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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

Normal	   Inverted	  

Magnitude	  of	  θ13	  is	  key	  to	  “sub-‐leading”	  effects:	  neutrino	  mass	  
hierarchy	  and	  leptonic	  CP	  violaTon.	  
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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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Search	  for	  θ13	  with	  Reactor	  Neutrinos	  
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Key	  for	  a	  sensi=ve	  θ13	  search	  
•  Large	  sta=s=cs	  

•  Powerful	  reactor	  	  
•  Large	  target	  mass	  

•  Reducing	  reactor-‐related	  uncertainty	  
	  	  	  	  	  Far/Near	  cancellaTon	  
•  Reducing	  detector-‐related	  uncertainty	  
	  	  	  	  	  MulTple	  funcTonal	  idenTcal	  detectors	  
•  Reducing	  Background	  
	  	  	  	  	  Underground	  with	  large	  overburden	  
•  Op=mize	  baseline	  	  	  1.5-‐2	  km	  

sin22θ13	  <	  0.15	  at	  Δm2
31	  =	  2.4	  x	  10-‐3	  eV2	  

	   	  	  	  	  	  	  	  Reactor	  [GWth] 	  Target	  [tons] 	  Depth	  [m.w.e]	  	   	  Baseline	  [m]	  	  	  	  	  
	  

CHOOZ 	   	  	  	  	  	  	  8.5 	   	  	   	  5 	   	   	  300 	   	   	  	  	  1115,	  	  998	  
Palo	  Verde 	  	  	  	  	  	  11.6 	   	   	  12 	   	   	  32	   	   	   	  	  	  890,	  	  	  	  750	  
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World Competing Reactor Neutrino Experiments for θ13#

Double Chooz, France!

RENO, Korea!
Daya Bay, China!
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Double	  Chooz	  Experimental	  Setup	  

Near	  Detector	  :	  Planned	  	  data	  taking	  	  @Oct	  2014	  
Far	  Detector:	  	  Data	  taking	  	  @Apr	  2011	  



RENO Experimental Setup 

Far Detector 

Near Detector 
110 m.w.e. 

Target: 16t  

450 m.w.e. 

Target: 16t 

16.5 GWth 

RENO	  Experimental	  Setup	  

Start	  data	  taking	  @Aug	  2011	  	  	  
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Daya Bay 
reactors  

Ling Ao 
reactors  

Ling Ao II 
reactors 

Daya Bay Near 
Hall (EH1) 

Ling Ao near 
Hall (EH2) 

Water 
Hall  

Far Hall (EH3)  

LS 
Hall  

Construction  
tunnel  

Reactor	  power	  
6	  ×	  2.9	  GWth	  

Daya	  Bay	  Experimental	  Setup	  

250	  m.w.e.	  
Target:	  40t	  
<L>	  ~	  510m	  

265	  m.w.e.	  
Target:	  40t	  
<L>	  ~	  560m	  

860	  m.w.e.	  
Target:	  80t	  
<L>	  ~	  1580m	  

Start	  6ADs	  data	  taking	  @	  Dec	  2011	  
	  	  Full	  8	  ADs	  data	  taking	  @Oct	  2012	  	  

EH3	  

EH1	  

EH2	  



Discovery	  of	  θ13	  from	  Reactor	  Exps.	  

9	  

Nov/2011	  	  Double	  Chooz:	  	  	  sin22θ13	  =	  0.086	  ±	  0.041(stat)	  ±	  0.030(syst) 	  	  	  	  1.7σ	  
Mar/2012	  	  Daya	  Bay:	  	  	  	  	  sin22θ13	  =	  0.092	  ±	  0.016(stat)	  ±	  0.005(syst)	  	  	  	  	  	  	  	  	  	  	  5.2σ	  
Apr/2012	  	  	  RENO:	  	  	  	  	  	  	  	  	  	  	  sin22θ13	  =	  0.113	  ±	  0.013(stat)	  ±	  0.019(syst)	  	  	  	  	  	  	  	  	  	  	  4.9σ	  
	  
First	  observa,on	  of	  θ13	  a2er	  a	  decade	  of	  effort!	  

