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disclaimer…
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This description aims to provide basis of neutrino oscillation with reactor neutrinos based on 
the experimental challenges we faced / are facing now (including an outlook) while 
highlighting the topics where reactors have the largest impact…

Hence, this description will benefit from all other lectures for complementary information 
and, most importantly, I will not follow a strict chronological account, which can be 
found elsewhere (please see reviews in arXiv or books). Not all experiments will be 
mentioned or fully explained due to time limitations.

Due to time limitations (≤1 hour), I will mainly focus on standard 3 active neutrino 
oscillation paradigm. Apologies in advance, if I missed — or did not emphasise enough 
— certain topic(s) because of the alluded constraints.
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who I am?
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working on…
•Double Chooz experiment (dismantling now)
•LiquidO technology (R&D) & science prospect
•JUNO experiment — mainly Dual Calorimetry system
•SuperChooz explorations…

NEW: derived project AM-OTech (EIC&UKRI) & CLOUD



Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)

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 [Jarkslog 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 fermions?] 

discovery!

unknown [SM]

discovery!

unknown [SM]

unknown [SM]
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reactors’ sensitivity…
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directly sensitive to: θ13, θ12, δm2, Δm2, ±?Δm2 (mass ordering) via vacuum oscillations

by ≥2030: the world's knowledge of all those parameters will be driven by reactors
[key input for other experiments: accelerators, atmospheric, solar, etc]

indirect (i.e. synergies) boosting the combined sensitivity for δ and θ23

issue! φ(reactor) exhibits several inconsistent features (→ unsettled debate still)

much of the explorations beyond standard neutrino are hampered by poor φ(reactor)
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main achievements so far… 6

•since 1950: 
•Discovery of the neutrino (Reines et al) [Nobel Prize]

[evidence (not reactor) for solar anomaly & atmospheric anomaly]

•1990-2000:
•CHOOZ & Palo Verde support atmospheric anomaly Kamiokande’s ν(μ)→ν(τ) [→SuperK]
•(byproduct) direct (stringent) limit on θ13 (till 2011)

•2000-2010:
•KamLAND demonstrates the LMA solution of the “solar anomaly” [key for discovery]
•(byproduct) most spectacular spectral distortion seen so far (θ12 and δm2)

•2010-2020:
•Daya Bay⊕Double Chooz⊕RENO: first measure the predicted θ13 — T2K evidence too
•(synergy) critical for first ≤2σ constraints on δ by T2K and NOvA
•(byproduct Double Chooz): φ(reactor) issue!→ reactor knowledge? vs sterile at ~1eV2?

•≤2030 (imminent future):
•JUNO first observation of two oscillations simultaneously (θ12 and θ13) — spectacular
→start the “per mille precision” era in neutrino oscillations (θ12, Δm2, δm2)

•≥2030 (far future):
•new experiment(s): SuperChooz?, if feasible. What else?

severals points covered today!
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experimental setup… 7

Δm2 
Dominated

δm2 
Dominated

sin2(2θ13) sin2(2θ12)
Reactor-θ13ND FD

JUNO

Four Structure Options�

��

Acrylic Ball + steel Truss     Balloon + steel tank               Modules + steel tank�

2014/7/28�

Acrylic ball + ST ball�

Main 4 options, but there are 
still several combined 
options. A review was held 
on 7th and 8th of March. 

Yuekun HENG on JUNO meeting 28/07/2014�reactor: extreme source of neutrino (commercial→1GW≈2x1020/s) — no running cost.
detector(s): transparent liquid scintillator (H is needed)
3 measurement regimes: depending on baseline (L):

•zero-baseline (L→~0km): φ(reactor) — and/or new physics?
•short-baseline (L→~1km): θ13⊕Δm2 [multi-detector: φ(reactor)]
•long baseline (L→≳50km): θ12⊕δm2 and (θ13⊕Δm2, if enough resolution)
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Chooz-B nuclear reactor plant: 2x N4 reactors [4.2GWthermal each]

the reactor…



Nuclear reactors in the world

・440 operable reactors. 55 reactors under construction (Apr. 2020) 
・Reactor’s share of total electricity supplies in the world is ~10%

https://www.carbonbrief.org/mapped-the-worlds-nuclear-power-plants

0.8 ~ 8 GWth

/769

https://www.carbonbrief.org/mapped-the-worlds-nuclear-power-plants


Cooling tower

Nuclear reactor

・Nuclear fuel is 3-4% of Uranium-235 (others are Uranium-238) 
   provided by mining, milling, conversion to UF6 & enrichment 
・Heat from nuclear fission is used to provide steam for a generator 
・Control rods are used to control the fission rate  
・As a by-product, reactor core is an electron anti-ν source

Pressurized Water Reactor (PWR)

/7610

commertial reactor: “free beam”



νe production in reactors

Total spectrum 
= 

Σ  all fission 
products�

Fission products from 235U

On average, fission products 
have 98 protons & 136 neutrons 
(92 p & 144 n, originally in 235U + n)  
→ 6 n have to β- decay into 6 p, 
⟹ product ~6 ν’s & ~2 n’s 

94
40Zr

140
58 Ce

<latexit sha1_base64="P0mdP0YbrknvEyqdStTY8R0zXoQ="></latexit><latexit sha1_base64="P0mdP0YbrknvEyqdStTY8R0zXoQ="></latexit><latexit sha1_base64="P0mdP0YbrknvEyqdStTY8R0zXoQ="></latexit><latexit sha1_base64="P0mdP0YbrknvEyqdStTY8R0zXoQ="></latexit>

