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Direct Detection vs. Dark Matter
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https://arxiv.org/abs/1610.00006
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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.

the range 0.8–1.2. We found that our bounds remain una↵ected
by floating these additional nuisance parameters, which are not
correlated with pann.

Figure 46 translates the bounds on pann into joint limits on
the mass m� and annihilation cross-section h�vi of DM, assum-
ing twelve plausible WIMP s-wave annihilation channels. The
value of fe↵ for each mass and channel was computed39 using the
public DarkAges module of Stöcker et al. (2018), which relies
on the energy transfer functions presented by Slatyer (2016b).
We consistently account for corrections related to low-energy
photons in the manner described in section V.B. of Slatyer
(2016b). Finally, the DarkAges module defines fe↵ by convolv-
ing f (z) in redshift space with the weighting function recom-
mended by Slatyer (2016a). Note that for the W+W� and Z0Z0

channels, the bounds assume on-shell 2-body processes and are
cut sharply at the mass of the daughter particle, while in reality
they would extend further to the left in Fig. 46.

As usual the strongest bounds are obtained assuming anni-
hilation into electron-positron pairs. The case of annihilation
purely into neutrinos is not shown here, since the constraints
are orders of magnitude weaker in that case. Assuming a ther-
mal cross-section (shown in Fig. 46), the 95 % CL lower bounds
on the DM mass range from m� � 9 GeV for annihilation
into tau/anti-tau, up to m� � 30 GeV for annihilation in elec-
tron/positron. To compare with hints of DM annihilation in indi-
rect DM search data, we first show the regions preferred by the
AMS/PAMELA positron fraction and Fermi/H.E.S.S. electron-
positron flux, assuming s-wave annihilation into muons and
standard halo profiles. These regions, taken from Cirelli et al.
(2009), have long been known to be in strong tension with CMB
data.

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

39Courtesy of P. Stöcker.

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�-
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16

FIG. 4: Thermal targets for representative dark matter candidates coupled to kinetically mixed dark pho-
tons. The black curve in each panel represents the parameter space for which the abundance of � is in
agreement with the observed dark matter energy density. In each model, � freezes out through direct an-
nihilations to SM fermions, i.e., �� ! A0⇤ ! f ¯f . The shaded region above the purple curve is excluded
by the BaBar �+ missing energy search [76, 77]. The LSND proton [78] and E137 electron beam dump
searches (green and blue curves, respectively) constrain DM production and scattering in a downstream
detector [79]. The dashed purple curve is the projected sensitivity of a �+missing energy search at Belle
II presented in Ref. [1] and computed by rescaling the 20 fb�1 background study up to 50 ab�1 [80]. The
dashed green curve labeled SENSEI is a direct detection projection assuming a silicon target with 100 g · yr
of exposure with 2e� sensitivity [1]. The red dashed curve is the LDMX projection for a 10% radiation
length tungsten target and an 8 GeV beam presented in Ref. [1] , which was scaled up to 10

16 EOT relative
to a background study with 4 ⇥ 10

14 EOT. The vertical dashed curve in the bottom-right panel is the limit
on �N

e↵

from Table I of Ref. [81], which constrains m� < 3.27 MeV for (pseudo)Dirac particles; simi-
lar bounds apply to the other scenarios for m� < 1 MeV. Note that electromagnetically coupled particles
decrease N

e↵

at the time of recombination, so this effect can be compensated with additional dark radiation.

by factor of 2500 to 50 ab�1, and assuming statistics-limited sensitivity) [1, 80], a future version
of the direct detection experiments SENSEI (assuming a silicon target with 100 g · yr of exposure
and 2e� sensitivity) and SuperCDMS [1], as well as a missing momentum search at LDMX. The

✏2
↵
d
(m

�
/m

�
d
)4

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

m� [MeV]
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

↵d = 0.5
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

✏

2
F d
µ⌫F

µ⌫

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

✏2↵d↵EMm2
�

m4
�d

⇠ 1

TeqMpl
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

thermal target:

(p-wave so avoids CMB)

Berlin, Blinov, Krnjaic, 
Schuster, Toro, 1807.01730

https://arxiv.org/abs/1807.01730


Thermal Target for Sub-GeV DM

�
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�̄
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

e�
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

e+
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�d
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

m�d = 3m�
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

✏2
↵
d
(m

�
/m

�
d
)4

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

m� [MeV]
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

↵d = 0.5
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

✏

2
F d
µ⌫F

µ⌫

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

✏2↵d↵EMm2
�

m4
�d

⇠ 1

TeqMpl
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

thermal target:

(p-wave so avoids CMB)

Berlin, Blinov, Krnjaic, 
Schuster, Toro, 1807.01730

What are the thermal relic targets  
beyond-the-WIMP?

https://arxiv.org/abs/1807.01730


Plan

I.  Freezeout Zoo 

II.  Coscattering 

III. Thermal Relic Targets



SIMP

WIMP

freeze-in

forbidden

coscattering

semi-annihilations

coannihilations

misalignment

I. Dark Freezeout Zoology

superWIMP



SIMP

WIMP

freeze-in

forbidden

coscattering

semi-annihilations

coannihilations

misalignment

I. Dark Freezeout Zoology

superWIMP



nonthermal

Dark

Mechanism Flowthermal

symmetric

2-to-2

WIMP superWIMP

oscillations

thermal parent

freeze-in

particle dark matter

misalignment

reheating

cosmic strings

asymmetric



1 2 5 10 20 50 100 20010-20

10-16

10-12

10-8

10-4

1

mc ê T

Y c
n
�
/s

m�/Td

n� ⇠ e�m�/Td

1) what interactions deplete DM?

2) decoupling of what 
interaction triggers freezeout?
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• Hochberg, Kuflik, Volansky, Wacker, 1402.5143 
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1) thermal relic with:

2) no funny cosmology
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(ex: no late entropy production, 
no cannibalism)

3)      symmetry, 2-to-2 annihilations
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• Griest, Seckel, 1991 
•  D’Agnolo, Pappadopulo, JTR, 1705.08450

1)  pole 2)  forbidden channels

3)  coannihilations 4)  coscattering
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 Dark Exceptions

D’Agnolo, JTR, 1505.07107 (PRL)

http://inspirehep.net/record/300447
https://arxiv.org/abs/1705.08450
https://arxiv.org/abs/1505.07107


