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JUNO location…  3

simplistic schedule: data-taking starts within 2020
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physics programme…
 4
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neutrino oscillations: a cartoon 5

observation: both disappearance (long ago) & appearance (July 2013) have been seen

all observations (many!) follow well one model: 3ν oscillation

“propagation” in vacuum/matter

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

disappearance 
appearance
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ingredients for neutrino oscillations… 6

Mixing in the 
leptonic sector

(θ)

Non-degenerate 
mass spectrum 

(Δm2)

Oscillation Probability
P=ƒ(θ,Δm2)

macroscopic 
quantum interference

(over many km’s)

UPMNS matrix 
(à la CKM)

+ =
experimental setup

P(Lo,ΔΕ)→ƒ(θ,Δm2)?? 
(measure a range of phase-space)

να (start with) & νβ (mixing: 90%)
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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… 7

να  =  0.5•ν1  +  0.5•ν2
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 8 the latest KamLAND’s P(νe→νe)…

KamLAND-2008

the most beautiful E/L so far… (to me) 

reactor-ν ⇒ stunning high precision tools for ν-oscillations! 
(complementarity)
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neutrino oscillations status… 9
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•(reactor-ν) unique solar⊕atmospheric vacuum-oscillations fit

•(reactor-ν) mass hierarchy (atmospheric)…

•subdominant (θ13 modulated) spectral distorsion 

•driven by Δm2(atmospheric)

•vacuum effect→ no via matter enhance effects

•no θ23-octant or δCP ambiguities

•complementarity to NOνA,ORCA⊕PINGU,DUNE

•(reactor-ν) solar δm2 & θ12 highest precision…

•needed for CP-violation (Jarlskog Invariant)→ ambiguities!

•complementarity to T2K⊕NOνA & DUNE 

•test: Solar (MSW) vs KamLAND (complex baseline)

•(supernova-ν) unique capabilities (size & observation: IBD, νe, νx)

•(proton-decay) unique capabilities (size & unique channels)

•proton fraction larger in scintillator than water (up to 2x)

•(geo-ν) observation (reactor-ν large BG)→ aid geo-physics

•other physics…

•solar-ν, non-standard-interaction (different phase-space), etc

what to do with the largest LS detector in the world?10

δm2

Energy Visible (MeV)

Δm2 (i.e. period)

sin2(2θ13)
sin2(2θ12)

“atmospheric” 
oscillations

“solar” 
oscillations

SN 1987
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energy resolution of JUNO detector…11

•the 3% requirement arises from ratio δm2/Δm2 

•i.e. the solar to atmospheric mass-squared difference 

•need energy resolution ~ 3% @ 1MeV 

•stochastic term (a/√E)→ a ≤ 3% 

•non-stochastic term under investigation (next)

Figure 1: The MH discrimination ability for the proposed reactor neutrino experiment
as functions of the baseline (left panel) and the detector energy resolution (right panel)
with the method of the least squares function in Eq. (10).

Cores YJ-C1 YJ-C2 YJ-C3 YJ-C4 YJ-C5 YJ-C6
Power (GW) 2.9 2.9 2.9 2.9 2.9 2.9
Baseline(km) 52.75 52.84 52.42 52.51 52.12 52.21

Cores TS-C1 TS-C2 TS-C3 TS-C4 DYB HZ
Power (GW) 4.6 4.6 4.6 4.6 17.4 17.4
Baseline(km) 52.76 52.63 52.32 52.20 215 265

Table 1: Summary of the power and baseline distribution for the Yangjiang (YJ) and
Taishan (TS) reactor complexes, as well as the remote reactors of Daya Bay (DYB) and
Huizhou (HZ).

uncertainty (1%). We use 200 equal-size bins for the incoming neutrino energy between
1.8 MeV and 8.0 MeV.

