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DO WE SEE EVERYTHING THERE IS?

3

…BUT SHOULD WE REALLY EXPECT TO?

15

Figure 1.1: Content of the Universe today (left) and, for comparison, at the time of photon decoupling
(right). The di!erent components evolve di!erently in cosmology, see appendix C.

This trivially translates into !DM = 0.264 ± 0.003, i.e., DM constitutes about 26.4% of the total matter-
energy content of the current Universe. Since the density of normal baryonic matter is measured to be
!bh

2 = 0.02237 ± 0.00015, or 4.9%, DM constitutes about 84% of the total matter content (figure 1.1).
Also, the current average DM density in the Universe is ωDM → 1.26 keV/ cm3.3

Next, let us summarize what the astrophysical and cosmological observations imply for the general
properties of Dark Matter (in chapter 3 we will elaborate further for the specific cases, where DM is
assumed to be made either of particles, fields or macroscopic bodies). The data can be reproduced
assuming that DM is a kind of cold, non-interacting, stable matter, with adiabatic inhomogeneities.

↑ Matter stresses the fact that DM behaves as matter in the cosmological evolution, i.e., its density
decreases as the inverse of the volume. In technical terms, its equation of state parameter is w = 0
(see section 1.3 and appendix C.2). This is in contrast to Dark Energy, whose density, as far as we
know, does not dilute in an appreciable way when the Universe expands.

↑ Cold means that DM behaves as a non-relativistic fluid at the crucial time of matter-radiation
equality (MReq), when structure formation begins, and henceforth during all the subsequent pe-
riods of galaxy formation. The DM corpuscules move ‘slowly’ and therefore attract each other
and cluster. If they moved ‘fast’, the clustering would not be e!ective and structures would not
form and grow. The process of clustering does re-heat the DM fluid, since its constituents gain
kinetic energy after collapsing into bound structures. However, this is not enough to make DM
relativistic and invalidate the general coldness of DM, except perhaps in extreme environments,
such as around compact bodies (see section 6.10.4). These points will be made more quantitative
in section 1.3.1 and chapter 3.

3This is not to be confused with the estimated DM density at the location of the Sun in the Milky Way, see
section 2.2.2. We also note in passing that some studies found the average value for DM density in the local
Universe (i.e, averaged over the volume within about 10 Mpc) to be 2 to 3 times lower than in eq. (1.1) [6]. This
can be explained, if by chance the Milky Way is located in an under-dense fluctuation, i.e., in a local ‘void’ bubble.



HISTORY & EVIDENCE
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FIG. 5. The rotation curves of the 25 galaxies published by Albert Bosma in 1978 [60].

for ten high-luminosity spiral galaxies and found that they were flat out to the outermost

measured radius [268]. This work has become one of the most well-known and widely cited

in the literature, despite the fact that the optical measurements did not extend to radii as

large as those probed by radio observations, thus leaving open the possibility that galaxies

may not have dark matter halos, as pointed out, for example, by Agris J. Kalnajs in 1983

(see the discussion at the end of Ref. [150]) and by Stephen Kent in 1986 [175]. Rubin, Ford

and Thonnard themselves acknowledged the credit that was due to the preceding analyses:

Roberts and his collaborators deserve credit for first calling attention to flat

rotation curves. [...] These results take on added importance in conjunction with

the suggestion of Einasto, Kaasik, and Saar (1974) and Ostriker, Peebles and

Yahil (1974) that galaxies contain massive halos extending to large r.

Suggested read: Bertone & Hooper ’16

Idea that there is some „dark matter” in the 
Universe has a very long history

But for the most part the „dark” has been 
understood as a mere adjective… 

A. Bosma ’78
What made it to the transition 

to a proper noun?

Indeed, even the historical milestone of 
establishing that the rotation curves of 

galaxies are close to flat at large 
distances, did not cement the idea that 

there is a „new kind of matter”

18 Chapter 1. Why? Evidence for Dark Matter

Andromeda M31

Figure 1.2: Rotation curves of spiral galaxies [7]. Top left: the original rotation curve of An-
dromeda by Rubin and Ford (1970). Top right: a recent rotation curve for the Milky Way adapted from
Y. Jiao et al. (2023) [7], that shows a hint of Keplerian decline. Center left: a compilation of about
50 galaxies, from Sofue et al. (1999). Center right: the SPARC compilation of 175 galaxies, from Lelli
et al. (2016), color coded according to surface brightness (red is denser, blue is fainter). Bottom left:
a denser galaxy, dominated in its center by baryons, mostly in stars. Bottom right: a fainter galaxy,
dominated by a dark component, with most baryons as gas. The latter two plots show the total rotation
velocity (black), the contributions from stars in the disk (dotted magenta), in the bulge (dot-dashed red),
from gas (dashed blue), and inferred DM (grey) from eq. (2.1).
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Sofue+ ’99

Rubin+ ’70
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Rotation curves are commonly seen as the 
most direct evidence of the existence of DM

… but this frames DM as an astrophysical „issue” 
(cf. phrase like „missing mass problem”)

From HEP or cosmology perspective the most important pieces of evidence:

CMB anisotropies
BBN 

(indep. measure 
of baryons)

Matter power 
spectrum
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And then there is also of course:

The Bullet Cluster
(and 72 similar systems  evidence)→ 7σ

mass 
distribution 
from lensing

hot gas from X-ray observations

Harvey+ ’15



There is plenty of evidence on astrophysical and 
cosmological length scales that DM exists…

… but no direct evidence that it is a particle DM

Qualitatively 
convergent 

picture!
)

PARTICLE DARK MATTER
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Rotation curves (spiral galaxies & dSphs)

Galaxy-galaxy lensing

Velocity dispersions & X-ray observations in galaxy clusters

Colliding galaxy clusters

Cosmic shear & CMB lensing

LSS formation

CMB acustic peaks

Small scales

Large scales



I: 
PARTICLE PHYSICS PERSPECTIVE



IF WE KNEW NOTHING ABOUT 
PARTICLE PHYSICS & COSMOLOGY?
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Normal matter: ρ ∝ M/R3 ∝ mp/(αme)−3 ∝ mpm3
e

69

Figure 3.1: Catalogue of the Universe in the plane (mass, radius) = (M, R). Normal matter forms
objects around the blue dashed line, i.e. with density ω → M/R

3 → ε
3
mpm

3
e. Nuclear matter forms objects

around the red dot-dashed line, with density ω → m
4
p, going from hadrons and nuclei to neutron stars,

close to the black hole limit. DM is believed to be relevant for understanding the largest structures of the
Universe, located around the black dotted line on the top right corner of the (M, R) plane. They have
constant surface gravity GM/R

2 → H0 and thereby non-constant density ω ↑ 1/R. As discussed in this
section, DM as an (elementary or composite) corpuscle cannot reside in the hatched region, because it
would be larger (top bound) or heavier (right-hand side bound) than a small galaxy.

If DM is a particle with mass M , it will be located somewhere around the quantum mechanics
boundary, possibly up to MPl which, as said above, is the limit for a particle. Empirically, the DM
particle have to be heavier than 10→21 eV ↓ 10→49

MPl. This lower limit is determined by the request
that the De Broglie wavelength R = 2ϑ/Mv of a DM particle fits within the small gravitationally
bound dwarf galaxies (which typically have kpc size, velocity v → 10 km/s, mass → 5 ↔ 105

M↑ where
M↑ = 1.9984 ↔ 1030 kg is the solar mass) [82].

