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Neutrino Physics: the Roadmap for Precision Physics
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In the last years, we experienced a complete change of the view of weak interaction physics. Robust results
from many experiments as Super-Kamiokande, KamLAND, SNO, K2K, show us that the neutrinos have the
remarkable phenomena of oscillations, a quantum interference mechanism that operates to distances as large
as 100 km and even bigger distances. From this we know that neutrinos change identity from one flavor to
another, as was demonstrated by the joints results of SNO and Super-Kamiokande experiments. We show here
the review of latest results of neutrino physics, as for example, the first evidence of neutrinos produced in the
core of the earth and the updated results of KamLAND and others. Our understating of all experimental results
will completed by the state-of-art of the theoretical effort to understand such phenomena. For the near future, we
expect the new generation of precision physics, like the running experiments of MINOS and Double CHOOZ,
and the proposals of SADO and ANGRA shed light on unresolved issues such as the CP-violation for neutrinos
and the relative magnitude of solar and atmospheric scales.
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I. INTRODUCTION

In the last years it have been show that a new phenom-
ena established a existence of source of lepton number vio-
lation not predicted: neutrino oscillation. We are going to
review some of these new information and what we can shed
new information about the generation of masses in the stan-
dard model. We know from the Standard model of particle
physics, that we need three neutrinos: the electron, muon and
tau neutrinos [1] which for simplicity and lack of any hint that
neutrinos are massless and unmixed. The situation change
when Pontecorvo [2] and independently Maki, Nakagawa and
Sakata [3] propose that neutrino can have a inequality between
the mass basis and the flavor basis, if so then the neutrino can
suffer from neutrino oscillation: a given flavor neutrino, let’s
say electron neutrino as produced in the sun, can converted in
way to earth to another neutrinos, muon and tau like neutrinos.

After 50 years of the first detection of neutrinos using a
reactor by Cowan and Reines [4] we know know that neutrinos
can unraveling many aspects of the nature and one of them is
the so called neutrino oscillation.

Many experiments with atmospheric neutrinos [5–9] and
with solar neutrinos [10–16] indicate that flavor conversion
should occur in nature. We show in Fig. 1 the results that
show the disappearance of muon neutrinos for atmospheric
neutrinos.

Beside that, the experiment KamLand [17], measured anti-
neutrinos produced by reactors and also saw strong evidences
for electron neutrino disappearance. This implies that the
picture of neutrino conversions as indicated by solar experi-

ments is confirmed beyond doubt. Also the SNO experiment,
that measure the charged and neutral interactions of deu-
terium with electron and all flavors of neutrinos [16] show that
the electron disappearance, detected by other experiments, is
also accompanied by muon and tauon neutrino conversion.
We show in Fig. 2 that the SNO data indicate a electron to
muon/tauon neutrino conversion.

Also a accelerator experiment K2K [18] show evidences for
muon neutrino disappearance. This confirm the muon neu-
trino disappearance seen in the atmospheric neutrino Super-
Kamiokande experiment [8]. Recently the MINOS experi-
ment report also evidence for muon disappearance [19] com-
patible which was found by Super-Kamiokande experiment.

How do we understand this series of experimental evi-
dences for neutrino disappearance in all these experiments?
We will show that a consistent picture emerges when neutri-
nos have non-vanishing masses and they mix between each
other.

II. NEUTRINO MASS SCHEMES

When the flavor eigenstates of neutrino are not equal to
masses eigenstates as suggested by Pontecorvo and others [2]
then is possible to have neutrino conversion as long the mixing
angles are not zero and the masses are not degenerated. The
most general neutrino evolution include the matter potential
(due collective contribution from the medium, so called mat-
ter effect) [21]. In this case we can write down the neutrino
evolution as

i
d
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FIG. 1: Atmospheric neutrino data from Super-Kamiokande experiment, the left panel is the electron type events and the the right panel is the
muon type events. The energy range increase from top to down. From Ref. [8].

