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Multi-Messengers from Compact Sources    

❏   Neutrinos in multi-messenger astrophysics

❏   Core collapse supernovae 

❏   Nucleosynthesis

Lecture I1: Neutrinos in Multi-Messenger Astrophysics



Inner space/Outer space Connections: Open Questions

1. Hierarchy:  Matter can be used to probe eigenstate orderings!  
                   Sun is not dense enough to cause the 3rd neutrino to cross

So we need to find another way: NOvA, T2K, LBNE, ….
(Evidence is mounting it is normal)
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The spectrum, showing its approximate flavor content, is



2. Absolute mass:  Oscillations probe mass differences 
                           There can be an offset — the mass of the lightest neutrino

KATRIN just starting: pushing the technology to the limits
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FIG. 3: The electron energy spectrum of tritium β decay: (a) complete and (b) narrow region around endpoint E0. The
β spectrum is shown for neutrino masses of 0 and 1 eV.

1. the hydrogen isotope tritium and its daughter, the 3He+ ion, have a simple electron shell configuration. Atomic
corrections for the β decaying atom -or molecule- and corrections due to the interaction of the outgoing β-electron
with the tritium source can be calculated in a simple and straightforward manner

2. The tritium β decay is a super-allowed nuclear transition. Therefore, no corrections from the nuclear transition
matrix elements M have to be taken into account.

The combination of all these features makes tritium an almost ideal β emitter for neutrino mass investigations.

Current tritium β-decay results

The Mainz and Troitsk groups have set the most precise limits on the electron antineutrino mass. Both experiments
utilize novel magnetic solenoidal retarding electrostatic spectrometers which measure an integral beta spectrum,
integrating all energies above the acceptance energy of the spectrometer. In their measurements, the Mainz group
utilized a frozen molecular tritium source. Their result [165] is:

m2
νe

= −1.2 ± 2.2 ± 2.1 eV 2, (37)

which yields a limit of:

mνe
< 2.2 eV (95%CL). (38)

This result is based on data that has passed several systematic and consistency checks. The Troitsk group[166, 167]
developed a gaseous molecular tritium source and has also published a limit similar to that of the Mainz group of

m2
νe

= −2.3 ± 2.5 ± 2.0 eV 2, (39)

with a limit of:

mνe
< 2.1 eV (95%CL). (40)

However, they must include a not well understood step function near the endpoint in order to produce such a limit.

Next generation experiments

The KArlsruhe TRItium Neutrino project (KATRIN) experiment

The KArlsruhe TRItium Neutrino project (KATRIN) experiment is a next-generation tritium β-decay experiment
designed to measure the mass of the neutrino with sub-eV sensitivity[168]. KATRIN utilizes a windowless gaseous
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2.2 MeV  ➝    0.25 MeV = 250 meV



A potentially more powerful alternative:  the influence of BBN neutrinos
(the cosmological neutrino component of DM) on large-scale structure:

Relativistic species suppress the growth of LSS:  relativistic particles
travel further, helping to equilibrate on large scales

Neutrinos can start off relativistic, become non relativistic:  the effects
are both scale and red shift dependent

                                                                leverage: at 0.1% density of
                                                                neutrinos has a 1% impact on
                                                                the power at large wave numbers
                                                                
                                                                e.g., CMB measurements at large
                                                                k are still far below the statistical
                                                                limit: much improvement to come 
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Neutrino mixing status: θ12, θ23
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The mixing:   knowns                           

3.  known unknowns

    is one of the goals of LBNE, T2K, NOvA, etc

✓12, ✓23, ✓13

�, �1, �2

✓12 ⇠ 34o✓13 ⇠ 8.3o



DUNE (Fermilab to Sanford Lab)
T2KII (upgraded T2K beam to HyperKamiokande):

hierarchy and CP phase
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Particle tracks created by a neutrino interaction in liquid argon in the Argon Neutrino Test project (ArgoNeuT).

Deep underground placement of a neutrino detector will shield it from cosmic rays, which are abundant and would

generate signals in the detector that serve only to complicate the data analysis. Most cosmic rays will get absorbed

by the matter above the detector. The DUNE LArTPC is planned for installation at 4850 feet (1,475 m) below the

surface.

The Near Detector

ICARUS
Image 6 of 6

Icarus-like LiAr detector

goals: hierarch, CP phase



JUNO: 20 kton liquid scintillator under construction
            hierarchy, precision measurements of mixing angles,
            supernova, solar, and geoneutrinos 



Two inner space/outer space mass questions are bigger than others

1.  Why are we here?   Might have expected the Big Bang to have 
      produced equal amounts of matter and antimatter — which would
      have annihilated as the universe expanded and cooled, leaving
      just a bath of radiation.    Did not happen.

      Efforts to create the needed baryon number and CP violation in the
      context of the SM have been unsuccessful:  parameters too small

      In GUT theories that preserve B-L, a very attractive alternative is 
      that large lepton number and CP violation lives among neutrinos,
      then communicated to the baryons.  The large mixing angles and
      possibly large CP of neutrinos greatly eases this 

2.   What generates neutrino mass?  Why are neutrinos so much 
      lighter than other SM fermions?    



Lepton number revisited

so operationally distinct, requiring a quantum number (lepton number)
to distinguish the two types of neutrinos;  reactions above then 

correspond to the additive conservation of lepton number

but this is wrong, post 1957
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Lepton number revisited

helicity alone can explain experiment
so this means the neutrino does not need another q. no.

the possibility of Majorana vs. Dirac is then completely open (good)

but the experiments above then do not tell us about 
neutrino types, as they could just reflect neutrino helicity (bad)
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These experiments can be done inside one nucleus, in the process of
neutrinoless double beta decay

Nature has made it easy to do this (apparently null) experiment
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Odd N and Z nuclei:  
two broken pairs

Even N and Z nuclei:  
attractive pairing force

Nuclear physics is a 
“filter” to isolate 

ββ decay

nucleons in nuclei of the same type find it energetically favorable to pair
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And now we see why the small neutrino mass is so important

If neutrinos have a mass, helicity is no longer a particle label

as the label would then be frame dependent, violating Lorentz invariance

Helicity suppresses previously forbidden amplitudes by 
Rates then suppressed by 

If the neutrino has a Majorana mass that simultaneous avoids the helicity 
and lepton number selection rules.  Neutrinoless       decay measures 
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Dirac:

boosts

CPTCPT

νLH νLH νRHνRH

We have been discussing two limits for describing massive neutrinos
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Let’s see the mass consequences:  start with the Dirac eq.  

Allow for multiple flavors and flavor mixing

Gives a 4n by 4n matrix, n the number of generations
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The Majorana mass terms complete this matrix
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The Majorana mass terms complete this matrix

                                                     

The SM:    1) has no RHed  ν  fields                   ⇒   no Dirac masses
                  2) renormalizable                              ⇒   no Majorana masses

so massless SM neutrinos              
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The Majorana mass terms complete this matrix

                                                     

But      1) might anticipate MD ∼ other SM Dirac masses
            2) know ML << MD  (no ββ decay),  reasonably  MR >> MD

so with these assumptions can diagonalize this matrix             
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The Majorana mass terms complete this matrix

                                                     

    

                                                                                                   seesaw

     SM fermion mass scale          needed “small parameter” specific to νs
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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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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.
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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-

2 Neutrinos meet the Higgs boson

µ

e

γ

t

ν
νL

× ××
× ××
×

tR

tL

tR

tL

µL

µR

µL
µR×

×
×

× ×

×

µR

µL

×
×

×
eL

eR eL

eR

×
×

××

ν

ν

νL νR νL

νL
νL

1/M

(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
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. 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.
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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.

a

b

c

p h y s i c s w e b . o r gP H Y S I C S W O R L D M A Y 2 0 0 2 37

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. 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.
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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
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. 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.
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mass of 0.5 MeV c–2. Neutrino-oscillation experiments do not measure the
mass of neutrinos directly, rather the mass difference between the different
types of neutrino. But by assuming that neutrino masses are similar to this
mass difference, we can place upper limits on the mass of a few hundred
millielectron-volts.