Coannihilations

• Griest, Seckel, 1991 
• well-tempered neutralino: Arkani-Hamed, Delgado, Giudice, hep-ph/0601041
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<latexit sha1_base64="liXtrl4MKzJ9GjDfW0oGG30siio=">AAACJ3icbVDLSsNAFJ34rPVVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp2kW2vbAwOGce+cejhsLrtCyvoyl5ZXVtfXCRnFza3tnt7S3/6iiRDKos0hEsulSBYKHUEeOApqxBBq4Ahpu/3biNwYgFY/CBxzF4AS0G3KfM4pa6pQO2whDzP5JXZHAOG3Hio87pbJVsTKY88TOSZnkqHVKP20vYkkAITJBlWrZVoxOSiVyJmBcbCcKYsr6tAstTUMagHLS7O7YPNGKZ/qR1C9EM1P/bqQ0UGoUuHoyoNhTs95EXOS1EvSvnJSHcYIQsukhPxEmRuakDNPjEhiKkSaUSa6zmqxHJWWoK1uY+cwb8Fjl8YfT/EXdlj3bzTypn1euK9b9Rbl6k9dWIEfkmJwSm1ySKrkjNVInjDyRZ/JK3owX4934MD6no0tGvnNA/sH4/gUAC6hd</latexit><latexit sha1_base64="liXtrl4MKzJ9GjDfW0oGG30siio=">AAACJ3icbVDLSsNAFJ34rPVVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp2kW2vbAwOGce+cejhsLrtCyvoyl5ZXVtfXCRnFza3tnt7S3/6iiRDKos0hEsulSBYKHUEeOApqxBBq4Ahpu/3biNwYgFY/CBxzF4AS0G3KfM4pa6pQO2whDzP5JXZHAOG3Hio87pbJVsTKY88TOSZnkqHVKP20vYkkAITJBlWrZVoxOSiVyJmBcbCcKYsr6tAstTUMagHLS7O7YPNGKZ/qR1C9EM1P/bqQ0UGoUuHoyoNhTs95EXOS1EvSvnJSHcYIQsukhPxEmRuakDNPjEhiKkSaUSa6zmqxHJWWoK1uY+cwb8Fjl8YfT/EXdlj3bzTypn1euK9b9Rbl6k9dWIEfkmJwSm1ySKrkjNVInjDyRZ/JK3owX4934MD6no0tGvnNA/sH4/gUAC6hd</latexit><latexit sha1_base64="liXtrl4MKzJ9GjDfW0oGG30siio=">AAACJ3icbVDLSsNAFJ34rPVVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp2kW2vbAwOGce+cejhsLrtCyvoyl5ZXVtfXCRnFza3tnt7S3/6iiRDKos0hEsulSBYKHUEeOApqxBBq4Ahpu/3biNwYgFY/CBxzF4AS0G3KfM4pa6pQO2whDzP5JXZHAOG3Hio87pbJVsTKY88TOSZnkqHVKP20vYkkAITJBlWrZVoxOSiVyJmBcbCcKYsr6tAstTUMagHLS7O7YPNGKZ/qR1C9EM1P/bqQ0UGoUuHoyoNhTs95EXOS1EvSvnJSHcYIQsukhPxEmRuakDNPjEhiKkSaUSa6zmqxHJWWoK1uY+cwb8Fjl8YfT/EXdlj3bzTypn1euK9b9Rbl6k9dWIEfkmJwSm1ySKrkjNVInjDyRZ/JK3owX4934MD6no0tGvnNA/sH4/gUAC6hd</latexit>

�m
<latexit sha1_base64="wX+TCluqNzWHZtgRwX36WFfB1ac=">AAACMnicbVBNSwMxFMz6WetX1aOXaBE8SNmKoN6KinqsYK3QlpJNX2toNrskb0vLsmd/jUf1t4gn8eo/8GLa7kFrBwLDzHsvw3ihFAZd982ZmZ2bX1jMLGWXV1bX1nMbm3cmiDSHCg9koO89ZkAKBRUUKOE+1MB8T0LV654P/WoPtBGBusVBCA2fdZRoC87QSs3cTh2hj6M78WWgweCVBlBJXL8AiYz6STOXdwvuCPQ/KaYkT1KUm7nveivgkQ8KuWTG1IpuiI2YaRRcQpKtRwZCxrusAzVLFfPBNOJRhITuWaVF24G2TyEdqb83YuYbM/A9O+kzfDCT3lCc5tUibJ80YqHCCEHx8UftSFIM6LAX2hIaOMqBJYxrYbNS/sA042jbm5r5oNUToUnj98f5s7at4mQ3/0nlsHBacG+O8qWztLYM2Sa7ZJ8UyTEpkWtSJhXCySN5Ii/k1Xl23p0P53M8OuOkO1vkD5yvH5pKrLI=</latexit><latexit sha1_base64="wX+TCluqNzWHZtgRwX36WFfB1ac=">AAACMnicbVBNSwMxFMz6WetX1aOXaBE8SNmKoN6KinqsYK3QlpJNX2toNrskb0vLsmd/jUf1t4gn8eo/8GLa7kFrBwLDzHsvw3ihFAZd982ZmZ2bX1jMLGWXV1bX1nMbm3cmiDSHCg9koO89ZkAKBRUUKOE+1MB8T0LV654P/WoPtBGBusVBCA2fdZRoC87QSs3cTh2hj6M78WWgweCVBlBJXL8AiYz6STOXdwvuCPQ/KaYkT1KUm7nveivgkQ8KuWTG1IpuiI2YaRRcQpKtRwZCxrusAzVLFfPBNOJRhITuWaVF24G2TyEdqb83YuYbM/A9O+kzfDCT3lCc5tUibJ80YqHCCEHx8UftSFIM6LAX2hIaOMqBJYxrYbNS/sA042jbm5r5oNUToUnj98f5s7at4mQ3/0nlsHBacG+O8qWztLYM2Sa7ZJ8UyTEpkWtSJhXCySN5Ii/k1Xl23p0P53M8OuOkO1vkD5yvH5pKrLI=</latexit><latexit sha1_base64="wX+TCluqNzWHZtgRwX36WFfB1ac=">AAACMnicbVBNSwMxFMz6WetX1aOXaBE8SNmKoN6KinqsYK3QlpJNX2toNrskb0vLsmd/jUf1t4gn8eo/8GLa7kFrBwLDzHsvw3ihFAZd982ZmZ2bX1jMLGWXV1bX1nMbm3cmiDSHCg9koO89ZkAKBRUUKOE+1MB8T0LV654P/WoPtBGBusVBCA2fdZRoC87QSs3cTh2hj6M78WWgweCVBlBJXL8AiYz6STOXdwvuCPQ/KaYkT1KUm7nveivgkQ8KuWTG1IpuiI2YaRRcQpKtRwZCxrusAzVLFfPBNOJRhITuWaVF24G2TyEdqb83YuYbM/A9O+kzfDCT3lCc5tUibJ80YqHCCEHx8UftSFIM6LAX2hIaOMqBJYxrYbNS/sA042jbm5r5oNUToUnj98f5s7at4mQ3/0nlsHBacG+O8qWztLYM2Sa7ZJ8UyTEpkWtSJhXCySN5Ii/k1Xl23p0P53M8OuOkO1vkD5yvH5pKrLI=</latexit>

