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Dodelson, Modern Cosmology, p. 76

Dark Matter Annihilation
The weak shall 

inherit the universe!
The weaker 
the cross 
section, the 
earlier 
freezeout 
occurs, and 
the larger 
the resulting 
dark matter 
density.

thermal 
equilibrium



Dark Matter Annihilation
The abundance today of dark matter particles X of the WIMP variety is determined by 
their survival of annihilation in the early universe.   Supersymmetric neutralinos can 
annihilate with each other (and sometimes with other particles: “co-annihilation”).
Dark matter annihilation follows the same pattern as the previous discussions: initially 
the abundance of dark matter particles X is given by the equilibrium Boltzmann 
exponential exp(-mX/T), but as they start to disappear they have trouble finding each 
other and eventually their number density freezes out.  The freezeout process can be 
followed using the Boltzmann equation, as discussed in Kolb and Turner, Dodelson, 
Mukhanov, and other textbooks.  For a detailed discussion of Susy WIMPs, see the 
review article by Jungman, Kamionkowski, and Griest (1996).  The result is that the 
abundance today of WIMPs X is given in most cases by (Dodelson’s Eqs. 3.59-60)

Here xf ≈ 10 is the ratio of mX to the freezeout temperature Tf, and g*(mX) ≈ 100 is the 
density of states factor in the expression for the energy density of the universe when the 
temperature equals mX

The sum is over relativistic species i (see the graph of g(T) on the next slide).  Note that 
more X’s survive, the weaker the cross section σ.  For Susy WIMPs the natural values are 
σ ~ 10-39 cm2, so ΩX ≈ 1 naturally.



      So what’s it made of? 

Because of its relatively inert nature, the physical makeup of dark matter remains a 
mystery. Some likely candidates are Massive Compact Halo Objects (MACHOs) and 
Weakly Interacting Massive Particles (WIMPs), each of which describes a number of 
theoretical particles. Our research is designed to detect the latter of these possibilities. 
Right now, the most probable candidate for a dark matter WIMP is a particle called the 
neutralino. The neutralino is one of the particles whose existence is predicted by the theory 
of supersymmetry, which attempts to unite the four natural forces under a single theory.

    So why should we care what dark matter is? 

Science began as the human quest for knowledge and understanding. On a short-term 
scale, scientific research tells us what, when, where, and how. But as part of the big 
picture, the purpose of scientific inquiry is and always has been to answer the biggest 
question of all: why? Insight about dark matter may provide us with an answer to this 
question. Once we know what constitutes 85% of the matter in the universe, we will be 
able to more deeply understand its origins. Only then will we be able to comprehend our 
own. 

http://dmtools.brown.edu/DMWiki/index.php/

Dark Matter for Beginners

http://dmtools.brown.edu/DMWiki/index.php/Dark_Matter_for_Beginners
http://dmtools.brown.edu/DMWiki/index.php/Dark_Matter_for_Beginners


Experiments are Underway for Detection of WIMPs

Primack, Seckel, & Sadoulet (1987)



and also AXIONs

The diagram at right 
shows the layout of the 

axion search experiment 
now underway at the 
Lawrence Livermore 
National Laboratory.  

Axions would be detected 
as extra photons in the 

Microwave Cavity.



WHAT IS THE DARK MATTER?
Prospects for DIRECT and INDIRECT detection of 
WIMPs are improving. 

 With many upcoming experiments 
Production at Large Hadron Collider
Better CMB data from PLANCK
Direct Detection

Spin Independent - CDMS-II, XENON50, LUX
Spin Dependent - COUPP, PICASSO

Indirect detection via
GLAST and larger ACTs
PAMELA and ATIC

-- there could well be a big discovery in the next year 
or two!  



With all
these

upcoming
experiments,

the next
few years

will be very
exciting!

LHC

Indirect:

Fermi (GLAST) 
launched 
June 11, 2008

Astronomical:

Planck & Herschel 
scheduled for launch 
spring 2009, ...



