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Reactor neutrinos have been an important class of experiments for both discovery and precision measurement
in the history of neutrino studies. Since the first generation of reactor neutrino experiments in the 1950s with
Reines and Cowan, the detector technology has greatly advanced. The current experiments, Daya Bay, Double
Chooz and RENO have led neutrino physics into the precision era (a few %). The Jiangmen Underground
Neutrino Observatory (JUNO) is designed to study neutrino mass ordering and measure three of the neutrino
oscillation parameters with high precision (towards sub-percent) using reactor neutrinos. Many other physical
phenomena, including supernova neutrinos, solar neutrinos, geo-neutrinos, atmospheric neutrinos can be studied
with JUNO through di↵erents detection channels. The CNRS/IN2P3 teams involved in the JUNO experiment
here highlight the JUNO potential for physics in terms of possible impact and synergy to other research fields.

Preamble

The Jiangmen Underground Neutrino Observatory
(JUNO)[1] is a 20 kton multi-purpose underground
liquid scintillator detector, similar to KamLAND and
Borexino, located in China. Nuclear reactors 53 km
far away from the detector, are the neutrino source
for JUNO. The JUNO detector provides the necessary
size to address simultaneously several important physics
challenges. The excellent energy resolution and the large
fiducial volume anticipated for the JUNO detector of-
fer exciting opportunities for addressing many impor-
tant topics in neutrino and astro-particle physics. A
non-negligible challenge lays inside the central detec-
tor, surrounded by muon detectors (a Top Tracker and
a water Cherenkov Outer Veto). The target volume,
where neutrinos detection takes place, is read out by a
double PMT system, using 18,000 20” PMTs (labelled
Large PMT system) and 25,600 3” (labelled Small PMT
system) PMTs. The JUNO international collaboration
consists of 77 institutes around the world (600 collabo-
rators).

One of its purposes is the determination of the neu-
trino Mass Ordering (MO), which is one of the main

open questions of neutrino physics. JUNO will look at
the oscillation frequencies at the first oscillation maxi-
mum defined by ✓12 and�m2

21, where the discrimination
for the MO choice is enhanced. To determine the MO,
JUNO aims to resolve the neutrino spectrum wiggles
(due to ✓13 and �m2

ee). Indeed, their phase discrimi-
nates between Normal and Inverted Ordering (NO and
IO). For that purpose, an outstanding 3% energy resolu-
tion at 1MeV must be achieved. It is expected that after
six years of operation, JUNO will reach a sensitivity be-
tween 3 to 4� on the MO determination. Moreover, the
measurement of the antineutrino spectrum with excel-
lent energy resolution will also lead to the precise deter-
mination of the neutrino oscillation parameters sin22✓12,
�m2

21, and �m2
ee to an accuracy better than 1%, which

will play a crucial role in the future unitarity test of the
PMNS matrix. JUNO will obverse for the first time the
two oscillation patterns, the one lead by �m2

21 and the
other by �m2

ee, since so far all the experiments observed
an oscillation pattern that could be approximated by the
two flavor case. The data taking is to start by 2022.

⇤
CNRS/IN2P3 Contact: anatael@in2p3.fr and +33 675 388 007.

1

Physique des neutrinos auprès des réacteurs
Cécile Jollet on behalf of IN2P3 JUNO group



C.Jollet

• Reactor oscillation experiments aim at the measurement of oscillation parameters (θ13, θ12, and mass 
splitting) through the observation of νe → νe  transition according to the oscillation probability.

Neutrino physics at reactor
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|Δm231|

sin2(2θ12)sin2(2θ13)

Δm2  
Dominated

δm2  
Dominated

• Neutrino reactor experiments are insensitive to the δ-CP phase 
helping for a clean measurements of parameters.

• 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 cross section 
(threshold at 1.8 MeV).
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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 is a medium-baseline (53 km) reactor neutrino experiment.

• 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 / Pending

Power 17.4 GW 17.4 GW 17.4 GW 17.4 GW 9.2 + 9.2 GW
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JUNO detector design
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20 kt LS

Top muon veto (Top Tracker):  
plastic scintillator strips 

Water Cherenkov veto: 20 kton water

Buffer: water

PMTs: 17000 20” PMTs + 25600 3’’ PMTs 
(SPMT) for a ∼77.8% coverage

PMTs: 2000 20” veto PMTs

LS: 20 kton LAB based

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

Buffer/PMT support: Stainless steel 
structure

Acrylic Sphere - ∅=35.4 m

Central Detector - ∅=40.1 m

43.5 m

43
.5

 m

✳ in red: strong contribution of IN2P3: Top Tracker and SPMT system
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JUNO Collaboration

