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❏   Panel science priorities: four questions

Wick Haxton                Gatlinburg LAW          24 October 2010             

❏   Some comments on the evolving connections
      with lab-based astrophysics and theory

❏   Panel recommendation of key activities  
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Charge:     To identify and articulate the scientific themes that will define the frontier in
               cosmology and fundamental physics research in the next decade

Context:    A set of significant recent discoveries that strengthened the links between
              astrophysics/cosmology and fundamental physics conducted with ground-
              based or laboratory facilities

•  the development of a relatively simple cosmological model fitting astronomical data, 
   Lambda Cold Dark Matter, with parameters known to better than 10%, and with
   immediate implications for beyond-the-SM physics   

•  CMB and large-scale structure measurements that appear consistent with the
   predictions of inflation:  a nearly flat universe with a matter distribution consistent
   with Gaussian and nearly scale invariant initial fluctuations

•  CMB confirmation of the BBN conclusion that baryons comprise about 4% of the
   closure density:  dark matter must be primarily nonbaryonic

•  supernova data implying that the expansion of the universe is accelerating, 
   consistent with dark energy dominance of the universe’s energy density
         



•  the astrophysical neutrino discoveries -- from the sun and from cosmic rays --
   that neutrinos have mass and undergo flavor oscillations, providing the first 
   demonstration of physics beyond the SM (and of identified dark matter)

•  the identification of the cutoff in high-energy cosmic rays consistent with the
   expected GZK scattering off the CMB:  the universe may be opaque to us at
   its asymptotic energies and distances 

         
Scope:     Panel considered input from communities concerned with the early
              universe;  the CMB;  probes of large-scale structure through observations 
              of galaxies, intergalactic gas, or their associated gravitational distortions;
              determinations of cosmological parameters; dark matter; dark energy;
              tests of gravity; astrophysical measurements of physical constants; and
              the fundamental physics that might be derived from observations of
              astronomical messengers (νs, γs, UHE cosmic rays) 

              Among the white papers considered were ∼5 primarily focused on
             either lab astrophysics or theory/computation
              
Response was organized around four questions and one discovery area:  selective       



How did the Universe begin?             (the mechanism behind inflation)

Why is the universe accelerating?       (the nature of the dark energy)

What is dark matter?  

What are the properties of neutrinos?    

(Discovery area:  gravitational wave astronomy)    



What is dark matter?  

What are the properties of neutrinos?  

       perhaps have the more immediate connections with laboratory
       nuclear and particle physics/astrophysics

  

Why is the universe accelerating?



I.   How did the Universe begin?

Inflation as a paradigm:  microscopically, causally connected regions expand
exponentially, driving the spatial curvature nearly to zero, and producing a 
homogeneous universe

But the underlying mechanism responsible for inflation has not been identified

Operated at an energy/density not directly accessible in the laboratory  

Toy-model mechanisms can be constructed in most extensions of the SM --
GUTs, string theories, phenomenologies with extra dimensions, models with
relatively low-energy phase transitions (such as Peccei-Quinn), gravity theories
that depart from GR at high densities, ...

Predictions of the simplest toy model -- single-field “slow roll inflation” --
establish observational benchmarks
     1) a flat universe:  curvature scale >> horizon scale
     2) nearly scale-invariant fluctuations reflected in the matter distribution
     3) fluctuations that are Gaussian, adiabatic, homogeneous, and isotropic
     4) stochastic background of nearly scale-invariant inflationary GWs
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Panel recommendations focused on precise astronomical measurements to look for
departures from vanilla models

•  measurement of the curvature of the universe to 1 part in 104

•  as the strength of primordial gravity waves can be related to the energy scale at 
   the time of inflation, searches for long-wavelength gravity waves through
   the polarization they imprint on the CMB

•  extended surveys-- LSS of galaxies, CMB polarization, weak lensing of galaxies
   and the CMB, fluctuations in the intergalactic medium -- to determine the
   amplitudes of primordial fluctuations over the accessible scales

        



II.   Why is the universe accelerating?

The panel report poses two leading questions
    •  is the acceleration caused by a breakdown in GR or by a new form of energy?
    •  if dark energy is causing the acceleration in space and time,  is the energy
       density constant in space and time?

