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Context: Atmospheric Neutrino Anomaly
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CHOO/Z (1997-1998) * CHOOZ reactor, Ardennes (France)

Underground gallery (300 mwe) found by
Chooz B the Mother of H. de Kerret!

Nuclear Power Station
2 x 4200 MWth

BR

distance = 1.0 km

Depth = First large underground monolithic
R E R EE XX 300 mwe i
detector for reactor neutrinos.
neutrino
target m 2 cores: 2x4.2GW
. . . . .
TETTIRITLYY l'nl = 5 tons of Gd-doped liquid scintillator

ity Laserre 27512015 (degradation of its attenuation over time)






Palo Verde Generating Station, Arizona, USA - 3

reactors: 11.6 GW

Segmented detector
(best suited for shallow depth, 32 mwe)

11.3 ton, Gd-loaded liquid scintillator

820 m baseline

Palo Verde (1998-2000)

Muon Veto Central Detector
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Results
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Neither Chooz nor Palo-Verde reported oscillation. This
null-result eliminated v —v, as the primary mechanism
for the (Super-)Kamiokande atmospheric deficit
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Context: Solar neutrinos till first SNO results (2001)
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Nobs/Nno-osc

First KamLAND Results (2002)
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~irst KamLAND Results (2002)
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End of 2002

v | sin(260,3)% < 0.2

A
|
|
|
|
|
|
|
|
|

Amaltmz=2.5.1o-3ev2 Sin(2923)2 2 09

(Mass)?

I
I
I
I
I
I

\

Vs

Vi

U —
sin(20,,)2 ~ 0.8

Ve .|Uei|2 Vli .|Ulii|2 VT DlUrilz

Thierry Lasserre — 7/9/2018



0,, made it to the top priority list

<
w

N
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A

© Am 2 =25.103eV?
>3

—:

M2 =8.105 eV2
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By 2002...

l{f-f-;‘-r-:'n('r- siné jf Sin22913 < 0.01
S0710)
Goh, Mohapatra, Ng [40] 0.18 ——
Orbafold S0(1G)
Asaka, Buchmiiller, Covi [41] 0.1 s s
SO10) + flaver symmetry
Babu, Pati, Wilczek [42] 5.5-10-1 1.2-10-"
Blazek, Raby, Tobe [43] 0.05 0.01
Kitano, Mimura [44] 0.22 —r—
Albright, Barr [45] 0.014 78-1071
Mackawa [46] 0.22 e —
Ross, Velasco-Sevilla [47] 0.07 B v ——
Chen, Mahanthappa [45] 0.15 ——
Raby [49] 0.1 —r—
.q(l,‘;fi'l_,l + terture
Buchmiiller, Wyler [50] 0.1 L
Bando, Obara [51] 001 . 006 4-107% . 001
Flﬂf,‘"r .\jpnﬂu‘fru‘.\
Grimus, Lavoura [52, 53] 0 0
Grimus, Lavoura [52] 0.3 ———
Babu, Ma, Valle [54] 0.14 e
Kuchimanchi, Mohapatra [55] 0.08 .. 0.4 e
Ohlsson, Seidl [56] 0.07 .. 014 T
King, Raoss [57) 0.2 —_—
Tertures
Honda, Kaneko, Tanimoto [58] 008 . 020 =HfS—t-ti—
Lebed, Martin [59] 0.1 v
Bando, Kaneko, Obara, Tanimoto [60] 001 .. 005 4-107% ., 0.01
Ibarra, Roes [61] 0.2 ——
3 % 2 see-saw
Appelquist, Piai, Shrock [62, 63 0.05 0.01
Frampton, Glashow, Yanagida [64] 0.1 B —
Mei, Xing [65] (normal hierarchy) 0.07 —_——
(inverted hierarchy) = (.006 = 16101
Anarchy
de Gouvéa, Muravama [66) > 0.1 o
Renormalization groug enhancement
Mohapatra, Parida, Rajasekaran [67) 008 .. 01 (ST

Need for
v-factories

number of predictions

Sensitivity goal for reactor experiments

/

7 ¥

5 True range

oo

004 008 008 .'2.1 012 0.14 016 0.18 0.2
sin"2e.,

The difference between theory and practice

is larger in practice than the difference
between theory and practice in theory.
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0,, made it to the top priority list