Search for Neutralino Dark Matter
Direct Method (Laboratory Experiments)
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deposition
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• Ionisation
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• Cryogenic

Galactic
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Indirect Method (Neutrino Telescopes)

  Sun

Galactic dark
matter
particles
are accreted 

Annihilation
High-energy    
neutrinos
(GeV-TeV)
can be measured



Supersymmetric
WIMP (δ)

annihilation 
is related by

crossing
to

WIMP 
Direct Detection 

by
Elastic Scattering

Primack, Seckel, & Sadoulet
Ann Rev Nucl Part Sci 1988



Future WIMP Sensitivities

Genius/CRESST

Direct Detection Indirect,  km3 Detector

Earth Sun

  Sun

Annihilation High-energy    
neutrinos
(GeV-TeV)
can be measured



                                                                                                                              
Jonathan Feng, SLAC Summer School 2003



Direct Method (Laboratory Experiments)
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Search for Neutralino Dark Matter



Direct Detection Methods

Direct Detection Methods



Schematic of an individual detector within CDMS. A WIMP scattering from a 
germanium nucleus produces a low-energy nuclear recoil, resulting in both 
ionization and athermal phonons. Charge carriers drift out to one face of the 
detector under the influence of a small electric field, and are detected with a 
sensitive amplifer [signal shown as Q(t)]. Phonons reaching the other face 
break Cooper pairs in a thin superconducting aluminum layer; the resulting 
quasiparticles heat a transition-edge sensor (TES) bonded to the aluminum 
layer, causing a measurable momentary change in its resistance R(t). In reality, 
the readout elements on both sides are highly segmented, and the relative 
timing of the ionization and phonon signals recorded, to provide good event 
localization.

Figure from: Perspective by Karl van Bibber 
http://physics.aps.org/viewpoint-for/10.1103/
PhysRevLett.102.011301  on
Z. Ahmed et al. CDMS Collaboration, 
“Search for Weakly Interacting Massive 
Particles with the First Five-Tower Data from 
the Cryogenic Dark Matter Search at the 
Soudan Underground Laboratory,” Phys. 
Rev. Lett. 102, 011301 (2009) – Published 
January 05, 2009

 CDMS - Cryogenic DM Search
Berkeley-Stanford-led experiment 

has been at forefront

http://physics.aps.org/viewpoint-for/10.1103/PhysRevLett.102.011301
http://physics.aps.org/viewpoint-for/10.1103/PhysRevLett.102.011301
http://physics.aps.org/viewpoint-for/10.1103/PhysRevLett.102.011301
http://physics.aps.org/viewpoint-for/10.1103/PhysRevLett.102.011301


 CDMS - Cryogenic DM Search
Berkeley-Stanford-led experiment 

has been at forefront



SIGNAL REGION

with timing cut applied



Spin-independent WIMP-nucleon (SI) and spin-dependent WIMP-neutron (SD) 
cross-section upper limits (90% C.L.) versus WIMP mass. In each panel, the 
curves represent 90% C.L. upper limits on the scattering cross section from this 
work and other recent experiments. Shaded regions represent parameter ranges 
expected from supersymmetric models described in [22,23].

[22] J. R. Ellis, K. A. Olive, Y. Santoso, and V. C. Spanos, Phys. Rev. D 71, 095007 (2005).
[23] L. Roszkowski et al., J. High Energy Phys. 07 (2007) 075.

Spin-independent WIMP-nucleon σ Spin-dependent WIMP-nucleon σ



www.luxdarkmatter.org        

In DUSEL
(Deep Underground Science 
and Engineering Laboratory)

Homestake Mine
Lead, South Dakota, USA

2009

http://www.luxdarkmatter.org
http://www.luxdarkmatter.org
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By ~2009 Direct Detection could probe most of the 
CMSSM (constrained minimal supersymmetric standard 
model) and mSUGRA (minimal supergravity) WIMP 
parameter space!  If LUX succeeds, it will leapfrog over 
CDMS and have great discovery potential during 2009.

LUX

10-8 pb = 10-44 cm2        (barn=10-24 cm2,  pb = 10-12 b = 10-36 cm2)

pb



Primack, Seckel, & 
Sadoulet, Ann Rev 
Nucl Part Sci 1988



DAMA Evidence for WIMP detection

Annual modulation of
WIMP signal a
“smoking gun” signature Time (day)

 DAMA experiment in Gran Sasso (NaI scintillation
 detector) observes an annual modulation  at a
 6.3σ statistical CL, based on 110 ton-days of data 
 [Riv. N. Cim. 26 (2003) 1−73]

• Detector stability ?
• Background stability ? 



CDMS



The 2009 limits are
much stronger.





This sensitivity has 
almost been reached now (early 
2009).  DAMA is excluded!

2003



WHAT IS THE DARK MATTER?
Prospects for DIRECT and INDIRECT detection of 
WIMPs are improving. 

