin®(26,,)

/Y X(A, Z) EE ; A B 0.03
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UBLE
4-Layer Detector Concept D@

! » Gd-loaded liquid scint. (1g/I Gd)
e v-Target, Fiducial Volume

‘“‘XGamma Catcher (22 m3):
- * unloaded liquid scint. (CH,)

* energy containment

~Buffer (114 m3):

| »+ 390 PMTs (10")

e non-scintillating mineral oil

e protection against radioactivity

i 4

@ Imag'in IRFU _
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4-Layer Detector Concept
[ —

@ lIrmag'in IRFU _
Double Chooz - First Results

DOU t_-.;‘]_dt-. I ,.Z
)

Outer Veto (plastic scintillator strips

=7 4| Inner Target (10 m3):
T~|! * Gd-loaded liquid scint. (1g/l Gd)

e v-Target, Fiducial Volume
Gamma Catcher (22 m3):

| » unloaded liquid scint. (C,H,)

e energy containment

Buffer (114 m?3):

e 390 PMTs (107)

e non-scintillating mineral oil

e protection against radioactivity

Inner Veto: (90 m3) optically
« 78 PMTs (8”) separated
* LAB (scintillating oil)

e active muon tagqging

passive 15 cm Steel Shielding
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S Milestones O = =
\\\\  Lalubr

e May 2008 - October 2010 — Far detector construction.
e December 2010 - Far detector filling completed.
e April 2011 — Far detector commissioned.

e April 2011 — Start physics data taking with far detector.
e April 2011 — Near laboratory construction started.
e July 2011 - Outer Veto commissioned.

e November 2011 - First result @ LowNu 2011
e Dec 2011 —» Paper on arxiv:1112.6353
submitted to PRL
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NN Data Taking ”Uf £ 582

g (as of Feb 5th 2012)
§ 1‘ Double Chooz (prel)  [IPhysics ElOthers
2 r ] 0 W
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start:
Apr. 13th 2011
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N Data Taking e
(as of Feb 5th 2012)
§ 1‘ Double Chooz (prel)  [IPhysics ElOthers
2 ol AR WMHMWW%
« days since Apr 13th 299 days
- Data taking efficiency (total): 86.3 %
« Data taking efficiency (physics): 78.4 %
 number of data taking days: 258 days
* physics: 234 days
AT R R A
May. Jul. Sep. Nov. Jan.
2011 2011 2011 2011 2012
start:
Apr. 13th 2011
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= Data Taking @

T (as of Feb, 5th 2012)

dhal

Data taking efficiency

May. Jul. Sep. Nov. Jan.
2011 2011 2011 2011 2012

start:
Apr. 13th 2011
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== Calibration asccz

T P —
- LED light injection system 007 DC Prel. ;
(Inner Detector/ Inner Veto) o :
- deployment of radioactive B g
sources (*¥’Cs, ®8Ge, *°Co, 252Cf) oos- Ge MC

« iIn Gamma Catcher volume oo, 8Ge Data
« in Target volume on z-axis oo =
* u-induced calib. sources: e.g. oo =

12B, spallation neutrons ’
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Kk Calibration @

T N ———

- LED light injection system 007 DC Prel. ;
(Inner Detector/ Inner Veto) o E
« deployment of radioactive 0.05 :
sources (*¥’Cs, ®8Ge, *°Co, 252Cf) oos- tGe MC =
« in Gamma Catcher volume oo GSG: Data
« in Target volume on z-axis oo =
« u-induced calib. sources: e.g. oo :
12B, spallation neutrons |

« reconstruction performance

« detector response (e.qg. position
dependency)

« guenching and Cerenkov
(scintillator non-linearities) _

« MC tuning Z-aa
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N\ B
‘\{i\‘ Detector Stability ”@

" rate around n-H capture energy (~ 7000/ day)
0.1y I I | | | |

0.09

R ** Mt i ”*** il

0.08— =

—ﬁ:._

Double Chooz PRELIMINARY

u-correlated rate around H capture energy [s™]

