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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	

Pontecorvo-Maki-Nakagawa-Sakata	Matrix	

Δm2
21	≈	7.6	x	10-5	eV2		|Δm2

32|≈	|Δm2
31	|≈	2.4	x	10-3	eV2		
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Reactor	AnNneutrino	OscillaNon	
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Reactor	AnNneutrino	and	DetecNon	

•  Source:	Clean	νe	signal	
•  DetecNon:	Inverse	beta	decay	(IBD)		

Coincidence	signals:	
Prompt:		e+					Ep	≈	Eν	–	0.8	MeV		
Delayed:	nH	(2.2MeV)	or	nGd	(8MeV)		capture	

~	200	MeV	per	fission	

~	6	νe	per	fission	

~	2	x	1020	νe/GWth-sec	

Reactor	Isotopes	
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The	Daya	Bay	CollaboraNon	
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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	6-AD	data	taking	@	Dec	2011	
				Full	8-AD	data	taking	@Oct	2012		

EH3	

EH1	

EH2	

6	6	



3-Zone	AnNneutrino	Detectors			
RelaNve	Measurement:		
•  8	“idenNcal”,	3-zone	detectors		

Gd-doped		
liquid	scinNllator	

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

Mineral	oil	

target	mass:	20t	Gd-LS	
other	mass:		20t	LS	+	40t	MO	
photo	sensors:		192	8”	PMTs	
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•  Weekly	calibraNon		
•  68Ge,	241Am13C,	60Co		
•  LED	diffuser	ball	

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

•  SpallaNon	neutrons		
•  Natural	radioacNvity	
•  Manual	4π	calibraNon		

Detector	Energy	CalibraNon		

Rela6ve	detector	energy	scale	<	0.2%	
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Energy	Non-linearity	CalibraNon		

•  Two	major	sources	of	non-linearity:	
•  ScinNllator	response		
•  Readout	electronics	

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

~1%	uncertainty	(correlated	among	detectors)	

gamma	 electron	

positron	
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Coincidence	IBD	selecNon	

Accidental		 β-n	isotope		 Fast	neutron		

Main	Backgrounds:	

	n-Fe	

γ	 γ	

neutron	source	

IBD	selec6on	cuts	
•  PMT	Flasher	cut	
•  Muon	veto	cut	
•  Prompt	and	delay	energy	cuts	
•  Neutron	capture	Nme	cut	
•  MulNplicity	cut		
	

IBD	signal	window	

10	

γ	

n-Gd	

μ

μ
n-Gd	

β	
9Li/8He	

μn-Gd	

p-recoil	
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Summary	of	IBD	candidates	
EH1	 EH2	 EH3	

IBD	
candidates	

1,203,969	 1,033,209	
	

308,150	

B/S	raNo	 1.8±0.2%	 1.5±0.2%	 2.0±0.2%	

IBD	rate	
(day-1)	

1058.5	 998.2	 285.2	

•  Over	2.5M	(300K)	IBD	candidates	in	
total	(the	far	site)!	

•  ≤	2%	backgrounds	

•  9Li/8He	has	the	largest	uncertainty	
on	B/S	raNo:	0.1%	~	0.15%			

1230	days		
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6-AD:	217	days									(Dec/2011	–	Jul/2012)					
8-AD:	1013	days							(Oct/2012	–	Jul/2015)	



IBD	Rate	vs.	Time		
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IBD	rate	is	fully	correlated	with	reactor	flux	expecta6ons		
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Summary	of	systemaNcs	
Relative Energy Scale
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 < 0.2% variation in reconstructed energy between ADs
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SpallaNon	n	
capture	

Delayed	
Energy	Cut		

Detector	efficiency		

MulNple	detectors	in	the	
same	experimental	hall		
enables	cross-check	of	the	
uncorrelated	uncertainty	
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OscillaNon	Analysis	Result	

sin2 2θ13 = 0.0841± 0.0027(stat.)± 0.0019(syst.)
|Δmee

2 |= [2.50± 0.06(stat.)± 0.06(syst.)]×10−3eV 2

•  Consistent	with	3-neutrino	oscilla6on	framework	
•  Mul6ple	analyses	yield	consistent	results	

χ2/NDF	=	232.6/263		

1230	days		
1230	days		
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Global	comparison	
Most	precise	measurement		
•  	sin22θ13	uncertainty:	3.9%	
•  	|Δm2

32|	uncertainty:	3.4%	
Consistent	results	with	reactor	
and	accelerator	experiments.	

NH	

At	Daya	Bay:		
	|Δm2

ee|≈	|Δm2
32|	±	0.05	×	10-3	eV2	

	

NH:		Δm2
32	=	[2.45	±	0.08]	×	10-3	eV2	

IH:				Δm2
32	=	[-2.55	±	0.08]	×	10-3	eV2	
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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

NH	 IH	

1230	days		
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*	Combined	fit	results	for	2sin2θ23sin22θ13	

*	



sin22θ13	and	|Δm2
ee|	Error	ProjecNon	

Daya	Bay	experiment	is	expected	to	run	unNl	2020	
The	errors	of	sin22θ13	and	|Δm2

ee|	are	expected	to	≤	3%	
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sin22θ13	from	nH	Analysis	

•  Independent	sin22θ13	measurement	
•  Challenging	analysis:		

•  	12%	(54%)	accidental	background	at	near	(far)	site	

					sin22θ13	=	0.071	±	0.011				

621	days	

Phys.	Rev.	D	93,	072011	(2016)	
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Poster:	Hanyu	Wei	
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neutrino	oscilla6ons	at	Daya	Bay	
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Summary	
•  The	most	precise	measurements	

sin22θ13	=	[8.41	±	0.33]	×	10-2	
|Δm2

ee|	=	[2.50	±	0.08]	×	10-3	eV2			
(insensiDve	to	mass	hierarchy	and	error	on	sin22θ12)	
NH:				Δm2

32			=		[2.45	±	0.08]	×	10-3	eV2		
IH:					Δm2

32			=	[-2.55	±	0.08]	×	10-3	eV2	
•  Independent	sin22θ13	measurement	from	nH		
•  Plan	to	run	unNl	2020	and	achieve	≤3%	uncertainNes	
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