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Overview

* Neutrino physics
— Oscillations
— Recent results
— 8., in the global picture

* The Double Chooz experiment
— General presentation
- 0,, measurement and results

— Reactor shape study

* Conclusion and perspectives
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UBLE

Neutrinos oscillations DCO Eme?

Neutrino oscillations — The neutrino flavor periodically fransforms to an other one

— Analogy with quarks (simplified 2v case: a, B =€, |4 0V : @ @
—_—
/ Amplitude of the
d (v 1 % L v e v_transition \
71— “l == Ha af * 1 (=neutrino masses if 1,,=0) @
dt Vg Y Taﬁ K3 I/’ﬁ
\ Amplitude of the v_ & Vg fransition

— Mass eigenstates v, and v, becomes a mixture of v, and v, :

v >\ cos —e sin@\ (|v, >
lve > \e siné cos lvg >
v
— Relations between the mixing angle and neutrino masses :

2 -2
far 09 2|Tag| (MQ) _ (04.:)529 5111219) (ml)
1 — fa g sin“ @ cos“0) \'mo

mmmd P (v, — v3) = sin® (20) sin® ((mg —m3 )

Mixing angle
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Measuring the oscillation

Simplified 2v case: P (va — vg) = sin® (260) sin” ((m% —mji )

Oscillation probability for 2 MeV v, Oscillation probability v, at 1 km

?0 .12 B Simglified 2v cas.le: | ] ?0 .12 B Simplified 2v L:ase: | ]
T = P(v, — v,) = sin*(20) sin’(AmL/4E) T = P(v, — v,) = sin*(20) sin’(AmL/4E)
S 0.1 Plv, —v,) ] S 0.1 s Am? P(v, —v,) -]
D_ : : D_ : ..... _. :
B h = 1/Am? _ B 4 _
0.08f //\\ m //\\ //r\\ ] 0.08f //\\ i
B ] B \ . j
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B & E fixed ] : & ~_ ]
0.04 B € -] 0.04 B & \ ]
B 7] ] B « ]
NN | —
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B ! ] I v ]
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* Oscillation parameters:
— Mixing angles 0 fix the oscillation amplitudes
— Squared mass differences Am? fix oscillation frequencies

* The L/E ratio (+v flavor) defines the observed Sector? Atmospheric, Solar, Reactor
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Measuring

the oscillafion
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Exploring the neutfrino mixing

Oscillation parameters :

e, U 1,2,3

Val, — E UaiViL

Etats de saveurs ; Etats de propagation

Oscillation physics

i0

I 0 0 €13 0 sy3e” co1 819 0
U= 0 93 599 0 ]. 0 —512 €19 0
0 —593 €93 Jsub —813636 0 C13 ub 0 0 1
leading leading
Atmospheric Interference Solar
sector sector sector
Atmos. + LBL (dis.) Reactor + LBL (app.)  Solar + KomLAND

"N IO
U looks like: ( == : )

9, drives this !

e 0 0
0 eiaz
0 0 1

Ovpp

[Double beta decay]

Neutrinoless
double beta decay

Double beta decay
which emits anti-neutrinos

C,=Co0s f,and s, =sin 6,
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Exploring the neutrino mixing

Next important steps: - -
— Mass hierarchy (m,<m.<m, ?), 6,, octant f by

6 Normal - Inverted
-  »
CP .’1'132—— —!?132

» measurement:

2
—imn -

o)

=c

— Matter - anfimatter asymmmetry (leptogenesis)
— CP violation effect proportional to the Jarlskog invariant 4

2
1y

0]

J = 8126128236238136%3 X sin ocp 0

— Observed in quark mixing: buf oo small (J, ~ 3 10°)
— Could be large enough in neutrino mixing
J, ~ 0.12 xX@os 013 Sin@x sin 0 p
~ 0.036 x sindcp

— Need of a model independent measurement, from the difference between an
oscillation and its CP-inverted oscillation.
- Eg:v, » v ,andv, - v_in a long-baseline accelerator appearance experiment

Plvy > ve) = POy > %) - 0.087 o o 0., = key parameter for the feasibility
P = ve) + P = 7) of the future experiments
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GlObOl piCTu [& A.Marrone et al. @ Neutrino 2016

Bounds on single oscillation parameters
(preliminary @ Neutrino 2016)

LBL Acc + Solar + KamLAND + SBL Reactors + Atmos

4 [ T | TTTT | TTTT | T ] _I TT | T A I T 1T | .J TT ] _I T I‘I.l TTTT I TTTT | TTTT
' N . "
L 4 L ] . i L«

I | | | | | | I I-l 1 | Il
6.5 7 75 8 85 2 22 24 26 28

dm%107° eV2 Am%1072 eV?

it -
[0 P I I

1111 111l 1
003 03 04 05 068 07

N ¥ AU B 11
0.25 0.3 0.35 0.01

. 2 2
Since, , sin“0, sin‘0,,

CP phase
O ~ 1.4 af best fit

CP-conserving cases (0, )
disfavored at ~20 or more
Significant fraction of the (0,1r)
range disfavored at >30

923
Maximal mixing disfavored at ~20

Best fit octant flips with mass
ordering

Mass ordering
AXono =31
Inverted ordering slightly disfavored

Timothée Brugiére

IPHC, Strasbourg - January 27th 2017 8



e 13 |m pOCT A. Marrone et al. @ Neutrino 2016

LBL Acc + Solar + KL + SBL Reactors
2.0 e 2.0 prrrrrer , , , 2.0prrrr
15F 15F 4 1sf
\Q [ C i
oo 1.0_— 1.0_— — 1.0_—
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sin‘e, sin‘e,, sin‘e,,
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sin0, sin’e, sin0, ,

0,vs. O,
« 0., ~ depends on 8., in long baseline experiments (LBL)
« Maximal CP? (O, = 31/2)

* 0., measurement (value and error) = critical implications !
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0,, and the mass hierarchy

8., value is large enough to be observed at medium distance from reactors:
— Observation of both 8., and 6., (solar) driven oscillafions with the same experiment

Non-oscillation probability for 3 MeV Ue

Tf 1 — \\/\/\ ) H ¥ Pe=1- C054(913} Siﬂ2(2912) Siﬂz(&zl}
o 0_9; VAR e .
& 0.8f ! — sin®(20,3) sin®(Ag;)
0.7F :
0.6f % — sin?(f3) sin®(26,3) sin®(Ayy) cos(2[As )
0.5; H Sil’lz(glg) .9 . .
0.4f @T sin®(20,3) sin(2Ag;) sin(2|Ag|).
0.3 : om2L
= \ ! Ajj=—2— (dm? =m?—m?)
0.2} 4E, ! /
0.1 Bt e .V.. J
1072 107" 1 10 1|_0(2km)

Measurement of the mass hierarchy independent from matter effects and O,
— not true with acc. or atm. experiments
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Why 8., with reactor experiments’?

