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Plan of the lectures (BSM = DM for the next 3h)

• Fundamentals of standard cosmology  
• Gravitational evidence for Dark Matter 
• Basic properties of Dark Matter 
• The Boltzmann equation and its application to the early Universe (explicit 

calculation)

Outline  2

Lecture 1 

• Classification of Dark Matter models 
• WIMP Dark Matter 
• Laboratory Detection of WIMPs (explicit calculation) 
• Light Dark Sectors with relevance for the intensity frontier

Lecture 2
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Some scales

Introduction  3

Earth’s mass 6 ˆ 1027 g » 3 ˆ 1051 GeV » 3 ˆ 10´6Md

Earth’s radius 6.4 ˆ 108 cm

Earth’s distance to sun 1.5 ˆ 1013 cm “ 1AU

Characteristic spacing of stars 1 pc “ 3 ˆ 1018 cm

Useful approximate unit conversions and numbers

200MeV fm » 1

1 eV » 10
15

Hz

1K » 10´4 eV

mA » pA{NAq g

n� » 0.25T 3

G2
F » 10´10{GeV4

↵2 » 0.5 ˆ 10´4

Distance to the Galactic center / Andromeda 8 kpc { 50 kpc

Spacing between Galaxies „ Mpc

MP » 2 ˆ 1018 GeV

~ “ c “ kb “ 1
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Ground-breaking observations (that we shall discuss)

• The Universe is expanding (Hubble’s law), isotropic and homogeneous on large 
scales 

• The Universe is filled with photons with a close to perfect blackbody spectrum of 
temperature                              (Cosmic Microwave Background - CMB) 

• Only a fraction of the Universe’s mass is visible (there is evidence for new forms of 
matter - Dark Matter) 

• The Universe is expanding at an accelerated pace (cosmological constant or some 
form of vacuum energy) 

• The abundances of light elements (deuterium and helium) is abnormally high and 
not originating from stars

Introduction  4

T0 “ 2.7255p6qK
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Expansion of our Universe

Fundamentals of standard cosmology  5

Hubble (1920s):  every galaxy moves away from us at a recessional velocity                   
proportional to its distance       where                                     where 

v » H0dL

dL H0 “ 100h km{s{Mpc h » 0.7

Hubble 1929
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Isotropy and Homogeneity of our Universe

Fundamentals of standard cosmology  7

On largest observable scales (100s to 1000s of Mpc) the galaxy distribution is roughly the 
same, independent on the direction where we look (isotropy). 

With the assumption that we do not occupy a preferred position in the Universe 
(Copernican principle), it follows that any observer in another galaxy should also see a 
isotropic distribution of galaxies. This only works if the Universe is homogeneous. 
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Isotropy and Homogeneity of our Universe

Fundamentals of standard cosmology  8

Isotropy and homogeneity are reconciled with the observed Hubble expansion, if the 
Universe undergoes self-similar expansion

is called scale factoraptq

are constant coordinate labels  
of a galaxy i

Relative velocity between two galaxies:

9a
a

“ H0 Hubble constant describes the rate of expansion of the Universe.

~riptq “ aptq~xi

~xi

~v “ 9~ri ´ 9~rj “ 9ap~xi ´ ~xjq “ 9a
a

p~ri ´ ~rjq
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The metric of an expanding Universe

Fundamentals of standard cosmology  9

Minkowski metric ds2 “ dt2 ´ d~x2

Expanding Universe ds2 “ dt2 ´ aptq2d~x2

The metric with homogeneous and isotropic spatial sections is the  
Friedmann-Robertson-Walker (FRW) metric

Physical spatial line element

ds2 “ gµ⌫dx
µdx⌫ “ dt2 ´ a2ptq

„
dr2

1 ´ kr2
` r2d✓2 ` r2 sin2 ✓d�2

⇢

d~l2 “ a2ptq r. . . s

                are called “comoving" coordinates.    is the proper time of an observer at rest in 
those coordinates.     is dimensionless,     has dimension of length;                  is called the 
curvature parameter.

pt, r, ✓,�q t
r a k “ 0,˘1

gµ⌫ “

¨

˚̊
˚̊
˝

dt dr d✓ d�
dt 1 0 0 0

dr 0 ´ aptq2
1´kr2 0 0

d✓ 0 0 ´aptq2r2 0
d� 0 0 0 ´aptq2r2 sin2 ✓

˛

‹‹‹‹‚
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The metric of an expanding Universe

Fundamentals of standard cosmology  10

Minkowski metric ds2 “ dt2 ´ d~x2

Expanding Universe ds2 “ dt2 ´ aptq2d~x2

The metric with homogeneous and isotropic spatial sections is the  
Friedmann-Robertson-Walker (FRW) metric

ds2 “ gµ⌫dx
µdx⌫ “ dt2 ´ a2ptq

„
dr2

1 ´ kr2
` r2d✓2 ` r2 sin2 ✓d�2

⇢

k “ 0 k “ 1 k “ ´1

Observations show that  
we live (to a high degree  
in a flat Universe, k=0)
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The metric of an expanding Universe

Fundamentals of standard cosmology  11

Minkowski metric ds2 “ dt2 ´ d~x2

Expanding Universe ds2 “ dt2 ´ aptq2d~x2

The metric with homogeneous and isotropic spatial sections is the  
Friedmann-Robertson-Walker (FRW) metric

ds2 “ gµ⌫dx
µdx⌫ “ dt2 ´ a2ptq

„
dr2

1 ´ kr2
` r2d✓2 ` r2 sin2 ✓d�2

⇢

An alternative form of the metric is

ds2 “ dt2 ´ a2ptq
»

–d�2 `
¨

˝
sin2 �
�2

sinh2 �

˛

‚`
d✓2 ` r2 sin2 ✓d�2

˘
fi

fl

where the entries in the vector correspond to                       . k “ `1, 0,´1
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Horizons in an expanding Universe

Fundamentals of standard cosmology  12

Consider a light ray emitted radially at          in direction  
                  from a comoving position             reaching us  
today at             

ds2 “ 0 Null geodesic (light ray) 

=> observable volume of the Universe is finite! 

What part of the Universe is in causal contact?

dt “ aptqd�

✓ “ � “ 0

� “
ª t0

te

dt

aptq

a0� “ 3t0
”
1 ´ pte{t0q1{3

ı

Coordinate distance  
traveled by a light ray 

t “ te

t “ t0

� “ 0

In a Universe filled with matter,             , and the physical distance traveled by a photon isa9 t2{3

=>

t “ 0 a0� “ 3t0 “ 2{H0 „ 10Gpc=> for a light ray emitted at          :          
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Equations of motion for the scale factor

Fundamentals of standard cosmology  13

Newtonian physics

r2� “ 4⇡G⇢ Poisson Equation relates gravitational potential     with the distribution of mass  

r� gradient gives the acceleration particles experience in the gravitational potential

Homogeneous Universe              .⇢ “ ⇢ptq What is the equation of motion of        ? aptq

:aptq “ ´GM{a2

rptq “ aptqx

M “ p4⇡{3qa3⇢

:a
a

“ ´4⇡G

3
⇢

spherical shell of radius a(t) [for x=1]

acceleration toward center

enclosed mass

Friedmann equation in  
second form (p=0),  
deceleration (ρ is positive definite)

� ⇢
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Fundamentals of standard cosmology  14

We can also get the Friedmann equation in its “first form” in    rather than 

from before; now multiply by     and integrate (M = const):aptq “ ´GM{a2

Equations of motion for the scale factor

energy equation with integration constant U = total energy of the expanding 
sphere (kinetic + potential)

9a

1

2
9a2 “ GM

a
` U

ˆ
9a
a

˙2

“ 8⇡G

3
⇢ ´ k

a2

k “ ´2U

Friedmann equation in the first form

Integration constant is the curvature parameter;  
 
U > 0  total energy is positive, sphere will expand forever  
           (k < 0 and RHS will always be positive) 

 
U < 0  total energy is negative, sphere will eventually collapse  
           (k > 0 and RHS will eventually become negative)

Hptq “ 9a
a

Hubble rate

9a :a
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Fundamentals of standard cosmology  15

The Newtonian derivation of the Friedmann  
equation ultimately fails; it only applies only  
to non-relativistic (pressure-less) matter.  
  
We may instead plug the FRW metric into  
Einstein equations.

Christoffel symbols

R⇢
�µ⌫ “ Bµ�⇢

⌫� ´ B⌫�⇢
µ� ` �⇢

µ��
�
⌫� ´ �⇢

⌫��
�
µ�

�⌫
� “ 1

2
g⌫µpgµ,� ` gµ�, ´ g�,µq

Riemann tensor

R�⌫ “ R↵
�↵⌫

<— Einstein Equations applied to a curved manifold

Ricci Tensor

R “ Rµ
µ

Curvature scalar

Left-hand side describes the geometry
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Fundamentals of standard cosmology  16

demanded by homogeneity and isotropy

Right-hand side describes the energy content

T0j “ 0, Tij “ 0 pi ‰ jq

Energy Momentum tensor of a perfect fluid  
(in the rest frame = comoving coordinates)

energy density
pressure

Tµ
⌫ “

¨

˚̊
˝

⇢ 0 0 0
0 ´p 0 0
0 0 ´p 0
0 0 0 ´p

˛

‹‹‚

⇢
p• Photons, neutrinos 

• Dark Matter, Atoms 
• vacuum energy / dark energy 
• Gravitational waves

Tµ⌫ “
ÿ

i

T i
µ⌫}

<— Einstein Equations applied to a curved manifold

The Newtonian derivation of the Friedmann  
equation ultimately fails; it only applies only  
to non-relativistic (pressure-less) matter.  
  
We may instead plug the FRW metric into  
Einstein equations.
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Friedmann equation in GR

Fundamentals of standard cosmology  17

Now, let us evaluate the Einstein equations in the FRW Universe

R00 ´ 1

2
Rg00 “ 8⇡GT00 => 

Rij ´ 1

2
Rgij “ 8⇡GTij => 2

:a
a

`
ˆ

9a
a

˙2

` k

a2
“ ´8⇡G

ÿ

i

pi

FR1

FR2a

Plug FR1 into FR2a:

(Recall our Newtonian derivation?  
It had no pressure term.)

H
2ptq ”

ˆ
9a
a

˙2

` k

a2
“ 8⇡G

3

ÿ

i

⇢i

=> for                    the Universe may undergo  
accelerated expansion!!

FR2

pi “ ´⇢i{3

:a
a

“ ´4⇡G

3

ÿ

i

p⇢i ` 3piq
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General Relativity - Matter

Fundamentals of standard cosmology  18

For each component local conservation of energy-momentum holds

r�T
µ
⌫ ” B�Tµ

⌫ ` �µ
�⇢T

⇢
⌫ ´ �⇢

�⌫T
µ
⇢ “ 0

Using FRW and the energy-momentum tensor from before yields the continuity equation

d⇢i
dt

` 3
9a
a

p⇢i ` piq “ 0 Continuity equation

conservation of stress-energy

wi ” pi
⇢i

Equation of state w relates pressure and energy density.

⇢ptq9a´3p1`wq

• Non-relativistic matter w = 0  
• Relativistic particles w = 1/3 
• Vacuum energy w = -1

• Magnetic fields “w = -1/3” 
• General case: w = w(t) e.g. when  

particles move in anharmonic potentials

 If w= const, then 
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Dependence of components on scale factor

Fundamentals of standard cosmology  19
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Fundamentals of standard cosmology  20

Momentum of a test particle:

Redshift

cosmological redshift z 

ppt0q
ppt1q “ apt1q

apt0q

1 ` z “ �observed

�emitted
“ apt0q

aptemittedq

apt0q “ 1 customary normalization
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Fundamentals of standard cosmology  21

2dF large scale survey (state-of-the-art 2002)

Redshift
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Density parameters

Fundamentals of standard cosmology  22

We may evaluate the Friedmann equation today

M´2
P “ 8⇡G

reduced Planck massMP » 2 ˆ 1018 GeV

Which can be written as H0 » 70 km{s{Mpc » 10´33 eV

⌦i ” ⇢i
⇢c

“critical density”

density parameter today

A flat Universe (k=0) is critical,                 .
ÿ

i

⌦i “ 1

⇢c “ 3M2
PH

2
0

» 5 keV{cm3 » p2meVq4

|⌦k| † 0.005Planck:

k

H
2
0a

2
0

“
ÿ

i

⇢i

3M2
PH

2
0

´ 1

k

H
2
0a

2
0

“
ÿ

i

⌦i ´ 1

H “ H0

a
⌦mpa0{aq3 ` ⌦radpa0{aq4 ` ⌦⇤

H “ H0

a
⌦mp1 ` zq3 ` ⌦radp1 ` zq4 ` ⌦⇤

for a flat Universe with cosmological  
constant

H
2
0 ` k

a
2
0

“ 1

3M2
P

ÿ

i

⇢ipt0q
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Energy content with %-precision

Fundamentals of standard cosmology  23

Dark Energy 69%

Dark Matter 26%

ordinary matter 5%

radiation  < 0.01%
The energy content of the  
Universe today

PDG
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Energy content with %-precision

Fundamentals of standard cosmology  24

The energy content of the  
Universe 

at half its age, i.e. 7 billion years ago 

redshift z = 0.8

Dark Energy 27%

Dark Matter 61%

ordinary matter 12%

radiation  < 0.03%
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Energy content with %-precision

Fundamentals of standard cosmology  25

The energy content of the  
Universe 

300.000 yrs after the big bang 

redshift z = 1100 

Dark Energy < 0.000001%

Dark Matter 70%

ordinary matter 13%

radiation 16 %



Josef Pradler — International school on muon dipole moments and hadronic effects, Sept. 21 2018 

Energy content with %-precision

Fundamentals of standard cosmology  26

The energy content of the  
Universe 

at 1 second 

redshift z = 1 billionradiation 99.9999 %

matter < 0.0001%
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Energy content with %-precision

Fundamentals of standard cosmology  27

Possibly, the energy content of the  
Universe 

when it “banged” (inflation)

vacuum energy 100%
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Cosmic history

Fundamentals of standard cosmology  28

An astronomer’s view:
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Fundamentals of standard cosmology  29

Cosmic history
A particle physicist’s  
view
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Equilibrium Thermodynamics

Fundamentals of standard cosmology  30

Basic thermodynamic quantities

ni “ gi
p2⇡q3

ª
fip~pqd3p

⇢i “ gi
p2⇡q3

ª
Ep~pqfip~pqd3p

pi “ gi
p2⇡q3

ª |~p|2
3Ep~pqfip~pqd3p

number density

energy density

pressure E2p~pq “ m2 ` |~p|2

gi

gi “ 1

gi “ 2

gi “ 3

internal degrees of freedom of particle

scalar particles

photons (2 polarization degrees)

massive vector particles (rho-meson, Z-boson)

gi “ 4 electrons + positrons  (2 spin x 2 charges)

distribution function fp~p, ~x, tq
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Equilibrium Thermodynamics

Fundamentals of standard cosmology  31

Distribution function

If many interactions occur within the expansion time scale of the Universe  
 
=> species has time to reach thermal equilibrium

fp~p, ~x, tq

�int " HInteraction rate of a particle species Hubble rate

�int „ n ˆ v ˆ �

1

cm3
ˆ cm

s
ˆ cm2 “ 1

s

fi “ 1

epEi´µiq{Ti ˘ 1

`
´

for fermions
for bosons

=>  Maxwell-Boltzmann approximation:  fi “ e´pEi´µiq{T
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Kinetic vs. chemical equilibrium

Fundamentals of standard cosmology  32

Elastic scattering processes are generally much more frequent than inelastic reactions  
that change particle number.

