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MOTIVATION & OBJECTIVES

New mechanism for cooling DM 
& significantly weakening the 

Lyman-  boundα

Freeze-in of cannibal 
dark sectors

Cautionary tale about 
adopted cosmology
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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)

„WIMP”

de
ple

tio
n 

to
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M
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Visible Sector Dark Sector

FREEZE-OUT

equilibrium

Thermal bath at
 T ≳ mDM

end of inflation

reheating

Thermal 
bath at
 T′￼≈ T

Thermal bath at
 T ≲ mDM

Decoupled, free 
streaming DM

I. Natural

II. Predictive

III. It is not optional

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

ex
pa

ns
io

n

equilibrium
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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)

„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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CANNIBAL DM
Explains depletion of DM solely 
through self number changing 

reactions!

ϕ

ϕ

ϕ

ϕ

ϕ

ϕ

g
3!

ϕ3 +
λ
4!

ϕ4

Simplest example, scalar  with interactions (no coupling to SM!):ϕ

⇒

To obtain correct relic abundance:   mϕ ∼ 𝒪(10 − 100 MeV)

Problem: structure formation…

expansion: kinetic energy redshifts  depletion of  of the dark sector→ E

de Laix et al. ’95

cannibalisation: mass  kinetic energy →

…, Hochberg et al. ’14; … 
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CANNIBAL FREEZE-OUT

Self-heating of DM makes it warmer, erasing the formation of structures! 
Tracking its temperature evolution is essential!

Tϕ

T
ϕ ∼ 1/a ∼ T

Relativistic DM (radiation) ‘Cannibalisation’ period

Tϕ ∼ 1/log a

Tϕ ≫ mϕ Tϕ ∼ mϕ

Γ3→2 = Γ2→3 > H Γ3→2 > Γ2→3

Freeze-out

Tϕ ≪ mϕ

Tϕ ∼ 1/a 2
Γ2↔3 < H

1/TSM ∼ time1/2 ∝ a

Initially DM is relativistic ( );

During freeze-out the dark sector uses its rest mass as fuel to keep itself warm;

The system decouples and behaves as a non-relativistic gas.

TDM ≫ mDM
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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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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
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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-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) . . . ]
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FREEZE-IN CALCULATION

If the initial DM number density is small compared to the equilibrium number density
the backreaction term in the Boltzmann equation (3.1) can be neglected, and the evolution
of n� is given by

dn�

dt
+ 3H n� = 2��!��

K1(m�/T )

K2(m�/T )
neq
� , (3.7)

where Kj are modified Bessel functions of the second kind, ��!�� is the decay width and
neq
� is the equilibrium number density of �. In deriving Eq. (3.7), we assumed that the �

particles obey Maxwell-Boltzmann statistics, f� = exp(�E�/T ). Defining then Y ⌘ n�/s
and x ⌘ m�/T , and assuming again that the number of relativistic degrees of freedom remains
constant during DM production, Eq. (3.7) can be rewritten as

x

Y eq
�

dY

dx
= 2

��!��

H

K1(x)

K2(x)
. (3.8)

The approximate solution to this is [19]

⌦�h
2
' 4.48⇥ 108

g�
g⇤s

p
g⇤

m�

GeV

MP ��!��

m2
�

, (3.9)

where g� is the intrinsic number of degrees of freedom of the � field and the expression is
evaluated around T ' m�.

Taking then, for example, g⇤s ' g⇤ and ��!�� ' y2m�/(8⇡), where y is the coupling
strength between � and �, Eq. (3.9) yields a parametric estimate for the coupling su�cient
to produce a sizable DM abundance

y ' 10�12

✓
⌦�h2

0.12

◆1/2 ⇣ g⇤
100

⌘3/4
✓
m�

m�

◆1/2

. (3.10)

The implied small coupling value is compatible with the key assumption of the freeze-in
scenario that the DM particles have not thermalized with the bath particles above T & m�.
From Eq. (3.10) one can also see that the e↵ect for the freeze-in yield in increasing the
interaction rate between the visible sector and DM particles is opposite to that of the freeze-
out scenario, where larger interaction rate implies smaller final abundance. This is illustrated
in Fig. 2, and is further emphasized in Fig. 3, where a schematic representation of the DM
relic density as a function of the coupling y between DM and the visible sector is shown. It
should be noted that Eq. (3.10) gives an estimate of the magnitude of the coupling y in the
case where the initial DM abundance was zero or negligibly small. If this was not the case,
Eq. (3.10) should be taken as an upper bound for y.

As another example of freeze-in, consider a scenario where the observed abundance is
produced by 2 ! 2 annihilations. If the FIMP is a scalar and interacts with three scalar
bath particles �1, �2, �3 via the operator ⇣ � �1 �2 �3, the final abundance can be shown to
be [19]

⌦�h
2
' 1.01⇥ 1024

⇣2

g⇤s
p
g⇤

, (3.11)

where the expression is evaluated at T ' m�. In deriving Eq. (3.11) we assumed that the
masses of � particles are negligible compared to the mass of � and that the initial number
density of � was also negligible. To again generate a sizable DM abundance requires

⇣ ' 10�11

✓
⌦�h2

0.12

◆1/2 ⇣ g⇤
100

⌘3/4
. (3.12)
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Example: freeze-in from decay of  in equilibriumσ

