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(fast) ν oscillations reminder…
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neutrino oscillations manifestation… 3

observation: both disappearance (the anomalies) & appearance (July 2013) have been seen

all observations (most!) consistent with 3ν oscillation model

“propagation” in vacuum/matter

Let’s take νμ (a popular example) to start with…

disappearance
appearance
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ingredients for neutrino oscillations… 4

Mixing in the 
leptonic sector

(θ)

Non-degenerate 
mass spectrum 

(Δm2)

Oscillation Probability
P=ƒ(θ,Δm2)

quantum interference
(macroscopic)

UPMNS matrix 
(à la CKM)

⊕ =

να (start with) & νβ (none at first)
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quantum view…

example(for 2ν’s)…

νe = α1ν(m1) + α2ν(m2)

“any weak-flavour να is regarded as linear 
combination of 3 (more?) mass νi’s”

“mixing”: a common phenomenon… 5

να  =  0.5•ν1  +  0.5•ν2



Anatael Cabrera (CNRS-IN2P3 & APC)

 6
3

P(νe→νx) P(νμ→νμ)

θ13 & “dirac” δCP

P(νe→νe) & P(νμ→νe)

sub-leading su
b-

lea
di

ng

“atmospheric”⟹ θ23~45o “solar”⟹θ12~33o

effective decoupling of “solar” & “atmospheric”:
•δm2 (order 10-5eV2) versus Δm2 (order 10-3eV2) 
•θ13 being small (relative to very large θ12 and θ23)

(νe,νμ,ντ)T = U(ν1,ν2,ν3)T, where UPMNS looks like

UPMNS

UCKM

is U unitary? [if not→ 4th ν family]

PREDICTION

θ13 drives this!!!

SOLAR ANOMALYATMOSPHERIC ANOMALY
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the JUNO project/experiment…
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JUNO collaboration…
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the JUNO collaboration…

 9

→ LAL Orsay
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JUNO location…  10

simplistic schedule: data-taking aim to start by ≤2022
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the JUNO laboratories… 11

on surface facilities

underground cavity

under 

construction

•construction support
•running 

•detector cavity (now)
•underground facilities

2015-JAN-1 schedule driver
(delay ~1year)
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the JUNO detector…
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the JUNO detector (famous predecessors)… 13

~10m

SNO @ Canada
(Nobel prize 2015)

Super-KamiokaNDE @ Japan
(Nobel prize 2015)

~50m

~14,000 PMTs (20” diameter)

~10,000 PMTs (8” diameter)

JUNO can be regarded as a hybrid of both…
(filled with liquid-scintillator→ MUCH more light)
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our (huge) detector… 14

Underground Laboratory: 

•~700m overburden→ ~3μ/s

•~53km baseline to reactors

Neutrino Detector: 

•~20k ton liquid scintillator 
[acrylic 12cm surrounding]
•~18k 20” PMT (implosion mask)
•25k 3” PMT(stereo-calorimetry)
•compensation coils: Earth B(field)
•high radio-purity control

Calibration Articulation(s): 

•access chimney
•calibration deploy system(s) [box]

Veto Detector(s):

•water-Cherenkov (4π μ’s)

→≳2m rock-γ’s shield (inert)

•top-tracker (multi-layer & top)



Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)

JUNO detector strategy in a nut-shell… 15

access tunnel

detector cavity
(excavated)

surrounding rock
(many meters of cosmic shield)

detector structure
(holding elements)

detector target
(maximal sensitivity)

shielded
(all around)

buffer shielding

veto detector & veto shield

shield breakdown…

•rock (many meters→kilometres)
[cosmogenic]

•veto detector (active)
[cosmogenic & radiogenic]

•buffer shield (passive)
[radiogenic mainly]

•neutrino detector (active)
[radiogenic mainly→self-shielding]

limitation⟹
little self-shielding: e+≈e-≈γ

PMT (light sensors)

detector target
(maximal sensitivity)

shielded
(all around)

⊕
self-shielded

(by itself)
tracking capability…

μ-track→cosmogenic tracing
[reduce and/or understand cosmogenic]

limitation⟹ 
no track topology!! [later]

“μ” ≈ light “blast” ⊕ entry/exit points

somewhere on the Earth (deep) underground
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JUNO a photocathode colosso→ yield energy resolution!



