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Big Bang 
ρ ~ 330/cm3 
Eν ~ 4 10-4 eV 

Sun: νe 
ϕearth ~ 6 x 1010 ν/cm2 s 

Eν ~ 0.1 – 20 MeV 

Nuclear Reactor 
Eν ~ MeV 

Supernova 
Eν ~ MeV 

Atmospheric neutrinos 
 
ϕν ~ 1 ν/cm2 s 
⌫µ, µe, ⌫̄µ, ⌫̄e,

Earth-radioactivity: ϕν ~ 6 x 106 ν/cm2 s 

Accelerators: Eν ~ 0.3 – 30 GeV 

⌫̄e
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pp CYCLE:  
~ 98.5% of the  
sun energy 

CNO CYCLE:  
~ 1.5% of the  

sun energy 

S.Dusini	  -‐	  INFN	  Padova	  



09/12/2015	   4	  

Solar neutrinos: first hint toward  neutrino oscillation 

“book-ch10-sun” — 2007/3/22 — 17:20 — page 366 — #15

366 SOLAR NEUTRINOS

Fig. 10.8. Results of the 108 individual solar neutrino observations made with
the Homestake chlorine experiment from March 1970 to February 1994 [323].
The uncertainty shown for individual measurements is statistical only and is
significantly non-Gaussian for results near zero. The uncertainty shown for
the cumulative result is the combination of the statistical and systematic
uncertainties in quadrature.

Since the 3He nuclei necessary for the formation of 7Be and 8B and for the hep
reaction are created by the pp or pep reactions, there is another model-independent
constraint for the solar neutrino fluxes of the pp chain (see [144]):

Φ7Be + Φ8B + Φhep ≤ Φpp + Φpep . (10.29)

10.4 Homestake experiment

The pioneering Homestake experiment [323] is a radiochemical experiment which
detects solar neutrinos through the Pontecorvo–Alvarez inverse β-decay Cl-Ar
reaction [878, 78]

νe + 37Cl → 37Ar + e− , (10.30)

with neutrino energy threshold Eth
ν = 0.814 MeV. Therefore, this experiment can

detect only intermediate and high-energy neutrinos. Since the detection cross-
section increases with the neutrino energy, the main contribution to the Homestake
event rate comes from high-energy 8B neutrinos, as shown in Table 10.3.

The Homestake Solar Neutrino Observatory is located 1478 m below the surface,
in the Homestake Gold Mine at Lead, in South Dakota, USA, at latitude 44◦20′ N
and longitude 103◦50′ W. The depth of the detector is 4200± 100 meters of water

.1@304#,241+(3#"(-1%$4,B-$"+3
$1L'0-'S3,5/,#-B,'02

u2-'S3j?301'231F3+-vL-(3B,0"++-$3S"++-LBD3
04,36&]X3d61K-,0%&B,#-$"'3]"++-LB3
X5/,#-B,'0g3(,0,$01#3-23(,2-S',(3013+11A3

F1#304,3#,"$0-1'3{_h|m
h;]"3>3�, 013h;],3>3,%

sJ3$1L'0-'S304,3#"(-1"$0-K,3"01B231F3
S,#B"'-LBD304,3',L0#-'13F+L53-23$"+$L+"0,(C3

&'3-(,'0-$"+3,5/,#-B,'03-'390"+JD3$"++,(3
]&..X}3d]&..-LB X}/,#-B,'0gD3L2,(3

1'+J38?301'231F3S"++-LBC
s10431F304,2,3,5/,#-B,'02D3"+041LS43B1#,3
2,'2-0-K,D32L//1#0,(304,3P"K-23,5/,#-B,'03
EJ31'+J3(,0,$0-'S3H?3013j?x31F304,3

',L0#-'13F+L53

H;

G

d D ;Cf ooog

Gx

J- SJ(

TH U/
�

�
�

�

�

:H :H

.34&F%3$&(') )-(#%.")) ) )) )

&'`".$&(')))

NS$%3.$&(')"BB&.&

)) ))

"'.,)

9<"#$%&'()$* +,-.-$///////////////////////////////////////////////////////// 0(.1-$2.34/56/75((/

�e +
37Cl ! 37Ar + e�

Homestake  
(R. Davis & coll.) 

