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Running since April 2011
Overburden =300 mwe
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Detection of antineutrinos 70
e

= Detection of antineutrinos through inverse beta decay (IBD) reaction:

Ve + P —>[e+]—|—[n

The golden channel...

—

Prompt e* energy deposition:
ionization + e*/e” annihilation

E,. = E(v.) —0.782 MeV

* Threshold reaction: E, > 1.8

Delayed energy deposition:
8 MeV (resp. 2.2 MeV) y-ray
cascade from neutron capture
on Gd (resp. H)

MeV

= Relatively high cross-section (o, = 1042 E, 2 cm?) compared

to other detection channels

= Time/space coincidence between e* and neutron signal

allows a strong suppression

of backgrounds
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Time/space correlation:

n-Gd: At = 30 us
n-H: At = 200 us

IBD cross-section
Reactor v spectrum
Detected spectrum

Arbitrary units

Y Y

2 3 4 5 6 7 8
Antineutrino kinetic energy (MeV)



Backgrounds

Accidental coincidences Random coincidences between prompt-like & delayed-like energy depositions:

u

> ‘ =  Prompt: gammas from radioactivity in surrounding materials & rock

o)

n-Gd = Delay: neutrons from cosmic muons spallation, 3 decay of cosmogenic isotopes

Correlated events ' .
Muon-induced fast neutrons and stopping muons:

stopping-y u
Michelle’, . .
*  Prompt: recoil proton from fast neutron scattering or muon track
p-recoil
S H -
el = Delay: neutron capture or Michel e
¢ N-0C

Cosmogenic isotopes ' _ _
B-n emitters produced by muon spallation (°Li or 8He):

\

\oLj
B‘/T\ = Prompt: 3 particle
-\
n-Gd |\ u = Delay: neutron capture
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Double Chooz detectors 70
e

A concentric arrangement of cylindrical sub-detectors...
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Double Chooz detectors

A concentric arrangement of cylindrical sub-detectors...

4 u vetoes )

o Outer p veto: plastic scintillator strips
90 m3 of LAB scintillator (50 cm thick) in a
stainless steel tank equipped with 78 8’ PMTs

- J
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Double Chooz detectors 7@
e

A concentric arrangement of cylindrical sub-detectors...

-

u vetoes \

Outer p veto: plastic scintillator strips
90 m3 of LAB scintillator (50 cm thick) in a
stainless steel tank equipped with 78 8’ PMTs

N[

\_

J
Inner detector (1V) \

Buffer volume: 100 m?3 of transparent mineral oil (105 cm
thick) in a stainless steel tank, equipped with 390 low
background 10’ PMTs

v catcher: 55 cm thick Gd-free LS (PXE) layer contained in a
transparent acrylic vessel

v target: 10 m3 of Gd-doped LS (PXE + 1 g/L of Gd) J

+ central chimney connected to all layers for calibration source
insertion

+ fast readout electronics

+ laser system for PMT gain calibration

+ etc ...
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Double Chooz configurations

2011-2015 > 2015
/n o ND Single-detector\ / ND Multi-detector\
phase L phase
Reactor B2 : Reactor B2

=-0.4 km?*..,

\Reactor B e / Qactor B J

= Two reactors & two detectors
= DCunique features:

o Nearly isoflux configuration: relative v flux uncertainties between ND & FD are almost entirely cancelled
o 7 days of reactor OFF data

= Two phases:
o Single-detector (SD): ~ 480 days (FD-I only)
o Multiple-detector (MD): ~ 350 days (FD-Il +ND)

= Bugey-4 anchor: Bugey-4 experimental result is used as a virtual ND
Matthieu Vivier - RdV 2017 9



Single-detector analysis

» Bugey# (virtual) g 4 (April 2011 - Jan 2013) (2011 & 2012)
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Gadolini

Standard analysis

High cross-section for neutron capture

Two neutrino detection channels

um analysis

Low (accidental) background

Hydrogen analysis

>

Factor 2 more statistics (include GC volume)

