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Introduction:  why folks are interested in neutrino mass 

Exercise: start with the Dirac equation, project out its four degrees of 
freedom

Allow for flavor mixing

To give the 4n by 4n mass matrix

(�̄c
L, �̄R, �̄L, �̄c

R)

�

⇧⇧⇤

0 0 ML MT
D

0 0 MD M†
R

M†
L M†

D 0 0
M�

D MR 0 0

⇥

⌃⌃⌅

�

⇧⇧⇤

�c
L

�R

�L

�c
R

⇥

⌃⌃⌅

Lm(x) � mD�̄(x)�(x)⇥MD�̄(x)�(x)

C �R/L C�1 = �c
R/L⇥R/L = 1

2 (1± �5)⇥]

�L �

�

⇤
�e

L
�µ

L
�⇥

L

⇥

⌅



Because the neutrino lacks a conserved charge, one can add terms
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to give the more general matrix

•  the Majorana terms do not arise for other SM fermions, which carry   
   additively conserved charges that distinguish particle, antiparticle

•  the Dirac masses might naturally be typical of other SM fermions:
   this requires a RHed neutrino field
   

Lm(x)�MD�̄(x)�(x) + (�̄c
L(x)ML�L(x) + �̄c

R(x)MR�R(x) + h.c.)



•  now ML can be introduced as a phenomenological term in the SM
   as it involves only ψL

•  but this term is probed experimentally in the second-order weak 
   process of neutrinoless double beta decay.  Limits from 76Ge 
   ML ≪1 eV ≪ MD

•  so this suggests a mass matrix that on diagonalization

 • take mν ∼ √m2
23 ∼ 0.05 eV and mD ∼ mtop ∼ 180 GeV 

                     ⇒ mR ∼ 0.3 × 1015 GeV 

   this connects small neutrino masses -- hard otherwise to explain -- with
   the high scale of the BSM RHed Majorana mass 
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Missing solar neutrinos were 
traced to the phenomenon of 

neutrino oscillations: 
Neutrinos spontaneous change 
from one type (electron) to 
another (muon) before they 

arrive on earth.

This phenomenon requires 
neutrinos to have a mass,

though our “standard model” of 
particle physics says neutrinos 

must be massless.

The mass requires either the 
existence of new neutrino 
states or new interactions.
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rinos. These neutrinos interact with atomic nuclei in the
water to produce electrons, muons or tau leptons that travel
faster than the speed of light in water to produce a shock wave
of light called Cerenkov radiation. This radiation can be
detected by sensitive photomultiplier tubes surrounding the
water tank.

From these signals, the SuperKamiokande team could also
determine the directions from which the neutrinos came.
Since the Earth is essentially transparent to neutrinos, those
produced high in the atmosphere on the opposite side of the
planet can reach the detector without any problems. The
team discovered that about half of the atmospheric neutrinos
from the other side of the Earth were lost, while those from
above were not. The most likely interpretation of this result is
that the muon neutrinos converted or “oscillated” to tau neut-
rinos as they passed through the Earth. SuperKamiokande is
unable to identify tau neutrinos. The particles coming from
the other side of the Earth have more opportunity to oscillate
than those coming from above. Moreover, if neutrinos con-
vert to something else by their own accord, we conclude that
they must be travelling slower than the speed of light and
therefore must have a mass.

SuperKamiokande was also used to monitor solar neut-
rinos. The fusion reactions that take place in the Sun only
produce electron neutrinos, but these can subsequently oscil-
late into both muon and tau neutrinos. Though the experi-
ment was able to detect the solar neutrinos, it was unable 
to distinguish between the different neutrino types. In con-
trast, the Sudbury Neutrino Observatory (SNO) in Canada
can identify the electron neutrinos because it is filled with
“heavy water”, which contains hydrogen nuclei with an extra
neutron. Small numbers of electron neutrinos react with the
heavy-hydrogen nuclei to produce fast electrons that create
Cerenkov radiation (figure 1).

By combining the data from SuperKamiokande and its own
experiment, the SNO collaboration determined how many
muon neutrinos or tau neutrinos were incident at the Japan-
ese detector. The SNO results also provided further evidence
for neutrino mass and confirmed that the total number of
neutrinos from the Sun agreed with theoretical calculations.

