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Oscillation fit on 2014
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* Background and other uncertainties constrained by shape information
- sin220,, = 0.090+0032 =

* Unexpected spectrum distortion observed at 4-6MeV
v Negligible impact to 6,, measurement

v Magnitude of excess proportional to reactor power
v Same distortion later confirmed by RENO, Daya Bay and n-H capture in DC
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alysis improvements

~ 3r
R &
>> |
.5 2.5 :_ ............................................... P hyS.ReV.D86 ......................................................
£ 2012) 052008  JHEP 1410
S 2 N N o (2014) 086
= N —e
1.5 }_ .........................................................................................................................................
1 L Phys.Rev.Lett. 10
- (2012) 131801
0.5 :——.."..__ """"""""""
- o)
ok

. J ... .4 . J .., - - ] .-, - - . ] . . .
0 100 200 300 400 500
Live-time (days)

—i— Signal statistics
—e— Reactor flux

—e— Detection & energy
—&— Background

--©-- BG (after R+S fit)

* Detector and background uncertainties are suppressed to per-mille level by
analysis improvements

— Reactor flux uncertainty (1.7%) dominant in last FD-only analysis

= Reactor flux and detection systematics to be suppressed with two detectors
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Near Lab / Detector

e 2011 - Tunnel and Cave digging

« 2012 - Detector pit and lab construction

« 2013 - Water shield, Inner Veto, Buffer, wall and bottom PMTs
2014 - Acrylics, lids, filling, commissioning, Outer Veto

« 2015 - Official data-taking starts (January)




Far / Near Detectors
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Detection Mode

o Inverse Beta Decay (IBD):

o Ve+p—- n+e’ et s
© Prompt signal: Ee+ + annihilation y’s &
(1~ 9 MeV, Eyis = Ey.— 0.8MeV) Ve

o Delayed signal: y’s from neutron |

capture on Gd -— w
o Delayed coincidence L\_/

Gd channd
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The Largest Single 0,, Target
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The Largest Single 0,, Target
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Detection Mode

o Inverse Beta Decay (IBD):

o Ve+p—-> n+et e+e
o Prompt signal: Eqc+ + annihilation y’s =
(1~ 9 MeV, Eyis = Ey,— 0.8MeV) Ve
o Delayed signal: y’s from neutron G
capture on Gd or H
o Delayed coincidence U

Gd channd
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ANN Accidental BG Regection

Double Chooz Preliminary
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IBD(Gd+H) definition: Multi
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Energy Spectrum IBD(Gd+H) Selection
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Background Vetoes

OV veto

= fast neutron, stop-u

FV veto
= chimney stop-u

Y p——
(7 =507

Cut Information used Target of cut
U veto 1ms veto after u KM, cosmogenic
Multiplicity unity condition multiple-n

Li veto
= cosmogenic °Li

vertex likelihood

chimney stop-u

= fast neutron,
stop-u, v scattering

IV activity fast n, stop-i,
y scattering
@ vetD OV activity fast n, stop-u
QvetD Li-likelihood cosmogenic
WA LN cut PMT hit light emission
pattern & time from PMT
B
IV veto



=

f‘-_'mnn :
2XReactors guuf

: B B - : I

IXREACEOr et frsvssssvsssspsssbasssfussifusses

< ¥ 1y | : ! : : : |

<140day'@ FD
ostt=0.35%"w

1xReactor il

[=~0.2%s%t final]

15



DC Background Suppression
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Scintillator accumulates on Buffer top
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BG rejection: At(et:n) view
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Stopping-u Rejected
F D Reconstructed Vertex
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Recapitulation (~10 years)

DC was... DC is presented now as...
e smallest target (~8t) * largest single-6__-target (~30t)

(smallest signal) v 27 largest world IBD sample

* lowest overburden Vv excellent energy control (<1% accuracy)
(largest BG) « (no miracles) lowest overburden
Vv remarkable reco (great readout)

& worse... v most precise BG control (reactor-OFF)
’ vV most powerful BG veto system
* ND (tiny) leak « ND (tiny) leak...
(complex normalisation) Vv leak-immune selection IBD(Gd+H+C)

* delayed ND laboratory  , j5o-flux site (2 reactors only)
(~3years) v ND as a direct reactor flux monitor



Systematic error evolution

Phys.Rev.Lett. 108

(2912) 131801

Uncertainty (%

! ! I ! ! ! I ! ! ! I !
Double Chooz Preliminary (CERN seminar Sep.2016) - Sig nal statistics

Reactor flux

Flux (FD-Il - ND relative)

Flux (FD-I - FD-II relative)

Detection

Detection (FD-II - ND relative)

Background

600 800 o BG (after oscillation fit)
Live-time (days)

proton# (full volume) is largest uncertainty
(beyond DC-IV) dedicated campaign proton#

(analysis@hardware— even decommissioning)
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(R+S Fit) All Detector Spectra
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Observation / No-oscillation prediction

0 ,, R+S Fit Result
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Sin%(2013)R+>=(0.119+0.016) with ¥?/ ndf: 236.2 /114
(marginalised over Am?=(2.44+0.09)eV?

