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Mixing, oscillation and 645
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Oscillations and 045

Neutrinos mixing and oscillation parametrization
with ¢;; = cos 6; and s;; = sin 6;;

flavor . : mass
. ) mixing matrix U .
(interaction) J PMNS (propagation)
v, 1 C e®s |(c s v,
v 13 13 12 12
- )
\)u ) 1 s, C, ,
t € S13 C13 1 V3
measured | measured

Limit (from CHOOZ) :
sin?20 <0.15at90 % C.L.

for Am31°=2.510°eVv2  (+ indication of a non-zero
0,3 from the T2K experiment)

Why measuring 843?
Fundamental unknown physics parameter

Necessary step before the search for CP violation in the leptonic sector
(Ocp scaled by sin2 2643)
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Antineutrino disappearance at reactor

Ve emitted through B-decay of fission products in N4-REP Chooz B
C@J 2 X 4.25 GWy, reactor core

Pure, intense and MeV source

Disappearance experiment
Survival probability:

P(Ve = Ve)~ 1 —sin?(20,,) sin2 (1.27 Am,,2 LIE) — cos’(0,,) sin? (1.27 Am,,2 LIE)

T~

with:

sin2 (2013) = 0,1

sin2 (2612) = 0,8
Am312=2,510"° eV?
Am212 =8 10° eV?
Ev = 3 MeV

0.8

0.6

P(ve — ve)

0.4

0.2

| L L | L L I |
10? 10° 10*

L [m]
Choice of L/E: clean measurement of one parameter, sin?20,5
- Simplified survival probability: P(Ve = Ve) ~ 1 — sin?(20,) sin? (1.27 Am,,? LIE)
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The Double Chooz experiment
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From CHOOZ to Double Chooz Giccz

Former experiment CHOOZ limited by stat. and syst.:

15 =

R =1.01 %+ 2.8 % (stat) + 2.7 % (syst) _—

25 =

o - Al
where R = N, ops / Ny exp wio oscillation (R # 1 if oscillation) i %%&%%% %‘ﬁ

0.5 |-

Double Chooz concept:

0 PRI S IS S TR NN ST S R S | -
0 2 4 6 8 10

relative measurement btw 2 identical detectors E,is (MeV)
(cancel systematic uncertainties on v flux and detector response)

bigger target volumes, longer data taking
(work on liquid scintillator and material compatibility)

far
& detector
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. . D()‘li%ﬁce ‘
Experimental site g s

hear detector far detector
(under construction) (taking data)

C— o e
& e e

Chooz B nuclear
power plant in the
French Ardennes
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Detection method G

Inverse B-decay in scintillator:
(~20% PXE, 80% dodecane, 0.1% dissolved Gd + wavelength shifters)

(Vetp—=n+te

= e"energy loss
+ e'e annihilation

= Eyis = Egy + Me ~Ey_— A+ mg

=
vm-l

/ = n-capture on Gd
— cascade y

T
----—--- Emitted spectrum

----- Cross-section

—— Detected spectrum

N X(A,Z)

(arbitrary units)

- Correlated signals (time and space)
AT ~30 psand AR<1m
seen by photomultipliers (PMT)
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Expected backgrounds ) G

Cosmic K

Correlated background
— B-n decaying isotopes °Li and *He
M-produced by spallation processes
Perfectly mimic the v signal
Cannot be vetoed t1, =178 ms

1.4 + 0.5 d* expected
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QR _
Expected backgrounds ) G

Cosmic K

Correlated background
— B-n decaying isotopes °Li and *He
M-produced by spallation processes
Perfectly mimic the v signal
Cannot be vetoed t1, =178 ms

1.4 + 0.5 d* expected

— M-induced fast neutrons
Prompt signal = recoil proton
Delayed signal = n-capture on Gd
0.2 + 0.2 d* expected
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Expected backgrounds

Cosmic K
Correlated background
— B-n decaying isotopes °Li and *He
M-produced by spallation processes
Perfectly mimic the v signal
Cannot be vetoed t1, =178 ms

1.4 + 0.5 d* expected

— M-induced fast neutrons
Prompt signal = recoil proton
Delayed signal = n-capture on Gd
0.2 + 0.2 d* expected

