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Before we begin
Who am I?

Who are you?

User instructions for students who’ve gone thru 
10 days (!) of lectures:  ask questions!



The Goal
The big questions our field tries to answer can be 
summarized as

L =?
What are the degrees of freedom?

What are their interactions? symmetries?

What are the rules?!



The Tools
Colliding Stuff:

Looking Around Us: 

We have a whole Universe to 
look through for clues!



Example:

What Power’s the sun?

1860‘s - Kelvin and Helmholtz:                                       
“SM” physics of those days - gravitational contraction.                  
Age estimate : 20 million years.

1904 - Rutherford:                                                          
An internal source of heat.

1920’s (post relativity)-                                          
Eddington proposed nuclear fusion.

1930’s -                                                             
Bethe calculated main nuclear reactions.

...

?



Example: ?

The observation of the Sun’s 
energy problem could lead people 

to new forces of nature (and relativity). 

L =?
E=mc2

nuclear reactions



Our Universe
Our Universe is big, homogeneous, isotropic. 
Contains the following (by mass/energy):

all of the SM

an exotic form 
of energy

an exo
tic 

fo
rm

 
o
f m

atter

We have a Universal energy problem: 
“whats all this stuff?”



Outline
Evidence for Dark Matter (Dark Energy too, if we have time):

Rotation curves, CMB, BBN, lensing, supernovae.

Properties of Dark Matter:
Lifetime, hot/cold,  

Abundance & interaction w/ matter.

Candidates for Dark Matter:
SUSY,  WIMPs,  axions,..................

Searches for Dark Matter:
Direct
Indirect

Colliders
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ROTATION CURVES OF GALAXIES

Rubin, Ford, Thonnard (1978)

Rubin, Ford (1970); Bosma (1978)

• Rotational velocity vc as 
function of distance from 
center r
í vc ~ O(300) km/s ~ O(10-3) c
í r ~ few kpc  (pc = 3.26 ly)

• Expect vc ~ r �1/2 beyond 
luminous region

Instead find  vc ~ constant

• The discrepancy may be resolved by missing mass and 
is classic (but not the first) evidence for dark matter

Evidence for Dark  Matter

Take Home massage will be: 
dark matter exists!



Coma Cluster (1932)
Zwicky “measured” the mass of the coma cluster 
using velocities of individual galaxies: 

2hKi = �hV i

M =
v2R

GN

mv2 = GN
mM

R

(virial theorem)

This yielded a factor of 400 
b/w the luminous and “gravitational” mass.

Called the missing stuff “dark matter”.



Rotation Curves
Vera Rubin measured galactic rotation curves (60’s):

mv2

r
= GN

mM

r2

v / r�1/2

outside 
luminous 
bulk



Rotation Curves
Vera Rubin measured galactic rotation curves (60’s):

mv2

r
= GN

mM

r2

v / r�1/2

outside 
luminous 
bulk

Instead, she 
finds a flat 

curve!



Rotation Curves
This has been done many times, with ever 
increasing precision for object of various sizes:

20 Jun 11 Feng    7

ROTATION CURVES OF GALAXIES

Rubin, Ford, Thonnard (1978)

Rubin, Ford (1970); Bosma (1978)

• Rotational velocity vc as 
function of distance from 
center r
í vc ~ O(300) km/s ~ O(10-3) c
í r ~ few kpc  (pc = 3.26 ly)

• Expect vc ~ r �1/2 beyond 
luminous region

Instead find  vc ~ constant

• The discrepancy may be resolved by missing mass and 
is classic (but not the first) evidence for dark matter



Rotation Curves
This has been done many times, with ever 
increasing precision for object of various sizes:

20 Jun 11 Feng    7

ROTATION CURVES OF GALAXIES

Rubin, Ford, Thonnard (1978)

Rubin, Ford (1970); Bosma (1978)

• Rotational velocity vc as 
function of distance from 
center r
í vc ~ O(300) km/s ~ O(10-3) c
í r ~ few kpc  (pc = 3.26 ly)

