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Cold Dark Matter:  

(CDM) 25% 

Dark Energy :  

(L) 70% 

Stars: 

0.8% 

H & He 

gas: 4% 

Chemical Elements:  

(other than H & He) 0.025% 

Neutrinos:  

0.17% 

LCDM 

Radiation:  

0.005% 

LCDM 

+ inflationary perturbations 

+ baryo/lepto genesis 

If I had been present at creation, I would have suggested a 

simpler scheme.                                       - Alfonse the Wise 



Infer surface mass 

density from dynamics 

of stellar motions. 

 

Spoke of “Dark Matter” 

and “Invisible Matter” 

Oort 1932 

Jan Oort 



Dark Matter 

Galaxy Clusters (e.g., Coma) 

Fritz Zwicky 1930s Varna, Bulgaria 



Helvetica Physica Acta 6, 110 (1933) 



Ap. J. 86, 217 (1937) 



Dark Matter 

Galaxy Clusters (e.g., Coma) 

Fritz Zwicky 1930s Varna, Bulgaria 

Zurich, Switzerland 

(Spiegelgasse 17) 
Vladimir Lenin 1916 

1.  Phrase “Dark Matter” 
 

2. Virial mass of Coma 
 

3. M/L in Coma is 500 

    compared to 3 locally 
 

4.  Gravitational lensing 

     could be used with 

     larger telescopes 
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         measure v & R  M<R 

“outside” of galaxy, measure v & R  MGALAXY  

Dark Matter 





Individual Galaxies (e.g., M33) 

Dark Matter 

observed 

expected from stars 

dark 

matter 

distance 

velocity 

km/sec 

light years 

20,000 

100 observed 

Vera Rubin 1970s 

M33 rotation curve 



Sofue & Rubin 

Dark Matter 
CO – central regions         Optical – disks     HI – outer disk & halo 



Weak Lensing 
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Source 

Observer 

Einstein Ring 

Einstein Ring 

Mass of lens determines angular size of ring 

Lens 





Abel 2218 HST 

Dark Matter 



Periodic Table – Chemist  



Periodic Table – Cosmologist  

  Metals 

  Metals 



The Universe Today 

73%    Hydrogen    (10-5    2H-deuterium) 

26%    Helium         (10-5   3He) 

  1%    Metals 

The Universe 3 minutes AB 

76%     Hydrogen    (10-5    2H- deuterium) 

24%     Helium         (10-5   3He) 
10-8%  Lithium 



QSO 1937-1009 

Tytler 
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5 M-Myr 

100 Myr 1 M-Myr 

today 

Kravtsov 

Structure Formation 



X-Ray Temperature of Galaxy Clusters 

Coma cluster 

in X rays with 

visual image 

superimposed 

 

 

X-Ray 

temperature 

measures 

depth of 

gravitational 

potential 

G. Rieke, ROSAT X-ray image from NASA HEASARC,  



Dark Matter 
The Bullet Cluster 

Chandra Science Center 



cluster dynamics 

x-ray cluster gas 

gravitational lensing 

structure formation 

Dark Matter 

cluster collisions 

 distance kpc 
 

 

v
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50 
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rotation curves 

cmb 

observed 

luminous  

disk 



Most of the matter is dark and it’s not even “normal” stuff! 

Dark Matter 



Particles of the Standard Model 



Beyond Standard Model Physics 
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"How helpful is astronomy's 

pedantic accuracy, which I used 

to secretly ridicule!" 

Einstein’s to Arnold Sommerfeld on 

December 9, 1915 (measurements of 

the perihelion advance of Mercury) 

LCDM: The Standard Model 



Inner Space / Outer Space 



• Mass challenged (dwarf) stars 

The WIMPs dominate the MACHOs! 

• Black holes 

• Rogue Rocky Planets 

MACHOS 

Dark Matter 

• Modified Newtonian Dynamics 

• Particle relic from the bang (WIMP) 
Microlensing 



 B.E.C.s 

 axion clusters 

Mass range 

Only gravitational: wimpzillas 

Strongly interacting: B balls 

Interaction strength range 

thermal relics 

nonthermal relics 

WIMPs: Cold Thermal Relics 

• neutrinos                                               (hot) 

• sterile neutrinos, gravitinos               (warm) 

• Lightest supersymmetric particle        (cold) 

• Lightest Kaluza-Klein particle             (cold) 

• B.E.C.s, axions, axion clusters 

• solitons (Q-balls, B-balls, odd-balls, …) 

• supermassive wimpzillas 

10-22 eV  (10-56 g)  

10-8 Mʘ  (10+25 g) 



The First WIMP Candidate 







WIMPy Neutrinos 

• Neutrinos exist: 

•   Neutrinos  have mass: 
   Atmospheric (10-2 eV) 

         Solar (10-3 eV) 

• Not most of dark matter 
 too light!  too hot! 

three active + sterile? 

