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[1] Major Ref.: J. Phys. G: Nucl. Part. Phys. 43 (2016) 030401
[2] Overview of JUNO, see Pedro’s plenary talk on 26 Aug.
[3] Double Calorimetry Sys., see Jilei’s parallel talk on 29 Aug.
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• Three-flavor neutrino oscillations in vacuum 

• Neutrino mass ordering  

• What, why, and how 

• Signal and backgrounds in JUNO 

• Sensitivity 

• Precision measurement 

• Summary and prospect
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Neutrino oscillations in vacuum
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Oscillation Non-zero mass, Flavor mixing

Atmospheric Reactor 
Accelerator

Reactor 
Solar

PMNS Matrix 
Pontecorvo–Maki–
Nakagawa–Sakata 
(1962)

• Neutrino oscillation is a quantum mechanical phenomenon, which requires a 
modification to the Standard Model of particle physics

P (νe → νe) = 1 − 4∑
i<j ( Uei

2
Uej

2
sin2

Δm2
ijL

4E )Disappearance of reactor 
antineutrinos
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Status of 3 -modelν
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NuFIT 4.1 (2019)

NuFIT 4.1 (2019), www.nu-fit.org

✓Known 
‣  ,  , and   (~ 4%, 6%, 3%) 
‣   and   (~ 1%, 3%) 

- Unknown 
‣ Mass ordering (MO, sign of  ) 
‣ Octant of   (>, < or =   ?) 
‣ Leptonic CP-violating phase  

sin2 θ12 sin2 θ23 sin2 θ13

|Δm2
31 | Δm2

21

Δm2
31

θ23 π/4
δ

- Open questions of massive neutrinos 
‣ Are neutrinos responsible for the matter 

anti-matter asymmetry? 
‣ Are neutrinos Dirac or Majorana particles? 
‣ What is the neutrino mass? 
‣ Do sterile neutrinos exist? 
‣ What is the origin of neutrino mass? 
‣ ……

http://www.nu-fit.org/
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Neutrino mass ordering (NMO)
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•   defined according to fraction of   

•   is heavier than   (sun+MSW) 

• We do not know if   is heavier (Normal 
ordering, NO) or lighter (Inverted 
ordering, IO) than  

ν1, ν2, ν3 νe

ν2 ν1

ν3

ν2

Neutrino mass ordering (NMO) is important 
• Helpful for defining the goal of   search experiments 
• Crucial factor to the sensitivity of lepton CP-violating phase measurement 
• Important for the understanding of core-collapsed supernova 
• Implications on the cosmological probe of the absolute neutrino mass scale 
• Important model discriminator for neutrino masses and flavor mixing

0νββ

NO: |Δm2
31 | = |Δm2

32 | + Δm2
21

IO: |Δm2
31 | = |Δm2

32 | − Δm2
21
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Neutrino mass ordering (NMO)
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• Medium baseline reactor experiments 
(JUNO, …) 

• Long baseline accelerator experiments 
(NOvA, DUNE, …) 

• Atmospheric neutrino experiments 
(ORCA, DUNE, Hyper-K, …)
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JUNO basics
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Central detector
Acrylic sphere+ 
20kt Liquid Scin+

~18000 20” PMT+
~25000 3’’ PMT

Water Cherenkov
~2400 20’’ PMT

Top Tracker

Calibration

Pool’s height
44m
Water depth
43.5m

D43.5m

AS: ID35.4m

SSLS: ID40.1m

AS: Acrylic sphere;   SSLS: stainless steel latticed shell

Electronics

Filling+
overflow

Pillar:60

Connecting	
bars

KamLAND Borexino Daya Bay JUNO

Liquid scintillator (LS) mass [kt] 1 0.278 ~0.04 x 8 20

E resolution @ 1 MeV 6%/√E 5%/√E 8%/√E 3%/√E

PE yield [PE/MeV] 250 500 ~180 1200

Photo-coverage 34% 30% 12% 77%

E calibration 1.4% 1% 0.5% <1%
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Reactor neutrino oscillations
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12θ22sin
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Daya Bay ND 
~ 500 m Daya Bay FD 

~ 1600 m

JUNO 
~ 50 km

KamLAND 
~ 180 km

total 
slow osc. 
fast osc.
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Identify MO by JUNO
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H. Minakata et al. PRD.76.053004 (2007)
X. Qian et al. PRD.87.033005 (2013)

!Δm2
ϕ (L, E)

JUNO Borexino KamLAND
Smeared out by resolution 

 (2Δ32
δE
E

= 0.68 × 2π)