where δ =
∆m2

21

2E
, ∆ =

∆m2
31

2E
, ∆m2

i j ≡ m2
i −m2

j is the mass squared difference between neutrino families i and j, and U is the

mixing matrix as presented in the Particle Data Group (PDG) [20] as given by

U ≡

 1 0 0

0 c23 s23
0 −s23 c23





 c13 0 s13e−iγ

0 1 0
−s13eiγ 0 c13





 c12 s12 0

−s12 c12 0
0 0 1




where ci j ≡ cos(θi j), si j ≡ sin(θi j) correspond to cosine, sine
of the mixing angle θi j between the families i and j. The neu-
trino matter potential is denoted by Ve = GF

√
2Ne(r) where

Ne(r) is the number densities of the electrons. Using this neu-
trino evolution we are able to find that two scales are relevant
for neutrino oscillation, the scale between the first and second
family, ∆m2

21 and the scale between the first and second fam-
ily, ∆m2

31. Also γ is the CP violation angle, that for now we
will assume to be zero.

The analysis of solar [10–16] as well reactor experi-
ments [17] agree that two states, 1 and 2 mix strongly and
are related with a mass scale ∆m2

21. We call this scale, the
solar scale, ∆m2

� ≡ ∆m2
21 and the mixing angle is called the

solar angle, tan(θ21) ≡ tan(θ�). From the solar neutrinos ex-
periments we need to have ∆m2

21 > 0. The 68 % C.L. range
is

∆m2
� = 8.0+0.4

−0.3 × 10−5 eV2 (2)

sin2(θ�) = 0.310±0.026

The allowed region is showed in Fig. 3.
The analysis of atmospheric [5–9] as well accelerator ex-

periments, as K2K [18] and MINOS experiment [19] agree
that two states, 2 and 3 mix strongly and are related with a
mass scale ∆m2

32, that is directly related with scale relevant for
atmospheric neutrino experiments. We call this scale, the at-
mospheric scale, ∆m2

atm ≡ ∆m2
32 and the mixing angle is called
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FIG. 2: Flux of 8B solar neutrinos which are µ or τ neutrinos vs flux
of electron neutrinos deduced from the neutrino reactions in SNO.
The bands denoted by ΦSNO

CC , ΦSNO
ES and ΦSNO

NC are respectively the
deuterium charged current, the elastic scattering of electrons and the
deuterium neutral current constraints from SNO experiment. From
Ref. [16].
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FIG. 3: Allowed regions for ∆m2� and tan2(θ�) from solar experi-
ments and solar+KamLand experiments respectively in the left and
right panels. From Ref. [17].

the atmospheric angle, sin2(2θatm) ≡ sin2(2θ32). From the
atmospheric and accelerator neutrinos experiments we can-
not discriminate between the case ∆m2

32 > 0 and the case
∆m2

32 < 0. The values for the atmospheric scale and the at-
mospheric mixing angle are

|∆m2
atm| = 3.0+0.3

−1.1 × 10−3 eV2 (3)

sin2(2θatm) > 0.9

The allowed region is showed in Fig. 4. Due the blindness of
the signal of ∆m2

atm value then you can have two mass hierar-
chies, as seen in Fig. 5.

Other very important information is the value of angle θ 13,
which we have only a upper limit. The reactor experiment
CHOOZ [22] put a strong constrain in the ∆m2

31 − θ13 plane
as shown in Fig. 6. We get that

sin2(2θ31) < 0.12 for ∆m2
atm = 3.0× 10−3 eV2. (4)

Future experiments can be able to pinpoint the value of θ 13,
as can be achieved in the next round of reactor [23], as an

FIG. 4: The allowed regions for ∆m2
atm and sin2(2θatm) from at-

mospheric neutrino data and MINOS accelerator data respectively
in red and in black. From Ref. [19].
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FIG. 5: Ordering of neutrino masses as follows from analysis of neu-
trino experiments. The colors indicate the proportion of neutrino
flavors in each of mass neutrino states, i=1,2,3. Notice the strong
mixing in the sector 1-2 and 2-3.

example the proposal for Angra [24] and accelerator experi-
ments [25, 26].