How to measure 6,57

<
w

RO X connect v, state to the ‘isolated’ neutrino Am,, 2

« | =1-2km, E = MeV
: = disappearance channel. @reactor

(o]
Y I
rEUt; Am 2 =25.103eV? " 913 only

or

‘
_:I = L =100- 1000 km, E = GeV

M2 =8.105 eV2

. ] " appearance channel

" 0,5, NH/IH, 6.p are entangled

Ve .|Uei|2 Vli .|Ulli|2 VT DlUrilz
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v.+p—>e +n
*U+n, = X+Y —p—decays T
v v
—1m12£ (\Te) (Ve)
e 2E
P Target/Horn Reactor core - “T'arget H
) Detector Target
, L
— MR - - A 2 e : Lm A 2
P(v, *ve)—{ZUme ZEUJ P(v. —v.) = 1-sin’(26,,) sin(l 27 2 €V ¢ ))+0(#)}
i (MeV) Arnatm
= Complex oscillation formula = Simple oscillation formula
=>» depends on sin?(20,5) , Amy,?, sign(Am,,?), & =>» depends sin?(20,5) & Am,,.2, weakly on Am_?
" appearance experiments = disappearance experiment
=> sin?(20,5) measurement depends on &-CP =» s5in?(20,5) measurement independent of 5-CP
= matter effects " no matter effects
=>» High potential for detecting 6,5, less for measuring it precisely => sin?(20,3) measurement independent of mass hierarchy




Some Sensitivity predictions (2002)

An3iquie 99

Table laid down on the CEA-DAPNIA director desk on Oct. 2002 0.07 Reactor I
- sin?(20,,)
Experiment oL B3 Expected start - 0.05 l
CHOOZ <0.14 - T PPILLLIF G ey —
& 003 Con : T2K
MINQOS <0.06 ? : |
ICARUS <0.04 2007 ? 0.01 |~ i
OPERA <0.06 2007 ? 0 0.06 0.1 0.14
JHF2K (T2K) <0.006 2009 ? Sin(20:)
Kr2Det - Russia <0.02 ? }/ /
0.07
Kaska - Japan >0.02 ? / |
XXX — France/EU = " s
- <0. ? > T2K —
With a near detector 0.025 2006 4;1 o3 )-‘ — —l A et

Aungiquie &g

|
Am?,m=2.5107 eV? 7/ A Reactor
0.01 i
y & }
0

0.06 0.1 0.14
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Reactor Versus Beam Experiments

Sensitivity to sin®26;3 at 90% CL

MINOS +
I OPERA +
ICARUS

I I Reactor
I NuMI

I JHF-SK

Chooz+
Solar+ KamLAND
excluded (90% CL)

10~2 101
Si]fl2 20 13
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Towards a fair comparison

Sensitivity to sin®26;3 at 90% CL

e
B Systematic MINOS + c
Correlation OPERA + %
Degeneracy ICARUS Q
Q
- 1 -
. . =
driven by systematics 400 t GW'y Reactor >
8000 tGWy 8
o W
B (@)
(@)
I NuMI U
affected by correlations 1 )
and degeneracies <
. JHF-SK | &
_ 0o
~
Chooz+ |
Double-CHO,;6,,Z Solar+KamLAND | Y1
excluded (90% CL) | T
10~2 1071
in”26
S1n 13

CP-violation asymmetry ‘proportional’ to sin 6,5. Synergy was finally established and accepted
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The - new - concept —no so new, indeed!

P(Ve— V,) = 1-5in?(20,3)sin?(1.27Am?;,L/E)
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Kr2Det (Krasnoyarsk, Russia)

Siberian Taiga

) ’.
10° F <
CHOOZ
t
KipDet e
S s (ekpected)
L 0T
i " \
1()_4 L1l 11
0.01 0.10
sin’ 20
o
. hf._

'}

REACTOR
" |



Workshop on Future [,oy.