Murayama’s ν mass cartoon

standard model fermion masses

light LHed Majorana neutrino mass

light Dirac neutrino mass

← the anomalous ν mass scale,
     connected with the seesaw?

standard model ν and mass=0



So we come to the “bottom lines”

Neutrinos are special because they are unique among the SM fermions:
they carry no charges, and thus can be their own antiparticles.  Other
fermions must be Dirac

What is not forbidden must be allowed:  we expect neutrinos to carry
both masses.  This provides an understanding of their lightness

These same Majorana masses (or their HE cousins) could transmit this 
lepton number violation into the baryon sector, explaining why the Big 
Bang generated an excess of matter over antimatter

The discovery that mixing angles — and it appears CP violation — among 
the neutrinos are large makes this very plausible

These neutrino properties determine what neutrinos do in astrophysics

mlight
⌫ = MD

✓
MD

MR

◆
Simplest extension of the SM



Neutrinos in Multimessenger Astrophysics

Solar neutrinos might have been the first robust example of multi-
messenger astrophysics

• solar mass, radius, age, composition, luminosity (model constraints)
• helioseismology (model validation)
• neutrinos 

Another important example was provided by SN 1987a
• observed in the optical and in neutrinos
• the neutrino observations supported basic modeling ideas about

      the energy release and core cooling time accompanying collapse
• optical constraints provided a distance,  from which mildly 

      interesting limits on the neutrino lifetime and mass were obtained

Low energy sources:



FIG. 4. Natural neutrino sources. The terrestrial ν̄e flux and continuous flux of extragalactic
supernova neutrinos of all flavors are from Krauss et al. [12]. The solar (fusion) νe flux is the

standard solar result of Bahcall et al. [11]. The thermal solar neutrinos are for a single flavor.

spectrum contains a great deal of information on the temperature distribution within the
sun.

These remarks are made because the most likely opportunity for measuring the thermal
neutrino spectrum is a process that depends on flux density, not on total flux, and which
samples that flux at a precise energy, the resonant reaction

ν̄e + e− + (A, Z) → (A, Z − 1). (23)

This reaction has been discussed previously in connection with terrestrial ν̄e sources [12].
Cross sections can be large in high Z atoms, where the electron overlap with the nucleus
is favorable. Because nuclear level widths are very narrow, this process samples the ν̄e flux
density at a discrete energy. The are several possible candidate transitions with energies
between 2 and 20 keV. (One that has been studied in connection with neutrino mass mea-
surements is the decay of long-lived 163Ho to 163Dy, which has a positive q-value of less than
3 keV: either a neutrino mass or ν̄e inducement of electron capture alters the atomic orbits
that participate in the capture.)

The heavy-flavor neutrino flux also contains interesting information: if the existence of
this flux were established, it would immediately impose kinematic mass limits of ∼ 1 keV on
the νµ and ντ . Unfortunately there is no obvious possibility for measuring these species. The
problem could well prove as difficult as in the case of the cosmic microwave neutrinos, where
existing experimental bounds exceed the expected flux by about 15 orders of magnitude [14].
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Pre-Supernova Evolution 

Woosley and Weaver



Progenitor evolution

• The standard solar model just discussed is in fact the general model 
of stellar evolution for main-sequence stars:  the smaller, more slowly 
evolving hydrogen burning stars

• The guiding principle is hydrostatic equilibrium: the balancing of the 
gas pressure gradient and the gravitational force

• The higher gravitational potentials of more massive stars accelerates 
the evolution:  we are interested in progenitors of 8-25 Msolar

• Burning proceeds through a series of cycles:  when the core 
hydrogen has been exhausted, after a brief period of hydrogen shell 
burning, core contraction leads to temperatures densities are 
reached where core He can be ignited through the 3    process↵



• Process repeats through subsequent phases of C, O, Ne, .. burning: 
fuel exhaustion, core contraction, ignition of the ashes from the 
previous cycle, followed by a period of hydrostatic evolution

• Burning becomes increasingly rapid, explosive in later stages The 
underlying physics is nuclear energetics (binding energy/nucleon)

•  The final explosive Si-burning phase of a 25 Msolar star is     week

•  The growing Fe core has no way to tap further energy:  when it 
becomes sufficiently massive,    1.4 Msolar, the electron gas EoS is no 
longer able to support the star: the implosion begins

The source of energy for this evolution is nuclear binding energy. A plot of the nuclear
binding energy as a function of nuclear mass shows that the minimum is achieved at Fe. In
a scale where the 12C mass is picked as zero:

12C �/nucleon = 0.000 MeV
16O �/nucleon = -0.296 MeV
28Si �/nucleon = -0.768 MeV
40Ca �/nucleon = -0.871 MeV
56Fe �/nucleon = -1.082 MeV
72Ge �/nucleon = -1.008 MeV
98Mo �/nucleon = -0.899 Mev

where � is the nuclear binding energy relative to C. This defines the energy available from
burning carbon through iron, about 1 MeV. (Recall the energy liberated in burning protons
to He was about 6.5 MeV per nucleon.) Once the Si burns to produce Fe, there is no further
source of nuclear energy adequate to support the star. So as the last remnants of nuclear
burning take place, the core is largely supported by degeneracy pressure, with the energy
generation rate in the core being less than the stellar luminosity. The core density is about
2 ⇥109 g/cc and the temperature is kT ⇠ 0.5 MeV.

As the Fe core, as it grows, cannot produce nuclear energy to sustain equilibrium, the
possibility for stable evolution is support by degeneracy pressure. We have encountered a
situation like this before: we previously discussed solar-mass-like red giants with degenerate
He cores, prior to He ignition. The current situation is di↵erent, in that we are envision a
massive star, perhaps 25M�. We also have a core that is growing, as the ashes of Si burning
are added to the Fe core. Thus we need to determine whether anything interesting happens,
and if so, at what core mass? We can return to the Lane-Emden equation to try to answer
this. We started with an EoS

p(r) = k⇢(r)� (1)

We introduced a function
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Qualitative aspects of the collapse

• The iron core collapses at    0.6 of the free-fall velocity
• infall does work on the matter: temperatures increase
• rising density and temperature drive 
• this is part of the initial neutronization caused by the rising

           electron chemical potential
• some energy also gets removed from the electron gas by 

nuclear excitations
• both effects reduce the capacity of the gas to support the star

• The physics of this period determines the initial conditions of the 
core at maximum density, and thus of the explosion

• energy is being removed from the star by neutrino emission

• but this process shuts off mid-way through the collapse: trapping

⇠

p+ e� ! n+ ⌫e

rate ⇠ G2
FT

5



• “Trapping” means conditions are reached where the time required 
for a neutrino to random walk out of the star is long compared to 
the time to core bounce