The implications of neutrino mass are so great that it is 
not surprising that particle physicists had been searching 
for direct evidence of its existence for over four decades. In
retrospect, it is easy to understand why these searches were
unsuccessful (figure 3). Since neutrinos travel at relativistic
speeds, the effect of their mass is so tiny that it cannot be
determined kinematically. Rather than search for neutrino
mass directly, experiments such as SuperKamiokande and
SNO have searched for effects that depend on the difference in
mass between one type of neutrino and another.

In some respects these experiments are analogous to inter-
ferometers, which are sensitive to tiny differences in frequency
between two interfering waves. Since a quantum particle can
be thought of as a wave with a frequency given by its energy
divided by Planck’s constant, interferometry can detect tiny
mass differences because the energy and frequency of the
particles depend on their mass.

Interferometry works in the case of neutrinos thanks to the
fact that the neutrinos created in nuclear reactions are actu-
ally mixtures of two different “mass eigenstates”. This means,
for example, that electron neutrinos slowly transform into 
tau neutrinos and back again. The amount of this “mixing” is

quantified by a mixing angle, θ. We can only detect interfer-
ence between two eigenstates with small mass differences if
the mixing angle is large enough. Although current experi-
ments have been unable to pin down the mass difference and
mixing angle, they have narrowed down the range of possi-
bilities (figure 4).

Implications of neutrino mass
Now that neutrinos do appear to have mass, we have to solve
two problems. The first is to overcome the contradiction be-
tween left-handedness and mass. The second is to understand
why the neutrino mass is so small compared with other parti-
cle masses – indeed, direct measurements indicate that elec-
trons are at least 500 000 times more massive than neutrinos.
When we thought that neutrinos did not have mass, these
problems were not an issue. But the tiny mass is a puzzle, and
there must be some deep reason why this is the case.

Basically, there are two ways to extend the Standard Model
in order to make neutrinos massive. One approach involves
new particles called Dirac neutrinos, while the other ap-
proach involves a completely different type of particle called
the Majorana neutrino.

The Dirac neutrino is a simple idea with a serious flaw. Ac-
cording to this approach, the reason that right-handed neut-
rinos have escaped detection so far is that their interactions are
at least 26 orders of magnitude weaker than ordinary neut-
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(a) According to the Higgs mechanism in the Standard Model, particles in the
vacuum acquire mass as they collide with the Higgs boson. Photons (γ) are
massless because they do not interact with the Higgs boson. All particles,
including electrons (e), muons (µ) and top quarks (t), change handedness
when they collide with the Higgs boson; left-handed particles become 
right-handed and vice versa. Experiments have shown that neutrinos (ν) are
always left-handed. Since right-handed neutrinos do not exist in the Standard
Model, the theory predicts that neutrinos can never acquire mass. (b) In one
extension to the Standard Model, left- and right-handed neutrinos exist.
These Dirac neutrinos acquire mass via the Higgs mechanism but 
right-handed neutrinos interact much more weakly than any other particles.
(c) According to another extension of the Standard Model, extremely heavy
right-handed neutrinos are created for a brief moment before they collide with
the Higgs boson to produce light left-handed Majorana neutrinos.
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rinos. These neutrinos interact with atomic nuclei in the
water to produce electrons, muons or tau leptons that travel
faster than the speed of light in water to produce a shock wave
of light called Cerenkov radiation. This radiation can be
detected by sensitive photomultiplier tubes surrounding the
water tank.

From these signals, the SuperKamiokande team could also
determine the directions from which the neutrinos came.
Since the Earth is essentially transparent to neutrinos, those
produced high in the atmosphere on the opposite side of the
planet can reach the detector without any problems. The
team discovered that about half of the atmospheric neutrinos
from the other side of the Earth were lost, while those from
above were not. The most likely interpretation of this result is
that the muon neutrinos converted or “oscillated” to tau neut-
rinos as they passed through the Earth. SuperKamiokande is
unable to identify tau neutrinos. The particles coming from
the other side of the Earth have more opportunity to oscillate
than those coming from above. Moreover, if neutrinos con-
vert to something else by their own accord, we conclude that
they must be travelling slower than the speed of light and
therefore must have a mass.

