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~50 years of neutrino oscillations…
2

huge experimental/theory effort
[discovery⊕establishment ⇔ Nobel 2015]
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status on neutrino oscillation knowledge…3

Standard Model(3 families)
[leptons & quarks]

&
PMNS3x3(θ12,θ23,θ13)

&
±Δm2 &  +δm2

today ≥2030
best knowledge global foreseen dominant source

θ12 3.0 % SK⊕SNO 2.3 % <1.0% JUNO reactor
θ23 5.0 % NOvA+T2K 2.0 % ≲1.0% DUNE⊕HK beam (octant)
θ13 1.8 % DYB+DC+RENO 1.5 % 1.5 % DC⊕DYB⊕RENO reactor

+δm2 2.5 % KamLAND 2.3 % ≲1.0% JUNO reactor
|Δm2| 3.0 % T2K+NOvA & 

DYB 1.3 % ≲1.0% JUNO⊕DUNE⊕HK reactor & beam
Mass Ordering unknown SK et al NO @ ~3σ @5σ JUNO⊕DUNE⊕HK reactor⊕beam

CPV unknown T2K 3/2π @ ≲2σ @5σ? DUNE⊕HK⊕ALL reactor⊕beam

must measure all parameters→characterise & test (i.e. over-constrain) Standard Model

no conclusive sign of 
any extension so far!!

JUNO⊕DUNE⊕HK will lead precision in the field (→Mass Ordering & CPV) except θ13!
NOTE: ORCA⊕PINGU⊕IceCube complementary (Mass Ordering & Δm2 measurements)

(inconsistencies vs uncertainties)

(reactor-beam)(now)
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4
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flagship neutrino experiments…

Hyper-Kamiokande
(Japan)

JUNO
(China)

DUNE
(USA)

European contributions in all experiments — including technology (LAr, etc)

2 accelerator experiments HyperK & DUNE→ redundancy
&

1 reactor experiment JUNO→ no cross-check!

enough?
(permille precision)
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any room for new physics?
6
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SMv1.1: knowns & unknowns…
7

Weak Flavour Neutrinos (3): ν(e), ν(μ), ν(τ) — observed 3! (same as quarks)

Mass Neutrinos (3): ν(1), ν(2), ν(3) — assumed ≥3! [tight cosmology constraints]

PMNS matrix (3x3; a la CKM): U, assumed unitarity (→violation?)
•mixing parameters (3): θ13, θ12, θ23 (octant?) — derived J [Jarlskog invariant] 
•CP-violation parameter (1): δ?

Mass Squared Differences (2): δm2 (i.e. Δm212)
                   Δm2 (i.e. Δm213 or Δm223)

Mass Ordering (MO): 
+δm2 (solar data — observed!)
±?Δm2 → which is the lightest neutrino ν(1) or ν(3)?

Mass Hierarchy (MH): the mass of the neutrino?
[→why so much smaller than charged leptons?]

Neutrino Nature: Majorana? 

discovery!

unknown [SM]

discovery!

unknown [SM]

unknown [SM]

discovery!

HyperK⊕DUNE

JUNO⊕DUNE et al

ββ

many

SuperChooz?
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ν3

ντ

νμ

νe

ν1 ν2

SM’s leptonic mixing sector (PMNS)…8

U3x3 unitary?why shape?

consider full matrix structure
(not just composition)

•large mixing but a small one!
•largest CP-violation (SM)
•any symmetry behind? [or Nature’s caprice?]

[assumed!!, not demonstrated]



Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)

9

neutrino unique in Standard Model… more discoveries?