• The dominant cross section responsible for trapping is neutral 
current scattering off nuclei

• As Bethe emphasized, entropy is a critical parameter:  if the infalling
   nuclear material can be kept cold until one reaches trapping, less
   electron capture will occur and thus less lepton number will be radiated. 
   This leads to a larger core that is easier to explode

• The neutrino physics is complex, interconnected.  Low-energy 
   escape more readily.  The low-energy states basically empty at the
   speed of light, then refill as rapidly as possible due to other neutrinos
   “downscattering” of electrons or nuclei

�
coherent

⇠ E2

⌫Z
2

weak

Z
weak

⇠ N
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So:      pre-collapse 

An infalling volume element that will become core material looses lepton
number by electron capture and neutrino emission

This process is halted at                            by NC neutrino trapping

 The final value of           is the most important parameter determining
the strength of the subsequent hydrodynamical shock and thus the
prospect of a successful collapse

After trapping, the initial conditions for core bounce are fixed.  As 
every volume element in the star is gravitational bound at this point,
most of the rest of the physics is about transport of the gravitational
energy released in the collapse:

giving the ejected mantle of the star more than its fair share                 

core electrons/baryon ⌘ Y core

L (0) = Y core

e (0) ⇠ 0.42

⇢ ⇠ 1012 g/cm3

Y core

L
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ve + A*) rates on core infall, models 1-8 as described in Table 
1 were computed up to the point of core bounce. Only ve’s were 
transported in these models, since the ve’s and the other neu- 
trino flavors and their antiparticles are not important during 
this epoch of core evolution. Models 1-4 were computed with 
various combinations of charged- and neutral-current pro- 
cesses turned on but with neutrino-electron scattering turned 
off*. Models 5-8 were similar respectively to models 1-4, except 
that neutrino-electron scattering was turned on. 

An extremely important quantity to consider during the core 
infall is the lepton fraction YL, which is the net lepton number 
per baryon. The immediate precollapse value of YL in the core 
is equal to the value of Ye, since the ve fraction YVe is assumed to 
be zero at this time. The precollapse value of Ye for a given zone 
is determined by the prior electron-capture history of that 
zone. It is typically about 0.42 near the core center at the onset 
of collapse. As the collapse proceeds, ve’s are produced by 
electron capture. The escape of these ve’s reduces YL. This con- 
tinues until the density becomes sufficiently high (about 1012 g 
cm“3) for the ve diffusion rate to fall below the collapse rate. 
The ve’s then become trapped in the infalling matter, at least 
for the next few important tens of milliseconds of the core 
evolution. As discussed in § 2.2, what is important about YL is 
that the strength of the shock formed at core bounce and its 
success in expelling matter in a prompt fashion is extremely 
sensitive to the ratio of the trapped YL to its precollapse value. 
Larger values of this ratio produce stronger shocks. The ratio 
of the trapped YL to its precollapse value is, in fact, the most 
important quantity governing the hydrodynamics of the core 
immediately after bounce. 

o11 1012 1013 1014 

Central Density (g cm'3) 
Fig. 3.—Lepton fraction YL as a function of the density of a comoving mass 

element near the core center during infall for the various indicated models. 

Another important quantity to consider during core infall is 
the matter entropy s. The free-proton mass fraction is a very 
sensitive function of the matter entropy. Any entropy gener- 
ation that occurs before the ve’s become trapped will reduce YL. 
This is because larger free-proton mass fractions attend higher 
entropies. This increases the ve production by electron cap- 
tures, and the escape of these ve’s reduces YL. Additionally, 
cores with higher entropies at bounce will produce stronger 
shocks, everything else being equal (Bruenn 1989b). 

Figures 3 and 4 show the core center values of YL and matter 
entropy s for the various models as a function of density during 
infall. Comparisons in Figures 3 and 4 of the models in which 
our charged-current rates are turned off with the correspond- 
ing models in which these rates are turned on (i.e., model 1 with 
2, model 3 with 4, etc.) show that these charged-current rates 
have very little effect on YL or s during the core infall. The main 
reason for this is apparent from Figures la, Id, and Ig and the 
discussion in § 2.2. Recapitulating that discussion, most ve’s are 
produced during infall by electron captures on free protons. 
These are produced with only modest energies before trapping. 

.3 
Central Density (g cm ) 

Fig. 4.—Matter entropy s as a function of the density of a comoving mass 
element near the core center during infall for the various indicated models. The 
differences in the precollapse values of s for some of the models arise from the 
differences in the value of Wsym used in the equation of state. Larger values of 
Wsym give rise to smaller free-proton abundances and larger free-neutron abun- 
dances. Because the free-neutron abundance is considerably higher, the latter 
effect has a greater influence on the entropy of matter in the precollapse core 
configuration. 
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• homologous core:   vsound > vinfall at high nuclear density
       - defines homologous core
       - inner core retains its density profile as collapse proceeds
       - would collapse to a point except for nuclear EOS

• formation of the shock wave:  
        - relativistic electron gas ineffective at supporting star
        - at few 1014 g/cm3 inner ring of material exceeds nuclear density, 
          where is experiences the extremely repulsive short-range NN
          potential          
        - a trampoline-like rebound produces a pressure wave travels out
          (vsound > vinfall) toward the edge of homologous core (vsound   vinfall)

        - next ring repeats process, pressure wave chases first
        - waves concentrate at edge of homologous core
        - shock wave breaks out when that point reaches nuclear density,
          propagates through the outer iron core 

⇠



• Shock energy losses, stalling:
       - boils iron to nucleon soup at the cost of 8 MeV/nucleon
       - sudden reduction in opacity (                 ),  trapped νes released:
         deleptonization flux lasting a few milliseconds
       - losses overcome shock, stalls at a radius of 250-300 km
       - energy delivered across shock front by infalling matter, and lost
         by the shocking of that material: a standoff
       - about .1 sec post bounce 

• Neutrino reheating of shock:
       - strong  CC neutrino reactions off  nucleons left in wake of the 
         shock heat gas, acts for ~ 0.5 s
       - increasing pressure pushes shock outward, drives convection
       - convection can make neutrino heating more effective, overcoming
         “gain-radius” limitations
       - shock wave regenerates, moves outward, ejecting the mantle

� ⇠ Z2
weak



e.g., spherical acccretion shock instability
   Blondin and Mezzacappa
     Blondin and Shaw
     Ohnishi et al.

Modeling challenges
- shock wave
- multi-D nature
- lepton/energy transport 

by six neutrino types:  
must follow position and 
energy distributions

- need nuclear EoS at
       several times nuclear
       density

…..

and then there is the
new neutrino physics



In nature Type II supernovae succeed for a wide variety of progenitors

• Pro-neutron star cooling
       - hot, puffy neutron cools with a time constant      3 sec, with a 
         long exponential tail
       - mantle ejected:  last such material is a neutron-rich high-entropy 
         nucleon gas,  blown off the star by the neutrino wind
       - cooling mechanism is neutrino emission:  cooling timescale is
         governed by diffusion of neutrinos from the core to the neutrino
         sphere (decoupling radius) at 
       - approximate equipartition of energy in flavors: 
       - neutrino decoupling is somewhat flavor dependent 
                

       - neutrinos basically free-stream beyond the neutrino sphere
       - but they control the p/n chemistry of the nearest material, and
         drive or alter nucleosynthesis throughout much of the mantle
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a neutron rich big bang:  figure by George Fuller



a neutron rich big bang:  figure by George Fuller

an
r-process

site??



