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We have solid evidence for dark matter:

Our goal:

Understand the properties of dark matter.



This talk

- Going over our basic understanding and main 
scenarios of dark matter. 


- Focusing on theoretical aspects of dark matter 
models


- It is a HUGE subject. 

This talk is only an overview and glossing over 
many details. 
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What do we know about dark matter

- Stable. 

If it decays, lifetime much longer than the age of 
universe ≈ 1017 sec. 


- Dark. Does not emit/absorb/reflect light. 

Does not have electric charge.


- Produced in the early universe with the right 
amount.  Right “relic abundance”
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What do we know about dark matter
- Seed structures in the universe. 

We begin with 
quantum 

fluctuations in 
early universe

γ, e, p, . . .

Cosmic microwave
galaxies…

Gravitational potential

Dark matter needs to be “primordial”, be there in early universe.  



What do we know about dark matter

- “Collisionless”. No long range interaction, except gravity.


- Cold. Non-relativistic: kinetic energy !"#$%%

γ, e, p, . . .

galaxies…

Quantum 
fluctuations in 
early universe
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Smallest structure DM seeded: 

Dwarf spheroidal galaxy, size ≈ 1 kpc (3000 lyr)

Dark matter particle wave packet must be smaller,

Lightest ⇔ largest de Broglie wave length  

temperature as the photons. With additional assumptions on the possible phase space distribution,
these bounds could be even stronger. Setting aside these details, we find that fermions well below
the ⇠ keV mass scale are not plausible candidates to be all of the DM.

The warm dark matter bound. — Another general, qualitative statement can be made about
DM candidates with mass below keV. Often referred to as the warm dark matter (WDM) bound,
the idea is that there is a suppression in the matter power spectrum for sufficiently low mass DM,
see the example in Fig. 1. Currently, the strongest bounds are from observations of the Lyman-↵
forest, which is a tracer for the matter power spectrum (see Refs. [15–18] for recent constraints
on WDM). Turning to Fig. 2, the smallest measured scales for the power spectrum correspond to
k ⇠ 10 � 20/Mpc, modes which entered the horizon and started growing at z ⇠ 10

7. At this time,
the photon temperature was T�(1+ z) ⇠ keV. Therefore, if dark matter was in thermal equilibrium
and had similar temperature as the photons, its mass should satisfy mDM & keV – otherwise, it
would be relativistic and lead to damping of the power spectrum. Of course, this is not a hard
boundary and specific models can fit observational data depending on the actual velocity of the
DM in the early universe.

B Ultralight bosonic dark matter

We will refer to the entire span of candidates below ⇠ keV as ultralight bosonic dark matter.
The very low mass end of DM candidates is usually quoted as around mDM ⇡ 10

�22 eV. First of
all, what happens when DM is this light? It behaves as a coherent field. Let’s look at the number
of DM particles within a volume given by the de Broglie wavelength:
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Here we used v ⇠ 10
�3, as in the Milky Way, and ⇢DM = 0.4 GeV/cm3 as the average DM density

near the Sun. N is the occupation number, and when N � 1, then we expect that we can describe
the DM as a classical field. In the solar neighborhood, we can describe the DM as a scalar field �:

� = �0 cos(k · x � !kt) ⇡ �0 cos(k · x � m�t) (8)

where |k| ' 10
�3m�. The magnitude and direction of the vector k is random and fluctuates over

length scales ⇠ 1/|k|v0, where v0 ⇠ 10
�3 is the DM velocity dispersion. Ignoring the gradient

energy of the field, the local energy density is
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We have also dropped any quartic terms in V (�). Therefore, the local field value is �0 =
p

2⇢DM/m�.
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DM needs to seed structures
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temperature as the photons. With additional assumptions on the possible phase space distribution,
these bounds could be even stronger. Setting aside these details, we find that fermions well below
the ⇠ keV mass scale are not plausible candidates to be all of the DM.

The warm dark matter bound. — Another general, qualitative statement can be made about
DM candidates with mass below keV. Often referred to as the warm dark matter (WDM) bound,
the idea is that there is a suppression in the matter power spectrum for sufficiently low mass DM,
see the example in Fig. 1. Currently, the strongest bounds are from observations of the Lyman-↵
forest, which is a tracer for the matter power spectrum (see Refs. [15–18] for recent constraints
on WDM). Turning to Fig. 2, the smallest measured scales for the power spectrum correspond to
k ⇠ 10 � 20/Mpc, modes which entered the horizon and started growing at z ⇠ 10

7. At this time,
the photon temperature was T�(1+ z) ⇠ keV. Therefore, if dark matter was in thermal equilibrium
and had similar temperature as the photons, its mass should satisfy mDM & keV – otherwise, it
would be relativistic and lead to damping of the power spectrum. Of course, this is not a hard
boundary and specific models can fit observational data depending on the actual velocity of the
DM in the early universe.

B Ultralight bosonic dark matter

We will refer to the entire span of candidates below ⇠ keV as ultralight bosonic dark matter.
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Upper bound?  Large primordial blackholes 
(PBH) formed in early universe. 
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Figure 11: Upper limit on fPBH = ⌦PBH/⌦DM for various PBH mass (assuming monochro-
matic mass function). Blue curves represent lensing constraints by EROS [116], OGLE [119],
Kepler [122], HSC [123] and Caustic [125] (see 3.1.1). Black curves represent constraints by the
millilensing [132] (3.1.2) and the femtolensing [138] (3.1.3). Orange curves represent dynamical
constraints obtained by requiring that existent compact objects such as white dwarfs (WDs) [141]
(3.2.1) and neutron stars (NSs) [142] (3.2.2) as well as the wide binaries (WBs) [151] (3.2.3) are
not disrupted by PBHs. Green curves represent constraints by the dynamical friction (DF) on
PBHs [152] (3.2.6), the ultra-faint dwarfs (UFDs) [153], and Eridanus II [153] (3.2.5). Red curves
represent constraints by the accretion onto the PBHs such as CMB for the case of the spherical
accretion [166] and the case of the accretion disk [171] with two opposite situations where the
sound speed of the baryonic matter is greater (labeled by CMB) or smaller (labeld by CMB-II)
than the relative baryon-dark matter velocity (3.3.1), radio, and X-rays [173,180] (3.3.2).
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Very heavy BH accrete matter, 
too much ionizing radiation, 
CMB constraints MPBH < 10s MӅ  

Blackhole lighter than 10-17 MӅ�

will evaporate in the age of 
universe, not dark. 