•   Contribute to   

    hot thermal relic: 

  ≈ 

m  

47 eV 



WIMPy Sterile Neutrinos (or Gravitinos) 

Particle models with sterile neutrinos (or gravitinos) in desired 

mass range are “unfashionable” (IMO). 

• weaker interactions 

• decouple earlier 

• diluted more 

• can have larger mass 

• smaller velocity than neutrinos: “warm” 





Ben Lee (1935 — June 1977) 

Steve Weinberg 
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M / T 

equilibrium e-M / T equilibrium e-M / T equilibrium e-M / T 
equilibrium e-M / T 

101 102 103 1 
10-20 

10-15 

10-10 

10-5 

1 

increasing sA 

decreasing  

Cold Thermal Relics* 

* An object of particular veneration. 

  

  

  



Cold Thermal Relics Are  WIMPs 

  Cross section (& mass ?) of order weak scale  

WIMP (Weakly Interacting Massive Particle) 

Coincidence or Causation? 

         mir·a·cle  

        \ˈmir-i-kəl \ 

             noun  
 

   

 
1 : an extraordinary event manifesting 

      divine intervention in human affairs 

The WIMP Miracle 











Eighty Years of Dark Matter 

Oort 1932 80 Years Ago Dark Matter Exists 
 

Zwicky 1933  79 Years Ago Dark Matter Exists 

 1937 75 Years Ago Dark Matter Exists 
 

Rubin & Ford 1969 43 Years Ago Dark Matter Exists 
 

Cowsik & McClelland 1972 40 Years Ago 1st WIMP Candidate 
 

Lee & Weinberg 05/77 35 Years Ago Prototype WIMP 
 

Stecker 12/77 35 Years Ago Indirect Detection 
 

Ellis, Hagelin, et al. 09/83 28 Years Ago SUSY WIMPs 
 

Goodman & Witten 01/85 27 Years Ago Direct Detection 
 

Ahlen et al. 05/87 25 Years Ago First Limits 



We Swim in a Sea of WIMPs 

• About 1012 will pass through you during this talk 

• There are 107 in this room 

• You don’t sense them since interactions are so weak 

• Zipping around at 500,000 miles per hour 

• A mysterious, invisible particle species is around us 

A Fantastical Story! 

• With a mass  30-100  times the mass of a proton 





WIMPs: 

       massive, stable, “weakly” interacting, SU(3)C  U(1)EM  singlet 

 WIMP must be a BSM (but perhaps not far BSM) particle. 

 

WIMPs 

Particle Physics: 

Discover dark matter and learn how it is … 

 … grounded in physical law 

 … embedded in an overarching physics model/theory 

Astro Physics: 

 Understand the role of dark matter in … 

 … formation of structure 

 … evolution of structure 

Goal:  Discover dark matter and its role in shaping the universe  



WIMPs are a simple, elegant, compelling explanation for a 

complex physical phenomenon. 

“For every complex natural phenomenon there is a simple, 

elegant, compelling, wrong explanation.” 

                                                                      — Tommy Gold   

Dark matter is a complex physical phenomenon. 

WIMPs 

(Dark is the New Black) 



WIMP Crossings  

q
A Xs  

X X q q+  +

X

X q

Primordial Production 

Indirect Detection 

X X

q

X Ss 

X q X q+  +
q

Direct Detection 

X

X
q X Ps 

q q X X+  +
q

Accelerator Production 



• velocity dependence 

• co-annihilation 

• resonances 

• superwimps 

• dependence on M, g*,  

• ... 

Not quite so simple: Not quite so simple: 

• velocity dependence 

• local phase-space density 

• flavor dependence 

• co-production 

• Sommerfield enhancement 

• … 
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WIMP Crossings  



COUPP 
CDMS 

DAMA 

CoGeNT 

( +  EDELWEISS,  

XENON, EURECA,  

ZEPLIN, DEAP, ArDM,  

WARP, LUX, SIMPLE,  

PICASSO, DMTPC,  

DRIFT, KIMS, …) 

Direct Detection 

CRESST 



Direct Detection 

• Depends on local WIMP phase-space density 

 

• Usual assumption: DM  0.3 GeV cm-3  

 

• Usual assumption: Maxwellian velocity distribution 

   in galactic rest frame 



DAMA/LIBRA 

cos w (t - t0) 

T  2 /w  1 year 

t0  152.5d (2 June) 



CoGeNT  



CoGeNT 

annual modulation  

at   2.8s 

Aalseth et al. 2011  



CRESST 

Angloher et al. 2011  



Hooper et al. 2010 

CoGeNT + DAMA 



XENON/CDMS 

Angle et al. 2011 

CDMS 

XENON 

CDMS 



Juanito 



Predictions of WIMP Search Sensitivity 
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present 

“Things take longer than they do.” 





