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PMNS mixing matrix 

1.2 Neutrino oscillations and CP violation in the lepton sector 15

must presently be performed twice, once for each of the mass hierarchy hypothesis. Displaying for

instance the results of one such analysis [8], the global current knowledge on the solar sector can be

summarized to:

sin2 θ12 = 0.320+0.015
−0.017

∆m2
21 = (7.62± 0.19)× 10−5 eV2





Solar sector (1.6)

and the current knowledge on the atmospheric sector is (considering both signs of ∆m2
31 separately):

∆m2
31 =






2.53+0.08
−0.10

−(2.40+0.10
−0.07)

× 10−3 eV2

sin2 θ23 =






0.49+0.08
−0.05 for∆m2

31 > 0

0.53+0.05
−0.07 for∆m2

31 < 0






Atmospheric sector (1.7)

Finally, the current knowledge on the 1-3 sector, also depending on the assumed sign of ∆m2
31, is:

sin2 θ13 =






0.026+0.003
−0.004 for∆m2

31 > 0

0.027+0.003
−0.004 for∆m2

31 < 0





1− 3 sector, (1.8)

dominated by the precise measurements at the recent reactor experiments Double-CHOOZ, Daya Bay

and RENO:

sin2 (2θ13) |Double−CHOOZ = 0.086± 0.041(stat)± 0.030(syst) (1.9)

sin2 (2θ13) |Daya Bay = 0.092± 0.016(stat)± 0.005(syst) (1.10)

sin2 (2θ13) |RENO = 0.113± 0.013(stat)± 0.019(syst) (1.11)

The present level of understanding of the PMNS matrix represents an incredible experimental

achievement, which was essentially initiated with the first atmospheric results of Superkamiokande

in 1998 [29], complemented by the spectacular solar neutrino observations, then completed by long

baseline measurements at accelerators and reactors. During the last decade progress has been striking,

yielding today’s impressive accuracies on the parameters, opening a new window to explore BSM

physics.

When globally fitted to all available data, the oscillation parameters are constrained with the

following relative precisions (see e.g. [7]): ∆m2
21 (3%), ∆m2

31 (4%), sin2 θ12 (5%), sin2 θ13 (15%), and

sin2 2θ23 (15%). Perhaps not surprisingly, the determination of the δCP is an area where global fits by

different authors give different ranges at the � 1σ C.L. However, when considering >∼ 2σ C.L. all data
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mixing angles, squared mass differences, CP violation phase - 
fundamental parameters of nature 

 



What’s so interesting about θ13? 

�  The last unknown mixing angle 
�  difficult measurement – to get 

θ13 one has to measure small 
effects (deficit or excess of 
interactions of neutrinos of 
certain flavor) 

�  If it is non-zero we have the 
possibility to study CP violation 
in neutrino sector, also matter 
effects (mass hierarchy!) 

Normal Inverted 
Mass hierarchy 



... and ways of measuring it 
�  we need to look at oscillations involving electron 

neutrinos or antineutrinos 

�  we can look at dissappearance -> reactor experiments 

�  we can look at appearance -> long-baseline 
experiments with νµ beam 

Energy ~ a few MeV 
Distance ~ a few km 

�  in both cases near detectors are useful to minimize 
systematic errors 
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Karsten Heeger, Univ. of Wisconsin CERN, May 14, 2012 

Daya Bay Nuclear Power Plant

5

• Among the top 5 most powerful reactor complexes 
in the world, producing 17.4 GWth  (6 x 2.95 GWth)

• Adjacent to mountains; convenient to 
construct tunnels and underground labs with 
sufficient overburden to suppress cosmic rays

• All 6 reactors are in commercial operation

Reactors produce ~2×1020 antineutrinos/sec/GW

A Powerful Neutrino Source

Daya Bay Lind Ao Ling Ao II

Hong Kong

Daya Bay

Dàyà Bay (大亚湾) and Lǐng ào (岭澳) nuclear power plants 

6 × 2.9 GWth 860 m.w.e. 
Reactor 
experiments: 
Daya Bay 

spectrum of 
interacting neutrinos 



2 EXPERIMENTAL DESIGN OVERVIEW 21

only 200 m (520 m.w.e). At present, the distances from the far detector to the midpoint of the Daya Bay cores
and to the mid point of the Ling Ao—Ling Ao II cores are 1985 m and 1615 m, respectively. The overburden
is about 350 m (910 m.w.e). A summary of the distances to each detector is provided in Table 2.1.