Other searches… 

Upper bound?  Large primordial blackholes 
(PBH) formed in early universe. 
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Figure 11: Upper limit on fPBH = ⌦PBH/⌦DM for various PBH mass (assuming monochro-
matic mass function). Blue curves represent lensing constraints by EROS [116], OGLE [119],
Kepler [122], HSC [123] and Caustic [125] (see 3.1.1). Black curves represent constraints by the
millilensing [132] (3.1.2) and the femtolensing [138] (3.1.3). Orange curves represent dynamical
constraints obtained by requiring that existent compact objects such as white dwarfs (WDs) [141]
(3.2.1) and neutron stars (NSs) [142] (3.2.2) as well as the wide binaries (WBs) [151] (3.2.3) are
not disrupted by PBHs. Green curves represent constraints by the dynamical friction (DF) on
PBHs [152] (3.2.6), the ultra-faint dwarfs (UFDs) [153], and Eridanus II [153] (3.2.5). Red curves
represent constraints by the accretion onto the PBHs such as CMB for the case of the spherical
accretion [166] and the case of the accretion disk [171] with two opposite situations where the
sound speed of the baryonic matter is greater (labeled by CMB) or smaller (labeld by CMB-II)
than the relative baryon-dark matter velocity (3.3.1), radio, and X-rays [173,180] (3.3.2).
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What else can we say?
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Mass of dark matter 
10-22 eV 10s MӅ  

Bosonic DM 

102eV

γ, e, p, . . .

galaxies…

keV
Not “Warm” � 

Warm dark matter limit: 

Dark matter needs to be cold (non-relativistic) 
for the smallest structure it can seed. 


For dark matter particle (in thermal equilibrium)

mDM > keV (103 eV)
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Mass of dark matter 
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Bosonic DM 

102eV keV
Not “Warm” � 

How do we guide our searches? We need theories (stories).  

A theory should give 

1) The property of dark matter: spin, mass, couplings, etc.

2) How is dark matter produced in the early universe? 

A good theory should be

1) A detailed and reasonable (without too many miracles) story. 

2) Have a good chance to be tested. 

Vast number of models, only a few good theories. 
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WIMP (weakly interacting massive 
particle)

DM

DM

SM

Dark matter in thermal equilibrium with the known (Standard 
Model) particles in the early universe. 


Interaction rate faster than the expansion of the universe
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DM

DM

SM

Dark matter in thermal equilibrium with the known (Standard 
Model) particles in the early universe. 


Dark matter number density predicted by thermal eq: NEQ



WIMP (weakly interacting massive 
particle)

DM

DM

SM

As universe expands, dark matter become rare. The DM-SM 
interaction rate can’t keep up. DM drops out thermal eq. 


Dark matter density become fixed, “Freeze-out”



A simple picture of interaction

? Exercise: Suppose that the annihilation rate had a temperature dependence h�vi =

h�vi0 T/m� (p-wave cross section). Estimate the value of h�vi0 required to the saturate
the observed DM relic density. What is the predicted annihilation rate for indirect detection
searches in the Milky Way, compared to s-wave annihilation cross section above?

1 Implications for DM models

Next, let us ponder on the implications of Eq. 33 for model-building and the resulting restrictions
on DM mass range. We will take as an illustrative example annihilation that occurs through an
s-channel mediator with mass mV (remaining for the moment agnostic as to the identity of V ):

�̄

�

V

f̄

f

where the vector V has coupling g� with the DM and coupling gf with the final state fermions. We
will neglect the mass of the final state fermions, as before. In the non-relativistic limit, the cross
section for this process is given by

� =

Z
d⌦cm

|pf |

16⇡2E3
cm|v1 � v2|

|M|
2

=

Z
d⌦cm

1

|v1 � v2|

|M|
2

32⇡2s
(35)

where ⌦cm are center of mass scattering angles, the center of mass energy is s = E2
cm = 4m2

� +

O(m�T )+ ..., and we used that |pf | ⇡ Ecm/2 in the limit of massless fermions f . Using this result,
we can approximate the thermally averaged h�vi for annihilation by

h�vi '
|M|

2

32⇡m2
�

. (36)

Assuming Dirac fermion DM, a single flavor/color of the fermion, and a vector mediator, the spin-
averaged matrix element squared of the process is given by

|M|
2

⇡ g2
�g2

f

32m4
�

(s � m2
V

)2
(37)

in the nonrelativistic limit.

• mV > m�: In this case, the heavy V state generates a four-fermion interaction with amplitude
g�gf/m2

V
. The annihilation cross section can be estimated as

h�vi '
16⇡↵�↵fm2

�

m4
V

(38)

with ↵� ⌘ g2
�/(4⇡) and ↵f ⌘ g2

f
/(4⇡).
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C Thermal freezeout and the WIMP miracle

The first and minimal modification we can make to the above arguments is considering a species
that is non-relativistic at the time of freezeout. Using Eqs. 15-16, the behavior of the equilibrium
number density when T ⌧ m� is given by

neq

� ⇡ g
⇣

m�T

2⇡

⌘3/2
e�m�/T . (30)

The exponential suppression allows us to obtain Yfo ⌧ 1, whereas we saw above that Yfo ⇠ O(1) is
much too large.

Following the approach above, we can do a quick and dirty calculation to obtain the “miraculous”
thermal relic WIMP annihilation cross section. The details of solving these equations are reviewed
quite extensively elsewhere in this school or in reviews and books, and we will feel good about
getting at the same answer (to an order of magnitude) with not much work.

We first evaluate the condition for freezeout, by comparing the rate of annihilation per DM
particle with the Hubble expansion:

� = neq

� h�vi = H (31)

where again h�vi is the thermally averaged cross section times velocity. With this, we can write
the comoving abundance at freezeout

Yfo =
neq

�

s
=

H

sh�vi
'

p
g⇤

g⇤,S

1

h�viTfoMpl
. (32)

Yfo ⌧ 1 is possible for freezeout of a nonrelativistic species, as long as the the annihilation cross
section h�vi is sufficiently large. A larger h�vi means that interactions of the DM persist for a
somewhat longer time, which leads to a further decrease in neq

� .
Since the number density (and hence annihilation rate) drops exponentially below T ⇡ m�, we

know that Tfo should be somewhat below m�, but not too far below. For the estimate here, let’s
take Tfo ' m�/10. Again using Eq. 23, we find that the full DM relic abundance is obtained when
the annihilation cross section is given by:

h�vi '

p
g⇤

g⇤,S

10

eV ⇥ Mpl
'

1

109 GeV2 , (33)

where we estimated the result with typical values for g⇤, g⇤,S . This is a minimum annihilation cross
section needed for a thermal DM candidate, in order to avoid an overabundance. It also presents
an interesting target for indirect searches for dark matter, where the often-used benchmark is [43]

h�vi ⇡ 2 ⇥ 10
�26

cm
3/s, (34)

and we have written the result in the relevant units for those searches.
We have now established that freezeout of a non-relativistic species is a viable way to get the

observed relic abundance. As long as m� & 1 � 10 keV, we also expect that it is possible to satisfy
the warm dark matter bounds discussed in Section I A.
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To get the correct relic abundance: 
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�/(4⇡) and ↵f ⌘ g2

f
/(4⇡).

