
Next-to-minimal freeze-in dark matter

Nicolás Bernal ,1 Sagnik Mukherjee ,2 and James Unwin 2

1New York University Abu Dhabi, PO Box 129188, Saadiyat Island, Abu Dhabi, United Arab Emirates
2Department of Physics, University of Illinois Chicago, Chicago, Illinois 60607, USA

(Received 25 April 2026; accepted 28 May 2026; published 30 June 2026)

If the dark matter mass exceeds the highest temperature of the thermal bath, then dark matter production
is Boltzmann suppressed. This opens new possibilities for dark matter model building. In particular, weakly
interacting massive particle models that are experimentally excluded can be revived in this setting;
conversely, freeze-in models, which would typically be beyond experimental reach, are potentially
discoverable in the Boltzmann suppressed regime. In a recent letter, we highlighted these aspects for the
case of electroweak doublet fermion dark matter assuming instantaneous inflationary reheating. Due to its
elegance and simplicity, we coin this minimal freeze-in (MFI) dark matter. Here we consider next-to-
minimal extensions of MFI dark matter. We present the implications for noninstantaneous reheating,
including scenarios beyond the standard picture in which the Universe is initially matter dominated prior to
reheating. Furthermore, we explore model variations within the electroweak dark matter scenario.
Specifically, we consider fermion dark matter in higher representations of SUð2ÞL, exploring the current
limits and the near-future discovery potential.
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I. INTRODUCTION

There is an elegance in minimality, and models in which
dark matter is connected to the Standard Model only via
electroweak interactions epitomize this principle. Indeed,
this is one of the original drivers of the popular weakly
interacting massive particle (WIMP) scenario. In a
companion paper, we laid out minimal freeze-in (MFI)
dark matter based on this notion [1]. The particle content of
MFI is a single pair of Weyl fermions that transform as
doublets under SUð2ÞL. The neutral component of these
doublets is the dark matter. It was highlighted that
electroweak doublet dark matter is not excluded by direct
detection (e.g., LZ [2]) if the dark matter mass m is
sufficiently large; m≳ 1010 GeV.1

In addition to the requirements imposed by direct
detection, to successfully realize MFI one must be in the
Boltzmann suppressed freeze-in regime [1,4–14], with the
dark matter mass exceeding the maximum temperature of
the Universe; m > Tmax. Notably, with this hierarchy the
production rate typically never exceeds the Hubble rate and

thus the dark matter never thermalizes. In the case where
inflationary reheating is efficient, then Tmax ¼ Trh ≃ffiffiffiffiffiffiffiffiffiffiffi
ΓMPl

p
, where Γ is the decay width of the inflaton.

Notably, with this instantaneous reheating approximation
MFI has only two free parameters, the dark matter mass m
and Trh, which makes MFI both highly predictive and
potentially discoverable at near-future experiments such as
DARWIN [1,15].
This paper explores extensions of the MFI scenario, thus

next-to-minimal freeze-in dark matter. We extend beyond
the assumption of instantaneous inflationary reheating and
consider variations on the original MFI particle content. On
the cosmological side we explore noninstantaneous infla-
tionary reheating, including scenarios in which the equation
of state of the Universe is different from matter dominated
immediately prior to reheating. Standard freeze-in calcu-
lations [16,17] can be significantly impacted by departures
from the instantaneous reheating approximation [18–27].
On the particle physics side we examine fermion dark
matter in higher representations of SUð2ÞL, drawing
inspiration from the “minimal dark matter” scenario [28].
For higher representations, freeze-in is again mediated by
the electroweak gauge bosons, but phenomenological
differences arise. For dark matter with SUð2ÞL representa-
tion of dimension n ≤ 9 indirect detection limits on dark
matter annihilation exclude the possibility that the relic
density is set by thermal freeze-out [29]. These dark matter
annihilation constraints only weakly constrain models of
Boltzmann suppressed freeze-in since the dark matter is
very much heavier [1], thus reviving these low n scenarios.
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1If the Dirac fermion is split into distinct Majorana mass
eigenstates by higher-dimensional operators, these limits are
relaxed to 300 GeV, but this requires new high-scale physics [1,3].
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Amajor motivation of minimal dark matter is that certain
representations are cosmologically stable, without the need
for ad hoc stabilizing symmetries. Interestingly, as dark
matter can be heavier in Boltzmann suppressed freeze-in,
the dark matter lifetime can be quite different. Certain
scenarios retain the nice feature of dark matter metastabil-
ity, whereas other models are constrained or excluded by
searches for decaying dark matter.
This paper is structured as follows. In Sec. II we discuss

the general coupling structure of arbitrary dimension
representations of SUð2ÞL, and derive the relevant produc-
tion cross sections. We specialize to a number of models of
particular interest in Sec. III. Working in the instantaneous
reheating approximation, we identify the viable parameter
space for dark matter being triplet (3), quintuplet (5), or
septuplet (7) under SUð2ÞL. Section IV studies phenom-
enological aspects, including the dark matter relic abun-
dance, cosmological bounds, direct and indirect detection
searches. In Sec. V we explore the impact of deviating
from instantaneous reheating, restricting our analysis to
the doublet model. In Sec. VI, we note the irremovable
contribution from gravitational production, but show that it
is always subleading. Section VII provides some conclud-
ing remarks.

II. COUPLINGS AND CROSS SECTIONS

Two left-handed (LH) Weyl spinors that transform
identically under the non-Abelian gauge groups, but with
equal and opposite hypercharge, are referred to as a
vectorlike pair. Such vectorlike pairs are interesting as
they provide the minimal manner of adding nontrivial
representations of the Standard Model gauge groups while
avoiding gauge anomalies. Here we consider a vectorlike
fermion pair (χ1, χ2) that transforms as n dimensional
representations of SUð2ÞL and singlets under SUð3Þc, with
hypercharge Y, thus

χ1 ¼ ð1;nÞY; χ2 ¼ ð1;nÞ−Y: ð1Þ

The isospin of each is T ¼ ðn − 1Þ=2 with their compo-
nents labeled by T3 ∈ f−T;−T þ 1;…; Tg. The electric
charge of the state with third component isospin T3 is

Q ¼ T3 þ Y: ð2Þ

After electroweak symmetry breaking, for eachQ, one may
form a Dirac fermion ΨQ composed of matching electro-
magnetic (EM) charge components from χ1 and χ2.
Equivalently, for each isospin component T we identify

the LH and RH components of the Dirac fermion as χðT Þ
1

and χ̄ð−T Þ
2 , respectively, so that TL

3 ¼TR
3 ≔T . Accordingly,

Q½χðT Þ
1 � ¼ Q½χ̄ð−T Þ

2 �≡Q. A neutral state occurs if and only
if T3 ¼ −Y for some allowed value of T3. Explicit
examples are given in Sec. III.

The couplings of the new fermions follow from their
electroweak representations and hypercharge. For a Dirac
fermion Ψ with weak isospin TL

3 and TR
3 for its LH and

RH components and electric chargeQ, the vector and axial-
vector couplings to the Z are

gΨ;ZV;Q ¼ e
2sWcW

ðTL
3 þ TR

3 − 2Qs2WÞ;

gΨ;ZA;Q ¼ e
2sWcW

ðTL
3 − TR

3 Þ; ð3Þ

where sW ≡ sin θW , cW ≡ cos θW , and e ¼ g2sW . The
expressions we will derive shortly will be for a general
vector mediator with the couplings corresponding to a
Lagrangian of the form,

L ⊃ ZμΨ̄γμ
�
gΨ;ZV;Q − gΨ;ZA;Qγ

5
�
Ψ: ð4Þ

Substituting into Eq. (3) gives, for the T th component,

gΨ;ZV;Q ¼ e
sWcW

�
T ð1 − s2WÞ − Ys2W

�
;

gΨ;ZA;Q ¼ 0: ð5Þ

Thus, for vectorlike pairs the Z coupling is purely vector,2

whereas for the W the couplings are

g
uidj;W
V ¼ g

uidj;W
A ¼ e

2
ffiffiffi
2

p
sW

Vij;

gΨ;WV;Q ¼ gΨ;WA;Q ¼ e

2
ffiffiffi
2

p
sW

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðT þ T ÞðT − T þ 1Þ

p
; ð6Þ

here, the Q subscript in the coupling denotes the higher-
charge state in the coproduction of a ΨQΨQ−1 pair.

We define βðsÞ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4ðm2=sÞ

p
, then the cross sec-

tion for vector mediated production (as derived in
Appendix A) is

σðqq̄0 → ΨQΨ̄Q0 Þ ≃ β

24πs
Kqq̄0

QQ0 ; ð7Þ

where Q, Q0 label the EM charges of the states,

q; q0 ¼ ui; di, and Kqq̄0
QQ0 is a combination of couplings.

