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What does “highly predictive” mean?

Working definition: Abundance depends only on 
parameters that also govern observable quantities  
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What does “highly predictive” mean?

Sharp targets for discovery or falsification
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What does “highly predictive” mean?

How to systematically identify & test these models?
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FIG. 2: The landscape of dark matter models, organized according to underlying principles and elementary
questions. Early universe thermodynamics offers an especially simple way of understanding the important
ways in which models are different, and how they relate to high-level questions about the origin of dark
matter. If dark and visible matter are equilibrated in the early universe, dark matter has a large (⇠ T 3)
entropy, which must be reduced or transferred to visible particles to avoid overproducing dark matter. Blue
checkmarks highlight branches for which we include representative models in this paper, as these often
involve invisible or visible decays of light mediators. The abbreviations DM, DS, and SM are shorthand for
dark matter, dark sector, and Standard Model particles, respectively. The red arrows indicate time flow for
DM/DS processes in the early universe.

where MPl ⇠ 10
18 GeV is the Planck mass. Once equilibrated, DM number and entropy densities

at early times are determined by the photon plasma temperature, nDM / sDM / T 3. Thus, unless
the forces mediating dark-visible interactions are extremely feeble – much weaker than the SM
electroweak force – DM equilibrates with the SM bath. In fact, this is often (but not always) a
natural outcome of demanding that these scenarios are testable in the laboratory. This fact has
several far-reaching, model-independent implications:

1) Insensitivity to Initial Conditions: Since the equilibrium DM distribution is set by
the temperature, its subsequent evolution is independent of earlier, unknown cosmological
epochs (e.g. inflation, baryogenesis).

2) Necessary Entropy Transfer: Without a mechanism to significantly reduce its thermal
abundance, the DM number density would be comparable to the relic photon and neutrino
number densities at late times. In this case, unless the DM is very light (. 10 eV and,
thus, unacceptably hot), its energy density would greatly exceed the measured value at late

Was DM ever in equilibrium with SM?



NO

How was it populated?

Was DM ever in equilibrium with SM?

10



NO

Initial conditions

Primordial Black Hole
Axion/Axion-like

How was it populated?

Was DM ever in equilibrium with SM?

…

Generically* not “highly predictive”

Many well-motivated models,
but abundance depends on unknown 
UV physics (inflation, reheating etc)

*post-inflatonary QCD axion DM is extremely predictive

Inflationary fluctuations 
WIMPzillas



NO

Freeze In Mechanism

How was it populated?

Was DM ever in equilibrium with SM?

Can be “highly predictive” 
if the same  couplings  set production & detection rates

<latexit sha1_base64="W2RQMn8l50+NoNd3zZhc0GFY58A="></latexit>

nω(TRH) = 0 , !SM→ω < H

Dodelson, Widrow 9303287 Hall, Jedamzik, March-Russell, West 0911.1120

https://arxiv.org/abs/hep-ph/9303287


YES

Was DM ever in equilibrium with SM?

n� ⇠ n� ⇠ T 3

Where did its density go?

13

DM starts in chemical equilibrium with SM, then freezes out
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FIG. 2: The landscape of dark matter models, organized according to underlying principles and elementary
questions. Early universe thermodynamics offers an especially simple way of understanding the important
ways in which models are different, and how they relate to high-level questions about the origin of dark
matter. If dark and visible matter are equilibrated in the early universe, dark matter has a large (⇠ T 3)
entropy, which must be reduced or transferred to visible particles to avoid overproducing dark matter. Blue
checkmarks highlight branches for which we include representative models in this paper, as these often
involve invisible or visible decays of light mediators. The abbreviations DM, DS, and SM are shorthand for
dark matter, dark sector, and Standard Model particles, respectively. The red arrows indicate time flow for
DM/DS processes in the early universe.

where MPl ⇠ 10
18 GeV is the Planck mass. Once equilibrated, DM number and entropy densities

at early times are determined by the photon plasma temperature, nDM / sDM / T 3. Thus, unless
the forces mediating dark-visible interactions are extremely feeble – much weaker than the SM
electroweak force – DM equilibrates with the SM bath. In fact, this is often (but not always) a
natural outcome of demanding that these scenarios are testable in the laboratory. This fact has
several far-reaching, model-independent implications:

1) Insensitivity to Initial Conditions: Since the equilibrium DM distribution is set by
the temperature, its subsequent evolution is independent of earlier, unknown cosmological
epochs (e.g. inflation, baryogenesis).

2) Necessary Entropy Transfer: Without a mechanism to significantly reduce its thermal
abundance, the DM number density would be comparable to the relic photon and neutrino
number densities at late times. In this case, unless the DM is very light (. 10 eV and,
thus, unacceptably hot), its energy density would greatly exceed the measured value at late
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matter. If dark and visible matter are equilibrated in the early universe, dark matter has a large (⇠ T 3)
entropy, which must be reduced or transferred to visible particles to avoid overproducing dark matter. Blue
checkmarks highlight branches for which we include representative models in this paper, as these often
involve invisible or visible decays of light mediators. The abbreviations DM, DS, and SM are shorthand for
dark matter, dark sector, and Standard Model particles, respectively. The red arrows indicate time flow for
DM/DS processes in the early universe.

where MPl ⇠ 10
18 GeV is the Planck mass. Once equilibrated, DM number and entropy densities

at early times are determined by the photon plasma temperature, nDM / sDM / T 3. Thus, unless
the forces mediating dark-visible interactions are extremely feeble – much weaker than the SM
electroweak force – DM equilibrates with the SM bath. In fact, this is often (but not always) a
natural outcome of demanding that these scenarios are testable in the laboratory. This fact has
several far-reaching, model-independent implications:

1) Insensitivity to Initial Conditions: Since the equilibrium DM distribution is set by
the temperature, its subsequent evolution is independent of earlier, unknown cosmological
epochs (e.g. inflation, baryogenesis).

2) Necessary Entropy Transfer: Without a mechanism to significantly reduce its thermal
abundance, the DM number density would be comparable to the relic photon and neutrino
number densities at late times. In this case, unless the DM is very light (. 10 eV and,
thus, unacceptably hot), its energy density would greatly exceed the measured value at late
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where MPl ⇠ 10
18 GeV is the Planck mass. Once equilibrated, DM number and entropy densities

at early times are determined by the photon plasma temperature, nDM / sDM / T 3. Thus, unless
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electroweak force – DM equilibrates with the SM bath. In fact, this is often (but not always) a
natural outcome of demanding that these scenarios are testable in the laboratory. This fact has
several far-reaching, model-independent implications:

1) Insensitivity to Initial Conditions: Since the equilibrium DM distribution is set by
the temperature, its subsequent evolution is independent of earlier, unknown cosmological
epochs (e.g. inflation, baryogenesis).

2) Necessary Entropy Transfer: Without a mechanism to significantly reduce its thermal
abundance, the DM number density would be comparable to the relic photon and neutrino
number densities at late times. In this case, unless the DM is very light (. 10 eV and,
thus, unacceptably hot), its energy density would greatly exceed the measured value at late
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Fig. 46. Planck 2018 constraints on DM mass and annihilation cross-section. Solid straight lines show joint CMB constraints on
several annihilation channels (plotted using di↵erent colours), based on pann < 3.2 ⇥ 10�28 cm3 s�1 GeV�1. We also show the 2�
preferred region suggested by the AMS proton excess (dashed ellipse) and the Fermi Galactic centre excess according to four
possible models with references given in the text (solid ellipses), all of them computed under the assumption of annihilation into bb̄
(for other channels the ellipses would move almost tangentially to the CMB bounds). We additionally show the 2� preferred region
suggested by the AMS/PAMELA positron fraction and Fermi/H.E.S.S. electron and positron fluxes for the leptophilic µ+µ� channel
(dotted contours). Assuming a standard WIMP-decoupling scenario, the correct value of the relic DM abundance is obtained for a
“thermal cross-section” given as a function of the mass by the black dashed line.

We also indicate the regions suggested by the possible DM
interpretation of several anomalies in indirect DM search data.
The 95 % CL preferred region for the AMS anti-proton excess
is extracted from Cuoco et al. (2017b,a). The DM interpretation
of the Fermi Galactic centre excess is very model-dependent
and, as in figure 9 of Charles et al. (2016), we choose to show
four results from the analyses of Gordon & Macias (2013),
Abazajian et al. (2014), Calore et al. (2015), and Daylan et al.
(2016). For the Fermi Galactic centre excess and the AMS anti-
proton excess, we only show results assuming annihilation into
bb̄, in order to keep the figure readable. About 50 % of the region
found by Abazajian et al. (2014) is excluded by CMB bounds,
while other regions are still compatible. The 95 % CL preferred
region for the AMS anti-proton excess is still compatible with
CMB bounds for the bb̄ channel shown in the figure, and we
checked that this is also the case for other channels.

8. Conclusions

This is the final Planck collaboration paper on cosmological pa-
rameters and presents our best estimates of parameters defining
the base-⇤CDM cosmology and a wide range of extended mod-
els. As in PCP13 and PCP15 we find that the base-⇤CDM model
provides a remarkably good fit to the Planck power spectra and
lensing measurements, with no compelling evidence to favour
any of the extended models considered in this paper.

Compared to PCP15 the main changes in this analysis
come from improvements in the Planck polarization analysis,
both at low and high multipoles. The new Planck polariza-
tion maps provide a tight constraint on the reionization op-
tical depth, ⌧, from large-scale polarization (and are consis-
tent with the preliminary HFI polarization results presented
in Planck Collaboration Int. XLVI (2016)). This revision to the
constraint on ⌧ accounts for most of the (small) changes in pa-
rameters determined from the temperature power spectra in this
paper compared to PCP15. We have characterized a number of

systematic e↵ects, neglected in PCP15, which a↵ect the polar-
ization spectra at high multipoles. Applying corrections for these
systematics (principally arising from errors in polarization e�-
ciencies and temperature-to-polarization leakage) we have pro-
duced high multipole TT,TE,EE likelihoods that provide sub-
stantially tighter constraints than using temperature alone. We
have compared two TT,TE,EE likelihoods that use di↵erent as-
sumptions to correct for polarization systematics and find con-
sistency at the <⇠ 0.5� level. Although the TT,TE,EE likelihoods
are not perfect, the Planck parameter results presented in this pa-
per can be considered accurate to within their error bars.

