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Evidence for Dark Matter

Spiral galaxies 
Rotation Curve
⇒ Missing Ω (Galactic-kpc)

Clusters & Superclusters
Gravitational Lensing
⇒ Missing Ω (Cluster-Mpc)

Large Scale Structures
⇒ Cold Dark Matter

CMB Anisotropy
⇒ Ωtotal ; Ωbaryon (cosmological)

Big Bang Nucleosynthesis
⇒ Constrain Baryon density



http://nedwww.ipac.caltech.edu/level5/March02/Plionis/Plionis3_2.html


Dark Matter is DARK (not interacting 
electromagnetically)

And  NOT  modified Gravity  …….



PDG08

Combined 
Constraints :

h = 0.71 ± 0.04



Compositions of the Universe : 
We only Understand ~4% !!!???? 

Standard 
Model 
Matter：
Understood

Dark Matter：＂We 
know Nothing !” (but 
perhaps have 
reasonable guesses)  

Dark Energy：＂We 
know less than 
Nothing !” 

Or  …. 

The Ultimate Copernicus 
Principle  !!



at least as much 
neutrinos by mass 
as visible matter !



stable (protected by a conserved quantum number)
no charge, no colour (weakly interacting)
cold, non dissipative
relic abundance compatible to observation
motivated by theory (vs. “ad hoc”)

halo
bulge
disksun

Properties of a Good Cold Dark Matter Candidates:

Dark Matter 
gravitationally 
bounded in 
galactic halo



(Incomplete) List of CDM candidates
RH neutrinos
Axions
Lightest Supersymmetric
particle (LSP) – neutralino, 
sneutrino, axino
Lighest Kaluza-Klein Particle 
(LKP) 
Heavy photon in Little Higgs 
Models
Solitons (Q-balls, B-balls)
Black Hole remnants
…



Evolution of the Dark Matter Density

Produced and 
annihilating
(T≥mc) Interactions 

suppressed (T<mc)

Freeze out

1
0

100 1000
mx / T (time )

Produced in big bang, but also 
annihilate with each other.
Annihilation stops when number 
density drops to the point that

i.e.  annihilation too slow to keep up 
with Hubble expansion (“freeze out”)

Leaves a relic abundance:

H > ΓA ≈ nχ < σ A v >

Ωχh2 ≈10−27cm3s−1 / < σ A v >fr

！ IF σA ~ electroweak scale

THEN

[  coincidence or miracle ?!]
⇒ WIMPs 

( no constraints on  mχ)  

1

σ ann. ≈ a few pb ≈ αW
2 MW

2

3.0~Ωχ



Dark Matter Detection

DM

DM

SM

SM

New 
Physics?

Production

Direct 
Detection

Indirect 
Detection



Indirect Detection of WIMP

through their annihilation 
products
Signals high-energy neutrinos, 
anti-protons, positrons & photons
Sources Sun, Earth, Galactic 
Center, Milky Way Halo, Stars, 
External Galaxies
HE neutrinos from Sun/Earth or 
anomalous γ-rays peaks 
smoking gun signatures
Anomalous spectral distributions 
of e+, p-bar, γ etc. dependent 
on background models



Anomalous Cosmic Positron Spectrum

！ Consolidated by latest results from 
PAMELA, PPB-BETS, ATIC

Background

PAMELA

PPB-BETS

ATIC

Astrophysical Primary sources or WIMP-induced ??



Cosmic-Ray Anti-proton from PAMELA 
is OK, however……



ATIC

http://atic.phys.lsu.edu/aticweb/images/images/ATIC Experiment Large.jpg
http://atic.phys.lsu.edu/aticweb/images/images/Instrument Down Large.jpg


Typical (p,e,γ) Shower image in ATIC 
(Flight data 250 GeV @ BGO)

Electron and gamma-ray showers 
are narrower than the proton 
shower
Gamma-ray shower: No hits at top 
detectors around shower axis 
p-rejection in e  ~ 10-4

Proton electron gamma



PPB-BETS

ATIC



But ! New  May 2009  Results …..