ν
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the new opportunity…
10
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maybe Chooz?
11

les Ardennes
(France-Belgique)

somewhere in the middle of Europe, there is Chooz…

Chooz is tiny cute little village in the Ardennes

Chooz = powerful reactor(s) ⊕ overburden
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the reactor (source)…
12 Chooz-B nuclear reactor plant: 2x N4 reactors [4.2GWthermal each]
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lesson: don’t…!

civil-construction near a reactor?

upon Double Chooz underground laboratories limitations…

•too small!
•too shallow! (to today’s technology capability)
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physics at Chooz: future?
14
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an underground unknown…
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Chooz-A for science?
16

dismantling

huge caverns (already built) of the size of Super-Kamiokande right next to Chooz reactors!
(unique site in France-Belgium / Europe / World?)

30 000 m3

20 000 m3
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17

Super-KamiokaNDE @ Japan

~50m

Super-Kamiokande (50kton)

50 000 m3
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construction caverns [1962-1967]
18

reactor cavern fuel-pool cavern

30 000 m3

20 000 m3

~40m

~18m
~40m
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SuperChooz cavern is built (60’s)…

Hyper-Kamiokande
(Japan)

JUNO
(China)

DUNE
(USA)

Super Chooz?
(France/Europe)

historical opportunity!! one of the largest underground laboratories in Europe — built!!
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EDF⊕CNRS exploring (2018)…

20

IJCLab⊕Subatech teams — Octobre 2020

CNRS/IN2P3 direction — March 2022

(despite COVID)
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experimental scenario…
21
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SuperChooz Pathfinder starts…
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exploration is now official…
23

pathfinder [2022-2028]
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SuperChooz experimental setup…

24

the Meuse river

Ultra Near Detectors @ Chooz-B:
•LiquidO technology
•Mass: ≤5 tons
•Overburden: ≤5m
•Baseline: ≤30m

Chooz-B: Reactor CoresChooz-A: Cavern Reactor Core

Super Far Detector @ Chooz-A 
•LiquidO technology
•Mass: ~10,000 tons
•Overburden: ≤100m
•Baseline: ~1km

the Ardennes mountains

AM-OTech project [EIC-UKRI]
CLOUD experiment

1 Dec 2022
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les Ardennes (France) LNCA-Hall (CNRS)
Chooz-B Power Station

•facility: EDF CNPE
•location: Chooz (France)
•reactor cores: 2x EPRs
•type: PWR AREVA-N4
•thermal power: 8.4GW (total)

SuperChooz → new laboratory facilities — beyond the existing LNCA (key support!)

Double Chooz: Near Detector

Double Chooz: Far Detector

Ultra Near Detectors

Super Far Detectors
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experimental demonstration
26
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Double Chooz data & expertise…
27
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Double Chooz IV: Near (258 live-days)

ND Data
No-oscillatted MC
Accidentals
Li9

Fast Neutronse+

30ton⊕L≈400m⊕30m overburden

DC-ND:
Signal ≈ 816 ν/day (average over cycle) 
BG(β-,α,γ,p) ≈ 39 day-1 (“some per day”)

Signal/BG ≈ 21→30 within IBD region [0.5,9.0]MeV

Backgrounds (β-,γ,p,α)

systematics can be controlled: ~0.1% (each)
[flux, background, detection]

energy control: ≲0.5% enough?

•no Gd needed a priori — simpler
•extreme precision single/multi-detector(s)

⟹simpler detectors (avoid multi-volumes)
•control of all systematics at per mille
•geometrical full flux cancellation systematic

⟹fewer reactors sites is better!
•exquisite energy control absolute/relative
•Chooz site full background knowledge

experimental demonstration I
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world underground volume…
28

before
HyperK

DUNE

LESS (or no) EXPERIMENTS

ISSUE!!! overburden <100m rock (or <300 mwe)
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new technology — the breakthrough

experimental demonstration II
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today’s liquid scintillator technology: transparent…30

CTF @ Gran Sasso
(Borexino R&D)

extremely low overburden→ new technology needed
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inducing light to a point (lossless)…
31

•scattering→random walk→light ball [order 1cm]
•scattering mean-free-path order 1mm: x10-4 smaller than usual

•lossless scattering:
•Mie scattering: achromatic & tiny losses [“cloudy” touch]
•Rayleigh scattering: chromatic & lossless
•Internal Reflection (Snell’s law lossless)
warning: avoid reflection (losses @ order ~1%/reflection)

LiquidO ⇔ unique stochastic light confinement
⟹ must NOT be transparent!!