Sites DYB LA Far
DYB cores 363 1347 1985
LA cores 857 481 1618
LA II cores 1307 526 1613

Table 2.1. Distances in meters from each detector site to the centroid of each pair of
reactor cores.

It is possible to install a mid detector hall between the near and far sites such that it is 1156 m from
the midpoint of the Daya Bay cores and 873 m from the center of the Ling Ao—Ling Ao II cores. The
overburden at the mid hall is 208 m (540 m.w.e.). This mid hall could be used for a quick measurement of
sin2 2θ13, studies of systematics and internal consistency checks.

There are three branches for the main tunnel extending from a junction near the mid hall to the near
and far underground detector halls. There are also access and construction tunnels. The length of the access
tunnel, from the portal to the Daya Bay near site, is 295 m. It has a grade between 8% and 12% [2]. A sloped
access tunnel allows the underground facilities to be located deeper with more overburden. The quoted
overburdens are based on a 10% grade.

2.2 Detector Design

As discussed above, the antineutrino detector employed at the near (far) site has two (four) modules
while the muon detector consists of a cosmic-ray tracking device and active water buffer. There are several
possible configurations for the water buffer and the muon tracking detector as discussed in Section 7. The
baseline design is shown in Fig. 2.3.

The water buffer in this case is a water pool, equipped with photomultiplier tubes (PMTs) to serve as a
Cherenkov detector. The outer region of the water pool is segmented into water tanks made of reflective PVC
sheets with a cross section of 1 m×1 m and a length of 16 m. Four PMTs at each end of the water tank are
installed to collect Cherenkov photons produced by cosmic muons in the water tank. The water tank scheme
first proposed by Y.F. Wang [3] for very long baseline neutrino experiments as a segmented calorimeter is a
reasonable choice as a muon tracking detector for reasons of both cost and technical feasibility. Above the
pool the muon tracking detector is made of light-weight resistive-plate chambers (RPCs). RPCs offer good
performance and excellent position resolution for low cost.

The antineutrino detector modules are submerged in the water pool that shields the modules from am-
bient radiation and spallation neutrons. Other possible water shielding configurations will be discussed in
Section 2.3.

2.2.1 Antineutrino detector

Antineutrinos are detected by an organic liquid scintillator (LS) with high hydrogen content (free pro-
tons) via the inverse beta-decay reaction:

ν̄e + p −→ e+ + n

The prompt positron signal and delayed neutron-capture signal are combined to define a neutrino event
with timing and energy requirements on both signals. In LS neutrons are captured by free protons in the
scintillator emitting 2.2 MeV γ-rays with a capture time of 180 µs. On the other hand, when Gadolinium

Daya Bay: detection 
mechanism 

�  Gadolinium-doped liquid 
scintillator (Gd-LS) 

�  Inverse beta decay 
�  prompt signal: positron (its 

energy is correlated with 
neutrino energy) 

�  delayed signal: neutron capture 

Karsten Heeger, Univ. of Wisconsin CERN, May 14, 2012 

Antineutrino Candidates  (Inverse Beta Decay)

Prompt + Delayed Selection

  - Reject Flashers
  - Prompt Positron: 0.7 MeV < Ep < 12 MeV
  - Delayed Neutron: 6.0 MeV < Ed < 12 MeV
  - Capture time: 1 μs < Δt < 200 μs
  - Muon Veto:

       Pool Muon:  Reject 0.6ms
       AD Muon (>20 MeV): Reject 1ms
       AD Shower Muon (>2.5GeV): Reject 1s

  - Multiplicity: 
      No other signal > 0.7 MeV in -200 μs to 200 μs of IBD.   

