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The central dilemma

Philosophy of a Minimal Model. Extend the particle content as little as possible, while using
the interactions we already know exists in nature (viz. SM gauge interactions).

• Electroweak multiplets. For a given
representation and Y , interactions fixed
entirely by the SU(2)L × U(1)Y symmetry -
extremely predictive [Cirelli, Fornengo,
Strumia (2005)].

• A concrete possibility for experimental
discovery. The mediators are the known
electroweak bosons - targets for colliders
and direct and indirect detection.

• Most such models excluded or strongly
constrained in the standard freeze-out
scenario.

• Conventional freeze-in models typically
requires extremely feeble interactions,
making experimental detection challenging
if not entirely impractical.

• Either such models do not exist, or we have
little hopes of discovering them!!!

A discouraging prospect - but are we giving up on them too soon?
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The minimal SU(2)L doublet Dark Matter

SM is extended by two LH Weyl doublets with equal and opposite Y .

χ1 ∼ (2, +1
2), χ2 ∼ (2, −1

2), L ⊃ −Mχ1χ2 + h.c.

Minimal particle content
• After EWSB, we get

Ψ0 ≡
(︄

χ0
2

χ0
1

)︄
, Ψ+ ≡

(︄
χ+

1
χ−

2

)︄
.

• Radiative splitting ∆m ≃ 350 MeV.

• A Z2 stabilizes the neutral state.

Tree-level Z exchange

L ⊃ g2
2 cos θW

ZµΨ̄0γµΨ0

σ
(n)
SI ≃ 4.7 × 10−40 cm2

The TeV-scale thermal relic is excluded by
direct detection.

LZ bound (2025): m ≳ 1.4 × 1010 GeV - grossly overproduced by freeze-out.
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Framework: Freeze-in at sizeable coupling

• From zero initial population, bath reactions
slowly build up the DM abundance.

• Reactions stop when there is not enough
energy in the bath to efficiently produce
DM (roughly when mDM > T ).

• Feeble couplings - never reaches equilibrium.

What if mDM > Trh?

0 2 4 6 8 10 12
Particle energy / temperature, E/T

Th
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m
al

 d
ist

rib
ut

io
n 

(re
la

tiv
e)

Rare energetic
particles

• A cold bath still has a high-energy tail
crossing the threshold

√
s > 2mDM,

which can produce DM.

• γprod ∝ e−2mDM/T , Y∞ ∝ e−2mDM/Trh .

• To reproduce the observed abundance,
stronger couplings must compensate for
Boltzmann suppression [Cosme, Costa
& Lebedev (2023)].
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DD constrains and probes the doublet parameter space

qq̄′ → Ψ0Ψ̄0, qq̄′ → Ψ+Ψ−, Ψ± → Ψ0π±3

bath: mDM ≫ Trh. In this case the dark matter produc-
tion cross-section is exponentially suppressed

⟨σv⟩ ∝ exp(−2mDM/T ). (12)

The cross-section for dark matter production via the
process qq̄′ → Ψ+Ψ−, Ψ̄0Ψ0, Ψ̄0Ψ+ involving an elec-
troweak boson (derived in Appendices 1 & 3) is given
at leading order by

σqq̄′→ΨΨ(β) =
β

24πs

(
(gqV )

2 + (gqA)
2
)
(gΨV )

2

(
1− β2

3

)
,

(13)

where β(s) ≡
√
1− 4(m2

Ψ/s). Note that the axial vec-
tor contribution occurs at O(β3). The general form of
σqq̄′→ΨΨ is useful and holds for arbitrary q, q′ initial
states. This form can be specialized to different initial
and final states by specifying the couplings.

Turning to the Boltzmann equation

ṅΨ + 3HnΨ = γ(T ) . (14)

Neglecting the quark masses, the reaction density γ for
qq̄′ → Ψ+Ψ−, Ψ̄0Ψ0, Ψ̄0Ψ+ (the latter arises from ud̄
initial state, or similar, via W exchange) is given by

γ =
T

32π4

∑
q,q′

∫ ∞

4m2
Ψ

ds
[
(s− 4m2

Ψ)
√
sσqq̄′→ΨΨ

]
K1

(√
s

T

)
,

(15)
where K1 is the modified Bessel function.