We see in Eq. (5) that the axial Z coupling is zero at tree-
level for the vectorlike pairs we consider, although the axial
W� coupling is nonzero.
The specific form of Kqq̄0

QQ0 is given by

Kqq̄0
QQ0 ≡ δqq0

�
Cqq̄Q;γ þ Cqq̄Q;Z

�
þ ð1 − δqq0 ÞCqq̄

0
QQ0;W; ð8Þ

2Provided that the χi do not obtain an induced Majorana mass
from higher-dimension operators, cf. Refs. [1,3].
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with each term being a combination of couplings involving
a different mediator i ¼ γ, Z, W, defined by

Cqq̄
0

Q;i ≡
��

gqq̄
0;i

V

�
2 þ

�
gqq̄

0;i
A

�
2
���

gΨ;iV;Q

�
2 þ β2

�
gΨ;iA;Q

�
2
�
:

ð9Þ

For the photon and Z channel q ¼ q0 and Q ¼ Q0. At
leading order in β this is

Cqq̄
0

Q;i ≈
��

gqq̄
0;i

V

�
2 þ

�
gqq̄

0;i
A

�
2
��

gΨ;iV;Q

�
2
: ð10Þ

Note that gΨ;iA;Q ¼ 0 for i ¼ γ, Z, whereas for W mediation

the axial term in Cqq̄
0

Q;i involves a Oðβ2Þ suppression. This

leading order limit is valid in the Boltzmann suppressed
regime, since m ≫ Trh. For a given model, these couplings
are determined by the SUð2ÞL representation and the
hypercharge of the vectorlike pair. We provide numerical

computations of Cqq̄
0

Q;i [as given in Eq. (10)] in Tables I–III
for a selection of models of interest. Further exploration of
these specific models is presented in Sec. III (the list of
models is not exhaustive).
Notably, Eq. (7) can be adapted to different initial and

final states by taking the appropriate couplings, cf. Eq. (5).
It is enlightening to consider two illustrative examples; the
neutral current arising from the ūu and the charged current
arising from the ūd initial state,

σðuū → ΨQΨ̄QÞ ≃
β

24πs

�
ðeQuÞ2ðeQÞ2|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

CuQ;γ

þ
��

e
2sWcW

�
1

2
−
4

3
s2W

��
2

þ
�

e
4sWcW

�
2
	�

e
sWcW

ðT −Qs2WÞ
�

2
	

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
CuQ;Z

;

σðud̄ → ΨQΨ̄Q−1Þ ¼
β

24πs
Cud̄Q;W ≃

β

24πs
e4

32s4W
ðT þ T ÞðT − T þ 1ÞjVudj2: ð11Þ

Other cross sections mediated by the W bosons can be
obtained by using the appropriate Cabibbo-Kobayashi-
Maskawa (CKM) element.
Further, we recall that if an EM neutral Dirac fermion

exists (as appropriate to be dark matter), then Q ¼ 0

requires Y ¼ −T . This implies that for Ψ0 the correspond-
ing Z vector coupling is

gΨ;ZV;Q¼0 ¼ −
e

sWcW
Y: ð12Þ

It can be seen from Eq. (12) that for integer isospin T ∈Z
(i.e., odd n) and Y ¼ 0, the neutral state corresponds

to T ¼ 0 which satisfies gΨ
0;Z

V;0 ¼ gΨ
0;Z

A;0 ¼ 0, thus there is

TABLE I. CZ.

Process Doublet Triplet (Y ¼ 1) Triplet (Y ¼ 0) Quintuplet (Y ¼ 0) Septuplet (Y ¼ 0)

uiūi → ΨþΨ− 1.59 × 10−3 1.17 × 10−3 1.30 × 10−2 1.30 × 10−2 1.30 × 10−2

uiūi → ΨþþΨ−− � � � 6.34 × 10−3 � � � 5.18 × 10−2 5.18 × 10−2

uiūi → ΨþþþΨ−−− � � � � � � � � � � � � 1.17 × 10−1

did̄i → ΨþΨ− 2.04 × 10−3 1.51 × 10−3 1.67 × 10−2 1.67 × 10−2 1.67 × 10−2

did̄i → ΨþþΨ−− � � � 8.17 × 10−3 � � � 6.68 × 10−2 6.68 × 10−2

did̄i → ΨþþþΨ−−− � � � � � � � � � � � � 1.50 × 10−1

TABLE II. Cγ .

Process Doublet Triplet (Y ¼ 1) Triplet (Y ¼ 0) Quintuplet (Y ¼ 0) Septuplet (Y ¼ 0)

uiūi → ΨþΨ− 4.28 × 10−3 4.28 × 10−3 4.28 × 10−3 4.28 × 10−3 4.28 × 10−3

uiūi → ΨþþΨ−− � � � 1.71 × 10−2 � � � 1.71 × 10−2 1.71 × 10−2

uiūi → ΨþþþΨ−−− � � � � � � � � � � � � 3.86 × 10−2

did̄i → ΨþΨ− 1.07 × 10−3 1.07 × 10−3 1.07 × 10−3 1.07 × 10−3 1.07 × 10−3

did̄i → ΨþþΨ−− � � � 4.28 × 10−3 � � � 4.28 × 10−3 4.28 × 10−3

did̄i → ΨþþþΨ−−− � � � � � � � � � � � � 9.64 × 10−3
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no diagonal tree-level coupling to the Z. The absence of
tree-level Z-exchange significantly suppresses the direct
detection cross section which will only be generated at
loop level. In this case, the Z-mediated freeze-in cross
section for Ψ0 also vanishes at leading order; however, the
W-mediated piece persists at leading order and charged Ψ
states are also produced without suppression.

III. MODELS OF INTEREST

We next outline explicitly a number of models of interest
and then study the phenomenological implications.
Specifically, we study the doublet (2), the triplet (3),
the quintuplet (5), and the septuplet (7). We restrict our
attention to fermion dark matter. We note that for SUð2ÞL
representations larger than dimension 7, tree-level unitarity
violate becomes a concern [30].

A. Doublet representations

We start with the familiar case of the fundamental
representation of SUð2ÞL. For n ¼ 2 one has isospin T ¼ 1

2
,

and thus the components take values T ∈ f− 1
2
;þ 1

2
g. For

Y ¼ � 1
2
one of the components is EM neutral after

electroweak symmetry breaking (EWSB). Taking Y ¼ 1
2

for definiteness, the electric charges are given by
QT ¼ T þ 1

2
∈ f0;þ1g, with the EM neutral state corre-

sponding to the T ¼ − 1
2
component.

Labeling the two LHWeyl doublets by their hypercharge

as χðþ1=2Þ
T and χð−1=2ÞT . The associated Dirac fermions are

then constructed as

Ψ0 ≡
0
@ χðþ1=2Þ

−1=2

χ̄ð−1=2Þþ1=2

1
A; Ψþ ≡

0
@ χðþ1=2Þ

þ1=2

χ̄ð−1=2Þ−1=2

1
A;

together with Ψ− ≡ ðΨþÞc. The diagonal Z couplings
follow from Eq. (5),

gΨ;ZV;Q





n¼2

Y¼1
2

¼ e
sWcW

�
T − ðT þ YÞs2W

�
: ð13Þ

Recall that in this case (and all cases studied below) the
axial vector Z coupling vanishes gΨ;ZA;Q ¼ 0, due to the fact
that we only consider vectorlike pairs; see Eq. (5).
For the neutral component (T ¼ − 1

2
, Q ¼ 0) one has

gΨ;ZV;0





n¼2

Y¼1
2

¼ −
e

2sWcW
; ð14Þ

while for the charged component

gΨ;ZV;þ1





n¼2

Y¼1
2

¼ e
2sWcW

ð1 − 2s2WÞ: ð15Þ

Choosing instead Y ¼ −1=2 simply relabels which T
component is neutral and flips the overall sign of gΨ;ZV;0 ;
all production and scattering rates are unchanged since they
depend only on ðgΨ;ZV;0 Þ2.
The construction above is precisely the MFI model

studied in the companion paper [1]. We present this as
the point of comparison for the higher representations.
Moreover, we will restrict our attention to this fermion
doublet model in the nonminimal cosmology discussion
presented in Secs. V and VI.

B. Triplet representations

The triplet 3 is the adjoint of SUð2ÞL. With n ¼ 3 one
has isospin T ¼ 1, and thus the components take values
T ∈ f−1; 0;þ1g. We shall first consider the hypercharge
Y ¼ 0, followed by Y ¼ 1. The case of Y ¼ 0 is distinct
from Y ≠ 0 since the tree-level vector couplings vanish.
For Y ¼ 0, the electric charge is Q ¼ T and a neutral

component exists (T ¼ 0). We label the two left-handed

Weyl triplets i ¼ 1, 2 by χð1ÞT and χð2ÞT (the hypercharges

TABLE III. CW .

