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Theory favored small sin220,;!

Theory

Order of Magnitude

RH Dominance

Prediction
Le-Ly-Lr 0.00001
SO(3) 0.00001
S3 and 54 0.001
A4 Tetrahedral 0.001
Texture Zero 0.001
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Measuring the last mixing angle:

Well understood, isotropic source

R T‘,— / of electron anti-neutrinos Oscillations observed

m /' (E <8 MeV) as a deficit of Vv,
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Measuring the last mixing angle:

Well understood, isotropic source

R T‘,— / of electron anti-neutrinos Oscillations observed

m " (E<8MeV) as a deficit of Vv,
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Unoscillated flux
observed here
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Remember: T
We are looking for an effect as a function of L/E.
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Double Chooz Analysis is Unique:

® Analysis uses BOTH Rate and Energy information
—>Detailed £nergy Response Model

® Simple Reactor Configuration

—> Multiple analysis periods.

® Multiple Detector Phases - Now Far Detector Only
—>Detailed Reactor Model




Reactor Basics

0.3 is Large!

The Future



Reactors P




An Example Fission: ° v
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Obtaining the Neutrino Prediction:

Fission Rates Spectra per Fission
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inputs from the power company. at the ILL research reactor.



Containment Structure

Nuclear Reactor Basics
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Fuel is arranged in assemblies.




Takahama Benchmark

Published information of the irradiation
history of fuel rods installed in a PVWR

reactor. A chemical assay Is performed
at the end of three fuel cycles.
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We concentrate on SF97/.



Result of Takahama Benchmark for 23°U:

Phys. Rev. D 86, 012001 (2012)
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Simulations agree with measurements and other codes
within the uncertainties of the simulations’ inputs.



Obtaining the Neutrino Prediction:

Fission Rates Spectra per Fission
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Average Cross Section per Fission:
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Normalization to Bugey-4:

SRP-I

.............................................................................................

Distance to Reactor (m)

The experiment with the smallest uncertainty, |.4%.






The Signal: Inverse Beta Decay
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Target

0.3 m3 (8 tons)
Gd Doped Scintillator

g N\ Gamma Catcher
- 223m3
2~ I\ Plain Scintillator

Buffer

| 1O m3 Mineral Ol
with

390 10" PMTs
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Inner Veto

90 m3 LAB Scintillator
with

/8 8" PMTs




Outer Veto
Precision muon
tracking with plastic
scintillator readout

with fibers and multi-
anode PMTs.




U=
(ﬂ—blag

Calibration Systems

e /-Axis

~1 @ Guide Tube in Gamma Catcher
e Light Injection (all volumes)

e Buffer Tube

e Articulated Arm




Last November’s Result:

(DCI1stPub)
Phys. Rev. Lett. 108 131801 (2012)



New Result:
Double the Statistics!
Improved Systematics!

Keep your eye on the ArXiv!



Selecting Antineutrino Coincidence:

2 us < At < 100 pis

I l » time
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Selecting Antineutrinos General:

e Fvent Quality Cuts (PMT Light Noise Cuts)

e “|solation in Time" Cut o
* Muon Veto, No coincident IV signal. Q_O\‘_ ............
* Muon Veto, I ms following muon event. e

* Muon Veto, 500 ms following high energy
muon event (> 600 MeV deposited). \

reduce muon related

e Muon Veto, No coincident OV signal. \ These are new and
backgrounds!



Collecting Data Since April | 3,201 1...
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Double Chooz (prel.)
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We see 8249 neutrino candidates in 227.9 live days.



Remember:

Reactor Experiments are
antineutrino disappearance
experiments.

->Background subtraction is key.



Neutrons Neutrons Neutrons




Neutrons Neutrons Neutrons




Some Basic Diagrams:




These neutrons we can veto...




Muons Passing through the Rock:

These create two kinds of backgrounds: accidental
and fast neutron.



Accidental Coincidences: g - _g T
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Fast Neutron and Stopped Muons:
R = 0.6/£0.20 events per day

Fast neutrons are E
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These are very problematic...

Veto
Rock

In addition to neutrons, muons can produce light isotopes. ’Li and
8He decay through B-delayed neutron emission.



number of entries

°Li Decay:
R =125+ 0.54 events per day after muon vetoes.

Time to >600 MeV Background Subtracted
deposited Muon Energy Spectrum
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Without the high energy muon veto would have
been R = 2.05+0.62 -0.52 events per day.



Background Summary:

Events per Day

’Li .25+£0.54
Fast-N + Stopped Muons|  0.6/£0.20
Accidental 0.261+0.002
Total 2.13+0.58
Candidates 36.2

We have |.6% uncertainty due to the
backgrounds, but they can be
constrained in a Rate + Shape analysis.