Country Institute Country Institute Country Institute
Armenia Yerevan Physics Institute China IMP-CAS Germany U. Mainz
Belgium Universite libre de Bruxelles China SYSU Germany U. Tuebingen
Brazil PUC China Tsinghua U. Italy INFN Catania
Brazil UEL China UCAS Italy INFN di Frascati
Chile PCUC China USTC Italy INFN-Ferrara
Chile UTFSM China U. of South China Italy INFN-Milano
China BISEE China Wu Yi U. Italy INFN-Milano Bicocca
China Beijing Normal U. China Wuhan U. Italy INFN-Padova
China CAGS China Xi'an JT U. Italy INFN-Perugia
China ChongQing University China Xiamen University Italy INFN-Roma 3
China CIAE China Zhengzhou U. Latvia IECS
China DGUT China NUDT Pakistan PINSTECH (PAEC)
China ECUST China CUG-Beijing Russia INR Moscow
China Guangxi U. China ECUT-Nanchang City Russia JINR
China Harbin Institute of Technology Czech R. Charles University Russia MSU
China IHEP Finland University of Jyvaskyla Slovakia FMPICU
China Jilin U. France LAL Orsay Taiwan-China National Chiao-Tung U.
China Jinan U. France CENBG Bordeaux Taiwan-China National Taiwan U.
China Nanjing U. France CPPM Marseille Taiwan-China National United U.
China Nankai U. France IPHC Strasbourg Thailand NARIT
China NCEPU France Subatech Nantes Thailand PPRLCU
China Pekin U. Germany FZJ-ZEA Thailand SUT
China Shandong U. Germany RWTH Aachen U. USA UMD1
China Shanghai JT U. Germany TUM USA UMD2
China IGG-Beijing Germany U. Hamburg USA UC Irvine
China IGG-Wuhan Germany FZJ-IKP

77 institution members 
from 17 countries!
632 collaborators
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JUNO collaboration

5

• 77 institution members from 17 countries for 632 collaborators.
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TimeLine
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Milestone & schedule

2014:

● International
collaboration
established

● Start civil
construction

2015:

● PMT production 
line setup

● CD parts R&D

2016:

● Start PMT
production

● Start CD parts 
production

2017:

● Start PMT
testing

● TT arrived

2021:

● Detector ready 
for Data taking!

2019-2020:

● Electronics production starts
● Civil work and lab

preparation Completed
● Detector constructing2018:

● PMT potting
● starts Delivery of

surface buildings
● Start production 

of acrylic sphere

Rosa Marina, September 11, 2018 Gioacchino Ranucci - INFN Sez. di Milano37
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Physics possibilities of JUNO
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Event	Rate	(after	selection)

Cosmic muons
~ 250k/day

Atmospheric n
several/day

Geo-neutrinos 1.1/day

Solar n
(10s-1000s)/day

reactor n, 60/day
Bkg: 3.8/day

700 m 
rock

Supernova n
5-7k in 10s for 10kpc

36 GW, 53 km

0.003 Hz/m2

215 GeV
10% multiple-muon

20k ton LS
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• Many neutrinos sources can be observed and studied.

• Additional physics studies (proton decay, sterile neutrinos, exotic searches).

• All the physics program is detailed in « Neutrino Physics with JUNO » J.Phys. G43 (2016)no.3, 030401
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Mass hierarchy determination
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Sensitivity for 100 k IBDs  
(20 kton×35 GW×6 years).

Figure 2-16: the reactor-only (dashed) and combined (solid) distributions of the ∆χ2 function in
Eq. (2.9) and Eq. (2.23), where a 1% (left panel) or 1.5% (right panel) relative error of ∆m2

µµ is
assumed and the CP-violating phase (δ) is assigned to be 90◦/270◦ (cos δ = 0) for illustration. The
black and red lines are for the true (normal) and false (inverted) neutrino MH, respectively.

of supernoca neutrino bursts, cosmological probe of neutrino properties, and model building of the
neutrino masses and flavor mixing.

Thanks to the relatively large θ13 discovered in recent reactor and accelerator neutrino exper-
iments, precise measurements of the reactor antineutrino spectrum at a medium baseline of about
50 km can probe the interference effect of two fast oscillation modes (i.e., oscillations induced by
∆m2

31 and∆m2
32) and sensitive to the neutrino MH. The corresponding sensitivity depends strongly

on the energy resolution, the baseline differences and energy response functions. Moreover, the MH
sensitivity can be improved by including a measurement of the effective mass-squared difference in
the long-baseline muon-neutrino disappearance experiment due to flavor dependence of the effective
mass-squared differences.

We have calculated the MH sensitivity at JUNO taking into account the real spatial distribution
of reactor complexes, reactor related uncertainties, detector related uncertainties and background
related uncertainties. We demonstrated that a median sensitivity of ∼ 3σ can be achieved with
the reasonable assumption of the systematics and six years of running. We emphasized that the
reactor shape uncertainty and detector non-linearity response, are the important factors to be dealt
with. In addition, we have studied the additional sensitivity by including precision measurements
of |∆m2

µµ| from long baseline muon (anti)neutrino disappearance. A confidence level of ∆χ2
MH ∼ 14

(3.7σ) or ∆χ2
MH ∼ 19 (4.4σ) can be obtained, for the |∆m2

µµ| uncertainty of 1.5% or 1%.
Besides the spectral measurement of reactor antineutrino oscillations, there are other methods

to resolve the MH using the matter-induced oscillation of accelerator or atmospheric neutrinos.
Worldwide, there are many ongoing and planed experiments designed in this respect. These in-
clude the long baseline accelerator neutrino experiments (i.e. NOνA and DUNE) and atmospheric
neutrino experiments (i.e., INO, PINGU, Hyper-K). Using different oscillation patterns, different
neutrino sources and different detector techniques, they are complementary in systematics and con-
tain a great amount of synergies. Therefore, the mass hierarchy, being one of the most important
undetermined fundamental parameters in neutrino physics, clearly deserves multiple experiments
with preferably different experimental techniques. A consistent resolution of the MH from all these
experiments will greatly increase our confidence in the MH determination.

