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Problems of Modern Cosmology

Why is there more
matter than antimatter?

What is the nature
of dark matter?

LECTURE II

What laid down its
primordial perturbations?

What is driving cosmic 
acceleration?
LECTURE III

Why is the cosmological 
constant so small?

Is cosmic acceleration a 
signal of a breakdown of GR?

LECTURE I



Mark Trodden, University of Pennsylvania
Particle Physics and Cosmology II: Dark Matter

Cosmology on the Beach Conference
Puerto Vallarta, Mexico 1/13/2011

• Basic thermal history in an expanding universe
• Freeze-out
• WIMP dark matter and the emergence of the   
  weak scale

• The particle physics perspective
• Why the weak scale is special
• The hierarchy problem
• Possible approaches - SUSY & Extra dimensions

• Natural WIMPs at the weak scale
• A very optimistic example
• Comments on other good particle candidates
• General comments and summary

Lecture II: Outline
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Particle Physics as Time Travel
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Some Thermal History

Γ � H

Γ = n�σv�

Species in equilibrium if interaction rate larger than expansion 
rate (products of reaction have to recombine) 
If interaction rates fall below expansion rate, say species
has frozen out or decoupled. 

Usually have equilibrium in early universe
Interaction rate typically given by

number density

cross-section

velocity

As we’ll see, density of particles eventually gets so low that 
equilibrium no longer be maintained: In current universe, no 
species in equilibrium with CMB photons.
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Particles in Equilibrium

E2(p) = m2 + |p|2

ni =
gi

(2π)3

�
fi(p)d

3p

ρi =
gi

(2π)3

�
E(p)fi(p)d

3p

pi =
gi

(2π)3

� |p|2

3E(p)
fi(p)d

3p

f(p) =
1

eE(p)/T ± 1

For weakly-interacting particles, use a distribution function

Allows us to compute

Number density

Energy density

Pressure
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nX(Tf ) ∼ T 3
f

nX0 ∼ nγ0 ∼ 102 cm−3

Easy to perform in two limits:
T � m T � m If species freezes out 

while relativistic 

Redshifts away just as
photons do

Therefore remains comparable to 
photon number density today



Mark Trodden, University of Pennsylvania
Particle Physics and Cosmology II: Dark Matter

Cosmology on the Beach Conference
Puerto Vallarta, Mexico 1/13/2011

Nonrelativistic Freeze-Out

nX(T < Tf ) ∼
1

σ0mXMP
nγ

ρX = mXnX

ΩX =
ρX
ρcr

∼ nγ

σ0M
3
PH

2
0

ΩX ∼ 1

σ0(109 GeV2)

Much harder to compute abundance in this case - must
integrate Boltzmann equation - specific interactions important

Here just provide approximate answer

cross-section at  T=mX

Since nonrelativistic, number density is

So: or:

Dilution from
expansion

Annihilations

dn

dt
= −3Hn− �σv�

�
n
2 − n

2
eq

�
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To Summarize

Exponential
drop

Freeze out

• Initially, <σv> term 
dominates, so n ≈ neq. 

• Eventually, n becomes 
so small that dilution 
term dominates

• Co-moving number 
density is fixed 
(freeze out).
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The Weak Scale Emerges

σ0 ∼ α2
WGF GF ∼ (300GeV)−2

αW ∼ 10−2

σ0 ∼ α2
WGF ∼ 10−9 GeV−2

ΩX ∼ 1

A particularly interesting possibility is that the particles in
question are weakly interacting. Then

Fermi Constant

Weak Coupling 
Constant

Plugging in numbers:

ΩX ∼ 1

σ0(109 GeV2)

And finally:

yields:
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WIMP Dark Matter

So - if dark matter is formed through the freeze-out
of nonrelativistic particles, they should have an
annihilation cross-section at the weak scale:

WIMPs

If you were in the business of inventing models just to
be the dark matter - this would tell you to start writing

down appropriate Lagrangians at the weak scale

BUT: the story is, of course, much more
compelling than this!
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The Weak Scale in Particle Physics

The electroweak theory is a spontaneously broken quantum
field theory built on the SU(2)xU(1) gauge groups

L = (Dµφ)
†Dµφ− 1

4
FµνF

µν − 1

4
W a

µνW
aµν + V (φ) + Lf

Fµν = ∂µBν − ∂νBµ W a
µν = ∂µA

a
ν − ∂νA

a
µ + gεabcAb

µA
c
ν

Dµ = ∂µ − i

2
gτ.Aµ − i

2
g�Bµ

V (φ) =
λ

4
(φ†φ− v2)2

Recall from Lecture I:
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The Higgs Particle
The Higgs field breaks the symmetry, and gives mass to the 
gauge fields and elementary fermions (e.g. electrons).