Wimps 

Indirect Detection 

Galactic Center 

Dwarf spheroidals 

DM clumps, Sun 



ATIC Fermi/GLAST 

PAMELA 

IceCube 

AMS 

Indirect Detection 

WMAP 

Veritas  

H.E.S.S.  



Indirect Detection 

• Depends on WIMP density in galactic center or other 

     structures—simulations unable to completely resolve 

 
• Sommerfeld enhancement 
       

            a / v       (a / v  1) 

 

• Boost Factor 

 

• g-ray lines; internal bremss.; final-state radiation 

 

• If charged products, propagation in magnetic fields 

 

• Astrophysical backgrounds, hazes, fogs, …  

q X 

X q 



GALPROP 

prediction 

ATIC 

620 GeV 

WIMP annihilation 

Chang et al. 2008 

ATIC data 



PAMELA 



Fermi/GLAST Feature 

Hooper & Goodenough 2010 



Fermi/GLAST Haze 

Han, Frenk, Eke, Gao, White (2011) 

1. 20 - 60 GeV in  b b    channel 

2.   2 - 10 GeV in m +m - channel 

3.        1  TeV in m +m - channel 



Fermi/GLAST Line 

Weniger 1204.2797 



Fermi/GLAST Line 

Jackson, Servant,  

Shaughnessy, 

Tait, Taoso 

0912.0004 



• WIMPs: causation or coincidence? 

• Situation now is muddled 

˗ direct hints:    DAMA/LIBRA, CoGeNT, CRESST II, … 

˗ indirect hints: PAMELA, ATIC, Fermi/GLAST, … 

˗ LHC beginning to weigh in: …  

WIMPs 



WIMPs 

CoGeNT 

nonrelativistic 

c +  N  c + N 

LHC 

relativistic 

q + q  c + c 

 

Model Dependent 

Dan Hooper: What would it take for you to “believe” in a 

7 GeV WIMP seen in CoGeNT, DAMA/LIBRA, CRESST-

II, Fermi/GLAST? 

My Answer: Produce and detect it at the LHC! 



WIMPs: Socialists or Mavericks 



Maverick WIMPs* 

 

• WIMP is a loner. 

• Use effective field theory, 

 e.g.: 4-Fermi interaction. 

• WIMP only new species. 

• Clearer relationships between  

       annihilation-scattering- 

       production cross sections.  

* Beltran, Hooper, Kolb, Krusberg, Tait     1002.5137 

  Rajaraman, Shepherd, Tait, Wijangco    1108.1196 

  Fox, Harnik, Kopp, Tsai                           1109.4398 

Socialist WIMPs 

 

• WIMP part of a social network. 

• Motivated model framework, 

 e.g., low-energy SUSY. 

• Many new particles/parameters. 

• Muddy relationships between 

       annihilation-scattering- 

       production cross sections. 

WIMPs: Socialists or Mavericks 



SUSY WIMPs 

Neutralino: 
 

   
  

 

 

      and interactions: 
 

    100+ parameters of SUSY 

  

  

cMSSM 
  

    m0 , m½ , tanb , A0 , sign m 

m1/2 

 m
0

 

0 3 0 0

1 2B W H Hc a b g  + + +

0m
c

Favorite cold thermal relic: the neutralino 

Ellis, Olive, Santoso, Spanos 2003 



•Typical SUSY models consistent 

w/ collider and other HEP data 

have  too small annihilation 

cross section   too large   

 

•Need chicanery to increase 

annihilation cross section 

– s-channel resonance through 

   light H and Z poles 

– co-annihilation with    or 

– large tanb (s-channel  

   annihilation via broad A  

   resonance) 

– high values of m0: Higgsino-   

   like neutralino annihilates  

   into W & Z pairs (focus point) 

– … 

 

• Or, unconstrained 

      t

SUSY WIMPs 

m1/2 

 m
0

 

Ellis, Olive, Santoso, Spanos 



Bulk Region: light superpartners 

SUSY WIMPs 

m1/2 

 m
0

 

Ellis, Olive, Santoso, Spanos 

LHC chewing away at allowed region 



Recent SUSY Statements 

• The evidence for SUSY* has never been  

  stronger. 

• No one took the MSSM seriously anyway. 

• It’s not yet time to throw in the Towelino. 

• By the end of 2012 we will have proof of  

  low-energy SUSY, String Theory, and a  

  130 GeV WIMP. 

* … and Bigfoot, Loch Ness Monster, Elvis, Aliens, … 

Really? 

Really? 

Really? 

Agree! 