54

• Clean measurement since it does not rely on δCP 

and θ23.

• Several conditions on baseline and energy resolution 
are necessary to perform such a measurement.

• We can perform a relative measurement (no 
constraint on Δm231, Δ𝜒2>9) or an absolute 
measurement  (Δ𝜒2>16) accounting for constraints 
from external experiments in particular on Δm2µµ 
(from long baseline experiment).

(or ∆m2
32) in the two solutions are different due to non-zero ∆m2

21. The value of ηα varies
for different oscillation channels due to the flavor-dependent amplitudes in the oscillation
probabilities, so the degeneracy of the neutrino MH can be removed by comparing the
effective mass-square differences of different neutrino flavors [25, 26].

Using the standard parametrization of the leptonic mixing matrix [7], we get the
effective mass-squared differences in Eq. (3) for different channels of neutrino oscillations

∆m2
ee ≃ cos2 θ12∆m2

31 + sin2 θ12∆m2
32 , (5)

∆m2
µµ ≃ sin2 θ12∆m2

31 + cos2 θ12∆m2
32 + sin 2θ12 sin θ13 tan θ23 cos δ∆m2

21 , (6)

∆m2
ττ ≃ sin2 θ12∆m2

31 + cos2 θ12∆m2
32 − sin 2θ12 sin θ13 cot θ23 cos δ∆m2

21 , (7)

where terms at the order of O(sin2 θ13∆m2
21) have been neglected for simplicity. We can

also calculate the differences of the effective quantities between different flavors as

|∆m2
ee|− |∆m2

µµ| = ±∆m2
21(cos 2θ12 − sin 2θ12 sin θ13 tan θ23 cos δ) , (8)

|∆m2
µµ|− |∆m2

ττ | = ±2∆m2
21 sin 2θ12 sin θ13 csc 2θ23 cos δ , (9)

where the positive and negative signs correspond to normal and inverted mass hierarchies,
respectively.

On the other hand, at the first oscillation maximum of the solar mass-squared dif-
ference, such as the reactor neutrino experiment at the medium baseline, we have the
approximation of sin∆21 ∼ 1 and cos∆21 ∼ 0. Therefore, we can separate the fast and
slow oscillation terms, if ηα fulfills the equation as

|Uα1|
2 cos[ηα∆21] cos[2∆32 + ηα∆21] + |Uα2|

2 sin[ηα∆21] sin[2∆32 + ηα∆21] = 0 . (10)

One should note that ηα depends on both the neutrino MH and the neutrino energy. The
MH sensitivity is encoded in the energy dependence of ∆m2

αα. Moreover, because of the
different definitions of ∆m2

αα in these two oscillation scenarios, the MH sensitivity of the
reactor neutrino experiment at the medium baseline can be improved by including the
extra measurements of ∆m2

ee in Eq. (5) and ∆m2
µµ in Eq. (6).

For a reactor neutrino experiment at the medium baseline, corrections to the mass-
squared differences from the terrestrial matter effect are around 1% and the induced
uncertainties are negligibly small (less than 0.1%). On the other hand, in the muon-
neutrino disappearance channel of long-baseline accelerator neutrino experiments, the
matter corrections are suppressed by the smallness of θ13 and only at the level of 0.2%
for the baselines of several hundreds kilometers (e.g., 295 km for T2K [31] and 735 km
for NOvA [32]). Moreover, the different signs in the matter potentials of neutrino and
antineutrino oscillations are also favorable to increase the discrepancy of different mass-
squared differences.

3 Statistical Analysis

The 20 kt liquid scintillator detector of Daya Bay II Experiment [20–22] will be located
at equal baselines of 52 km away from two reactor complexes (36 GW in total). In
this study we use nominal running time of six years, 300 effective days per year, and a
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Requirements for mass hierarchy determination
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Specific baseline: 45-60 km Equal baselines: difference to reactor 
cores less than 500 meters

Energy resolution: 3% at 1 MeV Statistics. 100 kevents=20 kton×35 GW×6 years 

• Additional requirements?
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Implications of the reactor shape uncertainty
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• We know from reactor experiments that the neutrino 
spectrum is not perfectly understood.

• Observation of a bump at ~ 5 MeV not explained 
theoretically.

• This bump has minor impact on the mass hierarchy 
sensitivity…but reactor spectrum might show 
micro-structures that can mimic periodic oscillation 
pattern.

