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Scalar singlet dark matter

Torsten Bringmann

Updates on freeze-out and freeze-in production 
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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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5 Freeze-in of scalar singlet dark matter

We now apply the largely model-independent formalism outlined in the previous sections to
a specific DM model. For this purpose we consider a new real singlet scalar S, which is
stabilised by a Z2 symmetry. The most general renormalisable Lagrangian is then

L =
1

2
@µS@

µ
S +

1

2
µ
2
SS

2 +
1

2
�hsS

2|H|2 + 1

4
�sS

4
. (5.1)

After EWSB the term involving the Higgs field induces terms proportional to h
2
S
2, vhS2

and vS
2. The latter gives a contribution to the scalar singlet mass, which as a result is given

by

ms(T ) =

r
µ
2
S
+

1

2
�hsv(T )2 . (5.2)

This e↵ect leads to a temperature dependence of the mass term even if the scalar singlet is
not in equilibrium with the SM thermal bath.

In the following we will be interested in the case where the phenomenology of the model
is driven by ms and �hs. In particular, we assume that �hs is su�ciently small that the
scalar singlet never entered into thermal equilibrium with the SM heat bath and that its relic
abundance is determined by the freeze-in mechanism.4 The latter requirement also means
that the quartic self-coupling �s should be smaller than very roughly 10�3(ms/GeV)1/3, in
order to avoid equilibration of the scalar singlet with itself via 2 $ 4 processes [29, 51].

The processes that contribute to the freeze-in yield are fundamentally di↵erent before
and after the EWPT. In the former case, the only process that leads to the production
of scalar singlets is HH ! SS, which in our approach is calculated by considering the
annihilation cross section for SS ! HH. In the latter case, on the other hand, a multitude of
SM states can contribute and we need to calculate the annihilation cross section for processes
like SS ! h

⇤ ! ff̄ . Hence, the di↵erential equation that determines the yield Ys, Eq. (2.16),
needs to be solved separately for T > Tc and T < Tc, with continuity of Ys imposed as the
boundary condition between the two regimes.

For ms < mh/2 one finds that the dominant contribution to the scalar singlet yield
stems from temperatures T ⇠ mh/2. This can equivalently be interpreted as either equilib-
rium decays of SM Higgs bosons or annihilations enhanced by an s-channel resonance (see
section 2.3). For ms > mh/2, on the other hand, there is no such resonant enhancement,
as the decays of on-shell Higgs bosons into scalar singlets are kinematically forbidden. In
this case freeze-in production proceeds dominantly via o↵-shell Higgs decays at higher tem-
peratures, such that the thermal e↵ects discussed in sections 3 and 4 become particularly
relevant.

Another interesting scenario is that the reheating temperature TR is small compared to
the Higgs boson mass: TR ⌧ mh. In this case the density of Higgs bosons in the thermal
plasma is exponentially suppressed for all relevant temperatures and there is no resonant
enhancement of the freeze-in production even for ms < TR. Instead, the processes relevant
for the freeze-in production of scalar singlets can be written as an e↵ective dimension-5
operator of the form

L � 1

⇤f

f̄fS
2
, (5.3)

4The regime where scalar singlet DM is produced via the freeze-out mechanism has been extensively studied
elsewhere [20, 21, 23, 24, 50].
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The origin of dark matter
Existence of (particle) DM = evidence for BSM physics

Any convincing model for dark matter must include a 
production mechanism to explain the observed abundance!
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Most often considered interactions with primordial heat bath: 
[     symmetry not strictly necessary, but automatically guarantees stability of DM]
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Z2

Precision measurement of its abundance ⌦CDMh2 = 0.1188± 0.0010
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Boltzmann equation
Evolution of DM phase-space density:
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Collision term          :
<latexit sha1_base64="7mRqJAkQpMjJef9/xoSVYO0IOUk="></latexit>

C[f�] =
1

2g�

Z
d3p̃

(2⇡)32Ẽ
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(for f� ⌧ 1)

Detailed balance:  ‘production’ = ‘annihilation’ in equilibrium
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Pauli suppression / Bose enhancement
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Weakly Interacting Massive Particles
well-motivated from particle physics [SUSY, EDs, …]

thermal production in early universe:

Torsten Bringmann, Stockholm

The WIMP “miracle”

In the early universe, the WIMP
number density n is determined by
the Boltzmann equation

dn

dt
+ 3Hn = −〈σv〉

(

n2 − n2
eq

)

Once the interaction rate falls be-
hind the expansion rate of the uni-
verse, WIMPs decouple from the
thermal bath. Today, their relic
density is then given by: Jungman, Kamionkowski & Griest, PR ’96

ΩWIMPh2 ∼3·10−27cm3s−1

〈σv〉 = O(0.1) [for interaction strengths of the weak type]

New Gamma-Ray Contributions – p.9/32

(thermal average)

dn�

dt
+ 3Hn� = �⇥�v⇤

�
n2

� � n2
�eq

⇥

��� SM SM

time

increasing��v⇥

a3
n

�

Fig.: Jungman, Kamionkowski & Griest, PR’96

��v⇥ :

“Freeze-out” when annihilation 
rate falls behind expansion rate

n�eq

Relic density (today): ��h2 � 3 · 10�27cm3/s
⇥�v⇤ � O(0.1)

for weak-scale 
interactions!

��h2 � 3 · 10�27cm3/s
⇥�v⇤ � O(0.1)
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Feably Interacting Massive Particles
alternative production from thermal 
bath with much smaller interactions
DM never equilibrates in this case 

1 10 100

10
�15

10
�12

10
�9

Y

x = m/T

Figure 1: Log-Log plot of the evolution of the relic yields for conventional freeze-
out (solid coloured) and freeze-in via a Yukawa interaction (dashed coloured) as a
function of x = m/T . The black solid line indicates the yield assuming equilibrium is
maintained, while the arrows indicate the e↵ect of increasing coupling strength for the
two processes. Note that the freeze-in yield is dominated by the epoch x ⇠ 2 � 5, in
contrast to freeze-out which only departs from equilibrium for x ⇠ 20� 30.

of the freeze-out mechanism is that for renormalisable couplings the yield is dominated by low
temperatures with freeze-out typically occurring at a temperature a factor of 20 � 25 below the
DM mass, and so is independent of the uncertain early thermal history of the universe and possible
new interactions at high scales.

Are there other possibilities, apart from freeze-out, where a relic abundance reflects a com-
bination of initial thermal distributions together with particle masses and couplings that can be
measured in the laboratory or astrophysically? In particular we seek cases, like the most attractive
form of freeze-out, where production is IR dominated by low temperatures of order the DM mass,
m, and is independent of unknown UV quantities, such as the reheat temperature after inflation.

In this paper we show that there is an alternate mechanism, “freeze-in”, with these features.
Suppose that at temperature T there is a set of bath particles that are in thermal equilibrium and
some other long-lived particle X, having interactions with the bath that are so feeble that X is
thermally decoupled from the plasma. We make the crucial assumption that the earlier history
of the universe makes the abundance of X negligibly small, whether by inflation or some other
mechanism. Although feeble, the interactions with the bath do lead to some X production and,
for renormalisable interactions, the dominant production of X occurs as T drops below the mass
of X (providing X is heavier than the bath particles with which it interacts). The abundance of
X “freezes-in” with a yield that increases with the interaction strength of X with the bath.

Freeze-in can be viewed as the opposite process to freeze-out. As the temperature drops below
the mass of the relevant particle, the DM is either heading away from (freeze-out) or towards
(freeze-in) thermal equilibrium. Freeze-out begins with a full T 3 thermal number density of DM

2

Hall+, JHEP ’10

Increasing interaction 
rate for freeze-in
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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.

– 12 –

Smooth transition between two regimes:
Fig: Bernal+, IJMP ’17

observed DM abundance
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Still the most economic model…
Scalar Singlet DM

5 Freeze-in of scalar singlet dark matter

We now apply the largely model-independent formalism outlined in the previous sections to
a specific DM model. For this purpose we consider a new real singlet scalar S, which is
stabilised by a Z2 symmetry. The most general renormalisable Lagrangian is then

L =
1

2
@µS@

µ
S +

1

2
µ
2
SS

2 +
1

2
�hsS

2|H|2 + 1

4
�sS

4
. (5.1)

After EWSB the term involving the Higgs field induces terms proportional to h
2
S
2, vhS2

and vS
2. The latter gives a contribution to the scalar singlet mass, which as a result is given

by

ms(T ) =

r
µ
2
S
+

1

2
�hsv(T )2 . (5.2)

This e↵ect leads to a temperature dependence of the mass term even if the scalar singlet is
not in equilibrium with the SM thermal bath.

In the following we will be interested in the case where the phenomenology of the model
is driven by ms and �hs. In particular, we assume that �hs is su�ciently small that the
scalar singlet never entered into thermal equilibrium with the SM heat bath and that its relic
abundance is determined by the freeze-in mechanism.4 The latter requirement also means
that the quartic self-coupling �s should be smaller than very roughly 10�3(ms/GeV)1/3, in
order to avoid equilibration of the scalar singlet with itself via 2 $ 4 processes [29, 51].