In the limit mΨ ≫ T , the integral in eq. (15) is domi-
nated just above threshold for which s ≃ 4m2

Ψ and β ≪ 1.
Thus, the near-threshold form of the cross-section is

σqq̄′→ΨΨ(s) ≃
1

24πs
(Cqq′

γ + Cqq′

Z + Cqq′

W )β , (16)

where we have collected the combination of couplings into

Cqq′

i ≡
(
(gqV )

2 + (gqA)
2
)
(gΨV )

2. (17)

In Appendices 2 & 3 we derive numerical values of CZ ,
Cγ , and CW for each case of interest.

Further, as derived in Appendix 4, the reaction density
(given eq. (15)) evolves according to

γ(T ) ≃
∑
q,q′

(
Cqq′

γ + Cqq′

Z + Cqq′

W

256π4

)
T 4 e−2mΨ/T . (18)

This can be specialized to the neutral or charged compo-
nents by the appropriate choice of Ci.

We then use γ(T ) to calculate the dark matter freeze-in
yields Y ≡ nΨ/s arising from the Boltzmann equation

dY

dT
= −γ(T )

sHT
, (19)

where s(T ) = 2π2

45 g⋆sT
3 and H(T ) =

√
π2g⋆
90

T 2

MP
in terms

of the relativistic degrees of freedom g⋆, the effective en-
tropy degrees of freedom g⋆s and the Planck mass MP.

108 1010 1012 1014 1016 1018

m [GeV]

106

108

1010

1012

1014

1016

T
rh

[G
eV

] X
E

N
O

N
n

T

L
Z

D
ar

w
in

BICEP/Keck

m
=
T rh

th
erm

ali
za

tio
n

FIG. 1. The solid line is the reheat temperature Trh which
gives the observed dark matter relic density for Ψ0 of mass
m assuming instantaneous reheating. The vertical red ar-
eas mark exclusion from direct detection experiments, and
the projection by Darwin. The black dashed line indicates
Trh = m, above which freeze-in is no longer Boltzmann sup-
pressed. The red shaded “thermalization” region indicates
parameter values for which Ψ0 would enter equilibrium with
the Standard Model.

Substituting the reaction density from eq. (18) gives

dY

dT
= −135

√
10

512π7

∑
q,q′

(
Cqq′

γ + Cqq′

Z + Cqq′

W

g⋆s
√
g⋆

)
MP

T 2
e−

2mΨ
T .

(20)
Assuming instantaneous reheating1 to temperature

Trh, negligible initial Ψ abundances, and taking mΨ ≫
Trh, the freeze-in yield is

YFI =
135

√
10

512π7

∑
q,q′

Cqq′

γ + Cqq′

Z + Cqq′

W

g⋆s
√
g⋆

MP

∫ Trh

0

dT
e

−2mΨ
T

T 2

≃ 135
√
10

1024π7

∑
q,q′

Cqq′

γ + Cqq′

Z + Cqq′

W

g⋆s
√
g⋆

MP

mΨ
e
− 2mΨ

Trh . (21)

Observe that the freeze-in yield scales as YFI ∝
exp(−2mΨ/Trh), as expected in the Boltzmann sup-
pressed regime. From eq. (21) one can calculate the yield
Y 0
FI of Ψ

0 and Y ±
FI of Ψ± by substituting the correct Ci.

Since mΨ± > mΨ0 (cf. eq. (6)), the Ψ± will decay to
Ψ0 thus contributing to the dark matter relic density.
The Ψ± → Ψ0π± decay rate is [29] (cf. also [30])

ΓΨ± ≃ Γπ±→µ±νµ

16∆3

mπm2
µ

√
1− m2

π

∆2

(
1− m2

µ

m2
π

)−2

.

1 Boltzmann suppressed freeze-in of this model for non-
instantaneous reheating is studied in the companion paper [28],
as well as a discussion of gravitational production (which is found
to be always sub-leading).

Y∞ ≃ AEW
MPl

m e−2m/rh

mY∞ ≃ 4.3 × 10−10 GeV =⇒ m/Trh ≈ 27.

4

The quantities above are all Standard Model and thus we
evaluate numerically to find ΓΨ± ≈ 5×10−14 GeV. Thus,
the lifetime is τ ≃ 10−11 s and for cosmological purposes
Ψ± decay rapidly. It follows that the dark matter relic
abundance Y 0

∞ is the sum Y 0
∞ = Y 0

FI + Y ±
FI .