GALLEX/GNO @ LNGS  

Obs/exp ~ 33% 

Obs/exp ~ 54% 

�e +
71Ga ! 71Ge + e�

Solar Neutrino Spectrum 

8B(10%) 

pp(1%) 

15O(+23
-16

 %) 

17F(25%) 

13N(+20
-15

 %) 
7Be(6%) 

pep(1.3%) Clorine 

Gallium 

Cerenkov 

Neutrino Detectors are HUGE 

SuperKamiokande 

Obs/exp ~ 45% 
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SNO: Heavy water Cerenkov detector 

νe	  →	  νµ , ντ	  	  transformation	  
PSNO =

�CC

�NC

= 0.34

survival probability⌫e
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CC:  νe	  +	  d	  →	  e-‐	  +	  p	  +	  p	  	  (νe	  +	  n	  →	  e-‐	  +	  p	  )	  
NC:  νeµτ +	  d	  →	  νeµτ+	  n	  +	  p	  	  (n	  capture	  on	  H,	  NaCl	  )	  
ES:	  	  	  νeµτ	  +	  e-‐	  →	  νeµτ	  +	  e-‐	  	  
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Neutrino propagation in matter 

VCC =
p
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Coherent forward scattering of neutrinos    

electron density of the medium 
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MSW Effect (Resonant Transitions in Matter)
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Adiabatic conversion  
Observation of pp neutrinos by Borexino (@LNGS) 
Confirmed the adiabatic flavour neutrino conversion in the Sun 

Conversion 
in matter 

Oscillation 
in vacuum

Pee = 1 �
1

2
sin2 2✓12 Pee = sin

2 ✓12 + cos 2✓12 cos
2 ✓0

m + freg

non-oscillatory 
transition (Eνàinf) 

~ 0.31 

Residual oscillation: 
 ~ 0.015  

Earth regeneration: 
~ 0.015 
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Reactor neutrinos: KamLAND 

P⌫̄e!⌫̄e = 1 � sin2 2� sin2

✓
1.267�m2[eV2]L[m]

E[MeV]

◆

Anti-neutrino IBD 
(inverse beta decay)  
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Solar neutrinos + KamLAND 

�m2
12 = (7.53 ± 0.18) ⇥ 10�5eV 2

tan2 ✓12 = 0.436+0.029
�0.025

2.3% precision

6.6% precision

Disappearance probability is invariant under CP  P (⌫e ! ⌫e) = P (⌫̄e ! ⌫̄e)

Vacuum oscillation  
of anti-neutrinos consistent with  

parameters of LMA MSW solution
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Global fit to Solar neutrino data + KamLAND 
 Test of three flavour structure (θ13 ≠ 0)   

Small tension (~2σ) in Δm2 
between  

solar and KamLAND  
data. 

•  Indication for Day/Night 
asymmetry in SK  

•  no up- turn seen in 8B 
spectrum so far in solar data 

S.Dusini	  -‐	  INFN	  Padova	  

low E 

high E 
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Maltoni et al. hep-ph:1507.05287v2 

Extra sterile neutrino with  
Dm2

01 = 1.2 x 10-5 eV2,  and  
sin2 2a = 0.005   
Non-standard interactions with 
 eu

D = - 0.22, eu
N = - 0.30 

 ed
D = - 0.12, ed

N = - 0.16  

new physics effects 

Important to test of  
flavour conversion in the sun 
•  up-turn  
•  Day/Night asymmetry @ up-turn  

Transition region 	  
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Horizontal 
neutrino θ= 90o 

Up going neutrino  
θ= 180o 

Down going 
neutrino θ= 0o Atmospheric neutrinos 

“book-ch11-atm” — 2007/3/22 — 17:21 — page 411 — #22

FLUX OF ATMOSPHERIC NEUTRINOS 411
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Fig. 11.16. (a) Atmospheric neutrino fluxes as functions of energy. (b) Flux ratios
(νµ + ν̄µ)/(νe + ν̄e), νµ/ν̄µ, and νe/ν̄e as functions of energy. Solid, dotted,
short-dashed, and long-dashed lines represent, respectively, the results of the
Monte Carlo calculations in Ref. [797] (3D), Ref. [623] (1D), Ref. [187] (3D),
and Ref. [36] (1D). Figures taken from Ref. [797].

shows the values of the ratios in eqn (11.3) as functions of the neutrino energy
obtained in the same four different Monte Carlo calculations. One can see that
the values of (φνµ + φν̄µ)/(φνe + φν̄e) and φνµ/φν̄µ in eqn (11.3) are confirmed by
detailed calculations for low energies, for which most parent muons have time to
decay before hitting the ground.