DM can be heavier than the Planck mass, if it takes the form of a composite object, possibly up to
the gravitational boundary at which point black holes are the fundamental objects. In such a case, an
upper bound is provided by the fact that the DM mass must be somewhat smaller than the mass of a
typical small dwarf galaxy: since these have masses of the order of few 105

M↑ (see section 2.2.3), one can
conservatively impose M ↭ 104

M↑, to make sure that a su!cient number of DM ‘particles’ inhabit the
dwarfs. It is worth emphasizing that the above absolute lower and upper limits of allowable DM mass M

arise from rather robust and model-independent considerations since they use just the basic properties
of dwarf galaxies, the smallest astrophysical structures known to host Dark Matter.

The ‘in-principle-viable’ range of DM masses therefore spans more than 90 orders of magnitude3

10→21 eV < M < 1037 kg. (3.1)

this extrapolation is, however, over many orders of magnitude. See [79] for further discussion.
3One can similarly discuss the possible range for the strength of the interaction between DM and ordinary

matter, which spans about 20 orders of magnitude from the minimal gravitational interaction g → M/MPl up to
strong-interaction-like couplings g → 4ϑ. See Buckley and Peter [1] for the graphical representation of this range.

Nuclear matter: ρ ∝ M/R3 ∝ mp/(αsmp)−3 ∝ m4
p Dark matter:  MeV ??1 − 100

Cirelli, Strumia, Zupan 2406.01705

Both cases: expectation of a particle with mass ∝ ρ1/4
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Figure 1: Left: discovery year of particles. Right: typical behaviour of scientific progress. The field of
DM research is nowadays ahead of its ‘eureka’ (discovery) moment: a vast scientific literature discusses
the many open possibilities, on the basis of relatively few solid results. After that moment, hypotheses will
drastically shrink and more measurements will flow.

‘WIMP’ (Weakly Interacting Massive Particle), which in turn was used interchangeably with ‘DM
particle’, and hence simply ‘DM’. As we will discuss at length in the review, and as is obvious
to those working in the field, these are drastic and narrow simplifications. They were somewhat
justified by the theoretical prejudices that dominated the field of particle physics up to about
a decade ago, but they are no longer justified nowadays. The rethinking of those theoretical
assumptions was triggered by the fact that the very theoretical basis of the neutralinos — super-
symmetry — did not show up at colliders, where experimental searches made significant progress
after the start of the Large Hadron Collider, with no positive evidence so far. Furthermore, the
WIMP hypothesis itself is under close scrutiny, and has had the viable parameter space reduced
significantly over the past two decades. Even the once common implicit assumption that the DM
is a new elementary particle is now being reconsidered.

The lack of experimental evidence for non-gravitational interactions of DM may suggest that
Dark Matter is something beyond our current theoretical paradigms and the community is ex-
ploring possibilities which received less attention so far.

At this point in time it thus seems useful to review the status of DM research, from a broader
point of view. This does not mean dismissing the ‘traditional’ research directions but rather
adding new ones. The challenge one faces in doing so is that the field is fragmenting, making it
di!cult to decide to which topics or aspects one should give more weight in such an endeavour.
The current situation in physics of DM might be similar to the point in time when ancient
philosophers were discussing the nature of ordinary matter: the vague idea of atoms was proposed
together with other possibilities, good ideas accumulated until the discussions stalled, waiting for
the ‘eureka’ moment, after which a coherent picture emerged and sensible results accumulated.
Table 1 summarizes the current status, and fig. 1 shows the typical learning curve of science.

Fig. 2 shows the map of recent literature: Dark Matter is at the interface between high-energy
experiment, high energy phenomenology, astrophysics, and cosmology, where no paper about DM
emerges as the one completely dominating the citation counts. Writing a review about DM in this

Many more particles than needed!!!

Who ordered all of that?
I. Rabi ’36



„NEW PHYSICS”
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• Neutrino masses & oscillation anomalies
• Hierarchy problems: Higgs mass, strong CP & cosmological constant
• Unification & parameter hierarchies
• Proton decay & neutron lifetime puzzle

•

• …
• Baryogenesis (matter-antimatter asymmetry)

• Dark matter
• Dark energy
• Inflation
• …
• Quantization of gravity (or „gravitising” QM) 

gμ − 2

Some of the open problems of the Standard Model:
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We know that the Standard Model (of particle physics) in not complete

[its extension could in principle be rather minimal… but it is far more likely 
that there are (many?) new particles we do not know yet]

it is quite possible that some of them are a dark matter, 
as long as they are stable

if so, it is natural to expect that actually constitute the dark matter

particle DM in not an anomaly
it is a (generic) prediction 
(at least on a qualitative level)

)

(HIGH ENERGY PHYSICS PERSPECTIVE)



II: 
STABILITY
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17(+1) (apparently) 
elementary particles

Energy-momentum 
+ angular mom.

Energy-momentum 
+ EM charge

Energy-momentum 
+ EM charge + 
baryon number Energy-momentum 

(„Forever is our today”) 6(+1) stable

or „Who wants to live forever?”

All due to combination 
of conservation laws!

Space-time + gauge symmetry

Space-time + global symmetry

⇒ stable

⇒ meta-stable

„Who waits 
forever anyway?”

„This world has only one sweet moment
Set aside for us”

5.01.2025, 13:07Neutron Stability in Atomic Nuclei – Of Particular Significance

Strona 6 z 87https://profmattstrassler.com/articles-and-posts/particle-physics-ba…nergy-that-holds-things-together/neutron-stability-in-atomic-nuclei/

(http://profmattstrassler.com/wp-
content/uploads/2012/05/nvspenumass.png)
Fig. 3: A neutron’s mass-energy is slightly larger than the
sum of the mass-energies of a proton (red), an electron
(blue) and an anti-neutrino (black, but extremely tiny);
conservation of energy requires that this excess
0.000782 GeV of energy go somewhere, and it can go
into motion-energy (yellow) of the proton, electron and
anti-neutrino.

So the total mass-energy is

(0.938272… + 0.000511… + 0.000000…) GeV = 0.938783…
GeV

which is less than the neutron’s mass-energy that we started
with, by 0.000782… GeV. So we haven’t seen yet how energy is
conserved; the mass-energy of the neutron is not entirely
converted into mass-energy of the proton, electron and
neutrino.  The excess energy is indicated in yellow in Figure 3.

