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Discovery of Neutrino Oscillations

"for the discovery of neutrino oscillations, which shows that neutrinos have mass"
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Standard Model 

Standard Model of
Elementary Particles:

a) Three generations 
of quarks and leptons

b) Gauge bosons as 
force carriers:

strong interaction
(8 gluons)

Weak interaction
(W & Z)

Electromagnetic 
interaction (γ)

Gravitation 

(Graviton?)

Massive neutrinos are already the Physics beyond the Standard Model



4

Neutrino Oscillation Theory 
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23 ~ 45

Atmospheric 

Accelerator

12 ~ 34

Solar

Reactor

13 ~ 9

Reactor

Accelerator

𝟐. 𝟒 ∙ 𝟏𝟎−𝟑𝐞𝐕𝟐

𝟕. 𝟓 ∙ 𝟏𝟎−𝟓𝐞𝐕𝟐
• 3 mixing angles

• 1 CP phase

• 2 mass-squared differences

Neutrino Oscillation Parameters
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Neutrino sources
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Neutrinos DO oscillate
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Observation of geo-neutrinos 

First observed in 2005 by KamLAND, then in 2010 by Borexino

KamLAND, Japan (1kt) Borexino, Italy (0.6kt)

~1 event/30 days ~1 event/70 days
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TNU: one event per 1032 free protons (a kiloton) per year

Current experimental status
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Spectral information: U v.s. Th

Spectral information helps in the U & 

Th seperation.

1506.046101303.4667
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JUNO detector concept
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Event rate and spectra of antineutrinos
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Mass hierarchy and precision measurement

Current JUNO

m2
12 3% 0.59%

m2
23 5% 0.44%

sin212 6% 0.67%

sin223 20% N/A

sin213 14% 4% ~ 15%

New physics searches:

Check the unitary of mixing 

matrix to ~1% 

MH sensitivity with 6 years‘ data of JUNO (PRD88, 013008 (2013))

 Ideal case: 4 with relative measurement, 5 with absolute Δm2

measurement

 Taking into account the spread of reactor cores, uncertainties from energy 
non-linearity, etc. 3 with relative measurement, 4 with absolute Δm2

measurement
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Detector overview
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20-inch PMT
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Liquid Scintillator
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Progress and Plan
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The terrestrial mater effects and 
precise density profile



23

Motivation

(1) The mass hierarchy and at JUNO needs very 
precise measurement of the oscillation behavior.

(2) The neutrino trajectories are mostly in matter, 
which contribute ~1% of the oscillation.

(3) We need a relative precise knowledge of the 
density profile along the neutrino path: 

straight lines from the reactor cores to the detector
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Current assumptions

(1) All the neutrino trajectories are in matter 
(neglect the small parts in vacuum)

(2) Matter density is constant 

(may have variations)

(3) Matter density is 2.6 g/cm3 

(may be smaller)
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Numerical estimates

The largest correction is 0.7% (absolute) and 4% (relative)

Dominate contributions are for the solar parameters.

Large residual solar oscillations + small wiggles



26

Mass hierarchy

With six years of running, the Δχ2 of mass ordering 
measurements will reduce from 10.28 (vacuum) to 
9.64 (matter).

(1) Possible reason for 
the reduction is from 
the suppression of 
theta(12).

(2) Increase of Δ21 will 
compensate parts of the 
reduction.

(3) A reduction of 0.6 is 
comparable to other 
systematic uncertainties.
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Variations of matter density

The baseline from reactors to the detector is only 
~50 km, the neutrino trajectories are expected to 
include a large proportion of the sedimentary layer.

The matter density 
could be smaller than 
the typical assumed 
2.6 g/cm3 of the crust.

The reduction would 
be from 10.28 to 9.79 
if 2.0 g/cm3 is taken.
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Precision measurement

Assume matter density of 2.6 g/cm3 in the measurements:

left(w/ matter effects),  right (w/o matter effects)

(1) Including matter effects, the fitted values are identical to the true values, 
with the precision of 0.58% and 0.23% (they are 0.54% and 0.24% in vacuum); 
with additional systematics as the Yellow Book, they are 0.72% and 0.60% 
(0.67% and 0.59% in vacuum).

(2) Without matter effects, the fitted values will shift by 1σ - 2σ. 
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What we need for the inputs?

Previous assumptions:

(1) All the neutrino trajectories are in matter:

How large is the neutrino path in vacuum?

(2) Matter density is constant 

What is the variation of the density along the path?

(3) Matter density is 2.6 g/cm3 

What is the real density values?

To what accuracy?  10% (baseline)
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Summary

JUNO is a multi-purpose neutrino experiment, which 
is planed to resolve the neutrino mass hierarchy 
using reactor antineutrinos.

Geo-neutrino is one of the most important targets in 
the JUNO program, which will be beneficial to both 
the neutrino physicists and geo scientists.

The progress is very good, and data taking by 
~2020.
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Welcome to JUNO
@Kaiping, Jiangmen
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Backup
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JUNO Yellow Book: 1507.05613

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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Spectral information

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

L/E spectrumΔm2

spectrum(oscillation frequency) 

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

L. Zhan et. al. 0807.3203
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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: 0.7 eV@95% C.L. [10 kpc]

 astrophysics:

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

nu_e_bar: 1%, nu_x: 5%, nu_e: 10%
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Diffuse Supernova Neutrino Background
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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
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