• To assure a good Δχ2 determination, the energy 
resolution of the reference spectrum is important. 
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Last DC θ13 results: comparison with MC

�11

5 10 15 20
Visible Energy (MeV)

10

210

310

410

Ev
en

ts
 / 

0.
25

 M
eV

Double Chooz IV: Near (258 live-days)

ND Data
No-oscillatted MC
Accidentals
Li9

Fast Neutrons

5 10 15 20
Visible Energy (MeV)

10

210

310

Ev
en

ts
 / 

0.
25

 M
eV

Double Chooz IV: Far (818 live-days)

FD Data
No-oscillatted MC
Accidentals
Li9

Fast Neutrons

1 2 3 4 5 6 7
Visible Energy (MeV)

0.8

0.9

1.0

1.1

1.2

1.3

O
bs

er
va

tio
n 

/ N
o-

os
cil

la
tio

n 
pr

ed
ict

io
n

Double Chooz IV

 / DoF = 182 / 112
min
2χ

Near (258 live-days)

ND Data

No oscillation

 0.014± = 0.105 13θ22Best fit on sin

Single Detector Uncertainty

Multi Detector Uncertainty
Uncertainty is the square root of the covariance matrix diagonal terms

1 2 3 4 5 6 7
Visible Energy (MeV)

0.8

0.9

1.0

1.1

1.2

1.3

O
bs

er
va

tio
n 

/ N
o-

os
cil

la
tio

n 
pr

ed
ict

io
n

Double Chooz IV

 / DoF = 182 / 112
min
2χ

Far (818 live-days)

FD Data

No oscillation

 0.014± = 0.105 13θ22Best fit on sin

Single Detector Uncertainty

Multi Detector Uncertainty
Uncertainty is the square root of the covariance matrix diagonal terms

Figure 3: ND and FD Spectra & SD Ratios. Both ND (⇠210k IBD’s) and FD (⇠90k IBD’s) spectra are shown (top) within
the fit [1.0,20.0] MeV range, including the un-oscillated MC prediction (red) and the BG model: accidentals (clear grey), 9Li (grey)
and fast-neutron (dark grey). Cosmogenic BGs are estimated during the fit since 9Li (unconstraint) dominates in the [7.0,12.0] MeV
region and fast-neutrons above 12 MeV. The impact of accidentals to the ✓13 measurement is negligible. The data (BG subtracted)
to prediction ratio is shown (bottom). The best fit solution (blue) contrasts with the no-oscillation hypothesis (red). Two dominant
spectral distortions can be appreciated: the ✓13 signature (mainly FD) and a common 5 MeV excess, leading to a large �2/DoF of
182/112. Bugey4 constrains the prediction rate. The normalisation with this constraint is lower as compared to the prediction rate
not using the Bugey4 information. The cancellation of both common distortions and correlated uncertainties takes place from the SD
(yellow) to the MD (green) configurations. The covariances used (not shown) play an important role during the fit.

over an extended window up to 100 MeV. The overall impact
of BG on ✓13 is marginal. The dominant BG systematic is
the 9Li uncertainty. The BG model accuracy was scrutinised
independently with ⇠17 days of inclusive 0-reactor data sam-
ples in both ND and FD-II. Thus, these data are not used in
the ✓13 fit. No non-statistical bias or tension (<1�) is found
on the measured BG-model, rates and/or spectral shapes.

The ✓13 Measurement

The ✓13 measurement is obtained by contrasting the observed
IBD rate+shape spectral distortion against the specific neu-
trino oscillation model prediction, in which the rate reduces
following the flux modulation given by

P (⌫̄e ! ⌫̄e) ⇡ 1� sin2 2✓13 sin
2(1.267�m2

eeL/E⌫̄e
)

where sin22✓13 is the unknown. L(m) is the oscillation base-
line distance between each reactor-detector pair, E⌫̄e(MeV)

is the neutrino energy obtained from the prompt energy de-
position or Visible Energy (E⌫̄e ⇡ Ee+ + 0.78 MeV). �m2

ee

is the pertinent ⌫e weighted average of �m2
31 and �m2

32 [35],
where |�m2

ee| = (2.484 ± 0.036) ⇥ 10�3eV2 [36] is used as
input to the fit. The ✓13 rate+shape fit measurement uses all
detectors data simultaneously. The nominal fit considers the
input from each SD fit (data to its MC) including pertinent
constraints and correlations. The SD fit is shown in Fig. 3-
(bottom). In our MD analysis, all SD fits (FD-I, FD-II and
ND) are simultaneously performed, constrained by the inter-
detector correlations such as BG (shape), detection (rate), en-
ergy (shape) and flux (rate+shape). Thus, the common ND
provides direct and almost un-oscillated rate+shape reference
spectrum. Systematic uncertainties cancel due to correlations
with both FD-I and FD-II. The iso-flux FD-II benefits from
the maximum error cancellation. The ✓13 measurement is, in
principle, independent from any common or correlated contri-
butions across the MC and detectors. Fig. 4-(left) illustrates
the inter-detector ratio fit exhibiting the expected ✓13 flux

6

• To take profit of the FD single phase, the single detectors (FD1, FD2, ND) are fitted simultaneously, 
constrained by the inter-detector correlations (background shape, detection rate and rate+shape of flux).

• The prediction rate is constrained by Bugey4.

• The found result is : sin22θ13 = 0.105±0.014 (stat.+syst.). 

• The statistical precision is 0.005. The error is dominated by the systematics (reactor flux due to the 
FD1 phase and detection due to the number of protons uncertainty in the Gamma-Catcher).

• Compared to the model, we clearly see a spectral distorsion that causes a high χ2/DoF.