0.07' I I | | | I
0 20 40 60 80 100 _ 120
Days
scintillator+electronics stable during analysed

period
28.2.2012 Double Chooz - First Results Page 18



\\\\\ - . Jw - v
S . Neutrino candidate “UFPS@:’_T
e selection

« PMT spontaneous light emission rejection cuts
(14 PMTs switched off):

« ensure homogenously distributed light:
rnaXC)onePMT/tOt()aIIPMTs

- require small spread in start times: rms(T__ )

« Muon Veto: discard all triggers within 1ms after a muon

* Inverse Beta Decay:
« Prompt signal within [0.7,12] MeV
« Delayed signal within [6,12] MeV (Gd-only)
« Coincidence time window: [2, 100] ps

T ‘s delayed
Mult/pll_CIty condition ———— v-candidate
« No trigger 100 s before prompt example
« Exactly one trigger in [2,400] us 1
after the prompt | i F i

«—— > > >

Ul usec 100 psec
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AN W
NS Candidates vs. Time FLS&J_’

Neutrino candidates rate no background subtracted

o 100 ! | ! | ! ! | ! | ! | ! |
=
é Double Chooz preliminary --=-0---- Expectedv rate |
E . Measured v rate
= gol_  Average Rate: 42.6:0.7 day™ L
-
2
Fa

0 20 40 60 a0 100 120 140

4121 neutrino candidates (signal + bkg) ™*
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Events/0.25 MeV

Example Distributions

delayed energy
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Cut Efficiencies & |1+ 507
e MC Lifetime Correction |

Parameter

Value [%]

Uncertainty [%]

Comment

Trigger efficiency | 100 Tou readout threshold 0.7 MeV
Gd fraction 86.0 + 0.6 220 G:ETH

At window 96.5 + 0.5 292Cf: data/MC residual
AFE window 04.5 + 0.6 22Cf: data/MC residual
Total 78.3 + 1.0

« uncertainties estimated from data/MC remaining
discrepancies

« MC lifetime corrections 92.5 % overall,
dominantly: muon veto dead time (4.5 %)

28.2.2012

Double Chooz - First Results
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N Backgrounds

« 3 classes of correlated background,
all muon induced:
9L
« fast neutrons
« stopping muons entering through the
chimney

« accidental background:

 in-situ measurement with offtime windows
* rate: 0.33 = 0.03 d*!
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\\\\\\\\ °%Li Background

9L| production by muons mainly during high

energy deposition
« B-n emitter, halflife: 178 ms for °Li
« search for triple coincidence:
HE muon (>600 MeV)-prompt-delayed

AtLl distribution

A

Entries 7723
2 1 ndf 92.56 /124
Li-9 counts 1424+ 26.0
constant 2841+76.4

- fit constant + g ®
exponential (°Li halflife) £«
rate: 2.3 £ 1.2 d* gz5 l HH H
g 152— | | I }‘ |
T DC Prgl llllllllllllllllll
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Entries/500keV 7
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TIT -

o
ha

1{]5'
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Energy (MeV)
50 ® DGL@I%Chmz Feliminary ]
. ﬁ Ey .
"He IE i--gﬁ_i 'F"n g
L B ::3 - &
'f_ & e .I-';a’s et |
: stopped-p ., .. T %H
-0.5 (IV&Tag} . s mo
_1.':-:'-_ L] I‘Sﬁvf - -] ‘:‘g:j; L
h . e .H « H
-1 5f Fast-n @

0 0.20.40.60.8 1 1.21.4
f (m)

Fast Neutrons & ”O'ﬁ'—e;”f
Stoppmg Muons

il

 Neutrino search extended
to 30 MeV for prompt
« > 12 MeV: pure BG sample

(dark grey)

« extrapolation into neutrino
energy [0.7, 12] MeV
assuming flat spectrum
(validated, using IV tagged
events, light grey)

 rate: 0.83 = 0.38 d*!

vertex distribution

boxed events: IV tagged
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‘-\\5\— Both Reactors Off DOQU PSG—'?