      
• Neutrinos dominate SN energetics:   

       - optical + explosion accounts for                     (1 “Bethe”)
       - 99% of the energy emitted over 10-20 seconds in neutrinos
       - a galactic SN at 10 kpsec would produce about 104 events in our
         largest current detector, SuperKamiokande (mostly    s) 
       - search strategies for identifying extra-galactic SNe in neutrinos
         from nearby starburst galaxies have ben discussed:  requires 
         detectors at or beyond 10 megatons

• Multi-messenger opportunity:  Shock breakout  
       - the optical signals accompanying SBO can provide a great deal of
         information about the nature of the progenitor
       - one would like to see the SBO … neutrino or GW early warnings?

Egrav ⇠ GM2
NS

RNS
⇠ 3⇥ 1053ergs

⇠ 1051 ergs

⌫̄e



4 Kistler, Haxton, & Yüksel

TABLE 1
THE MOST LIKELY GALAXIES TO HOST A SN (AND PROBABILITIES) GIVEN A NUMBER OF ⌫̄e p ! e+ n EVENTS IN A 560 KTON OR 5 MTON DETECTOR.

P
2, (560 kton)

P
3, (560 kton)

P
3, (5 Mton)

P
4, (5 Mton)

P
6, (5 Mton)

P
8, (5 Mton)

IC 342 (0.220) IC 342 (0.258) NGC 6946 (0.093) NGC 253 (0.11) IC 342 (0.218) IC 342 (0.333)
NGC 253 (0.078) Maffei 2 (0.087) NGC 253 (0.063) M83 (0.086) NGC 253 (0.134) M82 (0.091)

M82 (0.063) M82 (0.059) M83 (0.062) IC 342 (0.076) M82 (0.093) NGC 253 (0.084)
Maffei 2 (0.058) NGC 253 (0.059) M101 (0.054) NGC 6946 (0.075) NGC 4945 (0.087) NGC 4945 (0.078)

NGC 4945 (0.056) NGC 4945 (0.052) M51 (0.037) NGC 4945 (0.052) M83 (0.061) Maffei 2 (0.065)

Woosley et al. 56), as well models of blue supergiants (BSG)
or Wolf-Rayet stars (from Woosley & Heger 55), with the in-
ner 1.4M� forming a neutron star. We have used Ein = 0.5⇥
and 3⇥ 10

51 erg to bracket the canonical 1051 erg: the poly-
trope results indicated that propagation times for the latter
would be a factor of ⇠

p
6 shorter than for the former.

The convective RSG envelopes extend up to ⇠ 1500R�,
while BSG radii are typically limited ⇠ 25R�. From the
polytrope results one expects propagation times to be propor-
tional to radii, and Fig. 3 shows the expected gap of ⇠ 50 be-
tween RSG and BSG times. In Wolf-Rayet stars, thought to
give rise to Type Ib/Ic SNe (⇠ 10-20% of all SNe), the shock
arrives at the surface very quickly, as the strong winds in such
stars lead to complete loss of their envelopes. As the SBO
timescale is comparable to that of neutrino emission, little
early warning would be available, although an optically-thick
wind may delay emergence.

4. THE CHASE

Along with the shock propagation time, the duration of the
SBO event determines the requirements for a triggered search.
This is set by a combination of the photon diffusion time, td,
and the light travel time over the stellar surface, t⇤ ⇠ r⇤/c.
Following Calzavara & Matzner (13), we set td = ls/vs based
on the point where ⌧shock = c/vs = ⌧⇤ =

R r⇤
ls

dr  ⇢, with =

0.34 cm2 g�1, to find t⇠ (t2d + t2⇤)
1/2. The results for the

progenitor models are shown in Fig. 3.
Ideally one would like to determine both the duration of

the shock breakout as well as time of shock breakout, rela-
tive to a neutrino or gravitational wave harbinger. These two
times are in fact correlated, though they differ in their detailed
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FIG. 3.— A comparison of shock breakout (SBO) durations versus shock
propagation times in the envelopes of SN progenitor models, as calculated
for a variety of initial masses from 11 � 35M� (as labeled), using density
profiles from Woosley et al. (56) for RSG and Woosley & Heger (55) for BSG
and Wolf-Rayet stars, with shock energies of 0.5 and 3⇥ 1051 erg.

dependences on progenitor properties and thus provided inde-
pendent constraints on the stellar models that would be em-
ployed to interpret a supernova event. The clustering of the
progenitor types – three islands corresponding to Wolf-Rayet,
BSG, and RSG stars appear in Fig. 3 – shows that the require-
ments for a successful “chase” depend greatly on the progen-
itor, with a higher cadence of observations being needed for
compact BSG/W-R progenitors. To determine the duration of
the SBO, scans must be done on times short compared to that
duration. To determine the shock propagation time (or to have
a reasonable probability of doing so) scans must be done on
times at least comparable to the SBO duration, to prevent the
event from being missed. Studies of SN progenitors suggest
that the most likely candidates for successful observation of
both SBO duration and arrival time are RSGs (49), where the
available 103�10

4 s may allow multiple observations of each
candidate galaxy, following the alert from a neutrino or grav-
itational wave event.

The likelihood of SBO observation can be increased by
combining data the initial neutrino or gravitational event with
information on likely sources within our neighborhood, such
as that given in Table 1. In this way telescope time could be
allocated to the most likely host galaxies, in proportion to our
a priori expectations that these galaxies might host detectable
events. In principle neutrino detection could provide direc-
tional information on the host, depending on the number of
events detected. (We return to this discussion later.)

A model for the distribution of core-collapse notices, and
general requirements of a telescope useful for SBO searches,
can be taken from Swift (20). Upon detection, informa-
tion will have to be quickly disseminated so that predefined
searches can be initiated. Instruments such as Swift, with the
ability to rapidly slew and observe simultaneously in both the
near-UV and soft X-ray, would be invaluable. A coordination
of observational techniques is needed to handle the wide vari-
ety of environments that a SN can occur within. For example,
the galaxy sample that we use here indicates that NGC 253
and M82 are among the most likely SN hosts, yet both have
highly extincted starburst regions. The effects of intervening
absorption will vary depending on the band observed (see, e.g.
Calzavara & Matzner 13).

Knowing that the SBO is on the way would also allow for
rapid observations of the ensuing optical SN, so that mea-
surements can be made at the earliest possible times (e.g.,
Stritzinger et al. 51; Quimby et al. 45; Ofek et al. 40). This
will be useful for studying the SN and the star, e.g., by in-
ferring the energy imparted by the shock (5). If no SBO is
found, prompt observation of the SN would be important as a
bound on the shock propagation time, which then could lead
to an estimate of the probability the SBO was missed, using
qualitative correlations such as those in Fig. 3.