The processes that contribute to the freeze-in yield are fundamentally di↵erent before
and after the EWPT. In the former case, the only process that leads to the production
of scalar singlets is HH ! SS, which in our approach is calculated by considering the
annihilation cross section for SS ! HH. In the latter case, on the other hand, a multitude of
SM states can contribute and we need to calculate the annihilation cross section for processes
like SS ! h

⇤ ! ff̄ . Hence, the di↵erential equation that determines the yield Ys, Eq. (2.16),
needs to be solved separately for T > Tc and T < Tc, with continuity of Ys imposed as the
boundary condition between the two regimes.

For ms < mh/2 one finds that the dominant contribution to the scalar singlet yield
stems from temperatures T ⇠ mh/2. This can equivalently be interpreted as either equilib-
rium decays of SM Higgs bosons or annihilations enhanced by an s-channel resonance (see
section 2.3). For ms > mh/2, on the other hand, there is no such resonant enhancement,
as the decays of on-shell Higgs bosons into scalar singlets are kinematically forbidden. In
this case freeze-in production proceeds dominantly via o↵-shell Higgs decays at higher tem-
peratures, such that the thermal e↵ects discussed in sections 3 and 4 become particularly
relevant.

Another interesting scenario is that the reheating temperature TR is small compared to
the Higgs boson mass: TR ⌧ mh. In this case the density of Higgs bosons in the thermal
plasma is exponentially suppressed for all relevant temperatures and there is no resonant
enhancement of the freeze-in production even for ms < TR. Instead, the processes relevant
for the freeze-in production of scalar singlets can be written as an e↵ective dimension-5
operator of the form

L � 1

⇤f

f̄fS
2
, (5.3)

4The regime where scalar singlet DM is produced via the freeze-out mechanism has been extensively studied
elsewhere [20, 21, 23, 24, 50].
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Figure 4: Comparison of the relic density in the singlet scalar DM model assuming
Maxwell-Boltzmann (red) and Bose-Einstein/Fermi-Dirac statistics (black), for �hs =
1 ⇥ 10�11. The blue line depicts the DM abundance determined by PLANCK. In this
figure we take TR = 106 GeV.

particles. We consider an extension of the Standard Model by an additional real scalar
field s that transforms trivially under SU(3)c ⇥ SU(2)L ⇥ U(1)Y as well as an additional
vector-like charged lepton E transforming as (1,1,�1) 8. Both particles are taken to be
odd under a discrete Z2 symmetry, whereas all Standard Model fields are taken to be
even. Under these assumptions, the Lagrangian of the model reads

L = LSM + (@µs) (@
µ
s) +

µ
2
s

2
s
2
�

�s

4
s
4
� �hss

2
�
H

†
H
�

(58)

+ i
�
ĒL

/DEL + ĒR
/DER

�
�
�
mEĒLER + yssĒLeR + h.c.

�

where EL,R and eR are the left- and right-handed components of the heavy lepton and the
right-handed component of the Standard Model electron respectively and for simplicity
we have neglected couplings to the second and third generation leptons. The model is
described by five free parameters, namely

µs, �s, �hs, mE, ys (59)

out of which �s is irrelevant for our purposes9 whereas µs can be traded for the physical
mass of s through

µ
2
s
= �m

2
s
+ �hsv

2 (60)

where v is the Higgs field vacuum expectation value. For simplicity, we will also take the
coupling �hs to be identically zero, as Higgs portal-like interactions were already studied
in section 4.2. These choices leave us with only three free parameters

ms, mE, ys . (61)

8
The vector-like nature of E ensures that the model is anomaly-free.

9
In some cases dark matter self-couplings can be relevant for the computation of the DM abundance,

cf [60, 61]. We do not consider these possibilities here.
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FIG. 1: Contours of fixed relic density, labelled in terms of their fraction of the full dark matter density. Dark-shaded lower
regions are ruled out because they produce more than the observed relic density of dark matter. Left : a close-up of the mass
region mS ⇠ mh/2, where annihilations are resonantly enhanced. The region ruled out by the Higgs invisible width at 2� CL is
indicated by the darker-shaded region in the upper left-hand corner. The projected 1� constraint from 300 fb�1 of luminosity
at the 14TeV LHC is shown as the lighter-shaded region, corresponding to a limit of 5% on the Higgs branching fraction to
invisible states [50]. Right : relic density contours for the full range of mS.

supplemented by the extra contribution from SS ! hh.
The perturbative tree level result for the SS ! hh cross
section is given in appendix A.

The tabulation of �h(m⇤
h) in ref. [51] assumes that m⇤

h
is the true Higgs mass, associated with a self-coupling
� = (m⇤

h)
2
/2v2

0
. Here � ⇡ 0.13 is fixed by the true Higgs

mass however, and we find that for
p
s & 300GeV, we

must revert to perturbative expressions for �h(
p
s), or

otherwise the Higgs 1-loop self interactions included in
the table of ref. [51] begin to overestimate the width.
Above mS = 150GeV we revert to the tree-level expres-
sions for the decay width, including all SM final states.
The expressions we use can again be found in appendix A.

To accurately determine the relic density for mS in the
vicinity of the resonance at 4m2

S ⇠ mh in eq. (4), it is
essential to carry out the actual thermal average [52]

h�vreli =

Z 1

4m2

S

s
p
s� 4m2

S K1(
p
s/T )�vrel

16Tm4
S K

2
2
(mS/T )

ds , (6)

where K1, K2 are modified Bessel functions of the second
kind, and to solve the Boltzmann equation for the relic
abundance [53].

The common approximation of setting the threshold
value of �vrel to the standard value of 1 pb·c fails badly
close to the resonance. This is because the integral in
eq. (6) can be dominated by the resonance at s = m

2

h
even if mS is considerably below mh/2, possibly increas-
ing h�vreli by orders of magnitude relative to the thresh-
old value. If mS & mh/2, the thermal averaging pushes

h�vreli to lower values relative to the naive approxima-
tion. We compute h�vreli as a function of temperature
and solve the equation for the number density of thermal
relic WIMPs numerically,2 using both a full numerical
integration and a very accurate approximation described
in appendix B. The two methods agree to within less
than 1%.

The resulting contours of constant relic density are
shown in the plane of mS and the coupling �hS in Fig. 1.
We display them both over the entire likely range of dark
matter mass values (45 GeV  mS  5TeV), and in the
region mS ⇠ mh/2 where annihilation is resonantly en-
hanced. Constraints from the Higgs invisible width are
also plotted in the low-mass region. Below mh/2, the
two constraints combine to rule out all but a small trian-
gle in the mS–�hS plane, including masses in the range
52.5�62.5GeV. In the region above mh/2, the relic den-
sity constrains the coupling as a function of mass in a
way that can be approximately fit by the dependence
log10 �hS > �3.63 + 1.04 log10(mS/GeV). We plot up to
�hS ⇠ 8, which is at the (generous) upper limit of where
the theory can be expected to remain perturbative.

2 We henceforth refer to this as the ‘Lee-Weinberg equation’ with
reference to ref. [53], but note that it has also appeared earlier,
e.g. in ref. [54].

Well established DM candidate in both regimes
freeze-out: freeze-in:

Cline+, PRD ’13 Belanger+, Comp. Phys. ’18 
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Freeze-out      decoupling
<latexit sha1_base64="WxRC5H9J/NGzm7Fn2SzeVE0B7dU=">AAAB63icbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmYnnWTIzOw6MyuEJb/gxYMiXv0hb/6Ns8keNLGgoajqprsrjDnTxvO+ncLK6tr6RnGztLW9s7tX3j9o6ihRFBs04pFqh0QjZxIbhhmO7VghESHHVji+zfzWEyrNIvlgJjEGggwlGzBKTCZ1JT72yhWv6s3gLhM/JxXIUe+Vv7r9iCYCpaGcaN3xvdgEKVGGUY7TUjfRGBM6JkPsWCqJQB2ks1un7olV+u4gUrakcWfq74mUCK0nIrSdgpiRXvQy8T+vk5jBdZAyGScGJZ0vGiTcNZGbPe72mUJq+MQSQhWzt7p0RBShxsZTsiH4iy8vk+ZZ1b+sXtyfV2o3eRxFOIJjOAUfrqAGd1CHBlAYwTO8wpsjnBfn3fmYtxacfOYQ/sD5/AEbTY5M</latexit>

6=
Typical situation: 

<latexit sha1_base64="rZid1tUMDSzCmnRQXsoZdk4tnsE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYnk82Q2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkRDJQaCUbTSQzcMe+WKW3VnIMvEy0kFctR75a9uP2ZpxBUySY3peG6CfkY1Cib5pNRNDU8oG9GQdyxVNOLGz2anTsiJVfpkEGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5Pi4NrPhEpS5IrNFw1SSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+yenF/Xqnd5HEU4QiO4RQ8uIIa3EEdGsAghGd4hTdHOi/Ou/Mxby04+cwh/IHz+QNCSI3M</latexit>�
i.e. kinetic decoupling much later than chemical decoupling [review: TB, NJP ’09]

Recall the ‘standard’ Boltzmann equation:
dn�

dt
+ 3Hn� = �⇥�v⇤

�
n2

� � n2
�eq

⇥
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L[f�] = C[f�]

Gondolo & Gelmini, NPB ‘91
CP invariance + detailed balance
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f� / e�E/Tkinetic equilibrium is a 
crucial assumption !
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Fig. 2: Profile likelihoods for the Z2 scalar singlet model, with the requirement that »P > max(mS, mt) only. Results are shown in
the mS–⁄hS (top) and mS–⁄S (bottom) planes. Left panels show a zoomed-in view of the resonance region; right panels show the
full mass range. Contour lines indicate 1‡ and 2‡ confidence regions, and best fit points are indicated with stars. Shading and white
contours show the result of including the 2018 XENON1T analysis [55], whereas grey annotations illustrate the impact of using the
2017 analysis [54] instead.