Accidental backgrounds

Prompt = radioactivity y emitted
from a PMT (for instance)

Delayed = p-induced fast neutron
captured on a Gd nucleus

2.0 = 0.9 d* expected
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The Double Chooz detector

Design:
* Neutrinos detection
* Protection against backgrounds
(internal and external)

Outer Veto: 82 m? of 400 mm thick
plastic scintillator strips

v-Target: 10.3 m3 liquid scintillator
~ doped at 0.1 % in Gd, in a 8 mm thick
acrylic vessel

v-catcher: 22.3 m?3 liquid scintillator in a
L~ . -
12 mm thick acrylic vessel

_ Buffer: 110 m3 mineral oil in a 3 mm
stainless steel vessel, seen by 390 PMT

~ Inner Veto + steel shielding: 90 m? of
liquid scintillator, seen by 80 PMT

F N

CEA/SPP - CNRS/APC
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The Double Chooz detector

poUBLE
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The Double Chooz detector

DOU BLE
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The Double Chooz detector
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) 2 v 4

Calibration

Glove Box

e o 8wt
» and wewghis ’

Sour =

+ articulated arm

(not installed yet) S~

. —Tube for radioactive
sources (in GC)

+ Lasers
(UV and green)

—Tube for radioactive
sources (in Buffer)

+ Light injectors

. : (radioactive sources
(inner detector + inner veto)

GSGe 137CS GOCO 252CD
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Calibration ctse=2

Charge correction: calibrate non- Z correction: calibrate the Z-bias
linearity (charge reconstruction and (geometrical effect)
electronics effects)

1.01

L L
110 Double Chooz preliminary

uble Chooz preliminary

Do

1.08 — 1.00

1.06 0.99

1.04 252
Cf - nP 2520f . nGd 0.98

1.02
0.97

1.00

137

0.98 —&— 7'Cs-0.7 MeV

0.96 —e— Calibration Sources —s— %9Co - 2.5 MeV

Ratio Total Event Charge Data / MC
Ratio Total Event Charge Data / MC

0.94 — Correctionin Z

Non-Linearity Correction

0.92

0.93
0.905500"400 600 " 800 100012001400 1600 7800 2000 150010002500 "0 5001000 1500
Total Event Charge Z Position [mm]
**Ge Guide Tube X=0mm, Y=1433.9mm, Z=0mm
- : : Sl ™ Double Choo preliminary]
removes MC and data discrepancies A
- *Ge source in a calibration tube: we T S
correction works well, o ']
spectrum well modeled : ]
15—+ _E

) [P N U T NI (P P T
50 100 150 200 250 300 350 400 450 501
Total Event Charge
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Double Chooz data analysis
Neutrino search
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Data Taking Efficiency ¢toce=2

Analysis performed on 102 days of physics runs, including 16 days of
one reactor OFF (+ 1 day of two reactors OFF), with far detector only

Average data taking efficiency
—in total: 86.2 %
— 1 i . 0
n phySICS' 77.5% Double Chooz preliminary
1

— — T 1
9 200 ouble Chooz (prel) [analysed [Jpysios [loters 1 Z"
T 1
s 19 o 3
2 it =
£ ’ .| 0.8 %5
= {1 A1 1 -
o) | | ‘ ( ] c
= b g%l —0.6 <
" — [ .
2 /i!ll "—’ i
+ g ey 1 ®
" ' —0.4
< !/| \ u N %%
— Total 1
— Physics __0'2
— Analysged -
O % | 1 1 1 1 1 1 1 ] 1 |_0
May. Jul. Sep. Nov.
2011 2011 2011 2011
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Neutrino search — An unexpected background... 9(077—5'32

* Called “Light-Noise”

S— * Parasitic light emitted by some PMT bases
15 were turned off
Offline rejection cuts based on anisotropic light collection

Preliminary

7 50:
* PMT sees its own light = isE 10°
- Qmax/Qtot cut ~§ soF
(v signals should be G aE
homogeneously spread 2 .
across the PMTSs) 30E 10
25F-
* Large dispersion of start 20F
time of PMT signals 15E- -
- RMS(Tstart) cut 10E-
(v signals should have small 55_
spread in arrival times) T