Ener gy Ne i .
utrino Experi
B . ments
o . ‘)e“‘me October 9-11, 2003
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———" nne - ¥ Mikaelyan (Kurchagg, Institute, )y, K. Ramm
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Reactor

v 6, N

)
W VT
\&:fof
3rd Workshop on v,

Future Low-Energy Neutrino Experiments

Date: March 20(Sat)-22(Mon),
2004

s.
e\'\)t‘\‘\\\“‘“‘a\\(\ a
als.
\)\‘0‘)“\‘?,‘“ of the

o

12/2002: 1t EU meeting, MPIK Heidelberg
' CC, Paris

04/2003: 2" EU meeting, P 3 |

05/2003: 1stinternational meeting, Alabama Univ, USA

10/2003: 29 international meeting , TUM, Germany =

03/2004: 3" international meeting, Niigata, Japan oo i

M. Tanimoto (Niigata Univ )
O. Yasuda (Tokyo Metro. Univ.)

. B ) Licfa} 3;?%}?::5 gtyn%?)mec:
- Viyata (Niigata v
(first presentation of Daya Bay s ey
N. Tamura (Niigata Unv, Co-chair)
M. Tanimoto (Nijgata Univ. Co- chair)

‘hittp:Sharvewr hep.sc .nngnla-u,ac.jpl-mutrimlwv!ks}opl

Place: Toki-Messe, Niigata, Japan

International Program Committee:

F. von Feilitzsch (Tech. Univ. Munich)

S. Freedman (LBNL, U C. Berkeley)

M. Goodman (ANL)

T. Lassere (Saclay)

M. Lindner (Tech. Univ. Munich)

L. Mikaelyan (Kurchatov Institute)

H. Minakata (Tokyo Metro. Univ.)

S. Schoenert (MPI, Heidzlaerg)

M. Shaevitz (Colurbia Univ.)

F. Suekane (Tohoku Univ.)
Organizing Committee:

... Put 3 experiments on-track: Daya Baya, Double Chooz, RENO

Thierry Lasserre —7/9/2018



0,5, White Paper - hep-ex/0402041
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Challenges towards sin“(2643) = 0.01

Best Sensitivity (Chooz): obs/pred = 1.01 £ 2.8%(stat) £ 2.7%(syst)

Statistics CHOOZ DoubleChooz DayaBay
Baseline 1 km 1 km 2 km A
Reactor Power 2x8 GW x 1 X4
Detector Volume 5m3 X2 X 16
Data Taking Time 05y X 10 X 10
Candidates 103 10° 106
Systematics CHOOZ DoubleChooz
Reactor Flux 1.9% —-- By S
Gd Loaded Scintillator_| i" a
Detection Efficiency 0.8% <0.2% Scintllating Buffer —— |-
Energy Scale << 1% Non-scintillating Buffer —— S
Target Volume 1.5% <0.5%

Background reduction: accidentals / 100...

Thierry Lasserre — 7/9/2018
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New 4-region large detector concept
Proposed by Double Chooz (2003)



A plethora of sites investigated (2002-2005



KASA (Kashiwasaki, Japan)

RCNS, Tohoku Univ. Japan

@NOONO3

2002.2.10
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KASA (Kashiwasaki, Japan)

Kashiwazaki-Kariwa
Nuclear Power Station
P=24.3GW,,

3 detectors

drain pump

Tank

Stamless Steel — |

|

T

3 Rails
" . arr duct

| Gondra

-

Proection Ceiling

s
Cahibration Devici

cosmic-Tay anti
(weak scmtillator)

Calibration pipe

| v targes

|_.y catcher scingill

Calibration
Source

Acryhe Vessel

Project abandoned (2009) and merged with Double Chooz

2002: KASKA Group was formed
2003: Conceptual Design

Solving Site Availability Issues
2004: Detector R&D,
2005: Detector R&D
2006: Construction

2007: Construction
2008: Start Data Taking
2009: Initial results
2010:

2011: Final results
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2011 Earthquake

Major shutdown of Japanese reactors

=1 ||
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Diablo Canyon (California, USA)

ool |

Looking for the building blocks of the universe

' jablo’ d strike two large vats of

ect, antineutrinos emitted from Diablo's reactor woul : :
'ﬂfxf mg?t opposite ends of a 1.5- to 2-mile-long tunnel dug out of a mo'ulr;‘tat:\n lad;acmm‘ect”\ll
lo the power plant. When the antineutrinos strike protons in the hydrogen atoms O Ee "
they would make characteristic “signatures,” indicaling mass. These signatures wmidsa ¥ oo
registered by photo detectors and transmitted automatically to a lab at Cal Poly San Luis !

neutrinos “oscillate” between mass states, scientists hope to obtam
By noting the way the nos “osci : : O s
nfo:qxarﬁm that y/od%explam why there is much more matter than antimatter |

Canyon located at
1.8 km from the
reactor cores

Detector hall
would have been
Nuclear power plant company under pressure by environmentalists accessible with

modest civil
engineering...