PrecisionBit [73]. These quantities are well constrained
by existing data.

We implement a log-normal likelihood for the local
DM density, with a central value of fl̄0 = 0.4 GeV/cm3

(e.g. [96]) and an uncertainty of ‡fl0 = 0.15 GeV cm≠3,

Lfl0 = 1
Ô

2fi‡Õ
fl0fl0

exp
3

≠
ln(fl0/fl̄0)2

2‡Õ2
fl0

4
, (19)

where ‡
Õ
fl0 = ln(1 + ‡fl0/fl0). More details can be found

in Ref. [22].
We model the speed distribution of DM in the Milky

Way as Maxwell-Boltzmann, truncated at the local
Galactic escape velocity vesc. We apply a Gaussian like-
lihood to the mean of this distribution, characterised by
a central value of 240 km s≠1 and a standard deviation

of 8 km s≠1. This is based on a calculation of the circular
rotation speed of the Sun, vrot [97]. We also constrain
the escape velocity using a Gaussian likelihood based
on vesc = 550 ± 35 km s≠1, derived from measurements
of stellar velocities in the RAVE survey [98].

We apply Gaussian likelihoods to the nuclear param-
eters as well, based on the estimates ‡s = 43 ± 8 MeV
[99] and ‡l = 50 ± 15 MeV [100]. More detailed discus-
sion of our adopted nuclear and velocity likelihoods can
be found in Refs. [22, 101].

For the Higgs mass, the top quark mass and the
strong coupling, we use Gaussian likelihoods based on
mh = 125.09 ± 0.24 GeV [71, 102], mt = 173.34 ±

0.76 GeV [71, 103] and –s(mZ) = 0.1181 ± 0.0011 [71].

Only two regions surviving 
complementary constraints :

Athron+, EPJC ‘18
Athron+, EPJC ‘17
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(Yukawa coupling favours 
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phase-space level
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FIG. 1. The required value of the Singlet-Higgs coupling �S ,
as a function of the Scalar Singlet mass mS , in order to obtain
a relic density of ⌦h2 = 0.1188. The blue dashed line shows
the standard result as established by Gondolo & Gelmini [9],
based on the assumption of local thermal equilibrium during
freeze-out. For comparison, we also plot the result of solving
instead the coupled system of Boltzmann equations (27) and
(28) for the maximal (‘B’) and minimal (‘A’) quark scatter-
ing scenarios defined in the main text (red solid and dashed
lines, respectively). Finally, we show the result of fully solving
the Boltzmann equation numerically, for the maximal quark
scattering scenario and with no DM self-interactions included
(‘full BE’).

B: only light quarks (u, d, s) contribute to the scat-
tering, and only for temperatures above 4Tc ⇠

600MeV, below which hadronization e↵ects start to
become sizeable [63] (smallest scattering scenario,
as adopted in [12]).

Finally, we adopt the recent results from Drees et
al. [64] for the e↵ective number of relativistic de-
grees of freedom ge↵(T ) that enter the calculation of
the Hubble rate during radiation domination, H =p

4⇡3ge↵/45T 2
/mPl, as well as the entropy degrees of

freedom entering for example in the calculation of g̃(T )
as defined in Eq. (18).

B. Relic density of scalar singlet dark matter

Let us first compute the relic density following the
standard treatment adopted in the literature. To this
end, we numerically solve Eq. (17) for a given set of pa-
rameters (mS ,�S) and determine the resulting asymp-
totic value of Y0. The blue dashed line in Fig. 1 shows
the contour in this plane that results in Y0 correspond-
ing to a relic density of ⌦h2 = 0.1188, c.f. Eq. (19). We
restrict our discussion to values of mS in the kinematic
range where h�vi is enhanced due to the Higgs propaga-
tor given in Eq. (41), and the coupling �S that results
in the correct relic density is hence correspondingly de-

FIG. 2. Temperatures at which DM number density and ve-
locity dispersion (‘temperature’) start to deviate from their
equlibrium values, defined for the purpose of this figure as
|Y �Yeq| = 0.1Yeq and |y�yeq| = 0.1 yeq, respectively. These
curves are based on solving the coupled system of Boltzmann
equations (27) and (28), for the same parameter combinations
as in Fig. 1 (resulting thus in the correct relic density).

creased. This curve agrees with the corresponding result
obtained in Ref. [49].

For comparison, we show in the same figure the re-
quired value of �S that results when instead solving the
coupled system of Boltzmann equations (27) and (28), or
when numerically solving the full Boltzmann equation as
described in Section IIC . Here, the solid (dashed) line
shows the situation for the ‘B’ (‘A’) scenario for scat-
terings on quarks. Outside the resonance region, the
coupled Boltzmann equations lead to identical results
compared to the standard approach, indicating that ki-
netic decoupling indeed happens much later than chemi-
cal decoupling and that the assumption of local thermal
equilibrium during chemical freeze-out thus is satisfied.
For DM masses inside the resonance region, on the other
hand, we can see that the two methods can give signif-
icantly di↵erent results, implying that this assumption
must be violated. For the same reason, a smaller scat-
tering rate (as in scenario ‘B’) leads to an even larger
deviation from the standard scenario than the maximal
scattering rate adopted in scenario ‘A’.

This interpretation is explicitly confirmed in Fig. 2,
where we plot the temperatures at which the DM num-
ber density and temperature start to deviate from the
equilibrium values: in the parameter range that we focus
on here, kinetic decoupling happens indeed very close
to chemical decoupling. The reason for this very early
kinetic decoupling is straight-forward to understand as
the result of a strongly suppressed momentum transfer
rate �(T ), compared to the annihilation rate, due to
two independent e↵ects: i) the small coupling �S needed
to satisfy the relic density requirement, without a cor-
responding resonant enhancement of �(T ), and ii) the

Binder, TB, Gustafsson & Hryczuk, PRD ’17 
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FIG. 3. The impact of the improved treatment of the ki-
netic decoupling on the relic density for parameter points that
would satisfy the relic density constraint in the standard ap-
proach (dotted line in Fig. 1), both for the minimal (solid)
and maximal (dashed) scenario for scattering with quarks.
The numerical result (‘full BE’) implements minimal quark
scattering; note that this does not take into account the e↵ect
of DM self-interactions (while the other curves are consistent
with assuming a maximal self-scattering rate). The green
dashed curve shows the impact of implementing the elastic
scattering term in the highly non-relativistic limit, c.f. Eq. (5).

scattering rate being proportional to the Yukawa cou-
pling squared, which favours scattering with Boltzmann-
suppressed heavy fermions. We note that the latter point
also explains the relatively large di↵erence between the
two extreme quark scattering scenarios used here for il-
lustration (in scenario ‘B’, the largest Yukawa couplings
do not contribute to the scattering).

