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DOUBLE CHOOZ

Double Chooz: Experiment
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DOUBLE CHOOZ

Double Chooz: Experiment
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DC COLLABORATION

Double Chooz: Experiment
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DOUBLE CHOOZ DETECTOR

n-Gd analysis On-going analyses Conclusions

INVERSE BETA DECAY:
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vV,+p>n+e

ENERGY THRESHOLD: 1.8 MeV
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DOUBLE CHOOZ DETECTOR

n-Gd analysis On-going analyses Conclusions

INVERSE BETA DECAY:
. +
vV, +p2rn+te

ENERGY THRESHOLD: 1.8 MeV

Target: Gd-doped scintillator (10.3m3)

PROMPT SIGNAL: POSITRON

Positron kinetic energy
+

Positron annihilation

EeNEv_O.B MeV

~3
=
DELAYED SIGNAL: NEUTRON

1. Radiative neutron capture on Gd

E ~8 MeV, AT ~ 30 ps

T

.. NS !_ ,'
2. Radiative neutron capture on H K =

E ~ 2.2 MeV, AT ~ 200 ps 7m  ©ImaghIRFU
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DOUBLE CHOOZ DETECTOR

INVERSE BETA DECAY:
. +
vV, +p2rn+te

ENERGY THRESHOLD: 1.8 MeV

PROMPT SIGNAL: POSITRON

Positron kinetic energy
+

Positron annihilation

EeNEv_O.B MeV

DELAYED SIGNAL: NEUTRON

1. Radiative neutron capture on Gd
E ~8 MeV, AT ~ 30 us
2. Radiative neutron capture on H

E ~ 2.2 MeV, AT ~ 200 us

~J
=

n-Gd analysis

On-going analyses

Conclusions

Target: Gd-doped scintillator (10.3m3)

y-catcher (GC): non-doped scintillator
(22.6m3)

Buffer: Non-scintillator mineral oil
(110m?3)

Stainless steel vessel

390 10” PMTs in the inner wall

$

INNER DETECTOR
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DOUBLE CHOOZ DETECTOR

INVERSE BETA DECAY:
. +
vV, +p2rn+te

ENERGY THRESHOLD: 1.8 MeV

PROMPT SIGNAL: POSITRON

Positron kinetic energy
+

Positron annihilation

E,~Ev—0.8 MeV

DELAYED SIGNAL: NEUTRON

1. Radiative neutron capture on Gd
E ~8 MeV, AT ~ 30 us
2. Radiative neutron capture on H

E ~ 2.2 MeV, AT ~ 200 us

~J
=

n-Gd analysis

On-going analyses Conclusions

Target: Gd-doped scintillator (10.3m3)

y-catcher (GC): non-doped scintillator
(22.6m3)

Buffer: Non-scintillator mineral oil
(110m?3)

Stainless steel vessel

390 10” PMTs in the inner wall

Inner Muon Veto: non-doped scintillator
(90m3)

Veto steel vessel

78 8" PMTs in the inner wall

Shielding
FD: 15 cm of steel
ND: 15 cm of steel in the top
1m of water around the rest

Outer Muon Veto:
Plastic scintillator strips (13 m x 7 m)
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ENERGY RECONSTRUCTION

Double Chooz On-going analyses Conclusions

Corrections for time instability and detector
inhomogeneity are applied
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ENERGY RECONSTRUCTION

Double Chooz On-going analyses Conclusions

Corrections for time instability and detector
iInhomogeneity are applled
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IBD SELECTION

Double Chooz On-going analyses Conclusions

MUON DEFINITION: E > 20 MeV or IV energy > 16 MeV

10?