Project abandoned (2004) and somehow realized in China
Thierry Lasserre —7/9/2018



idw,
A0,

% N 5/// &
(7 R
no Expe

2 X 3.6 GW reactors
180m shafts and halls at 450 mwe depth

Detector:
= ) x 65 ton near detectors at 270/ 1510 n

= Spherical shape
= No-gadolinium

Braidwood (lllinois, USA)

{ / /acryLic/

" /') / /ROCK SURROUNDING CAVERN / / / / / /] )

. Vil / / AR s g

/ ”s'f xf#
* PASSIVE /|
7/ SHIELD / |

Y / SPHERE ]

// " sTEEL/
// SPHERICAL~
VESSEL’

1800 m

2 X 3.6 GW reactors

O

180m shafts and
detector halls
(400 mwe depth)

H =

65 ton near detectors at 270 m
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(b

65 ton far detectors at 1500 m



Angra (Brazil)

ctor neutrino facility
Connie, -..)

Led to a new red
(non—pro\iferat'\on,
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Braidwood / Diablo Canyon / Daya Bay: Swaping/Moving detectors...
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Site Investigations in France

Flat and swampy Flat topography
H =0 meter

Close site OK?
Problem for the far
site ?

Very flat topography,
but a lot’s of space

Small cliff at 2km from the
reactors, but
problem to find the near site

Centres nucléaires
de production d'éle

+ French sites under study

All nuclear power plants operated by EDF

Thierry Lasserre —7/9/2018



Site Investigations in France

Beurre et Créme d'Isigny Brie de Meaux

Camembert de Normandie Brie de Melun Chaource

Livarot Maroilles Epoisses
Langres
Ma&connais

Neuchétel u

Pont-I'Evéque

Bleu de Gex Haut-Jura

Comté
Mont d'Or
Chavignol Morbier
Pouligny-Saint-Pierre Munster
Sainte-Maure de Touraine ¢
Selles-sur-Cher
Valengay
Abondance
Beaufort
Chevrotin
Reblochon

Beurre Charentes-Poitou Tome des Bauges

Chabichou du Poitou

Bleu du Vercors-Sassenage
Fourme de Montbrison
Picodon

Bleu des Causses

Laguiole Bleu d'’Auvergne L] Banon
Ossau-Iraty Cantal . ‘ Brocciu
Rocamadour Fourme d’Ambert ‘ Pélardon
Roquefort Saint-Nectaire

Salers

1 type of nuclear reactor
100 type of cheese

Thierry Lasserre —7/9/2018

1 type of cheese
100 type of nuclear reactors



Les gendarmes de Tricastin...




First Come back to Chooz (2003)
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First Come back to Chooz (2003)

N =

DISTANT DETECTOR

s ® .
..o..-
-
=
W59
V*’s -

.



First Double Chooz — spherical- Design - 2003

- —

Existing CHOOZ tank
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12 identical — cylindrical — detectors...

4x20t\ @® Reactor & 1.
O Detector z,? /
\ IN 5 o @ Reactor
00526 m / B / O Detector

LA2

8 detectors Gd-volume: 200 m?3

| — = A
[
=

.‘.I -

C ,/
L

S meters




Double Chooz

First Double Chooz result j i i :
T 204, lustrated in The Big-Bang Theory (cBs)

Started in 2002
Approved in 2004
Far detector data taking in 2010
(Late) Near laboratory excavation in 2010-12...
Near detector data taking in 2014
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RENO

200m high |

: Near Detector
~/0m high

290 1,380
A Korean-only effort " m

Starting with (very) little
expertise in 2004

About 30 people!
Some cut&paste...

And a great achievement
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Daya Bay: A colossal experiment

2006, a high-level political decision leading to the largest international collaboration in basic
science in China and the biggest US-China collaboration.