In order to emphasize the importance of our improved
treatment of the decoupling history, we plot in Fig. 3
also the ratio of the resulting relic density to that of the
standard approach (for parameter values satisfying the
relic density constraint for the latter, i.e. corresponding
to the blue dashed curve in Fig. 1). Let us stress that,
compared to the observational uncertainty in this quan-
tity of about 1%, these corrections are by no means small
even in the minimal scattering scenario ‘A’. In the same
figure, we also compare our result for the coupled sys-
tem of Boltzmann equations (27) and (28) to the full
numerical solution of the Boltzmann equation in phase
space, as described in Section IIC (black dots). Before
getting back to these results, let us briefly comment on
the green dashed line in Fig. 3, which implements the
highly non-relativistic scattering term Cel of Eq. (5), and
hence not the replacement (35) in Eq. (28) which we oth-
erwise adopt as our default. Clearly, the impact of this
choice is very limited for this approach. We note that
the quantitative importance of the relativistic correction
term proportional to hp

4
/E

3
i in Eq. (28) lies in the same

ballpark, a↵ecting the relic density by at most ⇠10% in
the region very close to the resonance (and below the

percent-level elsewhere).
In Appendix A we discuss in depth the time evolution

of both the coupled Boltzmann equations and the full
phase-space density in the resonance region. Let us here
just mention that the characteristic features of the curves
displayed in Figs. 2 and 3 can indeed all more or less
directly be understood in terms of the highly enhanced
annihilation rate in a relatively narrow kinematic region
around the resonance,

p
s ⇠ mh ± �h. As the full nu-

merical solution reveals, furthermore, the shape of f�(p)
can in some cases be quite di↵erent from the Maxwell-
Boltzmann form (34) that is consistent with the coupled
system of Boltzmann equations (27) and (28). Whether
this has a noticeable impact on the resulting relic den-
sity (like for mS ⇠ 57GeV) or not (like for mS ⇠ mh/2)
again mostly depends on whether or not the shape is af-
fected for those momenta that can combine to

p
s ⇠ mh

during chemical freeze-out.
For illustration, we pick a DM mass of mS = 57GeV

and show in Fig. 4 the full phase-space distribution for
a few selected values of x (left panel) as well as the rele-
vant evolution of Y and y (right panel). For models with
DM masses in this range, the relatively large di↵erence
between full solution and coupled equations (as visible in
Fig. 3) can mostly be understood in terms of the dip in
the ratio of DM phase-space distributions at intermedi-
ate values of q = p/T that starts to develop for x & 20.
Concretely, the fact that the actual distribution for those
momenta is slightly suppressed compared to a distribu-
tion fully characterized only by its second moment, as in
Eq. (34), causes the DM particles to annihilate less ef-
ficiently, h�vineq < h�vi, because this is the momentum
range probed by the resonance for these x values. This
in turn leads to the DM particles falling out of chemical
equilibrium earlier, and hence a larger asymptotic value
of Y . The reason for this momentum suppression to de-
velop in the first place is also to be found in the particu-
larly e�cient annihilation close to the resonance, which
leads to a depletion of DM particles with corresponding
momenta because the scattering rate is no longer su�-
ciently large to redistribute the phase-space distribution
to a thermal shape. We note that the bulk part of this
e↵ect is actually well captured by the coupled Boltzmann
system, c.f. the dashed vs. solid lines in the right panel
of Fig. 4. For further details, we refer again to Appendix
A.

IV. DISCUSSION

From the above discussion, we have learned that very
early kinetic decoupling is not just a theoretical possi-
bility. It can appear in simple WIMP models, like the
Scalar Singlet case, and a↵ect the DM relic density in a
significant way. We note that the size of the latter ef-
fect is, as expected, directly related to the size of the
momentum exchange rate and hence to just how early
kinetic decoupling happens compared to chemical decou-
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�⌦DMh2/⌦DMh2 . 0.01

cBE works surprisingly (?) well, despite its simplicity
NB: Langevin simulations independently confirm that momentum 
distribution remains Gaussian Kim & Laine, JCAP ’23 
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Comments
general feature: mind 
your             calculation 
in the presence of 
(narrow) resonances !
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Fig. 3: Contour lines of constant (œ‰h2)fBE/(œ‰h2)nBE in the
” ≠ “̃ plane for a model with m‰ = 1 GeV and r = 0.3. As in
Fig. 2, couplings are fixed such that 2(œ‰h2)nBE = œDMh2, and
” = (2m‰/mA)2 ≠ 1. Red (blue) colors highlight regions where
the early kinetic decoupling e�ect overall increases (decreases)
the predicted relic abundance compared to the standard treat-
ment. Dotted black lines show, for comparison, the widths of
the SM Z0 and Higgs bosons. The gray shaded areas on the
edges of the plot indicate parameter regions where the fl value
satisfying the relic density condition cannot be achieved without
violating perturbativity or by extending the model (see text for
more details).

dip around the exact resonance position at ” = 0 are
a consequence of di�erent DM cooling and heating ef-
fects during the chemical evolution that a�ect the DM
phase-space distribution f‰(x, p). The phenomenology
of coupled chemical and kinetic evolutions here is very
similar to the Scalar Singlet DM example, and for a
detailed discussion of the origin of these features we
refer to to Appendix A in Ref. [30].

In Fig. 3, we complement this discussion by showing
the impact on the relic abundance when instead vary-
ing the resonance width “̃ and keeping the mass ratio r

fixed. This leads to a structure that is straightforward to
relate to what is visible in the previous figure; for exam-
ple, the two distinctive peak regions in the bottom left
corner correspond to the two peaks in Fig. 2 (note how-
ever that here we consider a much lighter DM particle,
m‰ = 1 GeV, than in Fig. 2). For most of the parameter
space, a smaller width generally leads to a larger e�ect,
i.e. larger deviations from the standard computation. It
is interesting to note that even for widths as large as
that of the SM Z-boson the refined prediction of the

Fig. 4: Time evolution of the phase-space density f‰(x, q),
computed by the fBE approach. The color scale shows the
DM abundance Y (x), in units of its final value, which reflects
the overall normalization of f‰. This example is for a case
of DM annihilation through a narrow resonance and an early
kinetic decoupling (with model parameters stated in the legend).
The coupling strength is set to fl = 1.13 ◊ 10≠2 in order to
satisfy 2(œ‰h2)fBE = œDMh2. The initial equilibrium phase-
space distribution is strongly distorted during chemical and
kinetic decoupling, and finally remains in a highly non-thermal
shape.

DM abundance can deviate at a level well exceeding the
typically quoted observational uncertainty of ≥ 1% in
œDMh

2 — and hence at a level that would, e.g., a�ect
global fits in a noticeable way.

It is worth noting that for the simple model con-
sidered here, not every pair of values (”, “̃) shown in
Figs. 2 and 3 may be a consistent choice. Indeed, the
minimal contribution to the width, from the interaction
Lagrangian in Eq. (18), is given by

“̃ =
ÿ

i=‰,f

g
2
i

12fi

3
1 + 2m

2
i

m
2
A

4 Û

1 ≠ 4m
2
i

m
2
A

. (23)

In Fig. 3 we indicate (with gray shaded regions) the
values of (”, “̃) that cannot be satisfied by Eq. (23)
when fl = Ô

g‰gf is fixed by the relic density condition
(either because Eq. (23) would imply a larger value of “̃

than required, or because at least one of the couplings
would no longer satisfy g‰, gf <

Ô
4fi, thus indicating a

breakdown of perturbativity).
Let us finally remark that the more narrow the reso-

nance, the more momentum-selective is the annihilation
process. This can lead to shapes of the distribution
function that strongly di�er from thermal ones. As a
concrete example, we demonstrate in Fig. 4 that the
fBE approach implemented in DRAKE can accurately
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DM abundance Y (x), in units of its final value, which reflects
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DM abundance can deviate at a level well exceeding the
typically quoted observational uncertainty of ≥ 1% in
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global fits in a noticeable way.

It is worth noting that for the simple model con-
sidered here, not every pair of values (”, “̃) shown in
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In Fig. 3 we indicate (with gray shaded regions) the
values of (”, “̃) that cannot be satisfied by Eq. (23)
when fl = Ô

g‰gf is fixed by the relic density condition
(either because Eq. (23) would imply a larger value of “̃

than required, or because at least one of the couplings
would no longer satisfy g‰, gf <

Ô
4fi, thus indicating a

breakdown of perturbativity).
Let us finally remark that the more narrow the reso-

nance, the more momentum-selective is the annihilation
process. This can lead to shapes of the distribution
function that strongly di�er from thermal ones. As a
concrete example, we demonstrate in Fig. 4 that the
fBE approach implemented in DRAKE can accurately
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⌦DMh2

Various detailed studies about how to 
implement scattering

[don’t take the overly aggressive ‘QCD B’ too literally…!] 
Some differences due to different scattering amplitudes

Some differences due to different modelling of relativistic collision term

Ala-Mattinen & Kainulainen, JCAP ‘20
Ala-Mattinen+, PRD ‘22

Laine, JHEP ‘23

Qualitatively good agreement

…

Du+, JCAP ‘22
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Collision term for FIMPs 

‘production’ ‘annihilation’
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Can recycle sophisticated numerical tools for thermal averages 
Easier to estimate higher-order corrections 💡

We stress that in arriving at this result we did not make any assumptions about the actual

phase-space distribution of the DM particles, other than f� ⌧ 1 (assumption 1 above).

This implies that the r.h.s. of the Boltzmann equation for the number density can be

written as

C[f�] = h�vi��!  

�
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�
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, (2.6)

where n
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2), with K2 a modified Bessel

function of the second kind, and
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Here, vMøl ⌘ F/(EẼ) ⌘
q

(p · p̃)2 � m4
�/(EẼ) is the Møller velocity and ���!  is the

in-medium annihilation cross section in the cosmic rest frame, i.e. taking into account the

e↵ect of quantum statistics in the final state:

���!  (p, p̃) =
(2⇡)4

4N F

Z
d

3
k

(2⇡)32!

Z
d

3
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��M
��2 f̄ (!)f̄ (!̃) , (2.8)

where the spin-averaged amplitude squared is as usual denoted as
��M

��2 ⌘ |M|2 /g
2
�.