LiqudiO→ photon’s “random walk” (self-confinement)

Transparency
λ(scattering)≥10m

Rayleigh & Mie Scattering
λ(scattering)≤1cm

stochastic light confinement
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Topology (X,Y) direct & native (PID)→ possible sub-mm vertex precision

Vanilla LiquidO: 1D lattice (fibres along Z-axis only)

TOP VIEW: (X,Y) Projection→ direct readout

Z position: Δt (time difference)

BOTTOM VIEW: (X,Y) Projection→ direct readout

LiquidO can have up 3 orthogonal fibre lattice orientations (3D)

LiquidO ↔ stochastic light confinement

 (mm)source-XrecoX
20− 10− 0 10 20

X resolution

 (mm)source-YrecoY
20− 10− 0 10 20

Y resolution

 (mm)source-ZrecoZ
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~0.5MeV
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 (mm)source-ZrecoZ
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σ(x)≤5mm
σ(y)≤5mm

±1cm

±1cm

σ(z)≤10mm
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γ
opacity→ (native) self-segmentation

needless segmentation: problematic @ 1MeV (pollution, cost⊕complex, etc)

potential: reduce overburden/shielding

unprecedented PID@MeV…

~2MeV

≤10cm

>>10cme-(νe)e+(νe)
_

~1MeV: reactor, geoneutrino, solar, etc

[β-]

transparent
(washed out info)

transparent
(washed out info)

transparent
(washed out info)
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π- → μ- → Michel-e- (tracking charge)
[Michel-e± discrimination possible]

e+ EM shower

n’s ToF (momentum) + p-recoil 
→ capture on H [tag: 2.2MeV γ]

GeV

ν̄e

Stochastic calorimetry order 0.1% [~105 PE/GeV] — excellent control of non-stochastic

Doping:
•  Control density (≥0.8kg/m3)
•  Increase Z
•  Control EM vs Hadronic

 …
  → Collider Calorimetry

MeV sensitivity

Genie Generated

50cm ≈ 1.6ns

≥100MeV: accelerator, atmospheric, p-decay, etc
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some common technology but not methodology
•scintillator : ✓ (improvement)
•fibres ✓ (improvement)
•segmentation ✗ (simplification, cheaper, less BG)  
•light collection: ✓ (improvement expected)
•photo-detector: ✓ (simplicaition with SiPM)
•MeV optimisation→Scaling R&D [≥2024] 

SuperChooz (~10kton) similar dimensions as NOvA (~14kton) & one module of DUNE (~10kton)

~16m

~38m

~16m

SuperChooz : ~9 700 m3

a priori no showstopper
experimental demonstration III
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LiquidO Official WEB: https://liquido.ijclab.in2p3.fr/

latest experimental results @ Neutrino 2022
(June 2022)

https://zenodo.org/record/6697273#.Y4DDdezMLfv

latest prototype detector results [mini-LiquidO]

physics potential — more precision

publication under preparation

First Release at CERN July 2019 (detector seminar)
https://indico.cern.ch/event/823865/

www.nature.com/articles/s42005-021-00763-5

proof-of-concept: simulation & data [μ-LiquidO]

physics potential — appetiser

COVID delayed

https://liquido.ijclab.in2p3.fr/
https://zenodo.org/record/6697273#.Y4DDdezMLfv
https://zenodo.org/record/6697273#.Y4DDdezMLfv
https://indico.cern.ch/event/823865/
http://www.nature.com/articles/s42005-021-00763-5
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invention/conception 2012-2013 — since 2016 consortium (~20 institutes & 10 countries)