Different systematics & backgrounds
High (accidental) background

DC-llI

Gd analysis

H analysis

Muon veto

At >1ms

At>1.25 ms

Light noise rejection

Qax/ Qor & RMS(Qg,,4) conditions

Eprompt 0.5-20.0 MeV 1.0-20.0 MeV
Edelayed 4.0 -10.0 MeV 1.3-3.0 MeV
At 0.5-150 ps 0.5-3800 ps
AR <1lm <12m
ANN - >-0.23
Multiplicity No additional trigger around signal
Vetoes OV veto, FV veto, Li veto, IV veto
Signal/Bck ~23 ~10

Matthieu Vivier - RdV 2017
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Two neutrino detection channels 7@
e

Gadolinium analysis Hydrogen analysis
= Standard analysis = Factor 2 more statistics (include GC volume)
= High cross-section for neutron capture = Different systematics & backgrounds
= Low (accidental) background = High (accidental) background

Complementary analyses

[ A ’ [

i: % T 1 T T T 71
<4000 ~— -vMC < R
g; ® Data 5120000— ® Data H il
(—] -
> S
g 3000/~ DC-Il (n-Gd) Preliminary E
£ £ 15000 b 5
= =
= DC-lll (n-H) Preliminary
2000 10000}~
1000 50001 =
0 1 0 a L " ' l %l l
4 5 6 7. . 8 9 10 14 16 18 20 22 24 26 28 3.0
Visible Energy (MeV) Visible Energy (MeV)
JHEP 1410 (2014) 086 JHEP 1601 (2016) 163
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Single-detector results 70
e

Gadolinium analysis Hydrogen analysis
Rate + shape fit to n-Gd IBD spectrum Rate + shape fit to n-H IBD spectrum
1200k —}— Background-subtracted data L : —+— Data
C L TR e No oscillation L — :“‘::c:"::'“ signal
1000:— [ ] Systematic uncertainty | B % F::t ne+ st:pph‘g M
: Best fit: sin®26,, = 0.090 g L E 1 °Li+ *He B
ofs 2°°F at Am? = 0.00244 eV> Q ;% 3
S ool = s ]
@y 600:_ ] aQ R Double Chooz Preliminary i
200]- DAl (-G Prefiminary 1 E 102 e DC-1Il (n-H), Livetime = 462.72 days =
i Livetime: 467.90 days o 3 =
200} . 2 25 i
: if] 14 1 ) 10 =+ S
& 1.0H--- <eerensageesgoiesa T e L e SO == i R i | | 3
E o.9f i o T ] 5 10 15 20
0.8f 'I"H'" ] Visible Energy (MeV)
g sof ]
Higt
8 in2 = 0.030
SR e sin%(20,5) = 0.124+%0-030 J .., (stat. + syst.)
Visible Energy (MeV) szin/ndof = 694/38
sin?(2043) = 0.090*9-032 ) ., (stat. + syst.)
2 Ny = 52.2/40 JHEP 1601 (2016) 163
JHEP 1410 (2014) 086
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Single-detector results 7@
e

Gadolinium analysis I Hydrogen analysis
Reactor rate modulation analysis
~100
} -? 4 n-Gd data .
| < e n-Hdata W
| Best fit (x2/dof=11/13) - ,.
| =
] = [ Jeo%cL
1 = , & & i
" } @Y .‘o K
i o 60— : & 4
| 2 bénor defined as Ax’=1.0 A
| @ ] ¥ 4
0’. ."
401 v & 4
oL
20— "";.""','."" [ | 7 Tomay Sawas e
i . sin“(26,,) = 0.088+0.033 g(stah»sys) 030_0.039 (stat. + syst.)
.' Double Chooz Pre}liminary =69.4/38
0 K’ | | 1 | 1 l | | !
sin2(20,5) = 0.( 0 20 40 60 80 :
o Expected rate (day™) (2016) 163

JHEP 1410 (2014) 086
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c22 Reactor antineutrino spectrum distortion 70

il ' ' ' ' ' ' 1 " RENO l?rcliminary ] 1

1.2}|| —+— Data (b.ack'ground subtracted), JHEP 1410 (20 14) 086 . 230000 Near detector 3

