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Neutrino Mixing
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Open questions in neutrino physics
2 What is the correct mass hierarchy :

3 Normal Hierarchy versus Inverted Hierarchy

2 Is there a CP violation in the neutrino sector ? (e−iδ)

2 Is there new physics beyond the three neutrino model ?

|Ue1|2 + |Ue2|2 + |Ue3|2 = 1 (PMNS Unitarity) ?

∆m2
13 + ∆m2

21 + ∆m2
32 = 0 ?

2 Can we use neutrinos as messengers to understand our Universe ?

3 look inside the core of a collapsing Supernova

3 look at the Earth’s composition (Mantle & Core)

M. Grassi Ferrara, Feb 2015
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The JUNO approach: detect reactor νe

M. Grassi Ferrara, Feb 2015 12

JUNO aims at detecting antineutrinos from reactors
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Reactor neutrinos
Nuclear Power Plants

3 produce energy by breaking
heavy nuclei

3 fission fragments are unstable
3 main production mechanism:

beta decay
n→ p + e− + νe

Ü 3 GW reactor : ∼ 1020 νe/s

Detection mechanism
3 Inverse Beta Decay :

Ü but traveling, νe oscillate . . .

M. Grassi Ferrara, Feb 2015

Antineutrinos From Reactor

13

Nuclear Power Plants

Energy by breaking heavy nuclei
Fission fragments are unstable
Decaying though a cascade of beta decays
(n ▶ p + e- +   e)     
3 GW reactor :  ~1020     e / s

�
�

TH

νe + p → e+ + n

e+ + e− → 2γ

captured on
H or Gd
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Reactor νe survival probability

P (νe → νe) = 1− (P31 + P32)− P21

= 1− sin2 2θ13 · sin2
(

cos2 θ12 sin2 ∆31 + sin2 θ12 sin2 ∆32

)

−sin2 2θ12 · cos4 θ13 sin2 ∆21

M. Grassi Ferrara, Feb 2015

Survival Probability vs Baseline
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∆ij = ∆m2
ij
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Ideal Oscillated Spectrum

P (νe → νe) = 1− (P31 + P32)− P21

= 1− sin2 2θ13 · sin2
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−sin2 2θ12 · cos4 θ13 sin2 ∆21
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Oscillated Spectrum (Ideal Signal)
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Determine Mass Hierarchy with Reactors
3 precision energy spectrum measurement

3 interference between P31 and P32

Ü relative measurement

3 further improvements with ∆2
µµ

3 constraint from accelerator experiments

Ü absolute measurement

Requirements
3 Baseline : 45 - 60 km

3 Energy resolution : 3% at 1 MeV

3 Large active mass : 20 kton × 35 GW × 6 yr = 100 k events

M. Grassi Ferrara, Feb 2015

Oscillated Spectrum (Ideal Signal)
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Figure 2-4: (left panel) The effective mass-squared difference shift ∆m2
φ [73] as a function of

baseline (y-axis) and visible prompt energy Evis ≃ Eν − 0.8MeV (x-axis). The legend of color
code is shown in the right bar, which represents the size of ∆m2

φ in eV2. The solid, dashed, and
dotted lines represent three choices of detector energy resolution with 2.8%, 5.0%, and 7.0% at 1
MeV, respectively. The purple solid line represents the approximate boundary of degenerate mass-
squared difference. (right panel) The relative shape difference [56, 57] of the reactor antineutrino
flux for different neutrino MHs.

explained in the models with the discrete or U(1) flavor symmetries. Therefore, MH is a
critical parameter to understand the origin of neutrino masses and mixing.

The Jiangmen Underground Neutrino Observatory (JUNO) is designed to resolve the neutrino
MH using precision spectral measurements of reactor antineutrino oscillations. Before giving the
quantitative calculation of the MH sensitivity, we shall briefly review the principle of this method.
The electron antineutrino survival probability in vacuum can be written as [60,73,88]:

Pν̄e→ν̄e = 1 − sin2 2θ13(cos
2 θ12 sin2 ∆31 + sin2 θ12 sin2 ∆32) − cos4 θ13 sin2 2θ12 sin2 ∆21 (2.1)

= 1 − 1

2
sin2 2θ13

[
1 −

√
1 − sin2 2θ12 sin2 ∆21 cos(2|∆ee| ± φ)

]
− cos4 θ13 sin2 2θ12 sin2 ∆21,

where ∆ij ≡ ∆m2
ijL/4E, in which L is the baseline, E is the antineutrino energy,

sinφ =
c2
12 sin(2s2

12∆21) − s2
12 sin(2c2

12∆21)√
1 − sin2 2θ12 sin2 ∆21

, cosφ =
c2
12 cos(2s2

12∆21) + s2
12 cos(2c2

12∆21)√
1 − sin2 2θ12 sin2 ∆21

,

and [89,90]

∆m2
ee = cos2 θ12∆m2

31 + sin2 θ12∆m2
32 . (2.2)

The ± sign in the last term of Eq. (2.1) is decided by the MH with plus sign for the normal MH
and minus sign for the inverted MH.