• The validity of the fit has been tested increasing the reactor uncertainty.
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FIG. 1. Shown are three synthetic antineutrino spectra rel-
ative to the antineutrino spectrum predicted from the ILL
data [4, 5] (Huber+Mueller model) normalized to the same
total IBD event rate. The gray shaded horizontal band shows
the standard deviation of the whole population of synthetic
spectra. For illustration, the vertical bands indicate the os-
cillation arising from �m2

31 at a distance L = 53 km smeared
with an energy resolution of 3%/

p
E.

point driven home by the observation of a 5MeV bump
in the measured antineutrino spectrum relative to pre-
dictions, see for instance the Daya Bay result [10]; for
recent reviews on this topic, see Refs. [11, 12].

As explained, a direct calculation of antineutrino fluxes
is not feasible; nonetheless, these direct or a priori cal-
culations allow some significant insight into the energy
structure of the antineutrino spectrum without being ob-
structed by real-world detector e↵ects, see for instance
Ref. [13]. In Fig. 3 of Ref. [14], it is highlighted that
there is significant micro-structure in the antineutrino
spectrum at the 50–100 keV scale. This sawtooth shape
arises because, in a single beta decay, there is a finite
probability to emit an antineutrino with an energy cor-
responding to the entire available Q2 of the transition
due to the Coulomb correction experienced by the out-
going electron. Adding a large number of these, then,
results in the sawtooth pattern also visible in Fig. 1. In
Ref. [14], it is also shown that, once this sawtooth spec-
trum is convoluted with a detector energy resolution typ-
ical for current reactor neutrino experiments, an entirely
smooth spectrum results.

A priori calculations account for about 80-90% of all
beta decays and, thus, reproduce the total beta spectrum
as measured by the ILL experiments to about the same
degree [13]. Therefore, there is no reason to expect that
the specific energy micro-structure derived from any of
these calculations is the actual one: the specific location
and size of each sawtooth is likely wrong; the distribution
of locations and sizes, on the other hand, will be close to
the true one. For the following, we use a model based on
thermal neutron fission yields of 235U, 239Pu, and 241Pu
from the JEFF database, version 3.1.1 [15], and the fast
neutron fission yield of 238U from ENDF-349 [16]. We
use the beta decay information contained in the Eval-

uated Nuclear Structure Data File (ENSDF) database,
version VI [17], and the neutrino spectrum is computed
following the prescription in Ref. [5]. We use this infor-
mation on fission yields and beta decays to construct a
probability density function p(Q, a) for the Q-value and
amplitude a for each beta decay branch. We then draw at
random pairs of values for Q, a and compute the result-
ing antineutrino spectrum; we stop adding more pairs as
soon as we have the same number of antineutrinos above
IBD threshold as in the Huber+Mueller model. The
resulting antineutrino spectrum is then normalized to
the same IBD rate as obtained from the Huber+Mueller
model and reweighted to represent the shape of the Hu-
ber+Mueller flux at an energy resolution of 8%/

p
E. We

repeat the procedure 1000 times to obtain a population
of synthetic antineutrino spectra which all correspond to
a very similar spectrum at 8%/

p
E resolution. The re-

sults are shown in Fig. 1, where we show the resulting
distribution for each energy bin relative to its mean (the
Huber+Mueller prediction), and we also show three ex-
amples of a synthetic spectrum. For comparison, the
relevant oscillation is overlayed; it is apparent that much
of the structure in the synthetic spectrum is at a sim-
ilar frequency and amplitude as the e↵ect sought after
in JUNO. This indicates that the strategy outlined in
Ref. [1] to deal with the reactor flux uncertainty, namely
to use the Daya Bay measured spectrum as reference
spectrum is fraught with di�culty: the Daya Bay spec-
trum has been measured with an energy resolution of
approximately 8%/

p
E whereas for JUNO the spectrum

at 3%/
p
E is needed.

The question now is: what energy resolution does the
reference spectrum need to be measured with, and what
other detector e↵ects could intervene? The e↵ect of hav-
ing a second detector (near detector) in the hierarchy
determination has been discussed in more general terms
in Refs. [18–20]. Specifically, we investigate the non-
linearity of the energy response as a potential issue in
comparing the data from two detectors. The Daya Bay
detectors are precision instruments, and their success has
inspired the design for JUNO, therefore it makes sense to
use them as a proxy for the energy response. For the
Daya Bay detectors, the energy response to positrons
is non-linear with the main e↵ect happening below the
4MeV. This e↵ect is attributed to ionization quenching
of scintillation light and Cerenkov light production and
peculiarities of the electronics [21].
To include non-linear e↵ects in the reconstruction of

the positron energy one can parameterize the e↵ect as a
linear combination of functions that are powers of energy,
generalizing the linear scaling [19, 22]:

Erec

E
= 1 +

nX

k=0

↵kE
k ⌘ 1 + �scal(E). (2)

For k = 0, and with only ↵0 6= 0, one obtains the linear

Anti-neutrino synthetic spectra

● But reactor spectrum might show micro-structures
(see e.g. A.A.Sonzogni, et al. arXiv:1710.00092, D. A. Dwyer &T. J. Langford, Phys. Rev. Lett. 114,012502 (2015))

● micro-structures degrade the MH sensitivity by mimicking periodic oscillation pattern