Double	  Chooz	  (Far	  +	  Bugey4)	   Daya	  Bay	  (6ADs)	   RENO	  (Near+Far)	  



Reactor	  Neutrinos	  and	  DetecTon	  

•  Source:	  Clean	  νe	  signal	  
•  DetecTon:	  Inverse	  beta	  decay	  (IBD)	  	  
	  
Coincidence	  signal:	  
Prompt:	  	  e+	  annihilaTon	  	  	  	  	  Ep	  ≈	  Eν	  –	  0.8	  MeV	  	  
Delayed:	  n	  captured	  on	  H	  (2.2MeV)	  or	  Gd	  (8MeV)	  	  	  

10	  

~	  200	  MeV	  per	  fission	  

~	  6	  νe	  per	  fission	  

~	  2	  x	  1020	  νe/GWth-‐sec	  

Reactor	  Isotopes	  



3-‐Zone	  Detector	  Design	  	  
Daya	  Bay	  	  
•	  8	  “idenTcal”,	  3-‐zone	  detectors	  	  
•	  no	  fiducial	  volume	  cut	  

Gd-‐doped	  	  
liquid	  scinTllator	  

νe	  +	  p	  →	  e+	  +	  n	  
liquid	  
scinTllator	  
γ-‐catcher	  

Mineral	  oil	  

Target	  mass:	  20t	  ±	  3kg	  Gd-‐LS	  
Other	  mass:	  20t	  LS+	  40t	  MO	  
Photo	  sensors:	  	  	  	  192	  8”	  PMTs	   11	  

RENO	  

Double	  Chooz	  



Detector	  CalibraTon	  	  

12	  

•  Daya	  Bay	  AutomaTc	  CalibraTon	  Unit	  (ACU)	  
•  3	  sources	  for	  each	  3	  z	  axis	  on	  a	  turntable	  
•  68Ge,	  41Am13C,	  60Co	  
•  LED	  diffuser	  ball	  

•  Temporary	  special	  calibraTon	  sources	  
•  137Cs,	  54Mn,	  241Am9Be,	  239Pu13C 	  	  

•  Natural	  spallaTon	  neutrons	  	  
•  n-‐Gd,	  n-‐H,	  n-‐C	  capture	  

•  Manual	  4π	  calibraTon	  system	  

Daya	  Bay	  Manual	  calibraTon	  	  	  

Daya	  Bay	  ACU	  

σE/E	  ~9%/√E	  (MeV)	  

Daya	  Bay	  



Energy	  Nonlinearity	  CalibraTon	  	  

•  Two	  major	  sources	  of	  energy	  non-‐linearity:	  
•  ScinTllator	  response	  	  
•  Readout	  electronics	  

•  Energy	  model	  is	  constrained	  with	  gamma	  
and	  electron	  sources.	  

13	  

~1%	  uncertainty	  (correlated	  among	  
detectors)	  

Daya	  Bay	   Daya	  Bay	  

Daya	  Bay	  
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14	  

nGd	  Signal	  	  
window	  

Accidental	  	   β-‐n	  isotope	  	   Fast	  neutron	  	  

Main	  Backgrounds:	   AmC	  n-‐Fe	  

γ	  
γ	  

neutron	  source	  

B/S	  ~	  5%	  

Daya	  Bay	  Only	  



AnTneutrino	  rate	  vs.	  Time	  

IBD	  rate	  is	  strongly	  correlated	  with	  reactor	  flux	  expectaTons.	  

6-‐AD	   8-‐AD	  Installa=on	  

15	  

Daya	  Bay	  



Spectra	  oscillaTon	  Analysis	  

sin2 2θ13 = 0.084−0.005
+0.005

|Δmee
2 |= 2.44−0.11

+0.10 ×10−3(eV 2 )

16	  

Daya	  Bay	  (Neutrino	  2014):	  

sin2 2θ13 = 0.09± 0.03
Double	  Chooz	  (arXiv:1406.7763):	  

31

Rate+Shape results 

sin2(2θ13)=(0.09±0.03) 
(χ2/n.d.f. = 51.4/40) 

background subtracted   
(BG systematic 3x smaller than previous results) 

•many improvements… 
 •250keV binning and [0.5,20]MeV 
 •BG fully data driven (first time) 
•signal treatment… 
 •new spectrum with 238U (low energy) 
 •Δm2 from MINOS (confirmed T2K) 
•BG treatment… 
 •full OFF data constraint (extra bin) 
 •accidental pull term 
  •rate: syst. dominated 
  •shape: data measured 
 •fast-n pull term (~no stopping µs) 
  •rate: stats dominated 
  •shape: data measured 
 •Li+He pull term 
  •rate: statistics driven 
  •shape: data measured (no MC!!!) 
 •negligible 12B and BiPo 
•energy treatment… 
 •e+ energy model (via tuned MC) 
 •scintillator non-linearity 

NEW!!