/7611



Reactor neutrino flux

Neutrino flux of commercial reactor (~3 GW on average)

235U + n → A + B + 6.1e- + 6.1νe + 202 MeV + 2.4n 

・3 GWth = 3 × 109 J/s = 1.9 x 1022 MeV 
　→ Neutrino flux is ~ 6 x 1020 νe/s

Energy & neutrinos emitted per fission

Thermal power

・Can be obtained from  
   a power company to  
   estimate ν flux prediction 
・Thermal power vs time 
   in Chooz reactor for example

/7612

commertial reactor: ~0.5% precision(research reactor ≤5%)
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Reactor neutrino spectrum

Energy spectrum peaks  
at 3.5 ~ 4 MeV

Reference spectra weighted by fuel evolution

Total cross section as a function of energy  

P. Vogel and J. F. Beacon,  
Phys. Rev. D 60, 05003 (1999) 

✖ ＝

/7613

spectrum rate⊕shape precision
→ not well understood (order 5%)
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the detector(s)…
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Double Chooz Near Detector: ~30 ton detection volume (as of mid-July 2021→ dismantling)
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inverse-β decay (IBD) interaction…15

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

generally, no e+ PID
→ γ ≈ e- ≈ e+ ≈ α ≈ p-recoil (fast-n)

coincidence 
[scale O(μs)]

cross-section known to ~0.2% [↔︎lifetime of neutron]
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ν’s 

16
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reactor neutrino spectrum…

Double Chooz near-detector spectrum during ON-OFF-ON transition

Double Chooz @ 400m distance

E(neutrino) = E(e+ visible) + ~0.8MeV [mass difference between p and n]

E(neutrino) can be controlled to order 0.1% precision
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the ν discovery (1950’s)…
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Reines & Cowan detector (300kg)…19

Hanford (1953)

today’s inspiration!
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Reines et al detection strategy legacy…20

PMT ⇔ transparent medium

ν interaction: coincidence and/or tagging 

overburden (μ-cosmic shielding)

external shielding (radioactivity shielding)

loaded medium (113Cd)→ non-native detection!

(reactor source) signal modulation

~70years ago → much the same still now!
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today’s version of similar technology…21

CTF @ Gran Sasso
(Borexino R&D)
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22KamLAND/SNO+ 
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https://media.neutrino2022.org/talk/talk_session_apply/108/20220603220651_33.pdf

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

under construction

results release with the latest experimental results @ Neutrino 2022 conference (June 2022)

https://media.neutrino2022.org/talk/talk_session_apply/108/20220603220651_33.pdf
https://liquido.ijclab.in2p3.fr/
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LiquidO event-wise imaging… 24

opaque medium→stochastic light confinement
(self-segmentation)

e+ (annihilation: γγ back-to-back)
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γ
(reactor) opaque scintillation & (native) self-segmentation

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

potential: reduce overburden / shielding

unprecedented PID @ 1MeV…

~2MeV

≤10cm

>>10cme-(νe)e+(νe)
_

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

[β-]
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reactor neutrino physics…
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where are we now (~2020)?

27
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status on neutrino oscillation knowledge…28

Standard Model(3 families)
[leptons & quarks]

&
PMNS3x3(θ12,θ23,θ13)

&
±Δm2 &  +δm2

today ≥2030
best knowledge NuFIT5.0 foreseen dominant technique

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 beam driven

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 (→ CPV) except θ13!
NOTE: ORCA⊕PINGU⊕IceCube complementary (Mass Ordering & Δm2 measurements)

(inconsistencies vs uncertainties)

(reactor-beam)(now)
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29
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experimental setup… 30

Δm2 
Dominated

δm2 
Dominated

sin2(2θ13) sin2(2θ12)
Reactor-θ13ND FD

JUNO

Four Structure Options�

��

Acrylic Ball + steel Truss     Balloon + steel tank               Modules + steel tank�

2014/7/28�

Acrylic ball + ST ball�

Main 4 options, but there are 
still several combined 
options. A review was held 
on 7th and 8th of March. 

Yuekun HENG on JUNO meeting 28/07/2014�reactor: extreme source of neutrino (commercial→1GW≈2x1020/s) — no running cost.
detector(s): transparent liquid scintillator (H is needed)
3 measurement regimes: depending on baseline (L):

•zero-baseline (L→~0km): φ(reactor) — and/or new physics?
•short-baseline (L→~1km): θ13⊕Δm2 [multi-detector: φ(reactor)]
•long baseline (L→≳50km): θ12⊕δm2 and (θ13⊕Δm2, if enough resolution)
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31

Φ
(reactor flux)
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reactor flux discrepancy…32

generally excellent agreement among all experiments

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

now ≤7.0% mismatch between ILL-prediction and data

reactor flux deficit: issue
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Data to Prediction Ratio
0.85 0.9 0.95 1

Double Chooz IV (ND)

Daya Bay

Bugey4

2017 World Average

/fission2cm-4310× 0.06)±> = (5.71 fσ<

/fission2cm-4310× 0.08)±> = (5.75 fσ<

/fission2cm-4310× 0.12)±> = (5.91 fσ<

(includes Bugey4 & Daya Bay)

 2.3%)≈Reactor Model Uncertainty (

Total Uncertainty
Experimental Uncertainty
Statistical Uncertainty

CPC 41.1.013002(2017)

Phys.Lett.B338,383(1994)

CPC 41.1.013002(2017)

n-Gd)⊕n-C⊕TnC (n-H

n-Gd

He3

 2019 world reactor flux knowledge…33

reactor flux (data) precision <1.0%

best world
precision

MC normalised to DYB-2017 (MCSpF per isotope)

R(ND)=0.925±0.002(stat)±0.010(exp)±0.023(model)

arXiv:1808.10836

precision 2.0%

precision 1.4%
Mean Cross-
Section per 

Fission

≈Φ(flux)
[IBD σ known]

δ≈0.2%

[precision 1.4%](5.94±0.09)
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shape distorsion common across experiments…34

only one experiment in tension: Bugey3 (flat-ish) — spectral reference before reactor-θ13 

DC demonstrates shape-error is underestimated by at least 4x
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reactor flux uncertainty…35
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Shape Uncertainty
~2.2%→6.0%?
[surely <10%]

prediction fails to match 
both rate & shape!