------ No oscillation a g e 3

r| | C____] Reactor flux uncertainty §25000§ e P:e:w"on E

- 1.1k [ ] Total syster:\atic uncertainty | “ 20000f- sin29,, = 0,103 E

2 Best fit: sin 2913 =0.090 T E [am3, 1= 2.32% 107 eV 5

21> at Am” = 0.00244 eV? ++ ] . 3

10000( B

|y | + L beemmmmmmmneeeed ] : ]
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Eo T ] c e e oL o oL O B Rt v
© -|‘ B S 0.2f
(a] 0. . ks £

1 b 0.15:— ++
- ] Y +
o DC-lll (n-Gd) Preliminary z ;+++ & +++
. Lo . S 0.05F
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= Spectral distortion observed in the 4-6 MeV region (3c deviation aool—  g" = — fﬁ’fij
W. r.t. reactor predictions) % |5030:— l. '. Huber+Mueller (reac. unc.)
§ " = - ILL+Vogel
(‘:‘, 10000 — -:. Measured spectrum
= Several cross-checks have shown: § - " isnomaluedto
u:J ~ =z prediction for shape
O 913 not affected by the distortion 2000 ’..only comparison.
o No correlation with backgrounds o . ‘
o Strong correlation with reactor power £ .
; e % [ S

= QObserved by other reactor experiments

Data/Prediction
e o
@ o

-

Prompt Positron Eneray (MeV)
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DC legacy with one detector... 70
e

First indication of reactor neutrino disappearance (non-zero 0,5), 101 days
Phys. Rev. Lett. 108 (2012) 131801

First measurement of 6,5 using neutron capture on H, 240.1 days Phys. Lett. B 723 (2013) 66-70

Direct measurement of backgrounds using reactor OFF data Phys. Rev. D 87 (2013) 0111012R

Novel backgrounds reduction techniques & observation of spectral distortion at 4-6

MeV
JHEP 1601 (2016) 163

Various measurements of 0,; with the far detector:
o Phys. Rev. D 8 (2012) 052008, JHEP 1410 (2014) 086, Phys. Lett. B 735 (2014) 51-56
o High purity IBD selection
o Well understood systematics at the per mil level (detection, energy & backgrounds)

o Bugey-4 as an anchor for reactor flux normalization

Matthieu Vivier - RdV 2017 16



First multi-detector data

¢
" ND (multi-detectots)

{

o

DC: most iso-flux setup
= reactor flux error highly
suppressed with multi-detectors

Multi detector analysis

FD-I (single detegtor)
461days
+

FD-II (multi-detectors)
212 days

®= ND running since Dec. 2014
= Live time:
o FD-I +FD-ll: 673.14 days
o ND: 150.76 days

=  MD results presented for the 1%t time at Moriond 2016

Matthieu Vivier - RdV 2017 17



Total target ~ 8 t: Total target ~ 26 t:
the smallest 6,5 single neutrino target... the largest 0,5 single neutrino target...

Statistics enhanced by almost a factor 3...

Matthieu Vivier - RdV 2017 18



IBD candidate selection

Far Detector

Delayed Visible Energy (MeV)

12

-t
(=]
T 1

L L 1 T DCAV-IBD(Gd+H) - 864 days

: 5 e 10°
Neytrino 2016 Preliminary

— e

T T T T T T e 1
Prompt Visible Energy (MeV)

Near Detector
12
% o :  DC-IV-IBD(&d+H) - 346 days
= ™ Net.JtrIno 2_016 Prgllmlna_ry
s 10 i ML A8 10°
a . .
= 4
: B
I [
@ [ 10°
> 6
b ] i
g L
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8 i e e i A '°
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IBD candidate selection

Far Detector Near Detector
%‘ 2 C LT DCAV-IBD(Gd+H) 1864 days R i S Gl PR SR " DC-IV-IBD(6d+H) - 346 days
= : NeL.;trino 2:016 Pre'limina.(y g - Neétrino 2:016 Préllmlna?y
& &
o S o
2 L 2
K] L K
> 6 >
L °
8 4 8
2
% 8 10 12 14 16 18 20 ! 70 12 14 16 18 20
Prompt Visible Energy (MeV) Prompt Visible Energy (MeV)

= The new IBD candidate selection integrates over all captures inclusively: cuts wide open!
o The 8 MeV n-Gd capture associated events have low background contamination
o The 2.2 MeV n-H capture events are highly contaminated by accidental background