We

can make up the difference, however, with motion-energy.
Motion-energy is always positive. As long as we distribute the
excess 0.000782 GeV among the motions of the three particles
in a way that preserves momentum conservation (which we can,

Proton 
& 

Neutron

Atoms:

Nuclei: 
~3000 known 

out of which <300 stable 
(146 stable theoretically)

Stability of constituents 
+ binding energy

Bit of an accident… due to 
values of SM parameters

(*gravity tends to 
break global ones…)
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It is not hard to write a theory with stable or meta-stable states… 
but hard to do it in a natural way (but then also visible matter is arguably not stable naturally…)

stab
le

meta-stable

Not enough to have 
„weak” couplings or 

„small” mass differences, 
e.g. neutron lifetime is 

only ~15 min, even though 
, while for 

Higgs mixing couplings 
 are needed…

Δm /mn ∼ 10−3

≲ 10−10

but possible, e.g. sterile 
neutrinos, gravitinos… or 

PBHs

Typically by some 
additional symmetry:

1.  Ad hoc: e.g. etc.  
or global  

ℤ2, ℤ3,
U(1)

2.  Theoretically motivated, e.g. 
parity in supersymmetry,

 or  
R−

U(1)B−L

3.  Accidentally, e.g. 
„dark baryon number” 
or fermionic 5-plet of SU(2)L



III: 
MODEL BUILDING
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Only one measured number — abundance:    Ω = 0.264 ± 0.003

70 Chapter 3. What? Main paradigms regarding the nature of Dark Matter
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Figure 3.2: Possible range for the DM mass, and some notable candidates. The edges of the shaded
areas correspond to the lower and upper bounds in eq. (3.1).

This huge range can be conceptually split in three main qualitatively di!erent regions, illustrated in
fig. 3.2: fields, particles and macroscopic objects. Fundamentally, particles and waves (fields) are the
same objects, since Quantum Field Theory unifies them in a common description. From a practical point
of view, however, descriptions using particles or waves are di!erent enough to be useful in di!erent regimes
(see section 3.4). As a rule of thumb, Dark Matter behaves as a classical field if M → eV, and as a particle
if heavier than the inverse Bohr radius M ↑ ωme ↓ keV. Dark Matter with de Broglie wavelength much
smaller than atoms interacts with atoms individually, as a particle. In the opposite limite DM undergoes
collective interactions with ordinary materials. The particle/wave transition similarly occurs in galaxies,
where the observed DM density can be reproduced by particles lighter than about an eV only if many
quanta occupy the same phase space volume, as we discuss shortly below. In this case DM can be
described by a classical field. This is in complete analogy with electro-magnetism, where in the limit of
many photons these are more simply described by classical electric and magnetic fields. Similarly, DM
could be a massive boson that, in dense environments, is more simply described through a classical field.

In other words, from the outset we do not know whether DM physics belongs to astrophysics, particle
physics or classical field theory. The three possibilities are described in more details in the following
sections:

1. Section 3.1 and section 3.2 discuss DM as composite objects heavier than the Planck scale. Pri-
mordial black holes are one possible candidate.

2. Section 3.3 discusses DM as a new particle with mass M . In this case a plausible argument (see
section 4.1) favors M ↓ TeV — the mass range currently explored by colliders and many other
experiments — but the possible candidate masses span many orders of magnitude below and above
TeV.

3. Section 3.4 discusses DM as waves of ultra-light bosons, a possibility that is now also very actively
investigated.

3.1 DM as very massive macroscopic objects
DM could be made of Massive Astrophysical Compact Halo Objects (MACHOs4), i.e., ordinary astro-
physical objects of macroscopic mass M , such as large planets, small dead stars or stray black holes [83].
These objects do not emit light and therefore fulfill the definition of dark matter. The MACHOs that
are composed of baryonic matter and were created in the late Universe, like all the other astrophysical
objects (the most natural expectation), require a large baryonic abundance, which contradicts the bounds

4The name was coined in the early ’90s (see K. Griest (1991) in [83]), in witty opposition to WIMPs, cf. section
9.3.3.

Observational requirements:

The result:

- Dark: not seen & dissipation-less
- Matter: source of grav. potential & behaves as matter in cosmological evolution
- Cold: non-relativistic at matter-radiation equality
- Stable or (at least) meta-stable
- Adiabatic: has the same primordial inhomogeneity as other components
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5. Prototypical theories. Theories that employ ingredients that tend to appear, at least in some
limit, in more complex theories. For example DM as a supersymmetric wino can behave as any
other fermionic electroweak triplet with zero hypercharge.

6. Theories that predict novel signals, or at least lead to very distinct signals.

Fig. 9.1 shows a map of some DM theories that score high on one or more of the above criteria, many of
which we, at least briefly, review below.
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Figure 9.1: A map showcasing some of the main tentative DM theories.

DARK MATTER LANDSCAPE
Theoretical 

„requirements”:

- Embedded in a larger 
framework

- Motivated by other 
unsolved issues

- Predictive

- Minimal
- Simple/elegant
- Testable (preferably soon)

Theoretical 
wishlist:
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INTERACTIONS WITH THE SM
Gauge

None 
(i.e. only gravitational)

Portal

Non-renormalizable

 - milichargedU(1)

 - minimal DM/SUSYSU(2)L

SU(3)c (!?)

Interactions mediated by 
an additional particle;
plethora of models 

(often simplified models)

e.g. axions, gravitinos, 
simplest sterile ν

Nightmare 
(though possible) 

scenario



Now, after the Higgs was found - The Hierarchy Problem

but then we knew sth is there: vide so-called 
unitarization of the WW scattering cross section

26 CHAPTER 2. THE MINIMAL SUPERSYMMETRIC STANDARD MODEL

h h⌥ h

W±

h h h

Z

h h h h

h

f

f̄

Figure 2.1: The diagrams giving the dominant one-loop corrections to the Higgs boson h mass.

of the SM, the Higgs boson h gets a one-loop correction of the form:

�m2
h

3⇤2

8⇡2v2
4m2

t
2m2

W
m2

Z
m2

h
O log

⇤

v
, (2.4)

where the contributions of other quarks than a t were neglected, due to the smallness of
their Yukawa couplings (or equivalently masses). Diagrams giving this type of corrections
are given on Fig.2.1. This quadratic corrections tend to push the mass of the Higgs boson
to the highest scale of the theory. On the other hand electroweak precision data favour
mh to be at the EW scale [75]. Therefore, in order to satisfy this constraints an important
cancellation between positive and negative contributions to (2.4) is needed.

This is a viable solution, but leads to the famous naturalness issue, the so-called hier-
archy problem: why does the EW scale is so small compared to the cut-o↵ one (typically
considered to be the GUT2 or Planck scale)? Or, more technically, why the parameters
of the model need to be so precisely fine-tuned, so that this cancellation occurs? Al-
though this might be just a coincidence, a more ”natural” reason would be that there
exists some sort of mechanism that eliminates or strongly suppresses these quadratic cor-
rections. Such a mechanism can be provided by a symmetry. For example, in the SM
fermions and gauge bosons do not get these kind of contributions, due to chiral and gauge
symmetry, respectively. This symmetry might be supersymmetry, which we will discuss
in Sec.2.2.

Another neutralness issue present in the Standard Model is the Strong-CP problem
already discussed Sec.1.2.2. Also there a large fine-tuning is necessary, unless some mech-
anism for driving the ✓̄ to zero is present.

In principle, the naturalness issues are not ”true problems” of the theory. They do
not pose any logical di�culties, nor disagreement with experiment. However, they are a
bit disturbing and may serve as hints for the new physics.

2Grand Unified Theories (GUTs) aim to unify the fundamental interactions by embedding GSM into
a higher dimensional group. This happens typically at roughly 1016 GeV.