If the initial DM number density is small compared to the equilibrium number density
the backreaction term in the Boltzmann equation (3.1) can be neglected, and the evolution
of n� is given by

dn�

dt
+ 3H n� = 2��!��
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neq
� is the equilibrium number density of �. In deriving Eq. (3.7), we assumed that the �

particles obey Maxwell-Boltzmann statistics, f� = exp(�E�/T ). Defining then Y ⌘ n�/s
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The implied small coupling value is compatible with the key assumption of the freeze-in
scenario that the DM particles have not thermalized with the bath particles above T & m�.
From Eq. (3.10) one can also see that the e↵ect for the freeze-in yield in increasing the
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in Fig. 2, and is further emphasized in Fig. 3, where a schematic representation of the DM
relic density as a function of the coupling y between DM and the visible sector is shown. It
should be noted that Eq. (3.10) gives an estimate of the magnitude of the coupling y in the
case where the initial DM abundance was zero or negligibly small. If this was not the case,
Eq. (3.10) should be taken as an upper bound for y.

As another example of freeze-in, consider a scenario where the observed abundance is
produced by 2 ! 2 annihilations. If the FIMP is a scalar and interacts with three scalar
bath particles �1, �2, �3 via the operator ⇣ � �1 �2 �3, the final abundance can be shown to
be [19]
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p
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, (3.11)

where the expression is evaluated at T ' m�. In deriving Eq. (3.11) we assumed that the
masses of � particles are negligible compared to the mass of � and that the initial number
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⇒

Why is this IR dominated?

σ χ

χ

If the initial DM number density is small compared to the equilibrium number density
the backreaction term in the Boltzmann equation (3.1) can be neglected, and the evolution
of n� is given by

dn�

dt
+ 3H n� = 2��!��

K1(m�/T )

K2(m�/T )
neq
� , (3.7)

where Kj are modified Bessel functions of the second kind, ��!�� is the decay width and
neq
� is the equilibrium number density of �. In deriving Eq. (3.7), we assumed that the �

particles obey Maxwell-Boltzmann statistics, f� = exp(�E�/T ). Defining then Y ⌘ n�/s
and x ⌘ m�/T , and assuming again that the number of relativistic degrees of freedom remains
constant during DM production, Eq. (3.7) can be rewritten as

x

Y eq
�

dY

dx
= 2
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. (3.8)
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The implied small coupling value is compatible with the key assumption of the freeze-in
scenario that the DM particles have not thermalized with the bath particles above T & m�.
From Eq. (3.10) one can also see that the e↵ect for the freeze-in yield in increasing the
interaction rate between the visible sector and DM particles is opposite to that of the freeze-
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in Fig. 2, and is further emphasized in Fig. 3, where a schematic representation of the DM
relic density as a function of the coupling y between DM and the visible sector is shown. It
should be noted that Eq. (3.10) gives an estimate of the magnitude of the coupling y in the
case where the initial DM abundance was zero or negligibly small. If this was not the case,
Eq. (3.10) should be taken as an upper bound for y.
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⇒
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Figure 3. A schematic representation of the DM relic density as a function of the coupling between
DM and the visible sector. The plot corresponds to a transition between regimes 1 and 2 in Fig. 1.

The required coupling values and assumptions of the initial abundance are not the only
di↵erences between the freeze-in and freeze-out scenarios, as also the relation between the
relevant mass scale and the bath temperature at the time of DM production is di↵erent.
In the freeze-out mechanism the relic abundance is produced at m�/T ' 10 . . . 30, whereas
for the freeze-in mechanism it arises during the epoch m/T ' 2 . . . 5 [19], where m is the
relevant mass scale in the DM production process. In the case of � ! �� decays this is
m�, and for annihilations �� ! �� it is max(m�,m�). Despite the fact that the decays
and annihilations of visible sector particles can start early and gradually build up the DM
abundance, the standard freeze-in involving only renormalizable operators is almost entirely
an IR process. This can be seen, in the simplest case where the DM is produced by decays of
bath particles, by either straightforwardly integrating Eq. (3.8) or considering the estimate
presented in Ref. [18], where in order to find the comoving DM number density at T ' m�,
one multiplies the number density of � particles by its decay rate and the time available for
these decays to populate the DM abundance,

n�

T 3
' t��!�� ' y2

MP

m�
, (3.13)

where t ⇠ MP/T 2 is the time-temperature relation for a radiation dominated Universe. The
result shows that the freeze-in is essentially an IR process, and is indeed consistent with
Eq. (3.9). The e↵ect of annihilations at higher temperatures has been further discussed in
Refs. [15, 240, 262, 266, 267].

The above calculation assumed that the initial number density of DM particles is neg-
ligible. Because the DM particles are assumed to have not been in thermal equilibrium with
the visible sector particles in the early Universe, their production mechanism can be sensitive
to the e↵ect of non-renormalizable operators, the so-called ultraviolet freeze-in [16, 19, 268–
273], or to the initial conditions set by cosmic inflation [259, 274–276]. This is again in
contrast to the freeze-out mechanism, where thermal equilibrium destroys all dependence on
initial conditions. This important feature of the freeze-in mechanism can be used to constrain
di↵erent models of feebly interacting DM, as we will discuss in Section 5.
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Figure 3. A schematic representation of the DM relic density as a function of the coupling between
DM and the visible sector. The plot corresponds to a transition between regimes 1 and 2 in Fig. 1.

