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JUNO physics
“Neutrino Physics with JUNO,” J. Phys. G 43 (2016) no.3, 030401
“JUNO Physics and Detector,” arXiv:2104.02565 (2021)

Neutrino Mass Ordering (NMO)

Precision measurement of oscillation
parameters

Atmospheric neutrinos

Geoneutrinos

Supernova (SN) neutrinos→ see Xin
Huang’s talk
Diffuse SN neutrino background→ see Jie
Cheng’s talk
Solar neutrinos→ see Jie Zhao’s poster
Nucleon decay & Exotic searches

energy resolution for a visible energy Evis can be written as an approximate formula
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where the a term is the statistical term driven by photostatistics, the b term is dominated by the position
non-uniformity, and the c term represents the contribution of background noises. For the neutrino mass
ordering determination, it was found that the impact of the b term is 1.6 times larger than that of the
a term, and the impact of the c term is 1.6 times smaller than that of the a term [9]. Therefore, an
effective energy resolution can be defined as σeff/E = aeff/

√
E(MeV), with
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√
a2 + (1.6× b)2 +

(
c

1.6

)2
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Detailed studies on the effective energy resolution that could be achieved with the JUNO detector
calibration strategy can be found in Ref. [3], taking into account the non-uniformity, vertex smearing,
PMT quantum efficiency variation and charge resolution, energy nonlinearity, and PMT noises, etc. For
the nominal setup, the a term is 2.61% (the 2.73% mentioned above corresponds to the statistics at the
detector center while the p.e. yield increases with radius of the vertex), the b term is 0.82%, and the c
term is 1.23%. Thus, an effective energy resolution of 3.02%/

√
E(MeV) is expected for the JUNO MO

determination in simulations.
As a multiple-purpose detector, JUNO is sensitive to a range of neutrino sources beyond the reactor

antineutrinos. The expected signal and background estimates for various researches and the corre-
sponding physics potentials will be reviewed in Section 2. The expected neutrino signal rates and major
background sources are summarized in Tab. 2. Only the MO determination requires a 3% energy reso-
lution. The |∆m2

32| measurement benefits moderately from a high energy resolution. All other studies
are not sensitive to the energy resolution. Solar neutrino studies require a U/Th radiopurity of the
LS of 1× 10−17 g/g. Reactor and Geoneutrino studies require 1× 10−15 g/g and other studies are not
sensitive.

Research Expected signal Energy region Major backgrounds
Reactor antineutrino 60 IBDs/day 0–12 MeV Radioactivity, cosmic muon

Supernova burst 5000 IBDs at 10 kpc 0–80 MeV Negligible
2300 elastic scattering

DSNB (w/o PSD) 2–4 IBDs/year 10–40 MeV Atmospheric ν
Solar neutrino hundreds per year for 8B 0–16 MeV Radioactivity

Atmospheric neutrino hundreds per year 0.1–100 GeV Negligible
Geoneutrino ∼ 400 per year 0–3 MeV Reactor ν

Table 2: Summary of detectable neutrino signals in the JUNO experiment and the expected signal rates
and major background sources.

2 Physics with JUNO

2.1 Neutrino mass ordering
JUNO determines the NMO using the oscillation interplay between ∆m2

31 and ∆m2
32 at a medium

reactor baseline (∼53 km). The reactor antineutrino survival probability Pν̄e→ν̄e is shown in Eq. 1.
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Neutrino oscillations with Reactor Antineutrinos

Detected ν̄e energy 2–8 MeV
I Only sensitive to ν̄e → ν̄e

JUNO

?