Mass of Higgs itself is not precisely fixed, but is given by

mH =
√
λv v = 246 GeV

While we haven’t 
discovered the Higgs 
(yet), can constrain its 
mass from its virtual 
effects on other, very 
precisely observed, 
quantities in the 
electroweak theory

[http://confs.obspm.fr/Blois2010/Kotwal.pdf]

http://confs.obspm.fr/Blois2010/Kotwal.pdf
http://confs.obspm.fr/Blois2010/Kotwal.pdf
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The Hierarchy Problem
However, quantum corrections to the Higgs mass are
quadratically divergent (happens for scalars - c.f. the
cosmological constant problem - see lecture III)

m2
H

∼ m2
H0

+ Λ2 + · · ·

The momentum cutoff in these loops is wherever new
physics appears in the theory - by default, the Planck scale

In which case need to cancel these Planck scale numbers
against one another to one part in 1015!
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Why is gravity so much weaker than other forces? 
Compare :

One framework : Mpl is fundamental scale of physics

• MW is unnaturally small

• Electroweak force is unnaturally strong 

Can Rephrase as ...

GN = M−2
P ∼ 10−33GeV −2

GF = M−2
W ∼ 10−5GeV −2

How are we to explain this in a sensible way?

Another framework : MW  is fundamental scale of physics

• MPl is unnaturally large

• Gravity is unnaturally weak 

e.g. SUSY

e.g. Extra dimensions
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Supersymmetry
• A radical new idea

• a space-time symmetry!
• mixes bosons⇔ fermions

• Many consequences, but focus on only one here. If SUSY
   is exact then particles and their superpartners appear
   in pairs in loops:

becomes

and these cancel - no quadratic divergences!! 
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The “Real” World
• Not quite the whole story

• We know SUSY is not an exact symmetry of our
   world - e.g. where is the partner of the electron?
• Experimental constraints - SUSY must be broken
   at least below ~ weak scale.

• All is not lost though. If SUSY exact above a scale close to
  weak scale, say MSUSY, quadratic corrections only go so far

m2
H

∼ m2
H0

+M2
SUSY + · · ·

Two roughly weak scale numbers need to conspire to give a
roughly weak scale mass - solves the hierarchy problem!
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Could it be that the fundamental scale of physics is close to 
MW ?

If so, then hierarchy problem : Mpl is unnaturally large

Things to bear in mind :

• Electroweak interactions tested to E~MW or 
  d~MW

-1 =10-16 cm

• Gravity (Newton's law) tested to d~1033/Mpl ~1cm

• So, no quantum gravity effects up to E~MW

e.g. No evidence of energy lost to gravitons in e+e- decay

Is there an Alternative?
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 Suppose spacetime has 3+1+d dimensions

 D are compact, we "live" in the 3+1

 Standard Model particles are confined to the 3-
   dimensional submanifold

 Gravity is not confined : gravitons propagate in the "bulk" 

Motivations

 String theory consistent in 10 or 11 dimensions with D-
   branes (non-perturbative extended objects in spectrum)

 Open strings (SM particles) must end on brane but closed 
   strings (gravitational fields) can propagate everywhere

 c.f. Horava-Witten theory, heterotic M-theory 

How Could This Work?
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Imagine spacetime is M3+1 x Td

On large scales gravity smeared 
  over extra dimensions

r<<R

r>>R

|g| =
G(4+d)

r2+d

|g| =
G(4+d)

Rd

1

r2

On small scales gravity diluted
  spreads into all dimensions

Large Extra Dimensions
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We know about gravity on our 3-brane. Therefore identify

So Mpl can be huge even if the fundamental scale M* ~TeV if

volume of extra dimensions (here Rd ) is large enough :

Generally need :

 d=1 : needs R~1013 cm (obviously excluded

 d=2 : needs R~10 mm (a large extra dimension)

 d=6 : needs R~(10 MeV)-1 ~ 20 fm

M2
P ≡ M2+d

∗ RdG4 ≡
G(4+d)

Rd

R ∼ 10(30/d)−17 cm
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The Randall Sundrum Model
Thus far, we’ve rephrased the hierarchy problem - translating 
it from a problem of disparate energy scales, to one of
disparate length scales (R >> inverse weak scale)
But: extra dimensions need not be flat!

y 

! 

R4 " S1
Z2

ds2 = e−k|y|(gµν(x
α)dxµdxν) + dy2

Introduces exponential relation
between 4d Planck mass and
fundamental scale of gravity

Can explain hierarchy with 
fairly natural size of extra 
dimension.
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Kaluza-Klein Implications
Here, I care most about one specific aspect of these:
These theories are on finite spaces - essentially like
doing quantum mechanics in an infinite potential well

For all regular fields, get infinite tower of Kaluza-Klein
particles, with increasingly high masses. 
In flat case:

m2
KK (n) ∼

� n

R

�2

In R-S, and in more complicated large ED models, spectrum
can be much more complicated. But principle is the same
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e.g.
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BSM Physics & Dark Matter