SPMTSPMT

C.Cerna17/05/18  17

Large PMT
(20”)

Small PMT
(3”)
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FADC @ Double Chooz…
 18

•charge: single-photon resolution
•timing: fraction of ns resolution
•derived information (i.e. reconstruction): position, PID, etc

many channels → triangulation info
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inverse-β decay (IBD) interaction… 19

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
e+ ≈ BG (γ ≈ e- ≈ α ≈ p-recoil)

IBD detection art…

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

—
n-Cd (doped)→ ν discovery
n-Gd (doped)→ ≥Chooz
n-Li (doped)→ ≥Bugey3

—
3He (different technology)

coincidence 
[scale O(μs)]
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prompt vs delay energy spectra… 20
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SPMT
(dual-calorimetry)
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JUNO
(mono)

JUNO
(stereo)

25k 3” PMT ⊕ compact fast readout
(huge system→one of the largest)
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20 laboratories (9 countries) so far…

Armenia
•Yerevan Physics Institute (Yerevan)

Brasil
•FABC (Sao Paulo)
•PUC (Rio de Janeiro)

Belgium
•UBL (Brussels)

Chile
•PUC (Santiago)(project/physics coordination)

China
•IHEP (Beijing)(project/physics coordination)

•SYSU (Guangzhou)

France
•APC/LAL (Paris/Orsay)(project/physics coordination)

•CENBG (Bordeaux)(technical coordination)

•CPPM (Marseille)
•LLR (Paris)
•OMEGA (Paris)
•SUBATECH (Nantes)

Italy
•Padova-INFN (Padova)

Russia
•Moscow State University (Moscow)
•Institute of Nuclear Research & Russian Academy of Science (Moscow)

Taiwan
•National Taiwan University NTU (Taipei)
•National Chiao Tung University NCTU (Hsinchu)
•National United University NUU (Miaoli)

our (international) team… 23

technical coordination: C.Cerna

project management: A.Cabrera (+2)



SPMTSPMT

C.Cerna

≈20m

MAIN 
DAQ SURFACE

Low Voltage
Clock
Data

Under Water Box 
• 128 ch. Photomultipliers 
• High Voltage 
• Decoupling HV/Signal 
• Front-End Readout 
• DAQ

≈100m

SPMT system within JUNO…

25 000 x 3’’ PMT

17/05/18  24



SPMTSPMT

C.Cerna

System schematics  
       our construction brick

17/05/18  25
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PMT production & testing (industry)status … 26

• Rate 1000/month 
• 3000 PMT already produced

26,000 3” PMTs production & testing
(@HZC→ company personnel ⊕ JUNO supervision)

1k PMT/month→ ~6k PMTs done!
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the readout goes (folded) under-water… 27

underwater box

JUNO common
(SPMT⊕LPMT readout)
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SPMT core readout electronics… 28

ABCv0@IN2P3
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SPMTSPMT

C.Cerna

shipping to JUNO site 2019-2020…

17/05/18  29

IHEP 
NTU 
CCDGUT

PUC
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(test before) JINO @ IN2P3 (LAL)… 30

tivek
(reflectors)

JINO (prototype) goals…
•full system integration
•electronics/DAQ validation

•ABC card performance
•multi-card synchronisation

•supernova high rate test/optimisation
•stereo-calorimetry data validation
•pre-installation full system

LED

128 3” PMTs

Φ=135cm M≤1.4tons
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the JUNO physics…

 31
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the JUNO observables… 32
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Baseline 52.5 km

spectral distorsion 
(a perfect detector)

neutrino oscillations
(flux modulation)

Spectrum(Eν) ≈ P(Eν,Lo) x Φ(Eν) x σ(Eν)
[trivial energy relation: Ee+ ≈ Eν - cost]

P(E,Lo)

energy threshold (1.8MeV)
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JUNO spectrum in more detail… 33

Visible Energy [MeV]
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rich physics programme 
θ12⊕δm2⊕±Δm2 & “unique” θ13

data-like
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JUNO challenge: the background… 34

reactor-ν 
geo-ν (U)
geo-ν (Th)

accidental BG
9Li BG

fast-n BG
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JUNO’s experiment rationale… 35

2 oscillations modes simultaneously
(first time)

sensitivity: θ12⊕θ13⊕δm2⊕±Δm2

no oscillations
LPMT
SPMT

sin2(2θ12)

δm2

sub-dominant: sin2(2θ13)⊕±Δm2

no need 
“near” 

monitor 
detector
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(atmospheric) Mass Hierarchy/Ordering… 36

solar data: +δm2→m1<m2 [matter effects]

atmospheric data: ≈vacuum! [±Δm2]
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mass ordering now…
 37

NO favoured to ~3σ
(SK⊕NOvA→matter effects)

vacuum
(JUNO)

matter
(DUNE & ORCA/PINGU)

unique!
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JUNO expected numbers… 38

arXiv:1507.0561
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global knowledge prospect… 39
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NuFIT 3.2 (2018) θ13 terms: 

