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flavour-vs (Ve,Vy,V1) interact while mass-Vs (V1,V2,V3) propagate

mechanism causing a (propagation) =>
explain experimental fact: disappearance (also apperance)

oscillations dominates experimental evidence to >10% mixing
oscillation means:

® no lepton-flavour number conservation on SM

® [eptonic mixing: PMNS matrix

® non-degenerate mass spectrum of 3 active Vs

° leptonic CP violation (in-built) [Majorana or Dirac]

® suggestive ‘mirroring” to quark sector mixing
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V.V, . where U must be unitary & 3x3...

atmospheric-v: 023 013 & dirac-0cp solar-v: 012

PMNS: 3 angles & | complex phase => |eptonic CP violation

Am?(atm) = 3x10- (large)

Am?(solar) = 8x 10 (small) amospheric

~3x103eV?2

atmospheric
~3x10%eV?

[mo beyond reach of oscillations]

4



parameter bftlo lo acc. 20 range 30 range
Am3; [107°eV?] 7.94+0.3 4% 7.3 —8.5 7.1—8.9
_ |Am3 | [107%eV?] 2.570 50 10% 2ol — 3.0 1.9 — 3.2
sin? 015 0.301005 9% 0.26 — 0.36  0.24 — 0.40
sin? 023 0.5010 05 16% 0.38 —0.64  0.34 — 0.68
_ sin® 013 — — < 0.025 < 0.041
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2V oscillation probability equation:
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2V oscillation probability equation:

10"
L/E (km/GeV)

E/L modulation discriminating feature!
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E/L modulation...
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copious, free and sometimes switchable (on/off)
finite size and well localised [ ]
spectrum shape & normalisation ()
inverse-[3:

® cross-section (+£0.2%)

® a few MeV plenty of calibration sources [ ]

disappearance V-oscillation precision: high resolution
E/L CC events: characterise dip

flux: multi-detector extrapolation (1/L?)

background: cosmogenic dominated => overburden
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Ingredients...

® nuclear reactors: Vs

® hills for overburden (L)

® detectors... many!!

“Martemiahbv et al: hep-ph/0211070 13
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make flux uncertainty negligible: multi-detector
S/BG>100: huge statistical power => many reactors

® large (or many) detectors: S/B ~ f( radius )

® a few reactors may be nice too:“reactor off”
reduce & understand backgrounds

® overburden, radio-purity & detector design
reduce & understand experimental systematics

® inter-detector normalisation: <0.6%

® inter-detector energy calibration: <|-2%

14



as estimated by Double Chooz...

ﬂmm =2010° e"u"
251035V

=3.010 EVE
=3510" eV




as estimated by Double Chooz...

1.5 2.5
Far detector distance to reactor (in km)
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{a) v, interactons in detector | 1{day MeWi]

by ¥_ flux at detector [1{13."[:5 MeV i:m3:|]

(©) 68, 10 e ® spectrum: convolution of...
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(©) 6B 109 e ® spectrum: convolution of...

[see annotations)
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{a) v, interactons in detector | 1{day MeVi]
by ¥_ flux at detector [I{JH."[:H MeV em™)]

(©) 6B 109 e ® spectrum: convolution of...

[see annotations)

(a) /

® > [-tails from fission debris

¢ O-(E) => Ethr'eshold= I 8Mev

® threshold: see only 1/4 vs

® slow decays contribute little

® v=et] ] + n-capture on H/Gd | ]:
® E(V)=E(et)+ A
® E(nw-Gd capture) ~ 8MeV => energy tag (away from BG)

® n-Gd capture T~30us (CHOOLZ)
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“near-miss” p tagging

Volume for v-interaction (0.1% Gd)
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Target+yCatcher: hardware fiducial volume

® same for ND & FD

yCatcher: prevents leakage & extra volume for e+

Buffer: shield target+Y-C from PM radioactivity
Buffer: uniform response => no position cut
Buffer+Steel Shield: singles dominated by PM:adioactivity
Low Ethreshold ~ 0.5MeV:

® cover et spectra fully

® monitor low energy => trigger efficiency

o “OK(natural) & '3’Cs(calibration)
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3D calibration strategy: along z-axis & articulated arm

light sources: Red-laser & Blue-laser

® PM gain, timing, scintillator stability & attenuation
radioactive source: energy scale

e Cs'37/Na?% K%, Co®, etc
n-sources: n capture on Gd

o Cf(252), AmBe=> untagged/tagged sources
MC/data (physics and calibration) comparison
calibration sources knowledge less important