Three-dimensional calculations improve the estimate of the pathlength distri-
bution of the trajectories near the horizon of low-energy neutrinos. This is due to
the fact that in 1D calculations a horizontal neutrino can only be produced by a
primary which grazes the atmosphere and interacts at a large altitude. On the other
hand, in 3D calculations horizontal neutrinos can also be produced by primaries
which have directions closer to the vertical and interact at lower altitudes. Such
a difference in 3D and 1D calculation is significant only for low-energy neutrinos,
since the trajectory of a high-energy neutrino is practically collinear with that of
its parent primary. This effect can be seen in Fig. 11.11 and, in more detail, in
Fig. 11.17, which shows the distributions of the pathlengths from production to
detection of low-energy electron and muon neutrinos near the vertical and near the
horizon [178]. One can see that the results of 3D and 1D calculations are similar
for the vertical direction, whereas the distributions obtained with the 3D calcula-
tion peaks at a lower pathlength with respect to the corresponding distributions

E ~ few GeV  
L = 10 – 12000 km    

L = Dearth  cos θ 
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	  	  SuperKamiokande 
⌫µ, ⌫̄µ disappearance 

Deficit of the µ – like events  

Determines  
mixing angle θ23 

The first oscillation 
minimum - 
determines Δm32

2 

No oscillation 
effect 

Averaged 
oscillations 

dotted: decoherence, 
dashed: neutrino decay 

Δm32
2	  =	  	  	  2.5x10-‐3	  eV2	  	  

	  sin2θ23 =	  	  0.45	  –	  0.55	  	  

S.Dusini	  -‐	  INFN	  Padova	  

P�µ!�µ = 1 � sin2 2�atm sin2

✓
�m2

atmL

4E

◆
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Atmospheric neutrinos and mass hierarchy 
Like solar neutrinos are affected by the interaction with matter, atmospheric neutrinos 
crossing the earth can undergo adiabatic flavour conversion induced by (1,3) mixing.  

Pµe = sin2 ✓23 sin
2 2✓M

13 sin2

✓
�M L

4E

◆

�

M '
q�

�m2
31 cos 2✓13 � A

�2 �
�
�m2

31 sin 2✓13
�2

sin2 2✓M
13 '

�2
31 sin 2✓13

�M
A = ±2

p
2GFneE⌫

Like for solar neutrinos “matter effects” are sensitive to the sign of Δm2
31    

A = �m2
31 cos 2✓13

Either neutrinos or anti-neutrinos 
cross the resonance depending 
of the sign of Δm2

31 
Resonance for 
Eν= [5, 8] GeV   
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X. Qian, P. Vogel / Progress in Particle and Nuclear Physics 83 (2015) 1–30 13

Fig. 11. Atmospheric muon neutrino oscillations calculated with the nuosc package [56] are shown as a function of the zenith angle cos ✓ and neutrino
energy E⌫ . Top (bottom) panels show themuon neutrino disappearance (electron neutrino appearance). Left (right) panels show the neutrino (antineutrino)
oscillations. The normal mass hierarchy and zero CP phase �CP = 0 is assumed. For the inverted mass hierarchy, the neutrino and antineutrino oscillation
patterns are exchanged.

2012 [22,23,21]. In the future, besides the determination of the mass hierarchy, the reactor neutrino experiments will also
provide precision measurements of neutrino mixing parameters including the mixing angles ✓13 and ✓12 and the mass-
squared splittings �m2

32 and �m2
21.

Nuclear power reactors produce electricity by the sustained nuclear chain reaction, and are essentially pure electron
antineutrino ⌫̄e sources. In every nuclear fission ⇠200 MeV energy is released together with on average six ⌫̄e emitted
by the �-decay of the fission fragments.1 For each 1 gigawatt (GW) of the reactor thermal power, about 2 ⇥ 1020 ⌫̄e are
emitted isotropically every second, making nuclear reactors one of the most powerful man-made neutrino sources. 235U
and 238U, together with the 239Pu and 242Pu produced by breeding in the reactor, are the main sources of the reactor ⌫̄e. The
corresponding ⌫̄e energy spectra are shown in Fig. 13.