II | —
002 004 006 008 0.10 012
QmaxIQ

tot
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Neutrino search — Analysis cuts

Prompt event:
No Inner Veto Energy Deposition (i.e., "event is not a u")

Light-Noise cuts: Qmax/Qtot < 0.09
and RMS(Tstart) < 40 ns

Energy in [0.7 ; 12] MeV

-
qrm-l

Delayed event:
No Inner Veto Energy Deposition (i.e., "event is not a |1")

v X(A,Z)
Light-Noise cuts: Qmax/Qtot < 0.06 and RMS(Tstart) < 40 ns
Energy in [6 ; 12] MeV orompt delayed
Coincidence: A C AT 5 A
No space coincidence cut applied " | ; >
| .
time

. . . . J
Time coincidence: 2 s < AT <100 us Time window [2 ; 100] ps

Multiplicity:
No valid trigger in the 100 s preceding the prompt

Time window from 2 ps to 100 ps following the prompt can only contain one
valid trigger: the delayed event

No valid trigger in the time window 100 s through 400 ps after prompt

CEA/SPP - CNRS/APC Vincent Durand 24.01.2012 23



Neutrino search — Vertices distributions

DOU BLE

—

— 3_[ T 1T I T T 17T I T 1T I L I T T 17 I L 20 [— 3_1 1T I L I LI I L | T l-l I.I T T T T 20
E i Double Chooz preliminary 18 E - Double Chooz preliminary 18
= 2__ % 2__
o < N
g : 16 % i 16
S 1 14 g 1 14
~ + 12 ~ o 12
> r > -
o- 10 o~ 10
- 8 - 8
-1:— 6 '1:_ 6
_2:_ 4 _2:_ 4
C 2 ¥ 2
- —I | - I | | | | | | ) - | | | I 11 1 1 - _l 11 I | | I | I | I | | | T - I 11 1 1
B2 a0 12 3 < S R R N D
X (prompt) [m] X (delayed) [m]
= 3r LIS WL L L LI AL UL 20 — 3 ISR L L L L L L L B 20
E i Double Chooz preliminary 18 E - Double Chooz preliminary 18
s 2 16 ® % 16
g : > I
‘6_ 1:_ 14 g 1:_ 14
~ i 12 - - 12
N r N ¥
0~ 10 o 10
E 8 - 8
-1:— 6 -1:— 6
_2:_ 4 _2:_ 4
r 2 ¥ 2
-3_I - I | | | | | I ) - I | | [ 111l 0 -3_1 - I | | | | I | | | | | ] | | 0
3 -2 -1 0 1 2 3 3 2 - 0 1 2 3
X (prompt) [m] X (delayed) [m]
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Neutrino search — AT and AR distributions (" S&2
8 | " Double Chooz preliminary ]
a e ewe | keV neutrons thermalize within a
g 1024 4 few s
Ll - .
f + 1 * Then they get captured on Gd with
: tiy| T=27ps
10 * +
0 102030 40 50 60 70 80 90 100

AT [usec]

AR: 3D distance between prompt
and delayed vertices

Low level of accidental background:

AR cut is not needed

Few background events passed the

selection cuts

(called “accidental coincidences”)

CEA/SPP - CNRS/APC

Prompt - Delayed Reconstructed Distance

e
Q
>

e
o
©

T ||||rrl'| T |||||IT|_

Events /5 cm

102

10

10™

Vincent Durand

|||||r|T| T1

I 1 I
Double Chooz preliminary

—e— Neutrino Candidates

Neutrino MC

IIII|,|,|] 1 IIIII|,|I 1 IIII|,|,|] 1 IIIII|,|,I_

—

—._
—_—

—

50

| 1
100 150 200 250
Ar [cm]
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Double Chooz data analysis
Backgrounds studies
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Backgrounds studies — Singles

3 "Double Chooz preliminary 3
3 ~— 4oK N
=107 = E - - =
s ~—_ 200 : [0.7 ; 3] MeV: radioactivity
II10_2_ —
- In Double Chooz Proposal: 10 Hz
10'35—
: Measured: 7.625 * 0.001 Hz
10'4?
0 2 3 6 0 2
E (MeV)
3 """ Double Chooz preliminary ]
g1 [6 ; 12] MeV: thermal neutrons

