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Why 06 13 with reactor v?

Toward global understanding of neutrino oscillation:
- CP violation (-1 <sindcp< 1) 3

. Measurement by v 4.— v e oscillation
- Mass hierarchy (amzs >0 or Ames2<0) Y Vu—Ve

has parameter dependences w/ 013

- Octant of 623 (625> n/40r 623< 7/4) )
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Current input From F. Suekane’s talk @ Workshop for
from Neutrino programs with Facilities in Japan
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Reactor 613 Is essential to resolve the parameter dependences
— Aiming to have more robust sinZ 6 13 with better precision 2




0 13 measurement with reactor v

Survival probability of Reactor v

1 N\ An®
sin“201 V\N

—
——

/

10
Length (km) [at E~x3MeV]
Reactor Near Far
power plant detector detector

- Reactor is a free and rich electron antineutrino source

- Direct measurements of 6 13 with no parameter dependence

- Detection by delayed coincidence technique reducing background
- Suppression of systematic errors with two identical detectors
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Two reacw{ cores . ®| Operating | BN | Operating
4.27 GWsn for each c% =P ince 2015 =P ince 2011

Two detectors data taking is started since beginning of 2015
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Detection principle

IBD reaction: 7, +p — e +n Delayed coincidence:

- Prompt signal
e+ ionization & annihilation: Eprompt = 1~8 MeV
- Delayed signal
n capture on Gd (H): Edelayed = ~8 (~2.2) MeV
- Time coincidence of those

(*) Ethreshold T ~ 30 (~220) us for Gd (H)
= 1.8 MeV

— Two independent samples (Gd & H)

Relation of energy between Spectral shape of v energy
prompt signal and reactor v

— Neutrino interaction
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---- Neutrino flux

Cross-section
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o= Elje = (Mn = Mp) ==
~ B, — 0.782MeV

— 013 oscillation analysis w/ spectral
shape gives further constraint
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Double Chooz detector

\! wm Inner Detector (ID) - three cylindrical layers

v -target region --- Capture on Gd
- Gd-loaded (1 g/l) liquid scintillator (10.3 m3)

Y -catcher region --- Capture on H
- 22.3 m3 liquid scintillator

Buffer region
- 110 m3 mineral oil & 390 low-BG 10” PMTs
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Detectors for background veto
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Inner veto (1V)
- Liquid scintillator & 78 8" PMTs
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Outer veto (OV)
- Plastic scintillator strip + WLS fiber + MAPMT




Double Chooz milestones

Double Chooz proposal arXiv:0606025[hep-ex]
Started FD construction
Started FD data taking

Reported in LowNu2011
st 613 result (Gd) Phys. Rev. Lett. 108 (2012) 131801

Started ND construction

2nd 013 result (Gd) Phys. Rev. D 86 (2012) 052008

Ist 613 result (H) Phys. Lett. B 723 (2013) 66

3rd 613 result (Gd) JHEP 10 (2014) 086

Started ND data taking
2nd 613 result (H) JHEP 01 (2016) 163
6 13 result w/ two detectors (Gd) Reported in Moriond 2016

Reported in CERN seminar
613 result w/ two detectors (Gd+H) https:/ /indico.cern.ch/event/548805/

This talk:;

Latest results with two detectors & Gd+H analysis o




Error suppression by two detectors

no ND Single-detector ND Multi-detector
(SD) phase (MD) phase

Reactor B2 .. Reactor B2

Reactor B1 Reactor B1

(*) FD-I and FD-Il data
from same detector

SD phase (2R1D setup : FD-l & Reactor-off data)

- Bugey4 is used as an anchor of reactor v flux (~1.7% of total flux precision)
- Reactor-off data (-7 days) is used to constrain BG

MD phase (2R2D setup : FD-Il & ND data)
- Nearly iso-flux setup can suppress v flux error (~0.1% of total flux precision)
- [dentical detector cancels correlated errors like detection efficiency




Boosted statistics by Gd+H analysis

Preceding experiments in aspect of statistics (DayaBay & RENOQO)
— New strategy: Enlargement of effective volum
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~2.5 times

Increased statistics by longer running period (SD: 480 days & MD: 380 days)
with ~2.5 times boosted by Gd+H analysis




ANN cut for accidental coincidence

Accidental BG is increased by lowering Edelayed cut for Gd+H analysis
— ANN (artificial neural network) IS applied using 3 input variables

Delayed signal energy Correlation time Correlation distance
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Accidental BG contamination is significantly reduced
— Negligible impact to 613 measurement. This allows Gd+H analysis )




