o W~ T N\ &
* Neutrini da reattori e misura di oscillazioni
« Un cenno a Am?,, e KamLAND
* Misura di 0,5
Double Chooz
Daya Bay, RENO, Angra ....
« Un’idea per la gerarchia di massa
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The discovery of the neutrino

1955- Cowan and Reines: detection of the neutrino (v,),
with an experiment at the Savannah River nuclear power plant.

I

o

e o+ Santa Fe
13 -19 June 2006

CELEBRATING THE
SOTH ANNIVERSARY
OF THE DISCOVERY
OF THE NEUTRINO

1955-2005
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Reactor neutrinos

Reactor v, spectrum (a.u.
Ve SPe ";( ) Observed spectrum (a.u.)
Z

N,(s7)=6N,(s") =2x10"P(s™) o

P=8GW =N,~102's"on all solid angle =~ u'& *f
iy
Ov
%O
o
Te

Detection by “inverse beta” &2 af

v.+p—>e*+n g PR

0: 5 6 7 8
Y E, (MeV)

Prompt photons from e* annihilation
E.=E,+1.8MeV+ O(E/m,)

Delayed photons from N capture on H

| or on dedicated nuclei
1X(z) o (Gd: At~30us E~8MeV)
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Oscillations with reactor vs

<E >~ few MeV = Disappearance experiments

. . AmjsL . . o Amp,L
P(v, =V,) =1-sin"26,,sin’ T - cos*6,,sin*26,,sin’ Tz
4F 4EF
- M - || L~180km
in’26,,=0.1, E_=4M
20=0 L BEMEV T K amLAND;
Aa accurate Am?,,

“R - moderate 6,,

P(ve-> ve)

\%
10 f 100 1000
L(km)
L~1.8km: pure sin?26,, [ | L~5km: Am? , L~50km: accurate sin?26,,

IFAE2007, Napoli 11-13/04/07 A.Tonazzo - Oscillazioni di neutrini ai reattori



Am., @ KamLAND
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L,=180km is used for KamLAND
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Prospects of KamLAND

Reduce systematic error by a new calibration system
in place of the vertical-axis calibration.

Systematic error : 6.5% 3% rate error

Detector (%) . N 1% scale error
FidUCial VO'. 47 f o x10° 3kt-Yr data taking |
Energy threshold 2.3

Efficiency of cuts 1.6
Live time 0.06

Kam[LAND + Solar
95% C.L.
- 99% C.L.
99.73% C.L.
® olobal best fit

Reactor power 2.1

Fuel composition 1.0
Ve Spectra 2.5 it O e,

Cross section 0.2 47 system” N
Now ready! = =~ = ww &
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0,5 at reactors

e P(v,—v,) independent of 6-CP, weak dependence on Am?,,

« O(MeV) + small distances = Matter effects negligible =
measurement independent of sign(Am?;)

=» “Clean” 0,3 measurement, complementary to beams

®» Experiments can be carried out on a short time scale and for
relatively low cost = input on decision for future beams

sin?2643 discovery (normal hierarchy) sin®2643 sensitivity (no signal)
I viNos e MINOS
Double Chooz (early) Double Chooz (early)
102 Double Chooz (late) 102 Double Chooz (late)
= Triple Chooz Triple Chooz
e B - — T2K
é - NOVA he) e NOVA
>
8 £ —
g 3
> c
Q Q
8 (2]
S 40 ‘ < 10" ]
o CHOOZ+Solar excluded N CHOOZ+Solar excluded
& £ L
NC (2] /
B

GLoBES 2006 GLoBES 2006
10° 0 !

L L L s ) L 10 L L s s L L
2006 2008 2010 2012 2014 2016 2006 2008 2010 2012 2014 2016
Year Year
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0,5 : what we know

a1 wrylic
vessel

IXLXXXXXXRX]
| low activity gravel shiclding |

R EEEEMNMEEEEX)
jcal —
g:(rr:c: Lveto | steel
[ N tank

containment |
1 reglon

U
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The CHOOZ
Experiment

Am§1 [eV?]

10

10

90% CL (2 dof) ]
GLOBAL :

SK+K2K+MINOS |

. SOL+KAM
- LCHOOZ
|1 | ] | [ | |
107 10"
sinQ'E)13

sin’6,, <0.025 (90%CL)

)
sin?26,, <0.1 (90%CL)
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How can we improve?