July 2012 - the Higgs boson since then:

or in other words: why is the Higgs boson so light?

EW
 part

H
iggs

NEW PHYSICS 
(IS ALWAYS) AROUND THE CORNER



What people think about SUSY :

great simplification of the theory
Coleman-Mandula theorem
elegant solution to Hierarchy Problem
needed by String Theory
coupling unification
DM candidate for free

34 CHAPTER 2. THE MINIMAL SUPERSYMMETRIC STANDARD MODEL

simplest form it is not invariant under super gauge transformations. To correct this one
follows the minimal coupling procedure: promotes the original derivatives to covariant
ones

µ Dµ µ i gAa

µ
T a , (2.30)

and modifies

�̄� �̄ e2gV� . (2.31)

Thus this part of the Lagrangian in the component notation reads:

L D

i

Dµ�iD
µ�

i
i  ̄i�̄

µDµ i 2g  ̄i�̄ i  
i
� i g�

i
T aDa i F

i
Fi .

(2.32)
Note, that by including covariant derivatives we automatically add also SUSY-gauge
interaction terms.

To construct kinetic terms for the gauge bosons and gauginos one defines another
chiral superfield built from the original vector one V , by:

W↵

1

4
D̄D̄ e 2gVD↵e

2gV . (2.33)

Since it is a chiral superfield, d2✓ Tr W↵W↵ will be SUSY (and clearly also gauge)
invariant. Therefore, with proper normalization the missing part we need to add is:

Lkin
1

16g2
d2✓Tr W↵W

↵ . (2.34)

Again translating it into component notation we see that it indeed contains kinetic terms
for both gauge bosons and gauginos and couplings between them:

Lkin
1

4
F a

µ⌫
F µ⌫ a i �̄a�̄µ Dµ�

a
1

2
DaDa . (2.35)

In conclusion, the full Lagrangian is:

LSUSY d2✓W �i

1

16g2
d2✓Tr W↵W

↵ d2✓d2✓̄�̄ e2gV� h.c. (2.36)

For completeness, note that for an Abelian vector superfields one can also include another
contribution, called the Fayet-Iliopoulos term [91] of the form:

LFD d4✓⇠V ⇠D x , (2.37)

where ⇠ is just a constant. This a↵ects only the potential shifting the D-term contribution
by a coe�cient ⇠. This term is however not present in the MSSM and thus we will not
consider it in more detail.
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Finally, adding new fields changes also the coupling running, as discussed previously.
In particular, it can be shown that the minimal supersymmetric extension of the SM, the
MSSM, can lead to a much better unification than in the SM itself, see e.g. [87]. From
that point of view GUTs seem to favour SUSY over non-supersymmetric theories.

All of the above constitutes a strong motivation for studying supersymmetric exten-
sions of the SM. Below we will introduce shortly the formalism (and notation) used in the
construction of the MSSM, discussed in more detail in Sec.2.3.

The Supersymmetry algebra

The SUSY algebra is given by the following (anti-)commutation relations [88]:

Q↵, Q� Q̄↵, Q̄�
0 ,

Q↵, Q̄�
2 �µ

↵�
Pµ ,

Q↵, Pµ Q̄↵, Pµ 0 ,

Q↵,Mµ⌫

1

2
�µ⌫ ↵

�Q� ,

Q̄↵,Mµ⌫

1

2
�̄µ⌫ ↵

�Q̄
�
.

(2.8)

The generators Q↵ and its conjugate Q̄↵ are fermionic operators and Weyl spinors be-
longing to the 1 2, 0 and 0, 1 2 representations of the Lorentz group, i.e. left- and
right-handed, respectively. Matrices �µ⌫

1
4 �µ�̄⌫ �⌫ �̄µ are the generators of the spe-

cial linear group SL 2,C . Finally, P µ are the generators for space-time translations and
Mµ⌫ for Lorentz transformations.

Essentially all the properties of SUSY follow from (2.8). The one which is most striking
is that a particle X and its superpartner X̃ must have the same mass:

m2
X
X P 2 X P 2 Q X̃ Q P 2 X̃ Qm2

X̃
X̃ m2

X̃
X , (2.9)

where in the third equality we have used the fact that the SUSY generators commute
with the momentum operator P , see Eq. (2.8). This is of course completely ruled out be
observations, since no sparticles have been observed so far. This leads to a conclusion,
that if SUSY is there, in inevitably has to be broken (at least at the scale of currently
accessible energies). Luckily however, this does not spoil its nice features. Although one
might be worried that this brings back again the hierarchy problem, it can be shown that
it is not necessarily the case. Indeed, even when SUSY is (softly) broken the hierarchy
problem is resolved, as long as the scale of the SUSY breaking is not much larger than
TeV [89]. It follows that some fine-tunning is still needed, but considerably less than in
the original SM.

Superspace and superfields

Having introduced the concept of supersymmetry, now we will turn to its specific re-
alizations in the context of extensions of the SM. An e�cient and very elegant way to

What SUSY really is:

SUSY features: SUSY bugs: 
hasn’t been found yet…

(however this bug might 
turn out to be a feature…)

SUPERSYMMETRY 
(STILL) BEST MOTIVATED FRAMEWORK BEYOND SM
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INTERACTIONS WITH THE SM
Gauge

None 
(i.e. only gravitational)

Portal

Non-renormalizable

 - milichargedU(1)

 - minimal DM/SUSYSU(2)L

SU(3)c (!?)

Interactions mediated by 
an additional particle;
plethora of models 

(often simplified models)

e.g. axions, gravitinos, 
simplest sterile ν

Nightmare 
(though possible) 

scenario
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PORTALS

Higgs

Vector

Neutrino

ϵF′￼μνF
μν
Yvisible sector dark sector

*portal mediator can also be non-reonoramlizable or composite (for more complex dark sector)

μΦH†H λ |Φ |2 H†Hor

mediator DM/mediator

DM/mediator

λΦνRνR yΦχ̄νRor and  has mass 
mixing with SM ’s

νR
ν

DM DM



IV: 
DETECTION
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WIMP DETECTION 



”The great tragedy of science - the slaying of 
a beautiful hypothesis by an ugly fact”

Aldous Huxley

On both Direct Detection and LHC front no* signal of DM particle…
*convincing

CURRENT LIMITS 
AND DECLINE OF THE WIMP PARADIGM

26
…BUT this does not mean that much!
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FIG. 9: Bounds on the generic thermal WIMP window, as-
suming WIMP DM is 100% of the DM. Shown is the con-
servative bound calculated in this work from data (Visibles),
and the unitarity bound [48]. The remaining WIMP window
is the orange line, and the white space is unprobed. Thermal
relic cross section is the dashed line [4].

lower than the mass of their progenitor particle; other-
wise the portion of DM energy split into each mediator’s
final states will be unequal [118, 119], introducing extra
model dependence to the calculation.

Note that 2 ! 3 bremsstrahlung processes can be
the dominant DM annihilation mode in the scenario
the 2 ! 2 annihilation mode is suppressed [120–135].
Bremsstrahlung can lift helicity suppression for direct
annihilation for Majorana DM to neutrinos, but the an-
nihilation rate is generally still not su�ciently large to
produce a thermal relic cross section.