[not just rate]

Φ(reactor) [exp]
best precision 

(~0.9%)
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Φ
improvable?

Yes?
(we don’t know how)
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reactor ultimate flux… 37

solve the reactor “issue” (anomaly)? 
(discrepancy data and ILL-prediction)

experiment flux uncertainty will drive?
(dominated by thermal power)

R=0.925±0.010(exp)±0.023(model)→ R≈1.0?±0.010(exp)±0.0?(model)

→ irreducible!!
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≥2020 improvements…
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≥2020 conversion (ILL-data based) estimation

≥2020 ab initio estimation 
→uncertainties fully understood?

≥2011→ large difference: ≤7%

more data to tune/test the prediction?

reactor flux deficit: resolved?
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first LiquidO’s experiment…

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)
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θ13
θ13⊕Δm2
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summary on today’s θ13 knowledge/experiments…41

<2010 reactor-θ13 [2010-2020] cancellation 
methodologytotal total rate-only shape-only

statistics few % ~0.1% — — ~100/day @ ≤1.5km
flux ~2.2% ~0.1% ~0.1% <0.1% near-to-far monitor

(ideal: iso-flux)

BG few % ~0.1% ~0.1% <0.1% overburden→few/day
detection 2,0 % ~0.1% ~0.1% — identical detectors

energy few % ~0.5% — ~0.5% identical detectors

reactor-θ13 experiments: DC⊕DYB⊕RENO

“naively extrapolating” from reactor-θ13 experiments…
•statistics: ~10x? (far) [>106]

•systematics: ~0.01%??!! (each)
possible to improve at all?

•statistics: ≥105 (far) [<106]
•systematics: ~0.1% (each)

•energy control: ~0.5%
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2020 world status in θ13…42

)13θ(22sin
0.05 0.1 0.15

Double Chooz

Daya Bay

RENO

T2K
)23θ,CPδMarginalisation (

Total Uncertainty
Statistical Uncertainty

0.014±)=0.10513θ(22sin

0.012±)=0.10213θ(22sin

0.003±)=0.08613θ(22sin
0.011±)=0.07113θ(22sin

0.007±)=0.09013θ(22sin

0.016±)=0.08613θ(22sin

Nature Physics (2020)
PRELIMINARY Nu2020

PRL 121 241805 (2018)
PRD 93 072011 (2016)

PRL 121 201801 (2018)
JHEP 04 029 (2020)

PRD 96, 092006 (2017)

TnC
TnC

n-Gd
n-H

n-Gd
n-H

 > 02
32mΔ

 < 02
32mΔ

θ13 consistent (≤2σ)

minor tension (≤2σ) & slight increase (2016→2018)
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T2K⊕reactor best knowledge CP-Violation…43

CPV phase vs θ13
[constrained by reactor]

CPV phase vs θ23 
[octant ambiguity]

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

θ13 implications
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44

θ13

improvable?

NO?
(we don’t know how)
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leptonic sector unitarity with LiquidO?

45

Conference @ HEP-European Physics Society (July 2019 @ Ghent Belgium)
Web: https://indico.cern.ch/event/577856/contributions/3421609/
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Choo ?Super
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T2K⊕reactor best knowledge CP-Violation…47

CPV phase vs θ13
[constrained by reactor]

CPV phase vs θ23 
[octant ambiguity]

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

θ13 implications
powerful constraintSuperChooz?

critical input
JUNO
DUNE

HyperK



Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)

48

θ12
θ12⊕δm2
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(stunning) experiment rationale…49

68 GWth @ 180 km baseline

〈Lν〉= 180 km 
〈Eν〉= a few MeV 
→ Sensitive to Δm2 > 10-5 eV2
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univocal neutrino oscillation pattern…50
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FIG. 4: Allowed regions projected in the (tan2 θ12, ∆m2
21) plane,

for solar and KamLAND data from the three-flavor oscillation anal-
ysis for (a) θ13 free and (b) θ13 constrained by accelerator and short-
baseline reactor neutrino experiments. The shaded regions are from
the combined analysis of the solar and KamLAND data. The side
panels show the ∆χ2-profiles projected onto the tan2 θ12 and ∆m2

21

axes.

by term (iv). Table II summarizes the systematic uncertainties
on ∆m2

21 and the expected event rate of reactor νe’s. The
overall rate uncertainties for Period 1 and for Periods 2 and 3
are 3.5% and 4.0%, respectively. Systematic uncertainties
are conservatively treated as being fully correlated across all
data taking periods. The penalty term (v) optionally provides
a constraint on the neutrino oscillation parameters from so-
lar [27–31], accelerator (T2K [6], MINOS [7]), and short-
baseline reactor neutrino experiments (Double Chooz [8],
Daya Bay [9], RENO [10]).
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FIG. 5: Ratio of the observed νe spectrum to the expectation for
no-oscillation versus L0/E for the KamLAND data. L0 = 180 km
is the flux-weighted average reactor baseline. The 3-ν histogram is
the best-fit survival probability curve from the three-flavor unbinned
maximum-likelihood analysis using only the KamLAND data.