 
<latexit sha1_base64="liXtrl4MKzJ9GjDfW0oGG30siio=">AAACJ3icbVDLSsNAFJ34rPVVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp2kW2vbAwOGce+cejhsLrtCyvoyl5ZXVtfXCRnFza3tnt7S3/6iiRDKos0hEsulSBYKHUEeOApqxBBq4Ahpu/3biNwYgFY/CBxzF4AS0G3KfM4pa6pQO2whDzP5JXZHAOG3Hio87pbJVsTKY88TOSZnkqHVKP20vYkkAITJBlWrZVoxOSiVyJmBcbCcKYsr6tAstTUMagHLS7O7YPNGKZ/qR1C9EM1P/bqQ0UGoUuHoyoNhTs95EXOS1EvSvnJSHcYIQsukhPxEmRuakDNPjEhiKkSaUSa6zmqxHJWWoK1uY+cwb8Fjl8YfT/EXdlj3bzTypn1euK9b9Rbl6k9dWIEfkmJwSm1ySKrkjNVInjDyRZ/JK3owX4934MD6no0tGvnNA/sH4/gUAC6hd</latexit><latexit sha1_base64="liXtrl4MKzJ9GjDfW0oGG30siio=">AAACJ3icbVDLSsNAFJ34rPVVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp2kW2vbAwOGce+cejhsLrtCyvoyl5ZXVtfXCRnFza3tnt7S3/6iiRDKos0hEsulSBYKHUEeOApqxBBq4Ahpu/3biNwYgFY/CBxzF4AS0G3KfM4pa6pQO2whDzP5JXZHAOG3Hio87pbJVsTKY88TOSZnkqHVKP20vYkkAITJBlWrZVoxOSiVyJmBcbCcKYsr6tAstTUMagHLS7O7YPNGKZ/qR1C9EM1P/bqQ0UGoUuHoyoNhTs95EXOS1EvSvnJSHcYIQsukhPxEmRuakDNPjEhiKkSaUSa6zmqxHJWWoK1uY+cwb8Fjl8YfT/EXdlj3bzTypn1euK9b9Rbl6k9dWIEfkmJwSm1ySKrkjNVInjDyRZ/JK3owX4934MD6no0tGvnNA/sH4/gUAC6hd</latexit><latexit sha1_base64="liXtrl4MKzJ9GjDfW0oGG30siio=">AAACJ3icbVDLSsNAFJ34rPVVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp2kW2vbAwOGce+cejhsLrtCyvoyl5ZXVtfXCRnFza3tnt7S3/6iiRDKos0hEsulSBYKHUEeOApqxBBq4Ahpu/3biNwYgFY/CBxzF4AS0G3KfM4pa6pQO2whDzP5JXZHAOG3Hio87pbJVsTKY88TOSZnkqHVKP20vYkkAITJBlWrZVoxOSiVyJmBcbCcKYsr6tAstTUMagHLS7O7YPNGKZ/qR1C9EM1P/bqQ0UGoUuHoyoNhTs95EXOS1EvSvnJSHcYIQsukhPxEmRuakDNPjEhiKkSaUSa6zmqxHJWWoK1uY+cwb8Fjl8YfT/EXdlj3bzTypn1euK9b9Rbl6k9dWIEfkmJwSm1ySKrkjNVInjDyRZ/JK3owX4934MD6no0tGvnNA/sH4/gUAC6hd</latexit>

 
<latexit sha1_base64="liXtrl4MKzJ9GjDfW0oGG30siio=">AAACJ3icbVDLSsNAFJ34rPVVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp2kW2vbAwOGce+cejhsLrtCyvoyl5ZXVtfXCRnFza3tnt7S3/6iiRDKos0hEsulSBYKHUEeOApqxBBq4Ahpu/3biNwYgFY/CBxzF4AS0G3KfM4pa6pQO2whDzP5JXZHAOG3Hio87pbJVsTKY88TOSZnkqHVKP20vYkkAITJBlWrZVoxOSiVyJmBcbCcKYsr6tAstTUMagHLS7O7YPNGKZ/qR1C9EM1P/bqQ0UGoUuHoyoNhTs95EXOS1EvSvnJSHcYIQsukhPxEmRuakDNPjEhiKkSaUSa6zmqxHJWWoK1uY+cwb8Fjl8YfT/EXdlj3bzTypn1euK9b9Rbl6k9dWIEfkmJwSm1ySKrkjNVInjDyRZ/JK3owX4934MD6no0tGvnNA/sH4/gUAC6hd</latexit><latexit sha1_base64="liXtrl4MKzJ9GjDfW0oGG30siio=">AAACJ3icbVDLSsNAFJ34rPVVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp2kW2vbAwOGce+cejhsLrtCyvoyl5ZXVtfXCRnFza3tnt7S3/6iiRDKos0hEsulSBYKHUEeOApqxBBq4Ahpu/3biNwYgFY/CBxzF4AS0G3KfM4pa6pQO2whDzP5JXZHAOG3Hio87pbJVsTKY88TOSZnkqHVKP20vYkkAITJBlWrZVoxOSiVyJmBcbCcKYsr6tAstTUMagHLS7O7YPNGKZ/qR1C9EM1P/bqQ0UGoUuHoyoNhTs95EXOS1EvSvnJSHcYIQsukhPxEmRuakDNPjEhiKkSaUSa6zmqxHJWWoK1uY+cwb8Fjl8YfT/EXdlj3bzTypn1euK9b9Rbl6k9dWIEfkmJwSm1ySKrkjNVInjDyRZ/JK3owX4934MD6no0tGvnNA/sH4/gUAC6hd</latexit><latexit sha1_base64="liXtrl4MKzJ9GjDfW0oGG30siio=">AAACJ3icbVDLSsNAFJ34rPVVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp2kW2vbAwOGce+cejhsLrtCyvoyl5ZXVtfXCRnFza3tnt7S3/6iiRDKos0hEsulSBYKHUEeOApqxBBq4Ahpu/3biNwYgFY/CBxzF4AS0G3KfM4pa6pQO2whDzP5JXZHAOG3Hio87pbJVsTKY88TOSZnkqHVKP20vYkkAITJBlWrZVoxOSiVyJmBcbCcKYsr6tAstTUMagHLS7O7YPNGKZ/qR1C9EM1P/bqQ0UGoUuHoyoNhTs95EXOS1EvSvnJSHcYIQsukhPxEmRuakDNPjEhiKkSaUSa6zmqxHJWWoK1uY+cwb8Fjl8YfT/EXdlj3bzTypn1euK9b9Rbl6k9dWIEfkmJwSm1ySKrkjNVInjDyRZ/JK3owX4934MD6no0tGvnNA/sH4/gUAC6hd</latexit>

suppose annihilations dominated by heavy states: 
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<latexit sha1_base64="tMERTMdlV+R3eYvPWjnGY4zlfEw="></latexit><latexit sha1_base64="tMERTMdlV+R3eYvPWjnGY4zlfEw="></latexit><latexit sha1_base64="tMERTMdlV+R3eYvPWjnGY4zlfEw="></latexit>
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e�2�m/T ⇠ 1

TeqMpl
<latexit sha1_base64="e0gM4vrtKhzo9HMsKOOeqqfrrtE="></latexit><latexit sha1_base64="e0gM4vrtKhzo9HMsKOOeqqfrrtE="></latexit><latexit sha1_base64="e0gM4vrtKhzo9HMsKOOeqqfrrtE="></latexit>

• DM mass:

• evades CMB: ��� ⌧ �  
<latexit sha1_base64="BOw+WSNt11Nr0KEI+5t22VDcAy8="></latexit><latexit sha1_base64="BOw+WSNt11Nr0KEI+5t22VDcAy8="></latexit><latexit sha1_base64="BOw+WSNt11Nr0KEI+5t22VDcAy8="></latexit>

Raffaele D'Agnolo, Cristina Mondino, JTR, Po-Jen Wang, 1803.02901

Light DM from Coannihilations
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<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

https://arxiv.org/abs/1803.02901


Light DM from Coannihilations
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<latexit sha1_base64="ZVuhywQyUIMWxn1JSU9HFtd7wLk="></latexit><latexit sha1_base64="ZVuhywQyUIMWxn1JSU9HFtd7wLk="></latexit><latexit sha1_base64="ZVuhywQyUIMWxn1JSU9HFtd7wLk="></latexit>

�m/m�
<latexit sha1_base64="HJ4RFZZROv6sIw01ThcT9DNL0wM="></latexit><latexit sha1_base64="HJ4RFZZROv6sIw01ThcT9DNL0wM="></latexit><latexit sha1_base64="HJ4RFZZROv6sIw01ThcT9DNL0wM="></latexit>