21

mDM > mV, σv ∼
g4

4π
1

m2DM

Limit on coupling: g < 4! ⇒ MDM < 100s TeV 

g: coupling

10-22 eV 10s MӅ  

Bosonic DM 

102eV keV GeV 100TeV

WIMP



Two limits

? Exercise: Suppose that the annihilation rate had a temperature dependence h�vi =

h�vi0 T/m� (p-wave cross section). Estimate the value of h�vi0 required to the saturate
the observed DM relic density. What is the predicted annihilation rate for indirect detection
searches in the Milky Way, compared to s-wave annihilation cross section above?

1 Implications for DM models

Next, let us ponder on the implications of Eq. 33 for model-building and the resulting restrictions
on DM mass range. We will take as an illustrative example annihilation that occurs through an
s-channel mediator with mass mV (remaining for the moment agnostic as to the identity of V ):

�̄

�

V

f̄

f

where the vector V has coupling g� with the DM and coupling gf with the final state fermions. We
will neglect the mass of the final state fermions, as before. In the non-relativistic limit, the cross
section for this process is given by

� =

Z
d⌦cm

|pf |

16⇡2E3
cm|v1 � v2|

|M|
2

=

Z
d⌦cm

1

|v1 � v2|

|M|
2

32⇡2s
(35)

where ⌦cm are center of mass scattering angles, the center of mass energy is s = E2
cm = 4m2

� +

O(m�T )+ ..., and we used that |pf | ⇡ Ecm/2 in the limit of massless fermions f . Using this result,
we can approximate the thermally averaged h�vi for annihilation by

h�vi '
|M|

2

32⇡m2
�

. (36)

Assuming Dirac fermion DM, a single flavor/color of the fermion, and a vector mediator, the spin-
averaged matrix element squared of the process is given by

|M|
2

⇡ g2
�g2

f

32m4
�

(s � m2
V

)2
(37)

in the nonrelativistic limit.

• mV > m�: In this case, the heavy V state generates a four-fermion interaction with amplitude
g�gf/m2

V
. The annihilation cross section can be estimated as

h�vi '
16⇡↵�↵fm2

�

m4
V

(38)

with ↵� ⌘ g2
�/(4⇡) and ↵f ⌘ g2

f
/(4⇡).
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mDM < mV, σv ∼
g4

4π
m2

DM
m4V

mV ≈ 102  GeV ⇒ mDM > GeV 

g: coupling
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Bosonic DM 
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WIMP



Simple WIMP model

Standard 
Model

W±, Z, h
Dark Matter

Mediated by a known interaction:


The weak interaction in the Standard Model


Mediator mass: 102  GeV



WIMP “miracle”

- If  gD ∼ 0.1 MD ∼ 10s GeV - TeV

We get the right relic abundance of dark matter.


- Coincide with our expectation for weak(±) scale 
new physics!

DM

DM

SM



Why is WIMP a good theory? 

DM

DM

SM

Reasonable: 

Early universe (hot) is in thermal equilibrium.

Don’t need to know too much detail beyond 
(before) that. 


Can be linked to other motivations for 
electroweak scale new physics. 


Present in many models: SUSY, extra 
dimension…

Testable: 

With a sizable coupling to the known (SM) 
particle, WIMP can be searched in labs.  



Looking around the lamppost 

DM

DM

SM

Direct detection:

CDMS


CoGeNT

COUPP

CRESST

DAMA

XENON


Lux

.....Collider searches:


LHC, ...

Indirect detection:

AMS2, PAMELA, Fermi-LAT


Cosmology



Direct detection

Looking for new species

CF1 Snowmass report 2



At colliders
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At colliders
Signal of mono-jet, mono-photon...

detector

jet, photon ...

missing pT (or ET)
calculated from momentum conservationDM (invisible)

DM (invisible)

Signal: mono-jet (photon...) + missing energy (MET)

Wednesday, February 19, 14
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Still a lot to be doneLooking for new species

CF1 Snowmass report 2
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Future 
collider

Large Hadron collider (LHC) 
in the next 10 years

Simplest case yet to be probed



Beyond WIMP

10-22 eV 10s MӅ  

Bosonic DM 

102eV keV GeV 100TeV

WIMP

WIMP

Neighborhood



Beyond WIMP

10-22 eV 10s MӅ  

Bosonic DM 

102eV keV GeV 100TeV

WIMP

WIMP

Neighborhood



Beyond the simple WIMPs

Standard 
Model

more
dark particles 

W±, Z, h
dark interaction:
dark gauge boson, 

...

portal:
dark photon,
hidden valley

...

Dark Matter

multiple species, non-thermal
different candidate: axion, v’...

Collider 
searches

Beam dump Direct
detection

Indirect
detection

Connection 
with 

early universe

New signals.  DM may not be the first dark sector discovery.

new mediator

….



Extend the WIMP story to lower 
masses

? Exercise: Suppose that the annihilation rate had a temperature dependence h�vi =

h�vi0 T/m� (p-wave cross section). Estimate the value of h�vi0 required to the saturate
the observed DM relic density. What is the predicted annihilation rate for indirect detection
searches in the Milky Way, compared to s-wave annihilation cross section above?

1 Implications for DM models

Next, let us ponder on the implications of Eq. 33 for model-building and the resulting restrictions
on DM mass range. We will take as an illustrative example annihilation that occurs through an
s-channel mediator with mass mV (remaining for the moment agnostic as to the identity of V ):

�̄

�

V

f̄

f

where the vector V has coupling g� with the DM and coupling gf with the final state fermions. We
will neglect the mass of the final state fermions, as before. In the non-relativistic limit, the cross
section for this process is given by

� =

Z
d⌦cm

|pf |

16⇡2E3
cm|v1 � v2|

|M|
2

=

Z
d⌦cm

1

|v1 � v2|

|M|
2

32⇡2s
(35)

where ⌦cm are center of mass scattering angles, the center of mass energy is s = E2
cm = 4m2

� +

O(m�T )+ ..., and we used that |pf | ⇡ Ecm/2 in the limit of massless fermions f . Using this result,
we can approximate the thermally averaged h�vi for annihilation by

h�vi '
|M|

2

32⇡m2
�

. (36)

Assuming Dirac fermion DM, a single flavor/color of the fermion, and a vector mediator, the spin-
averaged matrix element squared of the process is given by

|M|
2

⇡ g2
�g2

f

32m4
�

(s � m2
V

)2
(37)

in the nonrelativistic limit.