NEW!!

NEW!!

NEW!!

NEW!!

NEW!!

NEW!!

NEW!!

NEW!!

NEW!!

Most	  precise	  measurement	  of	  θ13!	  

Double	  Chooz	  

|Δm2
ee|	  ~	  |Δm2

32|~|Δm2
32|	  

(3σ)	  



Reactor	  Rate	  ModulaTon	  Analysis	  

17	  Rate Only: sin22θ13  = 0.101±	  0.013	  (7.8σ)	  sin22θ13  = 0.090±	  0.034(5)	  	  

RENO	  
Neutrino	  2014	  Double	  Chooz	  

arXiv:1406.7763	  

Double	  Chooz	  

Double	  Chooz	  



ValidaTon	  with	  nH	  Analysis	  

18	  

Daya	  Bay	  

Largely	  Independent	  θ13	  measurement	  
•  Capture	  Tme:	  30μs	  (nGd)	  -‐>	  200μs(nH)	  
•  Delayed	  E:	  	  8MeV	  (nGd)	  -‐>	  2.2	  MeV	  (nH)	  
•  More	  Energy	  leakage	  at	  boundary	  

Double	  Chooz	  (Rate+Spectra):	  
sin22θ13	  =	  0.097	  ±	  0.034(stat)	  ±	  0.034	  (syst)	  
Phys.	  Le9.	  B723	  (2013)	  66-‐70	  
	  
Daya	  Bay	  (Rate	  Only)	  :	  
sin22θ13	  =	  0.083	  ±	  0.018	  
arXiv:	  1406.6468	  
	  
RENO	  (Rate	  Only)	  :	  
sin22θ13	  =	  0.095	  ±	  0.015(stat)	  ±	  0.025	  (syst)	  
Neutrino	  2014	  
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List of all θ13 Measurements List	  of	  Recent	  θ13	  Measurements	  
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θ13	  and	  Δm2	  SensiTviTes	  
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2012. 4  

2013. 9  
2014. 6  

Daya	  Bay	  

Daya	  Bay	  

Double	  Chooz	  

RENO	  

MINOS	  

~3%	  

~3%	  



Light	  Sterile	  Neutrino	  Search	  

21	  

Search	  for	  an	  acTve	  light	  sterile	  neutrino	  with	  3+1	  model	  
•  Search	  for	  a	  higher	  frequency	  oscillaTon	  pa�ern	  besides	  |Δm2

31|	  
•  Excluded	  a	  large	  region	  of	  sterile	  neutrino	  with	  |Δm2

41|	  <	  0.3eV2	  	  	  	  	  	  	  
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arXiv:	  1407.	  7259	  	  



Absolute	  Reactor	  AnTneutrino	  Flux	  
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Data/PredicTon	  (Huber+Mueller)	  	  
R	  =	  0.947	  ±	  0.022	  	  

Daya	  Bay’s	  reactor	  flux	  measurement	  is	  consistent	  
with	  previous	  short	  baseline	  experiments.	  	  

Absolute ⌫̄e Reactor Flux Measurement
Comparison with models

• Result of 6AD data

• Results consistent within ADs

• Discrepancy between current models

Results
Detector related 2.1%
Reactor related 0.8%
✓13 0.2%
Statistics 0.2%

Total 2.3%

Comparison with worldwide
measurements

• Results from previous experiments corrected by
oscillation hypothesis

• Based on near detectors

• Daya Bay result consistent with world average

• Daya Bay result supports the existence of
’reactor anomaly’

Flux uncertainties

Y0 (cm2GW�1day�1) 1.553 ⇥ 10�18

�f (cm2fission�1) 5.934 ⇥ 10�43

235U:238U:239Pu:241Pu 0.586:0.076:0.288:0.050
Data/Prediction 0.947 ± 0.022
(Huber+Mueller)

Flux	  uncertainTes	  



Neutrino	  Spectrum	  Comparison	  
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Daya	  Bay	  	  

Preliminary	  

•  Data/predicTon	  shows	  a	  significant	  deviaTon	  
at	  4-‐6	  MeV	  region	  (3.9σ)	  

•  Recent	  ab	  iniIo	  calculaTon	  provides	  a	  
possible	  explanaTon	  involving	  decays	  from	  
some	  prominent	  fission	  daughter	  isotopes.	  
(arXiv:1407.1281)	  	  