Our main conclusions include the following.
• The 6-parameter base-⇤CDM model provides a good fit to

the Planck TT, TE, and EE power spectra and to the Planck
CMB lensing measurements, either individually or in combina-
tion with each other.
• The CMB angular acoustic scale is measured robustly at

0.03 % precision to be ✓⇤ = (0.�5965 ± 0.�0002), and is one of
the most accurately measured parameters in cosmology, of com-
parable precision to the measurement of the background CMB
temperature (Fixsen 2009).
• The Planck best fit base-⇤CDM cosmology is in very good

agreement with BAO, supernovae, redshift-space distortion mea-
surements and BBN predictions for element abundance observa-
tions. There is some tension (at about 2.5�) with high-redshift
BAO measurements from quasar Ly↵ observations, but no stan-
dard extension of the base-⇤CDM cosmology improves the fit
to these data.
• The new low-` polarization likelihood tightens the reioniza-

tion optical depth significantly compared to the 2015 analysis,
giving ⌧ = 0.054 ± 0.007, suggesting a mid-point reionization
redshift of zre = 7.7 ± 0.7. This is consistent with astrophysi-
cal observations of quasar absorption lines and models in which
reionization happened relatively fast and late. We investigated
more general models of reionization and demonstrated that our
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FIG. 1. Representative Feynman diagrams that depict the processes studied in this work. Left: dark matter scattering o!
electrons. Middle: DM direct annihilation to SM particles through the kinetic mixing interaction. This process is always
kinematically allowed for DM masses compatible with a thermal freeze out origin. For mω < mA→ , this is the only allowed
annihilation channel and it sets the relic density. Right: In the absence of other interactions, for mω > mA→ , the relic density
is governed by the “secluded” annihilation channel which is independent of the A→-SM coupling ω, so there is no experimental
target. However, the freeze out mechanism is excluded in the this regime for mω < 10 GeV due to CMB limits on energy
injection

all kinematically allowed channels, ωω → f̄f . For DM
masses near the QCD confinement scale, annihilation to
hadronic final states can be modeled [5, 6]

εωω→had = R(s) εωω→µ+µ↑ , R(s) =
εe+e↑→had

εe+e↑→µ+µ↑
, (5)

where the measured R-ratio is given in Ref. [7]. As we
will see below, the viable mass range for freeze out via
direct annihilation is approximately MeV < mω < GeV,
so the total cross section can be written

↑εv↓ =
∑

ε

↑εv↓ωω→ε̄ε + ↑εv↓ωω→had , (6)

where ϑ = e, µ, ϖ and we only include kinematically al-
lowed channels.

Scalar Dark Matter

For complex scalar ω coupled to the A
↑ through

J
µ
ω = i(ω↓

ϱµω ↔ ωϱµω
↓), (7)

in the non-relativistic limit, the cross section for each
annihilation channel is [8]

εvωω↓→f̄f =
8ςφφD↼

2
m

2
ωv

2

3[(4m2
ω ↔ m

2
A)2 + m

2
A→!2

A→ ]
, (8)

where v is the relative velocity between initial state par-
ticles and we have taken the mA→ ↗ mω ↗ mf limit.
Note that this process is p-wave, so the annihilation rate
is sharply suppressed at recombination, so energy injec-
tion into the CMB does not constrain the thermal-relic
cross section [9]. In the non-relativistic limit, the direct

detection cross section o” free particle f is

εf =
16ς↼

2
φφDµ

2
ωf

m
4
A→

, (9)

where µωf is the ω-f reduced mass and we have taken
the mA→ ↗ |↽q | limit, where ↽q is the momentum transfer
to the target.

For mω < 5.3 MeV, the entropy transfer to SM parti-
cles from DM freeze out spoils the successful predictions
of big bang nucleosysnthesis (BBN) [10]

Majorana Dark Matter

If ω is a Majorana fermion coupled to A
↑ its interac-

tions are

J
µ
D =

1

2
A

↑
µω⇀

µ
⇀

5
ω , (10)

and the annihilation cross section is [8]

εvωω→f̄f =
8ςφφD↼

2
m

2
ωv

2

3[(4m2
ω ↔ m

2
A→)2 + m

2
A→!2

A→ ]
, (11)

which is also p-wave and has the same functional form as
(11). The direct detection cross section for scattering o”
electrons at rest is

εe =
8ςφφD↼

2
µ

2
ωe(3m

2
ω + 2mωme + m

2
e)v

2

m
4
A→(mω + me)2

, (12)

where v is the DM velocity.

Finite list of renormalizable mediators
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FIG. 1. Representative Feynman diagrams that depict the processes studied in this work. Left: dark matter scattering o!
electrons. Middle: DM direct annihilation to SM particles through the kinetic mixing interaction. This process is always
kinematically allowed for DM masses compatible with a thermal freeze out origin. For mω < mA→ , this is the only allowed
annihilation channel and it sets the relic density. Right: In the absence of other interactions, for mω > mA→ , the relic density
is governed by the “secluded” annihilation channel which is independent of the A→-SM coupling ω, so there is no experimental
target. However, the freeze out mechanism is excluded in the this regime for mω < 10 GeV due to CMB limits on energy
injection

all kinematically allowed channels, ωω → f̄f . For DM
masses near the QCD confinement scale, annihilation to
hadronic final states can be modeled [5, 6]

εωω→had = R(s) εωω→µ+µ↑ , R(s) =
εe+e↑→had

εe+e↑→µ+µ↑
, (5)

where the measured R-ratio is given in Ref. [7]. As we
will see below, the viable mass range for freeze out via
direct annihilation is approximately MeV < mω < GeV,
so the total cross section can be written

↑εv↓ =
∑

ε

↑εv↓ωω→ε̄ε + ↑εv↓ωω→had , (6)

where ϑ = e, µ, ϖ and we only include kinematically al-
lowed channels.

Scalar Dark Matter

For complex scalar ω coupled to the A
↑ through

J
µ
ω = i(ω↓

ϱµω ↔ ωϱµω
↓), (7)

in the non-relativistic limit, the cross section for each
annihilation channel is [8]
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where v is the relative velocity between initial state par-
ticles and we have taken the mA→ ↗ mω ↗ mf limit.
Note that this process is p-wave, so the annihilation rate
is sharply suppressed at recombination, so energy injec-
tion into the CMB does not constrain the thermal-relic
cross section [9]. In the non-relativistic limit, the direct

detection cross section o” free particle f is

εf =
16ς↼

2
φφDµ

2
ωf

m
4
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, (9)

where µωf is the ω-f reduced mass and we have taken
the mA→ ↗ |↽q | limit, where ↽q is the momentum transfer
to the target.

For mω < 5.3 MeV, the entropy transfer to SM parti-
cles from DM freeze out spoils the successful predictions
of big bang nucleosysnthesis (BBN) [10]

Majorana Dark Matter

If ω is a Majorana fermion coupled to A
↑ its interac-

tions are

J
µ
D =

1

2
A

↑
µω⇀

µ
⇀

5
ω , (10)

and the annihilation cross section is [8]

εvωω→f̄f =
8ςφφD↼

2
m

2
ωv

2

3[(4m2
ω ↔ m

2
A→)2 + m

2
A→!2

A→ ]
, (11)

which is also p-wave and has the same functional form as
(11). The direct detection cross section for scattering o”
electrons at rest is

εe =
8ςφφD↼

2
µ

2
ωe(3m

2
ω + 2mωme + m

2
e)v

2

m
4
A→(mω + me)2

, (12)

where v is the DM velocity.
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FIG. 2. Experimental constraints on Dirac fermion DM that annihilates through a light, Higgs-mixed mediator. We normalize the vertical axis
using the e-� coupling, ge introduced in the text because this coupling always contributes to the annihiation over the mass range considered
here– see discussion in Section II. Top Left: Parameter space for m� < m� compared against the relic density contour computed assuming
m� = 3m� (solid black curve). The curve bifurcates near m� ⇠ m⇡ where there is disagreement in the literature about light Higgs couplings
to hadronic states (see text). Like the relic density contour, the direct detection constraints are also invariant under different assumptions about
the mass ratio and DM-mediator coupling since the SM-DM scattering cross section is proportional to the e variable plotted on the vertical
axis. However, for meson decay and collider constraints, which only constrain the mediator-Higgs mixing, we adopt the conservative values
g� = 1 and m�/m� = 1/3 for building (g�ge)

2(m�/m�)
4 for comparison with the solid black relic curve; choosing smaller values of

either quantity makes these constraints stronger – except in the resonant annihilation region. Top Right: Same as left, but in the resonant
annihilation region m� ⇡ 2m�, which is the only regime in which the relic density curve moves appreciably. This plot also adopts the extreme
value g� = 2⇡ near the perturbativity limit, and reveals the maximum amount of viable parameter space for this scenario. As on the top-left
plot, direct detection constraints and projections remain invariant, but the meson and collider bounds shift slightly as they are now computed
for m�/m� = 1/2.2 instead. Bottom Right: Same as top-left, but with m� = 10m�. Bottom Left: Same as top-left, but with the reduced
coupling g� = 0.1.

which is applicable to all m� (MeV–GeV) considered in this
paper, so we will present our direct annihilation results in
terms of e without loss of generality. For a more careful
treatment of thermal freeze out, corresponding to the method-
ology in our numerical studies, see Appendix B.

For m� ⇠
> ⇤QCD, the annihilation also proceeds through

several hadronic channels, whose interactions with the medi-
ator are not simply-related to quark Yukawa couplings (e.g.
�� ! ⇡

+
⇡
�). To account for these final states, we extract

this coupling from simulations of hadronically-decaying light-
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FIG. 3. Leading short distance contribution to B+ ! K+�� and
K+ ! ⇡+�̄� decay due to scalar mediated interactions. For m� <
mB � mK , this decay can also proceed via B+ ! K+� Similar
diagrams yield for � mediated contributions to fully SM final states
(e.g. B+ ! K+µ+µ�).

mechanism pp ! jets + (h ! ��). A recent ATLAS mea-
surement has extracted a limit of Br(h ! invisible) < 0.3
[38]. which for our scenario implies

g
2
�

sin2
✓

⇠
< 4 ⇥ 10�5

, (11)

or in terms of the variable plotted in top left panel of Fig. 2,
e ⇠

< 7 ⇥ 10�18, where the mass ratio is conservatively taken
to be m�/m� = 1/3; heavier mediators make this constraint
more severe, so this choice reveals the available gaps subject
to the condition that the mediator decays invisibly and that
�� ! ff annihilation is off resonance.

In addition to the mixing, the mixed � � h quartic interac-
tion may also contribute to exotic Higgs decays via h ! ��

[39]. If � decays invisibly to DM, this process contributes
to the Higgs invisible width, and if � decays visibly the pro-
cess can induce an array of SM final states, which reconstruct
the Higgs invariant mass and yield nested internal resonances.
However, the bounds and prospects for both scenarios depend
exclusively on the size of the quartic which does not affect the
DM thermal history or the bounds presented in this paper, so a
proper treatment of this possibility is beyond the scope of the
present work.

We also note that there are additional constraints on the
mixing angle sin ✓ from rare h ! �� decays. However, the
branching ratio for this process depends on a different dia-
grams which are sensitive to the mixing angle, mixed h

2
�
2

quartic coupling, and the �
3 cubic coupling, so the precise

bound arising from this process is model dependent and can-
not be presented in Fig. 2 without additional assumptions
about these other parameters.

IV. INVISIBLY DECAYING MEDIATOR (m� > 2m�)

Rare Meson Decays If � decays invisibly, this scenario in-
duces rare meson decays B+

! K
+
� and is constrained by

limits on the B
+

! K
+
⌫⌫̄ branching fraction. The loop

level process arises from the effective Higgs mixing interac-
tion [20, 22]

LFCNC � (Csbs̄LbR + Csds̄LdR)� , (12)

where Csb,sd are effective coefficients that induce flavor
changing processes.

