
1

Lomonosov Conference
27 August 2025 — Moscow (Russia)

Anatael Cabrera
Université Paris-Saclay / CNRS — IJCLab / LNCA

Orsay/Chooz, France

deepening further into reactor neutrino physics

(co)spokesperson: 
•DoubleChooz
•LiquidO
•CLOUD — AM-OTech (EIC)
•SuperChooz Pathfinder



Anatael Cabrera CNRS-IN2P3 / IJCLab (Orsay) - LNCA (Chooz) Laboratories2

les Ardennes
(France-Belgium)

in the middle of central Europe (between France-Belgium): Chooz [meeting point with Germany, Luxembourg, Netherlands]

3rd generation of reactor neutrino experiments @ Chooz

Europe’s most powerful reactor site…

one of the most powerful anti-matter generators
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the Meuse river

the Ardennes mountains

Chooz-B: Nuclear Reactor Cores

antineutrino (neutrino?): ~1021ν/s per core

CLOUD vs AntiMatter-OTech…
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experimental setup…
•Detector Mass: ~[5,10] ton — LiquidO technology
•Overburden: ~3 mwe
•Baseline: ≥30 m (Ultra Near Detector site @ Chooz)
•Rate: ~25,000 anti-ν per day — ~10M anti-ν per year

reactor monitoring
innovation

fundamental physics
research

CLOUD’s view… AM-OTech’s view…

the most powerful source on Earth
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on the shoulders of giants…
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reactor neutrinos experimental methodology largely similar for the last ~70 years (Reines et al.)
powerful framework so far, but good enough for discoveries ≥2025?



Anatael Cabrera (CNRS-IN2P3) — IJCLab / Université Paris-Saclay (Orsay)E(ν) controlled up to ≤0.5% accuracy/precision via the E(e+) — demonstrated by DC⊕DYB

reactor neutrinos…
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DC-ND overburden ~30m

NEOS-II data (rate ≲2000 IBD per day)

DC-ND data (rate ~400 IBD per day per reactor)

DC-ND data

powerful experimental framework

•IBD(p): one interaction (CC)

→NC still very difficult

•flux: several issues!

status: issues vs physics?
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future: discoveries?
today’s BG: standard neutrino oscillation

neutrino⊕weak-interaction remains bizarre (Majorana, etc)…

•new neutrino phenomenology? [ex. mixing and masses]

•new neutrino interactions?

•new neutrino states? [assume: “3+1 sterile” is largely ruled out]
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the experiment…

a probe to the future?
(let’s try)
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today, most experiments bypass (whenever possible) the absolute flux knowledge — complex!

relative knowledge (ex. multi-detector, etc.) well suited to extract “known model” parameters

confront absolute flux knowledge for new neutrino physics via “flux bias explorations”

•extreme signal (to BG) rates — unprecedented
•must: the best-known cross-section(s) today (≤1%)
•extreme energy control (≤1%)— avoid spectral distortions (→flux biases)
•much redundancy — as much as Nature kindly allows…
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Europe’s best reactor-ν site…

LNCA-Hall (CNRS)Chooz-B Power Station
•facility: EDF CNPE
•location: Chooz (France)
•reactor cores: 2x PWR AREVA-N4
•thermal power: 8.4GW (total)

Double Chooz 
Near Detector

Double Chooz 
Far Detector

Ultra Near Detector (UND) sites

CLOUD = “Chooz LiquidO Ultranear Detector”

N4: 4.2GW

fuel pool

OFF

ON

due to global warm→ more frequent reactor-OFF (2022: several months)

PRELIMINARY
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CLOUD detector…
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IGLOO [~3mwe]
•concrete bunker (with boron?)
•DC’s iron steel shield (15cm thick)

Water Pool [20,40]cm thick
•4π shield & neutron moderator
•controllable thermal-bath

ARMOUR (or outer-detector) [~0.5m thickness]
•transparent scintillator (LAB⊕PPO⊕Bis-MSB)
•≤180 DC-PMTs & highly reflecting walls
•designed light yield ≥400pe/MeV

Redundant “surface neutron” layers…
•IGLOO (absorption) — passive
•Water (moderator⊕absorption) — passive
•Armour (veto⊕moderator⊕absorption) — OD
•Tracker (PID⊕moderator) — ID