Process Doublet Triplet (Y ¼ 1) Triplet (Y ¼ 0) Quintuplet (Y ¼ 0) Septuplet (Y ¼ 0)

ud̄ → ΨþΨ̄0 5.35 × 10−3 1.07 × 10−2 1.07 × 10−2 3.21 × 10−2 6.43 × 10−2

cs̄ → ΨþΨ̄0 5.46 × 10−3 1.09 × 10−2 1.09 × 10−2 3.28 × 10−2 6.57 × 10−2

tb̄ → ΨþΨ̄0 5.69 × 10−3 1.14 × 10−2 1.14 × 10−2 3.41 × 10−2 6.84 × 10−2

ud̄ → ΨþþΨ− � � � 1.07 × 10−2 � � � 2.14 × 10−2 5.35 × 10−2

cs̄ → ΨþþΨ− � � � 1.09 × 10−2 � � � 2.18 × 10−2 5.46 × 10−2

tb̄ → ΨþþΨ− � � � 1.14 × 10−2 � � � 2.27 × 10−2 5.69 × 10−2

ud̄ → ΨþþþΨ−− � � � � � � � � � � � � 3.21 × 10−2

cs̄ → ΨþþþΨ−− � � � � � � � � � � � � 3.28 × 10−2

tb̄ → ΨþþþΨ−− � � � � � � � � � � � � 3.41 × 10−2
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match so we replace this label), then the associated Dirac
fermions for Y ¼ 0 are3

Ψ0 ≡
0
@ χð1Þ0

χ̄ð2Þ0

1
A; Ψþ ≡

0
@ χð1Þþ1

χ̄ð2Þ−1

1
A; Ψ− ≡

0
@ χð1Þ−1

χ̄ð2Þþ1

1
A:

The diagonal Z couplings come from Eq. (5),

gΨ;ZV;Q






n¼3
Y¼0

¼ e
sWcW

ðT − T s2WÞ ¼
ecW
sW

T : ð16Þ

Thus, the tree-level vector coupling is gΨ;ZV;Q
ð0Þ ¼ 0 for the

neutral component. For Ψ� the couplings are

gΨ;ZV;�1






n¼3
Y¼0

¼ � ecW
sW

: ð17Þ

In contrast, in the Y ¼ 1 case, the EM charges are given
byQ ¼ T þ 1∈ f0; 1; 2g. Note that the neutral Dirac states
Ψ0 correspond to T ¼ −1. In this case, the set of Dirac
fermions is formed as follows:

Ψ0 ≡
�
χ1;−1

χ̄2;þ1

�
; Ψþ ≡

�
χ1;0

χ̄2;0

�
; Ψþþ ≡

�
χ1;þ1

χ̄2;−1

�
;

the charge-conjugate fields are identified withΨ− andΨ−−.
Observe the doubly charged states in the spectrum, in
contrast to the Y ¼ 0 case.
The diagonal Z couplings are

gΨ;ZV;Q





n¼3
Y¼1

¼ e
sWcW

�
T − ðT þ 1Þs2W

�
: ð18Þ

In particular, the neutral component (T ¼ −1,Q ¼ 0) has a
nonzero coupling to the Z given by

gΨ;ZV;0





n¼3
Y¼1

¼ −
e

sWcW
: ð19Þ

For charged states, the couplings are

gΨ;ZV;�1





n¼3
Y¼1

¼ � esW
cW

;

gΨ;ZV;�2





n¼3
Y¼1

¼ � e
sWcW

�
1 − 2s2W

�
: ð20Þ

Similarly to the doublet, taking Y ¼ −1 instead simply
relabels which T component is electrically neutral.

C. Quintuplet representation

Moving to higher representations, the quintuplet corre-
sponds to the n ¼ 5 representation, with isospin T ¼ 2 thus
T ∈ f−2;−1; 0;þ1;þ2g. We first consider the case Y ¼ 0
and thus Q ¼ T . Accordingly, the Dirac fermions are

Ψ0≡
�
χ1;0

χ̄2;0

�
; Ψþ≡

�
χ1;þ1

χ̄2;−1

�
; Ψþþ≡

�
χ1;þ2

χ̄2;−2

�
;

with the remaining components forming Ψ− and Ψ−−. For
Y ¼ 0, it follows from Eq. (5) that the diagonal Z couplings
are identical to Eq. (16). Similarly, for the charged states,

gΨ;ZV;�1 ¼ � ecW
sW

; gΨ;ZV;�2 ¼ ð�2Þ ecW
sW

: ð21Þ

The quintuplet is highlighted as a metastable represen-
tation in the original “minimal dark matter” [28]. However,
since the decay rate of particles typically scales with the
mass of the decaying state, the strong stability statements
which apply for the orthodox TeV-scenario must be
reexamined. As we show below the 5 representations are
not found to be automatically stable for the entire parameter
space for which they can account for the dark matter relic
abundance.
For the quintuplet model (n ¼ 5) with Y ¼ 0, the Ψ0

states that constitute the dark matter can decay via
dimension-six operators of the form,

OY¼0
n¼5 ∼

1

Λ2
χ1ðLHHH̃Þ; ð22Þ

where H̃ ¼ iσ2H� and Λ is the scale at which these
operators are generated. Observe that the two fields χ1;0
and χ̄2;0, which comprise Ψ0, involve slightly different
contractions with the Standard Model fields to form
gauge invariant operators, but after EWSB these subtleties
become irrelevant.4 After EWSB, the neutral-component
couplings take the form,

Leff ⊃
v2

Λ2
ðχ01νhþ χ̄02νhÞ þ � � � ; ð23Þ

permitting dark matter decays via χ0 → hν. There is also a
mixing-induced coupling of χ to the electroweak gauge
bosons (which can be seen by calculating the mass
eigenstates of the χ − ν system), which leads to (similarly
suppressed) decay channels through νZ and lW.

3For odd n and Y ¼ 0 the theory is anomaly free with only a
single Weyl fermion, the EW spectrum remains unchanged (up to
multiplicity), and a Majorana mass is permitted. We retain the
pair of χ fields here to maintain uniformity between cases.

4Mass shifts to χ01 and χ02 from these operators are negligible,
since Δ≡m1 −m2 comes only via mixing with the Standard
Model leptons such that Δ ∼ v6=ðΛ4mÞ. For high scale Λ (and we
anticipate Λ ∼MPl) this will not lead to the “pseudo-Dirac” direct
detection suppression discussed in Footnote 1.
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For m ≫ mW;mZ;mh, the total decay width is para-
metrically,

Γχ0 ∼
3

8π

v4

Λ4
m; ð24Þ

where we include a factor of 3 to account for the
multiplicity of decay channels. Accordingly, the dark
matter lifetime for n ¼ 5 and Y ¼ 0 is τ ¼ 1=Γχ0 . The
characteristic limit on dark matter decaying in the manner
above is τ ≳ 1030 s [31,32], which implies

mðY¼0Þ
5 ≲ 5 × 1010 GeV

�
Λ
MPl

�
4

: ð25Þ

We return to calculate this limit with care in Sec. IV.
In the above we took n ¼ 5 and Y ¼ 0, had we taken

Y ¼ �1;þ2 then this also leads to decay operators arising
at mass dimension six. For Y ¼ 1 the leading operator is
χLðHH̃ H̃Þ and for Y ¼ 2 it is χðLH̃ H̃ H̃Þ. However, for
Y ¼ −2 (the only remaining choice consistent with a dark
matter candidate) the leading decay operator arises at mass
dimension seven, namely,

OY¼−2
n¼5 ∼

1

Λ3
χecðHHHH̃Þ: ð26Þ

The corresponding lifetime is τðY¼−2Þ
5 ∝ ð1=mÞðΛ=vÞ6.

Taking the characteristic limit τ ≳ 1030 s [31,32] this life-
time limit implies a mass bound,

mðY¼−2Þ
5 ≲ 5 × 1042 GeV

�
Λ
MPl

�
6

: ð27Þ

For Λ ∼MPl decaying dark matter limits do not lead to a
meaningful mass bound in this case. We can rephrase the
question to ask how low the cutoff can be before the dark
matter mass is constrained. Reinterpreting Eq. (27), we
note that even for the heaviest dark matter m ∼MPl for
Λ≳ 2 × 1014 GeV the mass is unconstrained by searches
for decaying dark matter for n ¼ 5 and Y ¼ −2.

D. Septuplet representation

The final example we consider is the septuplet repre-
sentation, which corresponds to n ¼ 7, thus T ¼ 3 and
T ∈ f−3;−2;−1; 0;þ1;þ2;þ3g. We will consider the
Y ¼ 0 case for which Q ¼ T . The corresponding Dirac
fermions are Ψ0;Ψ�;Ψ��;Ψ���. The diagonal Z cou-
plings follow from Eq. (5),

gΨ;ZV;Q ¼ ecW
sW

T ; gΨ;ZA;Q ¼ 0; ð28Þ

again, we have gΨ;ZV;0 ¼ 0 since we consider the case Y ¼ 0.

This representation can be sufficiently metastable to be
a viable dark matter candidate without any additional
stabilizing symmetry. If Ψ0 decays are induced from an
intermediate scale Λ this will generically lead to dimension
eight operators of the form,

OY¼0
n¼7 ∼

1

Λ4
χ1LHHHH̃ H̃; ð29Þ

and after EWSB this induces 1 → 2 decay operators for Ψ0

similar to the 5 case, with τ ∼ 8π
3
ðΛ8=v8mÞ. This implies the

following restriction on the pair m, Λ:

m≲ 1018 GeV

�
Λ

2 × 1011 GeV

�
8

: ð30Þ

We see that dark matter is unconstrained by searches for
decaying dark matter provided that Λ≳ 2 × 1011 GeV.
This intermediate mass scale is reminiscent of scales
invoked with the PQ mechanism [33] and the neutrino
seesaw scale [34], so it remains an interesting prospect that
signals might arise in future indirect detection experiments
from the septuplet model.

IV. PHENOMENOLOGY

Having established the relevant details for our models of
interest, we proceed to study the phenomenological impli-
cations. In this section we calculate the dark matter relic
abundance in the instantaneous reheating approximation,
along with the associated limits from direct and indirect
detection experiments.