= New analysis technique developed: Artificial Neural Network analysis
o Highly efficient IBD selection in the full delayed energy range

o Efficient background discrimination, especially in the n-H peak region

= Evaluating systematic uncertainties from this new analysis scheme is challenging

Matthieu Vivier - RdV 2017 20



ANN construction

= ANN cut definition based upon 3 variables
o E (delay)
o At (prompt-delay)
o AR (prompt-delay)

EvisiD_d :

= Training with accurate MC for IBD signal and data for
accidental background

Bias node :

Layer 1 Output layer

Double Chooz Preliminary Double Chooz Preliminary
Signal MC DCIll (n-H) Accidental BG DCIll (n-H)

150

100

Visible energy (MeV)
Visible energy (MeV)
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ANN construction

= ANN cut definition based upon 3 variables EieiD a-
o E(delay) ’
o At (prompt-delay)
o AR (prompt-delay)

= Training with accurate MC for IBD signal and data for
accidental background

GOG‘Q“

//

Bias node :

= Cuts defined upon ANN outputs:

00

Output layer

FD-| FD-II ND

%) LSS OSSN S T T
:1__) : Smnal..lﬁc.(no O8Cl) 8 Signal MC {no osci.) _g 1 05 | ' — é[gnél__Mc (no‘os(,:_i‘.) '
E . R Accidental BG E S Accidental BG it = F SRS Accidental BG
10 Data : : W 10" = Data w N Data
L ,!d%gtgtiﬁﬁ:sgbtl-l 77 Data (accidental BG subtr) 1 04 i 4___Data (accjdental BG subtr.)
;_I:J i Double leibﬁi Y E Double Chooz Preliminary
BD (Gd+H) -
3 ! = IBD (Gd+H)
10 10° : i
10°
107 10°f L
g 10?
i
LS
0.0 0.5 1.0 0 0.5 1
ANN output ANN output ANN output
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Before ANN cut

ANN performances

Entries/10mm
(@]
o
o
|

1000

500

mmmmmm Signal MC (no osci.)

B Accidental BG

mmmm Data
# Data (accidental BG subtr.)

Double Chooz Preliminary
IBD (Gd+H)

1000 1200
AR (mm)

2

Entries/10us

—
<

-
(@)
N

T —p—
[ Double Chooz Preliminary . -
=== Signal MC (no osci.)

IBD (Gd+H)

y ! y — T— u u

SR Accidental BG

= Data ]
§  Data (accidental BG subtr.)]

AT (us)

After ANN cut

£
01 500 - — Siglfal MC (no osci.) -
h B Accidental BG
)] e Data |
g | #  Data (accidental BG subtr.) |
© I
Looof .
500F =
0O 200 400 600 800 1000 120C
AR (mm)
0 T
g | == Signal MC (no osci.)
% 10°F E 3::::demal BG =
() ]
E §  Data (accidental BG subtr.)]
C
LU

2

2

200 400 600 800

AT (us)
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AR (prompt-delay)

At (prompt-delay)
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ANN performances

Before ANN cut

After ANN cut

>10° T T T 3 >10°p— T T T 3
[0} Double Chooz Preliminary J ()] E
‘E_ s Signal MC (no 02¢i)  |BD (Gd+H) ] E s Signal MC (no oeci.) ]
S104 WS Accidental BG ¥ S10? B Accidental BG 4
0 —— Data ] (2} —— Data 3
Q0 : @ ]
= |  Data(accidental BG suby ] = }]  Data (accidental BG su
m10° { &0
] . Delayed energy spectrum
10° E 10
All vetoes applied
10 10§
L E— 6 8 10 1% 8 10
Visible energy (MeV) Visible energy (MeV)
3 T ] 3 T
w Data (accidental BG subtr.) | m Data (accidental BG subtr) |
810° b 1 3 I om 1
E Double Chooz Preliminary E
L IBD (Gd+H) w

2
2

: Prompt energy Spectrum
All vetoes applied_:

ND

| ]
15 20 5 10 15 20
Prompt energy (MeV)

10

Prompt energy (MeV)