DB/RENO/DC

Distance: selects “oscillation regime”
I JUNO at maximum ν̄e disappearance
I First experiment to see both ∆m2
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Measuring reactor ν̄e: Inverse Beta Decay (IBD)
Detected via IBD: ν̄e + p→ n + e+

I IBD used since discovery of ν̄
I Prompt+delayed signal⇒ large background suppression

Evis(e+) ' E(ν̄)− 0.8 MeV← used to as proxy for antineutrino energy
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JUNO site

The thermal power of all cores and the baselines (distances to the JUNO detector) are listed in
Tab. 1. The distances from the detector site to the Yangjiang and Taishan cores are surveyed with
a Global Positioning System (GPS) to a precision of 1 meter. All these NPPs are constructed and
operated by the China General Nuclear Power Group (CGNPG).

Cores YJ-1 YJ-2 YJ-3 YJ-4 YJ-5 YJ-6 TS-1 TS-2 DYB HZ
Power (GW) 2.9 2.9 2.9 2.9 2.9 2.9 4.6 4.6 17.4 17.4
Baseline(km) 52.74 52.82 52.41 52.49 52.11 52.19 52.77 52.64 215 265

Table 1: Summary of the thermal power and baseline to the JUNO detector for the Yangjiang (YJ)
and Taishan (TS) reactor cores, as well as the remote reactors of Daya Bay (DYB) and Huizhou (HZ).

Due to the absence of high mountains in the allowed area where the sensitivity to the mass ordering
is optimized, the JUNO detector will be deployed in an underground laboratory under the Dashi hill.
Currently, the experiment hall has been excavated. The location has been shifted by ∼60 m to the
northwest of the originally designed location in Ref. [9]. The elevation of the hill above the detector is
240.6 m above sea level. The dome and the floor of the underground experimental hall are at -403.5 m
and -430.5 m, respectively. The detector is located in a cylindrical pit, with the detector center at
-452.75 m. Therefore, the vertical overburden for the detector center is 693.35 m (1800 m.w.e). The
experimental hall will have two accesses: a 564 m deep vertical shaft and a 1266 m long tunnel with
a slope of 42.5%. The surrounding rock is granite. The average rock density along a 650 m borehole
near the experimental hall is measured to be 2.61 g/cm3. The activities of the 238U, 232Th, and 40K in
the rock around the experimental hall are measured to be 120, 106, and 1320 Bq/kg, respectively, with
10% uncertainties. The muon rate and average energy in the JUNO detector are 0.004 Hz/m2 and 207
GeV estimated by simulation, taking the surveyed mountain profile into account.

1.3 JUNO detector
The JUNO detector consists of a Central Detector (CD), a water Cherenkov detector and a Top Tracker
(TT). A schematic view of the JUNO detector is shown in Fig. 3. The CD is a liquid scintillator (LS)
detector with a designed effective energy resolution of σE/E = 3%/

√
E(MeV). It contains 20 kton

LS in a spherical acrylic vessel, which is submerged in a water pool. The acrylic vessel is supported
by a stainless steel (SS) structure via Connecting Bars. The CD Photomultiplier Tubes (PMTs) are
installed on the inner surface of the SS structure. The water pool is equipped with PMTs to detect
the Cherenkov light from cosmic muons, acting as a veto detector. Compensation coils are mounted on
the SS structure to suppress the Earth’s magnetic field and minimize its impact on the photoelectron
collection efficiency of the PMTs. The CD and the water Cherenkov detector are optically separated.
On top of the water pool, there is a plastic scintillator array, i.e. Top Tracker, to accurately measure the
muon tracks. A chimney for calibration operations connects the CD to the outside from the top. The
calibration systems are operated in the Calibration House, above which a special radioactivity shielding
and a muon detector are designed. Detailed description of the detector can be found in Sec. 3.

1.4 JUNO signal and background
Reactor antineutrinos constitute the primary signal in the JUNO detector for determining the neutrino
mass ordering and for precision measurements of the neutrino oscillation parameters. All reactors
close to JUNO are commercial light-water reactors, where fissions of four isotopes in fuel, 235U, 238U,
239Pu and 241Pu, contribute > 99.7% of the antineutrinos. The antineutrino flux is composed of these
four components weighted by the fission rate of the four isotopes, φ(Eν) = ∑4

i FiSi(Eν), where Fi
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Since 2016
2 less reactor cores
more light from LS
larger PMT quantum efficiency
. . .

