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DM candidates: more than just the WIMP



D. Cerdeño



Abdallah et al 2015



Observable consequences of dark matter
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0: Cosmology and structure formation



0. Structure formation: what do simulations tell us?

Universe with DM Universe without DM

No small-scale structure, not enough galaxies (due to Silk 
damping)



DM forms self-similar structures: 
dwarfs, galaxies, clusters  

tend to follow a similar density profile

• Spherically symmetric 
• Profile parametrisation:

Navarro-Frenk-White Einasto
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Warm (i.e. very light) DM

m < 3.5 keV:  
vthermal > vesc

Small scale structure 
cannot be formed 
(contradicts obs)



Interactions with photons and neutrinos
After freeze-out, if the DM continues to interact with 
relativistic species, it can transfer entropy and damp 
small-scale perturbations.

Effect on BBN
Structure



Self-interactions

Bullet cluster & similar collisions 
as well as simulations 

place upper limit

���� . 0.1 cm2/g



1. Traditional searches of DM

    DM SM

Direct production (colliders)
Direct detection

Indirect detection

t

t
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Indirect detection: Production of SM particles by DM

Channel Rate 
⇢2�
m2

�

h�viAnnihilation 
WIMPs

Decay 
sterile neutrinos, WIMPs, axions

⇢�
m�

��

Condensation  
axions

Oscillation  
sterile neutrinos, 

axions

… 



Indirect DM signals: where to look

Local 
Cosmic 
Ray flux

Dwarf 
galaxies

Galaxy 
Clusters

CMB + 
background 
light

Solar 
neutrinos

Galactic 
center



Indirect signals: what to look for

DM

photons
Line E� = m�

Satellites: 	 AMS, PAMELA, 		
	 	 	 Fermi-LAT, … 
Balloons: 	 HEAO,  
Air  
Cherenkov: 	HESS, … 

Radio: 	 	 SKA, Alma, …  
Microwave: 	 Planck, SPT, ACT, … 
X-ray: 	 	 XMM-Newton, 	 	
	 	 	 Chandra, INTEGRAL 
Gamma:	 	 Fermi-LAT, VERITAS	
	 	 	 MAGIC, ACT, 	 …

IceCube, ANTARES

Final state radiation 
(FSR) continuum 

Heavy particles

Stable particles

W,Z, µ, ⌧, b, t, ...

e+e�, p, p̄, D, D̄

Annihilation
Inverse-Compton (ICS)
Bremsstrahlung
Synchrotron

FSR

Neutrinos



Before Structure: Extragalactic background light

dE

dV dt
/ n2

�(z)m�h�viann = ⇢2c⌦
2
0,DM (1 + z)6

h�viann
m�

Very faint relative to galactic light -> very difficult to see

Annihilating DM has a more immediate effect on the IGM:

Annihilating DM should yield an isotropic background flux:

DM

DM

time

ionization

heating

inverse-Compton

...



The CMB

Injection of electromagnetic energy causes ionization: the 
extra free electrons can rescatter CMB photons, yielding a 
distinctive imprint on the CMB power spectra.  
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The CMB

dE

dV dt
/ n2

�(z)m�h�viann = ⇢2c⌦
2
0,DM (1 + z)6

h�viann
m�

Lopez-Honorez … ACV, 2013



Quick Reminder: Milky Way

Stars ~ 0.6 kpc

20 kpc
8.3 kpcScales: 

• You: 10-20 kpc 
• Dist. to Sun: 10-9 kpc 
• Dist. to GC: 8.3 kpc 
• Dwarf galaxy: 0.1-1 kpc 
• Dist. to dwarf: 50-100 kpc 
• Milky Way: ~ 40 kpc 
• Cluster: ~ Mpc

50-100 kpc



Dwarf Satellites and Galaxy Clusters

• Prototypical candidate for DM indirect detection: 
• Few baryons: low background 
• Large DM content —> large signal. 
• WIMPs: GeV-TeV masses: GeV—TeV gamma rays