Raffaele D'Agnolo, Cristina Mondino, JTR, Po-Jen Wang, 1803.02901
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<latexit sha1_base64="Qc+BgrnCnDrw6q1gk8lyjd9vuWM=">AAACJXicbVDLSsNAFJ3UV62vaJduBovgQkpSBV0WdeFGrGAf0MQwmUzboTNJmJkUQ+i3uFQ/xp0IrvwQN07bLLT1wIXDOfdyD8ePGZXKsj6NwtLyyupacb20sbm1vWPu7rVklAhMmjhikej4SBJGQ9JUVDHSiQVB3Gek7Q8vJ357RISkUXiv0pi4HPVD2qMYKS15Ztm55aSPvMwRHF7djOHgoeaZFatqTQEXiZ2TCsjR8MxvJ4hwwkmoMENSdm0rVm6GhKKYkXHJSSSJER6iPulqGiJOpJtNw4/hoVYC2IuEnlDBqfr7IkNcypT7epMjNZDz3kT8z+smqnfuZjSME0VCPHvUSxhUEZw0AQMqCFYs1QRhQXVWiAdIIKx0X/9mPg5GNJZ5/MdZ/pJuy57vZpG0alX7pFq7O63UL/LeimAfHIAjYIMzUAfXoAGaAIMUPIEX8Go8G2/Gu/ExWy0Y+U0Z/IHx9QNIRqWQ</latexit>
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https://arxiv.org/abs/1803.02901


II.  Coscattering

�
<latexit sha1_base64="WPbbcmEE5zV8AaD8IwJTHTpi3CA=">AAACJnicbVDLSsNAFJ3UV62vqLhyEyyCCympCOqu6MZlBWsLTSiTyW07dPJg5qa0hHyMS/VjXIm48z/cOG2z0LYHBg7n3Dv3cLxYcIW2/WUUVlbX1jeKm6Wt7Z3dPXP/4ElFiWTQYJGIZMujCgQPoYEcBbRiCTTwBDS9wd3Ebw5BKh6FjziOwQ1oL+RdzihqqWMeOQgjnP6TSvCz1GF9nnXMsl2xp7AWSTUnZZKj3jF/HD9iSQAhMkGValftGN2USuRMQFZyEgUxZQPag7amIQ1Auen0bGadasW3upHUL0Rrqv7dSGmg1Djw9GRAsa/mvYm4zGsn2L12Ux7GCULIZoe6ibAwsiZdWD6XwFCMNaFMcp3VYn0qKUPd2NLM5/6QxyqPP5rlL+m2qvPdLJLGReWmYj9clmu3eW1FckxOyBmpkitSI/ekThqEkZQ8k1fyZrwY78aH8TkbLRj5ziH5B+P7F/Mhp84=</latexit><latexit sha1_base64="WPbbcmEE5zV8AaD8IwJTHTpi3CA=">AAACJnicbVDLSsNAFJ3UV62vqLhyEyyCCympCOqu6MZlBWsLTSiTyW07dPJg5qa0hHyMS/VjXIm48z/cOG2z0LYHBg7n3Dv3cLxYcIW2/WUUVlbX1jeKm6Wt7Z3dPXP/4ElFiWTQYJGIZMujCgQPoYEcBbRiCTTwBDS9wd3Ebw5BKh6FjziOwQ1oL+RdzihqqWMeOQgjnP6TSvCz1GF9nnXMsl2xp7AWSTUnZZKj3jF/HD9iSQAhMkGValftGN2USuRMQFZyEgUxZQPag7amIQ1Auen0bGadasW3upHUL0Rrqv7dSGmg1Djw9GRAsa/mvYm4zGsn2L12Ux7GCULIZoe6ibAwsiZdWD6XwFCMNaFMcp3VYn0qKUPd2NLM5/6QxyqPP5rlL+m2qvPdLJLGReWmYj9clmu3eW1FckxOyBmpkitSI/ekThqEkZQ8k1fyZrwY78aH8TkbLRj5ziH5B+P7F/Mhp84=</latexit><latexit sha1_base64="WPbbcmEE5zV8AaD8IwJTHTpi3CA=">AAACJnicbVDLSsNAFJ3UV62vqLhyEyyCCympCOqu6MZlBWsLTSiTyW07dPJg5qa0hHyMS/VjXIm48z/cOG2z0LYHBg7n3Dv3cLxYcIW2/WUUVlbX1jeKm6Wt7Z3dPXP/4ElFiWTQYJGIZMujCgQPoYEcBbRiCTTwBDS9wd3Ebw5BKh6FjziOwQ1oL+RdzihqqWMeOQgjnP6TSvCz1GF9nnXMsl2xp7AWSTUnZZKj3jF/HD9iSQAhMkGValftGN2USuRMQFZyEgUxZQPag7amIQ1Auen0bGadasW3upHUL0Rrqv7dSGmg1Djw9GRAsa/mvYm4zGsn2L12Ux7GCULIZoe6ibAwsiZdWD6XwFCMNaFMcp3VYn0qKUPd2NLM5/6QxyqPP5rlL+m2qvPdLJLGReWmYj9clmu3eW1FckxOyBmpkitSI/ekThqEkZQ8k1fyZrwY78aH8TkbLRj5ziH5B+P7F/Mhp84=</latexit>

�
<latexit sha1_base64="onYJXckoZAw+ZWx9almheQWVvLw=">AAACJ3icbVDLSsNAFJ34rPUVFdy4CRbBhZREBHVXdOOygrGFJpTJZNIOnTyYuSktMT/jUv0YV6JLv8ON0zQLbXtg4HDOvXMPx0s4k2CaX9rS8srq2nplo7q5tb2zq+/tP8o4FYTaJOaxaHtYUs4iagMDTtuJoDj0OG15g9uJ3xpSIVkcPcA4oW6IexELGMGgpK5+6AAdQfFP1uRpmGdO0md5V6+ZdbOAMU+sktRQiWZX/3H8mKQhjYBwLGXHMhNwMyyAEU7zqpNKmmAywD3aUTTCIZVuVtzNjROl+EYQC/UiMAr170aGQynHoacmQwx9OetNxEVeJ4Xgys1YlKRAIzI9FKTcgNiYlGH4TFACfKwIJoKprAbpY4EJqMoWZj7zhyyRZfzRNH9VtWXNdjNP7PP6dd28v6g1bsraKugIHaNTZKFL1EB3qIlsRNATekav6E170d61D+1zOrqklTsH6B+071/cTqhI</latexit><latexit sha1_base64="onYJXckoZAw+ZWx9almheQWVvLw=">AAACJ3icbVDLSsNAFJ34rPUVFdy4CRbBhZREBHVXdOOygrGFJpTJZNIOnTyYuSktMT/jUv0YV6JLv8ON0zQLbXtg4HDOvXMPx0s4k2CaX9rS8srq2nplo7q5tb2zq+/tP8o4FYTaJOaxaHtYUs4iagMDTtuJoDj0OG15g9uJ3xpSIVkcPcA4oW6IexELGMGgpK5+6AAdQfFP1uRpmGdO0md5V6+ZdbOAMU+sktRQiWZX/3H8mKQhjYBwLGXHMhNwMyyAEU7zqpNKmmAywD3aUTTCIZVuVtzNjROl+EYQC/UiMAr170aGQynHoacmQwx9OetNxEVeJ4Xgys1YlKRAIzI9FKTcgNiYlGH4TFACfKwIJoKprAbpY4EJqMoWZj7zhyyRZfzRNH9VtWXNdjNP7PP6dd28v6g1bsraKugIHaNTZKFL1EB3qIlsRNATekav6E170d61D+1zOrqklTsH6B+071/cTqhI</latexit><latexit sha1_base64="onYJXckoZAw+ZWx9almheQWVvLw=">AAACJ3icbVDLSsNAFJ34rPUVFdy4CRbBhZREBHVXdOOygrGFJpTJZNIOnTyYuSktMT/jUv0YV6JLv8ON0zQLbXtg4HDOvXMPx0s4k2CaX9rS8srq2nplo7q5tb2zq+/tP8o4FYTaJOaxaHtYUs4iagMDTtuJoDj0OG15g9uJ3xpSIVkcPcA4oW6IexELGMGgpK5+6AAdQfFP1uRpmGdO0md5V6+ZdbOAMU+sktRQiWZX/3H8mKQhjYBwLGXHMhNwMyyAEU7zqpNKmmAywD3aUTTCIZVuVtzNjROl+EYQC/UiMAr170aGQynHoacmQwx9OetNxEVeJ4Xgys1YlKRAIzI9FKTcgNiYlGH4TFACfKwIJoKprAbpY4EJqMoWZj7zhyyRZfzRNH9VtWXNdjNP7PP6dd28v6g1bsraKugIHaNTZKFL1EB3qIlsRNATekav6E170d61D+1zOrqklTsH6B+071/cTqhI</latexit>

