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Outline of the lectures
Principles of particle cosmology and astrophysics

– Evidences of dark matter
– Production mechanisms in the early Universe
– Connection to particle physics beyond the Standard Model
– Identification of non-gravitational DM signals

Direct detection

Charged cosmic-rays signals
- Electrons and positrons
- Antiprotons
- Antideuterons

Electromagnetic signals (multi-wavelength)
- Radio
- Gamma-rays
- Anisotropies

Neutrino signals



Geometry:  the Universe is Flat
Dynamics:  the Universe is expanding

– Decelerate for most of its history
– Accelerate since “recent” time

and at very “old” times (inflation)

The Dark Universe

CMB temperature anisotropies

Luminosity distance of high-z SNIa

Clustered mass abundance

Primordial Nucleosynthesis
Amplitude of CMB temperature anisotropies

Ade et al. (Planck Collab.), arXiv: 1303.5076
[*] Riess et al., Ap. J. 730 (2011) 119
[+] Freedmann et al., Ap. J. 758 (2012) 24
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Dark Matter

Dynamics of galaxy clusters
Rotational curves of galaxies
Weak lensing
Structure formation from primordial 

density fluctuations
Energy density budget



Dynamics of galaxy clusters
Rotational curves of galaxies
Weak lensing
Structure formation from primordial 

density fluctuations
Energy density budget

Dark Matter

Virial theoremZwicky, 1933

2hT i = �hVTOTi



Velocity dispersion of galaxies in the cluster is too large: the 
cluster should “evaporate”

Galaxy cluster

<v2>1/2 ~ (800 ÷ 1000) km/s

Zwicky (1933)

<latexit sha1_base64="2ZdFMeokEd5NNhB8Sz7qILoWhmg="></latexit>

2hT i = �hVTOTi

Galaxies : Gas : DM = 1: 9 :90 



Dynamics of galaxy clusters
Rotational curves of galaxies
Weak lensing
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density fluctuations
Energy density budget

Dark Matter

Rubin, early ‘70s
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v(r) ⇠ r�1/2

v(r) ⇠ const



Spiral Galaxy

v ~ 200 km/s
v ~ 50 km/s

v(r) / r�1/2



Periferic stars are faster than expected
Faster  =  More mass

Much more mass than luminous mass
Dark Matter

v ~ 200 km/s

v ~ 200 km/s

v ~ 200 km/s

Rubin (1970)Spiral Galaxy



M33
Hydrogen gas
Doppler image
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Lens equation
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Thin lens: distances involved are much larger than the size of 
the lens

Lens equation (can have multiple solutions)

Deflection angle

Projected mass density

For weak fields, its the 
sum of the deflection 
angles 4GM/b over 
the mass of the lens



The “Bullet cluster” (1E 0657-558)

Colliding  galaxy  clusters



Universe at large scales
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DM needs to be (mainly) cold 
and (mainly) non-collisional
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Dark Matter

Concordance model



Dark Matter: what’s going on?

– Generaly Relativity needs to be modified ?

⎼ The ‘anomaly’ we call DM is due to a behaviour of gravity on large 
scales different from what predicted by GR (and its Newtonian limit)

⎼ Relic from the early Universe ?

⎼ GR works just fine, DM is some new ‘stuff’

- A new elementary particle
- Primordial Black Holes



Primordial Black Holes

I. INTRODUCTION

Primordial black holes may have formed from primordial fluctuations in the early Uni-

verse [1, 2]. Since primordial black holes can in principle be observed at the present epoch,

current observations constrain the abundance of primordial black holes and thereby primor-

dial fluctuations. In other words, primordial black holes can be used as a probe into the

early Universe. This kind of analysis was first implemented by Carr [3]. See Carr et al. [4]

for its latest update.

To constrain early Universe scenarios from the observational constraint of primordial

black holes, the formation threshold of the primordial black hole is very important. The

conventional condition known as Carr’s [3] is that a primordial black hole is formed if and

only if the density perturbation δH when the fluctuation enters the horizon is in the range

w = δc < δH < δmax = 1, where the equation of state p = wρc2 is assumed. Although

uncertainties in numerical factors of order unity in both the threshold and maximum values

were noticed in the original paper, the uncertainties have often been omitted in the subse-

quent literature. However, the uncertainty of factor 2 in the threshold value δc results in

enormous uncertainty in the prediction of the abundance of primordial black holes if we are

given the power spectrum of the density perturbation because δc should be much greater

than the standard deviation σ. The maximum value δmax, which was originally regarded as

the separate universe condition [5], has recently been shown [6, 7] to be purely geometrical.

Since Nadezhin, Novikov, and Polnarev [8, 9] pioneered the fully general relativistic nu-

merical simulations of primordial black hole formation, the threshold of primordial black

hole formation has been extensively investigated by numerical relativity [10–15]. Niemeyer

and Jedamzik [10] reported the threshold value δc ! 0.67− 0.71, which was later revised to

the value ! 0.43 − 0.47 with a purely growing mode by Musco, Miller, and Rezzolla [12].

The latest value for a radiation fluid is given by δc ! 0.45− 0.47 and ! 0.48− 0.66 depend-

ing on the parametrization of curvature profiles, as shown in Figs. 10 and 11 of Polnarev

and Musco [13]. Moreover, Musco, and Miller [15] presented the numerical simulations of

primordial black hole formation and the threshold values obtained for different values of w

in the range 0.01 ≤ w ≤ 0.6.

Khlopov and Polnarev [17] pioneered the production of primordial black holes in the

matter-dominated phase, where w = 0, in the context of grand unification. In the context of
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PBHs are thought to originate from gravitational collapse of large density 
fluctuations in the early universe (produced by various mechanisms) 

Primordial Black Holes as Dark Matter: Recent Developments

It should be stressed that non-evaporating PBHs are dark even if they do not provide all the dark
matter, so this review does not focus exclusively on the proposal that PBHs solve the dark-matter
problem. Many objects are dark, so it is not implausible that the dark matter comprises some mixture
of PBHs and WIMPs. Indeed, we will see that this situation would have interesting consequences for
both. Also, even if PBHs provide only a small fraction of the dark matter, they may still be of great
cosmological interest. For example, they could play a rôle in generating the supermassive black holes in
galactic nuclei and these have obvious astrophysical significance even though they provide only 0.1% of
the dark matter.

The constraints shown in Figure 1 assume that the PBH mass function is monochromatic (i.e. with a
width �M ⇠ M). However, there are many scenarios in which one would expect the mass function to
be extended. For example, inflation often produces a lognormal mass function [31] and critical collapse
generates an extended low mass tail [32]. In the context of the dark-matter problem, this is a double-
edged sword. On the one hand, it means that the total PBH density may su�ce to explain the dark
matter, even if the density in any particular mass band is small and within the observational bounds.
On the other hand, even if PBHs can provide all the dark matter at some mass scale, the extended mass
function may still violate the constraints at some other scale [33]. While there is now a well-understood
procedure for analysing constraints in the extended case [34], identifying the optimal PBH mass window
remains problematic [35].

The proposal that the dark matter could comprise PBHs in the intermediate mass range has attracted
much attention recently as a result of the LIGO/Virgo detections of merging binary black holes with
mass in the range 10 – 50M� [36–38]. Since the black holes are larger than initially expected, it has
been suggested that they could represent a new population, although the mainstream view remains that
they are the remnants of ordinary stars [39]. One possibility is that they were of Population III origin
(i.e. forming between decoupling and galaxy formation). Indeed, the suggestion that LIGO might detect
gravitational waves from coalescing intermediate mass Population III black holes was first made more
than 30 years ago [40] and, rather remarkably, Kinugawa et al. predicted a Population III coalescence peak
at 30M� shortly before the first LIGO detection of black holes of that mass [41]. Another possibility,
more relevant to the present considerations, is that the LIGO/Virgo black holes are primordial, as first
discussed in Reference [42]. However, this does not require the PBHs to provide all the dark matter.
While this possibility has been suggested [43], the predicted merger rate depends on when the binaries
form and uncertain astrophysical factors, so the dark-matter fraction could still be small [44–46]. Indeed,
the LIGO/Virgo results have already been used to constrain the PBH dark-matter fraction [47], although
the limit is sensitive to the predicted merger rate, which is very model-dependent [48]. Note that the
PBH density should peak at a lower mass than the coalescence signal for an extended PBH mass function,
since the gravitational-waves amplitude scales as the black-hole mass.