Degeneracy related to the
 uncertainty|Δm2

32 |

 Δm2
ϕ = 0.128 × 10−3 eV2Δij ≡

|Δm2
ij |L

4E

Δm2
ϕee

= 4Eϕee /L

ξ =
L
E

ϕee = tan−1 ( cos2 θ12 sin 2Δ21

cos2 θ12 cos 2Δ21 + sin2 θ12 )

Pνe→νe
= 1 − sin2 2θ13 (cos2 θ12 sin2 Δ31 + sin2 θ12 sin2 Δ32) − cos4 θ13 sin2 2θ12 sin2 Δ21

= 1 −
1
2

sin2 2θ13 [1 − 1 − sin2 2θ12 sin2 Δ21 cos (2Δ32 ± ϕee)] − cos4 θ13 sin2 2θ12 sin2 Δ21

= a0 + a1(ξ) ⋅ sin2 2θ13 ⋅ cos [ 1
4 (2Δm2

32 ± Δm2
ϕee) ⋅ ξ] − P⊙(ξ) Atm. Solar
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Identify MO by JUNO
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FST(ω) = ∫
tmax

tmin

F(t)sin(ωt)dt

FCT(ω) = ∫
tmax

tmin

F(t)cos(ωt)dt

L/E spectrum of reactor  νe

Fourier transform: 
 t = L /E → ω = 2.54 × Δm2

ij

L = 60 km

Frequency spectrum of reactor  νe

L. Zhan et al. PRD.78.111103 (2008)

F(L /E) = ϕ(E)σ(E)Pνe→νe
(L /E)
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  signal: inverse beta decay (IBD)νe
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•   ’s emitted by    decays of fission fragments 
• IBD products   and   deposit their energies in LS, forming a prompt-delayed pair

νe β
e+ n

• The space and time coincidence of signals could significantly suppress backgrounds 
•  , prompt energy spectra ☞ neutrino energy spectraEp ≈ Eν − 0.8 MeV

νe + p → e+ + n
235U

238U

239Pu

241Pu

10 cores, 36 GWth

LS

 e+ + e− → 2γ

n+1H  2H*  2H+  (2.2 MeV)→ → γ

prompt

delayed

target

source
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Backgrounds
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• Uncorrelated 
-Accidental: (radioactivity, radioactivity), (radioactivity, cosmogenic isotope), 

(radioactivity, spallation neutrons) 
• Correlated 

- : muon-induced isotopes,   decays 
-Fast neutron: cosmic muons passing surrounded rock, non-tagged 

- : U/Th-chain radioactivities 
-Geo- s: U/Th antineutrinos from the earth

8He/9Li β − n

13C(α, n)16O
ν

B/S ~ 6%

Rate (/day)
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NMO sensitivity
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•  , 
36 GWth

20 kt × 6 years  × 73 %  efficiency

Δχ2
MH = | χ2

min(N) − χ2
min(I) |

χ2
REA =

Nbin

∑
i=1

[Mi − Ti (1 + ∑k αikϵk)]
2

Mi + (σMi)2 + ∑
k

ϵ2
k

σ2
k

Event type Rate (/day) Rate Err. (rel.) Shape Err.
IBD candidates 60 - -
Geo-neutrinos 1.1 30% 5%

Accidentals 0.9 1% negligible
Fast neutron 0.1 100% 20%

Li9/He8 1.6 20% 10%
alpha-n 0.05 50% 50%

Δχ2
MO

Size

Ideal 52.5 km 16

Core distr. Real -3

DYB & HZ Real -1.7

Reactor (shape) 1% -1

B/S (rate) 6.3% -0.6

B/S (shape) 0.4% -0.1

1% +(4-12)

Δχ2
MO

|Δm2
μμ |
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MO sensitivity: Ene. Res.
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nominal

  contour (Eres, exposure)Δχ2

A trade-off: 0.1% Ene. Res.↑, 1 year live time ↑

Important factors 

•   energy resolution 
• High transparency LS (Latt > 20 m @ 430 nm) 
• High DE PMT (~30%) & High Coverage (77%) 

• Reactor spectrum uncertainty

3 % / E(MeV)
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MO sensitivity: Reactor   Spectrumν
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Important factors 

•   energy resolution 
• Reactor spectrum uncertainty

3 % / E(MeV)
• Inconsistency between data and model 

(~10%), little effect on MO determination 

• Fine structure will bring model dependence, 
arbitrary sampling tests show no major effect 