Observations of the SN progenitor by surveys of super-
giants in the local universe (e.g., Kochanek et al. 29) would



Supernova neutrinos and nucleosynthesis

• The elements synthesized in both quiescent and explosive sites are 
an important component of multi-messenger astrophysics

• Neutrinos drive nucleosynthesis indirectly through their charge-
current control of the p/n chemistry, and directly through their CC 
transmutation of nuclei (neutrino process)

• An example of the former is the r-process



Basics of the r-process

• Cold nuclei (temperatures much less than an MeV) reside in     
equilibrium:  a nucleus of fixed A decays by weak interactions until it 
reaches the state (N,Z) of minimum energy.  This defines the “valley 
of stability”

• Most nucleosynthesis is “slow/cold” - the relevant time for reactions 
is long compared to    decay.   Reactions occur that may change A, 
but after each such reaction the system     equilibrates:  the neutron 
capture that occurs in normal stars follows the valley of stability

• In the r-process temperatures are on the order of an MeV,  the 
synthesis by neutron capture is fast,  and    decay is too slow to 
maintain     equilibrium

�

�
�

�
�



Figure 6: A cartoon of the r-process. The equilibrium condition is set by n ↔ γ, and thus
follows a path through neutron-rich nuclei. The neutron-capture rates are fast compared to
β decay. When the intense neutron fluxes necessary to sustain such a process terminate, the
produced nuclei decay back to the valley of stability, thus approaching the valley from the
neutron-rich side.
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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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Progress:

Cowan, Sneden,...

Woosley, Hoffman; Meyer; Fuller...

Qian, Wasserburg

Cowan et al.

Schatz

From Schatz



Figure 2: This more detailed view of the heavy-mass abundance distribution shows sharp
peaks near A=208 and 138, associated with the s-process, and broader peaks at somewhat
lower mass, associated with the r-process. From Rauscher and Thielemann.

A blowup of the pattern of heavy elements shows a clear structure associated with the closed
neutron shells in nuclear physics: the stablest configurations are at the closed shells N =50,
82, and 126. There is a splitting of the abundance peaks, suggesting that perhaps there are
two processes of interest. One can also see that the integrated abundance above the iron
peak is not large, comparable to about 3% of the iron peak. Thus the processes responsible
can be reasonably rare.

This synthesis is associated with the neutron-capture reaction (n, γ). There are sources of
neutrons in stellar interiors, and neutron capture cross sections on heavy nuclei can be quite
large. We will also see that the observed shell structure is natural for such a process. Unsta-
ble but long-lived neutron-capture products, such as technetium, are seen in the atmospheres
of red giants, indicating that neutron-induced synthesis is occurring in the cores of existing
stars (and then dredged up to the surface).

The nuclear physics for neutron capture follows directly from our earlier work on charged

4

• Explosive conditions required:  

• Rate of nucleosynthesis is controlled by β decay:  opens up a neutron hole
   for capturing n from gas.  Mass flow from light to heavy

• Mass piles up at shell gaps, where multiple weak decays must occur: when
   explosion ends,      decays back to stability, generating the shift

r-process
shifted peak

r-process
shifted peak

s-process
s-process

�

⇢n ⇠ 1020/cm3, T & 300 keV, t ⇠ sec



• r-process is responsible for synthesizing about half the heavy elements

• the process can be primary - all of the synthesis occurring in one site -
   or secondary, requiring pre-existing metals as neutron capture targets

• core-collapse SNe long thought to be a candidate site:  with a galactic 
frequency of 1/100 y,  the production/event needed is 

• specifically, neutron-rich neutrino-driven wind (Woosley, Hoffman; Meyer; Fuller)

⇠ 10�5 � 10�6 M�



• hot bubble conditions
   provide α’s and excess n’s

• α’s combine to form 
   heavier N=Z nuclei

• neutrons capture on
   these heavy seeds

• generically one needs ~ 
100 neutrons/seed

• neutrino pressure “lifts”
   the matter off star

From Fuller



After extensive study, a consensus has grown that the site is not viable

• The neutron richness is typically modest:  

• The same neutrino reactions needed to drive the wind work to destroy
   the neutrons

   and the protons then capture other neutrons

• The thermodynamics conditions cause seeds to proliferate

• The net result is an insufficient n/seed ratio: the neutron-capture
   process produces some medium-mass nuclei, then is exhausted
                  

Ye ⇠ 0.48

⌫e + n ! p+ e�

↵+ ↵+ n ! 9Be ↵+ ↵+ ↵ ! 12C



possible r-process sitescore-collapse supernovae

neutrino driven wind from
     a proto-neutron star low 

yield (if any)

neutron star merger

dynamical ejecta
or post-merger disk winds

1989

Ye ⇠ 0.5 Ye << 0.5

frequency ⇠ 10�2/y frequency ⇠ 10�5/y

production ⇠ 10

�5 � 10

�6
M�/event production ⇠ 10

�2
M�/event

Leaves a substantial cloud of radioactive ejecta: Kilonova
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(others will show in more detail)

• The optical counterpart of the NS merger GW 170817 provides a test

• Excellent fit to the evolving light curve with

While the neutrino/nuclear microphysics of NS mergers is not yet treated
in the detail used in supernova physics, the large neutron excess likely 
makes this scenario more robust

The yield is compatible with NS mergers being the source of the 
galaxy’s inventory of r-process material

Are things settled?

 
                  

heavy rprocess (A > 130) ⇠ 0.04M� light rprocess (A < 130) ⇠ 0.02M�



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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D. Argast et al.: Neutron star mergers vs. SNe II as dominant r-process sites 11

Fig. 4. [Bar/Fe] vs. [Fe/H] for the NSM rates 2 · 10−3 yr−1, 2 · 10−4 yr−1, 2 · 10−5 yr−1 and 2 · 10−6 yr−1 (from left to
right and top to bottom). The coalescence timescale adopted in these cases is tc = 106 yr.

parameter to obtain a given NSM rate in the model
is the probability PNSM which, in this case, is set to
4 · 10−3 (see Table 4). Thus, on average ≈ 250 SNe II
events occur before the first NSM event and r-process
nuclei are injected into an ISM already pre-enriched by
SNe II. The lower the NSM rate, i.e. the lower PNSM,
the later (in time and metallicity) the occurrence of
r-process elements. This late injection of r-process nu-
clei by NSM is the reason why we did not consider
coalescence timescales of the order of 1 Gyr: In our
model, 1 Gyr after the first SF event the metallicity
of the ISM reached [Fe/H] ≈ −0.9. The first appear-

ance of r-process nuclei at this metallicity is clearly
not consistent with observations. Thus, the advantage
that the NSM scenario can produce a large scatter in
[r/Fe] close to 3 dex, as observed in ultra metal-poor
stars, turns into a disadvantage because it appears at
too high metallicities where observations do not show
this effect anymore.

2. There is a prominent tail of model stars with very
low [r/Fe] ratios at [Fe/H] = −2. Such model stars
are also present in Figs. 1 – 3. In this case, how-
ever, a significant fraction of them shows this prop-
erty. Furthermore, the tail develops not until [Fe/H]

D. Argast et al., 2003

neutron stars take time to form and then to merge:
expected Ba/Fe chemical evolution for NS mergers (black) vs. observation (red)

some of us believe there is still need for an r-process mechanism that operates at 
very early times in the galaxy:

some variations of a SN r-process may work under such conditions



New neutrino physics: what is the impact on what we discussed?

Recall the solar level crossing:
matter allows us to measure
the ordering of mass eigenstates

Matter effects in the sun 
decrease                            ,
altering the oscillation
pattern

The hierarchy uncertainty
exists because we have no 
such MSW probe of

m2

0

solar~7×10−5eV2

atmospheric
~2×10−3eV2

atmospheric
~2×10−3eV2

m1
2

m2
2

m3
2
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? ?

solar~7×10−5eV2

FIG. 3: Neutrino masses and mixings as indicated by the current data.

have ∆m2
23 ≡ m2

3 −m2
2 < 0. We have no information about m3 except that its value

is much less than the other two masses.