In Fig. 1 we show (black solid line) the relic abun-
dance of SU(2)L doublet dark matter of mass m as a
function of the reheat temperature Trh (assuming instan-
taneous reheating). The black dashed line in Fig. 1 indi-
cates Trh = m, above which freeze-in is no longer Boltz-
mann suppressed. The red shaded “thermalization” re-
gion indicates parameter values for which the dark mat-
ter would enter equilibrium with the Standard Model
thermal bath; we have demanded the production rate
to be smaller than the Hubble expansion rate H, that
is, γ(Trh) < neq(Trh)H(Trh), where neq is the dark mat-
ter equilibrium number density. The inflection in the
boundary curve of the thermalization region in Fig. 1
corresponds to m = Trh which separates the relativistic
and non-relativistic regimes. Observe that thermaliza-
tion does not constrain the solid line for the relevant mass
range. In addition, we impose an upper bound on the re-
heating temperature Trh ≲ 5.5 × 1015 GeV, this comes
from the BICEP/Keck limit on the tensor-to-scalar ratio.

V. DIRECT DETECTION

We next apply experimental limits from XENONnT
[31] and LZ [10]. The bounds are linearly extrapolated
from those presented in [10, 31]. This extrapolation is
generally considered valid since heavy dark matter with
sufficiently large cross-sections will interact with direct
detection experiments, however, the higher mass implies
that fewer states are needed to comprise the relic den-
sity. Thus, the dark matter flux is diminished, leading
to a linear fall off in the constraints. This can be seen
in LZ’s dedicated heavy dark matter analysis [32]. The
spin-independent cross-section for Ψ0 scattering on an
individual nucleon N = p, n is [33]

σ
(N)
SI =

µ2
N

π

(
gΨ

0

V gNV
m2

Z

)2

∼
{
4.7× 10−40 cm2 N = n,

2.6× 10−42 cm2 N = p,

(22)
where gpV = 2guV + gdV and gnV = guV +2gdV , for g

u
V , g

d
V , g

Ψ
V

in Section III. The 2025 LZ limit is [10]

σ
(n,p)
SI

∣∣∣
mDM≫mZ

< 3× 10−47cm2
(mDM

TeV

)
, (23)

implying a lower mass bound mDM > 1.4× 1010 GeV.
In Fig. 2 we show the SI limits on electroweak dou-

blet dark matter. For instantaneous reheating, the dark
matter mass uniquely determines the required Trh, and
these are shown as contours. We also show the cosmolog-
ical limits from BICEP/Keck [35] that constrain Trh and
this restricts m ≲ 1017 GeV. We find that indirect detec-
tion does not constrain the parameter space of interest;
see Appendix 5. These mass bounds are also marked on
Fig. 1 as shaded areas.
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FIG. 2. Constraints on Minimal Freeze-in Dark Matter. We
apply the spin-independent limits from XENONnT [31] and
LZ [10]. We also show the anticipated discovery reach of the
proposed Darwin experiment [34]. The parameter space be-
low the ‘Darwin’ line lies within the neutrino fog. For instan-
taneous reheating the dark matter mass uniquely determines
the required Trh and we plot some characteristic contours. We
show the cosmological limits (assuming single field inflation-
ary reheating) from BICEP/Keck [35] which constrain Trh.

It is interesting to consider the discovery reach of the
future Darwin experiment [34]. Darwin probes deep into
the available parameter space, although there remains a
window between Darwin’s SI reach and the BICEP/Keck
limit. However, the parameter space below Darwin’s
reach lies in the neutrino fog2 [34, 36] and thus will re-
quire novel experimental advancements to completely ex-
clude these models. More optimistically, the Darwin ex-
periment can discover electroweak doublet dark matter
with mass in the range 1010 – 1013 GeV.

VI. PSEUDO DIRAC CASE

Interestingly, higher-dimensional operators, generated
by high-scale physics, may alter the expectations for di-
rect detection. In the construction above, the neutral
Dirac fermion Ψ0 ≡ (χ0

2, χ
0
1) has a tree-level vector cou-

pling to the Z, which leads to a large SI scattering rate.
The tree-level Z coupling can be removed by splitting
the neutral Dirac fermion into two Majorana states (a
pseudo-Dirac pair). This can be achieved via a small
Majorana mass for the neutral components [3]. A clean
realization of this is via dimension-5 operators involv-
ing the Standard Model Higgs schematically of the form
1
Λ (χ1H)2, where Λ is the mass scale of new physics. This

is reminiscent of the Weinberg operator (LH)2.