A. Dark matter relic abundance

The masses of the Ψ states are split via radiative
corrections which lead to the charged states picking up a
small positive correction, the size of which is dependent on
the dimension of the representation and the hypercharge.
Specifically, the mass splitting between Ψ� and Ψ0 is given
by [28]

Δ≡m� −m0 ≃

8>>>>>><
>>>>>>:

341 MeV n ¼ 2; Y ¼ 1=2;

525 MeV n ¼ 3; Y ¼ 1;

166 MeV n ¼ 3; Y ¼ 0;

166 MeV n ¼ 5; Y ¼ 0;

166 MeV n ¼ 7; Y ¼ 0:

The splitting is so small that elsewhere we do not make a
distinction between the mass of the components and simply
use m≡m0 ≃mQ.
Importantly, the EM neutral state Ψ0 is always the

lightest of the Ψ states. The Ψ states carry a conserved
quantum number, either by construction (i.e., via a Z2) or
by accident. Hence, the heavier Ψ states will decay to the
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neutral states. For the singly charged Ψ� this occurs via
Ψ� → π�Ψ0, while for states with multiple electric
charges, the decay to Ψ0 is through a ladder of off shell
W� cascades. Consequently, the relic abundance ofΨ0 dark
matter Y0

∞ is the sum of the freeze-in abundances of all the
Ψ states,

Y0
∞ ¼

X
Q

YQjFI: ð31Þ

In particular, freeze-in production can proceed in two
distinct manners for each state:

(i) Neutral channels qq̄ → ðγ=ZÞ → ΨQΨ̄Q;
(ii) “Coproduction” of adjacent isospin states via

charged mediators e.g., ud̄ → Wþ → ΨQþ1Ψ̄Q.
It can be seen from Eq. (5) that the cross section for the Ψ
production via Z mediation scales as (neglecting Y)

σðqq̄ → ΨQΨ̄QÞ ∝
�
gΨ;ZV;Q

�
2
∝ T 2: ð32Þ

Thus, higher isospin components are produced more
readily (and will subsequently decay to Ψ0). It follows
that the production rate of the T th pair with zero net-charge
ΨQΨ̄Q compared to the pair of singly charged states5 is
parametrically,

σqq̄→ΨQΨ̄Q
≃ T 2 × σqq̄→Ψ−Ψþ :

Similarly, the charged channel coproductionΨQΨ̄Q−1 (with
isospins T and T − 1) scales as

σqq̄0→ΨQΨ̄Q−1
≃ ðT − ðT − 1ÞÞðT þ T Þσqq̄0→ΨþΨ̄0 ;

summing over all quarks and taking the appropriate sign
final state to match the initial-state electric charge. To a
good approximation, we can just include intrageneration
W processes, as alternative charged channels are CKM
suppressed. A more detailed treatment will lead to only an
Oð1Þ correction. In our numerical results, we include all
tree-level cross sections.
To proceed, we should calculate the freeze-in abundan-

ces for a general ΨQ, and then sum these up to obtain the
relic abundance, cf. Eq. (31). The relic abundance forΨQ is
obtained by evaluating the Boltzmann equation,

ṅQ þ 3HnQ ¼ γQðTÞ: ð33Þ

Neglecting quark masses, the reaction density for
qq̄0 → ΨQΨ̄Q0 is given by

γQ¼ T
32π4

X
qq0

Z
∞

4m2

ds
h
ðs−4m2Þ ffiffiffi

s
p

σqq̄0→ΨQΨ̄Q0

i
K1

� ffiffiffi
s

p
T

�
;

in terms of the modified Bessel function K1.
Since we are working in the Boltzmann suppressed

freeze-in regime T ≪ m, production is dominated near-
threshold. Thus, we parametrize the center-of-mass energy
as s ≃ 4m2 þ ε taking ε ≪ 4m2 and hence

β ≃
ffiffiffiffiffiffiffiffiffi
ε

4m2

r
≪ 1: ð34Þ

Moreover, ðs − 4m2Þ ffiffiffi
s

p
σðsÞ as appears in the expression

for γQ (in the square brackets) can be approximated by

ðs − 4m2Þ ffiffiffi
s

p
σðsÞ ≃

 
Kqq̄0

QQ0

96πm2

!
ε3=2; ð35Þ

where we recall Kqq̄0
QQ0 collects all the various couplings

together, cf. Eq. (9). Taking the Bessel function large value
approximation K1ðzÞ ≃

ffiffiffiffi
π
2z

p
e−z for z ≫ 1, and working to

leading order in ε yields

K1

� ffiffiffi
s

p
T

�
≃

ffiffiffiffiffiffiffi
Tπ
4m

r
e−

2m
T e−

ε
4mT: ð36Þ

It follows that the reaction density can be rewritten as an
integral over ε in the following manner:

γQ ≃
X
q;q0

T
32π4

Kqq̄0
QQ0

96πm2

ffiffiffiffiffiffiffi
πT
4m

r
e−

2m
T

Z
∞

0

dε ε3=2e−
ε

4mT:

Evaluating the ε integral yields the reaction for m ≫ T,

γQ ≃
X
q;q0

 
Kqq̄0

QQ0

256π4

!
T4e−

2m
T ; ð37Þ

where we must evaluate the combined coupling Kqq̄0
QQ0 .

Returning to the Boltzmann equation, Eq. (33), we can
use the form of γQðTÞ to calculate the freeze-in yields
Y ≡ nQ=s for each component via

dY
dT

¼ −
γQðTÞ
sHT

; ð38Þ

where HðTÞ ¼
ffiffiffiffiffiffiffi
π2g⋆
90

q
T2

MPl
and sðTÞ ¼ 2π2

45
g⋆sT3 in terms

of the effective entropy degrees of freedom g⋆s, and the
relativistic degrees of freedom g⋆, and the reduced Planck

5Choosing the reference cross section to correspond to Ψ0 is
dangerous since for Y ¼ 0 the tree-level cross section vanishes.
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mass MPl ≃ 2.4 × 1018 GeV. Substituting γQðTÞ from
Eq. (37), it follows that

dY
dT

¼ −
135

ffiffiffiffiffi
10

p

512π7
X
q;q0

 
Kqq̄0

QQ0

g⋆s
ffiffiffiffiffi
g⋆

p
!
MPl

T2
e−

2m
T :

We assume that the initial abundances of Ψ states are
negligible and that there is no appreciable Ψ production
from direct inflaton decays. We work in the Boltzmann
suppressed regime m ≫ Trh and restrict our attention (in
this section) to the case of instantaneous reheating after
inflation to a reheat temperature Trh. In this setting, the
freeze-in yield of the Ψ state with charge Q is given by

Y inst
FI ¼ 135

ffiffiffiffiffi
10

p

512π7
X
q;q0

Kqq̄0
QQ0

g⋆s
ffiffiffiffiffi
g⋆

p MPl

Z
Trh

0

dT
e
−2m
T

T2
: ð39Þ

Integrating gives the yield (for the case of instantaneous
reheating),

Y inst
FI ≃

135
ffiffiffiffiffi
10

p

1024π7
X
q;q0

Kqq̄0
QQ0

g⋆s
ffiffiffiffiffi
g⋆

p MPl

m
e−

2m
Trh : ð40Þ

The freeze-in yields scale as YFI ∝ expð−2m=TrhÞ, as
anticipated for Boltzmann suppressed freeze-in
(m ≫ Trh). From YFI we can calculate the freeze-in yield
of each Dirac fermion by taking the appropriate K in turn,
as outlined in Eq. (8). We recall that the numerical values
for K are provided in Tables I–III for selected models
of interest. The yield can be subsequently compared with
the observed relic abundance by noting that ΩDM ¼
mYFIs0=ρc where s0 is the entropy density today and
ρc is the critical density.
In the instantaneous reheating approximation, for a fixed

representation, the model has only two degrees of freedom
Trh and m. As a result, this class of models is highly
predictive. Note that the exponential in Eq. (40) strongly
determines the value of Y inst

FI , thus it is the ratiom=Trh that is
critical to reproducing the observed relic abundance. In
Table IV we provide the approximate value which gives the
correct value of ΩDM in each of our models of interest.

Observe that for low n electroweak representations one
typically requires m=Trh ≃ 23� 1.
In Fig. 1 we show the reheat temperature Trh required to

reproduce the observed dark matter relic abundance as a
function of the dark matter mass m. In calculating the relic
abundance, we sum over all the quark initial states
(neglecting other channels) and all the Ψ final states and
then account for charged Ψ decays to the (meta)stable
neutral state Ψ0. Observe in Fig. 1 that all of the low n
models studied here have comparable relic density curves,
indeed they are only distinguishable in the “zoomed”
subpanel. In Sec. V we study the impact of deviating from
instantaneous reheating.

