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Abstract. The Jiangmen Underground Neutrino Observatory (JUNO) is a 20 kton multi-
purpose liquid scintillator detector with an unprecedented energy resolution of 3% at 1 MeV
being built in a dedicated underground laboratory in China and expected to start data taking
in 2021. The main physics goal of the experiment is the determination of the neutrino mass
hierarchy with a significance of 3-4 σ within six years of running using electron antineutrinos
coming from two nuclear power plants at a baseline of about 53 km. Beyond this fundamental
question, JUNO will also have a very rich physics program including the precise measurement
at a sub-percent level of the solar neutrino oscillation parameters, the detection of low-energy
neutrinos coming from galactic core-collapse supernova, diffuse supernova background, the Sun
and the Earth (geo-neutrinos). This manuscript will give an overview on the JUNO physics
potential and the current status of the project.

1. Introduction
The discovery of a non-zero value of the θ13 mixing angle [1, 2, 3] opened the way for the CP
violation search in the leptonic sector, which is the major goal of the next generation long baseline
neutrino experiments [4]. An additional goal for the next generation of neutrino experiments
is the determination of the mass hierarchy (MH). Different approaches are considered: long
baseline (order of 1000 km) accelerator neutrino experiments which exploit the matter effects
on the oscillation probability [4, 5], huge Cherenkov detectors to observe the zenith angle versus
energy pattern in atmospheric neutrino oscillations [6, 7], and medium baseline (order of 50 km)
reactor anti-neutrino experiments [8, 9] which observe the fast oscillations driven by atmospheric
mass splitting on top of the solar ones.

The Jiangmen Underground Neutrino Observatory (JUNO) is a multipurpose neutrino
experiment, which has indeed as primary goals the determination of the mass hierarchy using
reactor anti-neutrinos [8]. The underground laboratory will be located at Jiangmen, with a rock
overburden of about 700 m, at a distance of 53 km away from the Taishan and Yangjiang reactor
complexes. According to the JUNO construction schedule, a total thermal power of 26.6 GWth

will be available in 2021.

2. Mass hierarchy sensitivity
The mass hierarchy gives the order of neutrino masses and we have two cases: normal hierarchy
(NH) for mν1 < mν2 < mν3 or inverted hierarchy (IH) for mν3 < mν1 < mν2 . The hierarchy
is nowadays still unknown since the measurements of the so called atmospheric mass splitting
(∆m2

atm ≈ ∆m2
31 ≈ ∆m2

32) resulted in an absolute value of such a parameter but the sign could



not be determined yet. The determination of the MH is one of the main goals of the JUNO
experiment.

Figure 1. Expected antineutrino spectrum in terms of L/E at JUNO location. The dashed line
gives the non oscillated spectrum, the solid black line correspond to the spectrum after solar
driven (∆m2

21 and θ12) oscillation whereas the blue and red solid lines corresponds to the fast
(∆m2

atm and θ13) oscillations for NH and IH respectively.

If we look at the spectrum of reactor antineutrinos in term of L/E expected at the JUNO
location (see Fig. 1), we see that the main oscillation (ν̄e → ν̄x) is driven by the solar terms. On
top of that small wiggles are clearly visible, representing the atmospheric driven fast oscillation:
the pattern is different in case of NH and IH. The antineutrino spectrum contains therefore the
MH information: the sensitivity can be evaluated using a χ2 function and the MH discriminator
can be defined as:

∆χ2
MH = |χ2

min(NH)− χ2
min(IH)|. (1)

Two critical parameters have to be optimized namely the baseline and the energy resolution.
The final sensitivity on the MH discrimination is indeed quickly reduced when the energy
resolution is degraded as can be seen in Fig. 2 (left). For this reason the experiment design
goal is an energy resolution of 3%/

√
E[MeV ]. The same is true for the baseline, which has to

be set at ∼ 53 km (see Fig. 2, middle), with in addition a good control of the distance difference
between the detector and the respective reactor cores. Such a difference should not exceed 500 m
[10].

The measurement performed by JUNO can be performed assuming no constraints on ∆m2
31

or ∆m2
32, or taking into account constraints coming from other experiments in particular long

baseline ones sensitive to ∆m2
µµ. A constraint on ∆m2

µµ would therefore result in a better

constraint on ∆m2
ee increasing the sensitivity on MH. With 100,000 inverse beta decay events

(IBD) measured and an energy resolution of 3%/
√
E[MeV ], the JUNO experiment will reach

a ∆χ2 > 9 for a MH relative measurement as illustrated in Fig. 2 (right) and ∆χ2 > 16 for
an absolute measurement assuming 1% precision on ∆m2

µµ, leading to the determination of the
neutrino mass ordering with a significance of 3-4 σ.