14

IBD 
candidates

!e + p " e+ + n

Uncertainty in 
relative Ed efficiency 
(0.12%)
between detectors is 
largest systematic.
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�  Systematic error minimisation: 
�  Identical far and near detectors 

�  Identical detection modules 

�  Good background rejection (3-zone 
modules, water system, RPCs) 



Daya Bay: 
detection modules 
�  3-zone detection modules immersed in 

water, shielded by RPC plane 
�  target – 20t of Gd-LS (0.1% Gd) 
�  gamma catcher – 21t of LS 

�  radiation shield – 37t of mineral oil 
�  192 8inch photomultipliers on the walls 

(scintillation light detectors) 
�  3 calibration modules 

Karsten Heeger, Univ. of Wisconsin CERN, May 14, 2012 

Daya Bay Experiment Layout

Hall 3: began 3 AD operation on 
Dec. 24, 2011

Hall 1: began 2 AD operation on Sep. 
23, 2011

Hall 2: began 1 AD operation on Nov. 
5, 2011

7

�  Muon water system 
�  Cherenkov water shield – 

at least 2.5m in every 
direction, 1200/1950t of 
water in two separated 
vessels, each equipped with 
photomultipliers 

�  Detects muons that can 
produce spallation 
neutrons, attenuates 
gamma rays from 
surroundings, moderates 
neutrons 

Karsten Heeger, Univ. of Wisconsin CERN, May 14, 2012 

Daya Bay Detectors
6 “functionally identical” detectors
Gd-LS defines target volume, no position cut

target mass: 20 ton per AD
photosensors:       192 8”-PMTs
energy resolution:  (7.5 / √E  + 0.9)%

!e + p " e+ + n

Gd-doped 
liquid scintillator

liquid 
scintillator
γ-catcher

5 m

8

Two-zone ultrapure water Cherenkov detector

Dual tagging systems: 2.5 meter water 
shield and RPCs

mineral oil



Results: rate only 

Results: Chinese Physics C37:011001 (2013), new shape analysis: Soeren Jetter’s slides, NuFact 2013   

Time variations: flux prediction + detector 
MC vs data in the three stations 

Far to near ratio: 

Best fit, assuming 

No oscillations excluded at the level of 7.7σ 

139 days of data 
collection 



Results: rate+shape 
�  New analysis, made public just a 

week ago (no paper yet) 

�  We can take advantage of 
measuring energy spectra and fit 
energy dependence (obtaining θ13 
as well as the relevant Δm2) 

217 days of data 
collection 



Reactor 
experiments: RENO 

�  Yeonggwang power plant in South Korea 

�  started operation in 2011 

�  rate results published, rate+shape analysis 
in progress 

)(015.0)(010.0100.02sin 13
2 syststat ±±=θ

)(009.0)(006.0929.0
exp

syststatR Far
ected

Far
observed ±±=

Φ

Φ
=

Published results: PRL 108, 191802 (2012), 2013 from NuTel conference"

RENO 2013 resuts (402 days of data collection) 
(improved energy calibration, background 
estimation/reduction) 

6 × 2.7  
16.7 GWth 16 ton, 

120 m.w.e. 

16 ton, 
450 m.w.e. 

Figure 1.3: Overall side view of RENO experiment. The near detector is under a 70 m hill

located within the perimeter of the power plant whereas the far detector is located under a

200 m mountain near the power plant.

1.2.3 Geographical Data

An interesting feature of RENO is having a sufficient overburden for the near detector due to

a 70 m hill of 2.8 g/cm3 rock which is quite close (290 m) to the center of the reactor array.

A detector close to the nuclear reactor is necessary for cancelling the systematic uncertainties

related to the nuclear reactors such as ambiguities of the anti-neutrino flux and spectrum, as

well as for reducing systematic uncertainties related to the detector and to the event selection.

