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How was dark matter produced?

How can we test it?

When was dark matter produced?
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I. WIMP Warmup 

II.  Thermal Relic DM 

III. Feebly Interacting DM
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Experiment vs WIMPs
Direct

Scott Haselschwardt 25

LZ Preliminary

WS2024+WS2022 Combined Spin Independent Limit 

● Frequentist, 2-sided profile likelihood 
ratio test statistic

● Upper limit is power constrained @ 
-1𝜎 sensitivity band per DM 
conventions: EPJC 81 907 (2021)

● Additional under fluctuation from 
combination with WS2022 

● Combined min cross section:       
𝜎SI= 2.2 x 10-48 cm2 @ 43 GeV/c2

Indirect

Planck Collaboration: Cosmological parameters
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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. 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
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constraint on ⌧ accounts for most of the (small) changes in pa-
rameters determined from the temperature power spectra in this
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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-
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have compared two TT,TE,EE likelihoods that use di↵erent as-
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sistency at the <⇠ 0.5� level. Although the TT,TE,EE likelihoods
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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
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Figure 21: Current (opaque) and projected (transparent) constraints on the axion-photon
coupling. All existing constraints are described in the preceeding sections. The esti-
mated sensitivities of several proposed and in-construction haloscopes are shown including
(from low to high masses, roughly): DANCE [518], ADBC [519], aLIGO [520], SRF cav-
ity [265], WISPLC [521], DM-Radio [239], FLASH [522], ADMX [523], ALPHA [211],
MADMAX [524], ORGAN [525], BRASS [526], BREAD [222], TOORAD [527], and LAM-
POST [220]. We also show projections for IAXO [528] and ALPS-II [529]. Finally, we
have displayed forecasted sensitivity to heavy dark matter ALP decays to X-rays using
eROSITA [530] and THESEUS [531], as well as a projection for a Fermi-LAT observation
of a galactic supernova [425]. Plotting scripts and data available at Ref. [426].
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R also decays through its Higgs couplings, preferentially reheating the VS since mh < mh0 . Hadrons are formed

once the temperature drops below the confinement scale of the strong interactions, with the dark hadrons being O(1)

heavier than their visible partners due to ⇤0
QCD > ⇤QCD. As discussed in the introduction, this mostly comes from

detunings in the strong couplings ↵0
s
and ↵s at the fundamental UV scale. In addition, as was previosuly stated, we

take y
0
d
< y

0
u
; the end result of the (dark) baryon asymmetry and hadron-antihadron annihilations is therefore the

usual proton-dominated ordinary matter density, as well as dark-neutron dark matter. Finally, as we will show later,

BBN occurs as usual in the VS, but fails to take place in the dark sector, leaving DM predominantly in the form of

individual dark neutrons.

Reheaton
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Figure 3. Sketch of the thermal history of our model, as a function of the scale factor a(t). While the visible and dark sector

densities (solid yellow and dashed purple lines, respectively) are the same, the (dark) baryon parents �(0) undergo thermal

freezeout via annihilations into (dark) Higgses (see diagram), resulting in identical abundances due to their Z2-replicated

couplings and masses. Some time after that, baryon-number washout processes shut o↵. Later, the relic �(0) particles undergo

⇢B,��CP decays in the manner of WIMP baryogenesis through the Feynman diagrams shown. At some point around this time

the era of reheaton domination begins, during which the reheaton R preferentially decays into SM Higgses, due to the mass

hierarchy 2mh < mR < 2mh0 . Once this asymmetric reheating is completed, the VS dominates over the DS. Also around this

time, (dark) confinement and hadron formation occur. The order in which (dark) baryogenesis, asymmetric reheating, and

(dark) confinement take place is not important, as long as asymmetric reheating occurs after the onset of reheaton domination.

After the VS has been reheated, and outside of the range of this figure, the remaining (dark) baryon-symmetric components

annihilate or decay away, leaving only trace relics; and (dark) neutrino decoupling occurs, with BBN occurring shortly after.

As we discuss in Sec. III E, dark BBN does not take place.

9

Figure 2. Sketch of the field content of our model. The visible and dark sectors are represented in red and blue, respectively.

The VS (DS) contains the SM(0), as well as the S(0), �(0),  (0), and �(0) fields, necessary for (dark) WIMP Baryogenesis. The

reheaton R, responsible for the asymmetrical reheating of the VS, bridges both sectors. With the exception of �(0), which is a

scalar diquark and is thus charged under the (dark) strong and hypercharge interactions, all these new fields are singlets under

the SM(0) gauge forces.

can be long-lived: decays out of equilibrium are necessary both for �
(0) to trigger baryogenesis, and for the visible

and dark R decay products to not thermally equilibrate with each other and thus avoid �Ne↵ bounds. This can

be achieved within the fundamental UV extra-dimensional framework given in the introduction, where all the new

visible and dark fields needed for baryogenesis can be taken to be localized at the right-hand Z2-symmetric boundary;

see Fig. 1. In this way they readily can have O(1) Z2-symmetric couplings among themselves and to the Higgses

and tops of the two sectors. The reheaton, however, is taken to be peaked towards the Z2-breaking boundary. Since

there is only one Z2-singlet reheaton, its couplings �R and �
0
R

to the H and H
0 Higgses will be identical and small,

suppressed by the tiny overlap of the reheaton’s bulk profile with the Z2 boundary where the Higgses are located. The

very small "(0) (coupling fields all localized on the same boundary) are technically natural and will therefore remain

small under renormalization. We will show in Sec. IVB how such tiny couplings can be fully natural from symmetry

considerations when we extend our model with a gauged B � L symmetry.

A sketch of the thermal history that results from Eqs. (4) and (5) is shown in Fig. 3. We assume that at early times

all particles are at high-temperature equilibrium through interactions mediated by additional, very heavy fields. As

the Universe cools, the visible and dark sectors and the reheaton all decouple from each other, but with the same

initial temperature. Having set this initial condition, these heavy fields are no longer relevant and play no further role

in our story. As the Universe continues to expand, the (dark) baryon parents �
(0) undergo non-relativistic thermal

freezeout through their annihilations into (dark) Higgses. As we will see explicitly in the next section, the approximate

Z2 symmetry relating the visible and dark sectors is enough to guarantee very similar �
(0) relic abundances. Some

time after freezeout these parents decay in a CP - and baryon number-violating way (��CP and ��B, respectively) à la

WIMP baryogenesis, via the first three terms of Vvs and Vds, also in an identical manner. Eventually the reheaton

Asymmetric Dark Matter

Bodas, Buen-Abad, Hook, Sundrum, 2401.12286
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• forbidden
• semiannihilations
• SIMP
• coannihilations
• coscattering
• inverse decay
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Freeze-In

Hall, Jedamzik, March-Russell, West, 0911.1120

¥

,

"

eq
¥

, ,

eq

<latexit sha1_base64="246xR8G6BWPZezxKKeoZr7l45eI=">AAACLHicbVDLSsNAFJ3UV62vqEs3wSK4KokUdVl047JCW4UmhMn0pg5OHszclJaQvV/TrX6IGxG3/oA/4LTNQqsHLhzOfR1OkAqu0LbfjMrK6tr6RnWztrW9s7tn7h/0VJJJBl2WiETeB1SB4DF0kaOA+1QCjQIBd8Hj9ax/NwKpeBJ3cJKCF9FhzEPOKGrJN4/dUFKWuwhjnF/LA5FBkUe+mypeFHmn8M263bDnsP4SpyR1UqLtm1/uIGFZBDEyQZXqO3aKXk4lciagqJ24mYKUskc6hL6mMY1Aefn8fWGdaGVghYnUFaM1V2s/NnIaKTWJAj0ZUXxQy72Z+F+vn2F46eU8TjOEmC0ehZmwMLFmyVgDLoGhmGhCmeTarMUeqE4HdX6/Lg1GPFWl6/HCdk2n5Cxn8pf0zhrOeaN526y3rsq8quSIHJNT4pAL0iI3pE26hJEnMiXP5MWYGq/Gu/GxGK0Y5c4h+QXj8xuqoKp7</latexit>m 

T

<latexit sha1_base64="rIpF9zw7ahlsPfnQRnmJOjmN4I0=">AAACInicbVDLSsNAFJ34tr6qbgQ3g6XgqiRS1GXRjUsF64O2hMnkth06eTBzI5YQv6Zb/RB34krwL/wBp2kWtvXAhcO5r8PxYik02vaXtbC4tLyyurZe2tjc2t4p7+7d6ShRHJo8kpF68JgGKUJookAJD7ECFngS7r3B5bh//wRKiyi8xWEMnYD1QtEVnKGR3PJBG+EZ8zupAj9LH90274uMuuWKXbNz0HniFKRCCly75Z+2H/EkgBC5ZFq3HDvGTsoUCi4hK1XbiYaY8QHrQcvQkAWgO2n+OqNVo/i0GylTIdJcLf3ZSFmg9TDwzGTAsK9ne2Pxv14rwe55JxVhnCCEfPKom0iKER3nQX2hgKMcGsK4EsYs5X2mGEeT2tQl/0nEunD9PLFdMik5s5nMk7uTmnNaq9/UK42LIq81ckiOyDFxyBlpkCtyTZqEkxcyIq/kzRpZ79aH9TkZXbCKnX0yBev7F/+zpWI=</latexit>

Y�

~1

<latexit sha1_base64="hrU9gWIJuTp9p1TP2DouF2Mo0bw="></latexit>

ṅ� + 3Hn� = (neq
 )2 h�vi

sensitive to initial condition:

¥

^---_
,

"

"