The primarymethod to detect reactor ⌫̄e is using the inverse beta decay (IBD) reaction ⌫̄e +p ! e+ +n in which electron
antineutrino interacts with a free proton. The final state particles are a positron and a neutron. An IBD event is represented
by a coincident signal consisting of (i) a prompt signal induced by the positron ionization and annihilation inside the detector
such as a liquid scintillator (LS) detector and (ii) a delayed signal produced by the neutron capture on a proton or a nucleus
(such as Gd) with a large neutron capture cross section. In particular, the neutron capture on Gd releases multiple gammas
with a total energy ⇠8 MeV. With 0.1% Gd-doped LS, the average time between the prompt and the delayed signal is about
30 µs. In comparison, for neutron capture on hydrogen a single gamma with energy of ⇠2.2 MeV is emitted. For liquid
scintillator CnH⇠2n, the average time between the prompt and the delayed signal is about 200 µs.

Fig. 14 illustrates the reaction and detection principle of the IBD process. The cross section of the IBD process is shown
as the solid black line in Fig. 13 with units showing on the right axis. The convoluted energy spectrum, i.e. the product of
the reactor antineutrino flux and the IBD cross section, is plotted as the dashed line. It begins at the threshold of ⇠1.8 MeV
neutrino energy E⌫ , and peaks around 4 MeV. The tail of the spectrum extends beyond 8 MeV. Due to the time and space
correlations, IBD can be easily distinguished from radioactive backgrounds which mostly consist of only a single signal.

1 There is also a small component of the electron neutrinos ⌫e with energy ⇠0.1 MeV from the neutron activation of the shielding materials.

Atmospheric neutrinos and mass hierarchy 

Measurement possible if:  
•  the detector is capable to select neutrinos from anti-

neutrinos (magnetize iron calorimeter) 
•  good knowledge of neutrino and anti-neutrino fluxes 

exploiting σ(ν) ≠ σ(anti-ν) 
•  Large mass  
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	  	  Muon-‐	  and	  electron-‐channels	  contribute	  to	  net	  hierarchy	  asymmetry.	  
Electron	  channel	  more	  robust	  against	  detector	  resoluMon	  effects:	  	  

E,	  θ	  smearing	  
(kinemaMcs	  
+	  detector	  
resoluMon)	  

17	  09/12/2015	  
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Smeared distributions 
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Precision IceCube  
Next Generation  
Upgrade 

40	  strings	  
96	  DOM’s	  per	  string	  

PINGU 

PINGU 

Le#er	  of	  Intent	  PINGU-‐	  arXiV:1401.2046	  
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115 lines, 20m spaced,  
18 DOMs/line, 6m spaced 
Instrumented volume ~3.8 Mt, 
2070 optical module.  

•  31 3” PMTs  
•  Digital photon counting 
•  Directional information 
•  Wide angle view 

Oscillation  Research with   
Cosmics in the Abyss Km3-ORCA 
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The  50 kt magnetized iron calorimeter (ICAL) detector at the 
India-based Neutrino Observatory (INO)  

Energy and direction of the muons; energy of multi-GeV hadrons; 

The energy and zenith angle dependence of the atmospheric neutrinos  
in the multi-GeV range. 

 charge of muon 

Resistive plate  
chambers 

INO-ICAL ICAL	  Collabora?on	  (Ahmed	  Shakeel	  et	  al.)	  arXiv:
1505.07380	  [physics.ins-‐det]	  	  
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Reactor neutrinos  

Daya Bay 
~60 km 
JUNO 

~180 km 
KamLAND 

P (⌫̄e ! ⌫̄e) = 1 � sin

2
2✓13

✓
cos

2
2✓12 sin

2 �m2
31L

4E
+ sin

2
2✓12 sin

2 �m2
32L

4E

◆

� cos

4 ✓13 sin
2
2✓12 sin

2 �m21L

4e

Fast oscillation 

Slow oscillation 

anti-νe	  	  disappearance 
Eν ~ 4 MeV 
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Reactor neutrinos  

Daya Bay 
~60 km 
JUNO 

~180 km 
KamLAND 

P (⌫̄e ! ⌫̄e) = 1 � sin

2
2✓13

✓
cos

2
2✓12 sin

2 �m2
31L

4E
+ sin

2
2✓12 sin

2 �m2
32L

4E

◆

� cos

4 ✓13 sin
2
2✓12 sin

2 �m21L

4e

Sensitive to  
Δm2

21  and θ12 

L ~ 180 km  

anti-νe	  	  disappearance 
Eν ~ 4 MeV 
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Reactor neutrinos  