LiquidO-Contact-L@in2p3.fr

mailto:LiquidO-Contact-L@in2p3.fr
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first LiquidO-based experiment…

38

CLOUD = “Chooz LiquidO Ultranear Detector”

project: “AntiMatter-OTech”

experimental demonstration IV

SuperChooz’s pilot project
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the Meuse river

the Ardennes mountains

Chooz-B: Reactor Cores

neutrino emission: ~1021ν/s per core

experimental setup…

CLOUD Detector
•LiquidO technology
•Mass: ~5ton
•Overburden: ≤3m
•Baseline: ≤30m (UND)
•Rate: ≥10,000 ν per day
⟹ δ[φreactor] ≲1% (day) — world’s best precision [DC]
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scientific programme…(so far)
40
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neutrino sources…

41 Anatael Cabrera (CNRS-IN2P3) — IJCLab / Université Paris-Saclay (Orsay)

the Chooz reactors

the Sun

Supernovae

large SuperChooz detector→ vast physics programme!

core-collapse & remnant

~25,000 νs per year

~20,000,000 νs per year

…also atmospherics!!geoneutrino? yes, but huge irreducible background by reactor neutrinos!!



Anatael Cabrera (CNRS-IN2P3) — IJCLab / Université Paris-Saclay (Orsay)

SuperChooz rates…

42

the Meuse river

Ultra Near Detectors @ Chooz-B:
•LiquidO technology
•Mass: ≤5 tons
•Overburden: ≤5m
•Baseline: ≤30m

Chooz-B: Reactor CoresChooz-A: Cavern Reactor Core

Super Far Detector @ Chooz-A 
•LiquidO technology
•Mass: ~10,000 tons
•Overburden: ≤100m
•Baseline: ~1km

Antineutrino Reactor (@1.1km):
φ ≈ 6 ν•day-1•ton-1 [→DC-FD]
φ ≈ 20M ν•year-1 [~10kton]
φ ≈ 220M ν’s [exposure: 100,000 ton•year]

Neutrinos Sun:
φ⦿ ≈ 250,000 ν’s [exposure: 100,000 ton•years]

Antineutrino Reactor (@20m):
φ ≈ 16k ν•day-1•ton-1 [→DC-ND]
φ ≈ 10M ν•year-1[~2ton]
φ ≈ 100M ν’s [exposure: 20 ton•year]

Neutrinos Sun:
φ⦿ ≲100 ν’s [exposure: 20 ton•years]

10 years exposure
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detection: all about coincidences…
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Raghavan et al 1977
(pp solar neutrino — unobserved)

CC: 
(  decay of Sn*)

νe + 115In → e− + γ + γ/e−

τ ≈ 4.7μs

the power of coincidences

44

Reines et al 1956
(neutrino discovery)

CC: 
(  for only H⊕C)

ν̄e + p → e+ + n
τ ≈ 220μs

low energy (≤3MeV) neutrinos interactions benefit by interactions leading to coincidences

major R&D by LENS et al [many years]

γ

e-↔νee+↔νe

_

γ/e- γ/γ
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preliminary physics programme…
45
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rationale…

•high�precision�SM’s�neutrino�oscillation�
⟹�synergise�with�JUNO�&�HK⊕DUNE�

•neutrinos�probing�BSM→�discoveries?�
⟹�beyond�today’s�paradigm?
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Super Chooz potential under investigation…47

Super Chooz: the smallest but powerful…

PRELIMINARY
Super Chooz (reactor)

Reactor-θ13

Reactor-θ13

TODAY (2020) FUTURE (JUNO+DUNE+SuperChooz)

JUNO
DUNE (Solar)

PRELIMINARY
Super Chooz (solar)