We can fit both the normal MH and inverted MH with the least squares method
and take the difference of the minima as a measurement of the MH sensitivity. The
discriminator of the neutrino MH can be defined as

∆χ2
MH = |χ2

min(N)− χ2
min(I)|, (11)

where the minimization process is implemented for all the relevant oscillation parameters.
Note that two local minima for each MH [χ2

min(N) and χ2
min(I)] can be located at different

positions of |∆m2
ee|. This particular discriminator is used to obtain the optimal baseline

and to explore the impact of the energy resolution, which are shown in the left and right
panels of Figure 1. Ideally a sensitivity of ∆χ2

MH ≃ 16 can be obtained at the baseline
around 50 km and with a detector energy resolution of 3%.

The baselines to two reactor complexes should be equal. The impact of unequal
baselines is shown in the left panel of Figure 2, by keeping the baseline of one reactor
unchanged and varying that of another. A rapid oscillatory behavior is observed and
demonstrates the importance of baseline differences for the reactor cores. To evaluate
the impact from the spacial distribution of individual cores, we take the actual power

5

Y.F. Li et al, PRD88(2013)013008
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IBD selection & backgrounds… 12
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single-detector experiments… 13

fundamental physics (ν oscillations)→ strongly affected by δ(flux) uncertainties

Double Chooz 
(FD only)

1σ[sin2(2θ13)]↔ δ(flux)

JUNO 
(one  detector only)

like KamLAND→ no need for near-detector (a priori)

sin2(2θ12)

sin2(2θ13)
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Mass Hierarchy significance…

•~3σ→ spectral measurement 
with no Δm2 external constrain 

•~4σ→ external Δm2 measured 
to ~1% error (νμ disappearance 
with ν-beam off-axis) 

- Δm2 @~1% by T2K+NOvA  

- combined analysis [1312.1477]

14

ingredients… 

✓Realistic reactor distributions considered 

✓20kt valid target mass ⊕ 36GW reactor power ⊕ 6-years data 

✓3% energy resolution ⊕ ~1% energy scale uncertainty assumed
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after JUNO, the “Solar neutrino oscillation” parameters on the <1% level→ the “JUNO sector”? 
(already worth the experiment)

when trying to measure/constrain δCP, all oscillation parameters matter! (Jarlskog invariant: “J”)

neutrino oscillation precision before & after JUNO… 15
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(Marrone et al @ NEUTRINO-16) 3ν oscillation status… 16

oscillation parameters: θ12, ±Δm2,±δm2,θ13, θ23, δ(CP) 
⇒ remarkable precision towards “δ(CP)”

normal ordering…

inverted ordering…

~10x better 
(JUNO)

~5x better 
(JUNO)

~10x better 
(JUNO)

unique 
cross-check 

(JUNO)
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KamLAND vs SOLAR discrepancy… 17

solar-ν physics vs reactor-ν physics? 
(an experimental feature: i.e. bias?)

JUNO measurement of sin2(2θ12)⊕δm2 (unique!)

feature
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DC-IV @ CERN (preliminary… 18

arXiv:1601.05522  
(accepted by PRL)

reactor-θ13 key to solve CP-violation & mass hierarchy→ redundancy fundamental

sin2(2θ13)=(0.119±0.016)

DC & beams might prefer a higher θ13? 
(beam “handicapped” by unknowns(θ23,δCP) to constraint θ13 alone, but richer physics)

NOvA 
Reactors PDG 
DC-IV @ CERN

(Many thanks to NOvA: latest reference)

DC-IV-PRELIMINARY @ CERN

Δ(DYB:DC) ~2.2σ’s (~+45%)

Example: NOvA
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(Marrone et al @ NEUTRINO-16) θ13 global impact… 19

much knowledge on 3ν oscillation model depends on θ13

θ13 vs “θ23-octant” 
⇒ do we know anything?

