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Open questions & precision

Mass ordering:
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[Front. Astron. Space Sci. 5:36(2018)]

NO IO

[PDG 2020]
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JUNO experiment overview

Multi-purpose liquid scintillator experiment

• This talk:
Oscillations with Reactor (ν̄e),
Atmospheric & Solar neutrinos (νe).

• See: Talk by Gaosong Li
“JUNO non-oscillation physics”.

~52.5 km

JUNO

Yangjiang NPP
6×2.9 GWth

Taishan NPP
2×4.6 GWth

TAO

8 reactors 
26.6 GWth

JUNO

~700 m

JUNO

∼ 50/day O(1000)/day ∼ 10/day

∼ 1 - 2/day CCSN @10kpc :
O(1000)/s

DSNB: few/year

New Physics

Proton decay
etc
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The JUNO detector

Target: liquid scintillator (LS)

LAB-based (20 kton)

Light detection:

17612 20q PMTs
25600 3q PMTs

Veto: background rejection

Water pool (2400 20q PMTs)
Top Tracker (plastic scintillators)
Overburden 650 m

Acrylic spherical 
vessel filled with 
liquid scintillator

Water pool

Top Tracker and 
calibration house

Earth magnetic 
field compensation 

coils

Photomultiplier 
tubes

Acrylic supporting 
nodes

Experiment Daya Bay Borexino KamLAND JUNO

Target LS mass 20 ton ∼300 ton ∼1 kton 20 kton

Photon coverage ∼12% ∼34% ∼34% ∼78%

Energy Resolution @ 1 MeV ∼8% ∼5% ∼6% ∼3%

Light Yield (p.e/MeV) ∼160 ∼500 ∼250 >1345

• See: Talk by Cong Guo “JUNO detector design and status”.
Posters by Caimei Liu and Boxiang Yu (198 & 234)

43.5 m
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Reactor neutrinos: flux

Source: Reactor antineutrino (ν̄e) from fission

235U, 238U, 239Pu and 241Pu

Reactors of interest to JUNO: info

Taishan + Yangjiang @ ∼ 53 km
26.6 GWth (relative flux: 94%)

Daya Bay @ ∼ 215 km
17.4 GWth (relative flux: 6%)

Detection: Inverse beta decay (IBD) process.

ν̄e + p → n + e+

Reaction threshold: 1.8 MeV

Evis(e
+) ≃ E (ν̄)− 0.8 MeV

n

pνe

e+γ (511 keV) γ (511 keV)

γ (2.2 MeV)prompt 
~ few ns

delayed 
~ 200 µs p

n

unoscillated

[Nat Commun 6, 6935 (2015)]
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JUNO reactor spectrum

Oscillations

Survival probability at medium baseline
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Observe two Osc. modes: slow & fast.
Sensitive to Mass ordering.

Detector response

Calibration with discrete sources. Calib

Energy scale non-linearity: EVisible/ETrue

Uncertainty < 1%

Energy Resolution: 2.9% at 1 MeV Res

Light yield, position non-uniformity,
reconstruction
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[J. High Energ. Phys. 2021, 4]

[Poster @ Neutrino 2022]
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JUNO - TAO reference spectrum

Taishan Anti-neutrino Observatory: 30 m from reactor core

1 ton fiducial volume with Gd-LS

Energy resolution ≈ 2%@ 1 MeV

∼ 2000 IBD events/day (40× JUNO)

Provide reference reactor ν̄e spectrum: model independent measurements

Sterile neutrino measurements: 0.5 eV2 < ∆m2
41 < 5 eV2 Sterile

[Eur. Phys. J. C 82, 1112 (2022)]
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Reactor: signal & background

IBD selection: ∼ 82% efficiency Cuts

Cuts: fiducial volume, energy, time and vertex.

Cosmogenic background rejection: muon veto.

• See: Talk by Loic Labit on JUNO backgrounds and veto

Type Rate/day

IBD 47.1

Accidental 0.8

Fast neutron 0.1
9Li/8He 0.8
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Geo neutrino 1.2

Global reactors 1.0

Atmospheric ν’s 0.16
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Neutrino mass ordering

Neutrino mass ordering (NMO) sensitivity: ∆χ2 = |χ2
min(NO)− χ2

min(IO)|
Do not rely on matter effects for NMO measurement.

Median sensitivity: 3σ in 6 years Res

2
min

Statistics 11.3

Stat.+Flux error -0.6

Stat.+Backgrounds -1.4

Stat.+Nonlinearity -0.4

Stat.+Others < -0.05

Total 9.0

0 2 4 6 8 10 12

stat. + 1 syst. 