(iii) Degenerate neutrinos, i.e. m1 ≃ m2 ≃ m3.

Oscillation experiments do not tell us about the overall scale of masses. It is therefore

important to explore to what extent the absolute values of the masses can be determined.

While discussing the question of absolute masses, it is good to keep in mind that none of

the methods discussed below can provide any information about the lightest neutrino mass

in the cases of a normal or inverted mass-hierarchy. They are most useful for determining

absolute masses in the case of degenerate neutrinos, i.e., when all mi ≥ 0.1 eV.

One can directly search for the kinematical effect of nonzero neutrino masses in beta-

decay by looking for structure near the end point of the electron energy spectrum. This

search is sensitive to neutrino masses regardless of whether the neutrinos are Dirac or

Majorana particles. One is sensitive to the quantity mβ ≡
√∑

i |Uei|2m2
i . The Troitsk

and Mainz experiments place the present upper limit on mβ ≤ 2.2 eV. The proposed KA-

TRIN experiment is projected to be sensitive to mβ > 0.2 eV, which will have important

implications for the theory of neutrino masses. For instance, if the result is positive, it

will imply a degenerate spectrum; on the other hand a negative result will be a very useful

constraint.

If neutrinos are Majorana particles, the rate for ββ0ν decay Majorana mass for the

13

Mohapatra et al., APS study

�m21 = m2
2 �m2

1

�m32
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FIG. 3: Example of normalized energy dist ribut ion funct ions
for α = e, τ neut rinos at the neut rino sphere in the su-
pernova environment . Here we take ⟨Eνe

⟩ = 10MeV and
⟨Eντ

⟩ = 27MeV and the neut rino degeneracy parameter for
both flavors to be ηνα

= 3.

the resonance energy will also increase. It could increase
significant ly if |A+ B| → 0. If neutrino flavor conversion
in the channel νe ⇀↽ ντ is efficient and complete, then
at some point wewill have the situat ion depicted in Fig.
(4). HereB could be negat ive because we have swapped
flavors at low neutrino energy and, for our chosen spec-
t ral parameters, the νe populat ion now may be smaller
than the ντ populat ion. Furthermore, in this situat ion
thematerial may be driven more neutron-rich (lower Ye)
on account of the now altered compet it ion between the
processes in Eqs. (1) & (2). Eventually, of course, the
resonance will sweep through the higher energy regions
of the dist ribut ion funct ions and the fluid element will
move further out to where neutrino fluxes are lower.

The higher the resonance energy, the greater the neu-
t rino populat ion which has been appreciably mixed and,
hence, the larger will beBeτ . The importance of this can
be ascertained by comparing BBDS

eτ to the vacuum term

δm2 cos2θ
2Eν

≈
(

1.5× 10−16MeV
)

(

δm2 cos2θ
3× 10−3 eV2

)(

10MeV
Eν

)

. (86)

From Eq. (78) it is clear that this term could be sub-
stant ially smaller than BBDS

eτ if Eν is a typical neutrino
energy. Even if this is not t rue for Eν = Eres at very
high density whereEres is small, higher energy neutrinos
and ant ineut rinos may experience significant in-medium
mixing angles over a broad range of energy. Though not
st rict ly our BDS, this may nevertheless approximate it .
Previous numerical simulat ion work on neutrino flavor

evolut ion in the supernova environment may offer only
limited guidance here. The simulat ion in Ref. [6] made
the same 2× 2, and one-dimensional approximat ions as
we make here. (By “ one-dimensional” we mean that fla-
vor histories on neutrino t rajectories of any polar angle
are taken to be the same as a radially directed path for
the same lapse of Affine parameter along these trajecto-
ries.) Addit ionally, the work in Ref. [6] employed the
density profiles and neutrino fluxes of the Mayle & Wil-
son late t ime supernova models and it adopted a range
for δm2 which is now known to be un-physically large for
act ive-act ive neutrino evolut ion. Both of these features
combined to produce only minimal effects from rather
small values of Beτ .
Likewise, the numerical simulat ion of Ref. [10] consid-

ered one-dimensional, 2×2 neutrino flavor evolut ion with
un-physically largemass-squared difference. The conclu-
sions in this work regarding real supernovae are suspect
because: (1) the large δm2 used would in reality demand
the incorporat ion of sterile neutrinos which mix signif-

icant ly with act ives and this was left out ; and (2) the
feedback of neutrino flavor conversion on Ye was not cor-
rect ly modeled since the threshold was neglected in the
rate for ν̄e + p → n + e+ [8] and the weak magnet ism
correct ions [9] were also neglected. However, this nu-
merical simulat ion was the first to follow neutrino phases
in detail in this environment . Synchronizat ion of large
amplitude neutrino flavor oscillat ions was seen. This be-
havior is at least qualitat ively like some aspects of the
BDS, especially as regardssignificant in-medium mixing.

Though the condit ions for establishment of the BDS
aremanifest in many regionsof thepost-shock supernova
environment , it has not been seen unambiguously in sim-
ulat ions to date. However, there is considerable room for
improvement in the sophist icat ion of these simulat ions.
Flavor evolut ion histories on different neutrino t rajecto-
ries needs to be followed in detail, including all coupling.
The role of density fluctuat ions [25] in get t ing some neu-
t rino conversion going at high density also needs to be
invest igated. Likewise, legit imate three-neutrino mixing
of neutrinos and ant ineutrinosmust be followed. Finally,
the effects of neutrino mixing on neutrino transport in
the neutron star core may be important and recent for-
mulat ions [26, 27] of this problem represent significant
progress.
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FIG. 4: Neut rino energy dist ribut ion funct ions in a fluid ele-
ment at some t ime t corresponding to posit ion r. These have
the same neut rino energy/ temperature parameters as in the
previous figure. Here, however, complete flavor conversion
between νe and ντ has taken place from Eν = 0 to the MSW
resonanceenergy at this t ime/ posit ion Er es = 12MeV. As the
fluid element movesout the resonanceenergy will increaseand
sweep from left to right through the neut rino dist ribut ions

C. T he Ephemeral N ature of the BDS

Changing neutrino luminosities and fluxes and chang-
ing matter density will quickly lead to the development
of complex amplitudes in the unitary transformation be-
tween the neutrino mass/energy and flavor bases which,
in turn, will lead to complex potentials. This will signal

the end of the strict validity of our particular BDS dis-
cussed above. However, it may not signal the immediate
end of appreciable in-medium mixing among the flavors
of neutrinos and antineutrinos.