θ13 vs δ(CP) 
⇒ maximal CP? [δ(CP)≈π/2]

θ13  measurement (value & error) critical implications 
(ex. predict CPV correct?)
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Δm2 measurement status… 20

LBL measurements 
(only θ13 constraint)

LBL measurements 
(full constraint)

beams marginalised (CPV & θ23)

possible inconsistency wrt beams (several effects)? 
(JUNO’s Δm2⇒ over-constrain 3ν model⇒ new physics?)

beams marginalised (CPV & θ23)
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the detector…
 21

most challenging
(many novelties)



Anatael Cabrera (CNRS-IN2P3 & APC)

the JUNO detector (predecessors)… 22

~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→ ~100x more light)
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new laboratory underground 23

ground-breaking ceremony in January 2015
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 24

3D: Experimental Hall 

 

15 

new underground lab 
(~700m underground)
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civil construction status… 25
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the JUNO detector… 26

~35m
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JUNO neutrino detector system… 27

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�

•JUNO detector major requirement (MH)

•high precision calorimetry 

•highest light yield: ~1.2kPE/MeV

•systematics control (transparency)

•must be large (reactors @ ~50km)

→over-designed for all other physics

•~20kt spherical liquid scintillator detector 

•~1.5m of buffer (isolation + optics)

•~18k 20” PMTs (~80% photo-coverage)

•~36k 3” PMTs (calorimetry control)  

•excellent μ-tracking→9Li+8He rejection

•cylindrical water pool system (surrounding)

•shield (radioactivity + fast-n moderator)

•muon active veto (Water-Cherenkov)

•top-tracker detector systems (→OPERA)

•stopping-muons & fast-neutrons

•critical complementarity to ν-detector

•→Borexino, DB, DC, KamLAND, SuperK, etc
~1/2x SuperKamiokaNDE

~20x KamLAND/SNO
~600x DC or ~300 DYB
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 28

largest photo-cathode density ever built ⇒ highest precision calorimetry ever built

largest light level ever detected ~1200PE/MeV ⇒ stochastic resolution <3% @ 1MeV

control of non-stochastic resolution extremely demanding→ ≲1% (driven by SPMT)
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double calorimetry…
 29

JUNO-IN2P3 leading contribution 

(APC+CPPM+CENBG+LLR+OMEGA+SUBATECH)
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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)(integration/installation coordination)

•SYSU (Guangzhou)

France 
•APC (Paris)(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 (very international) team… 30
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 31

~18,000 PMTs (20” diameter)→ Large-PMT system (LPMT)
~36,000 PMTs (3” diameter)→ Small-PMT system (SPMT)
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don’t forget…  32

SPMT is anything but small 
~36,000 PMTs is huge! 

(only the PMTs are smaller→ circumstantial @ JUNO) 

(this is ~1/3 of Hyper-KamiokaNDE readout)
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motivation…
 33

— why the SPMT? —
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JUNO a new calorimetry regimen (ν-physics)… 34

σ(E)2 = σ(E)2stoch + σ(E)2non-stoch 

(1200PE/MeV) (??%)

usual approximation

JUNO’s highest light level ever⇒ new calorimetry regime
(challenge: non-stochastic term)
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control of response uniformity

±1%

DC as prototype for JUNO… 35

control of response stability
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no perfect world… 36

•if perfect light measurement: σ(E)2non-stoch→0 (i.e. LS⊕PMT⊕electronics no dispersive effects)

•if perfect calibration: σ(E)2non-stoch→0 (i.e. perfect correction of dispersive effects)

(unfortunately) none is true!!

JUNO*

JUNO*
JUNO*

JUNO*

Visible Energy (MeV)

JUNO* [1.2kPE/MeV only stochastic]
JUNO* [non-stochastic: a la DC]
JUNO* [non-stochastic: half DC]

JUNO* [non-stochastic: “negligible”]

σ(E)2 = σ(E)2stoch + σ(E)2non-stoch ⟹ empiric formulation: 
(1200PE/MeV) (??%)

~1.2k PEs 
 σ(E)stoch < 3%

the impact of 
σ(E)non-stoch 
dominates!!
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control of systematics…
 37

(i.e. non-stochastic effects)
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the double calorimetry… 38
σ(E)2 = σ(E)2stoch + σ(E)2non-stoch 

(1200PE @ 1MeV) if σ(E)2≤3.0%⇒ σ(E)2stoch=2.89% & + σ(E)2non-stoch=0.82% (remaining)

now consider (1200±50)PEs @ 1MeV (same condition as before)⇒
•+50PEs implies σ(E)2stoch=2.83% & + σ(E)2non-stoch=1.00% (remaining)
•-50PEs  implies σ(E)2stoch=2.95% & + σ(E)2non-stoch=0.55% (remaining)

small difference in light level (>1150PE/MeV)⇒ major impact to σ(E)2non-stoch: most challenging!!