2 For m ≫ TeV the recoil spectrum is mass-independent (see
e.g. [36]). Since the dark matter flux scales as 1/m, maintaining
a fixed event rate relative to the (mass-independent) neutrino
background requires σSI ∝ m, leading to a linear rise in the neu-
trino fog (i.e. running parallel to the dark matter constraint).

Lower mass ranges excluded by LZ and
XENONnT. DARWIN will probe deep into
available parameter space.
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where K1 is the modified Bessel function.
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Ψ and β ≪ 1.
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FIG. 1. The solid line is the reheat temperature Trh which
gives the observed dark matter relic density for Ψ0 of mass
m assuming instantaneous reheating. The vertical red ar-
eas mark exclusion from direct detection experiments, and
the projection by Darwin. The black dashed line indicates
Trh = m, above which freeze-in is no longer Boltzmann sup-
pressed. The red shaded “thermalization” region indicates
parameter values for which Ψ0 would enter equilibrium with
the Standard Model.

Substituting the reaction density from eq. (18) gives

dY

dT
= −135

√
10

512π7

∑
q,q′

(
Cqq′

γ + Cqq′

Z + Cqq′

W

g⋆s
√
g⋆

)
MP

T 2
e−

2mΨ
T .

(20)
Assuming instantaneous reheating1 to temperature

Trh, negligible initial Ψ abundances, and taking mΨ ≫
Trh, the freeze-in yield is

YFI =
135

√
10

512π7

∑
q,q′

Cqq′

γ + Cqq′

Z + Cqq′

W

g⋆s
√
g⋆

MP

∫ Trh

0

dT
e

−2mΨ
T

T 2

≃ 135
√
10

1024π7

∑
q,q′

Cqq′

γ + Cqq′

Z + Cqq′

W

g⋆s
√
g⋆

MP

mΨ
e
− 2mΨ

Trh . (21)

Observe that the freeze-in yield scales as YFI ∝
exp(−2mΨ/Trh), as expected in the Boltzmann sup-
pressed regime. From eq. (21) one can calculate the yield
Y 0
FI of Ψ

0 and Y ±
FI of Ψ± by substituting the correct Ci.

Since mΨ± > mΨ0 (cf. eq. (6)), the Ψ± will decay to
Ψ0 thus contributing to the dark matter relic density.
The Ψ± → Ψ0π± decay rate is [29] (cf. also [30])

ΓΨ± ≃ Γπ±→µ±νµ

16∆3

mπm2
µ

√
1− m2

π

∆2

(
1− m2

µ

m2
π

)−2

.

1 Boltzmann suppressed freeze-in of this model for non-
instantaneous reheating is studied in the companion paper [28],
as well as a discussion of gravitational production (which is found
to be always sub-leading).

Y∞ ≃ AEW
MPl

m e−2m/rh

mY∞ ≃ 4.3 × 10−10 GeV =⇒ m/Trh ≈ 27.

4

The quantities above are all Standard Model and thus we
evaluate numerically to find ΓΨ± ≈ 5×10−14 GeV. Thus,
the lifetime is τ ≃ 10−11 s and for cosmological purposes
Ψ± decay rapidly. It follows that the dark matter relic
abundance Y 0

∞ is the sum Y 0
∞ = Y 0

FI + Y ±
FI .

In Fig. 1 we show (black solid line) the relic abun-
dance of SU(2)L doublet dark matter of mass m as a
function of the reheat temperature Trh (assuming instan-
taneous reheating). The black dashed line in Fig. 1 indi-
cates Trh = m, above which freeze-in is no longer Boltz-
mann suppressed. The red shaded “thermalization” re-
gion indicates parameter values for which the dark mat-
ter would enter equilibrium with the Standard Model
thermal bath; we have demanded the production rate
to be smaller than the Hubble expansion rate H, that
is, γ(Trh) < neq(Trh)H(Trh), where neq is the dark mat-
ter equilibrium number density. The inflection in the
boundary curve of the thermalization region in Fig. 1
corresponds to m = Trh which separates the relativistic
and non-relativistic regimes. Observe that thermaliza-
tion does not constrain the solid line for the relevant mass
range. In addition, we impose an upper bound on the re-
heating temperature Trh ≲ 5.5 × 1015 GeV, this comes
from the BICEP/Keck limit on the tensor-to-scalar ratio.

