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Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix: 

Rep. Prog. Phys. 76 (2013) 056201 S F King and C Luhn

who are already familiar with this subject. In section 6, we
give a pedagogical introduction to discrete family symmetry,
and its direct or indirect implementation in model building.
Section 7 is devoted to the direct model building approach
in which different subgroups of the discrete family symmetry
are preserved in the neutrino and charged lepton sectors, and
discusses the associated vacuum alignments arising from the
breaking of the discrete family symmetry using flavons. We
also discuss the model building strategies following Daya Bay
and RENO. Section 8 contains an analogous discussion for
the indirect approach in which the discrete family symmetry is
completely broken by flavons, but special vacuum alignments
lead to particular mixing patterns, including new viable
patterns with a non-zero reactor angle. In section 9 we briefly
review grand unified theories (GUTs) such as SU(5) and how
they may be combined with discrete family symmetry in order
to account for all quark and lepton masses and mixing. In
section 10 we discuss three model examples which combine
an SU(5) GUT with the discrete family symmetries A4, S4

and !(96). Section 11 concludes the review. We also present
appendices dealing with more technical issues which may
provide useful model building tools. Appendix A proves the
equivalence between different parametrizations of the neutrino
mixing matrix and gives a useful dictionary. Appendix B
gives the full three family neutrino oscillation formula in terms
of deviations from TB mixing. Appendix C catalogues the
generators and Clebsch–Gordan coefficients of A4, S4 and T7.

2. Neutrino masses and mixing angles

The history of neutrino oscillations dates back to the work of
Pontecorvo who in 1957 [2] proposed ν → ν̄ oscillations in
analogy with K → K̄ oscillations, described as the mixing
of two Majorana neutrinos. Pontecorvo was the first to
realize that what we call the ‘electron neutrino’ for example
is really a linear combination of mass eigenstate neutrinos,
and that this feature could lead to neutrino oscillations of the
kind νe → νµ. Later on MSW proposed that such neutrino
oscillations could be resonantly enhanced in the Sun [4]. The
present section introduces the basic formalism of neutrino
masses and mixing angles, and gives an up-to-date summary
of the current experimental status of this fast moving field.

2.1. Three neutrino mixing ignoring phases

The minimal neutrino sector required to account for the
atmospheric and solar neutrino oscillation data consists of three
light physical neutrinos with left-handed flavour eigenstates,
νe, νµ and ντ , defined to be those states that share the same
electroweak doublet as the corresponding left-handed charged
lepton mass eigenstates. Within the framework of three-
neutrino oscillations, the neutrino flavour eigenstates νe, νµ

and ντ are related to the neutrino mass eigenstates ν1, ν2 and
ν3 with mass m1, m2 and m3, respectively, by a 3 × 3 unitary
matrix called the lepton mixing matrix UPMNS introduced in
equation (1.1).

Assuming the light neutrinos are Majorana, UPMNS can
be parametrized in terms of three mixing angles θij and three
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Figure 3. The relation between the neutrino flavour eigenstates νe,
νµ and ντ and the neutrino mass eigenstates ν1, ν2 and ν3 in terms of
the three mixing angles θ12, θ13, θ23.

complex phases δij . A unitary matrix has six phases but three
of them are removed by the phase symmetry of the charged
lepton masses. Since the neutrino masses are Majorana there
is no additional phase symmetry associated with them, unlike
the case of quark mixing where a further two phases may be
removed.

To begin with, let us suppose that the phases are zero. Then
the lepton mixing matrix may be parametrized by a product of
three Euler rotations,

UPMNS = R23R13R12, (2.1)

where
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with cij = cos θij and sij = sin θij . Note that the allowed
range of the angles is 0 ! θij ! π

2 .
Ignoring phases, the relation between the neutrino flavour

eigenstates νe, νµ and ντ and the neutrino mass eigenstates ν1,
ν2 and ν3 is therefore given as a product of three Euler rotations
in equation (2.1) as depicted in figure 3.