SuperKamiokande was also used to monitor solar neut-
rinos. The fusion reactions that take place in the Sun only
produce electron neutrinos, but these can subsequently oscil-
late into both muon and tau neutrinos. Though the experi-
ment was able to detect the solar neutrinos, it was unable 
to distinguish between the different neutrino types. In con-
trast, the Sudbury Neutrino Observatory (SNO) in Canada
can identify the electron neutrinos because it is filled with
“heavy water”, which contains hydrogen nuclei with an extra
neutron. Small numbers of electron neutrinos react with the
heavy-hydrogen nuclei to produce fast electrons that create
Cerenkov radiation (figure 1).

By combining the data from SuperKamiokande and its own
experiment, the SNO collaboration determined how many
muon neutrinos or tau neutrinos were incident at the Japan-
ese detector. The SNO results also provided further evidence
for neutrino mass and confirmed that the total number of
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The implications of neutrino mass are so great that it is 
not surprising that particle physicists had been searching 
for direct evidence of its existence for over four decades. In
retrospect, it is easy to understand why these searches were
unsuccessful (figure 3). Since neutrinos travel at relativistic
speeds, the effect of their mass is so tiny that it cannot be
determined kinematically. Rather than search for neutrino
mass directly, experiments such as SuperKamiokande and
SNO have searched for effects that depend on the difference in
mass between one type of neutrino and another.

In some respects these experiments are analogous to inter-
ferometers, which are sensitive to tiny differences in frequency
between two interfering waves. Since a quantum particle can
be thought of as a wave with a frequency given by its energy
divided by Planck’s constant, interferometry can detect tiny
mass differences because the energy and frequency of the
particles depend on their mass.

Interferometry works in the case of neutrinos thanks to the
fact that the neutrinos created in nuclear reactions are actu-
ally mixtures of two different “mass eigenstates”. This means,
for example, that electron neutrinos slowly transform into 
tau neutrinos and back again. The amount of this “mixing” is

quantified by a mixing angle, θ. We can only detect interfer-
ence between two eigenstates with small mass differences if
the mixing angle is large enough. Although current experi-
ments have been unable to pin down the mass difference and
mixing angle, they have narrowed down the range of possi-
bilities (figure 4).

Implications of neutrino mass
Now that neutrinos do appear to have mass, we have to solve
two problems. The first is to overcome the contradiction be-
tween left-handedness and mass. The second is to understand
why the neutrino mass is so small compared with other parti-
cle masses – indeed, direct measurements indicate that elec-
trons are at least 500 000 times more massive than neutrinos.
When we thought that neutrinos did not have mass, these
problems were not an issue. But the tiny mass is a puzzle, and
there must be some deep reason why this is the case.

Basically, there are two ways to extend the Standard Model
in order to make neutrinos massive. One approach involves
new particles called Dirac neutrinos, while the other ap-
proach involves a completely different type of particle called
the Majorana neutrino.

The Dirac neutrino is a simple idea with a serious flaw. Ac-
cording to this approach, the reason that right-handed neut-
rinos have escaped detection so far is that their interactions are
at least 26 orders of magnitude weaker than ordinary neut-
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(a) According to the Higgs mechanism in the Standard Model, particles in the
vacuum acquire mass as they collide with the Higgs boson. Photons (γ) are
massless because they do not interact with the Higgs boson. All particles,
including electrons (e), muons (µ) and top quarks (t), change handedness
when they collide with the Higgs boson; left-handed particles become 
right-handed and vice versa. Experiments have shown that neutrinos (ν) are
always left-handed. Since right-handed neutrinos do not exist in the Standard
Model, the theory predicts that neutrinos can never acquire mass. (b) In one
extension to the Standard Model, left- and right-handed neutrinos exist.
These Dirac neutrinos acquire mass via the Higgs mechanism but 
right-handed neutrinos interact much more weakly than any other particles.
(c) According to another extension of the Standard Model, extremely heavy
right-handed neutrinos are created for a brief moment before they collide with
the Higgs boson to produce light left-handed Majorana neutrinos.
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rinos. The idea of the Dirac neutrino works in the sense that
we can generate neutrino masses via the Higgs mechanism
(figure 2b). However, it also suggests that neutrinos should have
similar masses to the other particles in the Standard Model. To
avoid this problem, we have to make the strength of neutrino
interactions with the Higgs boson at least 1012 times weaker
than that of the top quark. Few physicists accept such a tiny
number as a fundamental constant of nature.