•θ13: reactor-θ13

reactor-θ13=DC⊕DYB⊕RENO

JUNO: a cross-check (like DC now)

JUNO (solar) terms: 

•θ12: JUNO [now: solar]

•δm2: JUNO [now: KamLAND]

?? (atmospheric) terms: 

•θ23: beam⊕atmos

•Δm2: JUNO⊕beam⊕atmos

•sign[Δm2]: JUNO⊕beam⊕atmos

beam = DUNE⊕HK

atmos = ORCA⊕PINGU

CPV term: beam* (directly)

≤1% (JUNO) ≤1% (JUNO)

≤1% (JUNO)
≤1% (beam)

~1% (beam)

≥5σ? 
(beam)

cross-check
(JUNO/beam)

~5% (atmos) ~2% (atmos)

Normal/Inverted Ordering
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JUNO sub-percent oscillations!!!

 40unprecedented
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neutrino oscillation precision 2020→2035… 41

today foreseen dominant >2030
sin2(2θ12) ~4% ~0.5% JUNO
sin2(2θ23) ~5%(octant) ≥1.0% DUNE⊕HK
sin2(2θ13) ~3% ~3% reactor-θ13
δm2 ~2% ~0.5% JUNO

Δm2(ee) ~2% ~0.5% JUNO
Δm2(μμ) ~2% ≲1.0% DUNE⊕HK

±Δm2 NO @ 3σ solved JUNO⊕DUNE⊕HK
J(ν) invariant few % ~1%? JUNO⊕DUNE⊕HK
CP-Violation 3/2π @2σ 3/2π @5σ? DUNE⊕HK ⊕ ALL

≤1% precision for Unitarity test
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a (tough) BIG question… 42

UPMNS UCKM

PMNS meets unitarity?

⇒ ~maximal mixing ⇒ ~minimal mixing

beyond standard model→ only 3 families?
(powerful test for new physics)

θ13

J(ν)≈10-3→large CPV? J(ν)≈10-5→small CPV(!!)
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the physics @ CNRS (so far)…

 43



Anatael Cabrera (CNRS-IN2P3 & APC)

main physics channels…
 44

central detector (→SPMT)
•IBD precision calorimetry (LPMT⊕SPMT)
→mass ordering/hierarchy measurement

•IBD δm2-θ12 measurement
•supernova core-collapse detection
•radiogenic⊕cosmogenic(μ) backgrounds

veto systems (→TT)
•high precision μ-tracking
•cosmogenic(μ) background (synergy with LPMT⊕SPMT)
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CNRS / IN2P3
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Dual 
Calorimetry

(basic logic)
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JUNO calorimetry condition… 46

(  )

lot of light  is a necessary but not sufficient condition

≥2%
(previous experiments)

≤3% @ 1MeV

challenging calorimetry systematics control

1MeV



Anatael Cabrera (CNRS-IN2P3 & APC)

the JUNO challenge… 47

LARGEST dynamic range in calorimetry (channel-wise) [⇒ uniformity⊕linearity⊕stability]

(λ⦿≈0.28)
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if λ≲0.5⇒ ~photon-counting regime

KamLAND
1880PMTs

~250PE/MeV

(λ⦿≈0.35)

(λ⦿≈1.0)

(λ⦿≈0.13)

DYB
190PMTs

~180PE/MeV

DC
390PMTs

~180PE/MeV

Bx
2212PMTs

~500PE/MeV

JUNO
18000PMTs

~1200PE/MeV

~2x
~3x

λ⦿ = mean illumination per channel @ center@1MeV

~4.5m buffer

≤4x

NT GC

(λ⦿≈0.07)

~100x

LPMT≤4x SPMT
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Photon-Counting vs Charge-Integration… 48

Readout Window

Readout Window

PE discrimination threshold
(a fraction of a PE)

•1hit=1PE→no reconstruction (no gain needed!)

•1hit≠1PE→reconstruction is a must! 
[calibration/reconstruction]

time-stamp (self-trigger)
(pulse @ threshold→ discriminator)

time-stamp (global trigger)
(readout-window sampled, example @ start)

Photon-Counting

Charge Integral

zero dynamic range
(non-linearity→0)
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energy reconstruction bias (illustration)… 49

non-linearity LPMT

~few%

realistic pulse reco (QI)

En
er

gy
 [M

eV
]

2.4

2.6

2.8

Co60 Hits 20" Photomultiplier

True Hits

Reco Hits

R
ec

o 
/ T

ru
e

0.99

0.995

1

Radius [m]
0 5 10 15

J15v1r2 pre1

calibration
mimicking

ILLUSTRATION ONLY

ILLUSTRATION ONLY

ILLUSTRATION ONLY

DC FADC

non-linearity
(channel-wise)

non-uniformity
(position-wise)
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(full detector)
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LPMT⊕SPMT complementarity systems… 50

LPMT Response:
Rstability 

Runiformity 
Rlinearity

(complex?)