Matthieu Vivier - RdV 2017 24



ANN performances

—

Before ANN cut

O

After ANN cut

5
=> T 1 1 >10° T T
O Double Chooz Preliminary (]
TE_ mmm Signal MC (no osci) |BD (Gd+H) 12_ s Signal MC (no osci)
o104 W Accidental BG <10t B Accidental BG
6 = Data g Data
&= 1 Data (accidental BG sub > ) Data (accidental BG sul
S 103 S i3
w10 w10

’ . Delaved enerw
(. Accidental background dramatically reduced: ~ 4/day
* n-(Gd+H) analysis gives x 2.5 increase in statistics wrt n-Gd analysis:
\_ Rigp: ~ 140/day @ FD; ~800/day @ ND (after all vetoes) )
- T T ) - ™
%104 ; W Accidentsl BG 3 %104 i HHe Accidental BG _
21 03 | Dam(aocidemn.l B.Gsubtr.); ‘:;)‘1 03 |  Data(accidental BG subtr) |
uc_] Double I(;l;o;z(ir:l)lmmary uc_]

10 102f

Prompt energy spectrum

5 10 15 20 ! 5
Prompt energy (MeV)

10 15 20

Prompt energy (MeV)
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0,5 results

= Results presented at CERN in Sept 2016

= Data analyzed: FD-I & reactor-off data in SD mode, FD-Il & ND data in MD mode

Rate [d]

2*(data-MC)/(data+MC)

180

160

140

120

100

80

> o
o o

©o o © o N
o

g e Rt ar .
 ® O A N O NGO ® M

TR G Y
©o © o ©

n-(Gd+H) data

Far detector DC preliminary

n-(Gd+H) MC
I

1

(-

FDI 1IBO(Gd+H
i s

IBD n-(Gd+H) 488 (SD) + 384 (MD) days |

i

H)

15600 15700
Time (day)
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Observation / No-oscillation prediction

