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The Jiangmen Underground Neutrino Observatory  

‣ The largest liquid scintillator detector ever built (20 kt) 

JUNO site

Medium-baseline experiment: 
 53 km from nuclear reactors   

700m overburden

Yangjang NPP 
Taishan NPP 

total power : 
~26.6 GW in 2020

Hong Kong
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The biggest liquid scintillator experiment ever built 
Sensitive to two oscillations -> first time!     

A challenging goal: the neutrino mass hierarchy  

JUNO

Double Chooz



Neutrino oscillation from νe disappearance 

�3See A. Cabrera’s talk
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Figure 24 shows the survival probability as a function of the distance of detection for a typical
reactor neutrino energy of 4 MeV. Owing to the low neutrino energies, reactor neutrino experiments are
disappearance experiments located at short distances in order to maximize the disappearance probability.
At ⇠1–2 km from the neutrino source, a small antineutrino deficit is expected over a large neutrino flux.
High precision will be necessary to measure the mixing angle.

Fig. 24: Survival oscillation probability for a typical reactor neutrino experiment.

The reactor antineutrinos are detected through the inverse beta decay reaction (Eq. (32)) giving a
prompt signal due to the e+ annihilation and a delayed signal from the neutron capture (⇠30 µs later)
giving photons of ⇠8 MeV in the case of capture in Gd. In the case of H, the delayed signal happens
200 µs later and the photons are of 2 MeV. The spectrum peaks around 3.6 MeV and neutrino energy
threshold is 1.8 MeV.

The signature of a neutrino interaction can be mimicked by two types of background events: ac-
cidental or correlated. All backgrounds are linked to the cosmic muon rate and detector radiopurity.
Compared to CHOOZ, backgrounds can be reduced with a better detector design and in situ measure-
ments.

The accidental events occur when a neutron-like event by chance falls in the time window of
⇠100 µs after an event in the scintillator with an energy above 0.5–0.7 MeV. The positron-like signal
comes from natural radioactivity of the rock or of the detector materials, in general, dominated by the
PMT radioactivity. The delayed background (neutron-like signal) comes from neutron captures on Gd.
They are energy deposits over 6 MeV isolated in time from other deposits.

The correlated background are events that mimic both parts of the coincidence signal: one single
process induces both a fake positron and a neutron signal. They come from fast neutrons induced by
cosmic muons, which slow down by scattering in the scintillator, deposit more than 0.5 MeV visible
energy and are captured on Gd. Correlated background can also be produced by long-lived isotopes like
8He, 9Li or 11Li, which undergo beta decay with neutron emission.

There are several reactor neutrino experiments that are looking to measure the ✓13 angle with
sensitivities on sin2 2✓13 up to 0.01: Double Chooz in France, RENO in Korea and Daya Bay in China.
Table 3 summarizes the three reactor neutrino experiments in progress. Double Chooz [44] is the most
advanced of the three reactor experiments, since it is already taking data. The three detectors are quite
similar with slight variations between them.
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‣ Excellent energy resolution (3%/√E) and energy scale accuracy (1%)  

‣ Precise detector position and NPP baselines difference (< 500m)

Neutrino oscillation from νe disappearance 

+ Normal Hierarchy 
- Inverted Hierarchy

To make the effects of the mass hierarchy clearer, we would like to rewrite eq. (2.4) as,
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where only the last term depends on the mass hierarchy, which takes the plus and minus

sign, respectively, for normal (NH) and inverted hierarchy (IH),
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It is clear from eq. (2.6) that the survival probability is most sensitive to the mass hierarchy

when | sin(2∆21)| = 1, or equivalently

2∆21 = (2n − 1)
π

2
(n = 1, 2, 3, · · · ), (2.8a)

and has no sensitivity at

2∆21 = nπ (n = 0, 1, 2, 3, · · · ), (2.8b)

where sin(2∆21) = 0. For example, at L = 50 km, the condition (2.8a) for n = 1 and 2 is

satisfied at Eν ∼ 6 MeV and 2 MeV, respectively. The last term in eq. (2.6) contributes

with the opposite sign at these first and second maxima. In between, it vanishes and

changes its sign at Eν = 3 GeV, corresponding to n = 1 in (2.8b). It is this sign change

that plays an important role for the mass hierarchy determination, which will be further

discussed in the next section.

Similar as the current reactor experiments, such as Daya Bay [1], RENO [2] and

Double Chooz [25], future medium baseline reactor antineutrino experiments can also use

free protons as targets to detect electron antineutrinos via the inverse neutron beta decay

(IBD) process,

ν̄e + p → e+ + n, (2.9)

where p and n are the proton and the neutron, respectively. The threshold neutrino energy

of this process is Ethr ∼ mn −mp +me, and the cross section is [26],

σIBD = 0.0952

(

Ee pe
1MeV2

)

× 10−42 cm2, (2.10)

where Ee and pe are the energy and momentum of the positron, neglecting the kinetic

energy of the proton and the neutron for a MeV scale antineutrino. The positron’s energy

is roughly Ee ∼ Eν − (mn −mp).

The produced positron then interacts with scintillator, converting its kinetic energy to

photons. Eventually, the positron annihilates with an electron in the detector and emits
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How the detector works? 
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Daya Bay, China Double Chooz, France SNO, Canada

Capitalize on previous experiences to reach :  
1. Large statistics  
2. Unprecedented resolutions 

12
 m

JUNO = 3x  

Liquid scintillator reactor neutrinos experiments  



A well known detection technique 

Neutrino detection via 
Inverse Beta Decay 
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Fig. 10: Ratio of the data to the non-oscillated Monte Carlo events (points) with the best-fit expectation for two-
flavour ⌫µ ! ⌫⌧ oscillation analysis (solid line) as a function of L/E (from Ref. [23]).

Fig. 11: Typical energy spectrum of antineutrinos from nuclear reactors.

of 1.8 MeV and only about 1.5 ⌫̄e/fission can be detected (25% of the total).

⌫̄e + p ! e+ + n (32)

Past reactor experiments were looking for the disappearance of reactor ⌫̄e with the goal of solving the
atmospheric problem at short baselines. All of them found negative results. The most sensitive of these
experiments was the CHOOZ experiment.

CHOOZ [25] was looking for the disappearance of electron antineutrinos from the CHOOZ nu-
clear power plant in France in the 1990s. CHOOZ was a quite simple liquid scintillator detector doped
with 0.1% Gd located 1.05 km away from the reactors. It was hosted in a cylindrical pit 7 m in diameter
and height. The cylindrical steel tank was surrounded by a 75 cm thick low-radioactivity sand contained
in an acrylic vessel and covered by cast iron. The target was 5 ton 0.1% Gd-loaded liquid scintillator
contained in a transparent acrylic vessel. A 17 ton non-Gd-loaded liquid scintillation region contained

16

Ethr = 1.8 MeV 
 E𝜈 = Evis + 0.8 MeV 

Time coincidence between the prompt 
and delayed signals to select IBD and 

reject background 
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M. Grassi IPHC, Strasbourg, February 2017

JUNO in the Global Neutrino Landscape
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JUNO within the Global Neutrino Landscape
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Some numbers: signal and background events

Selection IBD efficiency IBD Geo-νs Accidental 9Li/8He Fast n (α, n)
- - 83 1.5 ∼ 5.7× 104 84 - -

Fiducial volume 91.8% 76 1.4 77 0.1 0.05
Energy cut 97.8% 410
Time cut 99.1% 73 1.3 71
Vertex cut 98.7% 1.1
Muon veto 83% 60 1.1 0.9 1.6
Combined 73% 60 3.8

Table 2-1: The efficiencies of antineutrino selection cuts, signal and backgrounds rates.

2.2.2 Background estimation

Accidental background The rate of accidental backgrounds can be calculated as Racc = Rp ·Rd ·
∆T , where Rp and Rd are the rate of prompt and delayed signals, respectively, and ∆T is the time
coincidence window. A fiducial volume cut is essential to significantly suppress such background.
The accidental background consists of mainly three types of random coincidence: (radioactivity,
radioactivity), (radioactivity, cosmogenic isotope) and (radioactivity, spallation neutrons):

• (radioactivity, radioactivity): The singles rate obtained from MC simulation is about 7.6 Hz
after fiducial volume cut (see Sec. 13.4.4),in which the faction of neutron-like signals is ∼8%.
Thus the rate of prompt-delayed coincidence within 1.0 ms is ∼ 410/day. In addition, a toy
MC study gives a factor of 380 suppression by requiring Rp−d <1.5 m, where Rp−d is the
distance between the prompt-delayed pair, thus the accidental background rate is reduced to
1.1/day.

• (radioactivity, cosmogenic isotope): based on the rates of cosmogenic isotopes in Sec. 13.4.3,
the neutron-like singles from cosmogenic isotopes is estimated to be ∼340/day. The rate of
accidental coincidence between radioactivity and those isotopes is <0.01/day after ∆T < 1.0
ms and Rp−d <1.5 m cut.

• (radioactivity, spallation neutrons): Though the total rate of spallation neutrons is 1.8 Hz,
after 1.5 ms muon veto the rate is reduced to ∼45/day. The coincidence between radioactivity
and the residual spallation neutrons is negligible after the time and spatial cut.

Thus the total rate of accidental backgrounds is estimated to be 0.9/day, after taking into account
the efficiency of muon veto. During data taking, the rate of radioactivity can be precisely monitored,
so can the neutron-like events from muon spallation. So the uncertainty of accidental background
rate can be controlled within 1% and the uncertainty of spectrum shape is negligible due to the
large statistics of prompt-like singles.

