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status on neutrino oscillation knowledge…2

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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what’s the next goal?

Hyper-Kamiokande
(Japan)

JUNO
(China)

DUNE
(USA)

neutrino oscillation ≲1% (by 2030)→ how much more precision?

today’s “signal” (i.e. neutrino oscillations precision) ⟹ tomorrow’s “background”
what’s tomorrow’s “signal” (i.e. next goal)?

more neutrinos in Europe?
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neutrino oscillations: done?
4
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SMv1.1: knowns & unknowns…
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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! [cosmology constraints ≤4]

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!



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

Unitarity
(general)
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PMNS with / without Unitarity…
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⟹ ƒ(θ13,θ12,θ23,δ)
upon Unitarity imposition

•3 real mixing angles
•1 complex phase (Dirac)
•2 complex phases (Majorana)

⟹ PMNS must meet 9 equations

a priori 18 parameters PMNS (3x3)
•9 real
•9 complex

unitary PMNS: parametrisation

unitary needed for probability conservation of the SM predictions — must be conserved

UU† = U†U = I
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Unitarity conditions: 2 types…
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a unitary PMNS (same for CKM) must…

•normalisation conditions [refer to “lepton universality” in CKM]
•each row unitary (3)
•each column unitarity (3)

•triangle closure conditions
•close all triangles (6)
issue!! depends on CP-violation phase (δ) knowledge [unknown for ν’s]

⇒ φ poor precision
sources:

•not easy (to say the least)

⇒ φ precision ≤10%
sources:

•accelerators (→θ23)
•atmospherics (→θ23)

⇒ φ precision ≤6%
sources:

•reactors (→θ13)
•solar (→θ12)
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PMNS triangle (→CP-violation)…

9

-1 -0.5 0 0.5 1

Re(z)

-0.5

0

0.5

Im
(z

)

z = − 
 U

e1
 U∗

e3

 U
µ1

 U∗
µ3

U
e1  U

∗
e3

U
µ1

 U∗
µ3

U τ1
 U

∗
τ3

!

-1 -0.5 0 0.5 1

Re(z)

z = − 
 U

e1
 U∗

e3

 U
µ1

 U∗
µ3

U e1
 U

∗
e3

U
µ1

 U∗
µ3

U τ1
 U

∗
τ3

NuFIT 4.0 (2018)
NOIO

J(PMNS)≈3.33±0.06x10-2 J(CKM)≈3.18±0.15x10-5

PMNS CKM

PMNS huge CPV potential: ~103 more than CKM — sin(δCP)
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ν3

ντ

νμ

νe

ν1 ν2

Unitarity: the structure of PMNS?
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⟹     U3x3 unitary?why shape?

consider the full matrix structure
(not merely each of its elements)

•large mixing but a small one!
•largest CP-violation (SM)
•any symmetry behind?

[assumed!!, not demonstrated]
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what is the PMNS telling us…?
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elegance
(symmetry)

stravaganzza
(anarchy?)
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Unitarity: the completeness of the SM…
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SM “v1” ≈ theory of “Universe” [wo gravity for now] with…
•3 gauge interactions
•3 families (leptons & quarks) with mixing (PMNS / CKM)
•fermions: Dirac and massive
•renormalised effective QFT — Loretz / CPT / etc invariant

what building blocks are sensitive Unitarity? [beyond SM]

•new families→ ≥4 families in the Universe?

•new interactions→ ≥4 gauge interactions in the Universe?

•missing phenomenology? [no change in families or interactions]

⟹ effective Unitarity violation: the SM incompleteness manifestation
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Unitarity with neutrinos: is it advantageous?
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the advantage of using neutrinos to probe Unitarity violation…

•new families→ ≥4 lepton families in the Universe?
[mixing: new states active/sterile and regardless of kinematics]

•new interactions→ beyond weak-only interaction?
[negligible EM/QCD corrections — or minimal]

•missing phenomenology? [no change in families or interactions]
[even if we have now no clue!!]

⟹ effective Unitarity violation ⟹ major discovery (regardless)

probing SM “building-block symmetries” key path to progress!
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Unitarity
(with reactor neutrinos)

14
this talk relies somewhat on Pedro’s (mainly), Andrea’s and Alberto’s to minimise redundancies



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

Unitarity via the electron-row…
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unitary PMNS violation test via the electron-row normalisation

experimental observables…

•absolute flux (φ) @ baseline L→0 [no oscillation — else discovery!]

