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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

-(0#),(1/2¥11(0) 3

—

I"#$%&e* energy deposition:
ionization + e*/e” annihilation

E,, = E(! ) —0.782 MeV

" Threshold reaction: E, >21.8

')*+(, energy deposition:
8 MeV (resp. 2.2 MeV) "-ray
cascade from neutron capture
on Gd (resp. H)

MeV

= Relatively high cross-section ($ 55 = 10*? 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: #t = 30 us
n-H: #t = 200 us

IBD cross-section
Reactor v spectrum
Detected spectrum

Arbitrary units
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Antineutrino kinetic energy (MeV)
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Backgrounds

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

n Grd

u

=  Prompt: gammas from radioactivity in surrounding materials & rock

= Delay: neutrons from cosmic muons spallation, %decay of cosmogenic isotopes

7#"(*&(,/(8(186

stopping-y

Michel

€,

p-recoil

S~

{n-Gd

Muon-induced fast neutrons and stopping muons:
U]

"  Prompt: recoil proton from fast neutron scattering or muon track

= Delay: neutron capture or Michel e

T#6$#0(152/56#8&#%(6

\

\oLj

B‘/f\

-\
N

n-Gd

%n emitters produced by muon spallation (°Li or 8He):

=  Prompt: Y%particle

\ » 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...
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Double Chooz detectors

A concentric arrangement of cylindrical sub-detectors...
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+ 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

X>NRK>ND Y/X>ND
/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:

0 Nearly isoflux configuration: relative v flux uncertainties between ND & FD are almost entirely cancelled
0 7 days of reactor OFF data

= Two phases:
0 Single-detector (SD): €480 days (FD-I only)
0 Multiple-detector (MD): ¢350 days (FD-II +ND)

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



Single-detector analysis

) Bugey# (virtual) ¢ C4%"5)/X>INNAL/X>NR CX>NN/_/X>NXF
‘B provides reactor flux :
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Q* #)51

Standard analysis

High cross-section for neutron capture

Two neutrino detection channels

5:$/*1*)+656

Low (accidental) background

"+ "HO(L/*1%)+656

>

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

Q* #)515:$/*1%)+656

Standard analysis
High cross-section for neutron capture
Low (accidental) background

"+ "HO(L/*1%)+656
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= Factor 2 more statistics (include GC volume)
= Different systematics & backgrounds
= High (accidental) background

10000}

!

] &= |
—— anti-v MC
® Data

DC-lll (n-H) Preliminary
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Single-detector results 70
e

Q* #)515:$/*1*)+656 4 "HO(1/¥1%)+656
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Single-detector results

o

Q* #)515:$/*1%)+656 | 4 "#0(1/¥1%)+656
\(*2&#""*&(ID#,:)*&5#1/*1*)+656
~100 :
| -? A4 n-Gd data w
| < e n-Hdata W
2 80|~ Best fit (x2/dof=11/13) - Y
} & o
| = | ]90%cL
| = :
ol <P :
| 2 bénor defined as Ax*=1.0 8
‘ o s L =1 .’.’.“
oA
40— v & 4
4V 4
i sin (2613) =0.088+0.033 %(stau-sys) 030_0.039 (stat. + syst.)
.' Double Chooz Pre}liminary =69.4/38
0 K’ ! | 1 | 1 l | | |
sin2(2&13) =0.( 0 20 40 60 80 .
= Expected rate (day™) N/CX>NbF/Nb?
/

AUINaN>/CX>NaF/>Jb
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c22 Reactor antineutrino spectrum distortion 70

il ' ' ' ' ' ' 1 " RENO l?rcliminary ] 1
1.2(| | T+ Databackaround subtracted) AUJI/NaN>/CX>NaF/>J | 4 230000 Near detector
r| | C____] Reactor flux uncertainty §25000;* i ::::.c"on 5
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(a] 0. . ks £
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Visible Energy (MeV) B pvibebreccd, et

1 2 3 4 5 6 7 8 9
Prompt Energy [MeV]