* 1980's: Atmospheric neutrino anomaly (Kamiokande, IMB, Soudan)

- v /v_ratio lower than expected: oscillationv = v _?
g " ° H ©

| Air nucleus

\%osmic {e\Y
- If yes: CPT inverted v, - v, should exist at same L/E | 7

02— Reactorv_ ~ few MeV - L ~ few km

1990's: Chooz and Palo Verde tried to observe Ue - Ge
- No significant deficit — sin“20,, < 0.1 (end of 90's)

1998: SuperKamiokande — evidence of neutrino oscillation (atm.)

2002: SNO (solar) + KomLAND (reactor) measure solar oscillations
— Possibility fo measure O, in long baseline experiments if 8., is not too smaill:

sin 26013
1 — ppL

sin 2613
1— p,L

2
Py, — ve) ~ sin’ 023 ( ) — 0.04sind¢cp

— Sign of p, depends on (v, or ;U) and on the mass hierarchy
— Difficult to correct this fake CP asymmetry and measure o, + 8,, with acc. only

2003: measure 8., with a reactor experiment using a 2-defectors configurafion
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The Double Chooz experiment

Aim of the Double Chooz experiment:
— Measurement of 6,, through the observation of v_ — v_ transition according to the

survival probability Am3,L

PL—, i :1—229 in’
o—s De sin“(2613) sin ( 1 E

) + 0(107%) forL/E< 1

* Reactors: Pure Ue, low energy, high intensity (107 Ue/s), “Cheap”
* Short baseline (~ Tkm): no matter effect

E ] lf&mgl 15i1‘1226‘13
o
_g L
0 08 5 ==
s T g
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S 0 =
S r w m
T [ ﬁ n
04 <
1" - E E
ot ~ 1/ U
ul
102

10 107

Unoscillated flux & spectrum
- Cancel flux and efficiency
uncertainties

Oscillated flux & spectrum
- 0,, measurement

— Suppression of systematic uncertainties (<< 1%) with identical detectors
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The Double Chooz Collaboration
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Power plant @ Chooz (France)

2 reactors
2 x 4.25 GW;,y
E 1{]‘_‘1!76 I,I'I.I.-S

Timothée Brugiére

cg 0 s ™ o1 s12 0
0 1 0 —512 (€192 0

—81367:0 0 C13 0 0

<L> ~400m
120 m.w.e

~ 1000 v/day (Gd+C+H)
Dec. 2014

IPHC, Strasbourg - January 27th 2017

<L> ~ 1050m
300 m.w.e
~ 140 v/day (Gd+C+H)
April 2011

Site geometry
(~ iso-flux)




Inverse B decay (IBD)

IBD: ;e +p-e'+n =Pp Cleartwofold coincidence signature

Oﬁlémfmmpt signal Prompt signal:
i * e ionization and annihilafion
g 3 « Energy proportional fo k|
o * e i —E,oney=E, - E,-0.8 MeV
T &
= of % 10-40 keV
SF Delayed signal:
* yrays from neutron capture
- OnGd:8MeV /1~ 30p
- OnH:22MeV /1~ 200p

=100
E ot
é o) {a) v, interactions in detector [1/{day MeV)]
R (b) ¥, flux at detector [10%/(s MeV em™)]
=80 (c)a(E,) [10* em?)
=0 F _

a0 | (a) // \\

E /

Detected Ge energy spectrum (if no oscillations)

E o =
2 3 4 5 6 71 8 9 10
E, (MeV)
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prompt signal: scintillation + e* annihilation d_ela;ed §'|_g naﬁ y ray(s) Er_t:ur;iﬂrr:eut:o_h_-:a}ptﬁre
Eprompt = E(ve) - 0.8 MeV n-Gd Edelayed ~ 8.0 MeV AT~ 30 ps
or n-H  Edelayed ® 2.2 MeV AT = 200 ps

e e |

Gamma catcher:
liquid scintillator PXE (no Gd)

> Inner detector
Buffer volume:

transparent mineral oil
with 390 x 10" PMTs assembly

Inner Veto:
liquid scintillator (LAB)
with 78 x PMTs 8"

Outer Veto: |
plastic scintillator strips

* IBD threshold: 1.8 MeV
* Inert external Shielding: @Far — 150 mm of steel / @Near — 1 m of water
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Outer p-Veto (OV)

plastics-scintillator: strips (—tracking)

Y-Catcher (GC)

~20m? Liquid-Scintillation

Light Buffer

~100m? oil (no scintillation)

Inner p-Veto (1V)

~90m? Liquid-Scintillator

Inert Y-Shield

|5cm steel [FD] / Im water [ND]

23
>
-
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Detector calibration

* Light injection system:
- LED + Fibers

- Multi-wavelength (3 fiber per PMT )
- PMT / scinftillator calibration IV+ID

* Source + LASER injection system:
- Radioactive sources
- Y (©Co, ¥Cs, 8Ge), neutron (?°2Cf)
- Target (chimney) + y-catcher (guide tube)
- LASER diffuser ball

* Natural sources:

- Spallation n capture on GAa, H, C
- a's from ?9Po decays

|| el
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VLI calibration system

* Inner veto:
— /8 PMTs (24 top, 12 middle, 42 bottom)

* |VLI system:
— 84 LED (+ 12 UV)

At least 1 LED / PMT
Low intensity runs — gain calibration
High intensity runs — T, calibration

LED UV — scintillator response

— Gain calibration every week !