B. Cosmological bounds

Having demonstrated that the relic abundance ΩDMh2 ≃
0.12 can be reproduced, we turn to the limits on these
models. We first examine the observational and consis-
tency constraints that arise from cosmology. The reheat
temperature is constrained at the higher and lower ranges.
The cosmic abundances of nuclei agree well with the
predictions of big bang nucleosynthesis (BBN).
Consistency with BBN requires that the Standard
Model thermal bath was in thermal equilibrium at temper-
atures around a few MeV. This implies a lower bound on
the reheat temperature [35–37],

Trh ≳ 5 MeV: ð41Þ

FIG. 1. The solid lines correspond to the reheat temperature Trh
which gives the observed dark matter relic density of mass m
assuming instantaneous reheating, for the different SUð2ÞL rep-
resentations. The inset plot shows a zoom of the different lines. The
vertical red regions indicate the parameter space excluded by direct
detection (LZ); the projected sensitivity of DARWIN is also
shown. The black dashed line indicates Trh ¼ m, above which
freeze-in is no longer Boltzmann suppressed. The red shaded
“thermalization” region indicates parameter values for which Ψ0

would enter equilibrium with the Standard Model.

TABLE IV. Values of m=Trh required to fit the whole observed
dark matter abundance (assuming instantaneous reheating), for
the different SUð2ÞL representations.

m=Trh

Doublet 22.4
Triplet (Y ¼ 1) 23.2
Triplet (Y ¼ 0) 23.0
Quintuplet (Y ¼ 0) 23.8
Septuplet (Y ¼ 0) 24.3
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The upper temperature limit of Trh is constrained by
cosmological observations by BICEP/Keck [38].
Specifically, BICEP/Keck searches for primordial B-modes
constrain the tensor-to-scalar ratio r. This can be related to
the Hubble scale during inflation HI [39],

HI ¼ πMPl

ffiffiffiffiffiffiffiffiffiffiffiffi
rAs=2

p
; ð42Þ

where As ≃ 2.1 × 10−9 is the measured scalar amplitude.
Applying the BICEP/Keck bound r < 0.036 [38] one
obtains an upper bound on HI [39],

HI ≲ 6 × 1013 GeV: ð43Þ

This in turn constrains radiation energy density and hence
the maximum temperature of the thermal bath via

ρrh ¼
g⋆ðTrhÞπ2

30
T4
rh ¼ 3M2

PlH
2
rh ≤ 3M2

PlH
2
I : ð44Þ

Assuming instantaneous reheating, it follows that

Trh ≲ 6 × 1015 GeV

�
106.75
g⋆

�
1=4
�

HI

6 × 1013 GeV

�
1=2

;

corresponding to the upper red band in Fig. 1.
Finally, we should identify the parameter range for

which the dark matter enters equilibrium with the thermal
bath of Standard Model particles. Equilibration is avoided,
provided that the production rate is smaller than the
expansion rate H, this restriction can be expressed as

γðTrhÞ < neqðTrhÞHðTrhÞ; ð45Þ

where neq is the equilibrium number density of dark matter.
The region in which thermalization occurs is marked in
Fig. 1. Note that the line m ¼ Trh separates the relativistic
and nonrelativistic regimes. The inflection in the bounding
curve of the thermalization region corresponds to the
transition from relativistic to nonrelativistic regimes.
Furthermore, we highlight that these cosmological limits
do not meaningfully constrain the parameter space of our
models of interest.

C. Indirect detection

Experimental observations of extragalactic γ-rays and
cosmic rays constrain dark matter decays and annihilation.
In models with Y ¼ 0 TeV scale masses are allowed
without conflict with direct detection, in this case
searches for dark matter annihilation place lower limits
on the mass. The analysis of indirect detection signals for
annihilating dark matter arising from electroweak dark
matter must take into account Sommerfeld enhancement

of the annihilation cross section [40,41]. An updated
analysis is beyond the scope of this work, so we draw on
existing analyses, [29,42,43]

m≳
8><
>:

3.5 TeV n ¼ 3;

20 TeV n ¼ 5;

20 TeV n ¼ 7:

ð46Þ

We highlight that these limits derived in Ref. [42] are
based on older HESS data [44], while recent analyzes
have found improvements using Fermi data [29,45]
(although restricted to the ∼TeV mass range). Moreover,
the exact numbers are dependent on the assumed
dark matter halo profile (the above assume the Einasto
profile [46]).
Furthermore, while the 5 and 7 representations can be

naturally metastable without an additional (e.g., Z2) sta-
bilizing symmetry, in the high mass limit, decays of Ψ0

descending from 5 are constrained by decaying dark matter
bounds for Y ¼ 0;�1;þ2 (unless an additional stabilizing
symmetry is assumed). Recall from Sec. III, that the Ψ0

decays dominantly to hν. In this case Auger places a lower
bound on the dark matter lifetime of order 1030 s. We
provided analytic estimates of the lifetime constraints in
Eqs. (25), (27), and (30), in Fig. 2 we present the detailed
bounds, drawing on the channel specific analysis in [32].
These limits are comparable to the bounds on other decay
channels presented in Ref. [31].

FIG. 2. We show the lifetimes of the quintuplet (5) representa-
tions due to Planck induced higher dimension operators for the
two distinct cases Y ¼ 0;�1;þ2, and Y ¼ −2. This is plotted as
a function of mass m. We overlay the indirect detection limits
for decaying dark matter coming from Auger’s observation of
galactic γ-rays in red, specialized for the decay channel
Ψ0 → hν [32]. For Y ¼ 0;�1;þ2 Auger places an upper bound
on the dark matter mass. We also show the anticipated reach of
KM3NeT (based on the assumption of a single event over
10 years) [47] as the red dotted curve.
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For Y ¼ 0;�1, 2, decays of Ψ0 induced by Planck-
suppressed operators [saturating Λ ∼MPl in Eq. (25)] are
constrained by Pierre Auger observations of galactic γ-rays,
yielding an upper mass bound,

m≲ 1.2 × 1010 GeV: ð47Þ

This is in agreement with our earlier analytic estimates. We
note that for Y ¼ −2 the dark matter Ψ0 is cosmologically
stable (and thus unbounded) unless the decay operators are
induced well-below the Planck scale (i.e., Λ ≪ MPl), as
described by Eq. (26).
Finally, in Fig. 2 we also indicate the expected reach

of next-generation indirect detection experiments to con-
strain the dark matter lifetime, specifically KM3NeT
(1 event, 10 years) [47], although this seemingly offers
limited improvement. Moreover, it is anticipated that the
Cherenkov Telescope Array Observatory (CTAO) will
strengthen the annihilation bounds on dark matter coming
from 5 (7) representation, with a reach of around 30 TeV
(75 TeV) [42] (see also Ref. [48]). Thus, one expects an
improvement in the lower mass bounds on these models in
the near future.

D. Direct detection

Next, we examine the constraints that arise from direct
detection, most prominently from the LZ experiment [2].
Comparable constraints have also been derived by
XENONnT [49] and PandaX [50]; we also highlight the
LZ dedicated high mass analysis [51]. To proceed we
should calculate the direct detection cross sections for the
dark matter models arising in Sec. III. The cases with Y ≠ 0

lead to tree-level Z couplings for the dark matter Ψ0 in
which case the cross section for Ψ0 to scatter on an
individual nucleon N ¼ p, n is given by [52]

σðNÞ
SI ¼ μ2N

π

 
gΨ;ZV;0 g

N;Z
V

m2
Z

!
2

: ð48Þ

The coupling gΨ;ZV;0 is given in Eq. (5) for a vectorlike pair of

general SUð2ÞL representation. Provided that gΨ;ZV;Q¼0 ≠ 0,

to compute σðNÞ
SI all that we require is the effective nucleon

couplings gN;Z
V . To find gN;Z

V we first ascertain the couplings
of the Standard Model quarks which arise from Eq. (3)
(with TR

3 ¼ 0), namely for q ¼ u, d

gu;ZV ¼ e
2sWcW

�
1

2
−
4

3
s2W

�
;

gd;ZV ¼ e
2sWcW

�
−
1

2
þ 2

3
s2W

�
;

gu;ZA ¼ −gd;ZA ¼ e
4sWcW

: ð49Þ

We will take sin2 θW jμ¼mZ
≈ 0.231 which is the Z pole

value, however, this does not change significantly via
running to intermediate scales [1]. The coupling to pro-
tons (p) and neutrons (n) can then be obtained via

gp;ZV ¼ 2gu;ZV þ gd;ZV ;

gn;ZV ¼ gu;ZV þ 2gd;ZV : ð50Þ

From this we can write the direct detection cross section
for all cases of interest with Y ≠ 0,

σSI ≃

8>>><
>>>:

4.7 × 10−40 cm2 n ¼ 2; Y ¼ �1=2;

1.9 × 10−39 cm2 n ¼ 3; Y ¼ �1;

1.9 × 10−39 cm2 n ¼ 5; Y ¼ �1;

7.6 × 10−39 cm2 n ¼ 5; Y ¼ �2:

If Y ¼ 0 the scattering cross section is significantly reduced
since the tree-level Z coupling vanishes, and the elastic SI
cross section arises at loop level [28,53,54]. In the follow-
ing, we report the cross sections computed in Ref. [54] for
the Y ¼ 0 models,6

σSI ≃

8>><
>>:

½3.4; 13� × 10−48 cm2 n ¼ 3; Y ¼ 0;

½3.1; 12� × 10−47 cm2 n ¼ 5; Y ¼ 0;

½1.2; 4.8� × 10−46 cm2 n ¼ 7; Y ¼ 0:

In particular, for Y ¼ 0 the scattering cross sections are
reduced by a factor of 108 relative to their Y ¼ 1 counter-
parts. We note that n ¼ 5, Y ¼ 1 is identical to the triplet
n ¼ 3, Y ¼ 1 since their couplings gΨ;ZV;0 are identical,
cf. Eq. (12).
Notably, the current constraint from LZ constrains the

dark matter scattering cross section to be [2]

σðn;pÞSI





m≫mZ

< 3 × 10−47 cm2

�
m
TeV

�
: ð51Þ

We overlay this limit on Fig. 1. Moreover, in Fig. 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. Fig. 2). The combination of
direct detection and decaying dark matter bounds com-
pletely exclude the n ¼ 5 case with Y ¼ �1, 2. Since the 5
with Y ¼ −2 is metastable for MPl induced operators

6We thank the authors of Ref. [54] for providing numerical
values.
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(cf. Fig. 2) it remains a viable dark matter candidate
provided m≳ 2 × 1011 GeV.
We also mark the reach of DARWIN [15] on Figs. 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. [55]) and novel experimental advances will be
required for further progress.