_  More data: 227.9 days to 467.9 days
Variable DCII DCIIl (n-Gd)
4 Evromot (MeV) [0.7,12.2] [0.5,20] ™\ °* Background reduct!on improved with
the new veto techniques
Edelay (MeV) [6,12] [4,10] _ _
* Wider selection
AT (us) [2,100] [0.5,150] Wider _
selection - Reduced uncertainty on
: AR (M) - <1 selection efficiency
Multiplicity (us) [-100,400] [-200,600] . PROMPTSPECTRUM
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IBD CANDIDATES

Double Chooz On-going analyses Conclusions
JHEP 1410 (2014) 86 DAILY RATE
) . 100 - T T T : | ' T ' l ' !
Live-time: 467.9 days | . - - e Expoctedy rao i
Average Rate: 37.1:0.3 day ° Measured candidates rate
80 MC Average Rate: 37.5:0.0 day™

17351 v,candidates

60 [Hi¥

2 reactors on

401

1 reactor on

Neutrino Candidates Rate (day™)

20

0
300
2 reactors off Day
PROMPT VERTEX DISTRIBUTION DELAYED VERTEX DISTRIBUTION DELAYED SPECTRUM
T F 14 T F 14 %
,%200[11' I_12 %umu —:l' . . I_12 Ewoo— : ;niti-v MC
4 .3 :,l' " I .a E
—6 F}, s 2000]
0 500 1000 1500 2000 2500 3000 BZZD[;mth)DU 0 500 1000 1500 2000 2500 3000 3::][;"]";[;00 4 5 6 {IiSible BIEnergyg(MeV;O

25th International Workshop on Weak Interaction and Neutrinos (WIN 2015)



INDEX

Double Chooz n-Gd analysis On-going analyses Conclusions

DOUBLE CHOOZ

EXPERIMENT
ANTINEUTRINO DETECTION

New (DCIIl) n-Gd ANALYSIS
ENERGY RECONSTRUCTION
SELECTION
BACKGROUND
NEUTRINO OSCILLATION

ON-GOING ANALYSES

New (DCIII) n-H ANALYSIS
NEAR DETECTOR

CONCLUSIONS



3-n LONG LIFE-TIME ISOTOPES

n-Gd analysis: Background

Correlated with
cosSmic muons

B-n unstable long
life-time isotopes:

PROMPT: (3
DELAYED: n capture

The muon veto
IS not feasible o |

(1782I_| ?ns) (257 ms)
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n-Gd analysis: Background

Correlated with
cosmic muons

B-n unstable long
life-time isotopes:

PROMPT: (3
DELAYED: n capture

The muon veto

IS not feasible o |
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Li+He veto: Likelihood based on the
proximity to the p and the association
with other neutrons
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3-n LONG LIFE-TIME ISOTOPES

n-Gd analysis: Background

Correlated with
cosmic muons
' B-n unstable long

life-time isotopes:

PROMPT: (3
DELAYED: n capture

Events/0.50 MeV

223
(=]

60

40

20

The spectrum shape is
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3-n LONG LIFE-TIME ISOTOPES

n-Gd analysis: Background

Correlated with

P

cosSmic muons

g

B-n unstable long
life-time isotopes:

The muon veto
IS not feasible

SHe
(172 ms)

OLi
(257 ms)

Li+He veto: Likelihood based on the
proximity to the u and the association
with other neutrons

Reduction: ~50%
JHEP 1410 (2014) 86
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(OTHER) CORRELATED BACKGROUNDS

Double Chooz

WYY
‘Michel 'ejj.!__l_

-
vy

Acceptance hole
Stopping muon:

Fast neutrons:

PROMPT: PROMPT:
Proton recaoil Muon track

DELAYED: DELAYED:

n capture Michel electron

On-going analyses

Conclusions
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(OTHER) CORRELATED BACKGROUNDS

Double Chooz

WAL
Michel 'ef.:.!__f
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Acceptance hole
Stopping muon:

- | n:;".“;'

Fast neutrons:

PROMPT: PROMPT:
Proton recoll Muon track

DELAYED: DELAYED:

n capture Michel electron

IV veto: ID-1V correlation
Goodness reconstruction: Poor vertex
reconstruction around the chimney

Reduction (+0OV): ~90%

On-going analyses

Conclusions
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(OTHER) CORRELATED BACKGROUNDS

n-Gd analysis: Background

Entries / 1.0MeV

Mlchel e
u‘i*

| 8.