= Spectral distortion observed in the 4-6 MeV region (3$ deviation aool—  g" = i:’: fﬁfij )
W. r.t. reactor predictions) % |5030:— l. '. Huber+Mueller (reac. unc.)
§ " = - ILL+Vogel
(‘:‘, 10000 — -:. Measured spectrum
= Several cross-checks have shown: § - " isnomaluedto
ﬁ ~ =z prediction for shape
0 & not affected by the distortion B “._only comparison.
0 No correlation with backgrounds o . ‘
0 Strong correlation with reactor power £ .
; a5 R 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

[5"6&ndication of reactor neutrino disappearance (non-zero &), 101 days
1"#$%&'()%&8(99%8&/. +&,-./-0&/</+./

[5"6&neasurement of & ; using neutron capture on H, 240.1 days !"#$%&8(99%&:&;-<&,-./<0&7"
Direct measurement of backgrounds using "(*2&#"/9[[/ data !"#$%& ()%&*&+;&,-./<0&.JI].I-

Z#8()/P*2EQ0"#:1,6keduction techniques & observation of 6%(2&"*)/,56&#" &&#HLb

MeV
34518&/7.1&,-.170&/7<

M*"5#.6/$(*6:"($(1&6/ #@,with the far detector:
0 !"#3%&'()%&*&+&,-./-0&.1-..4+2&345!&/6/.&,-./60&.+72&!"#$%&8(99%&: &; <l &,-./60&1/
0 High purity IBD selection
0 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:
0 [ RJ/VI['R<;/bl?cNa/,*+6
0 Z,/ND>clb/,*+6
=  MD results presented for the 1%t time at Moriond 2016

Matthieu Vivier - RdV 2017 17



#&*)/&*"0(&I/&; #&*)/&*"0(&EXb/&;
the smallest &5 single neutrino target... the largest & single neutrino target...

S&*&56&526/(1.*12(,/P+*)$H6&/* @ R&H'/?
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IBD candidate selection

Far Detector

Delayed Visible Energy (MeV)

12
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(=]
T 1
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: 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
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s 10 i ML A8 10°
a . .
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IBD candidate selection

Far Detector Near Detector

12"' L P57 ) e BB LA LI | Z8 FA | B B ) LAY S0 8 SR | L g ) T ) F R o A | LA | Mo vy L ELFR) Wxgliool e Wy
S T T BCRABOGa Teed adys S T T T T T oc Keohaem 1o aaye
= . : : : :  Neytrino 2016 Preliminary = o : : : ' Neatrino 2016 Preliminary
-’ 5 : 5 N ¥ H 5 . N = . s 5 5 . F 5 . 5 103
&5 ol o T . >
g | PR : -
Y ol g -
a TR el
> 6|— Ry >
3 [ B ' ®
T | e " )
] 9 ' no 10 ]

: ’ . — B x
| T——
% 8 10 12 14 16 18 20 1 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!
0 The 8 MeV n-Gd capture associated events have low background contamination
0 The 2.2 MeV n-H capture events are highly contaminated by accidental background

* New analysis technique developed: 4"&5@525*%)/Z(:"*)/Z(&HHEE 656
0 Highly efficient IBD selection in the full delayed energy range
0 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
0 U(delay)
0 #&(prompt-delay)
0 #\ (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-
o0 U(delay) ’
0 #&(prompt-delay)
0 #\ (prompt-delay)

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

Bias node :

= Cuts defined upon ANN outputs:

Output layer

[ K [ R< Z

%) LSS OSSN S r T
:1__) : Smnal..lﬁc.(no O8Cl) 8 Signal MC {no osci.) _g 1 05 | ' — é[gnél__Mc (no‘os(,:_i‘.) '
g HHRHE Accidental BG £ e Accidental BG u = E #%% Accidental BG
Y Data w10 = Data w - Data
{acridontat BG subtr,) .77 Data (accidental BG subtr.) 104 4___Data (accidental 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?
o
RL
0.0 0.5 1.0 0 0.5 1
ANN output ANN output ANN output
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ANN performances 7@
e