® same source response comparison ND and FD
22
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backgrounds...
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® accidentals BG [measurable in situ to <|0%]:
® e*-ike: natural radioactivity E<2.5MeV (2%8T)
® singles: DC <|0Hz (CHOOZ: ~130Hz)

® n-like (from Ms): —

® correlated BG [measurable in situl:

® fast-n (from W): reduce by cuts upon M incidence
® recoil-p+ (mimic et+) & Gd-n upon themalisation

® cosmogenic BG [KamLAND]:

® |ong-lived (~ms) B-n decaying spallation products on
C:Li & He

25



n+B~ < 11.9 MeV
49.5 %

8Be+n

JL__
2 4He

a :0.09 MeV

9Li 178 ms

B~ < 10.8 MeV
5%

B <11.1 MeV
17 %

B~ <13.6 MeV
26%

B"<2.3 MeV
4 %

11.3 MeV

2.8 MeV
2.4 MeV

9 B e stable

n+B" < 8.6 MeV

8He119ms

B”<5.2 MeV

12% / 7 %

B~ < 7.4 MeV
7%

RS B~ < 9.6 MeV
— _l. — — — - °
‘Li+n o

5.4 MeV

_321Mev

_0.98 MeV

8Li 838 ms

B~ <16 MeV
100 %

8Be

T

24He

a :0.09 MeV



(s)
important for spectral
distortion analysis

approaches...

* BGno = BGrp
* BG/S <|7% (per bin)

good detector design
» SNBG (per bin) for
both ND & FD

* BG knowledge is
difficult (n-flux)

°Li
Fast Neutrons
Accidentals

BGs decreases with the
depth of overburden




switched off signal => measure background “naked”!

Reactor ON
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multi-reactor-core experiments => less likely to happen
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sensitivity evolution...
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® |largest fraction of funding is secured, i.e.
the experiment is happening...

® |20 physics (30 labs): England, France,

Japan, Germany, Russia, Spain, US & Italy
Double -C!hooﬂz-: A Search for the
Neutrino Mixing A gle 81?’_ o ® France:approved CNRS & CEA

® Germany: approved MPI & BMBF

® |apan (KASKA):all PMs => [0” PMs

® Spain:approved CIEMAT

- ® US: NSF + pending DoE

e ® England: PPARC R&D, more...

® |[taly: private but important contributions




e 2 cores - 1 site - 8.5 cwm

* 1 near, 1 far position
(the latter available!)

- 2x8.2t target masses
* Civil constructions

— 1 near shaft ~40 m, @ 6m
- 1 laboratory
* Statistics (including €)

- far: ~ 50 events/day

- near: ~ 550 events/day
* Systematics

- reactor: ~ 0.2%

- detector: ~ 0.5%
* Backgrounds

- o, .. atfarsite: < 1%

~ Obin-bin
* Planning

1. Far detector only

- 2008-2009

at near site: < 0.5%

- Sensitivity (1.5 years) ~ 0.06

2. Far + Near detector
- from 2010

— Sensitivity (3 year) < 0.03
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Ready for building...
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Liquid Scintillator Stability R&D

Heidelberg Gd-LS 24 batch #7
Gd-DIPM 1971
209 PXE BO% Dodecane
Closed cell control Test & <=20°C
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Phases:

DC-I: FD only;
10x stat CHOOZ
(limited 139 flux

uncertainties)

DC-1l: FD+ND:
rate + shape
analgsis (limited
bg relative

calibration)

90% C.L. contour it sin?(20,,)=0 & Amzatm =29 x107 eV?