3. Invisibles and Sub-Dominant Density

When the limit on the total cross section is below
the thermal-relic prediction, the WIMP is nominally ex-
cluded. There are two other possible interpretations.

First, the fraction below the limit can be interpreted as
the fraction required to proceed to invisible final states.

Second, the strength of the limit below the relic line
can also be used to set a bound on sub-dominant WIMP
content. For standard indirect detection analyses for
WIMP DM, the annihilation cross section and the den-
sity are often considered as independent, and are related
to the astrophysical flux F as

F =
h�vi

8⇡m2
�

Z
⇢
2

�d`, (14)

where ⇢� is the DM density, and ` is the line of sight.

FIG. 10: Bounds on the generic thermal WIMP window, as-
suming sub-dominant WIMP content. Shown is the conserva-
tive bound calculated in this work from data (Visibles), and
the unitarity bound [48]. Thermal relic cross section is the
dashed line [4].

The upper limit is obtained from upper limits on F , i.e.,

h�vi < h�vlimiti ⌘ F
8⇡m2

�R
⇢2�d`

. (15)

For sub-dominant WIMP DM, if the WIMP density is
completely determined by the annihilation cross section,
they are no longer independent, as

⇢WIMPh�vWIMPi = ⇢�h�v�i, (16)

where h�v�i ⇠ 3⇥ 10�26 cm3
/s is the thermal relic cross

section. The annihilation flux from the sub-dominant
WIMP is then

F =
h�vWIMPi

8⇡m2
�

Z
⇢
2

WIMP
d`

=
h�vWIMPi

8⇡m2
�

Z ✓
�v�⇢�

h�vWIMPi

◆2

d` (17)

=
h�v�i

2

h�vWIMPi

1

8⇡m2
�

Z
⇢
2

�d`.

Therefore, an upper limit on the flux implies

h�v�i
2

h�vWIMPi
< h�vlimiti, (18)

which provides a lower limit on the sub-dominant WIMP
cross section,

h�vWIMPi >
h�v�i

2

h�vlimiti
. (19)

R. Leane et al; 1805.10305

Most of the (strongest) limits are 
based on assumptions motivated by 
theoretical prejudice (or convenience)

this can lead to a very 
broad-brush conclusions

excluded by 
observations

predicted probabilities 
can be >1

too much dark 
matterall fine!

… BUT IN FACT WIMP 
NOT EVEN SLIGHTLY DEAD

27



BELIEFS OF XX CENT.
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DARK MATTER CRISIS?

BELIEFS OF XXI CENT.

„DM is nearly certainly WIMPs 
(or perhaps axions or sterile ’s)”ν

„SUSY is just around the corner”

)       Studying BSM models 
and their phenomenology in 
direct & indirect detection 

makes a lot of sense

Realisation that we actually 
have no idea what DM is 

starts to sink in

Options:

New detection 
ideas

Double down 
and propose/

study new 
models

Make an effort 
to improve our 
understanding 

of relevant 
processes

Perso
nal t

ake
!
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(a) (b)

Figure 3: (a) Dark turquoise circles show the 95% C.L. fit to Fermi-LAT 15 yr 46 dSphs mock
BP1 data in the (m�, �v) plane (the benchmark point is shown in black). Brown triangles show the
fit to the corresponding XENON-1T data with 730 ton days exposure. The 95% C.L. combination
of the two experiments in the (m�, �v) plane is shown with red squares. (b) The breakdown of
the branching ratios to a particular annihilation final state versus the WIMP mass for the points of
the 95% C.L. fit to Fermi-LAT data considered in (a). Light brown squares show the bb̄ branching
ratio, dark green triangles the one to ⌧+⌧�, deep-sky blue diamonds the one to W+W�, and blue
upside-down triangles the one to hh.

Table 1, as the confidence regions look like in Fig. 2(b) despite the points being further up the
reconstructed band.

We remind the reader here that, because of the near absence of background, the reconstruction
quality is strongly affected by the Poisson uncertainties so that increasing exposure plays a pivotal
role in improving the quality of reconstruction. In this regard, one can see in Figs 2(c) and 2(d),
where we show the 95% C.L. regions for points featuring �SI

p exactly one order of magnitude lower
than in BP1 and BP2, that, given the designed exposures, the experiments lose much if not all of
their reconstruction power, even when m� = 25GeV.

As reconstructing the properties of the DM particle in direct detection becomes difficult for
WIMPs characterized by mass around and above the electroweak scale, we here proceed to investi-
gate how an indirect detection in one or more of the gamma-ray observatories introduced in Sec. 2
can provide enough information to derive the WIMP properties, or at least improve over a detection
in underground laboratories. While there is no doubt that a real signal should be detected in all the
experiments that are sensitive to the same observables, one can find several models of DM that are
likely to produce a strong signal only in direct or indirect detection. For this reason, although the
main purpose of this paper is to investigate the interplay of different experimental strategies in case
of concurrent detection, it is also important to quantify how well information can be reconstructed
in each experiment separately.

In Fig. 3(a) we show with dark turquoise circles the 95% C.L. region for Fermi-LAT 15 yr
46 dSphs in the (m�, �v) plane for BP1. The cross section spread due to the uncertainties de-
scribed in Sec. 2.2.1 is about one order of magnitude, whereas the derived uncertainty of the mass

– 13 –

INFERENCE OF DM PROPERTIES?

… not to mention that even this still does not say what the true BSM physics should be!

Imagine a clean signal in both direct and indirect detection:

~20% uncertainty

~factor 2-3 
uncertainty
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PRODUCTION
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Dark Matter 
production

Freeze-out

Freeze-in

Asymmetric

Phase 
transitions, 

Misalignment, 
…

DARK MATTER ORIGINS

co-
annihilation

semi-
annihilation

co-
scattering

assisted
…

superWIMP

UV

IR

semi-
production

’forbidden'

Pre radiation 
domination

 reheating

inflaton 
decay

 gravitational

w/ freeze-
out

co-genesis
asymm. 

freeze-in

Thermal
In equilibrium

Thermal
Out of equilibrium

Thermal
Out of equilibrium Non-Thermal



I. Natural

II. Predictive

III. It is not optional

When a dark matter signal is (fi
relic abundance can pin-point the 

particle physics interpretation

Experiment: Theory:

 [GeV] medMediator mass M
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LHCP 2017 PreliminaryCMS

Axial-vector mediator
Dirac DM

 = 1.0
DM

g
  = 0.25

q
g

 = 0
l

g
Exclusion at 95% CL

Observed

Expected

[EXO-16-048]
)-1 (35.9 fbDM + j/V(qq)

[EXO-16-039]
)-1 (12.9 fbγDM + 

[EXO-16-052]
)-1 (35.9 fbDM + Z(ll)

 DM = 2 x mMedM

 0.12≥ 2 hcΩ

LHCP 2017 PreliminaryCMS

Axial-vector mediator
Dirac DM

 = 1.0
DM

g
  = 0.25

q
g

 = 0
l

g

”(…) besides the Higgs boson 
mass measurement and LHC 
direct bounds, the constraint 
showing by far the strongest 
impact on the parameter space 
of the MSSM is the relic 
density”

(a)

…as a constraint:

…as a target:

…as a pin:

Roszkowski et al. ’14

Fixes coupling(s)      signal in DD, ID & LHC

No dependence on initial conditions

To avoid it one needs quite significant 
deviations from standard cosmology

Overabundance constraint

Comes out automatically from the 
expansion of the Universe

)

Naturally leads to cold DM

MOTIVATION 
THERMAL PRODUCTION 



THERMAL RELIC DENSITY  
A.K.A. FREEZE-OUT

freeze-out 

DM in full 
equilibrium

chemical 
decoupling

tim
e

Γann < H

Γann ∼ H

Γann > H

T
SM

DM

This p
rocess 

is (
esse

ntia
lly

) alw
ays p

resent!