Solid line:
-Same spectrum to 
generate data and for fit

Dashed lines:
- Different spectra (color) 
for data

- Huber+Mueller model
for fit

Relative difference of 3 synthetic spectra to spectrum 
predicted from ILL data (Huber+Mueller model)

of reactor spectrum measurement

Gioacchino Ranucci - INFN Sez. di MilanoRosa Marina, September 11, 2018

D.V. Forero et al., arXiv:1710.07378 D.V. Forero et al., 
arXiv:1710.07378

“Standard” reactor shape uncertainty has minor impact on the sensitivity●

Implications of the reactor shape uncertainty

→ Reactor spectrum with energy resolution at 
least similar to JUNO avoids in principle this 
potential issue

17

Δχ2 as a function of the near 
detector energy resolution

Need to know the reference 
spectrum with an energy 

resolution at least similar to 
the JUNO one.
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Near/reference detector: TAO
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2

◆ Taishan Antineutrino Observatory (TAO), a ton-level, high energy 
resolution LS detector at 30 m from the core, a satellite exp. of JUNO.

◆ Measure reactor neutrino spectrum w/ sub-percent E resolution.
Ö model-independent reference spectrum for JUNO
Ö a benchmark for investigation of the nuclear database

◆ Ton-level Liquid Scintillator (Gd-LS)
◆ Full coverage of SiPM w/ PDE > 50%
◆ Operate at -50 ℃ (SiPM dark noise)
◆ 4500 p.e./MeV 

◆ Taishan Nuclear Power Plant, 
30-35 m from a 4.6 GW_th core

◆ 2000 IBD/day (4000) 
◆ Online in 2021

JUNO-TAO

• Taishan Antineutrino Observatory (TAO), a ton-level, high energy resolution LS detector at 30 meters 
from the core, a satellite experiment of JUNO.

• Measure reactor neutrino spectrum with sub-percent energy 
resolution.

- model-independent reference spectrum for JUNO.

- a benchmark for investigation of the nuclear database.

• Ton-level Liquid Scintillator (Gd-LS)

• Full coverage of SiPM.

• Operate at -50∘C (SiPM darknoise).

• 4500 p.e./MeV

• Taishan Nuclear Power 
Plant, 30-35 m from a 4.6 
GWth core.

• 2000 IBD/day

• Online in 2021.

• IN2P3 not involved in this detector phase.
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Precision measurements
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sin2(2θ12)

Δm2solar

Δm2atm

sin2(2θ13)

Energy spectrum for 100k IBD

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

• Precision measurements essential to test consistency of neutrino oscillation framework.

• 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
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Precision that can achieve JUNO
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Supernova neutrinos
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• Galactic core-collapse supernova neutrinos (CCSN):  
1 SN is expected during the operation time of JUNO

- 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 
Neutrino in the Multi-messenger Era). The IN2P3 is very 
well positioned to study these multi-messenger events 
(LIGO-VIRGO HESS, CTA, JUNO, KM3NET).

Channel Type
Events for different ⟨Eν⟩ values

12 MeV 14 MeV 16 MeV
νe + p → e+ + n CC 4.3 × 103 5.0× 103 5.7× 103

ν + p → ν + p NC 0.6 × 103 1.2× 103 2.0× 103

ν + e → ν + e ES 3.6 × 102 3.6× 102 3.6× 102

ν + 12C → ν + 12C∗ NC 1.7 × 102 3.2× 102 5.2× 102

νe + 12C → e− + 12N CC 0.5 × 102 0.9× 102 1.6× 102

νe + 12C → e+ + 12B CC 0.6 × 102 1.1× 102 1.6× 102

Table 4-1: Numbers of neutrino events in JUNO for a SN at a typical distance of 10 kpc, where ν
collectively stands for neutrinos and antineutrinos of all three flavors and their contributions are
summed over. Three representative values of the average neutrino energy ⟨Eν⟩ = 12 MeV, 14 MeV
and 16 MeV are taken for illustration, where in each case the same average energy is assumed
for all flavors and neutrino flavor conversions are not considered. For the elastic neutrino-proton
scattering, a threshold of 0.2 MeV for the proton recoil energy is chosen.
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Figure 4-2: The neutrino event spectra with respect to the visible energy Ed in the JUNO detector
for a SN at 10 kpc, where no neutrino flavor conversions are assumed for illustration and the
average neutrino energies are ⟨Eνe⟩ = 12 MeV, ⟨Eνe⟩ = 14 MeV and ⟨Eνx⟩ = 16 MeV. The main
reaction channels are shown together with the threshold of neutrino energies: (1) IBD (black and
solid curve), Ed = Eν − 0.8 MeV; (2) Elastic ν-p scattering (red and dashed curve), Ed stands
for the recoil energy of proton; (3) Elastic ν-e scattering (blue and double-dotted-dashed curve),
Ed denotes the recoil energy of electron; (4) Neutral-current reaction 12C(ν, ν ′)12C∗ (orange and
dotted curve), Ed ≈ 15.1 MeV; (5) Charged-current reaction 12C(νe, e−)12N (green and dotted-
dashed curve), Ed = Eν − 17.3 MeV; (6) Charged-current reaction 12C(νe, e+)12B (magenta and
double-dotted curve), Ed = Eν − 13.9 MeV.

coincident signal. Hence the charged-current reactions in Eqs. (4.2) and (4.3) provide a possibility
to detect separately νe and νe [179]. The cross section of neutrino interaction on 12C has been
calculated in Ref. [180] by using a direct evaluation of nuclear matrix elements from experimental
data at that time. Recent calculations based on the nuclear shell model and the random-phase
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• 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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Solar and atmospheric neutrinos
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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).

