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Neutrino oscillations with reactor neutrinos
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• Reactor oscillation experiments aim at the measurement of oscillation parameters (θ13, θ12, mass 
splittings) through the observation of νe → νe  transition.

Neutrino oscillations with Reactor Neutrinos

Detected ⌫̄e energy 2–8 MeV
I Only sensitive to ⌫̄e ! ⌫̄e

JUNO

?

DB/RENO/DC

Distance: selects “oscillation regime”
I JUNO placed at �m2

21 minimum
I First experiment to see both �m2

J. P. A. M. de André for JUNO WIN 2019 June 4th, 2019 3 / 19

• The oscillation regime is different according to the distance 
between the detector and the reactor.

• JUNO is placed at the minimum induced by Δm221 but it 
will measure both Δm221 and Δm231.

• Neutrino reactor experiments are sensitive only to νe → νe  
and therefore they are insensitive to the δCP phase helping 
for a clean measurements of parameters.
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• The neutrinos are observed via Inverse Beta Decay (IBD) 
allowing a two-fold coincidence for a clean signal.

• The energy spectrum is a convolution of flux and IBD cross 
section (threshold at 1.8 MeV).

Neutrino detection

The signal signature

Yue Meng, Neutrino2020 8

Detection via inverse beta decay (IBD) event

The observable electron anti-neutrino spectrum (red line) 
The cross section of inverse beta decay (blue line)
Copyright 2015, rights managed by Nature Publishing Group 

• Prompt photons from e+ ionization and 
annihilation (1-8 MeV)

• Delayed photons from n capture on Hydrogen 
(2.2 MeV)

• Time (τ ~ 200 μs) and spatial correlation
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JUNO experiment
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Yangjiang NPP

Taishan NPP

Daya Bay NPP
Huizhou NPP Lufeng NPP

53 km
53 km

Hong Kong

Macau

Guang Zhou

Shen Zhen

Zhu Hai

2.5 h drive

Kaiping,	
Jiang	Men	city,	
Guangdong	Province	

700 m 
 overburden

20 kt

• JUNO (Jiangmen Underground Neutrino Observatory) is a medium-baseline (53 km) reactor neutrino 
experiment.

• The baseline has been optimized for neutrino mass ordering determination.

• JUNO will be the largest liquid scintillator detector ever built (20 kilo-tonnes)

NPP Daya Bay Huizhou Lufeng Yangjiang Taishan

Status Operation Planned Planned Operation Operation

Power 17.4 GW 17.4 GW 17.4 GW 17.4 GW 9.2 GW 
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JUNO detector design
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• The experiment consists of a very large target made of 20 kton liquid scintillator detector.

• For 1 MeV, 1200 p.e. will be collected to ensure an energy resolution of 3%.

Central detector (CD)

Yue Meng, Neutrino2020 10

• 35 m diameter acrylic sphere
• Stainless steel truss
• 20,000 tons purified liquid scintillator 
• 18,000 20-inch PMTs 
• 25,600 3-inch PMTs
• Filling/Overflow/Circulation (FOC) system

Acrylic panel and lift structure Acrylic panel production

Stainless steel truss Node test

Calibration house
M u l t i - d i m e n s i o n 
calibration systems

Top Tracker
- Precise muon tracker
- 3 layers of plastic scintillator
- ~ 60% of area above WCD

Water Cherenkov Detector (WCD)
- 35 kton ultra-pure water
- 2400 20-inch PMTs
- High muon detection efficiency
- Protects CD against external radioactivity

Central Detector (CD) - Neutrino target
- Acrylic sphere with 20 kton liquid scintillator 

(LAB)
- 18000 20-inch PMTs and 25600 3-inch PMTs
- 3% energy resolution at 1 MeV.

Details on detector characteristics:
- Talk during Detectors for Future Facilities parallel session. 

« Status  and progress of the JUNO detector » Jileil Xu
- Posters: « Status of the Veto Systems of JUNO » (JP De Andre), 

« The 3-inch Photomultiplier system » (C. Jollet).
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JUNO collaboration
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JUNO Collaboration