LiquidO-Tracker (or inner-detector) [≤10tons fiducial]
•opaque scintillator — new formulation(s) [more on this soon]
•~10,000 fibres⊕SiPM readout channels (GHz waveforms)
•designed light level: ≥200pe/MeV

side-section view

cross-section view

ID Physics Volume: [5,10]tons

experimental setup…
•Detector Mass: ~[5,10] ton — LiquidO technology
•Overburden: ~3 mwe
•Baseline: ≥30 m (Ultra Near Detector site @ Chooz)
•Rate: ~25,000 anti-ν per day — ~10M anti-ν per year
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CLOUD is powered by…
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LiquidO Official WEB: https://liquido.ijclab.in2p3.fr/

Neutrino 2022
(June 2022)

https://zenodo.org/record/6697273

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

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

COVID delayed
FNAL Seminar 2023

(May 2023)

https://zenodo.org/records/7922021

Publication “LiquidO-Zero”

https://liquido.ijclab.in2p3.fr/
https://zenodo.org/record/6697273
https://zenodo.org/record/6697273#.Y4DDdezMLfv
https://indico.cern.ch/event/823865/
http://www.nature.com/articles/s42005-021-00763-5
https://zenodo.org/records/7922021
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n(capture)/ γ

LiquidO: stochastic confinement (NO segmentation)

reduce overburden/shielding

unprecedented MeV imaging…

~2MeV

≤10cm

>>10cme-(νe)e+(νe)
_

~1MeV: reactor, geoneutrino, solar, ββ-decay, etc

n(p-recoil) / β-

transparent
(washed out info)

transparent
(washed out info)

signal

transparent
(washed out info)

signal

background background

γ

>>10cm
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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
20− 10− 0 10 20

Z resolution

~1.0MeV

 (mm)source-XrecoX
20− 10− 0 10 20

X resolution

 (mm)source-YrecoY
20− 10− 0 10 20

Y resolution

 (mm)source-ZrecoZ
20− 10− 0 10 20

Z resolution

σ(x)≤5mm
σ(y)≤5mm

±1cm

±1cm

σ(z)≤10mm
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arXiv:2503.02541 — under publication

latest results — March 2025

Publication “LiquidO-I”

https://arxiv.org/abs/2503.02541
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arXiv:2507.13864 — under publication

latest results — July 2025

Publication “LiquidO-II”

https://arxiv.org/abs/2507.13864
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invention/conception in 2012 & collaboration since 2016 (~93 scientists, 27 institutes & 11 countries)

Spokespersons:
•A. Cabrera — IJCLab / Université Paris-Saclay (France) 
•F. Suekane — Tohoku University / RCNS (Japan)

Contact: LiquidO-Contact-L@in2p3.fr

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

LiquidO Collaboration
(a�z)⇤

J.Apillueloz, L. Asquithb, E. F. Bannisterb, N. P.Barradask↵, C. L. Baylisb, J. L. Beneyp, M.Berberan e Santosk� ,
X. de laBernardiep, T. J. C.Bezerrab, M.Bongrandp, C. Bourgeoisq, D. Bretonq, J. Buston, A. Cabreraq,c, A. Cadioup,

E. Calvol, M. deCarlosGenerowiczb, E. Chauveauf, B. J. Cattermoleb, M.Chenh, P. Chimentii, D. F.Cowenx↵,x� ,
S.Kr.Dasb, S. Dusinir↵, A. Earleb, M. Felizardok↵, C. FrigerioMartinsi, J.Galánz, J. A.Garćıaz, A.Gibson-Fosterb,

C.Girard-Carillom↵, W.C.Gri�thb, J. J.Gómez-Cadenasu, M.Guitièrep, F.Haddadp, J. Hartnellb, A.Holind,
I. G. Irastorzaz, I. Jovanovica, A.Klingk↵, L.Kochm↵, P. Lasorakb, J. F. LeDuq,c, F. Lefevrep, P. Loaizaq, J. A. Lockb,
G. Luzónz, J.Maalmiq, J. P.Malhadoj, F.Mantovanie↵,e� , J.G.Marquesk↵, C.Marquetf, M.Mart́ınezz, J. T.Mo↵atx� ,
D.Navas-Nicolásl, H.Nunokawat, J. P.Ochoa-Ricouxg, T. Palmeirak� , C. Palomaresl, D. Petytd, P. Pillotp, A. Pinf,
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G.Wendelx� , A. S.Wilhelma, A.W.R.Wongb, M.Yehy, and F.Yermiap

aDepartment of Nuclear Engineering and Radiological Sciences, University of Michigan, Ann Arbor, MI, USA
bDepartment of Physics and Astronomy, University of Sussex, Brighton, United Kingdom
cLNCA Underground Laboratory, CNRS, EDF Chooz Nuclear Reactor, Chooz, France

dRutherford Appleton Laboratory, Didcot, Oxford, United Kingdom
e↵INFN, Sezione di Ferrara, Ferrara, Italy