In a medium-baseline reactor antineutrino experiment (e.g., JUNO), oscillation of the atmo-
spheric mass-squared difference manifests itself in the energy spectrum as the multiple cycles.
The spectral distortion contains the MH information, and can be understood with the left panel
of Fig. 2-4 which shows the energy and baseline dependence of the extra effective mass-squared
difference,

∆m2
φ = 4Eφ/L , (2.3)

34

MH, when combined with the precision |∆m2
µµ| measurements from the future muon (anti-)neutrino

disappearance [89,90]. Using the convention of Refs. [60, 89], we have

|∆m2
ee| − |∆m2

µµ| = ±∆m2
21(cos 2θ12 − sin 2θ12 sin θ13 tan θ23 cos δ) , (2.6)

where the positive and negative signs correspond to normal and inverted MHs, respectively. The
precision measurements of both |∆m2

µµ| and |∆m2
ee| would provide new information regarding the

neutrino MH. Therefore, by combining these two types of information (interference and precision
|∆m2

ee| measurement), JUNO will have a robust path to resolve the neutrino MH [60].

2.2 Signal and Background

2.2.1 Reactor neutrino signal

Reactor neutrinos are electron antineutrinos emitted from subsequent β-decays of instable fission
fragments. All reactors close to JUNO are pressurized water reactors (PWR), the same type
as the Daya Bay reactors. In these reactors, fissions of four fuel isotopes, 235U, 238U, 239Pu,
and 241Pu, generate more than 99.7% of the thermal power and reactor antineutrinos. Reactor
neutrino fluxes per fission of each isotope are determined by inversion of the measured β spectra
of fissioning [92–96] or by calculation with the nuclear database [97, 98]. Their fission rates in a
reactor can be estimated with the core simulation and thermal power measurements. The reactor
neutrino flux can be predicted as

Φ(Eν) =
Wth∑
i fiei

·
∑

i

fi · Si(Eν), (2.7)

Where Wth is the thermal power of the reactor, fi, ei, and Si(Eν) are fission fraction, the thermal
energy released in each fission, and the neutrino flux per fission for the i-th isotope, respectively.
Such a prediction is expected to carry an uncertainty of 2-3% [37]. Recently, reactor neutrino
experiments (Daya Bay [99], RENO [100] Double Chooz [101]) found a large discrepancy between
the predicted and measured spectra in the 4-6 MeV region. Model independent prediction based on
the new precision measurements could avoid this bias, and might be able to improve the precision
to 1%. Detailed description on the reactor neutrino flux can be found in the Appendix of Sec. 13.

JUNO measures the reactor neutrino signal via the inverse beta decay reaction

ν̄e + p → e+ + n . (2.8)

The reactor antineutrino ν̄e interacts with a proton, creating a positron (e+) and a neutron. The
positron quickly deposits its energy and annihilates into two 511-keV γ-rays, which gives a prompt
signal. The neutron scatters in the detector until being thermalized. It is then captured by a
proton ∼ 200 µs later and releases a 2.2-MeV γ-ray. The coincidence of the prompt-delayed signal
pair in such a short time significantly reduces backgrounds. Positron carries almost all energy of
the neutrino in this reaction. Therefore, the observable neutrino spectrum shown in Fig. 2-6 can be
obtained from the prompt signal with a ∼ 0.8 MeV shift. With reactors of 36 GW thermal power
at 53 km, a 20-kton LS detector will have 83 IBD events per day.

The accidental background, 8He/9Li, fast neutron and (α, n) background are the major back-
grounds for the reactor neutrino oscillation analysis. Fiducial volume cut can significantly reduce
the accidental background and the (α, n) background. Energy selection, time coincidence, and
vertex correlation of the prompt and delayed signals are required for the reactor antineutrino se-
lection to further suppress the accidental background. To reject the cosmogenic backgrounds such

36
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The BaselineLocation of JUNO
NPP Daya Bay Huizhou Lufeng Yangjiang Taishan

Status Operational Planned Planned Under construction Under construction
Power 17.4 GW 17.4 GW 17.4 GW 17.4 GW 18.4 GW

Yangjiang NPP
Taishan NPP

Daya Bay 
NPP

Huizhou
NPP

Lufeng
NPP

53 km
53 km

Hong Kong
Macau

Guang Zhou

Shen Zhen

Zhu Hai

2.5 h drive

Kaiping,
Jiang Men city,
Guangdong Province 

Previous site candidate

Overburden ~ 700 m by 2020: 26.6 GW

2015.10.30 4
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The JUNO Detector

3 20 kt Liquid Scintillator
- LAB based scintillator in a

35 m diameter Acrylic Sphere

3 18000 20" high-QE PMTs
- 75-80% coverage

3 water buffer
- mitigate PMT radioactovity
- suppress fast neutrons

3 Water Cherenkov (µ VETO)
- 200 PMT in ultrapure water

3 TOP tracker (µ tagger)
- plastic scintillator (from OPERA Target

Tracker)

3 700 m rock overburden
- shallow underground site

The JUNO Experiment

• 20kt liquid scintillator detector
• In an acrylic ball, diameter ~35m 

• 700m underground
• 3% energy resolution

• 77% photocathode coverage
• About 17000 20’’ PMTs

• PMT maximum QE ~ 35%
• LS attenuation length > 22m @ 

430nm

• Rich physics possibilitiesC
D

R
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rX
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2

Jiangmen Underground Neutrino Observatory
Approved at Feb. 2013, ~330M$.

