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antineutrino in industry?

all possible a priori — and more!
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antineutrino in industry?

neutrino detection technological limitations…
(new methodology→enough?)

huge backgrounds (BG)→ overburden (still needed)
(yield major rejection >10x better?)

(if so) antineutrino’s full power may be further squeezed!
(unique direct fission tracking)

all possible a priori — and more!
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innermost elements of reactors…
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•reactor core (ON/OFF)

•fuel pools (always OFF)

•existing reactor instrumentation — synergies
•reactor (thermal) power (first-order level)
•more detailed info (higher-order levels)

ON/OFF
OFF
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practical reactor monitoring…?

handles for non-proliferation control?

an extra layer of reactor (regular or compromised) info?
(explore further safety? or running insight?, etc.)

a uniform antineutrino reactor metric?
(each antineutrino = ~6 per fissions)



programme in a nutshell…
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innovation demonstrator: neutrino-based reactor instrumentation

preliminary release — some information still embargoed

https://antimatter-otech.ijclab.in2p3.fr/

https://antimatter-otech.ijclab.in2p3.fr/


7

first mention @ ICHEP-2024
https://indico.cern.ch/event/1291157/

https://ichep2024.org/#



programme’s synergies…
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1•innovation project — funded EU-EIC⊕UKRI to demonstrate industrial potential 

2•neutrino experiment on fundamental science (called CLOUD) — discoveries?

3•demonstrator of SuperChooz (exploration) — fundamental physics flagship project Europe?
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les Ardennes
(France-Belgium)

in the Western Europe (between France-Belgium): Chooz [close to Germany, Luxembourg, Netherlands]

opens the 3rd generation of reactor neutrino experiments @ Chooz

Europe’s powerful reactor site…

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

the Ardennes mountains

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

goal: understanding reactors…
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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

AntiMatter-OTech’s view…

most projects (so far) focus on the neutrino
⟹ the reactor may even be “nuisance”

Chooz-B: Nuclear Reactor Cores



reactor’s absolute flux knowledge…
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understanding the reactor ≈ understanding its antineutrino absolute flux (ON/OFF) — complex!

confronting absolute flux challenge… 

•extreme signal (and low BG) rates
•(must) the best-known neutrino cross-section(s) (≤1%)
•extreme energy control (≤1%)— avoid spectral distortions (biases)
•redundancy — if lucky (as much as Nature and technology allows)

•issue: the unknown! ⟹ new neutrino physics? (biases)



new physics impact: reactor bias
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absolute antineutrino flux challenge… 

•extreme control of everything — no cancellations (multi-detector, etc.)

•new physics (if any) may manifest everywhere…

@production: β- decay (weak-interaction) & nuclear physics, etc.
@propagation: standard neutrino oscillations (θ13⊕Δmee2), etc.
@detection: interactions on proton (i.e. IBD) — the lifetime of neutron (τn)



(example) sterile neutrino
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<2011: reactors were thought to be understood to ≤3% [ILL⊕Bugey3⊕Bugey4]

no conclusive sign of ~1eV2 sterile neutrino⟹ only reactor effects

≥2012: reactors knowledge questioned (now: ≤6%?)→ what’s the uncertainty?
⟹ experiments (θ13 ⊕ sterile) & better predictions (nuclear data, etc.)

warning! new physics (unknown) may change the reactor’s observables
[must watch⟹ unitarity violation searches]



understand absolute flux ≤1%?
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ABSOLUTE FLUX: the future of reactor-antineutrino physics

solve these issues⟹ the reward the a) better reactor & b) new physics (if any)
(ideally, prediction should not use neutrino input)

most experiments are consistent(ish) — except Bugey3?!

solved!?



reactors: unique research tool…
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much of world’s neutrino knowledge is reactor-driven [including JUNO]

standard neutrino oscillations (θ12, θ13, θ23, +δm2, ±Δm2, δCP) — if PMNS unitary

[SuperChooz: design to synergetically push θ23-octant and δCP knowledge]

[e.g.] even today’s δCP info arises the combination of reactors⊕accelerators

https://zenodo.org/record/7504162

http://www.apple.com/uk


reactor information so far…
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NEOS-II data (rate ≲2000 IBD per day)

DC-ND data 

field’s historical progress: 2010-2020

“brewed” the next generation!