":÷⇐
<latexit sha1_base64="toHBqjQ3pklDvjoqfIp440YhGrs="></latexit>

Y� = Y FI
� + Y 0

�

<latexit sha1_base64="hAQN3xR59yZik25p0/rZLny5Vcg=">AAACI3icbVC7TgJBFJ31ifhatTI2GwmJFdk1RC2JNpaYyMMAktnZC0yYfWTmLoFsiF9Dqx9iZ2ws/Ap/wAG2EPAkNzk593Vy3Ehwhbb9Zaytb2xubWd2srt7+weH5tFxVYWxZFBhoQhl3aUKBA+gghwF1CMJ1HcF1Nz+3bRfG4BUPAwecRRBy6fdgHc4o6iltnnaRBji7E4iwRsnT+0m6/Fne9w2c3bBnsFaJU5KciRFuW3+NL2QxT4EyARVquHYEbYSKpEzAeNsvhkriCjr0y40NA2oD6qVzH6PrbxWPKsTSl0BWjM1+2cjob5SI9/Vkz7FnlruTcX/eo0YOzethAdRjBCw+aNOLCwMrWkglsclMBQjTSiTXJu1WI9KylDHtnDJG/BIpa6Hc9tZnZKznMkqqV4WnKtC8aGYK92meWXIGTknF8Qh16RE7kmZVAgjL2RCXsmbMTHejQ/jcz66ZqQ7J2QBxvcv45+l2g==</latexit>

Y 0
�

https://arxiv.org/abs/0911.1120


IR vs. UV Freeze-In

·
-
-

↑

↑-
-
T Tos mir + -

Y-x

SM

*
*⑧-

<latexit sha1_base64="m0SmWTTM/OXK2osjmDcdrH7uBzs="></latexit>

�

H
⇠ Mpl

⇤2(d�4)
T

2(d�4)�1

<latexit sha1_base64="dt6s1+dgfHfOVVrSLTLcf4WUGJo=">AAACH3icbVDLSsNAFJ3UV42vqLhyEywFVyWR+lhJ0Y3LCvYBbSiTybQdOnkwc1NaQj6mW/0Qd+K23+EPOE2zsK0HLhzOfR2OG3EmwbLmWmFre2d3r7ivHxweHZ8Yp2dNGcaC0AYJeSjaLpaUs4A2gAGn7UhQ7LucttzR86LfGlMhWRi8wTSijo8HAeszgkFJPeOiC3QC2Z2kzmM/TbzHatozSlbFymBuEjsnJZSj3jN+ul5IYp8GQDiWsmNbETgJFsAIp6le7saSRpiM8IB2FA2wT6WTZH9Ts6wUz+yHQlUAZqbqfzYS7Es59V016WMYyvXeQvyv14mh/+AkLIhioAFZPurH3ITQXIRhekxQAnyqCCaCKbMmGWKBCajIVi55YxbJ3PVkaVtXKdnrmWyS5k3FvqvcvlZLtac8ryK6RFfoGtnoHtXQC6qjBiIoQTP0jj60mfapfWnfy9GClu+coxVo81+BT6QW</latexit>

d > 4

<latexit sha1_base64="dt6s1+dgfHfOVVrSLTLcf4WUGJo=">AAACH3icbVDLSsNAFJ3UV42vqLhyEywFVyWR+lhJ0Y3LCvYBbSiTybQdOnkwc1NaQj6mW/0Qd+K23+EPOE2zsK0HLhzOfR2OG3EmwbLmWmFre2d3r7ivHxweHZ8Yp2dNGcaC0AYJeSjaLpaUs4A2gAGn7UhQ7LucttzR86LfGlMhWRi8wTSijo8HAeszgkFJPeOiC3QC2Z2kzmM/TbzHatozSlbFymBuEjsnJZSj3jN+ul5IYp8GQDiWsmNbETgJFsAIp6le7saSRpiM8IB2FA2wT6WTZH9Ts6wUz+yHQlUAZqbqfzYS7Es59V016WMYyvXeQvyv14mh/+AkLIhioAFZPurH3ITQXIRhekxQAnyqCCaCKbMmGWKBCajIVi55YxbJ3PVkaVtXKdnrmWyS5k3FvqvcvlZLtac8ryK6RFfoGtnoHtXQC6qjBiIoQTP0jj60mfapfWnfy9GClu+coxVo81+BT6QW</latexit>

d > 4

<latexit sha1_base64="CEutNNONqTKsotV2eMEcQcnIbG0=">AAACInicbVBLSwJRGL3T0+xltQnaXBKhlcxEr6XUpqVBmqAid+586sU7D+79JpTBfo3b+iHtolXQv+gPdB1nkdqBDw7nex2OG0mh0ba/rJXVtfWNzdxWfntnd2+/cHBY12GsONR4KEPVcJkGKQKooUAJjUgB810JT+7gbtp/egalRRg84iiCts96gegKztBIncJxC2GI6Z3ElTGME68lgV6MO4WiXbZT0GXiZKRIMlQ7hZ+WF/LYhwC5ZFo3HTvCdsIUCi5hnC+1Yg0R4wPWg6ahAfNBt5P09ZiWjOLRbqhMBUhTNf9nI2G+1iPfNZM+w75e7E3F/3rNGLs37UQEUYwQ8NmjbiwphnSaB/WEAo5yZAjjShizlPeZYhxNanOXvGcR6cz1cGY7b1JyFjNZJvXzsnNVvny4KFZus7xy5ISckjPikGtSIfekSmqEkxcyIa/kzZpY79aH9TkbXbGynSMyB+v7F9uSpU0=</latexit>

d  4
<latexit sha1_base64="CEutNNONqTKsotV2eMEcQcnIbG0=">AAACInicbVBLSwJRGL3T0+xltQnaXBKhlcxEr6XUpqVBmqAid+586sU7D+79JpTBfo3b+iHtolXQv+gPdB1nkdqBDw7nex2OG0mh0ba/rJXVtfWNzdxWfntnd2+/cHBY12GsONR4KEPVcJkGKQKooUAJjUgB810JT+7gbtp/egalRRg84iiCts96gegKztBIncJxC2GI6Z3ElTGME68lgV6MO4WiXbZT0GXiZKRIMlQ7hZ+WF/LYhwC5ZFo3HTvCdsIUCi5hnC+1Yg0R4wPWg6ahAfNBt5P09ZiWjOLRbqhMBUhTNf9nI2G+1iPfNZM+w75e7E3F/3rNGLs37UQEUYwQ8NmjbiwphnSaB/WEAo5yZAjjShizlPeZYhxNanOXvGcR6cz1cGY7b1JyFjNZJvXzsnNVvny4KFZus7xy5ISckjPikGtSIfekSmqEkxcyIa/kzZpY79aH9TkbXbGynSMyB+v7F9uSpU0=</latexit>

d  4

UV
UV

IR IR

<latexit sha1_base64="3xaR5EVnRXC3WjpgrrpTscBn9RE=">AAACG3icbVDLSsNAFJ3UV62vVJduBkvBVUnE10YounFnBfuANJTJZNIOnUzCzKRaQj+lW/0Qd+LWhd/hDzhps7CtBwYO59x753C8mFGpLOvbKKytb2xuFbdLO7t7+wdm+bAlo0Rg0sQRi0THQ5IwyklTUcVIJxYEhR4jbW94l/ntERGSRvxJjWPihqjPaUAxUlrqmWWnGyI1wIilDxMX3kC/Z1asmjUDXCV2TiogR6Nn/nT9CCch4QozJKVjW7FyUyQUxYxMStVuIkmM8BD1iaMpRyGRbjrLPoFVrfgwiIR+XMGZWvqzkaJQynHo6cksqFz2MvE/z0lUcO2mlMeJIhzPPwoSBlUEsyKgTwXBio01QVhQHRbiARIIK13XwiV/RGOZp36Zxy7pluzlTlZJ66xmX9YuHs8r9du8ryI4BifgFNjgCtTBPWiAJsDgGUzBK3gzpsa78WF8zkcLRr5zBBZgfP0ClHOhYA==</latexit>

[O] = d UV-dominated:
<latexit sha1_base64="dt6s1+dgfHfOVVrSLTLcf4WUGJo=">AAACH3icbVDLSsNAFJ3UV42vqLhyEywFVyWR+lhJ0Y3LCvYBbSiTybQdOnkwc1NaQj6mW/0Qd+K23+EPOE2zsK0HLhzOfR2OG3EmwbLmWmFre2d3r7ivHxweHZ8Yp2dNGcaC0AYJeSjaLpaUs4A2gAGn7UhQ7LucttzR86LfGlMhWRi8wTSijo8HAeszgkFJPeOiC3QC2Z2kzmM/TbzHatozSlbFymBuEjsnJZSj3jN+ul5IYp8GQDiWsmNbETgJFsAIp6le7saSRpiM8IB2FA2wT6WTZH9Ts6wUz+yHQlUAZqbqfzYS7Es59V016WMYyvXeQvyv14mh/+AkLIhioAFZPurH3ITQXIRhekxQAnyqCCaCKbMmGWKBCajIVi55YxbJ3PVkaVtXKdnrmWyS5k3FvqvcvlZLtac8ryK6RFfoGtnoHtXQC6qjBiIoQTP0jj60mfapfWnfy9GClu+coxVo81+BT6QW</latexit>

d > 4 ex) 4-Fermi

IR-dominated:
<latexit sha1_base64="CEutNNONqTKsotV2eMEcQcnIbG0=">AAACInicbVBLSwJRGL3T0+xltQnaXBKhlcxEr6XUpqVBmqAid+586sU7D+79JpTBfo3b+iHtolXQv+gPdB1nkdqBDw7nex2OG0mh0ba/rJXVtfWNzdxWfntnd2+/cHBY12GsONR4KEPVcJkGKQKooUAJjUgB810JT+7gbtp/egalRRg84iiCts96gegKztBIncJxC2GI6Z3ElTGME68lgV6MO4WiXbZT0GXiZKRIMlQ7hZ+WF/LYhwC5ZFo3HTvCdsIUCi5hnC+1Yg0R4wPWg6ahAfNBt5P09ZiWjOLRbqhMBUhTNf9nI2G+1iPfNZM+w75e7E3F/3rNGLs37UQEUYwQ8NmjbiwphnSaB/WEAo5yZAjjShizlPeZYhxNanOXvGcR6cz1cGY7b1JyFjNZJvXzsnNVvny4KFZus7xy5ISckjPikGtSIfekSmqEkxcyIa/kzZpY79aH9TkbXbGynSMyB+v7F9uSpU0=</latexit>

d  4 ex) Yukawa

reheating



<latexit sha1_base64="1tB90cUqusvJVbXVcHg9KV01rj8=">AAACCXicbVDLTgIxFL2DL8QX6tJNIyFxRWaMQZdENy4h4ZXAhHQ6HWjodCZth0gmfAFb/RB3xq1f4Xf4AxaYhYAnaXJyzr3t6fFizpS27W8rt7O7t3+QPywcHZ+cnhXPL9oqSiShLRLxSHY9rChngrY005x2Y0lx6HHa8cZPC78zoVKxSDT1NKZuiIeCBYxgbaRGc1As2RV7CbRNnIyUIEN9UPzp+xFJQio04VipnmPH2k2x1IxwOiuU+4miMSZjPKQ9QwUOqXLTZdIZKhvFR0EkzREaLdXCn40Uh0pNQ89MhliP1Ka3EP/zeokOHtyUiTjRVJDVQ0HCkY7Q4tvIZ5ISzaeGYCKZCYvICEtMtCln7SZ/wmKVpX5ZxS6YlpzNTrZJ+7biVCvVxl2p9pj1lYcruIYbcOAeavAMdWgBAQpzeIU3a269Wx/W52o0Z2U7l7AG6+sXGjmazg==</latexit>