• Expect vc ~ r �1/2 beyond 
luminous region

Instead find  vc ~ constant

• The discrepancy may be resolved by missing mass and 
is classic (but not the first) evidence for dark matter

galaxies



Rotation Curves
This has been done many times, with ever 
increasing precision for object of various sizes:

20 Jun 11 Feng    7

ROTATION CURVES OF GALAXIES

Rubin, Ford, Thonnard (1978)

Rubin, Ford (1970); Bosma (1978)

• Rotational velocity vc as 
function of distance from 
center r
í vc ~ O(300) km/s ~ O(10-3) c
í r ~ few kpc  (pc = 3.26 ly)

• Expect vc ~ r �1/2 beyond 
luminous region

Instead find  vc ~ constant

• The discrepancy may be resolved by missing mass and 
is classic (but not the first) evidence for dark matter

galaxies

20 Jun 11

Feng    8

AN EXAMPLE: NGC 2403

Kent (1987); Mihos

• vc from HI line
• Fit mass-to-light ratio, dark halo model; thistells us about U(r)

• For Milky Way, get U~0.2-0.5 GeV/cm3



Rotation Curves
This has been done many times, with ever 
increasing precision for object of various sizes:
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Allen, Schm
idt, Fabian (2002)

• ~10-1000 galaxies, the largest gravitationally-bound structures;
• Intracluster gas mass, total mass constrained by X-rays from bremsstrahlung, lensing, etc.

• Gas mass fraction fgas as function of distance from centerí fgas = UB /UMí r2500 ~ Mpc

MISSING MASS IN CLUSTERS OF GALAXIES

• Extrapolating from clusters to the whole Universe, this constrains     

:M = :B  UM/UB , where : = U/Uc is energy density in units of the critical 

density and :B  is determined independently

Zwicky (1933)

clusters
20 Jun 11
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Dark Baryons...?
At this point you might argue:

So a bunch of baryons 
are unaccounted for.

Not all Baryons shine light.
(Hey, maybe this “dark matter” is a bunch 

of used sneakers floating in space.)
what’s the big deal?!
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CMB (Disney version)

The CMB is a relic of the hot early Universe.

Emitted when atoms (re)combined and the 
Universe became transparent.

In the era before recombination the density of the 
plasma was oscillating on all scales.

Some of these modes will “resonate” with the size 
of the sound horizon at recombination.

large small

sound horizon at rec.
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CMB (Disney version)

The CMB is a relic of the hot early Universe.
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Modes that reonate with the Universe at 
recombination have more power.

The precise dynamics depends, among many things, 
on the matter density and baryon density. 

CMB Hu 0802.3688
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Fig. 15. Baryons and matter. Baryons change the relative heights of the even and odd peaks through theirinertia in the plasma. The matter-radiation ratio also changes the overall amplitude of the oscillations fromdriving e↵ects. Adapted from Hu and Dodelson (2002).

second and third peaks (e.g. Hu et al. 2001). The dependence of the spectrum on the baryon density⌦mh2 is shown in Fig. 15. Constraints on the third peak from the DASI experiment (Pryke et al.2001) represented the first direct evidence for dark matter at the epoch of recombination. Currentconstraints from a combination of WMAP and higher resolution ground and balloon based data yield⌦mh2 = 0.135
± 0.007 (Reichardt et al. (2008)). Since this parameter controls the error on thedistance to recombination through equation (131) and the matter power spectrum (see below), it isimportant to improve the precision of its measurement with the third higher peaks.

Damping Tail: Consistency— Under the standard thermal history of
§2 and matter content, theparameters that control the first 3 peaks also determine the structure of the damping tail at ` > 103:namely, the angular diameter distance to recombination D⇤, the baryon density ⌦bh2 and the matterdensity ⌦mh2. When the damping tail was first discovered by the CBI experiment (Padin et al. 2001),it supplied compelling support for the standard theoretical modeling of the physics at recombinationoutlined here. Currently the best constraints on the damping tail are from the ACBAR experiment(Reichardt et al. 2008, see Fig. 7). Consistency between the low order peaks and the damping tailcan be used to make precision tests of recombination and any physics beyond the standard model atthat epoch. For example, damping tail measurements can be used to constrain the evolution of thefine structure constant.