JUNO Simulation Preliminary
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Reactor e signal IBD event number (×105)

JUNO Simulation Preliminary

• See: Poster by Tobias Heinz (210) on JUNO neutrino mass ordering

6 years×26.6 GWth

JUNO + TAO

[Paper in preparation]
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Precision of oscillation parameters

Sub-percent precision in 6 years

∆m2
21, ∆m2

31, and sin2 θ12 Syst

World leading precision: 100 days

Parameter precision (%)
Run time |∆m2

31| ∆m2
21 sin2 θ12 sin2 θ13

100 days 0.8 1.0 1.9 47.9

6 years 0.2 0.3 0.5 12.1

20 years 0.1 0.2 0.3 7.3

PDG 2020 1.3 2.4 4.2 3.2
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Solar neutrinos

JUNO to measure ∆m2
21 & sin2 θ12 from

solar and reactor neutrinos.

Oscillations with 8B solar neutrinos Signal

Main channel: ν-e ES

Other visible channels:

να + 13C NC: 3.7 MeV γ

νe +
13C CC: e− & 2.2 MeV β+
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JUNO can also measure 7Be, pep, CNO.

2 4 6 8 10 12 14 16 18 20
Visible energy [MeV]

1

10

210

310

E
xp

ec
te

d 
ev

en
ts

 in
 1

0 
yr

s 
af

te
r 

cu
ts

Total
C CC13-eν

-e ESν
C NC13-ν

Reactor ES+NC
Radioactivity & Isotopes

3.5 4 4.5

1000

1500 Total

w/o NC

2 4 6 8
2χ∆

3

4

5

6

7

8

9

10

11

0.15 0.2 0.25 0.3 0.35 0.4 0.45

2
4
6
8

2 χ∆

0.15 0.2 0.25 0.3 0.35 0.4 0.45
12θ2sin

4

6

8

10

]2
eV

-5
 [

10
2 21

m∆

JUNO

)σ (3ν6 y reactor 

νB solar 810 y 

[arXiv:2210.08437v1 (2022)]

[Chinese Phys. C 45 023004 (2021)]
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Atmospheric neutrinos

Neutrino mass ordering:

Complementary to
reactor neutrino

Earth matter effects

Event classification and reconstruction:

Various methods (Machine learning etc.)

PMT waveform features, first hit time,
neutron multiplicity

PID efficiency ν/ν̄: 60% ∼ 80%
• See: Poster by Xinhai He (376)

Direction resolution: σθν < 10
◦

(Eν > 3 GeV)

Neutrino mass ordering sensitivity be released soon. Old

NO NO

P(νµ → νµ) P(ν̄µ → ν̄µ)

[Phys. Rev. D97, 072001 (2018)]

[NuFACT 2023]
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Summary

JUNO: a multipurpose liquid scintillator experiment.

Neutrino oscillation physics with Reactor, Solar and Atmospheric neutrinos.

TAO satellite detector: provide reactor neutrino reference spectrum

Neutrino mass ordering:

Reactor neutrinos: 3σ in 6 years (Paper in preparation)

Atmospheric neutrinos sensitivity studies in progress.

Combined reactor + atmospheric analysis is in progress

Sub-percent precision in 6 years for ∆m2
21, ∆m2

31, and sin2 θ12 with reactor neutrinos

(Published: Chinese Phys. C 46 123001 (2022))

Independent measurement of ∆m2
21 and sin2 θ12 with solar 8B neutrinos

(Published: Chinese Phys. C 45 023004 (2021), arXiv:2210.08437v1 (2022))

JUNO will start operation in 2024.

——————————– Thank You ———————————
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Reactors of interest Return

Reactor Power (GWth) Baseline (km) IBD Rate (day−1)

Taishan 9.2 52.71 15.1

Core 1 4.6 52.77 7.5

Core 2 4.6 52.64 7.6

Yangjiang 17.4 52.46 29.0

Core 1 2.9 52.74 4.8

Core 2 2.9 52.82 4.7

Core 3 2.9 52.41 4.8

Core 4 2.9 52.49 4.8

Core 5 2.9 52.11 4.9

Core 6 2.9 52.19 4.9

Daya Bay 17.4 215 3.0

Planned (not operational)

Huizhou (17.4 GWth)
Lufeng (17.4 GWth)
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Detector response: calibration Return

True gamma energy [MeV]
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[J. High Energ. Phys. 2021, 4 (2021)]
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Energy resolution update Return

Parameter affect

a Photon statistics

b Quenching of scintillation light, cherenkov light
yield, detector uniformity and reconstruction.

c dark noise

Updates

Energy resolution 3% @ 1 MeV → 2.9% @ 1 MeV

Photon detection efficiency: 27% → 30% [Eur. Phys. J. C 82, 1168 (2022)]

New central detector geometries

New PMT optical model [Eur. Phys. J. C 82, 329 (2022)]

[JUNO Preliminary]
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Signal selection Return

• For events where a track cannot be properly reconstructed, which amount to about 2% of
all muon-related events and occur primarily when more than two muons go through the
detector simultaneously, a 0.5 s veto is applied over the whole fiducial volume.