V. DIRECT DETECTION

We next apply experimental limits from XENONnT
[31] and LZ [10]. The bounds are linearly extrapolated
from those presented in [10, 31]. This extrapolation is
generally considered valid since heavy dark matter with
sufficiently large cross-sections will interact with direct
detection experiments, however, the higher mass implies
that fewer states are needed to comprise the relic den-
sity. Thus, the dark matter flux is diminished, leading
to a linear fall off in the constraints. This can be seen
in LZ’s dedicated heavy dark matter analysis [32]. The
spin-independent cross-section for Ψ0 scattering on an
individual nucleon N = p, n is [33]

σ
(N)
SI =

µ2
N

π

(
gΨ

0

V gNV
m2

Z

)2

∼
{
4.7× 10−40 cm2 N = n,

2.6× 10−42 cm2 N = p,

(22)
where gpV = 2guV + gdV and gnV = guV +2gdV , for g

u
V , g

d
V , g

Ψ
V

in Section III. The 2025 LZ limit is [10]

σ
(n,p)
SI

∣∣∣
mDM≫mZ

< 3× 10−47cm2
(mDM

TeV

)
, (23)

implying a lower mass bound mDM > 1.4× 1010 GeV.
In Fig. 2 we show the SI limits on electroweak dou-

blet dark matter. For instantaneous reheating, the dark
matter mass uniquely determines the required Trh, and
these are shown as contours. We also show the cosmolog-
ical limits from BICEP/Keck [35] that constrain Trh and
this restricts m ≲ 1017 GeV. We find that indirect detec-
tion does not constrain the parameter space of interest;
see Appendix 5. These mass bounds are also marked on
Fig. 1 as shaded areas.
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FIG. 2. Constraints on Minimal Freeze-in Dark Matter. We
apply the spin-independent limits from XENONnT [31] and
LZ [10]. We also show the anticipated discovery reach of the
proposed Darwin experiment [34]. The parameter space be-
low the ‘Darwin’ line lies within the neutrino fog. For instan-
taneous reheating the dark matter mass uniquely determines
the required Trh and we plot some characteristic contours. We
show the cosmological limits (assuming single field inflation-
ary reheating) from BICEP/Keck [35] which constrain Trh.

It is interesting to consider the discovery reach of the
future Darwin experiment [34]. Darwin probes deep into
the available parameter space, although there remains a
window between Darwin’s SI reach and the BICEP/Keck
limit. However, the parameter space below Darwin’s
reach lies in the neutrino fog2 [34, 36] and thus will re-
quire novel experimental advancements to completely ex-
clude these models. More optimistically, the Darwin ex-
periment can discover electroweak doublet dark matter
with mass in the range 1010 – 1013 GeV.

VI. PSEUDO DIRAC CASE

Interestingly, higher-dimensional operators, generated
by high-scale physics, may alter the expectations for di-
rect detection. In the construction above, the neutral
Dirac fermion Ψ0 ≡ (χ0

2, χ
0
1) has a tree-level vector cou-

pling to the Z, which leads to a large SI scattering rate.
The tree-level Z coupling can be removed by splitting
the neutral Dirac fermion into two Majorana states (a
pseudo-Dirac pair). This can be achieved via a small
Majorana mass for the neutral components [3]. A clean
realization of this is via dimension-5 operators involv-
ing the Standard Model Higgs schematically of the form
1
Λ (χ1H)2, where Λ is the mass scale of new physics. This

is reminiscent of the Weinberg operator (LH)2.

2 For m ≫ TeV the recoil spectrum is mass-independent (see
e.g. [36]). Since the dark matter flux scales as 1/m, maintaining
a fixed event rate relative to the (mass-independent) neutrino
background requires σSI ∝ m, leading to a linear rise in the neu-
trino fog (i.e. running parallel to the dark matter constraint).