77 institutes 
669 members

Country Institute Country Institute Country Institute

Armenia Yerevan Physics Institute China IMP-CAS Germany FZJ-IKP
Belgium Universite libre de Bruxelles China SYSU Germany U. Mainz
Brazil PUC China Tsinghua U. Germany U. Tuebingen
Brazil UEL China UCAS Italy INFN Catania
Chile PCUC China USTC Italy INFN di Frascati
Chile UTFSM China U. of South China Italy INFN-Ferrara
China BISEE China Wu Yi U. Italy INFN-Milano
China Beijing Normal U. China Wuhan U. Italy INFN-Milano Bicocca
China CAGS China Xi'an JT U. Italy INFN-Padova
China ChongQing University China Xiamen University Italy INFN-Perugia
China CIAE China Zhengzhou U. Italy INFN-Roma 3
China DGUT China NUDT Latvia IECS
China ECUST China CUG-Beijing Pakistan PINSTECH (PAEC)
China Guangxi U. China ECUT-Nanchang City Russia INR Moscow

China Harbin Institute of Technology Croatia PDZ/RBI Russia JINR

China IHEP Czech Charles U. Russia MSU
China Jilin U. Finland University of Jyvaskyla Slovakia FMPICU
China Jinan U. France LAL Orsay Taiwan-China National Chiao-Tung U.
China Nanjing U. France CENBG Bordeaux Taiwan-China National Taiwan U.
China Nankai U. France CPPM Marseille Taiwan-China National United U.
China NCEPU France IPHC Strasbourg Thailand NARIT
China Pekin U. France Subatech Nantes Thailand PPRLCU
China Shandong U. Germany FZJ-ZEA Thailand SUT
China Shanghai JT U. Germany RWTH Aachen U. USA UMD
China IGG-Beijing Germany TUM USA UC Irvine
China IGG-Wuhan Germany U. Hamburg

JUNO is an international collaboration made of 669 members from 77 institutes spread over 18 countries.Updated list of members

July 2020 2M. Dracos

= 77 members
Country Institute Country Institute Country Institute

Armenia Yerevan Physics Institute China IMP-CAS Germany FZJ-IKP
Belgium Universite libre de Bruxelles China SYSU Germany U. Mainz
Brazil PUC China Tsinghua U. Germany U. Tuebingen
Brazil UEL China UCAS Italy INFN Catania
Chile PCUC China USTC Italy INFN di Frascati
Chile UTFSM China U. of South China Italy INFN-Ferrara
China BISEE China Wu Yi U. Italy INFN-Milano
China Beijing Normal U. China Wuhan U. Italy INFN-Milano Bicocca
China CAGS China Xi'an JT U. Italy INFN-Padova
China ChongQing University China Xiamen University Italy INFN-Perugia
China CIAE China Zhengzhou U. Italy INFN-Roma 3
China DGUT China NUDT Latvia IECS
China ECUST China CUG-Beijing Pakistan PINSTECH (PAEC)
China Guangxi U. China ECUT-Nanchang City Russia INR Moscow
China Harbin Institute of Technology Croatia UZ/RBI Russia JINR
China IHEP Czech Charles U. Russia MSU
China Jilin U. Finland University of Jyvaskyla Slovakia FMPICU
China Jinan U. France LAL Orsay Taiwan-China National Chiao-Tung U.
China Nanjing U. France CENBG Bordeaux Taiwan-China National Taiwan U.
China Nankai U. France CPPM Marseille Taiwan-China National United U.
China NCEPU France IPHC Strasbourg Thailand NARIT
China Pekin U. France Subatech Nantes Thailand PPRLCU
China Shandong U. Germany FZJ-ZEA Thailand SUT
China Shanghai JT U. Germany RWTH Aachen U. USA UMD-G
China IGG-Beijing Germany TUM USA UC Irvine
China IGG-Wuhan Germany U. Hamburg

• Yale University (USA): Prof. Karsten Heeger observer
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Physics possibilities of JUNO
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JUNO is a multipurpose Neutrino Observatory and it has a rich program in neutrino physics and 
astrophysics (J.Phys. G43 (2016)no.3, 030401) .

• Neutrino mass ordering

• Precision measurement of oscillation 
parameters

• Supernova neutrinos

• Diffuse Supernova neutrino background

• Trans i en t even t s (mu l t i -messenger 
astronomy)

• Solar neutrinos 

• Atmospheric neutrinos

• Geo-neutrinos

• Nucleon decay & exotic searches

From J. Pedro Ochoa-Ricoux’s Nufact 2019

3

Jiangmen Underground Neutrino Observatory (JUNO)

• JUNO has a rich program in neutrino physics and astrophysics

Nuclear power plant Status Power

Daya Bay Operational 17.4 GW

Huizhou Planned 17.4 GW

Lufeng Planned 17.4 GW

Yangjiang Operational 17.4 GW

Taishan Operational 9.2 GW
(2 reactors online now)

~60/day
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Mass hierarchy determination
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• Several conditions on baseline and energy resolution are 
necessary to perform such a measurement.