Matter Power Spectrum: Shape & Amplitude — The acoustic peaks also determine the shape andamplitude of the matter power spectrum. Firstly, acoustic oscillations are shared by the baryons. Inparticular, the plasma motion kinematically produces enhancements of density near recombination(see Eqn. 113))

�b ⇡ �k⌘⇤vb(⌘⇤) ⇡ �k⌘⇤v�(⌘⇤) . (132)This enhancement then imprints into the matter power spectrum at an amplitude reduced by ⇢b/⇢m
due to the small baryon fraction (Hu and Sugiyama 1996). Secondly, the gravitational potentialsthat the cold dark matter perturbations fall in are evolving through the plasma epoch due to the



Big Bang Nucleosynthesis
The theory of BBN describes how D, He, Li, were 
fused during the early universe.

Disney version: 

Put a bunch of protons and neutrons into a hot soup. 

Let the soup cool and expand.

Include nuclear reactions and apply thermodynamics.

One of the key parameters that will determine the 
outcome is the density of baryons.

nuclear abundances for H, D, He, Li
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Figure 22.1: The abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis [14] − the bands show the 95% CL range. Boxes
indicate the observed light element abundances (smaller boxes: ±2σ statistical
errors; larger boxes: ±2σ statistical and systematic errors). The narrow vertical
band indicates the CMB measure of the cosmic baryon density, while the wider
band indicates the BBN concordance range (both at 95% CL).
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Baryons amount to 
4% of the Universe.

(PD
G

 review
 on BBN

)From other sources:
Total matter is 22%.

DM is non-baryonic.
(there went my theory of “sneaker dark matter”)



Bullet Cluster
Two galaxy clusters collided (Hubble):
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Bullet Cluster
Two galaxy clusters collided (Hubble):



Bullet Cluster
The baryonic mass is mostly gas.                        
Gas is hot due to the collision. Emits x-rays (red):

N
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Bullet Cluster
The distribution of the total mass is determined  by 
gravitational lensing (blue):



Bullet Cluster
The total mass and the dominant baryonic mass are 
not in the same place:





But is there DM here?
A recent analysis of the velocities of near by stars 
supports the hypothesis that there is DM in our 
neighborhood of the milky way (1205.4033).

⇢DM ⇠ 0.3
GeV
cm3

(give or take a factor of two).

This is the canonical value 
that was used before.



dark matter exists!

So, what the @*$̂ # is it ???

Food for thought for this evening:

Every pint of beer 
comes with a single 
dark matter particle.
(assuming it’s mass is ~150 GeV)



In Parenthesis: Dark Energy( note: the reason I’m note discussing much of DE is 
not because its not interesting or mysterious. 

Its because the connections to colliders is weak.



Supernovae:

Hubble’s discovery of the 
expanding Universe.

Version 2.0:                     
Done to higher precision 
and to earlier times with 
type 1A supernovae.

The expansion of the 
Universe is accelerating!
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RECESSIONAL VELOCITIES

• The original evidence 
that the universe is 
expanding 

• Now carried out to far 
larger distances with 
supernovae

• Constrains the 
acceleration of 
expansion:

:/ � :M

“Attractive matter vs. 
repulsive dark energy”

H
u

b
b

le
 (1

9
2

9
)



)
This is most simply explained with 

a cosmological constant.
(Einstein’s biggest blunder, remember?)

This is a huge theoretical problem...
but thats for another time.



cold:                                                                
Simulations of the formation of large scale structure 
seems to favors cold (a.k.a non-relativistic) DM.

long lived:                                                        
DM is still around today. It should not decay faster 
than the age of the Universe. If it decays to SM 
particles the limits are much stronger:

DM Properties

2
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TABLE I: A lower limit on the lifetime of a dark matter
particle with mass in the range 100 GeV . mDM . 10 TeV,
decaying to the products listed in the left column. The ex-
periment and the observed particle being used to set the limit
are listed in the right column. All the limits are only approx-
imate. Generally conservative assumptions were made and
there are many details and caveats as described in [1].