- CP violation sensitivity given by the [100-300] MeV energy range.

- Combined studies of oscillation from different sources.
• Solar neutrinos: 

- Independent measurement of 7Be flux.

- New low-threshold (2 MeV) 8B measurement.

- Two different radio purity requirements for the solar phase.

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
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neutrinos of all flavors (via neutrino oscillations) are detected by means of their elastic scattering
off electrons:

νe,µ,τ + e− → νe,µ,τ + e− . (6.1)

In contrast to the reactor ν̄e IBD reaction where a coincidence signature exists to largely suppress
background, the detection of solar neutrinos appears as a single flash of light. Only a fraction
of the neutrino energy is transferred to the electron, therefore the electron recoil spectrum is
continuous even in the case of mono-energetic neutrinos. The expected solar neutrino rates at
JUNO are summarized in Tab. 6-1. The rates are calculated using the BP05(OP) [304] flux model,
convolved with the neutrino-electron elastic scattering cross sections for all flavors. The standard
three neutrino oscillation is applied with the solar LMA-MSW effect included. All the rates are
estimated without any energy threshold cuts.

The emission of scintillation light is isotropic and any information about the initial direction of
solar neutrinos is lost. Neutrino elastic scattering events in a liquid scintillator are thus intrinsically
indistinguishable on an event-by-event basis from the background due to β or γ decays. Therefore,
high radiopurity is required in order for JUNO to have the capability of measuring low energy
solar neutrinos. Two internal purity levels are considered in Table 6-1 to calculate the intrinsic
radioactive background. The “baseline” column is the minimum requirement of the purity level.
The signal-to-background ratio at this level is approximately 1 : 3. The “ideal” column is the
purity level at which the signal-to-background ratio is approximately 2 : 1. As a comparison, the
“baseline” requirement is at approximately the KamLAND solar phase purity level (in the cleanest
region) [277], and the “ideal” requirement is at about the Borexino phase-I (before 2010) purity
level [280]. The exceptions are 238U and 232Th, for which both KamLAND and Borexino have
reached better than “ideal” requirement since the beginning.

Table 6-1: The requirements of singles background rates for doing low energy solar neutrino
measurements and the estimated solar neutrino signal rates at JUNO.

Internal radiopurity requirements
baseline ideal

210Pb 5× 10−24 [g/g] 1× 10−24 [g/g]
85Kr 500 [counts/day/kton] 100 [counts/day/kton]
238U 1× 10−16 [g/g] 1× 10−17 [g/g]

232Th 1× 10−16 [g/g] 1× 10−17 [g/g]
40K 1× 10−17 [g/g] 1× 10−18 [g/g]
14C 1× 10−17 [g/g] 1× 10−18 [g/g]

Cosmogenic background rates [counts/day/kton]
11C 1860
10C 35

Solar neutrino signal rates [counts/day/kton]
pp ν 1378

7Be ν 517
pep ν 28
8B ν 4.5

13N/15O/17F ν 7.5/5.4/0.1

The expected cosmogenic 11C and 10C rates given in Table 6-1 are scaled from KamLAND
spallation measurements (Table IV of Ref. [109].) As an example, for 11C, the KamLAND mea-
surement is 866 × 10−7µ−1g−1cm2. At the JUNO site, the mean muon energy is smaller than
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KamLAND and the spallation production rate is about 0.9 times lower. The muon rate in the
whole detector (20 kton) is about 3Hz. The mean muon track length is about 23m. The density
is about 0.8 g/cc. Therefore, the scaled 11C rate at JUNO is ∼1000 counts per day per kton. All
other cosmogenic backgrounds are assumed to be minor at the low energy [109,305] and are ignored
in the calculation.

Fig. 6-3 shows the expected singles spectra at JUNO with the “baseline” and the “ideal”
radiopurity assumptions listed in Table 6-1. The energy resolution is assumed to be σ(E) =
3%×

√
E(MeV). For simplicity, no energy non-linearity is applied to the spectrum.
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Figure 6-3: The expected singles spectra at JUNO with (a) the “baseline” and (b) the “ideal”
radiopurity assumptions listed in Table 6-1. See text for details.
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νx+e-→νx+e- channel 
(ideal radiopurity assumption)S/B=1/3 S/B=2/1
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Proton decay
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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.
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• 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.

_
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JUNO Top Tracker (TT): Overview
TT refurbished from OPERA Target Tracker

I 62 walls measuring (6.7 ⇥ 6.7) m2 of plastic
scintillator available

I Walls distributed in 3 ⇥ 7 horizontal grid in
3 layers ! cover ⇠ 60% of surface above WCD

I Monitoring of aging of detector essential
I Upgrades needed on several systems:

electronics, mechanical structure, . . .
Very precise µ tracking

I Detector granularity 2.6 ⇥ 2.6 cm2 in X–Y
I 3 Layers separated by 1.5 m
) 0.2� median resolution for µ tracks!

TT module: 6.7 ⇥ 6.7 m2

3 ⇥ 7 modules/layer
J. P. A. M. de André for JUNO FCPPL @ SJTU April 27th, 2019 8 / 19
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• Use of the 62 walls of the Target Tracker of OPERA.