• A 1.2 s veto is applied on any candidate events reconstructed inside a 3 m radius sphere
around spallation neutron capture events. This cut helps further reject backgrounds from
cosmogenic isotope decays.

Compared to Ref. [16], this updated strategy improves the muon veto efficiency from 83.0%
to 91.6%, while reducing the residual 9Li/8He background from 1.6 day−1 to 0.8 day−1. The
combined antineutrino detection efficiency after all selection cuts is 82.2%. A rounded value
of 82.0% was used in the analyses reported here. Breakdown of the selection efficiency is sum-
marised in Table 3, where each component is found to be independent of neutrino energy. The
IBD rate after event selection is 21% lower than Ref. [16], mainly as a result of the lesser num-
ber of reactors at 52.5 km (-26%), the updated reactor flux prediction of Sec. 4.3 (-5%), the
improved event selection efficiency (+13%), and smaller effects such as the updated baselines
and the values of the other oscillation parameters.

Table 3: Summary of cumulative reactor antineutrino selection efficiencies. The reported IBD
rates refer to the expected events per day after the selection criteria are progressively applied.
These rates are calculated for nominal reactor power, and do not include any reactor time off.

Selection Criterion Efficiency (%) IBD Rate (day−1)
All IBDs 100.0 57.4
Fiducial Volume 91.5 52.5
IBD Selection 98.1 51.5

Energy Range 99.8 -
Time Correlation (∆Tp−d) 99.0 -
Spatial Correlation (∆Rp−d) 99.2 -

Muon Veto (Temporal⊕Spatial) 91.6 47.1
Combined Selection 82.2 47.1

After applying the antineutrino event selection cuts mentioned above, seven backgrounds re-
main that are considered in this analysis: geoneutrinos, ν̄e’s from world reactors (with a baseline
to JUNO larger than 300 km), accidental coincidences, 9Li/8He decays, atmospheric neutrinos,
fast neutrons, and 13C(α, n)16O interactions. Their rates and uncertainties are summarized in
Table 4. These values are consistent with those in our previous work [16], although some ad-
justments are made. The rates of geoneutrinos and 9Li/8He decays are adjusted by +0.1 day−1

and -0.8 day−1, respectively, because of the new muon veto strategy. Likewise, the accidental
background rate is reduced by 0.1 day−1 due to new knowledge on the radiopurity of the detector
components [38]. The world reactors and the atmospheric neutrino backgrounds are new addi-
tions in this publication. The former is calculated from Ref. [54] and the same uncertainty of the
ν̄e signal described in Section 4.3 is applied. The latter is estimated following the methodology
of Ref. [50]. The IBD selection criteria is applied to simulate final states of atmospheric neutri-
nos interacting with 12C nuclei in the liquid scintillator. In the [0.7, 12.0] MeV energy range,
neutral-current interactions are found to dominate, with charged-current interactions contribut-
ing a negligible amount. The uncertainty is estimated from the largest variation in predicted
rate between an interaction model that relies on GENIE 2.12.0, which is taken as the nominal,
and four others relying on the NuWro generator that use different nuclear models and values of
the axial mass [50].

The geoneutrino and world reactors’ antineutrino spectra are obtained from Refs. [55] and [54],
respectively. The accidental spectrum is obtained by applying the IBD selection to events from a
full JUNO simulation with a recently re-estimated radioactivity budget [38]. The 9Li/8He spec-
trum is obtained from a theoretical calculation. The atmospheric neutrino spectrum is the one
produced by the nominal interaction model relying on the GENIE 2.12.0 generator in Ref. [50].

11

described in Section 2, as well as on the nuisance parameters αi, each of which has a correspond-
ing systematic uncertainty σi. The pull terms on the right hand side of Eq. 14 can substitute
any covariance matrix representing a systematic uncertainty, and vice-versa.

The full analysis, from the determination of M and T (θ, α) to the sensitivity calculations,
was independently carried out by four analysis groups that started from the same common
inputs. These common inputs express the current best knowledge of JUNO’s performance and
reactor situation, as described in the previous sections, and are also used by other sensitivity
studies within the JUNO collaboration. Each of the four groups chose a different strategy to
perform the minimization of Eq. (14). One group used a covariance matrix-only approach, two
groups used a pull term-only approach, and a fourth group used a mixture of both. Results were
carefully compared at every stage of the analysis chain and differences in the final sensitivities
were found to be much smaller than the systematic uncertainties. Accordingly, only one set of
results, which is representative of the four groups, is shown in the remainder of this publication.