Acceptance hole
Stopping muon:

Fast neutrons

PROMPT:

Muon track

DELAYED:
Michel electron

PROMPT:
Proton recoill
DELAYED:

n capture

IV veto: ID-1V correlation
Goodness reconstruction: Poor vertex
reconstruction around the chimney

Reduction (+0OV): ~90%

—+— IBD (standard IBD selection)
—+— IBD above 20 MeV (muon Veto at 30 MeV)
—+— IV Tagged

e g T ey ol =

The (flat). shap.e..ls.obtalned..WIt.h.a........§ .................... i
..I\V-tag selection | :

0

Visible Energy (MeV)
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(OTHER) CORRELATED BACKGROUNDS

n-Gd analysis: Background

[ :ZZIZZZZ;Z_Z_Z;_ZZZZZZ;ZZZZZIIZIZZZZZZZZZZIZI.? + IBD (standard IBD selection)
S I S

—— : :
CD_ [T g —+— IBD above 20 MeV (muon Veto at 30 MeV)
~— H :

T~ o VT d
: agge

%)) —+— 99
0 | .
= : :
)
c
L

Michel e
Acceptance hole

Stopping muon:

Fast neutrons

PROMPT: B The (flat) shap.e..ls.obtalnedwuth.a........é .................... -

PROMPT: | ] ! |
DELAYED: MDELIA\TED: Visible Energy (MeV)
n capture Ichel electron
IV veto: ID-1V correlation The rate is estimated extrapolating from the rate
Goodness reconstruction: Poor vertex between 20 and 30 MeV to low energy

reconstruction around the chimney

R.,,=0.604+0.051day '

Reduction (+OV): ~90%
JHEP 1410 (2014) 86
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ACCIDENTAL BACKGROUND

Double Chooz On-going analyses Conclusions

Single \

accidental
coincidences:

PROMPT: Natural
radioactivity
DELAYED: High
energy cosmogenic
products

JHEP 1410 (2014) 86

25th International Workshop on Weak Interaction and Neutrinos (WIN 2015)



ACCIDENTAL BACKGROUND

n-Gd analysis: Background

Si_ngle \ £ U +;t

aCCI dental UN) : Acc::cidentals |

coincidences: = 1

= i

PROMPT: Natural =0l |

radioactivity T : E

DELAYED: High | = " :

energy cosmogenic 102 '_ L Ll i f’ -~

roducts - T I e | E

P / - I“I " ‘ “ il | ]

L A A T LU,
0.00.5101520253035404550

Correlation Distance (m)

AR: Distance between prompt and delayed signal.

Reduction: ~85%
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ACCIDENTAL BACKGROUND

n-Gd analysis: Background

Single \ E’lo_zﬂ' o ]
accidental § . Tge _spedcfcrum srtlape IS
coincidences: 107 obtained irom the pure
g . accidental sample 1
PROMPT: Natural g E
radioactivity 105k ++*H + ]
DELAYED: High § ﬁﬁﬁww Inr z
energy cosmogenic 10°F * Hﬂ ’ .
products / “24 6 8 10 12 14 16 18 20
Visible Energy (MeV)
prompt  delayed
IBD CANDIDATE |
SELECTION p—
window
Multiplicity
AR: Distance between prompt and delayed signal. Srompt itual
ACCIDENTAL I
: SELECTION =
Reduction: ~85%  Coincidence
Multiplicity
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ACCIDENTAL BACKGROUND

n-Gd analysis: Background

Single \ E’lo_zﬂ' o ]
accidental é .. The spectrum shape is
coincidences: *-%10‘3 obtaln_ed from the pure ]
& | . accidental sample 1

PROMPT: Natural g 3
radioactivity 105 ++H e ]
DELAYED: High - ““WW H H 5
energy cosmogenic 107 o }L Hﬂ | ’ T
products / "2 4 6 8 10 12 14 16 18 20

Visible Energy (MeV)

The rate is estimated from the
pure accidental sample

R,..=0.0701+0.0026 day "

Corrections factors are applied to take
into account the differences between
Reduction: ~85% the on-time (IBD) and off-time
(accidental) samples: multiplicity
JHEP 1410 (2014) 86 CUt,

AR: Distance between prompt and delayed signal.
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NEUTRINO OSCILLATION ANALY SIS

n-Gd analysis: Oscillation

LIFETIME

467.9 days

EVENTS

IBD CANDIDATES

17351

TOTAL EXPECTED
REACTOR v,

COSMOGENIC °Li/tHe
Fast-n and Stop-u
ACCIDENTAL BACKG.