THEORETICAL SETUP

To study the observational consequences of decay-
ing dark matter in SUSY GUTs one may follow an ef-
fective field theory approach and consider an extended
MSSM with higher dimensional operators parametriz-
ing GUT e↵ects and leading to dark matter decay. A
detailed analysis of possible higher dimensional opera-
tors and the ways to generate them from concrete mi-
croscopic SUSY GUTs was presented in [1]. Here, for
definiteness, we will work in the context of the SO(10)
models described in [1]. As an example, in addition to
the standard MSSM interactions, we introduce an addi-
tional vectorlike (16m, 1̄6m) multiplet at the TeV scale
and 10GUT multiplet at the GUT scale. The relevant
superpotential interactions involving these fields are

W 0 = �16m16f10GUT +m16m1̄6m +MGUT10GUT10GUT

(2)
We will assume that the singlet Sm is the lightest compo-
nent of the 16m and will therefore be dark matter. After
GUT scale matter and gauge fields are integrated out
one obtains the dimension 5 operator 16m16m16f16f in
the superpotential and dimension 5 and 6 Kahler terms
16m16m10†, 16†m16m16†f16f involving m-fields. Of all
these, the only operator that involves two singlet Sm

components of 16m is the dimension 6 Kahler term yield-
ing S†

mSm16†f16f (assuming right-handed neutrinos are
heavy). Consequently, in this model a thermal relic
abundance of singlet fields is produced through dimen-
sion 5 decays of the charged components of 16m close to
the BBN epoch. These decays are interesting in their
own right, as they may explain the observed Lithium
abundances [3]. On the other hand, dimension 6 decays
between di↵erent components of the singlet supermulti-

plet may lead to observable astrophysical signals that we
discuss in the rest of the paper.

Note that these decays may go through operators
generated by integrating out the heavy U(1)B�L gauge
boson, or by integrating out heavy 10GUT fields. In the
former case decays are flavor universal, while the latter
generically lead to flavor non-universal decays. In the
case of flavor non-universal decays, since the decay rate
scales as the fourth power of the coupling, it is easy to
have decays to one flavor dominate over the rest. De-
pending on the relative strength of gauge and superpo-
tential couplings and the masses of the heavy fields, both
possibilities can be realized.

One may worry that this picture could be spoiled by
lower dimension operators, such as Kahler kinetic mix-
ings 10†GUT10h and 16†m16f . However, these are forbid-
den by R-parity (under which 16m is even, and 10GUT

is odd), and m-parity under which both 16m and 10GUT

are odd.
For simplicity, in this paper we will focus on the case

in which the scalar s̃ receives a TeV scale vev. In this
case dimension 6 operators lead to two body decays of
the singlet fields to the MSSM fields. We are thus lead
to two interesting observations:

• In this case dark matter decay products necessar-
ily contain MSSM superpartners, because direct
decays of a scalar into two light fermions are sup-
pressed by helicity.

• The production of superpartners, combined with
the generic expectation that sleptons are lighter
than squarks leads to decays dominantly into lep-
tonic channels due to kinematics.

These lead to a possible connection between the branch-
ing fraction of dark matter and the spectrum of its de-
cay products on the one hand, and the supersymmetric
spectrum and the decay cascades of superpartners on the
other.

ASTROPHYSICAL SIGNALS

Electrons and Positrons

GUT induced dark matter decays lead to several
generic expectations for electron/positron spectra. As
discussed in the previous section, the dark matter is a
combination of the scalar (s̃) and fermion (s) compo-
nents of the Sm superfield. The two body decay of dark
matter will involve sleptons (l̃, the superpartner of a lep-
ton) in the final state. The slepton then further decays



DM Properties
does not interact much:                                 
Obviously. Its dark.                                             
But due to halo shapes we know-       

it does not interact strongly with itself, otherwise halos 
would be too spherical (e.g. Fox and Buckley 2009).

it does not interact with massless particles, otherwise 
those could be radiated, and the halo would collapse to 
a disk. 