• JUNO can perform a relative measurement (no 
constraint on Δm231, Δ𝜒2>9 ) or an absolute 

measurement  (Δ𝜒2>16) accounting for constraints from 
long baseline experiments.

Daya Bay

Yue Meng, Neutrino2020 4

Physics Prospects

JUNO

Neutrino mass ordering
• 3σ neutrino mass ordering sensitivity within 6 years. 
• 4σ with ∆m2

32 input from accelerator experiments. 
• > 5σ combined analysis with IceCube within 3–7 years or PINGU 

in 2 years (arXiv: 1911.06745)

Neutrino oscillation parameters
• Sub-percent accuracy  for θ12 ,

Δm2
21 and Δm2

31
• Current precision

From CERN Courier

• Reactor anti-neutrinos are detected via inverse beta 
decay (IBD).

Sensitivity for 100 k IBDs  
(20 kton×35 GW×6 years).

Figure 2-7: The MH discrimination ability as the function of the baseline (left panel) and function
of the baseline difference of two reactors (right panel).

To obtain the MH sensitivity, we employ the least-squares method and construct a χ2 function
as 3,

χ2
REA =

Nbin∑

i=1

[Mi − Ti(1 +
∑

k αikεk)]2

Mi
+
∑

k

ε2k
σ2k

, (2.9)

where Mi is the measured neutrino events in the i-th energy bin, Ti is the predicted neutrino events
with oscillations, σk is the systematic uncertainty, εk is the corresponding pull parameter, and αik

is the fraction of neutrino event contribution of the k-th pull parameter to the i-th energy bin. The
considered systematic uncertainties include the correlated (absolute) reactor uncertainty (2%), the
uncorrelated (relative) reactor uncertainty (0.8%), the spectrum shape uncertainty (1%) and the
detector-related uncertainty (1%). We use 200 equal-size bins for the incoming neutrino energy
between 1.8 MeV and 8.0 MeV.

We fit the spectrum assuming the normal MH or inverted MH with the chisquare method and
take the difference of the minima as a measure of the MH sensitivity. The discriminator of the MH
can be defined as

∆χ2
MH = |χ2

min(N)− χ2
min(I)|, (2.10)

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

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

|∆m2
ee|.

2.3.2 Baseline Optimization

The discriminator defined in Eq. (2.10) can be used to obtain the optimal baseline, which are
shown in the left panel of Fig. 2-7. A sensitivity of ∆χ2

MH " 16 is obtained for the ideal case with
identical baselines at around 50 km. The impact of the baseline difference due to multiple reactor
cores is shown in the right panel of Fig. 2-7, by keeping the baseline of one reactor unchanged and
varying that of another. A rapid oscillatory behavior is observed and demonstrates the importance
of reducing the baseline differences of reactor cores. The worst case is at ∆L ∼ 1.7 km, where the
|∆m2

ee| related oscillation is cancelled between two reactors.

3A different definition with the Poisson χ2 function yields the consistent MH sensitivity [79,80].

43

Stat. Core dist. DYB & HZ Shape B/S (stat.) B/S (shape) |∆m2
µµ|

Size 52.5 km Tab. 1-2 Tab. 1-2 1% 6.3% 0.4% 1%
∆χ2

MH +16 −3 −1.7 −1 −0.6 −0.1 +(4− 12)

Table 2-5: Different contributions for the MH determination. The first column is the statistical-
only scenario with the equal baseline of 52.5 km, the second column considers the real distribution
(dist.) of reactor cores, the third column defines the contribution of remote DYB and HZ NPPs,
the fourth column stands for the reduction of the reactor shape uncertainty, the fifth and sixth
columns are the contributions of the background statistical and shape uncertainties, the seventh
column is the enhanced sensitivity from additional information of |∆m2

µµ|.