From all this information we have a picture that neutri-
nos have different masses, but very tiny compared with other
leptons of standard model, but two of three mixing are very
strong and one is weaker. All these details can be summarized
in Fig. 5. As you can see although you have information about
the solar, scale ∆m2

� and the mixing angle, sin2(θ�) as well the
absolute value atmospheric, scale |∆m2

atm| and the mixing an-
gle sin2(2θatm), we still don’t know about the answer for three
questions. What is

1. the value of mixing angle θ13?;

2. the hierarchy? The atmospheric scale ∆m2
atm is greater

or smaller then zero?;

3. and did you have CP violation in the neutrino sector?
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FIG. 6: Exclusion plot contours at 90% C.L. obtained by the three
different analysis by CHOOZ experiment [22].

In another way, the CP violation angle γ is zero or not?
The CP violation phase it is not well constrained by the
data [27].

This will our starting point to discuss more complex phe-
nomena and try to elucidate the origin of this lepton num-
ber violation phenomena know as neutrino oscillation. Also
these if we answer these three question we can but know more
clearly what is more suitable to explain these parameters. We
have many ideas, but we still we don’t know the right track to
decide between the plethora of models that we have [28].

III. NEW DIRECTIONS IN NEUTRINO PHYSICS

We are beginning to be have sensitivity to more detailed
information about the dynamics of neutrino evolution. The
basic question, is all dynamics given by Eq. (1) or we can have
additional dynamics? All the picture described in previous
sections is valid we can have sub-dominant effects that can
alter some of neutrino properties.

Examples are new additional states, like sterile states [29]
and new interactions, like flavor changing interactions without
mass [30], neutrino magnetic momentum without mass [31],
flavor changing interactions with mass [32], neutrino mag-
netic momentum with mass [33] and mass varying neutri-
nos [34].

One example is the oscillation induced by non-vanishing
neutrino magnetic momentum interacting with solar magnetic
fields. If neutrinos are Majorana particles these induces neu-
trino to anti-neutrino conversions. This phenomena is know
generally as resonant spin-flip conversion [31, 33, 35–42].
The electromagnetic moment interaction of the Majorana neu-
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FIG. 7: Neutrino survival probabilities, the solid line is P(νe → νe),
the dashed is the sum P(νe → νe)+P(νe → νµ), and the P(νe → ν̄τ)
is the remaining probability until the maximum, as a function of
the neutrino energy E. The different panels (a), (b), (c) and (d)
respectively correspond to k=10−15.5 eV, 10−15.0 eV, 10−14.5 eV,
10−14.0 eV. The dot-dashed line is the survival probability for the
standard LMA scenario. The vertical solid line denotes the position
of Beryllium line. The shallow area denoted the relevant neutrino
energy for 8B neutrino experiments. From Ref. [33].

trinos is given by the following dimension five operator

LEM = −1
2

µabΨ̄aΣµνΨbFµν, (5)

where Ψa and Ψb are Majorana spinors of flavors a and b in
the 4-component notation, and Σµν ≡ i[γµ,γν]/2, with µ and
ν being the Lorentz indices. Also µab is the neutrino mag-
netic momentum between the flavors a and b. For Majorana
neutrinos, µab → 0, if a=b, then we only have neutrino to anti-
neutrino transitions.

In the standard case, the anti-neutrino evolution matrix is
similar to Eq. (1) if we chance νa → ν̄a , where a is any flavor,
and Ve → −Ve and γ → −γ. In the standard case there is not
mixing between neutrinos and anti-neutrinos.