Expect small net effect in NMO,
analyses being finalised



The JUNO detector

Jiangmen Underground Neutrino Observatory

2

Huge mass: ~20 kton Liquid Scintillator (LS)
Underground: ~700 m overburden
Unprecedented energy resolution: 3% / √E (MeV)
Energy scale precision: < 1%

arXiv:2104.02565
JPG 43 (2016) 030401
arXiv:1508.07166

Main physics goal:
ν Mass Ordering determination

↳ rich physics possibilities

Top Tracker (TT)

Water Cherenkov Detector (WCD)

Central Detector (CD) – ν̄ target

44
m

43.5 m (Acrylic Sphere: �=35.4 m)

Precise µ tracker
3 layers of plastic scintillator
∼ 60% of area above WCD

35 kton ultra-pure water
2.4k 20” PMTs
High µ detection efficiency
Protects CD from external radioactivity
& neutrons from cosmic-rays

Acrylic sphere with 20 kton liquid scint.
18k 20” PMTs + 26k 3” PMTs
3% energy resolution @ 1 MeV
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JUNO-TAO
TAO CDR, arXiv:2005.08745

JUNO-TAO provides reference for
reactor spectrum

Better energy resolution than JUNO
(4500 PE/MeV)

JUNO-TAO detector:
1 ton fiducial volume Gd-LS detector

I 30 m from one of Taishan’s
4.6 GWth reactor core

I 30× JUNO event rate

10 m2 SiPM of 50% photon detection
efficiency (PDE) operated at −50◦C

I >95% photo-coverage

Executive Summary

The Taishan Antineutrino Observatory (TAO, also known as JUNO-TAO) is a satellite experi-
ment of the Jiangmen Underground Neutrino Observatory (JUNO) [1]. TAO consists of a ton-level
liquid scintillator (LS) detector at ∼ 30 meters from a reactor core of the Taishan Nuclear Power
Plant in Guangdong, China. About 4500 photoelectrons per MeV could be observed by instru-
menting with almost full coverage (∼ 10 m2) of Silicon Photomultipliers (SiPMs) of > 50% photon
detection efficiency, resulting in an unprecedented energy resolution approaching to the limit of LS
detectors. The detector operates at -50◦C to lower the dark noise of SiPM to an acceptable level.
The TAO experiment is expected to start operation in 2022.

The main purposes of the TAO experiment are 1) to provide a reference spectrum for JUNO,
eliminating the possible model dependence due to fine structure in the reactor antineutrino spec-
trum in determining the neutrino mass ordering [2]; 2) to provide a benchmark measurement to test
nuclear databases, by comparing the measurement with the predictions of the summation method;
3) to provide increased reliability in measured isotopic antineutrino yields due to a larger sampled
range of fission fractions; 4) to provide an opportunity to improve nuclear physics knowledge of
neutron-rich isotopes [3]; 5) to search for light sterile neutrinos with a mass scale around 1 eV;
6) to provide increased reliability and verification of the technology for reactor monitoring and
safeguard.

Figure 1: Schematic view of the TAO detector, which consists of a Central Detector (CD) and
an outer shielding and veto system. The CD consists of 2.8 ton gadolinium-doped LS filled in a
spherical acrylic vessel and viewed by 10 m2 SiPMs, a spherical copper shell that supports the
SiPMs, 3.45 ton buffer liquid, and a cylindrical stainless steel tank insulated with 20 cm thick
Polyurethane (PU). The outer shielding includes 1.2 m thick water in the surrounding tanks, 1 m
High Density Polyethylene (HDPE) on the top, and 10 cm lead at the bottom. The water tanks,
instrumented with Photomultipliers (shown by red circles), and the Plastic Scintillator (PS) on the
top comprise the active muon veto system. The dimensions are displayed in mm.