• mV > m�: In this case, the heavy V state generates a four-fermion interaction with amplitude
g�gf/m2

V
. The annihilation cross section can be estimated as

h�vi '
16⇡↵�↵fm2

�

m4
V

(38)

with ↵� ⌘ g2
�/(4⇡) and ↵f ⌘ g2

f
/(4⇡).
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mDM < mV, σv ∼
g4

4π
m2

DM
m4V

mV ≈ 102  GeV ⇒ mDM > GeV 

g: coupling

We can consider lighter mediators, mV < GeV



Dark photon

SM dark

photon:  |γ⟩ photon':  |γ′ ⟩

dark photon: a quantum superposition of & and &’ 

|γdark⟩ = |γ′ ⟩ + χ |γ⟩

χFμνF′ μν

Mediates an interaction with strength   ∝ χ



Roles of dark photon

As mediator for thermal freeze out. (Discussed earlier)



Roles of dark photon

As mediator for thermal freeze out. (Discussed earlier)
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FIG. 6. An illustration of the resulting abundance from freezeout of relativistic particle (Section II B),
freezeout of a nonrelativistic particle (Section II C), and freeze-in (Section II D 1). The line labelled neq

assumes the number density for a particle in thermal equilibrium and with zero chemical potential.

where the entropy in the photon plus positron/electron bath is s�(T = MeV�
) =

11
2

2⇡
2

45 T 3. This
result has an additional factor of 43/22 compared to the one we obtained for neutrinos; however,
this compensated by the fact that g⇤,S(Tfo) is larger when Tfo > MeV, so that the largest possible
value of Y� is that of the abundance for neutrinos. The relic abundance is then given by

⌦�h2
' 0.12 ⇥

g

g⇤,S(Tfo)

⇣ m�

2 eV

⌘
. (29)

Earlier, we determined that a viable thermal dark matter candidate should have mass m� & 1�10

keV. However, if freezeout occurs when the DM is relativistic, then we obtain ⌦�h2
= 0.12 only

when m� ' 1 � 10 eV. Here it is assumed that g⇤,S(Tfo) ⇠ O(10) and g ⇠ 2. Larger m� would lead
to an excess of matter density and would result in

P
i
⌦i > 1, known as overclosure. Alternatively,

one can increase g⇤,S(Tfo). From the result above, we see that for m� > keV, we would need
g⇤,S(Tfo) & 1000 – many more degrees of freedom than is present in the Standard Model!5 The
lesson from this exercise is that freezeout of a relativistic species can give a cold dark matter
candidate – but only in nonstandard cosmologies. Otherwise, the relic number density is simply
too high.

5
In fact, this is the assumption in most searches for warm dark matter, meaning the resulting bounds are quite

conservative.
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Freeze-in 

? Exercise: Suppose that the annihilation rate had a temperature dependence h�vi =

h�vi0 T/m� (p-wave cross section). Estimate the value of h�vi0 required to the saturate
the observed DM relic density. What is the predicted annihilation rate for indirect detection
searches in the Milky Way, compared to s-wave annihilation cross section above?

1 Implications for DM models

Next, let us ponder on the implications of Eq. 33 for model-building and the resulting restrictions
on DM mass range. We will take as an illustrative example annihilation that occurs through an
s-channel mediator with mass mV (remaining for the moment agnostic as to the identity of V ):

�̄

�

V

f̄

f

where the vector V has coupling g� with the DM and coupling gf with the final state fermions. We
will neglect the mass of the final state fermions, as before. In the non-relativistic limit, the cross
section for this process is given by

� =

Z
d⌦cm

|pf |

16⇡2E3
cm|v1 � v2|

|M|
2

=

Z
d⌦cm

1

|v1 � v2|

|M|
2

32⇡2s
(35)

where ⌦cm are center of mass scattering angles, the center of mass energy is s = E2
cm = 4m2

� +

O(m�T )+ ..., and we used that |pf | ⇡ Ecm/2 in the limit of massless fermions f . Using this result,
we can approximate the thermally averaged h�vi for annihilation by

h�vi '
|M|

2

32⇡m2
�

. (36)

Assuming Dirac fermion DM, a single flavor/color of the fermion, and a vector mediator, the spin-
averaged matrix element squared of the process is given by

|M|
2

⇡ g2
�g2

f

32m4
�

(s � m2
V

)2
(37)

in the nonrelativistic limit.

• mV > m�: In this case, the heavy V state generates a four-fermion interaction with amplitude
g�gf/m2

V
. The annihilation cross section can be estimated as

h�vi '
16⇡↵�↵fm2

�

m4
V

(38)

with ↵� ⌘ g2
�/(4⇡) and ↵f ⌘ g2

f
/(4⇡).

21

Weak coupling, dark matter not 
in thermal eq. 

It approaches the correct relic 
abundance. 
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As mediator for thermal freeze out. (Discussed earlier)
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assumes the number density for a particle in thermal equilibrium and with zero chemical potential.

where the entropy in the photon plus positron/electron bath is s�(T = MeV�
) =

11
2
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45 T 3. This
result has an additional factor of 43/22 compared to the one we obtained for neutrinos; however,
this compensated by the fact that g⇤,S(Tfo) is larger when Tfo > MeV, so that the largest possible
value of Y� is that of the abundance for neutrinos. The relic abundance is then given by

⌦�h2
' 0.12 ⇥

g

g⇤,S(Tfo)

⇣ m�

2 eV

⌘
. (29)

Earlier, we determined that a viable thermal dark matter candidate should have mass m� & 1�10

keV. However, if freezeout occurs when the DM is relativistic, then we obtain ⌦�h2
= 0.12 only

when m� ' 1 � 10 eV. Here it is assumed that g⇤,S(Tfo) ⇠ O(10) and g ⇠ 2. Larger m� would lead
to an excess of matter density and would result in

P
i
⌦i > 1, known as overclosure. Alternatively,

one can increase g⇤,S(Tfo). From the result above, we see that for m� > keV, we would need
g⇤,S(Tfo) & 1000 – many more degrees of freedom than is present in the Standard Model!5 The
lesson from this exercise is that freezeout of a relativistic species can give a cold dark matter
candidate – but only in nonstandard cosmologies. Otherwise, the relic number density is simply
too high.

5
In fact, this is the assumption in most searches for warm dark matter, meaning the resulting bounds are quite

conservative.
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Freeze-in 

? Exercise: Suppose that the annihilation rate had a temperature dependence h�vi =

h�vi0 T/m� (p-wave cross section). Estimate the value of h�vi0 required to the saturate
the observed DM relic density. What is the predicted annihilation rate for indirect detection
searches in the Milky Way, compared to s-wave annihilation cross section above?

1 Implications for DM models

Next, let us ponder on the implications of Eq. 33 for model-building and the resulting restrictions
on DM mass range. We will take as an illustrative example annihilation that occurs through an
s-channel mediator with mass mV (remaining for the moment agnostic as to the identity of V ):

�̄

�

V

f̄

f

where the vector V has coupling g� with the DM and coupling gf with the final state fermions. We
will neglect the mass of the final state fermions, as before. In the non-relativistic limit, the cross
section for this process is given by

� =

Z
d⌦cm

|pf |

16⇡2E3
cm|v1 � v2|

|M|
2

=

Z
d⌦cm

1

|v1 � v2|

|M|
2

32⇡2s
(35)

where ⌦cm are center of mass scattering angles, the center of mass energy is s = E2
cm = 4m2

� +

O(m�T )+ ..., and we used that |pf | ⇡ Ecm/2 in the limit of massless fermions f . Using this result,
we can approximate the thermally averaged h�vi for annihilation by

h�vi '
|M|

2

32⇡m2
�

. (36)

Assuming Dirac fermion DM, a single flavor/color of the fermion, and a vector mediator, the spin-
averaged matrix element squared of the process is given by

|M|
2

⇡ g2
�g2

f

32m4
�

(s � m2
V

)2
(37)

in the nonrelativistic limit.