AntiMatterOTech byproduct of DoubleChooz (byproduct of CHOOZ)



Fukushima: do even more?
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could OFF-anti-neutrino data be helpful here?

a marking moment in our lifetimes: the Fukushima crisis



open challenge: post-accident insight
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μ tomography…

•no fissile tracking :-(

•density map [~months]

•compromised geometry→limitation
[i.e. after accident]

MC

could OFF-antineutrino detection be helpful here?
(fission tracker⊕geometry independent)



direct fuel monitoring?
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could OFF-anti-neutrino data be helpful here?



the project & methodology…
20

a new way into reactor antineutrino detection



Anatael Cabrera CNRS-IN2P3 / IJCLab (Orsay) - LNCA (Chooz) Laboratories21

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

N4: 4.2GW

fuel pool

OFF

ON

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

PRELIMINARY



the 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)
•~10,000 fibres⊕SiPM readout channels
•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



the inner detector (the core)
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design under review



pioneering opaque scintillation…
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https://doi.org/10.5281/zenodo.10629927

https://doi.org/10.5281/zenodo.10629927


more light? novel opaque scintillations
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EIC approved extra ~1M€ — LiquidO specialised technology 

         •new (opaque) scintillator formulation(s) [→photo-chemistry] 

         •new (transparent) wave-shifting/scintillating fibres [→industry] 

        •outcome: technology beyond LiquidO only scope

France, Germany, Portugal, Spain, UK with tight links to Canada



the consortium…
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AntiMatterOTech International consortium

•EDF (France) — first time in neutrino science
•CIEMAT (Spain)
•IJCLab / Université Paris-Saclay (France)
•Johannes Gutenberg Universität Mainz (Germany)
•Subatech / Nantes Université (France)
•University of Sussex  (UK)

Joining…
•Imperial College London (UK)
•Instituto Superior Técnico (Portugal)
•LIP* (Portugal)
•Queen’s University (Canada)
•Rutherford Appleton Laboratory (UK)

*Laboratory of Instrumentation and Experimental Particle Physics

Scientific Coordination EU-EIC:
•A. Cabrera — IJCLab / Université Paris-Saclay (France) 
•F. Yermia — Subatech / Nantes Université (France) 

Scientific Coordination UKRI:
•J. Hartnell — Sussex University (UK)

Webs: 
https://antimatter-otech.ijclab.in2p3.fr/

https://antimatter-otech.ijclab.in2p3.fr/
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AntiMatterOTech is powered by…

(secretly) also a byproduct of Double Chooz
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inverse-β decay (IBD) interaction…28

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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unprecedented MeV imaging (ID)…

29

n(capture)/ γ

LiquidO: stochastic confinement→NO segmentation

reduce overburden/shielding
~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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e+ PID: mainly an annihilation pattern (i.e. negligible kinetic energy)



the (new) methodology…
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antimatter ID (LiquidO technology)
⊕ 

UND (realistic monitoring site: ~30m baseline) 
⊕ 

Chooz (DoubleChooz’s knowledge)
⊕ 

EDF (tightest link to reactor) — unprecedented

antimatter’s ID is not exploited since Reines et al. (neutrino discovery)



the main goals…
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BG rejection >3x better than DC-ND — LiquidO
(~10x less overbuden and less shielding)

high efficiency signal (UND: ≥10,000 IBDs per day) 

non-intrusive reactor antineutrino detection on surface 
(almost no overburden) 

goal: address Industrial’s & IAEA’s agenda — in full?
(also reactor instrumentation synergies & correlations)

ID strategy is the first step…



signal: IBD coincidence…
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Reines et al ‘50s
(neutrino discovery)

CC: 
(  for only H⊕C)

ν̄e + p → e+ + n
τ ≈ 220μs

γ@2.2MeVe+↔νe

_

anti-matter

(anti)neutrino discovery [τn & Δmp~n] 

τ≈200μs

NO doping→ possible later
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active BG rejection and control…

uncorrelated
 (radiogenic)

correlated
(cosmogenic)

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

Time⊕Vertex

Overburden

combinatory-BG (knocked by ~3 orders of magnitude) but cosmogenic-BG are rather immune

extra ~10-2 rejection?

LiquidO’s PID

LiquidO’s Vertex

DoubleChooz



prompt: e+ ID & calorimetry…
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Reines et al ‘50s
(neutrino discovery)

CC: 
(  for only H⊕C)

ν̄e + p → e+ + n
τ ≈ 220μs

e+↔νe

_

anti-matter

(anti)neutrino discovery [τn & Δmp~n] 
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AntiMatterOTech: ~10 tons@UND
[DC-ND⊕LiquidO]

better e+ position (few mm) excellent e+ calorimetry (≤1%)

δx <1cm

LiquidO’s impact?



delayed: ID and calorimetry…
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Reines et al ‘50s
(neutrino discovery)

CC: 
(  for only H⊕C)

ν̄e + p → e+ + n
τ ≈ 220μs

γ@2.2MeV

(anti)neutrino discovery [τn & Δmp~n] 

Bi (β-)

Gd-n

12B & fast neutrons (flat-ish)

H-n — mono-energetic

excellent γ calorimetry (width: ~5%→ light response)

δx ~10cm (Compton)206Tl (γ)

Gd not ideal for surface or small detectors — large energy window [4,10]MeV
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topology’s PID (no timing)…

MINI Prototype “light ball” 
~90% light ≤5cm @1.8MeV

PID e/γ should be ≥100:1 rejection @ ≥90%
(γ resembles more e+ = e- + 2γ)

point-like (e- = α = p-recoil)scattered points (e+ ≈ γ)