e�Dipartimento di Fisica e Scienze della Terra, Università di Ferrara, Ferrara, Italy
fUniversité de Bordeaux, CNRS, LP2I Bordeaux, Gradignan, France

gDepartment of Physics and Astronomy, University of California at Irvine, Irvine, CA, USA
hDepartment of Physics, Engineering Physics & Astronomy, Queen’s University, Kingston, Canada

iDepartamento de F́ısica, Universidade Estadual de Londrina, Londrina, Brazil
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m↵Johannes Gutenberg-Universität Mainz, Institut für Physik, Mainz, Germany
oINFN, Sezione di Milano-Bicocca, Milano, Italy

nUniversité de Aix Marseille, CNRS, CPPM, Marseille, France
pNantes Université, IMT-Atlantique, CNRS, Subatech, Nantes, France

qUniversité Paris-Saclay, CNRS/IN2P3, IJCLab, Orsay, France
r↵INFN, Sezione di Padova, Padova, Italy

r�Dipartimento di Fisica e Astronomia, Università di Padova, Padova, Italy
sInstitute of Particle and Nuclear Physics, Charles University, Prague, Czech Republic

tDepartment of Physics, Pontif́ıcia Universidade Católica do Rio de Janeiro, Rio de Janeiro, Brazil
uDonostia International Physics Center, Basque Excellence Research Centre, San Sebastián/Donostia, Spain

vRCNS, Tohoku University, Sendai, Japan
x↵Department of Astronomy and Astrophysics, Pennsylvania State University, University Park, PA, USA

x�Department of Physics, Pennsylvania State University, University Park, PA, USA
yBrookhaven National Laboratory, Upton, NY, USA

zCentro de Astropart́ıculas y F́ısica de Altas Enerǵıas (CAPA), Universidad de Zaragoza, Zaragoza, Spain

April 8, 2025

⇤Email: LiquidO-Contact-L@in2p3.fr
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IFAE just joined… 

mailto:LiquidO-Contact-L@in2p3.fr
https://liquido.ijclab.in2p3.fr/
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CLOUD’s sequence…
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I - II - III

Chooz (most powerful reactor) ⊕ UND (≥25m baseline) ⊕ LiquidO (BG rejection)
[EDF within the team — unprecedented]
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Raghavan et al ‘70s
(pp solar neutrino — unobserved)

CC: 
(  decay of Sn*)

νe + 115In → e− + γ + γ/e−

τ ≈ 4.7μs

the power of coincidences

19

Reines et al ‘50s
(neutrino discovery)

CC: 
(  for only H⊕C)

ν̄e + p → e+ + n
τ ≈ 220μs

major R&D [~2 decades] by LENS et al. 

γ@2.2MeV

e-↔︎νee+↔︎νe

_

γ/e- γ/γ

anti-matter matter

being at the right “place & time & energy & PID” — huge rejection(s)

(anti)neutrino discovery [τn & Δmp~n] 
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antineutrino CC & NC? (doping)…
20

I
AntiMatter-OTech — synergy

SuperChooz’s antineutrino golden channel demonstration — byproduct
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CLOUD-I physics programme: IBD@p…
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•IBD@p (anti-ν CC): ≥10,000 interactions per day in 10tons [≥3M interactions per year]

•LiquidO reach a background-less regime — improve ≥3x today’s BG control (ex. DC-ND) 

•Signal(ON)-to-BG ≥100 — unprecedented high precision reactor characterisation

•dominant ~0.5% (thermal power) uncertainty & accurate U/Pu composition

•Signal(OFF)-to-BG ≥1 — unprecedented reactor-fuel monitoring

•accurate monitoring of transitions OFF-ON-OFF — interesting physics too

•unique test-bench data for accurate prediction — validate uncertainties, too?
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Double Chooz IV: Near (258 live-days)

ND Data
No-oscillatted MC
Accidentals
Li9

Fast Neutrons

~30 tons & 30m overburden

e+
S/BG≥20
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Fast Neutronse+ tag
DC-ND now

≤10 tons & 3m overburden

S/BG≥100
CLOUD [DC-NDx10-1]

CLOUD [DC-NDx10-2]

≤1%

CLOUD precision ≥0.6%⟹ Unitarity Violation? (if predictions are improved)!