Plot: hacked version from original in Ellis, Kelly & Weishi-Li at arXiv:2008.01088
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physics I: reactor neutrinos…
48
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≤0.5%≤0.5%

overall θ13⊕Δm2(ee) sensitivity…49

[first time] sub-percent measurement of θ13⊕Δm2(ee)

world best ≥6x≥3x
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why�θ13�&�|Δm2|?�(reactor)�
•world�most�precise�θ13!!�[permille�precision]��
•(unique)�cross-check�JUNO’s�Δm2�
•PMNS’�shape:�the�smallest�term?�
•synergies:�extra�precision�on�
•�HyperK⊕DUNE’s�CP�violation�
•(simultaneously)�resolve�octant-θ23?�
•PMNS’�shape:�the�largest�term!�
•JUNO’s�Mass�Ordering�(oscillation)
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T2K⊕reactor best knowledge CP-Violation…51

CPV phase vs θ13
[constrained by reactor]

CPV phase vs θ23 
[octant ambiguity]

CPV phase vs (Atmospheric) Mass Ordering
[T2K blinded]

θ13 implications

powerful constraint
Super Chooz?

critical input
JUNO
DUNE

HyperK
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52 Super Chooz potential under investigation…

Super Chooz: the smallest but powerful…

Reactor-θ13 Reactor-θ13

synergy: SC θ13 may help to resolve the “θ23 octant” ambiguity
(HK and DUNE) measured the combined effect of θ13⊕θ23 (harder to disentangle)

PRELIMINARY
Super Chooz (reactor)

Plot: hacked version from original in Ellis, Kelly & Weishi-Li at arXiv:2008.01088
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physics II: solar neutrinos
53
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Sun’s inner-most insight…

54

2 main reactions…

•pp Chain (dominant in Sun, still)

•CNO Cycle (most stars dominant)

spectral precision “Solar-SM” (SSM)

•SuperChooz up to sub-% precision on everything

•probe beyond-SSM & beyond-SM?

pp-chain CNO cycle
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highest precision solar physics…
55

±1%

world-leading precision

neutrino precision beyond Solar-SM (HZ or LZ) for the first time?



Anatael Cabrera (CNRS-IN2P3) — IJCLab / Université Paris-Saclay (Orsay)

solar spectra extraction…

56

Signal to BG ≥10x

Background-less ≥0.5MeV
[LENS et al.]

Full Spectral Information: 
•Neutrino Energy (CC interaction)
•High Statistics: 10% (In loading) x 10 years
•Light level: ≥100PE/MeV (thershold: 0.1MeV)

energy resolution & threshold considered — no systematics yet

Background

Signal

spectral decomposition observable
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ultimate solar spectra knowledge?

57

pp-chain

low systematics (fiducial volume, efficiency, energy, In-fraction, etc)→ under final evaluation

ISSUE: exclusive Indium cross-section knowledge? Possible ~1%? [a la Ga]

±1%

Event Rates (10% load)
pp: ~250,000 [0.2%]
pep: ~7,700 [1.1%]
7Be: ~85,000 [0.3%]
CNO: ~9,700 [<2%]
8B: ~2,200 — good by SK!
hep: ~4 — unlikely

→30% loading? ~3x stats?

Flux Information:
•SSM prediction
•SNO-NC for φ(8B)

CNO cycle
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neutrino oscillation transition…

58

solar neutrinos: longest baseline neutrino with few % precision→ new physics?

use φ(SNO-NC) for 8B control [1.5,10] MeV — ultimate limitation?

In-interaction: neutrino energy scan (impossible for elastics scattering)

MSW Transition
sensitive to BSM (NSI, etc)

today’s precision on θ12

vacuum regime MSW regime

→measure θ12 & δm2

(neutrino)
 
pp direct comparison with JUNO[≤0.5%]
→ CPT violation?
(neutrino vs anti-neutrino)
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Sun’s neutrino knowledge 

•direct probing innermost structure

•precision beyond Solar-SM — first time!

neutrino solar astrophysics!
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physics III: fundamental symmetries
60

(historically) symmetries crucial in neutrino manifestation

neutrino oscillation implied…
→ no need of the lepton-flavour number (Li)
→ discrepancies in flux normalisation — unitarity violation?