Figure 2 plots the time variation for the rates of reactor νe’s,
geo νe’s, and backgrounds for the three data taking periods,
assuming the best-fit oscillation parameters, and geo νe fluxes
from the reference model of [17]. Also drawn are the correla-
tions between the measured and expected best-fit event rates,
which should fit to a line with unit slope and zero offset in the
absence of geo νe’s. The vertical displacement of the trend
for events below 2.6 MeV is attributed to the contribution of
geo νe’s.

Figure 3 shows the prompt energy spectra of νe candidate
events for each period. The reduction of the 13C(α, n)16O
background in Period 2 and of reactor νe’s in Period 3 can
clearly be seen. For the three-flavor KamLAND-only anal-
ysis (χ2

osci = 0), the fit oscillation parameter values are
∆m2

21 = 7.54+0.19
−0.18 × 10−5 eV2, tan2 θ12 = 0.481+0.092

−0.080,
and sin2 θ13 = 0.010+0.033

−0.034. The contours are nearly symmet-
ric about tan2 θ12 = 1, but the best-fit values for tan2 θ12 > 1
are slightly disfavored over those for tan2 θ12 < 1, with
∆χ2 = 0.8. Assuming CPT invariance, the oscillation pa-
rameter values from a combined analysis including constraints

TABLE II: Contributions to the systematic uncertainty in the neutrino
oscillation parameters ∆m2

21, θ12, and θ13 for the earlier / later pe-
riods of measurement, denoted in the text as Period 1 / Period 2 & 3.
The overall uncertainties are 3.5% / 4.0% for Period 1 / Period 2 & 3.

Detector-related (%) Reactor-related (%)
∆m2

21 Energy scale 1.8 / 1.8 νe-spectra [32] 0.6 / 0.6

Rate Fiducial volume 1.8 / 2.5 νe-spectra [24] 1.4 / 1.4
Energy scale 1.1 / 1.3 Reactor power 2.1 / 2.1
Lcut(Ep) eff. 0.7 / 0.8 Fuel composition 1.0 / 1.0
Cross section 0.2 / 0.2 Long-lived nuclei 0.3 / 0.4
Total 2.3 / 3.0 Total 2.7 / 2.8



Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)

KamLAND’s spectral distortion (and reactor-off)…51

5

each reactor is adjusted to reproduce the Bugey4 result [24]:

〈σ〉reac. = 〈σ〉Bugey4 +
∑

i

(αreac.
i − αBugey4

i ) 〈σ〉i (7)

where αi is the fractional fission rate of the isotope i. The
contribution from Korean reactors, based on reported elec-
tric power generation, is estimated to be (4.9 ± 0.5)%. The
contribution from Japanese research reactors and all other re-
actors around the world is (1.1 ± 0.6)%. The levels of the
long-lived, out-of-equilibrium fission products 90Sr, 106Ru,
and 144Ce [25] are evaluated from the history of fission rates
for each isotope and are found to contribute an additional
(0.7 ± 0.3)%. Applying the selection cut efficiency, we ex-
pect a total of 3564± 145 events from reactors in the absence
of νe disappearance.

A calculation of the geo νe flux at KamLAND based on
the reference Earth model of [17] gives an expected 109 and
27 geo νe events from U and Th, respectively. Since the es-
timation of the geo νe yield is highly model-dependent, the
event rates from the U and Th decay chains are not constrained
in the oscillation analysis. Only the prompt energy spectral
shapes, which are independent of the Earth model, are used to
constrain their contributions. A possible contribution from a
hypothetical reactor-νe source at the Earth’s center, motivated
by [26] and investigated in [4] and [3], is neglected as a back-
ground in the fit for the oscillation parameters and geoneutrino
fluxes, but is addressed briefly below as an independent signal.

In Period 1, the dominant background is the 13C(α, n)16O
reaction, generated from the α-decay of 210Po in the LS.
The neutrons in this reaction are produced with energies
up to 7.3 MeV, but the visible energy is quenched to be-
low 2.7 MeV. Accounting for the energy-dependent effi-
ciency of the Lcut(Ep) selection, the estimated number of
13C(α, n)16O background events is 207.1 ± 26.3 in the en-
ergy region 0.9 < Ep(MeV) < 8.5. The accidental back-
ground, which dominates in Periods 2 and 3, is measured with
an out-of-time delayed coincidence window from 10 ms to
20 s to be 125.5± 0.1 events. Including smaller contributions
from cosmogenically produced radioactive isotopes, fast neu-
trons produced by cosmic-ray muons, and atmospheric neu-
trinos, the total background is estimated to be 364.1 ± 30.5
events. The backgrounds are detailed in Table I.

VI. ANTINEUTRINOMEASUREMENT AND
OSCILLATION ANALYSIS

To extract the neutrino oscillation parameters and geoneu-
trino fluxes, νe candidates are analyzed with an unbinned
maximum-likelihood method incorporating the event rate and
the prompt energy spectrum shape, including their time vari-
ation, in the range 0.9 < Ep(MeV) < 8.5. The χ2 is defined
by

χ2 = χ2
rate(θ12, θ13,∆m2

21, NBG1→5, N
geo
U,Th,α1→4)

−2 lnLshape(θ12, θ13,∆m2
21, NBG1→5, N

geo
U,Th,α1→4)

+χ2
BG(NBG1→5) + χ2

syst(α1→4)

+χ2
osci(θ12, θ13,∆m2

21) . (8)

Ef
fic

ie
nc

y 
(%

)

40
60
80

100

Period 1
Period 2
Period 3

(a)

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16

 (MeV)pE
1 1.5 2 2.5

Ev
en

ts/
0.

