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Discovery of neutrino

Beta Decay

But the beta decay spectrum 
is seen to be continuous

(A,Z) ! (A,Z + 1) + e�

Beta  energy Ee = M(A,Z)�M(A,Z + 1)

Do we give up energy conservation?



Discovery of neutrino

In 1930 Pauli proposed the neutrino to save the principle
of energy conservation
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In 1930 Pauli proposed the neutrino to save the principle
of energy conservation

(A,Z) ! (A,Z + 1) + e� + ⌫̄e



Discovery of neutrino
This new particle was postulated to be light with 
spin 1/2 and no charge in order to conserve energy 
momentum in nuclear beta decay and was called neutron

In 1932 the neutron was discovered and it was clear that 
this was different from Pauli’s proposed particle

Fermi proposed the name neutrino for the new particle

Being chargeless, neutrinos have only weak interactions,
making their detection difficult



Discovery of neutrino

⌫̄e + p ! e+ + n

26 years later the neutrinos were finally detected in 1956 
by the inverse beta decay process by Reines and Cowan 
Reines received the Nobel Prize for their discovery in 1995



The Standard Model

No right-handed neutrinos

B ⇥ Le ⇥ Lµ ⇥ L⌧ symmetry

Neutrinos were postulated
to be massless in the SM



Neutrino Mass
Dirac Mass Term

Add to the SM       which can give a Yukawa term  ⌫R

L⌫
Y = �Y  ̄L⌫R�̃+ h.c. (�̃ = i⌧2�

⇤)

After spontaneous symmetry breaking we get a Dirac mass 
term for the neutrinos
L⌫
Mass = ⌫̄LMD⌫R + h.c.�



Neutrino Mass
Majorana Mass Term
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Neutrino Masses: Beyond the Standard Model

−LY
ν = C5

ν
1

Λ
LLHH + h.c.

⇒ mν =
C5

ν v2

Λ

C5
ν ∼ 1 mν ∼ 0.1 Λ ∼ 1015
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(SMALL) Neutrino Mass
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The Seesaw Mechanism

⇒

SANDHYA CHOUBEY NEUTRINO PHYSICS:THEORETICAL STATUS WIN’09, 14.09.09 – p.20/43



Neutrino Massνe
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The Seesaw Mechanism

L H 2 ⊗ 2 = 3 ⊕ 1
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Neutrino Massνe
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Type I Seesaw

NR ∼ (1, 1, 0)

−LY = YνL̄H̃NR +
1

2
MNN c

RNR + h.c.

NR

L

H

YνY †
ν

H

L

Mν =

(

0 vYν

vYν MR

)

mν = −v2YνM−1
N Y T

ν

16

MN ∼ 1015
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Neutrino Massνe
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Type II Seesaw

∆ ∼ (1, 3, 1)

−LII = Y∆LT C−1iσ2∆L + M2
∆Tr(∆†∆) + µHT iσ2∆

†H + ....

H

L

H

L

∆

µ

Y∆

∆ =

(

δ+/
√

2 δ++

δ0 −δ+/
√

2

)

mν = Y∆
µ v2

M2
∆

∆ v∆
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Neutrino Mass
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Type III Seesaw

ΣR ∼ (1, 3, 0)

−LY = YΣL̄H̃ΣR +
1

2
MΣTr(Σc

RΣR) + h.c.

ΣR

L

H

YΣY †
Σ

H

L

Σ =

(

Σ0/
√

2 Σ+

Σ− −Σ0/
√

2
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mν = −v2YΣM−1
Σ Y T

Σ
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Neutrino Mass

The dim 5 Majorana mass term can be generated 
by loops, in extensions of the SM. The loop suppression 
explains the smallness of neutrino masses



Consequence of neutrino 
mass and mixing



Neutrino Oscillations

Neutrinos are produced by weak charged current interaction

⇡+ ! µ+ + ⌫µFor example:

Their propagation is defined in terms of mass eigenstates

as flavor eigenstates 

The flavor eigenstates can be written as a linear 
combination of the mass eigenstates 

|⌫↵i =
nX

i=1

U↵i|⌫ii



Neutrino Oscillations

After time t or distance L, the state evolves to

|⌫(t)i =
nX

i=1

U↵ie
�iEit|⌫ii

Neutrinos are detected by weak charged current interaction

For example: ⌫µ +N ! µ� +N 0 as flavor eigenstates 

Probability that the detected flavor is ⌫�
P↵� = |h⌫� |⌫(t)i|2



Neutrino Oscillations
Assume that there are two generations of massive neutrinos

Neutrino Physics Concha Gonzalez-Garcia

2- Oscillations

For 2- : Convention , with

In real experiments
neutrinos are not monochromatic

Maximal sensitivity for

– No time to oscillate

– Averaged oscillations
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Neutrino Oscillations in Two Generations
Flavor Eigenstates ̸= Mass Eigenstates

νµ = cos θ ν2 + sin θ ν3

νµ(t) = cos θ e−iE2 ν2 + sin θ e−iE3 ν3

Pµµ = 1 − sin2 2θ sin2

(
∆m2 L

4E

)

No dependence on the octant of θ
No dependence on the sign of ∆m2

SANDHYA CHOUBEY PHYSICS WITH INO HEP DAE-BRNS 2008, BHU, 17.12.0
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2- Oscillations

For 2- : Convention , with

In real experiments
neutrinos are not monochromatic

Maximal sensitivity for

– No time to oscillate

– Averaged oscillations

No dependence on the sign of  

No dependence on the octant of  theta

No possibility of  any CP violation
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Matter Effects in nu osc
Assume that there are two generations of massive neutrinos

Neutrino Physics Concha Gonzalez-Garcia

2- Oscillations:Matter Effects
If cross matter regions (Sun, Earth...) it interacts coherently