 With many upcoming experiments 
Production at Large Hadron Collider
Better CMB data from PLANCK
Direct Detection

Spin Independent - CDMS-II, XENON50, LUX
Spin Dependent - COUPP, PICASSO

Indirect detection via
GLAST and larger ACTs
PAMELA and ATIC

-- there could well be a big discovery in the next year 
or two!  



The number of detectable (S = 5) 
subhalos with more than Npix 
detectable pixels versus Npix, for three 
different choices of M(for <σv> = 
3x10-26 cm3 s−1). The shaded regions 
show the range of N(>Npix) for ten 
randomly chosen observer locations 
and the solid lines refer to an observer 
placed along the intermediate axis of 
the host halo ellipsoid.

2008 ApJ 686, 262

http://adsabs.harvard.edu/cgi-bin/nph-data_query?bibcode=2008ApJ...686..262K&db_key=AST&link_type=ABSTRACT&high=446aa6c7b107934
http://adsabs.harvard.edu/cgi-bin/nph-data_query?bibcode=2008ApJ...686..262K&db_key=AST&link_type=ABSTRACT&high=446aa6c7b107934
http://adsabs.harvard.edu/cgi-bin/nph-data_query?bibcode=2008ApJ...686..262K&db_key=AST&link_type=ABSTRACT&high=446aa6c7b107934
http://adsabs.harvard.edu/cgi-bin/nph-data_query?bibcode=2008ApJ...686..262K&db_key=AST&link_type=ABSTRACT&high=446aa6c7b107934


V. Springel et al. 2008 Nature 456, 73-76

Dark matter is the dominant form of matter in the universe, but its nature is unknown.  It is plausibly 
an elementary particle, perhaps the lightest supersymmetric partner of known particle species1. In 
this case, annihilation of dark matter in the halo of the Milky Way should produce g -rays at a level 
which may soon be observable2,3.  Previous work has argued that the annihilation signal will be 
dominated by emission from very small clumps4,5 (perhaps smaller even than the Earth) which 
would be most easily detected where they cluster together in the dark matter halos of dwarf 
satellite galaxies6. Here we show, using the largest ever simulation of the formation of a galactic
halo, that such small-scale structure will, in fact, have a negligible impact on dark matter
detectability. Rather, the dominant and likely most easily detectable signal will br produced by 
diffuse dark matter in the main halo of the Milky Way7,8. If the main halo is strongly detected, then 
small dark matter clumps should also be visible, but may well contain no stars, thereby confirming 
a key prediction of the Cold Dark Matter (CDM) model.

A blueprint for detecting supersymmetric dark matter in the Galactic halo

http://adsabs.harvard.edu/abs/2008Natur.456...73S
http://adsabs.harvard.edu/abs/2008Natur.456...73S


 DARK MATTER
ANNIHILATION AT 

THE GALACTIC 
CENTER?
Joel Primack

University of California, Santa Cruz

Complementarity Between Dark Matter Searches
and Collider Experiments, UC Irvine, June 11, 2006



                              The Milky Way in the Sky

                              

                              



There’s a supermassive black 
hole at the center of our galaxy…

 Modern large telescopes 
can track individual stars 
at galactic center
 Need infrared (to penetrate 

dust).
 Need very good resolution 

(use adaptive optics).

 and have been observing 
for past 10 years, with 
improving resolution… Keck, 2 µm Ghez, et al.



Motions of stars 
consistent with 
large, dark 
mass located at 
Sgr A*…

Ghez, et al.



Schödel, Genzel, et al. 2004



Schödel et al. 2003



 The central object at the center of the Milky Way 
is…
 Very dark – but now seen to flare in X-rays and IR.
 Very massive (~3 million solar masses).
 Must be very compact (star S0-2 gets within 17 light 

hours of the center).

 Currently the best case for any supermassive 
black hole.



γ rays from WIMP annihilation at the 
Galactic Center Scattering of WIMPs 

by star cluster around 
central supermassive 
black hole predicts 
WIMP density 
       ρ(r) ∝ r -3/2 

in central pc.  The 
annihilation rate ∝ ρ2 
so signal is modestly 
enhanced  and 
centrally peaked.