HCharge1026 log(Std (DUQ/2)) Graph
2 HCharge1026 — %2 1 ndf 0.007376/ 105
i Entries 15308 L p0 1.061 0.0008141
= Mean 287.4 B
C RMS 2732 C LA 05+ 0
o X2/ ndf 328.9/307 25— 4
[ Constant  1.5e+04 + 1.2e+02 C
B Q 2.729+0.816 B
B G 21.76+0.45 B
= g 168.1£2.9 2
C 0 0.7756 + 0.0994 -
B B 1.667 +0.034 -
100j 1.5_—
C L %
r W Y77 *
50— 1T— * ¥ wF ' ' '
- 1 pe'fit (Polya) - “PTC"curve — gain & linearity
r ' C * ¥
oLl — gain 05 %
ol | Lol [ T T DT B
0.5 ] 05 1 1.5 2 25 3 35 4

log(Charge (DUQ/2) )
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Energy resolution

: : - ' o
* Linearized Np_e; E 1500 -_.0_98 §
N u |
- Gain non-linearities at low charge 1000 o 0961
500 - —10.94 2
: : : 0 4 H0.92 2
* Uniformity correction: . S
N L -500 4 70.-902
- Position dependency of N__ estimation 1006 10 ss §
- Map using neutron captures on H (2.2MeV) _1500F 0.86 j‘;
2000 :GammIaCatchelr I , , 0.84 ‘.:
i 0 500 1000 1500
* Absolute energy scale alignment: o (mm)
- Using 2.2 MeV peak of n from 252Cf
° Time s.l.qbili.l.v (dqtq On|V) % 0.14 :_ ..... e Data (calib. source) _;
. . ' . (_% 0.12 : """" """"""""" """ —e— MC (calib. SOUI‘CB) _:
- Calibrate variation of mean gain € o 10F _____ —=— Data (IBD or spall. n) |
- Weekly and monthly dedicated set of runs S, osk — = MC(IBDorspall.n) |-
s = R
L 0.06 ;_ ......... ............. p (GC7Spa||n) ................. _:
. . I O T I — M GdictCt v
* Non-linearity (MC only) 0- 08 e O U
- Read-out / scintillator model related 002 - L ]
0.00 —_ e

1 2 3 4 5 6 7 8
Visible Energy (MeV)
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Background sources

Accidental BG

05 TIIC [

. — il o
T t T

Correlated BG

Fast neutrons

-0 S ITIIC |1

Stopping n

~
a Radioactivity from materials Neutrons from cosmic 9y /8
£ PMTs sur);"oundin rock ' spallation gives recoil Cosmic u entering from Electrons from °Li/*He
o , (208T]) g protons (low energy). the chimney. B + n decays.
m .
- J
( i a
Neutrons from cosmic u Neutro?s from cosmic Neut p ILi/eH
@ | spallation captured on Gd/H, spallation ca}ptured on Michel electrons. +eu gons rom °Li . e
) or v like prompt fake signal in Gd/H, or y like prompt p + n decays captured on
e case of H analysis. fake signal in case of H Gd/H.
\_ analysis. )
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DC Singles“selection

Veto on single triggers:
* Muon veto
— No triggers 1.25 ms after a muon
* OV
— No coincidence with the Outer Veto
* Li+He veto
— Likelihood trained on '?B : 50% rejection
o \/
— No coincidence with |V activity (fast n, stopped u, 7y
scattering)
* FV+CPS
— Stopped u rejection
* PMT light emission
— Rejection based on PMTs charge/time distribution

IBD candidates selection:

Prompt energy (1, 20) MeV

+ Isolation window (prompt) (-800, +900) us

+ Multivariate cut = Acc. vs. corr. events ID, see next slides
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DC IBD selection

Delayed Visible Energy (MeV)

-
N

-
[=]

Far detector

ST DC-IN-IBD(Gd+H) - 864 days

Negtrino 2016 Preliminary

4 6 8 10 12 14 16 18 20
Prompt Visible Energy (MeV)

Target:
- ~ 8t
« Smallest 8., farget

10°

10?

10

1

Delayed Visible Energy (MeV)

-
N

Y
[=]

Near detector

! ' DC-!_V-IBD({EMH) -' 346 da{ys
Neqtrino 2016 Preliminary

8 10 12 14 16 18 20
Prompt Visible Energy (MeV)

10°

10?

10
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DC IBD selection

Far detector Near detector

"0 DC-N-IBD(Gd+H) 1864 ddys 10°
Neugtrino 2016 Preliminary

-
N

-
N

LI B S S L B L
: : : DC-#V-IBD({Ed+H)-_346 days
Neqtrino 2016 Preliminary

10°

-
[=]

Y
[=]

10?

Delayed Visible Energy (MeV)
(-]

Delayed Visible Energy (MeV)
(-]

10 10

10 12 14 16 18 20 | 8 10 12 14 16 18 20 |
Prompt Visible Energy (MeV) Prompt Visible Energy (MeV)

IBD (Gd+C+H)

- “7 Target:
Target: b "-Il- * ~ 30t
. ~ 8t ‘I ‘ 1  Largest 6,, target

target

(for single detector)
* Gd-fraction independent
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DC IBD selection

Far detector

- —
(=) N

Delayed Visible Energy (MeV)
(-]
| L [ LI [ LI [ LI

arrrorsrannaraaeaas’  Iieluuia N
i Negtrino 2016 Preliminary

10° - —

10 | -

—— Accidentals (data}' ]

{ ]

=P

Ll ol ]

H 3 R

o
N

RN AR, P
8 10 12 14 16 18 20
o o ©

Prompt Visible Energy (MeV)

+2] L] L)

IBD (Gd+C+H)

Target:
- ~ 8t
« Smallest 8., farget

=

<
W

Rate (day)/250keV

.01

Target:
* ~ 30t
 Largest 6,, target
(for single detector)
* Gd-fraction independent

* But large accidental
conftribution around 2eV
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DC IBD selection

* Accidental rejection —» Mulfivariate analysis (ANN) to reject random coincidences

I15u

Double Chooz Preliminary

Signal MC DCIll (n-H)

'gnat: = IBD signal
* Peak @ 2.2MeV > 2.5] O (correlated)
- :‘.T) o 100
* Short AT <
* Short AR 2,
2
= 800
Double Chooz Prel 00 400 0 )
ouble Chooz Preliminary mm
Accidental BG DCHIl (n-H) 0 AR (
=
v 3
% =
> 2.5 N : .
> 7 :Acc. BG 1o Accidental BG:
5 3 S s m‘ * High contribution @ low energy
D 1.57 ' * Flat AT
2 . 5
= 800 * Large AR