9Li/8He As noted in Sec. 13.4.3, the β-n decays from cosmogenic 8He and 9Li can mimic IBD
interactions, thus are the most serious correlated background to reactor antineutrinos. The 9Li and
8He production cross section is often modelled empirically as being proportional to E0.74

µ , where
Eµ is the average energy of the muon at the detector. Considering the cross section measured in
the KamLAND detector [109], 2.2×10−7µ−1g−1cm2 for 9Li and 0.7×10−7µ−1g−1cm2 for 8He, the
predicted 9Li and 8He production rate at JUNO is 150 and 50 per day, respectively. The branching
ratio of the β-n decay is 51% for 9Li and 16% for 8He, thus the total rate of β-n decays is 84/day.
Taking into account the fiducial volume cut, the rate is reduced to 77/day. The delayed energy cut
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‣ distance on the prompt-delayed pair 
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Figure 2-15: Spectra for the antineutrino signal and five kinds of main backgrounds, including the
accidental, 8He/9Li, fast neutron, and 13C(α, n)16O and geo-neutrinos.

2.4.3 Background related uncertainties

We further study the effects of background related uncertainties. From Tab. 2-4, the total back-
ground to signal (B/S) ratio is 6.3%, which contributes to a reduction of ∆χ2

MH ≃ 0.6. Second, the
rate uncertainties of backgrounds are negligible for the MH determination since they are nicely con-
strained in the precision spectral measurements. Finally, the expected energy spectra for five kinds
of main backgrounds are shown in Fig. 2-15. The total background shape uncertainties contribute
to a 0.4% bin-to-bin uncertainty, which can further reduce the MH sensitivity by ∆χ2

MH ≃ 0.1.

2.4.4 Systematics summary

To conclude, we summarize the decomposition of experimental systematics in the MH determination
in Tab. 2-5.

• Ideal distribution of reactor cores with the equal baseline of 52.5 km gives the MH sensitivity
of ∆χ2

MH ≃ 16.

• In reality, the real baseline distribution of reactor cores in Taishan and Yangjiang NPPs from
Tab. 1-2 induces a degradation of ∆χ2

MH ≃ 3.

• An additional reduction of ∆χ2
MH ≃ 1.7 is obtained due to inclusion of Daya Bay and Huizhou

NPPs.

• The reactor shape uncertainty of 1% will further degrade the ∆χ2
MH by 1.

• The statistical and shape uncertainties of backgrounds with the estimation of Tab. 2-4 con-
tribute to ∆χ2

MH ≃ −0.6 and ∆χ2
MH ≃ −0.1, respectively.

• As will be discussed in the next subsection, an increase of ∆χ2
MH ≃ +8 can be obtained by

including a measurement of |∆m2
µµ| at the 1% precision level.
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The JUNO detector 

�8

Top Tracker   

Water pool + PMTs  
35 kt ultra-pure water 

2000 LPMTs (20”)

Acrylic Sphere  
(35.5 m diameter)  

Steel Truss 
Mechanical support for 
acrylic sphere and PMTs

Calibration room

35.5 m 

Muon Veto Detector
20kt Liquid 
Scintillator  

17000 Large PMT  
(20’’ diameter)

25000 Small PMT  
(3’’ diameter) 

Central Detector  

E. Baussan’s talk

C. Cerna’s talk



How to fulfill the energy resolution requirements
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Double Calorimetry System of the 
JUNO experiment

stochastic terms

A new concept of double calorimetry
To disentangle the non-linear effects in the calibration from the non-uniform response of 
the detector we have introduced a second set of small PMT (SPMT) whose mean 
illumination is such that they operate mainly in photon counting regime.  

LPMT

SPMT

Simulated 60Co calibration campaign at different radii. The reconstructed energy with 
LPMT is biased compared to MC, while the bias can be corrected by the SPMT 
measurement.

•Large-PMT (LPMT): measure energy via “charge 
integration”, increase photon statistics ⟹ stochastic effect

•Small-PMT (SPMT): measure energy via “photon counting”, 
control systematics ⟹ non-stochastic effects 

LPMT SPMT

Charge measurement of single channel 

Double calorimetry 
in liquid scintillator neutrino detectors

Margherita BUIZZA AVANZINIa, Anatael CABRERAb, Stefano DUSINIc, Marco GRASSId, Miao HEd*

aCNRS/IN2P3/LLR, Palaiseau, France; bCNRS/IN2P3/APC & LNCA Laboratories, Paris, France;  
cINFN-Padova, Padova, Italy; dIHEP, Beijing, China

*corresponding author: hem@ihep.ac.cn

Liquid scintillator detectors
Liquid scintillator detectors are known for their remarkable ability to provide high precision 

energy measurements in the context of neutrino detection for fundamental research.

Hamamatsu 
20-inch 
R12860

NNVT 
20-inch 
MCP

Investigation of PMTs from different suppliers

Determination of neutrino mass hierarchy requires a precision measurement of reactor 

antineutrino spectrum with 3% energy resolution at 1 MeV.

Taking JUNO as an example, light level is so high (1200 photoelectrons/MeV) that the 

requirements for the calorimetry systematics reach the unprecedented sub-percent level.

The large dynamic range of the single channel charge measurement makes it a challenge to 

control systematics.

A new concept of double calorimetry

● Large-PMT (LPMT): measure energy 

via “charge integration”, increase photon 
statistics → stochastic effect

● Small-PMT (SPMT): measure energy 

via “photon counting”, control 
systematics → non-stochastic effect

Simulation of double calorimetry for JUNO

Borexino Double Chooz Daya Bay KamLAND JUNO

Charge measurement of single channel

Geometry of the dual-PMT system have been implemented with 

Geant4 in the JUNO offline software framework SNiPER.

A simulated event with PMT 
responses, color corresponds 
to number of PEs in a PMT.

Implementation of two PMT 
systems in Geant4.

A natural extension to high energy physics with SPMTs

Simulation of cosmic muons Simulated charge map of a muon bundle

Cosmic muons, muon bundles and high energy atmospheric neutrinos produce huge amount 

of photons inside the detector. It’s very likely that a large part of LPMTs will be saturated 
while SPMTs are sufficient to extend energy measurement and provide better timing.

LPMT: very likely 
saturation

SPMT: no 
saturation

Non-linearity
(single channel) 

Non-uniformity
(position dependent) 

Spoils resolution
(full detector) 

Simulated energy non-uniformity along z-axis. The reconstructed 
energy with SPMT represents the truth while with LPMT is biased.

Hamamatsu
3-inch
R6091

HZC 
3-inch 

XP53B20

A mixture of two PMT systems

Optical photons are detected by photomultiplier tubes (PMTs). The 

charge extraction for single photon is straightforward but for 

multiple photons are non-trivial.

The dynamic range is very different 
between detector center and edge. 

Three ways have been tested to reconstruct the PMT charge based on 

the sampled waveform with overshoot and noise

❶ charge integration ❷ waveform fitting ❸ waveform deconvolution

Charge integration
20% nonlinearity

Waveform fitting or deconvolution
still 5% nonlinearity

Since SPMT works in the “photon counting” regime, the single-channel 
nonlinearity is negligible and the detector non-uniformity is easy to be 
controlled → use SPMT to calibrate the LPMT energy response, reduce 
systematics and improve energy resolution.

Implementation for JUNO: ~17,000 20-inch 
PMTs and ~34,000 3-inch PMTs
The physics concept was approved by JUNO 

collaboration in July 2015. The project design 

was approved in January 2016, while the 

number of SPMTs depends on the funding.

P3.063

Optical photons are detected by 
photomultiplier tubes (PMTs). 
The charge extraction for single 
photon is straightforward but for 
multiple photons is non-trivial.
Noise and overshoot can 
introduce a non linear response 
in the measurement of the 
charge in case of multiple 
photons.

Double calorimetry 
in liquid scintillator neutrino detectors

Margherita BUIZZA AVANZINIa, Anatael CABRERAb, Stefano DUSINIc, Marco GRASSId, Miao HEd*

aCNRS/IN2P3/LLR, Palaiseau, France; bCNRS/IN2P3/APC & LNCA Laboratories, Paris, France;  
cINFN-Padova, Padova, Italy; dIHEP, Beijing, China

*corresponding author: hem@ihep.ac.cn
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energy with SPMT represents the truth while with LPMT is biased.

Hamamatsu
3-inch
R6091

HZC 
3-inch 

XP53B20

A mixture of two PMT systems

Optical photons are detected by photomultiplier tubes (PMTs). The 

charge extraction for single photon is straightforward but for 

multiple photons are non-trivial.

The dynamic range is very different 
between detector center and edge. 

Three ways have been tested to reconstruct the PMT charge based on 

the sampled waveform with overshoot and noise

❶ charge integration ❷ waveform fitting ❸ waveform deconvolution

Charge integration
20% nonlinearity

Waveform fitting or deconvolution
still 5% nonlinearity

Since SPMT works in the “photon counting” regime, the single-channel 
nonlinearity is negligible and the detector non-uniformity is easy to be 
controlled → use SPMT to calibrate the LPMT energy response, reduce 
systematics and improve energy resolution.

Implementation for JUNO: ~17,000 20-inch 
PMTs and ~34,000 3-inch PMTs
The physics concept was approved by JUNO 

collaboration in July 2015. The project design 

was approved in January 2016, while the 

number of SPMTs depends on the funding.
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Even with sophisticated wave form 
analysis, it is very difficult to reduce the 

non-linearity below a few percent.

Anatael Cabrera (CNRS-IN2P3 & APC)
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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)

non linearity
(channel-wise) 

worse resolution
(position-wise) 

non uniformity
(position-wise) 

Three ways have been tested to reconstruct the PMT charge based on 
the sampled waveform with overshoot and noise simulated
1) charge integration
2) waveform fitting
3) waveform deconvolution 

JUNO: an unprecedented Liquid Scintillator Detector
Determination of the neutrino mass hierarchy requires a 
precision measurement of reactor antineutrinos with 3% 
energy resolution at 1 MeV and a calibration error lower 
than 1% over a huge detector.  

The large Liquid Scintillator (LS) 
volume and the large (20”) PMT’s 
surface imply an unprecedented 
PMT dynamical range which 
represents a challenge for the 
control of the systematic 
uncertainties.
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which indicates that the influence of b is 1.6 times larger than the a term, and c is less
significant than a by a factor of 1.6. Therefore, a requirement for the resolution of a E
better than 3% is equivalent to the following requirement
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Using figure 13 and the approximation in equation (2.12), we can study different effects of
detector design parameters and optimize the corresponding requirements.