�
<latexit sha1_base64="onYJXckoZAw+ZWx9almheQWVvLw=">AAACJ3icbVDLSsNAFJ34rPUVFdy4CRbBhZREBHVXdOOygrGFJpTJZNIOnTyYuSktMT/jUv0YV6JLv8ON0zQLbXtg4HDOvXMPx0s4k2CaX9rS8srq2nplo7q5tb2zq+/tP8o4FYTaJOaxaHtYUs4iagMDTtuJoDj0OG15g9uJ3xpSIVkcPcA4oW6IexELGMGgpK5+6AAdQfFP1uRpmGdO0md5V6+ZdbOAMU+sktRQiWZX/3H8mKQhjYBwLGXHMhNwMyyAEU7zqpNKmmAywD3aUTTCIZVuVtzNjROl+EYQC/UiMAr170aGQynHoacmQwx9OetNxEVeJ4Xgys1YlKRAIzI9FKTcgNiYlGH4TFACfKwIJoKprAbpY4EJqMoWZj7zhyyRZfzRNH9VtWXNdjNP7PP6dd28v6g1bsraKugIHaNTZKFL1EB3qIlsRNATekav6E170d61D+1zOrqklTsH6B+071/cTqhI</latexit><latexit sha1_base64="onYJXckoZAw+ZWx9almheQWVvLw=">AAACJ3icbVDLSsNAFJ34rPUVFdy4CRbBhZREBHVXdOOygrGFJpTJZNIOnTyYuSktMT/jUv0YV6JLv8ON0zQLbXtg4HDOvXMPx0s4k2CaX9rS8srq2nplo7q5tb2zq+/tP8o4FYTaJOaxaHtYUs4iagMDTtuJoDj0OG15g9uJ3xpSIVkcPcA4oW6IexELGMGgpK5+6AAdQfFP1uRpmGdO0md5V6+ZdbOAMU+sktRQiWZX/3H8mKQhjYBwLGXHMhNwMyyAEU7zqpNKmmAywD3aUTTCIZVuVtzNjROl+EYQC/UiMAr170aGQynHoacmQwx9OetNxEVeJ4Xgys1YlKRAIzI9FKTcgNiYlGH4TFACfKwIJoKprAbpY4EJqMoWZj7zhyyRZfzRNH9VtWXNdjNP7PP6dd28v6g1bsraKugIHaNTZKFL1EB3qIlsRNATekav6E170d61D+1zOrqklTsH6B+071/cTqhI</latexit><latexit sha1_base64="onYJXckoZAw+ZWx9almheQWVvLw=">AAACJ3icbVDLSsNAFJ34rPUVFdy4CRbBhZREBHVXdOOygrGFJpTJZNIOnTyYuSktMT/jUv0YV6JLv8ON0zQLbXtg4HDOvXMPx0s4k2CaX9rS8srq2nplo7q5tb2zq+/tP8o4FYTaJOaxaHtYUs4iagMDTtuJoDj0OG15g9uJ3xpSIVkcPcA4oW6IexELGMGgpK5+6AAdQfFP1uRpmGdO0md5V6+ZdbOAMU+sktRQiWZX/3H8mKQhjYBwLGXHMhNwMyyAEU7zqpNKmmAywD3aUTTCIZVuVtzNjROl+EYQC/UiMAr170aGQynHoacmQwx9OetNxEVeJ4Xgys1YlKRAIzI9FKTcgNiYlGH4TFACfKwIJoKprAbpY4EJqMoWZj7zhyyRZfzRNH9VtWXNdjNP7PP6dd28v6g1bsraKugIHaNTZKFL1EB3qIlsRNATekav6E170d61D+1zOrqklTsH6B+071/cTqhI</latexit>

 
<latexit sha1_base64="liXtrl4MKzJ9GjDfW0oGG30siio=">AAACJ3icbVDLSsNAFJ34rPVVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp2kW2vbAwOGce+cejhsLrtCyvoyl5ZXVtfXCRnFza3tnt7S3/6iiRDKos0hEsulSBYKHUEeOApqxBBq4Ahpu/3biNwYgFY/CBxzF4AS0G3KfM4pa6pQO2whDzP5JXZHAOG3Hio87pbJVsTKY88TOSZnkqHVKP20vYkkAITJBlWrZVoxOSiVyJmBcbCcKYsr6tAstTUMagHLS7O7YPNGKZ/qR1C9EM1P/bqQ0UGoUuHoyoNhTs95EXOS1EvSvnJSHcYIQsukhPxEmRuakDNPjEhiKkSaUSa6zmqxHJWWoK1uY+cwb8Fjl8YfT/EXdlj3bzTypn1euK9b9Rbl6k9dWIEfkmJwSm1ySKrkjNVInjDyRZ/JK3owX4934MD6no0tGvnNA/sH4/gUAC6hd</latexit><latexit sha1_base64="liXtrl4MKzJ9GjDfW0oGG30siio=">AAACJ3icbVDLSsNAFJ34rPVVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp2kW2vbAwOGce+cejhsLrtCyvoyl5ZXVtfXCRnFza3tnt7S3/6iiRDKos0hEsulSBYKHUEeOApqxBBq4Ahpu/3biNwYgFY/CBxzF4AS0G3KfM4pa6pQO2whDzP5JXZHAOG3Hio87pbJVsTKY88TOSZnkqHVKP20vYkkAITJBlWrZVoxOSiVyJmBcbCcKYsr6tAstTUMagHLS7O7YPNGKZ/qR1C9EM1P/bqQ0UGoUuHoyoNhTs95EXOS1EvSvnJSHcYIQsukhPxEmRuakDNPjEhiKkSaUSa6zmqxHJWWoK1uY+cwb8Fjl8YfT/EXdlj3bzTypn1euK9b9Rbl6k9dWIEfkmJwSm1ySKrkjNVInjDyRZ/JK3owX4934MD6no0tGvnNA/sH4/gUAC6hd</latexit><latexit sha1_base64="liXtrl4MKzJ9GjDfW0oGG30siio=">AAACJ3icbVDLSsNAFJ34rPVVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp2kW2vbAwOGce+cejhsLrtCyvoyl5ZXVtfXCRnFza3tnt7S3/6iiRDKos0hEsulSBYKHUEeOApqxBBq4Ahpu/3biNwYgFY/CBxzF4AS0G3KfM4pa6pQO2whDzP5JXZHAOG3Hio87pbJVsTKY88TOSZnkqHVKP20vYkkAITJBlWrZVoxOSiVyJmBcbCcKYsr6tAstTUMagHLS7O7YPNGKZ/qR1C9EM1P/bqQ0UGoUuHoyoNhTs95EXOS1EvSvnJSHcYIQsukhPxEmRuakDNPjEhiKkSaUSa6zmqxHJWWoK1uY+cwb8Fjl8YfT/EXdlj3bzTypn1euK9b9Rbl6k9dWIEfkmJwSm1ySKrkjNVInjDyRZ/JK3owX4934MD6no0tGvnNA/sH4/gUAC6hd</latexit>