T

<latexit sha1_base64="UFD2E69Ni3geWwBRcEz8C/ZhXIM=">AAACC3icbVDLTgIxFL3jE/GFunTTSEhckRlj0CXRjUtUXglMSKfTgYZOZ9J2iGTCJ7DVD3Fn3PoRfoc/YIFZCHiSJifn3NueHi/mTGnb/rY2Nre2d3Zze/n9g8Oj48LJaVNFiSS0QSIeybaHFeVM0IZmmtN2LCkOPU5b3vB+5rdGVCoWiboex9QNcV+wgBGsjfRc7z31CkW7bM+B1omTkSJkqPUKP10/IklIhSYcK9Vx7Fi7KZaaEU4n+VI3UTTGZIj7tGOowCFVbjrPOkElo/goiKQ5QqO5mv+zkeJQqXHomckQ64Fa9Wbif14n0cGtmzIRJ5oKsngoSDjSEZp9HPlMUqL52BBMJDNhERlgiYk29Szd5I9YrLLUL4vYedOSs9rJOmlelZ1KufJ4XazeZX3l4Bwu4BIcuIEqPEANGkCgD1N4hTdrar1bH9bnYnTDynbOYAnW1y+IcJuT</latexit>

TR
<latexit sha1_base64="T0MVlyrMAi7UlxsOf/3X9FrsTxs=">AAACDnicbVDLTgIxFL3jE8cX6tLNRELiiswYgy6JbnSHRh4JTEinU6DSdiZth0gm/ANb/RB3xq2/4Hf4AxaYhYAnaXJyzr3t6QliRpV23W9rbX1jc2s7t2Pv7u0fHOaPjusqSiQmNRyxSDYDpAijgtQ01Yw0Y0kQDxhpBIPbqd8YEqloJJ70KCY+Rz1BuxQjbaQ676T3j+NOvuCW3BmcVeJlpAAZqp38TzuMcMKJ0JghpVqeG2s/RVJTzMjYLrYTRWKEB6hHWoYKxIny01ncsVM0Suh0I2mO0M5Mtf9spIgrNeKBmeRI99WyNxX/81qJ7l77KRVxoonA84e6CXN05Ez/7oRUEqzZyBCEJTVhHdxHEmFtGlq4KRzSWGWpX+axbdOSt9zJKqlflLxyqfxwWajcZH3l4BTO4Bw8uIIK3EEVaoDhGSbwCm/WxHq3PqzP+eiale2cwAKsr181q50L</latexit>mIR

<latexit sha1_base64="UdbIyCmXib9TPAAXfi/t7LWmch4=">AAACIXicbVDNTgIxGOziH+If6sGDl0ZCgheyawx6JOqBiwkm/CVANt1ugYZ2t2m7BLLhabjqg3gz3oyP4QtYYA8CTtJkMvN97XQ8wajStv1lpba2d3b30vuZg8Oj45Ps6VlDhZHEpI5DFsqWhxRhNCB1TTUjLSEJ4h4jTW/4OPebIyIVDYOangjS5agf0B7FSBvJzV5UYAcJIcMx5G7ckRw+PU8LtWs3m7OL9gJwkzgJyYEEVTf70/FDHHESaMyQUm3HFrobI6kpZmSayXciRQTCQ9QnbUMDxInqxosfTGHeKD7shdKcQMOFmvmzESOu1IR7ZpIjPVDr3lz8z2tHunffjWkgIk0CvHyoFzGoQzivA/pUEqzZxBCEJTVhIR4gibA2pa3c5I+oUEnq8TJ2xrTkrHeySRo3RadULL3c5soPSV9pcAmuQAE44A6UQQVUQR1gMAUz8ArerJn1bn1Yn8vRlJXsnIMVWN+/dWmjWg==</latexit>

H ⇡ mDM(T )
<latexit sha1_base64="WgkPwSOS8gxfihStY8mD0lP96O4=">AAACEnicbVDLTgIxFL3jE8cX6tJNIyFxRWaMQZdEXbgxwUQeEQjplAINbWfSdohkwl+w1Q9xZ9z6A36HP2CBWQh4kiYn59zbnp4g4kwbz/t21tY3Nre2Mzvu7t7+wWH26Liqw1gRWiEhD1U9wJpyJmnFMMNpPVIUi4DTWjC4nfq1IVWahfLJjCLaErgnWZcRbKz0LNpJUwl09zBuZ3NewZsBrRI/JTlIUW5nf5qdkMSCSkM41rrhe5FpJVgZRjgdu/lmrGmEyQD3aMNSiQXVrWQWeYzyVumgbqjskQbNVPfPRoKF1iMR2EmBTV8ve1PxP68Rm+51K2Eyig2VZP5QN+bIhGj6f9RhihLDR5ZgopgNi0gfK0yMbWnhps6QRTpN/TKP7dqW/OVOVkn1ouAXC8XHy1zpJu0rA6dwBufgwxWU4B7KUAECEibwCm/OxHl3PpzP+eiak+6cwAKcr1//yZ6E</latexit>mDM

freeze-in axion UV freeze-in

When was Dark Matter Produced?

thermal relic
<latexit sha1_base64="A/e3gDrg9JvB+us0+RF56LKdmds=">AAACJXicbVDLSsNAFJ3UV62vqEs3g0VwVRIp1WXRjcsK1hbaUiaT2zo4mYSZm9ISuvBrutUPcSeCKz/CH3DaZuHrwIXDua/DCRIpDHreu1NYWV1b3yhulra2d3b33P2DOxOnmkOTxzLW7YAZkEJBEwVKaCcaWBRIaAUPV/N+awTaiFjd4iSBXsSGSgwEZ2ilvnvURRjj4k4Wa6aGMM1C2pVAq9O+W/Yq3gL0L/FzUiY5Gn33sxvGPI1AIZfMmI7vJdjLmEbBJUxLJ93UQML4AxtCx1LFIjC9bPF9Sk+sEtJBrG0ppAu19G0jY5ExkyiwkxHDe/O7Nxf/63VSHFz0MqGSFEHx5aNBKinGdB4JDYUGjnJiCeNaWLOU3zPNONrgflwKRyIxuevx0nbJpuT/zuQvuTur+LVK7aZarl/meRXJETkmp8Qn56ROrkmDNAknj2RGnsizM3NenFfnbTlacPKdQ/IDzscX+2WmYA==</latexit>

d  4
<latexit sha1_base64="x5qfKnVAQ3RDXsaWr0D+Mm5OO0M=">AAACKHicbVDLSgMxFM34tr6qLgUJloKrMiNFXUlRUJcKthXaUjKZ2zY0kxmSO9IydOfXuNUPcSdu/QV/wLSdhbYeCBzOuffmcPxYCoOu++ksLC4tr6yurec2Nre2d/K7ezUTJZpDlUcy0o8+MyCFgioKlPAYa2ChL6Hu96/Gfv0JtBGResBhDK2QdZXoCM7QSu38YRNhgJM76XWkweCNBlCjNKAXtDxq5wtuyZ2AzhMvIwWS4a6d/24GEU9CUMglM6bhuTG2UqZRcAmjXLGZGIgZ77MuNCxVLATTSicBRrRolYB2Im2fQjpRc782UhYaMwx9Oxky7JlZbyz+5zUS7Jy3UqHiBEHx6UedRFKM6LgVGggNHOXQEsa1sGEp7zHNONru/lwKnkRsstSDaeycbcmb7WSe1E5K3mnp9L5cqFxmfa2RA3JEjolHzkiF3JI7UiWcPJMX8krenBfn3flwPqejC062s0/+wPn6ASXhp3c=</latexit>

d > 4



Nonthermal DM from EFT
Y-x

SM

*
*⑧-

<latexit sha1_base64="rRgp4xJ94XbAkikrpmT8ZCgWucA=">AAACK3icbVC7TsMwFHV4lvAKMLIYqkosVAmqCmMFCwMSRaIPqSmV4zitVech26moosx8TVf4ECYQK1/AD+C0GWjLkSwdnXOvfXyciFEhTfNDW1ldW9/YLGzp2zu7e/vGwWFThDHHpIFDFvK2gwRhNCANSSUj7YgT5DuMtJzhTea3RoQLGgaPchyRro/6AfUoRlJJPePE9jjCie0jOcCIJfdpmth3at9FT4l7XknTnlE0y+YUcJlYOSmCHPWe8WO7IY59EkjMkBAdy4xkN0FcUsxIqpfsWJAI4SHqk46iAfKJ6CbTv6SwpBQXeiFXJ5Bwqup/NhLkCzH2HTWZZRaLXib+53Vi6V11ExpEsSQBnj3kxQzKEGbFQJdygiUbK4IwpyosxAOkypGqvrmb3BGNRJ76eRZbVy1Zi50sk+ZF2aqWqw+VYu0676sAjsEpOAMWuAQ1cAvqoAEweAET8AretIn2rn1qX7PRFS3fOQJz0L5/ARogqQg=</latexit>