600

4 400
?hé{,g) 200

0 o 200 4°° onm)
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DC IBD selection

* Delayed energy:

Signal MC / DATA / Accidental BG

10°

8

Before ANN

% IDulubI; C;Iuolz Prlellnl'lln:;ry I— SiulnaIIMc I(no Ioscil.)
=1 04 IBD (Gd+H) Accidental BG -
1_' e Data B
% §  Data (accidental BG suhtr%
210° FD-1,
c 3
C 35
L

10

Visible energy (MeV)

* Prompt energy:

> T ‘ T T T T | T T T T | T T T T ]
2. b FD-I ]
) = Signal MC (no osci.} E
ol W Accidental BG 7
cs e Data .
‘% 1 03 §  Data (accidental BG subtr.) _
% Double Chooz Prellminary E
w IBD (Gd+H)
10°

20

After ANN
S fH-peak Do ]
__g: E T m (accidental BG sul}tri
@103; FD-1] _
2l IBD selection uses all captures:
102k

on d, C and H.

—
o

+ -
4 6 8 10
Visible energy (MeV)

After ANN
T e D] Acc.BG:

W Accidental BG

e Data

= ] ¢ ~4/day (FD and ND)
1 IBD (GD+H+C):
« ~ 140/ day @ FD
+ ~ 1000/ day @ ND

) X 2.5 stat. compared to Gd+C
Visible energy (MeV)

3

Entries/0.25MeV
=

2
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B& control

. \H-\**:%_

10 é\\ *”

1

'
o E (MeV) before / after all cuts:
—delayed
| DC-IV-IBD{Gd+H) 481(SD)+384(MD) days DC-IV-IBD(Gd+H) 481(SD)+384(MD) days

> 1 PRELIMINARY (CERN seminar Sep.2016) > 1 PRELIMINARY (CERN seminar Sep.2016) |
> —— FDI - IBD(Gd+H) (no cuty j > 10° 5y~ NDLIBD(Gd4H) (no cizy i
= 10° = &~ FDIi= IBD(Gd+H) (all cuts applied) E > E A ND - IBD(Gd+H) (all cuis applied) E
— u —— Rejected events . — " B & —— Rejected events n
=) 0 ] o 10°Efia E
o OE & | P Fla a ]
2 1 B ] o L rlA T
= 3 * ™, s 10°E i E
c 10° e e M E = g E
w 18 E w 7

Ty

A

p
[ o
Ll

>

-4
LU

11002E\ X
FD-II | ND

-1 i
2 3 4 5 6 7 8 9 10 10— 3 4 5 6 7 8 9
Visible Energy (MeV) Visible Energy (MeV

| gl INEEETITT

10t L

0

~—

* ND FD comparison:

DC-IV-IBD(Gd+H) 481(SD)+384(MD) days

> PRELIMINARY (CERN seminar Sep.2016) ]
g 107t ! ﬁ 4 ND-IBD(Gd+H) é
~— S " 4 FD-IBD(Gd+H) ]
S i ; . .
g After all vetoes (per detector)
= - Iy . ' '
N - After full calioration (per detector)
.4 ND %
107k * é =
10_5 E !
- u | Integrals normgalized

2 3 4 5 6 7 8 9 10
Visible Energy (MeV)
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B& control

* At (prompt = delayed) (§) before / after all cuts:

|DC-IV~IBD(Gd+H) 481(SD)+384(MD) days |DC-IV-IBD(Gd+H) 481(SD)+384(MD) days
‘g- 1 04 PRELIlﬂﬁ\R‘J #CEHN seminaﬁjg?gg_lgg —l ‘g' E PHELIM&_AI@!B(&%EN seminar Sep.2016) _E
:5 R # FDIl - IBD(Gd+H) {all cuts aplied) \u; Nl A ND - IBD(Gd+H) (all cuts applied)
@ R Rojocted.ouent 3 o 10 —— Rejected events E
T 10°L . c o ]
[IT] ) E L 1 03 ‘E et - =
¢ : g 3
107 E i ]
2 3 10* 1
10 3 E 10 ; ~
[ 11 i |\|
1E FD';II anl e [) I
10tk i 107 -
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Time difference Prompt-Delayed (us) Time difference Prompt-Delayed (us)

* ND £D comparison:

DC-IV-IBD(Gd+H) 481(SD)+384(MD} days
%) PRELIMINARY (CERN seminar Sep.2016) |=
= = A ND - IBD(Gd+H) ]
.8 4 FD-IBD(Gd+H) i
£
Yo X After all vetoes (per detector)
Y
- ND ND ~ FD
1073 Integrals normalize

N
o

40 60 80 100 120 140
Time difference Prompt-Delayed (us)
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Remaining BG

DC-IV-IBD(Gd+H) 481(SD)+384(MD) days
'RELIMINARY (¢ i 2016)

ERN seminar Sep.2016)

fit

tq Rat
A ND IBD(Gd+H)
D oredln

[
ccidental BG
EZ2 °Li+ *He BG

B
Fast-n + Stop-u BG

N\ AN
Nnna MM

ﬁ | DC-IV-IBD(Gd+H) 481(SD)+384(MD) days
H > T T 1 PRELIMINARY (CERN seminar Sep.2016) |—
i 2 rior to Rate+ aeii
_______ = 10% = Ihl. PA !‘:D?BI‘)'(G%EE; =
L‘N‘f - -!"‘I. —+ i.BDErec,"?';f (ng oscillation) + BG ] >
S \i Egteniy e : F\
(%) Fast-h + Stop-i BG Q :
2 2 i
E 103 L% 10 g
d+C+H) 10 )
107 A -
2 4 6 8 10 12 14 16 18 20
________________ Visible Energy (MeV)
Remaining BG contributions (irreducible BG):
~1000 IBD ~140 IBD
candidates/day  candidates/day
prompt delayed @ND (day') @FD (day")
°Li e +0a's N ~11 ~2.5
Fast-n p-recoll n ~24 ~2.5 4
Accidental radioactivity radioactivity, n, '?B, ... ~3 ~4

V\

* Ofther contributions (stopped-u B, BiPo, multi-captures) — all negligible !