2.5 MH Sensitivity with Precision |∆m2
ee| and |∆m2

µµ| Measurements

Due to the intrinsic difference between |∆m2
ee| and |∆m2

µµ|, precise measurements of these two
mass-squared differences can provide additional sensitivity to MH, besides the sensitivity from the
interference effects. To incorporate the contribution from the |∆m2

µµ| measurement in long-baseline
muon-neutrino oscillation experiments, we define the following the extra pull function

χ2
pull(|∆m2

µµ|) =
(|∆m2

µµ|− |∆m2
µµ|)2

σ2(∆m2
µµ)

, (2.22)

where |∆m2
µµ| and σ(∆m2

µµ) are the central value and 1σ uncertainty of the measurement. The
combined χ2 function is defined as

χ2
ALL = χ2

REA + χ2
pull(|∆m2

µµ|) . (2.23)

Because two of the three mass-squared differences (∆m2
21, ∆m2

31 and ∆m2
32) are independent, we

choose ∆m2
21 and ∆m2

ee defined in Eq. (2.2) as the free parameters. Proper values of ∆m2
µµ can be

calculated by the relations in Eq. (2.6).
To illustrate the effect of the external |∆m2

µµ| measurement, we calculate the separated and
combined χ2 functions in Eqs. (2.9) and (2.23) in Fig. 2-16, where a 1% (left panel) or 1.5% (right
panel) relative error of ∆m2

µµ is assumed. The black and red lines are for the true (normal) and
false (inverted) MHs, respectively. The dashed and solid lines are for the reactor-only [in Eq. (2.9)]
and combined distributions. Here a fixed CP-violating phase (cos δ = 0) is assumed for illustration.
We can get a value of ∆χ2

MH " 10 for the reactor-only analysis in the χ2 method. As for the
contribution from the external |∆m2

µµ| measurement, it is almost negligible if we choose the true
(normal) MH in the fitting program. However, if the fitting MH is the false (inverted) one, the
central value of ∆m2

ee in the χ2
pull function will change by two times the difference in Eq. (2.6),

which accordingly results in a significant contribution to the combined χ2 function. Finally we
can achieve ∆χ2

MH " 19 and ∆χ2
MH " 14 for the 1% and 1.5% relative errors of the |∆m2

µµ|
measurement, respectively. Considering the whole parameter space of δ2MH from 0 to 2π, ∆χ2 can
range from 14 to 22 for the 1% relative precision of |∆m2

µµ| [69].

2.6 Conclusions

The determination of the neutrino mass hierarchy is of great importance in neutrino physics, since
the MH provides a crucial input for future searches of neutrinoless double beta decays, observation

53

Different contributions for the MH determination

Measuring NMO with reactor neutrinos
method: S. T. Petcov, M. Piai, Phys. Lett. B 533 (2002) 94; formulas: S. F. Ge, et al, JHEP 1305 (2013) 131

/ sin2 2✓13

6

?

Normal(+)/Inverted(�) Ordering ! measurable only if ✓13 “large”
Need excellent energy resolution to distinguish fast oscillation

J. P. A. M. de André for JUNO WIN 2019 June 4th, 2019 8 / 19

+ Normal hierarchy 
- Inverted hierarchy
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Mass hierarchy sensitivity: impact of energy resolution
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Figure 1: The MH discrimination ability for the proposed reactor neutrino experiment
as functions of the baseline (left panel) and the detector energy resolution (right panel)
with the method of the least squares function in Eq. (11).

detector energy resolution 3%/
√

E(MeV) as a benchmark. A normal MH is assumed to
be the true one (otherwise mentioned explicitly) while the conclusion won’t be changed
for the other assumption. The relevant oscillation parameters are taken from the latest
global analysis [28] as ∆m2

21 = 7.54 × 10−5eV−2, (∆m2
31 +∆m2

32)/2 = 2.43 × 10−5eV−2,
sin2 θ13 = 0.024 and sin2 θ12 = 0.307. The CP-violating phase will be specified when
needed. Finally, the reactor antineutrino flux model from Vogel et al. [33] is adopted
in our simulation1. Because two of the three mass-squared differences (∆m2

21, ∆m2
31

and ∆m2
32) are independent, we choose ∆m2

21 and ∆m2
ee defined in Eq. (5) as the free

parameters in this work.
To obtain the sensitivity of the proposed experiment, we employ the least squares

method and construct a standard χ2 function as following:

χ2
REA =

Nbin
∑

i=1

[Mi − Ti(1 +
∑

k αikεk)]2

Mi

+
∑

k

ε2k
σ2
k

, (11)

where Mi is the measured neutrino events in the i-th energy bin, Ti is the predicted
reactor antineutrino flux with oscillations, σk is the systematic uncertainty, εk is the
corresponding pull parameter, and αik is the fraction of neutrino event contribution of
the k-th pull parameter to the i-th energy bin. The considered systematic uncertainties
include the correlated (absolute) reactor uncertainty (2%), the uncorrelated (relative)
reactor uncertainty (0.8%), the flux spectrum uncertainty (1%) and the detector-related
uncertainty (1%). We use 200 equal-size bins for the incoming neutrino energy between
1.8 MeV and 8.0 MeV.