The schematic drawing of the TAO detector is shown in Figure 1. The Central Detector (CD)
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Measuring NMO with reactor ν̄e: impact of energy resolution

ν̄e oscillated spectrum

Ideal case
Exposure: 20 kt · 6 years

+ energy resolution

Evis from e+ used rather than Eν

Assuming 3%/
√

E [MeV] energy resolution
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NMO sensitivity with JUNO

NMO sensitivity calculated using
Asimov sample

∆χ2 = 16 (ideal case)

Accounting for systematic uncertainties:
∆χ2 ≈ 10⇒ ∼3 σ

To reach required energy resolution:
high light yield + large PMT coverage +
good calibration
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JUNO lifetime (× 6 years)
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NMO via combined fits of JUNO and other experiments
Intrinsic differences between νe → νe and νµ → νµ, precise measurements of ∆m2

obtain different best-fit values for ∆m2
31 when wrong ordering assumed

I JUNO independent of δCP , θ23, and doesn’t rely on matter effects
Dedicated studies performed with external priors and with other experiments

I IceCube [1306.3988] & [1911.06745], accelerators [2008.11280], KM3NeT/ORCA

1% prior on ∆m2
µµ

6

(From J. Phys. G 43 (2016), no.3, 030401)

2 4 6 8 10
Time [years]

0

2

4

6

8

10]σ
A

si
m

ov
 s

en
si

tiv
ity

 [
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Preliminary

(See poster #1260 by J. P. A. M. de André)
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Calibration strategy
“Calibration Strategy of the JUNO Experiment,” JHEP 03 (2021), 004

Goals (essential for NMO):
I 3% energy resolution @1 MeV
I energy scale uncertainty < 1%

4 complementary calibration systems:
I Automated Calibration Unit: vertical shaft
I Cable Loop System: positioning in one plane
I Guide Tube: check calibration near FV boundary
I Remotely Operated Vehicle: full detector scan

Many radioactive sources used
3” PMTs: correct any intrinsic 20” PMT non-linearity

3.9 Bias in the energy scale

A residual bias in positron energy scale can still exist after the non-uniformity correction.
With nominal JUNO detector and 250-point-based g(r, θ), the relative difference between
Eprompt

vis of uniform positron events to that at the CD center shows a less than 0.05% energy
scale difference. For the five realistic detector conditions above, with the in situ calibration,
the bias can be controlled to below 0.3%, as shown in table 3. Therefore, an additional
0.3% systematic uncertainty has been included in the positron energy scale in section 2.3.6.

3.10 Conclusion of the energy resolution

The step-by-step downgrade of the non-uniformity calibration from the ideal to the most
realistic situation is summarized in table 3. One sees that the constant term b in the
energy resolution can be optimized by utilizing a single gamma source deployed to about
250 points in a vertical plane of the CD, bootstrapped to the entire CD using a smooth two-
dimensional spline function in (r, θ). This leads to an ã of 3.02% for nominal JUNO detector,
in agreement with the requirement put forward in Ref. [2]. For detector imperfections (below
the double-line in table 3), the individual impact can be estimated by taking the difference
of its ã and 3.02% in quadrature. Although it is difficult to predict what may happen in
a real detector, the individual imperfection can lead to a worst-case ã of 3.12%, which is
still sufficient to fulfill a 3σ determination of the MO [2]. Effects of combination of multiple
imperfections are also studied in the simulation - approximately consistent with combining
individual contributions in quadrature.