O

⇤d�4

<latexit sha1_base64="UvT5p9PDjsH3DUubzuPd0pgqFD0=">AAACDXicbVDLTgIxFL2DLxxfqEs3jYTEFZkxBF0ZohuXmDhAAhPS6XSgofNI2yGSCd/AVj/EnXHrN/gd/oAFZiHgSZqcnHNve3q8hDOpLOvbKGxt7+zuFffNg8Oj45PS6VlLxqkg1CExj0XHw5JyFlFHMcVpJxEUhx6nbW/0MPfbYyoki6NnNUmoG+JBxAJGsNKS46M7VOuXylbVWgBtEjsnZcjR7Jd+en5M0pBGinAsZde2EuVmWChGOJ2alV4qaYLJCA9oV9MIh1S62SLtFFW04qMgFvpECi1U889GhkMpJ6GnJ0OshnLdm4v/ed1UBbduxqIkVTQiy4eClCMVo/nXkc8EJYpPNMFEMB0WkSEWmChd0MpN/pglMk/9soxt6pbs9U42Seu6ater9adauXGf91WEC7iEK7DhBhrwCE1wgACDGbzCmzEz3o0P43M5WjDynXNYgfH1C+/+m7g=</latexit>

d > 4

<latexit sha1_base64="kcFdlG4KHK9Wb3S7f8Zk/TXgS5U=">AAACHnicbVDLTsJAFJ3iC/FVHzs3jYTEFWmNQZdENy7RAJIAIdPpBSZMH5m5JWDDv7DVD3Fn3Op3+AMO0IWAJ7nJybmvk+NGgiu07W8js7G5tb2T3c3t7R8cHpnHJ3UVxpJBjYUilA2XKhA8gBpyFNCIJFDfFfDsDu5n/echSMXDoIrjCNo+7QW8yxlFLXXMsxbCCOd3EgneJKl2niYdM28X7TmsdeKkJE9SVDrmT8sLWexDgExQpZqOHWE7oRI5EzDJFVqxgoiyAe1BU9OA+qDayfztxCpoxbO6odQVoDVXc382EuorNfZdPelT7KvV3kz8r9eMsXvbTngQxQgBWzzqxsLC0JplYXlcAkMx1oQyybVZi/WppAx1YkuXvCGPVOp6tLCd0yk5q5msk/pV0SkVS4/X+fJdmleWnJMLckkcckPK5IFUSI0w8kKm5JW8GVPj3fgwPhejGSPdOSVLML5+Af7zo9k=</latexit>

TR

<latexit sha1_base64="EraW+NX2w8HuD835c2vBrzbFWrI=">AAACD3icbVBLTsMwFHzhW8KvwJKNRVWJVZUgVFhWsGHBokj0I7VR5ThOa9VxItupqKIeols4CDvEliNwDi6A22ZBW0ayNJp5zx6Pn3CmtON8WxubW9s7u4U9e//g8Oi4eHLaVHEqCW2QmMey7WNFORO0oZnmtJ1IiiOf05Y/vJ/5rRGVisXiWY8T6kW4L1jICNZGanUfzWiAe8WSU3HmQOvEzUkJctR7xZ9uEJM0okITjpXquE6ivQxLzQinE7vcTRVNMBniPu0YKnBElZfN805Q2SgBCmNpjtBortp/NjIcKTWOfDMZYT1Qq95M/M/rpDq89TImklRTQRYPhSlHOkazz6OASUo0HxuCiWQmLCIDLDHRpqKlm4IRS1Se+mUR2zYtuaudrJPmVcWtVqpP16XaXd5XAc7hAi7BhRuowQPUoQEEhjCFV3izpta79WF9LkY3rHznDJZgff0CwlWdUw==</latexit>

⇤

<latexit sha1_base64="1tB90cUqusvJVbXVcHg9KV01rj8=">AAACCXicbVDLTgIxFL2DL8QX6tJNIyFxRWaMQZdENy4h4ZXAhHQ6HWjodCZth0gmfAFb/RB3xq1f4Xf4AxaYhYAnaXJyzr3t6fFizpS27W8rt7O7t3+QPywcHZ+cnhXPL9oqSiShLRLxSHY9rChngrY005x2Y0lx6HHa8cZPC78zoVKxSDT1NKZuiIeCBYxgbaRGc1As2RV7CbRNnIyUIEN9UPzp+xFJQio04VipnmPH2k2x1IxwOiuU+4miMSZjPKQ9QwUOqXLTZdIZKhvFR0EkzREaLdXCn40Uh0pNQ89MhliP1Ka3EP/zeokOHtyUiTjRVJDVQ0HCkY7Q4tvIZ5ISzaeGYCKZCYvICEtMtCln7SZ/wmKVpX5ZxS6YlpzNTrZJ+7biVCvVxl2p9pj1lYcruIYbcOAeavAMdWgBAQpzeIU3a269Wx/W52o0Z2U7l7AG6+sXGjmazg==</latexit>

T
DM production

(sensitive to 
reheating dynamics)

<latexit sha1_base64="kcFdlG4KHK9Wb3S7f8Zk/TXgS5U=">AAACHnicbVDLTsJAFJ3iC/FVHzs3jYTEFWmNQZdENy7RAJIAIdPpBSZMH5m5JWDDv7DVD3Fn3Op3+AMO0IWAJ7nJybmvk+NGgiu07W8js7G5tb2T3c3t7R8cHpnHJ3UVxpJBjYUilA2XKhA8gBpyFNCIJFDfFfDsDu5n/echSMXDoIrjCNo+7QW8yxlFLXXMsxbCCOd3EgneJKl2niYdM28X7TmsdeKkJE9SVDrmT8sLWexDgExQpZqOHWE7oRI5EzDJFVqxgoiyAe1BU9OA+qDayfztxCpoxbO6odQVoDVXc382EuorNfZdPelT7KvV3kz8r9eMsXvbTngQxQgBWzzqxsLC0JplYXlcAkMx1oQyybVZi/WppAx1YkuXvCGPVOp6tLCd0yk5q5msk/pV0SkVS4/X+fJdmleWnJMLckkcckPK5IFUSI0w8kKm5JW8GVPj3fgwPhejGSPdOSVLML5+Af7zo9k=</latexit>

TR

<latexit sha1_base64="EraW+NX2w8HuD835c2vBrzbFWrI=">AAACD3icbVBLTsMwFHzhW8KvwJKNRVWJVZUgVFhWsGHBokj0I7VR5ThOa9VxItupqKIeols4CDvEliNwDi6A22ZBW0ayNJp5zx6Pn3CmtON8WxubW9s7u4U9e//g8Oi4eHLaVHEqCW2QmMey7WNFORO0oZnmtJ1IiiOf05Y/vJ/5rRGVisXiWY8T6kW4L1jICNZGanUfzWiAe8WSU3HmQOvEzUkJctR7xZ9uEJM0okITjpXquE6ivQxLzQinE7vcTRVNMBniPu0YKnBElZfN805Q2SgBCmNpjtBortp/NjIcKTWOfDMZYT1Qq95M/M/rpDq89TImklRTQRYPhSlHOkazz6OASUo0HxuCiWQmLCIDLDHRpqKlm4IRS1Se+mUR2zYtuaudrJPmVcWtVqpP16XaXd5XAc7hAi7BhRuowQPUoQEEhjCFV3izpta79WF9LkY3rHznDJZgff0CwlWdUw==</latexit>

⇤
<latexit sha1_base64="1tB90cUqusvJVbXVcHg9KV01rj8=">AAACCXicbVDLTgIxFL2DL8QX6tJNIyFxRWaMQZdENy4h4ZXAhHQ6HWjodCZth0gmfAFb/RB3xq1f4Xf4AxaYhYAnaXJyzr3t6fFizpS27W8rt7O7t3+QPywcHZ+cnhXPL9oqSiShLRLxSHY9rChngrY005x2Y0lx6HHa8cZPC78zoVKxSDT1NKZuiIeCBYxgbaRGc1As2RV7CbRNnIyUIEN9UPzp+xFJQio04VipnmPH2k2x1IxwOiuU+4miMSZjPKQ9QwUOqXLTZdIZKhvFR0EkzREaLdXCn40Uh0pNQ89MhliP1Ka3EP/zeokOHtyUiTjRVJDVQ0HCkY7Q4tvIZ5ISzaeGYCKZCYvICEtMtCln7SZ/wmKVpX5ZxS6YlpzNTrZJ+7biVCvVxl2p9pj1lYcruIYbcOAeavAMdWgBAQpzeIU3a269Wx/W52o0Z2U7l7AG6+sXGjmazg==</latexit>

T (sensitive to UV 
completion)

<latexit sha1_base64="ki5HzLnfX+jevIGYZyPc0SXLUCI=">AAACKXicbVDLSgNBEJz1bXxFPXpwMAQ8hV2R6ElELx48REk0kF3C7GwnGTL7YKY3GJYc/Rqv+iHe1Kuf4A84SfagxoaGorq6uyg/kUKjbb9bc/MLi0vLK6uFtfWNza3i9s6djlPFocFjGaumzzRIEUEDBUpoJgpY6Eu49/uX4/n9AJQWcVTHYQJeyLqR6AjO0FDt4r57bcQBo2fURXjAycVMQTDK6u3bEW0XS3bFnhSdBU4OSiSvWrv45QYxT0OIkEumdcuxE/QyplBwCaNC2U01JIz3WRdaBkYsBO1lk78jWjZMQDuxMh0hnbCFHxsZC7Uehr5Rhgx7+u9sTP43a6XYOfUyESUpQsSnjzqppBjTcSw0EAo4yqEBjCthzFLeY4pxNOH9uhQMRKJz1w9T2wWTkvM3k1lwd1RxqpXqzXHp/CLPa4XskQNySBxyQs7JFamRBuHkkTyRZ/JiPVmv1pv1MZXOWfnOLvlV1uc3Q6Gngg==</latexit>