�e´ Ø �e´ e`e´ Ø ��

elastic; stops at recombination (T ~ eV) inelastic; stops at ~20 keV

Elastic process i + j <—> i + j lead to equilibration of temperatures

Ti “ Tj  kinetic equilibrium

Inelastic processes i + j <—> k + l lead to equilibration of chemical potentials 

µi ` µj “ µk ` µl  chemical equilibrium

��̄ Ø e`e´ Ø ��Note that if                               is in chemical equilibrium,                               , so that   µ� ` µ�̄ “ 2µ� “ 0

µ� “ ´µ�̄ (photons are their own antiparticles, so their  
chemical potential vanishes identically)
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=> useful for parametric estimates:                                       (when radiation dominant)H „ ?
⇢{MP „ T

2{MP

Equilibrium Thermodynamics

Fundamentals of standard cosmology  33

Evaluating the integrals explicitly (for vanishing chemical potential)

Relativistic Relativistic Non-relativistic
Bosons Fermions (Either)

ni
⇣p3q
⇡2 giT 3

`
3
4

˘ ⇣p3q
⇡2 giT 3 gi

`
miT
2⇡

˘3{2
e´mi{T

⇢i
⇡2

30 giT
4

`
7
8

˘
⇡2

30 giT
4 mini

pi
1
3⇢i

1
3⇢i niT ! ⇢i

Remember our estimate for the photon number density                      ? n� “ 0.25T 3 1

4
» 2 ˆ ⇣p3q

⇡2

If relativistic particles dominate the energy budget:

ge↵ “
ÿ

bosons

gi

ˆ
Ti

T

˙4

` 7

8

ÿ

fermions

gi

ˆ
Ti

T

˙4

⇢ “
ÿ

i

⇢i » ⇡2

30
ge↵T

4
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Entropy

Fundamentals of standard cosmology  34

For the entropy density                it follows

s “ ⇢ ` p

T
TdS “ dp⇢V q ` pdV

Second law of thermodynamics

=> 

We get an expression for the evolution of photon temperature as a function of scale factor 
when comoving entropy is conserved (Universe’s expansion is adiabatic)

s9 a´3dpa3sq
dt

“ 0 => 

Comparing entropy with energy density yields evolution of the photon temperature

s “ S{a3=> 

he↵ “
ÿ

bosons

gi

ˆ
Ti

T

˙3

` 7

8

ÿ

fermions

gi

ˆ
Ti

T

˙3

s “ 2⇡

45
he↵T

3

T9h´1{3
e↵ a´1

T “ T�
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Evolution of relativistic degrees of freedom

Fundamentals of standard cosmology  35

< — What happened there?

QCD phase 
transition

annihilation 
of e+e-

MeVGeVTeV

EW 
transition

annihilation 
of μ and π

annihilation 
of b, c and 𝜏

Plot assumes Standard  
Model field content

annihilation  
of t, H, W, Z

he↵

ge↵
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Neutrino decoupling

Fundamentals of standard cosmology  36

�int " HOur assumption for thermal equilibrium was 

⌫̄

⌫ e´

e`

Z

+ diagrams 
   with W

�int „ n ˆ v ˆ �

�weak „ G2
FE

2
cm „ G2

FT
2

Let us evaluate for ⌫e Ø ⌫e, ⌫̄⌫ Ø e`e´

v “ 1

n „ T 3

�int

H
„ G2

FT
5 ˆ MP

T 2
„ Op1q ˆ

ˆ
T

1MeV

˙3

Neutrino interactions “freeze out” at T<1MeV

}
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Relic Neutrinos

Fundamentals of standard cosmology  37

After neutrino decoupling, entropies in the respective fluids (    and   ) are conserved 
separately

⌫e�

a31s⌫ “ a32s⌫

a31se� “ a32se�

a2
a1

“ T⌫pa1q
T⌫pa2q

T�pa1q
T�pa2q “

ˆ
4

11

˙1{3 a2
a1

se�pa1q 9
ˆ
g� ` 7

8
ge

˙
T 3
� pa1q “ 11

2
T 3
� pa1q

Before decoupling, neutrinos and photons shared the same temperature T�pa1q “ T⌫pa1q

before  
electron- 
positron  

annihliation

after  
electron-  
positron  
annihilation

It follows that T⌫pa2q “
ˆ

4

11

˙1{3
T�pa2q T�ptodayq “ 2.7K

T⌫ptodayq “ 1.95K

CMB
CνB!

se�pa2q 9 g�T
3
� pa2q “ 2T 3

� pa2q
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Relic Neutrinos

Fundamentals of standard cosmology  38

What is the energy density of neutrinos today?

There is at least one  
neutrino with mass  

?
m “ 0

b
p�mq2atm „ 0.05 eV

p„ 600Kq

and it is non-relativistic.
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Planck 2015

Relic Neutrinos

Fundamentals of standard cosmology  39

mtot “
ÿ

⌫

pg⌫{2qm⌫

⇢⌫ “ mtot ˆ p3{11qn�pt0q

Best limits from CMB, clustering of  
galaxies, Lyman-α forest, BAO

⌦⌫ “ ⇢⌫pt0q
⇢c

“ mtotn⌫ipt0q
⇢c

“ mtot

94h2 eV

=> neutrinos cannot be Dark Matter

What is the energy density of neutrinos today?

mtot À 0.2 eV
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Evidence for Dark Matter

Dark Matter Evidence  40
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Stellar motions (kpc)

Dark Matter - gravitational evidence  41

Follow the motion of stars  
off the galactic disc

• follow the kinematics of stars  

• local dark matter density 

• evidence for a halo

⌃pZq

Z

⌃pZq “
ª Z

´Z
dz⇢pzq

⇢dm “ p0.3 ˘ 0.1qGeV{cm3

Bovy, Tremaine 2012
Expected 
from disc

observed

Zdisc „ 100 pc

z
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Stellar motions (kpc)

Dark Matter - gravitational evidence  42
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Rotation curves (10’s kpc)

Dark Matter - gravitational evidence  43

Consider the solar system

Orbit:

=> 

Observations are explained 
with 

GmMprq
r2

“ mv2

r

v “
a
GMprq{r

M “ Md » 1030 kg
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Rotation curves (10’s kpc)

Dark Matter - gravitational evidence  44

Expectation 
from baryonic 
mass estimate 

r

star counts + 21cm line of neutral H

v “
a
GMprq{r
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Rotation curves (10’s kpc)

Dark Matter - gravitational evidence  45

expectation

observation

missing mass

For the Milky Way fit yields at sun’s position 

⇢d » p0.3 ˘ 0.1qGeV{cm3
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Weighing galaxies (10’s kpc)

• satellite galaxies as “test particles” 

• Milky Way luminosity 

• Dwarf spheroidal galaxies

Dark Matter - gravitational evidence  46

Watkins, Evans, 2010
Deason et al., 2012

Mhalo “ p5 ´ 30q ˆ 1011 Md

M

L

ˇ̌
ˇ̌
dSph

“ Op100qMd
Ld

e.g. Wu 2007

L » 2 ˆ 1010Ld

e.g. Faber Gallagher 1997
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Motion of galaxies (Mpc)

• Virial theorem connects average kinetic and  
gravitational binding energy 

• Zwicky first observed 1932 that there are  
1000s of galaxies in Coma Cluster and measured radial  
velocities and  their dispersion  
=> “kalte dunkle Materie”

Dark Matter - gravitational evidence  47

In an equilibrated cluster of galaxies

xEkiny “ ´1

2
xEgravy
depends on the mass of 
the entire cluster of galaxies

can be inferred from 
the motion of galaxies

Coma cluster

Fritz Zwicky

M

L

ˇ̌
ˇ̌
Coma

» 160
Md
Ld

Fusco-Femiano, Hughes 1994
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Cluster observations today
• The Coma cluster again

Dark Matter - gravitational evidence  48

 
Bolometric X-ray luminosity <=> baryonic gas density  
 
X-ray spectrum <=> pressure  <=> potential depth 

dPgas

dr
“ ´GMprq⇢gasprq

r2
Equation of hydrostatic equilibrium  
(gravity is balanced by pressure gradient force)

Most of the baryonic 
mass in clusters is in 
form of hot, 
intergalactic gas which 
can be observed in  
X rays (=keV energies). 

=> Cluster is dominated by non-luminous matter (by a factor of ~7)
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Gravitational lensing
• Gravitational lensing magnifies 

and distorts the images of 
background galaxies or quasars 
(weak lensing) or makes multiple 
images of galaxies (strong 
lensing)

Dark Matter - gravitational evidence  49

↵ » 4GMpbq
b

Deflection angle     from a  
spherical mass distribution

↵

=> gravitational potential  
is dominated by unseen  
matter
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Collisions of clusters
• When two clusters collide, the baryonic gas 

experiences RAM pressure and gets stripped.

Dark Matter - gravitational evidence  50

Figure 17: Hubble Space Telescope optical images of the massive, merging clusters 1E0657-558 (z = 0.30)
and MACSJ0025.4-1222 (z = 0.54), with the X-ray emission measured with Chandra overlaid in pink
and total mass reconstructions from gravitational lensing data in blue. The separations of the X-ray
and lensing peaks, and the coincidence of the lensing and optical centroids, imply that the dark matter
has a small self-interaction cross-section. Figure credits: Left: X-ray: NASA/CXC/CfA/M.Markevitch
et al.; Optical: NASA/STScI; Magellan/U.Arizona/D.Clowe et al.; Lensing Map: NASA/STScI; ESO
WFI; Magellan/U.Arizona/D.Clowe et al.; Right: X-ray: NASA/CXC/Stanford/S.Allen; Optical/Lensing:
NASA/STScI/UC Santa Barbara/M.Bradač.

the interactions between dark matter and baryons, are required.
Certain dark matter candidates, including sterile neutrinos, possess a two-body radiative decay channel

that produces a photon with energy Eγ = MDM/2, where MDM is the dark matter particle mass (e.g. Feng
2010). Galaxy clusters have been the targets of searches for emission lines associated with such decays.
The soft X-ray (keV) regime is particularly interesting, marking the lower limit of masses consistent with
constraints from large scale structure formation. To date, all searches for monochromatic X-ray emission
lines associated with non-baryonic matter in clusters (as well as other dark matter rich objects) have proved
negative (e.g. Boyarsky et al. 2006; Riemer-Sorensen et al. 2007; Boyarsky, Ruchayskiy & Markevitch 2008).
Gamma-ray observations of clusters with the Fermi Gamma-ray Space Telescope have been used to place
interesting upper limits on dark matter annihilation, and the lifetimes of particles for a range of masses and
decay final states (Ackermann et al. 2010; Dugger, Jeltema & Profumo 2010).

5.2 Gravity

Dark energy, though a key component of the standard cosmological model, provides by no means the only
possible explanation for cosmic acceleration. Various non-standard gravity models can also produce acceler-
ation on cosmological scales (for reviews, see Copeland, Sami & Tsujikawa 2006; Frieman, Turner & Huterer
2008). These include frameworks that consistently parametrize departures from General Relativity (GR; Hu
& Sawicki 2007; Amin, Wagoner & Blandford 2008; Daniel et al. 2010); full, alternative theories such as the
Dvali-Gabadadze-Porrati (DGP) braneworld gravity (Dvali, Gabadadze & Porrati 2000); f(R) modifications
of the Einstein-Hilbert action (Carroll et al. 2004); and modifications of gravity based on the mechanism
of ghost condensation (Hamed et al. 2004). A critical requirement for any modified gravity model is that
it should mimic GR in the relatively small scale, high density regime where GR has been tested precisely.
Thus, in addition to investigating whether dark energy is well described by a cosmological constant, we
are simultaneously interested in asking whether GR provides the correct description of gravity, and indeed
whether dark energy is needed at all.

To discriminate among these possibilities, and between particular dark energy and modified gravity
models, it is important to combine expansion history data with measurements of the growth and scale-
dependence of cosmic structure. Galaxy clusters provide some of our strongest constraints on structure
growth. To utilize these constraints robustly, however, accurate predictions for the halo mass function are
required. Recently, a few mass functions for specific modified gravity models have been constructed and
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interesting upper limits on dark matter annihilation, and the lifetimes of particles for a range of masses and
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of ghost condensation (Hamed et al. 2004). A critical requirement for any modified gravity model is that
it should mimic GR in the relatively small scale, high density regime where GR has been tested precisely.
Thus, in addition to investigating whether dark energy is well described by a cosmological constant, we
are simultaneously interested in asking whether GR provides the correct description of gravity, and indeed
whether dark energy is needed at all.

To discriminate among these possibilities, and between particular dark energy and modified gravity
models, it is important to combine expansion history data with measurements of the growth and scale-
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• However, most of the matter is collisionless and 
passes through (Red: hot gas, Blue: matter 
inferred from gravitational lensing) 

• famous example:  Bullet cluster
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Growth of structure

Dark Matter - gravitational evidence  51

Equation of motion for the overdensity �p~xq ” ⇢p~xq ´ ⇢̄

⇢̄

Pressure small: exponential solution  
Pressure large: oscillating solution

In an expanding Universe, the combination of  
continuity-, Euler-, and Poisson equation yields

:�k ` 2
9a
a

9�k ` pk2 ´ k2Jqc2s� “ 0

The “Jeans scale”                            separates gravitationally stable from unstable 
modes

:� ` rPressure ´ Gravitys � “ 0

k2J “ 4⇡G⇢̄a2{c2s

⌧pressure „ �{cs
⌧grav „ pG⇢̄q´1{2 ⌧pressure Á ⌧grav „ �J

k is the comoving wavenumber of a perturbation �p~x, tq “ �k sinp~k ¨ ~xq

condition for collapse
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Growth of structure

Dark Matter - gravitational evidence  52

Equation of motion for the overdensity

:�k ` 2
9a
a

9�k ` pk2 ´ k2Jqc2s� “ 0

In absence of expansion          , � „ e˘t{⌧

In an expanding Universe there are two significant changes:

⌧ “ pa{csqpk2J ´ k2q´1{2

Large perturbations with wavelength � “ 2⇡{k ° �J grow (or decay) exponentially

Small perturbations with wavelength                           oscillate (sound waves)� “ 2⇡{k † �J

k2J “ 4⇡G⇢̄a2{c2s

9a “ 0

1. the Jeans scale becomes a function of time (with drastic change at recombination)  
 
2. growth is “quenched” by expansion: 

� „ ln a

� „ a matter domination

radiation domination
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Growth of structure

Dark Matter - gravitational evidence  53

Radiation dominated epoch cs » c{
?
3

close to the size of the horizon

No sub-horizon growth of perturbations  
is possible!