[O
nly ex

cep
tio

ns: D
M is 

not a partic
le o

r co
upled

 ex
tre

mely
 weakly to

 

SM or re
heatin

g T is 
sm

aller
 th

an DM m
ass]
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Does DM interact (somewhat) 
with any particle of the SM?

Yes

At high temperature 
DM thermalises, has 
very high abundance⇒

An efficient 
depletion is needed

(freeze-out)

No (or nearly no)

Is initial population (e.g. 
from reheating) small?

Yes

„Initial condition” 
dependence

A slow production 
is needed
(freeze-in)

No

„WIMP”

de
ple

tio
n 

to
 S

M

Secluded 
dark sector

depletion 

to other states
(e.g. cannibal dark sector)

depletion 

to kinetic energy
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production

WHAT IS FREEZE-IN?

Thermal bath at
 T ≳ mχ

Dark Sector:
 , …χ

Thermal bath at
 T ≲ mχ

expansion

end of 
inflation Freeze-in defined like this

is a (very) old idea:

time

~empty

Dark Sector:
 , …χ

Visible Sector Dark Sector

T ⋙ mX

T ∼ mX

UV freeze-in

IR freeze-in

reheating

this is a standard production 
mechanism for e.g. sterile 

neutrino, gravitino, axino,…

however, old works 
focused on what now 

people call UV freeze-in

i.e. dominated by non-renormalizable 
operators and dependent on TRH

Freeze-in = the above mechanism 
through renormalizable operators

(IR freeze-in)

X
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FREEZE-IN VS. FREEZE-OUT

Freeze-in is in a sense the ’opposite’ of freeze-out

freeze-out

freeze-in
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FREEZE-OUT VS. FREEZE-IN

WIMPs
(Weakly Interacting Massive Particles)

FIMPs
(Feebly Interacting Massive Particles)

DM never in equilibrium with the SM bathDM starts in equilibrium with the SM bath

The role of the interaction with SM is 
to produce DM

The role of the interaction with SM is 
to suppress DM from its huge initial population

⟨σv⟩ ≲ 10−40 cm3/s
If through annihilation typical value required

⟨σv⟩ ∼ 10−26 cm3/s
If through annihilation typical value required

Relic abundance increases with ⟨σv⟩Relic abundance decreases with ⟨σv⟩

Requires 
~no initial abundance

Requires
 TRH ≳ mχ



time evolution of         in kinetic theory: 

freeze-out 

DM in full equilibrium

chemical decoupling
timeT

no
n-

eq
uil

ibr
ium

f�(p)

E (@t �H~p ·r~p) f� = C[f�]
the collision termLiouville operator in 

FRW background

kinetic decouplingΓscatt ∼ H
Γann < H

Γann ∼ H

Γann > H
(chemical and kinetic)

THERMAL FREEZE-OUT  
STANDARD SCENARIO



*assumptions for using Boltzmann eq: 
classical limit, molecular chaos,...

…for derivation from thermal QFT 
see e.g., 1409.3049

dn�

dt
+ 3Hn� = �h���̄!ij�relieq

�
n�n�̄ � n

eq
� n

eq
�̄

�

Critical assumption: 
kinetic equilibrium at chemical decoupling

E (@t �H~p ·r~p) f� = C[f�])

Boltzmann equation for        :

integrate over p 
(i.e. take 0th moment)

f�(p)

)

fχ ∼ a(T ) f eq
χ

for a process of DM DM  SM SM↔

THERMAL FREEZE-OUT 
STANDARD APPROACH

numerical codes e.g., 
DarkSUSY, micrOMEGAs, 
MadDM, SuperISOrelic, …
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FREEZE-IN CALCULATION

E (@t �H~p ·r~p) f� = C[f�]

Boltzmann equation for        :f�(p) with initial condition:

fχ(p, t = 0) = 0

The collision term:

„gain” term „loss” term
(the difficult one, usually neglected in freeze-in!)(the simple one, describes production)

Note: to first approximation freeze-in production is much easier 
to determine than freeze-out!

The collision term can also contain:  
decays, annihilations, cannibalizations, …

C[ fχ] ∼ ∫ dΠij...→ab(2π)4δ4( . . . ) |M |2 [fi fj . . . (1 ± fχ)(1 ± fa)(1 ± fb) . . . −fχ fa fb . . . (1 ± fi)(1 ± fj) . . . ]

(

)



FREEZE-OUT VS. DECOUPLING

DM

DM

SM

SM

annihilation (elastic) scattering

DM

SM

DM

SM

where t = q̃2 = (k − k′)2, and after summing over all the spins we get

∑

spins

∣

∣Mscatt
∣

∣

2
=

e4

t2
× tr

(

(̸k′ +me)γ
ν (̸k +me)γ

λ
)

× tr
(

(̸p′ +Mµ)γν (̸p +Mµ)γλ
)

. (6)

The right hand sides of eqs. (4) and (6) are exactly the same analytic functions of the

momenta, provided we identify the momenta in the two processes according to the table (2),

k ↔ +p1 , k′ ↔ −p2 , p ↔ −p′2 , p′ ↔ +p′1 . (7)

Indeed, under this mapping,

tscatt = (k − k′)2 ↔ spair = (p1 + p2)
2,

tr
(

(̸k′ +me)γ
ν (̸k +me)γ

λ
)scatt

↔ − tr
(

(̸p2 −me)γ
ν (̸p1 +me)γ

λ
)pair

,

tr
(

(̸p′ +Mµ)γν (̸p+Mµ)γλ
)scatt

↔ − tr
(

(̸p′1 +Mµ)γν (̸p
′

2 −Mµ)γλ
)pair

,

(8)

and hence
∑

spins

∣

∣Mscatt
∣

∣

2
↔

∑

spins

∣

∣Mpair
∣

∣

2
. (9)

To be precise, the correspondence in eq. (9) involves analytic continuation rather than

outright equality because positive particle energies in scattering map onto negative energies

in pair production and vice verse. Thus,

∑

spins

∣

∣Mpair
∣

∣

2
= F (p1, p2, p

′

1, p
′

2) and
∑

spins

∣

∣Mscatt
∣

∣

2
= F (k,−k′, p′,−p) (10)

for the same analytic function F of the momenta, but for the pair production this function

is evaluated for p02 > 0 and p′02 > 0, while for the scattering we use it for p02 = −k′0 < 0 and

p′02 = −p0 < 0.