~2x

@DC: σ(E)2non-stoch≳2%

≥1300PE/MeV
(→σnon-stoch≥1.0%)

“double-calorimetry” 

articulate 2 energy estimators (different behaviours)

Energy(photon-counting) i.e. digital (PS)

Energy(charge integration) i.e. digital (QI)

⇒ E(response,x,y,z)DC = E(PS)⊕E(QI) 

[via NN, correction, etc]

control/reduction σ(E)2non-stoch & redundancy 
[if ±Δm2→ convince JUNO can]

ρ position (mm)

response uniformity
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Response(QI)
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the JUNO challenge… 39

HIGHEST precision calorimetry (≤3% @ 1MeV)
⊕ 

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

(λ⦿≈0.28)

m
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n 
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n 
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nn

el 
(P

E/
PM

T)

if λ≲0.5⇒ ~photon-counting regime

KamLAND 
1880PMTs

~250PE/MeV

(λ⦿≈0.35)

(λ⦿≈1.0)

(λ⦿≈0.13)

DB 
190PMTs

~180PE/MeV

DC 
390PMTs

~180PE/MeV

Bx 
2212PMTs

~500PE/MeV

JUNO 
17000PMTs

~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… 40

Readout Window

Readout Window

PE discrimination threshold
(a fraction of a PE)

RECO-INFO @PC… 
•1hit=1PE→no reconstruction (extreme: no gain needed!)
•time-stamp (HW→ TDC-like)
•charge info (HW→ high dynamics ADC)

RECO-INFO @QI… 
•1hit≠1PE→reconstruction is a must! [QI-reco]
•time-stamp the digitised readout window ~[0.3,1.0]μs
•time & charge upon SW-reco (on/off-line)

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

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

@LPMT

@SPMT
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the SPMT & LPMT calorimetry regimes… 41

~50% statistics

PE Maximum @1MeV

LPMT has dramatic variation across volume (→ systematics and/or biasses) 

(wildest variation in region with large fraction of statistics)

(opposite) SPMT has FLAT response across volume (by construction) 

(SPMT ideal input for Trigger)

≲2x

≲5x

~%

~25% statistics
≲3% statistics
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(illustration) response/channel vs position… 42

LPMT only

1PE 
[2,5]PE 
>5PE

PMT fraction Charge fraction1PE 
[2,5]PE 
>5PE

Large PMTs can detect up to 
100pe for an IBD event in the 
last shell (20% of events)

small bias in few LPMTs⇒ large impact to over calorimetry!

@center (≤4m)
@edge (≥16m)

IBD
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energy reconstruction bias estimation (1)… 43

non-linearity 
(channel-wise)

non-uniformity 
(position-wise)

[QI regime variations]

worsens resolution 
(full detector)

realistic pulse reco (QI) non-linearity (QI)

calibration 
mimicking

20%→5%

(no gain bias)
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linearity⊕uniformity crosstalk handling… 44

SPMT only
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LPMT only

if linearity⊕uniformity⇒ LPMT 3D-maps a must!

≈flat 
resp

onse

SPMT: uniformity map & linearity⇒ (independent) 3D-map validation
(simpler, complementary & robust→ unique, if SPMT)
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response summary…  45

LPMT: uniformity • linearity • stability ≠ 0
(i.e. not orthogonal bias/systematics)

SPMT: uniformity • linearity • stability ≈ 0
(i.e. effective orthogonal bias/systematics)

vs

(far more knowledge when combining)
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SPMT⊕LPMT…
 46

“equilibrium between extremes”
[balance]
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JUNO upgrade… 47

JUNO 
(before)

JUNO 
(now)

double calorimetricsingle-calorimetric
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SPMT⊕LPMT response binding @ calibration… 48

SPMT has limited statistical information event-wise (wrt LPMT) 

