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Current status of neutrino oscillations

Unresolved issues:

Mass hierarchy

CP-violating phase

Theta(23) octant

Are there additional sterile 

neutrino species?

See Talk by Prof. Petcov
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Mass hierarchy

Matter effect: Accelerator, atmospheric, supernova neutrinos

Vacuum oscillation: reactor neutrinos S. T. Petcov et al., PLB 533, 94 (2002)
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Reactor neutrinos

Double Chooz Far
~1.05km

RENO Far
~1.44km

Daya Bay Far
~1.65km

KamLAND
~180km, for 12

Near

JUNO

e nep   

2e e   

Capture on H or Gd, Delayed signal, 2.2 or 8 MeV

Prompt signal
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Spectral information

How the interference happens?
Fourier transform to L/E spectrum:

L/E spectrumΔm2

spectrum(oscillation frequency) 

J. Learned et. al. hep-ex/0612022

L. Zhan et. al. 0807.3203
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Δχ2 as the standard statistics 

First, we have the observed 

spectrum of measurements.

Second, fit the (pseudo-)data 

with both hypotheses (normal 

and inverted hierarchies).

Third, define Δχ2 as our 

standard statistics.

Finally, use Δχ2 as the 

discriminator for experimental 

design and optimization.

F. An et al. [JUNO Collaboration] JPG 43, 030401 (2016)
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Baseline optimization

 The optimum baseline is required to be at the oscillation 

maximum of .

 The control of baseline difference is important to maximize 

the sensitivity. 

Δm2
21

Y.F Li et al, PRD 88, 013008 (2013)
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Experimental site



9

Go 700 m Underground

Slope tunnel

1340m
Vertical shaft

581m

Groundbreaking on Jan 10, 2015
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Large and precision Liquid Scintillator detector
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Reactor Signal and backgrounds 

F. An et al. [JUNO Collaboration] JPG 43, 030401 (2016)
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Physics Potential

Nominal assumption:

20 kton Liquid Scintillator

(LS) detector

3%/sqrt(E) energy resolution

Realistic reactor spreads

36 GW and 6 years

Using Asimov data, the MH potential:

Δχ2>10 with the spectral measurement

Δχ2~16 if including an external Δm2(atm) measurement

reactor core spreads; reactor flux uncertainty; energy scale uncertainty

Y.F Li et al, PRD 88, 013008 (2013)
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Systematics decomposition 

Reactor spectrum and detector energy scale uncertainties are crucial.

Depending on the CP-violating phase, the

gain would range from 4 to 12.

F. An et al. [JUNO Collaboration] JPG 43, 030401 (2016)
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From Δχ2 to the sensitivity

Regarding the hypothesis test from PDG:

One has type-I error rate α: probability of rejecting null hypothesis H0 if H0 is true.

and type-II error rate β: probability of accepting the null hypothesis H0 if H1 is true.

For the MH measurement, there are two different but related questions: 

i) given the data from an experiment, how to quantify the finding regarding MH? 

ii) when designing an experiment, how to evaluate its sensitivity to MH?

x2 x1

From JPG 43, 030401 (2016)
See also in:
Qian et al. 1210.3651
Ge et al. 1210.8141
Ciuffoli et al. 1305.5150
Blennow et al. 1311.1822
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Using α at a fixed β (Frequentist)

One can use α at a fixed β to define the sensitivity of a

future experiment:

(1) α(β=0.5): median sensitivity: commonly used in the neutrino MH

community, denotes averaged performance of a designed experiment:

50% probability of not reaching it and 50 % probability of doing better,

not 50 % probability of “being wrong”.

(2) The “standard” sensitivity of taking square root of Δχ2 is very close

to the medium sensitivity.

(3) α(β=α): crossing sensitivity

From JPG 43, 030401 (2016)
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Beyond the median sensitivity

Instead of quoting a single number at β=0.5, one can

(1) produce a range of possible experimental outcomes;

or

(2) calculate power of the test β as a function T0 at fixed α.