2.2. Atmospheric neutrino mixing

In 1998, the Super-Kamiokande experiment published a
paper [6] which represents a watershed in the history of
neutrino physics. Super-Kamiokande measured the number of
electron and muon neutrinos that arrive at the Earth’s surface
as a result of cosmic ray interactions in the upper atmosphere,
which are referred to as ‘atmospheric neutrinos’. While the
number and angular distribution of electron neutrinos is as
expected, Super-Kamiokande showed that the number of muon
neutrinos is significantly smaller than expected and that the
flux of muon neutrinos exhibits a strong dependence on the
zenith angle. These observations gave compelling evidence
that muon neutrinos undergo flavour oscillations and this in
turn implies that at least one neutrino has a non-zero mass. The
standard interpretation is that muon neutrinos are oscillating
into tau neutrinos.

8

Known:
• θ23~45° (Super-K, MINOS, T2K, No#A) 
• θ12~34° (SNO)
• θ13~8° (Daya Bay, RENO, Double-Chooz)        

Unknown:
• Dirac or Majorana?
• 1 Dirac CP Phase δ (Accelerator)
• 2 Majorana phases .+and ., (0#//) 



Neutrino mass
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Known:
• 2 independent mass squared difference from Oscillation experiments:

• Δ"#$%
&

= Δ"&'
&

~ 7.6×10./01& (KamLAND)

• Δ"234&
~ |Δ"5'

&
|~ |Δ"5&

& | ~ 2.4×10.501& (Super-K, MINOS, T2K, NO9A� IceCube)

• Upper limits for neutrinos mass

• ∑ "; < 0.2 01 (cosmology)

• "= < 201 (tritium decay)

Unknown:
• Mass ordering: 

• "' < "& < "5 ?

• "5 < "' < "& ?

• Absolute neutrino mass:  ";=?

• Neutrino mass mechanism

• See-saw ?

• Weak Yukawa coupling with Higgs?

• Others ?
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Figure 1. The probability that a particular neutrino mass state
contains a particular SM state may be represented by colours as
shown in the key. Note that neutrino oscillation experiments only
determine the difference between the squared values of the masses.
Also, while m2

2 > m2
1, it is presently unknown whether m2

3 is heavier
or lighter than the other two, corresponding to the left and right
panels of the figure, referred to as normal or inverted mass squared
ordering, respectively. Finally, the value of the lightest neutrino
mass (sometimes referred to as the neutrino mass scale) is presently
unknown and is represented by a question mark in each case.

According to quantum mechanics it is not necessary that the
SM states νe, νµ, ντ be identified in a one-one way with the
mass eigenstates ν1, ν2 and ν3, and the matrix elements of U

give the quantum amplitude that a particular SM state contains
an admixture of a particular mass eigenstate. The probability
that a particular neutrino mass state contains a particular SM
state may be represented by colours as in figure 1. Note
that neutrino oscillations are only sensitive to the differences
between the squares of the neutrino masses #m2

ij ≡ m2
i −m2

j ,
and gives no information about the absolute value of the
neutrino mass squared eigenvalues m2

i . There are basically two
patterns of neutrino mass squared orderings consistent with the
atmospheric and solar data as shown in figure 1.

As with all quantum amplitudes, the matrix elements of
U are expected to be complex numbers in general. The lepton
mixing matrix U is also frequently referred to as the Maki–
Nakagawa–Sakata (MNS) matrix UMNS [3], and sometimes the
name of Pontecorvo is added at the beginning to give UPMNS.
The standard parametrization of the PMNS matrix in terms of
three angles and at least one complex phase, as recommended
by the Particle Data Group (PDG) [5], will be discussed later.

Before getting into details, here is a quick executive
summary of the implications of neutrino mass and mixing
following from figure 1:

• Lepton flavour is not conserved, so the individual lepton
numbers Le, Lµ, Lτ are separately broken

• Neutrinos have tiny masses which are not very hierarchical
• Neutrinos mix strongly unlike quarks
• The SM parameter count is increased by at least seven new

parameters (three neutrino masses, three mixing angles
and at least one complex phase)

• It is the first (and so far only) new physics beyond the SM

The idea of neutrino oscillations was first confirmed in
1998 by the Japanese experiment Super–Kamiokande (SK) [6]
which showed that there was a deficit of muon neutrinos
reaching Earth when cosmic rays strike the upper atmosphere,
the so-called ‘atmospheric neutrinos’. Since most neutrinos
pass through the Earth unhindered, Super-Kamiokande was
able to detect muon neutrinos coming from above and below,
and found that while the correct number of muon neutrinos
came from above, only about a half of the expected number
came from below. The results were interpreted as half the muon
neutrinos from below oscillating into tau neutrinos over an
oscillation length L of the diameter of the Earth, with the muon
neutrinos from above having a negligible oscillation length,
and so not having time to oscillate, yielding the expected
number of muon neutrinos from above.