1 da;)f-‘qceactor-Off-Of .
Background only measurement: unique to DC

2 candidates: likely °Li candidates
consistent with our BG estimation of

3.46 = 1.26 d*!
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‘-\Q\ss\-\ Rate + Shape fit ”@

8

; | T | T T T | T T T L
% ~ —+— Double Chooz Data ]
w - 1 |- Mo Oscillation B
g 600 + Best Fit: sir(26, ) = 0.086 ]
E C T for Am2, = 2.4=10°° e\ ]
g 500 r Summed Backgrounds (see inset) | _]
[F] ~ Lithium-9 T
- [ Fastnand Stopping ]
400 — Accidentals —
C E‘ .
— m- —
300— = ]
- o ]
200 — —_
- |
= Energy iHe‘a“]' ]
100~ g
B 1 1 1 1 L L [
= u T T T T T T — T
2 50— —
g 4 ;
=
g o
] ]
o
z . . . .
= 10 1

Energy [MeV]

best fit:
sin%(28,,) = 0.086+ 0.041 (stat) = 0.030 (syst)

no-oscillation hypothesis excluded at 94.6 % C.L.
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W O = ~
R Global 6_, Search Cfpsb—;

o S RN L R,
normal ordering QC’

2 2
Am_ . =235e-3eV"
dashed: CHOOZ

20

II§$IIII|I

)
o}

0 0.1 0.2 0.3 04 0.5

o
sin 2813

consistent best fit values of T2K+MINOS and DC
fit including T2K+MINOS+DC excludes 6,,=0 by

more than 30
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\\\\ || =2 _ _
\\\\ Summary & Outlook DUYPEt-;?
Far Detector is stable, data taking is continuing as

planned

DC has analysed 100 days of data, first results on
rate+shape analysis of 6_, have been published:

sin%(208,,) = 0.086+ 0.041 (stat) = 0.030 (syst)

‘Promising analysis improvements underway
2 times statistics already available for analysis

Near detector is under construction,
operational end of 2012
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Thank you!

Double Chooz - First Results

Page 30



N\ SF =
-\\&-\ General Formula ”O(EFEB-'_"

Poe ~ 1 — 4sin®6#13cos®f13sin® Agy
—  cos? B3sin® 2619 sin® Agy
+  2sin® 613 cos? O13sin” 1o (cos(Agy — Agy) — cos Agy)

where A;; := A-?'nfj fE and 7,7 € 1,2, 3.
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\\\\\ ”()Utﬂ‘t' o
<= Reactor Flux ee2

NI D) =2 x fﬁ? w(o,)

. P, (t): thermal power vs. time
. E.: takes into account fuel evolution (“burn-up”)

70 ;
e o o S o g e o e e e e o - Double Chooz preliminary
= - ' ' ' ' ' ' ' -
S 4ok xgﬂTmuﬂM T 3 FN S N N S; |
= H I . _ | 3 C
£ s il R g - \\\%iJ
= 30f AL | E 50 L .
£ T H | Ril [ 3 - et
& 250 | il 1 ' = C
I'E E | | | ” (AN Il = 40_ TUUSE
F I 3 C u
I [ - 30) e
1.0; | .COTE B1 —; /
05F . S— 5
E Double Chooz er[eIimir]ary | ECorel B2 | = 20
002020 60 80 100 120 140 160 C 2381
Days after April 13, 2011 10
- —_— 241Ppy
o_ 1 1 1 1 1 1 1 1 1 1 1 1
. 0 5000 10000 15000
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NN .
N Bugey 4 anchor point 1=

(o) (o)™ St - at0) (s)),

NviI!IIIIDululbiEIC%I'IH::olzIpLEI!IiIrrllilrmrlylI NFHI AR
g Lj

~ -
Ouugey | ST
-E“ |
Epwl}nlnn' :
Operfission e ,

0 0.5 1 1.5 2 25 0 02 04 06 08 1 12 14 16 18

Relat Ermor (%) Relat Error (34)
without Bugey 4 anchor: with Bugey 4 anchor:
uncertainty 2.7 % uncertainty 1.7 %
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. \\\\ DOU = —