V. NONINSTANTANEOUS 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 maxi-
mum temperature of the Universe is exactly the reheat
temperature,

Tmax





instant

¼ Trh ≃
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ΓϕMPl

p
; ð52Þ

where Γϕ is the decay rate of the inflaton. However, beyond
the instantaneous inflaton decay approximation, the maxi-
mum temperature of the thermal bath can exceed the reheat
temperature [4], i.e., Tmax > Trh. Moreover, in the regime
Tmax > T > Trh the freeze-in dynamics 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 [56]

HðaÞ ≃Hrh ×

8>><
>>:
�
arh
a

�3ð1þωÞ
2 for a ≤ arh;�

arh
a

�
2

for arh ≤ a;
ð53Þ

while the Standard Model bath temperature evolves as

TðaÞ ≃ Trh ×

8><
>:
�
arh
a

�
α

for a ≤ arh;�
arh
a

�
for arh ≤ a:

ð54Þ

In conventional cosmology α > 0 so that the Standard
Model temperature always decreases with time, as is typical
(but in certain scenarios α ≤ 0 is possible [57]).
Taking into account that at the end of reheating

ρRðarhÞ ¼ ρϕðarhÞ, the maximum energy density reached
by the Standard Model thermal bath at the beginning of
reheating (that is, at a ¼ aI) can be estimated and corre-
sponds to a temperature TI ≥ Trh given by [56,58]

TI ≃ Trh

�
90

π2g⋆

H2
IM

2
Pl

T4
rh

	 α
3ð1þωÞ

: ð55Þ

We assume existence of a thermalized bath during the
entirety of the reheating process. In some models of
inflationary reheating, thermalization may be delayed
which can lead to a lower maximum temperature [59,60].

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. Fig. 2).
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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 ≡ nQa3. Therefore,
for each component, the Boltzmann equation, Eq. (33) can
be expressed as

dNQ

da
¼ a2γQ

H
: ð56Þ

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

Yrh
FI ≃

405

256π7
Kqq̄0

QQ0

g⋆sα

ffiffiffiffiffi
10

g⋆

s
MPl

Trh

�
Trh

2m

�
η

×

�
Γ
�
η;
2m
TI

�
− Γ
�
η;
2m
Trh

�	
; ð57Þ

where Γðη; xÞ is the incomplete gamma function and

η≡ 9þ 3ω − 8α

2α
ð58Þ

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

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

Yrh
FI≃Y inst

FI ×

8><
>:

1
α

�
Trh
TI

�
η−1

e
2m
Trh

−2m
TI for Trh<TI ≪m;

ΓðηÞ
α

�
Trh
2m

�
η−1

e
2m
Trh for Trh<m≪TI;

ð59Þ

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

ing, given by Eq. (40). The two limits of Eq. (59)
correspond respectively to the cases in which the largest
temperature reached during reheating is still below the dark
matter mass, TI ≪ m, and in which the bath initially
reaches temperatures above the dark matter mass,
m ≪ TI . The exponential factors in Eq. (59) should there-
fore not be interpreted as a universal enhancement of
Boltzmann-suppressed freeze-in. Rather, they compensate
the Boltzmann factor appearing in the postreheating result
Y inst
FI , because production during reheating can occur at

temperatures higher than Trh. In the regime Trh < TI ≪ m,
the production is Boltzmann suppressed at all times, as
indicated by the factor e−2m=TI. By contrast, in the regime
Trh < m ≪ TI , the bath is initially hot enough to produce
dark matter without Boltzmann suppression, and the yield
is therefore controlled by the highest-temperature reached
in the reheating history and carries only the power-law
suppression ðTrh=2mÞη−1. In this latter regime the expres-
sion should be understood as the freeze-in yield provided

the dark matter interaction rate remains below the Hubble
rate throughout reheating; if the rate becomes larger thanH,
the dark matter would thermalize and the freeze-in treat-
ment would no longer apply.
The opposite behavior to above occurs for the (atypical)

case of α < 0,

Yrh
FI ≃ Y inst

FI ×

8<
:

1
jαj for TI < Trh ≪ m;

1
αη

2m
Trh

e
2m
Trh for TI < m ≪ Trh;

ð60Þ

which corresponds to a subdominant dark matter produc-
tion during reheating. Finally, in the (unusual) case that
the temperature is constant during reheating, then α ¼ 0
[6,25,57,61] (in which case TI ¼ Tmax ¼ Trh) and the yield
from reheating is

Yrh
FI ≃

135

128π7
Kqq̄0

QQ0

g⋆sð3þ ωÞ

ffiffiffiffiffi
10

g⋆

s
MPl

Trh
e−

2m
Trh

×

"
1 −

�
aI
arh

�3ð3þωÞ
2

#
: ð61Þ

Thus, parametrically

Yrh
FI ≃

4

3ð3þ ωÞ
m
Trh

Y inst
FI : ð62Þ

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

YFI ¼ Yrh
FI þ Y inst

FI : ð63Þ

In Fig. 4 we indicate how nonstandard cosmology
impacts the expectations for freeze-in of the doublet model
outlined in Sec. III A. We consider different choices of ω
and α; the top-left panel corresponds to an early matter
dominated era (ω ¼ 0, α ¼ 3=8), the top right to kination
(ω ¼ α ¼ 1), and the lower panels to two versions of a
radiation-dominated era (ω¼1=3 and α¼1=4 or α ¼ 3=4).
The gray regions correspond to the parameter space where
the whole dark matter abundance can be fitted, by choosing
Tmax appropriately, as illustrated in Fig. 5 (for the case
ω ¼ 0 with α ¼ 3=8). Thus, this gray area brackets the
uncertainty on the duration of the reheating era.
The upper boundary of the gray areas correspond to

instantaneous reheating (that is, TI ¼ Trh). The lower
bounds correspond to the maximum obtainable value of
Tmax. In particular, the bound on the inflationary scaleHI in
Eq. (43) implies that the duration of reheating has to
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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.
Figure 4 is overlaid with the region in which dark matter

thermalizes with the Standard Model, and the bounds from
direct detection for the doublet representation.

VI. GRAVITATIONAL PRODUCTION

Beyond the electroweak interactions discussed previ-
ously, dark matter and other heavier states are also
inevitably produced via the annihilation of Standard
Model particle pairs through s-channel graviton exchange.
The squared amplitudes for fermionic dark matter are
presented in Appendix B (cf. Refs. [62–64]).
Under the assumption of Maxwell-Boltzmann statistics,

the corresponding reaction density reads

γhQðTÞ ¼
T4

3840π5M4
Pl

ð525m4 þ 1536m3T þ 2440m2T2

þ 2508mT3 þ 1254T4Þe−2m
T : ð64ÞFIG. 5. Zoomed-in view of the top left panel of Fig. 4,

overlaying contours corresponding to different values of Tmax.

FIG. 4. Noninstantaneous reheating. The shaded region indicates viable parameters. The upper boundary is set by instantaneous
reheating (TI ¼ Trh); the lower boundary corresponds to the maximal duration of reheating, specifically HðTIÞ < 6 × 1013 GeV
consistent with BICEP/Keck [38]. 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.
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In the ultrarelativistic and nonrelativistic limits, γQ is

γhQðTÞ ≃
8<
:

209T8

640π5M4
Pl

for m ≪ T;

35m4T4

256π5M4
Pl
e−

2m
T for T ≪ m:

ð65Þ

The ultrarelativistic limit was reported [62]; the results are
compatible, with a difference of approximately 0.5%.
In the instantaneous reheating approximation, the sol-

ution of Eq. (38) yields

YFI ¼
9

1024π8g⋆s

ffiffiffiffiffi
10

g⋆

s
fðm; TrhÞ

M3
Pl

e−
2m
Trh ; ð66Þ

where

fðm; TrhÞ≡ 525m3 þ 1536m2Trh þ 1672mT2
rh þ 836T3

rh:

Taking the ultrarelativistic and nonrelativistic limits,

YFI ≃

8>><
>>:

1881
256π8g⋆s

ffiffiffiffi
10
g⋆

q �
Trh
MPl

�
3

for m ≪ Trh;

4725
1024π8g⋆s

ffiffiffiffi
10
g⋆

q �
m
MPl

�
3
e−

2m
Trh for Trh ≪ m;

the general case beyond the instantaneous reheating
approximation can be computed straightforwardly; how-
ever, the resulting expressions are rather lengthy and
provide limited additional physical insight. We therefore
report them only in Appendix B, see Eq. (B8).
Figure 6 is analogous to Fig. 4, with the gravitational

production channel overlaid in blue. The blue regions
indicate the parameter space where the observed dark
matter abundance can be generated solely through gravi-
tational production. Again, the thicknesses of the regions
bracket the uncertainty on the duration of the reheating era.
In addition, owing to the strong Planck-mass suppression
of this mechanism, sizable dark matter masses and large
reheating temperatures are required to achieve the correct
relic density. Since this necessitates temperatures higher
than those relevant for the electroweak channel, gravita-
tional production never dominates electroweak production
in the present scenario.
The dark matter yield from gravitational production is

insensitive to the representation. A mild dependence arises,
from heavier states that subsequently decay into dark
matter. This additional contribution modifies the yield only
by an Oð1Þ factor, which is not discernible over the wide
parameter range shown in Fig. 6.
Before closing this section, we note as an aside, that

gravitational production is particularly relevant for the

FIG. 6. Same as Fig. 4, overlaying in blue the gravitational production.
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singlet fermion representation, as it constitutes the only
available production channel, since singlets do not have
tree-level couplings to the electroweak gauge bosons.