+ v di
18290379 . disappearance

17530320
4477
278+23
32.3+1.2

NORMALIZATION UNCERTAINTIES:

SPECTRUM UNCERTAINTIES:

- Reactor v,spectrum

- Energy scale

- Background spectrum shapes

Uncertainty source DCIII (n-Gd) uncertainty*
Reactor flux 1.7%
Detection efficiency 0.6%
Accidental <0.1%
Correlated 0.1% +1.1%
Backgrounds 0 0.4%
N +1.1
-n isotopes o4
Statistics 0.8%
+2.3%
TOTAL 0%

*with respect to the signal

JHEP 1410 (2014) 86
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6.s MEASUREMENTS

n-Gd analysis: Oscillation

2. — -3 2 JHEP 1410 (2014) 86
A= 244 X10 "eV 2 methods: REACTOR RATE MODULATION 2024
2 reactor off data - Comparing observed and expected v
(7 events in 7.24 days) rate for different reactor power

g e Data
T T No osc. (x2/dOf=53/7) | ...

Background model independent % >0 . Xz/d rom | T

measurement s |7 estiit(x/dot=1.9%)\ B3
2 +0 039 -; 40 \:l QOOA CL Interval ........................... ‘ ...................
S111 (2 613) O 060 0.039 E i leetlme 467 90 days .

@ 16 ¢ g—:rror defmed as Ay® _:1 .0
= 30_'/ ..................

o | z e | |
, : : I PR AR . JUN AN S S

Using backg. estimation 20 Backgmund o 093043d o
§in2(20,,)=0.09070% [ e omommemen

N I S P

0 10 20 30 40 50

Expected rate (day™')
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6.s MEASUREMENTS

n-Gd analysis: Oscillation

2 _ -3 2
Am<s; = %Méllﬁgsl)o eV 2 methods: JHEP 1410 (2014) 86
RATE + SHAPE

Prompt spectrum fit

2 reactor off data
(7 events in 7.24 days)

—}— Background-subtracted data

1200
....... No oscillation
1000 [ ] Systematic uncertainty
5 800F Best fit: sin°20,, = 0.090
= at An?? = 0.00244 eV?
2lQ eoof ]
,HZ(ZG )_O 09O+0.032 S ' ]
Sl 13)=Y.UIU_ 029 400F ]

Livetime: 467.90 days

X2/Ngot = 52.2/40

C O L RN

Data / Predicted
0.25 MeV
(=Y
= =
=
--.—|—l
1
-
]
|

1 2 3 4 5 6 7 8 9 10
Visible Energy (MeV)
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N-H ANALY SIS

On-going analyses: n-H

Double Chooz: 1% experiment that measured 0,5 with the n-H capture: sin’(20,;)=0.097 +0.053

Most important background: Accidental background

PLB 723 (2013) 66

New (DCIIl) n-H analysis —» DCIIlI Improvements + More statistics + Multivariable analysis

A neural network is used to reduce the accidental background in the sample

10*

FrTTTrp 1
. Ta

Entries/0.25MeV

! 1 T 1
Signal MC (no osci.), w/o ANN cut |

Signal MC (no osci.), w/ ANN cut

Accidental BG, w/c ANN cut
Accidental BG, w/ ANN cut

Double Chooz Preliminary
DCIII (n-H)

.
pem

|
10
Visible energy (MeV)

—

Double Chooz Preliminary
DCIII (n-H)

NEW FIRST
RESULT: RESULT.