The near detector laboratory will be located inside the restricted area of the Yonggwang nuclear

power plant.

1.2.4 Tunneling and Experiment Halls

The underground laboratories are constructed with two horizontal tunnels, 100 m long for

the near detector and 300 m long for the far detector, as shown in Fig. 1.3. The tunnels are

constructed using NATM (New Austrian Tunneling Method). The tunnel plan and schematic

of experimental hall are shown in Fig. 1.4

The access tunnels are 95 m and 272 m long for near and far detector sites, respectively. The

cross section of the access tunnel is shown in Fig. 1.4. The gradient toward the experimental

hall is 0.3% for both tunnels for natural drainage. It is designed to accommodate the passage

of a 10 ton truck.

1.3 Site Survey

To check the suitability of constructing experimental halls and access tunnels at the exper-

iment site, geological surveys were performed. The site surveys were conducted by Daewoo

Engineering Co., Ltd. in May, 2007.

The rocks at the experimental site are precambrian granite gneiss covered with Cretaceous

plutonic rocks forming unconformity between the layers. There are fault lines near the site

running north-south.

Two methods are used in the geophysical survey of the site; electrical resistivity survey

and seismic refraction imaging. Figure 1.5 shows the locations of the survey done at the

experimental site. The electrical resistivity survey results are shown in Fig. 1.6. The resulting

rock classification maps are shown in Fig. 1.7.
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There is still room for improvement: syst. error can 
be reduced to 0.05 for 3 yrs of data (5.6σ->12σ) 



Reactor experiments: 
Double Chooz 

�  North border of France 

�  Measurements utilizing only far 
detector (near detector in 
construction, starts taking data 
in 2014) 

Rate+shape analysis: 

ND:415m 
(planned) 

FD:1.05km 

2 x 4.25 GWth 

reactors 



Accelerator experiments: T2K 
►  Tokai2Kamioka: long baseline 

experiment with narrow-band beam 
►  Neutrinos produced in J-PARC 

laboratory in Tokai (30GeV proton 
beam hits a graphite target) 

►  Near detector 280m from the 
production point measures non-
oscillated beam 

►  Far detector – Super-Kamiokande, 
large water Cherenkov detector in 
Kamioka mine studies effects of 
oscillations 

Main goal: neutrino oscillation studies 
►  muon neutrino dissapearance 
►  electron neutrino appearance 

Kamioka Tokai 
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T2K: beam 

Run 1
Run 2 Run 3

1.2 x 1014 protons
per pulse (world record)

Run 4

Data for this analysis = 6.39 x 1020 p.o.t.  (by April 12th 2013)
We collected 6.63 x 1020 protons on target (p.o.t.) so far

* Including 0.21 x 1020 p.o.t. with 205kA horn operation (13% flux reduction at peak) in Run3
  (250kA horn current for nominal operation)

* We used the same Run1-4 ND280 data for oscillation analysis

Data collected and analyzed 

used for this analysis

4

components, including the flux (Section IV), neutrino in-
teraction model (Section V) and near detector and far de-
tector data samples (Section VI and Section VIII respec-
tively). The fit to near detector data, described in Sec-
tion VII, is used to constrain the far detector rate and as-
sociated uncertainties. Finally, Section IX describes how
the far detector νe sample is used to estimate sin22θ13.