Talk by Y.F. Wang at ICFA seminar 2008, NeuTel 2011; by J. Cao at NuTel 2009, NuTurn 2012;
Paper by L. Zhan, Y.F. Wang, J. Cao, L.J. Wen,  PRD78:111103, 2008;  PRD79:073007, 2009. 

2015.10.30 2

JUNO CDR arXiv:1508.07166
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Neutrino event rates in JUNO

The JUNO Experiment

• 20kt liquid scintillator detector
• In an acrylic ball, diameter ~35m 

• 700m underground
• 3% energy resolution

• 77% photocathode coverage
• About 17000 20’’ PMTs

• PMT maximum QE ~ 35%
• LS attenuation length > 22m @ 

430nm

• Rich physics possibilitiesC
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Jiangmen Underground Neutrino Observatory
Approved at Feb. 2013, ~330M$.

Talk by Y.F. Wang at ICFA seminar 2008, NeuTel 2011; by J. Cao at NuTel 2009, NuTurn 2012;
Paper by L. Zhan, Y.F. Wang, J. Cao, L.J. Wen,  PRD78:111103, 2008;  PRD79:073007, 2009. 

2015.10.30 2

supernova νs,
5k in 10s @ 10 kpc

solar νs,
10-1000/day

reactor νs, ∼ 40− 60/day

atmospheric νs,
several/day

cosmic muons
∼ 250/day,
0.003 Hz/m2

215 GeV
10% muon bundles

geo νs
∼ 1−2/day

70
0

m

JUNO Yellow Book of Physics arXiv:1507.05613
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JUNO Mass Hierarchy Sensitivity

Ü 6 years of data taking (100 k νe IDB events collected)Mass hierarchy sensitivity

Baseline: JUNO 52.5km Equal baselines 3% energy resolution Inputs of |ΔM2
μμ|

JUNO MH sensitivity with six years running: 100k reactor νe events

• 3σ with the spectrum measurement
• 4σ with external input of |ΔM2

μμ|

2015.10.30 7

Ideal Core distr. Shape B/S(stats.) B/S(shape) |ΔM2
μμ|

Size 52.5km Real 1% 4.5% 0.3% 1%

Δχ2
MH +16 -4.7 -1 -0.5 -0.1 +8
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Precision measurements

3 JUNO will allow to probe the UPMNS unitarity down to 1%

Ü it will be more precise than the CKM matrix elements!

∆m2
21 |∆m2

31| sin2 θ12 sin2 θ13 sin2 θ23
Exp KamLAND MINOS SNO DayaBay SK/T2K

Exp 1 σ 2.7% 4.1% 6.7% 6% 14%
Global 1 σ 2.6% 2.7% 4.1% 5% 11%

JUNO Nominal + BGB
sin2 θ12 0.54% 0.60%
∆m2

21 0.24% 0.27%
|∆m2

ee| 0.27% 0.31%

∆m2
21 ∆m2

ee sin2 θ12 E resolution
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Supernova Neutrinos
3 less than 20 events observed so far

Assumptions
Ü distance : 10 kpc (our Galaxy center)
Ü energy : 3× 1053 erg
Ü Lν the same for all types
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Supernova Neutrinos in JUNOSupernova Neutrinos 

LS!detector!vs.!Water!Cerenkov!detectors:!much!be^er!detecMon!to!these!correlated!events!

$ Measure energy spectra & fluxes of almost all types of neutrinos    

EsPmated$numbers$of$neutrino$events$in$JUNO$$

2015-3-4 16 

!  ν mass: < 0.83±0.24 eV at 95% CL 
(arXiv:1412.7418) 

!  Locating the SN: ~9° 
!  Pre-SN ν (> 1 day) 
!  SN Nucleosynthesis via vx spectra 
!  Collective ν oscillation 
!  MH 

A. Garfagnini (UniPD) The JUNO Experiment Antwerpen, Nov 19, 2015 15 / 44



Mass Hierarchy from νatm

!  Due to matter effect, oscillation probability 
of atmospheric muon neutrino when passing 
the Earth depends on mass hierarchy 

!  JUNO will have 1-2 σ sensitivity. 
" Measure both lepton and hadron energy 
" Good tracking and energy resolution 