BG veto & leak @ ND

Backgrounds ( ) : mimic prompt (delayed) signal
- Accidental coincidence: e.g.) environmental v + spallation n
- Fastn / Stopping u: n+p —recoilp+n / p—e+v+v
- Spallation product: e.g.) °Li — ®Be +e + v +n

=> i like ANN
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LS on Buffer @ ND ,
- Increased Stop-u BG. Rejected by BG veto : !“
— No effect in our analysis (ND:FD consistent) 5 f
- Cause is not evident (Filling or Running?) N7 i N\
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Gd concentration in GC @ ND

- Found in comparison with ND and FD
— No effect in Gd+H analysis (w/ both volumes)
— Estimating effect to Gd analysis (x-check)
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Remaining BG estimation

- All backgrounds are measured from data
- Accidental BG : Off-time coincidence (Rate & Shape)
- Fast n + Stopping u BG : High energy window (Rate)
IV/OV tagging (Shape)
- 9Li BG : 9Li enriched data (Shape)

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

Prior to Rate+Shape fit i Prior to Rate+Shape fit:

A ND IBD(Gd+H)
—— IBD prediction (no:oscillation) + BG
B2 Accidental BG
°Li + °He BG
. Fast-n + Stop-.. BG
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- All backgrounds have characteristic spectrum

- Both “Rate & Shape” are used in oscillation analysis except for °Li rate
— 9Li BG rate is constrained by the shape in the fit 13




Detector responce

Important to understand detector responce in ND and FD
- Electronics calibration by the Light injection system
- Energy calibration by deployment and natural sources
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Detector performances are validated. Confirmed well tuned MC
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Systematic uncertainty
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Phys. Rev. DS6, JHEP 1470 |
(2012) 052008 (2014) 086
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SD phase:
- Improved uncertainties. Reactor v flux error was dominant

MD phase:
- Improved statistics by Gd+H analysis. Flux error is strongly suppressed

- Detection systematics is main source to limit in Gd+H analysis
(Proton number estimation is conservative at this point — Future improvement) @




Oscillation fit result

Simultaneous x 2 fit with Data-to-MC comparison for each data set
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sin226013=0.119 £ 0.016 with x2/ndf = 236.2/114
cf.) Latest FD only results (Gd): sin226813 = 0.09 + 0.03 with 52.2/40

Observation / No-oscillation predictior
Observation / No-oscillation prediction
Observation / No-oscillation predictior




FD-1I/ND ratio

—+— FD-I/ND Data

No oscillation
ND Best fit: sin 220, = 0.119

[ Systematic uncertainty
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Common deviation is cancelled in FD-II/ND ratio
— The deviation comes from flux prediction (under investigation)




Current 613

Double Chooz
JHEP 1410, 086 (2014)

Preliminary
(CERN seminar 2016)

Daya Bay
PRL 115, 111802 (2015)

RENO
PRL 116 211801(2016)

T2K

PRD 91, 072010 (2015)
Ami,>0
Ami, <0

NOvA

Preliminary (private communication)

Ami,>0

Ami, <0
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T2K result @ ICHEP 2016

T2K Runl-7c preliminary

68.27%CL
— 90%CL
*  Best-fit

PDG 2015

—— Normal Hierarchy

—— Inverted Hierarchy

Fixed Mass Hierarchy
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.2
sin 613

- ~2 0 tension with latest DayaBay result (sin22 613 = 0.084 + 0.005)
- Broader range of Ocp is allowed if large 6 13
— |t is still not so significant but further validation is desirable




Future prospects

DC-IV @ CERN Configuration

n ominal running Improved Proton# Uncertainty

...................... (3’7éﬁi"‘$"ND’:’F’D) ......

a priori
unknown

Time since MD data-taking start (years)

- Better precision with increased statistics and improved systematics
— Uncertainty on proton number is next target
- 1st workshop on 3 reactor v experiments was held (Oct. 2016 @ Seoul)

— Redundancy check: Reviewed analyses each other. Further communication
— Ultimate goal: Combined 0 13 results from the reactor v community @




Conclusion

Reactor 013 is a key for current/future v .— ve experiments
- To resolve oscillation parameter dependence (0 cr, MH, 6 23)
— Both robustness and precision of reactor 6 13 are important

Latest 013 results is presented
- Suppression of systematic errors by Two detectors
- Improved statistics & Enlarging effective volume by Gd+H analysis

— sin22013=0.119 £ 0.016 (cf. 0.09 + 0.03 for latest results w/ FD only)

Further effort is ongoing
- Possible improvement by better understandings of systematics
- Redundancy check with reactor neutrino experiments
— More robust and better precision measurement
- Other physics program with high statistics

e.g.) Directionality, Sterile v search, Precision measurement of reactor v spectrum
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