SuperChooz demonstrator
still issue!
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must understand flux ≤1%…
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ABSOLUTE FLUX: the future of reactor-antineutrino physics

we must solve this “mess” ⟹ the reward possible new physics!
(if so, prediction should not use neutrino input⟹no new physics)

all experiments consistent — except Bugey3?!

solved!?

still issues to be resolved — beyond the sterile neutrino hypothesis (disfavoured)
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neutrino
anti-neutrino

CLOUD-I physics programme: ES@e…

23

•eES (anti-ν CC⊕NC): ≤5,000 interactions per day for 10tons ID [≲2M interactions per year]

•interference CC & NC — different for neutrino (easier) and antineutrino (harder)

•measure θw or use to decompose the NC flux component

•PDG-2022’s sin2θw ≈ [0.231,0.239] — running due to SM’s renormalisation

•major challenge: LiquidO isolate “e-like” PID and exploit high-rate reactor modulation

•likely strong fiducial volume & higher energies — reduce detected rate drastically

•≤10% precision (≥5σ observation) tolerates much BG but ≤1%⟹ S/BG≥2(!!) impossible? 

R.L. Workman et al. (Particle Data Group), Prog. Theor. Exp. 
Phys. 2022, 083C01 (2022) 

neutrinos only 

PDG 2020

sin2θW = 0.23868
~5%
~1%

ES@e Spectrum (1 year exposure)

lowest possible threshold

~20,000 per year 
(≥3.5MeV)
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neutrino CC (doping)…
24

II
SuperChooz’s neutrino golden channel demonstration — byproduct
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CLOUD-II physics programme: neutrino…

25

•loading indium on the detector — unique strong coincidence ≥114keV (“solar-pp” in mind)

•low threshold ⊕ high natural-abundance ⊕ high-ish cross-section ⊕ BG-killer (coincidence) 

•CC interaction: νe + 115In → e- + 115Sn* [τ:4.8μs decay: γ/e(116keV) + γ(496keV)]

•reactor neutrino modulate with the reactor power — no ambiguity whatsoever

•why to detector neutrinos close to a reactor?

•reactor neutrinos (from β+/EC): rate(ν) ≈ 10-5 rate(anti-ν) — prediction (both correlated)

•could reactors be the missing MeV neutrino source? [otherwise impractical]

T. Nishimura et al., AIP Conference Proceedings 769, 1702 (2005); https://doi.org/10.1063/1.1945337

Spectrum anti-ν

Spectrum ν

1 year, 10 ton Indium loading@10% (35 m reactors)

prediction: nothing! (no reactor BG) 
what can we measure?

unless prediction is wrong?
(~1 per year @ 10m)

https://doi.org/10.1063/1.1945337
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the big picture of neutrinos @CLOUD…
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1 year, 10 ton Indium loading@10% (35 m reactors)

Solar-pp ≈ 25 per year (≥5σ stats-only)

assuming the LENS “BG model” — valid at overburden ~3m? (to be demonstrated)

Solar-7Be ≈ 9 per year 
115In BG ≈ negligible? — LiquidO 
14C BG ≈ negligible? — LiquidO
Reactor-ν ≈ none? — prediction

Solar-pp 7Be

pep

8B

Intrinsic Reactor ν (predicted)

detection solar-pp neutrinos on a 10ton detector almost on surface right next a nuclear reactor?

detectable in 1 year

100x

LiquidO selection conditions —  to be demonstrated

SuperChooz demonstrator
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new antineutrino CC (doping)…
27

III
R&D for low energy reactor-fuel monitoring & geoneutrino 40K discovery — demonstration
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the inspiration…

28

40K geoneutrino new methodology→ good enough for discovery?
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https://arxiv.org/abs/2308.04154
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a long story short…
29
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SuperChooz exploration…

30

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

flagship neutrino oscillation experiment in Europe?



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

conclusions…
31

•CLOUD demonstrator for LiquidO’s (anti)neutrino detection capabilities — a revolution?

•byproduct to new reactor monitoring capability? [a dream since ’70s]

•CLOUD-I: approved & funded [AM-OTech]

•goal: possible background-less regime? [→LiquidO]

•most precise absolute CC-antineutrino flux — new physics?

•possible first NC-(anti)neutrino flux — new physics?

•CLOUD-II: under feasibility study (→new indium-loaded opaque scintillator)

•(first) absolute CC-neutrino flux reactor — new physics?

•measure solar-pp (≥5σ) in a “tiny detector” almost on the surface?⟹ a breakthrough?