Gnedin & Primack, Phys Rev Lett 2004  

NFW extrapolation inward

with 3x higher density 
from baryonic contraction 



   



Early Atmospheric 
Čerenkov Telescopes

HEGRA

WHIPPLE

THEMIS



New Ground and Space Based Telescopes

MAGIC
VERITAS
PROTOTYPE



New ground and space based 
telescopes will find more Blazars at 

higher redshifts
Ground-based Gamma Ray Telescopes 2004

(VERITAS)



Results from H.E.S.S. on MWy Center



H.E.S.S.:   High Energy Stereoscopic System
● Array 4 telescopes,    diameter ~12 m
● Field of view   ~5o 
● Angular resolution (single photon): ~ 6 ' 
                                           (with hard cuts): ~ 4 ' 
● Energy resolution    ~15%
● Location:  Namibia,   1800 m   asl 
  Coord.:  23o16' S,   16o30' E  

Energy Threshold   (pre - post cuts):
   0o:   (105 GeV,   125 GeV)
 20o:   (115 GeV,   145 GeV)
 45o:   (265 GeV,   305 GeV)
            60o:   (785 GeV,   925 GeV)

Victor Hess 
1912 balloon 
flight to 6 km: 
“cosmic ray” 
intensity 
increased with 
altitude



H.E.S.S.:   High Energy Stereoscopic System

Science 3 Sept 2004



A&A Letters, 425L, 13 (October 2004) 

See also Dieter Horns’ talk at Gamma2004, astro-ph/0408192, Phys Lett B;
and HESS contributions to ICRC29 (2005) by Hinton, Ripkin, Rolland 



100 pc



1’ ≈ 2 pc

Sgr A*



Felix Aharonian’s talk at Texas @ Stanford
December 2004



Discovery of Very-
High-Energy 
Gamma-Rays from 
the Galactic 
Centre Ridge
Authors: The 
H.E.S.S. 
Collaboration: F. A. 
Aharonian, et al
Nature
Journal-ref: Nature 
439 (2006) 695



Felix Aharonian’s talk at Texas @ Stanford

TeV Gamma‐rays from central <10 pc region of GC



Angular distribution of the gamma-ray emission from the Sgr A source.

W. Hoffman plenary talk at ICRC29 2005 



Differential energy 
spectrum from the direction 
of the Galactic Center 
measured in 2003 (two 
telescopes) and 2004 (four 
telescopes).



Galactic Centre source light curves. The integral nightly average  
flux above 1 TeV is given as function of time in modified Julian 
Days for both 2003 and 2004 observations.  The Galactic Centre 
source flux is consistent with a constant flux at all probed time 
scales.



18 TeV neutralino* 500 GeV 
neutralino*

13? TeV
KK WIMP*

*Note: the predicted neutralino annihilation spectrum actually looks more like the 
observed one -- see Bergstrom et al. PRL 95 (2005) 241301  

* 10 TeV KK annihilation spectrum is from Bergstrom et al. PRL 94 (2005) 131301 



Phys.Rev.Lett. 94 (2005) 131301



Phys.Rev.Lett. 95 (2005) 241301



Comments
 The H.E.S.S. galactic center signal could 

possibly be explained by a SN remnant, or by 
emission associated with accretion by the 
SMBH or dark matter annihilation near it, or a 
combination of sources

 A SN remnant is an extended source expected 
to produce a power-law energy spectrum 
offset from the SMBH, accretion is expected to 
be variable, while DM annihilation should 
produce a cuspy angular distribution with an 
energy spectrum cut off near the WIMP mass

 No time variability has been seen by H.E.S.S.



Comments, con’d
 The power law spectrum observed to ~12 TeV 

requires MWIMP > 30 TeV -- can a SUSY WIMP 
that massive be consistent with unitarity and 
Ωm≈0.25?  UCSC grad student Rudy Gilmore 
answers NO for usual SUSY neutralinos, but he 
is investigating whether WIMP annihilation 
through an s-channel Higgs could work

 The angular resolution of the 4-telescope 
H.E.S.S. array may allow determination of  the 
angular distributions; MAGIC and VERITAS 
may also help measure the high energy 
spectrum and see if there is a roll-off



    Abstract: We set an upper limit on the mass of a supersymmetric 
neutralino dark matter particle using the MicrOMEGAS and 
DarkSUSY software packages and the most recent constraints on relic 
density from combined WMAP and SDSS data. We explore several 
different possible scenarios within the MSSM, including coannihilation 
with charginos and sfermions and annihilation through a massive 
Higgs resonance, using low energy mass inputs. We find that no 
coannihilation scenario is consistent with dark matter in observed 
abundance with a mass greater than 2.5 TeV for a wino-type particle or 
1.8 TeV for a Higgsino-type. Contrived scenarios involving Higgs 
resonances with finely-tuned mass parameters can allow masses as 
high as 34 TeV. The resulting gamma-ray energy distribution is not in 
agreement with the recent multi-TeV gamma ray spectrum observed by 
H.E.S.S. originating from the center of the Milky Way. Our results are 
relevent only for dark matter densities resulting from a thermal origin. 