18 months delayed scenario

Far + Near 1.5 years later
| | Far detector only ——

B H ::::::::::::i::::::':::::é‘:':::::::::::'i::::: B I S——
- (528 ) r005+

FD@»NDQN sin*(26,,) # 0.024

1072
0

fall 2008 Exposure time in years



CHOOZ

Double-Chooz

o o)
WL T o L R Two “identical” detectors
Reactor- &
induced Reactor power 0.7 % <0.1 %
Low background
Energy per fission 0.6 % <0.1 %
Solid angle 03% <0.1% distance measured @ 10 cm & monitor
' ' core barycenter
Volume 0.3 % 0.2 % mass measurements to 0.2%
Density 0.3 % <0.1 % T control: ND & FD
Detector -
Inelieze H/C ratio & 129 <01 % mass measurements + same scintillator
Gd concentration == - batch + stability R&D
Spatial effects 1.0 % <0.1 % calibration
Deadtime negligible 0.25 % dedicated measurements & calibration
Analysis From 7 to 3 cuts 1.5 % 0.2-0.3% (see later)
Total 2.7 % <0.6 %
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Project approved in China
R&D funding: China & DoE
Power Plant approved project
100 physics (China, US, Russia)
Proposal under preparation

Schedule: start data taking by 2008



Far: 80 ton

1600m to LA, 1900m to
DYB

Overburden: 350m

Complicated and Mid:

Baseline: ~1000m
Overburden: 208m

Muon rate: 0.04Hz/m?

@ Reactor
O Detector

.a#
%

deep site:

@ Reactor ON
O Reactor OFF
O Detector

* 4 cores - 2 sites - 11.6 GW__
->6-3in 2011, 17.4 GW,,
* 2 near, 1 mid, 1 far position

- far: 4x20t modules DYE: 40 ton LA: 40 ton
aseline: 360m olé 00 B line: 500
- near: 2 x 2 x 20t Overburden: 98m aseline: m

o . . M Db b Overburden: 112m
» Civil constructions il L ﬁ iR‘ Muon rate: 0.73Hz/m

- ~ 3.4 km galleries
- 4 |laboratories

* Statistics ® Sensitivity in steps:

- far: 80 events/day

- hear: 560 events/day e Mid: sin2(29|3)nmit=0.04|

* Movable modules -> swap

* Sy Stematics ® Mid+LA2:sin2(203)imi«=0.038
- reactor: ~ 0.1%
- detector: ~ 0.2% ) _

« Backgrounds ® Far(full): sin?(2013)imic=0.01 |

- B/S at near site: ~ 0.5%
- B/S at far site: ~ 0.2% 43



S
K
lo
o
X
N’H‘
5

1|II|IIII|||I

T~




the world strategy...



two pseudo-parallel roads...



® reactor: disappearance => high statistics
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® reactor: disappearance => high statistics

® sensitive to 03 Only:

1 — P =~ sin?260;3 sin? A + o2 A? cos® 0;3 sin? 205,.
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® BG:T° production and beam Ve contamination
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® reactor: disappearance => high statistics

® sensitive to O3 Only:

1 — P =~ sin?260;3 sin? A + o2 A? cos® 0;3 sin? 205,.

® beams: appearance => low statistics (<|50vs T2K-[)
® BG:11° production and beam Ve contamination

® correlation: Ocp, 013,  degeneracy and matter
effects [neglected in equation]

SiIl2 2913 SiIl2 (923 SiIl2 A

A= Am3 L/(4E,)
« sin 2043 sin Ocp sin 26045 Asin? A

a = Ams,/Ams,

« sin 26013 cos dcp Sin 291A cos Asin A

a? cos? Oog sin® 265 A?




complementarity...



%G6 ONS
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All limits at 90% CL
unless otherwise noted




® beam: appearance

® DPosc « sin2(203) [<10%]

Am? = 2.5 x 1073 eV?, sin® 265 = 0.05

Sin2 2(923 = 0.95

® Dosc o Signal (statistics)
® BG ~ constant(E/L)

® Ocp: modulates posc
® anti-V/V:-TT phase

® sin%(203) reactor
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o (m)
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-
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a0 CL
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what to remember?



Competitive & overlapping coverage by both techniques!
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®

sim2291 3 discovery (normal hierarchy)

. [ MINOS

| === Double Chooz (early)
| == = Double Chooz (late)
— — Triple Chooz

- 72K
B NOVA

CHOOZ+Solar excluded |

observation

| GLOBES 2008

2006

2010 2012 2014 2016
Year

2008

sin® 2645 sensitivity (30

sin2291 3 sensitivity (no signal)

| e MINOS
| === Double Chooz (early)
| == = Double Chooz (late)

— — Triple Chooz
— T 2K

| NOVA

no observation

| GLOBES 2006

2010 2012 2014 2016
Year

2006 2008

Similar time scale
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Normal hierarchy

T2K + NOvVA T2K + NOVA + Reactor-II
3 yrs neutrinos + 3 yrs anti-neutrinos T2K + NOvVA: 3 yrs neutrinos
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Matter effects in a nut-shell



® Farth made of matter (no anti-matter): e-, p+, n
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® free-Hamiltonian is different for anti-v/V due to
interaction with matter by v only (through W)

® i.e. modification of mass spectrum and mixing...