The energy resolution of the JUNO detector is projected in appendix A.2.2 with a full
MC simulation. Toy MC is also used to study the degradation due to the PMT charge
resolution, dark noise, quantum efficiency variation, and smearing from the vertex
reconstruction, as shown in table A4 . Besides the detector response and reconstruction, the
variation of the neutron recoil energy also degrades the resolution of the reconstructed
neutrino energy, which introduces a degradation of 0.1MH

2cD � on the MH sensitivity.

2.3.4. Statistical interpretation. In this section, we shall present a brief summary of the MH
statistics and relation to the sensitivity. The following discussion is crucial to properly
understand the sensitivity results shown in figure 12. The determination of MH is equivalent
to resolving the sign of m .31

2D From the statistics point of view, the determination of MH is a
test to distinguish two discrete hypotheses (NH versus IH).

First let us employ the commonly used approach in the Frequentist statistics. Given a null
hypothesis H0 and the alternative hypothesis H1, we can choose a test statistic T in order to
test whether data can reject the null hypothesis H0. The CL 1( )a- to reject H0 is related to
the type-I error rate α, where,

• type-I error rate α is defined as the probability of rejecting the null hypothesis H0, if H0

is true.

From the definition, one can define the relation between a critical value of the observation
Tc
a and the the type-I error rate α as

Figure 13. The iso- MH
2cD contour plot as the function of the event statistics

(luminosity) and the energy resolution, where the vertical dashed–dotted line stands for
the nominal running of six years with 80% signal efficiency.
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Considerations on resolution

Detector Resolution:

a - stochastic term
3% resolution at 
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Implementation for JUNO
• The physics concept of Double Calorimetry was approved 

by the JUNO collaboration in July 2015. 
• The project design was approved in January 2016. 
• The final number of SPMT and their positions in the 

detector depend on physics optimisations (on-going)

Current baseline design 
•~18,000 20-inch PMTs
•~36,000 3-inch  PMTs  

Investigation of PMTs 
from different 

suppliers

NNVT 
20-inch 
MCP

Hamamatsu 
20-inch 
R12860

HZC 
3-inch 

XP53B20

Hamamatsu 
3-inch
R6091

MELZ 
3-inch

10 dynodes

Simulated charge map of a muon bundle

LPMT: very 
likely saturation

SPMT: no 
saturation

• Extend the dynamical range beyond 
the region where LPMT are no longer 
linear or even saturated.

• Improve time and vertex resolution due 
to the lower TTS of the small PMTs.

• Improve muon tracking with better 
timing and higher granularity to control 
9Li/8He backgrounds.

• Improve the supernovae neutrino 
detection with less pile-up compared 
to LPMT.

• Provide an independent measurement 
of solar neutrino oscillation parameters 
with similar resolution and time frame 
as LPMT measurement. We can use 
the solar neutrino oscillation 
parameters to cross check for possible 
systematics on the energy 
reconstruction. 

Other benefits from SPMT

Results

Fitting examples

full set of SPMTs
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fitting quality is fine

energy resolution decreases with reducing SPMT number

Yury Malyshkin Solar Parameters with SPMTs 2016.07.26 9 / 14

MC simulation of 1 year 
of JUNO data taking 
with 36,000 SPMT

Sensitivity to mass hierarchy in units of σ2 as a function of 
energy resolution and years (1.00=6 yrs)
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stochastic term 
3% resolution at 
1MeV is pivotal

Central Detector design optimised for Mass Hierarchy: “Precise & Large”

Maximise 
detected light

non-stochastic term Control of 
systematics

Large photocoverage
Transparent Scintillator

Small (3”) PMTs
Calibration

Detector Resolution:

Stereo Calorimetry 
(20’’ PMTs + 3” PMTs) 

Large photo-coverage, 
high QE, Transparent 

scintillator  

JUNO target < 1%

Typical LS experiments: 
σNST ~ 2%

Unprecedented resolutions  

Drive the detector design



M. Grassi Neutrino GDR, Paris 2017

`

4

Largest photocathode density ever built (~75% coverage)
Largest light level ever detected ~1200 pe/MeV 

(Daya Bay 160 pe/MeV - Borexino 500 pe/MeV - KamLAND 250 pe/MeV)
Highest precision calorimetry ever built 

Anatael Cabrera (CNRS-IN2P3 & APC)
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~18,000 PMTs (20” diameter)→ Large-PMT system (LPMT)
~36,000 PMTs (3” diameter)→ Small-PMT system (SPMT)

17000 LPMT (20” diameter) 
25000 SPMT (3” diameter)    

The Stereo Calorimetry  
(a project lead mostly by France and China)


�10
see C. Cerna’s talk



Looking at the same events with different instruments 

�11

Large PMT (20”)  

charge integration (over a wide signal range) 
Non-linearity and non-uniformity effects


Difficult to get rid off with calibration

1200 P.E./MeV

Stefano Dusinia), Giuseppe Salamannab)* on behalf of JUNO Collaboration
a)INFN-Padova, Padova, Italy; b)Università degli Studi Roma Tre, Roma, Italy;

*corresponding author: salaman@fis.uniroma3.it 

Double Calorimetry System of the 
JUNO experiment

stochastic terms

A new concept of double calorimetry
To disentangle the non-linear effects in the calibration from the non-uniform response of 
the detector we have introduced a second set of small PMT (SPMT) whose mean 
illumination is such that they operate mainly in photon counting regime.  

LPMT

SPMT

Simulated 60Co calibration campaign at different radii. The reconstructed energy with 
LPMT is biased compared to MC, while the bias can be corrected by the SPMT 
measurement.

•Large-PMT (LPMT): measure energy via “charge 
integration”, increase photon statistics ⟹ stochastic effect

•Small-PMT (SPMT): measure energy via “photon counting”, 
control systematics ⟹ non-stochastic effects 

LPMT SPMT

Charge measurement of single channel 

Double calorimetry 
in liquid scintillator neutrino detectors

Margherita BUIZZA AVANZINIa, Anatael CABRERAb, Stefano DUSINIc, Marco GRASSId, Miao HEd*

aCNRS/IN2P3/LLR, Palaiseau, France; bCNRS/IN2P3/APC & LNCA Laboratories, Paris, France;  
cINFN-Padova, Padova, Italy; dIHEP, Beijing, China

*corresponding author: hem@ihep.ac.cn

Liquid scintillator detectors
Liquid scintillator detectors are known for their remarkable ability to provide high precision 

energy measurements in the context of neutrino detection for fundamental research.

Hamamatsu 
20-inch 
R12860

NNVT 
20-inch 
MCP

Investigation of PMTs from different suppliers

Determination of neutrino mass hierarchy requires a precision measurement of reactor 

antineutrino spectrum with 3% energy resolution at 1 MeV.

Taking JUNO as an example, light level is so high (1200 photoelectrons/MeV) that the 

requirements for the calorimetry systematics reach the unprecedented sub-percent level.

The large dynamic range of the single channel charge measurement makes it a challenge to 

control systematics.

A new concept of double calorimetry

● Large-PMT (LPMT): measure energy 

via “charge integration”, increase photon 
statistics → stochastic effect

● Small-PMT (SPMT): measure energy 

via “photon counting”, control 
systematics → non-stochastic effect

Simulation of double calorimetry for JUNO

Borexino Double Chooz Daya Bay KamLAND JUNO

Charge measurement of single channel

Geometry of the dual-PMT system have been implemented with 

Geant4 in the JUNO offline software framework SNiPER.

A simulated event with PMT 
responses, color corresponds 
to number of PEs in a PMT.

Implementation of two PMT 
systems in Geant4.

A natural extension to high energy physics with SPMTs

Simulation of cosmic muons Simulated charge map of a muon bundle

Cosmic muons, muon bundles and high energy atmospheric neutrinos produce huge amount 

of photons inside the detector. It’s very likely that a large part of LPMTs will be saturated 
while SPMTs are sufficient to extend energy measurement and provide better timing.

LPMT: very likely 
saturation

SPMT: no 
saturation

Non-linearity
(single channel) 

Non-uniformity
(position dependent) 

Spoils resolution
(full detector) 

Simulated energy non-uniformity along z-axis. The reconstructed 
energy with SPMT represents the truth while with LPMT is biased.

Hamamatsu
3-inch
R6091

HZC 
3-inch 

XP53B20

A mixture of two PMT systems

Optical photons are detected by photomultiplier tubes (PMTs). The 

charge extraction for single photon is straightforward but for 

multiple photons are non-trivial.

The dynamic range is very different 
between detector center and edge. 

Three ways have been tested to reconstruct the PMT charge based on 

the sampled waveform with overshoot and noise

❶ charge integration ❷ waveform fitting ❸ waveform deconvolution

Charge integration
20% nonlinearity

Waveform fitting or deconvolution
still 5% nonlinearity

Since SPMT works in the “photon counting” regime, the single-channel 
nonlinearity is negligible and the detector non-uniformity is easy to be 
controlled → use SPMT to calibrate the LPMT energy response, reduce 
systematics and improve energy resolution.

Implementation for JUNO: ~17,000 20-inch 
PMTs and ~34,000 3-inch PMTs
The physics concept was approved by JUNO 

collaboration in July 2015. The project design 

was approved in January 2016, while the 

number of SPMTs depends on the funding.

P3.063

Optical photons are detected by 
photomultiplier tubes (PMTs). 
The charge extraction for single 
photon is straightforward but for 
multiple photons is non-trivial.
Noise and overshoot can 
introduce a non linear response 
in the measurement of the 
charge in case of multiple 
photons.

Double calorimetry 
in liquid scintillator neutrino detectors
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Liquid scintillator detectors
Liquid scintillator detectors are known for their remarkable ability to provide high precision 

energy measurements in the context of neutrino detection for fundamental research.