⇤ > TR
<latexit sha1_base64="BH/H0N6AcQtNRv7ZcO7Dv0VuY8g=">AAACKXicbVA9SwNBEN3z2/gVtbRwMQSswp1ItLAQbSwsoiQayB1hb2+SLNn7YHcuGI6U/hpb/SF2autP8A+4Sa5Q48DA482bmcfzEyk02va7NTe/sLi0vLJaWFvf2Nwqbu/c6ThVHBo8lrFq+kyDFBE0UKCEZqKAhb6Ee79/OZ7fD0BpEUd1HCbghawbiY7gDA3VLu6710YcMHpGXYQHnFzMFASjrN6+HdF2sWRX7EnRWeDkoETyqrWLX24Q8zSECLlkWrccO0EvYwoFlzAqlN1UQ8J4n3WhZWDEQtBeNvk7omXDBLQTK9MR0glb+LGRsVDrYegbZciwp//OxuR/s1aKnVMvE1GSIkR8+qiTSooxHcdCA6GAoxwawLgSxizlPaYYRxPer0vBQCQ6d/0wtV0wKTl/M5kFd0cVp1qp3hyXzi/yvFbIHjkgh8QhJ+ScXJEaaRBOHskTeSYv1pP1ar1ZH1PpnJXv7JJfZX1+A0Arp4A=</latexit>

⇤ < TR

suppose that DM decouples from the SM as:
<latexit sha1_base64="qdJJFz0o4E3QGlYNMQQhQHbLgx4=">AAACH3icbVDLSgMxFM34rONrVFy5CZaCqzIjUl0W3bhwUcE+oDOUTCZtQzPJkGSqZejHdKsf4k7c9jv8AdN2Frb1QOBwzr03hxMmjCrtulNrY3Nre2e3sGfvHxweHTsnpw0lUolJHQsmZCtEijDKSV1TzUgrkQTFISPNcPAw85tDIhUV/EWPEhLEqMdpl2KkjdRxzv0nMxwh6Eva62skpXiFbscpumV3DrhOvJwUQY5ax/nxI4HTmHCNGVKq7bmJDjIkNcWMjO2SnyqSIDxAPdI2lKOYqCCb5x/DklEi2BXSPK7hXLX/bGQoVmoUh2YyRrqvVr2Z+J/XTnX3LsgoT1JNOF581E0Z1ALOyoARlQRrNjIEYUlNWIj7SCKsTWVLl6IhTVSe+m0R2zYteaudrJPGddmrlCvPN8Xqfd5XAVyAS3AFPHALquAR1EAdYJCBCXgHH9bE+rS+rO/F6IaV75yBJVjTX+jJoyU=</latexit>

⇤ ! 0
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cartoon credit: Saniya

work in progress w/ David Dunsky and Saniya Heeba

ROMP

Y-x

Su·
*⑧-

<latexit sha1_base64="Swfj2EynFSl2LK8Qudg1GVyg+P8=">AAACEHicbVBLTsMwFHT4lvArsGRjUVViVSWI37KCDcsi9Se1UeU4TmvVcSL7paKKeolu4SDsEFtuwDm4AG6bBW0ZydJo5j17PH4iuAbH+bY2Nre2d3YLe/b+weHRcfHktKnjVFHWoLGIVdsnmgkuWQM4CNZOFCORL1jLHz7O/NaIKc1jWYdxwryI9CUPOSVgpHYXBgxIr94rlpyKMwdeJ25OSihHrVf86QYxTSMmgQqidcd1EvAyooBTwSZ2uZtqlhA6JH3WMVSSiGkvmwee4LJRAhzGyhwJeK7afzYyEmk9jnwzGREY6FVvJv7ndVII772MyyQFJunioTAVGGI8+z0OuGIUxNgQQhU3YTEdEEUomI6WbgpGPNF56pdFbNu05K52sk6aVxX3tnLzfF2qPuR9FdA5ukCXyEV3qIqeUA01EEUCTdErerOm1rv1YX0uRjesfOcMLcH6+gXKiZ3k</latexit>

✓T

Y-x

SM

*
*⑧-

Vs

k-•°_vs )-¥4
"

Vs Vs

"

¥-5
"

Va Vs

ex) sterile neutrinos
 (Dodelson & Widrow, hep-ph/9303287) 

Rapidly Oscillating Massive Particle
<latexit sha1_base64="VQE2z2iCPA41SkBkyiONB1vlOgI="></latexit>

GF ⌫̄↵�
µ⌫↵ ēL�µeL

<latexit sha1_base64="vKYFU8pRAXaCOva9pfdPwUJ0a0M="></latexit>

 ! ⌫↵

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


ROMP Production

·
-

-

UV IR
oscillations

<latexit sha1_base64="CpZV9lfI8KhFF7xf9/iT+hqOAk8=">AAACK3icbVDLTgJBEJzFN75WPXoZJSReJLvG19HoxaMmoiSAZHa2gQmzj8z0Eshmz36NV/0QTxqvfoE/4AB7ULCSSSpV3T2V8mIpNDrOu1WYm19YXFpeKa6urW9s2lvb9zpKFIcqj2Skah7TIEUIVRQooRYrYIEn4cHrXY38hz4oLaLwDocxNAPWCUVbcIZGatl7DYQBju+kCvwsvWulDRXQSPPsMT10s6xll5yKMwadJW5OSiTHTcv+bvgRTwIIkUumdd11YmymTKHgErJiuZFoiBnvsQ7UDQ1ZALqZjjNktGwUn7YjZV6IdKwWf22kLNB6GHhmMmDY1dPeSPzPqyfYPm+mIowThJBPPmonkmJER8VQXyjgKIeGMK6ECUt5lynG0dT355LfF7HOUw8msYumJXe6k1lyf1RxTysnt8eli8u8r2WyS/bJAXHJGbkg1+SGVAknT+SZvJBX69l6sz6sz8lowcp3dsgfWF8/n5ipVA==</latexit>

T�1
osc

<latexit sha1_base64="0wBEgd1Vg11gSX7bstDmx1RxyqE="></latexit>

�

H
⇠ Mpl

⇤2(d�4)
✓
2
T T

2(d�4)�1

<latexit sha1_base64="uA1ts0mvkInnPcPnAcwxXDEuf4A=">AAACIXicbVDLTgIxFO3gC/GFunDhppGQuJHMGF9LohuXmPBKAEmnFGjodJr2DpFM+Bq2+iHujDvjZ/gDFpiFgCdpcnLuo+ceXwluwHW/nNTa+sbmVno7s7O7t3+QPTyqmjDSlFVoKEJd94lhgktWAQ6C1ZVmJPAFq/mDh2m9NmTa8FCWYaRYKyA9ybucErBSO3vShD4D0i7jptKhghCXn+MLOW5nc27BnQGvEi8hOZSg1M7+NDshjQImgQpiTMNzFbRiooFTwcaZfDMyTBE6ID3WsFSSgJlWPLtgjPNW6eBuqO2TgGdq5s9ETAJjRoFvOwMCfbNcm4r/1RoRdO9aMZcqAibp/KNuJLA9dBoH7nDNKIiRJYRqbs1i2ieaULChLWzqDLkyieuXue2MTclbzmSVVC8L3k3h+ukqV7xP8kqjU3SGzpGHblERPaISqiCKxmiCXtGbM3HenQ/nc96acpKZY7QA5/sX3VKkMA==</latexit>

✓T / T�n

• UV production shuts off when:
<latexit sha1_base64="plM0VKanj611167CXGOTVCgFASk=">AAACE3icbVBLTsMwFHTKr4RfgSUbi6oSG6oElc+ygg3LItGPlEaV4zitVceObKeiinqMbuEg7BBbDsA5uABumwVtGcnSaOa959EECaNKO863VdjY3NreKe7ae/sHh0el45OWEqnEpIkFE7ITIEUY5aSpqWakk0iC4oCRdjB8mPntEZGKCv6sxwnxY9TnNKIYaSN5HHb7BIbwEtZ6pbJTdeaA68TNSRnkaPRKP91Q4DQmXGOGlPJcJ9F+hqSmmJGJXemmiiQID1GfeIZyFBPlZ/PME1gxSggjIc3jGs5V+89GhmKlxnFgJmOkB2rVm4n/eV6qozs/ozxJNeF48VGUMqgFnBUAQyoJ1mxsCMKSmrAQD5BEWJuali6FI5qoPPXLIrZtWnJXO1knrauqe1O9fqqV6/d5X0VwBs7BBXDBLaiDR9AATYCBAFPwCt6sqfVufVifi9GCle+cgiVYX7/FRp24</latexit>

n � d� 4

• at high temperatures:

Y-x

Su·
*⑧-

<latexit sha1_base64="Swfj2EynFSl2LK8Qudg1GVyg+P8=">AAACEHicbVBLTsMwFHT4lvArsGRjUVViVSWI37KCDcsi9Se1UeU4TmvVcSL7paKKeolu4SDsEFtuwDm4AG6bBW0ZydJo5j17PH4iuAbH+bY2Nre2d3YLe/b+weHRcfHktKnjVFHWoLGIVdsnmgkuWQM4CNZOFCORL1jLHz7O/NaIKc1jWYdxwryI9CUPOSVgpHYXBgxIr94rlpyKMwdeJ25OSihHrVf86QYxTSMmgQqidcd1EvAyooBTwSZ2uZtqlhA6JH3WMVSSiGkvmwee4LJRAhzGyhwJeK7afzYyEmk9jnwzGREY6FVvJv7ndVII772MyyQFJunioTAVGGI8+z0OuGIUxNgQQhU3YTEdEEUomI6WbgpGPNF56pdFbNu05K52sk6aVxX3tnLzfF2qPuR9FdA5ukCXyEV3qIqeUA01EEUCTdErerOm1rv1YX0uRjesfOcMLcH6+gXKiZ3k</latexit>