VII. SUMMARY AND CONCLUSIONS

Freeze-in in the regime m > Tmax offers the prospect of
interesting models of dark matter which are highly distinct
from both orthodox freeze-in, and the classic freeze-out
WIMP picture, and with the benefit of being potentially
discoverable at near-future direct and indirect experiments.
Such Boltzmann suppressed freeze-in models,7 first out-
lined in Ref. [4], have recently been attracting renewed
attention [1,5–14,65–69].

A. Summary

In a recent letter [1], we outlined the prospect of the
neutral component of a pair of electroweak fermion
doublets being dark matter with their relic abundance set
via Boltzmann suppressed freeze-in. Due to its extreme
minimality we argued that this scenario was worthy of the
title; minimal freeze-in dark matter. In this companion
paper, we have presented the next-to-minimal variants, both
in terms of field content and cosmology.
Specifically, we have studied dark matter that arises from

different representations of SUð2ÞL focusing on the triplet,
quintuplet, and septuplet. While the relic density curves are
largely unchanged between the small n representations (see
Fig. 1), large differences can arise in expectations for direct
and indirect detection (see Fig. 3). We note, from a field
content perspective, the 3 with hypercharge Y ¼ 0 (or any
odd n with Y ¼ 0) could arguably be considered more
minimal than the doublet model of [1], as this provides an
anomaly-free extension with just a single Weyl fermion
(cf. Footnote 3). As a counterpoint, there is a compelling
simplicity in models with matter only in the fundamental
representation.
On the cosmology side, we have explored the implica-

tions of deviating from the instantaneous reheating approxi-
mation. Moreover, we have highlighted that for
noninstantaneous reheating the details of the equation of
state of the Universe prior to reheating can have a
significant impact on the freeze-in dynamics. Inspection
of Fig. 4 indicates the wider parameter freedom that
nonminimal cosmological assumptions permit.

B. Scalar variants

We have endeavored to explore the cleanest and best
motivated examples of Boltzmann suppressed freeze-in
electroweak dark matter. In particular, we have restricted
our considerations to fermion dark matter. The reasons we

favor fermions over scalars are two-fold; (i) A second
scalar implies a second hierarchy problem, ðiiÞ Naturalness
suggests that generically the operators,

λ3jϕj2jHj2; λ4jH†ϕj2; λ5ðH†ϕÞ2;

will appear with λi ∼Oð1Þ, as in the case of the inert
doublet model [70]. The latter point is not so much a
problem, rather it makes the analysis less clean as it
introduces another free parameter.
Putting aside naturalness considerations, one might

consider dark matter, which is a complex scalar ϕ
transforming as a nontrivial representation under SUð2ÞL.
Let us briefly discuss the case in which ϕ is a scalar
doublet. This is reminiscent of a second Higgs without
Yukawa couplings. Similarly to the fermion case, for an
SUð2ÞL doublet complex scalar ϕ with hypercharge Y, for
one of the components to be neutral, the hypercharge must
be Y ¼ �1=2.
The Lagrangian contribution corresponding to the scalar

electroweak doublet is given by

ΔL ¼ ðDμϕÞ†ðDμϕÞ −m2
ϕjϕj2 þ λ3jϕj2jHj2

þ λ4jH†ϕj2 þ λ5
2
½ðH†ϕÞ2 þ H:c:�; ð67Þ

where the above assumes aZ2 symmetry ϕ → −ϕ. To make
the model predictive, one must assume λi ≪ 1 (although
see Refs. [5,71] for studies of the Higgs portal). If the Higgs
portal is negligible (which is an assumption which goes
against technical naturalness), the leading interactions are
via the electroweak gauge bosons, which interestingly leads
to derivative couplings. Thus, the scalar dark matter variant
is a nontrivial extension of the models considered here, as
such we leave it for future studies.

C. Motivations for higher representations

Electroweak dark matter is independently motivated
from a UV perspective. Notably, in the context of super-
symmetry [72], Higgsinos and Winos provide quintessen-
tial examples of doublet and triplet dark matter (stabilized
by R-parity). It is natural for the Higgsino to be the lightest
supersymmetric particle (LSP) in scenarios involving the
Giudice-Masiero mechanism [73], whereas gauginos such
as the Wino are naturally the LSP in R-symmetric models,
e.g., [74–80]. Moreover, it has been suggested that in
supersymmetric models the inclusion of 5 can resolve the
“little hierarchy problem” if the Standard Model super-
partners are pushed to ∼10 TeV [81]. The LSP dark matter
in this model is the neutral fermion component of the 5, and
thus is similar to the scenario considered here.
Aside from supersymmetry, alternative motivations have

been found, especially for the 5 representation. For in-
stance, the quintuplet has been proposed to have a possible
origin in SU(5) GUTs [82], as well as potentially arising in

7Also called “freeze-in at stronger coupling” [5], we prefer
Boltzmann suppressed freeze-in, as it better includes UV freeze-
in [65].
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extra dimensional settings, in the context of 5D gauge-
Higgs unification [83].
It should also be emphasised that the automatic meta-

stability of dark matter arising from the 5 and 7 represen-
tations is a highly desirable feature. Not only does
metastability remove the need for an ad hoc stabilizing
symmetry, it also avoids the question of UV completion.
We note that if a global symmetry [e.g., Z2 or U(1)]
stabilizes the dark matter, then Planck induced operators
are generically expected to violate this symmetry [84].
Accordingly, dimension five Planck-suppressed operators
will commonly introduce dark matter decays unless these
operators are forbidden by UV completing the global
symmetry into a local symmetry or if the dark matter is
accidentally metastable. This issue can be evaded if dark
matter arises from a 5 or 7 of SUð2ÞL, since dark matter can
be accidentally metastable by construction.

D. Closing remarks

Forthcoming and proposed experiments offer the
potential to discover this class of dark matter particles.
Notably, direct and indirect detection already constrain
the parameter space of these models, and near-future
observations will continue to advance the search for these
states. In particular, DARWIN [15] and CTAO [42,48]
(for direct and indirect detection, respectively) improve
on the reach of current experiments by orders-of-
magnitude [85].
Arguably, the most attractive variants are those that are

automatically metastable. It is notable that in contrast to the
regular TeV scale freeze-out minimal dark matter, heavy
dark matter coming from the quintuplet representation
can lead to decay signals that may be detectable over
the lifetime of KM3NeT [47,86]. We also highlight the
tentative claim that a PeV neutrino event may be indicative
of decaying dark matter [47]. As seen in Sec. III, decaying
dark matter is consistent with Ψ0 arising from the (viable) 5
model with Y ¼ 0.
Although the collider bounds do not currently provide

competitive constraints [43,87], future colliders could
constrain (or discover) ∼TeV SUð2ÞL multiplets. Studies
have been made of minimal dark matter searches using
proposed colliders based on linear eþe− [88], 100 TeV
pp [89], and muon colliders [90]. In particular, this
next-to-minimal freeze-in scenario appears to be an ideal
benchmark for any future wakefield collider; see,
e.g., [91,92].
The models outlined above are extremely predictive

since the dark matter phenomenology is entirely deter-
mined by the dark matter mass for a given representation
(since the couplings are fixed to be electroweak). Unlike
conventional freeze-in which is coupled extremely weakly
to the Standard Model, the models presented here offer the

potential for discovery in forthcoming experiments and
provide excellent benchmarks for future searches.
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APPENDIX A: PRODUCTION CROSS SECTION

Below we derive the production cross sections,

qq̄0 →ΨþΨ−; Ψ0Ψ̄0; Ψ�Ψ̄0; Ψ−Ψþþ; Ψ−−Ψþþþ;…;