Assumptions a b c ã =
√
a2 + (1.6b)2 + ( c

1.6
)2 energy bias (%)

Central IBDs 2.62(2) 0.73(1) 1.38(4) 2.99(1) -
Ideal correction 2.57(2) 0.73(1) 1.25(4) 2.93(1) -

Azimuthal symmetry 2.57(2) 0.78(1) 1.26(4) 2.96(1) -
Single gamma source 2.57(2) 0.80(1) 1.24(4) 2.98(1) -

Finite calibration points 2.57(2) 0.81(1) 1.23(4) 2.98(1) -
Vertex smearing(8 cm/

√
E(MeV)) 2.60(2) 0.82(1) 1.27(4) 3.01(1) -

PMT QE random variations 2.61(2) 0.82(1) 1.23(4) 3.02(1) 0.03(1)

1% PMT death (random) 2.62(2) 0.84(1) 1.23(5) 3.04(1) 0.09(1)
1% PMT death (asymmetric) 2.63(2) 0.86(1) 1.20(4) 3.06(1) 0.23(1)

Y0 reduced by 1% 2.62(2) 0.85(1) 1.25(4) 3.05(1) 0.09(1)
Y0 reduced by 5% 2.68(2) 0.85(1) 1.28(5) 3.11(1) 0.09(1)

Absorption length reduced by 4% 2.62(2) 0.82(1) 1.27(4) 3.03(1) 0.07(1)
PMT single photon charge resolution (30%) 2.72(2) 0.83(1) 1.23(5) 3.12(1) 0.08(1)

Table 3. Energy resolution after sequential downgrade from the ideal to realistic calibration,
considering all assumptions from section 3.1 to section 3.9. Values in parentheses indicate fitting
uncertainties, and the uncertainty of ã has taken into account the correlations in a, b and c. Each
row from “Azimuthal symmetry” to “PMT QE random variations” indicates cumulative effects down
to this row. This gives an ã of 3.02% for nominal JUNO situation. Each line starting from “1%
PMT death (random)” represents an individual imperfection of the CD, which also includes effects
up to the double-line (nominal ã).

– 20 –

JUNO baseline detector��
��:
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Precision measurements of ν̄ oscillations
In order to measure NMO, need exquisite details of oscillation pattern

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

21-driven and
∆m2

32/∆m2
31-driven oscillation modes.

Energy resolution @ 1 MeV (%)
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Since 2016
2 less reactor cores
more light from LS
larger PMT quantum efficiency
. . .

As for NMO, updated analyses being finalised



Solar ν
See also poster #1084 by Jie Zhao

physics, and especially the question of solar metallicity, will profit from more precise flux measurements
of all neutrino components [9, 84]. However, any improvement of the flux measurement needs significant
efforts in the detector design, construction, and data analysis.

The JUNO experiment, using a Borexino-type liquid scintillator detector but with a much larger mass
comparable to the Super-K water Cherenkov detector, has the potential to make significant contributions
to the understanding of solar neutrinos. Initial discussions on 7Be and 8B neutrinos were reported in
the Yellow Book [9]. The feasibility and physics potentials of detecting 8B neutrinos have been further
explored [85]. In this section, we will summarize the recent 8B neutrino studies and discuss briefly
the detection of 7Be and pp neutrinos. Sensitivity to the pep and CNO solar neutrinos is hindered by
the production of 11C cosmogenic background, since the JUNO overburden is relatively shallow, for
example, comparing to the Gran Sasso underground laboratory where Borexino is located.

2.5.1 Measurement of 8B solar neutrinos

For JUNO as an LS detector, the primary detection channel for solar neutrinos is the elastic scattering
off electrons. The background consists of the intrinsic natural radioactivity in LS, gamma rays from
external detector materials, and unstable isotopes produced by cosmic ray muons passing through
the detector. With sufficient shielding, the external background with energies larger than 2 MeV is
suppressed to a negligible level. This permits the reduction of the analysis threshold to 2 MeV in a
spherical fiducial volume with a radius of 13 m. However, the threshold can not be reduced further
due to numerous cosmogenic 11C decays, more than 10,000 per day in the LS. Above the 208Tl decay
spectrum, the fiducial volume is further enlarged. Muon-induced backgrounds are well suppressed by
cylindrical volume veto cuts along all muon tracks, and spherical volume veto cuts around spallation
neutron candidates. Assuming a 10−17 g/g level for the intrinsic 238U and 232Th contamination, the
signal and background spectra are shown in Fig. 7. In ten years of data taking, after all cuts are applied,
about 60,000 signal events and 30,000 background events are expected in the energy range above 2 MeV.
Details are reported in Ref. [85].
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Figure 7: Left: signal and background spectra above 2 MeV expected in JUNO in 10 years after
the selection cuts. The energy-dependent fiducial volumes account for the discontinuities at 3 MeV
and 5 MeV. Right: the expected precision of sin2 θ12 and ∆m2