There is a very broad connection between models of beyond
the standard model physics addressing the hierarchy problem 

and dark matter

• Almost any model involves new particles at the TeV scale, 
  related to the SM particles through new symmetries (SUSY
  partners, KK partners, extra gauge and scalar partners, ...)
• Typically, to avoid things like proton decay and precision 
  EW tests, an extra new symmetry is required (R-parity, 
  KK-parity, T-parity, ...).
• This new symmetry renders stable some new particle at
   the weak scale

Often, this stable new particle is an ideal WIMP 
candidate!
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Dark Matter from SUSY
• To ensure proton stability and precision test agreement,
   introduce new symmetry: R-parity

•R(particle) = 1; R(sparticle) = −1
• Then superpartners produced in pairs, and must decay
  to other superpartners
• So: Lightest SUSY Particle (LSP) is absolutely stable
• Consistency with cosmological bounds, LSP must be 
  charge, color neutral
• In many models, LSP is lightest neutralino

• thus, a Weakly Interacting, Massive Particle (WIMP)
• a natural dark matter candidate

• We invoked all this structure at the weak scale to address 
  the hierarchy problem - dark matter came for free!
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Dark Matter from Extra Dimensions

• As before need symmetry to protect from harmful 
  corrections - KK number (can arise from p5 conservation
• Can get away with conservation of KK number breaks to 
  conservation of KK parity.
• Similar to effects of R-parity
• First level KK modes pair-produced
• Lightest first level KK mode is stable (LKP)
• Any first level KK mode decays to zero modes and an 
  LKP.
• A natural dark matter candidate!

• Once again, we invoked all this structure to address 
  the hierarchy problem - dark matter came for free!
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e.g. Universal Extra Dimensions
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The Dream

• Could use our colliders as dark matter laboratories
• Discover WIMPs and determine their properties
• Consistency between properties (particle physics) and
  abundance (cosmology) may lead to understanding of 
  Universe at T = 10 GeV, t = 10-8 s.

Can compare this program with the one that led (with
spectacular success) to our understanding of BBN via a

detailed understanding of nuclear physics
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What are the PP Challenges?

• Definitive predictions depend on detailed studies.
• Mass and cross-section expectations depend on the modes
  of annihilation, determining the freeze-out abundance.

• P-wave proceses require larger <σv> than S-wave ones
• Spin of DM particle is crucial
• Coannihilation channels must be understood
• ...

• In SUSY (well, mSUGRA anyway) detailed studies exist
• In other models, one can currently only broadly quote
  typical values and bounds

Can the LHC/future colliders identify all the candidate 
thermal relics (and distinguish the various possibilities)?
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Some Rough Examples

Model DM Mass

Universal Extra Dimensions ~ 600 GeV

Branon Dark Matter > 100 GeV

Randall-Sundrum Dark Matter > 20 GeV

(insert favorite model here) ....
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The MSSM & mSUGRA

• Precisely one superpartner for each SM particle
• Two Higgs doublets (cancel triangle anomalies)
• Soft SUSY breaking terms
•124 parameters!

•Constrain to minimal supergravity model (mSUGRA)
• Parameters: m0, m1/2,  A0, tan(β), sign(μ)

• m0 =mass of all scalars at GUT scale
• m1/2 = mass of all gauginos at GUT scale
• A0 = trilinear soft breaking parameter at GUT scale
• tan(β) = ratio of Higgs vevs
• μ = SUSY Higgs mass term (magnitude fixed).
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Benchmark Examples (mSUGRA)

Four representative
regions of mSUGRA
parameter space:

• Bulk region

• Focus-point region

• Co-annihilation 
   region

• Rapid annihilation 
   funnel
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An Optimistic Example (mSUGRA)
LCC1: the Bulk Region

m0 = 100GeV , M1/2 = 250GeV , A0 = −100 , tanβ = 10

µ > 0 , m3/2 > mLSP
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There are Many Other Options ...

• Dark matter doesn’t have to be WIMPs. They are 
   however, a very testable possibility, and tie in well to 
   physics at the weak scale
• Haven’t had time to discuss other well-motivated particle
   physics candidates here.
• Classic example is the axion - invoked to solve strong CP
   problem. Many constraints - one explained in interesting
   poster about axions (Graf & Steffen) - take a look.
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... and Other Ways to Detect

...Also indirect
detection, ...

for some models - 
there are some very 
strange ways to use 
colliders to find dark 
matter.
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Things Could be More Complex
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Final Comments
• The nature of dark matter is another central issue of 
  particle cosmology.
• It is an important part of the puzzle of the energy budget
  of the universe.
• While there are many possibilities, I’ve focused on WIMPs
  and their intriguing connection to TeV scale physics and
  the hierarchy problem.
• There are other promising candidates, such as axions, that 
   also use physics that is 
  already there for a good particle physics reason
• For WIMPs in particular, there may be important 
  evidence in upcoming data from the LHC and 
  future colliders. Thank You!