An alternative way to make right-handed neutrinos ex-
tremely weakly interacting was proposed in 1998 by Nima
Arkani-Hamed at the Stanford Linear Accelerator Center,
Savas Dimopoulous of Stanford University, Gia Dvali of the
International Centre for Theoretical Physics in Trieste and
John March-Russell of CERN. They exploited an idea from
superstring theory in which the three dimensions of space
with which we are familiar are embedded in 10- or 11-dimen-
sional space–time. Like us, all the particles of the Standard
Model – electrons, quarks, left-handed neutrinos, the Higgs
boson and so on – are stuck on a three-dimensional “sheet”
called a three-brane.

One special property of right-handed neutrinos is that they
do not feel the electromagnetic force, or the strong and weak
forces. Arkani-Hamed and collaborators argued that right-
handed neutrinos are not trapped on the three-brane in the
same way that we are, rather they can move in the extra
dimensions. This mechanism explains why we have never
observed a right-handed neutrino and why their interactions
with other particles in the Standard Model are extremely
weak. The upshot of this approach is that neutrino masses
can be very small.

The second way to extend the Standard Model involves
particles that are called Majorana neutrinos. One advantage
of this approach is that we no longer have to invoke right-
handed neutrinos with extremely weak interactions. How-
ever, we do have to give up the fundamental distinction
between matter and antimatter. Although this sounds bizarre,
neutrinos and antineutrinos can be identical because they
have no electric charge.

Massive neutrinos sit naturally within this framework.
Recall the observer travelling at the speed of light who over-
takes a left-handed neutrino and sees a right-handed neut-
rino. Earlier we argued that the absence of right-handed
neutrinos means that neutrinos are massless. But if neutrinos
and antineutrinos are the same particle, then we can argue
that the observer really sees a right-handed antineutrino and
that the massive-neutrino hypothesis is therefore sound.

So how is neutrino mass generated? In this scheme, it is
possible for right-handed neutrinos to have a mass of their
own without relying on the Higgs boson. Unlike other quarks
and leptons, the mass of the right-handed neutrino, M, is not
tied to the mass scale of the Higgs boson. Rather, it can be
much heavier than other particles.

When a left-handed neutrino collides with the Higgs boson,
it acquires a mass, m, which is comparable to the mass of
other quarks and leptons. At the same time it transforms into
a right-handed neutrino, which is much heavier than energy
conservation would normally allow (figure 2c). However, the
Heisenberg uncertainty principle allows this state to exist for a
short time interval, ∆t, given by ∆t ~ h!/Mc2, after which the
particle transforms back into a left-handed neutrino with
mass m by colliding with the Higgs boson again. Put simply,
we can think of the neutrino as having an average mass of
m2/M over time.

This so-called seesaw mechanism can naturally give rise to
light neutrinos with normal-strength interactions. Normally
we would worry that neutrinos with a mass, m, that is similar
to the masses of quarks and leptons would be too heavy. How-
ever, we can still obtain light neutrinos if M is much larger
than the typical masses of quarks and leptons. Right-handed
neutrinos must therefore be very heavy, as predicted by grand-
unified theories that aim to combine electromagnetism with
the strong and weak interactions.

Current experiments suggest that these forces were unified
when the universe was about 10–32 m across. Due to the un-
certainty principle, the particles that were produced in such
small confines had a high momentum and thus a large mass.
It turns out that the distance scale of unification gives right-
handed neutrinos sufficient mass to produce light neutrinos
via the seesaw mechanism. In this way, the light neutrinos that
we observe in experiments can therefore probe new physics at
extremely short distances. Among the physics that neutrinos
could put on a firm footing is the theory of supersymmetry,
which theorists believe is needed to make unification happen
and to make the Higgs mechanism consistent down to such
short distance scales.