– But Different flavours
have different interactions :

only

– To include this effect: potential in the evolution equation

elec (nucl) density

Modifi cation of mixing angle and oscillation wavelength

Modifies the mass matrix of the neutrinos
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2- Oscillations:Matter Effects
If cross matter regions (Sun, Earth...) it interacts coherently

– But Different flavours
have different interactions :

only

– To include this effect: potential in the evolution equation

elec (nucl) density

Modifi cation of mixing angle and oscillation wavelength

VX = �
p
2GF

1

2
Nn

sin

2
2✓m =

�m2
sin 2✓q

(�m2
cos 2✓ � 2

p
2GFNeE)

2
+ (�m2

sin 2✓)2

Ve =
p
2GF (Ne �

1

2
Nn)

�m2
cos 2✓ = 2

p
2GFNeE ✓m = ⇡/4

MSW Resonancesign octant

We need more than 2 gen for CP violation, and we do have 3 gen of neutrinos at least   



Neutrino Experiments



Solar Nu Experiments

Nobel Prize 2002 

Nobel Prize 2015 



Solar Neutrinos



Solar Neutrino Problem



Solution to the Solar Neutrino 
Problem

oscillations can be written as:

P

3⌫

ee

= sin4 ✓
13

+ cos4 ✓
13

P

2⌫

ee

(�m

2

21

, ✓

12

) , (4.1)

where we have used the fact that L

osc

31

= 4⇡E
⌫

/�m

2

31

is much shorter than the distance

traveled by both solar and KamLAND neutrinos, so that the oscillations related to L

osc

31

are averaged. In presence of matter e↵ects P

2⌫

ee

(�m

2

21

, ✓

12

) should be calculated taking

into account the evolution in an e↵ective matter density n

e↵

e

= n

e

cos2 ✓
13

. For 10�5 .
�m

2

/eV2 . 10�4, P 2⌫

ee

(�m

2

21

, ✓

12

) presents the following asymptotic behaviors [56]:

P

2⌫,sun

ee

' 1� 1

2
sin2(2✓

12

) for E
⌫

. few⇥ 100 KeV (4.2)

P

2⌫,sun

ee

' sin2(✓
12

) for E
⌫

& few⇥ 1 MeV (4.3)

P

2⌫,kam

ee

= 1� 1

2
sin2(2✓

12

) sin2
�m

2

21

L

2E
⌫

. (4.4)

At present most of the precision of the solar analysis is provided by SNO and SK for which

the relevant MSW survival probability [57, 58] provides a direct measurement of sin2 ✓
12

,

as seen in Eq. (4.3). In the MSW regime the determination of �m

2

21

in solar experiments

comes dominantly from the ratio between the solar potential and the �m

2

21

term required

to simultaneously describe the CC/NC data at SNO and the undistorted spectra of 8B

neutrinos as measured in both SK and SNO. Conversely KamLAND ⌫̄

e

survival probability

proceeds dominantly as vacuum oscillations and provides a most precise determination of

�m

2

21

via the strong e↵ect of the oscillating phase in the distortion of the reactor energy

spectrum. On the contrary it yields a weaker constraint on ✓

12

as the vacuum oscillation

probability depends on the double-valued and “flatter” function sin2(2✓
12

).

As seen in the left panel in Fig. 6 for either version of the solar model the best fit points

of solar and KamLAND analysis lie at very similar values of ✓
12

. As it was pointed out in

Ref. [59] and widely discussed in the literature [60–64], the matching in the determination

of ✓
12

requires the presence of a non-zero value of ✓
13

. With the present determination of

✓

13

provided by the medium baseline reactor experiments, the agreement between the best

fit point values of ✓
12

is remarkable.

From the same figure, however, we see that the value of �m

2

21

preferred by KamLAND

is higher than the one from solar experiments. At present this is about a 2� e↵ect, as can

be seen in the right panel where we show the ��

2 dependence as a function of �m

2

21

when

marginalized over ✓
12

. This tension has been present during the last two years and it arises

from a combination of two e↵ects: (a) the well-known fact that none of the 8B measurement

performed by SNO, SK and Borexino show any evidence of the spectrum low energy turn-

up expected in the standard LMA-MSW solution, and (b) the indication of a non-vanishing

day-night asymmetry in SK, which disfavors the KamLAND �m

2

21

best fit value for which

Earth matter e↵ects are too small. The relevance of these e↵ects is illustrated in Fig. 6

where we show the results of our analysis both with and without the inclusion of the SK

day-night information. As can be seen, once the SK day-night information is removed

the solar best-fit point shifts upwards and the solar allowed region extends to much larger

values of �m

2

21

, as expected, so that the tension with KamLAND is reduced to about 1.4�.

– 12 –



Solar Nu Experiments
CONFIRMED BY KAMLAND

REACTOR ANTI-NEUTRINO

EXPERIMENT 



Soln to Solar nu Problem
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Figure 6. Left: Allowed parameter regions (at 1�, 90%, 2�, 99% and 3� CL for 2 dof) from the
combined analysis of solar data for GS98 model (full regions with best fit marked by black star) and
AGSS09 model (dashed void contours with best fit marked by a white dot), and for the analysis of
KamLAND data (solid green contours with best fit marked by a green star) for fixed ✓

13

= 8.5�.
We also show as orange contours the results of a global analysis for the GS98 model but without
including the day-night information from SK (see text for details). Right: ��

2 dependence on
�m

2

21

for the same four analysis after marginalizing over ✓
12

.

Details of our analysis in this respect can be found in Ref. [4], where a discussion of a

possible explanation in terms of sterile neutrinos is also given.