The required coupling values and assumptions of the initial abundance are not the only
di↵erences between the freeze-in and freeze-out scenarios, as also the relation between the
relevant mass scale and the bath temperature at the time of DM production is di↵erent.
In the freeze-out mechanism the relic abundance is produced at m�/T ' 10 . . . 30, whereas
for the freeze-in mechanism it arises during the epoch m/T ' 2 . . . 5 [19], where m is the
relevant mass scale in the DM production process. In the case of � ! �� decays this is
m�, and for annihilations �� ! �� it is max(m�,m�). Despite the fact that the decays
and annihilations of visible sector particles can start early and gradually build up the DM
abundance, the standard freeze-in involving only renormalizable operators is almost entirely
an IR process. This can be seen, in the simplest case where the DM is produced by decays of
bath particles, by either straightforwardly integrating Eq. (3.8) or considering the estimate
presented in Ref. [18], where in order to find the comoving DM number density at T ' m�,
one multiplies the number density of � particles by its decay rate and the time available for
these decays to populate the DM abundance,

n�

T 3
' t��!�� ' y2

MP

m�
, (3.13)

where t ⇠ MP/T 2 is the time-temperature relation for a radiation dominated Universe. The
result shows that the freeze-in is essentially an IR process, and is indeed consistent with
Eq. (3.9). The e↵ect of annihilations at higher temperatures has been further discussed in
Refs. [15, 240, 262, 266, 267].

The above calculation assumed that the initial number density of DM particles is neg-
ligible. Because the DM particles are assumed to have not been in thermal equilibrium with
the visible sector particles in the early Universe, their production mechanism can be sensitive
to the e↵ect of non-renormalizable operators, the so-called ultraviolet freeze-in [16, 19, 268–
273], or to the initial conditions set by cosmic inflation [259, 274–276]. This is again in
contrast to the freeze-out mechanism, where thermal equilibrium destroys all dependence on
initial conditions. This important feature of the freeze-in mechanism can be used to constrain
di↵erent models of feebly interacting DM, as we will discuss in Section 5.
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time vs. temperature:

t(T = 0.1GeV) − t(T = 1GeV)
t(T = 1GeV) − t(T = TRH)

∼ 100

t ∼ MP /T2

⇒
and produced DM  time x rate:∝

y



CANNIBAL FREEZE-IN
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Figure 5. Left: Contours of constant relic abundance for the case with SSB and the same couplings
as in fig. 3 (black lines). In the vein of [30], we also indicate the relativistic floor (blue, filled) as
well as the other relevant constraints. In particular, we highlight those regions of parameter space
that are excluded by a too large value of Ne! at the time of BBN (green, filled), by measurements of
the bullet cluster (pink, filled), and by measurements of the CMB power spectrum (brown, filled).
Besides this, we also indicate those regions of parameter space that are generally inaccessible, either
because HS thermalization is not feasible (orange, filled) or because the required cross-section would
be beyond what is allowed by unitarity (red, filled). Finally, we also highlight the area, in which
SSB happens after freeze-out (yellow, hatched) as well as the special case ω = 1 beyond which
1-loop corrections become important (purple, dotted line). Right: Same as in the left panel, but
for the symmetric phase.

While these results indicate that the bound on the mass is weaker in the symmetric phase
for ω = 1, for each point in the mω → εcd parameter plane, the required value of ω (to
obtain the correct relic abundance) is larger in the case without symmetry breaking (cf. left
panel of fig. 3). Overall, we thus find that the bullet-cluster constraint is stronger in the
symmetric phase (cf. fig. 5).

In addition, some combinations of parameters are excluded as they would lead to cross-
sections that go beyond the values allowed by unitarity (red, filled). To quantify this
e!ect, we solve the evolution equations again with the maximally allowed cross-section
given in [53], i.e.

↑ϑωω→kωv
k↑1

↓max =
2

3k→2
2 (ϖx)

3k→5
2

m3k↑4
ω

(4.12)

with x = mω/T ↓ and k = 3 (k = 4) in the broken (symmetric) phase. We then define the
constraint as the line in mω → εcd parameter space that leads to the correct relic abun-
dance. For comparison, we also show the corresponding limit for k = 2 in both cases (red
dashed), which coincides with the limit calculated in [30] for standard WIMPs. The con-
straint from unitarity is especially important, as it emphasizes the general assessment that
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EXAMPLE: SCALAR SINGLET DM
ℒSM ⊃ −

m2

2
φ2 −

λ
4!

φ4 −
1
2

λhφφ2 |H |2The simplest DM model:

⟨φ⟩ = 0 & λhφ ≳ 10−4

⟨φ⟩ = 0 & λhφ ≲ 10−9

⟨φ⟩ ≠ 0

„WIMP” (thermalizes, undergoes freeze-out)

FIMP (feebly-interacting, undergoes freeze-in)

Cannibal DM: spontaneous  breaking  Higgs mixing termsℤ2 →

Hufnagel, Tytgat ’22

T = T′￼

The case with  was studied here:λhφ = 0

Conclusion: 

allowed (white region) only if the 
DS temperature  is smaller than 
the SM plasma one 

T′￼

T
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EXAMPLE: SCALAR SINGLET DM
ℒSM ⊃ −

m2

2
φ2 −

λ
4!

