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Overview

Reactor neutrinos and 913

The Double Chooz experiment
n-Gd and n-H R+S oscillation results

Reactor Rate Modulation analysis
Towards the ND+FD phase

Summary and conclusions
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Reactor neutrinos and 0 s

L.~ 1Tkm

) (1_273"“"‘[10 3 eV*|L[km]" )

E5 [MeV|
» No parameter correlations » No matter effects
» Pure v_beam = Cheap, as source exists
» Low energy » High flux and large x-section

2014: 6 measured by DC, DB and RENO — precision phase!
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Detecting reactor neutrinos

IBD: Ve+p—>e+ o

Th: 1.8 MeV. Disappearance!

» Target: scintillator + n-catcher (Gd)

» Detector: PMTs < Prompt signal E Spectrum
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Setting up the experiments

\rn1 =72107 eVZ; h,owe1 = 0.8; Hmeﬁ =023

Reactor neutrinos: - 2810°ev? AmZ, = 3.2 102 eV?

<Ev> ~4 MeV
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The Double Chooz Experiment

"—~ etector
YL/~ 1050m

T

T a2 10m® target
: ;H“'ﬁ_ B . Pionecred reactor experiments after CHOOZ / 300 m.w.e.
v —— * Experimental concept of using two detectors s Yo
ChOOZ Rea - * New detector structure: 4 layers detector . Aprll 2011

* Low background (S/N ~ 20, proven by reactor OFF)
e Stable Gd loaded LS developed

4.27GWth X 2 cores.=

g

P. Novella, DC New Results, Moriond 2014 6



The DC Collaboration

e ® =

UFABC U: Heidelberg Tokyo Metro. U. RRC
SPP RWTH Niigata U. Kurchatov
SPhN Aachen Kobe U.

SEDI TU Munchen Tohoku Gakuin U.
SIS U. Hamburg Hiroshima Inst.
SENAC Tech.
CNRS/IN2P3:

Subatech _
IPHC b

Spokesperson:
H. de Kerret (IN2P3)

Project Manager:
Ch. Veyssiere (CEA-Saclay)

Web Site:
www.doublechooz.org/

P. Novella, DC New Results, Moriond 2014

Brazil France Germany Japan Russia Spain
CBPF APC EKU Tubingen Tohoku U. INR RAS CIEMAT-
UNICAMP CEA/DSM/IRF  MPIK Tokyo Inst. Tech. IPC RAS Madrid

USA

U. Alabama
ANL

U. Chicago
Columbia U.
UCDavis
Drexel U.
nT

KSU

LLNL

MIT

U. Notre
Dame

U. Tennessee



Double Chooz Detectors

Inner Detector

Steel buffer
2 acrylic vessels

Glove box

KL Outer Veto

Plastic scint. strips

Buffer
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Inner ettt 52 L Target
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are identical e ' | doped with Gd
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Detector Calibration

» 3 Calibration sources:  EJil Rttt s —

Duc —

Radiactive sources : | | ™l

137CS, 68Ge,60C0,252Cf

Natural sources

~ T = I 1ﬂ [g i'.l:.: I|
. A LED 1
light injection

n-H captures, BiPo

LED light injectio

entries

| Double Choo; Preliminary

Omc

* data

Energy Scale

PE non-linearity
Detector uniformity
Time stability
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Neutrino Candidates Selection

n from IBD can be captured either in Gd or H

Delayed energy

]

High x-section High stats (TG+GC)

Entries/250keV
N

g

AT ~30us AT ~200us

g

“n-Gd

E . ~8 MeV E 5 ~2 2MeV

del del

sitola.aie. lo.ala f ] R ] B i (0 1 i B ae oo o eall

10 11 12 . i 22 24 26 28 3

delayed E (MeV)

Energy (MeV)

Independent statistical samples:

Entries/2us

1) x-check on 6

2) Boost statistics

Characteristic p-d correlation: | | ’ ‘ i T
Background reduction
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Backgrounds (1)

Events mimicking the IBD prompt-delayed correlation

U related + radiactivity

b
e &
e

— ol i
ISl o et

« Uncorrelated (accidentals):

« Radioactivity + fast neutrons
||' Correlated:

¢ Fast neutrons (FN): p recoil + n capt

.. o7 - /8 : .
L _* cosmogenic isotopes ("Li/"He): n-p decay Background measurements on site

e
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Candidates Selection (1)
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Neutrino Candidates Rate

Run Time: 251.3 day

Mewuirino rate
100

2 Reactors On

1 Reactors Off

2 Reactors Off

Candidates: 8249
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Candidates: 36284
S/B~1

