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Neutrino oscillation
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Neutrino oscillation

PMNS mixing matrix
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PMNS matrix is unitary :
reduction of parameters to
3 mixing angles + 1 phase




Neutrino oscillation

PMNS mixing matrix
(Pontecorvo Maki Nakagawa Sakata)
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PMNS matrix is unitary :
reduction of parameters to
3 mixing angles + 1 phase
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§ : neutrino/antineutrino asymmetry (CP violation)



Neutrino oscillation

PMNS mixing matrix
(Pontecorvo Maki Nakagawa Sakata)
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PMNS matrix is unitary :
reduction of parameters to
3 mixing angles + 1 phase

Ve 1 0 0 costy; 0 sinfyze cosfip sinfis 0 2

Uy | =10 cosbtlas sinfos 0 v 1 0 —sinfyy cosbis 0 Vo

U 0 —sinfyz cosbys —sinfi3¢® 0 cosbys 0 0 1 V3
atmospheric sector accelerator/reactor sector solar/reactor sector

m Oscillation experiments optimised to study mixing between two states :
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m Oscillation probability of a neutrino v, with energy E after a distance L :
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Reactor neutrino oscillation and 6;3 measurement

nuclear reactor = point-like, intense (~ 10?' v/GWth) and free source of pure 7,
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Reactor neutrino oscillation and 6;3 measurement
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Reactor neutrino oscillation and 6;3 measurement

nuclear reactor = point-like, intense (~ 10* v/GWth) and free source of pure 7.
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m 013 last unkown parameter until 2012
m measurement through disappearance of 7. in a far detector (at ~ 1 km)

m identical near detector for high precision (reduce detection+flux errors)



Double Chooz international collaboration
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Double Chooz experiment layout

~‘~ CNPE Chooz
« % 2x N4 reactors |
|l @DF (4.25 Gwth)

~ 102 v / day
from the 2 reactors
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uble Chooz detector




Neutrino target
liquid scintillator
with Gd (8 tons)
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Neutrino target Gamma catcher
liquid scintillator liquid scintillator
with Gd (8 tons) without Gd
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Double Chooz detector

Neutrino target Gamma catcher Buffer
liquid scintillator liquid scintillator mineral oil
with Gd (8 tons) without Gd 390x 10" PMTs
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ouble Chooz detector

Neutrino target Gamma catcher Buffer Inner Veto
liquid scintillator liquid scintillator mineral oil liqui scintillator
with Gd (8 tons) without Gd 390x 10" PMTs 78x 8" PMTs
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Detection principle

“IBD” (Inverse Beta Decay)
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prompt signal : positron delayed signal : radiative neutron capture
Eprompt = E(ve) - 0,78 MeV
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Detection principle

“IBD” (Inverse Beta Decay)

oA pt — @ -@

prompt signal : positron delayed signal : radiative neutron capture
Eprompt = E(ve) - 0,78 MeV

Gd capture
(\ E=8MeV
b, -
>
AT=30ps
OR
H capture
N: 2.2 MeV
>
>
AT =150 ps




Detection principle

“IBD” (Inverse Beta Decay)

oA pt — @ -@

prompt signal : positron delayed signal : radiative neutron capture
Eprompt = E(ve) - 0,78 MeV
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Background components

neutrino signal

BACKGROUND SPECTRUM
(ARBITRARY UNIT)

2 4 6 8 10 Visible Energy (MeV)
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(mainly °Li)
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(mainly °Li)

stopping muons
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= rate+shape information (from data) are exploited in oscillation fit
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Double Chooz’ Single-Detector phase

Single-Detector
(SD) phase

reactor B2

O..

FD-I

reactor B1 E

‘ 2011 ‘ 2012 ‘ 2013 ‘ 2014 ‘ ‘ ‘

m SD phase with only far detector (FD-I)
m Bugey4 used as anchor of flux (1.4 % precision)

— indication of non-zero 673 [Phys. Rev. Lett. 108 (2012) 131801]

— 1st n-H capture analysis [Phys. Lett. B723 (2013) 66-70]
— 1st reactor rate modulation analysis [Phys. Lett B735 (2014) 51-56]
— 1st publication on spectrum distortion [JHEP 1410 (2014) 86]
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Double Chooz’ Single-Detector phase

Single-Detector
(SD) phase
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<ereeee Best fit (y2/dof=4.2/5)
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IS
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m SD phase with only far detector (FD-I)
m Bugey4 used as anchor of flux (1.4 % precision)

@
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" 1 error defin

[Phys. Rev. Lett. 108 (2012) 131801]
[Phys. Lett. B723 (2013) 66-70]
[Phys. Lett B735 (2014) 51-56] =3 |
[JHEP 1410 (2014) 86]

— indication of non-zero 63

— 1st n-H capture analysis

— 1st reactor rate modulation analysis

— 1st publication on spectrum distortion

0.107:0.049 (statssys)

o 10 20 30 40 50
Expected rate (day™)
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Double Chooz’ Multiple-Detector phase