CHOOZ : R_ . =1.01 £ 2.8% (stat) + 2.7% (syst)

« Statistics
= More powerful reactor (multi-core)
= Larger detection volume
= Longer exposure

« Experimental error: v flux+spectrum and cross-section uncertainty
= Multi-detector — relative measurement

= |dentical detectors to reduce experimental systematics
(normalisation, calibration ...)

« Background
= |[mprove detector design ———» larger S/B
= |ncrease overburden
= |Improve bkg knowledge by direct measurements
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0,5 at reactors: new experimental concept

Am%, = 7.2 10° eV?; cose; , = 0.8; sinb5 = 0.23

b1 EJ3ugey data vs Schreckenbach et al.

]

Cov v v b e b e b e b T T
0 1 2 3 4 5 6 7

ctors: error ~

10' 102 10°
L/E [eV?]

! 102 103
L [m] ({E,) = 3 MeV)

Use Near Detector 107 10' 1

E [MeV] (L = 1.050 km

Reactor

Ve
—
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0,5 at reactors

Far vs Near :
two independent sets of information
Normalisation / Spectrum distortion

Dominating at intermediate / high statistics

Luminosity Scaling

10_1 _| T T T T T T 1 1 T 1
] Chooz Reactor—| | Re Cor=Il
N
I Onorm=1.7% T horm =00
c=1.1% Tcal =00
Thom=0.8%
- oea=0.5%
=
B
=z
@ 1072 r
Q [
<
ol
1
=1
87
Thorm=0%
o-czll—O%
1073 L S | _
10" 10° 10° 10*
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Integrated luminosity £ [t:GW-y]
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0,5 at reactors : Backgrounds

Accidental bkg:

I I I I I [ [ [ I
: - . L T T T I - & ils i---emd
« e*-like signal: radioactivity from o e
materials, PMTs, surrounding rock e

(298T1). (Rate=R,)
* n signal: n from cosmic u

spallation, thermalised in detector
and captured on Gd (R,);

Yy mimicking n
= Accidental coincidence
Rate = R, x R, x At

Eyijg (MeV)

Bkg spectrum knowledge is critical for
oscillation analysis, but difficult...

Correlated bkg:

« fast n (by cosmic u) recoil on p Strategy: |

(low energy) and captured on Gd * Reduce bkg .Wlth overburden +
* long-lived (°Li, 8He) p-decaying detector design

isotopes induced by u  Similar S/B in Near and Far det.

* Direct measurements
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Reactor 0,4 projects «yesterday»

KR2DET

Double C_JhQ’Q" < 5

o e

Diablo |*
Canyon
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Reactor 0,5 projects «today»
Gz memo [T

Double Chagz %

o e
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Far and near lab

R St YT S N
= ——

—~EDF (French Electricity Corp.) provided
first civil engineering study in January

—'Final designs to be completed in 2007
—iLab ready in 3 years: 2009
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The detector(s)

OTHER SYSTEMS
-Outer Muon Veto System
-Calibration Systems

-Glove Boxes

TARGET : (th=2,3m)
-Acrylic vessel (th=8mm)
-10,3 m3 LS doped with 0,1% Gd

Acrylic vessels = «hardware»
definition of fiducial volume

GAMMA CATCHER : (th. = 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 m3 mineral oil
-~534 PMTs (8 inches)

Inner VETO: (t = 0,5 m)
-Steel vessel th =10 mm)
-~80 m3 LS
-~70 PMTs

SHIELDING (th. =170 mm)
- Steel
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Testing + prototyping

PMT Uniformity
Gd-doped\ [ .
scintillator stability »

Heidelberg Gd-LS #4 batch #7
Gd-DPM 1g/1
20% PXE 80% Dodecane
Closed cell control Test @ =20°C

,vﬂ’. G55

i f\ . =
/Gd—dpm not sublimed

5

§ 60

E / —Qdays

= ] 33days_n
a 40 , : GO(‘E)’S. n
E !

= ‘ —174days_n

214days_n
20 4

—=---350days_n

77—
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Lambda (nm)

?--:::-_.