If we ride along with a fluid element being driven from
the neutron star’s surface by heating we will see a lo-
cal fall off in matter density and neutrino fluxes and
so a decrease in neutrino-electron and neutrino-neutrino
forward scattering-induced potentials in this Lagrangian
frame. What is the effect of this time dependence on in-
medium flavor mixing? Using the flavor basis evolution
equation (Eq. 36) and ignoring the term proportional to
the identity we can find a second order equation for, e.g.,
aeα, the amplitude for a neutrino of initial flavor α to be
a νe:

äeα + ω2 aeα =
Ḃeτ

Beτ
ȧeα. (87)

Here the dots over quantities denote time derivatives and

ω2 =
1

4

[

|Beτ |2 + δ2 + 2iδ̇ − 2i
δḂeτ

Beτ

]

, (88)

with δ ≡ A + B − ∆ cos 2θ and δ̇ = Ȧ + Ḃ.
In our BDS all time derivatives vanish, ω ≈ |Beτ |/2,

and we can solve Eq. (87), use unitarity (|aeα|2+|aτα|2 =
1) and take aee = aeτ = aτe = ± exp (±iωt)/

√
2 and

aττ = ∓ exp (±iωt)/
√

2, and likewise, āee = āeτ = āτe =
± exp (±iωt)/

√
2 and āττ = ∓ exp (±iωt)/

√
2. If we em-

ploy these solutions in the general flavor-basis form for
the off-diagonal potential,

Beτ =
√

2GF
∑

α

∫

(1 − cos θpq) [dnνα
aeαa∗

τα − dnν̄α
āeαā∗

τα], (89)

we will recover the BDS form for this [cf., Eq. (77)] discussed above:

BBDS
eτ ≈

√
2GF

∫

(1 − cos θpq) [(dnνe
− dnν̄e

) − (dnντ
− dnν̄τ

)]. (90)

However, once we allow the potentials to change in time,
amplitudes will quickly acquire a non-sinusoidal time de-
pendence which will lead to the development of poten-
tials with imaginary components. With complex poten-
tials we will lose a key assumption used in obtaining the
BDS of Eq. (90). Flavor evolution from that point on
will be complicated, but there is nothing in the evolution
equations that demands an immediate return to medium-
suppressed flavor mixing for most neutrino energies.

I V . T H E BDS IN LEPT ON -DEGENERAT E
COSM OLOGIES

Coherent active-active neutrino flavor evolution in the
early universe also can be dominated by the flavor off-
diagonal potential whenever significant net lepton num-
bers reside in the neutrino seas. Collision-associated de-
coherence dominates neutrino flavor conversion in the
early universe at temperatures above Weak Decoupling,
T > 1 MeV. Neutrino inelastic scattering rates are large
compared to the expansion rate in that regime. By con-

Fuller & Qian● Neutrinos carry off 99% of the binding E

● The SN problem is primarily an energy
   transfer one:  mantle ejection

● Increasing mantle-ν couplings is helpful

● Matter couplings are flavor-dependent:
  the “ ν-sphere” for e- and heavy-flavor
  νs differ:  heavy-flavor  νs are hotter

● Ejecting volume element sweeps across
  MSW level-crosssing, producing a hot
   νe spectrum that deposits more energy

● Also: density profile behind shock, density
   inhomogeneities, current couplings...

Shirato & Fuller, Friedland, WH, ...
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FIG. 3: Example of normalized energy dist ribut ion funct ions
for α = e, τ neut rinos at the neut rino sphere in the su-
pernova environment . Here we take ⟨Eνe

⟩ = 10MeV and
⟨Eντ

⟩ = 27MeV and the neut rino degeneracy parameter for
both flavors to be ηνα

= 3.

the resonance energy will also increase. It could increase
significant ly if |A+ B| → 0. If neutrino flavor conversion
in the channel νe ⇀↽ ντ is efficient and complete, then
at some point wewill have the situat ion depicted in Fig.
(4). HereB could be negat ive because we have swapped
flavors at low neutrino energy and, for our chosen spec-
t ral parameters, the νe populat ion now may be smaller
than the ντ populat ion. Furthermore, in this situat ion
thematerial may be driven more neutron-rich (lower Ye)
on account of the now altered compet it ion between the
processes in Eqs. (1) & (2). Eventually, of course, the
resonance will sweep through the higher energy regions
of the dist ribut ion funct ions and the fluid element will
move further out to where neutrino fluxes are lower.

The higher the resonance energy, the greater the neu-
t rino populat ion which has been appreciably mixed and,
hence, the larger will beBeτ . The importance of this can
be ascertained by comparing BBDS

eτ to the vacuum term

δm2 cos2θ
2Eν

≈
(

1.5× 10−16MeV
)

(

δm2 cos2θ
3× 10−3 eV2

)(

10MeV
Eν

)

. (86)

From Eq. (78) it is clear that this term could be sub-
stant ially smaller than BBDS

eτ if Eν is a typical neutrino
energy. Even if this is not t rue for Eν = Eres at very
high density whereEres is small, higher energy neutrinos
and ant ineut rinos may experience significant in-medium
mixing angles over a broad range of energy. Though not
st rict ly our BDS, this may nevertheless approximate it .
Previous numerical simulat ion work on neutrino flavor

evolut ion in the supernova environment may offer only
limited guidance here. The simulat ion in Ref. [6] made
the same 2× 2, and one-dimensional approximat ions as
we make here. (By “ one-dimensional” we mean that fla-
vor histories on neutrino t rajectories of any polar angle
are taken to be the same as a radially directed path for
the same lapse of Affine parameter along these trajecto-
ries.) Addit ionally, the work in Ref. [6] employed the
density profiles and neutrino fluxes of the Mayle & Wil-
son late t ime supernova models and it adopted a range
for δm2 which is now known to be un-physically large for
act ive-act ive neutrino evolut ion. Both of these features
combined to produce only minimal effects from rather
small values of Beτ .
Likewise, the numerical simulat ion of Ref. [10] consid-

ered one-dimensional, 2×2 neutrino flavor evolut ion with
un-physically largemass-squared difference. The conclu-
sions in this work regarding real supernovae are suspect
because: (1) the large δm2 used would in reality demand
the incorporat ion of sterile neutrinos which mix signif-

icant ly with act ives and this was left out ; and (2) the
feedback of neutrino flavor conversion on Ye was not cor-
rect ly modeled since the threshold was neglected in the
rate for ν̄e + p → n + e+ [8] and the weak magnet ism
correct ions [9] were also neglected. However, this nu-
merical simulat ion was the first to follow neutrino phases
in detail in this environment . Synchronizat ion of large
amplitude neutrino flavor oscillat ions was seen. This be-
havior is at least qualitat ively like some aspects of the
BDS, especially as regardssignificant in-medium mixing.

Though the condit ions for establishment of the BDS
aremanifest in many regionsof thepost-shock supernova
environment , it has not been seen unambiguously in sim-
ulat ions to date. However, there is considerable room for
improvement in the sophist icat ion of these simulat ions.
Flavor evolut ion histories on different neutrino t rajecto-
ries needs to be followed in detail, including all coupling.
The role of density fluctuat ions [25] in get t ing some neu-
t rino conversion going at high density also needs to be
invest igated. Likewise, legit imate three-neutrino mixing
of neutrinos and ant ineutrinosmust be followed. Finally,
the effects of neutrino mixing on neutrino transport in
the neutron star core may be important and recent for-
mulat ions [26, 27] of this problem represent significant
progress.
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FIG. 4: Neut rino energy dist ribut ion funct ions in a fluid ele-
ment at some t ime t corresponding to posit ion r. These have
the same neut rino energy/ temperature parameters as in the
previous figure. Here, however, complete flavor conversion
between νe and ντ has taken place from Eν = 0 to the MSW
resonanceenergy at this t ime/ posit ion Er es = 12MeV. As the
fluid element movesout the resonanceenergy will increaseand
sweep from left to right through the neut rino dist ribut ions

C. T he Ephemeral N ature of the BDS

Changing neutrino luminosities and fluxes and chang-
ing matter density will quickly lead to the development
of complex amplitudes in the unitary transformation be-
tween the neutrino mass/energy and flavor bases which,
in turn, will lead to complex potentials. This will signal

the end of the strict validity of our particular BDS dis-
cussed above. However, it may not signal the immediate
end of appreciable in-medium mixing among the flavors
of neutrinos and antineutrinos.