* BG model confirmed by reactor-OFF data

) I N y
40 50 60 70 80 90 100
Visible Energy (MeV)

Hspallation correlated
production (~50% vetoed)
o(BG)/S = ~dominant

ptagging (IV+check OV)
up to 100MeV
o(BG)/S = ~small

OFF-time coincidences
o(BG)/S = ~0%

-l

G(BG, )/S ~0.2% @ FD
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IBD vs. fime

DC-IV-IBD(Gd+H) 481(SD)+384(MD) days

2 reactors ON

1 reactor ON

% T I PRELIMINARY (CERN seminar Sep.2016)
° 1000 A7 ND iBD(G i
> -
E — —  NDMCan ;
B : Iy,
800 \4 I} KT u' !
: " + +
600 . |
ND | | |
[ T+ i
400 y
__ 3 4 A
200 |-
[ 4 A
4
400 1450 1500 1550 1600 15=50 11'=00 1750
DC-IV-IBD(Gd+H) 481(SD)+38a(MD) days
> =5 T PRELIMINARY (CERN seminar Sep.2016) |=
5] — g —]
° 180 — ¢  FDIIIBD(Gd+H) : —]
o — [ | | T | —
© 160 | — FDII MC anti-v, TBD(Gd4 —]
o — T r [ ] —_]
140 b ]
120
3 4
FD-11* LI AL il y Lt
I | [ I I | L T
8o = t +
60 |- + —]
— + p —_
4 0 [ 1 + 1 p—
20 [ f =
- 1;F 1450 1500 1550 1600 1650 1700 1750 1800 —
Time (day)

* ~ 140 events / day in Gd+C+H analysis
* ~ 580 events / day in Gd+C analysis
* ~ 0.2% stat. error on the final result

+ FD-1 DATA (~3 years)
~ 210 000 IBD candidates @ND
~ 90 000 IBD candidates @FD
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DC-IV-IBD(Gd+H) 481(SD)+384(MD) days DC-IV-IBD(Gd+H) 481(SD)+384(MD) days DC-IV-IBD(Gd+H) 481(SD)+384(VD) days
> 1 PRELIMINARY (CERN seminar Sep.2016) -: > r 1 PRELIMINARY (CERN seminar Sep.2016) -: > F 1 PRELIMINARY (CERN seminar Sep.2016) ?
54000 &n Prior to Rate+Shape fif 1 §3500 F :hj Prior to Rate+Shape fi §3000 : ﬁg: Prior-to Rate+Shape fi
0 .kL A NDData ] 0 F ¥ FDIData 0 F [ 5.‘ ¢ FDIl Data 1
32000 ~}-1BD prediction (no osci +BG-—] g3000: —} IBD prediction (no osci +BG 22500* J K —— IBD prediction (no osci +BG
= [JaAnea ;25001 [ AnBG B F Fr ql [ anee ]
_goooo ] i FL 1 £2000f
uigooo ] 12000 *J !l: ] | s |:
1 F o a E o Y 1 |
- B o - - 1 1500 3 -
6000 [ 4 -li ND 1 1500 F D ! = E. 'Lh w=il
4000 f Hﬁﬂ E 1000 f !hi f £000 ; L! e
oo N ~200kIBDs| | % ~40kIBDs | .| % ~40kIBD
B ] FG ] Fi a
2 4 6 8 10 12 14 16 18 20 2 4 6 B 10-12 -14- 16 18 20 2 4 6 8 10 12 14 16 18 20
Visible Energy (MeV) Visible Energy (MeV) Visible Energy (MeV)
— 3 x SD-fits (MC) + MD-fits (inter-detector correlations)
= c c
L2 1.3 —+— FDIData o —+— FDIData o —+— FDIIData
B eI No oscillation B 1.3 No oscillation B 1.3 No oscillation
s 9 Q
8 Best fit: sin“26,, =0.119 8 ——— Bestfit: sin ’260,, = 0.119 E Best fit: sin °2¢,, = 0.119
& 1.2| [ single detector systematic uncertainty o 1.2| [ single detector systematic uncertainty & 1.2| [ single detector systematic uncertainty
g [ suppressed systematic uncertainty ] Suppressed systematic uncertainty c I Ssuppressed systematic uncertainty
R - 9 0
@ 1.1p + = 1.1 = 1.1f
= N + = =
g +F 0 S
(? l . 0 - g l . 0 ....................................................... 8 1 0 __________________________________________________
& | & 3
=z i =z 3 zZ
-E 0.9} — 0.9 — 0.9
c o
5 ND 5 :
c 0.8 w 0.8 w© 0.8
% p Far+ Near (812.18 and 257.959 live days) e Far + Near (818.18 and 257.959 live days) 2 [ Far+ Near (818.18 and 257.959 live days)
L L. ()] B @
_8 0.7F Double Chooz Preliminary 8 0.7F Double Chooz Preliminary E 0.7 L Double Chooz Preliminary
o [ | | | | | | o) [ ! ! ! ! ! | Tl | | ! | | |
t1 2 3 4 S5 6 7 8 1 2 3 4 5 6 7 8 ° 1 37 3 4 5 6 7 8
Visible Energy (MeV) Visible Energy (MeV) Visible Energy (MeV)

sin?(20 )" =0.119 £ 0.016 (/ndf=236.2/114)
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0,, Rate+shape fit results

DATA/DATA fit:
— Cross-check / validation L | e ——
— FDII/ND fit: 1.4( - No oscillation
« sin2(20, )% = 0.123 + 0.023 1.3 ND Best fit: sin ?20,, = 0.123
. X2/ ndf = 10.6 / 38 . _ [ | Systematic uncertainty
1.2F
T 1.1 :
< 1.0
* Large x2 / ndf when using MC: uc_‘E 0. 9f
— Mainly due to distortions in the .
spectral structure (large deviation 0.8 :
wrt ILL-based model) 0.7 Double Chooz Preliminary
0.6 _ Far + Near (362.974 and 257.959 days)
0.5 : | | | | | |
* Too good x2 / ndf for data-to-data fit: 1 2 3 4 5 6 7 8
— Systematics estimation too Visible Energy (MeV)

conservative?
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Comparison to MC