B-Meson Decays For B-mesons, The effective coefficient of
interest is

Csb =
3g2

W
mbm

2
t
V

⇤
ts
Vtb sin ✓

64⇡2m2
W
v

= 6.4 ⇥ 10�6 sin ✓ , (13)

and this interaction has the partial width [40]

�B!K�=
|Csb|

2
f0(m�)2

16⇡m3
B+

✓
m

2
B+ � m

2
K

mb � ms

◆2

⇠(mB ,mK ,m�), (14)

⇠(a, b, c) =
p

(a2 � b2 � c2)2 � 4b2c2 , (15)

where the scalar form factor can be parametrized f0(q) =
0.33(1 � q

2
/38 GeV2)�1 [41]. The total B-meson width is

�B+ = 4.1 ⇥ 10�13 GeV [42], so the branching ratio has the
approximate scaling

Br(B+
!K

+
�) ⇠

|Csb|
2
f0(m�)2

16⇡

m
3
B+

m
2
b
�B+

⇡ 1.5 sin2
✓, (16)

which, for our conservative benchmark inputs g� = 1 and
m� = 3m�, the BaBar limit Br(B+

!K
+
⌫⌫̄) < 1.6⇥10�5

[43] requires

e = (g�ge)
2

✓
m�

m�

◆4

⇠
< 5.6 ⇥ 10�19

. (17)

The exact bound for this DM/mediator mass ratio shown in
Fig. 2 (left) is computed from Eq. (14) using the efficien-
cies used in [43] is slightly stronger because the two-body
B

+
! K

+
� process has greater kinematic acceptance rela-

tive to B
+

! K
+
⌫⌫̄.

Kaon Decays An invisibly decaying light scalar can also
yield K ! ⇡� decays for which the partial width is

�K+!⇡+� =
|Cds|

2

16⇡m3
K

✓
m

2
K+ �m

2
⇡+

ms�md

◆2

⇠(mK ,m⇡,m�), (18)

Unlike in Eq. (14), the analogous scalar form factor is close to
unity [44] and can be neglected. The effective FCNC coeffi-
cient from Eq. (12) is

Csd =
3g2

W
msm

2
t
V

⇤
ts
Vtd sin ✓

64⇡2m2
W
v

= 1.2 ⇥ 10�9 sin ✓ , (19)

The total Kaon width is �K+ = 5.3 ⇥ 10�17 GeV, so the
branching ratio is approximately

Br(K+
! ⇡

+
�) ⇠

|Csd|
2

16⇡

m
3
K+

m2
s
�K+

⇡ 6.7 ⇥ 10�3 sin2
✓ , (20)

This final state contributes to the E797 and E949 measure-
ments of Br(K+

! ⇡
+
⌫⌫̄) = (1.73+1.15

�1.05) ⇥ 10�10 [45]). To

✏

✏

✏

Similar conclusions for pseudo-scalar mediators

Higgs-mixed meditator ruled out
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Electron Scattering Direct Annihilation Secluded Annihilation

FIG. 1. Representative Feynman diagrams that depict the processes studied in this work. Left: dark matter scattering o!
electrons. Middle: DM direct annihilation to SM particles through the kinetic mixing interaction. This process is always
kinematically allowed for DM masses compatible with a thermal freeze out origin. For mω < mA→ , this is the only allowed
annihilation channel and it sets the relic density. Right: In the absence of other interactions, for mω > mA→ , the relic density
is governed by the “secluded” annihilation channel which is independent of the A→-SM coupling ω, so there is no experimental
target. However, the freeze out mechanism is excluded in the this regime for mω < 10 GeV due to CMB limits on energy
injection

all kinematically allowed channels, ωω → f̄f . For DM
masses near the QCD confinement scale, annihilation to
hadronic final states can be modeled [5, 6]

εωω→had = R(s) εωω→µ+µ↑ , R(s) =
εe+e↑→had

εe+e↑→µ+µ↑
, (5)

where the measured R-ratio is given in Ref. [7]. As we
will see below, the viable mass range for freeze out via
direct annihilation is approximately MeV < mω < GeV,
so the total cross section can be written

↑εv↓ =
∑

ε

↑εv↓ωω→ε̄ε + ↑εv↓ωω→had , (6)

where ϑ = e, µ, ϖ and we only include kinematically al-
lowed channels.

Scalar Dark Matter

For complex scalar ω coupled to the A
↑ through

J
µ
ω = i(ω↓

ϱµω ↔ ωϱµω
↓), (7)

in the non-relativistic limit, the cross section for each
annihilation channel is [8]

εvωω↓→f̄f =
8ςφφD↼

2
m

2
ωv

2

3[(4m2
ω ↔ m

2
A)2 + m

2
A→!2

A→ ]
, (8)

where v is the relative velocity between initial state par-
ticles and we have taken the mA→ ↗ mω ↗ mf limit.
Note that this process is p-wave, so the annihilation rate
is sharply suppressed at recombination, so energy injec-
tion into the CMB does not constrain the thermal-relic
cross section [9]. In the non-relativistic limit, the direct

detection cross section o” free particle f is

εf =
16ς↼

2
φφDµ

2
ωf

m
4
A→

, (9)

where µωf is the ω-f reduced mass and we have taken
the mA→ ↗ |↽q | limit, where ↽q is the momentum transfer
to the target.

For mω < 5.3 MeV, the entropy transfer to SM parti-
cles from DM freeze out spoils the successful predictions
of big bang nucleosysnthesis (BBN) [10]

Majorana Dark Matter

If ω is a Majorana fermion coupled to A
↑ its interac-

tions are

J
µ
D =

1

2
A

↑
µω⇀

µ
⇀

5
ω , (10)

and the annihilation cross section is [8]

εvωω→f̄f =
8ςφφD↼

2
m

2
ωv

2

3[(4m2
ω ↔ m

2
A→)2 + m

2
A→!2

A→ ]
, (11)

which is also p-wave and has the same functional form as
(11). The direct detection cross section for scattering o”
electrons at rest is

εe =
8ςφφD↼

2
µ

2
ωe(3m

2
ω + 2mωme + m

2
e)v

2

m
4
A→(mω + me)2

, (12)

where v is the DM velocity.
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Spin-0: Higgs-mixed scalar, flavor-specific (pseudo)-scalars

 Spin-0, Dirac, Majorana, Pseudo-Dirac
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Electron Scattering Direct Annihilation Secluded Annihilation

FIG. 1. Representative Feynman diagrams that depict the processes studied in this work. Left: dark matter scattering o!
electrons. Middle: DM direct annihilation to SM particles through the kinetic mixing interaction. This process is always
kinematically allowed for DM masses compatible with a thermal freeze out origin. For mω < mA→ , this is the only allowed
annihilation channel and it sets the relic density. Right: In the absence of other interactions, for mω > mA→ , the relic density
is governed by the “secluded” annihilation channel which is independent of the A→-SM coupling ω, so there is no experimental
target. However, the freeze out mechanism is excluded in the this regime for mω < 10 GeV due to CMB limits on energy
injection

all kinematically allowed channels, ωω → f̄f . For DM
masses near the QCD confinement scale, annihilation to
hadronic final states can be modeled [5, 6]

εωω→had = R(s) εωω→µ+µ↑ , R(s) =
εe+e↑→had

εe+e↑→µ+µ↑
, (5)

where the measured R-ratio is given in Ref. [7]. As we
will see below, the viable mass range for freeze out via
direct annihilation is approximately MeV < mω < GeV,
so the total cross section can be written

↑εv↓ =
∑

ε

↑εv↓ωω→ε̄ε + ↑εv↓ωω→had , (6)

where ϑ = e, µ, ϖ and we only include kinematically al-
lowed channels.

Scalar Dark Matter

For complex scalar ω coupled to the A
↑ through

J
µ
ω = i(ω↓

ϱµω ↔ ωϱµω
↓), (7)

in the non-relativistic limit, the cross section for each
annihilation channel is [8]

εvωω↓→f̄f =
8ςφφD↼

2
m

2
ωv

2

3[(4m2
ω ↔ m

2
A)2 + m

2
A→!2

A→ ]
, (8)

where v is the relative velocity between initial state par-
ticles and we have taken the mA→ ↗ mω ↗ mf limit.
Note that this process is p-wave, so the annihilation rate
is sharply suppressed at recombination, so energy injec-
tion into the CMB does not constrain the thermal-relic
cross section [9]. In the non-relativistic limit, the direct

detection cross section o” free particle f is

εf =
16ς↼

2
φφDµ

2
ωf

m
4
A→

, (9)

where µωf is the ω-f reduced mass and we have taken
the mA→ ↗ |↽q | limit, where ↽q is the momentum transfer
to the target.

For mω < 5.3 MeV, the entropy transfer to SM parti-
cles from DM freeze out spoils the successful predictions
of big bang nucleosysnthesis (BBN) [10]

Majorana Dark Matter

If ω is a Majorana fermion coupled to A
↑ its interac-

tions are

J
µ
D =

1

2
A

↑
µω⇀

µ
⇀

5
ω , (10)

and the annihilation cross section is [8]

εvωω→f̄f =
8ςφφD↼

2
m

2
ωv

2

3[(4m2
ω ↔ m

2
A→)2 + m

2
A→!2

A→ ]
, (11)

which is also p-wave and has the same functional form as
(11). The direct detection cross section for scattering o”
electrons at rest is

εe =
8ςφφD↼

2
µ

2
ωe(3m

2
ω + 2mωme + m

2
e)v

2

m
4
A→(mω + me)2

, (12)

where v is the DM velocity.
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FIG. 2. DAMIC-M 90% C.L. upper limits (solid thick black) on DM-electron interactions through an ultra-light (left)
and heavy (right) mediator. Limits based on the QEDark calculations (solid dashed black) are included for comparison with
previous results. Also shown are the previous DAMIC-M results [22, 23] and limits from DarkSide-50 [47], PandaX-4T [48],
SENSEI [45], SuperCDMS [46], XENONnT [49], and XENON1T [50] (also reinterpreted in Ref. [51] in terms of “solar-reflected
DM”.) Theoretical expectations assuming a DM relic abundance from freeze-in and freeze-out mechanisms are also shown in
light blue [20] (the freeze-out benchmark is valid for the specific scenario of complex scalar DM with mA→ → mω).

density. Taking into account all constraints of Fig. 2
(right panel), only complex scalar DM particles with a
mass around 25MeV/c2 remain viable in this scenario.

Note that the benchmark hidden-sector predictions are
model-dependent [12] and smaller cross sections are still
possible in certain scenarios. DAMIC-M, which plans
to collect a kg-year exposure, will probe the freeze-in
scenario beyond the benchmark model up to GeV DM
masses as well as other hidden-sector scenarios with
heavy mediators that match the relic density observed
today with smaller DM-e→ cross sections than that of
the freeze-out scenario with scalar particles [12, 19].

Constraints on other processes beyond the DM-e→

scattering of Eq. (1) that produce a charge ionization
signal are reported in the End Matter.