 Raffaele D’Agnolo, Duccio Pappadopulo, JTR, 1705.08450
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dark matter depletes from its own 
rapid annihilations

bath particle

(see also: Garny, Heisig, Lulf, Vogl, 1705.09292)

https://arxiv.org/abs/1705.08450
https://arxiv.org/abs/1705.09292


Coannihilation vs. Coscattering
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• coannihilation

• coscattering

�
<latexit sha1_base64="Z9hl1k6vI60YXAjvJof7J3oel8s=">AAACE3icbVDLSsNAFL2pr1pfVZduBovgQkoigrorunFZwdhCG8pkMmmGTiZhZlIspb/gUv0YV+LWD/Bb3Dhps9C2BwYO59zLPXP8lDOlbfvbKq2srq1vlDcrW9s7u3vV/YNHlWSSUJckPJFtHyvKmaCuZprTdiopjn1OW/7gNvdbQyoVS8SDHqXUi3FfsJARrHOpSyLWq9bsuj0FWiROQWpQoNmr/nSDhGQxFZpwrFTHsVPtjbHUjHA6qXQzRVNMBrhPO4YKHFPljadZJ+jEKAEKE2me0Giq/t0Y41ipUeybyRjrSM17ubjM62Q6vPLGTKSZpoLMDoUZRzpB+cdRwCQlmo8MwUQykxWRCEtMtKlnaeazYMhSVcR/muWvmLac+W4WiXtev67b9xe1xk1RWxmO4BhOwYFLaMAdNMEFAhE8wyu8WS/Wu/Vhfc5GS1axcwj/YH39Aj+nn4g=</latexit><latexit sha1_base64="Z9hl1k6vI60YXAjvJof7J3oel8s=">AAACE3icbVDLSsNAFL2pr1pfVZduBovgQkoigrorunFZwdhCG8pkMmmGTiZhZlIspb/gUv0YV+LWD/Bb3Dhps9C2BwYO59zLPXP8lDOlbfvbKq2srq1vlDcrW9s7u3vV/YNHlWSSUJckPJFtHyvKmaCuZprTdiopjn1OW/7gNvdbQyoVS8SDHqXUi3FfsJARrHOpSyLWq9bsuj0FWiROQWpQoNmr/nSDhGQxFZpwrFTHsVPtjbHUjHA6qXQzRVNMBrhPO4YKHFPljadZJ+jEKAEKE2me0Giq/t0Y41ipUeybyRjrSM17ubjM62Q6vPLGTKSZpoLMDoUZRzpB+cdRwCQlmo8MwUQykxWRCEtMtKlnaeazYMhSVcR/muWvmLac+W4WiXtev67b9xe1xk1RWxmO4BhOwYFLaMAdNMEFAhE8wyu8WS/Wu/Vhfc5GS1axcwj/YH39Aj+nn4g=</latexit><latexit sha1_base64="Z9hl1k6vI60YXAjvJof7J3oel8s=">AAACE3icbVDLSsNAFL2pr1pfVZduBovgQkoigrorunFZwdhCG8pkMmmGTiZhZlIspb/gUv0YV+LWD/Bb3Dhps9C2BwYO59zLPXP8lDOlbfvbKq2srq1vlDcrW9s7u3vV/YNHlWSSUJckPJFtHyvKmaCuZprTdiopjn1OW/7gNvdbQyoVS8SDHqXUi3FfsJARrHOpSyLWq9bsuj0FWiROQWpQoNmr/nSDhGQxFZpwrFTHsVPtjbHUjHA6qXQzRVNMBrhPO4YKHFPljadZJ+jEKAEKE2me0Giq/t0Y41ipUeybyRjrSM17ubjM62Q6vPLGTKSZpoLMDoUZRzpB+cdRwCQlmo8MwUQykxWRCEtMtKlnaeazYMhSVcR/muWvmLac+W4WiXtev67b9xe1xk1RWxmO4BhOwYFLaMAdNMEFAhE8wyu8WS/Wu/Vhfc5GS1axcwj/YH39Aj+nn4g=</latexit>

 
<latexit sha1_base64="bGCXVnP0A5v39GyD5sXgSJGqDT4=">AAACE3icbVDLSsNAFL2pr1pfVZduBovgQkoigrorunFZwdhCG8pkMmmHTiZhZlIsob/gUv0YV+LWD/Bb3Dhps9C2BwYO59zLPXP8hDOlbfvbKq2srq1vlDcrW9s7u3vV/YNHFaeSUJfEPJZtHyvKmaCuZprTdiIpjnxOW/7wNvdbIyoVi8WDHifUi3BfsJARrHOpmyjWq9bsuj0FWiROQWpQoNmr/nSDmKQRFZpwrFTHsRPtZVhqRjidVLqpogkmQ9ynHUMFjqjysmnWCToxSoDCWJonNJqqfzcyHCk1jnwzGWE9UPNeLi7zOqkOr7yMiSTVVJDZoTDlSMco/zgKmKRE87EhmEhmsiIywBITbepZmvksGLFEFfGfZvkrpi1nvptF4p7Xr+v2/UWtcVPUVoYjOIZTcOASGnAHTXCBwACe4RXerBfr3fqwPmejJavYOYR/sL5+AWfsn6A=</latexit><latexit sha1_base64="bGCXVnP0A5v39GyD5sXgSJGqDT4=">AAACE3icbVDLSsNAFL2pr1pfVZduBovgQkoigrorunFZwdhCG8pkMmmHTiZhZlIsob/gUv0YV+LWD/Bb3Dhps9C2BwYO59zLPXP8hDOlbfvbKq2srq1vlDcrW9s7u3vV/YNHFaeSUJfEPJZtHyvKmaCuZprTdiIpjnxOW/7wNvdbIyoVi8WDHifUi3BfsJARrHOpmyjWq9bsuj0FWiROQWpQoNmr/nSDmKQRFZpwrFTHsRPtZVhqRjidVLqpogkmQ9ynHUMFjqjysmnWCToxSoDCWJonNJqqfzcyHCk1jnwzGWE9UPNeLi7zOqkOr7yMiSTVVJDZoTDlSMco/zgKmKRE87EhmEhmsiIywBITbepZmvksGLFEFfGfZvkrpi1nvptF4p7Xr+v2/UWtcVPUVoYjOIZTcOASGnAHTXCBwACe4RXerBfr3fqwPmejJavYOYR/sL5+AWfsn6A=</latexit><latexit sha1_base64="bGCXVnP0A5v39GyD5sXgSJGqDT4=">AAACE3icbVDLSsNAFL2pr1pfVZduBovgQkoigrorunFZwdhCG8pkMmmHTiZhZlIsob/gUv0YV+LWD/Bb3Dhps9C2BwYO59zLPXP8hDOlbfvbKq2srq1vlDcrW9s7u3vV/YNHFaeSUJfEPJZtHyvKmaCuZprTdiIpjnxOW/7wNvdbIyoVi8WDHifUi3BfsJARrHOpmyjWq9bsuj0FWiROQWpQoNmr/nSDmKQRFZpwrFTHsRPtZVhqRjidVLqpogkmQ9ynHUMFjqjysmnWCToxSoDCWJonNJqqfzcyHCk1jnwzGWE9UPNeLi7zOqkOr7yMiSTVVJDZoTDlSMco/zgKmKRE87EhmEhmsiIywBITbepZmvksGLFEFfGfZvkrpi1nvptF4p7Xr+v2/UWtcVPUVoYjOIZTcOASGnAHTXCBwACe4RXerBfr3fqwPmejJavYOYR/sL5+AWfsn6A=</latexit>