φ4 −
1
2

λhφφ2 |H |2The simplest DM model:

⟨φ⟩ = 0 & λhφ ≳ 10−4

⟨φ⟩ = 0 & λhφ ≲ 10−9

⟨φ⟩ ≠ 0

„WIMP” (thermalizes, undergoes freeze-out)

FIMP (feebly-interacting, undergoes freeze-in)

Cannibal DM: spontaneous  breaking  Higgs mixing termsℤ2 →

Hufnagel, Tytgat ’22

Y′￼φ

Yφ
=

1
x H̃ (⟨Ch→φφ⟩ + ⟨Chh→φφ⟩ + ⟨C3↔2⟩)

−
x′￼φ

xφ
=

1
x H̃ (⟨Ch→φφ⟩2 + ⟨Chh→φφ⟩2 + ⟨Cϕh↔ϕh⟩2 + ⟨C3↔2⟩2) −

Y′￼φ

Yφ
+

H
x H̃

⟨p4/E3⟩
3Tφ

+
2s′￼

3s
Freeze-in

Evolution of number density  and ’temperature’   
governed by set of Boltzmann equations:

Yφ := nφ/s xφ := mφ/Tφ

Freeze-in/out El. scattering

Cannibal

see also Ghosh et al. ’22
E. Cervantes and AH 2407.12104

https://arxiv.org/abs/2407.12104
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BOOSTING FREEZE-IN

10-3 10-2 10-1

0.02

0.04

0.06

0.08

Consider an initial cold, low populated dark sector:  Ti
DM = 10−2 Ti

SM

10-3 10-2 10-1

5.0×10-9

1.0×10-8

1.5×10-8

2.0×10-8

h →
φφ + 2 →

3
3 →

2

h
→

φφ
+

2
→

3

3 →
2

cannibal+freeze-in
h

→
φφ

h → φφ

only freeze-in

3 →
2

3 →
2

only cannibalization
ϕ

, see also Bernal ’05E. Cervantes and AH 2407.12104

https://arxiv.org/abs/2407.12104
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MORE COMPLETE PICTURE
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Inverse temperature of the SM thermal bath

Freeze-in during electro-
weak symmetry breaking

Figure 1. Sketch of the evolution of the co-moving number density of light scalars with decreasing
temperature of the SM thermal bath. Note that the relative size of the di↵erent regimes and the
magnitude of the di↵erent e↵ects is not to scale.

Such a set-up is well-known in the context of keV sterile neutrinos, for which production
and decay both proceed through a tiny mixing with SM neutrinos [11] (see also Refs. [12–14]
for alternative ways to produce sterile neutrinos via freeze-in). The case of scalar and vector
particles that mix with the SM Higgs boson or the SM photon, respectively, was first explored
in Ref. [15].1 This work however focused on the case of a sub-dominant DM component with
a lifetime short compared to the age of the Universe. Moreover, the freeze-in production of
light scalars was calculated in a very approximate way, considering only a limited range of
temperatures and a few production processes.

In the present work we point out that the production in the Early Universe of light
scalars with Higgs mixing is in fact surprisingly complex. First of all, the freeze-in production
proceeds in three stages, corresponding to temperatures before, during and after electroweak
symmetry breaking (EWSB). Although the dominant contribution to the DM abundance
typically arises after EWSB, it is essential to correctly account for the e↵ect of the electroweak
phase transition (EWPT) in order to avoid unphysical contributions from high temperatures.
Furthermore, since the light scalars are not protected by a stabilising symmetry, 2 ! 3 and
3 ! 2 processes may play an important role. This means that the co-moving DM density is
not necessarily constant after the end of freeze-in and additional considerations are needed
to calculate the subsequent evolution of the dark sector.

A number of previous works have studied the freeze-out of number-changing processes
in a dark sector that is initially in kinetic and chemical equilibrium [19–22]. In the present
work, we extend these studies by considering the evolution of a dark sector where chemical
equilibrium is not guaranteed.2 For this purpose, we consider 2 ! 3 processes for relativistic
initial states in order to address the question whether or not number-changing processes are
e�cient enough to thermalise the dark sector. Using a combination of analytical approxi-
mations and numerical algorithms we can then calculate the present day abundance of light
scalars for arbitrary model parameters.

1The case of stable scalar singlets produced via the Higgs portal, was considered previously in Refs. [16–18].
2Refs. [18, 23] provide a similar discussion in the context of 2 ! 4 processes, while Ref. [24] considers

2 ! 3 processes for the case of vector DM.

– 2 –

Heeba, Kahlhoefer, Stocker 1809.04849

Illustration for production through Higgs portal:

One should be careful to include such (potentially relevant) effects!
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THIS MODEL HAS DECAYING DM

10-1 100 101 102 103

10-16

10-15

10-14

10-13

10-12

10-11

10-10

Gray lines match 
observed relic density

For decaying DM only very 
long lifetimes are allowed 

 needs to be very small ⇒ λhφ

τφ ∝ 1/λ2
hφ

Colored areas are 
excluded

 breaking   unstable withℤ2 ⇒ φ

The impact of our improved 
treatment small in the allowed 

region

… but still it is a viable model 
(in the asymmetric reheating scenario)

goes to the scenario of Hufnagel, Tytgat ’22
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Natural extension:  
a complex (  stabilised) DM candidate  with a real singlet mediator ℤ3 S ϕ

DM self interactions thermalisation between  
and 

ϕ
S

Portal

ℒ ⊃ −
1
3!

gs(S3 + (S*)3) −
λs

4
|S |4 − Aϕsϕ |S |2 −

λϕs

2
ϕ2 |S |2 − Bϕhϕ |H |2

Portal to the visible sector  induces mixing between  
and the Higgs post-EWPT:

Bϕhϕ |H |2 ϕ

ϕ → ϕ + θ h
h → h − θ ϕ  couples to matter in a Higgs-like wayϕ

EXTENDED MODEL

Such a model exhibits new dynamics + detection signals
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BOLTZMANN EQUATIONS

DM evolution

Y′￼S

YS
=

1
x H̃ (⟨Ch→ϕSS*⟩ + ⟨Ch→SS*⟩ + ⟨Cϕϕ↔SS*⟩ + ⟨C3↔2⟩) ,

−
x′￼S

xS
=

1
x H̃ (⟨Ch→ϕSS*⟩2 + ⟨Ch→SS*⟩2 + ⟨CϕS↔ϕS⟩2 + ⟨C3↔2⟩2) −

Y′￼S

YS
+

H
x H̃

⟨p4/E3⟩
3TS

+
2s′￼

3s

Y′￼ϕ

Yϕ
=

1
x H̃ (⟨Ch→ϕSS*⟩ + ⟨Csm sm→sm ϕ⟩ + ⟨Cϕϕ↔SS*⟩) ,

−
x′￼ϕ

xϕ
=

1
x H̃ (⟨Ch→ϕSS*⟩2 + ⟨Csm sm→sm ϕ⟩2 + ⟨CϕS↔ϕS⟩2) −

Y′￼ϕ

Yϕ
+

H
x H̃

⟨p4/E3⟩
3Tϕ

+
2s′￼

3s
.

Mediator evolution

Freeze-in
DM-mediator interactions
DM self-interactions
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BBN & CMB CONSTRAINTS
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DM & MEDIATOR DETECTION

100 101 102 103
10-36

10-35

10-34

10-33

10-32

10-31

10-30

10-29

10-28

10-27

10-26

10-25

0

5

10

15

S

S

ϕ

ϕ

γ, e±

γ, e±

γ, e±

γ, e±

: indirect DM 
detection feasible

mS > mϕ

2 5 10 20
10-5

10-4

10-3

10-2

10-1

100

101

102

103

104

-10

-8

-6

-4

-2

: weaker BBN 
limits allow for points 

that are potentially 
testable in LLP searches

mS < mϕ



CANNIBAL FREEZE-IN
NON-STANDARD COSMOLOGY



Infiaton decay and reheating

Γ3→2 = Γ2→3 > H 1
T

∼ t1/2 ∝ a

Transition between non-standard and standard cosmology is due 
to a scalar (inflaton) fleld that rolls ( ) in a potential and 
subsequently oscillates in the minimum decaying into SM states. 

a ∝ eHt

dϕλ

dt
+ 3Hϕλ = ≠ Γϕλ ,

dϕR

dt
+ 4HϕR = + Γϕλ ,

Cicoli, String Cosmology

HOW DOES THE INFLATION END?Infiaton decay and reheating

Γ3→2 = Γ2→3 > H 1
T

∼ t1/2 ∝ a

Transition between non-standard and standard cosmology is due 
to a scalar (inflaton) fleld that rolls ( ) in a potential and 
subsequently oscillates in the minimum decaying into SM states. 

a ∝ eHt

dϕλ

dt
+ 3Hϕλ = ≠ Γϕλ ,

dϕR

dt
+ 4HϕR = + Γϕλ ,

Cicoli, String Cosmology

The field  that drives inflation  needs to stop slow-rolling, enter 
a phase of oscillations around its potential minimum, and finally decay

ϕ (a ∝ eHt)

reheating

How and when exactly it happens may have a huge impact on cosmology

TRHform of the potential
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WHAT DO WE KNOW ABOUT ?TRH

In standard ( CDM or not) cosmology:Λ 109 GeV ≲ TRH ≲ 1015 GeV
(If reheating is instantaneous; 

good for leptogenesis, bad for gravitino production…)

From observations we know only that: TRH ≳ 𝒪(few) MeV

A low reheating temperature scenario: universe where the inflaton 
decays very slowly, continuously dumping entropy and keeping the 

radiation temperature low until just before BBN

Standard cosmology is standard-by-convention 
(unlike the Standard Model of particle physics)
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INFLATION DECAY & REHEATING
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Figure 1. Evolution of the energy density of the inflaton field ωω and the SM radiation ωR (left)
and the SM temperature T (right), as a function of the cosmic scale factor a, for Trh = 5 GeV.

At late times, when reheating has concluded and the Universe is dominated by SM radi-

ation, the conservation of the SM entropy density implies that T (a) → 1/a, and H(T ) →

T
2
/MP . An example of the evolution of the inflaton and SM radiation energy densities

(left) and the SM temperature (right) as a function of the cosmic scale factor is shown in

Fig. 1, for Trh = 5 GeV. To avoid spoiling the success of Big Bang nucleosynthesis (BBN),

the end of the reheating era must end at temperatures Trh > TBBN ↑ 4 MeV [36–39].