Relations such as (9) between processes described by similar Feynman diagrams (but

with different identifications of the external legs as incoming or outgoing) are called crossing

symmetries. And such crossing symmetries apply to amplitudes themselves and not just

2
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The right hand sides of eqs. (4) and (6) are exactly the same analytic functions of the

momenta, provided we identify the momenta in the two processes according to the table (2),

k ↔ +p1 , k′ ↔ −p2 , p ↔ −p′2 , p′ ↔ +p′1 . (7)

Indeed, under this mapping,

tscatt = (k − k′)2 ↔ spair = (p1 + p2)
2,
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is evaluated for p02 > 0 and p′02 > 0, while for the scattering we use it for p02 = −k′0 < 0 and

p′02 = −p0 < 0.

Relations such as (9) between processes described by similar Feynman diagrams (but

with different identifications of the external legs as incoming or outgoing) are called crossing

symmetries. And such crossing symmetries apply to amplitudes themselves and not just

2

crossing sym.

~

dark matter frozen-out but typically 
still kinetically coupled to the plasma

Torsten Bringmann, University of Hamburg ‒Thermal decoupling of WIMPs

Freeze-out = decoupling !

7

WIMP interactions with heat bath of SM particles:
� SM

SM SM SM�

� �

(annihilation) (scattering)

n�Boltzmann suppression of 
scattering processes much more frequent
continue even after chemical decoupling (“freeze-out”) at Tcd � m�/25

Kinetic decoupling much later:
Random walk in 
momentum space
� Ncoll � m�/T

Schmid, Schwarz, & Widerin,  PRD ’99; Green, Hofmann & Schwarz, JCAP ’05, ...

�r(Tkd) � Ncoll/�el ⇥ H�1(Tkd)

Boltzmann suppression of DM vs. SM scatterings typically more frequent)

Schmid, Schwarz, Widern ’99; Green, Hofmann, Schwarz ’05

f� ⇠ a(µ)f eq
�

Two consequences:

1. During freeze-out (chemical decoupling) typically:
2. If kinetic decoupling much, much later: possible impact on the matter power spectrum

i.e. kinetic decoupling can have observable consequences and affect e.g. missing satellites problem
see e.g., Bringmann, Ihle, Karsten, Walia ’16 41



EARLY KINETIC DECOUPLING?
A necessary and sufficient condition: scatterings weaker than annihilation

DM

DM

SM

SM

DM

SM

DM

SM
>>A)

B)    Boltzmann suppression of SM as strong as for DM

Vector bosons:

vrel�VV =
�
2
ss

8⇡
�V vV |Dh(s)|2(1� 4x+ 12x

2
) , (13)

where x ⌘ M
2
V /s, vV =

p
1� 4x and �W = 1, �Z =

1
2 and |Dh(s)|2 is defined in eq. (9).

Fermion final states:

vrel�f f̄ =
�
2
sm

2
f

4⇡
Xfv

3
f |Dh(s)|2 , (14)

where vf =
p

1� 4m
2
f /s and Xf = 1 for leptons, while for quarks it incorporates a colour factor of 3 and an

important one-loop QCD correction [?]:

Xq = 3

"
1 +

 
3

2
log

m
2
q

s
+

9

4

!
4↵s

3⇡

#
, (15)

where ↵s is the strong coupling for which we take the value ↵s = 0.1172.

0.1 Scattering cross-section

Below we give the formula for the scattering amplitude needed for the KD computation (this is our computation,

not based on [?]). In Eq.(3) we use:

Mel(t) =

X

f={q0s,e,µ,⌧}

m
2
f�

2
s

2

4m
2
f � t

(t�m
2
h)

2
(16)

A) We assume all quarks afre free and present in the plasma down to temperatures of T = 154 MeV (largest

scattering scenario)

B) We assume only light quarks (u, d, s) are present in the plasma and moreover even these dissapear around

4Tc ⇠ 600 MeV (smallest scattering scenario)

�ann �el �self H & . ⇠ (17)

�el & H & �ann (18)

H & �ann & �el (19)

H & �el & �ann (20)

�el � H ⇠ �ann (21)

H ⇠ �ann & �el (22)

2

i.e. rates around freeze-out:

C)    Scatterings and annihilation have different structure

e.g., below threshold annihilation (forbidden-like DM)

Possibilities:

e.g., semi-annihilation, 3 to 2 models,…

e.g., resonant annihilation

42
D)    Multi-component dark sectors

e.g., additional sources of DM from late decays, …
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HOW TO GO BEYOND KINETIC EQUILIBRIUM?

E (@t �H~p ·r~p) f� = C[f�]
contains both scatterings and 

annihilations

both about chemical (”normalization”) and 
kinetic (”shape”) equilibrium/decoupling

All information is in the full BE:

Two possible approaches:

solve numerically 
for full  f�(p)

have insight on the distribution
no constraining assumptions

numerically challenging
often an overkill

consider system of equations 
for moments of f�(p)

partially analytic/much easier numerically
manifestly captures all of the relevant physics

finite range of validity
no insight on the distribution

0-th moment:
2-nd moment:
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important one-loop QCD correction [?]:
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where ↵s is the strong coupling for which we take the value ↵s = 0.1172.

0.1 Scattering cross-section

Below we give the formula for the scattering amplitude needed for the KD computation (this is our computation,

not based on [?]). In Eq.(3) we use:
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A) We assume all quarks afre free and present in the plasma down to temperatures of T = 154 MeV (largest

scattering scenario)

B) We assume only light quarks (u, d, s) are present in the plasma and moreover even these dissapear around

4Tc ⇠ 600 MeV (smallest scattering scenario)
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(17)
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https://drake.hepforge.org

Prediction for the DM 
phase space distribution

Late kinetic decoupling 
and impact on cosmology

see e.g., 1202.5456

Interplay between chemical and 
kinetic decoupling

Applications:

DM relic density for 
any (user defined) model

*

*

at the moment for a single DM species and w/o 
co-annihlations… but stay tuned for extensions! 44

…

(only) prerequisite:  
 Wolfram Language (or Mathematica)

NEW TOOL! 
GOING BEYOND THE STANDARD APPROACH

https://drake.hepforge.org
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where the equilibrium number density in the nonrelativistic regime is n
eq
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To summarize we get coupled equations:
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The Lagrangian contains kinetic terms and a cross-coupling to the standard model Higgs field,
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where v0 = 246.2 GeV. We adopt Higgs mass and width to be mh = 125.09GeV and �vis = 4.21MeV.
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• For ms > mh, eq. (8) must be supplemented by the extra contribution from SS ! hh (corrected sign
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To the SM Lagrangian add one singlet scalar field S with interactions with the Higgs:

Annihilation 
processes:

El. scattering 
processes:

resonant non-resonant
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Fig. 1: Profile likelihoods for the scalar singlet model, in the plane of the singlet parameters ⁄hS and mS. Contour lines mark out
the 1‡ and 2‡ confidence regions. The left panel shows the resonance region at low singlet mass, whereas the right panel shows the
full parameter range scanned. The best-fit (maximum likelihood) point is indicated with a white star, and edges of the allowed
regions corresponding to solutions where S constitutes 100% of the DM are indicated in orange.