Kaluza-Klein WIMPs 
Kolb & Slansky (84); Servant & Tait (02); Cheng, Feng & Matchev (02) 

2 2 2 2 2 2

5 5

2 2 2 2 2
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Quantized Kaluza-Klein excitations 

Conservation of momentum         conservation of KK mode number 

First excited mode (n = 1) stable, mass R-1 

First excited mode (n = 1) stable, mass R-1 

need 

chiral 

fermions 

KK quantum number 

                  KK parity 

X 

X 
1 1

2S S Z

1 4S M



• LKP = KK photon 

• Looks like SUSY 

• Beware KK graviton 

• Direct detection 

• Indirect detection 

Kolb, Servant & Tait 

Bertrone, Servant, Sigl 

Servant & Tait 

Cheng, Feng & Matchev 

Cheng, Matchev & Schmaltz 

Cheng, Matchev & Schmaltz 

1 500 GeVR- 

Kaluza-Klein WIMPs 

LHC chewing away at allowed region 

Kolb & Slansky (84); Servant & Tait (02); Cheng, Feng & Matchev (02) 



Maverick WIMPs 

Dirac fermion Maverick WIMP, c 
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Complex scalar Maverick WIMP, f 

Expect terms that break 

SU(2)L must do so through 

SM Yukawa couplings, so 

operators that flip quark 

chirality should be  mq. 

 
Some terms vanish for 

Majorana c. 

 
Can write G as M*

-2 

              F  as M*
-1 

  

Fierz identities relate 

various combinations 



Maverick WIMPs 



Maverick WIMPs 
Values of G to give correct dark matter density 



Maverick WIMPs 
spin-independent 

For m  10 GeV or so s  10-7 pb 

Around a few GeV      s ~ 10-6 pb 



Maverick WIMPs 
spin-dependent 

s can be as large as 10 -3 pb to 10 -6 pb  



simulation 
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11059Winter2012 

Missing Momentum  Missing Mass? 



Collider Searches 

Social WIMPs 

 Complicated decay chain Backgrounds (neutrino, QCD, …) 

Maverick WIMPs 

coupling from  

or direct/indirect 

WIMPs 

Beltran, Hooper, Kolb, Krusberg, Tait     1002.5137 

Rajaraman, Shepherd, Tait, Wijangco    1108.1196 

Fox, Harnik, Kopp, Tsai                           1109.4398 



WIMPs 

CoGeNT 

nonrelativistic 

c +  N  c + N 

10-4 pb – 10-6 pb 
Described by  

Effective field theory 

LHC 

relativistic 

q + q  c + c 

??? 
Assume described by 

effective field theory 

Model Dependent 



Collider Searches 

Backgrounds (neutrino, QCD, …) 

Maverick WIMPs 

coupling from  

or direct/indirect 

Maverick WIMPs 

• MadGraph/MadEvent:  

Feynman diagrams,  

cross sections,  

parton-level events 
 

• Pythia:  

      Hadron-level events  

      via Monte Carlo showering 
 

• PGS:  

      Reconstructed events  

      at collider 



Rajaraman et al (incl. Tait) PRD 2011 

Predicted LHC Sensitivity 



Rajaraman et al (incl. Tait) PRD 2011 

Predicted LHC Sensitivity 



arXiv:1203.0742 [hep-ex] 



arXiv:1203.0742 [hep-ex] 



twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11059Winter2012 



twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11059Winter2012 







• Only one WIMP? 

The 4% of matter we see is pretty complex and varied. 

If social network of several WIMPs, stronger interacting ones: 

− Easier to detect 

− Smaller  
 

• Thermal Production of WIMPS? 

− Super-WIMPs 

− Asymmetric Freeze out 
 

• Maverick WIMPs? 

− Suppose LHC only sees SM Higgs? 

− Wither SNOOZY? 
 

• Leptophilic, Leptophobic, Flavorful, Self-Interacting WIMPs? 
 

• Annual modulation: do we really understand DM phase space? 
 

• Indirect detection gives indirect information  

WIMP Questions 



• Direct detectors, indirect detectors, & colliders race for discovery 
 

• Suppose by 2020 have credible signals from all three??? 
 

• Do we need three (direct + indirect + accelerator) “miracles” for 

WIMP sainthood?   

How will we know they are all seeing the same phenomenon? 

• When do we stop? 

The Decade of the WIMP 

• WIMP coincidence or causation (it ain’t a miracle)? 
 

• Situation now is muddled 
 

• Ten years from now the WIMP hypothesis will have either: 

convincing evidence or near-death experience 



“Mission Accomplished” 
What Would It Take? 



     IT TAKES THE       

Big Chief Spokesperson 

Cowboy  

Cosmologist 

Hardhat 

Experimentalist 

 SUSY Cop 

Beyond SM 

Guy 

Swiss-Army at 

CERN 
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