Let us briefly pause, and compare our result to the situation in the standard freeze-out

scenario [27] where, formally, the DM production term is identical to that in eq. (2.6). The

physical di↵erence is two-fold: i) during the freeze-out of non-relativistic particles, f
MB
�

describes the actual equilibrium distribution, and ii) in-medium e↵ects due to quantum

statistics are irrelevant for the annihilation cross section; this is because energy conserva-

tion restricts the SM phase-space densities to their high-energy tails, thus e↵ectively im-

plementing ‘" = 0’ in eq. (2.8). Still, as we will demonstrate below, the fact that eqs. (2.6,

2.7) take the same form as in the freeze-out case is highly beneficial both from the point

of view of the numerical implementation and when estimating higher-order corrections to

the scattering cross sections.

2.2 Relativistic collision operator for quantum gases

Evaluating the phase-space integrals appearing in eq. (2.7) is most easily done in the centre-

of-mass (CMS) frame. This has the additional advantage that the final result will also

depend on the annihilation cross section in that frame (or any other frame boosted along

the collision axis), and thus on the standard frame in which cross sections are typically

stated. From now on, ���!  will thus always refer to the CMS cross section; in particular,

we will drop the explicit dependence on (p, p̃) to avoid confusion with the cross section in

the cosmic frame appearing in eq. (2.7). Neglecting quantum statistics factors in eq. (2.8),

then results in the often quoted expression for the thermally averaged annihilation cross

section as derived by Gelmini and Gondolo [27]:

h�viGG =

Z 1

1

ds̃

4x
p

s̃(s̃ � 1) K1

⇣
2
p

s̃x

⌘

K2
2(x)

�
✏ !0

��!  
, (2.9)
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annihilation of would-be MB population

This allows to rewrite the thermal average appearing in eq. (2.7) in the following, compact

form:

h�vi��!  =
8x

2

K2
2(x)

Z 1

1

ds̃ s̃ (s̃ � 1)

Z 1

1

d�

p
�2 � 1e

�2
p

s̃x�
���!  (s, �) . (2.14)

Eq. (2.14), along with eqs. (2.11, 2.12), constitutes one of our central results. We stress

that it is valid under fairly general conditions, and applies independently of whether either

of the � or  particles is self-conjugate or not. In fact, eqs. (2.12, 2.14) take the same form

also for DM annihilation processes where the two final-state (SM) particles have di↵erent

masses; only the expression for G(�, s, cos ✓) in eq. (2.11) has to be replaced in that case,

and we state the corresponding generalised version in appendix B. In the same appendix,

we also provide analytical results for the angular integration in eq. (2.12) for the case of

amplitudes without dependence on the scattering angle,
��M

��2 =
��M

��2(s). We finally note

that without in-medium e↵ects due to quantum statistics, i.e. for G ⌘ 1, the integral over

� in eq. (2.14) can be performed analytically, leading as expected to the familiar result

stated in eq. (2.9).

To summarise this Section so far, the Boltzmann equation governing the evolution of

the � number density in the freeze-in regime can always be written as

ṅ� + 3Hn� = h�vi
�
n

MB

�

�2

, (2.15)

where � may be self-conjugate (� = �̄) or not, and we introduced the total DM annihilation

rate as � ⌘
P

i,j
���̄! i j , the sum being over all heat bath particles  i. Despite its

appearance, this equation fully takes into account both relativistic kinematics and the

e↵ect of quantum statistics. Writing it in this form, thus stressing the formal analogy with

the production term for freeze-out in the non-relativistic limit, is clearly advantageous

from a numerical implementation point of view, c.f. appendix A; as we will see in Section

4, furthermore, it also allows a more sophisticated treatment of DM production from the

heat bath through an o↵-shell Higgs resonance (compared to what is easily achievable with

the standard formulation). It is also worth stressing that, in contrast to the freeze-out

situation, the above Boltzmann equation for n� can be straight-forwardly solved by direct

integration. This becomes more apparent when rewriting it as

dY�

dx
=

�
n

MB
�

�2

xsH̃
h�vi , (2.16)

where we have assumed entropy conservation and denoted the abundance of � as Y� ⌘ n�/s,

with s being the entropy density; we also introduced H̃ ⌘ H/ [1 + (1/3)d(log g
s

e↵
)/d(log T )]

and the e↵ective entropy degrees of freedom, g
s

e↵
. Integrating this equation for x ! 1

then gives the abundance of � today, Y
0
� , which is related to the observed DM density as

⌦DMh
2 = 2.755 ⇥ 1010 (m�/100 GeV) (2/N�) Y

0
� , with N� = 2 (1) for self-conjugate (not

self-conjugate) DM particles �.

2.3 Dark matter production from decay

While our emphasis is on 2 ! 2 processes, we note that freeze-in production of DM is also

possible through the decay A ! �� of some bosonic particle A. The general form of the

– 7 –

TB, Heeba, Kahlhoefer & Vangsnes,  
JHEP ‘22
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Only 2 integrals after exploiting spherical symmetry:

(see also Lebedev & Toma, PLB ’19
Arcadi+, JHEP ’19)
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�/(EẼ) is the Møller velocity and ���!  is the

in-medium annihilation cross section in the cosmic rest frame, i.e. taking into account the

e↵ect of quantum statistics in the final state:

���!  (p, p̃) =
(2⇡)4

4N F

Z
d

3
k

(2⇡)32!

Z
d

3
k̃

(2⇡)32!̃
�
(4)(p̃ + p � k̃ � k)

��M
��2 f̄ (!)f̄ (!̃) , (2.8)

where the spin-averaged amplitude squared is as usual denoted as
��M

��2 ⌘ |M|2 /g
2
�.

Let us briefly pause, and compare our result to the situation in the standard freeze-out

scenario [27] where, formally, the DM production term is identical to that in eq. (2.6). The

physical di↵erence is two-fold: i) during the freeze-out of non-relativistic particles, f
MB
�

describes the actual equilibrium distribution, and ii) in-medium e↵ects due to quantum

statistics are irrelevant for the annihilation cross section; this is because energy conserva-

tion restricts the SM phase-space densities to their high-energy tails, thus e↵ectively im-

plementing ‘" = 0’ in eq. (2.8). Still, as we will demonstrate below, the fact that eqs. (2.6,
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depend on the annihilation cross section in that frame (or any other frame boosted along
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s̃ = s/(4m2
�)

In this formulation, direct analogy with WIMP case!

→ actual (in eq)

→ 
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(Further) Finite temperature effects
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Figure 1. The Higgs vev (left) and mass (right) as a function of temperature. The red lines
correspond to results obtained by using a high-temperature expansion of the e↵ective potential,
whereas the blue lines correspond to the ones used in this work, obtained by numerical minimisation
of eq. (3.1). The dashed-dotted black lines represent the zero temperature values of the Higgs
vev (left) and mass (right). The vertical grey line indicates the approximate temperature of the
electroweak phase transition.

transition. This is the main origin of the small but finite value of mh(TEW) ⇡ 10 GeV that

is visible in the right panel of figure 1. We note that a full determination of the e↵ective

potential is anyway beyond the scope of this work, likely involving lattice calculations [38],

and that the exact behaviour of mh and v very close to the phase transition has a negligible

impact on our results. In practice, to avoid numerical instabilities at the electroweak phase

transition (EWPT), we smooth out the reaction rates over a small window around TEW.

3.2 Thermal masses

Interactions in the plasma also modify the dispersion relations of SM particles, thereby

generating e↵ective mass terms both before and after the electroweak phase transition. For

T < TEW, the masses acquired via the Higgs mechanism dominate, except for temperatures

very close to the phase transition where the two contributions may be comparable and hence

need to be added (in quadrature for bosons). For T > TEW, however, gauge bosons and

fermions only have thermal masses generated as a result of screening e↵ects in the plasma.

For gauge bosons, the e↵ective thermal mass at leading order is given by [39]

m
2

V =
1

6
g
2
T

2(N + NS +
NF

2
) , (3.7)

where g denotes the gauge coupling and the coe�cients N, NF and NS parameterise the

1-loop contributions from vectors, fermions and scalars charged under the given gauge

group. In the SM, N = 3, NF = 6, NS = 0 for SU(3)c, N = 2, NF = 6, NS = 1/2 for

SU(2)L and N = 0, NF = 10, NS = 1/2 for U(1)Y . More precisely, the above expression

corresponds to the transverse mass, which for a relativistic gauge boson is larger than the

plasma frequency by a factor 3/2 [40].

Fermions before the electroweak phase transition are chiral, with left- and right-handed

particles having di↵erent e↵ective mass terms. For leptons, the thermal masses receive
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For example the EWPT: 
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Figure 3. Left: Partial decay widths of an o↵-shell SM Higgs boson as a function of the CMS energy.
For

p
s < 2 GeV we use the decay widths into hadrons from ref. [55] for T < TQCD (short-dashed

lines) and leading-order estimates of the decay widths into free quarks and gluons for T > TQCD

(long-dashed lines). For higher CMS energies we use the results from HDECAY [49] based on the
assumption of free quarks and gluons in the final states and including higher-order corrections (solid
lines). In the grey area the decay widths su↵er from significant uncertainties due to the transition
between the two regimes, see text for details. Right: Thermally averaged annihilation cross section
as a function of inverse temperature, including quantum statistics and for DM masses as indicated.
Solid lines show the result obtained when using hadronic final states for the o↵-shell Higgs decay
widths for T < TQCD, while dot-dashed lines result from (incorrectly) assuming decays into free
quarks even below the QCD phase transition (indicated by the grey band).

in terms of the zero-temperature decay width �h⇤(
p

s).