B(@#"(/422/2:& 4@&ATZI2:&

e & T T T
g IJ = Signal MC (no osci.) g1 500 = == Signal MC (no osci.) —
q 500 L B8 Accidental BG g B Accidental BG
w mmmmn Data [7)] e Data |
0_,) # Data (accidental BG subtr.) 9 | # Data (accidental BG subtr.) |
c i c :
L - Double Chooz Preliminary LLI1 000 | |
1 000 B IBD (Gd+H) L i #\/C%l|#$0@)*+ F

[ R

500l 500

0 200 400 600 800 1000 120C

AR (mm) AR (mm)
(% [ T T 1 1 ' tg‘ [ 1 ' 1
o Double Chooz Preliminary Signal MC (no osci.) o = Signal MC (no osci. )
= 10*F IBD (Gd+H) & Accidental BG E —10*F SRS Accidental BG =
8 u mmmm Data ] g mmmmmm Data ]
= i §  Data (accidental BG subtr.)] = §  Data (accidental BG subtr.)
“— - g -— E
c I c
L LU
103} 10°
g mn
#&ICY " HSBER+F

i

2

102

200 400 800
AT (us)
23

AT (us)
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ANN performances 7@
e

B(@#"(1422/2:& 4@&AYZI2:&
0° T

>1 >10°

[0} Double Chooz Preliminary J (0] 3
‘E_ s Signal MC (no 02¢i)  |BD (Gd+H) ] E s Signal MC (no oeci.) ]
%104 W Accidental BG E| ?00104 W Accidental BG 4
QQ Data ] @ — Duta ]
= |  Data(accidental BG suby ] = }]  Data (accidental BG su

c c 3
w10 E wio

- O0+(/(L("0+/6%(2&":$

ul
2

4))/8(&#(6/*%%)5(y
' 10
L 4 6 8 10 =% % 10
Visible energy (MeV) Visible energy (MeV)
3 T i ] 3 S
=10* ) = =10%E ) E
0 ) W Accidentsl BG E 0 WS Accidental BG E
g i — Data 1 g s Dt ]
w Data (accidental BG subtr.) [72] Data (accidental BG subtr)
210° ! ( E 210° ! ( E
E Double Chooz Preliminary E
s IBD (Gd+H) w
102

102 "HS%&(1("0+/6%(2&":$

4))/8(&#(6/*%%) Y,

15
Prompt energy (MeV)

5 10 15 20
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Matthieu Vivier - RdV 2017 24



ANN performances

)%,3 (.

5
>10° >10° ==
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
c c 3
wi0 wio

(. Accidental background dramatically reduced: ¢aW,*+

n-(Gd+H) analysis gives x 2.5 increase in statistics wrt n-Gd analysis:

"S- /PO($1$'2/(345* '+5

\_ Rgp: CNa>W *+/d/[' ; @>>W,*+/d/Z'/ (after all vetoes) )
§ o e - !25 oL —————— .
g ! W Accidentsl BG g HHe Accidental BG
oS — Data ] Q m— Data :
§ , 03 ]  Data(eccidental BG subtr) . § 1 03 |  Data(accidental BG subwr)
E Double I(;l;o;z(ir:l)lmmary S

10°

15 20 ! 5 10
Prompt energy (MeV)

15 20

Prompt energy (MeV)
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& 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

——+—— FDIData

No osclllation

Best fit: sin "26,; = 0.119
I—] Single det

[T Suppressed systematic uncertainty

+
+F by

Far + Near (818.18 and 257.959 live days)

. - Double Chooz Preliminary

| Il

[ R

1 2 3 4 5 6

Visible Energy (MeV)

Visible Energy (MeV)