2M
eV

/d
ay

0

0.02

0.04

0.06

0.08(b) Period 1

Ev
en

ts/
0.

42
5M

eV
/d

ay

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16

 (MeV)pE
1 1.5 2 2.5

Ev
en

ts/
0.

2M
eV

/d
ay

0

0.02

0.04

0.06

0.08(c) Period 2

 (MeV)pE
0 1 2 3 4 5 6 7 8

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16 (d) Period 3

KamLAND data
best fit osci.
accidental

O16, n)αC(13

eνBest-fit Geo 
Best-fit osci. + BG

eν+ best-fit Geo 
 (MeV)pE

1 1.5 2 2.5

Ev
en

ts
/0

.2
M

eV
/d

ay

0

0.01

0.02

0.03

FIG. 3: Prompt energy spectrum of νe candidate events above the
0.9 MeV energy threshold (vertical dashed line) for each data tak-
ing period. The background, reactor and geo νe contributions are
the best-fit values from a KamLAND-only analysis. The prompt en-
ergy spectra of νe candidate events in the low-energy region are also
shown in the inset panels with a finer binning. The top panel shows
the energy-dependent selection efficiency curves for each period.

The terms are, in order: the χ2 contribution for (i) the time-
varying event rate, (ii) the time-varying prompt energy spec-
trum shape, (iii) a penalty term for backgrounds, (iv) a penalty
term for systematic uncertainties, and (v) a penalty term for
the oscillation parameters. Ngeo

U,Th are the flux normalization
parameters for U and Th geo νe’s, and allow for an Earth-
model-independent analysis. NBG1→5 are the expected num-
ber of backgrounds, and are allowed to vary in the fit but are
constrained with the penalty term (iii) using the estimates de-
scribed in the preceding section and listed, with the corre-
sponding index, in Table I. α1→4 parametrize the uncertain-
ties on the reactor νe spectrum, the energy scale, the event
rate, and the energy-dependent detection efficiency; these pa-
rameters are allowed to vary in the analysis but are constrained
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FIG. 4: Allowed regions projected in the (tan2 θ12, ∆m2
21) plane,

for solar and KamLAND data from the three-flavor oscillation anal-
ysis for (a) θ13 free and (b) θ13 constrained by accelerator and short-
baseline reactor neutrino experiments. The shaded regions are from
the combined analysis of the solar and KamLAND data. The side
panels show the ∆χ2-profiles projected onto the tan2 θ12 and ∆m2

21

axes.

by term (iv). Table II summarizes the systematic uncertainties
on ∆m2

21 and the expected event rate of reactor νe’s. The
overall rate uncertainties for Period 1 and for Periods 2 and 3
are 3.5% and 4.0%, respectively. Systematic uncertainties
are conservatively treated as being fully correlated across all
data taking periods. The penalty term (v) optionally provides
a constraint on the neutrino oscillation parameters from so-
lar [27–31], accelerator (T2K [6], MINOS [7]), and short-
baseline reactor neutrino experiments (Double Chooz [8],
Daya Bay [9], RENO [10]).
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FIG. 5: Ratio of the observed νe spectrum to the expectation for
no-oscillation versus L0/E for the KamLAND data. L0 = 180 km
is the flux-weighted average reactor baseline. The 3-ν histogram is
the best-fit survival probability curve from the three-flavor unbinned
maximum-likelihood analysis using only the KamLAND data.

Figure 2 plots the time variation for the rates of reactor νe’s,
geo νe’s, and backgrounds for the three data taking periods,
assuming the best-fit oscillation parameters, and geo νe fluxes
from the reference model of [17]. Also drawn are the correla-
tions between the measured and expected best-fit event rates,
which should fit to a line with unit slope and zero offset in the
absence of geo νe’s. The vertical displacement of the trend
for events below 2.6 MeV is attributed to the contribution of
geo νe’s.

Figure 3 shows the prompt energy spectra of νe candidate
events for each period. The reduction of the 13C(α, n)16O
background in Period 2 and of reactor νe’s in Period 3 can
clearly be seen. For the three-flavor KamLAND-only anal-
ysis (χ2

osci = 0), the fit oscillation parameter values are
∆m2

21 = 7.54+0.19
−0.18 × 10−5 eV2, tan2 θ12 = 0.481+0.092

−0.080,
and sin2 θ13 = 0.010+0.033

−0.034. The contours are nearly symmet-
ric about tan2 θ12 = 1, but the best-fit values for tan2 θ12 > 1
are slightly disfavored over those for tan2 θ12 < 1, with
∆χ2 = 0.8. Assuming CPT invariance, the oscillation pa-
rameter values from a combined analysis including constraints

TABLE II: Contributions to the systematic uncertainty in the neutrino
oscillation parameters ∆m2

21, θ12, and θ13 for the earlier / later pe-
riods of measurement, denoted in the text as Period 1 / Period 2 & 3.
The overall uncertainties are 3.5% / 4.0% for Period 1 / Period 2 & 3.