3 Evolution of the dark sector

On top of inflaton and the SM radiation background, the freeze-in mechanism leads to

a gradual population of the dark sector, which in what follows is comprised of only one

field describing the DM. Its evolution can be traced through the time dependence of the

DM phase-space distribution function f(p, t) that encodes the distribution of particles with

momentum p at a given time t. With the Hubble rate defined in Eq. (2.5), the evolution

of f is governed by the unintegrated Boltzmann equation
(
εt ↓ H ϑp · ϑ↔p

)
f(p, t) = C[f ] , (3.1)

where C[f ] denotes the collision operator encoding all interactions between DM and the

surrounding thermal plasma, including self-scattering as well as elastic and inelastic scat-

terings with other species. The general structure of the collision term for a process

(i + j + . . . ↗ k + . . .) can be expressed as

C[fi] = ↓

∫ ( ∏

ω=j,k,...

d!ω

)
(2ϖ)4 ϱ

(4) (pi+ pj . . .↓ pk↓ . . .)
∣∣M(ij . . . ↘ k . . .)

∣∣2

≃

(
fi(pi) fj(pj) . . .

(
1 ± fk(pk)

)
. . . ↓ fk(pk) . . .

(
1 ± fi(pi)

)(
1 ± fj(pj)

)
. . .

)
, (3.2)

where |M
∣∣ is the amplitude summed over the initial and final degrees of freedom and

d!ω is the Lorentz-invariant phase space measure including internal degrees of freedom

– 4 –

Infiaton decay and reheating

Γ3→2 = Γ2→3 > H 1
T

∼ t1/2 ∝ a

During reheating   (matter domination), and , i.e., 
rapid expansion of the universe

T ∝ a≠3/8 H ∝ T4
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Freeze-in initial condition ( )nDM
i = 0Strongly affects DM produced during this period 
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IMPACT ON PHENOMENOLOGY
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Figure 4. Left panel: Parameter space that fits the observed DM relic in the plane [m, ωhs] for
di!erent Trh. Right panel: Parameter space that fits the observed DM relic in the plane [Trh, ωhs]
for di!erent values of m. In the two panels, the dot-dashed lines correspond to ωs = 10→2, while
the solid lines correspond to the case without self interactions (ωs = gs = 0).

function of a, distinguishing this scenario from the Trh = 1 GeV case, where temperature

evolution follows a simpler trend.

Subsequently, the temperature ratio becomes constant until freeze-out occurs, repre-

sented by the fourth vertical red dotted line at afo. The reheating phase ends shortly after

freeze-out, as indicated by the final vertical red line at a = arh. The di!erent stages of

DM production are also evident in the bottom right panel, which illustrates the evolution

of the comoving number density N . Furthermore, it is also clear that a significantly larger

population of DM is required compared to the Trh = 1 GeV scenario to compensate for the

strong entropy dilution.4

5.3 Parameter regions

Now that characteristic benchmarks have been discussed, we proceed to present scans of

the model parameters. In the left panel of Fig. 4, we show contours of di!erent Trh values

in the [m, ωhs] plane. The dot-dashed lines correspond to scenarios that include DM self-

interactions for ωs = 10→2, whereas the solid lines represent cases without self-interactions

ωs = gs = 0. The two magenta stars represent the two benchmark cases studied in detail

in Sections 5.1 and 5.2.

For very large Trh values, generally larger than the Higgs and DM masses, and specif-

ically Trh = 150 GeV in our case, the contour (shown in blue) aligns with the expec-

tations of a DM produced after reheating, during the standard radiation-dominated era.

If self-interactions of the DM are absent, the required portal coupling is in the range

ωhs → O(10→11), characteristic of infrared freeze-in production. The enhancement in DM

4One important point to consider here is that because we set ωs to 10→2 for the rates in Sections 5.1

and 5.2, 2 → 3 interactions never impact the DM production significantly. The situation changes when

ωs approaches unity, as we shall see in Section 5.3 and Fig. 5. It will change the behavior of the DM

temperature and comoving number density N until 3 → 2 self-interactions catch up.

– 13 –
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Figure 5. Final relic abundance as a function of ωs for di!erent reheating temperatures.

In contrast, constraints from DM-electron scattering are very weak because of the small

Yukawa coupling of the electron to Higgs, leading to no significant bounds.

The right panel of Fig. 4 shows contours of di!erent DM masses in the [Trh, ωhs] plane.

The underlying explanation follows from the previous plot, highlighting the dependence on

muons and taus, along with charm and bottom quarks, in determining the required portal

coupling across di!erent reheating temperatures. For simplicity, we only highlight the

muon and tau thresholds (as charm and bottom ones are very close to the tau threshold).

In Fig. 5, we illustrate the ratio of the relic abundance obtained in our framework to the

observed relic abundance as a function of ωs for m = 100 MeV, considering two benchmark

values of the portal coupling, and display contour lines for di!erent Trh values. In the left

panel, where ωhs = 10→11, the small portal coupling requires large Trh values to approach

the observed relic abundance. Furthermore, this suppressed portal interaction allows ωs

to significantly influence the abundance of relics at large values, since it enhances the

production of DM through 2 → 3 self-interactions. This e!ect can increase the abundance

by more than an order of magnitude. Once ωs is large enough for self-thermalization to

occur almost instantaneously, we see a plateau in the contours. In contrast, in the right

panel with ωhs = 10→5, the larger portal coupling leads to much smaller Trh values to satisfy

the observed relic abundance. Moreover, the impact of ωs is considerably diminished, as the

enhanced portal interaction ensures that DM is produced more e”ciently, rapidly bringing

number-changing processes into equilibrium as ωs increases. As a result, the production

from 2 → 3 self-interactions becomes negligible. In fact, as ωs approaches unity, the DM

sector enters a phase where 3 → 2 interactions become increasingly e”cient due to the

already large DM population, leading to a decrease in the relic abundance.