These results demonstrate the excellent performance
of the DAMIC-M prototype detector. The CCDs feature
minimal defects and a very low dark current, allowing for
highly e!cient pixel selection. With only a few percent
change of the single e→ rate over the three months of data
collection, the detector is remarkably stable enabling a
search for daily modulation in the DM signal [23] to be
reported in a forthcoming publication. We expect to im-
prove these results by orders of magnitude with the full
DAMIC-M apparatus, soon to be installed at the LSM,
which will operate →200 CCDs under strict control of
radiogenic and cosmogenic backgrounds.
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Electron Scattering Direct Annihilation Secluded Annihilation

FIG. 1. Representative Feynman diagrams that depict the processes studied in this work. Left: dark matter scattering o!
electrons. Middle: DM direct annihilation to SM particles through the kinetic mixing interaction. This process is always
kinematically allowed for DM masses compatible with a thermal freeze out origin. For mω < mA→ , this is the only allowed
annihilation channel and it sets the relic density. Right: In the absence of other interactions, for mω > mA→ , the relic density
is governed by the “secluded” annihilation channel which is independent of the A→-SM coupling ω, so there is no experimental
target. However, the freeze out mechanism is excluded in the this regime for mω < 10 GeV due to CMB limits on energy
injection

all kinematically allowed channels, ωω → f̄f . For DM
masses near the QCD confinement scale, annihilation to
hadronic final states can be modeled [5, 6]

εωω→had = R(s) εωω→µ+µ↑ , R(s) =
εe+e↑→had

εe+e↑→µ+µ↑
, (5)

where the measured R-ratio is given in Ref. [7]. As we
will see below, the viable mass range for freeze out via
direct annihilation is approximately MeV < mω < GeV,
so the total cross section can be written

↑εv↓ =
∑

ε

↑εv↓ωω→ε̄ε + ↑εv↓ωω→had , (6)

where ϑ = e, µ, ϖ and we only include kinematically al-
lowed channels.

Scalar Dark Matter

For complex scalar ω coupled to the A
↑ through

J
µ
ω = i(ω↓

ϱµω ↔ ωϱµω
↓), (7)

in the non-relativistic limit, the cross section for each
annihilation channel is [8]

εvωω↓→f̄f =
8ςφφD↼

2
m

2
ωv

2

3[(4m2
ω ↔ m

2
A)2 + m

2
A→!2

A→ ]
, (8)

where v is the relative velocity between initial state par-
ticles and we have taken the mA→ ↗ mω ↗ mf limit.
Note that this process is p-wave, so the annihilation rate
is sharply suppressed at recombination, so energy injec-
tion into the CMB does not constrain the thermal-relic
cross section [9]. In the non-relativistic limit, the direct

detection cross section o” free particle f is

εf =
16ς↼

2
φφDµ

2
ωf

m
4
A→

, (9)

where µωf is the ω-f reduced mass and we have taken
the mA→ ↗ |↽q | limit, where ↽q is the momentum transfer
to the target.

For mω < 5.3 MeV, the entropy transfer to SM parti-
cles from DM freeze out spoils the successful predictions
of big bang nucleosysnthesis (BBN) [10]

Majorana Dark Matter

If ω is a Majorana fermion coupled to A
↑ its interac-

tions are

J
µ
D =

1

2
A

↑
µω⇀

µ
⇀

5
ω , (10)

and the annihilation cross section is [8]

εvωω→f̄f =
8ςφφD↼

2
m

2
ωv

2

3[(4m2
ω ↔ m

2
A→)2 + m

2
A→!2

A→ ]
, (11)

which is also p-wave and has the same functional form as
(11). The direct detection cross section for scattering o”
electrons at rest is

εe =
8ςφφD↼

2
µ

2
ωe(3m

2
ω + 2mωme + m

2
e)v

2

m
4
A→(mω + me)2

, (12)

where v is the DM velocity.

Scalar DM with A' mediator finally excluded by DAMIC-M in 2025!

Excluding Predictive Scalar DM 

First model in this class to be fully tested and excluded 



Han, GK 2603.03444

5

FIG. 4: Thermal relic milestones for complex scalar DM coupled to the following mediators: Lµ → Le (top left),
Le →Lω (top right), B →L (bottom left), and B → 3Le (bottom right). Note that the Dirac fermion variants of these
models are excluded by CMB energy injection limits (see Sec. IV). Since each of these mediators has a tree-level
coupling to electrons, the parameter space is tightly constrained by existing limits, and resembles that of Fig. 3 and
here we also work in the FDM = 1 regime [7]. Note that the cyan-shaded BABAR region (top row) is hatched to
indicate that we chose ωD = 0.5 and mZ→ = 3mε to put this constraint on the ε̄e-mε plane; this choice is
conservative in that smaller ωD or larger mZ→/mε ratios would only make the constraint more severe [12]; no such
assumption is required for the direct detection limits since these have the same parametric dependence as the
annihilation cross section.

where ϑ arises at one loop (as shown in Fig. 1) and
is given respectively in Eqs. (6), (8), and (10).

Since mZ→ > mε in the predictive parameter space, we
trivially satisfy mZ→ ↑ ωme, so the DM form factor is
always FDM(q) = 1 in our analysis [7].

The DAMIC-M experiment has recently placed new
bounds on ε̄e with a 1.3 kg·day exposure on a Si
target [14]. The PandaX-4T has corresponding lim-
its using an Xe target with a 0.55 ton·year expo-
sure [23]. DarkSide-50 has reported ε̄e bounds with a

12, 306 kg·day exposure on a liquid Ar target [24]; all
of these limits are shown in Figs. 3-6. These figures
also show future sensitivity projections for the SEN-
SEI [10], DAMIC-M [9], and Oscura [25] experiments.
The electron-DM cross section can also be probed using
the sub-population of DM particles that are accelerated
by the sun and can therefore deposit more energy into
detectors [26]; this constraint using XENON1T data [27]
is shown in Figs. 3-6.

Nucleon Recoils: Our models of interest are also con-

Scalar DM coupled to other forces?
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where ϑ arises at one loop (as shown in Fig. 1) and
is given respectively in Eqs. (6), (8), and (10).

Since mZ→ > mε in the predictive parameter space, we
trivially satisfy mZ→ ↑ ωme, so the DM form factor is
always FDM(q) = 1 in our analysis [7].

The DAMIC-M experiment has recently placed new
bounds on ε̄e with a 1.3 kg·day exposure on a Si
target [14]. The PandaX-4T has corresponding lim-
its using an Xe target with a 0.55 ton·year expo-
sure [23]. DarkSide-50 has reported ε̄e bounds with a

12, 306 kg·day exposure on a liquid Ar target [24]; all
of these limits are shown in Figs. 3-6. These figures
also show future sensitivity projections for the SEN-
SEI [10], DAMIC-M [9], and Oscura [25] experiments.
The electron-DM cross section can also be probed using
the sub-population of DM particles that are accelerated
by the sun and can therefore deposit more energy into
detectors [26]; this constraint using XENON1T data [27]
is shown in Figs. 3-6.

Nucleon Recoils: Our models of interest are also con-

Highly predictive scalar DM with tree-level 

variations with other spin-1 mediators  
Similar conclusions for anomaly-free 

1st generation couplings is excluded 

Scalar DM coupled to other forces?
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Beyond Leading Order 

Irreducible electron couplings arise at loop level, with extra 
suppression relative to freeze-out annihilation diagrams 

Example: Z’ mediator with gauged 
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e→
<latexit sha1_base64="/Zn7JXPfx9QLR/mR6vUf4ryNJ7g=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArEj0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedmrlCt3F6XqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6qyNkw==</latexit>

e→

<latexit sha1_base64="VyTlHPsvEJbPFqabqw4NVS26Y/w=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8MbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXSv6l6j3ni4rrVuizjKcAbncAkeNKEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gADTI49</latexit>ω<latexit sha1_base64="VyTlHPsvEJbPFqabqw4NVS26Y/w=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8MbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXSv6l6j3ni4rrVuizjKcAbncAkeNKEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gADTI49</latexit>ω
Same parameters that  
govern freeze out

<latexit sha1_base64="8cbEk1KMzcOxkPbmJgAtHj6YDi4=">AAAB9XicbVDLSgMxFM34rPVVdekmWAQ3lhmR6rLoxoWLCvYB7VgyaaYNTTJDcqOUof/hxoUibv0Xd/6N6WOhrQcu93DOveTmRKngBnz/21taXlldW89t5De3tnd2C3v7dZNYTVmNJiLRzYgYJrhiNeAgWDPVjMhIsEY0uB77jUemDU/UPQxTFkrSUzzmlICTHm47bWnxKXYdiO0Uin7JnwAvkmBGimiGaqfw1e4m1EqmgApiTCvwUwgzooFTwUb5tjUsJXRAeqzlqCKSmTCbXD3Cx07p4jjRrhTgifp7IyPSmKGM3KQk0Dfz3lj8z2tZiC/DjKvUAlN0+lBsBYYEjyPAXa4ZBTF0hFDN3a2Y9okmFFxQeRdCMP/lRVI/KwXlUvnuvFi5msWRQ4foCJ2gAF2gCrpBVVRDFGn0jF7Rm/fkvXjv3sd0dMmb7RygP/A+fwA+sZG4</latexit>

Lµ → Lω

<latexit sha1_base64="wQLq+Q0ykQQ1GI6+WDTvse9JQjI=">AAAB73icbVBNSwMxEM36WetX1aOXYBE8SNkVqR6LXjxWsB/QXUo2zbahSXZNJkIp/RNePCji1b/jzX9j2u5BWx8MPN6bYWZenAluwPe/vZXVtfWNzcJWcXtnd2+/dHDYNKnVlDVoKlLdjolhgivWAA6CtTPNiIwFa8XD26nfemLa8FQ9wChjkSR9xRNOCTipHUp7HgKx3VLZr/gz4GUS5KSMctS7pa+wl1IrmQIqiDGdwM8gGhMNnAo2KYbWsIzQIemzjqOKSGai8ezeCT51Sg8nqXalAM/U3xNjIo0Zydh1SgIDs+hNxf+8joXkOhpzlVlgis4XJVZgSPH0edzjmlEQI0cI1dzdiumAaELBRVR0IQSLLy+T5kUlqFaq95fl2k0eRwEdoxN0hgJ0hWroDtVRA1Ek0DN6RW/eo/fivXsf89YVL585Qn/gff4A5USP5Q==</latexit>µ, ω
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FIG. 6: Top row: limits on the e!ective DM-electron scattering cross section ω̄e plotted against thermal relic targets
for complex scalar (left) and Dirac fermion DM (right) in the B → 3Lµ mediator. Bottom row: same as the top, but
for a B → 3Lω mediator. Here the annihilation cross section is independent of ε at leading order, but translating the
thermal-relic parameter space into an electron cross section requires introduces ε dependence. Thus, unlike the other
result plots in this paper, here the thermal relic target has a finite thickness due to the ultraviolet scale dependence
in ε from Eq. (10). To remain agnostic about this scale, we vary ” between 100 GeV (bottom edge, solid curve) and
MPl (upper edge, dotted curve). These choices also a!ect the CRESST-III [11] constraint in this parameter space
since the experiment constrains the nucleon cross section, which does not have this scale ambiguity, but translating
these limits from ωN ↑ ω̄e requires an insertion of ε2, which does; similarly the CCFR limits in the top row exhibit
the same ambiguity since the muon coupling that the experiment constrains is not dependent on ε. For the CCFR
and CRESST-III constraints in this plane, we use solid curves for ” = 100 GeV and dotted curves ” = MPl.

V. RESULTS

In Figs. 3-5 we present thermal relic parameter space
for complex scalar and Dirac fermion DM candidates
in terms of the e!ective electron cross section ω̄e

(blue curves). Each plot also shows a variety of con-
straints from direct detection experiments and accelera-
tor searches, where applicable. We divide our results into

two categories depending on whether a given model has
tree-level couplings to electrons.

Electrophilic Models: In this category we include all
models with the dark photon, Lµ→Le, Le→Lω , B→L, and
B→3Le mediators which couple appreciably to electrons.

