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Beyond Standard Model Physics

D
A
R
K
 E
N
E
R
G
Y

D
A
R
K
 M
A
T
T
E
R

IN
FL
A
T
IO
N"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)

CDM: The Standard Model









Cold Dark Matter: 
(CDM) 25%

Dark Energy : 
() 70%

Stars:
0.8%

H & He
gas: 4%

Chemical Elements: 
(other than H & He) 0.025%

Neutrinos: 
0.17%

CDMCDM

Radiation: 
0.005%

CDMCDM

 inflationary perturbations
 baryo/lepto genesis

If I had been present at creation, I would have suggested a 
simpler scheme.                                       - Alfonse the Wise



Ninty-Five Percent of the Universe

Pulls things together Pushes things apart

Attractive gravity Repulsive gravity

Dark Energy (Dark Matter ()

New particle species? Weight of space?



Inner Space / Outer Space



The construction of a model…consists of snatching from 
the enormous and complex mass of facts called reality a 
few simple, easily managed key points which…becomes 
for certain purposes a substitute for reality itself.

Evsey Domar
20th-century economist

Earth

MarsEpicycle

Deferent
Eccentric


Equant

This cosmological model 
agreed with observations 
for  years!



A Previous
Consensus
Convergence
Dominant
Best-Fit
Standard

Cosmological
Model
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George Trebizond's Latin translation (ca. 1451) of Almagest
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Dark MatterDark Matter

Galaxy Clusters (e.g., Coma)

Fritz Zwicky 1930sVarna, Bulgaria

Swiss ETHZ
Weyl & Scherrer
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measure v & R  M<R

“outside” of galaxy, measure v & R  MGALAXY

Dark MatterDark Matter



Individual Galaxies (e.g., M33)

Dark MatterDark Matter

observed

expected from stars

dark
matter

distance

velocity

km/sec

light years


 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 MatterDark Matter



Periodic Table – Chemist 



Periodic Table – Cosmologist 

Metals

Metals



The Universe Today

Hydrogen   (H-deuterium)
Helium        ( He)
Metals

The Universe 3 minutes AB

 Hydrogen   (H- deuterium)
 Helium        ( He)
Lithium

Big Bang Nucleosynthesis (BBN)



QSO 1937-1009

Burles et al.
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5 M-Myr

100 Myr 1 M-Myr

today

Kravtsov

Structure FormationStructure Formation



X-Ray Temperature of Galaxy ClustersX-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 
km

/s





rotation curves

cmb

observed

luminous 
disk

BBN



Navarro, et al.

Dark MatterDark Matter





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

Dark MatterDark Matter



• Mass challenged (dwarf) stars

The WIMPs dominate the MACHOs!

• Black holes

• Rogue 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

Particle Dark Matter
• 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

eV (g) 
Mʘ (g)





WIMPy Neutrinos
• Neutrinos exist:

• Neutrinos  have mass:
Atmospheric ( eV)
Solar ( eV)

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

three active + sterile?

• Contribute to 
hot thermal relic:

 ≈
m

 eV



B.E.C.s
axion clusters

Mass range
Only gravitational: wimpzillas
Strongly interacting: B balls

Interaction strength range

thermal relics

nonthermal 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

eV (g) 
Mʘ (g)

Particle Dark Matter



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”



B.E.C.s
axion clusters

Mass range
Only gravitational: wimpzillas
Strongly interacting: B balls

Interaction strength range

thermal relics

nonthermal 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

eV (g) 
Mʘ (g)

Particle Dark Matter
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increasing A

decreasing 

Cold Thermal Relics*

* An object of particular veneration.









Ben Lee (1935 — June 1977)

Steve Weinberg







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



WIMPs:
massive, stable, “weakly” interacting, SU()C  U()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
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Too good to be true?



• 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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SUSY WIMPs

Neutralino:

and interactions:

parameters of SUSY

cMSSM

m , m½ , tan , A , sign 

m

m


0 3 0 0
1 2B W H H          

0m


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 tan (s-channel annihilation 

via broad A resonance)
– high values of m–LSP Higgsino-

like & annihilates into W & Z pairs 
(focus point)

– …
– or, unconstrained

     t 

SUSY WIMPs

m

m


Ellis, Olive, Santoso, Spanos



Bulk Region: light superpartners
SUSY WIMPs

m
m


Ellis, Olive, Santoso, Spanos

LHC chewing away at allowed region,
but too early to throw in the towelino.



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

X1 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