The later is formulated in terms of the EOS parameter

Vacuum energy -- a cosmological constant -- giving

Lines of attack include 
    •  measurements of the Hubble parameter         (the expansion rate probes
       total energy density -- ordinary + dark matter, radiation, dark energy)   
    •  measurements of the distance-redshift relationship         
    •  measurements of the growth function         describing the strength of
       matter clustering, which is related to         but probes different scales (GR test)    

ρED(z) = ρED(0) exp

[
3

∫
(1 + w(z)) dln(1 + z)

]
−→

w = −1
ρED(0)

P = w(z) ρc

w = −1

H(z)

D(z)
G(z)

H(z)



w(z) ∼ −1± 0.2



Tools include

1) SNIa as standard candle distance measurements 
    •  good statistical power, Gpsec range

    •  potential systematics include corrections 
       for dust extinction,  the accuracy of 
       photometric calibrations across a wide 
       range of redshifts, possible evolution of
       the SN population with metalicity or 
       other parameters

    •  method based in part on the 
       phenomenological Phillips 
       relation that corrects for morphological
       differences by scaling light curve shape 
       according to peak luminosity, thereby 
       correcting for the fact that bright SNIa 
       decline more slowly than faint ones
        

    

Cosmological Significance of SNIae 

        The Best Standard Candles

Shape of light curve (brightness 

vs time)  is correlated to the 

peak luminosity. 

Bright SNIa decline more slowly.  

Scaling determined by Phillips

or luminosity width relation (LWR).

 

Calan/Tololo Survey of SNIa

(Hamuy et al., 1996, Kim et al., 1997)
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Calan/Tololo survey

improved modeling  ⇔ light curve systematics

more data ⇔ more effective Phillips parameterizations



Accounting for (or determining the exceptions to) the Phillips relationship are a key 
laboratory/theory challenge

The thermonuclear detonation is a computing grand challenge problem:  
   •  how it is thermally triggered within a WD
   •  nuclear reaction chains from C/He to 56Ni via C+C and ensuing reactions
   •  the heat conduction through a degenerate electron/positron plasma
   •  the EOS
   •  the propagation of very narrow flame fronts
   •  the embedding of the physics in 3D 

Most relevant to understanding the Phillips relation, and thus to getting better 
control over standard-candle systematics, is the 56Ni-decay-power light curve 
evolution, which appears to depend on 
  •  the total mass of Ni produced
  •  the KE of the explosion
  •  the extent of mixing
  •  whether asymmetries induced by deflagration persist and have line-of-sight      
     consequences
  •  the radiation transport in the Fe-rich stellar atmospheres (opacities)

                          see Hayden et al. (SDSSII arXiv:1001.3428) and Kasen and Woosley (Ap J 656 (2006) 661)



2) Baryon acoustic oscillations
   •  measurement of          and 
   •  basic idea is that the typical scale associated with the baryon acoustic peaks and
      imprinted at the time of recombination can serve as a “standard ruler” in a
      statistical sense:  this scale ∼150 Mpc
   •  the extent by which this ruler has been stretched over some specified time z 
      can then measured by observing any tracer of the density fluctuations: 
      clustering of galaxies, quasars, Lyman-α forest, 21-cm emission,...
   •  technique thought to be relatively free of 
      systematic bias and powerful because of its 
      statistical nature;  some systematics may remain 
      because the observed set, e.g., the red 
      elliptical galaxies used by BOSS, varies with z

3) Matter clustering tests of 
  •  abundance of galaxy clusters as a function of z
  •  the strength of weak lensing as a function of z

D(z) H(z)

G(z)



III. What is dark matter?

•  perhaps the most-likely-to-be-resolved new-physics problem

•  closely linked to laboratory-based accelerator and underground experiments to 
   probe for new particles beyond the standard model

•  discovered in astrophysics, from the flat velocity rotation curves of galaxies

•  must be long-lived or stable,  cold or warm (so that it is slow enough to seed 
   structure formation), gravitationally active, but without strong couplings to itself or
   to baryons

