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Summary from lecture 2

Lecture III 2

• Established the basic properties of DM (stability, neutrality, cold, collision- and 
dissipationless, “size”) 

• The Boltzmann equation governs the time evolution of the distribution function. It is 
put to great use for the calculation of the relic abundance of dark matter 
(classification of dark matter particles follows by inquiring their by their abundance 
in the early universe) 

• WIMPS regulate their abundance through the equation 

• WIMPs are the primary target for direct detection experiments, that are entering a 
decisive phase until they touch the irreducible “neutrino floor”.
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Plan of the lectures

• Fundamentals of standard cosmology  
• Gravitational evidence for Dark Matter

Outline 3

Lecture 1 

Lecture 2

• Effective operator approach 
• Mediators - force carriers between the hidden and observable sector 
• An alternative to the WIMP miracle 
• The origin of chemistry - Big Bang Nucleosynthesis

Lecture 3

• Basic properties of Dark Matter 
• The Boltzmann equation and its applications for the early Universe 
• WIMP Dark Matter 
• Direct Detection of WIMPs
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Effective Operators in direct detection

• Effective operator approach between DM     and nucleons      often holds as 

WIMPs 4
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• 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 5

• 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 6

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

LHC does exquisitely well for 

(same data-set as at EPS 2015)
]2 [GeV/cχM

1 10 210 310

]2
-N

uc
le

on
 C

ro
ss

 S
ec

tio
n 

[c
m

χ

-4610

-4510

-4410

-4310

-4210

-4110

-4010

-3910

-3810

-3710

-3610

-1 = 8 TeV, 19.5 fbsCMS, 

-1 = 7 TeV, 5.1 fbsCMS, 

COUPP 2012

-
W+

IceCube W

SIMPLE 2012

-
W+

Super-K W

CMS Preliminary

2Λ

q)
5

γµγq)(χ
5

γ
µ

γχ(
Spin Dependent, Axial-vector operator 



Josef Pradler — DKPI Indian Summer School, Sept. 2015

DM at the LHC

WIMPs 7

Effective field theory approach breaks down, once   q2 » m2

mediator

=>

=>

contact 
interaction

xQ2
y

1{2
Á 500GeV @ 8TeV LHC
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Beyond effective operators

WIMPs 8

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 



Josef Pradler — DKPI Indian Summer School, Sept. 2015

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 9

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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The role of the Higgs - I

Mediators 10

• Neutralinos of SUSY stabilized by R-parity as DM

M� =

0

BB@

M1 0 �mZc�sW mZs�sW
0 M2 mZc�cW �mZs�cW

�mZc�sW mZc�cW 0 �µ
mZs�sW �mZs�cW �µ 0

1

CCA

Expectation we had: M1,2, µ ⇠ O(100GeV) => substantial mixing

Non-observation of SUSY at LHC pushes mass scales  => diagonal dominance of

Higgsinos

Bino, Wino

Majorana => �

=> Higgs exchange contributes to SI

=> spin-spin or scalar exchange at LO(�̄�µ�)(n̄�µn)
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Original expectations

Mediators 11

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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The role of the Higgs - II

Mediators 12

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

Lint = ��S2(H†H)

e.g. Cline et al. (2013) 

• LHC results slain DM models with  
mDM À 60GeV

Higgs decays invisibly into DM 

• “Higgs Portal“

xn|mq q̄q|ny

=> light-DM models run out of SM mediators
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Light Dark Matter

Mediators 13

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

�
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Light Dark Matter - light mediators

Mediators 14

The search for light mediators has become a field of its own “intensity frontier”

Light mediators, “force carriers of the hidden sector”, make a frequent occurrence. 
They are a minimal extension, make models “work”, and they open up new 
phenomenological signatures. 
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Do light mediators  
imply an enhanced  
direct detection rate?

Mediators 15

vs.