Mass Hierarchy from Atmospheric 

IH NH 
2015-3-4 18 

A. Garfagnini (UniPD) The JUNO Experiment Antwerpen, Nov 19, 2015 16 / 44



Geo neutrinos in JUNOGeo-neutrinos 
!  Geo-neutrinos 

" Current results 
   KamLAND: 30±7 TNU (PRD 88 (2013) 033001) 
   Borexino:   38.8±12.2 TNU (PLB 722 (2013) 295) 
   Statistics dominant 
" Desire to reach an error of 3 TNU 
" JUNO:  ×20 statistics 

•  Huge reactor neutrino backgrounds 
•  Need accurate reactor spectra 

2015-3-4 19 

Best fit� 1 y� 3 y� 5 y� 10 y�

U+Th 
fix ratio�

0.96� 17%� 10%� 8%�
�

6%�
�

U (free)� 1.03� 32%� 19%� 15%� 11%�

Th 
(free)�

0.80� 66%� 37%� 30%� 21%�

Combined shape fit of geo-ν and reactor-ν 
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Solar neutrinos and other physicsSolar and other Physics 

!  Solar neutrino 
" Metallicity? Vacuum oscillation to MSW?  
" 7Be and 8B at JUNO 
" Threshold 
" Backgrounds 
 

!  Sterile ν, Indirect dark matter,  
Nucleon decay, etc. 

2015-3-4 20 

Reject events 
at the center 
$ 0.1 MeV 
threshold 

5 σ rejection 
of dark noise 

Liquid 
Scintillator�

U23
8�

Th2
32�

K40� Pb210 
(Rn222)�

Ref. �

No 
Distillation�

10-15� 10-15� 10-16� 1.4·10-22� Borexino 
CTF, 

KamLAN
D After 

Distillation�
10-17� 10-17� 10-18� 10-24�
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The JUNO Central Detector
Specs

Ü Target Mass : 20 kton LS

Ü BKG/Signal : accidentals (10%), 9Li/8He
(< 1%), fast neutrons (< 1%)

A Huge Detector in a Water Pool
Ü Acrylic Tank (35 m) + Stainless Steel Truss

Challenges
Ü Engineering : mechanics, safety, lifetime, . . .

Ü LS : high transparency, low background

Ü PMT : high QE, large coverage

Design and Prototyping underway

Central detector
• A huge LS detector in water

• Acrylic tank + SS truss, selected in July, 2015
• Details in Jie’s parallel talk on Oct. 28th

• Challenges
• Engineering: mechanics, safety, lifetime, …
• LS: high transparency, low background
• PMT: high QE, high coverage

• Utilizing 3’’ PMTs to fill the gaps of 20’’ 
PMTs is under consideration

• A prototype detector is under construction 
at IHEP, for the test of 

• PMTs of MCP, HZC, Hamamatsu, and potting
• Electronics
• Liquid scintillator

Prototype

2015.10.30 14
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The Liquid Scintillator
Recipe

Ü LAB + PPO + bisMSB

Ü no Gd loading

Increase Light Yield
Ü optimization of flourine concentration

Increase Transparency
Ü good raw solvent : LAB

Ü improve production process
Ü online handling/purification

Ü distillation, filtration, water extraction,
nitrogen stripping, . . .

Reduce Radioactivity
Ü less risky, no Gd

Ü intrinsic single rates : < 3 Hz (above
0.7 MeV) if 40K/U/Th < 10−15 g/g

Linear Alkyl Benzene Att. Length
(LAB) @ 430 nm
RAW 14.2 m

Vacuum distillation 19.5 m
SiO2 column 18.6 m

Al2O3 25 m

Liquid Scintillator L2:
G.Ranucci (IT)
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JUNO LAB Characterization measurements

IPA 2014 Queen Mary, Aug 19, 2014Wei Wang

Scintillator Energy Response Evaluations

18

Electron quenching: set-up

I Conincidence between PMT and HPGe
I PMT signal ) Light output
I HPGe signal ) Deposited energy

19 / 22

2.5cm
6.5cm θ

8mm 9mm

4.7cm

LS.is.filled.in.a.d=5cm.and.
h=5cm.cup..One.PMT.is.under.
this.cup.

5cm

ScintillatorBPMT..A.
short.line.is.plotted.on.
the.PMT.to.assist.
aiming.