•  leading candidates are weakly interactive massive particles (WIMPs) and axions

•  consistent with the generic expectation that new particles will be found at the
   mass generation 
   scale of the SM of 
  10 GeV - 10 TeV   
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•  “WIMP miracle” that WIMP annihilation cross sections imply ΩWIMP ∼ 0.1

•  their detection channels include 
      - their role in LSS formation
      - their potential to annihilate into SM
        particles, an astrophysical signal
      - their direct production in the 
        collision of SM particles at accelerators
      - their scattering off SM particles, 
        particularly heavy nuclear targets

•  they may have either spin-independent or
   spin-dependent nuclear scattering cross
   sections, depending on parameters

•  while the range is broad, expected                           : current bounds for
   WIMPS in the 10 GeV - TeV are 

•  the largest detectors are now approaching 100 kg; the  international program is
   focused on developing new detectors in the 1-10 ton scale, based on
   technologies like ultra-clean noble-gas liquid, with sensitivities of a few events/y
   or 
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Xenon100

DAMA

controversy over DAMA, CoGeNT events at low energy vs. efficiency of Xenon100 to 
exclude such light-mass WIMPS - plus CDMS events



Some of the laboratory and theory needs
•  support for detector R&D in both SI and SD channels

•  deep locations: detectors sensitive to penetrating energetic neutrons produced 
   by CR muons

•  control of environmental activities, the limiting background source to date

•  astrophysical searches for annihilation products, with attention to standard 
   processes that might mimic possible signatures (e.g., Pamela)

•  from nuclear theory, estimates of SI form factors and SD cross sections

The hope is for the kind of concordance that emerged from CMB/BBN tests of η
•  LHC discovery of supersymmetry and a lightest stable SUSY particle

•  direct detection of cosmological WIMPS with consistent properties

•  improved astrophysical constraints on the local DM density and structure on
   subgalactic scales testing the paradigm of cold, collisionless, stable DM

laboratory determination of DM properties ⇔ removing LSS uncertainties



What are the properties of neutrinos?

Arguably the richest intersection with laboratory particle/nuclear astrophysics
   •  solar and atmospheric ν programs produced new physics
   •  significant unknowns remain,  with implications for astrophysics and cosmology
            - the origin of matter in the cosmos
            - the high-energy limits of astrophysical accelerators
            - the absolute scale of ν mass
            - energy transport, nucleosynthesis in extreme astrophysical environments
  •  while the lab astrophysics program has a great deal of reach, it also is embedded
     within and competes with major programs of particle and nuclear physics



#1 measure ν mass at 0.05 eV:  physics connected with unique properties of ν mass

νLH νRH

boost

CPT

Majorana:
boost

νLH

νRH

Dirac:

boosts
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or some linear 
combinations

of the two



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.

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
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water to produce electrons, muons or tau leptons that travel
faster than the speed of light in water to produce a shock wave
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detected by sensitive photomultiplier tubes surrounding the
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Since the Earth is essentially transparent to neutrinos, those
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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
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vert to something else by their own accord, we conclude that
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therefore must have a mass.
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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
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(a) According to the Higgs mechanism in the Standard Model, particles in the
vacuum acquire mass as they collide with the Higgs boson. Photons (γ) are
massless because they do not interact with the Higgs boson. All particles,
including electrons (e), muons (µ) and top quarks (t), change handedness
when they collide with the Higgs boson; left-handed particles become 
right-handed and vice versa. Experiments have shown that neutrinos (ν) are
always left-handed. Since right-handed neutrinos do not exist in the Standard
Model, the theory predicts that neutrinos can never acquire mass. (b) In one
extension to the Standard Model, left- and right-handed neutrinos exist.
These Dirac neutrinos acquire mass via the Higgs mechanism but 
right-handed neutrinos interact much more weakly than any other particles.
(c) According to another extension of the Standard Model, extremely heavy
right-handed neutrinos are created for a brief moment before they collide with
the Higgs boson to produce light left-handed Majorana neutrinos.
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rinos. The idea of the Dirac neutrino works in the sense that
we can generate neutrino masses via the Higgs mechanism
(figure 2b). However, it also suggests that neutrinos should have
similar masses to the other particles in the Standard Model. To
avoid this problem, we have to make the strength of neutrino
interactions with the Higgs boson at least 1012 times weaker
than that of the top quark. Few physicists accept such a tiny
number as a fundamental constant of nature.