In Fig. 3 we take results from Ref. [15] which found
that scalar DM coupled to a dark photon mediator is ex-
cluded across the entire sub-GeV parameter space in the

<latexit sha1_base64="h/rpCA/wxvF/Q7rvlEBj3ZNwJtY=">AAACBnicdVBNS8MwGE7n15xfVY8iBIfgqXRjm16EoR68iBPcHKylpFm6hSVtSVJhlJ28+Fe8eFDEq7/Bm//GdKugog+EPHme9+XN+/gxo1LZ9odRmJtfWFwqLpdWVtfWN8zNrY6MEoFJG0csEl0fScJoSNqKKka6sSCI+4zc+KPTzL+5JULSKLxW45i4HA1CGlCMlJY8c9e55GSAPAcPKTyG+St1BIdnFxPPLNtW3daoQtvK7lod5kodVqaKbZdBjpZnvjv9CCechAozJGWvYsfKTZFQFDMyKTmJJDHCIzQgPU1DxIl00+kaE7ivlT4MIqFPqOBU/d6RIi7lmPu6kiM1lL+9TPzL6yUqOHJTGsaJIiGeDQoSBlUEs0xgnwqCFRtrgrCg+q8QD5FAWOnkSjqEr03h/6RTtSoNq3FVKzdP8jiKYAfsgQNQAYegCc5BC7QBBnfgATyBZ+PeeDRejNdZacHIe7bBDxhvn+3dmCs=</latexit>

!
ω = !

DM

Han, GK 2603.03444



Other DM Spins Require Accelerators

GK 2505.04626

Majorana Fermion Pseudo-Dirac Fermion

Accelerator + direct-detection searches will test nearly all predictive models 
… including ones with  suppressed non-relativistic cross sections 

Similar conclusion for other U(1) mediators



Overview

1. Classifying “highly predictive” models

2. Freeze-Out Production

3. Freeze-In Production



What is “highly predictive” freeze in?

Production governed only by IR parameters (not reheat temp…)

1. If DM is stable, couplings govern scattering rate 

Need m > keV to avoid warm dark matter limits

2. If DM is unstable, couplings govern decay rate

Need renormalizable couplings to SM for IR dominance 

also need mediator for both production/detection

No additional particles needed, highly minimal 



Can we test stable freeze-in DM? 2
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<latexit sha1_base64="IPJ0FMBbcLm4sehA9nxRpdXOASI=">AAACDnicbVDLTgIxFO3gC/GFunTTSEhckRnia0nUhUtM5JEwSO6UAg2dtmk7JITwBW78FTcuNMata3f+jeWxUPAkTU7OuTe350SKM2N9/9tLrayurW+kNzNb2zu7e9n9g6qRiSa0QiSXuh6BoZwJWrHMclpXmkIccVqL+tcTvzag2jAp7u1Q0WYMXcE6jIB1UiubDw3rxoAHOFRaKitxCFz1oHWDQ6oM41I8FHErm/ML/hR4mQRzkkNzlFvZr7AtSRJTYQkHYxqBr2xzBNoywuk4EyaGKiB96NKGowJiapqjaZwxzjuljTtSuycsnqq/N0YQGzOMIzcZg+2ZRW8i/uc1Etu5bI6YUImlgswOdRKOXepJN7jNNCWWDx0Bopn7KyY90ECsazDjSggWIy+TarEQnBfO7k5zpat5HWl0hI7RCQrQBSqhW1RGFUTQI3pGr+jNe/JevHfvYzaa8uY7h+gPvM8fNkyblQ==</latexit>

ωv → εDϑ
2

<latexit sha1_base64="WPkSu+8dmH8fhu+jmkUwSc6qZ+M=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUoqXmMFDIxFog+pCdGN67ZWncSynUpV1YWFX2FhACFW/oGNv8FtM0DLkSwdnXOvrs8JBWdKO863lVtaXlldy68XNja3tnfs3b26SlJJaI0kPJHNEBTlLKY1zTSnTSEpRCGnjbB/PfEbAyoVS+J7PRTUj6Absw4joI0U2IeeYt0I8AB7QiZCJ9gDLnoQ3DyUcWAXnZIzBV4kbkaKKEM1sL+8dkLSiMaacFCq5TpC+yOQmhFOxwUvVVQA6UOXtgyNIaLKH01TjPGxUdq4k0jzYo2n6u+NEURKDaPQTEage2rem4j/ea1Udy79EYtFqmlMZoc6Kccm7KQS3GaSEs2HhgCRzPwVkx5IINoUVzAluPORF0m9XHLPS2d3p8XKVVZHHh2gI3SCXHSBKugWVVENEfSIntErerOerBfr3fqYjeasbGcf/YH1+QM9eJfF</latexit>

ωv → ε
2
D

<latexit sha1_base64="xxbkJ2VcI4V/adWVY51NDrhZ/ps=">AAACD3icbVDLSgMxFM34tr6qLt0Ei+KqzBRfS1EXLhWsLXTqcCe9bUMzSUgyQin+gRt/xY0LRdy6deffmNYufB0IHM65l5tzUi24dWH4EUxMTk3PzM7NFxYWl5ZXiqtrV1blhmGVKaFMPQWLgkusOu4E1rVByFKBtbR3MvRrN2gsV/LS9TU2M+hI3uYMnJeS4nZseSeDBCmNtVHaKRqD0F1ITmmM2nKh5HWFJsVSWA5HoH9JNCYlMsZ5UnyPW4rlGUrHBFjbiELtmgMwjjOBt4U4t6iB9aCDDU8lZGibg1GeW7rllRZtK+OfdHSkft8YQGZtP0v9ZAaua397Q/E/r5G79mFzwKXOHUr2daidC+pTD8uhLW6QOdH3BJjh/q+UdcEAc77Cgi8h+h35L7mqlKP98t7FbunoeFzHHNkgm2SHROSAHJEzck6qhJE78kCeyHNwHzwGL8Hr1+hEMN5ZJz8QvH0C3hWb7Q==</latexit>

ωe → εDϑ
2

<latexit sha1_base64="duAGv6qUUli1T8oZOcMZms+u3ro=">AAACBHicbVC7SgNBFJ31GeMraplmMAhWYVd8lUEbywjmAckSZid3kyGzs8vMXTEsKWz8FRsLRWz9CDv/xsmj0MQDA4dz7uXOOUEihUHX/XaWlldW19ZzG/nNre2d3cLeft3EqeZQ47GMdTNgBqRQUEOBEpqJBhYFEhrB4HrsN+5BGxGrOxwm4Eesp0QoOEMrdQrFNsIDZiCBo44VNdZA0EL16KhTKLlldwK6SLwZKZEZqp3CV7sb8zQChVwyY1qem6CfMY2CSxjl26mBhPEB60HLUsUiMH42CTGiR1bp0jDW9imkE/X3RsYiY4ZRYCcjhn0z743F/7xWiuGlnwmVpAiKTw+FqaQY03EjtCu0DS+HljCuhf0r5X2mGbc9mLwtwZuPvEjqJ2XvvHx2e1qqXM3qyJEiOSTHxCMXpEJuSJXUCCeP5Jm8kjfnyXlx3p2P6eiSM9s5IH/gfP4AifGYrA==</latexit>

electron scattering
<latexit sha1_base64="vKXWd7JUQ6NrRvz4IcP3eMmj0ns=">AAACBXicbVC7SgNBFJ31GeMraqnFYBCswq74KoM2lhHMA5IQZic3yZDZ2WXmrhiWNDb+io2FIrb+g51/42SzhSYeGDiccy93zvEjKQy67rezsLi0vLKaW8uvb2xubRd2dmsmjDWHKg9lqBs+MyCFgioKlNCINLDAl1D3h9cTv34P2ohQ3eEognbA+kr0BGdopU7hoIXwgAntCg0cKVNKDIRMzTHtFIpuyU1B54mXkSLJUOkUvlrdkMcBKOSSGdP03AjbCdMouIRxvhUbiBgfsj40LVUsANNO0hRjemSVLu2F2j6FNFV/byQsMGYU+HYyYDgws95E/M9rxti7bCdCRTGC4tNDvVhSDOmkkiy7HFnCuBb2r5QPmGYcbXF5W4I3G3me1E5K3nnp7Pa0WL7K6siRfXJIjolHLkiZ3JAKqRJOHskzeSVvzpPz4rw7H9PRBSfb2SN/4Hz+AMCWmL8=</latexit>

direct annihilation
<latexit sha1_base64="l26k5LGM4NgDxdOVBC/qij6EXTE=">AAACBnicbVDLSgNBEJz1GeMr6lGEwSB4Crvi6xj04jGCeUASwuxsJxkyO7vM9IphycmLv+LFgyJe/QZv/o2TZA+aWNBQVHXT3eXHUhh03W9nYXFpeWU1t5Zf39jc2i7s7NZMlGgOVR7JSDd8ZkAKBVUUKKERa2ChL6HuD67Hfv0etBGRusNhDO2Q9ZToCs7QSp3CQQvhAVMDXCYBBJQpJfpCTtwR7RSKbsmdgM4TLyNFkqHSKXy1gognISjkkhnT9NwY2ynTKLiEUb6VGIgZH7AeNC1VLATTTidvjOiRVQLajbQthXSi/p5IWWjMMPRtZ8iwb2a9sfif10ywe9lOhYoTBMWni7qJpBjRcSY0EBo4yqEljGthb6W8zzTjaJPL2xC82ZfnSe2k5J2Xzm5Pi+WrLI4c2SeH5Jh45IKUyQ2pkCrh5JE8k1fy5jw5L8678zFtXXCymT3yB87nD/83mXc=</latexit>

secluded annihilation
<latexit sha1_base64="d9idAqoK4uEYkrLfobAF5ilm6WY="></latexit>

Electron Scattering Direct Annihilation Secluded Annihilation
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<latexit sha1_base64="IPJ0FMBbcLm4sehA9nxRpdXOASI=">AAACDnicbVDLTgIxFO3gC/GFunTTSEhckRnia0nUhUtM5JEwSO6UAg2dtmk7JITwBW78FTcuNMata3f+jeWxUPAkTU7OuTe350SKM2N9/9tLrayurW+kNzNb2zu7e9n9g6qRiSa0QiSXuh6BoZwJWrHMclpXmkIccVqL+tcTvzag2jAp7u1Q0WYMXcE6jIB1UiubDw3rxoAHOFRaKitxCFz1oHWDQ6oM41I8FHErm/ML/hR4mQRzkkNzlFvZr7AtSRJTYQkHYxqBr2xzBNoywuk4EyaGKiB96NKGowJiapqjaZwxzjuljTtSuycsnqq/N0YQGzOMIzcZg+2ZRW8i/uc1Etu5bI6YUImlgswOdRKOXepJN7jNNCWWDx0Bopn7KyY90ECsazDjSggWIy+TarEQnBfO7k5zpat5HWl0hI7RCQrQBSqhW1RGFUTQI3pGr+jNe/JevHfvYzaa8uY7h+gPvM8fNkyblQ==</latexit>