60cm

Collimator

7..LaBrBPMT

Setup I: IHEP

Setup II: TUM
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The JUNO Photo Multiplier Tubes
Ü large (20") PMTs are mandatory to achieve a 75% photo-coverage

Ü R&D to develop high efficiency PMTs ongoing in China

M. Grassi Ferrara, Feb 2015

Photo Multiplier Tubes

62

20” Hamamatsu 
PMT Dynode 

Ellipsoidal Glass 

20” IHEP MCP-PMT 
Vertical MCPs
Sphere Glass

20” IHEP MCP-PMT 
Horizontal MCPs 
Ellipsoidal Glass 

To achieve a 75%+ photo-coverage, large (20”) PMTS are mandatory
Ongoing effort to develop Chinese 20” Micro Channel Plate (MCP) PMTS  

EXP
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The JUNO PMT R&D Program

IPA 2014 Queen Mary, Aug 19, 2014Wei Wang

A New Type of PMT: MCP Replacing Dynode

• JUNO PMT plan B: Photonis China PMTs 

• JUNO PMT plan C: new 20” Hamamatsu SBA high QE PMTs

15

1) Using two sets of Microchannel plates (MCPs) to replace the dynode chain
2) Using transmission photocathode (front hemisphere)

and reflection photocathode (back hemisphere)

High photon detection efficiency Single photoelectron Detection Low costˇ ˇ

¾ The new design of a large area PMT

Photon Detection Efficiency: 15% Æ 30%  ;  h~2  at least !

~ 4˭ viewing angle!

1.Insulated trestle table

2.Anode

3.MCP dodule

4.Bracket of the cables

5.Transmission Photocathode

6.Glass shell

7.Reflection Photocathode

8.Glass joint

PD = QETrans*CE +TRPhotoQERef *CE = 30%*70% + 40%*30%*70%= 30%

100%

40%

30%

70%

30%

100%

30%

40%

30% 70%

Transmission rate of the glass: 40%
Quantum Efficiency (QE) :  of Transmission Photocathode 30% ; of Reflection Photocathode 30% ; 

Collection Efficiency (CE)  of MCP : 70%;

JUNO
 PM

T Plan A 

progressing well

3 Plans in Parallel 

by Collaborators

If nothing else changes, the detection efficiency (QE*CE) is 
nearly doubled by “saving” the ~40% transmitted photons.

Fully active sphere surface
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New HQE PMT resultsHigh QE PMT efforts
• A new design of using MCP

• 4π collection, under development
• Technical issues mostly solved, successful 8’’ and 20’’ 

prototypes.
• Alternative options: Hamamatsu or Photonics
• News from 20’’ MCP-PMT:

• Quantum Efficiency ~ 25% @ 410nm
• Collection Efficiency ~ 100%

20’’ MCP-PMT QE

20’’ MCP-PMT CE

8’’ R5912-100 CE

2015.10.30 16

Photon Detection Efficiency = QE*CE, @410nm,
20’’ MCP-PMT: ~25%, that in MC (slide 8): ~27%

PMT tender procedure started, to be completed end 2015

A. Garfagnini (UniPD) The JUNO Experiment Antwerpen, Nov 19, 2015 24 / 44



The JUNO Large PMT Electronics
Requirements

Ü all PMT FE electronics will be underwater
Ü 20 years livetime
Ü no access possible after installation

Under water
Ü ∼ 18000 PMTs (Central Detector) +
∼ 2000 PMTs (Water Cherenkov)

Ü PMT High Voltage

Ü FE electronics : signal amplification, ADC,
digital processing and data reduction,
trigger and digital data transmission

Above water
Ü DAQ back-end electronics, global trigger

electronics, low voltage, clock & control and
online DAQ farms

DAQ$power$

trigger$

CUU#

Electronics & Trigger L2: A.Stahl (DE)
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JUNO PMT Underwater Electronics
High Voltage

Ü baseline option : custom Cockcroft-Walton
multiplier : convert AC low voltage to DC high
voltage

Ü commercial system as backup option

Front End Card
Ü two ASICs developements in Europe and China

Analog to Digital Unit
Ü two ASICs developements in Europe and China

and possible usage of commercial ADCs

Global Control Unit
Ü INFN strong interest (possible industrial

partnership with R&D common program) and
Chinese option

Multiplexer
Ü European and Chinese options under investigation

DAQ$
Back$End$
Card$

2$

MUX$
Mul;plexer$

x32$

BEC$
Back$End$
Card$

op;cal$link$ TRG$
Trigger$

FEC$
Front$End$

Chip$

ADU$
Analog$to$
Digital$Unit$

GCU$
Global$

Control$Unit$

x32$

PMT$

x32$

x32$

FEC$
Front$End$

Chip$

ADU$
Analog$to$
Digital$Unit$

GCU$
Global$

Control$Unit$

PMT$

op;cal$link$
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Large PMT electronics responsabilities

HV	Unit	
PMT	connector	

Base	
HV-Module	(Dubna)		

Spliker	

Signal	Module	
PCB	with	

(FEC),	VULCAN,	FPGA,	
DC-DC	power,	clock,	data	links	

	
	
	
	
	

CUU	

out-of-water	
	
	
	
	
	
	
	
	
	

7	

	
	
	
	
	

CUU	

ADU	
Analog	to	
Digital	Unit	

GCU	
Global	Control	

Unit	
PMT	 HV

	 10m	cable	
(data,LV,clock)	

LCU	
Link	Control	

Unit	32	channels	

ADU	
Analog	to	
Digital	Unit	

GCU	
Global	Control	

Unit	
PMT	 HV

	 100m	cable	
(data,LV,clock)	