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

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

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

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

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

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

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

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

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

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

3 Fermions weigh in
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millielectron-volts.
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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

while in principle one can measure the absolute mass in the lab

     tritium β decay 〈mν〉tritium =
∑

i

|Uei|2m2
ν(i)



 present limit                                                           Mainz & Troitzk

 KATRIN’s goal is to reach 250 meV,  with 5σ exclusion at 350 meV

〈mν〉tritium < 2.2 eV

in practice there are limitations



structure surveys may reach the needed sensitivity,  probing mν and the hierarchy 

•  νs with a smaller mass remain relativistic longer, travel further, and suppress growth 
   of structure on larger scales

•  νs are a unique DM component because they transition from relativistic to 
    nonrelativistic matter with expansion:  thus effects are both scale- and Z-dependent

•  50 meV requires sensitivity hot DM at ∼ .001 ρcrit  :  current sensitivity ∼ .013 ρcrit

•  scale-dependent effects at fixed Z that evolve characteristically with Z,  depending on    
   the value mν, naturally leads to analyses that combine data sets sensitive to
   different scale and Z sensitivities

   
    νs are effective in altering the evolution of matter+CDM at the few % level, though
    they comprise only 0.1% of today’s energy density 



#1 measure ν mass at 0.05 eV: reach of LSS surveys typically scale                 ,  so a factor 
of 100 needed          

•  such improvements in surveys with sensitivity to (1-100) Mps scales could come from
       - high-redshift galaxy surveys
       - SDSS-III BOSS 105 QSO survey
       - Planck CMB 
       - 21cm radio telescopes with 0.1 km2  collection
       - weak lensing ... 

#2 enable precision measurements of the multi-flavor ν spectrum from a galactic SN

•  key issue:  third mixing angle       unknown, but critical in determining the strength of ν    
   CP violation -- with leptogenesis being a leading theory for explaining the baryon 
   number asymmetry

•  the next decade’s lab 
   experiments 
   may reach sensitivities 
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Physics issues:  1) SN ν transport, nucleosynthesis changed if 

crossing at 104 g/cm3 (SN carbon zone), θ13 unknown 
(r-process, etc)

solar crossing
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high E ⇒ matter
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θ13 > 10−4

second crossing is standard MSW, a consequence of higher progenitor densities



•  SNII emit                   ergs in νs of all flavors, cooling as           with            sec

•  we are not doing well in keeping an array of capable detectors operating 

•  but next-generation detectors for LB ν experiments and proton decay, at the
   300 kt - 500 kt scale, could measure the SN ν light curve out to ∼ 20 s, 
   background-free, for moderately deep detectors

Physics issues:  2) test neutrino phenomena unique to extreme environments

•  startling oscillation effects --
   flavor swaps -- predicted to occur
   from a new contribution to the
   MSW potential unique to SN, 
   ν scattering off trapped νs

•  phase transitions in the cooling
   nuclear matter that alter the shape
   of the ν light curve

•  the ν burst as a clock, signaling BH
   formation, or correlated with GWs

∼ 3× 1053 e−t/t0 t0 ∼ 3
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#3 develop techniques to detect and study UHE νs  

•  apparent observation of the GZK cutoff in hadronic CRs leaves open the question
   of the ultimate limits of cosmic acceleration

•  the is a curious trend -- based on extrapolated theory -- that the CR 
   composition trends away from protons at ∼ 1016 eV to “Fe” at GZK energies
        - measurement of the associated GZK neutrinos (products of the CR primary
          interactions with the CMB) could test primary composition

•  but an exciting long-term goal is the observation of still higher energy νs above
   CR proton energies by the Askaryan effect - coherent radio emission by 
   electrons swept along UHE neutrino shower front

