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the JUNO detector (predecessors)… 2

~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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JUNO neutrino detector system… 3

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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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…
 5
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control of systematics…
 6

(i.e. non-stochastic effects)
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>15 laboratories so far… 

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

Belgium 
•UBL (Brussels)

Chile 
•PUC (Santiago)

China 
•IHEP (Beijing)
•SYSU (Guangzhou)

France 
•APC (Paris)(coordination)

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

Italy 
•Padova-INFN (Padova)

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

A few more institutions joining…

our (very international) team… 7
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~18,000 PMTs (20” diameter)→ Large-PMT system (LPMT)
~36,000 PMTs (3” diameter)→ Small-PMT system (SPMT)



Anatael Cabrera (CNRS-IN2P3 & APC)

don’t forget…  9

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…
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— why the SPMT? —
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control of response uniformity

±1%

DC as prototype for JUNO… 11

control of response stability
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no perfect world… 12

•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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the double calorimetry… 13
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]
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the JUNO challenge… 14

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

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)

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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Elapsed Days
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PS vs QI in action… 15

DC-III (data)

“digital” response stability @ 2.2MeV (zero tracking⊕other effect)
(invisible to charge integration estimator alone)

Energy(PC) & Energy(QI) are highly complementary!!

response stability
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Photon-Counting vs Charge-Integration… 16

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… 17

~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… 18

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)… 19

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… 20

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

3D maps? n
o need

(≈flat)

SPMT: uniformity map & linearity⇒ (independent) 3D-map validation
(simpler, complementary & robust→ unique, if SPMT)
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(illustration) LPMT 3D calibration maps… 21
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LPMT 3D map (easy to say), but which source?
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response summary…  22

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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JUNO upgrade… 23

JUNO 
(before)

JUNO 
(now)

double calorimetricsingle-calorimetric
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SPMT system: much more…
 24
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SPMT: excellent μ-physics… 25
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improving multi-μ identification…? 26

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)
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…less is more! (→SPMT)

when dazzling…
(i.e. saturation)

when dealing with μ’s…
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SPMT as an “aider” to the LPMT…  28

A. high precision calorimetry response systematics IBD physics 

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

B. improve inner-detector μ-reconstruction resolution  

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

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

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

D. vital complementarity: time resolution, dynamic range & trigger 

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

how about neutrino physics?
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high precision (θ12,δm2) also with SPMT?29

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)

under study
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conclusions…30

•JUNO unprecedented large & high precision calorimetry liquid scintillator detector

•high precision neutrino oscillation with reactor-ν…

•(atmospheric) mass-ordering with no matter effect enhancement (complementary)

•(solar sector ) ≤1% high precision solar terms → needed for CP-violation (complementarity)

•(non-reactor ν’s) vast leading physics capabilities→ fantastic leading edge detector [novelties]

•JUNO international collaboration (since July 2014) & funded→ data taking by ~2020 
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more info… 31

JUNO’s CDR… 
(published)

JUNO’s Physics Summary…
(published)
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the end…
 32