✓T

Y-x

SM

*
*⑧-

<latexit sha1_base64="3xaR5EVnRXC3WjpgrrpTscBn9RE=">AAACG3icbVDLSsNAFJ3UV62vVJduBkvBVUnE10YounFnBfuANJTJZNIOnUzCzKRaQj+lW/0Qd+LWhd/hDzhps7CtBwYO59x753C8mFGpLOvbKKytb2xuFbdLO7t7+wdm+bAlo0Rg0sQRi0THQ5IwyklTUcVIJxYEhR4jbW94l/ntERGSRvxJjWPihqjPaUAxUlrqmWWnGyI1wIilDxMX3kC/Z1asmjUDXCV2TiogR6Nn/nT9CCch4QozJKVjW7FyUyQUxYxMStVuIkmM8BD1iaMpRyGRbjrLPoFVrfgwiIR+XMGZWvqzkaJQynHo6cksqFz2MvE/z0lUcO2mlMeJIhzPPwoSBlUEsyKgTwXBio01QVhQHRbiARIIK13XwiV/RGOZp36Zxy7pluzlTlZJ66xmX9YuHs8r9du8ryI4BifgFNjgCtTBPWiAJsDgGUzBK3gzpsa78WF8zkcLRr5zBBZgfP0ClHOhYA==</latexit>

[O] = d

(power depends on operator)

• for sterile neutrinos:
<latexit sha1_base64="CJBLNE+9xPkmY60sL625EIAPkdA="></latexit>

GF ⌫̄↵�
µ⌫↵ ēL�µeL

<latexit sha1_base64="dmay9nseFQ1iNJcVyT0+r/xumX0=">AAACDXicbVDLTgIxFL2DLxxfqEs3jYTEFZkxim5MiG5cYuIACUxIp9OBhs4jbYdIJnwDW/0Qd8at3+B3+AMWmIWAJ2lycs697enxEs6ksqxvo7CxubW9U9w19/YPDo9KxydNGaeCUIfEPBZtD0vKWUQdxRSn7URQHHqctrzhw8xvjaiQLI6e1Tihboj7EQsYwUpLjo/uUK1XKltVaw60TuyclCFHo1f66foxSUMaKcKxlB3bSpSbYaEY4XRiVrqppAkmQ9ynHU0jHFLpZvO0E1TRio+CWOgTKTRXzT8bGQ6lHIeengyxGshVbyb+53VSFdy6GYuSVNGILB4KUo5UjGZfRz4TlCg+1gQTwXRYRAZYYKJ0QUs3+SOWyDz1yyK2qVuyVztZJ83Lql2rXj9dlev3eV9FOINzuAAbbqAOj9AABwgwmMIrvBlT4934MD4XowUj3zmFJRhfv/FPm7g=</latexit>

d = 6
<latexit sha1_base64="UYY2YjkC1NHow2UeWNOcFN5aNcU=">AAACDXicbVDLTgIxFL2DLxxfqEs3jYTEFZkxim5MiG5cYiKPBAjpdDrQ0OlM2g6RTPgGtvoh7oxbv8Hv8AcsMAsBT9Lk5Jx729PjxZwp7TjfVm5jc2t7J79r7+0fHB4Vjk8aKkokoXUS8Ui2PKwoZ4LWNdOctmJJcehx2vSGDzO/OaJSsUg863FMuyHuCxYwgrWR6gLdoUqvUHTKzhxonbgZKUKGWq/w0/EjkoRUaMKxUm3XiXU3xVIzwunELnUSRWNMhrhP24YKHFLVTedpJ6hkFB8FkTRHaDRX7T8bKQ6VGoeemQyxHqhVbyb+57UTHdx2UybiRFNBFg8FCUc6QrOvI59JSjQfG4KJZCYsIgMsMdGmoKWb/BGLVZb6ZRHbNi25q52sk8Zl2a2Ur5+uitX7rK88nME5XIALN1CFR6hBHQgwmMIrvFlT6936sD4Xozkr2zmFJVhfvwH4m8I=</latexit>

n = 6

<latexit sha1_base64="5Wegu4lhWN8W1JW8we2q7u2XA1w=">AAACKXicbVC7TsMwFHXKq4RXgZEBiwqJhSpBPLcKBjoWqS+pCZXjOtTCTizbQVRRRr6mK3wIG7DyCfwAbpuBAkeydHTuw+eeQDCqtOO8W4W5+YXFpeKyvbK6tr5R2txqqTiRmDRxzGLZCZAijEakqalmpCMkQTxgpB3cX43r7QciFY2jhh4K4nN0F9GQYqSN1CvteqFEOPWuEecoS2sZ9ISMhY5h4zY9vMh6pbJTcSaAf4mbkzLIUe+Vvrx+jBNOIo0ZUqrrOkL7KZKaYkYye99LFBEI36M70jU0QpwoP51cksF9o/RhGEvzIg0nqv1jIkVcqSEPTCdHeqB+18bif7VuosNzP6WRSDSJ8PSjMGHQHDqOBfapJFizoSEIS2rMQjxAJhptwpvZ1H+gQuWuH6e2bZOS+zuTv6R1VHFPKyc3x+XqZZ5XEeyAPXAAXHAGqqAG6qAJMHgCI/AMXqyR9Wq9WR/T1oKVz2yDGVif328op5U=</latexit>

�

H
/ T

�9



<latexit sha1_base64="1tB90cUqusvJVbXVcHg9KV01rj8=">AAACCXicbVDLTgIxFL2DL8QX6tJNIyFxRWaMQZdENy4h4ZXAhHQ6HWjodCZth0gmfAFb/RB3xq1f4Xf4AxaYhYAnaXJyzr3t6fFizpS27W8rt7O7t3+QPywcHZ+cnhXPL9oqSiShLRLxSHY9rChngrY005x2Y0lx6HHa8cZPC78zoVKxSDT1NKZuiIeCBYxgbaRGc1As2RV7CbRNnIyUIEN9UPzp+xFJQio04VipnmPH2k2x1IxwOiuU+4miMSZjPKQ9QwUOqXLTZdIZKhvFR0EkzREaLdXCn40Uh0pNQ89MhliP1Ka3EP/zeokOHtyUiTjRVJDVQ0HCkY7Q4tvIZ5ISzaeGYCKZCYvICEtMtCln7SZ/wmKVpX5ZxS6YlpzNTrZJ+7biVCvVxl2p9pj1lYcruIYbcOAeavAMdWgBAQpzeIU3a269Wx/W52o0Z2U7l7AG6+sXGjmazg==</latexit>
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Figure 5. Shown is the full parameter space for sterile neutrino dark matter, in the case of it comprising all of the dark matter,
independent of its model of production. Among the most stringent constraints at low energies and masses are constraints from
X-ray observations M31 Horiuchi et al. [282], stacked dwarfs [287], 99% upper limit from 51 Ms of blank sky data from Chandra

[288], and the claimed 95% limit from blank sky XMM-Newton data [289]. Also shown are constraints from the di↵use X-ray
background [283], and individual clusters “Coma+Virgo” [290]. At higher masses and energies, I show the limits from NuSTAR
[291], Fermi GBM [281] and INTEGRAL [292]. The signals near 3.55 keV from M31 and stacked clusters are also shown [293, 294].
The vertical mass constraint only directly applies to the Dodelson-Widrow model being all of the dark matter, labeled “DW,”
which is now excluded as all of the dark matter. The Dodelson-Widrow model could still produce sterile neutrinos as a fraction
of the dark matter. Also shown is the forecast sensitivity of the planned XRISM and Athena X-ray Telescope [295], and the
potential optimistic-case reach of the WFM instrument aboard the eXTP X-ray Telescope [296, 297].

Cosmological constraints on ⌫NSI — Cosmological observables are not only sensitive to the background evo-
lution of neutrinos but also to their perturbations, which are a↵ected by neutrino free-streaming, as explained in
Sections 3.3 and 3.4. At present, measurements are broadly in agreement with the SM value of Ne↵ = 3.044 and the
three SM neutrino species are constrained to be non-interacting. Nonetheless, a multitude of studies of non-standard
neutrino interactions have been performed in the context of cosmological data. These studies have addressed, for
example, models with neutrinos interacting with a majoron [313–315], neutrino self-interactions [316–319], and self-
interacting dark radiation [56, 92, 93, 320]. A major conceptual di↵erence between these works are the assumptions
about the temperature scaling of the interaction, the number of neutrinos undergoing interactions and the presence
or absence of additional radiation. In the following, we frame the discussion of these results around the mass of the
particle mediating these interactions.8 We refer the reader to the dedicated Snowmass white paper on non-standard
neutrino interactions [324] for further discussions.

The scattering reactions mediated by a particle with mass larger than about 1 keV can be described by a new
Fermi interaction with an e↵ective Fermi constant G = g2

�/m2
� for the purposes of CMB physics, as described in

8
While we focus on interactions among neutrinos, we note that additional free-streaming and non-free-streaming radiation that is relevant

for cosmological observables can easily arise independently of neutrinos (see e.g.. [321–323] for illustrative examples).
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ēL�µeL@⌫@⌫ ̄L�µ L

⇤4

https://arxiv.org/abs/2203.07377


Sterile Neutrinos from Shi-Fuller Mechanism

Figure 8. Constraints from Ly-↵ forest in the RPSN (m⌫s , sin
2 2✓) parameter space. The iso-L contours are

displayed in black along with the corresponding value of L6. Gold squares indicate the set of parameters for
which we computed the P'(k) by solving the non-linear hydrodynamics. The black dot with error bar denotes
the right-handed interpretation of the 3.55 keV X-ray line in the stacked spectra of galaxy clusters, for which
we used m⌫s = 7.14± 0.07 keV and sin2 2✓ = 4.9+1.3

�1.6 ⇥ 10�11 as reported in [81]. The blue (resp. red) shade
encompasses models excluded by over 3� by the SDSS-only (resp. SDSS + XQ + HR) Ly-↵ forest power
spectrum. The absence of monochromatic X-ray lines (apart from the 3.55 keV signal) translate into upper
bounds in sin2 2✓(m⌫s): the green shade are models inconsistent beyond 3� with a compilation of X-ray data
from the Milky Way, Andromeda and other galaxies.

