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Three Neutrino Mixing

Pontecorvo — Maki — Nakagawa —

Ve| [Yer Uea Uas) vy Sakata (PMNS) matrix
v,|= Uptl UJuz Up3 Vv, o
v.| \U., U, U,|\v, e 3 mixing angles
1 CP phase
r»;:05012 sin0,, 0|| cos0, 0 sin0,.e"’|[1 0 0

U =|—-sin0@,, cosO, O 0 | 0 0 cos0O,; smn0,,

0 0 1H—-s.inOuaza"'ﬁi 0 cosO,; [|0 —smn0,; cos0,,

solar atmospheric

. 2 mass splittings AmziJ

. We don't know 6__, Bcp and sign of Am®_ -
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Global fit

Neutrino Oscillations

arXiv:1108.1376, T. Schwetz et al

parameter

Am32, [10-%eV?]
Am?, [107%eV?
sin’ @y
EiI‘L2 I'?g;;

a3
sin” fq

ey

best fit +1o Before Double Chooz result!
7597038 6, from long baseline accelerator experiments
2.50+099 v, = Vv, appearance - T2K and MINOS
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P(V,=V,)=~1-sin"20,,5n’

4 . .
~cos ,5n"20,,9n°

Reactor Experiments

o 127L[km|Am3, [10 eV
: |

E[MeV|

o/ 1271 k] Am [10”eV"),

E[MeV|

Analysis A

+ 2.8% (stat)

Chooz : R=1.01

+ 2.7% (syst)

sin°20 < 0.13 (90% C.L)
Fogli et al, arXiv: 0805.2517
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sin (28}

M. Apollonio et. al., Eur.Phys.J. C27 (2003) 331-374
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P(V,=V,)=~1-sin"20,,5n’

4 . .
~cos ,5n"20,,9n°

Reactor Experiments

, 127L[km|Am3,[107 eV

E[MeV|

 127L[km|Am? [ 10 eV?]

' E[MeV|

Analysis A

Chooz : R=1.01

+ 2.8% (stat)
+ 2 704 (cu<t)

sin°20 < 0.13 (90% C.L)
Fogli et al, arXiv: 0805.2517

L L 1
.4 .5 L] o7 8 o ]
sin (28}

M. Apollonio et. al., Eur.Phys.J. C27 (2003) 331-374
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Modern Reactor 6 Experiments

« Disappearance of anti-neutrinos (independent of 6Cp and sign of Am_ ,
weak dependence of Am_ )

« Short distances, ~MeV signals (no matter effects)

.ﬁ.m?z =7.2107 ev?; cos8,, = 0.8; sind, 5 = 0.23
Am3; =25107 V% Am3; =20 107 eV?

e

exaggerated

10° 10*
L/E [eV7]

10° 10° 10
L [m] { (E,} =3 MeV)

10

10° 10 10° 107
E [MeV] (L = 1.050 km )
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Concept

 2'identical' detectors

- Near

e 410 m

e 115 m.w.e

« ~500 v/day
- Far

« 1050 m
e 300 m.w.e
« ~70 v/day

e Systematics on reactor
power, neutrino spectrum,
cross-section and detection
are insignificant for a
relative measurement

Chooz-B
2 X 4.27GW
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Near Laboratory Construction
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Electronics

Glove Boxes
and
Calibration
systems

The Laboratories

17/01/2012

Outer Muon Veto

Plastic scintillator
strips with x,y
positioning

Jaime Dawson, APC Paris
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@ far site: 15cm Steel

The Detectors

Active nu target +
+

OTHER SYSTEMS
Passive shielding

-Outer Muon Veto System
-Calibration Systems
-Glove Boxes

ARGET : (th=2,3m

. -Acrylic vessel (th=8mm)
- 10,3 m? LS doped with 1g/l Gd

B Acrylic vessels & «hardware»
definition of fiducial volume

. =0,55m
-Acrylic vessel (th=12mm)
- 22,6 m3 LS (identical to target

Buffer : (th.=1,05m)
-Stainless steel vessel (th = 3 mm)
-114,2 m? mineral oil
-390 PMTs (10 inches)

inner VETO: (th=0,5m)
-Steel vessel (th =10 mm)
~80 m*LS

78 PMTs

SHIELDING

~300t

17/01/2012 Jaime Dawson, APC Paris
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Muon Tracking

 Quter Veto

- Tag near miss muons
- Entry point of any muon
* Inner Veto

- Efficient tag of muons and
secondaries

- Track muon
e Muon Electronics

- Attenuated output of Inner
Detector PMTs

- Track muon

17/01/2012 Jaime Dawson, APC Paris 13
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Electronics & ReadOut

Raw Data volume: ~64kB/trigger (no reduction)

FEE (custom)

HYV-splitter

match signal J )
et dynamicsg VJ&,EZC E
- CAEN-VIT2I l ~y f
L
PMT Inner-Detector U-FADC §
Hamamatsu I25MHz ~
R7081MOD-ASSY S——
(low background for DC)
390 PMTs (107) Trigger & Clock System
HV Trigger (custom)
PMT Inner-Veto | ID: energy OR hit-pattern
Hamamatsu R 408 IV: hit-pattern OR energy
78 PMTs (8”) HV-Supply
(from IMB) CAEN-AI535P

| R (custom, based |pu— Card

Mé4 (64 pixels) on MarocZ) (custom)




Waveform Digitisers

| channel = 53, trigger_id = 46 |
210

[ e g o —— Single photoelectrons as seen by

205 the waveform digitisers

ADC counts

195

190

Mean amplitude: ~ 8ADC counts
Mean width: ~12ns (5 samples)

185

1 1 I
1100
Time [ns]

1 1 1 1 ] 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I i 1
- 900 950 1000 1050

500 MHz 8-bit flash ADC (developed with Caen — V1721X)
Dead-time-less (for our event rate)
In-house firmware allows choice of event size based on
Info from trigger
Time between consecutive events

17/01/2012 Jaime Dawson, APC Paris 16



Event Display

Muon in Inner Veto

Muon in Inner Detector

DC Preliminary
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Muon rate in Inner Detector: 13 Hz

Muons
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Fish-line (Z-axis)

Calibration

‘hl';

Articulated
Arm

Embedded LED
calibration system
385, 420, 470 nm

17/01/2012

Glove Box

T . E T |

Buffer guide
Tube

Jaime Dawson, APC Paris




Ratio Total Event Charge Data /MC

Ratio Total Event Charge Data / MC
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Calibration

2520¢ - nGd

—s— Calibration Sources

137~ g
—— Non-Linearity Correction

1| I L1 | I Il [ | L Ll | Ll 1 | Ll 1 | L1 | I L1 | I L1 1 I L1 I_
200 400 600 800 1000 1200 1400 1600 1800 2000
Total Event Charge

—— "Cg - 0.7 MeV
—s— 50Cg - 2.5 MeV

—— Correction in Z

L 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 L I 1 1 1 1
0 -1000 -500 0 500 1000
Z Position [mm

(=]
iy
t

00

=1

17/01/2012

neutron, gamma and positron sources

Non-linearity from
electronics & charge reconstruction

Charge bias in z-direction

Jaime Dawson, APC Paris

20



Neutron Calibration

Cf Data Delayed Signal

£ o ol i
5 10 L// Gd Double Chooz preliminary
e Ff H
E 10° . &
m i
it £ 3
Sl § &
10 g i 8 i
: »2Cf source inside target,
SR arRd Deployed along z-axis
| S e T L. . —L B
Cf MC Delayed Signal Visible Energy(MeV) Calculate neutron Capture

-'u'-':'- L] I T L T L] I T L T T I T T L} T I L] L] T T -
Z 10 Double Chooz r.m&liminaerg _ Gd/(H+Gd)
e 3 Find 2% correction between data and MC
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: z
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Calibration