The plan of this review paper is as follows: In Section II we elaborate on several aspects of PBH
formation, including a general discussion of their mass and density, a review of PBH formation scenarios,
and a consideration of the e↵ects of non-Gaussianity and non-sphericity. In Section III we review current
constraints on the density of PBH with a monochromatic mass function, these being associated with
a variety of lensing, dynamical, accretion and gravitational-wave e↵ects. At first sight, these seem to
exclude PBHs providing the dark matter in any mass range but this conclusion may be avoided for an
extended mass function and most limits are subject to caveats anyway. More positively, in Section IV
we overview various observational conundra which can be explained by PBHs, especially those associated
with intermediate mass and supermassive black holes. In Section V we discuss how the thermal history of
the Universe naturally provides peaks in the PBH mass function at the mass scales associated with these
conundra, the bumpy mass function obviating some of the limits discussed in Section III. We also present
a recently-developed mechanism which helps to resolve a long-standing fine-tuning problem associated
with PBH formation. In Section VI we discuss scenarios which involve a mixture of PBHs and particle
dark matter. In Section VII we draw some general conclusions about PBHs as dark matter.

II. PRIMORDIAL BLACK HOLE FORMATION

PBHs could have been produced during the early Universe due to various mechanisms. For all of these,
the increased cosmological energy density at early times plays a major rôle [49, 50], yielding a rough
connection between the PBH mass and the horizon mass at formation:
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body spectrum, with a temperature given by [53]

TBH =
~c3

8⇡kBGM
⇠ 10�7 K

M�
M

, (5.1)

which is known as Hawking temperature. Due to this emission, BHs would slowly lose mass until completely evaporate.
The lifetime of a PBH of initial mass M is [77]

⌧(M) ⇠ 1064 yr
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M

M�

◆3

. (5.2)

Thus, the lower the PBH mass, the earlier it evaporates. Those with masses of 1015 g or below would have already
evaporated by now, having lifetimes shorter than the age of the Universe [78], so they cannot contribute to the current
DM abundance. These evaporation products or the e↵ects they produce in di↵erent observables can be search for in a
variety of experiments, probing di↵erent mass ranges. Detailed computations of the emitted spectra can be performed
by codes such as BlackHawk [79].

Another important feature is that of clustering. If fluctuations are originally Gaussian distributed and around a
relatively narrow peak, PBHs are not expected to be originated in clusters, being initially randomly distributed on
small scales [80, 81]. However, either primordial non-gaussianities or a broad peak in the power spectrum could lead
to a significant initial clustering [82, 83] (although broad spectra have also been argued not to produce appreciable
clustering [84]). Anyway, PBHs could become bounded as the Universe evolves. A proper determination of their
clustering properties at later times is of great importance, for instance, in order to estimate their merger rates
[81, 85]. Indeed, the formation of clusters could alleviate some constraints on the PBH abundance [86].

On another hand, since PBHs would be formed from the collapse of high density peaks relatively spherically
symmetric, their torques and angular momentum are expected to be small [87, 88]. It is usually quantified with the
dimensionless spin parameter, S = S/(GM

2

PBH
), where S is the spin. Estimations of S for PBHs show that it is a

small quantity, equal or lower than 0.01 [89]. In contrast, astrophysical BHs are expected to have substantially larger
spins, since angular momentum must be conserved during the collapse of their stars of origin, which are often rotating.
Hence, the spin can serve as a good proxy to distinguish the nature of a population of BHs. The measurement of
low spin parameters could represent a hint for the detection of PBHs. The latest Bayesian analyses of LIGO/Virgo
mergers suggest that low values of the spin parameter are strongly preferred by data, regardless of the assumed priors
[18]. Note, however, that the PBH mass and spin depend on the accretion mechanism and their time evolution is
correlated [90].

Furthermore, due to the discrete nature of PBHs, a Poisson shot noise contribution to the matter power spectrum,
constant in wavenumber, Psn(k) / f

2

PBH
n̄
�1

PBH
/ fPBH MPBH, would be expected [91, 92]. PBHs fluctuations give

rise to isocurvature modes [91, 93, 94], and thus, a↵ect only at scales smaller than the horizon at the epoch of
matter-radiation equality [95]. Therefore, this leads to an enhancement in the matter power spectrum, increasing the
population of low-mass halos, which can be constrained by large scale structure and Ly↵ forest analyses. This e↵ect is
di↵erent from the one induced by other non-CDM candidates, such as warm DM or fuzzy DM, which suppress small
scale fluctuations, washing out small structures. This contribution becomes relevant for low-mass halos not large
enough to cool and collapse to form stars, which are commonly known as minihalos. It has been argued that this
enhancement may produce a non-negligible 21 cm signal from the neutral hydrogen in minihalos [92, 96]. However,
consistently accounting for the heating of the IGM due to PBH accretion increases the Jeans mass and suppresses the
minihalo 21 cm signal, making it almost negligible [97].

6. OBSERVATIONAL CONSTRAINTS ON PBHS AS DM

PBHs can impact cosmology and astrophysics in a wide range of ways, leaving di↵erent observational e↵ects which
allow to constrain their properties. In this section, we review the most important bounds on the current fraction of
PBHs as DM, fPBH = ⌦PBH/⌦DM, for a wide range of masses MPBH, for monochromatic mass functions. A collection
of limits from the di↵erent probes is depicted in Fig. 2. For a more comprehensive list of constraints, see [7, 9].

• Evaporation

Since BHs emit energy due to Hawking radiation, those with a lifetime shorter than the age of the Universe
must have disintegrated nowadays, a fact which excludes PBHs with MPBH < M⇤ ' 4⇥ 1014 g to form part of
the current DM [78]. Moreover, PBHs with masses small enough, although still present, should emit a strong �

ray and cosmic ray background which could be observed. Absence of its detection strongly constrains the range
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ray and cosmic ray background which could be observed. Absence of its detection strongly constrains the range

The mass grows with the time at which they are produced

Planck time (10-43 s): 10-5 g
BBN time (1 s): 105MSun (Msun = 2 1033 g)

Hawing evaporation: temperature and lifetime

PBH with masses below 1015 g  have 
already evaporated 



Primordial Black Holes
Evaporation
Microlensing
Gravitational waves
Dynamical constraints (heat star clusters by the presence of PBH)
CMB distortions or anisotopies
Ly-alpha
21cm cosmology (PBH can change termal state of IGM)



Particle Dark Matter

(*) Standard neutrino:
Too light: acts as H(-ish)DM, not C(-ish)DM)

Non-baryonic (cold-ish) dark matter is 
needed

No candidate in the Standard Model (*)

New fundamental Physics



Two fundamental questions

- Identify the particle candidate
- Identify a non-gravitational signal

Particle Dark Matter

Non-baryonic (cold-ish) dark matter is 
needed

No candidate in the Standard Model (*)

New fundamental Physics



The Particle Dark Matter Crossroad
Particle Candidate: Models of New Physics

(Superymmetry, Extra-dimensions, …)
Accelerator Searches

Cosmology of the 
Dark Matter Particle

Astrophysical Signals of the 
Dark Matter Particle



Cosmology 
of the DM particle



Standard cosmological model
� Dynamical description                                                                             U. expansion

– General Relativity: Einstein equation (gravity)
– Cosmological principle: the U. is spatially homogeneus and isotropic

