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~35 GeV!
sweet spot



XENON100 is a collaboration including Columbia and Rice universities, University of 
Zurich, University of Coimbra, Gran Sasso National Laboratory, and UCLA.









By ~2017 Direct Detection could probe most of the CMSSM 
(constrained minimal supersymmetric standard model) and 
mSUGRA (minimal supergravity) WIMP parameter space!
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Note: σSI means spin independent!
elastic scattering cross section





ES = Elastic Scattering

SM = Standard Model





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.

mπfπ
  ≈  mafawindow 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 >> fπ  axions are “invisible” 

 and very light

 → Axions  a ~ π0

      mπfπ
  ≈  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 µeV)

                       Primakoff 
                       conversion



Experimental Search for Axions

Power

Frequency ma

Axion Signal

Thermal noise of  
cavity & detector

Power of galactic axion signal

 Microwave Energies 
 (1 GHz ≈ 4 µeV)

 DM axions 
 Velocities in galaxy 
 Energies therefore

ma = 10-3000 µeV 

va  ≈ 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

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 
University of Washington.  Axions 

would be detected as extra 
photons in the Microwave Cavity. 



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 





Search for Neutralino Dark Matter
Direct Method (Laboratory Experiments)

Crystal
Energy 
deposition

Recoil energy 
(few keV) is  
measured by 
• Ionisation 
• Scintillation 
• Cryogenic

Galactic 
dark matter 
particle 
(e.g.neutralino)

Indirect Method (Neutrino Telescopes)

  Sun

Galactic dark 
matter 
particles 
are accreted 

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









                                  



                                  



                                  



                                  



                                  



                                  



                                  



                                  



                                  



                                  



                                  



Understanding the 
Gamma-ray Sky

= + +
data sources galactic diffuse isotropic

+
dark matter??



The diffuse gamma-ray emission from the Milky Way is produced by cosmic rays interacting with the 
interstellar gas and radiation field and carries important information on the acceleration, distribution, 
and propagation of cosmic rays.

Galactic Diffuse Emission

= + +
data sources galactic diffuse isotropic

Inverse Compton                      Bremsstrahlung π0-decay

x-ray, gamma-rayx-ray, gamma-ray

proton

proton 

synchotron radiation 
inverse Compton scattering 

bremsstrahlung radiation 

All of these mechanisms create also non γ-ray radiation 







�   Steep DM profiles predicted by CDM ⇒  Large DM annihilation/decay signal from GC!

Galactic Center Region

�   Good understanding of the conventional astrophysical background is crucial to extract 
a potential DM signal from this complex region of the sky:

‣ source confusion: many energetic sources near to or in the line of sight of the GC

‣ diffuse emission modeling: large uncertainties due to the overlap of structures 
along the line of sight,  difficult to model

DATA DATA-MODEL (diffuse)

Fermi’s View of the Inner 
Galaxy (15ox15o region)

Fermi LAT preliminary results with 32 months of data, E>1 GeV (P7CLEAN_V6, FRONT):

W28

LAT PSR J1809-2332

LAT PSR J1732-3131

2FGL J1745.6-2858

➡ Bright excesses after subtracting diffuse emission model are consistent with known sources. 

Galactic diffuse emission model: all sky GALPROP model tuned to the inner galaxy





Galactic Center Source: 
GeV/TeV

GeV/TeV spectrum compatible with gamma-ray production from protons accelerated 
in Sgr A* and diffusing in the interstellar medium

No time variability

R. Ong, TeVPA 2011

Aharonian et al 2006

HESS







A few of my favorite slides !
from the DM2014 Conference !

at UCLA, Feb 2014

                                  



                                  



                                  



                                  

But see arXiv:1404.2318



                                  