Phys.Rev.D76:043520,2007
Rudy C. Gilmore, Mass Limits on Neutralino Dark Matter

http://wwwlapp.in2p3.fr/lapth/micromegas/
http://wwwlapp.in2p3.fr/lapth/micromegas/
http://www.physto.se/~edsjo/darksusy/
http://www.physto.se/~edsjo/darksusy/


In the upper plot, we summarize our findings by 
showing the resulting local gamma–ray flux 
from the galactic center in several annihilation 
scenarios using the halo model of [12] with 
fiducial normalization (no baryonic 
compression), and compare to the latest 
observations of the H.E.S.S. experiment (black 
data points, [30]). The dashed lines show the 
true continuous distribution, while the solid lines 
show the total (continuous plus discrete) 
emission spectra as seen by a detector with an 
energy resolution of 15 percent. The blue line is 
a 1 TeV Higgsino, coannihilating with a nearly 
degenerate chargino and second Higgsino. The 
red line shows the same model with 
coannihilation from a 3rd generation squark, at a 
mass of 1.8 TeV. The green line is a 2.4 TeV 
wino. The purple and orange lines are both a 
mixed type neutralino annihilating through a 
heavy Higgs resonance. The orange model has 
been optimized by fine tuning of the resonance, 
so that the cross section and resulting flux are 
maximized, while the purple line shows a more 
typical model. The lower plot demonstrates an 
attempt to fit a Higgs resonance model to the 
H.E.S.S. data. A factor 10 density boost is 
applied, resulting in a 102 increase in flux above 
the fiducial value.

SUSY DM maximum mass is too low, spectrum 
shape is wrong, to account for Sag A* gamma rays

Rudy C. Gilmore, Mass Limits on Neutralino Dark Matter
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Date:  
 
 Tuesday, February 10th

Time:  
 
10:30am

Location: 
ISB 310

Speaker: 
Stefano Profumo (SCIPP)

Title: 
 
 "Dissecting Pamela (and ATIC) with Occam's Razor: existing,
well-known Pulsars naturally account for the "anomalous" Cosmic-Ray
Electron and Positron Data"

Abstract:       We argue that both the positron fraction measured by
PAMELA and the peculiar spectral features reported in the total differential
electron-positron flux measured by ATIC have a very natural explanation in
electron-positron pairs produced by nearby pulsars. We show that the
greatly improved quality of current data allow us to reverse-engineer the
problem: given the regions of pulsar parameter space favored by PAMELA and
by ATIC, are there known pulsars that naturally explain the data? We
address this question by (1) outlining simple theoretical models for
estimating the energy output, the diffusion setup and the injection
spectral index of electron-positron pairs, and by (2) considering all
known pulsars (as given in the ATNF catalogue). It appears unlikely that a
single pulsar be responsible for both the PAMELA result and for the ATIC
excess, although two sources are enough to naturally explain both of the
experimental results. We list several candidate pulsars that can
individually or coherently contribute to explain the PAMELA and ATIC data.
We point out that Fermi-LAT will play a decisive role in the very near
future, by (1) providing us with an exquisite measurement of the
electron-positron flux that will make it possible to distinguish between
various pulsar scenarios, and by (2) unveiling the existence of as yet
undetected gamma-ray pulsars that can significantly contribute to the
local electron-positron flux.

highly relevant SCIPP Seminar 



With all
these

upcoming
experiments,

the next
few years

will be very
exciting!

LHC

Indirect:

Fermi (GLAST) 
launched 
June 11, 2008

Astronomical:

Planck & Herschel 
scheduled for launch 
spring 2009, ...



Axion Physics in a Nutshell
Why axions?  QCD with mquarks ≠ 0 violates CP and therefore T due 
to instantons, unless an undetermined parameter θ is very small – or 
the axion field absorbs the CP-violating phase.  If this CP violation 
isn’t avoided, the neutron gets an electric dipole moment 1010 times 
larger than the experimental upper bound!

SN87A        RED GIANTS            ACCEL. EXPTS

When the temperature T drops to T ~ fa , the axion field gets a vacuum 
expectation value fa eiθ , and then when T drops to ΛQCD ~ 100 MeV 
QCD causes the axion to get mass ma and density ρa ∝ 1/ma .