•“θ13” oscillation @ baseline L ≈ 1km [vacuum oscillation]

•“θ12” oscillation @ baseline L ≈ 50km [vacuum oscillation]

⇒ φ precision ≤6%
sources:

•reactors (→θ13)
•solar (→θ12)

|Ue1 |2 + |Ue2 |2 + |Ue3 |2 = 1 ⇒ explore the “electron-row”
a priori only “θ12” and  “θ13”…



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

Unitarity violation with reactors: how?
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unitary PMNS violation test via the electron-row normalisation

•absolute flux (φ) @ baseline L→0 : δφ [≤6%]

•θ13 oscillation @ baseline L ≈ 1km : δφ [≤6%] ⊕ δθ13 [≤3.2%]

•θ12 oscillation @ baseline L ≈ 50km : δφ [≤6%] ⊕ δθ13 [≤3.2%] ⊕ δθ12 [≤4%]

more stats as L→0:  O(≤10M/y)



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

non-Unitarity basis (V): violation searches…
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|Ue1 |2 + |Ue2 |2 + |Ue3 |2 = 1 ⇒ by unitarity definition (SM)
a priori only “θ12” and  “θ13”…

⇒ φ precision ≤6%
sources:

•reactors (→θ13)
•solar (→θ12)

explore the deviation (or violation) from unitarity
unitarity violation ⇒ absolute flux deviation

CKM tension
(≥4σ’s!!)

Similar formulations…
•M. Blennow et al arXiv:1609.08637
•F. Escrihuela et al arXiv:1503.08879



Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)

unitarity violation implications…18

??

??

????

??

????

??

??

????

??

????

Unitarity Violation [major discovery]
non-standard ν states 

and/or 
non-standard ν interaction

if it existed ⇒ tiny!!(?)
(naive expectation)

if it existed ⇒ less tiny(?)
(naive expectation)

|Ue3 |2 → θ13 only0.37%

few % precision enough?
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Hardy & Towner, arXiv 1807.01146  and  Particle Data Group 2018 

∑ |𝑉𝑢𝑖 |
2 = 0.99939(47)    →    0.99842(47) 

tension @ CKM??
[data or corrections]
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CKM equivalent knowledge…

2018 radiative correction (before 2006) error ~0.05%

0.37%

2.25%

97.42%

B meson decay

K decay

super allowed
transitions

Nathal Severins (Leuven)
https://indico.lal.in2p3.fr/event/5418/contributions/17551/

super allowed
transitions
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Unitarity
(reactor neutrino→experiments)

20
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today’s reactor φ(absolute) knowledge…
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[world precision]

but biased up to 7%!!

Uncertainty
~2.3%→≤6.0%
[surely <10%]

reactor flux poorer precision (rate or shape)
⟹ (long story short) unlikely new physics — unfortunately
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today’s (e-row) unitarity knowledge…22

H. Nunokawa et al (arXiv:1609.08623v2)

flux≈3.0%
(no consensus so far)

flux≈6.0%
(≈observations)

unitary explorations limited by absolute flux uncertainty

σ≈1.5% σ≈3.0%
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at longer baselines (more uncertainties)…
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⇒ JUNO major improvement 4.2%→≤0.5% (6 years)

but measuring Unitarity L≈50km…
•lower stats O(<25k/year)
•systematics from θ13 and φ(absolute) [no near-derector]

⇒ ~3.0% (Daya Bay ⊕ Double Chooz ⊕ RENO)

but measuring Unitarity L≈1km…
•good stats
•still systematics from φ(absolute) [no near-derector]

JUNO
(10x better)

nothing can improve θ13 
(PDG2020 largely representative)

unitary explorations limited by absolute flux uncertainty
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Unitarity
(reactor neutrino→future)

24
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reactor flux (rate-only) discrepancy…25

generally excellent agreement among all experiments

≤2011, excellent agreement to ILL-based (i.e. data) prediction 

(≥2011) ~7.0% mismatch between ILL-prediction and data

reactor flux deficit: issue

Bugey4 et al DoubleChooz et al
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≥2021 reactor flux improvement…26

solve much of the“issue”: enough? 
(less discrepancy data and ILL-prediction)

experiment flux uncertainty:
(ultimatedly dominated by thermal power)

DoubleChooz: R=0.925±0.010(exp)±0.023(model)⟹ R→1 but still issues!