•CLOUD-III: under feasibility study (→new copper-loaded opaque scintillator)

•probe reactor flux at low energies? — surprises? [first time ever below 1.8MeV]

•demonstration for 40K detection methodology — a discovery one day?

an even vaster future of reactor (anti)neutrinos ahead?

plan: data by 2025

SuperChooz demonstrator



our collaboration…

CLOUD International collaboration 

•EDF (France) — first time in neutrino science
•Brookhaven National Laboratory (USA)
•Charles University (Czechia)
•CIEMAT (Spain)
•IJCLab / Université Paris-Saclay (France)
•Imperial College London (UK)
•INFN-Padova (Italy)
•Instituto Superior Técnico (Portugal)
•Johannes Gutenberg Universität Mainz (Germany)
•Pennsylvania State University (USA)
•Pontifícia Universidade Católica do Rio de Janeiro (Brazil)
•Queen’s University (Canada)
•Subatech / Nantes Université (France)
•Tohoku University / RCNS (Japan)
•Universidad de Zaragoza (Spain)
•Universidade Estadual de Londrina (Brazil)
•University of California Irvine (USA)
•University of Michigan (USA)
•University of Sussex  (UK)

⟹ 19 institutions in 11 countries

Spokespersons:
•A. Cabrera — IJCLab / Université Paris-Saclay (France) 
•J. Hartnell — Sussex University (UK)

IB Chair:
•M. Chen — Queen’s University (Canada)

Webs: 
https://antimatter-otech.ijclab.in2p3.fr/ [AMOTech]
https://liquido.ijclab.in2p3.fr/nucloud [via LiquidO]

https://antimatter-otech.ijclab.in2p3.fr/
https://liquido.ijclab.in2p3.fr/nucloud
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backup slides…
33
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exploring since 2018…
34

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.cern.ch/event/1215214/
https://indico.cern.ch/event/1215214/
https://indico.cern.ch/event/577856/contributions/3421609/
https://liquido.ijclab.in2p3.fr/
https://zenodo.org/record/7504162
https://zenodo.org/record/7504162
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active BG rejection and control…

35

•detection using coincidence-signal (ex. IBD@p)⟹ prompt-delayed correlations

•combinatory (uncorrelated) BG(s):  5D-coincidence (Δt⊕Δr⊕ΔE) — LiquidO’s mm-vertex

•cosmogenic (correlated) BG(s): particle-ID — LiquidO’s imaging [impossible so far]

•active rejection→ rejected-BG as data-driven BG input (high accuracy physics extraction)

•radiogenic control: in-situ radiogenic BG model tuning (radiopurity control order ≤10-14g/g)

uncorrelated
 (radiogenic)

correlated
(cosmogenic) DC: no need for Gd?

(cosmogenic BG)

easier to lower combinatory-BG (~3 orders of magnitude) than cosmogenic-BG (~1 order of magnitude)

LiquidO’s Vertex

at right place⊕time⊕energy⊕PID — many orders of magnitude

LiquidO’s PID
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Signal (MC) Combinatory/Accidental BG (data)

“combinatory” background…

36

PID Variable (ANN, LL, etc)
LiquidO’s vertex precision sub-cm — major

CC antineutrino (reactor)
•sub-dominant BG — enough shielding (easy)
•dominant: correlated cosmogenic

CC neutrino (solar)
•dominant BG: β- decay of 115In
[14C is lower: oil from underground petrol]

at ~1MeV backgrounds due to radiogenic (radio-purity only ~10-15g/g) & cosmogenic

DoubleChoozDoubleChooz

DoubleChooz

correlation pattern no correlation pattern
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inverse-β decay (IBD) interaction…37

anti-νe
(reactor)

note: H = proton (oils or water)

n

n-capture
(delay)

12C

HH

H

scintillator
(chemical bond)

γ
(0.511keV)

γ
(0.511keV) e+

(prompt)

IBD: anti-νe + p → e+ + n

no e+ PID implies
γ ≈ e- ≈ e+ ≈ α ≈ p-recoil (fast-n)

IBD detection art…

n-H (native)
n-C (native oil)

n-O? (native water)
n-Cd (non-native)
n-Li (non-native)
n-Gd (non-native)
3He (non-native)

how to catch the n?

coincidence 
[scale O(μs)]
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powerful analysis handles (II)…
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Rate⊕Shape⊕Rate-Modulation Analysis: differentiates…
•something scaling with reactor power: reactor-signal
•something not-scaling with reactor power: background or non-reactor-signal

Rate⊕Shape⊕Rate-Modulation Analysis: works…
•for any “something” (agnostic) — explorations beyond IBD?
•Signal & BG estimates are inclusive — i.e. Signal-model or BG-model indendent

⟹ no need to understand your BG!! (except one little caveat)

Powerful way to target unknown discovery channels?
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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
  •etc (long!)
→ Collider Calorimetry

MeV sensitivity

Genie Generated

50cm ≈ 1.6ns

complex GeV with LiquidO…

≥100MeV: accelerator, atmospheric, p-decay, etc