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

1We have tried both the calculated [33] and the new evaluations [34, 35] of the reactor antineutrino
fluxes. The discrepancy only influences the measurement of θ12. Both evaluations give consistent results
on the MH determination.

5

• To reach the required energy resolution: high light yield + large PMT coverage + good 
calibration.

(poster from GuiHong Huang « Energy and vertex reconstruction in JUNO » and from Ziyuan Li « Vertex reconstruction and deep learning applications in 
JUNO »)

• To keep the energy scale uncertainty at the sub-percent precision, a comprehensive 
calibration strategy is foreseen.

(poster from Kangfu Zhu « JUNO calibration strategy and its simulation »)

• Knowledge of the reference spectrum with high energy resolution.

The energy resolution (photo-electron statistics) is a critical parameter in the achievable sensitivity. The goal is to 
achieve 3%/√E [MeV].

Measuring NMO with reactor neutrinos: impact of energy resolution

⌫̄e oscillated spectrum

Ideal case
Exposure: 20 kt · 6 years

+ energy resolution

Evis from e+ used rather than E⌫

Assuming 3%/
p

E [MeV] energy resolution

J. P. A. M. de André for JUNO WIN 2019 June 4th, 2019 11 / 19
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νe oscillated spectrum
ideal case 

νe oscillated spectrum
3%/√E[MeV] energy resolution

Δχ2 as a function of the 
energy resolution
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JUNO TAO detector
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Taishan Antineutrino Observatory (TAO), a ton-level, high energy resolution LS detector at 30 meters from 
one of the Taishan reactor cores, is a satellite detector of JUNO.

Purposes:

- Precisely measure the reactor antineutrino spectrum

- Provide a model-independent reference spectrum for JUNO.

- Benchmark for investigation of the nuclear database.

- Reactor monitoring and safeguard

- Search for sterile neutrino

Detector design (CDR on  arXiv:2005.08745):

• 30-35 meters from one of the Taishan reactor cores (4.6 GWth).

• Ton-level Liquid Scintillator (Gd-LS)

• 10 m2 of SiPM for a > 90% coverage.

• Operate at -50°C (SiPM darknoise).

• 4500 p.e./MeV.

TAO i n s t a l l a t i on a nd 
commissioning in 2022  
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Precision measurements
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• Precision measurements essential to test consistency of neutrino oscillation framework.

• By measuring the energy spectrum, JUNO will be sensitive to solar parameters and mass hierarchy.

• The current precision on the oscillation parameters is:

Nominal + B2B (1%) + BG + EL (1%) + NL (1%)
sin2 θ12 0.54% 0.60% 0.62% 0.64% 0.67%
∆m2

21 0.24% 0.27% 0.29% 0.44% 0.59%
|∆m2

ee| 0.27% 0.31% 0.31% 0.35% 0.44%

Table 3-2: Precision of sin2 θ12, ∆m2
21 and |∆m2

ee| from the nominal setup to those including
additional systematic uncertainties. The systematics are added one by one from left to right.

In the following a study of the effects of important systematic errors, including the bin-to-bin (B2B)
energy uncorrelated uncertainty, the energy linear scale (EL) uncertainty and the energy non-linear
(NL) uncertainty, will be discussed and the influence of background (BG) will be presented. As a
benchmark, 1% precision for all the considered systematic errors is assumed. The background level
and uncertainties are the same as in the previous chapter for the MH determination. In Table 3-
2, we show the precision of sin2 θ12, ∆m2

21 and |∆m2
ee| from the nominal setup to those including

additional systematic uncertainties. The systematics are added one by one. Note the energy-related
uncertainties are more important because the sensitivity is mostly from the spectrum distortion
due to neutrino oscillations.

In summary, for the precision measurements of oscillation parameters, we can achieve the preci-
sion level of 0.5%−0.7% for the three oscillation parameters sin2 θ12, ∆m2

21 and |∆m2
ee|. Therefore,

precision tests of the unitarity of the lepton mixing matrix in Eq. (3.1), and the mass sum rule in
Eq. (3.4) are feasible at unprecedented precision levels.