S S
—=~1 —
B 0 B L

A new publication about this
analysis is almost ready
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NEAR DETECTOR

Double Chooz  n-Gd analysis Conclusions
10° — -
Double Chooz Preliminary (2015) 3
104 ND UNCALIBRATED
10°E
102}
1o}
1
Total Charge (Arbitrary Unit)
10T T T T T T T T T T3

: Double Chooz (2011-2013) 7
.

e J\ FD CALIBRATED N
10° F E
10* \ AN E

u Y E

N R

- Il 1

2 4 6 8 10 12
Visible Energy (MeV)

The single rate is similar in both detectors

Demonstrates the IBD capability detection of ND



NEAR DETECTOR

Double Chooz  n-Gd analysis Conclusions
10° — 3
Double Chooz Preliminary (2015) 3
" ND UNCALIBRATED
10
0.07¢ ; ; : ;
103 - s m we - DC-11 (n-Gd only): Far detector only
E - DC-II (n-Gd only): Near and far detectors
- 0.06F wisoroy |
102 g C e wmmm DC-Il (n-Gd only): Far detector only
= - DC-IIl (n-Gd only): Near and far detectors
10 ; 0 . 0 5 — : :: :: :: :: :: E Range of potential n-Gd-based precision with near and far detectors
1E .

Total Charge (Arbitrary Unit)

Expected 1o error on sin’26,, = 0.1

10* O B B A B 3 0 .
E Double Chooz (2011-2013) 3
L f FD CALIBRATED |
10°F \ E 0
10 ;_ H 'WHJ _; z z z s : .
10? JL”‘J-‘JUJHIVH‘L_ “ _g O_IIIIiIIIIiIIIIiIIIIiIIllillllillllilllli
i JHH: o 1 2 3 4 5 6 1 8
ol W d ANE Total years of data-taking since April 2011

2 4 6 8 10 12
Visible Energy (MeV)

The single rate is similar in both detectors

Demonstrates the IBD capability detection of ND
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CONCLUSIONS

Double Chooz n-Gd analysis On-going analyses

« Analysis improvements with FD only
« More accurate energy reconstruction
« Optimized selection that produces a reduced detection systematics
 New veto background techniques that reduce strongly the background

« 2 Reactors off included

. The latest 8.5 value is:sin’ (2 6,5 )=0.090" 2

 An independent analysis (RRM) provides a compatible result
sin’(20,5)=0.090"% 1
 New n-H analysis with more data and improved techniques is almost ready
« Far and near detectors are taking data from December 2014

« Two detectors analysis is in progress

25th International Workshop on Weak Interaction and Neutrinos (WIN 2015)
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CALIBRATION

2 CALIBRATION SYSTEMS:

LED in inner-detector and inner-veto

- PMT gain

- PMT timing

- Scintillator stability

- Scintillator attenuation

Radiative sources: ®Ge, 137Cs, ®°Co, 252Cf

- Vertical axis (target)
- GC guide tube




BACKGROUND REDUCTION

Before vetoes are applied
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o
w

Rejected by IV veto
Rejected by OV veto
Rejected by Vertex reconstruction veto

Rejected by Lithium reduction

After vetoes are applied
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SPECTRUM DISTORTION
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FIT: INPUTS & OUTPUTS

Fit parameter Input value Best-Fit value
Li+He background 0.97°%% 0.74+0.13
Fast-n + stop-u backg. 0.604+0.051 0.568"0 0
Accidental backg. 0.0701-0.0026 0.0703-0.0026
Residual v, 1.57+0.47 1.48-+0.47
Am?ys (10 eV?) 244750 24475
E-scale ¢, 0+0.006 0.0017 505
E-scale & 0+0.008 —0.001"5 506
E-scale & 0+0.0006 —0.0005%2%7

SE=¢_+¢, E+¢ E°



BACKGROUND MODEL
INDEPENDENT
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REACTOR FLUX

Fission fractions Reference spectra
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OLD n-H ANALYSIS
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ENERGY RECONSTRUCTION
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NEUTRON DETECTION EFF.

Double Chooz

Contribution Effic. MC Normalization
Gd fraction 85.30% 0.975 £ 0.004
Selection 98.58% 1.000 + 0.003
Spill - 1.000 £ 0.003
TOTAL 84.09% 0.975 = 0.006

Near detector

Conclusions

REJECTED EVENTS
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2 REACTORS OFF

Only 7.24 days
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