As T approaches the temperature of EWSB from below, v(T ) ! 0 and hence
p

svh/v(T )

diverges. The modification of the DM annihilation cross section at large
p

s that we in-

troduced above to avoid unitarity violation therefore also becomes relevant close to the

EWPT (see also the red and purple lines in figure 2). By construction this modification

ensures that the limit v(T ) ! 0 is smooth and converges to the annihilation cross section

in the unbroken phase, cf. eq. (4.9) above.

4.4 Chiral symmetry breaking

HDECAY in principle also allows for the calculation of the o↵-shell Higgs decay width

for
p

s as small as 1 GeV. However, it is implicitly assumed that the Higgs boson still

decays into free quarks and gluons. This is a valid assumption for temperatures above

the QCD phase transition, but it becomes inappropriate at smaller temperatures, where

the confinement into hadrons must be taken into account. For temperatures below the

QCD phase transition and
p

s . 2 GeV, the o↵-shell decay width into QCD bound states

can instead be calculated in chiral perturbation theory with form factors obtained from

dispersion relations [55].

In the present work we therefore take the predictions from HDECAY for
p

s > 2 GeV

and those from ref. [55] for
p

s < 2 GeV and T < TQCD. For T > TQCD one could in

principle continue using the results from HDECAY also for
p

s < 2 GeV. However, we find
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For a SM Higgs mediator, e.g., we can directly use tabulated 
partial widths, both below and above QCD PT (for “→”, but not for “←”!)

For a fully thermalized mediator A, this requires

For a scalar resonance A, the averaged amplitude squared for the annihilation process

�� ! A
⇤ !   can be written as1

|M��!  |2 =
|M��!A⇤ |2 |MA⇤!  |2
(s � m

2

A
)2 + m

2

A
�2

BW

, (2.20)

where �BW is the total width of A as it appears in the Breit-Wigner propagator. If

kinematically accessible, the mediators will be dominantly produced on-shell and we can

adopt the narrow width approximation (NWA),

1

(s � m
2

A
)2 + m

2

A
�2

BW

! ⇡

mA�BW

�(s � m
2

A) =
⇡

2mA!
0�BW

�(E + Ẽ � !
0) . (2.21)

Assuming furthermore CP symmetry, implying |M��!A|2 = |MA!��|2, the collision term

for annihilations, eq. (2.6), thus becomes

Cann[f�] =
1

N�

Z
d

3
p

(2⇡)32E

Z
d

3
p̃

(2⇡)32Ẽ
|M|2

A!��
f

MB

� (E)fMB

� (Ẽ)
⇡

!0 �(!
0 � E � Ẽ)

⇥
�  
�BW

G  (�, m2

A) , (2.22)

where G is defined in eq. (B.4) and

�  =
1

2mA

Z
d

3
k

(2⇡)32!

Z
d

3
k̃

(2⇡)32!̃
�
(4)(p̃ + p � k̃ � k)

��M
��2
A!  

(2.23)

is the standard partial decay width for A !   .

In the NWA, with all mediators created on-shell, we expect eq. (2.22) and eq. (2.19)

to agree. This implies that the Breit-Wigner width for a mediator in thermal equilibrium

must in general be chosen as

�BW =
1

1 + fA(!0)

X

 1 2

� 1 2
G 1 2

(�, m2

A) , (2.24)

where the sum runs over all relevant heat bath particle  i. In fact, the origin of the

additional terms (compared to the total decay width in vacuum) is straight-forward to

understand: (i) the factor of G 1 2
modifies the partial decay rate in vacuum, � 1 2

, such

as to include the e↵ect of Bose enhancement or Pauli blocking in the final state plasma

particles; (ii) the overall suppression factor of 1/(1+fA) is a direct consequence of the fact

that the imaginary part of the mediator self-energy at finite temperature is not given by the

total decay rate, but rather by the di↵erence between decay and inverse decay rates [33].

The prescription for the mediator width in the s-channel given in eq. (2.24) ensures that

the contribution from decay (of the same mediator from the thermal bath) is automatically

1
We note that eq. (2.20) no longer holds as an equality for vector resonances A – but can still be used in

the form of a replacement when calculating the total cross section in vacuum, i.e. eq. (2.8) without quantum

correction factors. In general, however, this replacement is only valid if spin correlations can be neglected.

For a more detailed discussion see, e.g., ref. [32].
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Results
Direct integration of Boltzmann 
equation — much easier than for 
freeze-out:  

This allows to rewrite the thermal average appearing in eq. (2.7) in the following, compact

form:

h�vi��!  =
8x

2

K2
2(x)

Z 1

1

ds̃ s̃ (s̃ � 1)

Z 1

1

d�

p
�2 � 1e

�2
p

s̃x�
���!  (s, �) . (2.14)

Eq. (2.14), along with eqs. (2.11, 2.12), constitutes one of our central results. We stress

that it is valid under fairly general conditions, and applies independently of whether either

of the � or  particles is self-conjugate or not. In fact, eqs. (2.12, 2.14) take the same form

also for DM annihilation processes where the two final-state (SM) particles have di↵erent

masses; only the expression for G(�, s, cos ✓) in eq. (2.11) has to be replaced in that case,

and we state the corresponding generalised version in appendix B. In the same appendix,

we also provide analytical results for the angular integration in eq. (2.12) for the case of

amplitudes without dependence on the scattering angle,
��M

��2 =
��M

��2(s). We finally note

that without in-medium e↵ects due to quantum statistics, i.e. for G ⌘ 1, the integral over

� in eq. (2.14) can be performed analytically, leading as expected to the familiar result

stated in eq. (2.9).

To summarise this Section so far, the Boltzmann equation governing the evolution of

the � number density in the freeze-in regime can always be written as

ṅ� + 3Hn� = h�vi
�
n

MB

�

�2

, (2.15)

where � may be self-conjugate (� = �̄) or not, and we introduced the total DM annihilation

rate as � ⌘
P

i,j
���̄! i j , the sum being over all heat bath particles  i. Despite its

appearance, this equation fully takes into account both relativistic kinematics and the

e↵ect of quantum statistics. Writing it in this form, thus stressing the formal analogy with

the production term for freeze-out in the non-relativistic limit, is clearly advantageous

from a numerical implementation point of view, c.f. appendix A; as we will see in Section

4, furthermore, it also allows a more sophisticated treatment of DM production from the

heat bath through an o↵-shell Higgs resonance (compared to what is easily achievable with

the standard formulation). It is also worth stressing that, in contrast to the freeze-out

situation, the above Boltzmann equation for n� can be straight-forwardly solved by direct

integration. This becomes more apparent when rewriting it as

dY�

dx
=

�
n

MB
�

�2

xsH̃
h�vi , (2.16)

where we have assumed entropy conservation and denoted the abundance of � as Y� ⌘ n�/s,

with s being the entropy density; we also introduced H̃ ⌘ H/ [1 + (1/3)d(log g
s

e↵
)/d(log T )]

and the e↵ective entropy degrees of freedom, g
s

e↵
. Integrating this equation for x ! 1

then gives the abundance of � today, Y
0
� , which is related to the observed DM density as

⌦DMh
2 = 2.755 ⇥ 1010 (m�/100 GeV) (2/N�) Y

0
� , with N� = 2 (1) for self-conjugate (not

self-conjugate) DM particles �.

2.3 Dark matter production from decay

While our emphasis is on 2 ! 2 processes, we note that freeze-in production of DM is also

possible through the decay A ! �� of some bosonic particle A. The general form of the
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where x ⌘ m�/T and s̃ ⌘ s/(4m
2
�) are dimensionless parameters,

p
s being the total CMS

energy.