4.2 Determination of �m

2

21

: solar and KamLAND

We show in Fig. 6 the results of the analysis of the solar experiments and of KamLAND

which give the dominant contribution to the determination of �m

2

21

and ✓

12

. Here ✓

13

is

fixed to the present best fit value of the global analysis. For the sake of completeness the

solar neutrino results are shown for two di↵erent versions of the Standard Solar Model,

namely the GS98 and the AGSS09 models [29]. Let us remind that GS98 is based on

the older solar abundances leading to high metallicity and which perfectly agreed with

helioseismological data, whereas AGSS09 uses the new precise determination of the solar

abundances which imply a lower metallicity and cannot reproduce the helioseismological

data. This conflict constitutes the so-called “solar composition problem”. Although it is a

pretty serious problem in the context of solar physics, its impact in the determination of

the relevant oscillation parameters is very small, as can be seen clearly from Fig. 6.

The left panel in Fig. 6 illustrates the complementarity of solar and KamLAND in

the determination of the “12” parameters. Solar experiments provide the best precision of

✓

12

while KamLAND gives a better determination of �m

2

21

. We remind the reader that

the relevant survival probabilities for these experiments in the framework of three neutrino

– 11 –



      Atmospheric Nu Experiments

Nobel Prize 2015 



Super-Kamiokande Data 

The announcement of the discovery 
of neutrino oscillation at  Neutrino 98 
by T. Kajita



Atmospheric Nu Experiments

CONFIRMED BY  K2K,

MINOS, T2K AND NOvA

EXPERIMENT S



Atmospheric Nu Parameters
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Figure 7. Determination of �m

2

3` at 1� and 2� (2 dof), where ` = 1 for NO (upper panels)
and ` = 2 for IO (lower panels). The left panels show regions in the (sin2 ✓

23

,�m

2

3`) plane using
both appearance and disappearance data from MINOS (green) and T2K (black), as well as SK
atmospheric data (green) and a combination of them (colored regions). Here ✓

13

is constrained
to the 3� range from the global fit. The right panels show regions in the (sin2 ✓

13

,�m

2

3`) plane
using data from Daya Bay (black), reactor data without Daya Bay (violet), and their combination
(colored regions). In all panels solar and KamLAND data are included to constrain �m

2

21

and ✓

12

.
Contours are defined with respect to the local minimum in each panel.

Modified matter potential due to non-standard interactions [65, 66] and super-light sterile

neutrinos [67] have been proposed as extended scenarios which could relax this tension.

4.3 Determination of �m

2

3`

: ⌫

µ

and ⌫

e

disappearance

Fig. 7 illustrates the determination of �m

2

3`

from di↵erent data sets. In the left panels

we focus on long-baseline ⌫

µ

disappearance data. It is clear that in this case the final

precision on |�m

2

3`

| emerges from the combination of T2K and MINOS data, while the

determination of sin2 ✓
23

is dominated by T2K.

Concerning ⌫

e

disappearance data, Eq. (4.8) in Sec. 4.4 implies that the rates observed

in reactor experiments at di↵erent baselines can provide an independent determination of

�m

2

3`

[49, 68]. On top of this, the observation of the energy-dependent oscillation e↵ect

of ✓

13

in Daya Bay [69] allows a rather precise determination of |�m

2

3`

|. In the right

panels of Fig. 7 we show therefore the allowed regions in the (✓
13

,�m

2

3`

) plane based on

global data on ⌫

e

disappearance. The blue contours are obtained from all the medium-

baselines reactor experiments with the exception of Daya Bay. Those regions emerge from

the baseline e↵ect mentioned above. The black contour are based on the energy spectrum

in Daya Bay, whereas the colored regions show the combination.

– 13 –

Using only disappearance data from
atmospheric and LBL Expts

Gonzalez-Garcia,Maltoni,Schwetz, 1409.5439
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The Daya Bay Reactor Neutrino Experiment has measured a nonzero value for the neutrino mixing

angle !13 with a significance of 5.2 standard deviations. Antineutrinos from six 2.9 GWth reactors were

detected in six antineutrino detectors deployed in two near (flux-weighted baseline 470 m and 576 m) and

one far (1648 m) underground experimental halls. With a 43 000 ton–GWth–day live-time exposure

in 55 days, 10 416 (80 376) electron-antineutrino candidates were detected at the far hall (near halls).

The ratio of the observed to expected number of antineutrinos at the far hall is R ¼ 0:940"
0:011ðstat:Þ " 0:004ðsyst:Þ. A rate-only analysis finds sin22!13 ¼ 0:092" 0:016ðstat:Þ " 0:005ðsyst:Þ in
a three-neutrino framework.

DOI: 10.1103/PhysRevLett.108.171803 PACS numbers: 14.60.Pq

It is well established that the flavor of a neutrino oscil-
lates with time. Neutrino oscillations can be described by
the three mixing angles (!12, !23, and !13) and a phase of
the Pontecorvo-Maki-Nakagawa-Sakata matrix, and two
mass-squared differences (!m2

32 and !m
2
21) [1,2]. Of these

mixing angles, !13 is the least known. The CHOOZ neu-
trino oscillation experiment obtained a 90%-confidence-
level upper limit of 0.17 for sin22!13 [3]. Recently, results
from T2K (Tokai to Kamioka, Japan) [4], MINOS (Main
Injector Neutrino Oscillation Search) [5], and Double
Chooz [6] experiments have indicated that !13 could be
nonzero. In this Letter, we present the observation of a
nonzero value for !13.

For reactor-based experiments, an unambiguous deter-
mination of !13 can be extracted via the survival probabil-
ity of the electron-antineutrino ""e at short distances from
the reactors,

Psur % 1& sin22!13sin
2ð1:267!m2

31L=EÞ; (1)

where !m2
31 ¼ !m2

32 "!m2
21, E is the ""e energy in MeV

and L is the distance in meters between the ""e source and
the detector (baseline).