® break degeneracy (CPT) between anti-v/v
® new effective masses
® new effective mixing angles

® modify oscillation equations
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® Earth made of matter (no anti-matter): e-, p+, n

® free-Hamiltonian is different for anti-v/V due to
interaction with matter by Vv only (through W)

® i.e. modification of mass spectrum and mixing...

break degeneracy (CPT) between anti-V/V
new effective masses

new effective mixing angles

modify oscillation equations

explicit “L” dependence (not only E/L)
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One the most fascinating demonstration so far...

SOLAR (ALL)
P=O.3 (Nobs/Nexp)
(matter effects)

KamLAND
P=O.6 (Nobs/Nexp)
(vacuum osc.)
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One the most fascinating demonstration so far...

SOLAR (ALL)
P=O.3 (Nobs/Nexp)
(matter effects)

KamLAND
P=O.6 (Nobs/NexP)
(vacuum osc.)

Even E/L modulation...
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Table 12: Summary of the background subtraction error at the Far and Near detector (preliminary).
Background rate and shape with their corresponding uncertainties are used for the calculation of
the sensitivity. The systematics correspond to our best estimate of the error associated with each
particular background (this can be used as a “background systematic error” ).

Detector Site Background

Accidental
Materials PMTs

Fast n

Clorrelated

j1-Capture “Li

CHOOZ
(24 v/d)

Rate (d~")
Rate (d71)
bkg /v

Systematics

Far

0.42 = 0.05
1.6%
0.2%

0.6x04

1.01 £ 0.04(stat) £ 0.1(sys)

4%
0.4%

Double Chooz
(69 v/d)

Rate (d~")
bke /v

Systematics

Far

1+0.1
1.4%
0.2%

14+0.1
1.4%
0.2%

0.15+0.15
0.2%
0.2%

1+0.5
1.4%
0.7%

0.42 1+ 0.2
0.6%
0.3%

Double Chooz
(990 v/d)

Rate (d~ ')
bkg /v

Systematics

Near

72+1.0
0.7%
0.1%

72x1.0
0.7%
0.1%

1.44+0.14
0.14%
0.2%

5.2+ 3.2
0.6%
0.3%

26+1.2
0.26%
0.1%




(s)
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(s)

Buge)' (3 & 4) . Schreckenbach et al.
\'A

Schreckenbach et al
(1985)

1 2 4 5 7

0 : 3
flux known to ~2% positron energy (MeV)
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(s)

Bugey (3 & 4) . Schreckenbach et al.
VA
Schreckenbach et al
(1985)
0 1 2 3 4 7
flux known to ~2% positron energy (MeV)
P(Veeve) - Am$2=7.2 10° eVz; cos6;, = 0.8; sinf; 5

, : AmZ, =2.510° eV% AmS, = 2.0 107 eV*
~ 1 - sin20,5 sin2(Am2,, L/4E) + ... = =

L/E [eV?]

10°
L [m] ((E,) =3 MeV)

102 10’

Double Chooz E [MeV] (L = 1.050 km )




dead-time measurement



® FEE + WFD deadtimeless
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® FEE + WFD deadtimeless

® trigger deadtime <40ns per trigger
® offline cut: 500Ust2ns veto after each through going U:
® ND deadtime ~ 30% (still ~700 kv/y)

® |n Situ measurements

® usual: veto AND synchronous clock

® faked v-events (LED)

® radioactive sources too

60



faked-v injection by light system:
® 2 flashes with T~30us and correct light level
® deadtime of full system (FEE, DAQ,etc)
® monitor deadtime of system regularly vs time
® dedicated system by Heidelberg group
calibration source in both detector:“inter-calibrate”
deadtime-less electronics with WFD (256ns window)

(typical) pulse generation injection: DAQ deadtime

6l