ωv → εDϑ
2

<latexit sha1_base64="WPkSu+8dmH8fhu+jmkUwSc6qZ+M=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUoqXmMFDIxFog+pCdGN67ZWncSynUpV1YWFX2FhACFW/oGNv8FtM0DLkSwdnXOvrs8JBWdKO863lVtaXlldy68XNja3tnfs3b26SlJJaI0kPJHNEBTlLKY1zTSnTSEpRCGnjbB/PfEbAyoVS+J7PRTUj6Absw4joI0U2IeeYt0I8AB7QiZCJ9gDLnoQ3DyUcWAXnZIzBV4kbkaKKEM1sL+8dkLSiMaacFCq5TpC+yOQmhFOxwUvVVQA6UOXtgyNIaLKH01TjPGxUdq4k0jzYo2n6u+NEURKDaPQTEage2rem4j/ea1Udy79EYtFqmlMZoc6Kccm7KQS3GaSEs2HhgCRzPwVkx5IINoUVzAluPORF0m9XHLPS2d3p8XKVVZHHh2gI3SCXHSBKugWVVENEfSIntErerOerBfr3fqYjeasbGcf/YH1+QM9eJfF</latexit>

ωv → ε
2
D

<latexit sha1_base64="xxbkJ2VcI4V/adWVY51NDrhZ/ps=">AAACD3icbVDLSgMxFM34tr6qLt0Ei+KqzBRfS1EXLhWsLXTqcCe9bUMzSUgyQin+gRt/xY0LRdy6deffmNYufB0IHM65l5tzUi24dWH4EUxMTk3PzM7NFxYWl5ZXiqtrV1blhmGVKaFMPQWLgkusOu4E1rVByFKBtbR3MvRrN2gsV/LS9TU2M+hI3uYMnJeS4nZseSeDBCmNtVHaKRqD0F1ITmmM2nKh5HWFJsVSWA5HoH9JNCYlMsZ5UnyPW4rlGUrHBFjbiELtmgMwjjOBt4U4t6iB9aCDDU8lZGibg1GeW7rllRZtK+OfdHSkft8YQGZtP0v9ZAaua397Q/E/r5G79mFzwKXOHUr2daidC+pTD8uhLW6QOdH3BJjh/q+UdcEAc77Cgi8h+h35L7mqlKP98t7FbunoeFzHHNkgm2SHROSAHJEzck6qhJE78kCeyHNwHzwGL8Hr1+hEMN5ZJz8QvH0C3hWb7Q==</latexit>

ωe → εDϑ
2

<latexit sha1_base64="duAGv6qUUli1T8oZOcMZms+u3ro=">AAACBHicbVC7SgNBFJ31GeMraplmMAhWYVd8lUEbywjmAckSZid3kyGzs8vMXTEsKWz8FRsLRWz9CDv/xsmj0MQDA4dz7uXOOUEihUHX/XaWlldW19ZzG/nNre2d3cLeft3EqeZQ47GMdTNgBqRQUEOBEpqJBhYFEhrB4HrsN+5BGxGrOxwm4Eesp0QoOEMrdQrFNsIDZiCBo44VNdZA0EL16KhTKLlldwK6SLwZKZEZqp3CV7sb8zQChVwyY1qem6CfMY2CSxjl26mBhPEB60HLUsUiMH42CTGiR1bp0jDW9imkE/X3RsYiY4ZRYCcjhn0z743F/7xWiuGlnwmVpAiKTw+FqaQY03EjtCu0DS+HljCuhf0r5X2mGbc9mLwtwZuPvEjqJ2XvvHx2e1qqXM3qyJEiOSTHxCMXpEJuSJXUCCeP5Jm8kjfnyXlx3p2P6eiSM9s5IH/gfP4AifGYrA==</latexit>

electron scattering
<latexit sha1_base64="vKXWd7JUQ6NrRvz4IcP3eMmj0ns=">AAACBXicbVC7SgNBFJ31GeMraqnFYBCswq74KoM2lhHMA5IQZic3yZDZ2WXmrhiWNDb+io2FIrb+g51/42SzhSYeGDiccy93zvEjKQy67rezsLi0vLKaW8uvb2xubRd2dmsmjDWHKg9lqBs+MyCFgioKlNCINLDAl1D3h9cTv34P2ohQ3eEognbA+kr0BGdopU7hoIXwgAntCg0cKVNKDIRMzTHtFIpuyU1B54mXkSLJUOkUvlrdkMcBKOSSGdP03AjbCdMouIRxvhUbiBgfsj40LVUsANNO0hRjemSVLu2F2j6FNFV/byQsMGYU+HYyYDgws95E/M9rxti7bCdCRTGC4tNDvVhSDOmkkiy7HFnCuBb2r5QPmGYcbXF5W4I3G3me1E5K3nnp7Pa0WL7K6siRfXJIjolHLkiZ3JAKqRJOHskzeSVvzpPz4rw7H9PRBSfb2SN/4Hz+AMCWmL8=</latexit>
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Electron Scattering Direct Annihilation Secluded Annihilation

FIG. 1. Representative Feynman diagrams that depict the processes studied in this work. Left: dark matter scattering o!
electrons. Middle: DM direct annihilation to SM particles through the kinetic mixing interaction. This process is always
kinematically allowed for DM masses compatible with a thermal freeze out origin. For mω < mA→ , this is the only allowed
annihilation channel and it sets the relic density. Right: In the absence of other interactions, for mω > mA→ , the relic density
is governed by the “secluded” annihilation channel which is independent of the A→-SM coupling ω, so there is no experimental
target. However, the freeze out mechanism is excluded in the this regime for mω < 10 GeV due to CMB limits on energy
injection

all kinematically allowed channels, ωω → f̄f . For DM
masses near the QCD confinement scale, annihilation to
hadronic final states can be modeled [5, 6]

εωω→had = R(s) εωω→µ+µ↑ , R(s) =
εe+e↑→had

εe+e↑→µ+µ↑
, (5)

where the measured R-ratio is given in Ref. [7]. As we
will see below, the viable mass range for freeze out via
direct annihilation is approximately MeV < mω < GeV,
so the total cross section can be written

↑εv↓ =
∑

ε

↑εv↓ωω→ε̄ε + ↑εv↓ωω→had , (6)

where ϑ = e, µ, ϖ and we only include kinematically al-
lowed channels.

Scalar Dark Matter

For complex scalar ω coupled to the A
↑ through

J
µ
ω = i(ω↓

ϱµω ↔ ωϱµω
↓), (7)

in the non-relativistic limit, the cross section for each
annihilation channel is [8]

εvωω↓→f̄f =
8ςφφD↼

2
m

2
ωv

2

3[(4m2
ω ↔ m

2
A)2 + m

2
A→!2

A→ ]
, (8)

where v is the relative velocity between initial state par-
ticles and we have taken the mA→ ↗ mω ↗ mf limit.
Note that this process is p-wave, so the annihilation rate
is sharply suppressed at recombination, so energy injec-
tion into the CMB does not constrain the thermal-relic
cross section [9]. In the non-relativistic limit, the direct

detection cross section o” free particle f is

εf =
16ς↼

2
φφDµ

2
ωf

m
4
A→

, (9)

where µωf is the ω-f reduced mass and we have taken
the mA→ ↗ |↽q | limit, where ↽q is the momentum transfer
to the target.

For mω < 5.3 MeV, the entropy transfer to SM parti-
cles from DM freeze out spoils the successful predictions
of big bang nucleosysnthesis (BBN) [10]

Majorana Dark Matter

If ω is a Majorana fermion coupled to A
↑ its interac-

tions are

J
µ
D =

1

2
A

↑
µω⇀

µ
⇀

5
ω , (10)

and the annihilation cross section is [8]

εvωω→f̄f =
8ςφφD↼

2
m

2
ωv

2

3[(4m2
ω ↔ m

2
A→)2 + m

2
A→!2

A→ ]
, (11)

which is also p-wave and has the same functional form as
(11). The direct detection cross section for scattering o”
electrons at rest is

εe =
8ςφφD↼

2
µ

2
ωe(3m

2
ω + 2mωme + m

2
e)v

2

m
4
A→(mω + me)2

, (12)

where v is the DM velocity.

Yes, but there is exactly one testable model via scattering
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ω̄e →
ε2ϑωµ2

eω

v4
, ε2ϑω ↑ 10→20

Freeze-in couplings are extremely tiny!

Need tiny denominator to compensate 
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mA→ → keV

Only one model allows this limit: millicharged DM (ultralight A’ mediator)
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Can we test stable freeze-in DM?
Yes, but there is exactly one testable model via scattering

DAMIC-M 2503.14617
And we are finally testing it! 



Can we test stable freeze-in DM?

Dark photons are special and decouple at low mass = weak bounds! 

Ciaran O’Hare 

Allows couplings that mediate freeze-in production



Can we test stable freeze-in DM?

Hardy Lasenby 1611.05852

Other mediators are excluded for m < keV for  freeze-in couplings

B-L vector Higgs-mixed scalar 

Freeze-in mechanism still allows  m > keV, but cross sections untestable

GK 1711.11038



Can we test unstable freeze-in DM?

Here we don’t need mediator — just produce one unstable particle! 
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Testing Minimal Freeze-In Dark Matter with Decay and Absorption
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The freeze-in mechanism produces the dark matter (DM) abundance through a feeble sub-Hubble
interaction with the Standard Model. If this interaction is renormalizable and linear in the DM
field, there is a firm relationship between the freeze-in abundance and the DM decay and absorption
rates, yielding sharp experimental targets for discovery or falsification. Since such models are highly
predictive, we find that the minimal “portal” realizations inovlving sterile neutrinos, dark photons,
and Higgs-mixed scalars are all excluded as freeze-in DM candidates. Following a review of the
constraints that exclude these minimal scenarios, we identify three classes of viable predictive dark
matter models whose cosmological abundance is generated via freeze-in. These models include
the photophobic axion, U(1)B vector boson, and an anomaly-free U(1)→ with generation-dependent
quark and lepton couplings. While the cosmologically viable parameter space for the photophobic
axion and U(1)B vector boson models is UV sensitive, for di!erent reasons we explore in detail,
the anomaly-free U(1)→ models with generation-dependent couplings avoid this UV sensitivity. In
these models the dark matter can be populated entirely through IR freeze-in with couplings that
are testable with future experiments.

I. INTRODUCTION

There is overwhelming evidence for the existence of
dark matter (DM) from observations on → kpc ↑ Gpc
scales, spanning nearly the entire four-volume of the ob-
servable universe [1, 2]. Although the particle nature of
DM is not currently known, the consistency of early- and
late-time abundance measurements requires its lifetime
to vastly exceed the present age of the universe. If DM is
unstable and couples to Standard Model (SM) particles,
its rare decay and absorption signatures can o!er insight
into its microscopic properties.

If such metastable DM is produced through the
“freeze-in” mechanism [3–5], there is a natural reason for
its SM couplings to be extremely feeble and yield a long
DM lifetime. In this scenario, DM is initially unpopu-
lated at reheating and slowly acquires its observed abun-
dance through sub-Hubble interactions with SM parti-
cles. Since this mechanism requires the DM production
rate to be out of equilibrium, the necessary couplings are
orders of magnitude smaller than those observed in the
SM. As depicted in Fig. 1, if the same interaction re-
sponsible for freeze-in production also governs decay or
absorption signatures at late times, the DM is expected
to be long-lived and there is a sharp experimental target
for discovery or falsification.