Hamamatsu 
20-inch 
R12860

NNVT 
20-inch 
MCP

Investigation of PMTs from different suppliers

Determination of neutrino mass hierarchy requires a precision measurement of reactor 

antineutrino spectrum with 3% energy resolution at 1 MeV.

Taking JUNO as an example, light level is so high (1200 photoelectrons/MeV) that the 

requirements for the calorimetry systematics reach the unprecedented sub-percent level.

The large dynamic range of the single channel charge measurement makes it a challenge to 

control systematics.

A new concept of double calorimetry

● Large-PMT (LPMT): measure energy 

via “charge integration”, increase photon 
statistics → stochastic effect

● Small-PMT (SPMT): measure energy 

via “photon counting”, control 
systematics → non-stochastic effect

Simulation of double calorimetry for JUNO

Borexino Double Chooz Daya Bay KamLAND JUNO

Charge measurement of single channel

Geometry of the dual-PMT system have been implemented with 

Geant4 in the JUNO offline software framework SNiPER.

A simulated event with PMT 
responses, color corresponds 
to number of PEs in a PMT.

Implementation of two PMT 
systems in Geant4.

A natural extension to high energy physics with SPMTs

Simulation of cosmic muons Simulated charge map of a muon bundle

Cosmic muons, muon bundles and high energy atmospheric neutrinos produce huge amount 

of photons inside the detector. It’s very likely that a large part of LPMTs will be saturated 
while SPMTs are sufficient to extend energy measurement and provide better timing.

LPMT: very likely 
saturation

SPMT: no 
saturation

Non-linearity
(single channel) 

Non-uniformity
(position dependent) 

Spoils resolution
(full detector) 

Simulated energy non-uniformity along z-axis. The reconstructed 
energy with SPMT represents the truth while with LPMT is biased.

Hamamatsu
3-inch
R6091

HZC 
3-inch 

XP53B20

A mixture of two PMT systems

Optical photons are detected by photomultiplier tubes (PMTs). The 

charge extraction for single photon is straightforward but for 

multiple photons are non-trivial.

The dynamic range is very different 
between detector center and edge. 

Three ways have been tested to reconstruct the PMT charge based on 

the sampled waveform with overshoot and noise

❶ charge integration ❷ waveform fitting ❸ waveform deconvolution

Charge integration
20% nonlinearity

Waveform fitting or deconvolution
still 5% nonlinearity

Since SPMT works in the “photon counting” regime, the single-channel 
nonlinearity is negligible and the detector non-uniformity is easy to be 
controlled → use SPMT to calibrate the LPMT energy response, reduce 
systematics and improve energy resolution.

Implementation for JUNO: ~17,000 20-inch 
PMTs and ~34,000 3-inch PMTs
The physics concept was approved by JUNO 

collaboration in July 2015. The project design 

was approved in January 2016, while the 

number of SPMTs depends on the funding.
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Even with sophisticated wave form 
analysis, it is very difficult to reduce the 

non-linearity below a few percent.

Anatael Cabrera (CNRS-IN2P3 & APC)
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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)

non linearity
(channel-wise) 

worse resolution
(position-wise) 

non uniformity
(position-wise) 

Three ways have been tested to reconstruct the PMT charge based on 
the sampled waveform with overshoot and noise simulated
1) charge integration
2) waveform fitting
3) waveform deconvolution 

JUNO: an unprecedented Liquid Scintillator Detector
Determination of the neutrino mass hierarchy requires a 
precision measurement of reactor antineutrinos with 3% 
energy resolution at 1 MeV and a calibration error lower 
than 1% over a huge detector.  

The large Liquid Scintillator (LS) 
volume and the large (20”) PMT’s 
surface imply an unprecedented 
PMT dynamical range which 
represents a challenge for the 
control of the systematic 
uncertainties.
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which indicates that the influence of b is 1.6 times larger than the a term, and c is less
significant than a by a factor of 1.6. Therefore, a requirement for the resolution of a E
better than 3% is equivalent to the following requirement
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Using figure 13 and the approximation in equation (2.12), we can study different effects of
detector design parameters and optimize the corresponding requirements.

The energy resolution of the JUNO detector is projected in appendix A.2.2 with a full
MC simulation. Toy MC is also used to study the degradation due to the PMT charge
resolution, dark noise, quantum efficiency variation, and smearing from the vertex
reconstruction, as shown in table A4 . Besides the detector response and reconstruction, the
variation of the neutron recoil energy also degrades the resolution of the reconstructed
neutrino energy, which introduces a degradation of 0.1MH

2cD � on the MH sensitivity.

2.3.4. Statistical interpretation. In this section, we shall present a brief summary of the MH
statistics and relation to the sensitivity. The following discussion is crucial to properly
understand the sensitivity results shown in figure 12. The determination of MH is equivalent
to resolving the sign of m .31

2D From the statistics point of view, the determination of MH is a
test to distinguish two discrete hypotheses (NH versus IH).

First let us employ the commonly used approach in the Frequentist statistics. Given a null
hypothesis H0 and the alternative hypothesis H1, we can choose a test statistic T in order to
test whether data can reject the null hypothesis H0. The CL 1( )a- to reject H0 is related to
the type-I error rate α, where,

• type-I error rate α is defined as the probability of rejecting the null hypothesis H0, if H0

is true.

From the definition, one can define the relation between a critical value of the observation
Tc
a and the the type-I error rate α as

Figure 13. The iso- MH
2cD contour plot as the function of the event statistics

(luminosity) and the energy resolution, where the vertical dashed–dotted line stands for
the nominal running of six years with 80% signal efficiency.
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Considerations on resolution

Detector Resolution:

a - stochastic term
3% resolution at 

1MeV is pivotal
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Implementation for JUNO
• The physics concept of Double Calorimetry was approved 

by the JUNO collaboration in July 2015. 
• The project design was approved in January 2016. 
• The final number of SPMT and their positions in the 

detector depend on physics optimisations (on-going)

Current baseline design 
•~18,000 20-inch PMTs
•~36,000 3-inch  PMTs  

Investigation of PMTs 
from different 

suppliers

NNVT 
20-inch 
MCP

Hamamatsu 
20-inch 
R12860

HZC 
3-inch 

XP53B20

Hamamatsu 
3-inch
R6091

MELZ 
3-inch

10 dynodes

Simulated charge map of a muon bundle

LPMT: very 
likely saturation

SPMT: no 
saturation

• Extend the dynamical range beyond 
the region where LPMT are no longer 
linear or even saturated.

• Improve time and vertex resolution due 
to the lower TTS of the small PMTs.

• Improve muon tracking with better 
timing and higher granularity to control 
9Li/8He backgrounds.

• Improve the supernovae neutrino 
detection with less pile-up compared 
to LPMT.

• Provide an independent measurement 
of solar neutrino oscillation parameters 
with similar resolution and time frame 
as LPMT measurement. We can use 
the solar neutrino oscillation 
parameters to cross check for possible 
systematics on the energy 
reconstruction. 

Other benefits from SPMT

Results

Fitting examples

full set of SPMTs
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fitting quality is fine

energy resolution decreases with reducing SPMT number

Yury Malyshkin Solar Parameters with SPMTs 2016.07.26 9 / 14

MC simulation of 1 year 
of JUNO data taking 
with 36,000 SPMT

Sensitivity to mass hierarchy in units of σ2 as a function of 
energy resolution and years (1.00=6 yrs)
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FIG. 5. Cartoon showing the expected FADC output of a LPMT when hit by one single p.e. (top) and by multiple p.e. (bottom). The charge
integration is trivial in the first case but becomes more challenging for multiple p.e. due to PMT noise and overshoots that can degrade the
output signal.

FIG. 6. Ratio between reconstructed and true charge collected by LPMT as a function of the true charge when applying a waveform
deconvolution. A non-linearity of few percent is still present, particularly for the high true charge.

2. independently on the event vertex position, thus making the non-uniformity effects independent of the energy scale.182

The SPMT system will provide independent and redundant calorimetric information with a systematic error budget which183

is expected to be largely uncorrelated with the LPMT system energy reconstruction. Indeed apart from the systematics related184

to light generation and optical properties of the crossed media which are unavoidable in common, the SPMT system will use185

different PMTs (type and size), voltage divider, readout electronics and the readout strategy (triggerless vs. global trigger) and186

 non-linearity effect

 Non-uniformity effect



Looking at the same events with different instruments 
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Large PMT (20”)  1200 P.E./MeV

Small PMT (3”)  Photo-coverage ~ 2%

~ 35 P.E./MeV
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Double Calorimetry System of the 
JUNO experiment

stochastic terms

A new concept of double calorimetry
To disentangle the non-linear effects in the calibration from the non-uniform response of 
the detector we have introduced a second set of small PMT (SPMT) whose mean 
illumination is such that they operate mainly in photon counting regime.  

LPMT

SPMT

Simulated 60Co calibration campaign at different radii. The reconstructed energy with 
LPMT is biased compared to MC, while the bias can be corrected by the SPMT 
measurement.

•Large-PMT (LPMT): measure energy via “charge 
integration”, increase photon statistics ⟹ stochastic effect

•Small-PMT (SPMT): measure energy via “photon counting”, 
control systematics ⟹ non-stochastic effects 

LPMT SPMT

Charge measurement of single channel 
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Liquid scintillator detectors
Liquid scintillator detectors are known for their remarkable ability to provide high precision 

energy measurements in the context of neutrino detection for fundamental research.

Hamamatsu 
20-inch 
R12860

NNVT 
20-inch 
MCP

Investigation of PMTs from different suppliers

Determination of neutrino mass hierarchy requires a precision measurement of reactor 

antineutrino spectrum with 3% energy resolution at 1 MeV.

Taking JUNO as an example, light level is so high (1200 photoelectrons/MeV) that the 

requirements for the calorimetry systematics reach the unprecedented sub-percent level.

The large dynamic range of the single channel charge measurement makes it a challenge to 

control systematics.