%Ge Detector Center X=0mm, Y=0mm, Z=0mm

ﬂ 'I""I'"'I""I'"'I"""""""""'_
§ [ o RS — _ _
@ 10 L JN T [— *®Ge (positron emitter)
- . E spectrum well modelled
3 .
E L - |
= 103;— .‘. ', 3
E ®ee «*% E
L 5 Con g0, % ., i
1025_ % =
- * .
I * -]
‘adi\s ¢
105 t +
D1 R 1V 1 R 1 e -1 1 =

Total Event Charge

%Ge Guide Tube X=0mm, Y=1433.9mm, Z=0mm

ﬂ :I T T I T 1 171 I T 1 17T I T 1 17T I Trrrrrrrrr7 rrrrr1rrrrT ':
S 100 K == .. =
w = . N =
= = ..v" " ] mewemomc
[ B - I
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trigger efficiency

Ener

1.0
0.8
0.6
0.4

0.2

0.8

gy Threshold and Trigger

ereadout threshold @ 350keV
ephysics threshold @ /00keV

—efficiency: (100%9.04)%

o oo b b b

|_|_| 1

17/01/2012

1 1 _I_ I T | I_ L1 1 |_ P R
0.6 0.8 1.0 1.2 1.4

visible energy [MeV]

Jaime Dawson, APC Paris
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Detect Neutrinos

 Detect anti-neutrinos via inverse beta
decay

y =

-p+v-n+e'

 |In Gd- loaded scintillator

- Prompt e*signal 1-8MeV

Eprompt Vs Edelayed . - ‘s .

B e e - Prompt e* e annihilation(2 x 511 keV)
L : | ouble Chooz preliminary ]

= | v ; .E =E —(M-M)+m

= 11— I , . ) VIS \Y) n P e

@ - i

g | I 3 - Delayed neutron capture on

- 1D_

e Gd ~30 ps ~ 8 MeV (>80%)
e H ~200 us 2.2 MeV

prompt E (MeV)
17/01/2012 Jaime Dawson, APC Paris 24



Neutrinos — delayed signal

Neutron capture on Gd

Tag — helps define Neutrino event
* 8 MeV - less background
* Rapid capture time - less background

—

~ 5888883888

Fiducial volume — Gd only in target

Events/0.25 MeV

Double Chooz preliminary :

10 1 12
E Delayed energy [MeV "]

2

—
o
- — ——

Events/2 usec

only signal MC

10 20 30 40 50 60 70 80 90 100
AT [usec]

17/01/2012 Jaime Dawson, APC Paris 25
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Neutrino Selection

time
P D >
Muon R Coincidence E
>
Veto o % L
M A
P Y
T E
- _ D -
No other signals
Muon veto - No preceding muons (1 ms)
No PMT light noise events. Real signals have
- Homogeneous spread across PMTs
. . . Systematics
- Small spread in arrival times Detoctor
Ener Energy response 1.7%
gy E:,E]r_.].ﬂ:.r Containment 0.6%
_ (Gd Fraction 0.6%
Prompt [0.7, 12] MeV At 0 5%
B Spill in/out 0.4%
Delayed [6’ 12] MeV Trigger Efficiency  0.4%
Coincidence [2, 100] ps Target H 0.3%
Total 2.1 %

No other signals [100 ps before prompt and 400 us after]

17/01/2012 Jaime Dawson, APC Paris 26



Events / 250 keV

Rate (s-1/ 50keV)

-
=
[

10"

10?

Accidental Background

iy
°.