Single-Detector Nlb Multi-Detector
(SD) phase i (MD) phase

reactor B2 reactor B2

FD-Il ,
7

m MD phase with far detector (FD-11) and near detector (ND)
m identical detectors cancels correlated errors (ex: detection efficiency)
m nearly iso-flux configuration : flux error ~ 0.1 %
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Increased stats Gd+H

statistics is limiting factor for about 10 years @ Double Chooz
= new strategy: enlarge effective volume by Gd+H analysis

NEAR DETECTOR - IBD n-captures (Edeiayed)
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‘ ND ~300d*

~800 d~* ‘

~2.5 times
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Increased stats Gd+H

statistics is limiting factor for about 10 years @ Double Chooz
= new strategy: enlarge effective volume by Gd+H analysis

NEAR DETECTOR - IBD n-captures (Edeiayed)

T
8000 — raw charge
6000
Gd capture
20008 60 BVenEe |
: H capture ¢
2000 ; ‘/ event —
s L___k
of L n I L
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DC-V preliminary Energy (MeV)

‘ IBD rate | Gd analysis | Gd+H analysis

‘ FD ~40 d—! ~100 d-! ‘

‘ ND ~300d* ~800 d~* ‘
~2.5 times

challenge of Gd+H analysis: accidental background, detection efficiency



Accidental background rejection with ANN

Artificial Neutral Network (ANN) based on 3 observables

Delayed signal energy Correlation time Correlation distance
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Accidental background rejection with ANN

Artificial Neutral Network (ANN) based on 3 observables

Delayed signal energy Correlation time Correlation distance
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unprecedented accidentals reduction — negligible impact on 6;3 measurement



Prompt energy spectra

FD-I FD-II ND
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Fit results

Observation / No-oscillation prediction

simultaneous x? fit DATA/MC for each data set

FD-I1

ND

Bestfit:sin“20,, =0.119
Single detector systematic uncertainty
Suppressed systematic uncertainty

Far + Near (818.18 and 257.953 live days)

F Double Chooz Preliminary
L L L L

Observation / No-oscillation prediction

—+— FouData

No osclllation

Best fit: sin 26, = 0.119
[ Single dotectorsystematic uncartaity

Far + Near (818.18 and 257.959 live days)

F Double Chooz Preliminary
L L L L L

[ Supprossed systomatic uncortainty

Observation / No-oscillation prediction

FDI Data
-+ Nooscilltion
Best it sin“20,, =0.119

Single detector systematic uncertainty
‘Suppressed systomatic uncartainty.
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sin? 2013 = 0.119 + 0.016 (x?/NDF = 236.2/114)
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Fit results

Observation / No-oscillation prediction

FD-1

FD-I1

simultaneous x? fit DATA/MC for each data set

ND

FDIData
No oscillstion

Bostfit:sin"20,,=0.119
Single detector systematic uncertainty
Suppressed systematic uncertainty

Far + Near (818.18 and 257.953 live days)
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sin? 2013 = 0.119 + 0.016 (x?/NDF = 236.2/114)

background H FD estimation ‘ FD fit output H ND estimation J ND fit output
cosmogenic (gLi) 2.59 4+ 0.61 2.55 + 0.23 11.1 3480 144 +£ 1.2
correlated (fast-n) 2.54 + 0.10 2.51 + 0.05 20.8 + 0.4 209 £ 03
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FD-11/ND data ratio

N —+— FD-IIND Data
1.4 e No oscillation
1.3 ND Best fit: sin °26,, = 0.123
*~| [ Systematic uncertainty
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Visible Energy (MeV)

sin2 2033 = 0.123 + 0.023 (x2/NDF = 10.6/38)
data/MC fit : 0.119 + 0.016 (x?/NDF = 236.2/114)

spectral distortion is well cancelled with data/data ratio
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Conclusions and prospects

__________________________________________________________________________________|]
m SD phase (2011-2014) : reactor flux error dominant
m MD phase (2015-2018) : improved statistics (Gd+H) and flux error suppressed
m current result: sin? 2613 = 0.119 + 0.016 (latest Daya Bay: 0.084 + 0.003)
m largest systematic from detection (proton number uncertainty)

— work in progress to reach a precision < 0.01

reactor 613 will be key paramater to solve CP in lepton sector

Double Chooz Preliminary (CERN seminar Sep.2016)

©w

T

SD phase MD phase —=— Signal statistics

—=— Reactor flux

IBD(Gd) IBD(H+Gd) ™" & Flux (FD-Il - ND relative)

Uncertainty (%)
S
n

\Hlllll\‘HHTHH‘HII'HH

3 Flux (FD-I - FD-II relative)
1 —=o— Detection
e Detection (FD-Il - ND relative)
0.5
—e— Background
0

260 400 600 800 < BG (after oscillation fit)
Live-time (days)

16 /16