Statistics 1.1% (1.6%)
Reactor 1.7%
Backgrounds 1.6% (3.0%)
Detector 1.0% (2.1%)

(compare to DCIstPub)




Energy Scale
Improvements:

Gain (charge a.u./PE)

LED calibration system
used to correct electronics
non-linearity, and neutron
capture maps to correct
position dependence.

Energy Deviation (%)
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Example Prediction:
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This analysis uses rates, energy information and
two periods (| reactor and 2 reactor).



Rate Only:
sin220,3 = 0.170 £ 0.035(stat) £ 0.040(sys)



Rate + Shape
sin220,3 = 0.109+0.030(stat)+0.025(sys)
X?/NDF = 42.1/35
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sin220,3;> 0 at 3.10!



Examining
all of the
data
together.

Events/(0.5 MeV)

(Data/Predicted)

- Predicted)/(0.5 MeV)

-
H
o
o

-
N
o
o

|III|III|III|III

L3

-
(=]
o
o

800

600

400

200

(Data

_._

Double Chooz 2012 Data
No Oscillation, Best-fit Backgrounds

Best Fit: sin®(20,,) = 0.109

at Am?, = 0.00232 eV? (y%/d.o.f. = 41.1/35)

Summed Backgrounds (see insets)
Lithium-9

=] Fast n and Stopping

Accidentals

I

w
=)
1
|

-
o
T
|

Events/(0.5 MeV)
N
[~
T
|

o
N
L
(-]

8 10 12
Energy [MeV]

II||II||I III|*?II|III

lllIlll|lll|lll|lllll

lll'

1 " N L 1

8 10

12

Energy [MeV]



Moving Forward!



Continued Analysis Work:

® More Data

e Continue to work on energy response model
® Reactor model improvements

® Add hydrogen captures to analysis

® |[mprove background estimates



Did | mention we get
two Reactor Off Data?

Now up to 8 days with
both reac_:tors off.




After analyis cuts in Nice agreement with
6.84 days of live time =——>» [2.812.2 predicted for
observed 8 events. this period.
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Test Result Stability in Time....

IBD rate(solar day™)

P(F,~¥)

And look for Lorentz Violation.

2_ Preliminary | | orentz violation in the

: neutrino sector implies the
20F- universe has a preferred
10F i Wbt oilton direction. You can look for

" 760go 20000 30000 abodo o000 san 7000 w000t effect by examining the
osclillation probability as a
Jf function of sidereal time.

oifg Mﬁ+ﬁ+#%+}#f See Kostelecky and Mewes
"oa + t L|  PRD70(2004)076002

0.75F

0 10000 20000 30000 40000 50000 60000 70000 80000
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Strong limits for Ve=> Vi, and Vy=> V1; however, there is an
opportunity to observe Ve=> Vr In reactor experiments.



Test Energy Response and Background Levels....

T
— 4Sum Backgrounds
— K Target
2 U PMTs
ot PHTS
2274 10 “““Rn Target
—_ 210Fin Cha_ln Target
Pb Chain Target
208N to 2'%pp Target

— fZZTh to >°Rn Target

ﬁllllll IIIIIIII| IIIIIII_I_| |IIII|I_I_| |IIII|I_I_| |IIIII|.|.|_L

10-3 a0nn L1

10
Energy (MeV)

...and look for Double Beta Decay.

'60Gd is a double beta decay candidate with an endpoint of .72
MeV. Double Chooz has the potential to improve the current limit if
background levels, especially those from U/Th are not too high.



Near Detector
Under
Construction:

Completed by the
end of 201 3.



Conclusions:

* Double Chooz updates its
rate and shape analysis
with improved statistics and
systematics.

* Double Chooz excludes
null oscillation hypothesis at

99.9% (3.10).

e Double Chooz's simple
reactor configuration allows

for unique analyses.

sin”20,, Measurements

Double Chooz Jun. 2012 ——
Double Chooz Nov. 2011 f—e—1

Daya Bay Mar. 2012

RENO April 2012

T2K (2011) Normal hierarchy : . |

T2K (2011) Inverted hierarchy

MINOS (2011) Normal hierarchy

MINOS (2011) Inverted hierarchy
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The Chooz Goes On!




More Slides




A long history of reactor experiments...

Poltergeist

11 LT

4

KamLAND




he Re-Analysis of the Spectra:
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All the experiments are now low.

See Phys.Rev. D83 (2011) 073006



he Re-Analysis of the Spectra:
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See Phys.Rev. D83 (2011) 073006