T T 7T

PRELIMINARY

Gd capture

1 1 4 1 1 1 6 1 1 1 8 1 1 1 10 1 1 1 12
E (MeV)

T T
Double Chooz preliminary 3

Accidental spectrum

+

! t
" W ity

i
Tl .Hﬂg

- |

5 10
Visible Energy [MeV]

17/01/2012

Dominant source of accidentals is
Radioactivity (from PMTSs) - 7.6 Hz (>700keV)

Thermal neutrons - 20 n/hr

Shift coincidence time window [1,100]ms
away from neutrino candidates

Background Rate (D) Syst. Uncertanty (% of signal)
Accidental < 033003 <(.1

Fast neutron (.83 £ (.38 0.9
i 23412 28
Jaime Dawson, APC Paris 27
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_Correlated Backgrounds

Cosmogenics (-neutron): Li-9, He-8
- Main production mechanism — spallation on C

- Search for showering muons (e.g. Edep> 600 MeV)

Backgromnd Rate (D) Syst. Uncertainty (% of signal

Accidental 0,33 £ 0.03 <01

Fast neutron 0.83 4 0.38 09

T w8
E2r1tries 7723
22/ ndf 92.56/ 124

Li-9 counts 142.4+ 26.0

constant 2841+ 76.4

T
BN IR R

1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1
500 1000 1500 2000 2500
At [ms]
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Correlated Background

Fast neutrons

« Proton Recoil (positron-like signal) followed by neutron
capture

Chimney Stopping Muons
« Muon stopping in chimney followed by Michel e*
Sample events of energies > neutrinos [12,30] MeV

Tag events with Inner Veto

> 10°
2
o
o
% 107 Background Rate (D) Syst. Uncertainty (% of signal)
;qé Accidental  0.33 £0.03 <01
L5 Fast nentron .83 0.8 0.9

10 L 23412 28

1

0 5 10 15 20 25 30
Energy (MeV)
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Expected number of anti-neutrinos

NP (ED = 2 <;(§) (/)

Np - number of target protons

€ - detector efficiency
L - distance reactor-detector

<E> - Mean energy per fission
(Er)=2aM®(E;),
k

o..(E) — Inverse Beta Decay cross-section

<0> - Mean cross-section per fission

(o7) = [ GE SU(E) Gap(E)

Reactor

B Bugey4 measurement 1.4%
<0'f> = <0-f> o + Z( aEC(t) - aEugq/(t)) <0'f> Fuel Composition 0.9%
P k Thermal Power 0.5%

Reference Spectra 0.5%

Energy per Fission  0.2%

IBD Cross Section  0.2%

Baseline 0.2%

Total 1.8%

17/01/2012 Jaime Dawson, APC Paris 30




Osclllation Analysis

T EXAMPLE

. B i L engiE, Je] '
Two independent measures e g oz

* Normalisation (RATE) =4 l J
. Spectral Distortion (SHAPE)

g ;
» Or use both i j*

oy
i i
|

1000

g, - S
ol - |..|||.-|]...|.'...|-...:-|:..'.;.:..|.|
2 3 4 ] B T -
Energy MeV
ey Ratico Obs/Th
= = T+ 1+
—1 == _—
02 1 oo =2 b o] s
W
] [
il
o
e
1.0 [ 1]
S~ — ______,_—: —
L it}
D‘B_ j L1 I = 2.pb 1o 4=
S | P2 I 1
3 iy =0 S — _
L =irns = _—
0.8 N aln‘tggld::g ég ol
L = = ~+ = = ra ] = =
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Oscilllation Fitting

* Includes uncertainties in anti-neutrino signal, detector response,
signal and background statistics, and background spectral
shape.

e Correction for MC/Data differences
Reactors . bkgnds. -1
(Na _ ( Z N;’R-FZN?(PE;))) X (Ms;gnal+ijﬂecmr+M§at+ Z Mg)
b
Reactors
X ( ( Z N”R ZN”(Pb)))

Reactors
¥ 2 : (Pr)’ M;; signal. Giomal covariance matrix.
% Yk
e Mgﬂtec“’r: Detector covariance matrix.
+ Z (Pa
Mf}a‘: Statistical covariance matrix.