� Statistical description                      Thermal equilibrium and U. temperature T

– The Universe can be described as a self-gravitating, perfect fluid
– The fluid is multicomponent (radiation, “matter”, ...)
– Conditions of thermal equilibrium may/may not be met

� Microhpysical description                                                           Particle cosmology                        

– The components of the fluid are elementary d.o.f. (particles)
– Their physical properties (masses and interactions) determine their behaviour
– Boltzmann equation



Einstein equations

The Cosmological Principle determines:
- space-time geometry is determined by a single function a(t)

[the scale factor] and by a curvature parameter k
- the U. can be described by a perfect fluid, which posseses 

an energy density ρ(t) and pressure p(t)

Einstein eq. take the form of the Friedmann eq.:
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Geometry is connected to energy content

Density parameter

Critical density

Hubble parameter                                                 

Hubble constant

⌦i = ⇢i/⇢c

⇢c =
3H2

0

8⇡G

H0 = H(t0)

H(t) =
ȧ

a

k = 0

k = +1

k = �1

⌦ =
X

i

⌦i = 1



Types of fluid and dynamical evolution

The evolution of the U. (i.e. of the scale factor in time) depends on 
its content (and on its geometry), ad dictated by the Einstein 
equations

p = 0
p = �⇢

p = ⇢/3Radiation (relativistic component)
“Matter” (non-relativistic component)
Cosmological constant

Log10(time/yr)

Scale factor

Today-14

WM = 0

-9

WM = 1

-7

WM > 1

MD Universe

a(t) = a0 t1/2

a(t) = a0 t2/3

a(t) = a0 expH0(t� t0)

MD U.

RD U.

ΛD U.

Flat Universe



Evolution of the fluid
Conservation of the stress-energy tensor (i.e. of energy/momentum) 
determines the evolution of the fluid with the U. evolution (i.e. with a(t))

Tµ⌫  � ⇢ , p

radiation

matter

Λ

⇢

a

⇢R ⇠ a�4

⇢M ⇠ a�3
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⇢⇤ ⇠ const

Today



Statistical properties of the fluid
The fluid is assumed to be in thermal/statistical equilibrium

Each species i has a phase-space distribution fi(p)

If equilibrium is met, a temperature T can be defined and fi(p) depend on T
i = fermion: Fermi-Dirac
i = boson:   Bose-Einstein

Number density

Energy density

Pressure

⇢i(T ) =

Z
d3p E fi(p, T )

ni(T ) =

Z
d3p fi(p, T )

pi(T ) =

Z
d3p

p2

3E
fi(p, T )



Temperature dependence
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Entropy density

S = sa3 = const



Microphysical properties of the fluid
The fluid, at the microphysical level, is composed by elementary d.o.f. 
(particles)

The various components of the fluid may (or may not) be in thermal 
equilibrium

Equilibrium is determined by the occurrence of mutual interactions

kinetic equilibrium

chemical equilibrium

elastic scattering

inelastic scattering

(for 2-to-2 processes) 



Particle thermalization in the early Universe

h�vi =
R
d3pi d3pj fi(E) fj(E) �ijvijR

d3pi d3pj fi(E) fj(E)

Thermalization processes



Particle thermalization in the early Universe



Thermal history of the Universe

In this primordial phase, U. evolution 
is determined by particle 

interactions

Plasma phase

In this phase, U. evolution is 
determined only by gravity



T 1016 GeV 1 MeV 0.23 eV

BBN CMBR

primordial H, D, 4He, 7Li



Detailed evolution of the particle
The detailed evolution of each species in the fluid is governed by the 
Boltzmann equation:

For the Friedmann U.

The collision operator contains the detailed information on all possible 
interactions of the i species with all other species in the plasma

L[fi] = C[fi; fj , fk, ...]
Collision operatorLiouville operator

L[fi] = E
@fi
@t

� ȧ

a
|~p|2 @fi

@E

C[fi; fj , fk, ...] = Celastic[fi; fj , fk, ...] + Cinelastic[fi; fj , fk, ...]



Collision operator

Elastic process                        kinetic equilibrium

Inelastic process                  chemical equilibrium

C[fi; fj , fk, ...] = Celastic[fi; fj , fk, ...] + Cinelastic[fi; fj , fk, ...]

� �

a a

�

� a

a

Both processes are able to modify the phase-space distribution fi(p,T)

Elastic processes: do not modify the number density ni(T)
Inelastic processe: do        modify the number density ni(T)



After integration over momenta (and some mathematical manipulation) a 
Boltzmann eq. for the number density can be cast in the form:

Boltzmann eq. for the number density

dilution due to expansion

dilution due to annihilation

production due to inverse annihilation�

� a

a



Abundance evolution

particle in equilibium

Y = n/s

⌦� =
⇢�
⇢C

�

� a

a



Abundance evolution

The universe cools down particle in equilibium

�

� a

a

Y = n/s

⌦� =
⇢�
⇢C



Abundance evolution

The universe cools down particle detaches from the plasma
“freeze-out” of its abundance

�

� a

a

Y = n/s

⌦� =
⇢�
⇢C

non-relativistic 
at decoupling



Abundance evolution

The universe cools down particle detaches from the plasma
“freeze-out” of its abundance

�

� a

a

Y = n/s

⌦� =
⇢�
⇢C



Abundance evolution

The universe cools down abundance today (relic)

Y = n/s

⌦� =
⇢�
⇢C

weaker interactions

stronger interactions



Freeze-out mechanism

Freeze-out temperature

Relic abundance today

xf = ln[(0.246)(0.145) mDM MP g g�1/2
? (xf )h�annvi(xf ) x

�1/2
f ]

⌦h2 = 8.5 · 10�11 g1/2? (xf )

g?S(xf )

✓
GeV�2

h�annviint

◆

(xf = mDM/Tf )



The WIMP “miracle”

m� � (GeV ÷ TeV)

WIMP: Weakly Interacting Massive Particle

��h
2 ⇠ 0.1naturally

h�annvi ⇠ (⇠GF )
2 m2

DM ⇠ 10�10⇠2
⇣ m

GeV

⌘2
GeV�2

mDM (GeV) ξ
1 4

10 0.4
100 0.04

1000 0.004

h�annvi ⇠ 10�10

(⌦h2)CDM
⇠ 10�9

weak type

GeV�2

xf ⇠ (10÷ 30)



In more details

Lee-Weinberg boundFew GeV

⌦h2

m

m�2

0.1

s = q2 ⇠ (2mDM)2m ⌧ mZ h�annvi ⇠ G2
Fm

2
DM

�

� a

a non-relativistic

Fermi limitGF

hEi ⇠ mDM



In more details

Few TeV

⌦h2

m

0.1

m2

h�annvi ⇠ g4

m2
DM

m � mZ s = q2 ⇠ (2mDM)2

�

� a

a

Effectively massless Z
Z

q
gg

q2 � m2
Z



Summarizing

Few TeV

⌦h2

m

0.1

Few GeV

matches the observed value 
of CDM abundance

allowed mass range



Dependencies

Few TeV

⌦h2

m

0.1

Few GeV

If  <σv>  increases



Dependencies

Few TeV

⌦h2

m

0.1

Few GeV

Additional features
Poles (Z, H, others)
Coannihilations
Sommerfeld enhancements light mediator

If  <σv>  decreases

mDM ⇠ mZ/2 , mH/2
mDM ⇠ msligthly heavier state



The WIMP “miracle”

Loosely speaking a WIMP with:
- Mass: sligthely sub-GeV  to  multi-TeV
- Interactions: weak type

can succesfully explain the observed abundance (and 
structure) of dark matter in the Universe



BBN CMBR

T 1016 GeV 1 MeV 0.23 eV

CDM Tdec of the order of 100 MeV – 100 GeV 



HDM

CDM

Light thermal relics
relativistic at decoupling



Light relics as HDM (e.g. neutrinos)