5.4 Prospects of light DM at future colliders

In Fig. 6, we present the detection prospects of a light DM candidate with mass m = 4 MeV

in the [ωs, ωhs] plane, with contours corresponding to di!erent values of the reheating

temperature Trh. The red-shaded region above the Trh contour of 4 MeV is excluded by

– 15 –

Example of a change of the model parameters giving correct relic abundance:

on/off cannibal 
interactions

Effect of low 
reheating T

change in  due to 
cannibal interactions

Ωh2



IDEA:
MAKE DM COOL AGAIN
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DM & LSS
Hot Warm Cold

Comoving free-streaming length. 
integrated distance a DM particle travels from its 
production until matter-radiation equality:

• Hot Dark Matter:     
(smooths out fluctuations ~ galaxy cluster scales).

• Warm Dark Matter:   
(smooths out small dwarf galaxy scales).

• Cold Dark Matter:    (negligible free-
streaming; collapses at all observable scales).

λfs ∼ tens of Mpc

λfs ∼ sub-Mpc

λfs → 0

IT
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 @
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f Z
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h

What matters is the typical velocity dispersion :

• A particle can be light (e.g. axion), but if produced via 
a non-thermal mechanism, it can be cold with 

• Conversely, a sterile  of a few keV mass produced 
via the Dodelson-Widrow mechanism is warm

⟨v2⟩

p ≈ 0
ν

λfs = ∫ teq

0
v(t)
a(t) dt

P(k) from Ly↵ forest and others 3

Figure 1. Top: Data points show inferences of the 3D linear matter power spectrum at z = 0 from Planck CMB data on the largest scales,
SDSS galaxy clustering on intermediate scales, SDSS Ly↵ clustering and DES cosmic shear data on the smallest scales. In cases where
error bars in the k-direction are present, we have used the method of Tegmark & Zaldarriaga (2002) to calculate a central 60% quantile
of the region to which each data point is sensitive. In other cases, data points represent the median value of the measurement. The solid
black line is the theoretical expectation given the best-fit Planck 2018 ⇤CDM model (this model also enters the computation of the data
points themselves). The dotted line for reference shows the theoretical spectrum including non-linear e↵ects. Bottom: deviation of the
data from the Planck best fit ⇤CDM 3D matter power spectrum.

around a central model. The four cosmological parameters
are the scalar spectral index ns, the RMS matter fluctuations
amplitude today in linear theory �8, the matter density to-
day ⌦m, and the expansion rate today H0. The astrophysical
parameters (all at z = 3) are the normalization temperature
of IGM T0, the logarithmic slope of the � dependence of the
IGM temperature �, the e↵ective optical depth of the Ly↵

absorption A
⌧ and the logarithmic slope ⌘⌧ of the redshift

dependence of A
⌧ . The central (also dubbed best-guess) sim-

ulation is based upon a fiducial model corresponding to the
Planck Collaboration et al. (2014) best-fit cosmology. The
simulation grid, however, allows us to test other cosmologies.

In Table 1, we list the values of the parameters used
in the best-guess simulation, as well as the corresponding

MNRAS 000, 1–7 (2015)

Observationally: matter power spectrum

10-100 kpc
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WARM DM & LYMAN-α

Yuan-Sen Ting

In particular, large wavenumber  (i.e. small scales) are well measured 
through the Lyman-  transitions in  gas in the IGM at redshifts  

i.e. before non-linear collapse erases early structures

k
α H (z ∼ 2 − 5)

Light for a distant 
quasar features 

absorption lines at 

that is redshifted 
depending on the 

distance

1215.67 Å

(Other lines are also 
present & the redshift 
makes it a „forest”)
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LYMAN-  LIMITS ON FI AND FOα

Often the limits are quoted as lower limit on the DM mass

Depending on astro uncertainties, e.g. reionization history and T of the IGM

m Ly−α
WDM ≳ 2 ÷ 6 keV

Probe NCDM test m
lim

FI
[keV] m

lim

SW
[keV]

Lyman-↵

Velocity dispersion, Sec. 3.1.1 16 3.8

Fits to transfer function, see Sec. 3.1.2 15 3.9

Area criterion, see Sec. 3.1.3 15 3.8

�Ne↵ see Sec. 3.2 1.3⇥ 10�2 3.4⇥ 10�3

Table 1. Mass scales in keV entering into the lower bounds of the FIMP masses of eq. (3.1).
They arise from the FIMP NCDM imprint on cosmological structures assuming that 100% of the
DM content results from FI or SW mechanism production. The values for mlim

FI,SW correspond to the

WDM bounds mLy↵
WDM > 5.3 keV and �Ne↵(TBBN) < 0.31.

3.1 FIMP free-streaming and Lyman-↵ bound

The Lyman-↵ forest flux power spectrum probes hydrogen clouds at redshifts 2 . z . 6. It
provides constraints on the matter power spectrum on small scales [42, 43]. The scales tested
by Lyman-↵ data, typically 0.5 Mpc/h < � < 100 Mpc/h [25], are in the non-linear regime
so that computationally expensive hydrodynamical N-body simulations would be required
in order to properly test a given NCDM scenario. These expensive simulations have been
performed for thermal WDM. Following the early work of [6], the analysis of [7] obtained a
bound of mLy↵

WDM
= 5.3 keV at 95% confidence level (CL) from Lyman-↵ flux observations. It

has, however, been argued that the assumptions made about the instantaneous temperature
and pressure e↵ects of the intergalactic medium in this work might have been too strong.
Relaxing these assumptions [8] found a bound of mLy↵

WDM
= 1.9 keV at 95% CL. We take

the latter as a conservative bound on the thermal WDM mass while the one of [7] will be
considered as a stringent bound.