Number of Days Since April 13 2011
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Backgrounds (11)
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Rate and shape
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Systematic Uncertainties

e Dominated by flux error:

DTN - 0 be canceled by the ND
1.1 1.1

Neutrino yield

Rate Error (%)

statistics

Flux prediction 1.7 1.7 = rinos
- 2 B0 )
v 2 4 Lg ( E ) \ _f /)

det. efficiency 1.0 1.6

f
background 1.6 1.7
Total 2.7 3.1

(oo™ et wrat=)or),

,
b

Bugey4 measurement Fission fraction
as anchor point in CHOOZ core

Shape uncertainties

Reactor spectrum ’Li spectrum e °Li/*He dominates the BG error

- 1.5% for n-Gd, 1.6% for n-H

— To be reduced with larger stats

Energy scale FN/SM spectrum
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R+S Oscillation Results

Phys. Rev. D86 (2012) 052008

—+—  Background-subtracted signal

-------- No osdllation

——— Bestfit: sin?(20,;) =0.109
atAmg, =0.00232eV? (x%/d.of. =42.1/35)
Systematic error

—— Bestfit Sin’(2 ) =0.097
atAn? =0.00231 eV 2

Systematic error
8249 IBDs (with BG)

228 live days
x’/dof = 42.1/35

36284 IBDs (with BG)
240 live days
x*/dof = 38.9/30
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Data - Predicted Data
025 MeV

10
Energ

DC-II(Gd): sin?20:3= 0.109 = 0.039 [0.030°= 0.025%]
DC-II(H): sin*20:3=0.097 + 0.048 [0.034%+ 0.034%]
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Reactor-Off: BG measurement

2011 and 2012 reactor-off samples: 7.53 days

L
o

Expected events: 26 8+45 [ Background mode|

- Observedevents: 21 B=n -

n-Gd 2012 E searomares

Accidentals

Residual ¥
Reactor-off data

n_Gd 20 1 1 ) Expected events: 14.8+4.0

Observed events: 8

Accidentals

Residual &+
Reactor-off data

Entries /0.5 MeV
Entries /0.5 MeV

ZOTT10 (€107) L8 ‘AT SAYd

8

prompt Energy (MeV) prompt Energy (MeV)

n-Gd selection: R _=1.0+0.4 events/day Consistent with

n-H selection: R =10.84+3.4 events/day (acc. sub.) BC{ model
= used in R+S fit
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e Taking the most from DC: n-Gd + n-H + Reactor-Off:

Rate+Shape: sin20 =0.109+0.035

Rate-Only: sin’20 =0.107+0.045

e To be compared with n-Gd “only "

Rate+Shape: sin“26 =0.109+0.039

DC Prelminary

Rate-Only: sin"20 =0.170+0.052

0.04 0.06 0.08 0.1 012 0.14_
sin” (.-.”-BI &)

« n-H will be a powerful handle to improve the 6 _ results
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Both — Diafferent reactor powers (2-Offl)
100/ 4 n-Gd selection ... g, jusaa

React On
| o ¢  No background model assumed
® n-H selection

1) BG-independent 6 , measurement

Expected rate {dag,-‘"]

-1 Reactor On

2) cross-check of the BG model

| Both |
,Reactors Off RRM unique in DC:

............................... ‘_._._._
2 reactors only

Reactor-Off data

n-Gd and n-H samples

20 . 40 60 80 100
Total baseline-adjusted Plh (% w.r.t nominal)
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n-Gd RRM Analysis

ArXiv:1401.5981, submitted to PLB

No osc. (x2/dof=64/7)
Best fit (y?/dof=4.2/5) |
90% CL interval

Ac{f:identals subtracted

£
I
E
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2
c.

30 o error defined as Ay?=10

Background rate (day™)

[ | 24§)ﬂ 68:3% CL.
% 2:-0ff Bestfit |

30 40 50
Expected rate (day™)

Independent BG measurement
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Gd-H Combined RRM Result

ArXiv:1401.5981, submitted to PLB

e Taking the most from DC: n-Gd + n-H + Reactor-Off:
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n-Gd data

n-H data i ’

Best fit (2dof=8/11) | . o
[ ] 90%CL interval y

Observed rate (day"j

Accidentals subtracted "
. 2y
1c ?rror defined as Ay _1.? .’# 4

+0.043 (statssys) |
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o 913 consistent with R+S fit, BG consistent with BG model used in R+S fit
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Summary of DC Results

ArXiv:1401.5981, submitted to PLB

4 different O __ analysis:
13

e - — 2 samples: nGd and nH

.:m — 2 methods: R+S and RRM

i | * RS: BG-model dependent

|  RRM: BG-model independent

e 2 combined results:

- R+S with nGd + nH
— RRM with nGd and nH

913 consistent within 1o

5 .
inZ(26. )
sin (_-EJI A

* BG model consistent 2-Off and RRM
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ND+FD Analysis Ongoing

« Precision on 8 _ 1s limited by reactor systematics (1.8%): ~30

e New analysis: reduction of all other systematics with FD only (x2 stats)

— exploit DC capabilities in the ND+FD phase (reactor sys canceled!)