After recombination,      becomes very small,  
and so does 

cs

H
´1

recombination

�J

�J

perturbation�J “ 2⇡

kJ,phys
“ 2⇡a

kJ
“ cs

c
⇡

G⇢̄
„ H

´1

�J

Perturbations grow linearly then.
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The seeds of structure

Dark Matter - gravitational evidence  54

What was the size of perturbations at recombination, when baryons could collapse?  
A view on the cosmic microwave background (CMB) reveals it!

The CMB with an accuracy of 1/10000.

�T

T
† 10´4
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The seeds of structure

Dark Matter - gravitational evidence  55

What was the size of perturbations at recombination, when baryons could collapse?  
A view on the cosmic microwave background (CMB) reveals it!

The CMB with an accuracy better then 1/100000.

NASA Cosmic Background Explorer (COBE 1991-1994)
�T

T
„ 10´5
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The seeds of structure

Dark Matter - gravitational evidence  56

What was the size of perturbations at recombination, when baryons could collapse?  
A view on the cosmic microwave background (CMB) reveals it!

The CMB with an accuracy better then 1/100000.

NASA Wilkinson Microwave Anisotropy Probe (WMAP 2001-2009)
�T

T
„ 10´5
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The seeds of structure

Dark Matter - gravitational evidence  57

What was the size of perturbations at recombination, when baryons could collapse?  
A view on the cosmic microwave background (CMB) reveals it!

The CMB with an accuracy better then 1/100000.

ESA Planck Satellite (2009-2013)
�T

T
„ 10´5

�T

T
„ �⇢b

⇢b
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Dark Matter assisted growth of structure

Dark Matter - gravitational evidence  58

A perturbation of a certain wavenumber k enters 
the horizon during the radiation dominated 
epoch; baryons undergo oscillations, Dark Matter 
can grow; at recombination, the Jeans length 
changes drastically, and baryons fall into the 
potential wells created by dark matter.  
 

Baryons

Dark Matter

H
´1

recombination

�J

�J

baryon perturbation

Dark Matter perturbation

Newtonian 
theory applies
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Particle Dark Matter

• An electrically neutral particle, stable on 
cosmological timescales is most successful in 
explaining all those gravitational “missing mass” 
anomalies 

• Given that evidence is in form of gravity, 
microscopic DM properties remain largely 
unknown  

• Dark Matter can be a single particle, or there 
could be an entire hidden sector of particles and 
forces—it is on us to find out.

Dark Matter - gravitational evidence  59

“Standard Cosmological Model”
• A charge neutral Universe filled with baryons and photons, dark matter, neutrinos,  

and a cosmological constant fits the data.
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Properties of Dark Matter

Dark Matter Evidence  60
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The “missing mass” - what is it?

Dark Matter - gravitational evidence  61

Modified Newtonian Dynamics? 

Are the gravitational anomalies a refutation of the laws  
of gravitation or are they an indication of the existence  
of unseen particles/objects?  

There are of course examples from history on either side:  

Dark Matter:  Neptune was postulated to explain the anomalous motion of Uranus  
 
Modified Gravity: planet Vulcan was postulated to explain the anomalous motion of 
Mercury which due to a failure of Newtonian dynamics and explained by GR 

MOND explains flat rotation curves but is challenged by  
dynamics of clusters, gravitational lensing, growth of structure,  
CMB,… 
  

NB: some will surely 
insist that Vulcan exists

~F “ m~a ˆ µpa{a0q

a0 » 10´8 cm{s2

µ Ñ
#
1 a " a0
a{a0 a ! a0
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Growth of structure

Dark Matter - gravitational evidence  62

Growth of structure is quantified by the power spectrum k3P pkq
2⇡2

“
ˆ
�⇢

⇢

˙2

k

very largest scales

growth has become  
non-linear

dashed: 
baryon-only Universe

solid: with Dark MatterDodelson 2011
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Large scale structure

Dark Matter - gravitational evidence  63

observation

simulation

10 billion particles 
of mass 107 Md
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The “missing mass” - what is it?

Dark Matter - gravitational evidence  64

Primordial black holes (PBH)

Carr et al 2018

Astrophysical objects?

=> seems rather unlikely that DM = compact objects. Also, DM obeys a “fluid limit”  
on astrophysical scales => most think it’s particle physics
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Dark Matter - electromagnetic properties

• Integral electric charges (charged 
massive particles, CHAMPs) are 
strongly constrained from non-
observation of anomalous heavy 
nuclei (bound states)  

• Millicharged DM is a possibility, 
but      constrained from CMB 
acoustic peaks, DM heating by 
baryons, … 

• DM may in fact possess 
electromagnetic form factors like 
a magnetic moment 

Dark Matter - basic properties  65

Dark Matter is “dark”, i.e. non-luminous  
at the current level of observability 

McDermott et al 2010

"e
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Dark Matter - dissipationless

DM forms triaxial halos in which 
baryons settle in the inner parts

Dark Matter - basic properties  66

Dominant component of DM is 
dissipationless. 

Ordinary matter “clumps” 
because it can loose angular 
momentum through dissipative 
processes (bremsstrahlung, 
molecular excitations,…) and 
can form e.g. discs  

Deg Widrow 2012

Example right: a tidal stream of stars,  
produced by the destruction of the Sagittarius  
dwarf spheroidal constrains the Galactic  
gravitational potential
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Dark Matter is cold

• Free-streaming of DM suppresses matter power spectrum at small scales where it can 
stream out of overdense regions (wipes out substructure; halo abundances for masses 
below the free-streaming mass-scale are suppressed relative to CDM.)  

• Warm DM remains a possibility and is constrained by small-scale observations (Ly-
alpha forest); typically,                          

Dark Matter - basic properties  67

The dominant fraction of DM must have non-relativistic velocity during structure formation

e.g. Smith, Markovic 2011

mwdm Á 1 keV
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Dark Matter - self-interactions

Dark Matter - basic properties  68

Dark Matter self-interactions are constrained by cluster collisions and from the fact that the 
position of the dark mass remains closely aligned with associated stars 

From the particle physics viewpoint  
these are weak constraints

NB: there are tensions between  cold DM simulations and observed structure on small scales (cored density 
profiles in dwarf spheroidal galaxies, abundance of satellite galaxies) and self-interactions can play a role in 
ameliorating these tensions.

��{m� À 1 cm{g » 1 bn{GeV

Figure 17: Hubble Space Telescope optical images of the massive, merging clusters 1E0657-558 (z = 0.30)
and MACSJ0025.4-1222 (z = 0.54), with the X-ray emission measured with Chandra overlaid in pink
and total mass reconstructions from gravitational lensing data in blue. The separations of the X-ray
and lensing peaks, and the coincidence of the lensing and optical centroids, imply that the dark matter
has a small self-interaction cross-section. Figure credits: Left: X-ray: NASA/CXC/CfA/M.Markevitch
et al.; Optical: NASA/STScI; Magellan/U.Arizona/D.Clowe et al.; Lensing Map: NASA/STScI; ESO
WFI; Magellan/U.Arizona/D.Clowe et al.; Right: X-ray: NASA/CXC/Stanford/S.Allen; Optical/Lensing:
NASA/STScI/UC Santa Barbara/M.Bradač.

the interactions between dark matter and baryons, are required.
Certain dark matter candidates, including sterile neutrinos, possess a two-body radiative decay channel

that produces a photon with energy Eγ = MDM/2, where MDM is the dark matter particle mass (e.g. Feng
2010). Galaxy clusters have been the targets of searches for emission lines associated with such decays.
The soft X-ray (keV) regime is particularly interesting, marking the lower limit of masses consistent with
constraints from large scale structure formation. To date, all searches for monochromatic X-ray emission
lines associated with non-baryonic matter in clusters (as well as other dark matter rich objects) have proved
negative (e.g. Boyarsky et al. 2006; Riemer-Sorensen et al. 2007; Boyarsky, Ruchayskiy & Markevitch 2008).
Gamma-ray observations of clusters with the Fermi Gamma-ray Space Telescope have been used to place
interesting upper limits on dark matter annihilation, and the lifetimes of particles for a range of masses and
decay final states (Ackermann et al. 2010; Dugger, Jeltema & Profumo 2010).

5.2 Gravity

Dark energy, though a key component of the standard cosmological model, provides by no means the only
possible explanation for cosmic acceleration. Various non-standard gravity models can also produce acceler-
ation on cosmological scales (for reviews, see Copeland, Sami & Tsujikawa 2006; Frieman, Turner & Huterer
2008). These include frameworks that consistently parametrize departures from General Relativity (GR; Hu
& Sawicki 2007; Amin, Wagoner & Blandford 2008; Daniel et al. 2010); full, alternative theories such as the
Dvali-Gabadadze-Porrati (DGP) braneworld gravity (Dvali, Gabadadze & Porrati 2000); f(R) modifications
of the Einstein-Hilbert action (Carroll et al. 2004); and modifications of gravity based on the mechanism
of ghost condensation (Hamed et al. 2004). A critical requirement for any modified gravity model is that
it should mimic GR in the relatively small scale, high density regime where GR has been tested precisely.
Thus, in addition to investigating whether dark energy is well described by a cosmological constant, we
are simultaneously interested in asking whether GR provides the correct description of gravity, and indeed
whether dark energy is needed at all.

To discriminate among these possibilities, and between particular dark energy and modified gravity
models, it is important to combine expansion history data with measurements of the growth and scale-
dependence of cosmic structure. Galaxy clusters provide some of our strongest constraints on structure
growth. To utilize these constraints robustly, however, accurate predictions for the halo mass function are
required. Recently, a few mass functions for specific modified gravity models have been constructed and

37
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Dark Matter Abundance

Dark Matter  69



Josef Pradler — International school on muon dipole moments and hadronic effects, Sept. 21 2018 

Liouville Equation

Particle Dynamics in the early Universe  70

Fundamental object in statistical physics is the distribution function

Evolution of     is governed by the Boltzmann equation

Liouville operator  
(gravitational effects)

In a FRW Universe             

f

Collision operator 
(non-gravitational effects)

fp~x, ~p, tq “ fp|~p|, tq

Bf
Bt ´ 9a

a
|~p| Bf

B|~p| “ 1

E
Crf s

Lrf s “ Crf s

pµ
Bf

Bxµ
´ �µ

↵�p
↵p�

Bf
Bpµ “ Crf s

fp~x, ~p, tq



Josef Pradler — International school on muon dipole moments and hadronic effects, Sept. 21 2018 

Integrated Boltzmann equation

Particle Dynamics in the early Universe  71

We are often not interested in the momentum distribution of particles, therefore we 
integrate the Boltzmann equation over momenta 

This yields a rate equation for the number density (also often called “Boltzmann equation”)

d3~p

dn

dt
` 3

9a
a
n “ g

p2⇡q3
ª

d3~p

E
Crf s n “ g

p2⇡q3
ª
d3~p fp~x, ~p, tq

g

p2⇡q3
ª
d3~p

„Bf
Bt ´ 9a

a
|~p| Bf

B|~p|

⇢
“ g

p2⇡q3
ª
d3~p

1

E
Crf s

If no number changing collisions are present, RHS = 0, and                . n 9 a´3
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Collision Integral

Particle Dynamics in the early Universe  72

Consider the scattering i + j <-> k + l

gi
p2⇡q3

ª
d3~pi

Crfis
Ei

“ ´
ª
d⇧id⇧jd⇧kd⇧l p2⇡q4�p4qppi ` pj ´ pk ´ plq

ˆ
“
|M |2i`jÑk`lfifjp1 ˘ fkqp1 ˘ flq ´ |M |2k`lÑi`jfkflp1 ˘ fiqp1 ˘ fjq

‰

`
´

for bosons (Bose-enhancement)
for fermions (Pauli-blocking)

d⇧i ” gi
p2⇡q3

d3~pi
2Ei

|M |2 squared matrix element (averaged over initial and final spins)

If the scattering is CP or T-invariant, then |M |2i`jÑk`l “ |M |2k`lÑi`j “ |M |2

Neglecting quantum statistics: 1 ` fi Ñ 1
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Kinetic vs. chemical equilibrium

Particle Dynamics in the early Universe  73

Elastic scattering processes are generally much more frequent than inelastic reactions that 
change particle number. Only the latter are part in C of the integrated Boltzmann equation.

Kinetic equilibrium can be assumed:

�e´ Ø �e´ e`e´ Ø ��

elastic; stops at recombination (T ~ eV) inelastic; stops at ~20 keV

Ti “ Tj “ Tk “ Tl “ T

Chemical equilibrium must not hold: µi ` µj ‰ µk ` µl

The distribution functions are then given by

=>  Maxwell-Boltzmann approximation  fi “ 1

epEi´µiq{T ˘ 1
fi “ e´pEi´µiq{T
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Collision integral simplified

Particle Dynamics in the early Universe  74

Kinetic equilibrium allows us to simplify the Boltzmann equation: 

=> 
ni

np0q
i

“
gi

≥ d3~p
p2⇡q3 e

´pEi´µiq{T

gi
≥ d3~p

p2⇡q3 e
´Ei{T “ eµi{Tnp0q

i “ gi

ª
d3~p

p2⇡q3 e´Ei{T

fi “ e´pEi´µiq{T => fi “ ni

np0q
i

e´Ei{T

coll. integral “ ´
ª
d⇧id⇧jd⇧kd⇧l p2⇡q4�p4qppi ` pj ´ pk ´ plq|M |2 rfifj ´ fkfls

«
ni

np0q
i

nj

np0q
j

e´pEi`Ejq{T ´ nk

np0q
k

nl

np0q
l

e´pEk`Elq{T
�

rfifj ´ fkfls “

same (delta-function)

“ e´pEi`Ejq{T
«

ni

np0q
i

nj

np0q
j

´ nk

np0q
k

nl

np0q
l

�
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Boltzmann equation in usual form

Particle Dynamics in the early Universe  75

x�vy ” 1

np0q
i np0q

j

ª
d⇧id⇧jd⇧kd⇧l e

´pEi`Ejq{T p2⇡q4�p4qppi ` pj ´ pk ´ plq|M |2

dni

dt
` 3

9a
a
ni “ ´np0q

i np0q
j x�vy

«
ni

np0q
i

nj

np0q
j

´ nk

np0q
k

nl

np0q
l

�

Thermally averaged cross section

This equation (and generalized versions for 2 <—> 3 processes, etc…) forms  
the basis of practically any particle physics investigations of early Universe processes.  
[Selected problems require the use of distribution functions of course.]
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Thermally averaged cross section

Particle Dynamics in the early Universe  76

We had

x�vy ” 1

np0q
i np0q

j

ª
d⇧id⇧jd⇧kd⇧l e

´pEi`Ejq{T p2⇡q4�p4qppi ` pj ´ pk ´ plq|M |2

We can make the relation to the “normal” cross section more explicit. Note that,

4gigjF�i`jÑk`l “
ª
d⇧kd⇧l p2⇡q4�p4qppi ` pj ´ pk ´ plq|Mi`jÑk`l|2

vMøl “ F

EiEj

Flux factor F “
“
pi ¨ pj ´ m2

im
2
j

‰1{2

Møller velocity (relativistic generalization of the relative velocity)

dN

dV dt
“ �vMølninj this is a Lorentz invariant reaction rate per volume
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WIMP Dark Matter 

• Assume that X are Standard Model particles that have other interactions  that keep 
them in thermal equilibrium, 

• Assume no asymmetry in the Dark Matter sector,                .