Fermi (Satellite) 

HESS (Air Cerenkov 
Telescope)





51 GV positron 80 GV proton

S1

S2

CALO

S4

C
A

S

CAT

TOF
SPE

S3

ND

e/p separation:
Calo-E-fraction 
Energy-momentum 
match
Shower start point
Shower long./lat profile

p-rejection < 10-5

e- e+

p+





AMS: Construction of the detectors is complete.
Expected Launch : Fall 2010 

TRD 
e

Silicon Tracker
Z, P

Calorimeter
e, γ

Magnet
P

RICH
v, Z

Time of Flight
v, Z

Size: 3m x 3m x 3m
Weight: 7 tons



AMS-2 Sensitivities …

PAMELA-09

… charge determination till ~500 GeV



Taking Data : GLAST/Fermi



Anomalous Cosmic Gamma Spectrum

！ from ERGET, NOW tested by Fermi



Taking Data : GLAST/Fermi



Anomalous Cosmic Gamma Spectrum

！ from ERGET, soon 
tested by GLAST



WIMP Direct Detection

Elastic recoil of non relativistic halo WIMPs off the 
nuclei 
Both Spin-Independent (~A2) and Spin-Dependent 
[~(J+1/J) ] Couplings
Recoil energy of the nucleus in the keV range
Annual modulation effect due to the rotation of the 
Earth around the Sun 
Directional Recoils, experimentally  challenging



WIMP-detection Experiments Worldwide
(from Subject Review TAUP-07)

SUF 
CDMS I

LiF
Elegant V&VI

IGEX

Gran Sasso
DAMA/LIBRA
CRESST I/II
Genius TF
CUORICINO
XENON
WArP

CanFranc
IGEX
ROSEBUD
ANAIS

LSM
EDELWEISS I/II

Boulby
NaIAD
ZEPLIN I/II/III
DRIFT 1/2

Soudan 
CDMS II

XMASS
KIMS

ORPHEUS

FNAL 
COUPP

SNOLAB
Picasso
DEAP
SuperCDMS

ArDM

DUSEL
LUX
CLEAN
SIGN

Cryogenic (<77K) 
Experiments

Running

TEXONO



Target

CRESST II

CDMS II, 
EDELWEISS I

Light

1% energy
fastest
no surface 
effects

Phonons/heat

100% 
energy
slowest
cryogenics

Ionization
10% energy

WIMP

WIMP

ZEPLIN-I,
DEAP, CLEAN, 
XMASS

CDMS II, 
EDELWEISS II

Ephonons

E l
ig

ht

Ephonons

E i
on

iz
at
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n

HPGe expts

DAMA/LIBRA
KIMS

Picasso, Simple,
Coupp
(superheated)

ZEPLIN II/III/Max, 
XENON, LUX, 
WARP, ArDM

Detector Techniques - Present Focus : Nuclear Vs Electron recoils

Future :  Lower Threshold ; Direction Sensitive



DAMA/LIBRA 
NaI(Tl) Scintillator at Gran 
Sasso : total 0.82 ton-year data
Observe annual modulation in the 
2-6 keV single-hit signal band, 
total 11 cycles, > 8σ
No modulations at higher energy 
& for multiple-hits  

December

60˚

June



Single Hit 2-6 keV 
Signal Region  
DAMA/NaI (7 years)
+ DAMA/LIBRA (4 
years)   
Total exposure: 
300555 kg×day = 
0.82 ton×yr



No Modulation for multiple hits at 2-6 keV

No Modulation for single hit above 6 keV

multiple-hits residual rate 
(green points) vs single-hit 
residual rate (red points) 

Single-Hit Power Spectrum



gammas

betas

neutrons

Sensitive Techniques: Phonon+Ionization & Dual Phase Xenon

Nuclear Vs electron recoils differentiation

CDMS XENON



TEXONO Detector & 
Shieldings

Candidate Events: selected by Anti-
Compton [ACV : γ] and Cosmic-
Ray [CRV: μ] vetos & Pulse-Shape 
Discrimination [PSD: electronic 
noise]
Critical Issues: Signal efficiencies 
for trigger, DAQ & Selection 
Non-Ge Efficiency [DAQ,ACV,CRV] 
: evaluated by Random Trigger 
events. 