LPMT: collect light (25x)
(excellent stochastic resolution)

SPMT: less light & linear
(dynamic range→0)

SPMT Response:
Rstability 

Runiformity 
(much simpler)

→most delicate
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neutrino oscillations…
 51

(“solar” terms)
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IBD oscillation with the SPMT… 52

no oscillations
LPMT
SPMT

sin2(2θ12)

δm2

sub-dominant: sin2(2θ13)⊕±Δm2
no need 
“near” 

monitor 
detector

SPMT only see 1 oscillation mode
(fast oscillation is averaged out)

sensitivity: θ12⊕δm2
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JUNO internal redundancy on θ12-δm2… 53

SPMT⊕LPMT comparable precision
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no cross-check to JUNO (except JUNO)… 54
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NuFIT 3.2 (2018)

≤1% (JUNO) ≤1% (JUNO)

Normal/Inverted Ordering

SPMT⊕LPMT internal cross-check
(→ robust result validation)

~rate systematics (common) ~shape systematics (different SPMT LPMT)
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core collapse supernova (CCS)…

 55(supernova 1987)
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CCS spectacular physics (astro/particle/nuclear)… 56

rate vs time

energy vs time

IBD only
(νe+p→n+e+)

elastic scattering
(νe+e→νe+e)

(unique astrophysics probe)
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CCS challenges… 57

CCS  particle physics
(ν-ν interaction)

multi-interactions 
(disentangle information)
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ensure we get it (almost) all… 58

unbiased measurement 
(high rate ⊕ deadtime monitor)

SPMT (up to ≈10M/s)

≳99% acceptance?
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μ-tracking (cosmogenic)…
 59
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μ-reconstruction→cosmogenic vetoing… 60

12C spallation 9Li→β⊕α⊕α + n

β+α+α
9Li

DC

μ-veto cylinder (radius≥1m)

JUNO
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μ-tracking rationale… 61

entry

exit
propagation
(straight extrapolation)

entry@DC exit@DC

TT projection (~20cm)

TT
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μ-reco accuracy… 62

•more PMT density

•excellent timing (RMS) 

•enough light

•better triangulation

precision ≤1º

precision ≤10cm

LPMT LPMT

SPMT SPMT

BOTH BOTH

space
resolution angular

resolution

further improve with TT input
(~20cm projection: not yet)

SPMT⊕LPMT synergy

detector radius
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the CNRS team…

 63



Anatael Cabrera (CNRS-IN2P3 & APC)

CNRS/IN2P3 teams… 64

CNRS/IN2P3 laboratories 5:
(APC)

CENBG
CPPM
IPHC
LAL*

OMEGA
SUBATECH

~32 scientifiques
(~16 engineers within)

main operations/actions

•Radio-Activity 
[CENG+CPPM]

•Dual-Calorimetry 
[LAL+SUBATECH] 

•SPMT
[CENG+CPPM+LAL+SUBATECH]

•Top-μ-Tracker
[CENBG+IPHC]

European Computing @ CC.IN2P3

JUNO→ CNRS “IR" (research infra-structure) [→Ministry]

IN2P3 top JUNO position in both instrumentation & physics

Reactor⊕Geo Neutrino IBD Physics (→SPMT)
(new LPMT⊕SPMT measurement framework)

IBD BG: Cosmogenic (SPMT⊕TT) & Accidental (Radio-Activity)

Supernova Neutrino Physics (SPMT ⊕ theory→C. Volpe)
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the “ROC” ASIC family… 65
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powerful computing…
(expert support)

 66

(FADC data experience)
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JUNO experiment
•ultimate reactor-ν experiment…
•world neutrino oscillation physics→aid CP-Violation searches 
(similar to reactor-θ13 aid now T2K⊕NOvA)

•rich non-oscillations physics programme (supernova, etc)

JUNO@IN2P3
•key hardware contributions: SPMT & Top-Tracker (from OPERA)
•strong physics programme…

•leading role in several fronts (despite humble resources)
•solid expertise: Double Chooz, SOLiD, OPERA, etc
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questions…?

obrigado…
ありがとう…
merci…
danke…
고맙습니다…
Спасибо…
gracias…
grazie…
谢谢…
hvala…
thank you…
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