Does it have any 
non-gravitational interactions?



Relic abundance:  WIMPS
What sets the amount of DM?

Lets assume that DM has a weak interaction with 
matter:

What happens if we add such a particle to the 
primordial hot soup?

q

q̄

DM

DM

it can annihilate.



Relic abundance:  WIMPS
Disney Version:
Initially DM is in thermal equilibrium.

As the T drops below the mass it is “energetically 
favorable” for DM pair to convert to SM particles.   

At some point, DM particles will not find friend to 
annihilate with.  The abundance is set. Freeze-out.   

��$ f̄f

DM abundance begins to drop.



Relic abundance:  WIMPS
When is it that two WIMPs can’t find each other?

annihilation rate     ~
Expansion rate 
of the Universe

nDMh�vi ⇠ ȧ

a
⇠ T 2

Mpl

or

CosmologyParticle Physics

(in practice we solve a boltzman equation)

This gives an intriguing result...



Relic abundance:  WIMPS
Abundance is independent of 
initial conditions.  :-)

Set by annihilation cross-
section:

DM as a thermal relic

A weak scale particle (WIMP) freezes out to leave the 
correct relic abundance - the WIMP “miracle”

“The weak shall inherit the Universe”

WIMP

superWIMP

FIG. 14: In superWIMP scenarios, a WIMP freezes out as usual, but then decays to a superWIMP,
a superweakly-interacting particle that forms dark matter.

IV. SUPERWIMPS

In superWIMP scenarios [32, 33], a WIMP freezes out as usual, but then decays to a
stable dark matter particle that interacts superweakly, as shown in Fig. 14. The prototypical
example of a superWIMP is a weak-scale gravitino produced non-thermally in the late
decays of a weakly-interacting next-to-lightest supersymmetric particle (NLSP), such as a
neutralino, charged slepton, or sneutrino [32, 33, 56, 57, 58, 59, 60, 61]. Additional examples
include axinos [23, 62] and quintessinos [63] in supersymmetry, Kaluza-Klein graviton and
axion states in models with universal extra dimensions [64], and stable particles in models
that simultaneously address the problem of baryon asymmetry [65]. SuperWIMPs have
all of the virtues of WIMPs. They exist in the same well-motivated frameworks and are
stable for the same reasons. In addition, in many cases the WIMP and superWIMP masses
have the same origin. In these cases, the decaying WIMP and superWIMP naturally have
comparable masses, and superWIMPs also are automatically produced with relic densities
of the desired order of magnitude.

As noted above, superWIMPs exist in many different contexts. We concentrate here on
the case of gravitino superWIMPs. In the simplest supersymmetric models, supersymme-
try is transmitted to standard model superpartners through gravitational interactions, and
supersymmetry is broken at a high scale. The mass of the gravitino G̃ is

mG̃ =
F√
3M∗

, (11)
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Amazing (misleading?) fact: 
[Feng and Kumar]
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As noted above, superWIMPs exist in many different contexts. We concentrate here on
the case of gravitino superWIMPs. In the simplest supersymmetric models, supersymme-
try is transmitted to standard model superpartners through gravitational interactions, and
supersymmetry is broken at a high scale. The mass of the gravitino G̃ is

mG̃ =
F√
3M∗

, (11)
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Amazing (misleading?) fact: 
[Feng and Kumar]
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or

EW cross-sections! what a coincidence!



WIMPs  :-)
Experiment:                                                     
A new particle with weak scale mass and cross 
section around1 pb. sounds good! Could lead to:

Scattering off a nucleus.

Annihilation in our galaxy.

Production at a collider.

q

DM DM

q

q

q̄

DM

DM

q

q̄

DM

DM

direct 
detection

indirect 
detection

Production.
(though we’d better find 

another diagram)

Just keep turning the diagram on its side.... (more later)



WIMPs :-)
Theory:                                                             
Dark matter needs to annihilate with weak-scale 
cross-sections. 