=
5 —+— FDIData o —+— FDIlData
S 1.3] s No oscillation B 1.3 No oscillation
g Best fit: sin “26,, = 0.119 '8 Best fit: sin "20,, = 0.119
a l.2 Single o tic uncertainty a 1.2 Single d uncertainty
g [I  Suppressed systematic uncertainty S [ suppressed systematic uncertainty
2 1.1 5 1.1
3 S
e B - S — 8 1.0
o o
=z
Z 0.9 Z 0.9
[ = 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 | | I 1 e) | | |
7 8 1 2 3 4 5 6 8 1 2 3 4 5 6 7 8

sin%(2&5) = 0.119 + 0.016 (stat. + syst.)

r2
min

/Nyos = 236.2/114

Visible Energy (MeV)

B*2EQ0"#:1,6

[/(6&5$*&(

[1@5&/#:&%:&

Z'/(6&5$*&(

Z'|@5&/#:&%:¢

RO

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?
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Data to data fit

1.3 —— FD-II/ND Data
1.4 - No oscillation
ND Best fit: sin *26,, = 0.123

i . Z — [ | Systematic uncertainty / [. R<\W\WZ' \
g 1.1 sin%(2&3) = 0.123 = 0.023 (stat. + syst.)
Z 1.0} 2 i/Ngor = 10.6/38
5 o of " J
w 0.9

0.8}

0.7F Double Chooz Preliminary &\"(6:)8/ 1#&I*@ @ (2&(,/IP+/6%(2&"

0.6 - Far + Near (362.974 and 257.959 days) ,568#"&5#1

: | | | | | |
0. 51
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Visible Energy (MeV)
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JHEP 1410, 086 (2014) —— 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 f : © ]
? i o Reactor 1
RENO i P ] 68% C.L. |
PRL 116 211801(2016) e Y A
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PRD 91, 072010 (2015) i i Arbitrary 5, 3 | 7984 IH |
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sin"26, sin°20,

» DC &; (and accelerators) higher than other & values (2.2%$ tension with DB)

= Redundancy between reactor experiments is @:1,*$(1&*): & is a key parameter for future (p
measurements
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DC &, prospects

1.+6C/\(8C/A(&&CIN>J/
CX>NXF/N?NI>N

I\Dloul;|e (I:hO(I)Z Plrelilmin.ary l(CEIRN Isenl-.il'\all’ Selp.2I016I) — Slgna| statistics - N Ot |im ited 3 nymo re by statistics

—e— Reactor flux with MD analysis

|+ /\(SC/'/Jb/ AUINaN>/
CXINXF/>DX>>J cxsNaF/>Jbigp(Gd) IBD(H+Gd) - Flux (FD-II - ND relative)

Uncertainty (%)
N
N

o .
IIII|IIII

n "H&HL/L:SP(" (in the full NT+GC

15 - Flux (FD-1 - FD-Il relative) ) _
= volume) is the largest systematic
1F Detection uncertainty (embedded in
0 SE ------ Qroeeenr Detection (FD-II - ND relative) detection Systematlcs)
‘ E 2 o —e— Background
C 1 1 e — k s ,
0 300 00 500 800 o BG (after oscillation fit) o Z-VQ7;/>clbl/erelative near/far
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0 Z-/>cN/erelative near/far
DC Sensitivity
o 01020 T T T T
Nsa" 3# %4+ K6/"(6:) &: DC-IV @ CERN Configuration
@ °'°‘81h | improved Proton Uncertainty = DC largely dominated by proton # uncertainty
- 0.016 [N/ \\|- -
0.014 :\ : — 'y - 0 Most conservative assumptions were adopted
- Ly m. > ]
F\ 2995101810107 e e g here
0.012 F(OIZ' N F 550" =
= \ I 0"#8($(1& T
00101 ' CH#"E510F 0 Possibility to improve proton # knowledge
0.008 i T — h 4 - (analysis & hardware)
= : =
0.006 |- I -
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Time since MD data-taking start (years)
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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)):

o

o

Now largest &5 single-detector target

Innovative analysis techniques (4ZZ) 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: 65%&,,f/>cCNNg/>c>Nb

0)

Dominated by proton # uncertainty

0 Work in progress to achieve sin?2&; precision < 0.01
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