In 2002, the Sudbury Neutrino Observatory (SNO) in
Canada spectacularly confirmed the flavour conversion in
‘solar neutrinos’ [7]. The experiment measured both the flux
of the electron neutrinos and the total flux of all three types of
neutrinos. The SNO data revealed that physicists’ theories of
the Sun were correct after all, and the solar neutrinos νe were
produced at the standard rate but were oscillating into νµ and
ντ , with only about a third of the original νe flux arriving at the
Earth.

Since then, neutrino oscillations consistent with solar
neutrino observations have been seen using man made
neutrinos from nuclear reactors at KamLAND in Japan [8]
(which, for the first time, observed the periodic pattern
characteristic for neutrino oscillations), and neutrino
oscillations consistent with atmospheric neutrino observations
have been seen using neutrino beams fired over hundreds
of kilometres as in the K2K experiment in Japan [9], the
Fermilab-MINOS experiment in the US [10] or the CERN-
OPERA experiment in Europe. Further long-baseline neutrino
beam experiments are in the pipeline, and neutrino oscillation
physics is entering the precision era, with superbeams and a
neutrino factory on the horizon.

Following these results several research groups showed
that the electron neutrino has a mixing matrix element of
|Ue2| ≈ 1/

√
3 which is the quantum amplitude for νe to contain

an admixture of the mass eigenstate ν2 corresponding to a
massive neutrino of mass m2 ≈ 0.008 electronvolts (eV) or

greater (where
√

m2
2 − m2

1 ≈ 0.008 eV). By comparison the
electron has a mass of about half a megaelectronvolt (MeV).
Put another way, the mass state ν2 contains roughly equal
probabilities of νe, νµ and ντ sometimes called trimaximal
mixing, corresponding to the three equal red, green and blue
colours associated with m2

2 in figure 1. The muon and
tau neutrinos were observed to contain approximately equal
amplitudes of the third neutrino ν3 of mass m3, |Uµ3| ≈
|Uτ3| ≈ 1/

√
2, where a normalized amplitude of 1/

√
2

corresponds to a 1/2 fraction of ν3 in each of νµ and ντ , leading
to a maximal mixing and oscillation of νµ ↔ ντ . Put another
way, the mass state ν3 contains roughly equal probabilities of
νµ and ντ called maximal mixing, corresponding to the two
equal green and blue colours associated with m2

3 in figure 1.
Interestingly, the value of m3 is not determined and it could
be anywhere between zero and 0.3 eV, depending on the mass
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Reactor antineutrino oscillation
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Insensitive to CP violation and matter effect



Reactor "̅# production and detection

Detection: Inverse $ decay (IBD) 
Coincidence signals to suppress background:
• Prompt:  e+ %& ≈ %( − 0.8 -./
• Delayed: nH (2.2 MeV) or nGd (~8 MeV)  
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Source: Pure "#
~ 200 MeV / fission

~ 6 "# / fission

~ 2 x 1020 "#/GWth/Sec

0 12 ≈ 3 45
6
76 4 06(12) 4 :(12)

Observed "#
spectrum

Isotope 
fission 
fraction 

Isotope 
neutrino 
spectra 

IBD 
Xsec



Daya Bay Layout
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Three-zone antineutrino detectors (AD)  
Relative Measurement: 
• 8 �identical�, 3-zone detectors 

Gd-doped 
liquid scintillator

νe + p →e+ + n
liquid 
scintillator
γ-catcher

Mineral oil

target mass: 20 ton Gd-LS
other masses:  22 ton LS + 40 ton MO
photo sensors:  192 8” PMTs

Jiajie Ling (SYSU) 7CHEP2018



• Weekly calibration 
• 68Ge, 241Am13C, 60Co 
• LED diffuser ball

• Special calibration campaign
• 137Cs, 54Mn, 241Am9Be, 239Pu13C

• Spallation neutrons 
• Natural radioactivity
• Manual 4π calibration 

Detector Energy Response 

Relative detector energy scale < 0.2%
�0.13% relative detection efficiency�

Jiajie Ling (SYSU) 8CHEP2018



Energy non-linearity calibration 

• Two major sources of non-linearity:
• Scintillator response (Birks + Cerenkov)
• Readout electronics (FADC correction)

• Energy model for positron is derived from 
measured gamma and electron responses 
using simulation.