What? Axions are never relativistic, so there is no free streaming to 
erase fluctuations in their density.  So they behave like Cold Dark 
Matter.

mπffπ
  ≈  maffawindow implies that fa = 109 – 1012 GeV

Ωm > 1
ma < 10−6 eV 10−2 eV                         100 keV



Axion Physics in a Nutshell
Particle-Physics Motivation

CP conservation in QCD by
 Peccei-Quinn mechanism

For  fa >> f fπ  axions are “invisible”

 and very light

→ Axions  a ~ π0

     mπffπ
  ≈  mafa

γ

γ
a

Cosmology

Cosmic
String

In spite of small mass, axions
 are born non-relativistically
(“non-thermal relics”)

→ “Cold dark matter”
      candidate 
      ma ~ 1-1000 µeV

Solar and Stellar Axions

 Axions thermally produced in stars,
 e.g. by Primakoff production

• No excessive energy drain:

   ma < 10 meV

• Search for solar axions (CAST) 

Search for Axion Dark Matter

S

N

γa

Bext

Microwave resonator
                       (1 GHz = 4 µµeV)

                       Primakoff
                       conversion



Experimental Search for Axions

Power

Frequency ma

Axion Signal

Thermal noise of 
cavity & detector

Power of galactic axion signalPower of galactic axion signal

 Microwave Energies
 (1 GHz ≈ 4 µµeV)

 DM axions
 Velocities in galaxy
 Energies therefore

ma = 10-3000 µeV

vva  ≈ 10−3 c

Ea ≈ (1 ± 10−−6) ma
Axion Haloscope (Sikivie 1983)

Bext ≈ 8 Tesla

Microwave 
Resonator
Q ≈ 105

Primakoff Conversion
γa

Bext

Cavity
overcomes
momentum
mismatch

Power of galactic axion signal
2 Experiments in Operation
• Axion Dark Matter Experiment
  (ADMX), Livermore, US
• CARRACK II, Kyoto, Japan



AXION search

The diagram at right shows the 
layout of the axion search 

experiment now underway at the 
Lawrence Livermore National 
Laboratory.  Axions would be 

detected as extra photons in the 
Microwave Cavity.

An improved version of this  
experiment is moving to the 
University of Washington.
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The Strong CP Problem. The standard SU(3) theory of the Strong force violates CP conservation, 
for example predicting that the neutron has an electric dipole moment 108 times bigger than the 
current upper limit,  unless an uncalculable parameter is very small. The only elegant solution to 
this "Strong CP Problem" involves a new particle that interacts so weakly that it has never been 
detected before. This particle is the Axion. Fortunately this particle would interact with other 
particles just enough that if you went looking for it very carefully, you might be able to find it.

AXION search

The Axion DM Experiment (ADMX) is 
designed to look into only a slice of the 
allowed mass range. The reason it's 
only a slice and not the whole range is 
simply due to the equipment. The 
frequency that is scanned by ADMX 
depends on the tuning rods and the 
resonant cavity. Making the apparatus 
able to scan a larger frequency range 
would have cost more and made the 
apparatus bigger, which makes cooling 
and transportation harder, among 
other things.  As to why it is that 
particular slice, it's because it's the 
most convenient one to look in. 
There's no significant reason to 
believe that the Axion would be more 
likely to be in any particular range, so 
this one was chosen based on it being 
easiest to scan with current 
technology.

Phase 1 Phase 2 sensitivity 



Joel Primack, Beam Line, Fall 2001



m(νe): Tritium Endpoint Spectrum

 Currently best limits from Mainz
 and Troitsk experiments

        m < 2.2 eV  (95% CL)

• Scaled-up spectrometer (KATRIN)
   should reach 0.2 eV
• Currently under construction
• Measurements to begin 2007

Electron spectrum

E

m

Tritium β-decayβ-decay-decay

Endpoint
energy
18.6 keV

http://ik1au1.fzk.de/~katrin



Neutrinoless ββ Decay

76Ge

76Se

76As

O

2

2+

O

76

Some nuclei decay only
by the ββ mode, e.g.

Half life ~ 1021 yr

Measured
quantity

Best limit
from 76Ge

00ν mode, enabled
by Majorana mass

Standard 2Standard 2ν mode



Citation: S. Eidelman et al. (Particle Data Group), Phys. Lett. B 592, 1 (2004) (URL: http://pdg.lbl.gov)

L± – stable charged heavy leptonL± – stable charged heavy leptonL± – stable charged heavy leptonL± – stable charged heavy lepton

Mass m > 102.6 GeV, CL = 95%

νeνeνeνe J = 1
2

The following results are obtained using neutrinos associated with e+

or e−. See the Note on “Electron, muon, and tau neutrino listings” in
the Particle Listings.