3.3 Tests of the standard three-neutrino paradigm

In this section, the strategy for testing the standard three-neutrino paradigm including the unitarity
of the lepton mixing matrix and the sum rule of the mass-squared differences will be discussed.
As only the lepton mixing elements of the electron flavor are accessible in reactor antineutrino
oscillations, we here focus on testing the normalization condition in the first row of U as shown in
Eq. (3.1). It should be noted that the θ12 measurement in JUNO is mainly from the energy spectrum
measurement, and θ13 in Daya Bay is from the relative rate measurement. Therefore, an absolute
rate measurement from either reactor antineutrino experiments or solar neutrino experiments is
required to anchor the total normalization for the first row of U . For the test of the mass sum rule,
an additional independent mass-squared difference is needed, where the most promising one is that
from the long-baseline accelerator muon-neutrino disappearance channel, i.e., ∆m2

µµ.
To explain non-zero neutrino masses in new physics beyond the Standard Model (SM), a large

class of models introduces additional fermion singlets to mix with the SM neutrinos. Thus the full
neutrino mixing matrix will be enlarged, and an effective 3× 3 non-unitary mixing matrix emerges
when one integrates out all those heavy fermion singlets (i.e., sterile neutrinos). The distinct effects
within this class of SM extensions are well described by an effective field extension of the SM, called
the Minimal Unitarity Violation (MUV) scheme. The MUV extension of the SM, characterized by
two non-renormalizable effective operators, is defined as

LMUV = LSM + δLd=5 + δLd=6

= LSM +
1

2
cd=5
αβ

(
Lc

αφ̃
∗
)(

φ̃† Lβ

)
+ cd=6

αβ

(
Lαφ̃

)
i # ∂

(
φ̃†Lβ

)
+H.c. , (3.9)

where φ denotes the SM Higgs field, which breaks the electroweak (EW) symmetry spontaneously
after acquiring the vacuum expectation value (vev) vEW $ 246GeV, and Lα represents the lepton

63

Precision that can achieve JUNO

Precision measurements of ⌫̄ oscillations
In order to measure NMO, need exquisite details of oscillation pattern

) can also profit to extract particular oscillation parameters with precision <1%
And test oscillations over several periods, probing simultaneously �m2

21-driven and
�m2

32/�m2
31-driven oscillation modes.

J. P. A. M. de André for JUNO WIN 2019 June 4th, 2019 15 / 19
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Solar neutrinos

11

products of IBD reaction, e+ and neutron, can be rejected to less than 0.5% using the correlation
between them. The residual mainly comes from the two signals falling into one electronics readout
window (1 µs). The recoil electron from the ⌫ � e ES channel, with a rate of 0.14 cpd/kt when the
visible energy is larger than 2 MeV, cannot be distinguished from 8B ⌫ signals. A 2% uncertainty
is assigned to this background according to the uncertainties of antineutrino flux and the ES cross
section.

4 Expected results

After applying all the selection cuts, about 60,000 recoil electrons and 30,000 background events are
expected in 10 years of data taking as listed in Table 4 and shown in Fig. 11. The dead time due to
muon veto is about 48% in the whole energy range. As listed in Table 2, the 212Bi�208Tl correlation
cut removes 20% of signals in the energy range of 3 to 5 MeV, and less than 2% in other energy
ranges. The detection e�ciency uncertainty, mainly from the FV cuts, is assumed to be 1%
according to Borexino’s results [20]. Given that the uncertainty of the FV is determined using
the uniformly distributed cosmogenic isotopes, the uncertainty is assumed to be correlated among
the three energy-dependent FVs. Since a spectrum distortion test will be performed, another
important uncertainty source is the detector energy scale. For electrons with energies larger than
2 MeV, the nonlinear relationship between the LS light output and the deposited energy is less than
1%. Moreover, electrons from the cosmogenic 12B decays, with an average energy of 6.4 MeV, can
set strong constraints to the energy scale, as it was done in Daya Bay [31] and Double Chooz [61].
Thus, a 0.3% energy scale uncertainty is used in this analysis following the results in Ref. [31].
Three analyses are reported based on these inputs.
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Figure 11: Expected signal and background spectra in ten years of data taking, with all selection
cuts and muon veto methods applied. Signals are produced in the standard LMA-MSW framework
using �m2

21=4.8⇥10�5 eV2. The energy dependent fiducial volumes account for the discontinuities
at 3 MeV and 5 MeV.
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• Challenging measurement due to:

- low overburden but new veto strategies for cosmogenic isotopes.

- detection via neutrino-elastic scattering, so higher requirements in terms of radiopurity:

‣ assuming an intrinsic 238U and 232Th radioactivity level of 10-17 g/g, a 2 MeV analysis threshold can 
be achieved.

‣ fiducial volume energy dependent cut.