If we ride along with a fluid element being driven from
the neutron star’s surface by heating we will see a lo-
cal fall off in matter density and neutrino fluxes and
so a decrease in neutrino-electron and neutrino-neutrino
forward scattering-induced potentials in this Lagrangian
frame. What is the effect of this time dependence on in-
medium flavor mixing? Using the flavor basis evolution
equation (Eq. 36) and ignoring the term proportional to
the identity we can find a second order equation for, e.g.,
aeα, the amplitude for a neutrino of initial flavor α to be
a νe:

äeα + ω2 aeα =
Ḃeτ

Beτ
ȧeα. (87)

Here the dots over quantities denote time derivatives and

ω2 =
1

4

[

|Beτ |2 + δ2 + 2iδ̇ − 2i
δḂeτ

Beτ

]

, (88)

with δ ≡ A + B − ∆ cos 2θ and δ̇ = Ȧ + Ḃ.
In our BDS all time derivatives vanish, ω ≈ |Beτ |/2,

and we can solve Eq. (87), use unitarity (|aeα|2+|aτα|2 =
1) and take aee = aeτ = aτe = ± exp (±iωt)/

√
2 and

aττ = ∓ exp (±iωt)/
√

2, and likewise, āee = āeτ = āτe =
± exp (±iωt)/

√
2 and āττ = ∓ exp (±iωt)/

√
2. If we em-

ploy these solutions in the general flavor-basis form for
the off-diagonal potential,

Beτ =
√

2GF
∑

α

∫

(1 − cos θpq) [dnνα
aeαa∗

τα − dnν̄α
āeαā∗

τα], (89)

we will recover the BDS form for this [cf., Eq. (77)] discussed above:

BBDS
eτ ≈

√
2GF

∫

(1 − cos θpq) [(dnνe
− dnν̄e

) − (dnντ
− dnν̄τ

)]. (90)

However, once we allow the potentials to change in time,
amplitudes will quickly acquire a non-sinusoidal time de-
pendence which will lead to the development of poten-
tials with imaginary components. With complex poten-
tials we will lose a key assumption used in obtaining the
BDS of Eq. (90). Flavor evolution from that point on
will be complicated, but there is nothing in the evolution
equations that demands an immediate return to medium-
suppressed flavor mixing for most neutrino energies.

I V . T H E BDS IN LEPT ON -DEGENERAT E
COSM OLOGIES

Coherent active-active neutrino flavor evolution in the
early universe also can be dominated by the flavor off-
diagonal potential whenever significant net lepton num-
bers reside in the neutrino seas. Collision-associated de-
coherence dominates neutrino flavor conversion in the
early universe at temperatures above Weak Decoupling,
T > 1 MeV. Neutrino inelastic scattering rates are large
compared to the expansion rate in that regime. By con-

Fuller & Qian● Neutrinos carry off 99% of the binding E

● The SN problem is primarily an energy
   transfer one:  mantle ejection

● Increasing mantle-ν couplings is helpful

● Matter couplings are flavor-dependent:
  the “ ν-sphere” for e- and heavy-flavor
  νs differ:  heavy-flavor  νs are hotter

● Ejecting volume element sweeps across
  MSW level-crosssing, producing a hot
   νe spectrum that deposits more energy

● Also: density profile behind shock, density
   inhomogeneities, current couplings...

Shirato & Fuller, Friedland, WH, ...

The shock wave reaches 
the crossing density quickly 
- a second or so - while the 
neutrino flux is strong.  The 
C shell then expands.  The
resonance sweeps   

Sweep by the 1-3 resonance:
most of the spectrum now
heavy flavor -- and soon to 
have hot νe’s 



While the neutrino spectrum difference is exaggerated in this 
picture, this illustrates we can change the new number of 
neutrinos of a given flavor, at a given point

This effects the neutrino opacity and energy deposition

But an even more exotic effect is found in supernova, one that
pulls oscillation physics much deeper into the core of the star,
where it can affect dynamics:  new contribution arise from the
potential generated by ν-ν scattering  

ˆH =

✓
��m12 cos 2✓12 + 2

p
2EGF ⇢(t) +M2

11(t) �m2
12 sin 2✓12 +M2

12(t)

�m2
12 sin 2✓12 +M2 ⇤
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Ordinary MSW is due to effective potential exerted by CC reactions

But in the supernova core there is huge local lepton number carried by
trapped neutrinos, producing ν-ν charge and current interactions

that dominates when neutrino densities are high

Treatment of oscillations within a SN becomes difficult computationally
• nonlinear
• flavor dependent, with six flavors to track
• angle dependent
Integrating the physics into an explosion is challenging:  we are far short
of the goal in both SN and merger physics, despite 25 years of work
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FIG. 3: (Color online) Plots of survival probabilities Pνν for neutrinos (left panels) and antineutrinos (right panels) as functions
of both neutrino energy Eν and emission angle ϑ0 at radius r = 225 km. The upper panels employ a normal neutrino mass
hierarchy, and the lower panels employ an inverted neutrino mass hierarchy.

mann’s constant kB. This simultaneous conversion of να

and ν̄α quickly spreads to all neutrino/antineutrino tra-
jectories, leading to coherent, collective flavor oscillations
of the entire neutrino/antineutrino field. For the inverted
mass hierarchy, the opposite is true: radially-propagating
neutrinos and antineutrinos transform first.

These features of flavor development can be seen in
Fig. 2. The survival probability at location t along a
given neutrino’s world line is, e.g., for a neutrino which
is initially electron flavor, Pνeνe

(t, ϑ0, Eν) = |aee (t) |2.
In Fig. 2 we show the energy-spectrum-averaged survival
probabilities ⟨Pνν⟩ for νe and ν̄e as functions of r for
both the normal and the inverted neutrino mass hierar-
chy cases. Here the energy averages are over the initial
energy spectra for each flavor. It is clear that flavor evo-
lution along different trajectories can be different, yet it
is also evident that neutrinos and antineutrinos can un-
dergo simultaneous, significant medium-enhanced flavor
conversion. Our simulations show that this conversion
can take place over broad ranges of neutrino and an-

tineutrino energy. We have also performed simulations
using the single-angle approximation widely adopted in
the literature. These give results qualitatively similar to
our multi-angle calculations, as shown in Fig. 2. The
collective neutrino flavor transformation observed in our
simulations is not the “synchronized” mode described in
Ref. [7]. In the normal mass hierarchy case, neutrinos
or antineutrinos in the synchronized mode undergo one-
time transformation in the same way as does a neutrino
with energy psync [7]. There would be little synchronized
flavor transformation in the inverted neutrino mass hier-
archy.

The collective neutrino flavor transformation evident
in Fig. 2 is likely of the “bi-polar” type as described in
Ref. [20]. In this mode, neutrinos and antineutrinos ex-
perience in-phase, collective, semi-periodic flavor oscilla-
tions, even for the inverted mass hierarchy. This behavior
was first observed in numerical simulations of neutrino
flavor transformation in the early universe [21, 22]. It
has been argued [20] that neutrinos and antineutrinos
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Closing Remarks

I will make some remarks about how rewarding I have found work in this 
inner space/outer space juncture.