In Double Chooz Proposal: 100 h*
Measured: 20 h™
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Backgrounds studies — Singles ("C&2
~ 2500
£ -
E 2000 '
> C 1 M
1500;—;:‘*/_ P
R & Radioactivity from outside (chimney)
500 3N
of—
-SOOi 103
1000k . X
a0 oo E o 0f T "Bouble Ghoo? prelmirary MM
2000~ L

Radioactivity from PMT

-2000

_2500 ||||||—|||||||q|!r|1|-||-|||||-|||||||||||X10
0 500 1000 1500 2000 2500 3000 3500 4000

p? (mmv’)
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Backgrounds studies — Accidentals

prompt
%l -~ Double'ChooZ preliminary] )\
S : !
£ ' :
5 1_ E Shift  Coinc Time window
L +4 . .
: St e Accidentals search: same as
: T h( neutrinos, but different coincidence
10'25— 1
: JE window (delayed event 1 ms after the
o prompt: uncorrelated)

E (MeV)

Spectrum compatible with Singles one

Double bhooz prellmlnary

ate (day-1)

o 0.45 = —
|

4 ° Rate:
E Measured: 0.33 = 0.03 d*

E 5 times lower than in the
E proposall

206080100 120 140

Day Stable in time
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Backgrounds studies — Fast-neutrons C(TE&2
g 5 él | @Qouble@Chooz pgegmmary
= T & T4 Fast-neutrons search: same as
L . 1 neutrinos, but with upper energy
-3 e 1 bound at 30 MeV
Stopping-p ~ 0F T 1
r @ mo® %%@@@% ® 1 ) ]
-0.5/ «.°% = ., ] < Two populations:
Fast-neutrons | - - ]
-1 A 3 Fast-neutrons
-1y e ; Stopping-muons
0 0.20.40.60.8 1 1.21.4
p (m)
> 10° Double Chodz preiminary] ° Rate:
B i i i
s Y Extrapolation from high energies
2107 i to lower ones
k5 ’ Measured: 0.83 = 0.38 d*
10 b -
i - 1 * Spectrum:

0 5 10 15 20 25
Energy(MeV)

CEA/SPP - CNRS/APC

Vincent Durand

(+ stopping-| shape uncertainty)
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Backgrounds studies — °Li

Entries 7723
x? I ndf 92.56/ 124

N N w w
(=] 2] (=} (&2l

number of entries [per 20ms]
&

Double Chooz preliminary | Li-9 counts 142.4+26.0
constant 2841+ 76.4

kgl
TR

w
(&2
o

w
o
o

IIII|IIIIIIIII|IIII|IIII|IIII|IIII

Li-9 counts

250

200

150

100

50

CEA/SPP - CNRS/APC

P U N TS ST AR SN TS
500 1000 1500 2000 2500
At [ms]

Double Chooz preliminary

Ml}

{

t
]

0 1700 200 300 400 500 600 700 800
muon visible energy cut [MeV*]

°Li search:
Statistical

Search for a triple delayed
coincidence btw a showering-4
(E > 600 MeV) and a v-like
coincidence

AT btw showering-j and prompt
event is given by the °Li life time

Rate:
Estimated: 2.3 + 1.2 d*

Spectrum:
From nuclear database

Vincent Durand 24.01.2012 31



Neutrino Rate (day'l)

Results Giccz
# of events  Rate (d) o (dY)
Neutrino candidates 4121 42.6 0.7
Accidentals 32.0 0. &8 0.03
°Li 227.3 2.3 1.2
Fast-neutrons 69.2 0.83 0.38

I T [ I I I T | '4; ® Data
B - 50| ]
Double Chooz preliminary ===.0-=== Expectedv rate § A Reactor Off-Off 3
80— ° Measured v rate — % ------------- No osc. (x4 v=16/4) %
(o S R [ECCPEeD Best fit (2/v=3.5/4)
= 40
7 E [ ] Conf.@90% CL

@
w

=1 =
o

20|

e
B
e
e
ot
S
s
s
e
e
S
e
30 e
E |
Karas
ile
o e
t S
i o
B
Q.
Y \
N wet
[ e
] e
[ B
e
1 5o
'l et
(R sl
¥ ,-“’
3
3
&
3
+
%