Why do we exist?
Abandoning the fundamental distinction between matter and
antimatter means that the two states can convert to each
other. It may also solve one of the biggest mysteries of our uni-
verse: where has all the antimatter gone? After the Big Bang,
the universe was filled with equal amounts of matter and anti-
matter, which annihilated as the universe cooled. However,
roughly one in every 10 billion particles of matter survived
and went on to create stars, galaxies and life on Earth. What
created this tiny excess of matter over antimatter so that we
can exist?

With Majorana neutrinos it is possible to explain what
caused the excess matter. The hot Big Bang produced heavy
right-handed neutrinos that eventually decayed into their
lighter left-handed counterparts. As the universe cooled, there
was insufficient energy to produce further massive neutrinos.
Being an antiparticle in its own right, these Majorana neut-
rinos decayed into left-handed neutrinos or right-handed
antineutrinos together with Higgs bosons, which underwent
further decays into heavy quarks. Even slight differences in the
probabilities of the decays into matter and antimatter would
have left the universe with an excess of matter.

3 Fermions weigh in
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A comparison of the masses of all the fundamental fermions, particles with
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mass of neutrinos directly, rather the mass difference between the different
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Most of what we now know about neutrinos
      -- mass differences
      -- mass patterns
      -- oscillations between flavors
      -- limits on the absolute mass
has come from astrophysics and cosmology



•  a surprising nuclear physics discovery in 1959 -- a measured cross
   section for 3He+4He 1000 times larger than theory -- meant that
   ν detection techniques of Ray Davis could be used for solar νs

•  this stimulated the development of the “standard solar model” to   
   predict the core temperature of the Sun to the requisite precision, 1% 

•  the SSM assumes
       ◊ local hydrostatic equilibrium: gas pressure gradient counteracting
           gravitational force
       ◊ hydrogen burning, dominated by the pp chain
       ◊ energy transport by radiation (within interior 70% by radius) and 
           convection (convective envelope, outer 30%)
       ◊ highly constrained by today’s mass, radius, luminosity, and metal
           abundances (meteoritic, or measured from Sun’s surface)

•  the SSM is in fact our general theory for hydrogen-burning stars,   
   about  80% of the stars we see in our galaxy

Solar Neutrinos



ppI ppII ppIII

7Li + p 2 4He 8B 8Be* + e+ +

7Be + e- 7Li + 7Be + p 8B +

99.89% 0.11%

3He + 4He 7Be +3He + 3He 4He + 2p

86% 14%

2H + p 3He +
99.75% 0.25%

p + p 2H + e+ + p + p + e- 2H +

three competing branches   ⟺    three neutrino tags
luminosity, pp νs ∝ T4     8B νs ∝ T22:  a thermometer!



The limiting uncertainties in the model are nuclear, and often theoretical

We lack a theory capable of extrapolating very precise data measured at 
feasible energies (here above 100 keV) to solar energies (here 20 keV) 
without degrading the experimental precision

7Be(p,γ)8B:
determines 
the ν flux 
measured by 
SNO, 
SuperK



SSM: Model vs Experiments 

Kyoto%–%04.06.12% Neutrino%2012%

By early 1990s three experiments -- using Cl, water (Kamiokande), and
Ga -- had confirmed a solar neutrino deficit of a factor of 1/3-1/2



in this talk, or to see relevant background information, you can copy them
from my Web site: http://www.sns.ias.edu/ªjnb .

4 Standard Model Predictions

Figure 2 shows the predicted standard model neutrino fluxes from the dom-
inant p-p fusion chain.

Figure 2: The energy spectrum of neutrinos from the pp chain of interactions in the Sun,
as predicted by the standard solar model. Neutrino fluxes from continuum sources (such as
pp and 8B) are given in the units of counts per cm2 per second. The pp chain is responsible
for more than 98% of the energy generation in the standard solar model. Neutrinos
produced in the carbon-nitrogen-oxygen CNO chain are not important energetically and
are di±cult to detect experimentally. The arrows at the top of the figure indicate the
energy thresholds for the ongoing neutrino experiments.