N Burn Up =
ST fraction fission rate .
70:\ DoublieChoozprelimiﬁary B1 reaCtor COre eVO|Ut|On WaS
ST 2| Simulated in detail with
~—— | MURE (Subatech Nantes),
= 40F I B :
Pl P DRAGON (US)
20f
- 238
——
O Se00 10000 15000

Burnup [MWd/t]

reactor neutrino flux
uncertainty: 1.7 %
(without Bugey anchor point: 2.7 %)

core assembly
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\\\\\ - - ”()Utjj-dt. =3 ;
KT Signal: Neutrino Flux GPEG—

=k

Q
-
I

—— _| T T 1771 | | T T | T T 1771 | T T T T L

2 1& Wl 241Pu = sRecent re-evaluations of fissile
= [El238u 1 isotopes by

'g []239Pu ]

[ _ ekl “Th. A. Mueller et al.

>

Phys.Rev. C83(2011) 054615

] -P. Huber,
Phys.Rev. C84 (2011) 024617

—

9
M
I

= Ab initio calculation of 238U at
! Irfu and Subatech-Nantes.

-3 |
107 = pouble chooz preliminary =
:l 1 1 11 | 1111 | 1 1 11 | 1 11 1 | 1 1 11 | 1111 I:
23 45 6 7 8

E. (MeV)
 flux reevalution +3 % compared to previous

reference

« DC 1 detector phase: use Bugey-4 cross
section measurement (1990) as anchor point
for flux normalisation (like CHOOZ)
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Calibration
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1.02
1.00
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0.96
0.94
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Ratio Total Event Charge Data/MC

III|||I|III|III|I|I|I|I|III|IIII

Double Chooz PRELIMINARY

68Ge

—e— Calibration Sources

137C S
— Non-Linearity Correction
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> Calibration s

Q 1.01 - =& [ ¢ v T T [ F F T T [ @& T T [ T & T T~
= Double Chooz PRELIMINARY -
© — —
= 1.00 - -
a - :
2, 0.99 E
£ - .
& 0.98 E
& 0.97]- &
> [ —]
L = -
g 0.96— —&— 1¥Cs - 0.7 MeV =
P - =
o 0.95— —o— %Co - 2.5 MeV o=
© - .
@ 094 —— Correction in Z =
0.93 ]
il | 1 1 1 | | | | | | | | 1 1 I | | | | | | | | 1 I 1 1 1 | I—
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-\g\-\ Prompt Energy Spectrum
S Inverse Beta Decay [T Cross
} /' Section
" - ; Reactor
t B Value of sin*(26,,) ~ t ~1043
— B[P foontt
uoor [0 0.03 5
= |3
.E - E Observed
Z 02 8
2 3 4 5 6 71 8 9
0.15 £, (MeV)
o1 L-Energy Spectrum
0.05 6., analysis:
0 - rate information
1 2 3 4 5 6 7 8 9 10 ] ]
L-energy < positron energyE.w.MMeVl - shape information
« prompt visible energy - different syste-
spectral distortion due to 613 matic uncertainties

28.2.2012 Double Chooz - First Results Page 38



MAX-PLANCK-INSTITUT
FUR KERNPHYSIK

N

no analysis cut on Fiducial Volume

)
Q

Candidate Vertex Distributions
Prompt

Y (prompt) [m]

Z (prompt) [m]

I Duuhle Chnoz prellmlnaryj

X (prompt) [m]

Y (delayed) [m]

Z (delayed) [m]

Delayed

3_IIII|IIII|IIII|IIII|IIII|IIII
Double Chooz preliminary

X (delayed) [m]



NS Prompt-Delayed Distance
Prompt - Delayed Reconstructed Distance
£ | | | I
g .
S 10 Double Chooz preliminary
; —®— Neutrino Candldates
g 10°
17| Neutrino MC
107
10

! tfuptwmt TT w
1079 50 100 20 500 e “?Ii%n

_I'I'I'I'ITIT |||||III| T 1

« MC contains no background
* N0 analysis cut on distance
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: QU _
N Accidental Background ”(PLE&?