• mV > m�: In this case, the heavy V state generates a four-fermion interaction with amplitude
g�gf/m2

V
. The annihilation cross section can be estimated as

h�vi '
16⇡↵�↵fm2

�

m4
V

(38)

with ↵� ⌘ g2
�/(4⇡) and ↵f ⌘ g2

f
/(4⇡).
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Weak coupling, dark matter not 
in thermal eq. 

It approaches the correct relic 
abundance. 

mDM = 10 MeV, mV = 30 MeV, χ ≃ 10−4

mDM = 1 MeV, mV = 10−12 eV, χ ≃ 10−6

Examples
Thermal freeze out:
Freeze in: 



Windows into dark sector: portals

- Any known (SM) particle can in principle have small 
couplings to dark matter/dark sector.

Higgs Z

Neutrino

Higgs/Z factories, such as CEPC

Neutrino facilities, fixed target experiments…



Theories of dark matter

Axion, dark photon

10-22 eV 10s MӅ  

Bosonic DM 

102eV keV GeV 100TeV

WIMP

WIMP

Neighborhood

Not single particle-like. 



Dark matter = classical wave

- Huge occupation number within a de Broglie 
wavelength.


Collective motion �classical waves, not a single particle

similar to sound, waves on the ocean, traveling on a 
string…

noccupation ≃ ρDM
MDM

× λ3
dB = 1094 ( 10−22eV

MDM )
4

λdB ∼ kpc ( 10−22eV
MDM ) ρDM ≃ 0.4 GeV/cm3



Classical field in expanding universe

··ϕ + 3H ·ϕ + V′ (ϕ) = 0

H ≡
·a
a

Expansion of universe

“Viscosity”

Hubble: Mass + interactions

V′ (ϕ) = m2ϕ + ⋯



Classical field in two limits

ϕ(t) ∝ 1
a3/2(t) sin(mϕt + ϕ0)

H > mϕ H < mϕ

Hubble expansion more important mass more important

··ϕ + 3H ·ϕ + V′ (ϕ) = 0 ··ϕ + 3H ·ϕ + V′ (ϕ) = 0



Classical field in two limits

ϕ(t) ∝ 1
a3/2(t) sin(mϕt + ϕ0)

H > mϕ H < mϕ

Hubble expansion more important mass more important

··ϕ + 3H ·ϕ + V′ (ϕ) = 0 ··ϕ + 3H ·ϕ + V′ (ϕ) = 0
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FIG. 4. Reproduced from Ref. [21], the evolution of a scalar field in a radiation dominated universe. The
scalar field has mass ma and the dashed line indicates when H = ma/2, which is approximately when the
field starts oscillating. The lower left panel shows the evolution of the equation of state, where w = �1 at
early times. At late times, the equation of state oscillates rapidly between �1 and 1 but on cosmological
time scales of ⇠ H�1 we can approximate hwi ⇡ 0, which describes cold dark matter. The lower right panel
shows the evolution of the energy density. The orange line is the evolution of the density assuming cold
dark matter for H < ma/2, and we see there are some residual oscillations in the exact energy density as
we transition to the oscillatory phase.

conclusively test. However, if even a tiny coupling is present, there are a variety of interesting
experimental proposals to search for this kind of DM, as we will discuss later (briefly). In addition,
the QCD axion is a specific example of bosonic field dark matter where there are couplings to the
SM, which gives a compelling reason to search for weakly-coupled bosons.

The QCD axion. — In Fig. 3, there is a small but important sliver marked around 10
�5 eV. This

is the “classic” window for the QCD axion to be all of the dark matter, but note that this is not the
only allowed window. The QCD axion is a pseudo-Nambu-Goldstone boson of an approximate U(1)

called a Peccei-Quinn (PQ) symmetry, proposed to solve the strong CP problem. The classic window
corresponds to when the PQ symmetry is unbroken during inflation; applying various astrophysical
constraints and requiring that the axion comprises all of the DM leads to a remaining narrow mass
range. We limit the discussion here, as there are many reviews on axions. An introduction to the
axion as a way to solve the strong CP problem can be found within the same TASI proceedings as
these [22], while an earlier extensive review on particle physics models for axions can be found in
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scalar field has mass ma and the dashed line indicates when H = ma/2, which is approximately when the
field starts oscillating. The lower left panel shows the evolution of the equation of state, where w = �1 at
early times. At late times, the equation of state oscillates rapidly between �1 and 1 but on cosmological
time scales of ⇠ H�1 we can approximate hwi ⇡ 0, which describes cold dark matter. The lower right panel
shows the evolution of the energy density. The orange line is the evolution of the density assuming cold
dark matter for H < ma/2, and we see there are some residual oscillations in the exact energy density as
we transition to the oscillatory phase.

conclusively test. However, if even a tiny coupling is present, there are a variety of interesting
experimental proposals to search for this kind of DM, as we will discuss later (briefly). In addition,
the QCD axion is a specific example of bosonic field dark matter where there are couplings to the
SM, which gives a compelling reason to search for weakly-coupled bosons.

The QCD axion. — In Fig. 3, there is a small but important sliver marked around 10
�5 eV. This

is the “classic” window for the QCD axion to be all of the dark matter, but note that this is not the
only allowed window. The QCD axion is a pseudo-Nambu-Goldstone boson of an approximate U(1)

called a Peccei-Quinn (PQ) symmetry, proposed to solve the strong CP problem. The classic window
corresponds to when the PQ symmetry is unbroken during inflation; applying various astrophysical
constraints and requiring that the axion comprises all of the DM leads to a remaining narrow mass
range. We limit the discussion here, as there are many reviews on axions. An introduction to the
axion as a way to solve the strong CP problem can be found within the same TASI proceedings as
these [22], while an earlier extensive review on particle physics models for axions can be found in
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Classical field in two limits

ϕ(t) ∝ 1
a3/2(t) sin(mϕt + ϕ0)

ρ ∝ m2
ϕϕ2(t) ∝ 1

a3(t)

On large scales, behave same as particle-like matter.


Will similarly cluster, form structure, etc. 

H > mϕ H < mϕ

Hubble expansion more important mass more important

··ϕ + 3H ·ϕ + V′ (ϕ) = 0 ··ϕ + 3H ·ϕ + V′ (ϕ) = 0



Why is axion light?
Potential of a symmetry breaking 

Excitation in + direction massless.   “Goldstone” boson. 

Symmetry + � + + c ⇒ + is massless.  

Small mass can then be generated by a small coupling. 

A very common phenomenon: 

1) Standard Model electroweak 
symmetry breaking. Strong interaction. 