DM

DM

SM

SM

DM

DM

�
�

�

m� † m� m� ° m�

The right situation can completely elude direct detection, because  
couplings to SM can be small, “cascade annihilation”. So, it depends…

DMDM

SM SM

?

here a minimum coupling  
to SM required for  
efficient annihilation
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An alternative to the WIMP miracle

Application of light mediators 16

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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Application of light mediators 17

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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Application of light mediators 18

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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Application of light mediators 19

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

Application of light mediators 20

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

Application of light mediators 21

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. 

 

Again, 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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The origin of chemistry 

Primordial Nucleosynthesis 22

Primordial 
Nucleosynthesis
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The origin of chemistry 

Primordial Nucleosynthesis 23
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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 24

z “ 1000

z “ 109

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

• Universe is flat, spatially homogeneous and isotropic and dominated by radiation 
=> General Relativity:  

Primordial Nucleosynthesis 25

Basic assumptions for “Standard BBN”

H � ȧ

a
=

�
8�GN⇥/3 � 1

2t

• Universe was “hot” enough  T |init � �mnp = 1.293 MeV

• Particle content & their interactions given by the SM 

(nn � np)|T��mnp
=

1
2
nb

nb

s
(tBBN) =

nb

s
(tCMB). => “parameter free theory”
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The Universe at a redshift of a billion

• tight kinetic coupling of nucleons/nuclei to the radiation field

Primordial Nucleosynthesis 26

Excellent approximations

=> nucleons/nuclei are approximately thermally distributed

�(E, T ) = n v � � � �(T ) = n ��v�

=> their abundances are found by solving the coupled  
set of integrated Boltzmann equations 

dn3

dt
+ 3Hn3 = n1n2��1+2�3+Xv� � n3�des,3
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The Universe at a redshift of a billion

Primordial Nucleosynthesis 27

Nuclear reaction network
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The Universe at a redshift of a billion 

Primordial Nucleosynthesis 28

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

0.1 1 10 100 1000 104 105 106

1000 100 10 1

1

10− 2

10− 4

10− 6

10− 8

10− 10

10− 12

10− 14

SBBN f.o.

D b.n.

e± ann.

n/p dec.ν dec.

T / keV
1000 100 10 1

1

10− 2

10− 4

10− 6

10− 8

10− 10

10− 12

10− 14



Josef Pradler — DKPI Indian Summer School, Sept. 2015

Light element observations  
Helium mass fraction 

Primordial Nucleosynthesis 29

Izotov et al 2014

Yp » 25%

Aver et al 2015

Helium gets illuminated in HII (ionized hydrogen) regions  

=> emission lines  

now claim few %-level accuracy (systematics limited)
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Light element observations  
Helium @ z=1000

• true primordial detection of Helium in 
the CMB 

• Helium recombines before H, affecting  
the free electron fraction                                    

Primordial Nucleosynthesis 30

Planck 2015

=> affects redshift of last scattering and  
Silk damping tail 

CMB only detection of Helium yields  
10% level uncertainty (high-l polarization  
data will yield improvement) 
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Light element observations Deuterium

• no known astrophysical sources  
(monotonic) 

• ISM measurements (FUSE)                                                                                                                                                                
show dispersion in the local gas                                                       
D-absorption on dust grains? 

• high-z QSO systems are the way to go

Primordial Nucleosynthesis 31

=> metal poor Ly-alpha systems  
have > 98% of primordial D

D{H » 10´5



Josef Pradler — DKPI Indian Summer School, Sept. 2015

• no known astrophysical sources  
(monotonic) 

• ISM measurements (FUSE)                                                                                                                                                                
show dispersion in the local gas                                                       
D-absorption on dust grains? 

• high-z QSO systems are the way to go

Primordial Nucleosynthesis 32

=> metal poor Ly-alpha systems  
have > 98% of primordial D 

=> measured through the isotopic  
shift from H

Light element observations  
Deuterium D{H » 10´5
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Light element observations  
Deuterium

Primordial Nucleosynthesis 33

=> drastic improvement of the error bar by factor 5 in a few years 
                                     Now D/H at %-precision!