L

« Prompt: radioactivity (ambient
rock, PMTs, other materials)

« Delayed: mainly muon induced
n capturing on Gd

« Accidental spectrum extracted

using neutrino selection *’“'—
conditions from offtime = Accidentals -

windows [1,100] ms Singles

i . :

1.0— ’ 40K =i

Rate: 0.33 = 0.03 d* i N\ ]
I ++ 208T| i

D-ﬁ:_ M’ _:
b | DC Prel. -]

i | et AT o Y Ot A T U "] G I O e il
Double Chooz - First 00 05 10 15 20 2. .

Entries /| 50 k
i
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an o me Muons

* Inner Veto muon rate: 46 Hz
e Inner Detector (T+GC): 13 Hz
e V-search: software muon cut:
discard all events within 1 ms after a muon (IV muons)

Muon rate in Inner Veto: 46 Hz Muon rate in Inner Detector: 13 Hz
g 10’ E- ---- FAet Lt Rl SRR R R R IR ~§| g 10° E_llll .......... 1|_E
o - - o = 3
018 N 1 - ]
g 10 § 8 105 E T T O St SRt O SURE SOUO U RNS PR U U PR SUUUPRRUUURE SUPUOIOY _E
= (7] - -
_3 10° =N .":’ o —
£ e 100 E
T T B s T woF .
E 103 §_ A SR _g
103 E? ............................................................................................................................ E E
- 8 1 Gl SaCRRRtCCE SOTTTOISOOIE SOPOOOOOOE: SOPPIOPE SUTIRRRIN e, "WYY ST S SORRRS SASOES —
10 [ NG B E
L S s M. TV S— 10 E
1‘E _____________________________________________________________________________________ L |
L1 1 111 l L1 1 1 | 111 E IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

0 200 250 300 350 400 0 100 200 300 400 500 600 700 800 900 1000

A time in between Wy (ms) A time in between Mo (ms)
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ht Noise ”%fzis;”f

o Ome Background: Lig

rms|

S — % S0
it &[T -
§ | physics - I
. g 35—
2107 E e F
8 ] 301
€ [ 1 25}
'510'2:_ — C
£ f ; 201
R S 1 15
10° = I'ms (Tst 5 rt) w; 10 ;—
T THe T2 T3040 50 S5
RMS(Tstart) [ns] ;0
* light emissions from some PMT
bases: 14 PMTs turned off g
* rejection variables based on g
« anisotropic light emission/ 51"
coIIectlc?n: ma.xQonePMT/totQ.a”PNITS 7%10-2
 Large dispersion of start time oi3
PMT signals for light noise ® g
> RMS(T,,..)
0.
28.2.2012 Double Chooz - First Resuis

MaxQ/TotQ -
0.02 004006 008 040 0.12
Qmax/Qtot

§ phySiCS T +++++§

I R BRI AR . . . .
0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

MaxQ/TotQ age =5

10™
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MAX-PLANCK-INSTITUT
FUR KERNPHYSIK

Efficiencies &
Towards Final Fit




trigger efficiency

1.0

0.8

0.6

0.4

0.2

0.8
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\i\\ Gd fraction ”%ff—sbﬁ’
\ 2%2cf Data Delayed Signal —
s E Gd 252Cf on z-axis
S ﬁ (Target)
“E N 1 Gd+H Gd+Gd
i}

Visible Energy(MeV)

« Gd fraction [Gd/(Gd+H)] in Target (data):
86 + 0.6 %
(uncertainty estimated from data-MC
comparison)
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Cut Efficiencies | fps@v