—

-n”. —~

(;osmlc"@é

= A 'Ef e
e —10°g
e EE
H g0k
S E ane (80 %)
= §10’§ PXE (30 o HanveaiiL
310 iy
_____ ] e
F = Total
10" I
e /Sai nse
10%% X
il / simu
= O HH
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Wavelength (nm)
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GeV)

di JdE, m”s"

Background studies

0.0001 T

le-06

le-08

le-10
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1.0E+01 Ua
Cosmlc muons S intillan*(-Catche
1.0E+00
= 5'}’:’(‘):)'{ Emnmf T LI T T E 1.0E01
_E 0.0001 — S:;‘l:::.l:l‘::]“li,\pcrimcnl ”E 1.0E-02
s 3]
o E £ 10803 :
0 E ﬂ*i,u
& 1.0E04 S\ .
1 ﬂ(ﬂ‘ . o \ 7}-
; . 10805 =~ ““\ 7PmT
10000 mlns :: Se 1.0E-06 \_I Cry.
lll 30 0 90 120150 I:(l 210 240 270 300 330 360 10E07 M#ﬁ’uy» nph.l.. ~
intill - Catch ff \%
oo | cinti a‘tody flc er| ‘ u fsr | ‘ eto -
50.00 100.00 150.00 200.00 250.00 300.00 350.00 400.00
Radius, cm
Detector  Site Background
Accidental Correlated
Materials PMTs Fast n p-Capture L4
CHOOZ Rate (d™') T — 0.6+0.4
(24 v/d) Rate (d7') 0.42 £ 0.05 1.01 £ 0.04(stat) &+ 0.1(sys)
Far bkg/v 1.6% 4%
Systematics 0.2% 0.4%
Double Chooz Rate (d™') 05+£03 1.5+08 0.24+0.2 <01 14+0.5
(69 v/d) Far bkg/v 0.7% 2.2% 0.2% <0.1% 1.4%
Systematics <01%  <0.1% 0.2% <0.1% 0.7%
Double Chooz Rate (d") 5+3  17+9 1.3+1.3 0.4 9+5
(1012 v/d) Near bkg/v 0.5% 1.7% 0.13% <0.1% 1%
Systematics <0.1% <0.1% 0.2% <0.1% 0.2%
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Systematic uncertainties

Chooz Double-Chooz

v flux and o 1.9 % <0.1 %
R(ejactog- Reactor power 0.7 % <01 % Two “identical” detectors, *
induce Low bkg

E:Seig%y Per 06% | <0.1%

Solid angle 03 % <0.1% Distance measured @ 10 cm + monitor

core barycenter

Volume 0.3 % 0.2 % Accurate weight measurement
PzteCtzr - | Density 0.3 % <0.1 % Accurate T control (near/far)
induce

H/C ratio &

G conlcentration 1.2 % <0.1 % Same scintillator batch + Stability *

Spatial effects 1.0 % <0.1 % Edge effects (Spill in/out) ~same in 2 del*

Live time ? 0.25 % Measured with independent methods
Analysis | From 7 to 3 cuts 1.5% | 0.2-0.3% | Lessbackground => simpler selection

Total | 2.7 % <0.6 %




Double Chooz schedule

Approved & financed in
France, Germany, Russia,
Spain, UK (Japan? US?)

Double-Chooz 90% C.L. Limit versus year
0.22

Far + Near 1.5 year later

0.2 |
0.18 |
0.16
0.14 f
0.12 p
0.1 b
0.08 |-
0.06 |-
0.04 | . hase Il : 2 Detectors
0.02 | T T ———

Near and Far simultaneously ------

Phase 1 :
Far Det
onkj

. 2
SiN“(2613) imit

Nearonly - - - -

Exposure time in years

2003 2004 2005 2006 2007 2008 20009...

Site Construction
Data taking
and analysis
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Reactor:
4 cores, 11.6 GWth

cfnr'Si moved to _er'gmund

pe’;l:;e*rw'%;l :

alls via horizontal funnels.

' Total length: ~2700 m

Identical detectors

6 cores, 17.6 GWth in 2011 Multiple modules at each site

IFAE2007, Napoli 11-13/04/07

Movable (swap to check syst.)
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= Daya Bay status and exp. sensitivity

« CAS officially approved the project

« Chinese Atomic Energy Agency and the Daya
Bay nuclear power plant are very supportive to

the project

Am (= 107%ev)

* Funding agencies in China are supportive, R&D
funding in China approved and available

 R&D funding from DOE approved
« Site survey including bore holes completed
 R&D started in collaborating institutions, the

prototype is operational

* Proposals to governments under review

« Start civil engineering summer 2007
* Near+mid (“fast”) Sept. 2009

* Near+far (“full) June 2010

IFAE2007, Napoli 11-13/04/07

s — 90% sensitivity

P
SN2,

Systematics related to
complexity of site need

to be kept under control
cfr arXiv:0704.0498

G0% CL Linmt:

Svstematic Uncertamty Assumptions. || Baseline | Goal Goal

with swapping

A.Tonazzo - Oscillazioni di neutrini ai reattori
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RENO©
V Ao~ Oy

Reactor Experiment for Neutrino Oscillations
at YoungGwang, | |
South Korea

(88m high) (260m high)
Near
Detector @l .
> 2 PR : JT s S\, Far Detector Far
Tunnel length: 57 o stnt ) Detector
~1OO}/\ : fvbg %&E 3 3 5
Tunnellength: “600m
<
150m ™1.5 km
6 reactor cores 8750
(but for 4 of them 1 detector =
systematics is as large 20 (or 157?) kt Gd-LS
as gain in statistics...)
cfr arXiv:0704.0498 9250
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2 RENO status and exp. sensitivity

1. Civil Construction & Underground Facility

— QObtained support from local government
& residents

— YK Power Plant Co. allowed to use their e
state

— Bidding for survey & tunnel design comple
ted (Feb 2007)

— Civil engineering work is expected to start
in this summer

2. Detector Design

— Full detector detector design completed
with extensive MC

— TDR under preparation (to be ready in A
pril 2007)

3. Prototype completed
Mockup Detector in construction

4. Gd+Liquid Scintillator R&D

Under performance study of various samples
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ANGRA

Angra dos Reis, Brazil
2nd generation experiment aiming at
* very high statistics (improve use of full spectral info)
. reducmg systematlc errors to an absolute minimum

== Siatiwilcal Erros Oy 4 Mo syvismerds eomos |
ﬂl.ll-"l '-':Lﬂ_.. ul Lrﬁ.ﬂn-'.l‘.""i.ﬂﬂ'-un'l
-ﬂ".lz: PG & .::“':.E._:ﬂ‘.'-'-h -r!H:'".'"F
O ST o =10, o =i 1 o =R
ELIII_".L':‘ ﬂiilw.ﬂﬂﬂ.'f‘.ﬂuﬂ:'\
(-1 -ﬂlnﬂl‘. -ﬂ-l_:ﬂl'lv.ﬂnﬂ.'l,'."

1513 years.  +3 years
(£ x2]

l..__"_-!:l 5 ki | .M-I 2 kin

1

3 5 .3 !
.'.'Lm'l.,-:..‘hcll.l &% - o ,
. i

1

L

TV i . : 3 s
10 Tig 3 10 10
Integrated Laminosity {GW.Lvr)
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Workshop on the ANGRA detector design / Verv Near Detector\
(CBPF - May 16-19, 2006, Rio de Janeiro - y Rear eterio

BR)

Now establishing a formal agreement with
Eletronuclear for permanent access to the
site.

Already authorized to place a 20’ container
next to the reactor.

- Muon background measurements
(MINOS type counters)

- Liquid scintillator detector prototype

- Internet connection with CBPF and
UNICAMP for remote monitoring

e

«A construcao do novo
detector, que sera
financiada pelo governo
federal via Finep

Detailed project submitted in December (Financiadora
2006 to the Minister of Science and de Estudos e Projetos),
Technology. Total amount requested: vai custar R$ 1 milhdo »

$400,000 USD _ w8/03/07) /
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Luminsity scaling of sensitivity limit

DoubleChooz

107!

Reactor=I Reactor=I1

¥ /Ane

T norm =00

Thorm =0.8%

sin® 26,5 sensitivity limit
|
(8]
N/

10 107 10° 10* 10°
Integrated luminosity £ [t:GW:y]

Detailed quantitative discussion of reach, with unified treatment of systematics:
G.Mention, T.Lasserre, D.Motta arXiv:0704.0498v1
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Mass hierarchy ?

* Mass hierarchy from Fourier transform

H'I'I
1 W . 2 .
oom Oscillation with Main peak Am?.if 8,, is nohzero
sin?(26,,)=0.1
-l (26,;) 1
Z | £ Secondary peak («shoulder») Am?2,.:
S|} FT .- left <= normal hierarchy
s | = . . .
< —> o right <= inverted hierarchy
; r i
.!E i |
= }f -.
! -.:J T TR T T TR T TR T i ,
LE In kmMeV U SBN UMz a7 G0 0005 DG UMD e0M 0OB 6ol

&_"1"‘:1'_.2

— Hanohano (Hawaii)
— 10 kt, underwater, ~60 km from reactor

— Also mesure sin?8,, to few%, sin?26,, to ~0.05 and Am?,,to <1%
(with 10 kt*y)
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Summary and outlook

Potential for oscillation measurement at reactors is vast:
« Am?,, @KamLAND will be improved by reducing systematics
* A new idea for mass hierarchy determination has appeared
* The hottest topic: 8,5 “quick & clean” measurement
Four multi-detector experiments currently proposed:
1st generation: Double Chooz, RENO
— sin%26,,<0.02-0.02 in 2011-2012
2nd generation: Daya Bay, Angra
— sin?20,,<0.01 after 2013

Double Chooz is a pacemaker in development of detector items that will
allow control of systematics to desired level.

