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Right now we are in the middle of twin
revolutions in neutrino physics and
astrophysics/cosmology …
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Neutrinos they are very small.

They have no charge and have no mass

And do not interact at all.

The earth is just a silly ball

To them, through which they simply pass,

Like dustmaids down a drafty hall

Or photons through a sheet of glass.

They snub the most exquisite gas,

Ignore the most substantial wall,

Cold-shoulder steel and sounding brass,

Insult the stallion in his stall,

And, scorning barriers of class,

Infiltrate you and me! Like tall

And painless guillotines, they fall

Down through our heads into the grass.

At night, they enter at Nepal

And pierce the lover and his lass

From underneath the bed – you call

It wonderful; I call it crass.



Neutrino mass eigenstates are a combination of
weak-interaction eigenstates: neutrinos mix!

 = i U i i

 = e, μ, 

i = 1,2,3,..

If the neutrino mass were zero this would be nothing more than
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Majorana phases



When i  ei  i  then U i  ei  U i

When l   ei  l   then U i  e-i  U i

One can multiply any one
row or any one column
by the same phase by

redefining the phases of
the fields!

Except when the neutrino
mass eigenstates are their

own antiparticles
(“Majorana neutrinos”):
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Only for Majorana 

neutrinos  
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Majorana nature of the neutrinos permit
neutrinoless double beta decay:



• Symmetries, in particular weak isospin invariance, define the
Standard Model.

• In the Standard Model, the left-handed and the right-handed
components of the neutrino are treated differently: L sits in an
weak-isospin doublet (IW =1/2) together with the left-handed
component of the associated charged lepton, whereas R is an weak-
isospin singlet (IW=0).

• A mass term connects left- and right-handed components. The
usual Dirac mass term is L = m  = m( L R + R L).  But such a
neutrino mass term breaks the weak-isospin symmetry, hence it is
NOT permitted in the Standard Model.

• The right-handed component of the neutrino carries no weak
isospin quantum numbers. This permits Majorana neutrino mass in
the Standard Model if one only uses right-handed neutrinos.



Majorana mass term: mR R
C R

• Such a mass term violates lepton number conservation since it
implies that neutrinos are their antiparticles.

• It is permitted by the weak-isospin invariance of the Standard
Model.

• Neutrino mass terms are not included in the  fundamental
Lagrangian of the Standard Model. They arise from new physics.
Of course it is possible to write down an effective Lagrangian
for the neutrino mass in terms of only the Standard Model
fields if you give up renormalizability.



A note on dimensional counting

• Lagrangian, L, has dimensions of energy (or mass).

• L = 3x L  Lagrangian density, L,  has dimensions of
energy/volume or M4.

• Define the scaling dimension of x, [x] to be -1  scaling dimension
of momentum (or mass) is [m] = +1 (recall that (p.x/h) is
dimensionless and we take [h]=0).

• Clearly [L] = 4. This should be true for any Lagrangian density of
any theory.

• Consider the mass term for fermions, Lm= m . Then [ ] = 3 or
[ ] = 3/2.

• In the Standard Model the Higgs field vacuum expectation value
gives the particle mass: L = H . Hence [H] = 1.



Using the Standard Model degrees of freedom one can
parameterize the neutrino mass by a dimension 5 operator.

(Recall that I3
W = 1/2 for the L and -1/2 for HSM).

L =  X  HSM HSM L
C L  / 

v2 X  /  = U m diagonal UT

This term is not renormalizable!



There are other ways to obtain neutrino mass:

L = HI=1 L
C L

Note: This Higgs is not in the Standard Model!
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See-Saw Mechanism



One of the most exciting discoveries in the physics
during the last two decades was that neutrinos

have mass!

This was achieved through the
observation of neutrino oscillations!



e (t=0) = cos  1 + sin  2

e (t) = cos  exp(iE1t) 1 + sin  exp (iE2t) 2

     Neutrino Oscillations

Phase Difference: E2-E1  m2
2-m1

2= m2

P( e  e) = | e(L)|2



Appearance probability of the other flavor



MSW effect

In vacuum:       E2 = p2 + m2

In a potential: (E- )2 = p2 + m2      meff
2 = m2 + 2E

The potential is provided
by the coherent forward
scattering of e’s off the
electrons in dense matter.

There is a similar term with Z-exchange. But since it is
the same for all neutrino flavors, it does not contribute to

phase differences unless we invoke a sterile neutrino.



If the neutrino density itself is also very high then one has to
consider the effects of neutrinos scattering off other neutrinos.

This is the case for a core-collapse supernova.



The most copious neutrino source for Earth is the
Sun unless you are really close to a nuclear

reactor!

Let us take a brief detour into this
modest main sequence star.