(optimisable→ keep light-level low to ensure PC)

SPMT has “∞” statistical power using calibration (→ 1/√N)  
(high precision correlation & combination of SPMT⊕LPMT)

μ Detector

Neutrino
Detector

buffer

(in preparation but not yet) exploring SPMT⊕LPMT event-wise via ANN 

⇒ better combined energy & position estimator?
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SPMT part of LPMT calibration…

 49

(but not only)
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SPMT: powerful physics…
 50

JUNO-IN2P3 pushing heavily this agenda 

(APC+CPPM+CENBG+LLR+OMEGA+SUBATECH)
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A. high precision calorimetry response systematics IBD physics 

(highest priority: double calorimetry aide ≤3% @ 1MeV resolution)

B. physics: neutrino oscillation, proton-decay, etc 

(highest priority: enrich the JUNO physics programme beyond LPMT only)

C. improve inner-detector 4π-μ-reconstruction resolution  

(highest priority: aide 12B/9Li/8He tagging/vetoing)

D. high rate SN pile-up (if very near) 

(medium priority: minimise bias in absolute rate & energy spectrum)

E. complementarity readout info: time resolution, dynamic range & trigger 

(articulate additional complementary to LPMT system: better/simpler)

SPMT rich programme…  51
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A. high precision calorimetry response systematics IBD physics 

(highest priority: double calorimetry aide ≤3% @ 1MeV resolution)

B. physics: neutrino oscillation, proton-decay, etc 

(highest priority: enrich the JUNO physics programme beyond LPMT only)

C. improve inner-detector 4π-μ-reconstruction resolution  

(highest priority: aide 12B/9Li/8He tagging/vetoing)

D. high rate SN pile-up (if very near) 

(medium priority: minimise bias in absolute rate & energy spectrum)

E. complementarity readout info: time resolution, dynamic range & trigger 

(articulate additional complementary to LPMT system: better/simpler)

SPMT rich programme…  52
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SPMT δm2 & sin2(2θ12) measurements… 53

δm2 & sin2(2θ12) measurement are rate+shape driven…

rate alone→ both δm2 & sin2(2θ12)

shape alone→ provide further info about δm2 [hence also about sin2(2θ12)]

PRELIMINARY PRELIMINARY
sin2(2θ12) δm2

SPMT δm2 & sin2(2θ12) precision ⊕ accuracy
(JUNO self-redundancy: internal cross-check)

δm2
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KamLAND vs SOLAR discrepancy… 54

solar-ν physics vs reactor-ν physics? 
(an experimental feature: i.e. bias?)

JUNO measurement of sin2(2θ12)⊕δm2 (unique!)

feature
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high precision (θ12,δm2) also with SPMT?55

Energy Visible (MeV)

Δm2 (i.e. period)

sin2(2θ13)
sin2(2θ12)

“atmospheric” 
oscillations

“solar” 
oscillations

δm2

JUNO several δm2  (<1% precision)…
(only 2 fully independent)

(δm2)SPMT independent (digital calorimetry)
(δm2)LPMT independent (integration calorimetry)
(δm2)LPMT⊕SPMT independent (double calorimetry)

use (δm2)SPMT to validate linearity (or bias) of (δm2)LPMT & (δm2)LPMT⊕SPMT

(use solar disappearance to cross-calibrate calorimetry for Mass Ordering precision & accuracy)
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A. high precision calorimetry response systematics IBD physics 

(highest priority: double calorimetry aide ≤3% @ 1MeV resolution)

B. physics: neutrino oscillation, proton-decay, etc 

(highest priority: enrich the JUNO physics programme beyond LPMT only)

C. improve inner-detector 4π-μ-reconstruction resolution  

(highest priority: aide 12B/9Li/8He tagging/vetoing)

D. high rate SN pile-up (if very near) 

(medium priority: minimise bias in absolute rate & energy spectrum)

E. complementarity readout info: time resolution, dynamic range & trigger 

(articulate additional complementary to LPMT system: better/simpler)

SPMT rich programme…  56
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the most dangerous background…  57