From JPG 43, 030401 (2016) Blennow et al. 1311.1822



17

JUNO: A Multi-purpose Observatory 
J. Phys. G: Nucl. Part. Phys. 43 030401 (2016) (188pp)

a) Reactor antineutrino physics:

Mass hierarchy, precision measurement, search for new physics

b) Astrophysical neutrinos:

supernova burst neutrinos, DSNB, solar neutrinos, geo-neutrinos

c) Search for High energy events:

atmospheric neutrinos, nucleon decays, indirect dark matter search
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Reactor antineutrino probes 

Nominal +shape(1%) +BG +1.0% (EL) +1.0% NL

sin2 θ12 0.54% 0.60% 0.62% 0.64% 0.67%

Δm2
21 0.24% 0.27% 0.29% 0.44% 0.59%

|Δm2
31| 0.27% 0.31% 0.31% 0.35% 0.44%

New Physics test in low-energy oscillation phenomena:

light sterile neutrinos 1405.6540

nonstandard neutrino interactions 1310.5917, 1408.6301

Lorentz and CPT violation 1409.6970

From JPG 43, 030401 (2016)
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Observatory of astrophysical neutrinos
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CD Option Selection
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20-inch MCP-PMT 
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Liquid Scintillator 
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JUNO-LS Pilot plant 
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Progress and Schedule 
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Collaboration Established (in 2014.7)
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Summary

JUNO was approved in Feb. 2013 w/ ~300 M$ 
budget

Very rich physics possibilities

Preparation proceeds very well

Detector R&D;

Groundbreaking on Jan.10, 2015. Civil construction will be 
completed in 3 years.

A strong international collaboration formed
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Welcome to JUNO
@Kaiping, Jiangmen
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Backup
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JUNO nominal setup

 3%/sqrt(E), 300 effective days times 6 years, 80% efficiency

 both old and new evaluations of ν_bar flux spectrum.

 Oscillation parameters: recent best-fits

 Systematics:

Y.F Li et al, PRD 88, 013008 (2013)
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Energy resolution

a generic function of 

the energy resolution

b term is critical.

Iso-Δχ2 curves for the 

resolution and event 

statistics (normalized 

to 6 years of running).

From JPG 43, 030401 (2016)
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Bayesian Statistics

Frequenstist method treats 
two different hypotheses 
separately.

Bayesian Approach 
provides a direct 
comparison of two MHs.

From JPG 43, 030401 (2016)

Blennow 1311.3183
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Supernova burst neutrinos

For a SN@10 kpc, JUNO will register about ~5000 events

from inverse beta decay (IBD), ~2000 events from all-flavor

elastic neutrino-proton scattering (>0.2 MeV).

High statistics, different flavors, good energy resolution

 particle physics:

a) neutrino mass scale: 0.8 eV@95% C.L. [10 kpc] (arXiv: 1412.7418)

 astrophysics:

b) precision of SN parameters (luminosity & ave. energy):

nu_e_bar: 1%, nu_x: 5%, nu_e: 10% (arXiv: 1605.07803)
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Diffuse Supernova Neutrino Background

From JPG 43, 030401 (2016)
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Geo-neutrinos

(1) Current measurements: statistics dominates

KamLAND: 30±7 TNU & Borexino: 38.8±12.2 TNU

(2) JUNO: 40 TNU, with ×20 statistics, but huge reactor 

backgrounds

(3) accurate reactor spectra: a precision of 3 TNU (10 years) to test 

geophysical models.

(4) accurate local crust geology study: separate the mantle signals

From JPG 43, 030401 (2016)
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MH global comparison

Blennow et al. 1311.1822

Note: Bands have different meanings: 

JUNO: Energy resolution 3%-3.5%, PINGU/INO: theta(23) 40º~50º

LBNE: CP phase (0~2π)
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Veto system
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Calibration system
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MC studies
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Civil construction