��h
2 =

P
i mi

93 eV

�⌫h
2  (�DMh2) = 0.13

X

i

mi  12 eV

⌦h2

m

Massive hot relic

Cowsik-McClellan bound



Summary for a thermal relic

⌦h2

m

0.1

eV GeV TeV

hot

warm

cold



Early Universe

Plasma phase

Particle can be 
thermally excited

Gravity Phase



Primordial fluctutaion at CMB

Growth of perturbation by 
Gravitational instabilities

Structure formation
(galaxies, clusters, filaments, voids)

Dark matter acts as
Key element (and is 
required to be 
effectively cold)



Why cold? Power Spectrum
Describes the density contrast of the Universe as a function 
of scale

large scales:   linear
small scales:   non-linear

h�(~k)�(~k0)i = (2⇡)3�3(~k � ~k0)P (k)

FT

Measures the variance of the density contrast

�(~x) =
⇢(~x)� ⇢̄

⇢̄



Neutrinos as HDM
HDM: erases density contrast (structure) on scales smaller  than the 

free-streming cale

Dominat HDM is in contradiction with observations (SDSS, 2dF)
Neutrinos may contribute, but only subdominantly

X

i

mi � (0.9÷ 1.7) eV
q
�m2

13 = 0.047 eV

�h2 � (0.0097÷ 0.018) eV

�h2 � 0.0005 eV

CMB+SDSS+2dF

Atm. neutrinos



Succesfull DM candidate - Recap

� Needs to be produced in the early Universe

� Needs to be “cold” (or, at least, “warm” enough)
– For thermal production: weakly interacting and massive (WIMP)

– If light, it nevertheless needs to act as “cold”

� Needs to be neutral

� Needs to be stable (or, if it decays, it needs a lifetime 
larger than the age of the Universe) 

�h2 � ⇥�v⇤�1
ann ��v⇥ann = 3 · 10�26cm3s�1

unless coannihilation occurs



Alternative mechanisms
The standard paradigm for WIMP CDM is a thermal symmetric relic (i.e. 
particle and antiparticles have the same number density)

Partial thermaliztion 
- Freeze-in, E-WIMP, FIMPs

Asymmetry between particle/antiparticle
- The relic abundance is set by the asymmetry, not thermal freeze-out
- This may link DM abundance to baryon asymmetry

Non-thermal production
- DM produced by the decay of a heavier particle
- Peculiar cosmological dynamics (e.g.: misalignment for axions)
- Oscillations from “friendly” states (e.g. sterile neutrinos)



Freeze-in mechanism

particle never in  full equilibium

Y = n/s

⌦� =
⇢�
⇢C

�

� a

a



Asymmetric DM
Asymmetry can arise because of:

– Initial conditions (quite fine tuned)
– Sakharov conditions (like for baryo/lepto genesis; maybe 

related to them ?)

20 40 60 80 100
10-13
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10-8

x = mDM êT

C
om
ov
in
g
de
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ity

Y
HxL

WDM

Y+
Y-
S

Yh0=0

h0 = 1.02 10-10
s0 = 7 pb
mDM = 4.5 GeV

h0



Asymmetric DM

Example:

(baryon asymmetry)

model dependen
link (DM,B) needed

If     k ~ 1:       mX ~  5 mN ~  5 GeV

Asymmetry may occur also without a link between DM and B

n� 6= n�̄ ⌦h2 ⇠ |n� � n�̄|m�

⌦�

⌦b
⇠ 5

|n� � n�̄| ⇠ (nb � nb̄) ⇠ nb

⌦�

⌦b
=

|n� � n�̄|m�

nbmN
⇠ k

m�

mN



From decay

N  → X + (...) N heavier that X

Example:  N can reach thermal equilibrium
Then freezes-out an abundance
Then decays out of equilibrium

(depends on <σNv>)

nN �! n�

⇢� = m�n� = m�
⇢N
mN

⌦� =
m�

mN
⌦N



From oscillations

𝜈S sterile neutrino

Needs to be very weakly mixed

sin2(2θ)  ~  10-11 – 10-12

m𝜈S ~  10 KeV



Particle DM and
Physics beyond the Standard 

Model



Standard Model

No viable DM candidate present !



� Weak
– Light (standard) neutrinos, (heavier) RH neutrinos (…)
– Weakly Interacting Massive Particles (WIMPs)     paradigm for thermal CDM
– (…)

� Strong-type
– Mirror DM
– Technicolor DM
– (…)

� Gravitational-type
– Gravitino

– (…)

� Electromagnetic

– Open window if 100(qX/e)^2 <  mX <  10^8(qX/e) TeV ?

DM strength of interactions



� Accidental/automatic/just-so stability
– Neutrino
– Minimal DM
– Axion
– (…)

� Discrete symmetry imposed

– R- parity: supersymmetric models
– KK-parity: extra-dimensional models
– T-parity: “little-higgs” models
– Z2-simmetry: inert doublet models, (…)
– (…)

DM stability (or significantly long-lived)
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Standard Model

No viable DM candidate present !



SUSY extension of the Standard Model

2 Higgs doublets

h
H

A pseudoscalar

scalar
scalar



Neutral particles: sneutrinos, neutralinos [gravitinos]

SUSY breaking �! massive SUSY partners

h
H

A pseudoscalar

scalar
scalar

SUSY extension of the Standard Model



Neutralino in a generic MSSM



Sneutrino dark matter

Left+Right models “Majorana” models

MSSM at the EW scale with terms that induce neutrino masses
(May) Address DM + neutrino mass in the same sector



Extra dimensions (Kaluza Klein theories)

5D spacetime : xM = (x0, x1, x2, x3, x4)

m2
n = m2

0 +
n2

L2

xµ

x4
L

ex
te
n
d
ed

compact

KK parity LKP: stable

n = 0 SM
n = 1, 2, . . . KK states



Minimal models

Quantum numbers DM can DM mass mDM± − mDM Events at LHC σSI in
SU(2)L U(1)Y Spin decay into in TeV in MeV

∫

L dt =100/fb 10−45 cm2

2 1/2 0 EL 0.54 ± 0.01 350 320 ÷ 510 0.2
2 1/2 1/2 EH 1.1 ± 0.03 341 160 ÷ 330 0.2
3 0 0 HH∗ 2.0 ± 0.05 166 0.2 ÷ 1.0 1.3
3 0 1/2 LH 2.4 ± 0.06 166 0.8 ÷ 4.0 1.3
3 1 0 HH, LL 1.6 ± 0.04 540 3.0 ÷ 10 1.7
3 1 1/2 LH 1.8 ± 0.05 525 27 ÷ 90 1.7
4 1/2 0 HHH∗ 2.4 ± 0.06 353 0.10 ÷ 0.6 1.6
4 1/2 1/2 (LHH∗) 2.4 ± 0.06 347 5.3 ÷ 25 1.6
4 3/2 0 HHH 2.9 ± 0.07 729 0.01 ÷ 0.10 7.5
4 3/2 1/2 (LHH) 2.6 ± 0.07 712 1.7 ÷ 9.5 7.5
5 0 0 (HHH∗H∗) 5.0 ± 0.1 166 " 1 12
5 0 1/2 − 4.4 ± 0.1 166 " 1 12
7 0 0 − 8.5 ± 0.2 166 " 1 46

Table 1: Summary of the main properties of Minimal DM candidates. Quantum num-
bers are listed in the first 3 columns; candidates with Y #= 0 are allowed by direct DM searches
only if appropriate non-minimalities are introduced. The 4th column indicates dangerous decay
modes, that need to be suppressed (see sec. 2 for discussion). The 5th column gives the DM
mass such that the thermal relic abundance equals the observed DM abundance (section 4). The
6th column gives the loop-induced mass splitting between neutral and charged DM components
(section 3); for scalar candidates a coupling with the Higgs can give a small extra contribution,
that we neglect. The 7th column gives the 3σ range for the number of events expected at LHC
(section 6). The last column gives the spin-independent cross section, assuming a sample vale
f = 1/3 for the uncertain nuclear matrix elements (section 5).