Copyright © National Academy of Sciences. All rights reserved.
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#4 improve measurements of BBN abundances and supporting theory  

•  despite qualitative agreement between CMB and BBN determinations of η, in detail
   discrepancies exist
         - 7Li is a factor of four below BBN prediction, though observed abundances in
           old halo nuclei are stable to ∼ 5%
         - observed 4He typically below predictions
         
•  such discrepancies could arise from sterile neutrino species with superweak interactions,
   a primordial net lepton number, dark matter decays that alter abundances after the
   BBN -- or more mundane issues, including the nuclear physics

•  panel reports the potential for improving abundance determinations with 30m-class
   telescope with a high resolution stable spectrograph; corresponding improvements in
   nuclear cross section measurements;  improved 3D stellar atmosphere models

The nuclear physics recommendations fit into a continuing program to more precisely
determine cross sections for solar and red giant burning, with accelerators build
underground to permit nearly background-free measurements



Future:  Next-generation nuclear astrophysics deep underground

LUNA Laboratory for Underground Nuclear Astrophysics

Study of the cross section of nuclear reactions at stellar 
energies

in particular for pp chain             2 accelerators: 50kV - 400kV
400 kV accelerator
14N(p, )15O (CNO cycle)

50 kV accelerator
3He(3He,2p)4He - D(p, )3He

Collab.:
Italy, Germany, Hungary

Portugal

p + p d + e+ + e

d + p 3He +

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

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

7Li + p 8B 2 + e++ e

84.7 % 13.8 %

13.78 % 0.02 %

pp chain

done in 2003

Following LUNA:  DUSEL-NAG
- high-intensity light ion machine, or
- high-intensity,  !1 MeV/amu heavy ion
  accelerator for inverse kinematic
- advanced detectors: recoil separation,
  4"  Si strip,  high-E !-tracking

JINA:   http://www.jinaweb.org/dusel/

Future:  Next-generation nuclear astrophysics deep underground

Following LUNA:  DUSEL-NAG
- high-intensity light ion machine, or
- high-intensity,  !1 MeV/amu heavy ion
  accelerator for inverse kinematic
- advanced detectors: recoil separation,
  4"  Si strip,  high-E !-tracking

JINA:   http://www.jinaweb.org/dusel/

Laboratory astrophysics:  recent progress

! New, high-statistics measurements of 7Be(p,") important to the pp
   chain and solar #s:

Junghans et al., Baby et al.

! Remeasurements of 14N(p,"), controlling reaction of CN cycle

$ implanted (TUNL), gas/solid (LUNA) targets
$ resulting S-factor 1.61 ± 0.08 keV-b  almost a
   factor of two below former best value
$ remarkable LUNA result at 70 keV
$ reduces CNO # fluxes proportionately,
   making a significant change in SSM #s

Lemut et al., Imbriani et al., Runkle et al., Bertone et al.

! Measurements hot CNO cycle reactions

   important to the " ray source 22Na
ISAC, ORNL-HRIBF, Argonne

Fig. 2. Astrophysical S-factor for the 14N(p,γ)15O reaction from the present work

(filled squares) and from previous studies: circles [8], inverted triangles [7], diamonds

[16,17], triangles [18]. Error bars ( ± 1σ statistical uncertainty) are only shown where

they are larger than the symbols used. The Gamow peak for T6 = 80 is also shown.

The systematic uncertainties are given in the text and in table 1.
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Summary  

•  the laboratory astrophysics interface with particle/nuclear physics has changed 
   remarkably over 20 years
         
•  not too many years ago most of the focus was on supporting nuclear reaction
   studies for problems like BBN and solar νs, with solar and atmospheric ν 
   anomalies generally attributed to limitations in astrophysics models

•  the resolution of these problems through new neutrino properties, and the growing
   appreciation of the DM problem, changed the culture

•  the theme exposed in “from quarks to the cosmos” now is broadly embraced:
   cosmological, astrophysical, accelerator, and underground experiments attacking
   the same problems, with the potential of complementary discoveries

•  the inclusion in Astro2010 of a panel addressing cosmology and fundamental
   physics reflects this new collaborative mode