Dwarf Satellites and Galaxy Clusters

DM annihilation:

Particle physics content: Annihilation cross-section
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Decays
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Significant change in the angular profile



Particle physics content

h�vi Constrained by cosmological abundance in the 
case of a WIMP

� Lifetime must be larger than age of Universe

dN�

dE

Spectrum from each channel you are 
considering (e.g. W+W-, bb, etc) 
Compute with event generator like Pythia or use 
tabulated spectra (see for example http://
www.marcocirelli.net/PPPC4DMID.html)

Constrain annihilation rate into specific channel  
or full model prediction

http://www.marcocirelli.net/PPPC4DMID.html


A note on cross sections
You are probing the non-relativistic regime:

�

�̄

q̄

q

/ ��̄qq̄,/ ��µ�̄q�⌫ q̄, etc.

Can expand h�vi = a+ bv2 + dv4 + ...

If a = 0 (p-wave) or b = 0 (d-wave), the late time (v << 1) behaviour can be 
highly suppressed with respect to freeze-out (v ~ c).

J-factor must also be recomputed to include v-dependence



Fermi Constraints from 25 Dwarf Galaxies



Galaxy clusters

Procedure (and formulae) essentially unchanged, except  
-Backgrounds can be trickier; 
-Substructure greatly modifies the profiles: 

arXiv:

arXiv:1110.1529 
arXiv:1207.6749

http://arxiv.org/pdf/1110.1529v2.pdf
http://arxiv.org/abs/arXiv:1207.6749


The Galactic Centre

• Very large concentration of DM, and thus of DM 
annihilation products, but 

• A lot of background
1) Remove point sources e.g. with fermi-lat point 

source catalogue 
2) Create (or download) template for diffuse 

background (shape and spectra), structures, 
Fermi bubbles 

3) Create template for DM model (shape and 
spectra) 

4) Vary simultaneously to obtain fit 
5) To do things properly: http://

fermi.gsfc.nasa.gov/ssc/data/analysis/



Cosmic Rays

Charged cosmic rays don’t travel in a straight line: they diffuse in 
a random walk in the turbulent galactic magnetic fields. 

Thin disk

Bulge

Diffuse gas
B-field

v = c



Cosmic Rays
• Due to diffusion and energy loss, CRs do not point back at their source. 

• To find flux at earth: 

1. Solve diffusion equation 

• Fully numerically (e.g. GALPROP (http://galprop.stanford.edu), DRAGON) 

• Slow, black-boxy, but more precise 3d gas maps, ISR, interaction with other CR species 

• semi-analytically 

• Faster, less precise as you move farther away from Earth. More transparent. 

2. Account for solar modulation at low energies (< 20 GeV or so) 

3. Compare with data: http://lpsc.in2p3.fr/cosmic-rays-db/

A model that predicts a local CR flux also predicts gamma 
rays from the GC: these can be very constraining. 

http://galprop.stanford.edu
http://lpsc.in2p3.fr/cosmic-rays-db/


Direct detection 𝜒

𝜒

𝜒
𝜒

•If your DM annihilates to the SM, you can rotate the diagram -> 
elastic DM-quark scattering. 

•Probing the interaction of ambient DM with nuclei inside a  
  detector.  
•Must be deep underground to avoid cosmic rays; well-shielded to 

avoid radioactive contamination



Direct detection 
𝜒

Nuclear recoil 
(phonon signal)

Ionisation

• Underground (low background) 
• Heavy nuclei (more sensitive to heavy particles)

Most sensitive to heavy, fast particles —> larger recoil signal

2 Event rate

The differential event rate, usually expressed in terms of counts/kg/day/keV (a quantity
referred to as a differential rate unit or dru) for a WIMP with mass mχ and a nucleus with
mass mN is given by

dR

dER
=

ρ0
mN mχ

!