•9Li (+ a little 8He) 
(dominant→ rejection via μ-tracking)

•fast-n (+ little stopped-μs) 
(still visible & knowledge @ <10%)

prompt
μ-tracking (all μs) is critical!
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SPMT: excellent μ-physics… 58

(μ ⇒ huge light level!)
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high precision μ-tracking… 59

μ’s topology in LSD is entry and exit points

challenge: how many μ’s? (if a few at once→ same cosmic ray)

μ Detector

Neutrino Detector

buffer

hit @ top-detector

hits @ neutrino-detector (ND)

μ’s tracking must be 4π⇒ all μ’s!!!

μ-reco depends…

•PMT density (→ LPMT)

•PMT timing (typical few ns)
•more light (further info)

•high resolution triangulation
(SPMT)
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multi-μ identification… 60

μ: ≤300PE per SPMT 
(no saturation whatsoever)

LPMT (no saturation) LPMT (saturation at 4000PE) SPMT

evidently so…
saturation model very complex (not uniform, no flat, etc)

student @ IHEP+Miao+S+A
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…less is more! (→SPMT)

when dazzling…
(i.e. saturation)

when dealing with μ’s…
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A. high precision calorimetry response systematics IBD physics 

(highest priority: double calorimetry aide ≤3% @ 1MeV resolution)

B. physics: neutrino oscillation, proton-decay, etc 

(highest priority: enrich the JUNO physics programme beyond LPMT only)

C. improve inner-detector 4π-μ-reconstruction resolution  

(highest priority: aide 12B/9Li/8He tagging/vetoing)

D. high rate SN pile-up (if very near) 

(medium priority: minimise bias in absolute rate & energy spectrum)

E. complementarity readout info: time resolution, dynamic range & trigger 

(articulate additional complementary to LPMT system: better/simpler)

SPMT rich programme…  62
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SN neutrino physics…63

SN 1987
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(new idea) dual supernova readout… 64

→measure the rate(t)
(unbiassed)

→measure energy spectrum
(unbiassed)

half SPMT (interleaved): measured rate(time) unbiassed

price to pay: bias energy somewhat!!

+X9B5B'?M';5:@<7;?'5F7BB7?;'
Neutrino Signatures of Dying Massive Stars: From Main Sequence . . . 1623

Fig. 8. Neutrinos BEFORE and AFTER collapse.

2.6. Stage 6: early and late cooling of the proto-neutron star
After core collapse and shock breakout the star enters a stage which

is the essence of modern neutrino astrophysics, because of the detection of
the � from SN 1987A6.

Roughly speaking, a newly born PNS (Proto Neutron Star) eventually
becomes NS by neutrino cooling slowly on a time scale of � 100 seconds
while contracting from an initial radius of � 60 km to �10 km. An enor-
mous gravitational binding energy of the order of a few times 1053 ergs
(cf. Table II) is released in the form of neutrinos of all flavors.

This, however, is not the end. The neutron star continues to cool by
neutrinos emission for thousands, or even millions of years. We observe
this indirectly due to a drop of surface temperature that corresponds to an
energy loss much faster than the thermal emission from the surface of the
neutron star7.

For some EOS (Equation Of State), e.g., kaon condensate [65], some PNS
(depending on mass) might collapse to a black hole after� 100 seconds delay,
and in this case the neutrino flux would abruptly go to zero [66, 67]. This
could be one possible explanation why the search for the neutron star in

6 See http://sn1987a-20th.physics.uci.edu/ for historical perspective review and
excellent talks on a new developments.

7 See http://www.astro.umd.edu/ miller/nstar.html and [64] for a review.
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Figure 1. Luminosities (on the top) and mean energies (on the bottom) in the observer frame for
three progenitors with masses M = 18, 10.8, 8.8 M� (from left to right) as a function of the post-
bounce time [30, 48]. In blue (red, black respectively) are plotted the quantities related to ⇤µ,� and
⇤̄µ,� denoted by ⇤x (⇤̄e, ⇤e).