Lower mass ranges excluded by LZ and
XENONnT. DARWIN will probe deep into
available parameter space.
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A pseudo-Dirac splitting reopens lower masses

Allow a small Majorana mass for neutral Weyl components, say, by dimension-5 Higgs operators
like 1

Λ (χ1H)2:

L ⊃ −Mχ0
1χ0

2 − δ1
2 χ0

1χ0
1 − δ2

2 χ0
2χ0

2 + h.c.,

Splits the Dirac Ψ0 into a pseudo-Dirac pair (Ψ1, Ψ2) with masses m1,2 ≃ M ∓ 1
2 δ for δ ≡ δ1 + δ2:

Ψ1 ≃ 1√
2
(︁
Ψ0 + (Ψ0)c)︁ , Ψ2 ≃ −i√

2
(︁
Ψ0 − (Ψ0)c)︁ ,

The Z coupling becomes off-diagonal

ZµΨ̄2γµΨ1

Inelastic channel Ψ1 + N → Ψ2 + N closes
when δ > 1

2 µχNv2
max =⇒ δ > O(100 keV).

Loop-induced scattering remains
σloop

SI ∼ 10−47 cm2

• Estimated lower mass: m ≳ 300 GeV.

• Projected DARWIN reach: m ∼ 6 TeV.
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Larger electroweak representations

• Doublet: imposed stability. Permits gauge invariant, renormalizable couplings to SM
leptons that allow DM decay - need additional Z2 symmetry.

• Larger fermion multiplets: accidental stability. For n ≥ 5, gauge invariant decay modes
only possible via non-renormalizable operators suppressed by a scale Λ - If Λ ≳ MPl, TeV
scale candidates can be cosmologically long-lived [Cirelli, Fornengo & Strumia (2006)].

• Does this protection survive the much larger masses accessible through Boltzmann-suppressed
freeze-in? On the contrary - one might expect decay signatures from higher order reps.
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Larger Electroweak Representations

Different representations show very different detection limits! 10
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FIG. 3. Constraints from spin-independent limits LZ, for the different representations. We also show the projections of the
proposed DARWIN experiment. For instantaneous reheating the dark matter mass uniquely determines the required Trh and
we plot some characteristic contours. We also collect together the cosmological limits from BICEP/Keck which constrain Trh

and the bounds from dark matter annihilations (cf. Eq. (46)), marked ‘ID’. We separate the selection of models which are
constrained by dark matter decays limits, which we show on the right hand panel, marked ‘decays’ (cf. Figure 2).

Notably, the current constraint from LZ constrains the
dark matter scattering cross-section to be [2]

σ
(n,p)
SI

∣∣∣
m≫mZ

< 3× 10−47cm2
( m

TeV

)
. (51)

We overlay this limit on Figure 1. Moreover, in Figure 3
we show the constraints on the various models of interest
in the familiar direct detection style plot, also combining
the constraints from indirect detection and cosmology. In
particular, smaller masses are constrained by dark matter
annihilation in the cases of zero hypercharge for triplets,
quintuplets and septuplets; cf. Eq. (46). Additionally,
an upper bound on the mass comes from dark matter
decays in the case of the quintuplet (cf. Figure 2). The
combination of direct detection and decaying dark matter
bounds completely exclude the n = 5 case with Y =
±1, 2. Since the 5 with Y = −2 is metastable for MPl

induced operators (cf. Figure 2) it remains a viable dark
matter candidate provided m ≳ 2× 1011 GeV.

We also mark the reach of DARWIN [15] on Figures 1
and 3. Notably, Darwin improves the bounds on dark
matter by two orders of magnitude at all mass scales.
The parameter space below DARWIN’s reach is in the
neutrino fog (cf. Ref. [52]) and novel experimental ad-
vances will be required for further progress.

V. NON-INSTANTANEOUS REHEATING

In our companion paper and the considerations above
we have worked under the assumption that inflationary
reheating is instantaneous. Notably, in this case the max-
imum temperature of the Universe is exactly the reheat
temperature

Tmax

∣∣
instant

= Trh ≃
√

ΓϕMPl, (52)

where Γϕ is the decay rate of the inflaton. However,
beyond the instantaneous inflaton decay approximation,
the maximum temperature of the thermal bath can ex-
ceed the reheat temperature [4], i.e. Tmax > Trh. More-
over, in the regime Tmax > T > Trh the freeze-in dy-
namics is sensitive to the equation-of-state parameter of
the Universe. Indeed, details on how the energy density
of the Universe is transmitted from the inflaton to the
Standard Model plasma can radically alter expectations
for freeze-in [18–27].
Suppose that during cosmic reheating, the dominant

component of the Universe in terms of energy density has
an equation-of-state parameter ω, and that the Standard
Model temperature scales as a power law. Let Trh and arh
denote the Standard Model temperature and scale factor
at the onset of the radiation-dominated era, respectively.
Under these assumptions, the evolution of the Hubble
expansion rate H as a function of the scale factor a is
given by [53]

H(a) ≃ Hrh ×


(arh

a

) 3(1+ω)
2

for a ≤ arh,(arh
a

)2
for arh ≤ a,

(53)

while the Standard Model bath temperature evolves as

T (a) ≃ Trh ×


(arh

a

)α
for a ≤ arh,(arh

a

)
for arh ≤ a.

(54)

In conventional cosmology α > 0 so that the Standard
Model temperature always decreases with time, as is typ-
ical (but in certain scenarios α ≤ 0 is possible [54]).
Taking into account that at the end of reheating

ρR(arh) = ρϕ(arh), the maximum energy density reached
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• No tree level Z -coupling for Y = 0. • Indirect detection (ID) excludes lower mass
ranges for Y = 0. • Decay limits on n = 5 model from Auger’s γ-ray searches.

Sagnik Mukherjee 8 / 9



Conclusions

1 Freeze-in need not imply feeble interactions.
Boltzmann-suppressed production for mDM > Trh permits sizeable couplings consistent with
the observed relic abundance, bringing freeze-in dark matter within experimental reach.

2 Revives the Electroweak doublet DM.
Within the framework of Boltzmann-suppressed freeze-in, minimal DM models, with
interactions fixed solely by the SM gauge groups, are consistent with current searches and
can be probed by future experiments.

3 Freeze-in with higher electroweak representations.
Need to reassess the strong stability statements in the context of higher masses required by
freeze-in. Alternatively, gives rise to decay signals from higher representation models,
potential target for γ-ray and neutrino telescopes.

arXiv:2510.01311 arXiv:2602.10112 arXiv:2604.00210

-Thanks!-
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Generalization I: Non-instantaneous reheating

Instantaneous reheating - Relic
contour is a line

Non-instantaneous reheating - Relic contour is
a band 12
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FIG. 5. Zoomed-in view of the top left panel of Figure 4,
overlaying contours corresponding to different values of Tmax.

The opposite behavior to above occurs for the (atypi-
cal) case of α < 0,

Y rh
FI ≃ Y inst

FI ×


1

|α| for TI < Trh ≪ m,

1

αη

2m

Trh
e

2m
Trh for TI < m ≪ Trh,

(60)

which corresponds to a subdominant dark matter pro-
duction during reheating. Finally, in the (unusual) case
that the temperature is constant during reheating, then
α = 0 [6, 25, 54, 56] (in which case TI = Tmax = Trh)
and the yield from reheating is

Y rh
FI ≃ 135

128π7

Kqq̄′

QQ′

g⋆s(3 + ω)

√
10

g⋆

MPl

Trh
e
− 2m

Trh

×

1− ( aI
arh

) 3(3+ω)
2

 .

(61)

Thus, parametrically

Y rh
FI ≃ 4

3(3 + ω)

m

Trh
Y inst
FI . (62)

This corresponds to a modest amplification with respect
to the production after reheating. We emphasize that
the total dark matter yield corresponds to the produc-
tion during and after reheating, and therefore the two
contributions have to be added

YFI = Y rh
FI + Y inst

FI . (63)

In Figure 4 we indicate how non-standard cosmol-
ogy impacts the expectations for freeze-in of the dou-
blet model outlined in Section IIIA. We consider differ-
ent choices of ω and α: the top left panel corresponds to
an early matter dominated era (ω = 0, α = 3/8), the top
right to kination (ω = α = 1), and the lower panels to

two versions of a radiation-dominated era (ω = 1/3 and
α = 1/4 or α = 3/4). The gray regions correspond to
the parameter space where the whole dark matter abun-
dance can be fitted, by choosing Tmax appropriately, as
illustrated in Figure 5 (for the case ω = 0 with α = 3/8).
Thus this gray area brackets the uncertainty on the du-
ration of the reheating era.
The upper boundary of the gray areas correspond to

instantaneous reheating (that is, TI = Trh). The lower
bounds correspond to the maximum obtainable value of
Tmax. In particular, the bound on the inflationary scale
HI in Eq. (43) implies that the duration of reheating has
to decrease if Trh grows, and therefore the bands shrink
and collapse to a point when Trh ≃ 6 × 1015 GeV. The
two slopes of the lower bounds reflect the cases in which
m is higher and lower than the maximal temperature TI

reached by the thermal bath. The thickness of the gray
regions is related to the exponent η− 1 in Eq. (59), with
wider bands corresponding to smaller values of η − 1.
Additionally, Figure 4 is also overlaid with the region in

which dark matter thermalizes with the Standard Model,
as well as the bounds from direct detection for the dou-
blet representation.