21 using 8B solar neutrinos and reactor
antineutrinos at JUNO. Both plots are taken from Ref. [85]

Neutrino oscillation physics would benefit from a large low-threshold ES sample of 8B neutrinos. For
example, JUNO can set a statistical limit for rejecting the absence of an upturn in the Pee transition
region of 5σ if ∆m2

21 = 7.5 × 10−5 eV2. Taking systematic uncertainties into consideration, a ∼3σ
sensitivity is achievable. Moreover, the expected precision of the day-night asymmetry measurement

19

10 years

Solar ν harder to detect given no prompt-delayed signature
Analysis possible assuming 10−17 g/g level for intrinsic 238U and 232Th contamination
JUNO alone has similar precision to Solar global fit

I Check tension in between solar ν exps. and KamLAND with single experiment!
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https://indico.desy.de/event/27991/contributions/101280/


Atmospheric ν

Lower sensitivity to NMO
(1.8 σ w/ 10 years)

Ongoing Atmo.+Reactor
analysis

Also able to measure
Atmospheric ν spectrum

I Uncertainties between 10%
and 25% w/ 5 years of data
expected

I More info on
arXiv:2103.09908

evaluated. A Monte Carlo sample of the atmospheric neutrinos has been generated, the simulated
spectrum has been reconstructed between 100 MeV and 10 GeV, showing a great potential of the
detector in the atmospheric low energy region. The different hit time patterns caused by final-state
electrons and muons allow discriminating the flavor of the primary νe and νµ neutrinos. To reconstruct
the time pattern of events, the signals of 3-inch PMTs have been used, which will be operated in digital
mode due to their small area. Furthermore, the Transit Time Spread (TTS) of 3-inch PMTs is of the
order of the nanosecond, while the 20-inch PMTs one is larger, for most of them. By use of a probabilistic
unfolding method, we have reconstructed separately the primary νe and νµ spectra as shown in Fig. 8.
To remove low-quality events, preliminary cuts have been applied to the neutrino sample. A cut on
the interaction vertex position is applied, to remove events that release their energy near the edge of
the acrylic vessel. Furthermore, an additional cut on the total number of hits seen by the water pool
veto PMTs has been used in the analysis to discard PC events and suppress the atmospheric muon
background. The resulting νe and νµ populations have been passed through the analysis procedure.
The total uncertainty on the atmospheric neutrino spectrum reconstruction is evaluated in each energy
bin, including both contributions from statistics and systematic effects, and it is reported in Fig. 8.
The effects from oscillation parameters and cross-section uncertainties, sample selection and unfolding
procedure have been included in estimating the systematics. The total uncertainty ranges between 10%
and 25%, with the best performance obtained at around 1 GeV.
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Figure 8: Atmospheric neutrino energy spectra reconstructed by the JUNO detector for νµ (blue color)
and νe (red color), compared with present Super-Kamiokande [102] and Fréjus [103] measurements in
the same energy region. The HKKM14 [104] model predictions are also reported, both at the source
and including oscillation effects. The fluxes are multiplied by E2 to give a better picture.