New Selection

New Energy Reduced BG
Calibration improved § Increased signal

Reduced systematics
BG@G, detection efficiency, E

scale

4 5
visible energy [MeV]

ND+FD 0, precision goal: ~10%
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Towards a New Selection

o . \
x2 stats, new energy reconstruction New since Moriond 2013}

e Open cuts + new BG vetoes: boosted S/B — reduced detection and BG sys

1.2
1.0
0.8
0.6

0.4 —\

DCIIFDCIT Ratio

/

D CIIVDCTT Ratio
DCIIVDCTT Ratio
TTT@ LT

ot

G'Ef%fAcc. reductionpvi_: py @ . . . . _ ‘F—— SM reduction ———

: DCIi selection

] oci selection a - @ DClliselection
®  DCIl selection

[] oci selection

®  DCIll selection

I.II‘III

Double Chooz Preliminary E

T T T g

Entries/MeV

~ Delayed energy AT(p-d)

Double Chooz Preliminary

| IIJlIll

Double Chooz Preliminary

[ BG not subtracted

15
Energy (MeV) Energy (MeV)
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Near Detector

r s ’ Y/ = A \
| I 1| R % W ! _ e S
oo . 4 ' on site
vy E kb - 4 i o~ ! L1 N
BN T LN R A TN R ey o > o y
= —

e Data taking starting in summer 2014
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Physics beyond 0 _

Background studies (reactor-off) (DC,PRD 87, 011102(R), 2013)
Lorentz violation (DC Coll., PRD 86, 112009, 2012)

Neutrino directionality (DC, arXiv:1208.3628)

Sensitivity to Am ,* (arX1v:1304.6259 [hep-ex])

Sterile neutrino (PRD 83, 073006, 2011)
Muon physics (DC, paper in preparation)
Orto-positronium observation (DC, La Thuile 2014)
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Summary and Conclusions

»Successiul-FD-Only phase-(almostcompleted): himited-by reactor-sys
- 4 6 measurements: nGd and nH with R+S and RRM

— 3 independent BG measurements: Reactor-On, Reactor-Off and RRM
- New result: R+S nGd-nH combined: sin“20 =0.109+0.035

- New RRM analysis: BG model-independent measurement of 6. .
« nGd: sin22613=0.107i0.049. nGd+nH: sin22613=0.102iO.O43

« ND+FD phase to be started: ~10% 6 _ measurement expected

— ND will start operation by summer 2014
— ND+FD analysis “already ongoing ”: better S/B, reduced systematics

« Rich physics program beyond 6
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Energy Scale

PE nonlinearity: LED system

Gain (charge a.u./PE)

Detector uniformity: nH captures map

Time stability: nH captures

50 100 150 200 250 300 350 400 450
Charge (arbitrary units)
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2
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Reactor Rate Modulation Analysis

Statistical Analysis

. TER 5 o3 B
» Standard y° minimization: — [REEESER Gl G o e

Distinguish between Reactor-On and Reactor-Off periods

* Different systematics

5 ¥ B — fLRFT) - [E+a® o +a- &
'&‘ o — Z 2
{ O Siat

« o pull for detection sys

* o pull for reactor-on sys

obs . o P IR }*
25 = LP s Jlr“ R s ” * o pull for res-v sys

2t
nH: gauss * w: fraction of res-v

_![]]r.l-!’r-.: 520 .
. of |

+ K - [1 +a? + Ww; o J

nGd: poisson |
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RRM Gd-H Combined Fit

* Boost stats: n-Gd + n-H candidates . Globalfitto 8, B_ andB,
® &
& Gd' 1 H * Systematic sources:
¥ e
Delayed signal Y ¥ L - Residual v: fully correlated
- Reactor power: fully correlated
Systematics n-Gd n-H L
- oS
Reactor-Off 30% 30% - Detection efficiency:
Efficiency ¢ p= 0.09: 6™ + G
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