2) Condensed matter system:  phonon, 
magnets, BCS… 




Production: misalignment

ϕ(t) = ϕi

a3/2(t) sin(mϕt + ϕ0)

H > mϕ H < mϕ

Hubble expansion more important mass more important

ϕi

ρ = m2
aϕ2(t) ∝ ϕ2

i
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Fig. 5. ULA relic density from vacuum realignment in the broken PQ scenario with high scale inflation, HI ⇡ 1014 GeV. ULAs require �i > 1014 GeV in
order to contribute more than a few percent to the DM density. Even with high scale inflation, the contribution of isocurvature backreaction is less than a
percent of the total DM across the entire ULA parameter space. See Fig. 15 for more details on the allowed region at lower mass.

at late times when H ⌧ ma, independent of any assumptions about the background evolution being matter or radiation
dominated.20

The solution for � and ⇢a in the WKB approximation sheds light on the constant-mass assumption we made at the
beginning of this section. The magnitude of non-perturbative effects generally varies with temperature, and so the axion
mass varies with cosmological time, approaching an asymptotic value for T ⌧ TNP. If the asymptotic value of the mass has
been reached before the axion becomes relevant in the energy density and when a < aosc then cosmology will proceed as
if we simply take ma = ma(T = 0) everywhere. Only the quantities evaluated at a = aosc matter. In string models, non-
perturbative effects stabilize moduli and break SUSY at high energies, while ULAs oscillate in the post-BBN Universe, with
TBBN ⌧ TSUSY. In that context, i.e. ULAs from string theory, constant mass is an excellent approximation.

Fig. 5 shows ⌦ah2 in the broken PQ scenario, for ULAs in the range 10�24 eV  ma  10�12 eV (where aosc < aeq and
ULAs are safe from linear cosmological constraints, see Section 5), with HI = 7.8 ⇥ 1013 GeV (the maximum allowed value
with rT = 0.1) for varying �i = fa✓a,i. The contribution from HI backreaction to ⌦ah2 is less than 10�4 across the entire
range of masses shown: backreaction of isocurvature perturbations can safely be neglected for all ULAs and h�2

i i ⇡ �2
i can be

taken as a completely free parameter. All ULAs require �i > 1014 GeV in order to contribute more than a few percent to the
DM density. Since �i . fa and HI,max < 1014 GeV this implies that ULAs should always be considered in the broken PQ scenario.

The ‘‘anthropic boundary’’ for ULAs in string theory is defined as the minimum mass where ⌦ah2 = 0.12 [105] can be
obtained with fa  1016 GeV [17]. Plugging �i = 1016 GeV into Eq. (61) gives:

ma = 5.3 ⇥ 10�19 eV
✓

fa
1016 GeV

◆�4

(string anthropic boundary), (63)

where I have used zeq = 3400, ⌦ch2 = 0.12, ⌦bh2 = 0.022 and h = 0.67 to fix the radiation density. ULAs heavier than
this require (anthropic) tuning of �i if fa ⇠ 1016 GeV. ULAs lighter than this require larger decay constants, a large number
of individual axions, or some other production mechanism, to contribute a significant amount to the DM density. Since
fa  1016 GeV is by no means a hard prediction of string theory, it is worth considering the limit of the anthropic boundary
for DM-like axionswithma = 10�24 eV. This is visible in Fig. 5, and from the fa scaling of Eq. (63).We find fa  4⇥1017 GeV:
ULA DM is natural for comfortably sub-Planckian values of the decay constant.

4.3.2. The QCD axion
QCD non-perturbative effects switch on at T ⇠ ⇤QCD ⇠ 200 MeV, precisely when the QCD axion with intermediate fa

begins oscillations. The temperature dependence of the axion mass in QCD is given by:

m2
a(T )f 2a = �top.(T ), (64)

20 This applies to fields oscillating in a harmonic potential, V (�) ⇠ �2. Turner [133] proved themore general result for fields oscillating in an anharmonic
potential, V (�) ⇠ �↵ , giving ⇢ / a�6↵/(↵+2) .

Need large initial value

Possible during inflation. 
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QCD (strong interaction) axion:  the axion

Axion from breaking of a U(1) global symmetry.

Axion mass generated by small non-perturbative effect of strong interaction.  

Motivation: QCD strong CP problem.

The neutron electric dipole moment expected from QCD is wrong by at least 
9 orders of magnitude. 


Axion gives a dynamical solution to this problem.   



“The axion” and  ALP

QCD (strong interaction) axion:  the axion

Axion from breaking of a U(1) global symmetry.

Axion mass generated by small non-perturbative effect of strong interaction.  

Motivation: QCD strong CP problem.

The neutron electric dipole moment expected from QCD is wrong by at least 
9 orders of magnitude. 


Axion gives a dynamical solution to this problem.   

Axion like particles: ALPs
Similar light scalar particles. 

The property is not dictated by the strong interaction. More general 
scenarios than the QCD axion.   



Axion coupling to the known particles
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Figure 14

Existing limits on the photon coupling of axions and axion-like particles and the projected
coverage of ongoing upgrades for these experiments. Figure adapted from Ref. (39) (the Particle
Data Group).
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Main detection channel relies on axion photon coupling
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Dark photon dark matter
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band illustrates a weak dependence on the inflationary model (for a given He).
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Produced gravitationally during  
inflation and reheating

From topological defects (such as 
cosmic strings) radiation

7

cosmological dilution, nA ⇠ t�1, but the comoving density is
growing, a3nA / t3/2nA / t1/2. The relic abundance of
dark photons today (time t = t0) is given by

⌦Ah
2 =

mA YA(t0) s(t0)

3H2
0M

2
pl/h

2
(23)

where H0 = 100h km/sec/Mpc is the Hubble constant and
Mpl ' 2.43⇥1018 GeV is the reduced Planck mass. Here, we
have also introduced the yield, YA(t) = nA(t)/s(t), where
s = (2⇡2/45)g⇤S(t)T (t)3 is the cosmological entropy den-
sity at time t when the plasma temperature is T (t). Dark pho-
ton radiation becomes negligible at t = t⇤, and afterward the
yield is conserved, Y (t0) = Y (t⇤). Then, using the expres-
sion for nA(t⇤) from Eq. (22), we have

⌦Ah
2 '

�
0.12

� ⇣ mA

10�13 eV

⌘1/2
 p

µ(t⇤)

1014 GeV

!2

(24)

⇥
✓
⇠(t⇤)

16

◆✓
ĒA

H

◆�1✓
H(t⇤)

mA

◆�1/2

,

where we have taken the effective number of relativistic
species to be g⇤ = g⇤S = 106.75.

IV. DISCUSSION AND CONCLUSIONS

We show the relevant parameter space in Fig. 2. Since the
model has four free parameters (v,�, e, Trh), we show only
the two-dimensional slice of parameter space with � = 1.
Our results are insensitive to the postinflationary reheat tem-
perature, Trh, as long as it is high enough for symmetry
restoration; see the discussion in Sec. III A. The value of
the string tension today is given by Eq. (5), which evalu-
ates to µ(t0) ⇡ (⇡/2�)m2

⇢
log[m⇢/mA], and since this is

only logarithmically sensitive to the dark photon mass, we fix
mA = 10�10 eV and show the corresponding value of µ(t0)
on the top of the plot.