Fig. 2: Profile likelihoods for the scalar singlet model, in various planes of observable quantities against the singlet mass. Contour
lines mark out the 1‡ and 2‡ confidence regions. Greyed regions indicate values of observables that are inaccessible to our scans, as
they correspond to non-perturbative couplings ⁄hS > 10, which lie outside the region of our scan. Note that the exact boundary of
this region moves with the values of the nuisance parameters, but we have simply plotted this for fixed central values of the nuisances,
as a guide. Left: late-time thermal average of the cross-section times relative velocity; Centre: spin-independent WIMP-nucleon
cross-section; Right: relic density.

singlet parameters in Fig. 1, and in terms of some key
observables in Figs. 2 and 3. We also show the one-
dimensional profile likelihoods for all parameters in red
in Fig. 4.

The viable regions of the parameter space agree well
with those identified in the most recent comprehensive
studies [23, 31]. Two high-mass, high-coupling solutions
exist, one strongly threatened from below by direct de-
tection, the other mostly constrained from below by the
relic density. The leading ⁄

2
hS

-dependence of ‡SI and
‡v approximately cancel when direct detection signals
are rescaled by the predicted relic density, suggesting

that the impacts of direct detection should be to simply
exclude models below a given mass. However, the relic
density does not scale exactly as ⁄

≠2
hS

, owing to its de-
pendence on the freeze-out temperature, resulting in an
extension of the sensitivity of direct detection to larger
masses than might be naïvely expected, for su�ciently
large values of ⁄hS.3 This is the reason for the division
of the large-mass solution into two sub-regions; at large
coupling values, the logarithmic dependence of the relic
density on ⁄hS enables LUX and PandaX to extend
their reach up to singlet masses of a few hundred GeV.
3This point is discussed in further detail in Sect. 5 of Ref. [23].
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RESULTS
EFFECT ON THE Ωh2

effect on relic density: 
up to O(~10)

[… Freeze-out at few GeV        what is the abundance of heavy quarks in QCD plasma?

 two scenarios: QCD = A - all quarks are free and present in the plasma down to Tc =154 MeV
QCD = B - only light quarks contribute to scattering and only down to 4Tc …]

T. Binder, T. Bringmann, M. Gustafsson & A.H. 1706.07433

http://astro-ph.co/1706.07433


EXAMPLE D:
WHEN ADDITIONAL INFLUX OF DM ARRIVES
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D)    Multi-component dark sectors

Sudden injection of more DM particles distorts 
(e.g. from a decay or annihilation of other states)

fχ(p)

- this can modify the annihilation rate (if still active)

- how does the thermalization due to elastic scatterings happen?



co
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g 
D
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r 
de

ns
ity

time

unstable long-lived state (decaying to DM)

DM from freeze-out

expectation

also can happen!?

(if increased annihilation)
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DM produced via:
2nd component from a decay ϕ → χ̄χ

1st component from thermal freeze-out
DM annihilation has a threshold1) 2)

e.g.    with χχ̄ → f f̄ mχ ≲ mf

nBE (i.e
. en

force
d 

kin
etic

 eq
uilib

riu
m)

fBE (no self-
scatterings)

fBE (with self-
scatterings)

no enhanced 
annihilation, 
more DM in 

the end

some injected 
particles will 

annihilate together 
with themselves and 

cold component

energy redistribution 
will allow more DM 
particles to reach 

energies over 
annihilation threshold 
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DM produced via:
2nd component from a decay ϕ → χ̄χ

1st component from thermal freeze-out
DM annihilation has a threshold1) 2)

e.g.    with χχ̄ → f f̄ mχ ≲ mf

number densityY ∼ temperaturey ∼ momentum distributionp2 f (p) ∼

EXAMPLE EVOLUTION

x = 100

sub-thershold +

x = 80
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sub-thershold +

x = 34

sub-thershold +

0 50 100 150 200
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AH, Laletin 2204.07078
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EXAMPLE D:
EFFECT OF CONVERSION PROCESSES
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RESULTS: THE MODEL
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Let’s take one of the simplest two-component DM models:

Main motivation (for models in the literature with pseudo-scalar mediator):

Evasion of the direct detection bounds… while giving strong signal in 
indirect detection, in particular for explaining the Galactic Centre excess

(see e.g. „Coy DM”)
C. Boehm et al. 1401.6485, …

DS

SM

χ1, χ2

2 Dirac fermions
a

pseudo-scalar mediator

ℒint = f̄γ5 f
coupled directly to SM 
fermions in a MFV way

χ̄iγ5χi− ∑
i=1,2

iλi a −iλy
mf

v
a

New fields: χ1, χ2 , a New params: m1, m2, ma
λ1, λ2, λy

Parametrically:

σ11→SM ∼ σ1SM→1SM ∼ λ2
1 λ2

y

σ22→SM ∼ σ2SM→2SM ∼ λ2
2 λ2

y

σ11→22 ∼ λ2
1 λ2

2⇒

Varying: 

λ1 → λ1/c
λ2 → λ2/c
λy → c λy

Keeps everything fixed, 
except conversions 

A.H. & S. Chatterjee

https://arxiv.org/abs/1401.6485
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RESULTS: CONVERSION IMPACT
Varying: λ1 → λ1/c λ2 → λ2/c Only conversions change! λy → c λy

weak conversionsstrong conversions

54

total relic abundance

only number density (nBE) — as in micrOMEGAs

phase space calculation (fBE)

Ratio of the two 
for total and χ1

and χ2

~100% ~10%

~1000%

Weak conversions lead 
to larger discrepancy 
between nBE and fBE 
calculations!
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weak conversions

strong conversions

RESULTS: CONVERSION IMPACT

weakening conversions

weaker conversions  less depletion of   around  freeze-out more  in the plasma 
 larger distortion of thermal shape

⇒ χ1 ⇒ χ2 χ1
⇒

- decays of heavier to lighter dark sector states

- inelastic scatterings

- semi-annihilations

- cannibal (3 ↔ 2)

Conversions are ubiquitous in multicomponent models… but not the only processes 
affecting the distributions:

A.H. & Laletin 2204.07078 (see also Beauchesne & Chiang 2401.03657)

A.H. & Laletin 2104.05684

Cervantes & A.H. 2407.12104

bits useful for next                                   release
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weak conversions

strong conversions
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weak conversions

strong conversions
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weak conversions

strong conversions
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2. Kinetic equilibrium is a necessary (often implicit) assumption for 
standard relic density calculations in all the numerical tools…

(Our new code                 
aims at extending the current capabilities)

TAKEAWAY MESSAGES
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”Everything should be made as simple as possible, but no simpler.”

*The published quote reads:
”It can scarcely be denied that the supreme goal of all theory is to make the irreducible basic elements as simple and as few as possible 
without having to surrender the adequate representation of a single datum of experience.” 
„On the Method of Theoretical Physics" ,The Herbert Spencer Lecture, delivered at Oxford (10 June 1933); also published in Philosophy of Science, Vol. 1, No. 2 (April 1934), pp. 163-169., p. 165

Albert Einsteinattributed to*

1. Dark Matter is a welcomed guest in Particle Physics 
community; not unexpected (as a part of the theory) and still very 
much a useful hint for discovering BSM physics