The near-far arrangement of antineutrino detectors
(ADs), as illustrated in Fig. 1, allows for a relative mea-
surement by comparing the observed ""e rates at various
baselines. With functionally identical ADs, the relative rate
is independent of correlated uncertainties and uncorrelated
reactor uncertainties are minimized.

A detailed description of the Daya Bay experiment can
be found in Refs. [7,8]. Here, only the apparatus relevant to
this analysis will be highlighted. The six pressurized water
reactors are grouped into three pairs with each pair referred
to as a nuclear power plant (NPP). The maximum thermal
power of each reactor is 2.9 GW. Three underground
experimental halls (EHs) are connected with horizontal
tunnels. Two ADs are located in EH1 and one in EH2
(the near halls). Three ADs are positioned near the oscil-
lation maximum in the far hall, EH3. The vertical over-
burden in equivalent meters of water (m.w.e.), the

FIG. 1 (color online). Layout of the Daya Bay experiment. The
dots represent reactors, labeled as D1, D2, L1, L2, L3, and L4.
Six ADs, AD1–AD6, are installed in three EHs.

PRL 108, 171803 (2012) P HY S I CA L R EV I EW LE T T E R S
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27 APRIL 2012

171803-2

The value of sin22!13 was determined with a "2 con-
structed with pull terms accounting for the correlation of
the systematic errors [28],

"2 ¼
X6

d¼1

½Md # Tdð1þ "þP
r
!d

r#r þ "dÞ þ $d'2

Md þ Bd

þ
X

r

#2
r

%2
r
þ

X6

d¼1

!
"2d
%2

d

þ $2
d

%2
B

"
; (2)

whereMd are the measured IBD events of the dth AD with
backgrounds subtracted, Bd is the corresponding back-
ground, Td is the prediction from neutrino flux, MC, and
neutrino oscillations [29], !d

r is the fraction of IBD con-
tribution of the rth reactor to the dth AD determined by
baselines and reactor fluxes. The uncertainties are listed in
Table III. The uncorrelated reactor uncertainty is %r

(0.8%), %d (0.2%) is the uncorrelated detection uncer-
tainty, and %B is the background uncertainty listed in
Table II. The corresponding pull parameters are
(#r,"d,$d). The detector- and reactor-related correlated
uncertainties were not included in the analysis; the abso-
lute normalization " was determined from the fit to the
data. The best-fit value is

sin 22!13 ¼ 0:092( 0:016ðstat:Þ ( 0:005ðsyst:Þ;

with a "2=NDF of 4:26=4 (where NDF is the number of
degrees of freedom). All best estimates of pull parameters
are within its 1 standard deviation based on the correspond-

ing systematic uncertainties. The no-oscillation hypothesis
is excluded at 5.2 standard deviations.
The accidental backgrounds were uncorrelated while the

Am-C and (#,n) backgrounds were correlated among ADs.
The fast-neutron and 9Li–8He backgrounds were site-wide
correlated. In the worst case where they were correlated in
the same hall and uncorrelated among different halls, we
found the best-fit value unchanged while the systematic
uncertainty increased by 0.001.
Figure 4 shows the measured numbers of events in each

detector, relative to those expected assuming no oscilla-
tion. The 6.0% rate deficit is obvious for EH3 in compari-
son with the other EHs, providing clear evidence of a
nonzero !13. The oscillation survival probability at the
best-fit values is given by the smooth curve. The "2 versus
sin22!13 is shown in the inset.
The observed !&e spectrum in the far hall is compared to a

prediction based on the near-hall measurements in Fig. 5.
The disagreement of the spectra provides further evidence
of neutrino oscillation. The ratio of the spectra is consistent
with the best-fit oscillation solution of sin22!13 ¼ 0:092
obtained from the rate-only analysis [31].
In summary, with a 43 000 ton–GWth–day live-time ex-

posure, 10 416 reactor antineutrinos were observed at the
far hall. Comparing with the prediction based on
the near-hall measurements, a deficit of 6.0% was
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detector-related, and background-related uncertainties. The ex-
pected signal is corrected with the best-fit normalization parame-
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Issue with the reactor fluxes

★

0 0.01 0.02 0.03 0.04 0.05

sin
2
θ
13

0.85

0.9

0.95

1

1.05

f flu
x

RSBL

RSBL + CH + PV + DC 

All reactors
(w/o KamL)

NuFIT 2.0 (2014)

Figure 5. Contours (1�, 90%, 2�, 99%, 3� CL for 2 dof) in the plane of ✓
13

and the reactor
flux normalization f

flux

. Full regions correspond to the combined analysis of all reactor neutrino
experiments with the exception of KamLAND, but including the RSBL experiments. The green
contours correspond to only the RSBL experiments and red contours include RSBL + medium-
baseline reactors without a near detector (i.e. without including Daya Bay and RENO).

preference for CP violation, �2(J
CP

= 0)� �

2(J
CP

free) = 1.5.

4 Tension and tendencies

4.1 Impact of reactor flux uncertainties

Within the 3-flavor framework the so-called reactor anomaly leads to a “tension” of about

2.7� between the predicted reactor neutrino fluxes [45, 46] and the event rates observed

in short-baseline reactor experiments. By adopting two extreme approaches in dealing

with this tension we have shown in Sec. 2.2 that the impact on the determination of the

oscillation parameters in the global fit is quite small, at the level of 0.5� for sin2 ✓
13

(see

Figs. 1 and 2). This is further illustrated in Fig. 5 where we show the allowed regions in the

plane of ✓
13

and the flux normalization f

flux

(relative to the one predicted in [45]) for several

combinations of the reactor experiments. Short-baseline data (green contours) essentially

determine the flux normalization. Adding also data from experiments at around 1 km

without a dedicated near detector (red contours) provides already a signal for non-zero ✓