17

Figure 2. 3D linear transfer function for total matter at z = 0 computed by the CLASS software for
m⌫s = 5 eV in solid lines and m⌫s = 50 eV in dashed lines. Dark teal lines assume a pure WDM model, and
lighter tones of blue display a larger preponderance of the cold (heavier) component over the warm (lighter)
one.

3.3 Resonantly-produced Sterile Neutrinos (RPSN) as Cool DM

The presence of a net lepton asymmetry at temperatures T ⇠ 0.1 GeV can significantly enhance
the production of sterile neutrinos from active neutrinos through forward scattering in dense media
[5]. In a mechanism similar to the MSW9 e↵ect [77, 78] accounting for the solar neutrino deficit,
the excessive abundance of leptons and their conjugate neutrinos with respect to anti-leptons can
yield the correct DM density ⌦dm with weaker mixing angles ✓. The authors of [5] showed that this
resonant production (RP) yields sterile neutrinos with significantly cooler momenta than the NRP
ones. The resonant momenta depend on the sterile neutrino mass m

rp

⌫s
and net leptonic (assumed

electronic) asymmetry L = (n⌫e �n⌫̄e)/s in units of entropy density where s / g?T
3. If the resonance

occurs before the QCD phase transition, only the low momenta states are populated from the quasi
thermally-distributed active neutrinos (hq = p/T⌫i ' 3.15), resulting in cooler neutrino and anti-
neutrino distribution functions with hqi ' 1.6.

The right panel of Fig. 3 displays the value of hqi/m⌫s for RPSN distribution functions computed
in [9, 79]. The coolest distribution functions occur for given values of L and m

rp

⌫s
, which we denote

L?(m⌫s). For larger asymmetries than L? for a given mass, the resonantly boosted forward scattering
occurs later than the QCD phase transition, which yield quasi-Fermi populated momenta states (with
weaker mixing angles). The left panel of Fig. 3 features the distribution functions of several leptonic
asymmetries for a m

rp

⌫s
= 8 keV RPSN.

We run 8 hydrodynamics simulations for the following RPSN models: M3L16?, M4L12?, M6L6,
M6L9?, M7L8?, M8L4, M8L8? and M13L6?, where M is the RPSN mass in keV and L the asymmetry
parameter in units of 10�6. Their linear matter power spectra at z = 30, input to the non-linear code
Gadget, are computed from the distribution functions using the CLASS software.

9
Mikheyev-Smirnov-Wolfenstein

9

Baur et. al., 1706.03118 

Shi, Fuller, astro-ph/9810076

• necessary lepton asymmetry:
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We propose a novel thermal production mechanism for dark matter based on the idea that dark
matter particles � can transform (‘infect’) heat bath particles  : � ! ��. For a small initial
abundance of � this induces an exponential growth in the dark matter number density, closely
resembling the epidemic curves of a spreading pathogen after an initial outbreak. To quantify this
relation we present a sharp duality between the Boltzmann equation for the dark matter number
density and epidemiological models for the spread of infectious diseases. Finally we demonstrate
that the exponential growth naturally stops before � thermalizes with the heat bath, corresponding
to a triumphant ‘flattening of the curve’ that matches the observed dark matter abundance.

Introduction.— While the identity and underlying
properties of the dark matter (DM) in our Universe re-
main mysterious, its energy density has been precisely
inferred by a series of satellite missions studying the Cos-
mic Microwave Background (CMB). Any theoretical de-
scription of DM must therefore include a DM production
mechanism which leads to the observed DM relic abun-
dance of ⌦DMh

2 ' 0.12 [1].

A particularly appealing framework for the genesis of
DM, minimizing the dependence on initial conditions, is
its creation out of a thermal bath. The most commonly
adopted paradigm falling into this category is thermal
freeze-out from the primordial plasma of Standard Model
(SM, cf. Ref. [2]) particles in the early Universe [3]. How-
ever, given the increasingly strong constraints on this
setup, as well as the natural productivity of DM phe-
nomenologists, a plethora of alternate production scenar-
ios with DM initially in thermal equilibrium have recently
been proposed, including hidden sector freeze-out [4–10],
Forbidden DM [11, 12], Cannibal DM [13, 14], Coscat-
tering DM [15], Zombie DM [16], Elder DM [17], Kinder
DM [18], and SIMP DM [19–21].

Another possibility is that DM never entered thermal
equilibrium at all, in which case it can be produced via
a ‘leakage’ out of a thermal bath, often referred to as
freeze-in [22, 23]. While a large number of variants of
the freeze-out paradigm have been suggested, less model
building has been performed around the freeze-in idea
(see however Refs. [24–31]).

In this letter we propose a novel and generic DM pro-
duction scenario between these two polarities which we
refer to as Pandemic DM. The name derives from the
observation that a DM particle � can ‘infect’ a heat bath
particle  to convert it into another �, cf. Fig. 1. We
will refer to this type of interaction process as transmis-

χ

ψ

χ

χ

χ

ψ

χ

χ
FIG. 1. The transmission process leading to exponential pro-
duction of DM (�) from the heat bath ( ). This illustration of
the e↵ective operator was created at the Centers for Disease
Control and Prevention [32].

sion. For a small initial abundance n� it results in an
exponential growth of the DM abundance and therefore
strongly resembles the epidemic curves (epi curves) en-
countered in the case of a spreading pathogen. To be in
accord with observations this mechanism requires the ex-
ponential growth to shut o↵ before the DM particle � is
fully thermalized, so one can also think of this mechanism
as a ‘failed thermalization’. Interestingly, the exponen-
tial growth of n� comes to an end naturally, e.g. due
to the Boltzmann suppression of the heat bath particle
 , so that the observed DM relic abundance is readily
obtained in our framework.

Transmission as a novel DM production mechanism.—
Quantitatively, the evolution of the DM number density
n�, due to the interaction depicted in Fig. 1, is governed
by the Boltzmann equation

ṅ� + 3Hn� = h�vitr
⇣
n�n

eq
 � n

2
�

⌘
. (1)
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FIG. 3. Available parameter space in the sin2(2✓)�ms plane,
for m� = 3ms. The Yukawa coupling y (green lines) is chosen
such that the correct DM relic abundance is achieved every-
where below the DW line. Present and projected bounds from
X-rays (filled gray and black lines), Lyman-↵ (orange), and
DM self-interactions (violet) are evaluated as described in the
text. The two benchmark points BP1 and BP2 from Tab. I,
see also Fig. 2, are indicated as red stars.

of Lyman-↵ probes once systematic errors are further
reduced (mWDM > 5.3 keV [76], e.g., corresponds to
rs < 0.09 Mpc and �fs < 0.07 Mpc, respectively).

DM self-interactions are also constrained by a variety
of astrophysical observations at late times [77]. We adopt
�T /ms < 1 cm2

/g as a rather conservative limit, where
�T is the momentum transfer cross-section as defined in
Ref. [78]. Far away from the s-channel resonance, we find
�T /ms ' y

4
ms/(4⇡m

4
�) + O(v2), largely independent of

the DM velocity v. For such cross sections cluster obser-
vations [79, 80], or the combination of halo surface den-
sities over a large mass range [81], can be (at least) one
order of magnitude more competitive than our reference
limit of �T /ms < 1 cm2

/g.
Viable parameter space for sterile neutrino DM.— In

Fig. 3 we show a slice of the overall available parameter
space for our setup in the sin2(2✓)�ms plane, for a fixed
mediator to DM mass ratio of m�/ms = 3. For every
point in parameter space, the dark sector Yukawa cou-
pling y is chosen such that the sterile neutrinos ⌫s make
up all of DM after the era of exponential growth. In
the yellow region, DW production can give the correct
relic abundance, including QCD and lepton flavor un-
certainties [58]; the dashed gray line corresponds to the
central prediction, which is the basis for our choice of ini-
tial conditions for number and energy densities of ⌫s. In
the blue region DM will be overproduced, ⌦sh

2
> 0.12,

while the filled regions are excluded by bounds from X-
rays (gray), Lyman-↵ (orange), and DM self-interactions
(violet). The white region corresponds to the presently
allowed parameter space.

It is worth noting that, unlike in standard freeze-out
scenarios [82], later kinetic decoupling implies a shorter

free-streaming length in our case because the dark sector
temperature scales as Td / T

2
⌫ already before that point.

At the same time, the sound horizon increases for later
kinetic decoupling. The shape of the Lyman-↵ exclusion
lines reflects this, as kinetic decoupling occurs later for
larger values of y.

In Fig. 3 we also show the projected sensitivities of
the future X-ray experiments eROSITA [69], Athena [70],
and eXTP [71], which will probe smaller values of
sin2(2✓). Similarly, observables related to structure for-
mation will likely result in improved future bounds, or
in fact reveal anomalies that are not easily reconcil-
able with a standard non-interacting cold DM scenario.
While the precise reach is less clear here, we indicate
with dashed orange and violet lines, respectively, the im-
pact of choosing �fs < 0.12 Mpc, rs < 0.15 Mpc, and
�T /m < 0.1 cm2

/g rather than the corresponding lim-
its described further up. Overall, prospects to probe a
sizable region of the presently allowed parameter space
appear very promising.

Discussion.— While an X-ray line would be the
cleanest signature to claim DM discovery of the scenario
suggested here, let us briefly mention other possible di-
rections. For example, the power-spectrum of DM den-
sity perturbations at small, but only mildly non-linear,
scales may be affected in a way that could be discrimi-
nated from alternative DM production scenarios by 21 cm
and high-z Lyman-↵ observations [83–86]. Another pos-
sibility would be to search for a suppression of intense
astrophysical neutrino fluxes due to � production on ⌫s

DM at rest. We leave an investigation of these interesting
avenues for future work.