Daya Bay 
~60 km 
JUNO 

~180 km 
KamLAND 

P (⌫̄e ! ⌫̄e) = 1 � sin

2
2✓13

✓
cos

2
2✓12 sin

2 �m2
31L

4E
+ sin

2
2✓12 sin

2 �m2
32L

4E

◆

� cos

4 ✓13 sin
2
2✓12 sin

2 �m21L

4e

anti-νe	  	  disappearance 
Eν ~ 4 MeV 

Sensitive to  
Δm2

21  and θ12 

L ~ 1.6 km  
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P (⌫̄e ! ⌫̄e) = 1 � sin

2
2✓13

✓
cos

2
2✓12 sin

2 �m2
31L

4E
+ sin

2
2✓12 sin

2 �m2
32L

4E

◆

θ13 mesurment 

sin2 �m2
eeL

4E

Important for CP and unitarily checks  

< 6% 
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Reactor neutrinos  

Daya Bay 
~60 km 
JUNO 

~180 km 
KamLAND 

P (⌫̄e ! ⌫̄e) = 1 � sin

2
2✓13

✓
cos

2
2✓12 sin

2 �m2
31L

4E
+ sin

2
2✓12 sin

2 �m2
32L

4E

◆

� cos

4 ✓13 sin
2
2✓12 sin

2 �m21L

4e

anti-νe	  	  disappearance 
Eν ~ 4 MeV 

Sensitive to  
mass hierarchy 

L ~ 53 km  
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Measure hierarchy in vacuum: JUNO 
cab = cos ✓ab

sab = sin ✓ab

�ee =
L

4E

⇥
�m2 ± (c212 � s212)�m

2
⇤

P 3⌫
V AC = c413P

2⌫
V AC + s413 + 2s213c

2
13

q
P 2⌫

V AC cos(2�ee ± ')

Not 1/E behaviour 

Non L/E phases which determine 
an anticipation or retardation of 
oscillation phases depending on 
the mass hierarchy    

(+) Normal, (-) inverted hierarchy  

Maximal sensitivity @ minimum of Δm2
21 oscillation 
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JUNO	  detector 
Large mass liquid scintillator 

 à statistics  
Extreme high energy resolution  3% @ 1MeV 

 à reconstruct the “wiggles” 
Energy non-linearity  < 1% 

 à not to fake MH effect  

ü  77%	  Photocathode	  coverage	  
ü  	  LS	  a[enuaMon	  length	  ~	  20	  m	  	  
ü  PMT	  QE	  ~	  35%	  
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A.Marrone	  @	  TAUP	  2015	  M.	  Blennow	  et	  al.,	  JHEP	  1403	  (2014)	  028	  

Mass hierarchy is a difficult measurement which require a proper treatment 
of the systematics    

Mass hierarchy sensitivity curves 

Size of the bands:  
NOvA, LBNE: CP δ 
INO PINGU: θ23 
JUNO: σE = 3 – 3.5% /√E  
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Precision measurements 

Probing the unitarily of 
UPMNS to 1% level 

Stat.	  only	   Stat.	  +	  sys.	  

sin2θ12	   0.54	  %	   0.67	  %	  

Δm2
21	   0.24	  %	   0.59	  %	  

Δm2
ee	   0.27	  %	   0.44	  %	  

Large anti-νe statistics  
 ~ 15 k events/year 

 
Unprecedented precision in 
measurement of “solar” oscillation 
parameters. 
 
Important for CP @ LBL experiments  
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Reactor neutrinos: Sterile neutrinos 
Recent calculation of anti-νe flux from reactor are few % higher the observed 
eV sterile neutrino?    

•  Tensions with beam 
and atmospheric data 

•  Trigger large activity 
on very-SBL reactor 
experiments 
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Conclusions 
Neutrino natural beam are a great opportunity to study neutrino properties   

 ….great probe for astrophysical, cosmological and geological studies 
 
With the measurement of θ13 neutrino physics is entering in the precision era. 
 
Solar Neutrinos:  - Tension on Δm2

21 
     - Up-turn in the matter-vacuum transition region 
     - Day-Night asymmetry   
     - New physics? sterile neutrinos?, non standard   
       interactions? 