— 2 main issues when data from reactor experiments are compared to the model:

* Rate is lower than expected by ~ 6%: (reactor anomaly)

1.2 T T T 1T

1107

0.9

0.8

0.7

ESSS==—=

0.6

Observed/Predicted Ratio

—— — -No oscillation

0.5

M Experiments
04||||T |F|)|||||| | ||||||||
i 0

1 ________

With oscillations (3 active v’'s + 1 sterilev)

I|I|I|J|I|I‘I|l

| IIIIIII| | IIIIIII| | IIIIIII| EHEERAN
5

10 10' 10

10° 10° 10 10°

Reactor To Detector Distance (m)

* Energy shapes are not consistent: (5MeV excess)

Double Chooz

1.5 —— H-lll data

1.4 —+— Gd-lll data
o * " :
o -~ No oscillation
B 1.3| [ H-l systematic uncertainty
g Gd-lll systematic uncertainty -
o 1.2 e ]
5 E =
2 1.1f ) | .
s L.1p 4 o+ |-
%10k LT Ll T E
31.0 |‘“’+ o :‘ i
2, 9f %#i;ltiitﬂ 1107
c e dhs
i i |
£ 0.8F
s E
30.7
o

0.6

| | | | T
2 3 4 5 6 7 8

Visible Energy (MeV)

B

Reno arxiv:1610.04326

O oaF i
= o 1
= 0.1F : ﬁ+—+— + -
(| £ T NPROU M =S
s=00F e
8 1 2 3 4 5 6 7 8

Prompt Energy (MeV)

v sterile?

Daya Bay arxiv:1607.05378
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o
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Ratio to Prediction
e
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1 8
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How to build v spectra?

Reactor cycles @ Chooz power plant:

1III".'I_'1'}T
0|
T o)
O 2l
g ™
% m;.--' """'h_.-
g F.'I! -= :.::l-
2 = ri—tesr
i .-'n? : EER
A1) jpr— .
WE;'......
€ =
R T
§m |~ Y
B oef | 238
E’ sof |
§ o~
5§ W |
A ey
b 10 e -
i 50 100 150 200 250 300 350 400 450

days
* 4 main isotopes in reactor fuel
- 235U, 238U, QSQPU, 241Pu
* Need to know the v spectrum of each one
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How to build v spectra?

The summation method:

) ¢!
©O—»Neutron pr )g
@, Electron » ce 1@0\‘ — 1 - WRY
‘.« Anti-neutrino a — 2 - EY
- Lasgg e . . ) 235U Thermal | — -
= [ & A Weighted sum of contributions (@) — -0
Laag o / (some loss) H _E 101 :lﬁ '9:]-P:h
9. o %_, of each decay using nuclear 3 T
236U ZJBU = o )
o++@—>@—> m—»w+@»@+ data bases (JEFF, ENDF) 3 -ty
* e > TR — -
o) \ > — #12 - M4RD
\ o, . s
k@ @ P. Vogel et al, Phys. Rev. C 24, 15643 (1981)  § —wu-sov
\ N2 - T
89RH ao_‘ @ . 104 b :::g ‘1;2;.:!
V 3 N “*Np j —— 20 - 143Cs
SQSI‘GO‘ @\' Ti;ﬁ
w'in; f @ . 1 . I. am 4.00 500 E 7.00 - &.ﬂﬂ- 9.00
Electron Energy (MeV)
The conversion method: 3
B spectra @ ILL (80's) :
3 ] ol
= —::=::= pspectra 3 1045
2 = | Fit with aset of hypothetical L. r
o = E decay branches . B———
10° é _:EE: é > 10"
- [—241pPu “+ | + Effective Z using nuclear data as
10% -3 o= H
—EEEAL “.1  afunction of end point energy . .. 30 effectives
sl |—235U
b 1 . ——ra branches
B R S S S S— i ——— 2= prancn
prinetoeneray M) b Hubert, Phys. Rev. C 84, 024617 (2011)  ~ ~ = = % 7 sancanersy e
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Build the DATA/MC ratio

DC-IV-IBD{Gd+H) 481(SD)+384(MD) days
PRELIMINARY (CERN seminar Sep.2016) |=—

Prior to Rate+Shape fit
A 'ND IBB{Gd+H)

IBD prediction (ne osciliation) & BG- ]
m EE2Y-Accidental BG

L2 PLi+ "He BG
~J Fast-n & Stop-ii B¢

ul

e R
DATA -Backgrounds ( Acc., °Li, fast-n)

(Area normalized to 1)

Entries / 0.25 MeV

Oscillated MC (+ Fitted non- Ilnequty)

\ (Area normalized to 1)

2 4 6 8 10 12 14 16 18 20
Visible Energy (MeV)

DC Preliminary

1.15
* Area normalized to 1:

— Shape only analysis (no rate effect)
* Only statistical error reported here

1.05

Observation / Prediction

L e T
LA 1

0.95

TT T T ] T T T T ] T T T T T TT71 b‘ T 1 1] 11711
Hi

-+—II

+

—r—

i

|
\II\\I\III\II\I\\\I\l\l\l\l\l

0.85

=
N
w
-3

5 6 7
Visible energy (MeV

~— o

Timothée Brugiére IPHC, Strasbourg - January 27th 2017 37



Build the DATA/MC ratio

DC-IV-IBD{Gd+H) 481(SD)+384(MD) days
PRELIMINARY (CERN seminar Sep.2016) |=—

Prior to Rate+Shape fit
A 'ND IBB{Gd+H)

IBD prediction (ne osciliation) & BG- ]
m EE2Y-Accidental BG

L2 PLi+ "He BG
~J Fast-n & Stop-ii B¢

ul

e R
DATA -Backgrounds ( Acc., °Li, fast-n)

(Area normalized to 1)

Entries / 0.25 MeV

Oscillated MC (+ Fitted non- Ilnequty)

\ (Area normalized to 1)

\ -

2 4 6 8 10 12 14 16 18 20

Visible Energy (Mev) & **F 0T Tt ;

51.15} |

* Area normalized to T1: £ - -
— Shape only analysis (no rate effect) s } H— ! I

iati ©1.05( o i o e .

* Only stafistical error reported here e I _+_'+' T I -
« Need also to compute the syst. errors g B — LTINS T _+_
associated to the knowledge of the shape: 0.95[ + o ]
— Reactor model 0.9f .