Detector-related (%) Reactor-related (%)
∆m2

21 Energy scale 1.8 / 1.8 νe-spectra [32] 0.6 / 0.6

Rate Fiducial volume 1.8 / 2.5 νe-spectra [24] 1.4 / 1.4
Energy scale 1.1 / 1.3 Reactor power 2.1 / 2.1
Lcut(Ep) eff. 0.7 / 0.8 Fuel composition 1.0 / 1.0
Cross section 0.2 / 0.2 Long-lived nuclei 0.3 / 0.4
Total 2.3 / 3.0 Total 2.7 / 2.8

A. Gando et al., Phys. Rev. D 88, 033001 (2013).
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θ12

improvable?
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θ12⊕δm2 (θ13)⊕Δm2

θ12
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simplistic schedule: data-taking aim to start by ~late 2022

θ12⊕δm2 (slow) 
θ13⊕Δm2 (fast)
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consider all systematics with state of the art knowledge (KL, DC, DYB)

rate+shape→ negligible rate uncertainties

<1% ↔︎ ~10k events
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→ reactor-θ13
(input)

→1.0% level

→0.1% level

≤0.5% precision within 6 years (nominal)
[systematics dominated→hard to improve ever?]
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JUNO intrinsic redundancy→ 2 in 1 detectors within

no oscillations
20” PMT readout
3” PMT readout

sin2(2θ12)

δm2

JUNO (unique) internal validation
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Reactor-θ13Reactor-θ13

JUNO impact
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today’s world data leads to…

NMO favoured to ~2.7σ (2020) 

•Super-Kamiokande (most info so far)
•1.6σ (NOvA⊕T2K & DC⊕DYB⊕RENO)
•some fragility?

what are the leading experiments?

what’s going to happen next?

NuFit5.0CP violation and mass hierarchy with a combined sensitivity of T2K-II, NO⌫A and JUNO
Nath Ankur1, Cao Son2, Ngoc Tran Van3, Van Nguyen Th4, Quyen Phan To3, Francis Ng K1

1Tezpur University, Assam, India; 2High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki, Japan;
3Institute For Interdisciplinary Research in Science and Education, Quy Nhon, Vietnam; 4Institute of Physics (IOP), VAST, Hanoi, Vietnam

Abstract

Recent T2K data indicates a CP violation in the neutrino oscillations and mildly favours the normal neutrino mass hierarchy. This work explores
the physics potentials with a combined sensitivity of T2K-II, NO⌫A, and JUNO experiments. T2K-II, a proposed run extension up to 2026 by
T2K collaboration, is sensitive to CP violation at a level of 3� or higher if �CP ⇠ �⇡/2. NO⌫A, proposed to run until 2024, provides a significant
sensitivity to both mass hierarchy and CP violation. JUNO, expected to take data for six years starting from 2021, has 3� or higher sensitivity
to the mass hierarchy and 1% or better precision measurement of solar parameters and atmospheric mass splitting. It is shown that the joint
analysis can determine definitely the neutrino mass hierarchy. Also it provides > 4� to exclude CP conserving values if �CP ⇠ �⇡/2 and > 50%
fractional region of �CP can be explored at � 3� significance.

Objectives

Neutrino oscillations establish that neutrinos have mass and the leptons are mixed. Lepton mixing matrix, which connects the mass
eigenstates and flavor eigenstates of neutrinos, is presumed to be unitary 3 ⇥ 3 matrix, which are commonly parameterized by three mixing
angles ✓12, ✓13, ✓23, one Dirac CP-violation phase �CP

a. The probability for a ↵-flavor to oscillate into �-flavor,P(⌫↵!⌫�), depends on these four
parameters, two mass square splitting �m2

21,�m2
31, its energy, E⌫ , propagation distance L, and amount of matter it passing through, ⇢:

P(⌫↵!⌫�) = f
�
✓12, ✓13, ✓23, �CP ;�m2

21,�m2
31;E⌫ , L, ⇢

�
(1)

• Experiments basically measures the oscillation probabilities to extract parameters, e.g T2K, NOvA measure P(⌫µ!⌫µ) ( ⌫µ disappearance),
P(⌫µ!⌫e) ( ⌫e appearance), and corresponding processes with ⌫µ; JUNO will measure P(⌫e!⌫e)

• Each experiment is sensitive to a specific set of parameters, e.g T2K, NOvA are sensitive to
�
✓13, ✓23, �CP ,�m2

31

�
; JUNO�

✓12, ✓13,�m2
21,�m2

31

�
. Also there are degeneracy among parameters, challenging the precision measurements from single experiment.

It is essential to combine data from multiple experiments to attain a precision measurement. Main objectives of T2K-2, NOvA
and JUNO joint analysis are to (i) determine the neutrino mass hierarchy (MH), (ii) enhance sensitivity to CP violation, (iii)

precision measurement of other oscillation parameters, and (iv) to test the unitary of the lepton mixing matrix.

a
If neutrino is Majorana particle, two additional Majorana-CP-violation phases are included but these are irrelevant for neutrino oscillation

Experimental and Simulation Details

GLoBES [1] is used for simulating the experiments and calculating the
statistical significance. We describe the experiments closely as
much as possible by using the updated information of flux, sig-
nal/background e�ciency, and systematic error. Each experi-
mental setup is validated at the event rate level and sensitivity
level. An overview of experimental specification is shown in Table 1 and
details are described below:

T2K-II An exposure of 20⇥ 1021 proton-on-target (POT) equally di-
vided among ⌫ and ⌫ running modes. The signal/background e�ciency
and spectral information for T2K-II is obtained by scaling the 2017 anal-
ysis [2] to same exposure as T2K proposal [3]. Four data samples are
used: ⌫µ disappearance, ⌫e appearance in both ⌫-mode and ⌫-mode. A
3% systematic error for all samples and 3% energy resolution are used.