Its construction is starting soon... we’re looking forward to its results !
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Impact of Double Chooz on Other Fields of Neutrino Physics Double Chooz and Superbeams

Double Chooz and Superbeams

Complementarity of the two approaches

@ Superbeam experiments limited by correlations and degeneracies.
@ Reactor experiments can
@ Break correlations and degeneracies.
@ Replace an antineutrino running.
e Help to optimize future accelerator experiments by constraining 6.
e Do all this at relatively low costs.

T2K + NOvA T2K + NOvA + Reactor-I1
3 yrs neutrinos + 3 yrs anti-neutrinos T2K + NOvA: 3 yrs neutrinos
1 -
-l TT T T l v, p\ | l_l I_l LB B | T T rorr I-
< \ 17 i 1'1 1
V=11 '? ] £=08 |'| " ; 2
05 ; '<_ JF 7 (e _’ , ~
[ ‘("/ \ AN 1t ”}"I" : A”l31 ~ O
[ B - - h b 2 -
' [ N - WL - ! <
5 o : ! ' // “l I .“’,‘ | A,, 31 - O
i A S [;F"; ; — 90% C.L.
B p ] , i
a5 J {7 JLF iy | _
- / /u |‘| | - ' | N - - = 30- C.L.
[~ i =)\ ] [IPALY 1
- NN . ! E&‘ ]
_1111111[1111&’11[1111 1o laaal (NN
0 0.05 01 0.15 020 0.05 01 0.15 0.2
sin 28, sin20,,

P. Huber, M. Lindner, M. Rolinec, T. Schwetz, W. Winter, Nucl. Phys. Proc. Suppl. 145:190-193, 2005, hep-ph/0412133

J. Kopp (TUM) The Role of DC in Global Neutrino Research 19.11.2005



Reactor v Comparison

experiment parameters

Power <Power> Location Detectors
GW,, GW,, km/ton/MWE
0.05/1/20
Angra 6.0 5.3 Brazil 0.3/50/250
1.5/500/2000
0.15/20/230
RENO 17.3 16.4 Korea | E120/675
116 9.9 . 0.36/40/260
Daya Bay China 0.50/40/260
(17.4 after2010) (14.8 after2010) 1.75/[40%2]/910
0.15/10.2/60
Double Chooz |8.7 7.4 France

1.067/10.2/300

IFAE2007, Napoli 11-13/04/07

A.Tonazzo - Oscillazioni di neutrini ai reattori

32



Reactor v Comparison
Physics

Reactor Optimistic GW-t-yr 90% CL for Am?2 efficiencies Far event rate
start date (yr) Sin?26,, (10-%eV2)
Oct 2005 sensitivity
3900(1) | 0.0070
ANGRA 2013(full) 9000(3) | 0.0060
15000(5) | 0.0055 2.5 0.8x0.9 350,000/yr
RENO Late 09 340(1) | 0.03 2.0 0.8 18,000/yr
70,000/yr
08(fast ;
Daya Bay (fast) 3700(3) | 0.008 2.5 0.75x0.83 110.000/vr
09(full) ,000/y
(before/after 2010)
29(1) | 0.08
Oct 07(far
gﬁ“b'e tar) 29(1+1) | 0.04 0.8 x0.9 15,000/yr
00z Oct 08(near) 80(1+3) | 0.025 2.5
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UBLE

@ Other potentials of Double Chooz

Double Chooz can do more than just v oscillations:

=®» Neutrinos as a tool to monitor reactors {40y
N \N&:H
Non proliferation: vs as a new safeguard tool AEA

International Atomic Energy Agency

Measurement of reactor power

=®» Geo-neutrinos
Neutrinos as “probes of the Earth’s interior”

Recent evidence:
“Experimental investigation of

geologically produced
antineutrinos with KamLAND”
Nature 436, 499-503 (28 July 2005)
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