LCU	
Link	Control	

Unit	32	channels	

HV module :
– Dubna (RU),

ADC (Vulcan Chip) :
– Jülich (DE)

GCU (FPGA + digital part) :
– Padova (IT)

LCU :
– Bruxelles (BE)

Electronics scheme recently
selected (JUNO Electronics
Workshop, October 28-30
2015, Padova)

A. Garfagnini (UniPD) The JUNO Experiment Antwerpen, Nov 19, 2015 27 / 44



The Energy Resolution Challenge

Anatael Cabrera (CNRS-IN2P3 & APC)

motivation…!2

Δm312(IO)≠Δm312(NO) ⟹ δ~3% (i.e. δm2/Δm2)

⊕

JUNO*

JUNO*
JUNO*

JUNO*

Visible Energy (MeV)

JUNO* [1.2kPE/MeV only stochastic]!
JUNO* [DC-like, i.e. non-stochastic]!

JUNO* [b&c @ 1%; i.e. 2x DC]!
JUNO* [b&c @ 0.3%; i.e. 6x DC]→

σ(E)/E ≤ 3% total 
(→ including non-stochastic terms)

once [σ(E)/E]stoch ≤ 3%!
⟹ [σ(E)/E]non-stoch dominates!!!
!
(using DC as example)!
[σ(E)/E]non-stoch better by ~4x 
(never achieved before!!)!
!
caveat: DC ≠ JUNO (non-stoch 
terms)→ dedicated analysis 
[Soeren]!
[but DC is likely easier (small)]

3.8%

3.2%

~2.8%

Anatael Cabrera (CNRS-IN2P3 & APC)

Visible Energy (MeV)
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0.12

0.14

Cs137

Ge68

Cf)252H (

Co60 )νCf, 252Gd (
C (GC, spall. n)

data

MC

volume source (data)

volume source (MC)

DC-III (Gd-n) Preliminary

control energy resolution to ~3%: possible? !3

control of response stability

RMS=0.35%

Elapsed Days
0 100 200 300 400 500 600 700

Va
ria

tio
n

0.97
0.98
0.99
1.00
1.01
1.02
1.03
1.04
1.05
1.06

n-H captures
BiPo212
n-Gd captures

DC-III (Gd-n) Preliminary

after stability calibration

(BiPo poor stats)

control of response uniformity

±1%

DC with 1200PE/MeV

non-stochastic terms (i.e. b & c): very sensitive to high energy level arm (understood?)

non-stochastic terms (b & c) have to be under control
and are very sensitive to the high energy level arm

Y. Abe et al, arXiv:14067763v3
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The Calibration system

2 Point radioactive source
calibration systemx :

3 an automatic rope system
is the primary source
delivery system

3 a ROV is more versatile

3 a guide tube system
covers the boundaries and
near boundary regions

3 considering short-lived
diffuse radioactive sources
to calibrate the detector
response

3 a UV laser system is being
designed to calibrate the LS
properties in situ

IPA 2014 Queen Mary, Aug 19, 2014Wei Wang

Calibration System Conceptual Designs

• Point radioactive source 
calibration systems 

– An automatic rope system is 
the most primary source 
delivery system 

– Considering a ROV to be more 
versatile 

– Considering a guide tube 
system to cover the boundaries 
and near boundary regions 

• Also considering short-lived 
diffusive radioactive sources 
to calibrate the detector 
response 

• A UV laser system being 
design to calibrate the LS 
properties in situ

19

A-B rope 
synchronous 
motion

A

B

Motor'A

Motor'B

sources

All-in-one'ROV

Programable*Laser Beam*
splitter Movable*along*

central*axis

Diffuser*ball

Fixed*location Fixed*location

UV*fiber*bundle*

Intensity*
monitor

electronics
EXT*trigger

sources
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Pelletron as a positron beam calibration source
2 Mature technology and commercially available:

3 is a positron gun to shoot positrons directly in the JUNO LS:

3 energy coverage: 0.5 – 6.5 MeV, uncertainty < 10−4

3 can shoot both electrons and positrons and below 5 MeV cheaper than LINAC

3 energy can be calibrated with a dedicated system (Ge detector) to 0.1% level

3 excellent energy stability. Super-K LINAC e-beam calibration reached 0.6%
absolute energy scale uncertainty

12DbͲ249
IPA 2014 Queen Mary, Aug 19, 2014Wei Wang

Pelletron Provides Direct Positron Controls

20

• Mature technology and commercially available. Energy coverage 0.5-6.5MeV 
and energy precision <10-4; Coverage is sufficient if reach 5MeV; Below 5MeV, 
pelletron is more economical than LINAC 

• Super-K LINAC e beam calibration reached 0.6% absolute energy scale 
uncertainty 

Bauer et al, The Stuttgart positron 
beam, its performance and recent 
experiments, NIM B50, 300 (1990)