Correlated	  with	  power	  



Next	  GeneraTon	  Reactor	  Neutrino	  
Experiments:	  	  JUNO	  and	  RENO50	  
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JUNO	  and	  RENO50	  	  
•  20	  kton	  LS	  detector	  
•  53	  km	  baseline	  
•  <3%	  energy	  resoluTon	  

Normal	  
Inverted	  

Assuming	  Eν=3.5MeV	  

Daya	  Bay	  

JUNO	  
RENO50	  

KamLAND	  

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

m2

0

solar~7×10−5eV2

atmospheric
~2×10−3eV2

atmospheric
~2×10−3eV2

m1
2

m2
2

m3
2

m2

0

m2
2

m1
2

m3
2

νe

νµ
ντ

? ?

solar~7×10−5eV2

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

Normal	  :	  	  |Δm2
31|	  =	  |Δm2

32|+	  Δm2
21	  	  

Inverted:	  |Δm2
31|	  =	  |Δm2

32|	  -‐	  Δm2
21	  	  

Normal	   Inverted	  

Thanks	  to	  the	  “large”	  θ13	  



JUNO	  Detector	  Design	  	  
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Muon	  veto	  
(Opera	  target	  tracker)	  

Water	  System	  

15000	  20”	  PMT	  

2000	  20”	  Veto	  
PMT	  

KamLAND	   JUNO	  

LS	  mass	   1kt	   20kt	  

Energy	  resoluTon	   6%/√E	   3%/√E	  

Light	  yield	  	   250	  P.E./MeV	   1200	  P.E./MeV	  

PMT	  coverage	   34%	   80%	  

Default	  op=on:	  
Acrylic	  Tank	  +	  Stainless	  
steel	  structure	  

Magnet	  shielding	  

Backup	  op=on:	  
Stainless	  Steel	  Tank	  +	  
Balloon	  

NuFACT	  2014	  



JUNO	  SensiTvity	  
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•  With	  6	  years	  of	  data	  taking,	  assuming	  
3%	  energy	  resoluTon,	  2%	  energy	  
nonlinearity	  assuming	  known	  curve	  
shape	  and	  with	  external	  T2K/NoνA	  
Δm2

μμ	  of	  	  1.5%,	  JUNO	  can	  achieve	  
Δχ2=14	  

PRD	  88,	  013008	  

Current  JUNO 
 Δm2

12 3% 0.6% 
 Δm2

23 5% 0.6% 
sin2θ12 6% 0.7% 
sin2θ23 20% N/A 
sin2θ13 14%è 4% ~ 15% 

•  Sub-‐percent	  precision	  
measurement	  of	  oscillaTon	  
parameters	  

Precision	  measurement	  



Summary	  
•  Recent	  reactor	  neutrino	  experiments	  have	  successfully	  discovered	  

the	  “large”	  	  value	  of	  θ13 ~ 8.4°	  .	  	  
–  Neutrino	  physics	  has	  entered	  a	  precision	  era.	  

•  Rapid	  progress	  has	  been	  made	  for	  the	  precision	  measurement	  of	  	  
oscillaTon	  parameters	  and	  neutrino	  spectrum.	  
–  The	  ulTmate	  precision	  on	  sin22θ13	  and	  |Δm2

ee|	  	  can	  reach	  ~3%	  by	  
Daya	  Bay	  in	  2017.	  

–  Precision	  measurement	  of	  the	  neutrino	  spectrum	  will	  also	  help	  future	  
reactor	  neutrino	  experiments.	  	  

•  Next	  generaTon	  of	  reactor	  neutrino	  experiments	  (JUNO	  and	  
RENO50)	  are	  focusing	  on	  solving	  neutrino	  mass	  hierarchy	  and	  
precision	  measurement	  of	  neutrino	  mixing	  matrix	  in	  next	  decade.	  

•  Stay	  tuned	  with	  reactor	  neutrino	  experiments.	  