In the case of resonant spin-flavor, we can have neutrino
to anti-neutrino conversion. If we choose µ ab 	= 0, for a or
b ≡ e to electron neutrino, and zero otherwise we expect to



1182 Brazilian Journal of Physics, vol. 36, no. 4A, December, 2006

0.1 1.0
tan

2θ

10
−5

10
−4

∆
m

2
 (

e
V

2
)

,

FIG. 8: Combined result for SNO+Super-Kamiokande and Kam-
LAND data, at 99% C.L.. We use the convention that the black line
stands for no magnetic field, the long-dashed line for k = 10−15.5 eV,
the short-dashed line for k = 10−15 eV, the dotted line for k =
10−14.5 eV and the dot-dashed line for k = 10−14 eV. From Ref. [33].

have νe → ν̄e conversion. The ν̄e flux from the Sun, in turn,
is strongly constrained by Super-Kamiokande [43], SNO [44],
and especially KamLAND [45] which can detect νe → ν̄e con-
version of the solar 8B neutrinos at the level of a few hun-
dredths of a percent. This ruled out any sizable influence of
spin-flavor mechanism in the neutrino dynamics.

If we can choose µab 	= 0, for a (b) ≡ µ(τ), in this case these
implies that νe → ν̄µ(ν̄τ) conversion. In this case, the above
limit did not apply. If so, we expect to see a contribution of
ν̄µ(ν̄τ) neutrinos coming from the sun, depending of the size
of magnetic field. For regular magnetic fields, the effect is
too small it is very similar to standard case without ν̄µ(ν̄τ)
neutrinos.

If we assume the presence of random magnetic fields,
present in the outer layers of the Sun with average values
equal to zero 〈B(t)〉 → 0 , but squared average values non
zero, 〈B(t)B(t ′)〉 	= 0. Let’s define the parameter to quantify
the magnitude of random magnetic fields,

k ≡ 1.7× 10−17
[

µµτ

10−11µB

]2 [
Brand

1MG

]2 [
D0

1km

]
eV , (6)

and D0 is the coherence length of the random magnetic field.
If k → 0, then you the standard case, otherwise you will a
production of anti muon(tauon) neutrinos from the sun. You
can see in Fig. 7 the probabilities.

Now we can test this scenario in the solar+KamLand exper-
iments, the final result is shown in Fig. (8). As a consequence,

a totally new region of compatibility between solar neutri-
nos and KamLAND, which we call very-low LMA, appears
at 99% C.L. for small values of ∆m2

� ∼ [1− 2]× 10−5 eV2

and maximal mixing.
IV. CONCLUSIONS

We have made a review of the status of neutrino physics,
in particular of new phenomena know as neutrino oscillation.
We have shown that the neutrino oscillation was shown in
many different experiments that can be made compatible if
we have three standard neutrinos that have different masses
and that mix between each other.

We have show a consistent picture of two different scales,
the so called solar scale, ∆m2

� ∼ 8 × 10−5 eV2 and the
atmospheric scale the atmospheric scale, ∆m2

atm ∼ 2.5 ×
10−3 eV2 as showed in Fig. 5. The respective mixing angles,
the solar θ� and the atmospheric θatm are larger. The only un-
known angle θ31 is small compared with the others. We still
have many unknowns things that we will like to discover,

1. the value of mixing angle θ13?;

2. the hierarchy? The atmospheric scale ∆m2
atm is greater

or smaller then zero?;

3. and did you have CP violation in the neutrino sector? In
another way, the CP violation angle γ is zero or not?

Beside that, you can use neutrino to test new states or new
interactions as in the example of the resonant spin-flip con-
version with neutrino magnetic momentum between the muon
and tauon flavors, µµτ. In this case we show that we can have
a sizable νe → ν̄µ(ν̄τ) conversion and we can modify the al-
lowed region for the solar parameters, ∆m2

� and θ�.
We hope that in few years you can answer all questions

commented here, and shed some light about the nature of neu-
trino conversion as can be possible in the next generation of
neutrino experiments, such as MINOS experiment [19, 46]
for pinpoint the mass scale ∆m2

atm parameter, the SADO pro-
posal [47] for improving the mixing angle θ�, DOUBLE-
CHOOZ experiment [48] and Angra Neutrino proposal [49]
to measure the mixing angle θ13.
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