 
<latexit sha1_base64="DrFml+T0BEPmz7EIt5z/yKjC0pg=">AAACJnicbVDLSsNAFJ3UV62vqLhyEyyCCympCOqu6MZlBWMLbSiTyU07dPJg5qa0hH6MS/VjXIm48z/cOG2z0LYHBg7n3Dv3cLxEcIW2/WUUVlbX1jeKm6Wt7Z3dPXP/4EnFqWTgsFjEsulRBYJH4CBHAc1EAg09AQ2vfzfxGwOQisfRI44ScEPajXjAGUUtdcyjNsIQp/9kEvxx1k4UH3fMsl2xp7AWSTUnZZKj3jF/2n7M0hAiZIIq1araCboZlciZgHGpnSpIKOvTLrQ0jWgIys2mZ8fWqVZ8K4ilfhFaU/XvRkZDpUahpydDij01703EZV4rxeDazXiUpAgRmx0KUmFhbE26sHwugaEYaUKZ5DqrxXpUUoa6saWZz/0BT1QefzjLX9JtVee7WSTOReWmYj9clmu3eW1FckxOyBmpkitSI/ekThzCSEaeySt5M16Md+PD+JyNFox855D8g/H9CxuNp+Y=</latexit><latexit sha1_base64="DrFml+T0BEPmz7EIt5z/yKjC0pg=">AAACJnicbVDLSsNAFJ3UV62vqLhyEyyCCympCOqu6MZlBWMLbSiTyU07dPJg5qa0hH6MS/VjXIm48z/cOG2z0LYHBg7n3Dv3cLxEcIW2/WUUVlbX1jeKm6Wt7Z3dPXP/4EnFqWTgsFjEsulRBYJH4CBHAc1EAg09AQ2vfzfxGwOQisfRI44ScEPajXjAGUUtdcyjNsIQp/9kEvxx1k4UH3fMsl2xp7AWSTUnZZKj3jF/2n7M0hAiZIIq1araCboZlciZgHGpnSpIKOvTLrQ0jWgIys2mZ8fWqVZ8K4ilfhFaU/XvRkZDpUahpydDij01703EZV4rxeDazXiUpAgRmx0KUmFhbE26sHwugaEYaUKZ5DqrxXpUUoa6saWZz/0BT1QefzjLX9JtVee7WSTOReWmYj9clmu3eW1FckxOyBmpkitSI/ekThzCSEaeySt5M16Md+PD+JyNFox855D8g/H9CxuNp+Y=</latexit><latexit sha1_base64="DrFml+T0BEPmz7EIt5z/yKjC0pg=">AAACJnicbVDLSsNAFJ3UV62vqLhyEyyCCympCOqu6MZlBWMLbSiTyU07dPJg5qa0hH6MS/VjXIm48z/cOG2z0LYHBg7n3Dv3cLxEcIW2/WUUVlbX1jeKm6Wt7Z3dPXP/4EnFqWTgsFjEsulRBYJH4CBHAc1EAg09AQ2vfzfxGwOQisfRI44ScEPajXjAGUUtdcyjNsIQp/9kEvxx1k4UH3fMsl2xp7AWSTUnZZKj3jF/2n7M0hAiZIIq1araCboZlciZgHGpnSpIKOvTLrQ0jWgIys2mZ8fWqVZ8K4ilfhFaU/XvRkZDpUahpydDij01703EZV4rxeDazXiUpAgRmx0KUmFhbE26sHwugaEYaUKZ5DqrxXpUUoa6saWZz/0BT1QefzjLX9JtVee7WSTOReWmYj9clmu3eW1FckxOyBmpkitSI/ekThzCSEaeySt5M16Md+PD+JyNFox855D8g/H9CxuNp+Y=</latexit>

 
<latexit sha1_base64="DrFml+T0BEPmz7EIt5z/yKjC0pg=">AAACJnicbVDLSsNAFJ3UV62vqLhyEyyCCympCOqu6MZlBWMLbSiTyU07dPJg5qa0hH6MS/VjXIm48z/cOG2z0LYHBg7n3Dv3cLxEcIW2/WUUVlbX1jeKm6Wt7Z3dPXP/4EnFqWTgsFjEsulRBYJH4CBHAc1EAg09AQ2vfzfxGwOQisfRI44ScEPajXjAGUUtdcyjNsIQp/9kEvxx1k4UH3fMsl2xp7AWSTUnZZKj3jF/2n7M0hAiZIIq1araCboZlciZgHGpnSpIKOvTLrQ0jWgIys2mZ8fWqVZ8K4ilfhFaU/XvRkZDpUahpydDij01703EZV4rxeDazXiUpAgRmx0KUmFhbE26sHwugaEYaUKZ5DqrxXpUUoa6saWZz/0BT1QefzjLX9JtVee7WSTOReWmYj9clmu3eW1FckxOyBmpkitSI/ekThzCSEaeySt5M16Md+PD+JyNFox855D8g/H9CxuNp+Y=</latexit><latexit sha1_base64="DrFml+T0BEPmz7EIt5z/yKjC0pg=">AAACJnicbVDLSsNAFJ3UV62vqLhyEyyCCympCOqu6MZlBWMLbSiTyU07dPJg5qa0hH6MS/VjXIm48z/cOG2z0LYHBg7n3Dv3cLxEcIW2/WUUVlbX1jeKm6Wt7Z3dPXP/4EnFqWTgsFjEsulRBYJH4CBHAc1EAg09AQ2vfzfxGwOQisfRI44ScEPajXjAGUUtdcyjNsIQp/9kEvxx1k4UH3fMsl2xp7AWSTUnZZKj3jF/2n7M0hAiZIIq1araCboZlciZgHGpnSpIKOvTLrQ0jWgIys2mZ8fWqVZ8K4ilfhFaU/XvRkZDpUahpydDij01703EZV4rxeDazXiUpAgRmx0KUmFhbE26sHwugaEYaUKZ5DqrxXpUUoa6saWZz/0BT1QefzjLX9JtVee7WSTOReWmYj9clmu3eW1FckxOyBmpkitSI/ekThzCSEaeySt5M16Md+PD+JyNFox855D8g/H9CxuNp+Y=</latexit><latexit sha1_base64="DrFml+T0BEPmz7EIt5z/yKjC0pg=">AAACJnicbVDLSsNAFJ3UV62vqLhyEyyCCympCOqu6MZlBWMLbSiTyU07dPJg5qa0hH6MS/VjXIm48z/cOG2z0LYHBg7n3Dv3cLxEcIW2/WUUVlbX1jeKm6Wt7Z3dPXP/4EnFqWTgsFjEsulRBYJH4CBHAc1EAg09AQ2vfzfxGwOQisfRI44ScEPajXjAGUUtdcyjNsIQp/9kEvxx1k4UH3fMsl2xp7AWSTUnZZKj3jF/2n7M0hAiZIIq1araCboZlciZgHGpnSpIKOvTLrQ0jWgIys2mZ8fWqVZ8K4ilfhFaU/XvRkZDpUahpydDij01703EZV4rxeDazXiUpAgRmx0KUmFhbE26sHwugaEYaUKZ5DqrxXpUUoa6saWZz/0BT1QefzjLX9JtVee7WSTOReWmYj9clmu3eW1FckxOyBmpkitSI/ekThzCSEaeySt5M16Md+PD+JyNFox855D8g/H9CxuNp+Y=</latexit>