A new concept of double calorimetry

● Large-PMT (LPMT): measure energy 

via “charge integration”, increase photon 
statistics → stochastic effect

● Small-PMT (SPMT): measure energy 

via “photon counting”, control 
systematics → non-stochastic effect

Simulation of double calorimetry for JUNO

Borexino Double Chooz Daya Bay KamLAND JUNO

Charge measurement of single channel

Geometry of the dual-PMT system have been implemented with 

Geant4 in the JUNO offline software framework SNiPER.

A simulated event with PMT 
responses, color corresponds 
to number of PEs in a PMT.

Implementation of two PMT 
systems in Geant4.

A natural extension to high energy physics with SPMTs

Simulation of cosmic muons Simulated charge map of a muon bundle

Cosmic muons, muon bundles and high energy atmospheric neutrinos produce huge amount 

of photons inside the detector. It’s very likely that a large part of LPMTs will be saturated 
while SPMTs are sufficient to extend energy measurement and provide better timing.

LPMT: very likely 
saturation

SPMT: no 
saturation

Non-linearity
(single channel) 

Non-uniformity
(position dependent) 

Spoils resolution
(full detector) 

Simulated energy non-uniformity along z-axis. The reconstructed 
energy with SPMT represents the truth while with LPMT is biased.

Hamamatsu
3-inch
R6091

HZC 
3-inch 

XP53B20

A mixture of two PMT systems

Optical photons are detected by photomultiplier tubes (PMTs). The 

charge extraction for single photon is straightforward but for 

multiple photons are non-trivial.

The dynamic range is very different 
between detector center and edge. 

Three ways have been tested to reconstruct the PMT charge based on 

the sampled waveform with overshoot and noise

❶ charge integration ❷ waveform fitting ❸ waveform deconvolution

Charge integration
20% nonlinearity

Waveform fitting or deconvolution
still 5% nonlinearity

Since SPMT works in the “photon counting” regime, the single-channel 
nonlinearity is negligible and the detector non-uniformity is easy to be 
controlled → use SPMT to calibrate the LPMT energy response, reduce 
systematics and improve energy resolution.

Implementation for JUNO: ~17,000 20-inch 
PMTs and ~34,000 3-inch PMTs
The physics concept was approved by JUNO 

collaboration in July 2015. The project design 

was approved in January 2016, while the 

number of SPMTs depends on the funding.

P3.063

Optical photons are detected by 
photomultiplier tubes (PMTs). 
The charge extraction for single 
photon is straightforward but for 
multiple photons is non-trivial.
Noise and overshoot can 
introduce a non linear response 
in the measurement of the 
charge in case of multiple 
photons.
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Investigation of PMTs from different suppliers

Determination of neutrino mass hierarchy requires a precision measurement of reactor 

antineutrino spectrum with 3% energy resolution at 1 MeV.

Taking JUNO as an example, light level is so high (1200 photoelectrons/MeV) that the 

requirements for the calorimetry systematics reach the unprecedented sub-percent level.

The large dynamic range of the single channel charge measurement makes it a challenge to 

control systematics.

A new concept of double calorimetry

● Large-PMT (LPMT): measure energy 

via “charge integration”, increase photon 
statistics → stochastic effect

● Small-PMT (SPMT): measure energy 

via “photon counting”, control 
systematics → non-stochastic effect

Simulation of double calorimetry for JUNO

Borexino Double Chooz Daya Bay KamLAND JUNO

Charge measurement of single channel

Geometry of the dual-PMT system have been implemented with 

Geant4 in the JUNO offline software framework SNiPER.

A simulated event with PMT 
responses, color corresponds 
to number of PEs in a PMT.

Implementation of two PMT 
systems in Geant4.

A natural extension to high energy physics with SPMTs

Simulation of cosmic muons Simulated charge map of a muon bundle

Cosmic muons, muon bundles and high energy atmospheric neutrinos produce huge amount 

of photons inside the detector. It’s very likely that a large part of LPMTs will be saturated 
while SPMTs are sufficient to extend energy measurement and provide better timing.

LPMT: very likely 
saturation

SPMT: no 
saturation

Non-linearity
(single channel) 

Non-uniformity
(position dependent) 

Spoils resolution
(full detector) 

Simulated energy non-uniformity along z-axis. The reconstructed 
energy with SPMT represents the truth while with LPMT is biased.
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A mixture of two PMT systems

Optical photons are detected by photomultiplier tubes (PMTs). The 

charge extraction for single photon is straightforward but for 

multiple photons are non-trivial.

The dynamic range is very different 
between detector center and edge. 

Three ways have been tested to reconstruct the PMT charge based on 

the sampled waveform with overshoot and noise

❶ charge integration ❷ waveform fitting ❸ waveform deconvolution

Charge integration
20% nonlinearity

Waveform fitting or deconvolution
still 5% nonlinearity

Since SPMT works in the “photon counting” regime, the single-channel 
nonlinearity is negligible and the detector non-uniformity is easy to be 
controlled → use SPMT to calibrate the LPMT energy response, reduce 
systematics and improve energy resolution.

Implementation for JUNO: ~17,000 20-inch 
PMTs and ~34,000 3-inch PMTs
The physics concept was approved by JUNO 

collaboration in July 2015. The project design 

was approved in January 2016, while the 

number of SPMTs depends on the funding.
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Even with sophisticated wave form 
analysis, it is very difficult to reduce the 

non-linearity below a few percent.

Anatael Cabrera (CNRS-IN2P3 & APC)
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Three ways have been tested to reconstruct the PMT charge based on 
the sampled waveform with overshoot and noise simulated
1) charge integration
2) waveform fitting
3) waveform deconvolution 

JUNO: an unprecedented Liquid Scintillator Detector
Determination of the neutrino mass hierarchy requires a 
precision measurement of reactor antineutrinos with 3% 
energy resolution at 1 MeV and a calibration error lower 
than 1% over a huge detector.  

The large Liquid Scintillator (LS) 
volume and the large (20”) PMT’s 
surface imply an unprecedented 
PMT dynamical range which 
represents a challenge for the 
control of the systematic 
uncertainties.
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Using figure 13 and the approximation in equation (2.12), we can study different effects of
detector design parameters and optimize the corresponding requirements.

The energy resolution of the JUNO detector is projected in appendix A.2.2 with a full
MC simulation. Toy MC is also used to study the degradation due to the PMT charge
resolution, dark noise, quantum efficiency variation, and smearing from the vertex
reconstruction, as shown in table A4 . Besides the detector response and reconstruction, the
variation of the neutron recoil energy also degrades the resolution of the reconstructed
neutrino energy, which introduces a degradation of 0.1MH

2cD � on the MH sensitivity.

2.3.4. Statistical interpretation. In this section, we shall present a brief summary of the MH
statistics and relation to the sensitivity. The following discussion is crucial to properly
understand the sensitivity results shown in figure 12. The determination of MH is equivalent
to resolving the sign of m .31

2D From the statistics point of view, the determination of MH is a
test to distinguish two discrete hypotheses (NH versus IH).

First let us employ the commonly used approach in the Frequentist statistics. Given a null
hypothesis H0 and the alternative hypothesis H1, we can choose a test statistic T in order to
test whether data can reject the null hypothesis H0. The CL 1( )a- to reject H0 is related to
the type-I error rate α, where,

• type-I error rate α is defined as the probability of rejecting the null hypothesis H0, if H0

is true.

From the definition, one can define the relation between a critical value of the observation
Tc
a and the the type-I error rate α as

Figure 13. The iso- MH
2cD contour plot as the function of the event statistics

(luminosity) and the energy resolution, where the vertical dashed–dotted line stands for
the nominal running of six years with 80% signal efficiency.
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Considerations on resolution
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Implementation for JUNO
• The physics concept of Double Calorimetry was approved 

by the JUNO collaboration in July 2015. 
• The project design was approved in January 2016. 
• The final number of SPMT and their positions in the 

detector depend on physics optimisations (on-going)

Current baseline design 
•~18,000 20-inch PMTs
•~36,000 3-inch  PMTs  

Investigation of PMTs 
from different 

suppliers

NNVT 
20-inch 
MCP

Hamamatsu 
20-inch 
R12860

HZC 
3-inch 

XP53B20

Hamamatsu 
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R6091

MELZ 
3-inch

10 dynodes

Simulated charge map of a muon bundle

LPMT: very 
likely saturation

SPMT: no 
saturation

• Extend the dynamical range beyond 
the region where LPMT are no longer 
linear or even saturated.

• Improve time and vertex resolution due 
to the lower TTS of the small PMTs.

• Improve muon tracking with better 
timing and higher granularity to control 
9Li/8He backgrounds.

• Improve the supernovae neutrino 
detection with less pile-up compared 
to LPMT.

• Provide an independent measurement 
of solar neutrino oscillation parameters 
with similar resolution and time frame 
as LPMT measurement. We can use 
the solar neutrino oscillation 
parameters to cross check for possible 
systematics on the energy 
reconstruction. 

Other benefits from SPMT

Results

Fitting examples

full set of SPMTs
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fitting quality is fine

energy resolution decreases with reducing SPMT number
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MC simulation of 1 year 
of JUNO data taking 
with 36,000 SPMT

Sensitivity to mass hierarchy in units of σ2 as a function of 
energy resolution and years (1.00=6 yrs)
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JUNO experiment

stochastic terms

A new concept of double calorimetry
To disentangle the non-linear effects in the calibration from the non-uniform response of 
the detector we have introduced a second set of small PMT (SPMT) whose mean 
illumination is such that they operate mainly in photon counting regime.  

LPMT

SPMT

Simulated 60Co calibration campaign at different radii. The reconstructed energy with 
LPMT is biased compared to MC, while the bias can be corrected by the SPMT 
measurement.

