
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

@center (≤4m)
@edge (≥16m)
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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

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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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
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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
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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

E (MeV)
0 2 4 6 8 10 12

0

50

100

150

200

250

heprompt_0
Entries  8834

Mean    3.717

RMS     1.584

 / ndf 2χ  121.3 / 89

Dm2_21   07− 3.877e±05 − 7.489e

Sin2Th_21  0.0025± 0.3079 

half

E (MeV)
0 2 4 6 8 10 12

0

50

100

150

200

250

heprompt_0
Entries  8834

Mean    3.713

RMS     1.608

 / ndf 2χ  123.5 / 90

Dm2_21   07− 3.995e±05 − 7.502e

Sin2Th_21  0.0025± 0.3074 

quarter

E (MeV)
0 2 4 6 8 10 12

0

50

100

150

200

250
heprompt_0

Entries  8834

Mean    3.713

RMS     1.654

 / ndf 2χ  142.9 / 90

Dm2_21   07− 4.228e±05 − 7.489e

Sin2Th_21  0.0026± 0.3081 

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