This relationship is especially predictive in models
where DM production involves renormalizable interac-

↑
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†
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‡
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SM

Freeze-in production Late-time decay/absorption

FIG. 1. Schematic cartoon of DM (ω) production through
the freeze-in mechanism (left) and DM decay or absorption
(right). If there are no stabilizing symmetries to protect ω
from decaying, the same interaction responsible for freeze-in
production also governs decay and absorption signatures at
late times; such models predict sharp experimental targets
for discovery or falsification. If the black dot corresponds to
a renormalizable interaction, the production is infrared dom-
inated and the abundance depends approximately only on
model parameters (masses and interaction strengths), with
minimal dependence on ultraviolet physics.

tions, since these dominate at low energies and the re-
sulting abundance is minimally dependent on the un-
known reheat temperature. Furthermore, there is only
a small number of possible renormalizable DM-SM cou-
plings compatible with Lorentz invariance and SM gauge
invariance, so the entire class of such freeze-in models
can be systematically tested with su”cient experimental
sensitivity.

These predictive models contrast sharply with those
in which the DM is exactly stable and must instead be
pair-produced during freeze-in. In this latter case, DM
production through renormalizable interactions requires
a mediator particle to enable the necessary SM interac-
tion. As a result, the couplings responsible for freeze-in
production also enable scattering at terrestrial direct de-
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Same coupling governs production and decay/absorption 
Small coupling is a feature, not a bug since we need long lifetimes



Sterile Neutrino

Original “freeze in” model:  active-sterile neutrino mixing excluded
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FIG. 2. Parameter space for the freeze-in models discussed in Sec. II. In each panel, the parameter space is an e!ective coupling
for each model along the y-axis and the DM mass on the x-axis; the freeze-in target is shown as the solid line, and existing
constraints arising from indirect detection, direct detection, and those associated with warm DM are the shaded regions. The
left panel is dark photon DM with the relic abundance from Ref. [7], the middle panel is for sterile neutrino DM with production
from the Dodelson-Widrow mechanism [3] with the relic target taken from Ref. [8] and the right-panel is where the DM is a
top-philic scalar. We approximate the constraints on warm dark matter as requiring the DM mass to be greater than 2 keV.
However, a detailed study has been done by DES [9] for the case of the sterile neutrino DM and a lepton asymmetry (i.e. the
Shi-Fuller mechanism [10]), which includes the limit where there is not a large lepton asymmetry, and so we draw this constraint
as a shaded band around the relic target line which is important for mω4 → 2 keV. [GK: maybe show the Higgs-mixed scalar
instead of the top-philic scalar? Seems more aligned with the portals theme here][MF: Update color descriptions here and
throughout]

where ω is the kinetic mixing parameter, and F
(→)
µω is the

(dark) electromagnetic field strength tensor. In the mass-
basis, this kinetic-mixing induces a coupling between the
dark photon and electromagnetically-charged SM parti-
cles. As a result, a cosmological freeze-in abundance of
A

→ can be generated via Compton scattering eε → eA
→

and plasmon decay ε
↑

→ A
→, which has been worked

out in Ref. [7]. As shown in Fig. 2, for dark photon
masses mA→ ↭ 100 keV, the decay A

→
→ 3ε is uncon-

strained by observations of the extragalactic gamma ray
background [7, 18]. Regardless, this low-mass freeze-in
parameter space is excluded by recent direct detection
searches for electronic absorption in noble liquid tar-
gets [19].

Anomaly-Free Abelian Vectors. Aside from
kinetically-mixed dark photons, vector DM candidates
may arise in other U(1)→ extensions to the SM, with a
cosmological abundance generated by similar freeze-in
processes. Without additional field content, such mod-
els generically su!er from gauge anomalies. For example,
consider the extensions to the SM that preserve anomaly
cancellation while only requiring, at most, the addition of
right-handed neutrinos. These include new U(1)→ symme-
tries that gauge a combination of SM quantum numbers:
B ↑ L, Li ↑ Lj , or B ↑ 3Li, where B is baryon num-
ber, L is lepton number, and i, j are flavor generation
indices. In principle, the vector boson V associated with
any of these groups could be a DM candidate. However,
while decays to either electrons and photons can be sup-
pressed by considering masses mV < 2me, all of these
anomaly-free gauge groups allow for decays to neutri-
nos. Thus, similar to the generic axion or scalar freeze-in

models, such vector DM candidates decay on too-short
of a timescale to be the DM. However, we explore other
anomaly-free gauge groups for which neutrinos are not
charged in Sec. V

Sterile Neutrino. Lastly, we briefly discuss minimal
freeze-in production of sterile neutrino DM, generated
through oscillations with active neutrinos [3]. As a
fermion, the leading decay channels are instead to three
neutrinos or a photon and a neutrino. Despite both chan-
nels being suppressed by the electroweak scale, the latter
process is highly-constrained by X-ray line searches which
typically report limits on the mixing parameter, sin(2ϑ),
which governs the sterile neutrino to neutrino, photon
decay rate via an operator proportional to ϖ4 ϱ

µω
ϖ Fµω :

” = (9ςG
2

F /2048φ
4) sin2 (2ϑ)m5

ω4
, where ς is the fine

structure constant, GF is the Fermi constant, and mω4
is

the sterile neutrino mass [20, 21]. These X-ray line lim-
its currently exclude the motivated values of the sterile-
active mixing angle for masses well above a keV [8, 9].
This is illustrated explicitly in Fig. 2.

It is worth inquiring if there exist analogous mini-
mal models of fermion DM, where freeze-in processes
are generated through a small mass-mixing with a SM
fermion other than a neutrino. However, since all other
fundamental SM fermions are electrically charged, such
scenarios require either DM candidates with O(1) elec-
tric charge or spontaneous breaking of electromagnetism
itself, both of which are highly-constrained. We thus
conclude that there are no other viable minimal mod-
els where fermion DM is singly-produced through mass-

Decay

Production
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mN [keV]

<latexit sha1_base64="jf3bwxzVcn4OMqCAcZi2EWkOYio=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZDZmeWmV4hhHyEFw+KePV7vPk3TpI9aLSgoajqprsrSqWw6PtfXmFtfWNzq7hd2tnd2z8oHx61rM4M402mpTadiFouheJNFCh5JzWcJpHk7Wh8O/fbj9xYodUDTlIeJnSoRCwYRSe1expFwm2/XPGr/gLkLwlyUoEcjX75szfQLEu4Qiaptd3ATzGcUoOCST4r9TLLU8rGdMi7jirqloTTxbkzcuaUAYm1caWQLNSfE1OaWDtJIteZUBzZVW8u/ud1M4yvw6lQaYZcseWiOJMENZn/TgbCcIZy4ghlRrhbCRtRQxm6hEouhGD15b+kdVENatXa/WWlfpPHUYQTOIVzCOAK6nAHDWgCgzE8wQu8eqn37L1578vWgpfPHMMveB/fiX2PuA==</latexit>→

Can evade bound with additional parameters, but not as predictive 

https://arxiv.org/abs/hep-ph/9303287


Higgs-Mixed Scalar 

For any 2-body decay:   freeze-in couplings = too-short lifetime
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ω
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<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit>ω

<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit>ω

Production

Decay
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h

Generic problem for any spin-0 mediator
Berlin, Fieg, GK, Trickle 2068.xxxxx
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FIG. 2. Parameter space for the freeze-in models discussed in Sec. II. In each panel, the parameter space is an e!ective coupling
for each model along the y-axis and the DM mass on the x-axis; the freeze-in target is shown as the solid line, and existing
constraints arising from indirect detection, direct detection, and those associated with warm DM are the shaded regions. The
left panel is dark photon DM with the relic abundance from Ref. [7], the middle panel is for sterile neutrino DM with production
from the Dodelson-Widrow mechanism [3] with the relic target taken from Ref. [8] and the right-panel is where the DM is a
top-philic scalar. We approximate the constraints on warm dark matter as requiring the DM mass to be greater than 2 keV.
However, a detailed study has been done by DES [9] for the case of the sterile neutrino DM and a lepton asymmetry (i.e. the
Shi-Fuller mechanism [10]), which includes the limit where there is not a large lepton asymmetry, and so we draw this constraint
as a shaded band around the relic target line which is important for mω4 → 2 keV. [GK: maybe show the Higgs-mixed scalar
instead of the top-philic scalar? Seems more aligned with the portals theme here][MF: Update color descriptions here and
throughout]

where ω is the kinetic mixing parameter, and F
(→)
µω is the

(dark) electromagnetic field strength tensor. In the mass-
basis, this kinetic-mixing induces a coupling between the
dark photon and electromagnetically-charged SM parti-
cles. As a result, a cosmological freeze-in abundance of
A

→ can be generated via Compton scattering eε → eA
→

and plasmon decay ε
↑

→ A
→, which has been worked

out in Ref. [7]. As shown in Fig. 2, for dark photon
masses mA→ ↭ 100 keV, the decay A

→
→ 3ε is uncon-

strained by observations of the extragalactic gamma ray
background [7, 18]. Regardless, this low-mass freeze-in
parameter space is excluded by recent direct detection
searches for electronic absorption in noble liquid tar-
gets [19].

Anomaly-Free Abelian Vectors. Aside from
kinetically-mixed dark photons, vector DM candidates
may arise in other U(1)→ extensions to the SM, with a
cosmological abundance generated by similar freeze-in
processes. Without additional field content, such mod-
els generically su!er from gauge anomalies. For example,
consider the extensions to the SM that preserve anomaly
cancellation while only requiring, at most, the addition of
right-handed neutrinos. These include new U(1)→ symme-
tries that gauge a combination of SM quantum numbers:
B ↑ L, Li ↑ Lj , or B ↑ 3Li, where B is baryon num-
ber, L is lepton number, and i, j are flavor generation
indices. In principle, the vector boson V associated with
any of these groups could be a DM candidate. However,
while decays to either electrons and photons can be sup-
pressed by considering masses mV < 2me, all of these
anomaly-free gauge groups allow for decays to neutri-
nos. Thus, similar to the generic axion or scalar freeze-in

models, such vector DM candidates decay on too-short
of a timescale to be the DM. However, we explore other
anomaly-free gauge groups for which neutrinos are not
charged in Sec. V

Sterile Neutrino. Lastly, we briefly discuss minimal
freeze-in production of sterile neutrino DM, generated
through oscillations with active neutrinos [3]. As a
fermion, the leading decay channels are instead to three
neutrinos or a photon and a neutrino. Despite both chan-
nels being suppressed by the electroweak scale, the latter
process is highly-constrained by X-ray line searches which
typically report limits on the mixing parameter, sin(2ϑ),
which governs the sterile neutrino to neutrino, photon
decay rate via an operator proportional to ϖ4 ϱ

µω
ϖ Fµω :

” = (9ςG
2

F /2048φ
4) sin2 (2ϑ)m5

ω4
, where ς is the fine

structure constant, GF is the Fermi constant, and mω4
is

the sterile neutrino mass [20, 21]. These X-ray line lim-
its currently exclude the motivated values of the sterile-
active mixing angle for masses well above a keV [8, 9].
This is illustrated explicitly in Fig. 2.