M}: Covariance matrix for background

17/01/2012 Jaime Dawson, APC Paris 32
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Events/(0.5 MeV)

E 8 8 8 8

o

Rate & Shape Osclillation Analysis

sin® 26 _ = 0.086 + 0.041 (stat) + 0.030 (syst)
Or, 0.015 <'sin”26 < 0.16 at 90% C.L

H

4

4

+

L]
[ ]

Data
No Oscillation
Best Fit: sin’(20_) = 0.086

@A m?, =2.4e-3 eV’
Summed Backgrounds (see inset)
Lithium-9
Fast n and Stopping 1
Accidentals

Events/(0.5 MeV)

12

0 I T
2 4 6 8 1
Enamrt{lﬂaﬂ

No neutrino
— constrali

No oscillation excluded at 94.6%
|_|_I_E

4121 neutrino
candidates
(inc. ~ 328 bg events)

No oscillation,

expect 4344+165
events!

above 8 MeV

LD

1-9 and fast neutrons

17/01/2012

Energy [MeV]
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Changing Reactor Power

Neutrino candidates rate (background not subtracted)

100 r T T T T T T T r T : T T T
Dadible Chooz preliminary

gol—  Average Rate: 42,607 day’

Neutrino Rate (day )

Another way of measuring 6,

From slope:
sin® 26 _ = 0.104 + 0.030(stat)+0.076(sys)

Estimate of background rate! ﬁ> s

;ﬂr.i.i.

3.33 +/- 1.32 per day

17/01/2012

Observed rate [day'll

101 days (effective)
2 months with just 1 reactor

1 day both off

Eu_ ........

|:| Conf. @ 90% CL
- :"' —

10

® Data
A Reactor OHf-Off

- |- Noosc. (v=16/4) |
- Best fit (x%/v=3.5/4) | =

Jaime Dawson, APC Paris

30 40 50
Expected rate [day"}
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Both Reactors Off

3 candidate neutrino events - 2 Li-9 candidates and 1 stopping muon in chimney

9Li Event Candidate

Prompt event
= |nner Detector energy: 4.8 MeV

Delayed event
= |nner Detector energy 8.6 MeV

Coincidence characteristics

= Distance 27.9 cm
= At: 26 ms

Muon,, ¢40 mev)

= |nner Detector energy 627 MeV
= Distance to prompt: 30.8 cm

= At to prompt: 241 ms

17/01/2012

30001 pouble Chooz preliminary

20007

1000

y [mm]
o

—10007

—2000

—3000

+ prampt
+ delayed

=3000 -20Q0 -1000

3000 - | Double Chooz preliminary * prompl

2000 -

1000 -

D_

z [mm]

—10a0-

—2000-

—3000-

= [mm]

0 1000 2000 3000

1 —

+  delayed

3000 —2000 —1000

Jaime Dawson, APC Paris
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Double Chooz, T2K and MINOS

30IIIIlllllllllllllllllll
“nonnalordenng

e = 2.35e- 3eV’

0.003< sin? 26 ,<0.219 at 30

?Illllllli

Illllllllllll

l|\IIII|I[II|IIII

\'  68%,95% CL (2 dof) ]

1
I
|
\

curves: T2K+MINOS
\  shaded: T2K+MINOS+DC -

IIIIIJIIIIllJl

_l Iilllll|l]]|l1ll_
0 0.1 02 0.3 04 0.5

sin"20, ,
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Conclusions

* First results from Double Chooz

- 9th November 2011 LowNull presentation by Herve de Kerret
and press release

- 29th December 2011 publication on arXiv hep-ex:1112.6353
- Hint for a non-zero value of 6__

- sin® 26 , = 0.086 + 0.041 (stat) + 0.030 (syst)
~ 0.015 < sin® 2913< 0.16 at 90% C.L.

 The near detector will be operational by early 2013

- Aim for 1o precision on sin® 20 ,~0.02

17/01/2012 Jaime Dawson, APC Paris
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