Figure 3 shows for the chlorine experiment all the predicted rates and the
estimated uncertainties (1æ) published by my colleagues and myself since

5

Neutrino Energy (MeV)

N
eu

tr
in

o 
Fl

ux

GALLEX/SAGE Chlorine Kamioka II/III



•  The initial Cl result could be accounted for by stipulating that the
   SSM prediction of the solar core temperature was too high by 5%

•  Subsequent results from the Ga (sensitive to the lowest-energy pp 
   neutrinos) and water (sensitive only to the 8B νs) undercut this
   explanation:  other observables required a hotter solar core

•  Astronomy developed techniques to deduce the sound speed profile
   throughout most of the solar interior -- exceedingly precise
   (few 0.1%) test of solar density and temperature profiles via
   helioseismology

•  The excellent agreement between the observed and SSM sound
   speed profiles strongly suggested that the solar neutrino puzzle
   was due to new neutrino physics

•  The prospect of confirming BSM physics motivated two 
   extraordinary experiments, SNO, Super-Kamiokande, and Borexino



turbulence in the solar convective zone acts as a random driver 

specific “normal modes” are excited that probe the Sun’s sound 
speed to specific solar depths:   Doppler shifts measured



SNO heavy-water Cerenkov detector constructed 2 km below 
ground in Sudbury nickel mine, Ontario



Vacuum flavor oscillations:  mass and weak eigenstates

|νe > ↔ |νL > mL

|νµ > |νH > mH

flavor
states

mass
states

Noncoincident bases ⇒ oscillations down stream:

νμ appearance downstream ⇔ vacuum oscillations

|ve > = cos θ|νL > + sin θ|νH >

|vµ > = − sin θ|νL > + cos θ|νH >

|νk
e > = |νk(x = 0, t = 0) > E2 = k2 + m2

i

|νk(x ∼ ct, t) > = eikx
[

e−iELt cos θ|νL > +e−iEHt sin θ|νH >
]

| < νµ|ν
k(t) > |2 = sin2 2θ sin2

(

δm2

4E
t

)

, δm2 = m2

H − m2

L

vacuum mixing
        angle



Can slightly generalize this

   

 with the subsequent evolution downstream governed by

                                                 vacuum mν2 matrix

This problem familiar from hadronic physics:  the Cabibbo angle and
CKM matrix.

But in astrophysics, we can use matter to control the mixing angle!



solar matter generates a flavor asymmetry

  

•  modifies forward scattering amplitude: flavor-dependent index
   of refraction

•  the affect is proportional to the (changing) solar electron density

•  makes the electron neutrino heavier at high density    

solar matter generates a flavor asymmetry
d
d
d
d
d
d
d
• modifies forward scattering amplitude, and thus � index of refraction
• explicitly ⇥e dependent

m2
�e = 4E

�
2GF⇥e(x)

• makes the electron neutrino heavier at high densities
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inserting this into mass matrix generates the 2-flavor MSW equation

or equivalently

                                              
   
the mν2 matrix’s diagonal elements vanish at a critical density (that 
must mean maximal mixing of degenerate states)
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    Via a picture for the case of a small vacuum mixing angle 

                                  MSW mechanism 

                                
stays on upper trajectory 
if adiabatic -- if the density 
changes gently
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2  MSW.nb

Figure 5: A simple example illustrating the MSW mechanism. The top frame shows vacuum
oscillations for a ⌫e created at R = �20 and propagating to the right, for ✓v=15�. The average ⌫e

survival probability is large, 87.5%. (Here the distance R is given in units related to the oscillation
length, 4E cos 2✓/(�m2 sin2 2✓).) In the bottom frame an electron density ⇢(R) has been added
proportional to 1�(2/⇡) tan�1 aR, with a chosen to guarantee adiabaticity, and normalized so that
1) ⇢(r) ! 0 as R ! 1; 2) the matter e↵ects cancel the vacuum mass di↵erence for R ⇠ 0 (the
MSW crossing point); and 3) the matter e↵ects reverse the sign of �m2 as R ! �1. Thus these
are the MSW conditions described in the text. A ⌫e created at high density (R = �20), where
it approximately coincides with the local heavy-mass eigenstate, adiabatically propagates to low-
density (R = +20), where it approximately coincides with the ⌫µ. Thus the ⌫e survival probability
at R = 20 is much reduced, compared to the vacuum case. Note that the local oscillation length is
maximal near the crossing point.
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Mathematica HW problem

a) vacuum oscillations θ=15°
    R from -20 to +20

    R in units of

b) matter oscillations

    add

    normalize so that crossing occurs
    at R = 0

    note 

    So     is produced as a heavy 
    eigenstate, then propagates toward
    the vacuum, where it is the
    light eigenstate 