ND

——— FDIData
~~~~~~~~~~~~~ No osclllation
————— Bestfit: sin 26, =0.119

| Single det y ti

[T Suppressed systematic uncertainty

+
+F by

Far + Near (818.18 and 257.959 live days)

. - Double Chooz Preliminary

| Il

FD-II

1 2 3 4 5 6

Visible Energy (MeV)

Visible Energy (MeV)

c c

o —+— FDIData o —+— FDIlData

3 1.3 e No oscillation B 1.3 s No oscillation

8 Best fit: sin “26,, = 0.119 '8 Best fit: sin *20,, = 0.119

a l.2 Single d y tic uncertainty a 1.2 Single d uncertainty

g [I  Suppressed systematic uncertainty S [ suppressed systematic uncertainty

= 1.1f + = 1.1

3 S

O L.Oprmrmmmmns s et 8 1.0

o e)

=z

Z 0.9 Z 0.9

[ =t F c

3 s 9

@ 0.8 © 0.8

g Far + Near (818.18 and 257.959 live days) c Far + Near (818.18 and 257.959 live days)
) (0]

2 0.7t Double Chooz Preliminary 2 0.7F Double Chooz Preliminary

O | | | | 1 | | |

7 8 1 2 3 4 5 6 8 © 1 2 3 4 5 6

sin%(20,5) = 0.119 + 0.016 (stat. + syst.)
Y ind Naof = 236.2/114

Visible Energy (MeV)

Backgrounds

FD estimate

FD fit output

ND estimate

ND fit output

ILi

2.59+0.61d*

2.55+0.23 d!

11.11£2.96 d?!

14.4 +1.2 d!

Fast neutrons

2.54 £0.07 d*!

2.51+0.05d*

20.77 £0.43 d*

20.85+0.31d?

Matthieu Vivier - RdV 2017

27



Data to data fit

1.5 —+— FD-IIND Data

1.4 No oscillation

1 ND Best fit: sin *26,, = 0.123

.3 [ systematic uncertainty a FD-"/ND N\

1.2
g 1.1 sin%(20,5) = 0.123 + 0.023 (stat. + syst.)
Z 1 0 = szin/ndof = 10.6/38
5 o of " J
w 0.9

0.8}

0.7F Double Chooz Preliminary 0,3 result not affected by spectral

0 gl Far+Near (362974 and 257.959 days) distortion

| | | | | |
0. 51

2 3 4 5 6 7 8
Visible Energy (MeV)
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>

Double Chooz : i 23'5 |:t| L 7/ L B B B
JHEP 1410, 086 (2014) —e— i 3 LID NH/
z i T ]
Preliminary - LERTHEE Best fit
(CERN seminar 2016) §'; © '; 2 -
Lo ol ~-68% C.L. |
Daya Bay S —90% C.L. |
PRL 115, 111802 (2015) e P : : O 1 ]
: i o Reactor
RENO it K 68% C.L. ]
PRL 116 211801(2016) ke 1 VA
: o : 23’]: ] |:.; L I I 0 B B B
T2K ]
PRD 91, 072010 (2015) i i Arbitrary 5, 3 | NOvA IH ]
Am3, >0 . e 2 Reactor PDG |
Am}, <0 | ————o— B 5 DC-IV @ CERN|
NOvA : P : : w© 1
Preliminary (private communication) : i { T
Am}, >0 o : of .
And, <0 o .
PSPPI IR S I R O A0 |"'| | |,f’| VA
0 0.05 0.1 0.15 0.2 0.25 O 01 02 03 04 05
. 2 .
sin"26, sin°20,

= DC 0,5 (and accelerators) higher than other 0,5 values (2.2c tension with DB)

= Redundancy between reactor experiments is fundamental: 0, is a key parameter for future .
measurements
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DC 0,5 prospects

Phys. Rev. Lett. 108
(2012) 131801
3—

\Dlout;le (I:hocl>z Plrelilmin.aryl(CElRNIsen;ina{r Sép.2|016I) — Signa| statistics - NOt ||m|ted anymore by statistics

—e— Reactor flux with MD analysis

Phy . Rev. D 86 JHEP 1410
- \2012) 052008 (2014) 086 |1BD(Gd) IBD(H+Gd) - Flux (FD-II - ND relative)

(]
|

Uncertainty (%)
(V)
N

=  Proton number (in the full NT+GC

15 3t Flux (FD-1- FD-Il relative) . _
= volume) is the largest systematic
= —— i . .
1F Detection uncertainty (embedded in
E ------ e Detection (FD-II - ND relative) detectlon Systematlcs)
0.5
= o —e— Background
C 1 1 [ E— . 0, 1
0 00 00 00 T o BG (after oscillation it o NT+GC: 0.76 % relative near/far
Live-time (days)
o NT: 0.1 % relative near/far
DC Sensitivity
o 0.020F——— —
D . . n
é: oot *oday’s result I DC-IV @ CERN Configuration . .
@ > 1m | Improved Proton Uncertainty = DC largely dominated by proton # uncertainty
- 0.016 [N/ "‘\l- —
0.014 f\ - : k A f o Most conservative assumptions were adopted
0.012f \ Nominal rurining (3 A priori unknown - here
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Near detector shape comparison 7@
hfe

DC: 210 000 events / DB: 1.2 million events / RENO: 280 000 events

DATA/MC ratio comparison

— U neutrino flux spectra different in DC (Haag) and DB/Reno (Huber)
—» different reactor fuels
[

[ I I I [ [ [
Double Chooz (shape only)

O - e
= . .E° .
— 1.2 | = DayaBay ; - DC Prellmlnary—
m : arxiv:1607.05378 :
8 - A RENO (modified for shape only) -
D = arxiv:1610._04326 —
o 1,15 A NEOS (modified for shape only) ol
— . arxiv:1610.95134 ul
g — 1 DC1o syst. error ¥
1.1} L
103 =
L™ =
0.95— =

Visible energy (MeV)*

* can slightly differ from one experiment to another due to detector effects
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Conclusions

DC results with two detector and new IBD selection strategy (n-(Gd+H)):

@)

Now largest 0,5 single-detector target

Innovative analysis techniques (ANN) to efficiently reduce backgrounds and maximize
detection efficiency

Reactor flux uncertainties almost fully cancelled thanks to DC isoflux configuration

Adopted conservative scenario in the evaluation & treatment of systematic uncertainties

DC best value: sin220,; = 0.119 + 0.016

o Dominated by proton # uncertainty

o Work in progress to achieve sin?20,; precision < 0.01

Matthieu Vivier - RdV 2017 32