Pettini et al 2008

D{H » 10´5

Pettini et al 2013

(D/H)p = (2.81± 0.21)� 10�5 pD{Hqp “ p2.53 ˘ 0.04q ˆ 10´5
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Lithium observations
• can be observed in atmospheres of stars 
• metallicity traces age => stars (formed) at lowest metallicities are thought to 

represent the chemical composition of the pre-galactic gas he formulas again!

Primordial Nucleosynthesis 34

HD 124897 
[Fe/H] = -0.5 light

Spectra obtained with applet  
“SPLAT” [http://star-www.dur.ac.uk/] 

CD-38-245 
[Fe/H] = -4

http://star-www.dur.ac.uk/%5D
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Primordial Nucleosynthesis 35

Coc et al 2004
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“cosmological lithium problem”

SBBN

7Li/H|obs = (1 ÷ 2.5)� 10�10

• can be observed in atmospheres of stars 
• metallicity traces age => stars (formed) at lowest metallicities are thought to 

represent the chemical composition of the pre-galactic gas  
• Li shows plateau structure with small scatter at lowest metallicities:  “Spite 

plateau” (1982) =>  points towards primordial origin

Lithium observations 5σ
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SBBN take-home message

Primordial Nucleosynthesis 36

• Light element predictions from helium to lithium span roughly 9 orders of magnitude in 
number  

• Impressive agreement with observations of D and He 

• One quantitative problem:  Lithium abundance is high by a factor of 3-5, with high 
statistical significance 

• Nuclear physics lithium solution is ruled out; solution may be of astrophysical origin 
but could also signal new physics operative during BBN
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Beyond SBBN

BBN and New Physics 37
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Change in timing

BBN and New Physics 38
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Time evolution of fundamental constants

BBN and New Physics 39

x�y

M
F 2
µ⌫

x�y

M
mq q̄qA time evolution of, e.g.               or   

=> yields changes in mq, electric charge, ΛQCD, Higgs vacuum expectation value.…  
=> induce changes in the reaction rates, nuclear binding, and the position of resonances  

BBN: exponential sensitivity on  

determines end of the  
D-bottleneck 

determines n/p freeze out
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Non-equilibrium BBN Energy injection

• energy release during SBBN (mass conversion into nuclear binding energy)            

• most prominent class: decays of long-lived particles X

BBN and New Physics 40

=> marginal effect at z = 1 billion

Dimopoulos 1988;  ….; Kawasaki et al 2004; Jedamzik 2006; Cyburt et al 2009

� 2 MeV/nucleon

=> previous works focused on                              , e.g.mX = O(100 GeV) �G� SM + ��0

=> yield electromagnetic and hadronic showers which dissociated  
     light elements 

=> drastic departures from the equilibrium picture
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non-equilibrium BBN

BBN and New Physics 41

3

1

4
XX

4
1

6

4 1

9

6He ` 4He|b Ñ 9Be ` n

Energyh ` 4He Ñ T ` X

T1{2p6Heq “ 0.8 s

T ` 4He|b Ñ 6He ` p

Beryllium becomes the BBN “calorimeter”; 
its abundance is constrained from observations in stars

Pospelov, JP, 2010
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Non-equilibrium BBN

• photons in EM-cascade  
below       threshold  
are not efficiently dissipated 

• Important secondary effect: 

BBN and New Physics 42

Electromagnetic  
energy injection 
(t > 10^6 sec)

X
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=> spallation of nuclei  

e˘

3H +4He|bg �6 Li + n

3He +4Hebg �6 Li + p
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An application to  
Dark Photons

BBN and New Physics 43

Cosmology becomes the only test  
for very feeble couplings to SM
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Summary

Lecture III 44

• Organizational 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) 

• DM may carry a chemical potential (asymmetric DM) => alternative to the WIMP 
miracle 

• Nucleosynthesis is one of the pillars the standard cosmological rests on; its 
sensitivity to new physics makes BBN a valuable tool to test BSM physics  
=> every model of new physics has to pass this cosmological consistency test.

Thank you — and keep up the good work!