4E cos 2✓

�m2
sin

2
2✓

⇢e(R) / 1� 2
⇡

arctan aR

⇢e(R)! 0 as R!1

⌫e

                                  
note increase in
oscillation length
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the solution to 
the solar ν 
problem
         



)-1 s-2 cm
6

 10! (e!
0 0.5 1 1.5 2 2.5 3 3.5

)
-1

 s
-2

 c
m

6
  

1
0

!
 ( "

"
!

0

1

2

3

4

5

6

 68% C.L.
CC

SNO
!

 68% C.L.
NC

SNO
!

 68% C.L.
ES

SNO
!

  68% C.L.
ES

SK
!

 68% C.L.
SSM

BS05
!

 68%, 95%, 99% C.L.
""

NC
!

and John had the joy of learning the answer and 
finding he was right

Figure 13: The top and bottom figures correspond to the initial and latest SNO results. The
analysis divides the flux of 8B solar neutrinos into ⌫µ/⌫⌧ and ⌫e flavors. The diagonal bands
show the total 8B dlux as predicted by the SSM (dashed lines) and that measured with the
NC reaction in SNO (solid band). The widths of these bands represents ±1� errors. The
bands intersect in a single region for �(⌫e) and �(⌫µ/⌫⌧ ), indicating that the combined flux
results are consistent with neutrino flavor transformation assuming no distortion in the 8B
neutrino energy spectrum.
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The definitive experiment was SNO, which measured the flux in
three different flavor channels



Survival Probability 

Matter effects produce a characteristic energy-dependence in the
νe survival probability, in accord with experiments

matter effects herevacuum oscillations
here

from Art McDonald



•  the solution corresponds so a                                 

•  because we use matter to alter this splitting in the Sun, the    
    measurements determine the sign of this mass difference 

•  similar work done with atmospheric νs, probing                                ,
   in vacuum

•  this year the reactor experiments Daya Bay, RENO, and Double Chooz
   measured the third mixing, 

•  the neutrino analog of the three-generation CKM matrix is mostly
   in hand
   

�m2
12 ⇠ 10�5eV2

�m2
23 ⇠ 10�3eV2

✓13
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Hierarchy:

12

νe [|Uei|2] νµ[|Uµi|2] ντ [|Uτi|2]

Normal Inverted

ν1

ν2

ν3

(Mass)2

ν3

ν1

ν2

or

sin2θ13

sin2θ13

The spectrum, showing its approximate flavor content, is

(artwork: Boris Kayser)

to within current
experimental 

accuracy, a mixing 
angle of 45°



These results are important to the quest to understand
baryogenesis.  CP violating observables proportional to

the coefficient is a factor of 1000 larger than in the case of the CKM 
matrix -- reflecting the generally large ν mixing angles

This has encouraged the long-baseline program to see leptonic CP 
violation, e.g., 

(and hopes to connect the results to processes like baryogenesis)
   

J⌫
CP = sin ✓12 sin ✓23 sin ✓13 cos ✓12 cos ✓23 cos

2 ✓13 sin �

⇠ 0.03 sin �

P (⌫µ ! ⌫e) vs. P (⌫̄µ ! ⌫̄e)
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 Higher densities needed to see matter effects in the 2-3 oscillations

crossing at 104 g/cm3 

solar crossing
at 102 g/cm3

atmospheric

(vacuum)
νµ → ντ

This situation is found in core collapse supernovae



Weaver & Woosley, Sci Am, 1987

SNII progenitor evolution to collapse instability 

Woosley and Weaver, 1987



•  massive star evolves through burning cycles ... H, He, C, ..., to Si burning,
   which leads to a growing inert Fe core at its center
                                   