4X5g 
ULEGe



Exclusion Plot : Spin-Independent Couplings

TEXONO : 20 g 
ULEGe at        
220 eV threshold 
⇒ low WIMP 
masses [PRD 2009]
[ Lin ST’s talk ]

Data Taking at KS 
with 500 g Point-

Contact Ge Underway



Exclusion Plot : Spin-Dependent Couplings



To Reconcile DAMA Results:
﹖ Do we understand of  WIMP  physics 

and astrophysics properties (mass, 
local density distribution, local 
velocity distributions…)

﹖ Do we understand how WIMP 
interacts with matter (e.g.  χ-e) 

﹖ Do we understand our detector 
response (e.g. Quenching Factor in 
crystal lattice…)



Detector Scale-up 
Plans:  Point  
Contact Ge Detector

500-g,  single-element, modified coaxial HPGe design, 
inspired by successful demonstration of Chicago group 
(nucl-ex/0701012)
Position-sensitive from drift-profile pulse shape
Dual-electrode readout and ULB specification
Delivered July 2008, KS data taking November 2008
900-g detector under construction

S0S1

p



New Opportunities : 
Excellent Candidate 
Site for Underground 
Lab. at 四川錦屏, China

♥ 17 km drive-access 
road tunnel with >2 km 
rock overburden !



锦屏山隧道
Mt. Jin-Ping Tunnel

♥ Tallest Peak 4193 m
♥ Max. Rock Overburden: 2375 m
♥ Road Tunnel Distance: 17.5 km
♥ Fraction of tunnel with >1500 

Rock Overburden: >70%

MoU signed May 2009
Excavation of 1st cavern 
begins 2009 
Operating ULEGe 2010.



DUSEL 4850

DUSEL 7400

四川錦屏



Invented to Solve “Strong 
CP Problem”
Produced via QCD Phase-
Transition in early Universe: 
i.e. Cold (non-relativistic)
Couples to Photons & 
Electrons

Assume UPQ(1) symmetry

0  ⇒ light neutral pseudoscalar

~

Axions

neutron 
dipole 

moments



Laboratory & Astrophysics Bounds on Axions

Axions as Cold Dark Matter :
Allowed Mass Range  

~ 10-2 – 10-6 eV



Constraints from Stellar Cooling at Sun 
(main sequence), supernovae, white 
dwarf, global clusters, red giants

Essence of Astrophysics Bounds



Microwave Cavity Experiments (e.g. ADMX) 

Excellent Analyzing Power but Limited Bandwidth



Solar Axion Experiments (e.g. CAST)



Polarization Rotation Experiments (e.g. PVLAS) 

Earlier anomalous signals disappear !!



Axion-Photon Conversion Experiments



Exclusion Plot : Aγ Couplings at Low Mass



Exclusion Plot : general Aγ & Ae Couplings 

TEXONO : 1 kg HPGe using  possible Axions 
emissions from Reactor 



Summary & Outlook 

Missing Energy Density Problem is the most intriguing & 
important one in basic science. 
Some tangible leads & lines of attack already exist for 
Dark Matter Problem
WIMPs & Axions are two of the most popular candidates 
for Cold Dark Matter, motivated independently in 
Particle Physics 
Wide spectrum of experimental techniques pursued
Several anomalous results which can be CDM-induced
Competitive sensitivities in TEXONO on direct searches 

New Underground Lab. at Sichuan soon
Strong Potentials for Surprises in both Theory & Expts
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