Recall from the discussion in the Introduction that the prob-
lem of dark photon dark matter production can be solved by
inflationary quantum fluctuations (gravitational particle pro-
duction) for mA & 10�5 eV [14]; this is indicated by the
blue line in Fig. 2. Additionally, models of particle dark mat-
ter with mass m . 10�21 eV are inconsistent with probes
of cosmological structure, namely Lyman-↵ forest observa-
tions [70]; this is indicated by the orange line in Fig. 2.

Along the diagonal red lines, the relic abundance of longi-
tudinally polarized dark photons matches the measured dark
matter relic abundance, ⌦dmh2 ' 0.12. Larger values of mA

and m⇢ (above the red line) are ruled out, because dark pho-
ton dark matter is overproduced. Regarding the dark photon
production problem that we discussed in the Introduction, it
is clear from these results that dark photon dark matter can
be produced from its own near-global, Abelian Higgs cos-
mic string network for a wide range of dark photon masses.
Models with smaller dark photon masses allow for viable dark
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FIG. 2. The relic abundance of dark photon dark matter, given by
Eq. (24), matches the observed dark matter relic abundance along the
red lines labeled “⌦Ah

2 ' 0.12” for an interesting region of param-
eter space where the dark photon’s mass is sub-eV and the scale of
symmetry breaking is somewhat below the GUT scale. The two red
lines serve to quantify the uncertainty in our calculation associated
with evolution of the string network.

matter production as long as they have correspondingly higher
symmetry breaking scales, represented here by the string ten-
sion and the scalar singlet mass.

The symmetry breaking scale is bounded from above in two
ways. In order to form the string network via a cosmological
phase transition, the symmetry must be restored after inflation.
This imposes a lower bound on the postinflationary reheating
temperature, Trh. For the Abelian-Higgs model we have stud-
ied here, this bound is roughly Trh & v; see the discussion in
Sec. III A. On the other hand, measurements of the cosmic
microwave background constrain the energy scale of infla-
tion [71], which implies an upper bound on the reheating tem-
perature that is at least as strong as Trh . 1016 GeV and pos-
sibly stronger depending on the model of inflation and reheat-
ing. Taken together these constraints imply v . 1016 GeV orp
µ(t0) . v log1/2 ⇠ 1017 GeV. Thus, we conclude that the

parameter space shown in Fig. 2 can still be consistent with
cosmological limits on the symmetry breaking scale.

Gravitational wave radiation provides a more direct test
of the symmetry breaking scale. As we have discussed in
Sec. III B the collapse of string loops produces gravitational
wave radiation, which is expected to survive in the Universe
today as a stochastic gravitational wave background [72]. Pul-
sar timing array (PTA) observations provide stringent con-
straints on the presence of such a gravitational wave radia-
tion in the Universe today. For a network of Nambu-Goto or
Abelian-Higgs cosmic strings, the loops are long lived and

+ from misalignment, coupling to 
axions, … 

Multiple production mechanisms: 

Similar to Hawking radiation, but applied to 
expanding universe.



Dark photon searches
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Figure 14. Summary of dark photon constraints and prospects (see Sec. 1 for references). High-energy collid-
ers (LHC14, 100 TeV, ILC/GigaZ) are uniquely sensitive to dark photons with mZD & 10 GeV, while precision
QED observables and searches at B- and �-factories, beam dump experiments, and fixed target-experiments
probe lower masses. Dark photons can be detected at high-energy colliders in a significant part of open pa-
rameter space in the exotic decay of the 125 GeV Higgs boson, h ! ZZD ! 4`, (blue curves) in Drell-Yan
events, pp ! ZD ! ``, (red curves) and through improved measurements of electroweak precision observ-
ables (green/purple dashed curves). Note that all constraints and prospects assume that the dark photon decays
directly to SM particles, except for the precision measurements of the electron/muon anomalous magnetic mo-
ment and the electroweak observables. If, in addition to kinetic mixing, the 125 GeV Higgs mixes with the
dark Higgs that breaks the dark U(1), then the decay h ! ZDZD would set constraints on ✏ that are orders of
magnitude more powerful than other searches down to dark photon masses of ⇠ 100 MeV, see Fig. 10.

8 Discussion and Conclusions

Dark sectors with a broken U(1)D gauge group that kinetically mixes with the SM hypercharge are
well motivated and appear in a variety of new physics scenarios. In this paper, we showed that high-
energy proton-proton and electron-positron colliders, like the LHC14, a 100 TeV collider, and an
ILC/GigaZ, have excellent sensitivity to dark photons. In fact, they may provide the only probe for
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Heavier dark photon:  Colliders, fixed target experiments
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FIG. 1. Current constraints on the DP’s mass, mX , and kinetic mixing parameter with the SM photon, c. The general colour-
scheme is: cosmological bounds in blue, experimental bounds in red, and astrophysical bounds in green. The thick white line
that divides the parameter space in two is the upper limit for which DPs are a viable candidate for 100% of the DM. The focus
of this work are the experimental bounds that reach below this line. Descriptions of each bound are given in Sec. II.

ion) signals. In other words, a DP could have been ob-
served, but its signal would have been vetoed.

The upper limit of viable dark photon dark mat-
ter (DPDM), shown by a thick white line, is taken
from various references. Although we run the risk
of being overly-stringent, we adopt the most demo-
cratic approach of taking the lower envelope of all pub-
lished analyses, including: Arias et al. [39], Witte et
al. [119, 120], and Caputo et al. [121, 122], though we
note that there are some substantive disagreements be-
tween these analyses. Three astrophysical limits also
require DPDM: those based on the heating of the in-
tergalactic medium (IGM) [123], the gas in the Leo T
dwarf [124], and the gas cloud at the galactic centre
G357.8-4.7-55 [125], and again, there are also disagree-
ments between these analyses.

The astrophysical bounds at higher masses are those
based on stellar cooling arguments applied to the Sun,
horizontal branch (HB) stars, and red giant (RG) stars in
Ref. [126], and neutron stars in Ref. [127]. Note that for
the straight part of the solar bound below 10 eV we use

the improved limit from the solar global fit performed
in Ref. [128]. These bounds assume a non-dynamical
generation of the DP mass: the Stueckelberg case. How-
ever, if the DP mass originated via a Higgs mechanism,
the stellar bounds would be much stronger—plateauing
at c ⇠ 10�13 for mX . 100 eV, down to arbitrarily
small masses [98, 129].

Another astrophysical bound was set using gamma
rays from the Crab nebula [130]. The final cosmological
bound is on g ! X happening in the early universe to
the degree that it would generate spectral distortions to
the CMB, which are tightly constrained by COBE and
FIRAS [131]. Several groups have derived these con-
straints in the past [121, 122, 132, 133], with broad, but
not perfect, agreement. The one shown in Fig. 1 is from
Ref. [122]. Lastly, we shade in grey the mass window
6.5 ⇥ 10�15 eV < mX < 2.9 ⇥ 10�11 eV. In fact, if a DP
existed in that range, the field would spin-down stel-
lar mass black holes due to superradiance [134–136].
Data for every bound shown in this figure can be down-

Dark photon searches

Lighter dark photon:  Terrestrial/table top detectors, astrophysical, …

Many new ideas still emerging: e.g. H. An, F. P. Huang, J. Liu, W. Due, 2010.15836 



Are axion/dark photon good theories?