13

,

but such result is a↵ected by significant correlation with the flux normalization. However,

once the precise data on near-far comparison from Daya Bay and RENO are included

(colored regions) no correlation is left between the determination of ✓
13

and f

flux

. Thus in

the 3⌫ analysis the unexplained reactor anomaly mostly translates in an overall increase

of the �

2 in the analysis with fluxes from Ref. [45] with �

2(f
flux

= 1)� �

2(f
flux

free) ' 7.
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Not a problem for oscillation 
analysis once near detector is added



Three Flavor Oscillations
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Three Flavor Oscillations
# of parameters involved

3 masses => 2 mass sq diff              and               
and the absolute mass scale
3 mixing angles         ,         ,            
1 “Dirac” CP phase 
2 “Majorana” CP phases

�m2
31�m2

21

✓12 ✓13 ✓23
�

↵1 ↵2

Since |�m2
31| >> |�m2

21|
Oscillations decouple and we 
can work with 2-flavor approx
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The Unknowns
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Results of Global Analyses

Normal Ordering (��2 = 0.97) Inverted Ordering (best fit) Any Ordering

bfp ±1� 3� range bfp ±1� 3� range 3� range

sin2 ✓12 0.304+0.013
�0.012 0.270 ! 0.344 0.304+0.013

�0.012 0.270 ! 0.344 0.270 ! 0.344

✓12/
� 33.48+0.78

�0.75 31.29 ! 35.91 33.48+0.78
�0.75 31.29 ! 35.91 31.29 ! 35.91

sin2 ✓23 0.452+0.052
�0.028 0.382 ! 0.643 0.579+0.025

�0.037 0.389 ! 0.644 0.385 ! 0.644

✓23/
� 42.3+3.0

�1.6 38.2 ! 53.3 49.5+1.5
�2.2 38.6 ! 53.3 38.3 ! 53.3

sin2 ✓13 0.0218+0.0010
�0.0010 0.0186 ! 0.0250 0.0219+0.0011

�0.0010 0.0188 ! 0.0251 0.0188 ! 0.0251

✓13/
� 8.50+0.20

�0.21 7.85 ! 9.10 8.51+0.20
�0.21 7.87 ! 9.11 7.87 ! 9.11

�CP/
� 306+39

�70 0 ! 360 254+63
�62 0 ! 360 0 ! 360

�m2
21

10�5 eV2 7.50+0.19
�0.17 7.02 ! 8.09 7.50+0.19

�0.17 7.02 ! 8.09 7.02 ! 8.09

�m2
3`

10�3 eV2 +2.457+0.047
�0.047 +2.317 ! +2.607 �2.449+0.048

�0.047 �2.590 ! �2.307


+2.325 ! +2.599
�2.590 ! �2.307

�

Table 1. Three-flavor oscillation parameters from our fit to global data after the NOW 2014
conference. The results are presented for the “Free Fluxes + RSBL” in which reactor fluxes have
been left free in the fit and short baseline reactor data (RSBL) with L . 100 m are included. The
numbers in the 1st (2nd) column are obtained assuming NO (IO), i.e., relative to the respective
local minimum, whereas in the 3rd column we minimize also with respect to the ordering. Note
that �m

2

3` ⌘ �m

2

31

> 0 for NO and �m

2

3` ⌘ �m

2

32

< 0 for IO.

leptonic mixing matrix to be:

|U | =

0

B@
0.801 ! 0.845 0.514 ! 0.580 0.137 ! 0.158

0.225 ! 0.517 0.441 ! 0.699 0.614 ! 0.793

0.246 ! 0.529 0.464 ! 0.713 0.590 ! 0.776

1

CA . (3.1)

By construction the derived limits in Eq. (3.1) are obtained under the assumption of the

matrix U being unitary. In other words, the ranges in the di↵erent entries of the matrix are

correlated due to the constraints imposed by unitarity, as well as the fact that, in general,

the result of a given experiment restricts a combination of several entries of the matrix. As

a consequence choosing a specific value for one element further restricts the range of the

others.

The present status of the determination of leptonic CP violation is illustrated in Fig. 3

where we show the dependence of the ��

2 of the global analysis on the Jarlskog invariant

which gives a convention-independent measure of CP violation [51], defined as usual by:

Im
⇥
U

↵i

U

⇤
↵j

U

⇤
�i

U

�j

⇤ ⌘
X

�=e,µ,⌧

X

k=1,2,3

J

CP

✏

↵��

✏

ijk

⌘ J

max

CP

sin �
CP

. (3.2)

Using the parametrization in Eq. (1.1) we get

J

max

CP

= cos ✓
12

sin ✓
12

cos ✓
23

sin ✓
23

cos2 ✓
13

sin ✓
13

. (3.3)
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Conflict with neutrino mass bounds from cosmological data    



Neutrinoless Double Beta Decay



High Energy Neutrinos at IceCube



High Energy Neutrinos at IceCube

3 events at PeV energy and about 30 odd events in the TeV range   

The 3 PeV events are shower events
The TeV events have tracks to shower in the ratio of 1:4  



Future

Many on-going and proposed projects

Main physics goals to be probed are the neutrino mass 
ordering and CP violation and measurement of the 
CP phase
There could be new physics hiding behind the dominant 
the mass-driven dominant flavor oscillations

There could be degeneracies between new physics and 
standard oscillations



Solar Nu Parameters
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Figure 6. Left: Allowed parameter regions (at 1�, 90%, 2�, 99% and 3� CL for 2 dof) from the
combined analysis of solar data for GS98 model (full regions with best fit marked by black star) and
AGSS09 model (dashed void contours with best fit marked by a white dot), and for the analysis of
KamLAND data (solid green contours with best fit marked by a green star) for fixed ✓

13

= 8.5�.
We also show as orange contours the results of a global analysis for the GS98 model but without
including the day-night information from SK (see text for details). Right: ��

2 dependence on
�m

2

21

for the same four analysis after marginalizing over ✓
12

.