It is worth inquiring if there exist analogous mini-
mal models of fermion DM, where freeze-in processes
are generated through a small mass-mixing with a SM
fermion other than a neutrino. However, since all other
fundamental SM fermions are electrically charged, such
scenarios require either DM candidates with O(1) elec-
tric charge or spontaneous breaking of electromagnetism
itself, both of which are highly-constrained. We thus
conclude that there are no other viable minimal mod-
els where fermion DM is singly-produced through mass-

Kinetically-Mixed Dark Photon A’

Pospelov, Ritz, Voloshin 0807.3279 Berlin, Fieg, GK, Trickle 2068.xxxxx
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A→
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<latexit sha1_base64="jAsGv+gD+8QIO1ohkWh4/pqVkpo=">AAAB6XicbVDLTgJBEOzFF+IL9ehlIjF6IrvGoEfUi0c08kiAkNlhFibMzm5mek3Ihj/w4kFjvPpH3vwbB9iDgpV0UqnqTneXH0th0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPd8qnhUiheR4GSt2LNaehL3vRHt1O/+cS1EZF6xHHMuyEdKBEIRtFKD9envWLJLbszkGXiZaQEGWq94lenH7Ek5AqZpMa0PTfGbko1Cib5pNBJDI8pG9EBb1uqaMhNN51dOiEnVumTINK2FJKZ+nsipaEx49C3nSHFoVn0puJ/XjvB4KqbChUnyBWbLwoSSTAi07dJX2jOUI4toUwLeythQ6opQxtOwYbgLb68TBrnZa9SrtxflKo3WRx5OIJjOAMPLqEKd1CDOjAI4Ble4c0ZOS/Ou/Mxb8052cwh/IHz+QP2sI0B</latexit>

A→

Production

Decay

Vector can be much longer lived, 
decay to 3 photons

<latexit sha1_base64="+MY1W+/R66hlSle61/ky0X5k02g=">AAACAnicbZC7SgNBFIZn4y3GW9RKbAaDaBV2g0QLi6iNZQRzgWRZZidnkyEzu8vMrBCWYOOr2FgoYutT2Pk2ziYpNPGHgY//nMOZ8/sxZ0rb9reVW1peWV3Lrxc2Nre2d4q7e00VJZJCg0Y8km2fKOAshIZmmkM7lkCEz6HlD2+yeusBpGJReK9HMbiC9EMWMEq0sbziQdqVAg+hOcaXWHjp1UkGFeGBVyzZZXsivAjODEpoprpX/Or2IpoICDXlRKmOY8faTYnUjHIYF7qJgpjQIelDx2BIBCg3nZwwxsfG6eEgkuaFGk/c3xMpEUqNhG86BdEDNV/LzP9qnUQHF27KwjjRENLpoiDhWEc4ywP3mASq+cgAoZKZv2I6IJJQbVIrmBCc+ZMXoVkpO9Vy9e6sVLuexZFHh+gInSIHnaMaukV11EAUPaJn9IrerCfrxXq3PqatOWs2s4/+yPr8AarWlbA=</latexit>

keV < mA→ < 2me



Other Anomaly-Free U(1) Vectors?

Berlin, Fieg, GK, Trickle 2068.xxxxx
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Li → Lj , B → L , B → 3Li . . .

Other anomaly-free option gauge at least one lepton family 

Require at least one kinematically-open neutrino decay channel 
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For freeze-in couplings, Z’ decays too fast to be dark matter

Moral: need anomaly-free leptophobic vector interaction
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FIG. 8. The freeze-in parameter space for the model where
the DM is the vector associated with a spontaneously bro-
ken gauge symmetry that results in some quarks having ax-
ial couplings, as shown in Eq. 21. The blue curve shows the
relic target for reheat temperatures above the top quark mass.
Constraints are shown in gray, similar to Fig. 7. Again, we
assume a kinetic mixing ω = gAV /16ε2.

symmetry is restored [57] and the top quark becomes
massless. For such high temperatures, the WZ interac-
tion (and thus the UV-dependence of the freeze-in tar-
get) vanish. We note, however, that in contrast to the
previous importance of the WZ interactions, they result
in a negligible DM production due to the importance of
heavier fermions.

Using Eq. 23 we calculate the relic abundance for
TRH = mtop which, because the UV-dependence of the
abundance vanishes for larger temperatures, can be taken
as the relic target for TRH → mtop. Because the WZ inter-
actions are negligible compared to production from the
axial component, we can write the required coupling for
freeze-in abundance as

gAV ↑ 10→14

(
mV

keV

)1/2
. (24)

We show the freeze-in parameter space in Fig. V B
where the relic target for the large TRH limit is shown
as the solid line. DM production is peaked at tempera-
tures around the top quark mass, such this model is not
sensitive to the reheat temperature for TRH → mtop. The
constraints are shown in gray, similar to the previous sub-
section, with the exception here that those arising from
FCNC’s are significantly stronger. To compute these con-
straints, we again take the up and down-aligned limits
discussed in Sec. V A as benchmark constraints associ-
ated with D, K ↓ ωV decays. There are also constraints
on gAV associated with the axial coupling, but they are
not stronger than those on the vector coupling for D, K

decays [48].

VI. DISCUSSION

Predictive DM models are highly compelling because
the same couplings that dictate the relic abundance
also determine detectability, establishing clear bench-
mark targets for experimental searches. Freeze-in is an
important production mechanism to consider for predic-
tive DM models since it typically sets the minimum cou-
plings required to yield the observed DM abundance,
defining the most experimentally elusive targets. Bosonic
DM produced via freeze-in is particularly interesting be-
cause the DM models can be rather minimal; requiring
only a single SM-DM coupling to be specified which de-
termines production and absorption or decay signatures
accessible to direct or indirect detection experiments, re-
spectively. The masses of these bosonic DM candidates
must necessarily be larger than ↑ 1 keV (to avoid con-
straints associated with WDM) and below 1 MeV (to
eliminate rapid two-body decays to electrons).

In this work we explored simple models of freeze-in
bosonic DM, paying close attention to models where the
DM production is IR-dominated. These models do not
have their predictive power spoiled by a dependence of
the relic abundance on the unknown SM reheat temper-
ature. While some canonical examples in this class of
models are ruled out by current observations (reviewed
in Sec. II), we use our understanding of the limiting con-
straints to find viable models that have minimal UV-
dependence.
Photophobic Axion (Sec. III): The photophobic

axion (Eq. (5)) has a suppressed photon coupling, which
suppresses its decay to two photons, avoiding the main
limitation associated with generic spin-0 DM candidates.
We find that its production in the early universe is IR-
dominated if the reheat temperature is below about 1
GeV, and UV-dominated otherwise due to the dimension-
five axion-EW boson interactions. Despite the sup-
pressed two photon decay, indirect detection limits from
line searches are still constraining enough to rule out
most IR-dominated production parameter space, with di-
rect detection experiments covering the remaining pa-
rameter space at axion masses around a keV. There-
fore, viable models of a photophobic axion must be UV-
dominated, with open parameter space emerging for re-
heat temperatures ↭ 10 TeV (Fig. 5).
Gauged Baryon Number (Sec. IV): Limits from

photon line searches are naturally avoided if the DM is a
spin-1 particle by the Landau-Yang theorem. Motivated
choices for the spin-1 DM candidate arise from gauging
global symmetries of the SM, and U(1)B emerges nat-
urally due to an avoidance of neutrino decay associated
with gauging symmetries associated with lepton num-
ber. However, because baryon number is not anomaly-
free in the SM, there exist WZ processes, due to inte-
grating out the anomalons, that grow with energy. We
find that similar to the photophobic axion, this model
exhibits IR-dominated freeze-in for reheat temperatures
below 1 GeV, and is UV-dominated otherwise. Although
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Leptophobic Vector 

Preliminary

DM is massive gauve boson of anomaly-free  

Viably decays to 3 photons through induced kinetic mixing 

Production

<latexit sha1_base64="6IEFCPMXj6hqrcGCpWbRrBoFopw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqjPqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kD0YuM9w==</latexit>

h

<latexit sha1_base64="93h1QXRMibvKvzr2HeSFttb4Lgc=">AAAB6XicbVDLTgJBEOzFF+IL9ehlIjF6IrvGoEeiF49o5BGBkNmhFybMzm5mZk3Ihj/w4kFjvPpH3vwbB9iDgpV0UqnqTneXHwuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLV8qlGwSXWDTcCW7FCGvoCm/7oZuo3n1BpHskHM46xG9KB5AFn1Fjp/vG0Vyy5ZXcGsky8jJQgQ61X/Or0I5aEKA0TVOu258amm1JlOBM4KXQSjTFlIzrAtqWShqi76ezSCTmxSp8EkbIlDZmpvydSGmo9Dn3bGVIz1IveVPzPaycmuOqmXMaJQcnmi4JEEBOR6dukzxUyI8aWUKa4vZWwIVWUGRtOwYbgLb68TBrnZa9SrtxdlKrXWRx5OIJjOAMPLqEKt1CDOjAI4Ble4c0ZOS/Ou/Mxb8052cwh/IHz+QMcvI0a</latexit>

Z →

<latexit sha1_base64="93h1QXRMibvKvzr2HeSFttb4Lgc=">AAAB6XicbVDLTgJBEOzFF+IL9ehlIjF6IrvGoEeiF49o5BGBkNmhFybMzm5mZk3Ihj/w4kFjvPpH3vwbB9iDgpV0UqnqTneXHwuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLV8qlGwSXWDTcCW7FCGvoCm/7oZuo3n1BpHskHM46xG9KB5AFn1Fjp/vG0Vyy5ZXcGsky8jJQgQ61X/Or0I5aEKA0TVOu258amm1JlOBM4KXQSjTFlIzrAtqWShqi76ezSCTmxSp8EkbIlDZmpvydSGmo9Dn3bGVIz1IveVPzPaycmuOqmXMaJQcnmi4JEEBOR6dukzxUyI8aWUKa4vZWwIVWUGRtOwYbgLb68TBrnZa9SrtxdlKrXWRx5OIJjOAMPLqEKt1CDOjAI4Ble4c0ZOS/Ou/Mxb8052cwh/IHz+QMcvI0a</latexit>

Z →

<latexit sha1_base64="d6aj63SBGL6GyRMykeLUeTD5N7Q=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ac0oWy2k3bpZhN3N0Ip/RNePCji1b/jzX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCalGwSU2DTcCO6lCGocC2+Hodua3n1BpnsgHM04xiOlA8ogzaqzU8UOqiC+zXrniVt05yCrxclKBHI1e+cvvJyyLURomqNZdz01NMKHKcCZwWvIzjSllIzrArqWSxqiDyfzeKTmzSp9EibIlDZmrvycmNNZ6HIe2M6ZmqJe9mfif181MdB1MuEwzg5ItFkWZICYhs+dJnytkRowtoUxxeythQ6ooMzaikg3BW355lbQuql6tWru/rNRv8jiKcAKncA4eXEEd7qABTWAg4Ble4c15dF6cd+dj0Vpw8plj+APn8we0X4/F</latexit>

ω̄

<latexit sha1_base64="fEYB18708xNLzyXDtxlc6Ix7+eA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00JNpv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBidY3i</latexit>ω

<latexit sha1_base64="fflT8DIRgZ1NzRM/p9XN3nEVhs4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7Ow6M2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tgrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AN8vjQA=</latexit>q
<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit>ω

Decay



Conclusion

Predictive models:

Predictive freeze-out  

Same couplings govern production & detection 

Scalar DM with 1st gen couplings ruled out for all mediators 
Scalar DM with loop-induced 1st gen coupling will be tested 
Fermion DM models require accelerator searches 

Predictive freeze-in

Unstable DM: models ruled out: Higgs-mixing, sterile neutrino, A’
Unstable leptophobic DM: can be viable, within reach of future probes

Stable DM: only testable for millicharge freeze in (or equivalent)
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