VI. GRAVITATIONAL PRODUCTION

Beyond the electroweak interactions discussed previ-
ously, dark matter and other heavier states are also in-
evitably produced via the annihilation of Standard Model
particle pairs through s-channel graviton exchange. The
squared amplitudes for fermionic dark matter are pre-
sented in Appendix B (cf. Refs. [57–59]).
Under the assumption of Maxwell–Boltzmann statis-

tics, the corresponding reaction density reads

γh
Q(T ) =

T 4

3840π5M4
Pl

(
525m4 + 1536m3T + 2440m2T 2

+ 2508mT 3 + 1254T 4
)
e−

2m
T .

(64)
In the ultra-relativistic and non-relativistic limits, γQ is

γh
Q(T ) ≃


209T 8

640π5M4
Pl

for m ≪ T,

35m4T 4

256π5M4
Pl

e−
2m
T for T ≪ m.

(65)

The ultra-relativistic limit was reported [57]; the results
are compatible, with a difference of approximately 0.5%.
In the instantaneous reheating approximation, the so-

lution of Eq. (38) yields

YFI =
9

1024π8g⋆s

√
10

g⋆

f(m,Trh)

M3
Pl

e
− 2m

Trh , (66)

where

f(m,Trh) ≡ 525m3 + 1536m2Trh + 1672mT 2
rh + 836T 3

rh.

Y tot
FI = Y inst

FI + Y rh
FI

Broadening the reheating era lowers Trh
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Generalization II: Non-standard cosmologies

pϕ = ωρϕ, T = Trh(arh/a)α 11
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FIG. 4. Non-instantaneous reheating. The shaded region indicates viable parameters. The upper boundary is set by
instantaneous reheating (TI = Trh); the lower boundary corresponds to the maximal duration of reheating, specifically
H(TI) < 6 × 1013 GeV consistent with BICEP/Keck [35] .The ‘thermalization’ region indicates parameters for which the
dark matter enters equilibrium with the thermal bath, in which case the observed relic abundance is not reproduced.

by the Standard Model thermal bath at the beginning
of reheating (that is, at a = aI) can be estimated and
corresponds to a temperature TI ≥ Trh given by [53, 55]

TI ≃ Trh

[
90

π2g⋆

H2
IM

2
Pl

T 4
rh

] α
3(1+ω)

. (55)

In a general cosmic background where the Standard
Model entropy is not conserved, instead of the yield Y ,
it is convenient to track the evolution of NQ ≡ nQ a3.
Therefore, for each component, the Boltzmann equation,
Eq. (33) can be expressed as

dNQ

da
=

a2γQ
H

. (56)

The dark matter abundance produced during reheating
(between aI and arh), in the case where α ̸= 0, can be
written as

Y rh
FI ≃ 405

256π7

Kqq̄′

QQ′

g⋆sα

√
10

g⋆

MPl

Trh

(
Trh

2m

)η

×
[
Γ

(
η,

2m

TI

)
− Γ

(
η,

2m

Trh

)]
,

(57)

where Γ(η, x) is the incomplete gamma function and

η ≡ 9 + 3ω − 8α

2α
(58)

collects the cosmological parameters ω and α.
In particular, when α > 0 (corresponding to the ther-

mal bath cooling with time, as typically occurs), then
Eq. (57) can be approximated by

Y rh
FI ≃ Y inst

FI ×



1

α

(
Trh

TI

)η−1

e
2m
Trh

− 2m
TI

for Trh < TI ≪ m,

Γ(η)

α

(
Trh

2m

)η−1

e
2m
Trh

for Trh < m ≪ TI ,
(59)

where Y inst
FI is the dark matter yield produced after re-

heating, given by Eq. (40). The two limits of Eq. (59)
correspond to the dark matter mass being much larger or
smaller than TI . In both cases, dark matter production
during reheating is exponentially enhanced by a factor
e2m/Trh with respect to the production after reheating.
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