For each potentially successful assignment of quantum numbers we list in table 1 the main
properties of the DM candidates.

The ‘decay’ column lists the decay modes into SM particles that are allowed by renormaliz-
ability, using a compact notation. For instance, the scalar doublet in the first row can couple as
XiLjβEαεijεαβ where L is a SM lepton doublet, E is the corresponding lepton singlet, i, j are
SU(2)L-indices, α, β are spinor indices, and ε is the permutation tensor; therefore the neutral
component of X can decay as X0 → eē. For another instance, the fermion doublet in the second
row can couple as XαiEβHjεijεαβ, where H is the Higgs doublet: its neutral component can
decay as X0 → eh.

In general, one expects also non-renormalizable couplings suppressed by 1/Λp (where Λ
is an unspecified heavy cut-off scale, possibly related to GUT-scale or Planck-scale physics).
These give a typical lifetime τ ∼ Λ2p TeV−1−2p for a particle with TeV-scale mass. In order to
make τ longer than the age of the universe1, dimension-5 terms (i.e. p = 1) must be effectively

1 We note that a τ comfortably longer than the age of the Universe already also prevents a decaying dark
matter particle from having an impact on a number of cosmological and astrophysical observations (galaxy and
cluster formation, type Ia supernovae, X–ray emissions from clusters, mass–to–light ratios in clusters, cosmic

3

(ii) the presence of a number of unknown parameters (e.g. all sparticle masses) obscures the
phenomenology of the DM candidates; (iii) the stability of the DM candidates is the result of
extra features introduced by hand (e.g. matter parity).

We here explore an opposite, minimalistic approach: focussing on the Dark Matter problem,
we add to the Standard Model (SM) extra multiplets X + h.c. with minimal spin, isospin and
hypercharge quantum numbers, and search for the assignments that provide most or all of the
following properties:

1. The lightest component is automatically stable on cosmological time-scales.

2. The only renormalizable interactions of X to other SM particles are of gauge type, such
that new physics is determined by one new parameter: the tree-level mass M of the
Minimal Dark Matter (MDM) multiplet.

3. Quantum corrections generate a mass splitting ∆M such that the lightest component of
X is neutral. We compute the value of M for which the thermal relic abundance equals
the measured DM abundance.

4. The DM candidate is still allowed by DM searches.

In section 2 we list the possible candidates. In section 3 we compute the mass splitting. In
section 4 we compute the thermal relic abundance of X and equate it to the observed DM
abundance, inferring the DM mass M . In section 5 we discuss signals and constraints from DM
experiments. In section 6 we discuss collider signals. Section 7 contains our conclusions and a
summary of the results.

2 The Minimal DM candidates

We consider the following extension of the SM:

L = LSM + c

{

X̄ (iD/ + M)X when X is a spin 1/2 fermionic multiplet
|DµX |2 − M2|X |2 when X is a spin 0 bosonic multiplet

(1)

where D is the gauge-covariant derivative, c = 1/2 for a real scalar or a Majorana fermion
and c = 1 for a complex scalar or a Dirac fermion: in all cases we assign X in the minimal
non-chiral representation of the gauge group, and M is the tree-level mass of the particle.

We want to identify the cases in which X provides a good DM candidate. Therefore we
assume the following gauge quantum numbers:

3. X has no strong interactions [3].

2. X is an n-tuplet of the SU(2)L gauge group, with n = {1, 2, 3, 4, 5, . . .}.

1. For each value of n there are few hypercharge assignments that make one of the compo-
nents of X neutral, 0 = Q = T3 +Y where T3 is the usual ‘diagonal’ generator of SU(2)L.
For a doublet, n = 2, one needs Y = 1/2. For a triplet, n = 3, one needs Y = 0 (such
that the component with T3 = 0 is neutral), or Y = 1 (such that the components with
|T3| = 1 are neutral). For a quadruplet, n = 4, Y = {1/2, 3/2}. For a quintuplet, n = 5,
Y = {0, 1, 2}.

2

Fermion multiplet
Scalar multiplet

Renormalizable decay modes absent:
Fermions: n ≥ 5
Scalars: n ≥ 7



� Models with additional scalars
– Singlet
– Doublet (e.g.: 2 higgs doublet model)
– Triplet

� Models based on extended symmetries
– GUT inspired
– Discrete symmetries

� Mirror dark matter

� Sterile neutrinos [keV, non WIMP, warm]

� Axion [μeV, non WIMP, cold]

� ALP (axion-like-particles, light scalars)

Further models and candidates



Axion

� Axions arise as a dynamical way to solve the 
strong-CP problem

� Being particles, they can have a cosmological role

� They can be DM:
– Thermally produced: HDM
– Non-thermally produced: CDM



The CP Problem of Strong Interactions
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The CP Problem of Strong Interactions
This term can induce a neutron electric dipole moment (T-violating quantity)  
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Experimental bound

The theta-parameter has to be extremely small – Why?



ISAPP, Heidelberg, 15 July 2011 

Strong CP Problem

+𝜋−𝜋 Θ

Λ"#$%

QCD vacuum energy 𝑉 Θ

CP conserving vacuum has Θ = 0 (Vafa and Witten 1984)
QCD could have any −𝜋 ≤ Θ ≤ +𝜋, is “constant of nature”
Energy can not be minimized: Θ not dynamical

Peccei-Quinn solution: 
Make Θ dynamical, let system relax to lowest energy

Equivalent Equivalent

−2𝜋 +2𝜋



ISAPP, Heidelberg, 15 July 2011 

Solution: re-interpret  )Θ as a dynamical variable, which is 
driven to zero by dynamics

Dynamical Solution
Peccei & Quinn 1977,  Wilczek 1978,  Weinberg 1978

𝑎

𝑉(𝑎)

)Θ = 0

Assume a global U(1)PQ symmetry which is sponstaneously broken
axion a(x) pseudo scalar field

pseudo Nambu-Goldstone boson of the symmetry breaking
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- generates “model independent” axion couplings to photons, nucleons, electrons, …

[From NLO Chiral Lagrangian, 
Grilli di Cortona et al., 1511.02867]
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Light shining through walls

Haloscopes (axion DM)

Helioscopes (axions from the Sun)

Cooling of stars
(...)

Axions/ALP search strategies• Most laboratory search techniques are sensitive to 

- Helioscopes (axions from the Sun)

- Light Shining through Walls [See e.g. Redondo, Ringwald hep-ph/10113741]

- Haloscopes (axion Dark Matter) [Sikivie PRL 51 (1983)]
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Experimental Tests of Invisible Axions

  Pierre Sikivie: 

Macroscopic B-field can provide a 
large coherent transition rate over 
a big volume (low-mass axions) 

• Axion helioscope: 
   Look at the Sun through a dipole magnet 

• Axion haloscope: 
   Look for dark-matter axions with 
   A microwave resonant cavity

Redefining the Axion Window

Luca Di Luzio,1, ⇤ Federico Mescia,2, † and Enrico Nardi3, ‡
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A major goal of axion searches is to reach inside the parameter space region of realistic axion
models. Currently, the boundaries of this region depend on somewhat arbitrary criteria, and it
would be desirable to specify them in terms of precise phenomenological requirements. We consider
hadronic axion models and classify the representations RQ of the new heavy quarks Q. By requiring
that i) the Q are su�ciently short lived to avoid issues with long lived strongly interacting relics,
ii) no Landau poles are induced below the Planck scale, fifteen cases are selected, which define a
phenomenologically preferred axion window bounded by a maximum (minimum) value of the axion-
photon coupling about twice (four times) stronger than commonly assumed. Allowing for more than
one RQ, stronger couplings, as well as complete axion-photon decoupling, become possible.