Experiment (again):                                       
Many of these theories have new colored particles. 
Produced strongly. Decay to DM.    

New physics at the weak or TeV scale .
We have plenty of those lying around!

For examples, see Lian Tao’s Talk: 
SUSY, Extra dimensions, compsiteness...

High rates for NP signals with MET !!!



WIMPs in BSM e.g. SUSY

In many theories a new parity was needed to, say, 
prevent proton decay (in SUSY):

More couplings?

- Gauge invariance and SUSY allows for more 

couplings. For example

Figure 6.5: Squarks would mediate disas-

trously rapid proton decay ifR-parity were

violated by both ∆B = 1 and ∆L = 1 in-

teractions. This e
xample shows p → e+π0

mediated by a strange (or botto
m) squark.
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assignments are L = +1 for Li, L = −1 for ei, and L = 0 for all others. Therefore, the terms in

eq. (6.2.1) violate
total lepton number by 1 unit (as well as th

e individual lepton
flavors) and those in

eq. (6.2.2) violate
baryon number by 1 unit.

The possible existence of such terms might seem rather disturbing, since
corresponding B- and

L-violating processes have not been seen experimentally. The most obvious experimental constraint

comes from the non-observation of proton decay, which would violate both B and L by 1 unit. If both

λ′ and λ′′ couplings were
present and unsuppressed, the

n the lifetime of the proton would be extremely

short. For example, Feynman diagrams like the one in Figure 6.5
† would lead to p+ → e+π0 (shown) or

e+K0 or µ+π
0 or µ+K

0 or νπ+ or νK
+ etc. depending on which components of λ

′ and λ′′ are largest.
‡

As a rough estimate based on dimensional analysis,
for example,

Γp→e+π0 ∼ m5
proton

∑

i=2,3

|λ′11iλ′′11
i |2/m4

d̃i
,

(6.2.3)

which would be a tiny fraction of a second if the couplings were of order unity and the squarks have

masses of order 1 TeV. In contrast, the decay time of the proton into lepton+meson final states is

known experimentally to be in excess of 10
32 years. Therefore,

at least one of λ′ijk or λ′′11
k for each of

i = 1, 2; j = 1, 2; k = 2, 3 must be extremely small. Many other processes al
so give strong constraints

on the violation of lepton and baryon numbers [67, 68].

One could simply try to take B and L conservation as a postulate in the MSSM. However, this

is clearly a step backward from the situation in the Standard Model, where the conservation of these

quantum numbers is not assumed, but is rather a pleasantly “accidental” consequence of the fact

that there are no possible renormalizable Lagrangian terms that violate B or L. Furthermore, there

is a quite general obstacle to treating B and L as fundamental symmetries of Nature, since they are

known to be necessarily violated by non-perturbative
electroweak effects [69] (even though those effects

are calculably negligible for experiments at ordinary energies). Therefore, in the MSSM one adds a

new symmetry, which has the effect of eliminating the possibility of B and L violating terms in the

renormalizable superpotential, w
hile allowing the good terms in eq. (6.1.1). This new symmetry is

called “R-parity” [8] or equivalently
“matter parity” [70].

Matter parity is a multiplicatively conserved quantum number defined as

PM = (−1)3(B
−L)

(6.2.4)

for each particle in the theory. It is easy to check that the quark and lepton supermultiplets all

have PM = −1, while the Higgs supermultiplets Hu and Hd have PM = +1. The gauge bosons and

gauginos of course do not carry baryon number or lepton number, so they are assigned matter parity

PM = +1. The symmetry principle to be enforced is that a candidate term in the Lagrangian (or in

the superpotentia
l) is allowed only if the product of PM for all of the fields

in it is +1. It is easy to see

that each of the terms in eqs. (6.2.1) and (6.2.2) is thus forb
idden, while the g

ood and necessary terms

†In this diagram and others below, the arrows on propagators are often omitted for simplicity, and external fermion

label refer to physical particle
states rather than 2-component fermion fields.