K
+ 10
| | 01; ‘ ‘ Double Chooz preliminary
120 140 0 10 20 30 40 50
Day Expected rate (day)
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Oscillation fit
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Reactor antineutrino flux prediction ¢ee2

One detector phase — need flux prediction
NP (Et) = Npe/4mL2 x Py()/<Ep> x <0p

— Ny number of target protons

[y

— €: detector efficiency
— L: distance reactor-detector
— Py (t): thermal power (from EDF)

v ( fission™.Mev™)
3

— <Eq> = Z oy (t) <Ep: mean energy per fission
with k = *°U, #°U, **Pu, **'Pu, and
o (t): fractional fission rate (from simulations)

102 £

-3 |
107 = pouble Chooz preliminary
L1 L1 ‘ 1

— <0s>. mean cross-section per fission T
23 45 6 7 8

- <0¢> = | dE Si(E) 0,5p(E) E, (MeV)
5 <0p> = <O + 5 [0 (1) - ()] <op

Use of Bugey4 flux measurement ("anchor point") after correction
for differences in core composition (same as CHOQOZ)

Two detectors phase — near detector data

CEA/SPP - CNRS/APC Vincent Durand 24.01.2012 34
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Oscillation fit strategy and results

—1

Reactors bkgnds.
XQ _ (:\Ti s Z :\?’,R*) Y (Jfﬁeactors 5 ﬂ[idjet.ector i J[%s;:at i Z J[z}:;)
SSCI R b
Reactors T
AT 7 TIJ,R*

X (4\5-' - Z ;\J ) S 700 T T T T T T T T T T T T T T T T T T T ]
R g C —&— Data o m
“ 600— + == 'E\slgs??i:tl:":itr'mg?zeu) - 0.086 =
Covariance matrices: uncertainties for: 3 _F G- M Summod Backgrounds (see inset)| ]
) c - ithium- ]
v-signal from reactors, - =] Fast n and Stopping ]
detector response, 400 ——— =
signal and backgrounds stats, s00F 2 2 13
backgrounds spectral shape - Z 10 13
. . . . 200 z -
. C [ 2
Fit using two types of information: - R R
Rate (number of events) 100F° Double Chooz preliminary]

Shape (spectra) 0 2 a 6 8 10 2
Energy [MeV]

- R =0.944 = 0.016 (stat) = 0.040 (syst)
ie sin? 20,5 = 0.086 * 0.041 (stat) = 0.030 (syst)
or 0.015 <sin*26_ < 0.160 at 90 % CL
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Combined results on 8,5 e

30 I T 11 | I T 11 | I T 11 | NV AY A | T 11
~ normal ordering 4 7
& B AszC =2.35e3eV’ ]
—g L dashed: CHOOZ -
eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 20 | ]
NR | |
< o -
* Double Chooz and T2K 10 = ool 363
results are consistent
1 1 1 | L 1 1 1 | 1 1 1 I_
q -1 11 | I NT | I 1T 1 I_
] *68%, 952 CL (2 dof) -
- 043 =0 is excluded at 30 * N .
from T2K+Double Chooz 0.5 | )
. /7 7]
/ / 7]
R / Ve ]
Ze) 0 / // _
/ _
/ ]
-0.5 I curves: T2K ]
. Y shaded: T2K+DC]
\ \ i
-1 AN BN I
0 0.1 0.2 0.3 04 0.5
sin"20 |
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What's next?
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Prospects Gl

First Double Chooz results can be improved by a better
understanding of the °Li background and the detector

Analyzed more data and take advantage of one reactor OFF and
two reactors OFF periods

Near detector expected in 2013
Relative comparison of both detectors, lower systematic errors

CEA/SPP - CNRS/APC Vincent Durand 24.01.2012 38



5 g
Prospects =2

Double Chooz - sensitivity, no oscillations
(AT T T | | | I | I | I | T | I I I I I I I I I
g : : : : : - | =90 % sensitivity -
014 AAAAAAAAA ....... ....... AAAAAAA AAAAAAA AAAAAA AAAAAAA ....... ....... _

0.12

0.06

0.04

I | | I | | | | | | | | | l | | | | | | |
0.0
BV B G i P 00 B T
PO 4™ Y et T ™ T Ty T e Ty ™
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What about the two other reactor neutrino experiments?
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REN O Info from LowNu Conference Talks (Nov. 2011, Seoul)

VNN

IRENO D(Ol;‘iﬁj\.;;?