~0.5% uncertainty (correlated among detectors)

!
"#

Jiajie Ling (SYSU) 9
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~ 4 million IBD candidates
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Site EH1 (Near) EH2 (Near) EH3 (Far)
IBD candidates 1,794,417 1,673,907 495,421

2011/12/24 – 2017/08/30
(1958	days)

6-AD 8-AD 7-AD



Rate + shape oscillation analysis
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Refer Wenjie Wu’s talk

!"#$$%&' = ). )+,- ± ). ))$/
∆122

$ = $. ,$ ± ). )3 ×&)5'26$
Consistent with 3-7 oscillation 1958 days 



Global comparison 
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3.4%

2.8%



sin22θ13 from nH-Captured Analysis

• Independent sin22θ13 measurement
• Challenging:  12% (54%) accidental background at near (far) site

Rate Only analysis: !"#$$%&' = ). )+&±). )&&
Update results from rate + shape analysis is coming!

621 days

Phys. Rev. D 93, 072011 (2016)

Jiajie Ling (SYSU) 13CHEP2018

Refer Chao Li’s talk



Reactor Antineutrino Anomaly (RAA)
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Osc with 4!
~6% deficit

PRD 83 073006 (2011)    
CPC 41 1 013002 (2017)

The measured !" flux at 10-100 m from reactor cores 
is ~6% below the theoretical calculation
• Theoretical reactor !" flux modelling? 

• Systematic uncertainty underestimation ( 2%→5%)
A. Hayes. PRL.112, 202501 (2014)

• Sterile neutrinos (!" → !$)? 
• High frequency oscillation (Δm2new~ 1-10 eV2) at 

baseline of few meters 

Osc with 3!

Δm2new

νe νμ ντ νs

Daya Bay

CHEP2018
3 (active )+1(sterile)-% model



"̅# Flux and spectrum measurement
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$ = &'('
)*&+, (./0+1 + )/+,,+1)

= 0.952 ± 0.014(+<=) ± 0.023(?*&+,)

CPC 41.1.013002 (2017)

• Daya Bay result is consistent with the previous experimental results
• Data/prediction spectrum shows a total 3σ deviation, especially significant deviation at 

4-6 MeV region 
• No effect on @AB for far/near relative measurement

For illustration



Reactor Fuel Evolution
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Phys. Rev. Lett. 118, 251801 (2017)

2.6!

• Clear fuel-dependent evolution
• Evolution slope deviates from model: 

disfavors sterile neutrino only hypothesis
CHEP2018

1230 days



Reactor Isotope "̅# Yield Measurement 
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• Combined fit of two major fission 
isotopes 235U and 239Pu

• The yields of 238U and 241Pu are 
from model and errors enlarged 
to 10%

• Sterile neutrino oscillation requires 
equal deficit for all isotopes

• Sterile neutrino as the sole cause of 
RAA is disfavored at 2.8σ

• Daya Bay data prefer 235U to be mainly 
responsible for the RAA

%& = () − +( ,-./ () − +(

+ 1
2345,2789:

(; − (; &

<;&

Phys. Rev. Lett. 118, 251801 (2017)

CHEP2018

HEU data are important for understanding this issue

1230 days
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Light sterile neutrino search
PRL 117, 151802 (2016)
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No light sterile neutrino (∆"# < 0.2 eV2) signal was found

Relative 
shape
distortion

P(νe →νe ) ≅1− cos
4θ14 sin

2 2θ13 sin
2 Δmee

2 L
4Eν

%

&
'

(

)
*− sin2 2θ14 sin

2 Δm41
2 E

4Eν
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Introduction
• If exists, Daya Bay would see additional rate and spectral 

distortion from sterile neutrinos

4
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 / E
eff
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)
e

ν
→

e
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P
(

0.9

0.95

1
EH1

EH2

EH3

 best fitν3 

 + sterile (illustration)ν3 

• A minimum extension of the 3-ν model:  3(active) + 1(sterile)-ν model
• Search for a higher frequency oscillation pattern besides |Δm2ee|

CHEP2018

621 days



Joint Analysis

Jiajie Ling (SYSU) 19

MINOS Daya Bay + Bugey-3

PRL 117, 151801 (2016)