• 3 layers of plastic scintillator for a coverage of 60% above Water Cerenkov detector.

43.5 m

44
m

Ø 35.4 m

Rosa Marina, September
11, 2018

20 kton

Central detector

- Acrylic sphere with 20k t liquid scintillator

- PMTs in water buffer on a stainless steel 
truss - 18k 20” and 25k 3”

- 78% PMT coverage

Water Cherenkov muon veto

- 2000 20” PMTs

- 35 ktons ultra-pure water

- Efficiency > 95%

- Radon control → less than 0.2 Bq/m3

Compensation coils

- Earth‘s magnetic field <10%

- Necessary for 20” PMTs

Top tracker

- Precision muon tracking

- 3 plastic scintillator layers

- Covering half of the top area

Detector’s layout

Calibration System
- 4 complementary sub-systems

- various particle types, ranges and positions
Gioacchino Ranucci - INFN Sez. di Milano
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Everywhere background control and monitor

• The TT will permit a precise µ reconstruction: 

- Tune the reconstruction of the muons in the central detector.

- Optimize the muon veto (IBD inefficiency/cosmogenic 
background reduction).

- Improve the definition of stopping muons.
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Small Photomultipliers
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3” PMTs

● Double calorimetry
● Always photon counting
→ Better control of systematics
(Calibration of non-linear response of large PMTs)

● Increased dynamic range
→ Helps with large signals

(e.g. muons, supernova signal)

● 25000 PMTs contracted to HZC
8000 produced and tested at HZC

●

200 boxes × 128 PMTs
JUNO custom design:
XP72B22

QE 24% , P/V 3.0
SPE resolution 30%
TTS 2-5 ns

Prototype already built
Gioacchino Ranucci - INFN Sez. di MilanoRosa Marina, September 11, 2018

Detector Resolution:

3“ PMTs

b and c non stochastic terms
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• Installation of 25600 additional 3’’ photomultipliers (Small PMTs) to the 17000 20’’ photomultipliers of 
the Central Detector.

3” PMTs

● Double calorimetry
● Always photon counting
→ Better control of systematics
(Calibration of non-linear response of large PMTs)

● Increased dynamic range
→ Helps with large signals

(e.g. muons, supernova signal)

● 25000 PMTs contracted to HZC
8000 produced and tested at HZC

●

200 boxes × 128 PMTs
JUNO custom design:
XP72B22

QE 24% , P/V 3.0
SPE resolution 30%
TTS 2-5 ns

Prototype already built
Gioacchino Ranucci - INFN Sez. di MilanoRosa Marina, September 11, 2018

Detector Resolution:

3“ PMTs

b and c non stochastic terms
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• The 3’’ photomultipliers will run in photon counting: 

- Calibration of non-linear response of large PMTs (energy resolution).

- Increased the dynamic range (helps with large signal such as muons or supernovae).

• Good TTS of about 2-3 ns: 

- Hit time profile reconstruction for particle identification.

- Improve muon reconstruction.

• Complementary system for the measurement of the solar parameters.
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Other ongoing contributions
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• Radiopurity 

- Photomultipliers radiopurity: γ  spectrometry and radon 
emanation measurements.

- Radon diffusion across the liner. 

- Acrylic radiopurity: cartography of the U/Th contaminations in 
the sample.

• Computing 

- Software installed at CC@Lyon.

- Contributing to defining the distributed computing framework: transfer data to Europe and 
distributed analysis.

• Analysis/Simulation 

- Preparation of the tools for the TT and Small photomultipliers analysis.

- Ortho-positronium and 9Li/8He generators for a better description of signal and backgrounds.

- Sensitivity studies: mass hierarchy, solar parameters.
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Far future: double beta decay
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• Second phase of the experiment after mass hierarchy determination …. after 2030.

• Insertion into the central detector of a balloon filled with enriched (136Xe) xenon gaz dissolved in an 
ultra-pure LS.

• Advantage of JUNO: good energy resolution (1.9%σ at 136Xe Qββ) and powerful shielding thanks to its 
large volume.

• Assuming 5 tons of fiducial 136Xe target mass and 
5 years live time, a sensitivity of T1/2 (mββ) of 
~5.6×1027 years (8-22 meV) can be achieved at 
90% C.L.

Number of events in the ROI (110 keV)

• 136Xe loaded LS 
in balloon

• 130Te doped LS 
(other option)
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Conclusions
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• The JUNO experiment will provide vast opportunities with its large mass and unprecedented energy 
resolution.

• The sensitivity on the neutrino mass hierarchy after 6 years of data taking will be:

- about 3σ and can reach more than 4σ with 1% constraint on Δm2µµ.

• Sub-percent measurement on sin2θ12, Δm212, Δm2ee.

• The institute is well engaged in the project being responsible of two parts of the detector: Top Tracker 
and Small Photomultipliers.

• Heavy implication on the technical side will move towards analysis once systems installed.

• These 2 systems are of primordial importance for the analysis of the JUNO vast program (muon 
reconstruction, backgrounds, energy resolution).

• Interest from IN2P3 physicists in a wide range of topics reachable by JUNO: neutrino oscillations, 
Supernova, nuclear measurements, and potentially ββ0ν in the future.