Details of our analysis in this respect can be found in Ref. [4], where a discussion of a

possible explanation in terms of sterile neutrinos is also given.

4.2 Determination of �m

2

21

: solar and KamLAND

We show in Fig. 6 the results of the analysis of the solar experiments and of KamLAND

which give the dominant contribution to the determination of �m

2

21

and ✓

12

. Here ✓

13

is

fixed to the present best fit value of the global analysis. For the sake of completeness the

solar neutrino results are shown for two di↵erent versions of the Standard Solar Model,

namely the GS98 and the AGSS09 models [29]. Let us remind that GS98 is based on

the older solar abundances leading to high metallicity and which perfectly agreed with

helioseismological data, whereas AGSS09 uses the new precise determination of the solar

abundances which imply a lower metallicity and cannot reproduce the helioseismological

data. This conflict constitutes the so-called “solar composition problem”. Although it is a

pretty serious problem in the context of solar physics, its impact in the determination of

the relevant oscillation parameters is very small, as can be seen clearly from Fig. 6.

The left panel in Fig. 6 illustrates the complementarity of solar and KamLAND in

the determination of the “12” parameters. Solar experiments provide the best precision of

✓

12

while KamLAND gives a better determination of �m

2

21

. We remind the reader that

the relevant survival probabilities for these experiments in the framework of three neutrino
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Solar Nu Parameters

oscillations can be written as:
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where we have used the fact that L
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is much shorter than the distance

traveled by both solar and KamLAND neutrinos, so that the oscillations related to L
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are averaged. In presence of matter e↵ects P

2⌫

ee

(�m

2

21

, ✓

12

) should be calculated taking

into account the evolution in an e↵ective matter density n
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At present most of the precision of the solar analysis is provided by SNO and SK for which

the relevant MSW survival probability [57, 58] provides a direct measurement of sin2 ✓
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as seen in Eq. (4.3). In the MSW regime the determination of �m
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term required

to simultaneously describe the CC/NC data at SNO and the undistorted spectra of 8B

neutrinos as measured in both SK and SNO. Conversely KamLAND ⌫̄
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proceeds dominantly as vacuum oscillations and provides a most precise determination of
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via the strong e↵ect of the oscillating phase in the distortion of the reactor energy

spectrum. On the contrary it yields a weaker constraint on ✓
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as the vacuum oscillation

probability depends on the double-valued and “flatter” function sin2(2✓
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As seen in the left panel in Fig. 6 for either version of the solar model the best fit points

of solar and KamLAND analysis lie at very similar values of ✓
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. As it was pointed out in

Ref. [59] and widely discussed in the literature [60–64], the matching in the determination
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requires the presence of a non-zero value of ✓
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. With the present determination of
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provided by the medium baseline reactor experiments, the agreement between the best

fit point values of ✓
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is remarkable.
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. This tension has been present during the last two years and it arises
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performed by SNO, SK and Borexino show any evidence of the spectrum low energy turn-

up expected in the standard LMA-MSW solution, and (b) the indication of a non-vanishing

day-night asymmetry in SK, which disfavors the KamLAND �m
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best fit value for which

Earth matter e↵ects are too small. The relevance of these e↵ects is illustrated in Fig. 6

where we show the results of our analysis both with and without the inclusion of the SK

day-night information. As can be seen, once the SK day-night information is removed
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, as expected, so that the tension with KamLAND is reduced to about 1.4�.
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Figure 6. Left: Allowed parameter regions (at 1�, 90%, 2�, 99% and 3� CL for 2 dof) from the
combined analysis of solar data for GS98 model (full regions with best fit marked by black star) and
AGSS09 model (dashed void contours with best fit marked by a white dot), and for the analysis of
KamLAND data (solid green contours with best fit marked by a green star) for fixed ✓
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= 8.5�.
We also show as orange contours the results of a global analysis for the GS98 model but without
including the day-night information from SK (see text for details). Right: ��

2 dependence on
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for the same four analysis after marginalizing over ✓
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Details of our analysis in this respect can be found in Ref. [4], where a discussion of a

possible explanation in terms of sterile neutrinos is also given.

4.2 Determination of �m

2
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: solar and KamLAND

We show in Fig. 6 the results of the analysis of the solar experiments and of KamLAND

which give the dominant contribution to the determination of �m

2
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and ✓

12

. Here ✓

13

is

fixed to the present best fit value of the global analysis. For the sake of completeness the

solar neutrino results are shown for two di↵erent versions of the Standard Solar Model,

namely the GS98 and the AGSS09 models [29]. Let us remind that GS98 is based on

the older solar abundances leading to high metallicity and which perfectly agreed with

helioseismological data, whereas AGSS09 uses the new precise determination of the solar

abundances which imply a lower metallicity and cannot reproduce the helioseismological

data. This conflict constitutes the so-called “solar composition problem”. Although it is a

pretty serious problem in the context of solar physics, its impact in the determination of

the relevant oscillation parameters is very small, as can be seen clearly from Fig. 6.

The left panel in Fig. 6 illustrates the complementarity of solar and KamLAND in

the determination of the “12” parameters. Solar experiments provide the best precision of

✓

12

while KamLAND gives a better determination of �m

2

21

. We remind the reader that

the relevant survival probabilities for these experiments in the framework of three neutrino
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Figure 6. Left: Allowed parameter regions (at 1�, 90%, 2�, 99% and 3� CL for 2 dof) from the
combined analysis of solar data for GS98 model (full regions with best fit marked by black star) and
AGSS09 model (dashed void contours with best fit marked by a white dot), and for the analysis of
KamLAND data (solid green contours with best fit marked by a green star) for fixed ✓
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= 8.5�.
We also show as orange contours the results of a global analysis for the GS98 model but without
including the day-night information from SK (see text for details). Right: ��

2 dependence on
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for the same four analysis after marginalizing over ✓
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Details of our analysis in this respect can be found in Ref. [4], where a discussion of a

possible explanation in terms of sterile neutrinos is also given.