NO⌫A w/ run extension A total exposure of 7.2⇥1021 POT equally
divided among ⌫ and ⌫ modes; We closely followed [4] to obtain the flux
information and [5] to obtain the signal, background e�ciency and spec-
tral information. A 5% systematic error for all samples and energy reso-
lution from 8�10% are assigned. Fig. 1 shows an example of comparing
event rate obtained by our setup and real NOvA simulation.

JUNO Neutrinos flux is simulated with four isotopes of 235U , 238U ,
239Pu and 241Pu with an e�ciency of 73%, predicting 60 IBD events
per day. Detector setup is simplified with a single reactor core of 36
GW-th and no simulation of background. This simplification a↵ects the
solar parameter precision, but less on the MH sensitivity. A 3% energy
resolution and 1% error for flux and detector uncertainties are used.

Parameters T2K-II NO⌫A JUNO

Exposure (POT) 20⇥ 1021 7.2⇥ 1021 6 yrs. @ 36 GW-th
Baseline (km) 295 810 52.5
Energy peak/range ⇠0.6 GeV ⇠2.0 GeV 1-8 MeV
(Far) Det. Type WC LS LS
(Far) Det. Mass 50 kt 14kt 20kt

Table 1: Experimental Specifications

(a) Appearance (neutrino) (b) Disappearance (neutrino)

(c) Appearance (antineutrino) (d) Disappearance (antineutrino)

Figure 1: NO⌫A FD event spectra: our setup w/ GLoBES compared to [5]

Result

Unless mentioned, the following values (mostly from global analysis [6])
are taken as the truth for sensitivity studies:

�
sin2 ✓12, sin

2 ✓13, sin
2 ✓23, �CP

�
= (0.310, 0.02241, 0.5,�⇡/2)

�
�m2

21,�m2
31

�
=

�
7.39⇥ 10�5eV 2, 2.523⇥ 10�3eV 2

�

Mass Hierarchy (MH) Sensitivity Assume neutrino MH is nor-
mal, statistical significance �2 to exclude the inverted MH is calculated
at each possible true value of �CP .

(a) Individual and combined sensitivity to MH at sin
2 ✓23 = 0.5

(b) Combined sensitivity for three values of sin
2 ✓23

Figure 2: Mass hierarchy resolving as a function of true �CP

Fig.2(a) shows sensitivity to mass hierarchy from di↵erent experiment
and combination at sin2 ✓23 = 0.5. The combined sensitivity for di↵erent
values of sin2 ✓23 is shown in Fig.2(b).

CP Violation Sensitivity Considering �CP can be varied between
(�⇡,+⇡), the statistical significance of excluding the CP-conserving val-

ues, �CP = 0,⇡, is calculated assuming either the MH is known or not
known. Although the result below is tagged as with “unknown” MH, it
should be closely equivalent to “known” MH when all experiments are
combined since MH is solved definitely in this case.

(a) For ✓23 =
⇡
4 , MH is not known

(b) For di↵erent values of ✓23, MH is not known

Figure 3: Sensitivity to CP violation

Fig. 3(a) shows the sensitivity to the leptonic CP violation for
the case when ✓23 = ⇡

4 and the MH is assumed to be “not

known” by adding up experiments starting from T2K-2. Fig. 3(b)
shows the combined sensitivity to CP violation at di↵erent val-
ues of sin2 ✓23. Table 2 shows the fractional region of �CP in
which CP violation can be explored with 3� or higher significance.

sin2 ✓23 0.43 0.50 0.60
Fraction of �CP 61.6% 54.6% 53.3%

Table 2: Fractional region of �CP , depending on sin
2 ✓23, can be explored

with 3� or higher significance

Summary and Discussion

• Mass hierarchy will be determined with this joint analysis

• CP violation can be explored > 4� if �CP ⇠ �⇡/2 (T2K data
indication) and > 50% fractional region of �CP with � 3� signifi-
cance.

• (Not shown in the poster), a joint analysis provides a great im-

provement in solving the ✓23 octant degeneracy, more precise
measurements on other oscillation parameters and provide a great
test to the standard neutrino oscillation paradigm.

• Further consideration: background simulation for JUNO; sys-
tematic modeling; correlation among experiments)
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NuFitv5.0: today’s world knowledge — what about tomorrow?
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direct 
sensitivity

nuisance combined 
sensitivity

vacuum
oscillation

(reactor)

ultra precise 
oscillation

θ13? Δm2 with 
precision ≤1%

&

resolve CPV
matter 
effects
(reactor)

fake CPV
(due to Earth)

CPV and θ23

NuFitv5.0: maginilise today’s world knowledge — CPV, θ23, θ13, …
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direct 
sensitivity

nuisance sensitivity combined 
sensitivity

JUNO ultra precision 
oscillation

θ13? ~3σ δ(Δm2)≤0.5%

NOvA

fake CPV
(due to Earth)

mainly CPV 
(θ23 too)

~3-4σ
(~800km baseline)

δ(Δm2)~1.0%

T2K
≤2σ

(~250km baseline)

δ(Δm2)~1.0%

HyperK δ(Δm2)~0.5%

DUNE >5σ !
(~1200km baseline)

δ(Δm2)~0.5%

Atmospherics mainly θ23

(CPV too)
~3-6σ

(many baselines)
δ(Δm2) poor
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only 2 ways to measure…

NOvA Far Detector

Fermilab

810km

NOvA

Matter Effects Oscillations
(CP experiments→ fake CP-violation)