•  when the core mass reaches ∼ 1.4 M⦿

 it can do longer be stably 
   supported by electron gas pressure, implodes

•  the collapse is rapid, at nearly the free-fall velocity, and relatively
   little of the released gravitational energy is radiated away:  not even
   neutrinos can escape the star on the collapse timescale

•  collapse is halted at super-nuclear densities by the nuclear equation
   of state:  a trampoline like rebound of the core produce pressure
   waves that collect at the sonic point, in the outer iron core,
   producing a shock wave that travels outward through the star’s
   mantle

•  modern simulations predict that a prompt hydrodynamic explosion
   fails, but that ν heating of the hot nucleon soup left in the shock’s wake
   can revive the shock wave and successfully explode the star
   



FIG. 2: Mass-radius diagram for neutron stars. Black (green) curves are for normal matter (SQM)

equations of state [for definitions of the labels, see [27]]. Regions excluded by general relativity

(GR), causality and rotation constraints are indicated. Contours of radiation radii R∞ are given

by the orange curves. The dashed line labeled ∆I/I = 0.014 is a radius limit estimated from Vela

pulsar glitches [27].
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from Lattimer and Prakash

Significant nuclear EOS uncertainties here (hot, dense, high trapped 
lepton number) and in the corresponding neutron star problem
(cooler, lepton number radiated away, neutron dominated) 



Neutrino Energy SpectraNeutrino Energy Spectra

• at “Neutrino Sphere”
• Near Fermi-Dirac energy distribution

Neutrino decoupling from star flavor-dependent: temperature hierarchy

(weakly coupled) Theavyflavor > Tν̄e
> Tνe

(neutron rich)



•  99% of the gravitational collapse energy radiated in neutrinos over
   the ∼ 3 sec proto-neutron star cooling time:   1057/flavor

•  the ν heating of the nucleon gas lifts and drives that material off
   the star:  a neutrino wind 

•  oscillations can enhance this coupling

•  novel new MSW mechanisms operate:  neutrinos scattering off
   other trapped neutrinos can dominate the effective ν mass

•  these effects create environments where the many nuclei not
   created in BBN may be synthesized -- under thermodynamic 
   conditions remarkable similar to BBN
 

This neutrino environment is extraordinary



n/p<1
n/p>1

TimeTime

TemperatureTemperature

Weak Freeze-OutWeak Freeze-Out Weak Freeze-OutWeak Freeze-Out

Alpha Particle FormationAlpha Particle Formation Alpha Particle FormationAlpha Particle Formation

FLRW UniverseFLRW Universe  (S/k~1010) Neutrino-Driven WindNeutrino-Driven Wind  (S/k~102)

NEUTRONPROTON

T= 0.7 MeV T~ 0.9 MeV

T~ 0.1 MeV T~ 0.75 MeV

Outflow from Neutron Star
The Bang

a neutron rich big bang:  figure by George Fuller



The r-process puzzle

• Metal-poor halo stars:  r-process 
distribution for Z >56 (A >130) 
matches solar abundances

• Explorations of supernova 
neutrino winds as a site -- 
frequency/yield and mixing 
consistent with observation

• Chronometer argument for 
possible multiple sites -- or 
distinct phases

H. Schatz

Nuclear Physics in the r-process

Masses (Sn)
(location of the path)

-decay half-lives
(abundance and
process speed)

Fission rates and distributions:
• n-induced
• sponatneous
• -delayed-delayed n-emission

branchings
(final abundances)

n-capture rates
• for A>130

in slow freezeout
• for A<130

maybe in a “weak” r-process ?

Seed production
rates ( , n, 2n, ..)

-phyiscs ?
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Summary:  theme here has been deep connection between weak 
interactions in astrophysics and strong interactions

-- the baryon number of the universe is known because BBN 
   allows us to compare a weak interactions clock with the
   cosmological expansion scale

-- the dominance of protons in our universe is connected with the
   anomalously small binding energy of the deuteron

-- an essential requirement for the existence of baryons, CP
    violation, could originate among the νs:  the large mixing
    angles discovered in the past several years potentially magnify
    low-energy CP violation by 3 orders of magnitude

-- the conditions needed to synthesize neutron-rich nuclei are
   found in neutrino winds of SN, and may be enhanced by
   oscillations