— Backgrounds 0850 AR S SN A :8

— Energy correction Visible energy (MeV)
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Shape errors (After fit)

* Rector and background shape errors:

Gdpp: reactor shape error Gdpp: bg shape error
c 1l.2¢ Atter o, FIT] all dat i c 1.2r Atter o, FIT] all dat Lalimi
'% E Sh:peIOnlv .:naI;sias DC Prellmlnary: % E Sh:pe-OnIy Aanalyasias I)C PI e“ml nary;
21.15[ ] 51.15[ 7
(0] - s Reference y=1 - o - e Reference y=1 -
o N B reactor 1o shape error ] o N I bg 1o shape error ]
— 1.1} ] ~ 1.1 ]
C = - [ B .
.2 - ] .2 - ]
©1.05f R ©1.05F .
> u c B -
2 e _* s | .
0 1 o 1F
@] B O B ]
0.95F i 0.95F .
0 . 9 - [ Y [ 1 . 0 . 9 - D [ .
- Reactor shape error i i BG shape error i
0.857 2 3 4 5 6 7 8 0.857 2 3 4 5 6 7 8
Visible energy (MeV) Visible energy (MeV)
* Energy correction + associated error propagation:
Energy correction vs. Visible energy Gdpp: energy shape error
‘_1'05: ter 6 , all data H H _ = 1.2 = After 0, FIT, all dat: H
%1' 0al e ms_ DC Preliminary: S : e orer e, DC Preliminary-
= E —— Applied energy correction E -5 1 * 15 — . rén .
§1-03¢ W ooy coeton E £ F M cnovay 1o shape error :
g1.02f ; T i :
ey - = _9 — -
ol-01f - ®1.05)
> = = =
9 1 m ] GLJ -
0981 E 0.95} !
0.97f ] - . -
0.96} Energy corr. vs. E - °-°"Energy corr. shape error -
0.95;—— 3 4 5 6 7T 8 0.857 2 3 i 5 6 7 8
Visible energy (MeV) Visible energy (MeV)
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Reactor spectral distorfions

12— Shape-only analysis
e oy SHIRATYY - HATA and MC spectra normalized to 1

Ratio is not flat
— Distortion relative DATA/MC
Not a stafistical patftern

Observation / Prediction

Observation / Prediction

0'351: 2 3 1 5 6 7 8 2 3 1 5 6 7 8
Visible energy (MeV) Visible energy (MeV)
/b\ o After o,_ FIT, all data . . E ’6\ L After o] FIT, all data - - R
T—!; & ND I;I;I(:;d:H residuals: DC P'e rinar y7 T_l; S " . I;[;;:m; residuats DC Pi‘e i“ﬁii‘lary
3 4 SRR ] Same features observed R e ]
= : in ND and FD s 2k
g (possible combination) g
f : —af
. ND ; But: . FD f
1 ‘2 3 4 5 6 7 8 . 2 3 4 5 6 7 8
Visible energy (MeV) Shape only paradigm allows only Visible energy (MeV)
c 1.2 fter 6, FIT, all data ] 1 H H - H H c l.2¢ Bfter 6, FIT, all data ]
£ .| ==& DC Preliminary] limited interpretation with possible ¢ "t =wiii  pc Preliminary]
o T L i . i . LIS i e e ey ;
& L) B oy ey arer ] risk of misleading! & ey erer ]
Si.03) —— |  Final conclusion depends highly of §i.osf —t— :
§ rpm— __ the normalization strategy! § _-
0.95 .95} 1
NI ] Cr . . ]
> ND Biased binning I ru Biased binning -
0.85] 2 3 r 5 6 7 8 85— 3 1 5 6 T8
Visible energy (MeV) Visible energy (MeV)
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Scaling with reactor power

* Data are split in 2 samples:

1000

Rate / day

<+ 2reactors ON
(2R)

800

N D 600

400

et 1 reactor ON
(1R)

%)
/.
="
/
B
e

200

i

-
gL

@

* Next Shape-only'DATA/MC ratio are computed for each case
Goal: Check if the distortions come from a reactor effect or from an external source

* If distorfions are related to the reactor signal:
— ratio is expected to be the same in the 1R and 2R cases

* If distortions are due to an external conftribution:
— larger effect expected in the 1R case (~2x less signal compared to 2R case for

a consfant unknown background confribution)
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Scaling with reactor power

After 0., FIT, 1R vs. 2R comparison for ND and FD

Shape-Only Analysis
— 0 . 1 6 I I I I I |

9 14 u NI} IEID{qu-H] 25aﬂday5 FD IBD{GI:I-n-H} a1azdays -

Observation / Prediction

0.9 0.06 S O e S SaT Vb —
S D e sy A S My | I : : : : : ; : 5 : : 5 L
Visible energy (MeV) o.04 1 SR S S S S TS S SR S S e S—
0 . 02 __ ................................................................................. :. ............ . —
— ' DC Prellmlnary —
0 | | | | | | ] | I | | I |
ONE ONE TWO ONE ONE TWO
+THO +TWO

Number of reactors ON

— Features scaling fractionally constant with the reactor number (reactor power)
— Statistics for 1 reactor ON is low: should be improved soon with latest DC data
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Scaling with #°°U fission fraction

f L’ 2 bins
5000_ 1
w000
3000;‘
2000E ’-LJ

1 000: ‘High Low
| Burnup Bumup

Number of expecled evenls

U. L [ I R ca IR -
0.45 0.5 0.55 0.6 0.65
Weighted *U fission fraction

« High « Low
burnup » burnup »
235U 49.6 544
238U 8.7 8.8
239Pu 35.2 31.3
241Pu 6.5 5.5

Fission fraction

§0.1
o
E
3 0.
=
o
w5 0.0
)
N
=,
0.0
£
£
§0.0
3]
E
2 0.0
8
a

o8]

=

o0

(o)

'8

8]

[
N

-

P

ul
T

Observation / Prediction
-

0.95 Fi : d

DC Preliminary

: 2 . - 5 Visiblienerg7y (MeV)
- ! ! ! 5
:_ND-IBD{Gd+H) ......... ............................. _:
= 258.Dday5§ 5 5
: . DC Preliminary -
i | i | | i