5.2 Rate and Shape Systematic Effects
The assessment of the systematic uncertainties benefits largely from the large pool of knowledge
accumulated by past and current reactor experiments, particularly those focused on precisely
measuring the θ13 mixing angle [10–12]. Systematic effects fall into two categories: rate and
shape. Rate systematic uncertainties are those affecting the total number of IBD candidates
(normalization), while shape systematic uncertainties are those that can bias the expected spec-
tral shape (events per individual energy bin).

Table 5: Signal normalization systematic uncertainties of JUNO. All uncertainties (backgrounds
included) are relative to the signal rate of 43.2 measured IBDs per day, which accounts for the
reactors’ duty cycle. These uncertainties are used as inputs to the analysis. The flux systematic
uncertainties have correlated and uncorrelated terms, with respect to the reactors. See the text
for more details. The detection systematic uncertainties contain the same items of Table 3 plus
the uncertainty on the number of target protons.

Component Input Uncertainty (%)
Flux 2.2

Baseline (L) -
Energy per Fission 0.2
Thermal Power (P) 0.5
Fission Fraction 0.6
Mean Cross-Section per Fission 2.0

Detection 1.0
Fiducial volume (2 cm vertex bias) 0.4
IBD Selection cuts 0.2
Muon Veto -
Proton Number 0.9

Backgrounds 1.0
Geoneutrinos 0.8
9Li/8He 0.4
Atmospheric neutrinos 0.2
Fast neutrons 0.2
13C(α,n)16O 0.1
Accidentals <0.1
World reactors <0.1

Rate systematic effects and their corresponding uncertainties are summarized in Table 5.
They are divided into three main subcategories: flux, detection, and backgrounds. Within
the flux subcategory, reactor-related uncertainties impact the analysis differently depending on
whether they are correlated (2%) or uncorrelated (0.8%). Reactor correlated uncertainties,

16

[Chinese Phys. C 46 123001]
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TAO: Sterile neutrinos sensitivity Return
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[ arXiv:2005.08745 (2020)]
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NMO & Energy resolution Return
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Systematics breakdown Return

1  (%)
Statistics 0.16
Reactor:
 - Uncorrelated 0.01
 - Correlated 0.03
 - Reference spectrum 0.07
 - Spent Nuclear Fuel 0.07
 - Non-equilibrium 0.14
Detection:
 - Efficiency 0.02
 - Energy resolution 0.01
 - Nonlinearity 0.05
 - Backgrounds 0.18
Matter density 0.01
All systematics 0.27
Total 0.32
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Statistics 0.16
Reactor:
 - Uncorrelated 0.01
 - Correlated 0.03
 - Reference spectrum 0.07
 - Spent Nuclear Fuel 0.07
 - Non-equilibrium 0.14
Detection:
 - Efficiency 0.02
 - Energy resolution 0.01
 - Nonlinearity 0.05
 - Backgrounds 0.18
Matter density 0.01
All systematics 0.27
Total 0.32
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Statistics 0.17
Reactor:
 - Uncorrelated < 0.01
 - Correlated 0.01
 - Reference spectrum 0.05
 - Spent Nuclear Fuel < 0.01
 - Non-equilibrium < 0.01
Detection:
 - Efficiency 0.01
 - Energy resolution < 0.01
 - Nonlinearity 0.04
 - Backgrounds 0.04
Matter density 0.01
All systematics 0.08
Total 0.19
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Statistics 0.34
Reactor:
 - Uncorrelated 0.10
 - Correlated 0.27
 - Reference spectrum 0.09
 - Spent Nuclear Fuel 0.05
 - Non-equilibrium 0.10
Detection:
 - Efficiency 0.23
 - Energy resolution 0.01
 - Nonlinearity 0.09
 - Backgrounds 0.20
Matter density 0.07
All systematics 0.40
Total 0.52
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1  (%)
Statistics 8.94
Reactor:
 - Uncorrelated 2.53
 - Correlated 6.83
 - Reference spectrum 3.48
 - Spent Nuclear Fuel 1.55
 - Non-equilibrium 2.65
Detection:
 - Efficiency 5.81
 - Energy resolution 0.39
 - Nonlinearity 2.09
 - Backgrounds 4.89
Matter density 0.98
All systematics 8.16
Total 12.11
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[Chinese Phys. C 46 123001]
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Solar neutrinos 8B Return

LS radioactivity: 10−17g/g (goal)

Signal/background in 10yrs: 60,000/30,000
[Chinese Phys. C 45 023004 (2021)]

Rebin Raj TAUP 2023 28 August, 2023 22 / 14

http://doi.org/10.1088/1674-1137/abd92a


Atmospheric neutrinos Return

Neutron multiciplity:

ν̄ produce more neutrons than ν

Used in PID classification

Sensitivity:

Optimistic sensitivity

0.7 ∼ 1.4σ for 6 years

In progress: improving
reconstruction and PID
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[J. Phys. G: Nucl. Part. Phys. 43 030401]
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