• The combined results can largely exclude the LSND and MiniBooNE region 
assuming 3+1 neutrino model

• Update results are expected in the near future

CHEP2018

PRL 117, 151803 (2016)



The JUNO collaboration
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72 institutes from 17 countries, 580 collaborators



Neutrino mass ordering (MO)
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NO :  |Δm231| = |Δm232|+ Δm221

IO:    |Δm231| = |Δm232| - Δm221

Eν=3.5 MeV

JUNO

Rep. Prog. Phys. 76 (2013) 056201 S F King and C Luhn
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2

m3
2
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0
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Figure 1. The probability that a particular neutrino mass state
contains a particular SM state may be represented by colours as
shown in the key. Note that neutrino oscillation experiments only
determine the difference between the squared values of the masses.
Also, while m2

2 > m2
1, it is presently unknown whether m2

3 is heavier
or lighter than the other two, corresponding to the left and right
panels of the figure, referred to as normal or inverted mass squared
ordering, respectively. Finally, the value of the lightest neutrino
mass (sometimes referred to as the neutrino mass scale) is presently
unknown and is represented by a question mark in each case.

According to quantum mechanics it is not necessary that the
SM states νe, νµ, ντ be identified in a one-one way with the
mass eigenstates ν1, ν2 and ν3, and the matrix elements of U

give the quantum amplitude that a particular SM state contains
an admixture of a particular mass eigenstate. The probability
that a particular neutrino mass state contains a particular SM
state may be represented by colours as in figure 1. Note
that neutrino oscillations are only sensitive to the differences
between the squares of the neutrino masses #m2

ij ≡ m2
i −m2

j ,
and gives no information about the absolute value of the
neutrino mass squared eigenvalues m2

i . There are basically two
patterns of neutrino mass squared orderings consistent with the
atmospheric and solar data as shown in figure 1.

As with all quantum amplitudes, the matrix elements of
U are expected to be complex numbers in general. The lepton
mixing matrix U is also frequently referred to as the Maki–
Nakagawa–Sakata (MNS) matrix UMNS [3], and sometimes the
name of Pontecorvo is added at the beginning to give UPMNS.
The standard parametrization of the PMNS matrix in terms of
three angles and at least one complex phase, as recommended
by the Particle Data Group (PDG) [5], will be discussed later.

Before getting into details, here is a quick executive
summary of the implications of neutrino mass and mixing
following from figure 1:

• Lepton flavour is not conserved, so the individual lepton
numbers Le, Lµ, Lτ are separately broken

• Neutrinos have tiny masses which are not very hierarchical
• Neutrinos mix strongly unlike quarks
• The SM parameter count is increased by at least seven new

parameters (three neutrino masses, three mixing angles
and at least one complex phase)

• It is the first (and so far only) new physics beyond the SM

The idea of neutrino oscillations was first confirmed in
1998 by the Japanese experiment Super–Kamiokande (SK) [6]
which showed that there was a deficit of muon neutrinos
reaching Earth when cosmic rays strike the upper atmosphere,
the so-called ‘atmospheric neutrinos’. Since most neutrinos
pass through the Earth unhindered, Super-Kamiokande was
able to detect muon neutrinos coming from above and below,
and found that while the correct number of muon neutrinos
came from above, only about a half of the expected number
came from below. The results were interpreted as half the muon
neutrinos from below oscillating into tau neutrinos over an
oscillation length L of the diameter of the Earth, with the muon
neutrinos from above having a negligible oscillation length,
and so not having time to oscillate, yielding the expected
number of muon neutrinos from above.

In 2002, the Sudbury Neutrino Observatory (SNO) in
Canada spectacularly confirmed the flavour conversion in
‘solar neutrinos’ [7]. The experiment measured both the flux
of the electron neutrinos and the total flux of all three types of
neutrinos. The SNO data revealed that physicists’ theories of
the Sun were correct after all, and the solar neutrinos νe were
produced at the standard rate but were oscillating into νµ and
ντ , with only about a third of the original νe flux arriving at the
Earth.