• JUNO-TAO proposed to provide a model-
independent reference spectrum for JUNO

Conversion method Ab-initio method

Credit: F. An

J. Cao IAEA 2019
L. Zhan ESCAPE 2018
D. Dwyer et al. PRL.114.012502 (2015)
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JUNO-TAO
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• Taishan Antineutrino Observatory (TAO), a ton-level, high energy resolution LS 
detector at 30 m from Taishan core (4.6 GWth, 2000 IBD/day), a satellite exp. of JUNO

• 2.6 ton Gd-LS in a spherical vessel 
➡ 1-ton FV, 4000  s/day 
➡ 50% eff. Due to muon veto and IBD 

neutron tagging 
• 10 m2 SiPM of 50% PDE 
• Operate at -50   (SiPM dark noise) 
• 4500 p.e./MeV, expected < 2% energy 

resolution @ 1MeV  
• From inner to outside 

➡ Gd-LS 
➡ Acrylic vessel 
➡ SiPM and support (Cu shell) 
➡ Cryogenic vessel (SS + insulation) 
➡ 1~1.5 m water or HDPE shielding 
➡ Muon veto 

• Online in 2021

ν

∘C
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Precision Measurement
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• Measuring the   spectrum allows a precise measurement of four oscillation parametersνe

sin2 2θ13, sin2 2θ12, Δm2
21 and Δm2

32 (Δm2
31)

Pνe→νe
= 1 − sin2 2θ13 (cos2 θ12 sin2 Δ31 + sin2 θ12 sin2 Δ32) − cos4 θ13 sin2 2θ12 sin2 Δ21

Δm2
32

Precision < 1%Precision ~ 4%, worse than Daya Bay

Atm.

Solar



NuFACT 2019 @ Daegu, South Korea2019/8/27

Precision Measurement
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Statistics +BG, +1% B2B,  
+1% EScale, 1% EnonL

sin2 θ12 0.54% 0.67%

Δm221 0.24% 0.59%

Δm232 0.27% 0.44%

Current precision

0.16% 0.24%→0.39% 0.54%→ 0.16% 0.27%→

Probing the unitary of UPMNS to ~1%
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Summary and prospect
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• JUNO could largely advance the neutrino physics  

• A 3~4  significance to determine the NMO could be reached 

• JUNO can measure   to the 
world-leading precisions of 0.7%, 0.6%, and 0.5% 

• JUNO will be the first to simultaneously observe an oscillation 
pattern containing two independent frequencies and more than 
two oscillation cycles

σ

sin2 2θ12, Δm2
21 and Δm2

32 (Δm2
31)



Backup
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Effective mass square difference in Daya Bay
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Pve→ve
= 1− sin2 2θ13 cos

2θ12 sin
2 Δm31

2 L
4E

+ sin2θ12 sin
2 Δm32

2 L
4E

⎛
⎝⎜

⎞
⎠⎟
− cos4θ13 sin

2 2θ12 sin
2 Δm21

2 L
4E

• Full oscillation probability: 

• Effective oscillation probability: 

P ve → ve( ) = 1− sin2 2θ13 sin2 1.267Δmee
2 L

E
− cos4θ13 sin

2 2θ12 sin
2 Δm21

2 L
4E

Advantages: 
independent of 
mass hierarchy 
and solar 
oscillation 
parametes

P ve → ve( ) ! 1− 4s132 c132
1− cos 2Δ32 ±φ( )

2
⎡

⎣
⎢

⎤

⎦
⎥ − (solar term)

                   = 1-sin2 2θ13 sin
2 Δ32 ±φ / 2( )− (solar term)

Δ x = Δmx
2 L
4E

• For Daya Bay’s L/E values, the full formula becomes:

where:

Comparing this expression with the effective one we conclude: 

Δmee
2 = Δm32

2 ± φ × 4E
L

⎛
⎝⎜

⎞
⎠⎟ / 2

          = Δm32
2 ± 5.17 ×10−5( )eV2

The fit is always done with the 
full oscillation probability.
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Mass square difference in JUNO
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IBD selection

IBD selection criteria 

• Fiducial volume cut (accidental,  ) 
-  

• Energy cut (accidental) 
- ,   

• Coincidence of prompt and delayed signals (accidental) 
-Time & Space:  ,   

• Muon veto criteria ( , fast neutron) 
– 1.5 ms (LS volume) for muons tagged by Water Pool 
–   and   for good tracked muons in CD and water Cerenkov 
detector   
– 1.2 s (LS volume) for the tagged, non-trackable muons in CD

(α, n)
r < 17 m

0.7 MeV < Ep < 12 MeV 1.9 MeV < Ed < 2.5 MeV

ΔT < 1.0 ms Rp−d < 1.5 m
8He/9Li

Rd2μ < 3 m Td2μ < 1.2 s