• With 10 years of data taking, about 60000 signal and 30000 background events are expected:

- shed new light on current tension in Δm221 between solar and reactor neutrinos measurement with 
the same detector.

arXiv: 2006.11760
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Supernova neutrinos
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• Galactic core-collapse supernova neutrinos (CCSN): .

- Determination of flavor content, energy spectrum and time 
evolution

- Low energy threshold: ~0.2 MeV

- Golden channel: IBD, ~5000 events for SN@10 kpc

- information about νx thanks to ν-p ES channel.

• JUNO is part of the SNEWS project (SuperNova Early 
Warning System).

• Diffuse Supernova Neutrino Background (DSNB): 
integrated neutrino flux from all past core-collapse events.

- Expected detection of ~3σ after 10 years.

- Leading constraint if DSNB is not observed (the upper 
limit on the flux above 17.3 MeV would be ~0.2 cm-2s-1 
after 10 years).
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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
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23

Å A modified version of SN neutrino 
spectra from the Fig.29 of JUNO Physics 
book
• Extend to 100 MeV to display the 

full spectra
• Fix a mistake for the “12N CC” 

spectrum (green dot-dashed) in original 
Fig.29

Plot checked and updated by Huiling Li, Yufeng Li, Shun Zhou

Four groups will involve in the SN 
analysis based on full MC
• Martellini et al, doc-6011 presented 

in the parallel Æ Unfold mass 
progenitor of the SN burst

• Multi-messager astrophysics:

- Lower the energy threshold down to O(10) keV

- Realtime monitoring of the MeV transient neutrino sky.

poster from Thilo Birkenfeld «  Detector simulation and 

reconstruction of Supernova neutrinos with JUNO »).
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• Atmospheric neutrinos:   

- Additional measurement of mass hierarchy with matter 
effects.

- Sensitivity to θ23 (the wrong θ23 octant could be ruled out at 1.8σ 

(0.9σ) for the true normal (inverted) hierarchy and θ23 =35º).

- Measure θ23  with 6° precision.

- Combined studies of oscillation from different sources.

Figure 7-9: The future optimistic (blue) and pessimistic (red) MH sensitivities as a function of
livetime for the true NH (left) and IH (right) hypotheses.

and NC events. Here we do not consider the statistical separation of neutrinos and antineutrinos,
and do not discriminate the FC and PC events. In contrast to the optimistic case, we take the
5%

√
Evis and 37.2◦/

√
Eν for the visible energy and the neutrino direction resolutions, respectively.

37.2◦/
√
Eν corresponds to the mean angle between the lepton and neutrino directions. In order to

calculate the MH sensitivity we weight a simulated dataset of 25 million events according to the
best fit parameters [27] of both NH and IH hierarchies. For the experimental event numbers Nij in
Eq. (7.17), we dice pseudo experiments for each hierarchy using a poisson distribution. This yields
the Gaussian distributed χ2 values. The MH sensitivity under the assumption that one hierarchy
is true is the distance between the expectation values µtrue and µfalse expressed in units of the
false hierarchy standard deviation σfalse. The estimated sensitivity Nσ = |µtrue − µfalse|/σfalse can
be seen in Fig. 7-9. After a 10 year measurement one would expect a 1.0σ combined sensitivity
from the point and track-like samples. The results are pessimistic compared to the optimistic case
which is mostly due to the assumed angular uncertainties. Additionally, the sensitivity of the point-
like sample is decreased by a high contamination of NC events and deep inelastic muon neutrino
interactions while the track-like sample has a higher uncertainty on energy resolution due to a high
number of PC events.

7.4.3 Atmospheric Mixing Angle θ23

For the atmospheric mixing angle θ23, the MINOS disappearance data indicates a non-maximal
θ23 [131]. However, the T2K disappearance data prefer a nearly maximal mixing θ23 = 45◦ [133].
It is an open question whether or not θ23 is maximal. If θ23 deviates from 45◦, one can get
both the lower octant (LO) θ23 < 45◦ and higher octant (HO) θ23 > 45◦ solutions, because the
νµ/ν̄µ survival probability is mainly sensitive to the sin2 2θ23 terms of Eq. (7.7) for the MINOS
and T2K experiments. When the MSW resonance happens, the sin4 θ23 term in Eq. (7.7) will be
enlarged due to sin2 2θm13 → 1. Then the sin4 θ23 term can help us to distinguish the θ23 octant
since sin4 θ23 is different for the θ23 and π/2 − θ23 solutions. In addition, we should consider the
oscillation probability P (νe → νµ) which is proportional to sin2 θ23 as shown in Eq. (7.6). It is
worthwhile to stress that the octant sensitivity from antineutrinos (neutrinos) is largely suppressed
by sin2 2θm13 → sin2 2θ13 when we take the NH (IH) hypothesis as the true mass hierarchy. Therefore