Since then, neutrino oscillations consistent with solar
neutrino observations have been seen using man made
neutrinos from nuclear reactors at KamLAND in Japan [8]
(which, for the first time, observed the periodic pattern
characteristic for neutrino oscillations), and neutrino
oscillations consistent with atmospheric neutrino observations
have been seen using neutrino beams fired over hundreds
of kilometres as in the K2K experiment in Japan [9], the
Fermilab-MINOS experiment in the US [10] or the CERN-
OPERA experiment in Europe. Further long-baseline neutrino
beam experiments are in the pipeline, and neutrino oscillation
physics is entering the precision era, with superbeams and a
neutrino factory on the horizon.

Following these results several research groups showed
that the electron neutrino has a mixing matrix element of
|Ue2| ≈ 1/

√
3 which is the quantum amplitude for νe to contain

an admixture of the mass eigenstate ν2 corresponding to a
massive neutrino of mass m2 ≈ 0.008 electronvolts (eV) or

greater (where
√

m2
2 − m2

1 ≈ 0.008 eV). By comparison the
electron has a mass of about half a megaelectronvolt (MeV).
Put another way, the mass state ν2 contains roughly equal
probabilities of νe, νµ and ντ sometimes called trimaximal
mixing, corresponding to the three equal red, green and blue
colours associated with m2

2 in figure 1. The muon and
tau neutrinos were observed to contain approximately equal
amplitudes of the third neutrino ν3 of mass m3, |Uµ3| ≈
|Uτ3| ≈ 1/

√
2, where a normalized amplitude of 1/

√
2

corresponds to a 1/2 fraction of ν3 in each of νµ and ντ , leading
to a maximal mixing and oscillation of νµ ↔ ντ . Put another
way, the mass state ν3 contains roughly equal probabilities of
νµ and ντ called maximal mixing, corresponding to the two
equal green and blue colours associated with m2

3 in figure 1.
Interestingly, the value of m3 is not determined and it could
be anywhere between zero and 0.3 eV, depending on the mass

3

! "# → "# = & − ()*+,&-*./00,&0*./010&
−*./00,&- ()*0,&0*./01-& + *./0,&0*./01-0

NO IO

Δ4567
8

Δ49:;
8

Independent MO determination W/O CP phase 

20k ton 

LS



Neutrino mass ordering sensitivity
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Sensitivity with 100k events (20k ton LS + 6 years with 36GWth reactor power)
• 3% energy resolution, <1% energy calibration
• !"# > % (!"# > &' with external 1% |∆)**# | constraint)

J. Phys. G 43(2016) 030401 Y-F. Li,  Phys. Rev. D 88, 013008 (2013)



Cosmic-ray 
~ 250k /day

Atmospheric n
several/day

Geo n
1.1 /day

Solar n
(10s-1000s) /day

Reactor n, 60 /day
Background: 3.8 /day

 

Supernova n 5-7k in 10 s for 10 kpc

20k ton 
LS

36 GW, 53 km
0.003 Hz/m2

215 GeV
10% muon bundles

23

Other rich physics for JUNO

Jiajie Ling (SYSU) CHEP2018



The JUNO site
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700 m overburden



JUNO detector design
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KamLAND Borexino Daya Bay JUNO

LS Mass [kt] 1 0.278 ~0.04 x 8 20

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

Light yield [p.e/MeV] 250 500 ~180 1200 P.E./MeV

Photon-coverage 34% 30% 12% 77%

E calibration 1.4% 1% 0.5% <1%

Water Cherenkov
35 kton pure water
2,000 20” veto PMTs

PMT
~18,000 20” PMTs + 
~25,000 3” PMTs: 
coverage 77%Acrylic sphere: Φ35.4m

Water pool: Φ43.5m

Top Tracker

Central detector
SS latticed shell
Acrylic sphere

Calibration room

Liquid scintillator
20 kton



Liquid scintillator
• Requirements for JUNO LS

– Low background: 238U < 10-15 g/g, 232Th < 10-15 

g/g, 40K < 10-17 g/g
– High light yield: 104 PE/MeV
– High transparency: Attenuation length > 

20m@430nm 
• Purification pilot plant

– DYB-AD1 LS replacement
– Distillation, Al2O3 column purification, water 

extraction and gas stripping 
– Optimize LS recipe
– Study radioactivity
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Double calorimetry
• 20” PMTs (75% photon-coverage)

– 15,000 MCP-PMTs from NNVT (����)
– 5,000 dynode PMTs from Hamamatsu

• 3” PMTs (2% photon-coverage)
– 25,000 PMTs from HZC (����)
– Photon counting
– Extend dynamic range of muon 

measurements
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Characteristics unit MCP-PMT
NNVC