This section largely follows the Appendix of [1] with a few
generalizations. The process qðp1Þq̄0ðp2Þ → Ψðk1ÞΨ0ðk2Þ
leading to the production of a pair of fermions with massm
and momenta k1, k2 from two quarks with momenta p1, p2

via a vector boson arises from the Lagrangian,

Lint ¼ Vμ

h
q̄γμ
�
gqq̄

0
V − gqq̄

0
A γ5

�
q0 þ Ψ̄γμðgΨV − gΨAγ

5ÞΨ0
i
;

with generic vector couplings gqq̄
0

V ; gΨV and axial-vector

couplings gqq̄
0

A ; gΨA , as given in Eq. (3).
Neglecting the mediator mass, the propagator is −i=s the

tree-level amplitude is

M ¼ −i
s

h
v̄ðp2Þγμ

�
gqq̄

0
V − gqq̄

0
A γ5

�
uðp1Þ

i
×
h
ūðk1Þγμ

�
gΨV − gΨAγ

5
�
vðk2Þ

i
: ðA1Þ

In the following, we neglect quark masses and take the limit
m2

Z ≪ m2, s. We square the matrix element and sum over
the final-state colors and spins, averaging over initial-state
colors and spins, it follows that

jMj2 ¼ 1

12s2
Tr
h
=p2γ

μ
�
gqq̄

0
V − gqq̄

0
A γ5

�
=p1γ

ν
�
gqq̄

0
V − gqq̄

0
A γ5

�i
× Tr

h
ð=k1 þmÞγμ

�
gΨV − gΨAγ

5
�

· ð=k2 −mÞγν
�
gΨV − gΨAγ

5
�i

: ðA2Þ
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We can reexpress this in terms of the Mandelstam invar-
iants,

s ¼ ðp1 þ p2Þ2;
t ¼ ðp1 − k1Þ2;
u ¼ ðp1 − k2Þ2; ðA3Þ

with sþ tþ u ¼ 2m2 for massless initial-state quarks.
Accordingly, one has

jMj2 ¼ 2

3s2

h��
gqV
�
2 þ

�
gqA
�
2
���

gΨV
�
2ðt2 þ u2 þ 2m2sÞ

þ
�
gΨA
�
2ðt2 þ u2 − 2m2sÞ

�
þ 4gqq̄

0
V gqq̄

0
A gΨVg

Ψ
Asðt − uÞ

i
: ðA4Þ

Defining β≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

s

q
, and ϑ as the angle between p⃗1

and k⃗1, one has

t ¼ m2 −
s
2
ð1 − β cosϑÞ;

u ¼ m2 −
s
2
ð1þ β cosϑÞ: ðA5Þ

The differential cross section is

dσ
dΩ

¼ 1

64π2s
jk⃗j
jp⃗j jMj2 ¼ β

64π2s
jMj2: ðA6Þ

Substituting Eq. (A4) and integrating the azimuthal angle to
get a factor 2π gives

dσ
dcosϑ

¼ β

32πs
1

3

n��
gqq̄

0
V

�
2þðgqq̄0A Þ2Þ

h�
gΨV
�
2ð1þ cos2ϑþð1−β2Þsin2ϑÞþ

�
gΨA
�
2
β2ð1þ cos2ϑÞ

i
þ4gqq̄

0
V gqq̄

0
A gΨVg

Ψ
Aβcosϑ

o
;

where we used m2 ¼ s
4
ð1 − β2Þ and have integrated the

azimuthal angle over 2π. Integrating the differential cross
section over cos ϑ∈ ½−1; 1� leads to the cross section for
qq̄ → ΨΨ given by

σ ¼ β

24πs

h�
gqq̄

0
V

�
2 þ

�
gqq̄

0
A

�
2
i

×

��
gΨV
�
2
−
β2

3

��
gΨV
�
2
− 2
�
gΨA
�
2
��

:

Note that when integrating over cosϑ the term proportional
to gqq̄

0
V gqq̄

0
A gΨVg

Ψ
A vanishes. We reexpress this in the following

manner:

σqq̄0→ΨQΨ̄Q0 ðβÞ ≃
β

24πs
Kqq̄0

Q;Q0 ; ðA7Þ

with Kqq̄0
Q;Q0 defined [as in Eq. (8)] to be

Kqq̄0
QQ0 ≡ δqq0

�
Cqq̄Q;γ þ Cqq̄Q;Z

�
þ ð1 − δqq0 ÞCqq̄

0
QQ0;W: ðA8Þ

Recall, at leading order [cf. Eq. (10)] for i ¼ γ, Z,

Cqq̄
0

Q;i ≈
��

gqq̄
0;i

V

�
2 þ

�
gqq̄

0;i
A

�
2
��

gΨ;iV;Q

�
2
: ðA9Þ

For the photon channel (q ¼ q0) the quark axial coupling
vanishes gq;γA ¼ 0, the vector coupling is gq;γV ¼ eQq, and

the T th component coupling is gΨ;γV;Q ¼ eQ, hence

CqQ;γ ¼ e4Q2
qQ2: ðA10Þ

For the Z channel (q ¼ q0) the quark couplings are the
Standard Model ones [cf. Eq. (49)], and recall

gΨ;ZV;Q ¼ e
sWcW

�
T −Qs2W

�
; ðA11Þ

hence for the isospin component T with charge Q one has

CqQ;Z ¼
��

gq;ZV

�
2 þ

�
gq;ZA

�
2
�� e

sWcW

�
T −Qs2W

�	2
:

ðA12Þ

W� induced “coproduction” processes, such as

uðp1Þd̄ðp2Þ → Wþ → Ψþðk1ÞΨ̄0ðk2Þ;
dðp1Þūðp2Þ → W− → Ψ−ðk1ÞΨ0ðk2Þ; ðA13Þ

the cross section in the limit β ≪ 1 is of the form,

σðWÞ
qq̄0→ΨQΨ̄Q−1





β≪1

≃
β

24πs
Cqq̄

0
Q;W: ðA14Þ

Equation (A7) can be specialized to this case by using
couplings of the form (for q ≠ q0),

gqq̄
0

V;W ¼ gqq̄
0

A;W ¼ gq
0q̄

V;W ¼ gq
0q̄

A;W ¼ e

2
ffiffiffi
2

p
sW

Vqq0 ;

gΨ;WV;Q ¼ gΨ;WA;Q ¼ e

2
ffiffiffi
2

p
sW

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðT þ T ÞðT − T þ 1Þ

p
; ðA15Þ
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yielding

C
uidj
Q;W ¼ 1

32

e4

s4W
jVijj2ðT þ T ÞðT − T þ 1Þ: ðA16Þ

In the above, we have worked in the ðγ; ZÞ basis and theΨQ

fields, since direct detection limits require freeze-in to
occur at temperatures T ≫ mZ it may be more intuitive to
work in the unbroken basis [e.g., in terms of χ fields and
basis ðB;W3Þ]. Since at a late time we wish to identify the
relic abundance of the dark matter state Ψ0, it seems
simpler to always work in the basis of the broken phase.

APPENDIX B: GRAVITON EXCHANGE

The total amplitude squared for graviton exchange can
be expressed as the sum of three contributions, weighted by
the Standard Model content in fields,

jMj2 ¼ 4jM0j2 þ 45jM1
2
j2 þ 12jM1j2: ðB1Þ

Here we give the squared amplitudes for fermionic dark
matter (where we indicate the spin of the initial-state
particle in the subscript) [62–64],

jM0j2 ¼
1

32M4
Pls

2
ðm2 − tÞðsþ t −m2Þðsþ 2t − 2m2Þ2;

jM1
2
j2 ¼ 1

128M4
Pls

2

h
32m8 − 32m6ðsþ 4tÞ þ 2m4ð5s2 þ 64stþ 96t2Þ

− 4m2ðs3 þ 13s2tþ 40st2 þ 32t3Þ þ s4 þ 10s3tþ 42s2t2 þ 64st3 þ 32t4
i
;

jM1j2 ¼
−1

8M4
Pls

2

h
m4 − 2m2tþ tðsþ tÞ

ih
2ðm4 − 2m2tþ tðsþ tÞÞ þ s2

i
: ðB2Þ

Then the dark matter production rate density γhQ is [93]

γhQðTÞ ¼
1

4ð2πÞ4
Z

∞

m
dE1dE2e−

E1
T e−

E2
T

Z
4E1E2

4m2

ds
sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

λðs;m2; m2Þ
p Z

tþ

t−

dt
jMj2
8πs

; ðB3Þ

where

λðs;m2; m2Þ ¼ sðs − 4m2Þ; ðB4Þ

t− ¼ −
1

4s

�
sþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2Þ

q �
2

; ðB5Þ

tþ ¼ m2 þ 1

2

�
−sþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2Þ

q �
; ðB6Þ

one gets

γhQðTÞ ¼
T4

3840π5M4
Pl

�
525m4 þ 1536m3T

þ 2440m2T2 þ 2508mT3 þ 1254T4
�
e−

2m
T ; ðB7Þ

which corresponds to Eq. (64).

Before closing, we report the dark matter yield produced
during reheating, which corresponds to the result of
Eq. (56) with γhQ. One gets

Yrh
FI ¼

9

210π8g⋆s

ffiffiffiffiffi
10

g⋆

s �
m
MPl

�
3
�
Trh

2m

�
q−2

× ½525Γ̃ðq − 1Þ þ 3072Γ̃ðq − 2Þ þ 9760Γ̃ðq − 3Þ
þ 20064ðΓ̃ðq − 4Þ þ Γ̃ðq − 5ÞÞ�; ðB8Þ

with

Γ̃ðxÞ≡ Γ
�
x;
2m
Trh

�
− Γ
�
x;
2m
TI

�
;

q≡ 3ð1þ ωÞ
2α

: ðB9Þ
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