Possible spectral distortions in the original antineutrino reactor energy spectrum have been
pointed out recently [11, 12] and may have an impact on the MH measurement [13]. To mit-



Figure 2. MH sensitivity as a function of the energy resolution (left) and as a function of the
distance between the detector and the reactor cores (middle) [10]. Iso-∆χ2

MH contour plot as a
function of the energy resolution and the luminosity normalized to 105 events (right).

igate their influence, the JUNO collaboration has decided to build a scintillator-based refer-
ence near detector which will provide a high statistics and a high energy resolution (about
1.7%/

√
E[MeV ]) assessment of the initial spectrum.

3. Precision measurement of the neutrino mixing parameters
The four neutrino mixing parameters relevant to describe the JUNO energy spectrum are θ13,
θ12, ∆m2

12 and the effective parameter ∆m2
ee (as the linear combination of ∆m2

31 and ∆m2
32

defined in [13]). Thus, JUNO will be the first experiment to observe an oscillation pattern
containing two independent oscillation frequencies and multiple oscillation cycles as illustrated
in Fig. 1.

In addition, the huge effect of the survival probability on the reactor spectrum and the large
amount of data that will be accumulated make it possible to measure three oscillation parame-
ters with unprecedented sub-percent precision: the two solar parameters ∆m2

12 and sin2 θ12 and
∆m2

ee. A detailed sensitivity analysis shows that, after considering shape and normalization
uncertainties due to both background and detector response, JUNO would be able to measure
∆m2

12 and sin2 θ12 and ∆m2
ee with a precision of 0.67%, 0.59%, 0.44% respectively assuming six

years of data [8]. Therefore, precision tests of the unitarity of the PMNS lepton mixing matrix
will be feasible at an unprecedented precision level.

4. JUNO detector: size and concept
The physics goals described in the previous sections implies to have the JUNO detector located
at 53 km equidistant from nuclear power plants with the following requirements:

• 100,000 ν̄e’s detected in 6 years

• an energy resolution of 3%/
√
E[MeV ]

• an energy scale uncertainty below 1%

The two JUNO key numbers in this respect are the total mass of 20 kton of liquid scintillator
(LS) and the huge number of photoelectrons (p.e.) of 1,200 to be collected per 1 MeV. This
implies to reach a very high LS transparency (≥20 m) combined with an unprecedented pho-
todetection coverage (≥75%).

Consequently, the JUNO detector consists of a 35.4 m-diameter acrylic sphere filled with 20
kton of purified liquid scintillator. The scintillator is based on LAB (linear alkylbenzene) with



an attenuation lenght of more than 20 m doped with PPO (2,5-diphenyloxazole) as primary
fluor and bis-MSB (p-bis-(o-methylstyryl)-benzene) as wavelength shifter. Contrarily to what
was chosen for smaller experiments, the scintillator is Gd free in order to be more stable in time,
reduce the radioactivity and maximise the attenuation length.

A stainless steel latticed shell sustained by more than 100 pillars will surround the acrylic
sphere and support the ∼ 17500 20” PMTs and ∼ 25000 3” PMTs observing the neutrino target
with a cathode coverage of about 78%. The 3” PMTs will be installed in the gap between large
PMTs and they will permit to improve the non-stochastic term of the energy resolution.

Two vetoes are foreseen to reduce the different sources of background. A 35 kton ultrapure
water Cherenkov pool around the central detector, instrumented by ∼ 2000 20” PMTs, will tag
events coming from outside the neutrino target. It will also act as a passive shielding for neutrons
and gammas coming from the surrounding rock. In addition, a top tracker will be installed on
top of the detector in order to tag cosmic muons and validate the muon track reconstruction, an
essential feature at the planned shallow depth of the experiment, i.e. about 700 m. A schematic
view of the detector can be seen in Fig. 3.

Figure 3. Schematic view of the JUNO detector.

A detailed energy calibration strategy is foreseen in order to keep non-stochastic terms of the
energy resolution below 1%. The detector will be scanned with four calibration systems in order
to control the LS non-uniformity: one along the z axis, one based on ropes deployed from the
chimney and able to reach the off-axis region, one based on a guiding tube deployed along the
acrylic vessel to study the outermost shell of the target volume and one based on a Remotely
Operated Vehicle to check eventual blind spots. Non-linearity uncertainties coming from the
LS or the electronics will be addressed by deploying radioactive sources yielding neutrons and
gamma lines at different energies.