R12860
Hamamatsu

Detection Efficiency 
(QE*CE*area)

% 27% 27%

P/V of  SPE 3.5, > 2.8 3, > 2.5

TTS on the top point ns ~12, < 15 2.7, < 3.5
Rise time/ Fall time ns R~2,  F~12 R~5,F~9 

Anode Dark Count Hz 20K, < 30K 10K, < 50K
After Pulse Rate % 1, <2 10, < 15

Radioactivity of glass ppb
 

  

 

 

  

20” MCP-PMT 20” Dynode-PMT 3.1” PMT

3” HZC-PMT
JUNO custom design: XP72B22
QE 24%, P/V 3.0,  SPE resolution 30%, 
TTS 2-5 ns

Refer Sen Qian’s talk



Energy calibration
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Muon veto
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Top Tracker

Water Cerenkov detector

Rock

Goal of muon veto 
• Active and passive shielding
• Muon tracking and cosmogenic isotope 

study
• Earth magnetic field shielding for 20” PMTs

• Water Cerenkov detector 
• ~2000 20” PMTs inside EMF veto
• 35 kton ultrapure water with circulation
• Muon detection efficiency > 95%
• Radon control < 0.2 Bq/m3

• Fast neutron background  ~0.1 /day

• Top tracker
• Reuse OPERA’s target tracker 
• Cover half of the top area

EMF coil shielding



JUNO near detector design
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• 2.9 ton Gd-LS in spherical vessel
• Outer buffer oil in stainless steel vessel
• Central detector size: ~ 2 m × 2 m × 2 m
• @35m to reactor: 10 × JUNO statistics 
• Two photon sensor options:

• SiPM@ -50 ℃ → 1.7% energy resolution

• 2300 3.5” PMTs → 2.5% energy resolution

D. Dwyer Phys. Rev. Lett. 114, 012502 (2014)



JUNO schedule
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Summary

• Neutrino physics has entered the precision era.
• Daya Bay has made the most precise 

measurements on
– sin22θ13 = 0.0856 ± 0.0029
– |Δm2ee| =  [2.52 ± 0.07] × 10-3 eV2 

– Expected to < 3% by 2020.
• JUNO can have independent determination of 

neutrino mass hierarchy at 3-4!.
• JUNO will largely advance the reactor neutrino 

physics and liquid scintillator technology.
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backup
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Future prospect of DYB
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• Daya Bay will run until 2020
• Will achieve < 3% precision in 
!"#$2&'(and |Δ*++$ |

• EH1-AD1 was taken down and its Gd-LS 
is replaced with JUNO LS 
• Optimize LS recipes
• Evaluate purification methods

• Work on improving other analysis
• Single channel NL correction
• nH rate + shape
• Sterile neutrino
• Fuel evolution
• Reactor , flux / spectrum
• Other new physics topics



Central detector
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• Acrylic sphere: ID 35.4m, thickness: 120 mm
• 265 pieces of 3 m�8 m panels

• Stainless steel: ID 40.1 m, OD 41.1 m 
• 30 longitudes and 23 layers

• Weight: ~600 t (acrylic) + ~590 t (stainless steel)
• No. of connecting nodes: 590 
• Production company: Donchamp acrylic (���
��) 

Acrylic panel Onsite assembly Bonding machine Node test



The Daya Bay collaboration
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~200 collaborators



Neutrinos: elementary particles of the universe
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Neutrinos in the Standard Model:
• Three generation of neutrinos and antineutrinos !" , !# , !$
• s = '

( , * = 0, , = 0, - = . Only participate EW interactions
The discovery of neutrino oscillations shows neutrinos have mass  (Nobel Prize in 2015)



Reactor "̅# Flux Prediction
• Summation (ab initio) method 

– > 6000 decay branches
– Missing data in the nuclear database
– ~30% forbidden decays
– ~ 10% uncertainty
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• Conversion method 
• Convert ILL measured 235U, 239Pu 

and 241Pu $ spectra to %# with 
>30 virtual $-decay branches

• Old: ILL + Vogel (238U)             
model (1980s)

• New: Huber + Mueller (238U)
model (2011)

• ~ 2.4% uncertainty



Readout electronics
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Supernova Neutrinos in JUNO
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Geo-neutrinos
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