27	  



Backup	  slides	  
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JUNO	  Schedule	  
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JUNO schedule

2013

Complete
conceptual

design,
complete

civil design
and bidding

2014

Start civil
construction,

complete
prototyping
PMT and
detector

2015

PMT pro-
duction

line man-
ufacturing

2016

Start PMT
production,

start detector
production
or bidding

2017

Complete
civil con-
struction,

start detector
construction
and assembly

2018

Start LS
production

2019

Complete
detector
assembly,
installation
and filling

2020

Start of

data taking

Maxim Gonchar (JINR) JUNO 23 / 25

from Yifang Wang’s presentation “JUNO: current status and future plan”



AnTneutrino	  (IBD)	  selecTon	  
Coincidence	  IBD	  selecTon	  	  
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Overview	  of	  the	  Energy	  Response	  Model 

31	  

Model	  maps	  true	  energy	  Etrue	  to	  reconstructed	  kineTc	  energy	  Erec	  

Energy Losses in Acrylic 

Charge collection efficiency 
decreases with visible light

Two major sources 
of non-linearity.

Difficult to decouple !

2: Readout ElectronicsEnergy Resolution

Quenching effects

1: Scintillator Response

Cherenkov radiation

Acrylic vessels non-scintillating

Induce shape distortion 

Correction from MC

Light production 

Light collection

PMT/electronics response

Particle 

Energy Etrue

Energy Deposited

in Scintillator Edep

Energy Converted 

to Visible Light Evis

Reconstructed 

Energy Erec
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3 EHs (spectra only)
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Sensitivity

FIG. 1. Comparison of the 95% CLs sensitivities (see text for details)
for various combinations of the EH’s data. The solid and dot-dashed
curves represent the sensitivity assuming a 5% and 100% uncertainty
in the reactor flux rate. The 100% uncertainty corresponds to a com-
parison of spectra only. Normal mass hierarchy is assumed for both
�m2

31 and �m2
41. The green dashed line represents Bugey’s [32]

90% C.L. on ⌫e disappearance and the magenta double-dot-single-
dashed line represents KARMEN and LSND 95% C.L. on ⌫e disap-
pearance from ⌫e-carbon cross section measurement [33].

|�m2
41| < 0.3 eV2 region.228

Three independent analyses are considered, each with a dif-229

ferent treatment of the predicted reactor antineutrino flux and230

systematic errors. The first analysis uses the predicted reac-231

tor antineutrino spectra to simultaneously fit the data from the232

three sites, very similarly to what is described in the most re-233

cent Daya Bay spectral analysis [44]. A binned log-likelihood234

method is adopted with nuisance parameters corresponding235

to the constraints from the detector response and the back-236

grounds on the one hand, and with a covariance matrix en-237

capsulating the reactor flux uncertainties as given in the Hu-238

ber [50] and Mueller [36] flux models on the other hand.239

The absolute reactor flux rate uncertainty is enlarged to 5%240

based on Ref. [37]. The fit uses sin2(2✓12) = 0.857± 0.024,241

�m2
21 = (7.50 ± 0.20) ⇥ 10

�5
eV

2 [51] and |�m2
32| =242

(2.41 ± 0.10) ⇥ 10

�3
eV

2 [52]. We adopted these values243

rather than those in Ref. [4], since the latter are obtained244

through a global fit including all available data. The values245

of sin

2
2✓14, sin2 2✓13 and |�m2

41| are unconstrained. For246

the 3+1 neutrino model, a global minimum of �2
4⌫/NDF =247

158.8/153 is obtained, while the minimum for the standard248

three-neutrino model is �2
3⌫/NDF = 162.6/155. We use the249

��2
= �2

3⌫ � �2
4⌫ distribution obtained from standard three-250

neutrino Monte Carlo samples that incorporate both statisti-251

cal and systematic effects to assign a p-value [53] of 0.74 to252
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FIG. 2. Prompt energy spectra observed at EH2 (top) and EH3 (bot-
tom), divided by the extrapolation from the EH1 spectrum with the
three-neutrino best fit oscillation parameters from our previous anal-
ysis. The gray band represents the uncertainty of the three-standard
neutrino oscillation prediction, which includes the statistical uncer-
tainty of the EH1 data and all the systematic uncertainties. Predic-
tions with sin2 2✓14 = 0.1 and two representative |�m2

41| values
are also shown by the dashed curves. As shown in Fig. 1, most of the
sensitivity at |�m2

41| ⇠ 4 ⇥ 10�2(4 ⇥ 10�3) eV2 comes from the
relative spectral shape comparison between EH1 and EH2 (EH3).