2.7 Geoneutrinos
Geoneutrinos, antineutrinos from the decays of long-lived radioactive elements inside the Earth, are a
unique tool to study our planet, particularly its radiogenic power, and bring insights into its formation
and chemical composition. The inverse beta decay on protons with 1.8 MeV threshold makes it possible

22
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Other topics in JUNO
Geo ν̄
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Figure 9: (a) The energy spectra of prompt IBD candidates from geoneutrinos (red), reactor antineutri-
nos (orange), and other non-antineutrino backgrounds (accidental in blue, 9Li-8He in green,13C(α, n)16O
in small magenta) for one year of data-taking after the selection cuts [9]. (b) The expected 1σ uncer-
tainty for geoneutrino measurement in JUNO with a fixed chondritic Th/U ratio as a function of live
time [118].

JUNO [118]. The theoretical spectral shapes are used for geoneutrinos [120]. The first method did not
consider the shape uncertainty of spectral components, while the second one did. The two methods
gave compatible results. After 1, 3, 5, and 10 years, the first (second) method estimated the precision
of geoneutrino measurement with a fixed chondritic mass Th/U = 3.9 in the fit as 17(13)%, 10(8)%,
8(6)%, and 6(5)%. The results of the second method are shown in Fig. 9(b). After several years of
measurements, JUNO also has the potential to constrain the Th/U ratio in the observed geoneutrino
signal [118, 9].

2.7.2 Refined crustal models and expected signal for JUNO

The fact that geoneutrinos signal produced by U and Th in the continental crust within ∼100 km of
the detector equals the whole mantle signal [119] illustrates the importance of refined geological models
around JUNO. Involving the advanced know-how of the geophysical and geochemical communities, the
South China Block surrounding JUNO can be characterized in terms of density, crustal layers thickness,
and chemical composition.

The JULOC (JUNO Local Crust) [121] and GIGJ (GOCE Inversion for Geoneutrinos at JUNO) [122]
models provide information about the thickness and density of the upper, middle, and lower crust
around JUNO. JULOC, a 3-D comprehensive high-resolution crustal model around JUNO, uses seismic
ambient noise tomography [123] in the input and covers an area of 10◦ × 10◦ around the detector. For
the South China block, the crustal structure is pretty uniform. No significant large-scale velocity and
density anomalies are found in the JULOC model. The density uncertainty is less than that of the global
crustal model. According to GIGJ, a 6◦×4◦ refined geophysical model obtained by a Bayesian inversion
of gravimetric data of GOCE satellite (Gravity field and steady-state Ocean Circulation Explorer),
the overall thickness uncertainties of upper, middle, and lower crustal layers are 2%, 3%, and 1%,
respectively [122].

On the basis of compiled U and Th abundances data from over 3000 rock samples, the JULOC model
suggests that the local upper (middle and lower) crust has higher (lower) average U and Th abundances
than the global average. The estimated crustal geoneutrino signal by JULOC is (38.3 ± 4.8) TNU, to
be compared with (28.2+5.2

−4.5) TNU [119] based on a global crustal model [124]. The significant increase

24

Also potential to constrain Th/U ratio

Nucleon decay

liquid scintillator. The K+ meson has a lifetime of 12.4 nanoseconds and can quickly decay via the
following major channels:

• K+ → µ+νµ (63.43%),

• K+ → π+π0 (21.13%),

• K+ → π+π+π− (5.58%),

• K+ → π0e+νe (4.87%),

• K+ → π+π0π0 (1.73%).

We mainly consider the two most important decay modes: K+ → µ+νµ and K+ → π+π0. In either
case there is a shortly delayed (∼12 ns) signal from the daughter particle(s). If the K+ meson
decays into µ+νµ, the delayed signal comes from µ+, which has a fixed kinetic energy of 152 MeV
as required by kinematics. Then the decay µ+ → e+νeνµ happens about 2.2 µs later, leading to the
third long-delayed signal with a well-known (Michel electron) energy spectrum. If the K+ meson
decays into π+π0, the π+ deposits its kinetic energy (108 MeV) and the π0 instantaneously decays
into two gamma rays with the sum of the energies equal to the total energy of π0 (246 MeV). The
delayed signal includes all of the aforementioned deposited energies. Then the π+ meson decays
primarily into µ+νµ. The µ

+ itself has very low kinetic energy (4.1 MeV), but it decays into e+νeνµ
about 2.2 µs later, yielding the third long-delayed decay positron signal. The simulated hit time
distribution of a K+ → µ+νµ event is shown in Figure. 10-2, which displays a clear three-fold
coincidence.