4.2 Determination of �m

2

21

: solar and KamLAND

We show in Fig. 6 the results of the analysis of the solar experiments and of KamLAND

which give the dominant contribution to the determination of �m

2
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and ✓

12

. Here ✓

13

is

fixed to the present best fit value of the global analysis. For the sake of completeness the

solar neutrino results are shown for two di↵erent versions of the Standard Solar Model,

namely the GS98 and the AGSS09 models [29]. Let us remind that GS98 is based on

the older solar abundances leading to high metallicity and which perfectly agreed with

helioseismological data, whereas AGSS09 uses the new precise determination of the solar

abundances which imply a lower metallicity and cannot reproduce the helioseismological

data. This conflict constitutes the so-called “solar composition problem”. Although it is a

pretty serious problem in the context of solar physics, its impact in the determination of

the relevant oscillation parameters is very small, as can be seen clearly from Fig. 6.

The left panel in Fig. 6 illustrates the complementarity of solar and KamLAND in

the determination of the “12” parameters. Solar experiments provide the best precision of

✓
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while KamLAND gives a better determination of �m

2
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. We remind the reader that

the relevant survival probabilities for these experiments in the framework of three neutrino
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Figure 8: The allowed regions of δCP and sin2 2θ13 with the LID (left) and LEM
(right) analysis. World average reactor sin2 2θ13 results are drawn as the gray bands.

and LEM are shown in Figure 8. World average reactor result sin2 2θ13 = 0.086±0.05
are also shown as grey bands. For LID, the 68% C.L. interval for the NH hypothesis
is compatible with the reactor result for all δCP values.

By varying sin2 2θ13 values within the global reactor constraint, we converted the
2-D FC contours into significance as a function of δCP , as shown in Figure 9. The LID
result [Figure 9 (left)] shows that the range of 0 < δCP < 0.65π in the IH is disfavored
at the 90% C.L. in the case of sin2 θ23 = 0.5. The number of events selected by LEM
is greater than that predicted even in the NH, δCP = 3/2π case, but 12% of pseudo-
experiments generated in this scenario have an equal or worse χ2 than that observed
in the data. The LEM result [Figure 9(left)] shows that IH is disfavored at > 2.2σ
while NH for 0 < δCP < π is mildly disfavored (> 1σ). Both the LID and LEM
results prefer normal ordering in most of the δCP range, and prefer δCP near 3π/2.
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from the PDG2012 [8].

For any values for these parameters, consistent with their
present uncertainties, the significance remains above 7σ.
As the precision of this measurement increases, the un-

certainty from other oscillation parameters becomes in-
creasingly important. The uncertainties on θ23 and∆m2

32

are taken into account in the fit by adding a Lconst term
and marginalizing the likelihood over θ23 and ∆m2

32. The
Lconst term is the likelihood as a function of sin2θ23 and

∆m2
32, obtained from the T2K νµ disappearance mea-

surement [30]. The value of δCP and the hierarchy are
held fixed in the fit. Performing the fit for all values of
δCP, the allowed 68% and 90% CL regions for sin22θ13
are obtained as shown in Figure 5. For δCP = 0 and
normal (inverted) hierarchy case, the best-fit value with
a 68% CL is sin22θ13 = 0.136+0.044

−0.033 (0.166+0.051
−0.042). With

the current statistics, the correlation between the νµ dis-
appearance and νe appearance measurements in T2K is
negligibly small.
Constraints on δCP are obtained by combining our re-

sults with the θ13 value measured by reactor experiments.
The additional likelihood constraint term on sin22θ13 is
defined as exp{−(sin2 2θ13− 0.098)2/(2(0.0132))}, where
0.098 and 0.013 are the averaged value and the error of
sin22θ13 from PDG2012 [8]. The −2∆ lnL curve as a
function of δCP is shown in Figure 6, where the likeli-
hood is marginalized over sin22θ13, sin2θ23 and ∆m2

32.
The combined T2K and reactor measurements prefer
δCP = −π/2. The 90% CL limits shown in Figure 6
are evaluated by using the Feldman-Cousins method [31]
in order to extract the excluded region. The data ex-
cludes δCP between 0.19π and 0.80π (−π and −0.97π,
and −0.04π and π) with normal (inverted) hierarchy at
90% CL.
The maximum value of −2∆ lnL is 3.38 (5.76) at

δCP = π/2 for normal (inverted) hierarchy case. This
value is compared with a large number of toy MC exper-
iments, generated assuming δCP = −π/2, sin22θ13 = 0.1,
sin2θ23 = 0.5 and ∆m2

32 = 2.4 × 10−3 eV2. The MC
averaged value of −2∆ lnL at δCP = π/2 is 2.20 (4.10)
for normal (inverted) hierarchy case, and the probabil-
ity of obtaining a value greater or equal to the observed
value is 34.1% (33.4%). With the same MC settings,
the expected 90% CL exclusion region is evaluated to be
between 0.35π and 0.63π (0.09π and 0.90π) radians for
normal (inverted) hierarchy case.
Conclusions—T2K has made the first observation of

electron neutrino appearance in a muon neutrino beam
with a peak energy of 0.6 GeV and a baseline of 295 km.
With the fixed parameters |∆m2

32| = 2.4 × 10−3 eV2,
sin2 θ23 = 0.5, δCP = 0, and ∆m2

32 > 0 (∆m2
32 < 0), a

best-fit value of sin2 2θ13 = 0.140+0.038
−0.032 (0.170+0.045

−0.037) is
obtained, with a significance of 7.3σ over the hypothesis
of sin2 2θ13 = 0. When combining the T2K result with
the world average value of θ13 from reactor experiments,
some values of δCP are disfavored at the 90% CL.
T2K will continue to take data to measure the neutrino

oscillation parameters more precisely and to further ex-
plore CP violation in the lepton sector.
We thank the J-PARC staff for superb accelerator per-

formance and the CERN NA61 collaboration for provid-
ing valuable particle production data. We acknowledge
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and LEM are shown in Figure 8. World average reactor result sin2 2θ13 = 0.086±0.05
are also shown as grey bands. For LID, the 68% C.L. interval for the NH hypothesis
is compatible with the reactor result for all δCP values.