Daya$Bay/JUNO$

e+$$electrosta3c$accelerator$$
(Pelletron$up$to$5$MeV)$
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Backgrounds in JUNO

2 expected IBD signal rate: ∼ 40− 60 events/day

2 expected backgrounds :
3 accidentals
3 fast neutrons
7 cosmogenic 9Li/8He production

3 accidentals will be reduced thanks to reduced PMT radioactivity and LS
purification

3 high muon detection efficiency is important for fast neutrons

3 the biggest background contribution comes from cosmogenic 9Li/8He
muon tracking in JUNO (Central Detector and VETO detectors) is a key
element

Rock overburden: 700 m
< Eµ >∼ 200 GeV
< Rµ >∼ 3− 4 Hz
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The VETO system in JUNO
2 the VETO system is an outer detector providing information to understand the

cosmogenic background. It’s made of:
3 a Water Cherenkov
3 a Top Tracker

2 simulation and design studies are on going in order to optimize the design.
Several options for the Top Tracker are being considered:

3 the OPERA Target Tracker (scintillator bars) will be moved to JUNO

3 other detectors technologies are under investigation

IPA 2014 Queen Mary, Aug 19, 2014Wei Wang

Veto System Considerations and Designs

21

Muon track
Top tracker

Water Pool

Water Pool

Water Pool muon

AD

��µ ��

Rock muon

Rock

n

Central Detector muon

• Veto is not just a veto. We need tracking information to better 
understand and remove cosmogenic backgrounds 

• Various designs and options for the Top Tracker (TT) 

- OPERA scintillator calorimeters will be moved to JUNO 

- RPCs are being considered 

- Ar gas TPCs are being considered 

- NOvA like LS tubes are being considered 

• Simulation and design are going through iteration 

• Earth magnetic field shielding is being designed together with the 
veto system design

VETO L2: M.Dracos (FR)
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Muon Veto : Top tracker
3 use plastic scintillator walls from the OPERA Target Tracker (TT)

3 module area : 7× 7 m2

3 aim : good muon tracking and gamma rejection (from rocks radioactivity)

Ü OPERA TT modules not enough to cover the whole JUNO surface

M.Dracos (IPHC-IN2P3, FR)

M. Grassi Ferrara, Feb 2015

Top Veto System

60

Use plastic scintillator walls from OPERA
Each module is 7x7 m

Modules are meant to be used vertically, while we use them horizontally
We want several layers: muon tracking ⊕ reject gammas from the rock

OPERA modules are not enough to cover entirely the JUNO surface

EXP

A. Garfagnini (UniPD) The JUNO Experiment Antwerpen, Nov 19, 2015 33 / 44



The JUNO Multi-calorimetry approach

Anatael Cabrera (CNRS-IN2P3 & APC)

JUNO proposal 
(multi-calorimetry)

(calorimetry control)“multi-calorimetric” detector 9

JUNO now 
(single-calorimetry)

Energy(Photo-Counting)→ small PMT (s-PMT system) 
Energy(Charge-Integral)→ large PMT (L-PMT system)

Visible Energy (MeV)

Energy(PC) 
(large PMTs)

Energy(CI)
(large PMTs)

⊙

⦾@edge

@center

r position(m)

@edge

10MeV

(∞)

Visible Energy (MeV)

Energy(PC)
(small PMTs)

Energy(CI)
(large PMTs)

⊙

⦾ @edge

@center

r position(m)

10MeV

(∞)

@edge

PC vs QI→ unique control of calorimetry systematics

3" PMT L2: A.Cabrera (FR)

A. Garfagnini (UniPD) The JUNO Experiment Antwerpen, Nov 19, 2015 34 / 44



Dynamic Range with L-PMT and s-PMT

Anatael Cabrera (CNRS-IN2P3 & APC)

goal 2: natural dynamic range extension… 16

Visible Energy (MeV)0 10 100 1000

IBD 
physics

s-PMT dataL-PMT data

SN 
physics

μ (→BG) 
physics•s-PMT provides natural extension of 

dynamic range to detector
   →stochastic resolution: a~10% 
   →s-PMT resolution for SN: ~3% (!!)
•L-PMT focus on high precision (high 
FADC sensitivity) on IBD (+SN) physics
   →stochastic resolution: a~3% 
•complementarity over all dynamic 
range: different saturation (s-
PMT→negligible?), different life-time, different 
analogue Front-End (ringing after μ’s, etc), etc

L-PMT data: poor time resolution
s-PMT data: high time resolution

saturation level cartoon*

cartoon of muons deposition… (even worse)

time (ns)
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The JUNO International Collaboration

M. Grassi Ferrara, Feb 2015

International Collaboration

66

55 members institutes equally shared between Asia and Europe
US institutions are currently observers (waiting for green light by DOE)

55 member institutes equally shared between Asia and Europe

Only two US groups are participating

23 european institutions: 1 in Belgium, 5 in France
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The JUNO International Collaboration
Country Institutions Members
Armenia 1 4