Equation of motion Equation of continuity

Poisson’s Equation Energy Equation

 = Rate of nuclear energy generation F = Energy flux

Stellar Equilibrium



Continuous fluxes in /cm2/s/MeV
Discrete fluxes in /cm2/s



Solar neutrino experiments

• Radiochemical experiments: Measure integrated
(over time and energy) count rate.
1 SNU (solar neutrino unit) = 10-36 neutrinos
captured per atom per second.

    Homestake (Cl), SAGE (Ga), Gallex (Ga), GNO (Ga)

• Real-time counting experiments: Measure the
energy spectra in real time.

    Kamiokande, SuperKamiokande, SNO



Homestake Experiment



Homestake Count RateThen:Then:

Those of us who believed the data thought that neutrino mixing anglesThose of us who believed the data thought that neutrino mixing angles
are, like quark mixing angles, small for vacuum mixing, but, thanks toare, like quark mixing angles, small for vacuum mixing, but, thanks to

MSW, matter-enhanced oscillations do the reduction. Most people didMSW, matter-enhanced oscillations do the reduction. Most people did
not even believe the data.not even believe the data.



SAGE Experiment





Gallex and GNO



AdoptedAdopted
fromfrom
GavrinGavrin

Now:Now:



What are the GaWhat are the Ga
source experimentssource experiments
telling us?telling us?

Ground state cross-section isGround state cross-section is
fixed from the beta-decay (viafixed from the beta-decay (via
detailed balance). Correction isdetailed balance). Correction is
due to the excited states, whichdue to the excited states, which
contribute little to the solarcontribute little to the solar
neutrino capture rate.neutrino capture rate.



SuperKamiokande Detector



SuperKamiokande-I 8B solar ’s

hephep-ex/0508053-ex/0508053





Sudbury Neutrino Observatory



Sudbury
Neutrino
Observatory
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From NEUTRINO 2008 presentationFrom NEUTRINO 2008 presentation
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Long Baseline Reactor Neutrino Experiments





KamLAND

e + p  n + e+
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detector 1

Future 13 Reactor Experiment

detector 2

Ratio of Spectra

      Energy (MeV)

Two-Detector Reactor Experiment to measure 13

Spectral Ratio



Daya Bay Reactor Experiment, China



Atmospheric
Neutrinos



Atmospheric Neutrino Oscillations



K2K to
SuperKamioka



Vacuum oscillation

Adiabatic matter osc.

E

P( e  e)

Sin2

1-Sin2 /2

 Nature is tricky: We found that
i) mixing angles are NOT
small; ii) she uses both

vacuum and matter
oscillations.



Typically solar neutrino analyses assume that Typically solar neutrino analyses assume that ee

mixes with a combination of mixes with a combination of μμ and  and . This is exact. This is exact
only when only when 13 is zero. When 13 is non-zero, but small

we can use

PP3x33x3(( e   e) = Cos4
13 P2X2( e   e calc. with Cos2

13Ne)

                      + Sin4 
13

This works both for vacuum and matter oscillationsThis works both for vacuum and matter oscillations……



A global analysis of the solar neutrino data

Balantekin & Yuksel, J.
Phys. G 29, 665 (2003).



Solar + KamLAND Global Analysis



SNO first Salt Results , Balantekin and Yuksel, PRD 68, 113002 (2003)



Joint analysis of the solar
neutrino data  including
final SNO salt results and
KamLAND data

Balantekin, et al., PLB 613, 61 (2005)
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KamLAND and solar best fit values are not the same!
CPT-violation? Other new physics?



….or is it simply ignoring 13 ?

Sin 2Sin 2 1313= 0= 0

Sin 2Sin 2 1313= 0.1= 0.1

Sin 2Sin 2 1313= 0= 0

Sin 2 13= 0.1



A.B. Balantekin, D. A.B. Balantekin, D. YilmazYilmaz,,
arXivarXiv:0804.3345:0804.3345





Are nuclear fusion reactions the only source of solar
energy? To answer this question we need to accurately

measure solar neutrino luminosity!

• This is a crucial test of energy generation during
the main stage of stellar evolution.

• It is a test independent of the detailed dynamics
of the solar models.

• It requires pp, pep, 7Be, and CNO neutrino fluxes.

• Present uncertainty is very big, but a few percent
of accuracy is within reach.



How much does the CNO cycle contribute in the Sun?

In SSM CNO cycle contributeIn SSM CNO cycle contribute
about 0.8% of the neutrino flux.about 0.8% of the neutrino flux.
Data are consistent with this. AData are consistent with this. A
more precise measurement ofmore precise measurement of
the CNO contribution willthe CNO contribution will
provide a test of SSM.provide a test of SSM.