Figure 1 shows the luminosities (on the top) and the mean energies (on the bottom) in
the observer frame for the three adopted progenitor models as a function of the post-bounce
time as in [30, 48]. Note that the luminosities of the di�erent flavors are almost equal during
the accretion phase, while L�e ⇥ L�̄e , L�µ,� during the cooling phase. While, the mean
energies are ⇤E�µ,� ⌅ > ⇤E�̄e⌅ > ⇤E�e⌅ during the cooling phase.

2.4 Neutrino mixing parameters and quantum kinetic equations

We assume the following neutrino mass squared di�erences [49]

�m2
atm = 2.35� 10�3 eV2 , (2.6)

�m2
sol = 7.58� 10�5 eV2 , (2.7)

and we discuss both normal (NH, �m2
atm > 0) and inverted hierarchy (IH, �m2

atm < 0)
scenarios. The mixing angles are [49, 50]

sin2 ⇥13 = 0.02 and sin2 ⇥12 = 0.3 ; (2.8)

we neglect the third mixing angle ⇥23 for reasons that will be clear in a while.
We treat neutrino oscillations in terms of the matrices of neutrino densities for each

neutrino mode with energy E, ⌅E , where diagonal elements are neutrino densities, o�-diagonal
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Figure 1. Luminosities (on the top) and mean energies (on the bottom) in the observer frame for
three progenitors with masses M = 18, 10.8, 8.8 M� (from left to right) as a function of the post-
bounce time [30, 48]. In blue (red, black respectively) are plotted the quantities related to ⇤µ,� and
⇤̄µ,� denoted by ⇤x (⇤̄e, ⇤e).

Figure 1 shows the luminosities (on the top) and the mean energies (on the bottom) in
the observer frame for the three adopted progenitor models as a function of the post-bounce
time as in [30, 48]. Note that the luminosities of the di�erent flavors are almost equal during
the accretion phase, while L�e ⇥ L�̄e , L�µ,� during the cooling phase. While, the mean
energies are ⇤E�µ,� ⌅ > ⇤E�̄e⌅ > ⇤E�e⌅ during the cooling phase.

2.4 Neutrino mixing parameters and quantum kinetic equations

We assume the following neutrino mass squared di�erences [49]

�m2
atm = 2.35� 10�3 eV2 , (2.6)

�m2
sol = 7.58� 10�5 eV2 , (2.7)

and we discuss both normal (NH, �m2
atm > 0) and inverted hierarchy (IH, �m2

atm < 0)
scenarios. The mixing angles are [49, 50]

sin2 ⇥13 = 0.02 and sin2 ⇥12 = 0.3 ; (2.8)

we neglect the third mixing angle ⇥23 for reasons that will be clear in a while.
We treat neutrino oscillations in terms of the matrices of neutrino densities for each

neutrino mode with energy E, ⌅E , where diagonal elements are neutrino densities, o�-diagonal
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half SPMT (interleaved): measured energy unbiassed

price to pay: bias rate(time) somewhat!!

together→ full picture (aid LPMT precious info)
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proton decay @ JUNO…
 65
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today’s knowledge… 66
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more info… 67

JUNO’s CDR… 
(published)

JUNO’s Physics Summary…
(published)
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what to remember…
•JUNO: world reference in neutrino oscillation…

•several unique measurements (not just Mass Ordering)…

•20years of copious physics with reactor-ν and well beyond (geo-ν, supernova-ν, etc)

•double calorimetry (invented by IN2P3-JUNO)…

•major improvement of LS-detectors

•one of the most striking (instrumentation) novelties @ FRosT-16 conference

•SPMT detector improvements (lead by IN2P3-JUNO)…

•improve calorimetry systematics control (non-stochastic terms)

•major improvement in μ-tracking→ cosmogenic isotope rejection

•(physics @ JUNO) neutrino oscillation, supernova, proton-decay, etc

•(instrumentation) trigger, dynamic range, etc

68
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JUNO…

•alone→ internal precision & accuracy validation

•together with LPMT→ enhance LPMT system

 69

— SPMT⊕LPMT powerful synergy —
(“equilibrium between extremes”)
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the end…
 70

merci…
thank you…

…