PACS numbers: 14.80.Va, 14.65.Jk
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I. Introduction. In spite of its indisputable phe-
nomenological success, the standard model (SM)
remains unsatisfactory as a theoretical construc-
tion: it does not explain unquestionable experimen-
tal facts like dark matter (DM), neutrino masses,
and the cosmological baryon asymmetry, and it con-
tains fundamental parameters with highly unnatu-
ral values, like the coe�cient µ

2 of the quadratic
Higgs potential term, the Yukawa couplings of the
first family fermions he,u,d ⇠ 10�6

� 10�5 and the
strong CP violating angle ✓ < 10�10. This last
quantity is somewhat special: its value is stable with
respect to higher order corrections (unlike µ

2) and
(unlike he,u,d) it evades explanations based on envi-
ronmental selection [1]. Thus, seeking explanations
for the smallness of ✓ independently of other “small
values” problems is theoretically motivated. Di↵er-
ently from most of the other SM problems, which
can often be addressed with a large variety of mech-
anisms, basically only three types of solutions to the
strong CP problem exist. The simplest possibility,
a massless up-quark, is now ruled out [2, 3]. The
so-called Nelson-Barr (NB) type models [4, 5] either
require a high degree of fine tuning, often compa-
rable to setting ✓ <

⇠ 10�10 by hand, or additional

rather elaborated theoretical structures [6]. The
Peccei-Quinn (PQ) solution [7–10] arguably stands
on better theoretical grounds, although it remains a
challenge explaining through which mechanism the
global U(1)PQ symmetry, on which the solution re-
lies (and that presumably arises as an accident) re-
mains protected from explicit breaking to the re-
quired level of accuracy [11–13].

Setting aside theoretical considerations, the issue
if the PQ solution is the correct one could be set ex-
perimentally by detecting the axion (in contrast, no
similar unambiguous signature exist for NB models).
In order to focus axion searches, it is then very im-
portant to identify as well as possible the region of
parameter space where realistic axion models live.
The vast majority of axion search techniques are
sensitive to the axion-photon coupling ga�� , which
is linearly proportional to the inverse of the axion
decay constant fa. Since the axion mass ma has
the same dependence, experimental exclusion lim-
its, as well as theoretical predictions for specific
models, can be conveniently presented in the ma-
ga�� plane. The commonly adopted “axion band”
corresponds roughly to ga�� ⇠ ma↵/(2⇡f⇡m⇡) ⇠

10�10 (ma/eV)GeV�1 with a somewhat arbitrary
width, chosen to include representative models like
those in Refs. [14–16]. In this Letter we put forth
a definition of a phenomenologically preferred axion
window as the region encompassing hadronic axion
models which i) do not contain cosmologically dan-
gerous strongly interacting relics; ii) do not induce
Landau poles below a scale ⇤LP close to the Planck
scale mP . While all the cases we consider belong
to the KSVZ type of models [17, 18], the resulting
window encompasses also the DFSZ axion [19, 20]
and many of its variants [15].

II. Hadronic axion models. The basic ingredi-
ent of any renormalizable axion model is a global
U(1)PQ symmetry. The associated Nöether current

Primakoff effect: axion-photon transition in external static E or B field 

Search strategies
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Light Shining through Walls (LSW)

• Any Light Particle Search (DESY):  ALPS-1 (2007-2010) and ALPS-II (2013-…)

Light Shining trough Walls (LSW) 
•Any Light Particle Search (DESY) Alps 1 (2007-2010) Alps 2 (2013- )

E. Nardi (INFN-LNF) - Redefining the axion window                 11/30                                             

Schematic view of axion (or ALP) production through photon 
conversion in a magnetic field (left), subsequent travel through 
a wall, and final detection through photon regeneration (right).

-  LSW experiments pay a (gaγγ)4 suppression

Artist view of a light shining  
through   a wall experiment

- LSW experiments pay a        suppression

2

g
4

a��
(1)

ga�� (2)

✓ = 0 (3)

dn ⇠ 10�16
✓ e cm (4)

dn(t) ⇠ 10�16
a(t)

fa
e cm (5)

✓ ⇠
⇠

m2
a
fa

(6)

T (8) = 3 (7)

T (6) =
5

2
(8)

NDW(6� 8) = 2 (T (8)� T (6)) = 1 (9)

yQ ⌧ 1 (10)

fa � HI , TRH � mQ (11)

TRH � mQ (12)

�a =
2⇡va
NDW

(13)

Va ⇠ f
2

a
m

2

a

✓
1� cos

a

va/N

◆
(14)

NDW = 2N (15)

U(1)PQ �! ZNDW (16)

• PVLAS discovery claim (2006)               boosted exp. activity !

 L. Di Luzio (Pisa U.) - Rethinking the QCD axion                                                                         12/27

Helioscopes
• The Sun is a potential axion source 

MAGNET COIL

MAGNET COIL

B field
A

L

Solar 

axion 

flux

γ

X-ray detectors

Shielding

X-ray op!cs

Movable pla"orm

Axion energy [keV]

A
xi

o
n
 f

lu
x

[1
0

1
0
cm

-2
s-1

ke
V

-1
]

0

1

2

3

4

5

6

7

0 2 4 6 8 10 12 14

Figure 1: Left: Schematic of an enhanced axion helioscope: solar axions travelling through an intense transverse magnetic field with an axion-
sensitive area A, are converted into x-rays. With the help of x-ray focusing devices, these are concentrated onto a spot on low background detectors
(figure from [2]). Right: The solar axion flux as expected at the Earth. A value of 1 × 10−10 GeV−1 for gaγ is assumed.

As Fig. 1(right) shows, the expected signal is in the
energy range of 1–10 keV. The operation of a helio-
scope consists in following the Sun as long as techni-
cally possible, in axion sensitive conditions, and taking
background data when there is no alignment with the
Sun. The sought-after signal would be the excess of
photons in the expected energy range that the x-ray de-
tectors will register when tracking the Sun, compared
to the background gathered during the rest of the time.
The number of excess photons expected depends on the
very weak gaγ coupling constant, which is a measure of
a helioscope’s sensitivity. According to the following
expression [13]

g4
aγ ∼ B2L2A εdb−1/2 εoa−1/2 ε1/2t t1/2, (1)

four are the main parameters to take into account when
designing a helioscope: a) time: the total time of data-
taking of the experiment t and εt, the fraction of time
the magnet tracks the Sun; b) magnet: the length L and
the strength B of the provided magnetic field as well as
the axion-sensitive area A; c) low-background x-ray de-
tectors: the background level b and their detection effi-
ciencies εd and d) x-ray focusing optics: their efficiency
εo and total focusing area a. The focusing devices are
an addition to the classical helioscope experiment, and
were implemented for the first time in the third genera-
tion axion helioscope, the CAST experiment.

3. The CERN Axion Solar Telescope (CAST)

The CERN Axion Solar Telescope (CAST) presented
an important improvement in the sensitivity of the he-
lioscope technique, based on two major innovations; fo-
cusing optics and low background techniques for the de-
tectors. CAST is the first helioscope to use an x-ray tele-
scope, comprising of an x-ray focusing device coupled
to a Charged Coupled Device (CCD) camera, recycled

from the ABRIXAS and XMM-Newton space missions.
The addition of the telescope improved the signal-to-
noise ratio of the system and therefore the sensitivity of
the experiment. On the magnet front, CAST recycled a
decommissioned LHC prototype magnet, which reaches
9 T over a length of 10 m. The magnet has two bores
and has been equipped with up to four detectors; the x-
ray telescope mentioned above, and three Micromegas
detectors was the latest configuration. The total axion-
sensitive area achieved in this way is ∼ 30 cm2. The
whole system is sitting on a movable platform con-
trolled by a tracking system, pointing it to the centre
of the Sun during 1.5 h twice a day, at sunrise and at
sunset.