∞

vmin

vf(v)
dσWN

dER
(v,ER) dv , (1)

where ρ0 is the local WIMP density, dσWN

dER
(v,ER) is the differential cross-section for the

WIMP-nucleus elastic scattering and f(v) is the WIMP speed distribution in the detector
frame normalized to unity.

Since the WIMP-nucleon relative speed is of order 100 km−1 s−1 the elastic scattering
occurs in the extreme non-relativistic limit, and the recoil energy of the nucleon is easily
calculated in terms of the scattering angle in the center of mass frame, θ∗

ER =
µ2
Nv2(1− cos θ∗)

mN
, (2)

where µN = mχmN/(mχ +mN ) is the WIMP-nucleus reduced mass.
The lower limit of the integration over WIMP speeds is given by the minimum WIMP

speed which can cause a recoil of energy ER: vmin =
"

(mNER)/(2µ2
N ). The upper limit is

formally infinite, however the local escape speed vesc (see Sec. 3.2), is the maximum speed in

the Galactic rest frame for WIMPs which are gravitationally bound to the Milky Way.
The total event rate (per kilogram per day) is found by integrating the differential event

rate over all the possible recoil energies:

R =
!

∞

ET

dER
ρ0

mN mχ

!

∞

vmin

vf(v)
dσWN

dER
(v,ER) dv , (3)

where ET is the threshold energy, the smallest recoil energy which the detector is capable of
measuring.

The WIMP-nucleus differential cross section encodes the particle physics inputs (and as-
sociated uncertainties) including the WIMP interaction properties. It depends fundamentally
on the WIMP-quark interaction strength, which is calculated from the microscopic description
of the model, in terms of an effective Lagrangian describing the interaction of the particular
WIMP candidate with quarks and gluons. The resulting cross section is then promoted to
a WIMP-nucleon cross section. This entails the use of hadronic matrix elements, which de-
scribe the nucleon content in quarks and gluons, and are subject to large uncertainties. In
general, the WIMP-nucleus cross section can be separated into a spin-independent (scalar)
and a spin-dependent contribution,

dσWN

dER
=
#

dσWN

dER

$

SI
+
#

dσWN

dER

$

SD
. (4)

Finally, the total WIMP-nucleus cross section is calculated by adding coherently the above
spin and scalar components, using nuclear wave functions. The form factor, F (ER), encodes
the dependence on the momentum transfer, q =

√
2mNER, and accounts for the coherence

2



Direct detection

•Use heavy nucleus (Ge, Xe, …): kinematically 
favours detection of 50-100 GeV (“weak scale” 
particles) 

•At these low energies, the DM scatters 
coherently with the whole nucleus (rather 
than with individual nucleons or quarks) 

•This means it couples to a quantum number 
of the whole nucleus. 

𝜒

This is normally taken to be:
Spin-independent interaction

�SI / A2

Spin-dependent interaction

�SD / J(J + 1)

(HI � 1) (HI � S� · SN )



Direct detection

Germanium

Xenon

Look for: 
•Recoil spectrum 
•Annual modulation (time 
dependence) 

probably not dark matter signal reported by DAMA

Green & Cerdeño



Minimum DM velocity  
for a recoil of energy ER

if fp ' fn R / A2

Heavier element: large enhancement… but not necessarily 
suitable to finding light DM!



Liquid Noble Gas: 
Xe, Ar 

Solid state: 
Ge, NaI, Si, CaWO4, …

LZ, LUX, XENON, XMASS 
DEAP-CLEAN 

Superheated fluid 
C3F8, … 

COUPP, PICASSO

SuperCDMS, 
CoGeNT, CRESST 

EDELWEISS, 
DAMA  



Can translate (non)-detection into signal (constraint)

*

PDG



*These assume the “standard halo model”

Maxwellian (isothermal) 
 velocity distribution:

f(~v) =
1p
2⇡�

e�
v2

2�2

Velocity dispersion
� = 270 km/s

Local DM density 

⇢� = 0.3GeV cm�3



Coherent neutrino scattering

Solar neutrinos are an irreducible background: you cannot 
shield your experiment from them!