- Quite reasonable:

Based on well known physics (such as Goldstone 
boson and symmetry breaking).

QCD axion can solve strong CP problem.


- Testable:

Simple coupling to the Standard Model. Large 
possible region of coupling strength. 

Many new development for new techniques. 

Pretty good theories. Good guide for experiments. 



Other stories

Figure 4: A potential for the inflection model

Ref. [87] recently proposed a single field model which can produce the primordial power
spectrum with a peak. They consider the inflaton’s potential with a inflection (plateau) point
where the inflaton temporarily slows down during inflationary phase. PBH formation in such an
inflationary scenario with a “plateau” in the scalar potential was discussed in Ref. [88]. Ref. [88]
calculated the spectrum of the adiabatic perturbations for the schematic representation of the
scalar potential which has two breaks and a flat plateau between these breaks#10. The reason
why such a model can produce a peak in the primordial spectrum can be easily understood
as follows. Let us recall the expression of the primordial power spectrum given by (32). This
expression can be rewritten in terms of the slow-roll parameter as

PRc(k) =

✓
8⇡GH2

✏

◆

aH=k

. (40)

From this expression, one can find that when the inflaton temporarily slows down, the slow-roll
parameter ✏ becomes more suppressed and the power spectrum have a peak at the scales which
exit the Hubble horizon during the slow-down phase. However, if the plateau is completely flat
there appears a problem that the inflaton may stay too long at the plateau and the inflationary
phase eternally continues, so-called eternal inflation. To avoid this problem, in Ref. [87], a
“near”-inflection point has been introduced in the inflaton potential. Such kind of models in the
context of PBH formation have also been discussed in Refs. [89–92].

In fact, as pointed out in Ref. [92], the standard slow-roll conditions might be generally
violated near the inflection point. In the standard slow-roll approximation, we approximate
�̇ ' �V�/(3H) where V� := dV/d� and � is an inflaton field, and this means that in the equation
of motion of the inflaton we can neglect the acceleration of the inflaton, �̈, term. However, if
V� becomes too small as around the inflection point, in the equation of motion 3H�̇ term would
become balanced with �̈ term, that is, |�̈| ⇡ |3H�̇|(� |V�|). Thus, the above discussion based on
the slow-roll parameters would be violated. In fact, based on the detailed calculation, in such an
inflection-point inflation, the amplification of the primordial density fluctuations can be realized,
but PRc ' 10�4 at most [87, 92].

#10Ref. [62] also studied PBH formation in several toy models.
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A special feature on the inflaton potential 
gives large fluctuations

⇒ primordial blackhole production

FIG. 6: gravitational production of particles during natural inflation, with Λ = 10−3MP l and

fφ = 0.6MP l.

To calculate the relic density of stable particles produced gravitationally, we integrated

the background and X-particle mode equations for several different points within the allowed

regions of parameters shown in Fig. 1, as well as for λ = g = 1, which is well outside it. Our

results are summarized in Figs. 4 and 5.

All the curves look similar in form to the mass spectrum for chaotic inflation with a

potential V (φ) ∼ m2
φφ

2. The value of ΩXh2 increases with z = MX/HI for z < 1, then

decreases exponentially for z > 1. The reason for this behavior is discussed in this paper for

the small-z region, and in [24] in the large-z limit.

The numerical results are in qualitative agreement with the result of Eq. (44).

As another example of a single-field model, in Fig. 6, we show the mass spectrum for

natural inflation [23]. In natural inflation the potential is usually chosen to be

V (φ) = Λ4
[

1− cos
(

φ/
√
2fφ

)]

. (45)

Normalizing the parameters to produce the observed temperature fluctuations, a reasonable

choice of parameters is Λ = 10−3MP l and fφ = 0.6MP l. With these choices, HI = 5.1 ×

10−7MP l.

As in the hybrid inflation case, in the low-z limit ΩXh2 ∝ M2
X . Again, the numerical
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Gravitational effect during inflation and 
reheating can produce (very) heavy 
particles “WIMP-zillars” (1012-15 GeV)



The gaps in our stories

- Still, many orders of magnitudes empty. 
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The gaps

- Even more if we also take into account coupling strength

J. Feng



Conclusion

- Understanding dark matter is one of the most 
pressing questions in physics. 


- It is a very difficult task. 

Vast range of possibilities, yet we know extremely 
little. 


- After decades of effort, we have several good 
theories: WIMP + dark sector, axion,…


- Much more is needed to cast a wide net! Huge 
amount of work left to be done! 
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Limits from annihilation
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FIG. 11. Reproduced from Ref. [38], the Planck 2018 constraints on DM annihilation cross section as a
function of DM mass. The different shaded regions/lines correspond to constraints on different final states
in the DM annihilation. Also shown are preferred regions obtained from fits of cosmic ray and gamma ray
data; for discussion of these excesses, see Refs. [108, 109].

into helium, since the fusion rate competes with dissociation from the high energy photons. As a
result, the effect of the DM is reduced D and increased 4He. (Meanwhile, an additional source of
radiation in Neff primarily affects BBN by changing the expansion rate and thus increasing the relic
n/p ratio; this leads to more D and 4He.) Refs. [105–107] used measurements of abundances and
the baryon density to set lower bounds on the DM mass m� & 1�10 MeV, with the specific number
depending on the number of degrees of freedom of the candidate. (It is also interesting to note that
these bounds apply generally to any MeV-scale particle that was in equilibrium with the SM around
the time of BBN, and does not make any assumption about the particle’s relic abundance.)

CMB —- After freezeout, DM annihilation continues all the way through the epoch of recom-
bination, with a rate given by ⇢2

DMh�vi/(2m2
�) for Majorana particles. This is a meager rate that

barely changes the DM density, but it is a source of energy injection which does affect the CMB.
Accounting for the energy released in the annihilation (2m�), the rate of energy deposited per
volume and time is parametrized as

dE

dV dt
(z) = ⇢2

c⌦
2
cdm(1 + z)

6 h�vi

m�

f(z) (67)

where f(z) is typically an O(1) number characterizing the efficiency of energy deposition at redshift
z [110, 111]. For instance, annihilation into photons in a “transparency window” (energies and
redshifts where the photon cooling time is relatively slower compared to the expansion rate) or
annihilation into neutrinos would reduce the efficiency. The physical effect of the late energy
injection is primarily to modify the ionization history: there is an increase in residual ionized
hydrogen. CMB photons scatter off the free electrons, leading to damping at small scales in the
CMB power spectra (` & 200) and an increase in the power for CMB polarization (EE) at large
scales (` . 200) [112].
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