The simplicity of the result obtained by Gelmini and Gondolo is a direct consequence

of the fact that �
" !0

��!  
is only a function of s; in particular, the phase-space integrals

in eq. (2.8) do not introduce any frame-dependence in that case. This changes radically

when including the heat bath distribution functions, which take the simple form f (!) =

1/ [exp(!/T ) + " ] only in the cosmic rest frame. In other words, in order to calculate the

full cross section in the CMS frame, including quantum statistics, we need to know how

the CMS frame relates to the cosmic rest frame. Due to the isotropy of space, it must be

possible to state this relation in terms of a single boost parameter between the two frames,

for which we will use the rapidity ⌘:

���!  = ���!  (s, ⌘) . (2.10)

In deriving ���!  (s, ⌘) and its thermal average in a closed form, in analogy to

eq. (2.9), we will heavily borrow from the treatment presented in refs. [9, 29]. In particular,

we note that the phase-space distribution f (!) becomes f (u ·k) in a general frame, where

u is the 4-velocity of the cosmic fluid, with u · k = ! cosh ⌘ + k
3 sinh ⌘ in the CMS frame

(and likewise for f (!̃)). Using further that in this frame we have k
3 = �k̃

3 = cos ✓ |kCM|,
we find that the plasma-frame dependent factors in eq. (2.8) are captured in the quantity

G
�1(�, s, cos ✓) ⌘

h
f̄ (u · k)f̄ (u · k̃)

i�1

(2.11)

= 1 + "
2

 
e
�2

p
s̃x� � 2" e

�
p

s̃x� cosh

2

4cos ✓

 
p

s̃ �
m

2

 

m2
�

! 1

2

x

p
�2 � 1

3

5 ,

where we have introduced the Lorentz factor � ⌘ cosh ⌘ for later computational ease; we

also kept an explicit factor of "
2

 
such that formally setting ‘" = 0’ in the above expression

correctly reproduces G = 1 (as expected in the absence of plasma e↵ects due to quantum

statistics). The phase-space integrals in eq. (2.8) can then as usual [30] be reduced to one

angular integral, such that the final expression for the in-medium annihilation cross section

in the CMS frame becomes

���!  (s, �) =
N

�1

 

8⇡s

|kCM|q
s � 4m2

�

Z
1

�1

d cos ✓

2

��M
��2(s, cos ✓) G(�, s, cos ✓) . (2.12)

It is further worth noting that the phase-space integration of an arbitrary function f (p, p̃)

can be rewritten as [29]

Z
d

3
p

2E

Z
d

3
p̃

2Ẽ
f (p, p̃) = m

4

�

Z 1

1

ds̃

p
s̃(s̃ � 1)

Z 1

0

d⌘ sinh2
⌘

Z
d⌦p̄d⌦

k̄
f (p, p̃)|

k0=0
,

(2.13)

after changing variables to p̄ ⌘ (p+ p̃)/2 and k̄ ⌘ (p� p̃)/2, with p̄
0 ⌘ (

p
s/2) cosh ⌘. Here,

⌦p̄ (⌦
k̄
) is the solid angle w.r.t. p̄ (k̄) and we note that k0 = 0 implies |k̄| = m�

p
s̃ � 1.
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Figure 4. Thermally averaged annihilation cross section (left) and the rate of change of the scalar
singlet yield TdY/dT (right) for �hs = 10�11 and mS = 10 GeV (red) and mS = 300 GeV (purple).
Dashed, dotted and dash-dotted lines correspond respectively to the cases where we neglect quantum
statistics, other thermal e↵ects, or both. The grey vertical line indicates T = TEW.

other hand, there is no such resonant enhancement, as the decays of on-shell Higgs bosons

into scalar singlets are kinematically forbidden. In this case freeze-in production proceeds

dominantly via o↵-shell Higgs decays at higher temperatures, such that the thermal e↵ects

discussed in sections 3 and 4 become particularly relevant.

Another interesting scenario is when the reheating temperature TRH is small compared

to the Higgs boson mass: TRH ⌧ mh. In this case the density of Higgs bosons in the thermal

plasma is exponentially suppressed for all relevant temperatures and there is no resonant

enhancement of the freeze-in production even for mS < mh/2. Instead, the processes

relevant for the freeze-in production of scalar singlets can be written as contributing via

an e↵ective dimension-5 operator of the form

L � 1

⇤f

f̄fS
2
, (5.3)

where ⇤f = m
2

h
/(�hsmf ). As a direct consequence, we will see that the freeze-in yield be-

comes sensitive to the reheating temperature – as expected whenever a non-renormalizable

operator is responsible for the DM production [5]. We will consider both of these cases in

turn in the following.

5.1 High reheating temperature

For the case that TRH � mS , mh the freeze-in production is infrared-dominated, meaning

that the resulting abundance is independent of the reheating temperature. This follows

from the observation that before EWSB and for T � mS , mh the DM production cross

section is proportional to 1/s, such that the DM production rate is proportional to the tem-

perature, n�h�vi / T , and therefore becomes negligible compared to the Hubble expansion

rate at high enough temperatures.

In figure 4 we show the thermally averaged DM annihilation cross section (left) and

the resulting change in the DM yield dY/dx = TdY/dT (right) as a function of inverse
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Figure 5. Left: Relic density ⌦h
2 as a function of the scalar singlet mass mS for a fixed value

of the portal coupling �hs = 10�11 in the case of a high reheating temperature. We compare the
results obtained from DarkSUSY (purple lines) with the ones obtained in ref. [3], which includes
quantum statistics using micrOMEGAs but no (other) thermal e↵ects. Right: Portal coupling �hs

needed to reproduce the observed DM relic abundance ⌦Sh
2 = 0.12 as a function of mS . The

smaller panel in the bottom shows the relative di↵erence when the various e↵ects considered in this
work are switched o↵.

diagrams contributing to SS ! hh are highly suppressed for such small values of �hs; we

therefore find that �v / �
2

hs
, and hence ⌦Sh

2 / �
�1/2

hs
, to an excellent accuracy. We also

indicate, with the same line style as before, the individual impact of the various finite-

temperature e↵ects that we have implemented here; the smaller plot at the bottom shows

the relative di↵erence compared to the full treatment (solid purple line). We find that

these di↵erences can be as large as 30% for mS > mh/2, corresponding to a di↵erence in

⌦Sh
2 of almost a factor of two; for smaller masses, the impact on the relic density remains

below 10%. Finally, while the freeze-in mechanism in principle works for arbitrarily small

singlet masses, the resulting particles at some point become too relativistic to be consistent

with structure formation and the observed matter power spectrum. In a recent analysis of

scalar singlet DM the resulting bound on ms, essentially a warm DM bound, was found to

be mS > 4.4 keV (mS > 5.3 keV) if �s is large enough (small enough) that DM particles

experience (do not experience) self-interactions [62] (see also Ref. [63]). We indicate this

bound by the red shaded region, noting that the warm DM bound for FIMPs is generally

a bit more stringent than for DM produced via freeze-out [64–66].

5.2 Low reheating temperature

In the discussion so far we have assumed that the reheating temperature is large enough

that it becomes irrelevant for the freeze-in calculation. However, there is strictly speaking

no observational evidence for such large reheating temperatures, which may be as low as

5 MeV without conflict with data [67]. For T < TRH ⌧ mh the interactions between

scalar singlets and SM fermions are described by the e↵ective dimension-5 operator given
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2 as a function of the scalar singlet mass mS for a fixed value

of the portal coupling �hs = 10�11 in the case of a high reheating temperature. We compare the
results obtained from DarkSUSY (purple lines) with the ones obtained in ref. [3], which includes
quantum statistics using micrOMEGAs but no (other) thermal e↵ects. Right: Portal coupling �hs

needed to reproduce the observed DM relic abundance ⌦Sh
2 = 0.12 as a function of mS . The

smaller panel in the bottom shows the relative di↵erence when the various e↵ects considered in this
work are switched o↵.

diagrams contributing to SS ! hh are highly suppressed for such small values of �hs; we

therefore find that �v / �
2

hs
, and hence ⌦Sh

2 / �
�1/2

hs
, to an excellent accuracy. We also

indicate, with the same line style as before, the individual impact of the various finite-

temperature e↵ects that we have implemented here; the smaller plot at the bottom shows

the relative di↵erence compared to the full treatment (solid purple line). We find that

these di↵erences can be as large as 30% for mS > mh/2, corresponding to a di↵erence in

⌦Sh
2 of almost a factor of two; for smaller masses, the impact on the relic density remains

below 10%. Finally, while the freeze-in mechanism in principle works for arbitrarily small

singlet masses, the resulting particles at some point become too relativistic to be consistent

with structure formation and the observed matter power spectrum. In a recent analysis of

scalar singlet DM the resulting bound on ms, essentially a warm DM bound, was found to

be mS > 4.4 keV (mS > 5.3 keV) if �s is large enough (small enough) that DM particles

experience (do not experience) self-interactions [62] (see also Ref. [63]). We indicate this

bound by the red shaded region, noting that the warm DM bound for FIMPs is generally

a bit more stringent than for DM produced via freeze-out [64–66].

5.2 Low reheating temperature

In the discussion so far we have assumed that the reheating temperature is large enough

that it becomes irrelevant for the freeze-in calculation. However, there is strictly speaking

no observational evidence for such large reheating temperatures, which may be as low as

5 MeV without conflict with data [67]. For T < TRH ⌧ mh the interactions between

scalar singlets and SM fermions are described by the e↵ective dimension-5 operator given
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Variations of a theme
Scalar Singlet DM

5 Freeze-in of scalar singlet dark matter

We now apply the largely model-independent formalism outlined in the previous sections to
a specific DM model. For this purpose we consider a new real singlet scalar S, which is
stabilised by a Z2 symmetry. The most general renormalisable Lagrangian is then

L =
1

2
@µS@

µ
S +

1

2
µ
2
SS

2 +
1

2
�hsS

2|H|2 + 1

4
�sS

4
. (5.1)

After EWSB the term involving the Higgs field induces terms proportional to h
2
S
2, vhS2

and vS
2. The latter gives a contribution to the scalar singlet mass, which as a result is given

by

ms(T ) =

r
µ
2
S
+

1

2
�hsv(T )2 . (5.2)

This e↵ect leads to a temperature dependence of the mass term even if the scalar singlet is
not in equilibrium with the SM thermal bath.