II. EXPERIMENTAL OVERVIEW AND DATA

COLLECTION

The T2K experiment [32] is optimized to observe elec-
tron neutrino appearance in a muon neutrino beam. We
sample a beam of muon neutrinos generated at the J-
PARC accelerator facility in Tokai-mura, Japan, at base-
lines of 280 m and 295 km from the neutrino production
target. The T2K neutrino beam line accepts a 31 GeV/c
proton beam from the J-PARC accelerator complex. The
proton beam is delivered in 5 µs long spills with a period
that has been decreased from 3.64 s to 2.56 s over the
data-taking periods described in this paper. Each spill
consists of 8 equally spaced bunches (a significant subset
of the data was collected with 6 bunches per spill) that
are ∼ 15 ns wide. The protons strike a 91.4 cm long
graphite target, producing hadrons including pions and
kaons, and positively charged particles are focused by a
series of three magnetic horns operating at 250 kA. The
pions, kaons and some muons decay in a 96 m long vol-
ume to produce a predominantly muon neutrino beam.
The remaining protons and particles which have not de-
cayed are stopped in a beam dump. A muon monitor
situated downstream of the beam dump measures the
profile of muons from hadron decay and monitors the
beam direction and intensity.

We detect neutrinos at both near (280 m from the tar-
get) and far (295 km from the target) detectors. The far
detector is the Super-Kamiokande (SK) water Cherenkov
detector. The beam is aimed 2.5◦ (44 mrad) away from
the target-to-SK axis to optimize the neutrino energy
spectrum for the oscillation measurements. The off-axis
configuration [33–35] takes advantage of the kinematics of
pion decays to produce a narrow band beam. The angle
is chosen so that the spectrum peaks at the first oscilla-
tion maximum, as shown in Fig. 1, maximizing the signal
in the oscillation region and minimizing feed-down back-
grounds from high energy neutrino interactions. This
optimization is possible because the value of |∆m2

32| is
already relatively well known.

The near detectors measure the properties of the beam
at a baseline where oscillation effects are negligible. The
on-axis INGRID detector [36, 37] consists of 16 mod-
ules of interleaved scintillator/iron layers in a cross con-
figuration centered on the nominal neutrino beam axis,
covering ±5 m transverse to the beam direction along
the horizontal and vertical axes. The INGRID detector
monitors the neutrino event rate stability at each mod-
ule, and the neutrino beam direction using the profile of
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FIG. 1: The muon neutrino survival probability (top)
and electron neutrino appearance probabilities (middle)

at 295 km, and the unoscillated neutrino fluxes for
different values of the off-axis angle (OA) (bottom).
The appearance probability is shown for two values of
the phase δCP , and for normal (NH) and inverted (IH)

mass hierarchies.

event rates across the modules.
The off-axis ND280 detector is a magnetized multi-

purpose detector that is situated along the same di-
rection as SK. It measures the neutrino beam compo-
sition and energy spectrum prior to oscillations and is
used to study neutrino interactions. The ND280 detec-
tor utilizes a 0.2 T magnetic field generated by the re-
furbished UA1/NOMAD magnet and consists of a num-
ber of sub-detectors: side muon range detectors (SM-
RDs [38]), electromagnetic calorimeters (ECALs), a π0

detector (P0D [39]) and a tracking detector. The tracking
detector is composed of two fine-grained scintillator bar
detectors (FGDs [40]) sandwiched between three gaseous
time projection chambers (TPCs [41]). The first FGD
primarily consists of polystyrene scintillator and acts as
the target for most of the near detector neutrino inter-
actions that are treated in this paper. Hence, neutrino
interactions in the first FGD are predominantly on car-
bon nuclei. The ND280 detector is illustrated in Fig. 2,
where the coordinate convention is also indicated. The
x and z axes are in the horizontal plane, and the y axis
is vertical. The origin is at the center of the magnet,
and the magnetic field is along the x direction. The z

Off-axis beam 
!  Proton beam hits the target, produces 

hadrons, mainly pions 
!  The pions decay: 

!  Beam contamination: 

!  Detectors positioned off-axis to get 
favorable spectrum shape 

Neutrino energy 

T2K beam 

10 

! + ! µ+ +"µ

µ+ ! e+!µ!e

K + ! " 0e+!e

MC 

April 27, 2012 

l  Proton beam hits the target, produces hadrons, 
mainly pions 

l  The pions decay: 
l  Beam contamination: 
l  Detectors positioned  

off-axis to get  
favorable spectrum shape 

l  Hadron production measured with target 
replica in NA61 experiment for better 
predictions of neutrino flux 

! + ! µ+ +"µ

µ+ ! e+!µ!e

K + ! " 0e+!e

Off-axis angle chosen: 2.5 degrees 

earthquake 



T2K, near detector: ND280 

ND280 role in neutrino oscillation analysis: 
�  Constrains flux estimates (external 

constraints from NA61 experiment) 
�  Constrains cross-section parameters 
These are used to calculate MC far detector 
prediction 
 

§  FGD detectors– target for neutrino 
interactions, proton identification 

§  TPCs – identification and 
momentum reconstruction for 
muons, protons, charged pions 
and electrons 

ND280 role: 
§  beam monitoring 
§  cross-section measurements 
§  Measurement of muon neutrino 

momentum for non-oscillated 
beam, electron neutrino 
contribution estimation  

TPC 

TPC 

TPC 

FGD FGD 



T2K: Super-Kamiokande 

�  aaa 

Large water Cherenkov detector 

50 kton of water, 22.5 kton fiducial 
volume, >11,000 photomultipliers on 
the walls observe Cherenkov light 

Many years of experience, very well 
known detection technique, systematic 
errors known and understood 

Studies also atmospheric, solar 
neutrinos 

Good muon/electron separation 

MC events 



T2K: 2013 results 

�  Neutrino oscillation 
parameters extracted in two 
ways: 
�  using reconstructed 

neutrino energy distribution 
�  using observed electron 

momentum and angle 

�  28 events observed 
�  for sin22θ13=0.1, sin22θ23=1, 

δ=0  we would see 20.4±1.8 
events 

�  expected background 
4.64±0.53 

p-θ

Erec



T2K: 2013 results 
�  Electron neutrino appearance 

result – 2012 update 
�  new data (run 4) 
�  new SK reconstruction algorithm 

(fiTQun), better π0 background 
rejection 

�  near detector CC inclusive 
measurement improved by using 
new event categories 

�  Best fit results for δ=0 (68% C.L. 
error) 
�  normal hierarchy 
�  inverted hierarchy 

�  7.5σ significance for non-zero 
θ13 

142

Results
Allowed region of sin22θ13 for 
each value of δCP

Best fit w/ 68% C.L. error @ 
δCP=0

normal hierarchy:

 
inverted hierarchy:

 

p-value is 9.9×10-14 (equivalent to 
7.4σ)

First ever observation (>5σ) of an 
explicit ν appearance channel! NOTE: These are 1D contours for 

various value of δcp, not 2D contours 

dependence 
on δ, MH, θ23 NH 

IH 



T2K: θ23 uncertainty and reactor 
results 
�  νe appearance contours 

depend on the value of θ23 

�  This needs to be determined 
more precisely  by studying 
νµ dissapearance 

P(!µ !!µ ) "1# sin
2 2"23 cos

4"13 sin
2 1.27$m23

2L / E( )

P(!µ !!e ) " sin
2 2!13 sin

2!23 sin
2 1.27#m23

2L / E( )

Comparison with reactor 
results (PDG2012): 
sin22θ13=0.098±0.013 

Leading terms 

NOTE: These are 1D contours for various value of δcp, not 2D contours 

NH 

IH 



Accelerator exps: MINOS 
�  LB (735km) experiment 

in USA, started in 2005 

�  NuMI beam from 
FermiLab - mainly 
muon (anti)neutrinos  

�  Near detector in 
FermiLab, far detector 
in Soudan mine (3.8kT 
fiducial) – magnetized 
tracking calorimeters 

�  Neutrino (10.6* 1020 
POT) and antineutrino 
(3.3* 1020 POT) beam 
data collected 

�  Result: 



Summary 

�  θ13 mixing angle has 
been succesfully 
measured in reactor 
and long-baseline 
experiments 