Mass m < 3 eV Interpretation of tritium beta decay experi-
ments is complicated by anomalies near the endpoint, and the
limits are not without ambiguity.

Mean life/mass, τ/mν > 7 × 109 s/eV [i ] (solar)
Mean life/mass, τ/mν > 300 s/eV, CL = 90% [i ] (reactor)
Magnetic moment µ < 1.0 × 10−10 µB , CL = 90%

νµνµνµνµ J = 1
2

The following results are obtained using neutrinos associated with µ+

or µ−. See the Note on “Electron, muon, and tau neutrino listings” in
the Particle Listings.

Mass m < 0.19 MeV, CL = 90%
Mean life/mass, τ/mν > 15.4 s/eV, CL = 90%
Magnetic moment µ < 6.8 × 10−10 µB , CL = 90%

ντντντντ J = 1
2

The following results are obtained using neutrinos associated with τ+

or τ−. See the Note on “Electron, muon, and tau neutrino listings” in
the Particle Listings.

Mass m < 18.2 MeV, CL = 95%
Magnetic moment µ < 3.9 × 10−7 µB , CL = 90%
Electric dipole moment d < 5.2 × 10−17 e cm, CL = 95%

Number of Neutrino TypesNumber of Neutrino TypesNumber of Neutrino TypesNumber of Neutrino Types
and Sum of Neutrino Massesand Sum of Neutrino Massesand Sum of Neutrino Massesand Sum of Neutrino Masses

Number N = 2.994 ± 0.012 (Standard Model fits to LEP data)
Number N = 2.92 ± 0.07 (Direct measurement of invisible Z

width)
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Neutrino MixingNeutrino MixingNeutrino MixingNeutrino Mixing

There is now compelling evidence that neutrinos have nonzero mass
from the observation of neutrino flavor change, both from the study of
atmospheric neutrino fluxes by SuperKamiokande, and from the study
of solar neutrino cross sections by SNO (charged and neutral currents)
and SuperKamiokande (elastic scattering). The flavor change observed
in solar neutrinos has been confirmed by the KamLAND experiment
using reactor antineutrinos.

Solar NeutrinosSolar NeutrinosSolar NeutrinosSolar Neutrinos

Detectors using gallium (Eν 0.2 MeV), chlorine (Eν 0.8 MeV),
and Cherenkov effect in water (Eν 5 MeV) measure significantly
lower neutrino rates than are predicted from solar models. From the
determination by SNO of the 8B solar neutrino flux via elastic scat-
tering, charged-current process interactions, and neutral-current in-
teractions, one can determine the flux of non-νe active neutrinos to
be φ(νµτ )= (3.41+0.66

−0.64) × 106 cm−2 s−1, providing a 5.3 σ evidence
for neutrino flavor change. A global analysis of the solar neutrino
data, including the KamLAND results that confirm the effect using
reactor antineutrinos, favors large mixing angles and ∆(m2) "
(6–9) × 10−5 eV2. See the Note “Solar Neutrinos” in the Listings
and the review “Neutrino Mass, Mixing, and Flavor Change.”

Atmospheric NeutrinosAtmospheric NeutrinosAtmospheric NeutrinosAtmospheric Neutrinos

Underground detectors observing neutrinos produced by cosmic rays
in the atmosphere have measured a νµ/νe ratio much less than ex-
pected, and also a deficiency of upward going νµ compared to down-
ward. This can be explained by oscillations leading to the disappear-
ance of νµ with ∆m2 ≈ (1–3) × 10−3 eV2 and almost full mixing
between νµ and ντ . The effect has been confirmed by the K2K ex-
periment using accelerator neutrinos. See the review “Neutrino Mass,
Mixing, and Flavor Change.”

Heavy Neutral Leptons, Searches forHeavy Neutral Leptons, Searches forHeavy Neutral Leptons, Searches forHeavy Neutral Leptons, Searches for

For excited leptons, see Compositeness Limits below.