In the following we will be interested in the case where the phenomenology of the model
is driven by ms and �hs. In particular, we assume that �hs is su�ciently small that the
scalar singlet never entered into thermal equilibrium with the SM heat bath and that its relic
abundance is determined by the freeze-in mechanism.4 The latter requirement also means
that the quartic self-coupling �s should be smaller than very roughly 10�3(ms/GeV)1/3, in
order to avoid equilibration of the scalar singlet with itself via 2 $ 4 processes [29, 51].

The processes that contribute to the freeze-in yield are fundamentally di↵erent before
and after the EWPT. In the former case, the only process that leads to the production
of scalar singlets is HH ! SS, which in our approach is calculated by considering the
annihilation cross section for SS ! HH. In the latter case, on the other hand, a multitude of
SM states can contribute and we need to calculate the annihilation cross section for processes
like SS ! h

⇤ ! ff̄ . Hence, the di↵erential equation that determines the yield Ys, Eq. (2.16),
needs to be solved separately for T > Tc and T < Tc, with continuity of Ys imposed as the
boundary condition between the two regimes.

For ms < mh/2 one finds that the dominant contribution to the scalar singlet yield
stems from temperatures T ⇠ mh/2. This can equivalently be interpreted as either equilib-
rium decays of SM Higgs bosons or annihilations enhanced by an s-channel resonance (see
section 2.3). For ms > mh/2, on the other hand, there is no such resonant enhancement,
as the decays of on-shell Higgs bosons into scalar singlets are kinematically forbidden. In
this case freeze-in production proceeds dominantly via o↵-shell Higgs decays at higher tem-
peratures, such that the thermal e↵ects discussed in sections 3 and 4 become particularly
relevant.

Another interesting scenario is that the reheating temperature TR is small compared to
the Higgs boson mass: TR ⌧ mh. In this case the density of Higgs bosons in the thermal
plasma is exponentially suppressed for all relevant temperatures and there is no resonant
enhancement of the freeze-in production even for ms < TR. Instead, the processes relevant
for the freeze-in production of scalar singlets can be written as an e↵ective dimension-5
operator of the form

L � 1

⇤f

f̄fS
2
, (5.3)

4The regime where scalar singlet DM is produced via the freeze-out mechanism has been extensively studied
elsewhere [20, 21, 23, 24, 50].
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directly testable !
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In fact, generally true for 
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Conclusions
Surprising subtleties in relic density calculations              

Freeze-in with testable couplings ?             

Thanks for your attention!

Want to explore these effects yourself      
(and much more)? Download DarkSUSY… 😉

Or                 for freeze-out at phase-space level!

even for a simple dark matter candidate like the scalar singlet!

Lesson 1: careful with freeze-out 
calculations near resonances              
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Fig. 3: Contour lines of constant (œ‰h2)fBE/(œ‰h2)nBE in the
” ≠ “̃ plane for a model with m‰ = 1 GeV and r = 0.3. As in
Fig. 2, couplings are fixed such that 2(œ‰h2)nBE = œDMh2, and
” = (2m‰/mA)2 ≠ 1. Red (blue) colors highlight regions where
the early kinetic decoupling e�ect overall increases (decreases)
the predicted relic abundance compared to the standard treat-
ment. Dotted black lines show, for comparison, the widths of
the SM Z0 and Higgs bosons. The gray shaded areas on the
edges of the plot indicate parameter regions where the fl value
satisfying the relic density condition cannot be achieved without
violating perturbativity or by extending the model (see text for
more details).

dip around the exact resonance position at ” = 0 are
a consequence of di�erent DM cooling and heating ef-
fects during the chemical evolution that a�ect the DM
phase-space distribution f‰(x, p). The phenomenology
of coupled chemical and kinetic evolutions here is very
similar to the Scalar Singlet DM example, and for a
detailed discussion of the origin of these features we
refer to to Appendix A in Ref. [30].

In Fig. 3, we complement this discussion by showing
the impact on the relic abundance when instead vary-
ing the resonance width “̃ and keeping the mass ratio r

fixed. This leads to a structure that is straightforward to
relate to what is visible in the previous figure; for exam-
ple, the two distinctive peak regions in the bottom left
corner correspond to the two peaks in Fig. 2 (note how-
ever that here we consider a much lighter DM particle,
m‰ = 1 GeV, than in Fig. 2). For most of the parameter
space, a smaller width generally leads to a larger e�ect,
i.e. larger deviations from the standard computation. It
is interesting to note that even for widths as large as
that of the SM Z-boson the refined prediction of the

Fig. 4: Time evolution of the phase-space density f‰(x, q),
computed by the fBE approach. The color scale shows the
DM abundance Y (x), in units of its final value, which reflects
the overall normalization of f‰. This example is for a case
of DM annihilation through a narrow resonance and an early
kinetic decoupling (with model parameters stated in the legend).
The coupling strength is set to fl = 1.13 ◊ 10≠2 in order to
satisfy 2(œ‰h2)fBE = œDMh2. The initial equilibrium phase-
space distribution is strongly distorted during chemical and
kinetic decoupling, and finally remains in a highly non-thermal
shape.

DM abundance can deviate at a level well exceeding the
typically quoted observational uncertainty of ≥ 1% in
œDMh

2 — and hence at a level that would, e.g., a�ect
global fits in a noticeable way.

It is worth noting that for the simple model con-
sidered here, not every pair of values (”, “̃) shown in
Figs. 2 and 3 may be a consistent choice. Indeed, the
minimal contribution to the width, from the interaction
Lagrangian in Eq. (18), is given by

“̃ =
ÿ

i=‰,f

g
2
i

12fi

3
1 + 2m

2
i

m
2
A

4 Û

1 ≠ 4m
2
i

m
2
A

. (23)

In Fig. 3 we indicate (with gray shaded regions) the
values of (”, “̃) that cannot be satisfied by Eq. (23)
when fl = Ô

g‰gf is fixed by the relic density condition
(either because Eq. (23) would imply a larger value of “̃

than required, or because at least one of the couplings
would no longer satisfy g‰, gf <

Ô
4fi, thus indicating a

breakdown of perturbativity).
Let us finally remark that the more narrow the reso-

nance, the more momentum-selective is the annihilation
process. This can lead to shapes of the distribution
function that strongly di�er from thermal ones. As a
concrete example, we demonstrate in Fig. 4 that the
fBE approach implemented in DRAKE can accurately

Lesson 2: for freeze-in, full 
temperature dependence of 
production rate must be included              10�12
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Figure 5. Left: Relic density ⌦h
2 as a function of the scalar singlet mass mS for a fixed value

of the portal coupling �hs = 10�11 in the case of a high reheating temperature. We compare the
results obtained from DarkSUSY (purple lines) with the ones obtained in ref. [3], which includes
quantum statistics using micrOMEGAs but no (other) thermal e↵ects. Right: Portal coupling �hs

needed to reproduce the observed DM relic abundance ⌦Sh
2 = 0.12 as a function of mS . The

smaller panel in the bottom shows the relative di↵erence when the various e↵ects considered in this
work are switched o↵.

diagrams contributing to SS ! hh are highly suppressed for such small values of �hs; we

therefore find that �v / �
2

hs
, and hence ⌦Sh

2 / �
�1/2

hs
, to an excellent accuracy. We also

indicate, with the same line style as before, the individual impact of the various finite-

temperature e↵ects that we have implemented here; the smaller plot at the bottom shows

the relative di↵erence compared to the full treatment (solid purple line). We find that

these di↵erences can be as large as 30% for mS > mh/2, corresponding to a di↵erence in

⌦Sh
2 of almost a factor of two; for smaller masses, the impact on the relic density remains

below 10%. Finally, while the freeze-in mechanism in principle works for arbitrarily small

singlet masses, the resulting particles at some point become too relativistic to be consistent

with structure formation and the observed matter power spectrum. In a recent analysis of

scalar singlet DM the resulting bound on ms, essentially a warm DM bound, was found to

be mS > 4.4 keV (mS > 5.3 keV) if �s is large enough (small enough) that DM particles

experience (do not experience) self-interactions [62] (see also Ref. [63]). We indicate this

bound by the red shaded region, noting that the warm DM bound for FIMPs is generally

a bit more stringent than for DM produced via freeze-out [64–66].

5.2 Low reheating temperature

In the discussion so far we have assumed that the reheating temperature is large enough

that it becomes irrelevant for the freeze-in calculation. However, there is strictly speaking

no observational evidence for such large reheating temperatures, which may be as low as

5 MeV without conflict with data [67]. For T < TRH ⌧ mh the interactions between

scalar singlets and SM fermions are described by the e↵ective dimension-5 operator given
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