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

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

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

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

164

Triple coincidence signature from
p→ ν̄ + K+

Other nucleon decay modes also being
investigated

Among other topics discussed in J. Phys. G 43 (2016) no.3, 030401 and in
arXiv:2104.02565 (2021)
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Conclusions

JUNO will have unique properties: large target mass & good energy resolution
I Measurement of NMO not relying on matter effects

F > 3σ with JUNO only, very complementary with other experiments (5σ within reach!)
I First observation of several ν̄e oscillation peaks within single experiment
I < 0.6% precision on sin2 2θ12, ∆m2

21, and ∆m2
32

I New measurement of atmospheric neutrino spectra in 100 MeV – 10 GeV region
I Rich physics & astrophysics program beyond reactor-ν̄ analysis

F Please refer to other JUNO talks/posters @ICRC for some other topics!

To get there need good understanding of detector response and energy scale
I JUNO-TAO for reference reactor spectrum
I Very large photo-coverage & high LS light yield
I Comprehensive calibration strategy→ clear path to 3% energy resolution

JUNO expected to start data taking in 2022
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Backup
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Measuring NMO with reactor neutrinos
method: S. T. Petcov, M. Piai, Phys. Lett. B 533 (2002) 94; formulas: S. F. Ge, et al, JHEP 1305 (2013) 131

∝ sin2 2θ13

6

?

Normal(+)/Inverted(−) Ordering→ measurable only if θ13 “large”
Need excellent energy resolution to distinguish fast oscillation
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Substructures in the reactor spectrum
The reactor neutrino spectrum prediction has a series of limitations

I 5 MeV bump, “reactor neutrino anomaly”, . . .
I These “large structures” have minor impact on NMO sensitivity

However, when trying to fix the model “fine structures” can appear
I Current data from Daya Bay cannot distinguish these differences
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Test Statistic for NMO
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2

 Reactor  oscillation

 Daya Bay’s 2- approximation

 In the standard 3- framework:

 “Comments on the Daya Bay’s definition and use of ∆mee
2”,

S. Parke and R. Zukanovich Funchal, arXiv:1903.001

 (Daya Bay’s definition) obfuscates the simple relationship between such 

an effective ∆m2 and the fundamental parameters

 should be used, since at JUNO’s 

baseline, 6<L/E<25 km/MeV, Daya Bay’s definition has a 1% jump.
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 S. Parke and R. Zukanovich Funchal, arXiv:1903.001:

 Submitted to PRL
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 S. Parke and R. Zukanovich Funchal, arXiv:1903.001:

 Submitted to PRL

Attention: although in this plot, 

∆m2
ee(NPZ) is a constant for a 

given MH, but it is meaningless 

since the 2- oscillation formula 

is then not a good approximation 

at JUNO’s baseline.



5

 Response to “Comment on Daya Bay's definition and use of 

∆m2
ee”, Daya Bay collaboration, arXiv:1905.03840

 DYB’s definition is

where ∆m2
ee is a (model independent) fitting parameter based on 

experimental facts. It enables multiple interpretations, either in the 3-

framework or beyond. 

 DYB did not define ∆m2
ee using fundamental parameters.

 At JUNO’s baseline, the 2- approximation is no longer valid. We 

shouldn’t use ∆m2
ee (in any definitions). Instead, the fundamental 

parameters ∆m2
31 and ∆m2

32 should be used.

We indeed used ∆m2
ee in our Yellow Book 