•Large-PMT (LPMT): measure energy via “charge 
integration”, increase photon statistics ⟹ stochastic effect

•Small-PMT (SPMT): measure energy via “photon counting”, 
control systematics ⟹ non-stochastic effects 
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Charge measurement of single channel 

Double calorimetry 
in liquid scintillator neutrino detectors

Margherita BUIZZA AVANZINIa, Anatael CABRERAb, Stefano DUSINIc, Marco GRASSId, Miao HEd*

aCNRS/IN2P3/LLR, Palaiseau, France; bCNRS/IN2P3/APC & LNCA Laboratories, Paris, France;  
cINFN-Padova, Padova, Italy; dIHEP, Beijing, China

*corresponding author: hem@ihep.ac.cn

Liquid scintillator detectors
Liquid scintillator detectors are known for their remarkable ability to provide high precision 
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Investigation of PMTs from different suppliers

Determination of neutrino mass hierarchy requires a precision measurement of reactor 

antineutrino spectrum with 3% energy resolution at 1 MeV.

Taking JUNO as an example, light level is so high (1200 photoelectrons/MeV) that the 

requirements for the calorimetry systematics reach the unprecedented sub-percent level.

The large dynamic range of the single channel charge measurement makes it a challenge to 

control systematics.

A new concept of double calorimetry

● Large-PMT (LPMT): measure energy 

via “charge integration”, increase photon 
statistics → stochastic effect

● Small-PMT (SPMT): measure energy 

via “photon counting”, control 
systematics → non-stochastic effect

Simulation of double calorimetry for JUNO

Borexino Double Chooz Daya Bay KamLAND JUNO

Charge measurement of single channel

Geometry of the dual-PMT system have been implemented with 

Geant4 in the JUNO offline software framework SNiPER.

A simulated event with PMT 
responses, color corresponds 
to number of PEs in a PMT.

Implementation of two PMT 
systems in Geant4.

A natural extension to high energy physics with SPMTs

Simulation of cosmic muons Simulated charge map of a muon bundle

Cosmic muons, muon bundles and high energy atmospheric neutrinos produce huge amount 

of photons inside the detector. It’s very likely that a large part of LPMTs will be saturated 
while SPMTs are sufficient to extend energy measurement and provide better timing.

LPMT: very likely 
saturation

SPMT: no 
saturation

Non-linearity
(single channel) 

Non-uniformity
(position dependent) 

Spoils resolution
(full detector) 

Simulated energy non-uniformity along z-axis. The reconstructed 
energy with SPMT represents the truth while with LPMT is biased.
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A mixture of two PMT systems

Optical photons are detected by photomultiplier tubes (PMTs). The 

charge extraction for single photon is straightforward but for 

multiple photons are non-trivial.

The dynamic range is very different 
between detector center and edge. 

Three ways have been tested to reconstruct the PMT charge based on 

the sampled waveform with overshoot and noise

❶ charge integration ❷ waveform fitting ❸ waveform deconvolution

Charge integration
20% nonlinearity

Waveform fitting or deconvolution
still 5% nonlinearity

Since SPMT works in the “photon counting” regime, the single-channel 
nonlinearity is negligible and the detector non-uniformity is easy to be 
controlled → use SPMT to calibrate the LPMT energy response, reduce 
systematics and improve energy resolution.

Implementation for JUNO: ~17,000 20-inch 
PMTs and ~34,000 3-inch PMTs
The physics concept was approved by JUNO 

collaboration in July 2015. The project design 

was approved in January 2016, while the 

number of SPMTs depends on the funding.
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Optical photons are detected by 
photomultiplier tubes (PMTs). 
The charge extraction for single 
photon is straightforward but for 
multiple photons is non-trivial.
Noise and overshoot can 
introduce a non linear response 
in the measurement of the 
charge in case of multiple 
photons.
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Liquid scintillator detectors
Liquid scintillator detectors are known for their remarkable ability to provide high precision 

energy measurements in the context of neutrino detection for fundamental research.
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Investigation of PMTs from different suppliers

Determination of neutrino mass hierarchy requires a precision measurement of reactor 

antineutrino spectrum with 3% energy resolution at 1 MeV.

Taking JUNO as an example, light level is so high (1200 photoelectrons/MeV) that the 

requirements for the calorimetry systematics reach the unprecedented sub-percent level.

The large dynamic range of the single channel charge measurement makes it a challenge to 

control systematics.

A new concept of double calorimetry

● Large-PMT (LPMT): measure energy 

via “charge integration”, increase photon 
statistics → stochastic effect

● Small-PMT (SPMT): measure energy 

via “photon counting”, control 
systematics → non-stochastic effect

Simulation of double calorimetry for JUNO

Borexino Double Chooz Daya Bay KamLAND JUNO

Charge measurement of single channel

Geometry of the dual-PMT system have been implemented with 

Geant4 in the JUNO offline software framework SNiPER.

A simulated event with PMT 
responses, color corresponds 
to number of PEs in a PMT.

Implementation of two PMT 
systems in Geant4.

A natural extension to high energy physics with SPMTs

Simulation of cosmic muons Simulated charge map of a muon bundle

Cosmic muons, muon bundles and high energy atmospheric neutrinos produce huge amount 

of photons inside the detector. It’s very likely that a large part of LPMTs will be saturated 
while SPMTs are sufficient to extend energy measurement and provide better timing.

LPMT: very likely 
saturation

SPMT: no 
saturation

Non-linearity
(single channel) 

Non-uniformity
(position dependent) 

Spoils resolution
(full detector) 

Simulated energy non-uniformity along z-axis. The reconstructed 
energy with SPMT represents the truth while with LPMT is biased.

Hamamatsu
3-inch
R6091

HZC 
3-inch 

XP53B20

A mixture of two PMT systems

Optical photons are detected by photomultiplier tubes (PMTs). The 

charge extraction for single photon is straightforward but for 

multiple photons are non-trivial.

The dynamic range is very different 
between detector center and edge. 

Three ways have been tested to reconstruct the PMT charge based on 

the sampled waveform with overshoot and noise

❶ charge integration ❷ waveform fitting ❸ waveform deconvolution

Charge integration
20% nonlinearity

Waveform fitting or deconvolution
still 5% nonlinearity

Since SPMT works in the “photon counting” regime, the single-channel 
nonlinearity is negligible and the detector non-uniformity is easy to be 
controlled → use SPMT to calibrate the LPMT energy response, reduce 
systematics and improve energy resolution.

Implementation for JUNO: ~17,000 20-inch 
PMTs and ~34,000 3-inch PMTs
The physics concept was approved by JUNO 

collaboration in July 2015. The project design 

was approved in January 2016, while the 

number of SPMTs depends on the funding.

P3.063

Even with sophisticated wave form 
analysis, it is very difficult to reduce the 

non-linearity below a few percent.

Anatael Cabrera (CNRS-IN2P3 & APC)
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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)

non linearity
(channel-wise) 

worse resolution
(position-wise) 

non uniformity
(position-wise) 

Three ways have been tested to reconstruct the PMT charge based on 
the sampled waveform with overshoot and noise simulated
1) charge integration
2) waveform fitting
3) waveform deconvolution 

JUNO: an unprecedented Liquid Scintillator Detector
Determination of the neutrino mass hierarchy requires a 
precision measurement of reactor antineutrinos with 3% 
energy resolution at 1 MeV and a calibration error lower 
than 1% over a huge detector.  

The large Liquid Scintillator (LS) 
volume and the large (20”) PMT’s 
surface imply an unprecedented 
PMT dynamical range which 
represents a challenge for the 
control of the systematic 
uncertainties.
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3% resolution 
at 1 MeV is 

pivotal

a - stochastic term 

Maximise the 
detected light 

Control  
systematics

Large photo-coverage
Transparent 
scintillator
High QE 

Challenge over 
huge detector
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which indicates that the influence of b is 1.6 times larger than the a term, and c is less
significant than a by a factor of 1.6. Therefore, a requirement for the resolution of a E
better than 3% is equivalent to the following requirement

a b
c

1.6
1.6

3%. 2.132 2
2

( ) ( ) ( )⎜ ⎟⎛
⎝

⎞
⎠ -+ ´ +

Using figure 13 and the approximation in equation (2.12), we can study different effects of
detector design parameters and optimize the corresponding requirements.

The energy resolution of the JUNO detector is projected in appendix A.2.2 with a full
MC simulation. Toy MC is also used to study the degradation due to the PMT charge
resolution, dark noise, quantum efficiency variation, and smearing from the vertex
reconstruction, as shown in table A4 . Besides the detector response and reconstruction, the
variation of the neutron recoil energy also degrades the resolution of the reconstructed
neutrino energy, which introduces a degradation of 0.1MH

2cD � on the MH sensitivity.

2.3.4. Statistical interpretation. In this section, we shall present a brief summary of the MH
statistics and relation to the sensitivity. The following discussion is crucial to properly
understand the sensitivity results shown in figure 12. The determination of MH is equivalent
to resolving the sign of m .31

2D From the statistics point of view, the determination of MH is a
test to distinguish two discrete hypotheses (NH versus IH).

First let us employ the commonly used approach in the Frequentist statistics. Given a null
hypothesis H0 and the alternative hypothesis H1, we can choose a test statistic T in order to
test whether data can reject the null hypothesis H0. The CL 1( )a- to reject H0 is related to
the type-I error rate α, where,

• type-I error rate α is defined as the probability of rejecting the null hypothesis H0, if H0

is true.

From the definition, one can define the relation between a critical value of the observation
Tc
a and the the type-I error rate α as

Figure 13. The iso- MH
2cD contour plot as the function of the event statistics

(luminosity) and the energy resolution, where the vertical dashed–dotted line stands for
the nominal running of six years with 80% signal efficiency.
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Considerations on resolution

Detector Resolution:

a - stochastic term
3% resolution at 

1MeV is pivotal
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Implementation for JUNO
• The physics concept of Double Calorimetry was approved 

by the JUNO collaboration in July 2015. 
• The project design was approved in January 2016. 
• The final number of SPMT and their positions in the 

detector depend on physics optimisations (on-going)

Current baseline design 
•~18,000 20-inch PMTs
•~36,000 3-inch  PMTs  

Investigation of PMTs 
from different 

suppliers

NNVT 
20-inch 
MCP

Hamamatsu 
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XP53B20

Hamamatsu 
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R6091

MELZ 
3-inch

10 dynodes

Simulated charge map of a muon bundle

LPMT: very 
likely saturation

SPMT: no 
saturation

• Extend the dynamical range beyond 
the region where LPMT are no longer 
linear or even saturated.