Since 2003, when CAST started operating, data have
been taken in different experimental conditions which
gradually extended the axion mass sensitivity of the ex-
periment: from keeping the magnet bores under vac-
uum (ma !0.02 eV) [14, 15] to gradually filling them
with 4He (ma !0.39 eV) [16] and later on with 3He.
The first part of the 3He data covered the mass range
up to ma ∼0.64 eV [17] and in 2011 masses up to
ma ∼1.17 eV were reached. A part of these data has
been analyzed and has shown no excess of signal over
background, leading to an upper bound of the axion-to-
photon constant of gaγ < 3.3 × 10−10 GeV−1 for the
mass range between 0.64 eV and 1.17 eV [18]. CAST
has provided the most stringent limits on the axion-to-
photon coupling constant over a large part of the axion
masses and has covered -for the first time- part of the
QCD-favoured band for masses above ∼0.15 eV, as can
be seen in Fig. 2.

Currently, CAST is revisiting the vacuum phase; this
time with the aim, on one hand to look at the low energy
part for evidence of other hypothetical particles such as
chameleons, which appear in Dark Energy models or
hidden photons [19], and on the other to exploit the

T. Dafni et al. / Nuclear and Particle Physics Proceedings 273–275 (2016) 244–249246

- macroscopic B-field can provide a coherent axion-photon (x-ray) conversion rate 
over a big volume 

Helioscopes
• The Sun is a potential source of a copious axion flux 
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Figure 1: Left: Schematic of an enhanced axion helioscope: solar axions travelling through an intense transverse magnetic field with an axion-
sensitive area A, are converted into x-rays. With the help of x-ray focusing devices, these are concentrated onto a spot on low background detectors
(figure from [2]). Right: The solar axion flux as expected at the Earth. A value of 1 × 10−10 GeV−1 for gaγ is assumed.

As Fig. 1(right) shows, the expected signal is in the
energy range of 1–10 keV. The operation of a helio-
scope consists in following the Sun as long as techni-
cally possible, in axion sensitive conditions, and taking
background data when there is no alignment with the
Sun. The sought-after signal would be the excess of
photons in the expected energy range that the x-ray de-
tectors will register when tracking the Sun, compared
to the background gathered during the rest of the time.
The number of excess photons expected depends on the
very weak gaγ coupling constant, which is a measure of
a helioscope’s sensitivity. According to the following
expression [13]

g4
aγ ∼ B2L2A εdb−1/2 εoa−1/2 ε1/2t t1/2, (1)

four are the main parameters to take into account when
designing a helioscope: a) time: the total time of data-
taking of the experiment t and εt, the fraction of time
the magnet tracks the Sun; b) magnet: the length L and
the strength B of the provided magnetic field as well as
the axion-sensitive area A; c) low-background x-ray de-
tectors: the background level b and their detection effi-
ciencies εd and d) x-ray focusing optics: their efficiency
εo and total focusing area a. The focusing devices are
an addition to the classical helioscope experiment, and
were implemented for the first time in the third genera-
tion axion helioscope, the CAST experiment.

3. The CERN Axion Solar Telescope (CAST)

The CERN Axion Solar Telescope (CAST) presented
an important improvement in the sensitivity of the he-
lioscope technique, based on two major innovations; fo-
cusing optics and low background techniques for the de-
tectors. CAST is the first helioscope to use an x-ray tele-
scope, comprising of an x-ray focusing device coupled
to a Charged Coupled Device (CCD) camera, recycled

from the ABRIXAS and XMM-Newton space missions.
The addition of the telescope improved the signal-to-
noise ratio of the system and therefore the sensitivity of
the experiment. On the magnet front, CAST recycled a
decommissioned LHC prototype magnet, which reaches
9 T over a length of 10 m. The magnet has two bores
and has been equipped with up to four detectors; the x-
ray telescope mentioned above, and three Micromegas
detectors was the latest configuration. The total axion-
sensitive area achieved in this way is ∼ 30 cm2. The
whole system is sitting on a movable platform con-
trolled by a tracking system, pointing it to the centre
of the Sun during 1.5 h twice a day, at sunrise and at
sunset.

Since 2003, when CAST started operating, data have
been taken in different experimental conditions which
gradually extended the axion mass sensitivity of the ex-
periment: from keeping the magnet bores under vac-
uum (ma !0.02 eV) [14, 15] to gradually filling them
with 4He (ma !0.39 eV) [16] and later on with 3He.
The first part of the 3He data covered the mass range
up to ma ∼0.64 eV [17] and in 2011 masses up to
ma ∼1.17 eV were reached. A part of these data has
been analyzed and has shown no excess of signal over
background, leading to an upper bound of the axion-to-
photon constant of gaγ < 3.3 × 10−10 GeV−1 for the
mass range between 0.64 eV and 1.17 eV [18]. CAST
has provided the most stringent limits on the axion-to-
photon coupling constant over a large part of the axion
masses and has covered -for the first time- part of the
QCD-favoured band for masses above ∼0.15 eV, as can
be seen in Fig. 2.

Currently, CAST is revisiting the vacuum phase; this
time with the aim, on one hand to look at the low energy
part for evidence of other hypothetical particles such as
chameleons, which appear in Dark Energy models or
hidden photons [19], and on the other to exploit the

T. Dafni et al. / Nuclear and Particle Physics Proceedings 273–275 (2016) 244–249246

Georg Raffelt, MPI Physics, Munich Off-the-Beaten-Track Dark Matter, ICTP, Trieste 13–17 April 2015

Experimental Tests of Invisible Axions

  Pierre Sikivie: 

Macroscopic B-field can provide a 
large coherent transition rate over 
a big volume (low-mass axions) 

• Axion helioscope: 
   Look at the Sun through a dipole magnet 

• Axion haloscope: 
   Look for dark-matter axions with 
   A microwave resonant cavity

- macroscopic transverse B-field over a large volume              
z triggers  axion to photon (x-ray) conversion 

⇒

 E. Nardi (INFN-LNF) - The window for preferred axion models            13/30  
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Serches typically rely on the axion-photon coupling, which can produce 
axion-photon conversion in a magnetic field (Primakoff effect):

Haloscopes

- power of axions converting into photons in an EM cavity 

6. Axion searches

where E and B are respectively the standard electric and magnetic field of the coupling
photons respectively, it is possible to detect the axion [307]. Indeed, axions passing
through an electromagnetic cavity, where a strong electromagnetic field with a frequency
related to the size of the cavity is produced, could resonantly convert into photons when
the cavity resonant frequency !a matches with the axion mass ma.

Relic axions from the Big Bang are gravitationally bound to the Milky Way with a
non relativistic velocity v and dispersion1

�v ' 10
�3. Consequently, the predicted axion

mean energy would be

E ' ma

✓
1 +

�v2

2

◆
, (6.2)

with energy dispersion �E =
1

2
ma �v2 ' 10

�6.
The power of axions converting into photons in an electromagnetic cavity is given by

Pa = Cg2

a��
V B2

0

⇢a

ma

Qe↵ , (6.3)

where C is a constant that depends on the transverse magnetic cavity modes, V is the
volume of the cavity, B0 is the magnetic field, and Qe↵ is an effective quality factor that
is smaller or equal than the cavity’s quality factor QL and the quality factor for the
axion signal Qa ' 1/�v2 ⇠ 10

6. Three physical parameters that are extremely important
are the axion-photon coupling ga��, the axion mass ma and the local axion density ⇢a.
Such an experiment would lead to measurements of the axion-photon coupling and its
mass, once the local axion DM density is fixed to its value [314, 315]. The resonant
condition requires that the frequency of the cavity must be equal to the axion mass
⌫ = ma(1 + �v2/2). Therefore, should the axion be discovered by such experiments, its
mass would be known with a precision comparable to the suppressed line width of the
resonance, �ma/ma ⇠ O(10

�6
).