Two 16 tons identical detectors R o2, R (oo e
close to (290 m and 1,380 m) o ®- Roacior == \
the 6 x 2.73 GWy,, YongGwang o O Detector - BT A
nuclear plant in South Korea _ 0;#\- Nl [ <[ o ;
B . 0 ole © ¢ ¢ @le [N
Double Chooz concept v, e o) o1 <
/I \\\ bd == [
Both detectors constructed ” © £ W oAl e
from end of 2009 until July 2011 .
SRR T T T I It | -
CommiSSioning: JUly 2011 o,o:’é AmZ, = 0.0025 eV? _;
0.08f- -
Start of data taking: August 1* 2011 - :
(DAQ efficiency > 90 %) ~"H E
e ‘ﬁﬁom:— 3o discovery E
Tauy, = 29.89 +- 0.55 ps - L .
Tauq, = 28.32 +— 0.47 ps 0.03F 3
10 o .
R 90% CL limit A E
0.01;— i 3 yrs _;
) D I T e
Time (Yrs)

CEA/SPP - CNRS/APC

L L
100 120

tima I:us]

Goal: sin2 28,5 value or new limit available

for Neutrino 2012 @ Kyoto, June 2012
Discovery potential: sinz 26,5 ~ 0.05 for March 2012
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() 1058 -
Daya Bay) ) 'Ft‘\b;z
Daya Bay Info from LowNu Conference Talks (Nov. 2011, Seoul) (3 C_/

Hall 3
Eight 20 tons identical detectors 8
close to the 6 x 2.9 GW;j,

Shenzen nuclear plant in China

4x20t) @ Reactor
\ ) O Detector

C 7 O»t H a.” 2

526 m

— Two near site with two detectors Ea S
— For at far site N RS- 0N
Hall 1 takes data since Aug, 2011 ;é;;;,; Hall 1

£
\i
(73

Hall 2 installation underway se g

Hall 3 soon ready for installation
4 detectors finished, #5 and 6 nearly finished, #7 and 8 for Spring 2012

Full experiment running: Summer 2012
Expected sensitivity after 3 years of data taking: sin?2 20,3 <0.01 @ 90 % C.L.
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DOU BLE

Thank you very much for your attention!

Any guestions?
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Backup slides
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Bugey4 anchor point and reactor v, anomaly gice2

Possible short baseline oscillation (cf. Reactor Neutrino Anomaly, G. Mention et al.,),

Double Chooz phase | normalized to the Bugey4 measurement, and uses the
reference electron spectra from ILL irradiation experiment

accounting for differences in core inventories (btw Double Chooz and Bugey4)
taking into account long-lived fission products (off-equilibrium effects)

Bugey4: most precise measurement of the IBD cross section per fission
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Eprompt @nd trigger efficiency : - w E
— trigger threshold at 350 keV 2 08 E

for E > 700 keV 02
0.8

— trigger efficiency: (100 + 0 — 0.4) % 04 ” E

Double Chooz preliminary E

6 MeV cut efficiency
— calibration with **Cf source in v-target,
along the Z-axis
— computation of GD/(H+Gd)
capture rate: (86.0 = 0.5) %

2 % correction between data and MC
(94.5 = 0.5) %

252Cf MC Delayed Signal

AT efficiency
— Simulation and **Cf in good agreement  ° ,
—(96.5 = 0.5) % §
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Detector and reactor systematics

Detector (in %)

Reactor (in %)

Energy response 1.7 Bugey4 measurement 1.4
Egelay CONtainement 0.6 Fuel composition 0.9
Gd fraction 0.6 Thermal power 0.5

AT 0.5 Reference spectra 0.5

Spill in/out 0.4 Energy per fission 0.2
Trigger efficiency 0.4 IBD cross section 0.2
Target H 0.3 Baseline 0.2
Total 2.1 Total 1.8
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