�  more precise 
measurements 
coming soon 

�  we can now study 
CP violation effects 

Plot taken from Soeren Jetter’s Daya Bay talk (NuFact 2013)  



backup 



Reactor experiments 

�  probability for electron 
antineutrino dissapearance 

Karsten Heeger, Univ. of Wisconsin CERN, May 14, 2012 

Oscillation Experiments with Reactors

Looking for non-1/r2 behavior of νe interaction rate

! 
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+ 
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for 3 active neutrinos, can study oscillation with two different oscillation 
length scales: Δm212, Δm213

Δm212 ~7.6 x 10-5 eV2

Δm213 ~2.4 x 10-3 eV2

L/E oscillation effect provides measurement of Δm2 
amplitude of oscillation provides measurement of θ  
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1.8 MeV: threshold 



Long 
baseline 
experiments 
�  Probability of 

electron neutrino 
appearance 
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A. Accelerator based neutrinos

1. CP asymmetry measurement in a long baseline experiment

If a finite value of θ13 is discovered by the ongoing and near-future accelerator and/or reactor

neutrino experiments [46–50], the next crucial step in neutrino physics will be the search for CP

asymmetry in the lepton sector. A comparison of muon-type to electron-type transition probabil-

ities between neutrinos and anti-neutrinos is one of the most promising methods to observe the

lepton CP asymmetry. Recent indication of a nonzero, rather large value of θ13 [1] makes this

exciting possibility more realistic with near-future experiments such as Hyper-Kamiokande.

In the framework of the standard three flavor mixing, the oscillation probability is written using

the parameters of the MNS matrix (see Sec. IA 1), to the first order of the matter effect, as [51]:

P (νµ → νe) = 4C2
13S

2
13S

2
23 · sin2∆31

+8C2
13S12S13S23(C12C23 cos δ − S12S13S23) · cos∆32 · sin∆31 · sin∆21

−8C2
13C12C23S12S13S23 sin δ · sin∆32 · sin∆31 · sin∆21

+4S2
12C

2
13(C

2
12C

2
23 + S2

12S
2
23S

2
13 − 2C12C23S12S23S13 cos δ) · sin2∆21

−8C2
13S

2
13S

2
23 ·

aL

4Eν
(1− 2S2

13) · cos∆32 · sin∆31

+8C2
13S

2
13S

2
23

a

∆m2
31
(1− 2S2

13) · sin2∆31, (3)

where Cij , Sij , ∆ij are cos θij , sin θij , ∆m2
ij L/4Eν , respectively, and a[eV2

] = 7.56 × 10
−5 ×

ρ[g/cm3
] × Eν [GeV]. The parameter δ is the complex phase that violates CP symmetry. The

corresponding probability for νµ → νe transition is obtained by replacing δ → −δ and a → −a.

The third term, containing sin δ, is the CP violating term which flips the sign between ν and ν̄

and thus introduces CP asymmetry if sin δ is non-zero. The last two terms are due to the matter

effect ; caused by coherent forward scattering in matter, they produce a fake (i.e., not CP -related)

asymmetry between neutrinos and anti-neutrinos. As seen from the definition of a, the amount

of asymmetry due to the matter effect is proportional to the neutrino energy at a fixed value of

L/Eν .

Figure 16 shows the νµ → νe and νµ → νe oscillation probabilities as a function of the true

neutrino energy for a baseline of 295 km. The parameters other than θ13 and δ assumed in

this section are summarized in Table VII. The value of sin
2 θ23 is set to the maximal mixing, as
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leading term 
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FIG. 16. Oscillation probabilities as a function of the neutrino energy for νµ → νe (left) and νµ → νe (right)

transitions with L=295 km and sin
2
2θ13 = 0.1. Black, red, green, and blue lines correspond to δ = 0, 1

2π,π,

and − 1
2π, respectively. Other parameters are listed in Table VII. Solid (dashed) line represents the case for

a normal (inverted) mass hierarchy.
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FIG. 17. Oscillation probability of νµ → νe as a function of the neutrino energy with a baseline of 295 km.