Vacuum Oscillations
(no CP-violation)
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the JUNO (hardest) way…
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most discussion based on…
open-access — arXiv:2008.11280 updated
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the power of synergies…
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≥5σ ≥5σ
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Mass Ordering JUNO boosting…
67

powerful synergy JUNO vs NOvA⊕T2K: high precision disappearance Δm232…

JUNO MO sensitivity boosted 3σ→≥5σ
[leading order effect]

≥5σ

~3σ

JUNO: unique vacuum oscillations

physics: extra discriminator due to Δm232 solutions slightly 
different (i.e. synergy) between reactor-accelerator but only one 
true MO solution forces equality 
→powerful boosting with precision of Δm232.
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Mass Ordering resolution [now at ~3σ]…68

•Mass Order (likely) first measured (≥5σ by ≥2026) 
→ likely by JUNO⊕NOvA⊕T2K [+ atmospherics]

•DUNE most powerful standalone experiment

•most interesting: exploit MO’s binary outcome for 
possible BSM explorations

•the ultimate & most powerful test:

DUNE(Appearance) 
[≥5σ — matter effects]

vs 
JUNO and DUNE⊕HK(disappearance) 
[≥5σ — vacuum oscillations]

⟹ discrepancies may lead to discoveries!

JUNO+NOvA+T2K

JUNO and HK⊕DUNE (Disappearance)

≥5σ

≥5σ

≥5σ

Details in arXiv:2008.11280 / arXiv:2009.08585 / arXiv:2107.12410
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Unitarity
φ(reactor)/φ(solar)

⊕
θ13(all)

⊕
θ12(all)
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ν3

ντ

νμ

νe

ν1 ν2

s70

U3x3 unitary?why shape?

consider full matrix structure
(not just composition)

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

[so far assumed]
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CKM vs PMNS…71

elegance
(symmetry)

stravaganzza
(anarchy?)
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unitarity is behind all our definitions… 72

UNITARITY implies…

•IF 3 neutrino standard states — non-standard cases?
[in agreement with quark’s 3 families]

⟹ 2 mass difference: Δm2 & δm2

⟹ 3 independent mixing angles: θ12,θ23,θ13

⟹ 1 (Dirac) CP-Violating phase: δCP 
[i.e. a 3x3 unitarity matrix may be complex]

if 4 families, expect more Δm2’s, θ’s or δCP’s → 3x3 effective approximation

testing UNITARITY→ testing for new families + more!! 
(regardless of kinematics)
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ν3

ντ

νμ

νe

ν1 ν2

test PMNS Unitarity…73

UU† = U†U = I

|Ul1 |2 + |Ul2 |2 + |Ul3 |2 = 1

|Ue1 |2 + |Ue2 |2 + |Ue3 |2 = 1

⇒ many equations!!
[including the “triangles”]

⇒ explore “electron top-row”

⇒ poorest precision

⇒ best precision

⇒ OK precision

since no CPV (yet) ⇒ test  PMNS Unitarity via “each row”

only “θ12” and  “θ13”
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today’s (e-row) unitarity knowledge…74

H. Nunokawa et al (arXiv:1609.08623v2)

flux≈3.0% flux≈6.0%

unitary explorations limited by absolute flux uncertainty

σ≈1.5% σ≈3.0%
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reactor flux uncertainty…75
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by 2030, mixing @ ~1% level…
(no unknowns)

76

all done?
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77

neutrino (ν)…

neutrino last modification of the Standard Model… more discoveries?
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78

Choo ?Super
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rationale…

79

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

•neutrinos�as�probe�BSM→�discoveries?�
⟹�beyond�today’s�paradigm?
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status on neutrino oscillation knowledge…80

SuperChooz was will improve the SM picture (3 families) [synergy]

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

reactor⊕beam & solar again via SC — SC’s atmospherics under study… nice!!

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% SuperChooz (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

(NOvA⊕T2K) reactor⊕beam
CP violation? T2K+NOvA ~3/2π @ ≤2σ @5σ? DUNE⊕HK [SC] beam driven

CPT violation? — — <1%? SuperChooz reactor⊕solar
Unitarity violation? — — <1%? SuperChooz reactor⊕solar
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pathfinder (i.e. experimental exploration)

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

https://indico.ijclab.in2p3.fr/event/7663/
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EDF⊕CNRS exploring…

82

IJCLab⊕Subatech teams — Octobre 2020

CNRS/IN2P3 direction — March 2022
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the remaining challenges…
(my view — likely biassed somewhat)

83

•reactors: likely the most precise neutrino source — tool for research — since the 50’s (improving)

•improve absolute knowledge precision (ex. flux cancels by multi-detector)→discoveries?

•intrinsic limitations (no appearance, etc)→ empower synergies with accelerators, solar, etc.

•θ12⊕δm2 precision: is likely hard to improve (few per mille) after JUNO — world best ≤1year of data

•θ13⊕Δm2 precision: still improve for θ13 — nobody knows how to!! [→SuperChooz?]

•θ13 is one of the most intriguing parameter of the PMNS (tiny term among many large terms)
⟹ pointing to a feature(s) or symmetry? certainly this is BSM territory…

•understand meaning of structure of the PMNS (i.e. large mixing) — very different from CKM

•experimentally, the challenge remains on BACKGROUND control (address all above):

•relative flux and detection systematics→ controlled up to 0.1%

•energy precision up to ~0.5% — with Dual Calorimetry up to ~0.1%? [→JUNO]

•goal: more stats with S/BG ≥100 with minimal overburden — a dream? [→LiquidO?]