Stable Neutral Heavy Lepton Mass LimitsStable Neutral Heavy Lepton Mass LimitsStable Neutral Heavy Lepton Mass LimitsStable Neutral Heavy Lepton Mass Limits

Mass m > 45.0 GeV, CL = 95% (Dirac)
Mass m > 39.5 GeV, CL = 95% (Majorana)
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For excited leptons, see Compositeness Limits below.
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m2

A three-neutrino squared-
mass spectrum that accounts 
for the observed flavor 
changes of solar, reactor, 
atmospheric, and long-
baseline accelerator neutrinos. 
The νe fraction of each mass 
eigenstate is crosshatched, 
the νμ fraction is indicated by 
right-leaning hatching, and the 
ντ fraction by left-leaning 
hatching.  From B. Kaiser,
http://pdg.lbl.gov/2007/reviews/

numixrpp.pdf

ντνμ

νe
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Fluxes of 8B solar neutrinos, 
φ(νe),and φ(νμ or τ ), 
deduced from the SNOʼs 
charged current (CC), νe  
elastic scattering (ES), and 
neutral-current (NC) results 
for the salt phase 
measurement. The Super-
Kamiokande ES flux and the 
BS05(OP) standard solar 
model prediction are also 
shown. The bands represent 
the 1σ error. The contours 
show the 68%, 95%, and 
99% joint probability for φ(νe) 
and φ(νμ or τ ). 

[From PDG 2005 review by 
K. Nakamura.]

Sudbury Neutrino Observatory 
Confirms Solar Neutrinos Oscillate

n → p e- νmust happen twice per 4He, and then ~1/3 of 
the electron antineutrinos oscillate to mu or tau neutrinos 

e
-



Update of the global neutrino oscillation contours given by the 
SNO Collaboration assuming that the 8B neutrino flux is free 
and the hep neutrino flux is fixed. (a) Solar global analysis. (b) 
Solar global + KamLAND.  [From PDG 2005 review by K. 
Nakamura.]

Δm12
2 = 8x10-5 eV2 ⇒ m2 ≥ 9x10-3 eV



In ~1980, when purely baryonic adiabatic fluctuations were ruled out by the 
improving upper limits on CMB anisotropies, theorists led by Zel’dovich turned to 
what we now call the HDM scenario, with light neutrinos making up most of the 
dark matter.  However, in this scheme the fluctuations on small scales are damped 
by relativistic motion (“free streaming”) of the neutrinos until T becomes less than 
mν, which occurs when the mass entering the horizon is about 1015 solar masses, 
the supercluster mass scale.  Thus superclusters would form first, and galaxies later 
by fragmentation.  This predicted a galaxy distribution that would be much more 
inhomogeneous than observed.

HDM          Observed Galaxy Distribution         CDM
Simon White, in Inner Space/Outer Space (1986)

blocked by galactic dust

Whatever Happened to Hot Dark Matter?



Whatever Happened to Hot Dark Matter?
Since 1984, the most successful structure formation scenarios have been 
those in which most of the matter is CDM.  With the COBE CMB data in 
1992, two CDM variants appeared to be viable: ΛCDM with Ωm≈0.3, and 
Ωm=Cold+Hot DM with Ων≈0.2 (Holtzman & Primack 1992, Wright et al. 
(COBE) 1992).  Both cosmologies predicted a distribution of nearby 
galaxies in excellent agreement with observations.

However, a potential problem with CHDM was that, like all Ωm=1 theories, 
it predicted rather late structure formation.  By 1998, the evidence of early 
galaxy and cluster formation, the SN1a data showing that the expansion 
rate of the universe has been increasing, and the increasing evidence 
that Ωm≈0.3 had favored ΛCDM and doomed CHDM.  

Now we also know from neutrino oscillations that neutrinos have mass.  
The upper limit is Σ mν < 1.3 eV from CMB alone and Σ mν < 0.61 eV from 
CMB + BAO + SN1a (Komatsu et al. 2008).  There is a stronger but 
somewhat controversial constraint Σ mν < 0.17 eV including Lyα forest 
data (Seljak et al. 2006).



Effect of Neutrino Mass on Predicted Power Spectrum P(k)

SDSS P(k)  Tegmark+05
P(k) for LCDM with degenerate 
neutrino masses totaling 1.0 eV or 
less.

Masataka Fukugita, Massive Neutrinos in Cosmology
Plenary talk given at NuFact05, Frascati, 21-26 June 2005, hep-ph/0511068



Colin et al. 1999

ΛCDM Scale-
Dependent 
Anti-Biasing

The dark matter correlation 
function ξmm for ΛCDM is 
~3×ξgg at 1 Mpc. This 
disagreement between ξmm and 
ξgg was pointed out by Klypin, 
Primack, & Holtzman 1996.  
When simulations could resolve 
galaxy halos, it turned out that 
this needed “anti-biasing” arises 
naturally. This occurs because 
of destruction of halos in dense 
regions caused by merging and 
tidal disruption.