 
Mass Hierarchy:  - θ13 large has open the opportunity for MH and CP  

     measurement 
     - Vacuum Oscillation vs. Matter Effects: two complementary 
     approaches à redundancy and consistency checks 
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Backup slides 
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“Atmospheric” 
term 

“Solar” 
term 

“Reactor” 
term 

Lepton mixing
sin2 ✓12 = 0.304 ± 0.014

sin2 ✓23 = 0.514+0.055
�0.018

sin2 ✓13 = 0.0219 ± 0.0012

�m2
12 = (7.53 ± 0.18) ⇥ 10�5eV 2

�m2
23 = (2.42 ± 0.06) ⇥ 10�3eV 2
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Inverted	  mass	  hierarchy	  Normal	  mass	  hierarchy	  

Δm2
21	  fixed	  by	  

solar	  neutrinos	  

Σ m	  >	  	  mh	   Σ m	  >	  2	  mh	  

|Δm2
31|	  =	  |Δm2

32|	  +	  |Δm2
21|	   |Δm2

31|	  =	  |Δm2
32|	  -‐	  |Δm2

21|	  
M
AS

S2
	  

Neutrino mass ordering 
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Since the production of neutrino in the 
atmosphere is uniform  
 
 
 
which imply  
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The almost isotopic flux of primary cosmic ray imply that  the neutrino 
flux at any location for Eν > 2GeV is up-down symmetric 

“book-ch11-atm” — 2007/3/22 — 17:21 — page 415 — #26

FLUX OF ATMOSPHERIC NEUTRINOS 415
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Fig. 11.20. Illustra-
tion of the equality in
eqn (11.59).
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Fig. 11.21. Up-down asymmetry of the muon neu-
trino flux as a function of neutrino energy for
the Kamioka and Soudan sites obtained with
different Monte Carlo calculations in Ref. [178]
(NM denotes a 3D Monte Carlo calculation
with bending of particles within the atmosphere
turned off).

are the same, i.e. φνα(θz) = φνα(π − θz). This fact can be understood on the basis
of the following elementary geometrical argument illustrated in Fig. 11.20. Let us
consider two underground detectors A and B at the same depth. As shown in the
figure, neglecting the extremely small probability of neutrino interactions in the
Earth, a neutrino passing through the detector A with a direction having zenith
angle θAB

z later passes through the detector B with a direction having zenith angle
π − θAB

z . Hence, we have

φ(A)
να

(θAB
z ) = φ(B)

να
(π − θAB

z ) . (11.59)

Since the production of high-energy neutrinos in the atmosphere is uniform around
the globe, we also have

φ(A)
να

(θAB
z ) = φ(B)

να
(θAB

z ) . (11.60)

Finally, since the location of the detector B is arbitrary, the zenith angle θAB
z can

assume any value. Then, for a generic zenith angle θz we obtain, from eqn (11.59)
and (11.60)

φ(A)
να

(θz) = φ(A)
να

(π − θz) , (11.61)

for any underground detector A.

Up/down asymmetry @sub-GeV 
(due to geomagnetic field effect)	

Detector  

Geomagnetic 
equator  

Geomagnetic 
pole  
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Normal	  mass	  hierarchy	  	  

|Ue3|2 

|Uµ3|2 |Uτ3|2 

|Ue1|2 

|Ue2|2 
 tan2θ23  = |Uµ3|2   / |Uτ3|2 

 sin2θ13  = |Ue3|2  

tan2θ12 =  |Ue2|2  / |Ue1|2       

Δm2
ij	  =	  m2

i	  -‐	  m2
j	  

Mixing	  parameters	  

νf	  	  =	  UPMNS	  νmass	  

UPMNS	  	  =	  U23Iδ U13I-δ U12	  

FLAVOR	  

Mixing	  matrix:	  

ν1 
ν2 
ν3

νe 
νµ  
ντ

=	  UPMNS	  

Standard	  parametrizaMon	  

	  Iδ	  	  =	  diag	  (1,	  1,	  eiδ	  )	  

CP	  

	  ~	  1/2	  

=	  0.022	  

	  ~	  1.0	  

Δm2
32	  =	  2.5	  x	  10-‐3	  eV2	  

Δm2
21	  =	  7.5	  x	  10-‐5	  eV2	  

CP-‐phase	  

M
AS

S2
	  

Lepton mixing
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