Ny
Parameter Value [%] | Uncertainty [%] | Comment
Trigger efhiciency | 100 Tou readout thrcshold 0.7 MeV
Gd fraction 86.0 + 0.6 22CH: e E+H
At window 96.5 + 0.5 292Cf: data/MC residual
AFE window 94.5 + 0.6 252Cf: data/MC residual
Total 78.3 + 1.0

MC Lifetime Correction

Parameter Value [%] | Uncertainty [%] | Comment

i veto deadtime | 95.5 negligible

Multiphcity 99.5 negligible rejection via accidentals
Gd to H fraction | 98.0 + 0.6 MC/data mean difference
Target H 100 +0.3

Spill In/Out 99.2 + 04 MC estimated

Total 92.5 + 0.78
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K Oscillation Analysis asccz

Reactors bkgnds. E:

Ii ¥ (*ﬁ"'ri _— z hfz_:a-:H) W (J_I!'_]}ea-:tum+‘J|Ifid:ietnnmr+‘.1|lfz_a}_tal 4 Z ﬁf&)

R b
Reactors
AT : : 7 1
H

Rate Only Analysis:
R,.= 0.944* 0.016 (stat) = 0.040 (syst)

sin%(20,,) = 0.104+ 0.030 (stat) £ 0.076 (syst)

T

Rate+Shape (18 bins):
sin%(20,,) = 0.086+ 0.041 (stat) £ 0.030 (syst)

for Am? = 2.32 - 107 eV?
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== Table of Uncertainties DOTF“EB;T

TABLE II. Contributions of the detector and reactor errors
to the absolute normalization systematic uncertainty.

MAX-PLANCK-INSTITUT
FUR KERNPHYSIK

Detector Reactor
Energy response 1.7% |Bugey4 measurement 1.4%
Edelay Containment 0.6% |Fuel Composition 0.9%
Gd Fraction 0.6% | Thermal Power 0.5%
At 4, 0.5% |Reference Spectra 0.5%
Spill in/out 0.4% |Energy per Fission 0.2%
Trigger Efficiency  0.4% [IBD Cross Section — 0.2%
Target H 0.3% |Baseline 0.2%
Total 2.1 % | Total 1.8%

Backgrounds

TABLE 1. The breakdown of the estimated background rate.
Additional shape uncertainties are described in the text.

Background Rate/day Syst. Uncertainty (% of signal)

Accidental 0.33 +£0.03 < 0.1
Fast neutron 0.83 £+ 0.38 0.9
"Li 234+1.2 2.8
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=== Reactor Antineutrino Anomaly ~=C
— arXiv:1101.2755

SRPJI
ROWNOSS-25

BT ... e ..........E......... [P

ROWNCIRR-2I

0.75— b EEEE N SR S S

S e

10° 10°

Distance to Reactor {m)

FI1G. 5. [llustration of the short baseline reactor antineutrino anomaly. The experimental results are compared to the prediction
without oscillation, taking into account the new antineutrino spectra, the corrections of the neutron mean lifetime, and the
off-equilibrium effects. Published experimental errors and antineutrino spectra errors are added in quadrature. The mean
averaged ratio including possible correlations is 0.943 4 0.023. The red line shows a possible 3 active neutrino mixing solution,
with sin®(26,5) = 0.06. The blue line displays a solution including a new neutrino mass state, such as [Am2,, r| > 1 eV? and

sin? (20new r) = 0.12 (for illustration purpose only).
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\\\\ Non-Proliferation WL}%‘Q_"«’

« worldwide effort (Fr, US, Brazil, Japan, ...)
* |AEA interest (Nonproliferation of Nuclear Weapons)

- monitor “°Pu (weapons-grade) vs. #*°U, #°°U from
different neutrino spectra

e distance: of a few tens of meters,

"small" detectors of the order of few cubic meters
In size, shallow depth: Nucifer (Fr), SONGS (US)

« papers:
« arxiv:0704.0891, M. Cribier, 5 pages
(“Neutrinos for peace”)
« arxiv:0908.4338, A. Bernstein et al., 84 pages
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