��2
data = 3.8. The data are thus consistent with the stan-253

dard three-neutrino model, and there is no significant signal254

for sterile neutrino mixing.255

The second analysis performs a purely relative comparison256

between the near and the far data. The observed near sites’257

prompt energy spectra are first unfolded into the correspond-258

ing true neutrino energy spectra. These spectra are then ex-259

trapolated to the far site based on the known baselines and260

the reactor power profiles. A covariance matrix, generated261

from a large Monte Carlo dataset incorporating both statisti-262

cal and systematic variations, is used to account for all un-263

certainties. The resulting p-value is 0.87. More details about264

this approach can be found in Ref. [54]. The third analysis ex-265

ploits both rate and spectra information in a way that is similar266

to the first method but using a covariance matrix. This matrix267

is calculated based on standard uncertainty propagation meth-268

ods, without an extensive generation of Monte Carlo samples.269

The obtained p-value is 0.74.270

The various analyses have complementary strengths. Those271

that incorporate absolute flux normalization constraints have272

a slightly higher reach in sensitivity, particularly for higher273

values of |�m2
41|. The purely relative analysis however is274

more robust against uncertainties in the predicted reactor an-275

tineutrino flux. The different treatment of systematic uncer-276

tainties provides a thorough cross-check of the results, which277

are found to be consistent for all the analyses in the region278

where the relative spectra measurement dominates the sensi-279

tivity (|�m2
41| < 0.3 eV

2). As evidenced by the reported280

p-values, no significant signature for sterile neutrino mixing281

6-‐AD	  Light	  Sterile	  Neutrino	  SensiTvity	  	  

Absolute	  rate	  deficit	  	  

|Δm2
41|=|Δm2

31|.	  Degeneracy	  
region	  of	  sin22θ14	  and	  sin22θ13	  

Assuming	  sin22θ13	  =	  0.089	  and	  sin22θ14=0,	  	  W/O	  stat.	  or	  syst.	  fluctuaTon	  

Excluded	  
•  MulTple	  baseline	  of	  Daya	  Bay	  

Experimental	  Halls	  
•  Can	  probe	  largely	  unexplored	  

region	  at	  |Δm2
41|	  <	  0.1	  eV2	  	  	  

32	  

RelaTve	  
Spectrum	  
distorTon	  	  



Summary	  of	  systemaTcs	  
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Relative Energy Scale
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 < 0.2% variation in reconstructed energy between ADs
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capture spectrum
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capture spectrum
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Spallation: nGd, nH 
    Gamma: 40K, 208Tl 
       Alpha: 212Po, 214Po, 215Po

SpallaTon	  n	  
capture	  

Delayed	  
Energy	  Cut	  	  

Antineutrino Candidate Selection
• Reject PMT flashers

• Muon veto:


- Water pool Muon: reject 0.6ms

- AD Muon (>20 MeV): reject 1 ms 
- AD Shower Muon (>2.5 GeV): reject 1s 

• Prompt positron Energy: 0.7 MeV < Ep < 12 MeV

• Delayed neutron Energy:  6 MeV < Ed < 12 MeV

• Neutron Capture time: 1 us < Δt < 200 us 
• Multiplicity cut: only select isolated candidate pairs

13

E�ciency Uncertainty
Correlated Uncorrelated

Target Protons 0.47% 0.03%
Flasher cut 99.98% 0.01% 0.01%
Delayed Energy cut 92.7% 0.97% 0.12%
Prompt Energy cut 99.81% 0.10% 0.01%
Capture time cut 98.70% 0.12% 0.01%
Gd capture ratio 84.2% 0.95% 0.10%
Spill-in correction 104.9% 1.50% 0.02%

Combined 80.6% 2.1% 0.2%

Table 3: Detector E�ciency

2

 Poster: Improvements on Monte Carlo Simulation and Studies of Absolute Detection Efficiency at Daya Bay (Guofu Cao)

<0.2%	  relaIve	  Energy	  scale	  

RelaTve	  uncertainty	  is	  sTll	  smaller	  than	  staTsTc	  
uncertainty	  at	  Far	  Site	  (0.26%)	  	  	  



“Reactor	  Anomaly”	  
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PRD	  83,	  073006	  (2011)	  	  
PRD	  87,	  073018	  (2013)	  
PRL	  112,	  202501	  (2014)	  

•  New	  reactor	  anTneutrino	  flux	  increased	  3%	  relaTve	  to	  the	  previous	  
calculaTon	  	  

•  Neutron	  lifeTme	  becomes	  smaller	  -‐>	  IBD	  xsec	  increased	  3%	  
•  R	  =	  0.943	  ±	  0.023	  	  