‡The coupling λ′′ must be antisymmetric in its last two flavor indices, since the color indices are combined antisym-

metrically. That is
why the squark in Figure 6.5 can be s̃ or b̃, but not d̃, fo

r u, d quarks in the proton.
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hile allowing the good terms in eq. (6.1.1). This new symmetry is
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gauginos of course do not carry baryon number or lepton number, so they are assigned matter parity
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Proton decay: 

These couplings must be extremely tiny!

Monday, August 6, 12

Lightest SuperPartner (LSP) is stable

•
•• even

odd
LSP

SM

Monday, August 6, 12

“Bad” coupling 
forbidden. Lightest odd particle is 

stable (for “free”? No).

(ripped from Lian Tao’s talk)
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RELIC DENSITY
• Neutralinos annihilate through many processes. [Æ]

But there are typically two dominant classes: 

• F are Majorana fermions, so Pauli 
exclusion Æ Sin = 0, L conservation Æ
ࡳ P -wave suppression: Vv ~ V0 + V1v2, 

mv2/2 = 3T/2 Æ v2 ~ 3T/m ~ 0.1
ࡳ mf /mW suppression

• Gauge boson diagrams
suppressed for F § Bino

Bottom line: annihilation is typically suppressed, :DMh2 is typically high

But it can annihilate via 
sparticle exchange. 

sparticle mass is set to 
solve other problems!



SUSY WIMPs
In fact, neutralinos can annihilate in many many ways:
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NEUTRALINO ANNIHILATION

Jungman, Kamionkowski, Griest (1995)



SUSY WIMPs
A variety of possibilities: interesting 
phenomenology, but also...

Connections between experiments are highly 
model dependent.

No longer turning a single diagram on its side...

For example:
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NEUTRALINO ANNIHILATION

Jungman, Kamionkowski, Griest (1995)

Indirect

direct

relic abundance
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NEUTRALINO ANNIHILATION

Jungman, Kamionkowski, Griest (1995)

Indirect

direct

relic abundance

And Colliders?



SUSY & Colliders
SUSY particles are produced via colored squarks 
or gluinos.

This is great for discovering New Physics, but hard 
to make the connections to dark matter.              
(nature can certainly be this way).

Model dependent searches at LHC 
(e.g. SUSY)

•Hierarchy problem motivates new coloured states 
(squarks)
•SM observables (proton decay/PEWO) require 
introduction of new parity (R-parity)
•SM fields even, new states odd
•LPOP (LSP) stable    DM candidate?
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Indeed, I wish we had this problem....

Model dependent searches at LHC 
(e.g. SUSY)

•Hierarchy problem motivates new coloured states 
(squarks)
•SM observables (proton decay/PEWO) require 
introduction of new parity (R-parity)
•SM fields even, new states odd
•LPOP (LSP) stable    DM candidate?
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SUSY Limits
Limits on SUSY also are model dependent:
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Which means there are ways to evade them!  :-)
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Other DM Candidates
Other Wimps-

KK-photons (extra dimensions), LTP (little Higgs), 
Inert doublet,

Axions- (not a WIMP!)                        
Originally proposed to for the strong CP problem. 

it is a very weakly coupled and very light particle. 

Searches are far fewer (opportunity!), and non-collider.

Asymmetric DM- (also not a WIMP)
Exploit the fact that                                    .

Invoked an asymmetry b/w DM and anti-DM (like us).

Signals are model dependent, but possible everywhere. 

⇢DM ⇠ few⇥ ⇢matter



Many More...
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DARK MATTER CANDIDATES

• There are many

• Masses and interaction 
strengths span many, 
many orders of 
magnitude, but the 
gauge hierarchy 
problem especially 
motivates Terascale
masses

HEPAP/AAAC DMSAG Subpanel (2007)



Enjoy
Interim summary:  today was about getting you 
curious about what’s in your pint. Dark Matter!

Tomorrow:                                                       
More on how to detect it.

Cheers.



Direct, indirect, collider



Direct detection



Current Anomalies



Indirect



Colliders