If the DM-nucleus cross-section happens to be lower 
than the nu-nucleus one, must find a way to disentangle them. 

Can use

•Target complementarity: kinematics mean that 
scattering on heavy (Xe, …) vs light (Si, …) target is 
different for heavy (WIMP) or light (neutrinos) 
particles (see e.g. Billard) 

•Directionality: Neutrinos come from the Sun, DM 
does not! (see Grothaus & Fairbairn)



Current constraints

Low mass (1-5 GeV): CDMSLite (Ge), CRESST (CaWO4) 
High mass: LUX (Xe)

Future

Low mass: SuperCDMS Snolab (Ge, a bit of of Si)  
High mass: XENON1T, LZ (both Xenon)

Far future

DARWIN



Different operators change the constraints!

Must compute effective operator carefully -> different NR coupling to nuclei
ONR P T PT Xe130 Xe129

O1 = 1 + + + SI 103 103

O2 = v̄? · v̄? + + + SI ⇡ 10�6 † ⇡ 10�6 †

O3 = iS̄N ·
⇣

q̄
mN

⇥ v̄?
⌘

+ + + SD 10�6 10�6

O4 = S̄DM · S̄N + + + SD 0 10�2

O5 = iS̄DM ·
⇣

q̄
mN

⇥ v̄?
⌘

+ + + SI 10�6 10�6

O6 =
⇣
S̄DM · q̄

mN

⌘⇣
S̄N · q̄

mN

⌘
+ + + SD 0 10�9

O7 = S̄N · v̄? - + - SD 0 10�7

O8 = S̄DM · v̄? - + - SI 10�3 10�3

O9 = iS̄DM ·
⇣
S̄N ⇥ q̄

mN

⌘
- + + SD 0 10�5

O10 = q̄
mN

· S̄N - - + SD 0 10�5

O11 = q̄
mN

· S̄DM - - + SI 10�1 10�1

O12 = S̄DM · (S̄N ⇥ v̄?) . . . SD 100 100

O13 =
⇣
S̄N · q̄

mN

⌘ �
S̄DM · v̄?� + - - SD 0 10�17

O14 =
⇣
S̄DM · q̄

mN

⌘
(S̄N · v̄?) + - - SD 0 10�17

O15 =
⇣
S̄DM · q̄

mN

⌘⇣
q̄

mN
· S̄N ⇥ v̄?

⌘
- - + SD � �



Extending the mass range 

E. Figueroa Feliciano



Neutrinos from the Sun
𝜒

𝜒
𝜒

ν ν
ν

IceCube 2013

Channel- and model-dependent: elastic scattering 
cross-section and branching to neutrinos enter

Competitive with other DM detection experiments
Must include propagation properly



DM in the Sun: Other cool effects
Energy transport

If the self-annihilation is suppressed enough (e.g. in as 
in asymmetric DM), the “cloud” of DM accumulated in 
the solar core can transport kinetic energy outwards:

Core
nucleus mean free path  �

nuc

⌧ r
core

DM mean free path  �� � �nuc



Wimps in the sun: observable effects
Energy transport

Heat transport away from the core — effects:
Change in temperature 
visible with 8B neutrinos

Change in structure 
sound speed and 
height of the convective 
zone can be inferred 
from helioseismology

�⌫,8B / T �
c ;� ⇠ 20� 25 !!



A note on cross sections

At freeze-out, the EFT treatment is normally fine (unless 
resonances are important). However, at very high energies, 
the microphysics involved becomes important

Englert & Spannowski 2014

�

�̄

q̄

q

�

�̄

q̄

q



Collider limits

Can search for

•Monojets missing energies: this places bounds on the 
DM mass and coupling 

•Dijets looking for resonances: this actually places 
bounds on the mediator mass, coupling and width

You will often see bounds on the DM-nucleus  
elastic scattering cross section. These are model-dependent, 

and in the limit of large mediator mass



Combining limits
The relationship between                          , etc.  is model-
dependent. Can specify a model, and constrain the DM + 
mediator mass + couplings

h�viann,�elastic

In this specific case (Dirac DM, vector mediator 
with an axial coupling to light quarks) is almost 

completely ruled out by DD, ID and collider 
constraints, assuming thermal production.