The drawback of cavity microwave experiments is that the cavity frequency has to be
equal to the energy of the axion, which is essentially given by its mass. Since the axion
mass is not known and it may be in a wide range, these experiments require a slow scan
over large numbers of frequencies.

The first experiments of this kind were performed at the Brookhaven National Lab-
oratory [316, 317] and at the University of Florida [318], and excluded an axion mass in
the range [4.5, 16.3] µeV, without reaching the photon coupling characteristic of the QCD
axion. The best sensitivity is currently achieved by the Axion Dark Matter eXperiment
(ADMX) [319]. Currently, ADMX excludes the region between 1.9 and 3.65 µeV, for an
axion photon coupling larger than ⇠ 10

�15 GeV�1, on the edge of the KSVZ QCD axion
1We use natural units where c = /h = 1.

106

- resonance condition: need to tune the frequency of the EM cavity on the axion mass 

• Look for DM axions with a microwave resonant cavity
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Figure 14: Conceptual arrangement of an axion haloscope. If ma is within 1/Q of the resonant
frequency of the cavity, the axion will show as a narrow peak in the power spectrum extracted form the
cavity.

signal frequency bandwidth is even smaller. One usually defines a DM quality factor Qa ⇠ 1/�2

v
⇠ 106

to reflect the ALP DM signal width. The cavity must be tuneable and the data taking is performed by
subsequent measurements with the resonant frequency centred at slightly di↵erent values, scanning the
ALP DM mass in small overlapping steps. For QCD axions, the signal is typically much smaller than
noise,

Pn = Tsys�⌫ = Tsys

ma

2⇡Qa

(7.3)

= 3.3⇥ 10�21

✓
Tsys

K

◆✓
ma

µeV

◆✓
106

Qa

◆
(7.4)

where Tsys is the e↵ective noise temperature of the detector (typically amplifier + thermal fluctuations).
One hopes that measuring enough time, the signal becomes larger than noise fluctuations. The signal
to noise as a function of the measurement time in a frequency bin �⌫ is given by Dicke’s radiometer
equation

S

N
=

Ps

Tsys

r
�t

�⌫
, (7.5)

where Tsys is the e↵ective noise temperature of the detector (typically amplifier + thermal fluctuations).
Therefore, given a theoretical axion signal Ps, a time �t = (S/N)2(Tsys/Ps)2�⌫ is needed to achieve a
given detection significance specified by a signal to noise. In order to scan an ALP mass interval, dma

with measurements of width �⌫ = ma/Q, we need a number (Q/Qa)(dma/ma) of �t measurements,
and so the scanning rate is

dma

dt
=

Qa

Q

2⇡�⌫

�t
=

Qa

Q

✓
S

N

◆2 ✓Tsys

Ps

◆2

. (7.6)
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QUAX: high-frequency magnetometer
axion-electron coupling

Techniques:
Shine through wall
(ALPS, OSQAR)

Helioscopes
(CAST, IAXO)

Haloscopes
(ADMX)

Magnetic resonance
(CASPEr)

Ringwald, arXiv:1506.04259 

classical axion
window

mixed axion-DM
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transparency 
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white dwarf
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LAboratory searches



WIMPs at accelerators

Effective 
Field Theories

Simplified 
Models

Complete 
Theories



Effetive Field Theory

� Sistematic study of the Effective Field Theory approach
� Mono-X + missing ET   where X = photon, Z, higgs, top, …

q̄

q

DM

DM DM type: S, F, V (…)

g(DM,q)    mDM

coupling structure(s, v, t)

∧: EFT scale and validity

signature

/ET



Set of operators
Name Operator Coefficient

D1 χ̄χq̄q mq/M3
∗

D2 χ̄γ5χq̄q imq/M3
∗

D3 χ̄χq̄γ5q imq/M3
∗

D4 χ̄γ5χq̄γ5q mq/M3
∗

D5 χ̄γµχq̄γµq 1/M2
∗

D6 χ̄γµγ5χq̄γµq 1/M2
∗

D7 χ̄γµχq̄γµγ5q 1/M2
∗

D8 χ̄γµγ5χq̄γµγ5q 1/M2
∗

D9 χ̄σµνχq̄σµνq 1/M2
∗

D10 χ̄σµνγ5χq̄σαβq i/M2
∗

D11 χ̄χGµνGµν αs/4M3
∗

D12 χ̄γ5χGµνGµν iαs/4M3
∗

D13 χ̄χGµνG̃µν iαs/4M3
∗

D14 χ̄γ5χGµνG̃µν αs/4M3
∗

Name Operator Coefficient

C1 χ†χq̄q mq/M2
∗

C2 χ†χq̄γ5q imq/M2
∗

C3 χ†∂µχq̄γµq 1/M2
∗

C4 χ†∂µχq̄γµγ5q 1/M2
∗

C5 χ†χGµνGµν αs/4M2
∗

C6 χ†χGµνG̃µν iαs/4M2
∗

R1 χ2q̄q mq/2M2
∗

R2 χ2q̄γ5q imq/2M2
∗

R3 χ2GµνGµν αs/8M2
∗

R4 χ2GµνG̃µν iαs/8M2
∗

TABLE I: Operators coupling WIMPs to SM particles. The operator names beginning with D, C,

R apply to WIMPS that are Dirac fermions, complex scalars or real scalars respectively.

III. COLLIDER CONSTRAINTS

A. Overview

We can constrain M∗ for each operator in the table above by considering the pair pro-

duction of WIMPs at a hadron collider:

pp̄ (pp) → χχ+X. (2)

Since the WIMPs escape undetected, this leads to events with missing transverse energy,

recoiling against additional hadronic radiation present in the reaction.

The most significant Standard Model backgrounds to this process are events where a Z

boson decays into neutrinos, together with the associated production of jets. This back-

ground is irreducible. There are also backgrounds from events where a particle is either

missed or has a mismeasured energy. The most important of these comes from events pro-

7

D: Dirac fermions
C: Complex scalars
R: Real scalars



Simplified models
� EFT Simplified Models                     UV 

Complete

q̄

q

DM

DM

q̄

q

DM

DM

signature

/ET

signature

/ET

EFT Simplified Models

mediator
(portal)

g(DM,med)    mDM

g(med, q) Γmed mmed channel

DM type: S, F, V (…)

Portal: S, F, V, T



Complete models: e.g. SUSY

mSUGRA 4 parameters High-energy related Very constrained
Non-Universal 
SUGRA

4+2, 4+5, 4+N 
parameters 

High-energy related Somehow less 
contrained

MSSM 115 parameters Low energy Maximal freedom

pMSSM 20 parameters Low energy Very free

(...) (...) (...) (...)

To have DM:
Neutralino or sneutrino need to be the LSP
R-parity needed to ensure the LSP is stable
LSP relic abundance need to match (or be smaller) than observed value 



Complete models: e.g. SUSY



Complete models: e.g. SUSY



Complete models: e.g. SUSY



Non-WIMPs at accelerators
� Light DM at the MeV-GeV scale:

– Dirac or Majorana fermions
– Scalars o pseudoscalars
– Asymmetric LDM
– Dark photons

� Mediators:
– Vector portal
– Higgs portal
– Neutrino portal
– Axion portal

� Search of visible decays (e+e-) and invisible decays

� Rich experimental program:
– Hadronic beams
– Electron beams
– Meson decays



Electron beams
� LNF: PADME + BDX (Beam Dump eXperiment)

– Linac at 1-1.2 GeV, up to  1020 EOT/year

� JLab: BDX (HPS, APEX, DarkLight)
– Beam: 12 GeV, 1022 EOT/year

� MAINZ (MESA): BDX
– Beam: 150 MeV, 1022 EOT/year

� Cornell: PADME-like
– Beam: 5 GeV

� Belle:
– Trigger mono-jet to search for “heavy photons”