Low High

Burnup

* Split DATA in fwo sets as a function of the fission fraction in reactors

— No effect seen

— Buft sensitivity too low, need more stats fo split the in more samples
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Reactor spectral distorfions

c 1.2¢ hfter 6, FIT, 2l dat ]
[} ShQPe'only: :él 155 Shapa‘anlyA ly: E
— Data and MC spectra normalized to 1 E,,l SHEEE. + ]
* By definition, in absolute over the energy range: g1. f ity )
— Integral(DATA) = Integral(MC) 5 i
0. -
— Integral(Excess) = Integral(Deficit} ! N ND shape-only ]
: SETR : F DC Preliminary i
— Values of the ratio depend of the statistics in the bin sty —1 =
o BuI‘ Visible energy (MeV)
' c 1.2 R, i aoa ]
— What happens if | use a normalization? T §
— What is the real problem? Deficit? Excess? Both? EE (R °"°;-+-'+'-+-_+__+_ ]
= =gy ' . . . ;(31.05:_'_ A |
— "Excess’and " Deficit’nofions are driven by normalization  § e
. . . 8
— In shape-only analysis, only distortions remain ! 95|
P 4 4 y ’ 95; ND w/ B4 norm. 1
e DC Preliminary g
* ConCIUSIon B : : ! ® Visiblee energ:/ (MeV)8
- In Shape only, some characterizations of the distortions canbe 5 *-2—wmam——— ]
done: scaling with reactor power, fission fraction dependence, ... $°F =iEEE. ]
- 1.1F ]
& F DC Preliminary |
T1.05)
— But normalization + shape is a must for physics interpretation, g 1
T . . . - 4 |
and the uncertaintfies associated to the normalizafion has to be 0-99 SN B S
. 0.9f  ATE g
taken info account., el ND w/o B4 norm. ]
e § 2 3 4 5 6 7 8
Visible energy (MeV)
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Comparison with DYB and Reno

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

O - DATA/MC ratio compan{ison N O I~ DATA/MC ratfo compan{ison n

§ 1 2 | W neutring Ij.ux__gp_gq:t_r_g different.in DE.(Haag) and DB/Reno (Huber) N § 1 2 [ .U neutrino .f.l.ux..spe:.i.ra..:!i!f.ergnt..i.n.D > {Haag) and DB/Reno (Huber) ]

:E * |- — different reactor fuels ] ; * |- — different reactor fuels ]

= - @ Double Chooz (shape only) + — N — [~ @ Double Chooz (shape only) — ]

o " = DayaBay n DC Preliminary; © B DC Preliminary]
O arxiv:1607.05378 | ()] m . Daya Bay |

o 1.15[ 4 1 P 1.15 arxiv:1607.05378 T 2

= B 4 3551?10 04326 + T = B A RENO {modified for shape only) + —

C(CU B ==+ AReno normalization value + +~+ ] &U arxiv:1610.04326 + ]

1 . 1 — DE to syst-error 1 i | 1 . 1 -la-syst: error

- fr* +4f ! ] ]

1.05f i* 4"%* 1.05f -

1 1 "

0.95 0.95 —

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Visible energy (MeV)* Visible energy (MeV)”
* can slightly differ from one experiment to another due to detector effects * can slightly differ from one experiment to another due to detector effects

Consistency between Double Chooz and Daya Bay results !
— Not trivial: 8, correction, background, energy, ...

Due to the normalization used, RENO points are close to 1 up to 4 MeV
But better agreement with RENO when area are normalized to 1 (for E < 4.5MeV)
Some discrepancy remains with RENO around 5 MeV:

— DC and DB reactors are similar (Areva), not Reno reactors

— Reactor fuels? Other?
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DC vs. DYB

m 1l.1p -
> — Z ' . . '
N1.08F . 1D residuals distribution
5 1 - ® Ratio of DC ratio / DYB ratio = E—
¥ B ratio from-arxiv:1607.05378 rr_res
()] 06 n v2 (stat.) / ndf = 23.1/23 (p-value = 0.454) v E w - Enfzgss " 14@;
01.04 : # — '% 6 ) RMS _0:9703
- _ _ [ [~— (DC ratio / DYB ratio) residuals ]
&U 1 . 02 - | _ = 5i DYB ratio from arxiv:1607.05378 DC Prellmlnary:
3 '_L | &= -9 = E 7
1 - + | J + | A = - 4i
0 . 98 - f | + o —.—_._ - 25
i . B K
0.96F + - 15
0.94F | +— ; |
- - Q0 -8 -6 -4 -2 0 2z 4 6 8
0.92 e — Normalized residuals (o)
- DC Preliminary-
0.97 2 3 4 5 6 7 8

Visible Energy (MeV)

* DC and DYB ratio in remarkable agreement given the possible
sources of discrepancies!
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Conclusion

8,, measurement:

e W

Double Chooz has now ifs first result using the 2-detector configuration
— sin?(20 ,)**° =0.119 £ 0.016

* Work is on going to understand the x2/ndf
* Publication planned soon

Reactor shape study:

* Double Chooz results (as other experiment results, even if it's not express in the same way) point
tfoward a correlation between the distortion of the rafio and the reactor power:
— This correlation with the reactor power disfavors the possibility of an unaccounted

background component and points towards an unaccounted component of the reactor
flux.

* Consistency between DC and DYB spectra has been demonstrated.

* But shape-only analysis is inconclusive (and risk fo be misleading) on the existence of an excess
or a deficit when we compare DATA and MC:
— Normalization information must be articulated to allow a full intferpretation of the data.

— Work is on-going to provide further informnation on the spectral distorfion (upcoming
publication).
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Perspectives

Double Chooz will confinue to take data for 1 year and the decommissioning should start by the
end of 2017
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— Photon counting . :
— Robust baseline estimation T nee W doting st e
— More information (time info per pe)
— Remove most of the non-linearities
— Work on-going and first results expected mid-2017
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Reactor shape study:
* High precision quantification on-going
* Rafio using Hubert + Mueller modeling (instfead of Hubert +
Haag, for comparison with DYB)
* Test of the new model proposed by A. Hayes
* Comparison with very short baseline experiments (Neos, ..)
* Unfolding, ...
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DOUBLE CHOOZ
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