Should also consider: 
•Perturbative unitarity 
•Gauge invariance 
•mediator width 
•other channels? 
•see e.g. Kahlhoefer et al 1510.02110 



Haven’t mentioned much of

• Axion searches, BEC DM 

• Sterile neutrinos 

• More serious effects on stars 

• Millicharged particles 

• eXcited/inelastic DM (multi-state) 

• Hidden photons, dark radiation



Some Current Hints of Dark Matter

Usually Called What is it DM explanation Most cited 
alternative Is it DM?

511 keV line
Spherically symmetric e+e- 
annihilation signal from the 
galactic centre. First seen 

40 years ago, most recently 
by INTEGRAL/SPI 

Annihilating light 
DM ( m < 3 MeV) 

or XDM

Pulsars, quasars, 
low-mass x-ray 

binaries, black hole, 
…

Maybe 
Can’t be a light 
WIMP though

PAMELA/
AMS excess

Excess in local 
positron fraction (e+/e+

+e-) above 100 GeV. 

Annihilating heavy 
(> TeV) 

“leptophillic” WIMP

Nearby 
pulsar?

No 

(ruled out by gamma 

rays + Planck)

135 GeV line
Gamma ray line at 135 
GeV seen in Fermi-LAT 
data near the galactic 

centre. 
Annihilating WIMP

Systematic error in LAT 
(also seen when 

pointing at sun & Earth)
No 

it’s instrumental

3.5 keV line
X-ray line seen in 
galaxy clusters 
Perseus and in 

Andromeda. 

Decaying 7 keV 
sterile neutrino, XDM 

or ALP

Bananas (Potassium 
XII, or some highly 

ionized atom)

Maybe 
Requires nonstandard 

production



Usually Called What is it DM explanation Most cited 
alternative Is it DM?

DAMA-LIBRA 
signal

10 sigma direct 
detection annual 
modulation signal

Classic WIMP Seasons? Who 
knows.

No 
Ruled out by every 

other experiment out 
there

CoGeNT  
signal

A hint of an excess in 
the CoGeNT data ~10 GeV WIMP Bad fitting function


(see Davis & Boehm)

No 

(stats + other 

experiments say so)

Solar 
Composition 

problem

10 sigma discrepancy 
between models of 

the solar interior and 
observations

Asymmetric DM 
transporting 

energy from the 
core

Complicated plasma 
physics, 

abundances, …
Maybe

ARCADE 
excess

Strangely isotropic radio 
signal below 10 GHz, 

consistent with 
extragalactic 
synchrotron


DM decay to e+e- 
at z > 5 ?? Maybe

Galactic 
Centre GeV 

excess

Continuum excess 
between 1 and 10 

GeV 

Annihilating 10-50 
GeV WIMP

MS pulsars, 
problem with CR/
ISRF templates?

Maybe

dwarf galaxy limits are 
closing fast. Starting to 
look like point sources



Conclusions

• DM is an astrophysical problem: it has astro consequences 
• High- and low-energy behaviour may be very different 
• The combination of all types of constraints may be very powerful. 
• Software tools can help you combine constraints, e.g.: 

• micromegas: RD, DD and ID bounds from model 
• AlterBBN: alternate BBN scenarios 
• CLASS: alternate recombination (CMB, LSS) physics 
• GALPROP: Cosmic ray and gamma rays   
• Fermi tools: use gamma ray data for analyses 
• + the standard pheno tools (MadGraph, FeynCalc, LanHEP, 

CalcHep, PYTHIA, HERWIG, etc.)

If you are building a BSM model with DM, remember:



The Galactic Centre excess

arXiv:1402.6703

http://arxiv.org/abs/arXiv:1402.6703