Parke et al. arXiv:1601.07464)
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g ., Fit Validation

Data | MC
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Data | Data

—— FD-II/ND Data

------------- No oscillation
ND Best fit: sin 22(%)13 =0.123

[ ] Systematic uncertainty

Double Chooz Preliminary
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sin?(2613) = (0.123+0.023)

(spectral distortions cancel across ND:FD) i



Comparison with others

| - | E 23'[: 8 L L B

Double Chooz b 3 b LID NH
JHEP 1410, 086 (2014) e ?’t SHEIE — Best fit
Preliminary E ]
(CERN seminar 2016) A=k s 68% C.L. ]
sin2(2613)=(0.119+0.016) | [LAEba) —2.20 g —90%C.LL. |
Daya Bay | Zi Reactor
PRL 115, 111802 (2015) il 2 68% C.L. |
RENO 2 * :
PRL 116 211801(2016) b |
T2K E AE 1 o
PRD 91, 072010 (2015) i | i Arbitrary 5,

Ami, <0 | B ©
NOvA : B | ud
Preliminary (private communication) : i 2

Am3, >0 . . | | . _

Am;‘z{l) b ' : 0 [ ull Lt A L
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0 0.05 0.1 0.15 0.2 0.25 sin226)13

DC-IV-PRELIMINARY sin’26, Example: NOVA
DC & beams might prefer a higher 6.7

(beam “handicapped” by unknowns(dcr) / uncertainties)
reactor- 0 ;5 key to solve CP-violation & mass hierarchy— redundancy fundamental
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Prospects to the Future

DC Sensitivity
= 0.020
& | DC-IV @ CERN Configuration
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DC largely dominated by proton#—- improvement possibility?
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Prospects to the Future

We know that current result Is conservative

sin’20,, 16 error

=1.n ||||||||||||||||
3 T

Eu.g ......... ......... ......... _________ DeteCtion SyStematiCS
N BN R correlation btw FD:ND

- highly impacts 6. sensitivity

......... (expected B uerror
....................................... Cance”atlon” Strategy)

FDII:ND
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Prospects to the Future

Further improvement, via systematics correlation

@ Uncertainty Each ®& Uncertainty @ Correlations

Improved Detection
Systematics Scenario
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Prospects to the Future

IOE - =
(7 =507

¢« >2weeks of reactor off data (further validate
ND BG)

What else is coming ( & _front)?

http://www.lunion.fr/46034/article/2017-08-23/la-centrale-de-chooz-un-incident-provoque-l-arret-du-reacteur-et-l-inquietude-d
29



Reactor-0i3
(combining results)

Daya Bay®Double Chooz®RENO

Ot discussion/planning = Neutrino 2016 Conference, London (UK)

1st workshop — October 2016 (Seoul, South Korea)
(systematics, results consistency)

2" workshop = June 2017 (APC, France)
(articulation the start of 1°* common analysis: cosmogenic BG)

final goal: combination of reactor-6:3 (many results)

(likely) most precise input to 613 for several decades... 30



Double Chooz
Beyond 6i:



High Precision Reactor-IBD Rate world ref. Bugey4)

(O' ) . ny 5 i ny: IBD rate without oscillation [V,. s 1]
reactor / Np X € 2 (Pth)p p: iterator over the reactor B1 & B2
luminosity P=1{Ef) x 4mR}

DC expected to supersede Bugey4 (world reference today)
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on limit <os>PC: total error = reactor error (irreducible)32
(Reactor Thermal Power ~0.47% @ Chooz)



Ratio Data / MC

DC: 210 000 events / DB: 1.2 million events / Reno: 280 000 events
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Consistency between Double Chooz and Daya Bay results !

— not trivial: 6,, correction, background, energy, ...
Due to the normalization used, RENO points are close to 1 up to 4 MeV
But good 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?

Details at A. Onillon talk this afternoon
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DC-1V Preliminary

DC results with new IBD(Gd+H+C) selection
- largest-single-6_-target now [statistics comparable to ~2x DYB-FD’s & 2x larger than RENO]

- DC will NOT be limited by statistics: systematics challenge
- conservative systematic scenario adopted — expected to improve (ongoing work)

DC-IV PRELIMINARY results
- new sin2(20613) = (0.119+0.016) [many cross-checks: all consistent all across to our best ability]
- hon-statistical discrepancy @ ~2.20 —~ must address internally & reactor-8__ forum

- result understood as conservative. Better one expected soon;
- new reactor spectrum characterization (rate ®shape) major improvement

- DC questions ILL-based prediction error budget: limitation to reactor single-detectors to yield (some)

fundamental particle physics issue: neutrino(sterile) hypothesis?