3 "Q‘--;},J’ Ao ll
% " reactors
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First Reactor Results (2011-2012)

Double Chooz (Oct. 2011)
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Daya Bay (March 2012)
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RENO (April 2012)
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Reactor experiments
provide the most
precise value of 0,

e 10°)

8
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__ No oscillations
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g Fast neutrons
13C(ay ) 160
201 Ap-2C

Am? 1.4 %
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Reactor Neutrino Flux and Spectra
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2011: Reevaluation of the e — v conversion procedure — Flux reevaluated at + 3.5%!
(motivation: interpret Double Chooz results, without near detector)
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Reactor Antineutrino Anomaly - 2011
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N‘\\ﬂos'*;‘- \' :
| SBN

| NuStorm
| Deada\eus

Triggered a lot of projects beyond 2011
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A new
anomaly (almost) revealed

k T . N1/

XXVI Inte
rnational
Chooz Conference on Neutri
Double CNOO2  — Phy5|cs and Astroph
y3|c

‘x RENO

------- No oscillation | — — ~~m~—~'~'~~'——~'~~
E:j systematic uncertainty ‘

\ 1200 :."'"'-__ —— Background-subtracted datal

— Bestfit:sin20,,= 0.090

B + . Near detector 3| gUT Daya Bay did not report

| € : i at Am? =0.00244 € - pat ‘1

| %Em i ~NC... \, any d\storS\on YET..

\1 400 pc-ill (n-Gd) Preliminary sin?20,; = 0.100 }" - — I _
‘ Livetime: 467.90 023 | Am3,1=2.32% 107 eV \ | ,‘
i 200 \ 18

1 \ — Farsite dat@

S ighted near site data (no osc! illation)

’ “ = i car site data (best it \
\ 1.2 \" ll -% 14 o Weighted N site data (bes' ‘
|8 1a ‘l \ % 12
‘l % ‘ | ? 10 \
\ ‘.;_m P I— 1‘ | 2 |
\ ~¢; \ 3 ‘
k || B |
| \ | =
“ 0.8 / \ 1 2 '\
| 3 4 5 6 | . \\ % 1'
\ visiffie Energy S T e ‘ \ ‘l
| \
. = ‘\
\ 8 ‘
; \
| . = s 6 T g 9 “ | 2 \
‘1 prompt Energy MeV] | | E ,‘
S 3 \
o-called 5 MeV b | 2 |
um p .
-

Thierry Lasserre — 7/9/2018



4-6 MeV spectral distorsion still unexplained...

Reactor v-spectra?

Bias? Underestimated systematics?
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Detector response?

1% E-scale non-linarity?
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To Hervé de Kerret (1947-2017) ﬂ@zbiz... 3
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GCHOOZ?

CHO,,0,,7 7
Super-CHO,50,5,Z ?




Thank you!




Objet: The Reactor Neutrino Anomaly...
Date: 19 décembre 2010 a 17:27:14 UTC+1

| synthesized all the known measurements at short distances (<Chooz)... You Rea Cto r Antl ne Utrl Nno
will see that the result of this synthesis are really very surprising.... An oma |y — 1 2/20 10

ALL measurements (except 1) are more than 1 sigma from the LM
prediction. The average of the effect is 0.943 and the sigma is 0.03 ...

The options available to us:

- Anomaly in the calculation of the new reactor neutrino spectra
OR

- Anomaly in the measurement of neutrinos T
- Case 1: All the experiments underestimate their errors and/or do a bad 3 °-95"IH""
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count, but strange that it is always in the same direction? z

- Case 2: Neutrino oscillation but without spectrum distortion to match Z@
Bugey3 & Goesgen spectrum ratios, so only possible with massive 05|
neutrinos, >>1 eV (keV?). This solution is ULTRA-hypothetical but | prefer
to list it as a possibility for completeness. An effect of 1-0.943=0.057
would result, at high Dm2_41, in sin2(2thetal4)=0.114 ... which is so
large that it could be incompatible with other neutrino oscillation results e T e
(solar, atm, beams, etc.), wouldn't it? Thank you for clarifying this point. Distance to Reactor (m)

Bugey-3
Goesgen

0.8

0.75

- The neutrinos are still surprising us.... _
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The Heilbronn salt mine

HLMA: a failed attempt

= Context <2003: KamLAND could not have measured Am_? if greater than 2 10 eV/?
= Study of the HLMA: a new reactor neutrino project — relevant only if Am2> 2 10 eV?

= By products with a 1 kiloton detector Heilbronn Mine (20 km baseline)

= constraint on (sin220,5)>0.05
= probe of the v mass hierarchy
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