Event Size: few cm’s

Event Size: many cm’s

arXiv:2503.02541

https://arxiv.org/abs/2503.02541


worst BGs: one topology…
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any β- like

also handles for…
γ — radiogenic rejected by coincidence
—
12Ni — cosmogenic (decay β+)
11C — cosmogenic (decay β+)

  PID is critical

•prompt (e+)

•delayed (γ)

kill cosmogenics!
(“correlated” immunity)

9Li or 8He— cosmogenic (decay β-) [prompt]
12B — cosmogenic (decay β-) [prompt & delayed]
fast-neutrons — cosmogenic [prompt & delayed]
β- — radiogenic (other cosmogenics) [prompt & delayed]

the vast family
of cosmogenics



high-precision μ-tracking…
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cosmogenic’s parent μ (seen by detector)

(no μ saturation) light confined locally (MIP≈2.2MeV/cm)→ stunning mm-tracking

high duty cycle

high precision muon-tracking (≤1mm) is critical: correlation to the previous muons!

~0.5mm (data)

discrete interactions
(δ-rays, neutrons, etc.)



(design) a cosmogenics’ hoover…
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fast-neutrons (cosmogenic) 

LiquidO enables cosmogenics to be heavily rejected!
(immune to the IBD’s correlation)

potential reduction of overburden (→surface?)

12B (cosmogenic)

8He (cosmogenic) β- (radiogenic)

9Li (cosmogenic)



antineutrino CC (redundancy?)…
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SuperChooz’s antineutrino golden channel demonstration — byproduct
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physics programme: IBD@p…
•IBD@p (anti-ν CC): ≥10,000 interaction per day for 10tons ID [≥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 — some interesting physics

•unique test-bench data for accurate prediction — validate uncertainties, too?
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precision ≥0.6%⟹ Unitarity Violation test (if predictions are improved)!

~1.4%

~1.2%

R≈1.0
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redundancy: Elasitic Scattering…
•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% precision⟹ higher S/BG? 

neutrino
anti-neutrino

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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beyond AntiMatter-OTech…
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https://doi.org/10.5281/zenodo.10049845

CLOUD’s programme first released in Oct. 2023

https://doi.org/10.5281/zenodo.10049845


after AntiMatterOTech timeline…
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•reactor antineutrino via IBD (on proton) — threshold ≥1.8MeV

•ON ✓ — since Reines et al.

•OFF ✓

•reactor antineutrino⊕neutrino via elastic scattering (on electrons) — ~thresholdless

•ON ✓ — poor precision⟹ improve? (tough BGs!!) probing the NC component!

•reactor neutrino via Indium interactions — threshold ≥0.1MeV

•CLOUD-II’s scientific programme (under exploration)

•probe complementary β+/EC contribution — never seen(~10-5x less than antineutrino)

•help predict antineutrino data? [complementary data set]

•reactor antineutrino via IBD (beyond proton): Cu — threshold ≥1.2MeV 

•CLOUD-III’s scientific programme (under exploration)

•new methodology (proposed by us): arXiv:2308.04154 — being published

•less smooth features [1.0,1.8]MeV by Kopeikin et al. — never seen

•help predict antineutrino data? [complementary data set]

https://arxiv.org/abs/2308.04154
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beyond the IBD(pronton) threshold…
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40K geoneutrino new methodology — the missing component
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https://arxiv.org/abs/2308.04154
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SuperChooz exploration…

47

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?

https://zenodo.org/record/7504162

https://zenodo.org/record/7504162
https://zenodo.org/record/7504162


a long story short…
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the main points…
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new schedule: data by 2028

•AntiMatterOTech (likely) very ambitious & fully funded (Europe) for reactor neutrinos

•(goal) demonstrate industrial reactor antineutrino direct fissile monitoring

•complementarity to today’s instrumentation — synergies & correlations 

•(byproduct) potential to address much of the IAEA wishlist too — all?

•robust design: reactor’s ON / OFF (over their entire lifespan) & compromised cases?

•AntiMatterOTech builds on decades of experience — thanks to LiquidO & Double Chooz (field)

•LiquidO’s topological information is at the core… (many years of R&D and experience now)

•step #1: e+’s antimatter ID — [building block’s demo @ arXiv:2503.02541]

•step #2: high-precision γ (2.2MeV) detection (ID, calorimetry, etc.) [same as above]

•step #3: sub-mm μ-tracking is critical [publication very soon!]

•improving (anti)neutrino detection (less cosmogenics) remains open — more ideas!!

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

https://arxiv.org/abs/2503.02541


questions?
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Дякую…
thanks…
danke…
고맙습니다…
merci…
ありがとう…
obrigado…
спасибі…
grazie…
谢谢…
hvala…
gracias…
…شكرا

anatael@in2p3.fr
ORCID: 0000-0001-5713-3347
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