124

• Geo-neutrinos:   

- Explore origin and thermal evolution of the Earth

- 400-500 neutrinos per year

- Precision 6% in 10 years

Yue Meng, Neutrino2020 6

Proton decay 
• Competitive sensitivity to 

proton decay searches 
• Triple coincidence signal

Multi-messager astrophysics

Physics Prospects

Geo-neutrino 
• Explore origin and thermal 

evolution of the Earth
• 400 − 500 neutrinos per 

year 
• Precision 6% in 10 years 

• lower the energy threshold 
of the detector down to 
O(10) keV 

• Realtime monitoring of the 
MeV transient neutrino sky

• Reactor flux shape precise measurement
• Sterile neutrinos
• Other exotic searches, etc
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liquid scintillator. The K+ meson has a lifetime of 12.4 nanoseconds and can quickly decay via the
following major channels:

• K+ → µ+νµ (63.43%),

• K+ → π+π0 (21.13%),

• K+ → π+π+π− (5.58%),

• K+ → π0e+νe (4.87%),

• K+ → π+π0π0 (1.73%).

We mainly consider the two most important decay modes: K+ → µ+νµ and K+ → π+π0. In either
case there is a shortly delayed (∼12 ns) signal from the daughter particle(s). If the K+ meson
decays into µ+νµ, the delayed signal comes from µ+, which has a fixed kinetic energy of 152 MeV
as required by kinematics. Then the decay µ+ → e+νeνµ happens about 2.2 µs later, leading to the
third long-delayed signal with a well-known (Michel electron) energy spectrum. If the K+ meson
decays into π+π0, the π+ deposits its kinetic energy (108 MeV) and the π0 instantaneously decays
into two gamma rays with the sum of the energies equal to the total energy of π0 (246 MeV). The
delayed signal includes all of the aforementioned deposited energies. Then the π+ meson decays
primarily into µ+νµ. The µ+ itself has very low kinetic energy (4.1 MeV), but it decays into e+νeνµ
about 2.2 µs later, yielding the third long-delayed decay positron signal. The simulated hit time
distribution of a K+ → µ+νµ event is shown in Figure. 10-2, which displays a clear three-fold
coincidence.

Figure 10-2: The simulated hit time distribution of photoelectrons (PEs) from a K+ → µ+νµ event
at JUNO.

If a proton decays in a carbon nucleus, the nuclear effects have to be taken into account. In
particular, the binding energy and Fermi motion modify the decaying proton’s effective mass and
momentum, leading to a change of the kinematics of the decay process. In Ref. [405], the limiting
values for the ranges of the kinetic energy of K+ are calculated to be 25.1—198.8 MeV for protons
in the s-state and 30.0—207.2 MeV for protons in the p-state. The K+ meson may also rescatter
inside the nucleus, producing the intranuclear cascades. This possibility has been discussed in
Ref. [406].

In summary, the signatures of p → K+ν in the JUNO experiment are:

• A prompt signal from K+ and a delayed signal from its decay daughters with a time coinci-
dence of 12 ns.

164

• Competitive sensitivity to proton decay searches exploiting the p→ν+K+

- clear identification: 3 signals in coincidence.

- background from atmospheric neutrinos.

• After 10 years of data taking, JUNO will be sensitive to τ~2×1034 years.

_

poster from Yuhang Guo « Prospects for proton decay searches in JUNO »
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JUNO Timeline

2015
• PMT 

production line 
setup

• CD parts R&D
• Civil 

construction 
start

2017
• PMT testing 

start
• TT arrived

2018
• PMT potting
• Start delivery of 

surface building
• Start production of 

acrylic sphere

2019-2021
• Electronics production 

starts
• Civil construction and 

lab preparation 
completed

• Detector construction

2022
• Detector ready for 

data taking

2016
• PMT production 

start
• CD parts production 

start
• Yellow book 

published

2014
• International 

collaboration 
established

• Conceptual
design

Collaboration 2014
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• JUNO is a multipurpose neutrino observatory with a rich program in neutrino physics and astrophysics: 
determination of neutrino mass ordering, sub-percent measurement on θ12 and Δm212, detection of solar 
and atmospheric neutrinos, observation of supernova neutrinos, geo-neutrinos and sensitivity to proton 
decay, etc…

• Production programme and progress are well underway.

• The JUNO experiment is expected to start data taking in 2022.