• Improve time and vertex resolution due 
to the lower TTS of the small PMTs.

• Improve muon tracking with better 
timing and higher granularity to control 
9Li/8He backgrounds.

• Improve the supernovae neutrino 
detection with less pile-up compared 
to LPMT.

• Provide an independent measurement 
of solar neutrino oscillation parameters 
with similar resolution and time frame 
as LPMT measurement. We can use 
the solar neutrino oscillation 
parameters to cross check for possible 
systematics on the energy 
reconstruction. 

Other benefits from SPMT

Results

Fitting examples

full set of SPMTs
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fitting quality is fine

energy resolution decreases with reducing SPMT number

Yury Malyshkin Solar Parameters with SPMTs 2016.07.26 9 / 14

MC simulation of 1 year 
of JUNO data taking 
with 36,000 SPMT

Sensitivity to mass hierarchy in units of σ2 as a function of 
energy resolution and years (1.00=6 yrs)

N
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0’
’ P

M
T)

Multiple 
photons

5

FIG. 5. Cartoon showing the expected FADC output of a LPMT when hit by one single p.e. (top) and by multiple p.e. (bottom). The charge
integration is trivial in the first case but becomes more challenging for multiple p.e. due to PMT noise and overshoots that can degrade the
output signal.

FIG. 6. Ratio between reconstructed and true charge collected by LPMT as a function of the true charge when applying a waveform
deconvolution. A non-linearity of few percent is still present, particularly for the high true charge.

2. independently on the event vertex position, thus making the non-uniformity effects independent of the energy scale.182

The SPMT system will provide independent and redundant calorimetric information with a systematic error budget which183

is expected to be largely uncorrelated with the LPMT system energy reconstruction. Indeed apart from the systematics related184

to light generation and optical properties of the crossed media which are unavoidable in common, the SPMT system will use185

different PMTs (type and size), voltage divider, readout electronics and the readout strategy (triggerless vs. global trigger) and186

 non-linearity effect

 Non-uniformity effect

Predominantly working in photon counting mode 
Negligible ``non-linearity’’ and ``non-uniformity’’ effects

charge integration (over a wide signal range) 
Non-linearity and non-uniformity effects


Difficult to get rid off with calibration



SPMT as ``aider’’ of the LPMT
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‣ Breaks the non-linearity/non-uniformity 
degeneracy for high precision calorimetry 

‣ Enlarge energy range (LPMT saturation) 

‣ Improve central-detector µ-reconstruction 
→ Aide 9Li/8He tagging/vetoing 

International School of Nuclear Physics, 39th Course, Erice, SicilyWei Wang/ , SYSU

More Light: PMT and Photocathode Coverage

44

• Large PMTs: 20” MCP-PMT, ~75% 

• Large PMTs: 20” SBA Hamamatsu, ~25% 

• Small PMTs: 3” PMTs 
➡ to further increase the photocathode coverage 

➡ to provide a semi-independent calorimetry 
system for timing 

➡ to extend energy dynamic range to avoid 
saturation, important for high energy events 
and cosmic muons

¾ 3.  The performance of  the MCP‐PMT prototypes

20‐inch Hamamatus PMT
Dynode

Ellipsoidal  Glass

20‐inch IHEP MCP‐PMT
Horizontal MCPs
Ellipsoidal  Glass

HQE 1#, 2#, 3#  76#, 77#, 78#, 79#

¾ 3.  The performance of  the MCP‐PMT prototypes

20‐inch Hamamatus PMT
Dynode

Ellipsoidal  Glass

20‐inch IHEP MCP‐PMT
Horizontal MCPs
Ellipsoidal  Glass

HQE 1#, 2#, 3#  76#, 77#, 78#, 79#

  8

3inch PMT (1)
Xinying Li, Doc 781
Miao He, Doc 788, 864

Anatael Cabrera (CNRS-IN2P3 & APC)

SPMT: full dynamic range (up to μ’s) 
⇒ natural dynamic range extension

   •stochastic resolution [10,13]% 
   •SPMT resolution ≲4% @10MeV

LPMT focus on IBD & SN physics 
•on high energy resolution  
•maximise FADC sensitivity

   →stochastic resolution: a~3% 

•SPMT is MUCH lighter than LPMT⇒ major simplification (cheaper) of Electronics/DAQ

natural dynamic range extension… 53
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saturation level cartoon*

muons deposition (cartoon)… FADC saturated data is less useful, but still very heavy!
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SPMT as ``aider’’ of the LPMT
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‣ Breaks the non-linearity/non-uniformity 
degeneracy for high precision calorimetry 

‣ Enlarge energy range (LPMT saturation)  

‣ Improve central-detector µ-reconstruction 
→ Aide 9Li/8He tagging/vetoing 

‣ Stand-alone physics e.g. measurement of 
solar oscillation parameters 
→ Ensure accurate physics results and 
validate energy scale 

‣High rate Supernova pile-up (if very near) 
→ Minimise bias in absolute rate & energy 
spectrum 

Solar parameter measurement with 25k SPMTs is 
comparable with LPMTs and will at least improve the 

current sensitivities down to 0.5-1% 

Can use solar oscillations to compare the SPMT and 
LPMT energy scales (→ internal redundancy check!)



A vast physics program 
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3X bigger  

Neutrino Reactors  
 - Mass hierarchy  
 - Oscillation parameters

Geo-neutrinos &  
Atmospheric neutrinos 

Astrophysics  
(Supernovae, solar neutrinos)

Exotics 
(Sterile neutrino, dark matter, 
proton decay,…) 

Details in  J. Phys. G 43 (2016) no.3, 030401



JUNO sensitivity to Mass Hierarchy 
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Mass Hierarchy Determination
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Figure 2-9: The iso-∆χ2
MH contour plot as the function of the event statistics (luminosity) and the

energy resolution, where the vertical dash-dotted line stands for the nominal running of six years
with 80% signal efficiency.

parametrization for the detector energy resolution is defined as

σE
E

=

√(
a√
E

)2

+ b2 +
( c

E

)2
, (2.11)

where the visible energy E is in the unit of MeV.
Based on our numerical calculation of the MH sensitivity in terms of ∆χ2

MH , we find an
approximate relation for effects of non-stochastic terms (i.e., b, c) using the equivalent a term,

√(
a√
E

)2

+ b2 +
( c

E

)2
≃

√(
a√
E

)2

+

(
1.6 b√

E

)2

+

(
c

1.6
√
E

)2

, (2.12)

which indicates that the influence of b is 1.6 times larger than the a term, and c is less significant
than a by a factor of 1.6. Therefore, a requirement for the resolution of a/

√
E better than 3% is

equivalent to the following requirement,
√

(a)2 + (1.6 × b)2 +
( c

1.6

)2
≤ 3% . (2.13)

Using Fig. 2-9 and the approximation in Eq. (2.12), we can study different effects of detector design
parameters and optimize the corresponding requirements.

The energy resolution of the JUNO detector is projected in Appendix 13.2.2 with a full MC
simulation. Toy MC is also used to study the degradation due to the PMT charge resolution,
dark noise, quantum efficiency variation, and smearing from the vertex reconstruction, as shown
in Tab. 13-4. Besides the detector response and reconstruction, the variation of the neutron re-
coil energy also degrades the resolution of the reconstructed neutrino energy, which introduces a
degradation of ∆χ2

MH ≃ 0.1 on the MH sensitivity.
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Sensitivity to the Oscillation Parameters 

M. Grassi Neutrino GDR, PARIS 2017

Sensitivity To Oscillation Parameters (Direct Constraints)
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sin2(θ12) : 4.1% —> 0.54% Δm2
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SN explosion rate in our Galaxy ~ 1/30-40 yr. 
Must not be missed! 

SN 1987A

JUNO one of the best supernova neutrino detectors



Supernova Neutrino Burst 
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‣DAQ system must handle exceptionally high trigger rates  
‣Dedicated trigger for LPMT 
‣ SPMT system working in ``deadtime-less’’ mode (see C.Cerna’s talk) 

M. Grassi Neutrino GDR, Paris 2017

Supernova Neutrinos
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νe Burst Accretion Cooling

J.Phys. G43 (2016) no.3, 030401

✤ Huge amount of energy (3x1053erg) emitted in neutrinos (~0.2M⊙) over long time range 
✤ 3 phases equally important ▶︎ 3 experiments teaching us about astro- and particle-physics

27M⊙

Expected events in JUNO for a 
typical SN distance of 10kpc

We need to be able to handle Betelgeuse
(d~0.2kpc) resulting in ~10MHz trigger rate

Figure 4-1: Three phases of neutrino emission from a core-collapse SN, from left to right: (1) Infall,
bounce and initial shock-wave propagation, including prompt νe burst. (2) Accretion phase with
significant flavor differences of fluxes and spectra and time variations of the signal. (3) Cooling of
the newly formed neutron star, only small flavor differences between fluxes and spectra. (Based on a
spherically symmetric Garching model with explosion triggered by hand during 0.5–0.6 ms [168,169].
See text for details.) We show the flavor-dependent luminosities and average energies as well as
the IBD rate in JUNO assuming either no flavor conversion (curves ν̄e) or complete flavor swap
(curves ν̄x). The elastic proton (electron) scattering rate uses all six species and assumes a detection
threshold of 0.2 MeV of visible proton (electron) recoil energy. For the electron scattering, two
extreme cases of no flavor conversion (curves no osc.) and flavor conversion with a normal neutrino
mass ordering (curves NH) are presented.
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Figure 4-1: Three phases of neutrino emission from a core-collapse SN, from left to right: (1) Infall,
bounce and initial shock-wave propagation, including prompt νe burst. (2) Accretion phase with
significant flavor differences of fluxes and spectra and time variations of the signal. (3) Cooling of
the newly formed neutron star, only small flavor differences between fluxes and spectra. (Based on a
spherically symmetric Garching model with explosion triggered by hand during 0.5–0.6 ms [168,169].
See text for details.) We show the flavor-dependent luminosities and average energies as well as
the IBD rate in JUNO assuming either no flavor conversion (curves ν̄e) or complete flavor swap
(curves ν̄x). The elastic proton (electron) scattering rate uses all six species and assumes a detection
threshold of 0.2 MeV of visible proton (electron) recoil energy. For the electron scattering, two
extreme cases of no flavor conversion (curves no osc.) and flavor conversion with a normal neutrino
mass ordering (curves NH) are presented.
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Burst Accretion Cooling