We stress that the parameter space is larger than the
m�/ms = 3 slice shown in Fig. 3. Larger mass ratios,
in particular, have the effect of tightening (weakening)
bounds on �fs (rs), because kinetic decoupling happens
earlier, and weakening self-interaction constraints; this
moves the viable parameter space shown in Fig. 3 to
smaller mixing angles and allows for a larger range of ms

(cf. Fig. 5 in the Appendix). Changing the interaction
structure in the dark sector, e.g. by charging the sterile
neutrinos under a gauge symmetry, is a further route for
model building that will not qualitatively change the new
production scenario suggested here.

For completeness, we finally mention that smaller me-
diator masses are yet another, though qualitatively differ-
ent, route worthwhile to explore. For ms < m� < 2ms

the mediator would no longer be dominantly produced
on-shell in transmission processes, such that the cross
section for transmission, ⌫s⌫↵ ! ⌫s⌫s, scales as y

4 rather
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We propose a novel thermal production mechanism for dark matter based on the idea that dark
matter particles � can transform (‘infect’) heat bath particles  : � ! ��. For a small initial
abundance of � this induces an exponential growth in the dark matter number density, closely
resembling the epidemic curves of a spreading pathogen after an initial outbreak. To quantify this
relation we present a sharp duality between the Boltzmann equation for the dark matter number
density and epidemiological models for the spread of infectious diseases. Finally we demonstrate
that the exponential growth naturally stops before � thermalizes with the heat bath, corresponding
to a triumphant ‘flattening of the curve’ that matches the observed dark matter abundance.

Introduction.— While the identity and underlying
properties of the dark matter (DM) in our Universe re-
main mysterious, its energy density has been precisely
inferred by a series of satellite missions studying the Cos-
mic Microwave Background (CMB). Any theoretical de-
scription of DM must therefore include a DM production
mechanism which leads to the observed DM relic abun-
dance of ⌦DMh

2 ' 0.12 [1].

A particularly appealing framework for the genesis of
DM, minimizing the dependence on initial conditions, is
its creation out of a thermal bath. The most commonly
adopted paradigm falling into this category is thermal
freeze-out from the primordial plasma of Standard Model
(SM, cf. Ref. [2]) particles in the early Universe [3]. How-
ever, given the increasingly strong constraints on this
setup, as well as the natural productivity of DM phe-
nomenologists, a plethora of alternate production scenar-
ios with DM initially in thermal equilibrium have recently
been proposed, including hidden sector freeze-out [4–10],
Forbidden DM [11, 12], Cannibal DM [13, 14], Coscat-
tering DM [15], Zombie DM [16], Elder DM [17], Kinder
DM [18], and SIMP DM [19–21].

Another possibility is that DM never entered thermal
equilibrium at all, in which case it can be produced via
a ‘leakage’ out of a thermal bath, often referred to as
freeze-in [22, 23]. While a large number of variants of
the freeze-out paradigm have been suggested, less model
building has been performed around the freeze-in idea
(see however Refs. [24–31]).

In this letter we propose a novel and generic DM pro-
duction scenario between these two polarities which we
refer to as Pandemic DM. The name derives from the
observation that a DM particle � can ‘infect’ a heat bath
particle  to convert it into another �, cf. Fig. 1. We
will refer to this type of interaction process as transmis-

χ

ψ

χ

χ

χ

ψ

χ

χ
FIG. 1. The transmission process leading to exponential pro-
duction of DM (�) from the heat bath ( ). This illustration of
the e↵ective operator was created at the Centers for Disease
Control and Prevention [32].

sion. For a small initial abundance n� it results in an
exponential growth of the DM abundance and therefore
strongly resembles the epidemic curves (epi curves) en-
countered in the case of a spreading pathogen. To be in
accord with observations this mechanism requires the ex-
ponential growth to shut o↵ before the DM particle � is
fully thermalized, so one can also think of this mechanism
as a ‘failed thermalization’. Interestingly, the exponen-
tial growth of n� comes to an end naturally, e.g. due
to the Boltzmann suppression of the heat bath particle
 , so that the observed DM relic abundance is readily
obtained in our framework.

Transmission as a novel DM production mechanism.—
Quantitatively, the evolution of the DM number density
n�, due to the interaction depicted in Fig. 1, is governed
by the Boltzmann equation

ṅ� + 3Hn� = h�vitr
⇣
n�n

eq
 � n

2
�

⌘
. (1)
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We propose a novel thermal production mechanism for dark matter based on the idea that dark
matter particles � can transform (‘infect’) heat bath particles  : � ! ��. For a small initial
abundance of � this induces an exponential growth in the dark matter number density, closely
resembling the epidemic curves of a spreading pathogen after an initial outbreak. To quantify this
relation we present a sharp duality between the Boltzmann equation for the dark matter number
density and epidemiological models for the spread of infectious diseases. Finally we demonstrate
that the exponential growth naturally stops before � thermalizes with the heat bath, corresponding
to a triumphant ‘flattening of the curve’ that matches the observed dark matter abundance.

Introduction.— While the identity and underlying
properties of the dark matter (DM) in our Universe re-
main mysterious, its energy density has been precisely
inferred by a series of satellite missions studying the Cos-
mic Microwave Background (CMB). Any theoretical de-
scription of DM must therefore include a DM production
mechanism which leads to the observed DM relic abun-
dance of ⌦DMh

2 ' 0.12 [1].

A particularly appealing framework for the genesis of
DM, minimizing the dependence on initial conditions, is
its creation out of a thermal bath. The most commonly
adopted paradigm falling into this category is thermal
freeze-out from the primordial plasma of Standard Model
(SM, cf. Ref. [2]) particles in the early Universe [3]. How-
ever, given the increasingly strong constraints on this
setup, as well as the natural productivity of DM phe-
nomenologists, a plethora of alternate production scenar-
ios with DM initially in thermal equilibrium have recently
been proposed, including hidden sector freeze-out [4–10],
Forbidden DM [11, 12], Cannibal DM [13, 14], Coscat-
tering DM [15], Zombie DM [16], Elder DM [17], Kinder
DM [18], and SIMP DM [19–21].

Another possibility is that DM never entered thermal
equilibrium at all, in which case it can be produced via
a ‘leakage’ out of a thermal bath, often referred to as
freeze-in [22, 23]. While a large number of variants of
the freeze-out paradigm have been suggested, less model
building has been performed around the freeze-in idea
(see however Refs. [24–31]).

In this letter we propose a novel and generic DM pro-
duction scenario between these two polarities which we
refer to as Pandemic DM. The name derives from the
observation that a DM particle � can ‘infect’ a heat bath
particle  to convert it into another �, cf. Fig. 1. We
will refer to this type of interaction process as transmis-
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FIG. 1. The transmission process leading to exponential pro-
duction of DM (�) from the heat bath ( ). This illustration of
the e↵ective operator was created at the Centers for Disease
Control and Prevention [32].

sion. For a small initial abundance n� it results in an
exponential growth of the DM abundance and therefore
strongly resembles the epidemic curves (epi curves) en-
countered in the case of a spreading pathogen. To be in
accord with observations this mechanism requires the ex-
ponential growth to shut o↵ before the DM particle � is
fully thermalized, so one can also think of this mechanism
as a ‘failed thermalization’. Interestingly, the exponen-
tial growth of n� comes to an end naturally, e.g. due
to the Boltzmann suppression of the heat bath particle
 , so that the observed DM relic abundance is readily
obtained in our framework.

Transmission as a novel DM production mechanism.—
Quantitatively, the evolution of the DM number density
n�, due to the interaction depicted in Fig. 1, is governed
by the Boltzmann equation

ṅ� + 3Hn� = h�vitr
⇣
n�n

eq
 � n

2
�

⌘
. (1)

ar
X

iv
:2

10
3.

16
57

2v
1 

 [h
ep

-p
h]

  3
0 

M
ar

 2
02

1

V

↑
-

(a)

Exotic Freezeout Processes

• Griest, Seckel 1991 
• D’Agnolo, JTR 1505.07107 • Griest, Seckel 1991

• Hochberg, Kuflik, Volansky, 
Wacker 1402.5143

• D'Agnolo, Pappadopulo, 
JTR 1705.08450

• D'Eramo, J. Thaler 1003.5912 • Frumkin, Hochberg, Kuflik, 
Murayama 2111.14857

forbidden coannihilations coscattering

semi-annihilations SIMP inverse decay

↳
Xj

***&

*
X

↳
Xj

***&

*
X

↳
Xj

***&

*
X

↳
Xj

***&

*
X

↳
Xj

***&

*
X

↳
Xj

***&

*
X

<latexit sha1_base64="jYI0tgfa8y36THFOa4XIZrIeGvk=">AAACPHicbVC7SgNBFJ31GeMramkzGAJWYVckWlgEbSwjmAckIczO3pjB2Qczd0PCkv/wa9LqL9jbiZVg7WSzRUw8cOFwzn1x3EgKjbb9bq2tb2xubed28rt7+weHhaPjhg5jxaHOQxmqlss0SBFAHQVKaEUKmO9KaLrPdzO/OQSlRRg84jiCrs+eAtEXnKGReoWLDsII0z2JAm+S+L0OH4gJvaELjitjSK3IWL1C0S7bKegqcTJSJBlqvcJ3xwt57EOAXDKt244dYTdhCgWXMMmXOrGGiPFn9gRtQwPmg+4m6ekJLRnFo/1QmQqQpmp+YSJhvtZj3zWdPsOBXvZm4n9eO8b+dTcRQRQjBHx+qB9LiiGdJUU9oYCjHBvCuBLmWcoHTDGOJs8/m7yhiHT29Wj+dt6k5CxnskoaF2WnUq48XBart1leOXJKzsg5ccgVqZJ7UiN1wskLmZJX8mZNrQ/r0/qat65Z2cwJ+QPr5xfkFbEZ</latexit>

m� < m�


