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Summary. — The Jiangmen Underground Neutrino Observatory (JUNO) is a large
liquid scintillator detector aiming at the measurement of anti-neutrinos issued from
nuclear reactors at a 53 km distance, having as primary goal the determination of
the neutrino mass hierarhcy. The detector will be located 1800 m.w.e. underground
and consists of a 20 kiloton liquid scintillator contained in a 35.4 m diameter acrylic
sphere, instrumented by more than 17000 20 inch PMTs ensuring a 77% photocatode
coverage. The required energy resolution to discriminate between the hierarchies at
the 3-4 o C.L. in about 6 years of data taking is 3% at 1 MeV. To achieve such a
precision, severe constraints on the detector components quality are set: the PMTs
need a quantum efficiency of more than 27% and the attenuation length of the
liquid has to be better than 20 m (at 430 nm). The precise measurement of the anti-
neutrino spectrum will allow to reduce the uncertainty below 1% on solar oscillation
parameters. The international collaboration of JUNO was established in 2014, the
civil construction started in 2015 and the R&D of the detectors is ongoing. The
expected start of data taking is set for 2020.

1. — Introduction

The discovery of a non-zero value of the #;3 mixing angle [1-3] opened the way for
the CP violation search in the leptonic sector, which is indeed 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) 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 50km) reactor anti-neutrino experiments [8,9] which
observe the fast oscillations driven by 613 on top of the solar ones.

The Jiangmen Underground Neutrino Observatory (JUNO) is a multipurpose neu-
trino experiment, which has indeed as primary goals the determination of the mass hier-
archy using reactor anti-neutrinos [8]. The experiment geographical location is shown in
fig. 1: the underground laboratory will be located at Jiangmen, with a rock overburden
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Fig. 1. — Location of the JUNO site. The distances to the nearby Yangjiang and Taishan nuclear
power plants are both 53km. Daya Bay nuclear power plant is 215km away. In the inset the
power and distance of the different cores from the detector are stated. The two of the four cores
of Taishan nuclear power plant have been planned by the company, but the approval by the
government is pending.

of about 700m, at a distance of 53 km away from the Taishan and Yangjiang reactor
complexes.

2. — Mass hierarchy sensitivity

The mass hierarchy gives the order of neutrino masses and we have two cases: normal
hierarchy (NH) for 11 < vo < v3 or inverted hierarchy (IH) for v3 < vy < v5. The hierar-
chy is nowadays still unknown since the measurements of the so-called atmospheric mass
splitting (Am2,,, ~ Am3, ~ Am32,) resulted in an absolute value of such a parameter
but the sign could not be determined yet. This is indeed one of the main goals of the
JUNO experiment.

If we look at the spectrum of reactor antineutrinos expected at the JUNO detector
(see fig. 2) we see that the main oscillation (7 — 1v7) is driven by the solar terms. On
top of that small wiggles are clearly visible, representing the 6,3 driven 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 y2-function and the MH discriminator can be defined as

(1) AXirar = [Xonin(NH) = Xoin (IH)|.

An alternative way to determine the mass hierarchy is to apply a Fourier analysis
on the reconstructed energy spectrum as explained in ref. [10]. Using the positions of
“peaks” and “valleys” found in the sine and cosine Fourier transforms (see, e.g., fig. 3),
some observables can be defined and used to assess the MH.

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
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Fig. 2. — Expected antineutrino spectrum in terms of L/FE. The dashed line gives the non-
oscillated spectrum, the solid black line correspond to the spectrum after solar-driven (mixing
angle 612) oscillation whereas the blue and red solid lines corresponds to the 613 driven oscilla-
tions for NH and IH, respectively.
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Fig. 3. — Sine and cosine Fourier transform of the reconstructed energy spectrum. The “peaks”
and “valleys” used to build the observables are clearly seen.

the energy resolution is degraded as can be seen in fig. 4. For this reason the experiment
design goal is an energy resolution of 3%/+/(F)[MeV].

The same is true for the baseline, which has to be set at ~ 53km, 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 as clearly shown in fig. 5.

The measurement performed by JUNO can be performed in a relative way, i.e. assum-
ing no constraints on Am32, or Am3,, or in a relative way taking into account constraints
coming from other experiments, in particular long-baseline ones. Indeed, long-baseline
neutrino experiments are typically sensitive to Ami ,, which can be written as

(2) Amiu ~ sin? 912Am§1 + cos? 912Am§2 + sin 2014 sin 013 tan 093 cos 6Am§1,
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Fig. 4. — Left: reconstructed energy spectra with perfect energy resolution (top) and
6%/+/(E)[MeV] (bottom). Right: MH sensitivity as a function of the energy resolution.
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Fig. 5. — Left: MH sensitivity as a function of the distance between the detector and the reactor
cores. Right: MH sensitivity as a function of the difference of distances between the detector
and the respective reactor cores.

whereas reactor antineutrino experiments are sensitive to Am?2, which can be written as

(3) Am?, ~ + cos? 019Am2, + sin? 01, Am3,.

A constraint on Am? , would therefore result in a better constraint on Am?, increasing
the sensitivity on MH. The current precision on Amfm is of about 4% but combining
T2K [11] and NOvA [12] results we could have a precision of about 1% in 2020.

With 100k IBDs measured, the JUNO experiment will reach a Ax? > 9 for a MH
relative measurement, and Ay? > 16 for an absolute measurement assuming 1% precision

on Amfm, as can be seen in fig. 6.

3. — Detector design

The JUNO detector consists of a 35.4m diameter acrylic sphere filled with 20 kton
purified liquid scintillator. The scintillator is based on LAB (linear alkylbenzene) with an
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Fig. 6. — MH sensitivity for the relative and absolute measurement with 100k IBDs measured
by JUNO.

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 such as Double Chooz, 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 ~ 17000 20” PMTs and ~ 34000 3" PMTs observing the
neutrino target with a cathode coverage of about 77%. 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 20ktons
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. In addition a muon tracker will be installed
on top of the detector (top muon veto) in order to tag cosmic muons and validate the
muon track reconstruction. The top muon veto will use the OPERA experiment target
tracker currently being decommissioned [13].

A schematic view of the detector can be seen in fig. 7

4. — Signal and background

The signal will be identified observing the inverse beta decay process, i.e. V. +p —
et +n relying 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 (At ~ 200 us).



6 C. JOLLET on behalf of JUNO COLLABORATION

T swmsn wetur: plastic seintillator strips

L& 20 kton LAB based

LS comtaleer: acrylic. The maximum
stress should be <35 MPa.

Befler: water

PMTe 17000 20" PMTs + 34000 3"
PMTS for a ~77.8% coverage

B PMT support Stainless steel
structure

Wrter Chavsnkcw weto: 20 kton water

e 2000 20" veto PMTs

Fig. 7. — Schematic view of the JUNO detector.

Efficiency, signal and background rates after each selection criterion

Selection IBD efficiency | IBD | Geo-vs [ Accidental [ Li/®He [ Fast n [ (o, 1)
- - 83 1.5 ~ 5.7 x 104 84 - -
Fiducial volume 91.8% 76 14 T7 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

Fig. 8. — Signal and background reduction table including the different cut efficiency [8].

The background is divided in accidental and correlated. The accidental is given by
radioactivity gammas (typically from PMTs or surrounding rock) which fake a prompt or
a delay signal, and it can be reduced with passive shielding. The correlated background
is mostly given by cosmogenic isotopes such as ?Li 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 1.2s. 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.

After the background rejection cuts, a signal of about 60 events per day is expected
with a remaining background of about 3.8 events per day (see fig. 8).

5. — Schedule

The JUNO international collaboration was established in 2014, and data taking is
foreseen to start in 2020. Civil construction is ongoing and the tunnel access to the
underground laboratory is almost completed. A cartoon showing the overall JUNO
schedule can be seen in fig. 9.



THE JUNO EXPERIMENT 7

Complete

Complete
conceptual Complete civil detsctar
i detlsign. | e Scons:jructimv assembly,
omplete civi tart detector " i
design and production line consucion mS‘ta”aFlclm
{ i and LS filling
bidding manutacturing | | and assembly.
Start civil construction, Start PMT Start LS
Complete prototyping  production. Start  production
: Start data
(PMT & detector). detector i
International production or oo
collaboration bidding.
established.

Fig. 9. — Cartoon showing the overall JUNO schedule.

6. — Conclusions

The JUNO experiment was approved in February 2013 and the international collab-
oration was established in 2014 with the goal of data taking in 2020.

The main goal of the experiment is the mass hierarchy determination and a sensitivity
of Ax? > 9 (relative measurement) is expected with 6 years of data taking. If the
knowledge at 1% is assumed on Amfm the sensitivity is increased to Ayx? > 16.

To reach this goal the JUNO design is an unprecedented large (20kton) and high-
precision calorimetry liquid scintillator requiring high transparency (20m attenuation
length), and high light collection (1200 p.e./MeV) to reach a 3% energy resolution at
1MeV.

Besides the mass hierarchy discrimination, JUNO has a rich physics program including
a high-precision measurement of oscillation parameters, supernova neutrinos and geo-
neutrinos [8].
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