By varying sin2 2θ13 values within the global reactor constraint, we converted the
2-D FC contours into significance as a function of δCP , as shown in Figure 9. The LID
result [Figure 9 (left)] shows that the range of 0 < δCP < 0.65π in the IH is disfavored
at the 90% C.L. in the case of sin2 θ23 = 0.5. The number of events selected by LEM
is greater than that predicted even in the NH, δCP = 3/2π case, but 12% of pseudo-
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results prefer normal ordering in most of the δCP range, and prefer δCP near 3π/2.
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are taken into account in the fit by adding a Lconst term
and marginalizing the likelihood over θ23 and ∆m2

32. The
Lconst term is the likelihood as a function of sin2θ23 and
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32, obtained from the T2K νµ disappearance mea-

surement [30]. The value of δCP and the hierarchy are
held fixed in the fit. Performing the fit for all values of
δCP, the allowed 68% and 90% CL regions for sin22θ13
are obtained as shown in Figure 5. For δCP = 0 and
normal (inverted) hierarchy case, the best-fit value with
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appearance and νe appearance measurements in T2K is
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are evaluated by using the Feldman-Cousins method [31]
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obtained, with a significance of 7.3σ over the hypothesis
of sin2 2θ13 = 0. When combining the T2K result with
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FIG. 6: As in Fig. 4, but in the plane (sin2 θ13, δ/π).

0.2 0.3 0.4 0.5 0.6 0.7 0.80.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0

50

100

150

200

250

0.3 0.4 0.5 0.6 0.7
0.0

0.5

1.0

1.5

2.0

0.2 0.3 0.4 0.5 0.6 0.7 0.80.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0

50

100

150

200

250

0.3 0.4 0.5 0.6 0.7
0.0

0.5

1.0

1.5

2.0

0.2 0.3 0.4 0.5 0.6 0.7 0.80.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0

50

100

150

200

250

0.3 0.4 0.5 0.6 0.7
0.0

0.5

1.0

1.5

2.0
0.2 0.3 0.4 0.5 0.6 0.7 0.80.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0

50

100

150

200

250

0.3 0.4 0.5 0.6 0.7
0.0

0.5

1.0

1.5

2.0

0.2 0.3 0.4 0.5 0.6 0.7 0.80.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0

50

100

150

200

250

0.3 0.4 0.5 0.6 0.7
0.0

0.5

1.0

1.5

2.0

0.2 0.3 0.4 0.5 0.6 0.7 0.80.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0

50

100

150

200

250

0.3 0.4 0.5 0.6 0.7
0.0

0.5

1.0

1.5

2.0
LBL Acc + Solar + KL + SBL Reactors + SK Atm

23θ2sin 23θ2sin 23θ2sin

23θ2sin 23θ2sin 23θ2sin

π/δ
π/δ

σ1 
σ2 
σ3 

N
orm

al H
ierarchy

Inverted H
ierarchy

FIG. 7: As in Fig. 4, but in the plane (sin2 θ23, δ/π).

Capozzi,Fogli,Lisi,Marrone,Montanino,Palazzo, 1312.2878



Results of Global Analyses
Capozzi,Fogli,Lisi,Marrone,Montanino,Palazzo, 1312.2878

9

0.01 0.02 0.03 0.04 0.05 0.060.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0

50

100

150

200

250

300

0.00 0.01 0.02 0.03 0.04 0.05 0.06
0.0

0.5

1.0

1.5

2.0

0.01 0.02 0.03 0.04 0.05 0.060.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0

50

100

150

200

250

300

0.00 0.01 0.02 0.03 0.04 0.05 0.06
0.0

0.5

1.0

1.5

2.0

0.01 0.02 0.03 0.04 0.05 0.060.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0

50

100

150

200

250

300

0.00 0.01 0.02 0.03 0.04 0.05 0.06
0.0

0.5

1.0

1.5

2.0
0.01 0.02 0.03 0.04 0.05 0.060.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0

50

100

150

200

250

300

0.00 0.01 0.02 0.03 0.04 0.05 0.06
0.0

0.5

1.0

1.5

2.0

0.01 0.02 0.03 0.04 0.05 0.060.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0

50

100

150

200

250

300

0.00 0.01 0.02 0.03 0.04 0.05 0.06
0.0

0.5

1.0

1.5

2.0

0.01 0.02 0.03 0.04 0.05 0.060.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0

50

100

150

200

250

300

0.00 0.01 0.02 0.03 0.04 0.05 0.06
0.0

0.5

1.0

1.5

2.0
LBL Acc + Solar + KL + SBL Reactors + SK Atm

13θ2sin 13θ2sin 13θ2sin

13θ2sin 13θ2sin 13θ2sin

π/δ
π/δ

σ1 
σ2 
σ3 

N
orm

al H
ierarchy

Inverted H
ierarchy

FIG. 6: As in Fig. 4, but in the plane (sin2 θ13, δ/π).
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FIG. 7: As in Fig. 4, but in the plane (sin2 θ23, δ/π).