Particle Dynamics in the early Universe  77

Let us calculate the abundance of dark matter particles     for which                    is the  
lowest order total number changing process  

� ��̄ Ø XX̄

nX “ np0q
X , nX̄ “ np0q

X̄

n� “ n�̄

dn�

dt
` 3

9a
a
n� “ ´

ÿ

X

x���̄ÑXX̄vy
“
n2
� ´ pneq

� q2
‰

It is convenient to scale out the expansion term, by normalizing to a comoving volume

Y ” N�

S
“ a3n�

a3s
“ n�

s
Y “ const. if no annihilation of creation
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WIMP freeze out

Particle Dynamics in the early Universe  78

In terms of the “yield” Y

x “ m�{T

9Y “ ´x�vys
“
Y 2 ´ Y 2

eq

‰

Changing variables

x

Yeq

dY

dx
“ ´�int

H

“
Y

2 ´ Y
2
eq

‰

and for 

�int “ n�,eqx�vy and we can find the point when Dark Matter  
“freezes out” from �int{H » 1

WIMPs xF » 20

he↵ “ const.
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Thermally averaged cross section

Particle Dynamics in the early Universe  79

For practical purposes one makes a velocity expansion of the cross section

�v « a ` bv2

s “ 4m2
� ` v2m2

�

One gets

s-wave p-wave

An inelastic cross section that is constant at small relative velocities (no charge repulsion 
assumed) has the typical property (“Bethe’s law”)

�v « const.

e.g. capture of slow neutrons by nucleus 

=> simplifies the estimation of relic abundance

=> x�vy « a ` p3{2qbpT {mq
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Precise calculation of yield 

Particle Dynamics in the early Universe  80

Accurate treatment

dY

dx
“ ´

c
8⇡2g˚
45

m�MP x�vy
x2

“
Y 2 ´ Y 2

eq

‰

?
g˚ “ he↵?

ge↵

„
1 ` 1

3

d lnhe↵

d lnT

⇢

Yeq “ 45g

4⇡4

x2K2pxq
he↵pm{xq

valid for relativistic and  
non-relativistic particles

2. Find freeze out point        (there are various recipes to do so.)xF

3. Neglect         and integrate the equation Y 2
eq

1

Y0
“ 1

Yf
`

c
8⇡2

45
MP

ª Tf

T0

dT
?
g˚x�vy

1. Thermal average

x�vy “ 1

8m4
aTK2pma{T q2

ª 8

4m2
a

ds ps ´ 4m2
aq�psq?

sK1

ˆ?
s

T

˙
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Relic abundance - the quick way

Particle Dynamics in the early Universe  81

If        x�vy » const

⌦h2 “ ⇢0h2

⇢c
“ s0Y0m�h2

⇢c
⌦h2 » 3 ˆ 10´38 cm2

x�vy
xFa
g˚pxF q

Relic density parameter today

=> 

Let’s take an electroweak-scale WIMP,              ,                        , xF » 20 m� „ 100GeV

⌦h2 “ 10´37 cm2

x�vy
The larger the annihilation cross section,  
the smaller the abundance.

xFa
g˚pxF q » 20?

80 ´ 90

Y0 »
d

45

8⇡2g˚pxF q
xF

MPm�

1

x�vy
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WIMP miracle

• Annihilation through s-wave of a DM candidate      through some mediator  

Particle Dynamics in the early Universe  82

Observations determine the cold dark matter abundance with %-precision 

h2 “ 0.672 « 1

2

Planck 

=> we need an annihilation cross section of x�vy « 10´36 cm2 “ 1 pb

⌦dmh
2 “ 10´37 cm2

x�vy “ 0.1197 ˘ 0.0022

� �

=> That points towards the electroweak scale, and fuels the hope to detect DM in direct 
detection experiments and at the collider

x�vy „ g4

⇡

1

m2
�

„ 10´36 cm2
´ g

0.1

¯4
ˆ
100GeV

m�

˙4

m� " m�

m� ! m�

x�vy „ g4

⇡

m2
�

m4
�

„ 10´36 cm2g4
´ m�

100GeV

¯2
ˆ
1TeV

m�

˙4
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Summary

Lecture I  83

• The standard cosmological model is built on the observational evidence that the 
universe homogenous and isotropic on large scales; derived the Friedmann equation 
that connects the expansion rate H of the Universe with the energy components it 
contains 

• Showed how matter and radiation redshift. Going back in time, the Universe enters the 
radiation dominated epoch and with it “particle era”. 

• There is a severe problem of missing mass on all scales relevant to astronomy and 
cosmology, from the motion of stars in the solar neighbourhood to the horizon of the 
visible Universe. 

• Particle Dark Matter solves the missing mass problem. DM can be a single particle or 
be part of a larger sector of yet undiscovered states. 
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• Established the basic properties of DM (stability, neutrality, dissipationless…)  
 
 
 
 
 

•  Relic density requirement

Summary

Lecture I  84

dn�

dt
` 3

9a
a
n� “ ´

ÿ

X

x���̄ÑXX̄vy
“
n2
� ´ pneq

� q2
‰

- DM has a fluid limit, it probably cannot consist of macroscopic bodies. It is 
likely a new particle(s).  

- DM must be stable on cosmological timescales, electrically neutral, 
dissipationless, cold, and to a degree collisionless. 

- DM must comprise today 26% of the Universe’s mass. That puts a restriction 
on its interactions with other particles and its mass.  

- Assuming a standard cosmological history and particle content, the DM 
abundance becomes a prediction  
 
=> tool for making such prediction is the Boltzmann equation. WIMPS 
regulate their abundance through the equation
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BSM - lecture 2 

Welcome  85

Josef Pradler 
Sept 21 2018

International school on  
muon dipole moments and  
hadronic effects  

MUON
Budker INP 
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Plan of the lectures (BSM = DM for the next 3h)

• Fundamentals of standard cosmology  
• Gravitational evidence for Dark Matter 
• Basic properties of Dark Matter 
• The Boltzmann equation and its application to the early Universe (explicit 

calculation)

Outline  86

Lecture 1 

• Classification of Dark Matter models 
• WIMP Dark Matter 
• Laboratory Detection of WIMPs (explicit calculation) 
• Light Dark Sectors with relevance for the intensity frontier

Lecture 2
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Dark Matter zoology 

• electroweak scale  
WIMPs, GeV-scale DM  

• axion, ALPs 

• keV sterile neutrinos  

• gravitinos 

• other super-WIMPs such  
as Dark Photons

Dark Matter candidates  87

WIMP DM is an attractive possibility, but there are many candidates for Dark Matter.
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Two prospective models of Dark Matter

Dark Matter candidates  88

L =
1

2
(@µS)

2 � 1

2
m

2
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e
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=> we need a classification scheme
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Classification of Dark Matter

Dark Matter candidates  89

1/T

n�

s

freeze out
m�/T ' 20

�� � H(T )

NORMAL
“Wimp-miracle”
m� = O(100GeV)

h�vi ' 1 pbn

n�

s

1/T

m�/T ' 20

m� = O(100GeV)

h�vi ' 1 pbn

e.g. SUSY neutralino,  
Higgs-Portal models, …

“WIMPs”  
(weakly massive  
interacting particles)

�� � H(T )

�� = n�h�vi

N�/N� ⇠ 1

What is the abundance of     for               ? T � m��
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Classification of Dark Matter

Dark Matter candidates  90

What is the abundance of     for               ? T � m��

1/T

n�

s

freeze in

m�/T ' 20

�� � H(T )

TINY

m� = O(100GeV)

h�vi ' 1 pbn
“super-WIMPs”

�� ⌧ H(T )

“leakage” from the 
observable sector 
or from a decay   
of a parent state

m�/T ' 1

N�/N� ⌧ 1

Gravitinos,  
sterile neutrinos,…

Their weak link to SM makes  
them hard to detect 

n�

s

1/T
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Classification of Dark Matter

Dark Matter candidates  91

What is the abundance of     for               ? T � m��

�� � H(T )

HUGE

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany Theoretical Physics Colloquium, 16 Feb 2010, TIFR, Mumbai, India

Creation of Cosmological Axions

T ~ fa (very early universe)
• UPQ(1) spontaneously broken
• Higgs field settles in 
“Mexican hat”

• Axion field sits fixed at
a1 = 41 fa

a

V(a)

a

V(a)

4=0
_

T ~ 1 GeV (H ~ 10�9 eV)
• Axion mass turns on quickly

by thermal instanton gas
• Field starts oscillating when

ma 싷 3H
• Classical field oscillations

(axions at rest)
• Axion number density in comoving volume conserved

• Axion mass density today:

2
a

2
1

3
11

3
1

2
11a

3
a fRH3~Ra)T(mRn 4 2

a
2
1

3
11

3
1

2
11a

3
a fRH3~Ra)T(mRn 4 

a

22
2
1

a

2
a

2
a2

1
2
aa

2
1aaa m

fm
m
fm

fmnm SS4v4v4v U
a

22
2
1

a

2
a

2
a2

1
2
aa

2
1aaa m

fm
m
fm

fmnm SS4v4v4v U

classical field oscillations 
populate zero mode 

ma(T ) ' H(T )

N�/N� � 1

Bosonic, initially displaced field; 
Potential at low-energies/T provides 
mass

Axions,  PNGBs

“super-cold” Dark Matter

NB: super-WIMPs can at times be super-cold
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The universe in “numbers”

Dark Matter candidates  92

Dark Energy 
69%

Dark Matter 
26%

Baryons 4%

Radiation << 1%

in terms energy densities in terms of number densities

Photons 

Neutrinos 

Baryons 10-10

Dark Matter

WIMPs or super-WIMPs

⇢DM = mDMnDM
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The universe in “numbers”

Dark Matter candidates  93

Dark Energy 
69%

Dark Matter 
26%

Baryons 4%

Radiation << 1%

in terms energy densities in terms of number densities

axions

⇢DM = mDMnDM
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WIMP Phenomenology

Dark Matter candidates  94

Multi-messenger approach to unraveling the particle nature of WIMP DM

primordial  
 & galactic  
annihilation 

DMDM

SM SM

production 
at colliders

WIMP-nucleus scattering

?



Josef Pradler — International school on muon dipole moments and hadronic effects, Sept. 21 2018 

Direct Detection of the DM Halo

Direct Detection  95

N-body simulations inform us about the expected phase space distribution of Dark Matter  
in a Milky Way-type galaxy

e.g. Via Lactea II simulation (2006)
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Direct Detection of the DM Halo

• local density of DM 
• velocity dispersion of DM particles

Direct Detection  96

Crucial ingredients for direct detection are 

Maxwell Boltzmann distribution

⇢0 » p0.3 ˘ 0.1qGeV{cm3

�2
ij “

ª
d3~vpvi ´ v̄iqpvj ´ v̄jqfp~vq “ �2

ii�ij

Consider a simple density profile 

It can be shown that an isothermal sphere of a gas is identical with a collisionless system of particles with Maxwell 
Boltzmann distribution; it does not matter if the particles collide or not; it also produces flat rotation curves.

⇢prq “ �2

2⇡Gr2

dn9 exp

ˆ
´ |~v|2
2�2

˙
d3~v

“isothermal sphere”

A “test-particle” on orbit has a circular velocity v20 “ 2�2

dn9 exp

ˆ
´|~v|2

v20

˙
d3~v

Velocity of the sun around the galactic center is v0 » 220 km{s
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Direct Detection of the DM Halo

• Density profiles in N-body simulations are found to be approximated well by 

Direct Detection  97

from Calore et al 2014

⇢NFWprq “ ⇢0

r
Rs

´
1 ` r

Rs

¯2

rs “ 20 kpc
⇢s “ 0.26GeV cm´3

⇢0 “ 0.3GeV cm´3

Milky Way halo parameters

yield

Einasto profile

Navarro-Frenk-White profile

⇢Einprq “ ⇢s exp

"
´ 2

↵

„ˆ
r

rs

˙↵

´ 1

⇢*
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Direct Detection of the DM Halo

• Maxwellian velocity distribution is found 
in N-body simulations 

• Note: not all particles of arbitrary 
velocity can be gravitationally bound to 
the halo

Direct Detection  98

Vogelsberger et al 2009

fgalp~vq «
#
N exp

`
´|~v|2{v20

˘
v † vesc

0 v ° vesc

vesc » 650 km{s

• Local DM flux is 

�� „ ⇢0v�
m�

„ 105 {cm2{s
ˆ
100GeV

m�

˙
pv� „ 10´3cq
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Direct Detection

Direct Detection  99

[cpd/kg/keV]
dRptq
dER

“ NT
⇢0

mDM

ª

v•vmin

d3v vfLABpvq d�

dER

recoil cross  
section

DM velocity  
distribution in 
the LAB frame

local DM 
density

Particle Physics

Detection Rate = particle flux  x  cross section

Contributions to f(v)

• isotropic smooth (Maxwellian) 
• substructure 
• debris flow, streams

• largely dissipationless 
• stable on cosmological timescales

Astrophysics

pp † 10´4q

Very little is known

~ keV
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Direct Detection - Astrophysics 

• Changing frames 

Direct Detection 

|vobs| = |v�|+
1

2
V� cos!(t� t0)

t0 ' 152 days (June 2nd)

geometric prediction  
for an isotropic velocity distribution!

[cpd/kg/keV]
dRptq
dER

“ NT
⇢0

mDM

ª

v•vmin

d3v vfLABpvq d�

dER

fGALpvobs ` uq

 100
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• recoil spectrum

Direct Detection 

dRptq
dER

„ c0pvminq ` c1pvminq cos r!pt ´ t0qs

vmin =
1p

2mNER

✓
mNER

µN�
+ �

◆

 101
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`higher harmonics

Chang, JP, Yavin (2012) 

Direct Detection - Astrophysics 

annual modulation
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Direct Detection  102

Fig. from Freese, Lisanti, Savage (2012) 
Affects phase of annual modulation as well 
as higher harmonics 

Direct Detection - Astrophysics 
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An explicit example 

Direct Detection  103

Scalar Dark Matter candidate S, that couples to the Higgs via 

Lint “ ´�vhSS ´
ÿ

q

mq

v
hq̄q

pn ` pS Ñ p1
n ` p1

SNucleon-WIMP scattering

HI “ ´
ª
d
3
xLint

Higgs propagator nucleon matrix element

@
p1
n
p1
S

|iT |pnpS

D
“

A
p1
n
p1
S

|T
!
e´i

≥
dtHIptq

)
|pnpS

E

“
ÿ

q

B
p1
np

1
S |T

"
2

p´iq2
2!

�vmq

v

ª
d4xhSS

ª
d4yhq̄q

*
|pnpS

F

“ ´2�

ª
d4x

ª
d4y Dphq

F px ´ yqe´ippS´p1
Sq¨x ÿ

q

@
p1
n|mq q̄pyqqpyq|pn

D

�S
2pH:

Hq
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An explicit example - WIMP nucleon interaction

Direct Detection  104

Nucleon Matrix element

@
p1
n|mq q̄pyqqpyq|pn

D
“ e´ippn´p1

nq¨yūpp1
nq�quppnq �q “ xn|mq q̄p0qqp0q|ny

fn ”
ÿ

q

xn|mq q̄q|ny fp,n » 0.52GeV=> low energy input

@
p1
np

1
S |iT |pnpS

D
“ ip2⇡q4�p4qppn ` pS ´ p1

n ´ p1
Sq ˆ ´2�

q2 ´ m2
h

ˆ fnupp1
nquppnq

Matrix element for scattering on protons or neutrons is

From this we get an effective WIMP-nucleon Lagrangian

Le↵ “ `�fn
m2

h

S2n̄n Le↵ “ ´�vhSS ´ fn
v
hn̄nor

pq2 ! m2
hq
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An explicit example - WIMP nucleus interaction

Direct Detection  105

Now we proceed and calculate the Nucleus-WIMP matrix element

@
p1
Np1

S |iT |pNpS

D
“ ´2�

ª
d4x

ª
d4y Dphq

F py ´ xqe´ippS´pS1 q¨y ÿ

n

fn
@
p1
N |n̄pxqnpxq|pN

D

ÿ

n

fn
@
p1
N |n̄pxqnpxq|pN

D
“ 2mN ˆ e´ipEN´E1

N q¨t
C
JM

ˇ̌
ˇ
ÿ

n

fnn̄pxqnpxq
ˇ̌
ˇJM 1

G

NR

The piece we are really interested in

xp|qyNR “ p2⇡q3�p3qpp ´ qq
xp|qy “ 2Epp2⇡q3�p3qpp ´ qq

switching to non-relativistic normalization

(relativistic:                                                       )

MN “ `4�mN

m2
h

ª
d3x e`iq¨x

C
JM

ˇ̌
ˇ
ÿ

n

fnn̄pxqnpxq
ˇ̌
ˇJM 1

G
” `4�mN

m2
h

⇢pqq

scalar nuclear current
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An explicit example - nuclear form factors

Direct Detection  106

Evaluate the scalar current

⇢pqq “
ª
d3x e`iq¨x xJfMf |⇢̂pxq|JiMiy

The interaction that probes the nucleus depends on the  
model

In our case it is simple: n̄n “ n:�0n „ a:a the operator is the number operator  
and counts nucleons

ÿ

MiMj

|⇢pqq|2 “ F 2pqq ˆ 2J ` 1

4⇡
rZfp ` pA ´ Zqfns2

number 
of protons

number 
of neutrons

form factor for finite momentum transfer
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An explicit example - recoil cross section

Direct Detection  107

WIMP nucleus cross section

|MN |2 “ 1

p2s� ` 1qp2J ` 1q
ÿ

spins

|MN |2d�

dt
“ d�

d|q|2 “ |MN |2
64⇡m2

Nm2
�v

2

�0 ”
ª 4µ2

Nv2

0
d|q|2 d�p|q|2 “ 0q

d|q|2 “ µ2
N |MN p|q|2 “ 0q|2

16⇡m2
Nm2

�

“total cross section at zero  
momentum transfer”d�

dER
“ 2mN

d�tot

d|q|2 “ mN

2µ2
Nv2

“
�SI
0 F 2p|q|q ` �SD

0 Sp|q|q{Sp0q
‰

We turn this into a recoil cross section  (ER is the kinetic energy of the recoiling nucleus)

ER “ ´t

2mN
“ |q|2

2mN
“ µ2

Nv2

mN
p1 ´ cos ✓˚q

spin-independent 
scattering

spin-dependent  
scattering
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An explicit example - recoil cross section

Direct Detection  108

WIMP nucleus cross section

d�

dER
“ 2mN

d�tot

d|q|2 “ mN

2µ2
Nv2

“
�SI
0 F 2p|q|q ` �SD

0 Sp|q|q{Sp0q
‰

�SI
0 “ µ2

N�2

⇡m2
�m

4
h

rZfp ` pA ´ Zqfns2

For our example of Higgs mediated scattering

d�

dER
“ �2mN

2⇡v2m2
�m

4
h

rZfp ` pA ´ Zqfns2 F 2p|q|q

�SI
0 “ �n

f2
n

ˆ
µN

µn

˙2

rZfp ` pA ´ Zqfns2

Experiments report their results often in terms WIMP-nucleon cross section �n

coherent scattering � 9A2 pfn “ fpq
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An explicit example - form factor

Direct Detection  109

The maximum recoil is reached in a back-to-back scattering in the center of 
momentum frame

Emax
R “ |qmax|2

2mN
“ p2µNvq2

2mN
Emax

R =
(2µNv)2

2mN
⇠

8
>>>>><

>>>>>:

20 keV
�
A
20

�

(mN ⌧ mDM )

4 keV
�

mDM
20GeV

�2 � 100
A

�

(mDM ⌧ mN )

|q| “
a
2mNER À 100MeV

F pqq “ 1

M

ª
⇢prqe´i~q¨~r

=> loss of coherence 

(matter ~ charge distribution)

The hard scatterings resolve  
nuclear scales (few fm)

e.g. Duda et al 2007
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Event spectrum

Direct Detection  110

Recoil spectrum 
dRptq
dER

“ NT
⇢0

mDM

ª

v•vmin

d3v vfLABpvq d�

dER

Various DM masses Various targets
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Effective Operators

• Effective operator approach between DM     and nucleons      often holds as 

Direct Detection  111

� �
� �

? )
N NN

N

|qmax| ⇠ O(100MeV)

� N

Le↵ “ 1

⇤2
p�̄���qpq̄�qqq

S P V A T AT
��,q 1 �5 �µ �µ�5 �µ⌫ �µ⌫�5

• For example, fermionic DM

S ˆ S V ˆ Vor coherent, spin-independent scattering

Non-relativistic limit (on tree level):

or spin-dependent, coupling to the unpaired nucleonA ˆ A T ˆ T

other combinations are suppressed by v2,q2{m2
N „ 10´6

see, in particular,  
Fan, Reece, Wang (2010) 

Fitzpatrick et al. (2013)
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Exclusion limits

Direct Detection  112

Shown here is a typical  
situation in this field: 

an anomaly in one experiment 
which is in tension  
with null results from 
another experiment(s)

mχ [GeV]

σ
n
[c
m

2
]

100010010

10−39

10−40

10−41

10−42

10−43

10−44

10−45

mχ [GeV]

σ
n
[c
m

2
]

100010010

10−39

10−40

10−41

10−42

10−43

10−44

10−45

recoil   
threshold slope: 

number 
density

exposure

disfavored  
region

dRptq
dER

“ NT
⇢0

mDM

ª

v•vmin

d3v vfLABpvq d�

dER
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Observables 

Direct Detection  113

Experimental techniques to detect keV recoiling nucleus

heat
CRESSST-II, (super)CDMS, 
EDELWEISS,..

ionization
CoGeNT, CDEX, 
DAMIC, PICO,…

scintillation
DAMA/LIBRA, XMASS,  
DEAP, XENON, DarkSide,…

Most experiments utilize 2 channels to discriminate between nuclear recoils (WIMPs or, 
unfortunately, neutrons) and electron recoils (gamma-rays, beta-radioactivity, Compton 
backgrounds,…)
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Exposure driven experiments (more kg - days)
Leaders: Liquid scintillators (inexpensive, 
scalable, dense, and can be purified.) 

current: LUX, XENON100, XMASS, …) 
future: LZ, XENON1T, DEAP, … 

High scintillation yields without absorbing 
own scintillation light; drifting charges 
(ionization) in an electric field is a powerful 
amplification mechanism  

Direct Detection  114

discrimination
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Threshold driven experiments

Lowering the threshold, one may gain  
quasi-exponentially in the rate (or, in turn, 
access lower DM masses.) 

Prominent players:  

CRESST, CDMS, DAMIC [detector thresholds 
O(100 eV)] 

Going beyond: 

Direct Detection  115

• look for scattering on electrons 
(analyses are already performed) 

• bridging the few eV band gap in 
semiconductors, or meV in 
superconductors by scattering off 
electrons,  

• breaking chemical bond in crystals 
(creating color centers),

future CRESST 2015
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Flux 

Cross section 

Recoil 

 
Spectrum

Flux 

Cross section 

Recoil 

Spectrum of a light WIMP almost identical 
to boron-8 neutrino

WIMPs                              vs.             solar neutrinos

Direct Detection  116

�DM =
�0v

mDM
⇠ 105 cm�2s�1

✓
100GeV

mDM

◆
�pp = 6⇥ 1010 cm�2s�1

�8B = 6⇥ 106 cm�2s�1

� ' 10�44 cm2 ⇥N2

✓
E⌫

1MeV

◆2

� = 10�44 cm2 ⇥ �44A
2

✓
µN

µn

◆2

Emax
R =

(2µNv)2

2mN
⇠

8
>>>>><

>>>>>:

20 keV
�
A
20

�

(mN ⌧ mDM )

4 keV
�

mDM
20GeV

�2 � 100
A

�

(mDM ⌧ mN )

Emax
R =

(2E�)2

2mN

⇠ 0.1 keV

✓
20

A

◆✓
E�

1MeV

◆2
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Dark Matter - The End Game? 

Direct Detection  117

Coherent neutrino-nucleus scattering is an irreducible background in directionless DM  
searches.

brick wall?
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Dark Matter - The End Game? 

Direct Detection  118

Coherent neutrino-nucleus scattering is an irreducible background in directionless DM  
searches.

Billard et al 2013
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Dark Matter - The End Game? 

Direct Detection  119

Discovery limits in the presence of neutrino events
Billard et al 2013

• roughly 3-4 orders of magnitude improvement potential in sensitivity possible  
• directionality is a game changer, but hard to reach exposure (gaseous targets) 
• measurement of annual modulation of the event rate would help (solar neutrinos are 

anti-modulated—earth sun are closest in January!)

systematic  
uncertainties 
in neutrino flux

neutrinos 
negligible
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Effective Operators in direct detection

• Effective operator approach between DM     and nucleons      often holds as 

WIMPs  120

� �
� �

? )
N NN

N

|qmax| ⇠ O(100MeV)

� N

Le↵ “ 1

⇤2
p�̄���qpq̄�qqq

S P V A T AT
��,q 1 �5 �µ �µ�5 �µ⌫ �µ⌫�5

• For example, fermionic DM

S ˆ S V ˆ Vor coherent, spin-independent scattering

Non-relativistic limit (on tree level):

or spin-dependent, coupling to the unpaired nucleonA ˆ A T ˆ T

other combinations are suppressed by v2,q2{m2
N „ 10´6

see, in particular,  
Fan, Reece, Wang (2010) 

Fitzpatrick et al. (2013)
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Dark Matter at the LHC

WIMPs  121

• Effective theory in which only the DM and SM  
fields appear (=contact) provide the simplest  
parameterization of new physics  
 
=> mono-jet/photon/W/Z + missing momentum

e.g. Goodman et al 2010
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DM at the LHC

WIMPs  122

m� . 10GeV• low WIMP masses 
• operators that are velocity suppressed in direct detection

LHC does exquisitely well for 
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Spin Dependent, Axial-vector operator 
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DM at the LHC

WIMPs  123

Effective field theory approach breaks down, once   q2 » m2
mediator

=>

=>

contact 
interaction

xQ2y1{2 Á 500GeV @ 8TeV LHC
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Beyond effective operators

WIMPs  124

LHC limits are stringent for contact 
operators, but can go away 
completely for light mediators!

=> results can be cast as a limit  
on the contact interaction scale                         ⇤

=> accessible UV content can be  
caught in “simplified models” with  
content  SM + DM + mediator

e.g. arXiv:1507.0096 
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Photon:   
milli-charged DM; neutral DM  
interacting via EM form factors  

… Kouvaris (2013);  
Ho, Scherrer (2013);   
Weiner,  Yavin (2013)…

What are the force carriers/mediators?

Mediators  125

EW-bosons:   
DM in electroweak multiplets 
 Cirelli, Fornengo, Strumia (2007) 

Higgs boson:  
Inert Higgs, Higgs portal models,  
SUSY 
 
 
 

Deshpande, Ma (1978);  
Silveira, Zee (1985);  
McDonald (1993);  
Burgess, Pospelov, ter Veldhuis (2000) 
… 

�

New physics mediators 
squarks, SUSY gauginos, dark photons…  
(whatever you can think of) 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Original expectations

Mediators  126

The “weakly” interacting 100 GeV WIMPs are long  
excluded

Z-mediated cross section
�n „ 10´3 pb

Higgs-mediated interactions  
are being probed right now!
�n „ 10´p9´10q pb

NB: direct detection may never completely exclude neutralino: 
pure neutralino (wino, bino, higgsino) has suppressed higgs couplings  
pure wino/bino does not couple to Z 
cancelations in couplings to Z and Higgs 

h:rhrbh:rh rw
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Light Dark Sectors 
(with relevance for the intensity frontier)

Light Dark Sectors  127



Josef Pradler — International school on muon dipole moments and hadronic effects, Sept. 21 2018 

An alternative to the WIMP miracle

Light Dark Sectors  128

Maybe because dark matter carries a chemical potential  
(i.e. a matter-antimatter asymmetry)

— 
Why?

Baryons Dark Matter

matter antimatter matter antimatter

⌦dm » 5⌦b
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Light Dark Sectors  129

Baryons 
T >> 1GeV

matter antimatter

matter antimatter

Baryons 
T < 100 MeV

Without a chemical potential of baryons, we would be living in a Universe with                         
                           and not nb{n� “ 10´10nb{n� “ 10´18

because of 
SM forces

An alternative to the WIMP miracle
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Light Dark Sectors  130

1. asymmetry 
is shared

Baryons Dark Matter

matter antimatter matter antimatter

2. sectors decouple

3. DM annihilates 
matter antimatter

=> abundance is set by the chemical potential

An alternative to the WIMP miracle
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Light Dark Sectors  131

Dark Matter

matter antimatter

n� � n�̄ ⇠ nB � nB̄

Use sphalerons, or  
higher dimensional operators

1. asymmetry 
is shared

An alternative to the WIMP miracle - asymmetric DM
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An alternative to the WIMP miracle - asymmetric DM

Light Dark Sectors  132

Dark Matter

matter antimatter

matter antimatter

n� � n�̄ ⇠ nB � nB̄

m� ⇠ 5mB ' 5GeV

⇢DM/⇢B ' 5

1. asymmetry 
is shared

2. sectors decouple

3. DM annihilates 
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An alternative to the WIMP miracle - asymmetric DM

Light Dark Sectors  133

Relic density determined by chemical potential.  

Annihilation must be efficient enough to remove the symmetric abundance:

EW scale mediators don’t work, required couplings are excluded by LHC. 

 

Relic abundance typically relies on new, light mediators that enhance annihilation cross 
section. 

Note: Indirect detection prospects / astro-constraints depend on the residual 
abundance of anti-DM after freeze out! The symmetric component does not annihilate. 

Detection prospects are built on the interaction that annihilates the symmetric 
component (model dependent.) 
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New physics “portals”

Vector portal 
 
 
 

Most studied case is when JSM is the electromagnetic current. It  originates from 
“kinetic mixing” with U(1)Y hypercharge field strength

Light Dark Sectors  134

Limited options to couple new physics directly in a renormalizable way

SUp3qc ˆ SUp2qL ˆ Up1qY ˆUp1q1

Standard Model x “dark sector” with vector particle V µ

=> minimal extension of the SM by an additional U(1) gauge group
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New physics “portals”

Vector portal 

Light Dark Sectors  135

Limited options to couple new physics directly in a renormalizable way

´1

2
FY
µ⌫V

µ⌫

Assume there are particles charged both under               and           
of arbitrarily heavy mass M  

Up1qY Up1q1

� V
M

Up1qY Up1q1

 „ gY g1

16⇡2
ˆ log

ˆ
⇤UV

M

˙
“non-decoupling” [Holdom ’85]

=> kinetic mixing can be a low-energy messenger from high scale
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New physics “portals”

Vector portal 

Light Dark Sectors  136

Limited options to couple new physics directly in a renormalizable way

at low  
energies´1

2
FY
µ⌫V

µ⌫ ´

2
Fµ⌫V

µ⌫

hypercharge field strength photon field strength

V or A’ is called “Dark Photon”, “Hidden Photon”, “U-Boson”, …  

Note: must be massive as otherwise kinetic mixing can just be rotated away => 2 Options

L Å ´1

2
mV V

2
µ L Å ´1

2
mV V

2
µ ` e1mV h

1V 2
µ ` 1

2
e12 h12V 2

µ

+ h’ self-interactions

1. “hard photon mass” (Stuckelberg) 2. Higgsed U(1)’
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Dark photon searches

Light Dark Sectors  137

´

2
Fµ⌫V

µ⌫Two equivalent ways to think about

V �V �
e

e
p2

Photon-Dark Photon  
mixing manifest

The Low-Energy Frontier of Particle Physics 21

(a) (b) (c)

Figure 6: Explicit processes contributing to LSW for various WISPs. From left

to right we have photon – ALP, photon – hidden photon and photon – hidden

photon oscillations facilitated by MCPs.

particle X (cf. also Ref. [88]),

[ω21+ ∂2z1−MX ]

⎛

⎜
⎜
⎝

A

X

⎞

⎟
⎟
⎠

= 0, (33)

where we have suppressed the Lorentz structure. Indeed, for the types of particles

discussed in Sect. 2 the equations of motion always separate into the two possible

linear polarizations but the mass matrix may differ for the different polarization

directions.

The solutions to the equations of motion are of the form,

v1 = exp(−i(ωt− k1z))

⎛

⎜
⎜
⎝

1

δ

⎞

⎟
⎟
⎠

, v2 = exp(−i(ωt− k2z))

⎛

⎜
⎜
⎝

−δ

1

⎞

⎟
⎟
⎠

. (34)

If the off-diagonal entry in the mass matrix is small we can obtain simple ana-

lytical formulas for the mixing angle,

tan(2 δ) = 2
MX

12

MX
11 −MX

22

, (35)

and the wave numbers for the two mass eigenstates,

k21 = ω2 −MX
11, k22 = ω2 −MX

22. (36)

Using these it is straightforward to find the transition amplitudes,

A(γ → X) = δ [exp(ik1z)− exp(ik2z)] , (37)

from which we can obtain

P (γ → X, ℓ) = P (X → γ, ℓ) = |A(γ → X)|2 (38)

= |δ|2[exp(−2Im(k1)ℓ) + exp(−2Im(k2)ℓ)

−2 exp(−Im(k1 + k2)ℓ) cos(Re(k1 + k2)ℓ)].

� �V

“Light-shining-through-wall” 
(LSW) experiments

probability 
sensitivity when  

94

…suggests…

mV „ !�

A. Keep the mixing as a perturbation:
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Dark photon searches
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´

2
Fµ⌫V

µ⌫Two equivalent ways to think about

V �
e

e

V e

Ordinary matter has millicharge under 
new force

Direct production in  
experiment:

Vµ

“Intensity Frontier”

…suggests…

B. Diagonalize kinetic term:
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• Bremsstrahlung on nucleus with charge Z in fixed target configurations (mass reach till  
beam energy ) 
 
 

• Annihilation in electron-positron colliders (or positron beams on fixed targets)  
 
 

• Meson decay through coupling to quarks  
 
Dalitz decays,                              , rare meson decays, e.g.  
 

• Drell-Yan in hadron colliders / proton fixed target expts.

Dark photon searches

Light Dark Sectors  139

Primary production mechanisms

K ! ⇡A0
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or
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A:  bump hunts  

in visible mass 
 
or invisible mass 

B:  displaced vertex detection, short decay lengths  
 

C:  displaced vertex searches, long decay lengths  

Dark photon searches

Light Dark Sectors  140

Primary detection mechanism

decay length ~ 

�e+e� =
1

3
"2↵mA0
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Dark photon searches

Light Dark Sectors  141

A very active experimental field

e-beam 
dumps

Ze´ Ñ Ze´V Ñ Ze´e`e´

beams on  
fixed target

Ze´ Ñ Ze´V Ñ Ze´e`e´

precision 
tests

pg ´ 2qe

flavour 
factories

e`e´ Ñ �V Ñ �l`l´

⇡0 Ñ �V Ñ �e`e´
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Dark photon searches

Light Dark Sectors  142

A very active experimental field  

Experimental activity in part motivated by its contribution to g-2

Pospelov 2008

Note:
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Dark photon searches

Light Dark Sectors  143

A very active experimental field  

Experimental activity in part motivated by its contribution to g-2

Note:

Other “dark photon” models can still shift muon (g-2), while expt. allowed, e.g.

Gninenko, Krasnikov 2002
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New physics “portals”

Higgs portal 
 
 
 
 
when A=0, there is an additional Z2 symmetry  
and     is stable (Dark Matter candidate)  

 
After EWSB,                              . Mass-mixing with the SM Higgs is induced

Light Dark Sectors  144

Limited options to couple new physics directly in a renormalizable way

=> SM-Higgs like fermion coupling of    , i.e. 

=> Higgs can decay invisibly (LHC limits the invisible decay with of the Higgs Boson  
to < 10%)

'
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'
<latexit sha1_base64="weOqwwMpkoV/U7tsqKTHoZ55Hos=">AAACA3icbVDLSsNAFL2pr1pfVZdugqXgqiQi6MJFwY3LCvYBbSg300k7dDIJM5NKCF36AW71E9yJWz/EL/A3nLZZ1NYDA4dz7uWeOX7MmdKO820VNja3tneKu6W9/YPDo/LxSUtFiSS0SSIeyY6PinImaFMzzWknlhRDn9O2P76b+e0JlYpF4lGnMfVCHAoWMILaSO3eBGU8Yv1yxak5c9jrxM1JBXI0+uWf3iAiSUiFJhyV6rpOrL0MpWaE02mplygaIxnjkHYNFRhS5WXzuFO7apSBHUTSPKHtubq8kWGoVBr6ZjJEPVKr3kz8z+smOrjxMibiRFNBFoeChNs6smd/twdMUqJ5aggSyUxWm4xQItGmoVJ1+cwTqtRkmJpm3NUe1knrsuY6NffhqlK/zTsqwhmcwwW4cA11uIcGNIHAGF7gFd6sZ+vd+rA+F6MFK985hT+wvn4BpHiYzQ==</latexit><latexit sha1_base64="weOqwwMpkoV/U7tsqKTHoZ55Hos=">AAACA3icbVDLSsNAFL2pr1pfVZdugqXgqiQi6MJFwY3LCvYBbSg300k7dDIJM5NKCF36AW71E9yJWz/EL/A3nLZZ1NYDA4dz7uWeOX7MmdKO820VNja3tneKu6W9/YPDo/LxSUtFiSS0SSIeyY6PinImaFMzzWknlhRDn9O2P76b+e0JlYpF4lGnMfVCHAoWMILaSO3eBGU8Yv1yxak5c9jrxM1JBXI0+uWf3iAiSUiFJhyV6rpOrL0MpWaE02mplygaIxnjkHYNFRhS5WXzuFO7apSBHUTSPKHtubq8kWGoVBr6ZjJEPVKr3kz8z+smOrjxMibiRFNBFoeChNs6smd/twdMUqJ5aggSyUxWm4xQItGmoVJ1+cwTqtRkmJpm3NUe1knrsuY6NffhqlK/zTsqwhmcwwW4cA11uIcGNIHAGF7gFd6sZ+vd+rA+F6MFK985hT+wvn4BpHiYzQ==</latexit><latexit sha1_base64="weOqwwMpkoV/U7tsqKTHoZ55Hos=">AAACA3icbVDLSsNAFL2pr1pfVZdugqXgqiQi6MJFwY3LCvYBbSg300k7dDIJM5NKCF36AW71E9yJWz/EL/A3nLZZ1NYDA4dz7uWeOX7MmdKO820VNja3tneKu6W9/YPDo/LxSUtFiSS0SSIeyY6PinImaFMzzWknlhRDn9O2P76b+e0JlYpF4lGnMfVCHAoWMILaSO3eBGU8Yv1yxak5c9jrxM1JBXI0+uWf3iAiSUiFJhyV6rpOrL0MpWaE02mplygaIxnjkHYNFRhS5WXzuFO7apSBHUTSPKHtubq8kWGoVBr6ZjJEPVKr3kz8z+smOrjxMibiRFNBFoeChNs6smd/twdMUqJ5aggSyUxWm4xQItGmoVJ1+cwTqtRkmJpm3NUe1knrsuY6NffhqlK/zTsqwhmcwwW4cA11uIcGNIHAGF7gFd6sZ+vd+rA+F6MFK985hT+wvn4BpHiYzQ==</latexit><latexit sha1_base64="weOqwwMpkoV/U7tsqKTHoZ55Hos=">AAACA3icbVDLSsNAFL2pr1pfVZdugqXgqiQi6MJFwY3LCvYBbSg300k7dDIJM5NKCF36AW71E9yJWz/EL/A3nLZZ1NYDA4dz7uWeOX7MmdKO820VNja3tneKu6W9/YPDo/LxSUtFiSS0SSIeyY6PinImaFMzzWknlhRDn9O2P76b+e0JlYpF4lGnMfVCHAoWMILaSO3eBGU8Yv1yxak5c9jrxM1JBXI0+uWf3iAiSUiFJhyV6rpOrL0MpWaE02mplygaIxnjkHYNFRhS5WXzuFO7apSBHUTSPKHtubq8kWGoVBr6ZjJEPVKr3kz8z+smOrjxMibiRFNBFoeChNs6smd/twdMUqJ5aggSyUxWm4xQItGmoVJ1+cwTqtRkmJpm3NUe1knrsuY6NffhqlK/zTsqwhmcwwW4cA11uIcGNIHAGF7gFd6sZ+vd+rA+F6MFK985hT+wvn4BpHiYzQ==</latexit>
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New physics “portals”

Higgs portal 
 
 
 

Light Dark Sectors  145

Limited options to couple new physics directly in a renormalizable way

=> relic abundance via  
annihilation through H  
 
=> direct detection via  
H-nucleon coupling  

e.g. Cline et al. (2013) 

LHC results slain DM models with  
mDM À 60GeV

Higgs decays invisibly into DM 

xn|mq q̄q|ny
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New physics “portals”

Higgs portal 
 
 
 

Light Dark Sectors  146

Limited options to couple new physics directly in a renormalizable way

Interesting connection to muon (g-2):

=> for the Higgs portal model multiply by ✓2
<latexit sha1_base64="Qi735/UIZRAlZOZW1tx2d+kaV1U=">AAACBHicbVC7SgNBFL3rM8ZX1NJmMASswm4QtLAI2FhGMA9I1jA7mU2GzD6YuassS1o/wFY/wU5s/Q+/wN9wkmwREw8MHM65l3vmeLEUGm3721pb39jc2i7sFHf39g8OS0fHLR0livEmi2SkOh7VXIqQN1Gg5J1YcRp4kre98c3Ubz9ypUUU3mMaczegw1D4glE0UqeHI470odYvle2qPQNZJU5OypCj0S/99AYRSwIeIpNU665jx+hmVKFgkk+KvUTzmLIxHfKuoSENuHazWd4JqRhlQPxImRcimamLGxkNtE4Dz0wGFEd62ZuK/3ndBP0rNxNhnCAP2fyQn0iCEZl+ngyE4gxlaghlSpishI2oogxNRcXK4pknqlOTYWKacZZ7WCWtWtWxq87dRbl+nXdUgFM4g3Nw4BLqcAsNaAIDCS/wCm/Ws/VufVif89E1K985gT+wvn4B+PWY8w==</latexit><latexit sha1_base64="Qi735/UIZRAlZOZW1tx2d+kaV1U=">AAACBHicbVC7SgNBFL3rM8ZX1NJmMASswm4QtLAI2FhGMA9I1jA7mU2GzD6YuassS1o/wFY/wU5s/Q+/wN9wkmwREw8MHM65l3vmeLEUGm3721pb39jc2i7sFHf39g8OS0fHLR0livEmi2SkOh7VXIqQN1Gg5J1YcRp4kre98c3Ubz9ypUUU3mMaczegw1D4glE0UqeHI470odYvle2qPQNZJU5OypCj0S/99AYRSwIeIpNU665jx+hmVKFgkk+KvUTzmLIxHfKuoSENuHazWd4JqRhlQPxImRcimamLGxkNtE4Dz0wGFEd62ZuK/3ndBP0rNxNhnCAP2fyQn0iCEZl+ngyE4gxlaghlSpishI2oogxNRcXK4pknqlOTYWKacZZ7WCWtWtWxq87dRbl+nXdUgFM4g3Nw4BLqcAsNaAIDCS/wCm/Ws/VufVif89E1K985gT+wvn4B+PWY8w==</latexit><latexit sha1_base64="Qi735/UIZRAlZOZW1tx2d+kaV1U=">AAACBHicbVC7SgNBFL3rM8ZX1NJmMASswm4QtLAI2FhGMA9I1jA7mU2GzD6YuassS1o/wFY/wU5s/Q+/wN9wkmwREw8MHM65l3vmeLEUGm3721pb39jc2i7sFHf39g8OS0fHLR0livEmi2SkOh7VXIqQN1Gg5J1YcRp4kre98c3Ubz9ypUUU3mMaczegw1D4glE0UqeHI470odYvle2qPQNZJU5OypCj0S/99AYRSwIeIpNU665jx+hmVKFgkk+KvUTzmLIxHfKuoSENuHazWd4JqRhlQPxImRcimamLGxkNtE4Dz0wGFEd62ZuK/3ndBP0rNxNhnCAP2fyQn0iCEZl+ngyE4gxlaghlSpishI2oogxNRcXK4pknqlOTYWKacZZ7WCWtWtWxq87dRbl+nXdUgFM4g3Nw4BLqcAsNaAIDCS/wCm/Ws/VufVif89E1K985gT+wvn4B+PWY8w==</latexit><latexit sha1_base64="Qi735/UIZRAlZOZW1tx2d+kaV1U=">AAACBHicbVC7SgNBFL3rM8ZX1NJmMASswm4QtLAI2FhGMA9I1jA7mU2GzD6YuassS1o/wFY/wU5s/Q+/wN9wkmwREw8MHM65l3vmeLEUGm3721pb39jc2i7sFHf39g8OS0fHLR0livEmi2SkOh7VXIqQN1Gg5J1YcRp4kre98c3Ubz9ypUUU3mMaczegw1D4glE0UqeHI470odYvle2qPQNZJU5OypCj0S/99AYRSwIeIpNU665jx+hmVKFgkk+KvUTzmLIxHfKuoSENuHazWd4JqRhlQPxImRcimamLGxkNtE4Dz0wGFEd62ZuK/3ndBP0rNxNhnCAP2fyQn0iCEZl+ngyE4gxlaghlSpishI2oogxNRcXK4pknqlOTYWKacZZ7WCWtWtWxq87dRbl+nXdUgFM4g3Nw4BLqcAsNaAIDCS/wCm/Ws/VufVif89E1K985gT+wvn4B+PWY8w==</latexit>

A SM-like light Higgs boson (mh << mμ) with v=246 GeV creates a shift
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New physics “portals”

Higgs portal 
 
 
 

Light Dark Sectors  146

Limited options to couple new physics directly in a renormalizable way

Interesting connection to muon (g-2):

=> for the Higgs portal model multiply by ✓2
<latexit sha1_base64="Qi735/UIZRAlZOZW1tx2d+kaV1U=">AAACBHicbVC7SgNBFL3rM8ZX1NJmMASswm4QtLAI2FhGMA9I1jA7mU2GzD6YuassS1o/wFY/wU5s/Q+/wN9wkmwREw8MHM65l3vmeLEUGm3721pb39jc2i7sFHf39g8OS0fHLR0livEmi2SkOh7VXIqQN1Gg5J1YcRp4kre98c3Ubz9ypUUU3mMaczegw1D4glE0UqeHI470odYvle2qPQNZJU5OypCj0S/99AYRSwIeIpNU665jx+hmVKFgkk+KvUTzmLIxHfKuoSENuHazWd4JqRhlQPxImRcimamLGxkNtE4Dz0wGFEd62ZuK/3ndBP0rNxNhnCAP2fyQn0iCEZl+ngyE4gxlaghlSpishI2oogxNRcXK4pknqlOTYWKacZZ7WCWtWtWxq87dRbl+nXdUgFM4g3Nw4BLqcAsNaAIDCS/wCm/Ws/VufVif89E1K985gT+wvn4B+PWY8w==</latexit><latexit sha1_base64="Qi735/UIZRAlZOZW1tx2d+kaV1U=">AAACBHicbVC7SgNBFL3rM8ZX1NJmMASswm4QtLAI2FhGMA9I1jA7mU2GzD6YuassS1o/wFY/wU5s/Q+/wN9wkmwREw8MHM65l3vmeLEUGm3721pb39jc2i7sFHf39g8OS0fHLR0livEmi2SkOh7VXIqQN1Gg5J1YcRp4kre98c3Ubz9ypUUU3mMaczegw1D4glE0UqeHI470odYvle2qPQNZJU5OypCj0S/99AYRSwIeIpNU665jx+hmVKFgkk+KvUTzmLIxHfKuoSENuHazWd4JqRhlQPxImRcimamLGxkNtE4Dz0wGFEd62ZuK/3ndBP0rNxNhnCAP2fyQn0iCEZl+ngyE4gxlaghlSpishI2oogxNRcXK4pknqlOTYWKacZZ7WCWtWtWxq87dRbl+nXdUgFM4g3Nw4BLqcAsNaAIDCS/wCm/Ws/VufVif89E1K985gT+wvn4B+PWY8w==</latexit><latexit sha1_base64="Qi735/UIZRAlZOZW1tx2d+kaV1U=">AAACBHicbVC7SgNBFL3rM8ZX1NJmMASswm4QtLAI2FhGMA9I1jA7mU2GzD6YuassS1o/wFY/wU5s/Q+/wN9wkmwREw8MHM65l3vmeLEUGm3721pb39jc2i7sFHf39g8OS0fHLR0livEmi2SkOh7VXIqQN1Gg5J1YcRp4kre98c3Ubz9ypUUU3mMaczegw1D4glE0UqeHI470odYvle2qPQNZJU5OypCj0S/99AYRSwIeIpNU665jx+hmVKFgkk+KvUTzmLIxHfKuoSENuHazWd4JqRhlQPxImRcimamLGxkNtE4Dz0wGFEd62ZuK/3ndBP0rNxNhnCAP2fyQn0iCEZl+ngyE4gxlaghlSpishI2oogxNRcXK4pknqlOTYWKacZZ7WCWtWtWxq87dRbl+nXdUgFM4g3Nw4BLqcAsNaAIDCS/wCm/Ws/VufVif89E1K985gT+wvn4B+PWY8w==</latexit><latexit sha1_base64="Qi735/UIZRAlZOZW1tx2d+kaV1U=">AAACBHicbVC7SgNBFL3rM8ZX1NJmMASswm4QtLAI2FhGMA9I1jA7mU2GzD6YuassS1o/wFY/wU5s/Q+/wN9wkmwREw8MHM65l3vmeLEUGm3721pb39jc2i7sFHf39g8OS0fHLR0livEmi2SkOh7VXIqQN1Gg5J1YcRp4kre98c3Ubz9ypUUU3mMaczegw1D4glE0UqeHI470odYvle2qPQNZJU5OypCj0S/99AYRSwIeIpNU665jx+hmVKFgkk+KvUTzmLIxHfKuoSENuHazWd4JqRhlQPxImRcimamLGxkNtE4Dz0wGFEd62ZuK/3ndBP0rNxNhnCAP2fyQn0iCEZl+ngyE4gxlaghlSpishI2oogxNRcXK4pknqlOTYWKacZZ7WCWtWtWxq87dRbl+nXdUgFM4g3Nw4BLqcAsNaAIDCS/wCm/Ws/VufVif89E1K985gT+wvn4B+PWY8w==</latexit>

which is at the right order of magnitude shift to explain (g-2), but                 excluded  
e.g. from 

✓ = O(1)
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A SM-like light Higgs boson (mh << mμ) with v=246 GeV creates a shift
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New physics “portals”

Light Dark Sectors  147

Limited options to couple new physics directly in a renormalizable way

N is a SM singlet (a.k.a. right handed neutrino or sterile neutrino).  
 
Given that neutrino have mass, there is an ample chance that this portal is indeed 
realized in nature.  N can have a Majorana mass and give rise to Seesaw mechanism. 

Neutrino portal 
 
 
 

N is a dark matter candidate - one which will decay through the active-sterile neutrinos  
mixing
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Light Dark Matter - a call for mediators

Light Dark Sectors  148

Relic Abundance issues

Lee-Weinberg bound: 

Annihilation of a heavy neutrino  
through SM mediators excludes 
masses below ~ few GeV   

 
A way out are new, light mediators

GF Ñ g2{m2
�

x�vy „ G2
Fm

2
⌫{2⇡

SM

SM

DM

DM

�
=>      can be a dark photon or a light Higgs�
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Relic abundance with light mediators

Light Dark Sectors  149

vs.

DM

DM

SM

SM

DM

DM

�
�

�

Here, even a minuscule coupling of     
to the SM can be allowed and the 
model can essentially be secluded.  

here a minimum coupling  
to SM required for  
efficient annihilation

mDM < m�
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<latexit sha1_base64="VZwTIkWlX03UzxOwk8rQX+/p0lA=">AAACAHicbVDLSsNAFL2pr1pfVZduBkvBVUlEqAsXBTcuK9gHtKFMppNm6GQSZiZKCN34AW71E9yJW//EL/A3nLRZ1NYDA4dz7uWeOV7MmdK2/W2VNja3tnfKu5W9/YPDo+rxSVdFiSS0QyIeyb6HFeVM0I5mmtN+LCkOPU573vQ293uPVCoWiQedxtQN8UQwnxGsc2kYB2xUrdkNew60TpyC1KBAe1T9GY4jkoRUaMKxUgPHjrWbYakZ4XRWGSaKxphM8YQODBU4pMrN5llnqG6UMfIjaZ7QaK4ub2Q4VCoNPTMZYh2oVS8X//MGifav3YyJONFUkMUhP+FIRyj/OBozSYnmqSGYSGayIhJgiYk29VTqy2eesEpNhplpxlntYZ10LxuO3XDur2qtm6KjMpzBOVyAA01owR20oQMEAniBV3iznq1368P6XIyWrGLnFP7A+voFIXqXZg==</latexit><latexit sha1_base64="VZwTIkWlX03UzxOwk8rQX+/p0lA=">AAACAHicbVDLSsNAFL2pr1pfVZduBkvBVUlEqAsXBTcuK9gHtKFMppNm6GQSZiZKCN34AW71E9yJW//EL/A3nLRZ1NYDA4dz7uWeOV7MmdK2/W2VNja3tnfKu5W9/YPDo+rxSVdFiSS0QyIeyb6HFeVM0I5mmtN+LCkOPU573vQ293uPVCoWiQedxtQN8UQwnxGsc2kYB2xUrdkNew60TpyC1KBAe1T9GY4jkoRUaMKxUgPHjrWbYakZ4XRWGSaKxphM8YQODBU4pMrN5llnqG6UMfIjaZ7QaK4ub2Q4VCoNPTMZYh2oVS8X//MGifav3YyJONFUkMUhP+FIRyj/OBozSYnmqSGYSGayIhJgiYk29VTqy2eesEpNhplpxlntYZ10LxuO3XDur2qtm6KjMpzBOVyAA01owR20oQMEAniBV3iznq1368P6XIyWrGLnFP7A+voFIXqXZg==</latexit><latexit sha1_base64="VZwTIkWlX03UzxOwk8rQX+/p0lA=">AAACAHicbVDLSsNAFL2pr1pfVZduBkvBVUlEqAsXBTcuK9gHtKFMppNm6GQSZiZKCN34AW71E9yJW//EL/A3nLRZ1NYDA4dz7uWeOV7MmdK2/W2VNja3tnfKu5W9/YPDo+rxSVdFiSS0QyIeyb6HFeVM0I5mmtN+LCkOPU573vQ293uPVCoWiQedxtQN8UQwnxGsc2kYB2xUrdkNew60TpyC1KBAe1T9GY4jkoRUaMKxUgPHjrWbYakZ4XRWGSaKxphM8YQODBU4pMrN5llnqG6UMfIjaZ7QaK4ub2Q4VCoNPTMZYh2oVS8X//MGifav3YyJONFUkMUhP+FIRyj/OBozSYnmqSGYSGayIhJgiYk29VTqy2eesEpNhplpxlntYZ10LxuO3XDur2qtm6KjMpzBOVyAA01owR20oQMEAniBV3iznq1368P6XIyWrGLnFP7A+voFIXqXZg==</latexit><latexit sha1_base64="VZwTIkWlX03UzxOwk8rQX+/p0lA=">AAACAHicbVDLSsNAFL2pr1pfVZduBkvBVUlEqAsXBTcuK9gHtKFMppNm6GQSZiZKCN34AW71E9yJW//EL/A3nLRZ1NYDA4dz7uWeOV7MmdK2/W2VNja3tnfKu5W9/YPDo+rxSVdFiSS0QyIeyb6HFeVM0I5mmtN+LCkOPU573vQ293uPVCoWiQedxtQN8UQwnxGsc2kYB2xUrdkNew60TpyC1KBAe1T9GY4jkoRUaMKxUgPHjrWbYakZ4XRWGSaKxphM8YQODBU4pMrN5llnqG6UMfIjaZ7QaK4ub2Q4VCoNPTMZYh2oVS8X//MGifav3YyJONFUkMUhP+FIRyj/OBozSYnmqSGYSGayIhJgiYk29VTqy2eesEpNhplpxlntYZ10LxuO3XDur2qtm6KjMpzBOVyAA01owR20oQMEAniBV3iznq1368P6XIyWrGLnFP7A+voFIXqXZg==</latexit>e.g. 
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Light Dark Sectors  150

Astrophysical and  
Cosmological Implications  

of  Light Dark Sectors 
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Astrophysical and cosmological implications  
of light dark sectors

• Object-based astronomy  
1. Photons and neutrinos from sources are affected during their propagation  
=> photon-axion conversion, neutrino oscillations  
2. Decay products of particles from distant sources  
=> gamma/X-rays 
3. Emission of light, weakly interacting particles leads to energy loss in stars  

• Cosmology 
Cosmic Microwave Background, Structure formation, primordial nucleosynthesis, 
modifications of Newtonian gravity…

Light Dark Sectors  151

At low energy, high intensity colliders we can probe new physics up to the GeV-scale 
and below - but by how much?? 

New light degrees of freedom can interfere in….



Josef Pradler — International school on muon dipole moments and hadronic effects, Sept. 21 2018 

Light Dark Sectors  152

Astrophysical and  
Cosmological Implications  

of  Light Dark Sectors 
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Stars as laboratories for new physics

Light Dark Sectors  153

A star in a nutshell: 

3

2
T “ 1

2

GMdmp

Rd

=> T “ OpkeVq core temperature of  
solar mass star

=> Particles with mass <                are kinematically accessible and can be produced  
in stars

OpkeVq

xEkiny “ ´1

2
xEgravyVirial theorem:  

 
(imagine, the star forms  
from an initially dispersed  
cloud)

NB: in core-collapse supernovae O(10) MeV-temperatures are reached and MeV-scale  
particles can be produced
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Stars as laboratories for new physics

Light Dark Sectors  154

Compton-process

EM-field assisted

Bremsstrahlung

Free-bound transitions, bound-bound transitions, pair annihilation,… 

Typical production mechanisms 
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Stars as laboratories for new physics

Light Dark Sectors  155

 
 
If interaction is “strong”, particles can be trapped, just like photons  
 
=> such particles are not necessarily harmless, as they contribute to radiative energy 
transfer  

=> mean free path must be shorter than for photons, and therefore likely challenged 
by laboratory experiments 

If interaction is “weak”,  particles can escape, just like neutrinos  
  
=> if their interaction-rate is much weaker than neutrinos, then typically harmless

Impact on stars often maximised when new particle’s mean free path is of order 
the geometric dimension of the system.
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Stars as laboratories for new physics

Light Dark Sectors  156

possess positive heat capacity, the star actually cools by the energy loss

Virial theorem: xEkiny “ ´1

2
xEgravy

xEkin ` Egravy

=> Gravitational potential energy becomes more negative (tighter bound)  

=> average kinetic energy increases, star becomes hotter, negative heat capacity

1. Stars supported by radiation pressure (active stars):

2. Stars supported by degeneracy pressure (white dwarfs, neutron stars):

Reaction of a star to energy loss, i.e.,                            decreases.
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Stars as laboratories for new physics

Light Dark Sectors  157

Example: stellar production of dark photon



2
Fµ⌫V

µ⌫ ` eJµ
emAµ

on´shell V›››››››Ñ Lint “ ´m2
V AµV

µ ` eJµ
emAµ.