→ irreducible!!

DoubleChooz uncertainty: ~1.0%
Bugey4 uncertainty: ~1.4% 
DYB uncertainty: ~1.5%

prediction: any remaining bias? [how to be sure?]
what’s the uncertainty? [so far not right]
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Nunokawa et al (3σ) [only reactor flux]•

•

Unitarity knowledge potential… 27

must improve the reactor flux uncertainty → discovery potential!

much work & new data for the control of the uncertainties→ possible?

discovery potential
(~10x)
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first LiquidO-based experiment…
CLOUD = “Chooz LiquidO Ultranear Detector”

[project: “AntiMatter-OTech”]

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

https://liquido.ijclab.in2p3.fr/nucloud/
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the Meuse river

the Ardennes mountains

CLOUD Detector
•LiquidO technology
•Mass: ~5ton
•Overburden: ≤3m
•Baseline: ≤30m

Chooz-B: Reactor Cores

neutrino emission: ~1021ν/s per core

Chooz’s 3rd generation experiment…
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CLOUD background control…
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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 
BG(β-,α,γ,p) ≈ 39 day-1 (“some per day”)

S/BG≈21(≤30)

e+ tag

BG(β-,γ,p,α,)

DC now

LiquidO? [DCx10-1]

LiquidO? [DCx10-2]

overburden 30m→≥1m overburden

CLOUD:
Signal(e+) ≥10,000 ν/day [≥5M ν/year]

BG(DC) ≈ ≥10x BG(LiquidO)→ few per year?! 

S/BG ≳100? similar configuration 
[demonstration pilot project]

DC now
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vast scientific programme…

Innovation Programme (confidential for now) — “Antimatter-OTech”
Fundamental Science Programme (soon)

•            (France) — first time in neutrinos!
•CIEMAT (Spain)
•IJCLab/Université Paris-Saclay (France)
•J-G Universität Mainz (Germany)
•Subatech/Nantes Université (France)
•Sussex University (UK)
—
•Charles University (Czech Republic)
•INFN-Padova (Italy)
•UC-Irvine (US)
•Universidade Estadual de Londrina (Brasil)
•PUC-Rio de Janeiro (Brasil)
•Queen’s University (Canada)
•University of Zaragoza (Spain)
•Tohoku University / RCNS (Japan)

CLOUD collaboration (EDF⊕13 institutions over 10 countries)

scientific programme to be released soon — innovation (protected)
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the Meuse river

Ultra Near Detectors
•LiquidO technology
•Mass: ≤5ton
•Overburden: ≤3m
•Baseline: ≤30m

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

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

the Ardennes mountains

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

SuperChooz exploration…

https://liquido.ijclab.in2p3.fr/superchooz
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SuperChooz Pathfinder agreement between CNRS⊕EDF… [last Sunday!]

https://liquido.ijclab.in2p3.fr/superchooz/
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EDF⊕CNRS exploration…

34

IJCLab⊕Subatech teams — Octobre 2020

CNRS/IN2P3 direction — March 2022
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Дякую…
grazie…
merci…
고맙습니다…
ありがとう…
danke…
obrigado…
спасибі…
谢谢…
hvala…
gracias…
…شكرا
thanks…

Unitarity violation searches a powerful way to probe the SM (in)completeness

•any deviation (significance?) may lead to discoveries (even and specially model-less)

•validating its unitarity conservation experimentally is a must — overconstrain the SM  

reactor neutrino remains one of the most powerful ways to probe Unitarity (violation/conservation)

•absolute flux knowledge is at stake — again!! [neutrino oscillations discovery: solar / atmospheric anomalies]

•new CLOUD experiment (L→0): improving possible? (beyond’s DoubleChooz’s precision?)

anatael@in2p3.fr

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

collaboration with LiquidO, AM-OTech, CLOUD, EDF, and SuperChooz teams…

pathfinder

publication(s) under preparation
(much more)

mailto:anatael@in2p3.fr
https://liquido.ijclab.in2p3.fr/