DC world best IBD-directionality measurements — still improving!
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Double Chooz experiment
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Precision measurement of 6;;

* Direct measurement of 9;; from energy dependent deficit
— No parameter degeneracy/matter effects

* Suppression of systematic uncertainties (<< 1%) with multi-detectors
at different baselines

Survival probability of reactor neutrinos

P | e SN FRE TG An’flL) Simple two flavor oscillation
V,—V,|=]1-sin"26,sin o W . :
A4E ) formula is valid at L ~ 1km
r;a 1-” g __\r‘ i / ﬂ
i /*<\ N uf i
£ 0.8 — W\,
£0.q %m M W g
g | V\f‘ j’ | |
0.4 v. | i-'
= 0.2: sin?208,; = 0.1 "Nd' : "'“
- - 1Am,,2| = 2.5x103eV? 3 g’
0 P
107t 10
Near Detector (ND) T Far Detector (ND)

« Reactor 6,5 (most precise) used as reference in current and future projects
which aim to search for CP violation and mass hierarchy in neutrino sector.



©Imag'in IRFU

Outer Veto (OV)
Plastic scintillator strips

Inner Detector (ID)

____________________________________________________
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* Mineral oil (110m3)
* 390 10-inch PMT
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Double Chooz Detectors

Outer p-Veto (OV)
plastics-scintillator: strips
(=tracking)

y-Catcher (GC)
~20m3 Liquid-Scintillation
Light Buffer

~100m3 oil (no scintillation)
Inner y-Veto (1V)

~90m?3 Liquid-Scintillator
Inert y-Shield
15cm steel [FD] / 1m water [ND]

: ]H} .




Double Chooz Read-out

Liquid Scintillator
@
10” PMTs

@

analogue electronics

(clean & p-handling)

@

500MHz FADC readout

PMT Cable

PMT=-ID
Hamamatsu
R708 | MOD-ASSY
390 PMTs (107)
PMT=IVY
Hamamatsu R1408
78 PMTs (8”)

22m (ID) & 26m (IV)

HV

splitter
(custom)

FEE Cable
18m

HV Supply

CAEMN AIS535P

V-output

472channels (ID+IV)

(gain=7)
FEE

(custom)

|PMT=+ |channel

Z-output

------

clock & trigger-signal
(number & pattern)

Trigger &

62.5MHz Clock
(custom)

16 ID-PMT=* Ichannel
<6 IV-PMT= |channel

Rich off-line reconstruction: energy & BG reduction
*time,charge [multiple methods]— control of linearity
*position (x,y,z,t) [multiple methods]— uniformity & BG vetoes
*PSD & PID [time and frequency domain]— BG vetoes
e multiplicity & inter-detector-layer correlation— BG vetoes

v-DAQ
(6xVME crates & Ada software)
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Prompt energy of 252Cf data

2%20f prompt @ center
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* 252Cf emits ~10 ywith TMeV in average.
 Comparison of FD and ND data with 252Cf at the center of detector



Reactor- 8 ,, found spectral distortions @7 == 7
13 P \/</

1o of 6(flux)= =3% (DYB & RENO) & *1.7% (DC®Bugey4)

Data / prediction

(tico”

115
11
1.05

0.95
0.9
0.85

Data (normalized to prediction)
—+4— Daya Bay near [icHer2014]

—+— Double Chooz far [nuz014]
o RENO near jnu2014)

.|.

Statistical+-detector uncertainties
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p—t
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Prompt energy [MeV]

7

DC first paper on the subject @JHEP 1410 (2014) 086

12

1.1

1

0.9

0.8_|\||

Schreckenbach et al.

0

1 2 3 4 5 6

7

claimed uncertainty ~3% positron energy (MeV)

3 different experiments in
agreement
(not trivial- not identical fuels)

MAIN ISSUE
features >1o(flux) ILL-based
prediction uncertainties
= error is (likely) underestimated
(hard to believe otherwise)

QUESTION
why Bugey3 data did not see it?
(best world shape reference)
[DC®B3 working to reconcile]

=LIMITATION?
our ability to address v(sterile)
hypothesis with reactor-data
(single detector)




Observation / Prediction

test the existence of features
not biased by shape-only

assumption
(i.e. smaller errors)

T shape-only=Bugey4
(consistency of Bugey4?)

Observation / Prediction
normalized residuals (o)

non-statical features
ewhich is deficit?
*which excess?

ewhich is OK?

Visible energy (MeV)

6 7
Visible energy (MeV)

careful analysis before

Rate+Shape Analysis without Bugey4 Norm

stating the “trouble region”

is bump problem really?

Observation / Prediction

(maybe no bump
whatsoever)

(bias question=bias answer)

Visible energy (MeV)

6 7 8
Visible energy (MeV)

uondlpald eln a1el
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