To circumvent the need for new N-body simulations for these models, in this paper
we implement the FIMP distribution functions discussed in Sec. 2.4 in the Boltzmann code
class. We use this to extract the linear matter power spectrum of our NCDM scenarios, as
well as the corresponding transfer functions discussed in Sec. 3.1.2. We then follow a strategy
similar to those applied to NCDM in e.g. [23, 25, 31, 32, 37]. In Secs. 3.1.1 and 3.1.2 we
extract a lower bound on the DM mass in pure FI and SW scenarios, making use of the DM
velocity dispersion and of fits to the transfer functions. Notice that these constraints are only
valid for FIMPs accounting for 100% of the DM content. In Sec. 3.1.3, we address the case
of the mixed FI-SW scenarios, or equivalently cases where a given production mechanism
cannot account for all the DM, by applying the area criterion introduced in [25].

3.1.1 Velocity dispersion

If the DM distribution is simple, e.g. with one local maximum, one can expect that an
estimate of the bound on the FIMP mass can be derived by comparing the typical velocity of
the NCDM candidate to the one of the thermal WDM for which dedicated hydrodynamical
simulations have been performed. Here we follow the same approach as the one proposed
by [23], where an estimated Lyman-↵ bound was obtained by considering the root mean
square (rms) velocity of DM today,

p
hp2i0/m�. Here hp

2
i0 refers to today’s second moment

of the momentum distribution, directly related to the velocity dispersion of the DM today.
When DM arises from one single production mechanism or production channel

p
hp2i0/m� =

– 12 –

D
ecant et al. ’21

If  sizeable, sub-Mpc density fluctuations are washed out by its kinetic movement 
 sharp, characteristic small-scale cutoff in the linear matter power spectrum

λfs
⇒

What is meant here by the WDM model:
- a generic fermion in equilibrium at early times
- decoupled when relativistic with Fermi-Dirac distribution
- interaction fit to give correct relic abundance

For any other model the limit 
needs to be „translated”, e.g.:
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SECLUDED DARK SECTOR WITH T’ < T ?
The Lyman-  limits „warmness” α ⇒ if dark sector is secluded, 

maybe it is simply colder and 
bounds are weakened?

Temperature Asymmetry: Origin
1 Asymmetric Reheating

Inflaton couples more strongly to SM → visible sector 
reheated preferentially

2 Entropy Injection & #DOF
QCD & EW transitions heat the SM bath post-decoupling; 
dark sector can have huge number of states 

Main Cosmological Constraints

A Inflaton-Mediated Thermalization 
(‘Washout’)

• Off-shell inflaton SM+SM → DM+DM re-couples sectors
• If Γ > H, asymmetry is erased (  → 1)
• Avoided only with low reheating T or heavy inflaton

T′￼/T

B N_eff & BBN Constraints

• Dark radiation shifts Neff, altering He & D abundances
• Constrains residual entropy in the dark sector

C Detectability Problem

• Portal couplings must satisfy ε ≲ 10⁻⁷–10⁻⁹
• Direct detection and collider tests become inaccessible

Bottom line:  viable — 
but in rather unnatural & 
tightly constrained scenarios



34

WHAT IF CANNIBAL  IS THE MEDIATOR?ϕ

In the following we take the case:

ℒs ∋
gh

2
|H |2 ϕ2 +

3λ
3!

mϕϕ3 +
λ
4!

ϕ4 + κϕχχ

A mediator field does not need a stabilising symmetry  cubic interactions  
exist generically and generate  interactions

⇒
2 ↔ 3

…example: a scalar field with  or a non-abelian vector e.g. SU(N)ϕ3

Higgs portal cubic + quartic decay to χ

 freeze-inϕ FI boost & self-cooling DM freeze-in
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SELF-COOLING: HOW DOES IT WORK?
 yield evolution:ϕ  evolution:Tϕ

1. Higgs decay provides  freeze-inϕ 1. Temperature ∼ T/2
2. Expansion rate drops, yield grows 

  efficiency grows⇒ 2 → 3 2. Self-cooling drop

3. Self-thermalization  plateau⇒ 3. Equilibrium expansion

4. Decay to DM 4. Apparent heating: skewing due to 
time dilatation

2 cooling 
periods

PRELIMINARY
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MCMC SCAN FOR LYMAN-α

Lyman-  excludedα

Lyman-  allowedα

Effect of the 
self-cooling

DM lighter 
than WDM 
limit

PRELIMINARY
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MODEL PARAMETER SPACE

Loosening limits due to self-cooling!

Model has 5 free parameters. Fix two with smallest impact ( ) and  fix by relic abundance; 
show remaining two (  - DM mass &  - self-interaction strength):

mϕ, κ λh
mχ λϕ

PRELIMINARY
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Thank you!

1. Cannibal self-cooling can make DM lighter

2. Frozen-in Cannibal Dark Matter is a viable scenario, 
naturally avoiding the large scale structure formation limits 
plaguing cannibalising DM.

3. It has unique evolution in the Early Universe & potentially 
detectable signals in indirect searches. Temperature (and momentum 
distribution) can have a non-trivial impact in such scenarios and 
need to be studied carefully.