⟹ new phenomenology manifesting as symmetry violation
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beyond-SM�neutrino�oscillations�(Li)
CP�Violation?�[SM→�foreseen�in�CKM�and�PMNS]�
•(indirectly)�HyperK⊕DUNE�knowledge�on�θ13�
→�extra�precision�on�θ23�?�[backup]�

Unitarity�Violation?�[BSM]�
•@UND:�reactor�absolute�flux�(up�to�0.5%?)�—�CLOUD�
•@SFD:�solar-pp�absolute�flux�(up�to�0.6%?)�

CPT�Violation?�[BSM]�
•θ12�by�both�SuperChooz⊕JUNO�—�difference?�

Baryon#�Violation?�proton-decay�[multi-mode]

discovery potential

discovery potential

discovery potential
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main conclusions…
62
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status on neutrino oscillation knowledge…63

SuperChooz is designed cover the full SM picture (3 families) [synergy]

SuperChooz explore the SM’s consistency/completeness→ BSM discovery?

reactor⊕solar main channels of SC, but low energy atmospherics under study…

today ≥2030
best knowledge global foreseen dominant source

θ12 3.0 % SK⊕SNO 2.3 % ≤0.5% JUNO⊕SC reactor⊕solar
θ23 5.0 % NOvA+T2K 2.0 % ≲1.0%? DUNE⊕HK [SC] beam (octant)
θ13 1.8 % DYB+DC+RENO 1.5 % ≤0.5% SC reactor

+δm2 2.5 % KamLAND 2.3 % <0.5% JUNO⊕SC reactor⊕solar
|Δm2| 3.0 % T2K+NOvA & 

DYB 1.3 % <0.5% JUNO⊕DUNE⊕HK⊕SC reactor⊕beam
Mass Ordering unknown SK et al NMO @ ≤3σ @5σ JUNO⊕DUNE⊕HK reactor⊕beam

CP violation? T2K+NOvA 3/2π @ ≤2σ @5σ? DUNE⊕HK [SC] beam driven
CPT violation? — — <1%? SC reactor⊕solar

Unitarity violation? — — <1%? SC reactor⊕solar
Baryon# violation? — — JUNO⊕DUNE⊕HK⊕SC

SuperChooz = SC
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Hyper-Kamiokande
(Japan)

JUNO
(China)

DUNE
(USA)

neutrinos back to Europe?
(high precision)

Super Chooz?
(France/Europe)

historical opportunity for Europe’s neutrino science (fundamental & innovation)…
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Дякую…
thanks… 
merci…
고맙습니다…
ありがとう…
danke…
obrigado…
спасибі…
grazie…
谢谢…
hvala…
gracias…
…شكرا

anatael@in2p3.fr

https://liquido.ijclab.in2p3.fr/

thanks to EDF teams & support,
  LiquidO consortia,
  AM-OTech consortia,
  CLOUD collaboration, 
  and SuperChooz team.

new flagship neutrino physics project based in Europe [>2030]
(once JUNO⊕HyperK⊕DUNE are running)

new detector [LiquidO] ⊕ new site [Chooz-A] ⊕ new physics 

mailto:anatael@in2p3.fr
https://liquido.ijclab.in2p3.fr/
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complementary references…
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https://indico.cern.ch/event/1215214/

https://indico.cern.ch/event/577856/contributions/3421609/

HEP-European Physics Society 
(July 2019 @ Ghent Belgium)

https://liquido.ijclab.in2p3.fr/

https://zenodo.org/record/7504162

https://indico.ijclab.in2p3.fr/event/7663/
https://liquido.ijclab.in2p3.fr/
https://indico.ijclab.in2p3.fr/event/7663/