SN @10 kpc ~ 104 events 
For Betelgeuse (0.2 kpc)  ~ 107 events

M. Grassi Neutrino GDR, Paris 2017
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✤ Huge amount of energy (3x1053erg) emitted in neutrinos (~0.2M⊙) over long time range 
✤ 3 phases equally important ▶︎ 3 experiments teaching us about astro- and particle-physics

27M⊙

Expected events in JUNO for a 
typical SN distance of 10kpc

We need to be able to handle Betelgeuse
(d~0.2kpc) resulting in ~10MHz trigger rate
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✤ Huge amount of energy (3x1053erg) emitted in neutrinos (~0.2M⊙) over long time range 
✤ 3 phases equally important ▶︎ 3 experiments teaching us about astro- and particle-physics

27M⊙

Expected events in JUNO for a 
typical SN distance of 10kpc

We need to be able to handle Betelgeuse
(d~0.2kpc) resulting in ~10MHz trigger rate
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(ES)

(NC)
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(CC)

• Huge amount of energy (3x1053 erg) emitted as neutrinos in < 10 s   
• Unique astrophysics implications from the measured spectra



Diffuse Supernova Neutrino Background  (DSNB)
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Figure 5-2: Prompt DSNB signal (⟨Eν̄e⟩ = 15MeV, Φ = Φ0) and background spectra before (left)
and after (right) the application of pulse-shape discrimination. The DSNB signal dominates all
backgrounds for a large fraction of the observation window from 11 to 30 MeV.

Item Rate (no PSD) PSD efficiency Rate (PSD)

Signal ⟨Eν̄e⟩ = 12MeV 13 εν = 50% 7
⟨Eν̄e⟩ = 15MeV 23 12
⟨Eν̄e⟩ = 18MeV 33 16
⟨Eν̄e⟩ = 21MeV 39 19

Background reactor ν̄e 0.3 εν = 50% 0.13
atm. CC 1.3 εν = 50% 0.7
atm. NC 6 · 102 εNC = 1.1% 6.2
fast neutrons 11 εFN = 1.3% 0.14
Σ 7.1

Table 5-1: Signal and background event rates before and after PSD in 10 years of JUNO data
taking. An energy window 11MeV < Eν < 30MeV and a fiducial volume cut corresponding to
17 kt have been chosen for background suppression.

5.4 Expected sensitivity

We have investigated two possible approaches for determining the potential of a positive DSNB
detection by JUNO: Optimal sensitivity can be achieved in case the spectral shapes and rates of all
backgrounds are well known, allowing for an energy-dependent fit of signal and background spectra
to the data. Alternatively, we investigate a more conservative ansatz where detection significance
is evaluated based on a rate-only analysis inside the observation window. Finally, the dependence
of the sensitivity on the systematic uncertainty associated with the background normalizations is
studied.

Spectral fit. The sensitivity of the DSNB search will depend on the knowledge on spectral

95

After pulse-shape discrimination 
for background suppression
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Figure 5-3: JUNO’s discovery potential for the
DSNB as a function of the mean energy of the
SN spectrum ⟨Eν̄e⟩ and the DSNB flux normal-
ization Φ (cf. section 5.2). We assume 10 yrs
measuring time, 5% background uncertainty
and a detected event spectrum corresponding
to the sum of signal and background predic-
tions. The significance is derived from a like-
lihood fit to the data. The star marks a theo-
retically well-motivated combination of DSNB
parameters (cf. section 5.2).
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Figure 5-4: Predicted exclusion contour
(90% C.L.) if JUNO finds no signal of the
DSNB above background. The upper limit is
shown as a function of the mean energy of the
SN spectrum ⟨Eν̄e⟩ and the DSNB flux nor-
malization Φ (cf. section 5.2). It has been
derived from a spectral likelihood fit assum-
ing 5% background uncertainty, 10 yrs of mea-
surement time and Ndet = ⟨Nbg⟩. The upper
limit derived from the Super-Kamiokande re-
sults presented in [231] is shown for compari-
son.
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- 3 σ expected for observation after 10 years (for most favorable DSNB 
parameters) or tight exclusion limits (if no-positive signal) 
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Integrated neutrino flux from all past core-collapse events
 - cosmic star formation rate, average core-collapse spectrum, rate of failed SNe. 



Geo-neutrinos 
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Earth’s surface heat flow 46±3 TW.  What fraction due to primordial vs radioactive sources?
Understanding of: 

✤ composition of the Earth (chondritic meteorites that formed our Planet)
✤ chemical layering in the mantle and the nature of mantle convection
✤ energy needed to drive plate tectonics 
✤ power source of the geodynamo, which powers the magnetosphere

Detect electron antineutrinos from the 238U and 232Th decay chains

SIGNAL

�21

- geo-ν detection by IBD. Reactor-ν as 
main background source 

- Signal extracted by a template fit. 

Estimated uncertainties on (U+Th) flux: 
17% after 1 year, 6% in 10 years

JUNO will collect ~ 400 events/yr 
(largest sample so far ~ 150 events)

Earth’s surface heat flow:  46 ± 3 TW. ν from U/Th decay chains to understand:  

‣ Earth’s formation and evolution 
‣ crust and mantle composition  
‣ mantle convection (driver of plate tectonics)

 - 17-25% uncertainty on geo-𝜈 (U + Th) flux from KamLAND + Borexino data
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Almost 2 kmwe overburden to reduce cosmogenic background 

Civil Construction continuing … 
�22

DETECTOR STATUS
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Summary
• JUNO was approved in 2013, and started civil construction in 

2015.
• The detector design was finalized, and the construction of each 

system is in good progress.
• Plan to start operation in 2020, with 20-30 years life time.

235/13/17

JUNO surface facilities

A new underground lab under construction 
with infrastructures on surface 

Vertical shaft and slope 
tunnel completed 



Some main steps towards JUNO….  

Central detector: 
engineering design and progress

17

• Acrylic sphere: ID35.4m, thickness: 120mm.
>200 pieces of 3m×8m panels bonded on site.

• Stainless steel: ID40.1m, OD41.1m, divided 
into 30 longitudes and 23 layers

• Weight of acrylic sphere: ~600 t.
• Weight of stainless steel: ~590 t.
• No. of connecting bars: 590
• No. of shell’s pillars: 60

Final design approved in July 2015: Acrylic sphere + Stainless steel latticed shell

Acrylic	panel Onsite	assembly Bonding	machine Node	test

5/13/17
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Acrylic sphere 
a 4 m prototype in progress 

Calibration systems  
4 sub-systems designed 

Liquid Scintillator  
Progresses in LS choice (yield,  

contamination studies), distillation 
plant and purification system.  

Steel structure 
CD,VETO structure design completed 

Bidding completed and contract signed
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Some main steps towards JUNO: the Top Tracker 

• The design of the TT mechanical support 
validated with the prototypes. 

• The assembly procedure elaborated and  
approved by Chinese side

ReadOut Board on the TT prototype in 
Strasbourg 

• TT shipped to China 

details in  

E. Baussan’s talk



Some main steps towards JUNO: the SPMTs 
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‣ SPMTs bidding in 2017 (HZC selected)  
‣ Production and acceptance tests started 
‣ ~3000 PMTs produced and tested @ HZC  
 A 10% sample tested at IHEP (good agreement) 

‣ PMT potting, cabling and connectors 
‣ HV, Electronics: board ready and under test 
‣ underwater boxes: design and prototypes

… much more in 

C. Cerna’s talk



LPMT (20”) production 
and testing started  

~ 6000 LPMT delivered 

Electronics design defined, v0 
production and testing in progress

�27

Scanning stations for LPMT

Storage space and testing 
facility near the JUNO site

Uniformity scan station Example of uniformity test

Some main steps towards JUNO: the LPMTs 



An international collaboration 

17 countries, 72 institutions (+ 4 observers)  

M.Settimo, update Jan 2018

Armenia (1) 
Belgium (1) 
Brazil (2) 
Chile (2) 
China (30) 
Czech Rep. (1) 
Finland (1) 
France (5) 
Germany (7) 
Italy (8) 
Latvia (1) 
Malaysia* 
Pakistan (1)
Russia (3) 
Slovakia (1) 
Taiwan (3)
Thailand  (3) 
USA (2) 
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~ 550 collaborators 
(*) Observers



Conclusions 
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Experiment Daya Bay BOREXINO KamLAND JUNO

Target mass 20 ton ~ 300 ton ~ 1 kton 20 kton 

Optical coverage 12% 34% 34% 75%

Light yield 160 p.e./MeV 500 p.e./MeV 250 p.e./MeV 1200 p.e./MeV

Energy resolution 7.5%/√E 5%/√E 6%/√E 3%/√E

Energy calibration 1.5% ~ 1% 2% < 1%

Multi-purpose experiment :  
- reactor ν : Mass Hierarchy sensitivity, < 1% precision on the oscillation parameters 

- ``non-reactor’’ ν: A vast program for (supernova physics, geo-neutrinos, solar ν, …)  

JUNO unprecedented large & high precision-calorimetry liquid scintillator detector 

Several sub-projects based a very close and successful 
collaboration between China and France 

Many progresses on going on civil and detector construction



Thank you

Winter fashion 2018

Summer fashion 2017

Nanjing, Jan 2018