X
A V

i

f

MiÑf`VT pLq “ m2
V reJemµsfi xAµ, A⌫y ✏T pLq

⌫

in-medium photon propagator
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Stars as laboratories for new physics

Light Dark Sectors  158

Example: stellar production of dark photon



2
Fµ⌫V

µ⌫ ` eJµ
emAµ

on´shell V›››››››Ñ Lint “ ´m2
V AµV

µ ` eJµ
emAµ.

X
A V

i

f

transverse resonance longitudinal resonance

= plasma frequency

m2
V “ Re⇧T “ !2

p

ô !2 “ !2
p

m2
V “ Re⇧L “ !2

pm
2
V {!2

!p

MiÑf`VT,L “ ´ m2
V

m2
V ´ ⇧T,L

reJµ
emsfi✏T,L

µ

Energy loss heats up the sun => greater neutrino flux than observed!
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Dark photon searches

Light Dark Sectors  159
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Dark photon searches

Light Dark Sectors  160



Josef Pradler — International school on muon dipole moments and hadronic effects, Sept. 21 2018 

Dark photon searches

Light Dark Sectors  160

Dark Photon becomes  
a dark matter candidate

Decays to  
e+ e- possible
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Light Dark Sectors  161

Astrophysical and  
Cosmological Implications  

of  Light Dark Sectors 



Josef Pradler — International school on muon dipole moments and hadronic effects, Sept. 21 2018 

The origin of chemistry 

Primordial Nucleosynthesis  162

Primordial 
Nucleosynthesis



Josef Pradler — International school on muon dipole moments and hadronic effects, Sept. 21 2018 

The origin of chemistry 

Primordial Nucleosynthesis  163
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Big Bang Nucleosynthesis (BBN) -  
A pillar of modern cosmology

• recent progress primarily clarifies state of the Universe at z = few (Galaxy surveys, 
SN,…) and exposes relevant physics at recombination  

• light element formation happens at                ;  direct window into the early Universe 
at t=1sec 

• qualitative agreement between                    and              tells us that early Universe 
was governed by the same physical laws and contained similar particle content  
 
=> invaluable piece that helps to establish the standard cosmological model 

• BBN can react sensitively on departures from General Relativity and the Standard 
Model of particle physics => a toolbox to test new physics 

Primordial Nucleosynthesis  164

z “ 1000

z “ 109

z “ 0 ˜ 103 z “ 109
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The Universe at a redshift of a billion 

Primordial Nucleosynthesis  165

6Li/H

N

7Li/H

7Be/H

3He/H
T/H

D/H

Yp

H

SBBN f.o.

D b.n.

e± ann.

n/p dec.ν dec.

t/ sec

T / keV
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Beyond SBBN

BBN and New Physics  166

p,n D
p,n

DD2

 DD1

     

T

He

He

Be

Li

3

7

4

7

He  HeHe D   

 T D

Li  p  

3

3

D p

He n  Be n       

He T

3  

  4

7  

4 

7

D γ

H

Change in timing

X � �/q...

�

non-equilibrium BBN

( X�)

catalyzed BBN

�
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Change in timing

BBN and New Physics  167

0.24 < Y p < 0.26

3He

4He 7Li

3He
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4He
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Extra radiation energy 
increases He4 abundance
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Concrete example
Title Text  168

Mediator interaction with SM through Higgs portal

L�,DM = g���̄�
<latexit sha1_base64="MbKULe2o3j8LDOJ66Se6BUR8XaE="></latexit><latexit sha1_base64="MbKULe2o3j8LDOJ66Se6BUR8XaE="></latexit><latexit sha1_base64="MbKULe2o3j8LDOJ66Se6BUR8XaE="></latexit><latexit sha1_base64="MbKULe2o3j8LDOJ66Se6BUR8XaE="></latexit>

DM interaction with the mediator through Yukawa coupling

=> 

=> parameter space of light DM 

(here decay                kinematically  
allowed) 

� ! �̄�
<latexit sha1_base64="B/hsraLbl5sSZ3RH/QtVUQo90ME=">AAACFXicbVDLSsNAFJ3UV62vqAsXbgZLwVVJRNCFi4IblxXsA5pQbqaTZujkwcxECSHf4Qe41U9wJ25d+wX+htM2i9p6YIbDOfdy7z1ewplUlvVtVNbWNza3qtu1nd29/QPz8Kgr41QQ2iExj0XfA0k5i2hHMcVpPxEUQo/Tnje5nfq9Ryoki6MHlSXUDWEcMZ8RUFoamidOEjBHxdjxQGCHBGz+Dc261bRmwKvELkkdlWgPzR9nFJM0pJEiHKQc2Fai3ByEYoTTouakkiZAJjCmA00jCKl089kBBW5oZYT9WOgXKTxTFztyCKXMQk9XhqACuexNxf+8Qar8azdnUZIqGpH5ID/lWB88TQOPmKBE8UwTIILpXTEJQABROrNaY3HME8hM71DoZOzlHFZJ96JpW037/rLeuikzqqJTdIbOkY2uUAvdoTbqIIIK9IJe0ZvxbLwbH8bnvLRilD3H6A+Mr18BIp7F</latexit><latexit sha1_base64="B/hsraLbl5sSZ3RH/QtVUQo90ME=">AAACFXicbVDLSsNAFJ3UV62vqAsXbgZLwVVJRNCFi4IblxXsA5pQbqaTZujkwcxECSHf4Qe41U9wJ25d+wX+htM2i9p6YIbDOfdy7z1ewplUlvVtVNbWNza3qtu1nd29/QPz8Kgr41QQ2iExj0XfA0k5i2hHMcVpPxEUQo/Tnje5nfq9Ryoki6MHlSXUDWEcMZ8RUFoamidOEjBHxdjxQGCHBGz+Dc261bRmwKvELkkdlWgPzR9nFJM0pJEiHKQc2Fai3ByEYoTTouakkiZAJjCmA00jCKl089kBBW5oZYT9WOgXKTxTFztyCKXMQk9XhqACuexNxf+8Qar8azdnUZIqGpH5ID/lWB88TQOPmKBE8UwTIILpXTEJQABROrNaY3HME8hM71DoZOzlHFZJ96JpW037/rLeuikzqqJTdIbOkY2uUAvdoTbqIIIK9IJe0ZvxbLwbH8bnvLRilD3H6A+Mr18BIp7F</latexit><latexit sha1_base64="B/hsraLbl5sSZ3RH/QtVUQo90ME=">AAACFXicbVDLSsNAFJ3UV62vqAsXbgZLwVVJRNCFi4IblxXsA5pQbqaTZujkwcxECSHf4Qe41U9wJ25d+wX+htM2i9p6YIbDOfdy7z1ewplUlvVtVNbWNza3qtu1nd29/QPz8Kgr41QQ2iExj0XfA0k5i2hHMcVpPxEUQo/Tnje5nfq9Ryoki6MHlSXUDWEcMZ8RUFoamidOEjBHxdjxQGCHBGz+Dc261bRmwKvELkkdlWgPzR9nFJM0pJEiHKQc2Fai3ByEYoTTouakkiZAJjCmA00jCKl089kBBW5oZYT9WOgXKTxTFztyCKXMQk9XhqACuexNxf+8Qar8azdnUZIqGpH5ID/lWB88TQOPmKBE8UwTIILpXTEJQABROrNaY3HME8hM71DoZOzlHFZJ96JpW037/rLeuikzqqJTdIbOkY2uUAvdoTbqIIIK9IJe0ZvxbLwbH8bnvLRilD3H6A+Mr18BIp7F</latexit><latexit sha1_base64="B/hsraLbl5sSZ3RH/QtVUQo90ME=">AAACFXicbVDLSsNAFJ3UV62vqAsXbgZLwVVJRNCFi4IblxXsA5pQbqaTZujkwcxECSHf4Qe41U9wJ25d+wX+htM2i9p6YIbDOfdy7z1ewplUlvVtVNbWNza3qtu1nd29/QPz8Kgr41QQ2iExj0XfA0k5i2hHMcVpPxEUQo/Tnje5nfq9Ryoki6MHlSXUDWEcMZ8RUFoamidOEjBHxdjxQGCHBGz+Dc261bRmwKvELkkdlWgPzR9nFJM0pJEiHKQc2Fai3ByEYoTTouakkiZAJjCmA00jCKl089kBBW5oZYT9WOgXKTxTFztyCKXMQk9XhqACuexNxf+8Qar8azdnUZIqGpH5ID/lWB88TQOPmKBE8UwTIILpXTEJQABROrNaY3HME8hM71DoZOzlHFZJ96JpW037/rLeuikzqqJTdIbOkY2uUAvdoTbqIIIK9IJe0ZvxbLwbH8bnvLRilD3H6A+Mr18BIp7F</latexit>
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Concrete example
Title Text  169

Mediator interaction with SM through Higgs portal

L�,DM = g���̄�
<latexit sha1_base64="MbKULe2o3j8LDOJ66Se6BUR8XaE="></latexit><latexit sha1_base64="MbKULe2o3j8LDOJ66Se6BUR8XaE="></latexit><latexit sha1_base64="MbKULe2o3j8LDOJ66Se6BUR8XaE="></latexit><latexit sha1_base64="MbKULe2o3j8LDOJ66Se6BUR8XaE="></latexit>

DM interaction with the mediator through Yukawa coupling

=> 

=> parameter space of the mediator 

(here decay                kinematically  
allowed) 

� ! �̄�
<latexit sha1_base64="B/hsraLbl5sSZ3RH/QtVUQo90ME=">AAACFXicbVDLSsNAFJ3UV62vqAsXbgZLwVVJRNCFi4IblxXsA5pQbqaTZujkwcxECSHf4Qe41U9wJ25d+wX+htM2i9p6YIbDOfdy7z1ewplUlvVtVNbWNza3qtu1nd29/QPz8Kgr41QQ2iExj0XfA0k5i2hHMcVpPxEUQo/Tnje5nfq9Ryoki6MHlSXUDWEcMZ8RUFoamidOEjBHxdjxQGCHBGz+Dc261bRmwKvELkkdlWgPzR9nFJM0pJEiHKQc2Fai3ByEYoTTouakkiZAJjCmA00jCKl089kBBW5oZYT9WOgXKTxTFztyCKXMQk9XhqACuexNxf+8Qar8azdnUZIqGpH5ID/lWB88TQOPmKBE8UwTIILpXTEJQABROrNaY3HME8hM71DoZOzlHFZJ96JpW037/rLeuikzqqJTdIbOkY2uUAvdoTbqIIIK9IJe0ZvxbLwbH8bnvLRilD3H6A+Mr18BIp7F</latexit><latexit sha1_base64="B/hsraLbl5sSZ3RH/QtVUQo90ME=">AAACFXicbVDLSsNAFJ3UV62vqAsXbgZLwVVJRNCFi4IblxXsA5pQbqaTZujkwcxECSHf4Qe41U9wJ25d+wX+htM2i9p6YIbDOfdy7z1ewplUlvVtVNbWNza3qtu1nd29/QPz8Kgr41QQ2iExj0XfA0k5i2hHMcVpPxEUQo/Tnje5nfq9Ryoki6MHlSXUDWEcMZ8RUFoamidOEjBHxdjxQGCHBGz+Dc261bRmwKvELkkdlWgPzR9nFJM0pJEiHKQc2Fai3ByEYoTTouakkiZAJjCmA00jCKl089kBBW5oZYT9WOgXKTxTFztyCKXMQk9XhqACuexNxf+8Qar8azdnUZIqGpH5ID/lWB88TQOPmKBE8UwTIILpXTEJQABROrNaY3HME8hM71DoZOzlHFZJ96JpW037/rLeuikzqqJTdIbOkY2uUAvdoTbqIIIK9IJe0ZvxbLwbH8bnvLRilD3H6A+Mr18BIp7F</latexit><latexit sha1_base64="B/hsraLbl5sSZ3RH/QtVUQo90ME=">AAACFXicbVDLSsNAFJ3UV62vqAsXbgZLwVVJRNCFi4IblxXsA5pQbqaTZujkwcxECSHf4Qe41U9wJ25d+wX+htM2i9p6YIbDOfdy7z1ewplUlvVtVNbWNza3qtu1nd29/QPz8Kgr41QQ2iExj0XfA0k5i2hHMcVpPxEUQo/Tnje5nfq9Ryoki6MHlSXUDWEcMZ8RUFoamidOEjBHxdjxQGCHBGz+Dc261bRmwKvELkkdlWgPzR9nFJM0pJEiHKQc2Fai3ByEYoTTouakkiZAJjCmA00jCKl089kBBW5oZYT9WOgXKTxTFztyCKXMQk9XhqACuexNxf+8Qar8azdnUZIqGpH5ID/lWB88TQOPmKBE8UwTIILpXTEJQABROrNaY3HME8hM71DoZOzlHFZJ96JpW037/rLeuikzqqJTdIbOkY2uUAvdoTbqIIIK9IJe0ZvxbLwbH8bnvLRilD3H6A+Mr18BIp7F</latexit><latexit sha1_base64="B/hsraLbl5sSZ3RH/QtVUQo90ME=">AAACFXicbVDLSsNAFJ3UV62vqAsXbgZLwVVJRNCFi4IblxXsA5pQbqaTZujkwcxECSHf4Qe41U9wJ25d+wX+htM2i9p6YIbDOfdy7z1ewplUlvVtVNbWNza3qtu1nd29/QPz8Kgr41QQ2iExj0XfA0k5i2hHMcVpPxEUQo/Tnje5nfq9Ryoki6MHlSXUDWEcMZ8RUFoamidOEjBHxdjxQGCHBGz+Dc261bRmwKvELkkdlWgPzR9nFJM0pJEiHKQc2Fai3ByEYoTTouakkiZAJjCmA00jCKl089kBBW5oZYT9WOgXKTxTFztyCKXMQk9XhqACuexNxf+8Qar8azdnUZIqGpH5ID/lWB88TQOPmKBE8UwTIILpXTEJQABROrNaY3HME8hM71DoZOzlHFZJ96JpW037/rLeuikzqqJTdIbOkY2uUAvdoTbqIIIK9IJe0ZvxbLwbH8bnvLRilD3H6A+Mr18BIp7F</latexit>
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Summary

Lecture III  170

• Organisational principle of new physics in terms of effective operators in direct 
detection and at the collider; approach has its limitation, when mediator goes on-
shell 

• With the Higgs discovery, many models fell on July 4, 2012. A minimal extension of 
the dark sector by a new mediator opens up many new possibilities of 
phenomenology (e.g. intensity frontier) 

• Alternatives to the WIMP miracle exist, e.g. asymmetric DM. Light DM typically 
requires introduction of new particles/force carriers to achieve correct relic 
abundance 

• Astrophysics and Cosmology severely limit the existence of dark sector states 
below keV-MeV mass range. Above that “blind spot” for both astro/cosmo and 
direct detection that can be tested at the intensity frontier. 

Thank you — and keep up the good work!