China 25 230
Taiwan 3 10
Belgium 1 3

Czech Republic 1 4
Germany 6 30
Finland 1 2
France 5 21

Italy 7 45
Russia 2 32
Chile 1 3
USA 2 4

SUM 55 388

L2 coordinators
3 Civil, Central Detector, Veto (M.Dracos, FR), Liquid Scintillator (G.Ranucci, IT),

MCP-PMT, PMT, 3" PMT (A.Cabrera, FR), Electronics & Trigger (A.Stahl, DE),
Calibration, Integration, DAQ & Slow-Control (Y.Yang, BE), Offline & Computing

Collaboration 

Spokesperson 
(deputy: G.Ranucci IT) 
Executive Board 

(G.Ranucci, IT, M.Wurm, DE) 
Project m

anager/technical board 

P.Lom
bardi IT, L.O

berauer D
E 

Physics coordination com
m

ittee 

O
perational com

m
ittee 

Speakers com
m

ittee 

Publication com
m

ittee 
A

.G
arfagnini (IT) 

Funding committee 
B.Clerbaux BE , G.Ranucci IT, 
A.Stahl DE, M.Dracos FR  

Membership 
committee 

Institutional Board 
Chair: M.Dracos (FR) 
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JUNO Civil Construction

M. Grassi Ferrara, Feb 2015

Civil Construction

64

EXP
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JUNO Schedule

First!getWtogether!

meeMng�

2013� 2014�

Funding!from!CAS:!“Strategic!

Leading!Science!&!Technology!

Programme”!approved!(~CD1)�

Funding(2013W2014)!

review!approved�

Kaiping!Neutrino!Research!

Center!established!�

Geological!survey!

and!preliminary!

civil!design�

Civil/infrastructure!

construcMon!bidding!�

Yangjiang!NPP!started!to!

build!the!last!two!cores�

1st!20”!

MCPWPMT!�

CollaboraMon!

formed�

Civil!design!

approved�

Groundbreaking!

Ceremony�

!  Civil construction�2015-2017 
!  Detector component production�2016-2017 
!  PMT production�2016-2019 
!  Detector assembly & installation�2018-2019  
!  Filling & data taking�2020 
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JUNO Competitors
Different approaches to measure the Mass Hierarchy

3 medium baseline reactor νe → νe oscillation experiments: JUNO, RENO-50

3 long-baseline accelerator νµ → νe, (νµ → νe) oscillation experiments: T2K, NoνA,
DUNE, Hyper-K

3 atmospheric νµ → νe, (νµ → νe) oscillation experiments: INO, PINGU, ORCA,
DUNE, Hyper-K

3 The first method (reactors at a medium baseline) relies on the oscillation
interference between ∆m2

31 and ∆m2
32

Ü no dependences on : δCP , θ23 or 3 versus 4 oscillation pattern

3 accelerator and atmospheric neutrino experiments depend on the matter effect in
neutrino oscillations

Ü sensitivity depends strongly on δCP degeneracy and 3 versus 4 oscillation pattern
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JUNO Mass Hierarchy SensitivitySensitivity to the NMH for various techniques

Joshua Hignight IceCube/PINGU – NNN 2015 October 28th , 2015 30 / 21
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Conclusions
3 JUNO has been approved in February 2013 with a 300 M$ budget

Ü the physics reach is very broad : the first general-purpose neutrino detector (?)

Ü several challenging issues have to be faced

• . . . but preparation proceeds at high speed

Ü well defined detector R&D program
Ü CDR and Yellow Book of Physics published in arXiv
Ü groundbreaking cerimony on January 10th, 2015.

Civil construction will be completed in three years

3 a strong international collaboration is rapidly growing

Ü a new era of high precision neutrino physics is about to begin
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JUNO backgrounds
Event!Type� Raw!rate� ReducMon�

RadioacPvity$
(in$FV$<17.2m)�

0.4$Hz$(PMTs)$
2.2$Hz$(LS)$
3.7$Hz$(acrylic)$
0.2$Hz$(support)$
1.3$Hz$(Rn)$
~$0.03$(rock)�

Use$low$radioacPvity$PMTs;$
LS$raw$material$purificaPon$$
(w/o$disPllaPon$a^er$LS$producPon)�

Cosmogenic$
isotopes$
(delayed)�

340/day�

SpallaPon$
neutron�

1.8$Hz�

Accidentals� ~410/day� $ $1.1$/day$w/$promptadelayed$distance$
Rpad$<$1.5m.$Negligible.$

Fast$neutron$� 0.01/day� 0.01/day$(σ=100%)�

$9Li/8He� 80/day� 1.8/day$a^er$muon$veto$(σ=20%)�

(a,$n)� 3.8/day$(acrylic)$
0.2/day$(balloon)�

$ 0.05$/day$(acrylic),$FV$cut$$(σ=50%)$
$ negligible$(balloon),$FV$cut�
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