Left: sin
2
2θ13 = 0.1, right: sin

2
2θ13 = 0.01. δ =

1
2π and normal hierarchy is assumed. Contribution from

each term of the oscillation probability formula is shown separately.

TABLE VII. Parameters other than θ13 and δ assumed in this section.

Name Value

L 295 km

∆m2
21 7.6×10−5 eV2

|∆m2
32| 2.4×10−3 eV2

sin
2 θ12 0.31

sin
2 θ23 0.5

Density of the earth (ρ) 2.6 g/cm3

delta=1/2π, NH 

Example plot for T2HyperK (~300km)  



Oscillation parameter values 

1.2 Neutrino oscillations and CP violation in the lepton sector 15

must presently be performed twice, once for each of the mass hierarchy hypothesis. Displaying for

instance the results of one such analysis [8], the global current knowledge on the solar sector can be

summarized to:

sin2 θ12 = 0.320+0.015
−0.017

∆m2
21 = (7.62± 0.19)× 10−5 eV2





Solar sector (1.6)

and the current knowledge on the atmospheric sector is (considering both signs of ∆m2
31 separately):

∆m2
31 =






2.53+0.08
−0.10

−(2.40+0.10
−0.07)

× 10−3 eV2

sin2 θ23 =






0.49+0.08
−0.05 for∆m2

31 > 0

0.53+0.05
−0.07 for∆m2

31 < 0






Atmospheric sector (1.7)

Finally, the current knowledge on the 1-3 sector, also depending on the assumed sign of ∆m2
31, is:

sin2 θ13 =






0.026+0.003
−0.004 for∆m2

31 > 0

0.027+0.003
−0.004 for∆m2

31 < 0





1− 3 sector, (1.8)

dominated by the precise measurements at the recent reactor experiments Double-CHOOZ, Daya Bay

and RENO:

sin2 (2θ13) |Double−CHOOZ = 0.086± 0.041(stat)± 0.030(syst) (1.9)

sin2 (2θ13) |Daya Bay = 0.092± 0.016(stat)± 0.005(syst) (1.10)

sin2 (2θ13) |RENO = 0.113± 0.013(stat)± 0.019(syst) (1.11)

The present level of understanding of the PMNS matrix represents an incredible experimental

achievement, which was essentially initiated with the first atmospheric results of Superkamiokande

in 1998 [29], complemented by the spectacular solar neutrino observations, then completed by long

baseline measurements at accelerators and reactors. During the last decade progress has been striking,

yielding today’s impressive accuracies on the parameters, opening a new window to explore BSM

physics.

When globally fitted to all available data, the oscillation parameters are constrained with the

following relative precisions (see e.g. [7]): ∆m2
21 (3%), ∆m2

31 (4%), sin2 θ12 (5%), sin2 θ13 (15%), and

sin2 2θ23 (15%). Perhaps not surprisingly, the determination of the δCP is an area where global fits by

different authors give different ranges at the � 1σ C.L. However, when considering >∼ 2σ C.L. all data
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sin2 (2θ13) |Daya Bay = 0.092± 0.016(stat)± 0.005(syst) (1.10)

sin2 (2θ13) |RENO = 0.113± 0.013(stat)± 0.019(syst) (1.11)

The present level of understanding of the PMNS matrix represents an incredible experimental

achievement, which was essentially initiated with the first atmospheric results of Superkamiokande

in 1998 [29], complemented by the spectacular solar neutrino observations, then completed by long

baseline measurements at accelerators and reactors. During the last decade progress has been striking,

yielding today’s impressive accuracies on the parameters, opening a new window to explore BSM

physics.

When globally fitted to all available data, the oscillation parameters are constrained with the

following relative precisions (see e.g. [7]): ∆m2
21 (3%), ∆m2

31 (4%), sin2 θ12 (5%), sin2 θ13 (15%), and

sin2 2θ23 (15%). Perhaps not surprisingly, the determination of the δCP is an area where global fits by

different authors give different ranges at the � 1σ C.L. However, when considering >∼ 2σ C.L. all data