5. Signal and background
Electron antineutrinos coming from nuclear power plants will be identified by the Inverse Beta
Decay process (IBD):

ν̄e + p→ e+ + n (2)



The signal identification is based on the twofold coincidence between the prompt signal given
by the positron ionization and annihilation (1–10 MeV), and the delayed signal of 2.2 MeV given
by the neutron capture on hydrogen (∆t ∼ 200 µs).

The background has accidental and correlated origins. The accidental background is mainly
coming from natural radioactivity of the surrounding materials which may fake a prompt or
a delayed signal. The most stringent requirements in term of radiopurity has to be fulfilled
by the LS with concentrations below 10−15 g/g for 238U,232Th and below 10−16 g/g for 40K.
The impact of the radioactivity coming from other surrounding materials (mainly gammas from
acrylic, PMTs, rock...) can be reduced using active shielding (fiducialization of the LS volume)
or passive shielding (the water of the Cherenkov pool).

The correlated background is mostly given by cosmogenic isotopes such as 9Li produced by
muons in the detector. A good muon reconstruction is needed to reject them since a volume
veto will be applied around the muon track for about 1.2 s. In addition, fast neutrons produced
by the muons in the surrounding rock could enter the detector faking the signal signature. To
reject the neutrons passive shielding can be used as well as selections based on the detection of
multiple proton recoils.

Figure 4. Signal selection efficiency, signal and background rates per day as a function of the
antineutrino selection cuts [8].

After the background rejection cuts and assuming a total power of 36 GWth, 60 ν̄e events
per day are expected with a remaining background of about 3.8 events per day (see Fig. 4).

6. Other neutrino physics with JUNO
6.1. Supernova burst neutrinos
Measuring the neutrino burst from the next nearby core-collapse supernova (SN) is a primary
goal for the studies of both neutrino physics and astrophysics. As the largest LS detector of
new generation, JUNO will take advantage of a high statistics, a good energy resolution and
rich neutrino flavor information. For a Galactic SN burst at 10 kpc, JUNO will register about
5000 IBD events, 1000 events from all-flavor elastic neutrino-proton scattering and more than
300 events from neutrino-electron scattering. With these measurements of SN neutrinos, JUNO
may provide accurate information to measure the initial SN neutrino fluxes and to constrain the
neutrino mass scale and ordering.

6.2. Solar neutrinos
Thanks to its large exposure and its good energy resolution, JUNO can obtain competitive results
compared to running experiments [14]. It can contribute to the measurement of neutrinos from



7Be and discriminate the pp neutrinos from the end-point of the 14C energy spectrum. The main
challenge is represented by the backgrounds, especially the intrinsic radioactivity of the LS and
the interactions of muons with 12C producing long-lived isotopes such as 11C and 10C, the latter
being the dominant backgrounds for pep and for 8B and CNO solar neutrinos respectively.

6.3. Geo-neutrinos
A precise measurement of the flux of geo-neutrinos would allow to constrain the U and Th abun-
dance in order to fix the radiogenic contribution to the terrestrial heat flow and to understand
the thermal evolution of the Earth among other interests. Thanks to its large size, JUNO will
detect about 400 geo-neutrinos per year and will be able to shed light on these open questions.

7. Conclusion
The JUNO experiment has been approved in China in 2013 and has been later joined by groups
from all over the world. Currently the collaboration encompasses 77 institutions from Asia,
Europe and America, with more than 600 researchers.

The main goal of the experiment is the mass hierarchy determination with a significance
of 3-4 σ expected after 6 years of data taking. To reach this goal the JUNO design is
an unprecedentedly large (20 kton) and high precision calorimetry liquid scintillator detector
requiring high transparency (20 m attenuation length), and high light collection (1200 p.e./MeV)
to reach a 3% energy resolution at 1 MeV. Besides the mass hierarchy discrimination, JUNO
has a rich physics program including high precision measurement of oscillation parameters,
supernova neutrinos, solar neutrinos and geo-neutrinos [8].

The preparation of the JUNO detector components (phototubes, acrylic panels,...) has al-
ready started in 2016 and the civil construction is foreseen to be completed by the end of the
year. This scenario is well along the realization path to ensure the start-up of data taking in 2021.
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