�
<latexit sha1_base64="SHmSxf3sBX9Yq7BDMS9gSC2PCbQ=">AAACJnicbVDLSsNAFJ3UV62vqrhyEyyCCymJCOqu6MZlBWMLbSmTyU07dPJg5qa0hH6MS/VjXIm48z/cOE2z0LYHBg7n3Dv3cNxYcIWW9WUUVlbX1jeKm6Wt7Z3dvfL+wZOKEsnAYZGIZNOlCgQPwUGOApqxBBq4Ahru4G7qN4YgFY/CRxzH0AloL+Q+ZxS11C0ftRFGmP2TSvAmaTvu80m3XLGqVgZzkdg5qZAc9W75p+1FLAkgRCaoUi3birGTUomcCZiU2omCmLIB7UFL05AGoDppdnZinmrFM/1I6heimal/N1IaKDUOXD0ZUOyreW8qLvNaCfrXnZSHcYIQstkhPxEmRua0C9PjEhiKsSaUSa6zmqxPJWWoG1ua+dwb8ljl8Uez/CXdlj3fzSJxLqo3VevhslK7zWsrkmNyQs6ITa5IjdyTOnEIIyl5Jq/kzXgx3o0P43M2WjDynUPyD8b3LwkTp9s=</latexit><latexit sha1_base64="SHmSxf3sBX9Yq7BDMS9gSC2PCbQ=">AAACJnicbVDLSsNAFJ3UV62vqrhyEyyCCymJCOqu6MZlBWMLbSmTyU07dPJg5qa0hH6MS/VjXIm48z/cOE2z0LYHBg7n3Dv3cNxYcIWW9WUUVlbX1jeKm6Wt7Z3dvfL+wZOKEsnAYZGIZNOlCgQPwUGOApqxBBq4Ahru4G7qN4YgFY/CRxzH0AloL+Q+ZxS11C0ftRFGmP2TSvAmaTvu80m3XLGqVgZzkdg5qZAc9W75p+1FLAkgRCaoUi3birGTUomcCZiU2omCmLIB7UFL05AGoDppdnZinmrFM/1I6heimal/N1IaKDUOXD0ZUOyreW8qLvNaCfrXnZSHcYIQstkhPxEmRua0C9PjEhiKsSaUSa6zmqxPJWWoG1ua+dwb8ljl8Uez/CXdlj3fzSJxLqo3VevhslK7zWsrkmNyQs6ITa5IjdyTOnEIIyl5Jq/kzXgx3o0P43M2WjDynUPyD8b3LwkTp9s=</latexit><latexit sha1_base64="SHmSxf3sBX9Yq7BDMS9gSC2PCbQ=">AAACJnicbVDLSsNAFJ3UV62vqrhyEyyCCymJCOqu6MZlBWMLbSmTyU07dPJg5qa0hH6MS/VjXIm48z/cOE2z0LYHBg7n3Dv3cNxYcIWW9WUUVlbX1jeKm6Wt7Z3dvfL+wZOKEsnAYZGIZNOlCgQPwUGOApqxBBq4Ahru4G7qN4YgFY/CRxzH0AloL+Q+ZxS11C0ftRFGmP2TSvAmaTvu80m3XLGqVgZzkdg5qZAc9W75p+1FLAkgRCaoUi3birGTUomcCZiU2omCmLIB7UFL05AGoDppdnZinmrFM/1I6heimal/N1IaKDUOXD0ZUOyreW8qLvNaCfrXnZSHcYIQstkhPxEmRua0C9PjEhiKsSaUSa6zmqxPJWWoG1ua+dwb8ljl8Uez/CXdlj3fzSJxLqo3VevhslK7zWsrkmNyQs6ITa5IjdyTOnEIIyl5Jq/kzXgx3o0P43M2WjDynUPyD8b3LwkTp9s=</latexit>

�
<latexit sha1_base64="SHmSxf3sBX9Yq7BDMS9gSC2PCbQ=">AAACJnicbVDLSsNAFJ3UV62vqrhyEyyCCymJCOqu6MZlBWMLbSmTyU07dPJg5qa0hH6MS/VjXIm48z/cOE2z0LYHBg7n3Dv3cNxYcIWW9WUUVlbX1jeKm6Wt7Z3dvfL+wZOKEsnAYZGIZNOlCgQPwUGOApqxBBq4Ahru4G7qN4YgFY/CRxzH0AloL+Q+ZxS11C0ftRFGmP2TSvAmaTvu80m3XLGqVgZzkdg5qZAc9W75p+1FLAkgRCaoUi3birGTUomcCZiU2omCmLIB7UFL05AGoDppdnZinmrFM/1I6heimal/N1IaKDUOXD0ZUOyreW8qLvNaCfrXnZSHcYIQstkhPxEmRua0C9PjEhiKsSaUSa6zmqxPJWWoG1ua+dwb8ljl8Uez/CXdlj3fzSJxLqo3VevhslK7zWsrkmNyQs6ITa5IjdyTOnEIIyl5Jq/kzXgx3o0P43M2WjDynUPyD8b3LwkTp9s=</latexit><latexit sha1_base64="SHmSxf3sBX9Yq7BDMS9gSC2PCbQ=">AAACJnicbVDLSsNAFJ3UV62vqrhyEyyCCymJCOqu6MZlBWMLbSmTyU07dPJg5qa0hH6MS/VjXIm48z/cOE2z0LYHBg7n3Dv3cNxYcIWW9WUUVlbX1jeKm6Wt7Z3dvfL+wZOKEsnAYZGIZNOlCgQPwUGOApqxBBq4Ahru4G7qN4YgFY/CRxzH0AloL+Q+ZxS11C0ftRFGmP2TSvAmaTvu80m3XLGqVgZzkdg5qZAc9W75p+1FLAkgRCaoUi3birGTUomcCZiU2omCmLIB7UFL05AGoDppdnZinmrFM/1I6heimal/N1IaKDUOXD0ZUOyreW8qLvNaCfrXnZSHcYIQstkhPxEmRua0C9PjEhiKsSaUSa6zmqxPJWWoG1ua+dwb8ljl8Uez/CXdlj3fzSJxLqo3VevhslK7zWsrkmNyQs6ITa5IjdyTOnEIIyl5Jq/kzXgx3o0P43M2WjDynUPyD8b3LwkTp9s=</latexit><latexit sha1_base64="SHmSxf3sBX9Yq7BDMS9gSC2PCbQ=">AAACJnicbVDLSsNAFJ3UV62vqrhyEyyCCymJCOqu6MZlBWMLbSmTyU07dPJg5qa0hH6MS/VjXIm48z/cOE2z0LYHBg7n3Dv3cNxYcIWW9WUUVlbX1jeKm6Wt7Z3dvfL+wZOKEsnAYZGIZNOlCgQPwUGOApqxBBq4Ahru4G7qN4YgFY/CRxzH0AloL+Q+ZxS11C0ftRFGmP2TSvAmaTvu80m3XLGqVgZzkdg5qZAc9W75p+1FLAkgRCaoUi3birGTUomcCZiU2omCmLIB7UFL05AGoDppdnZinmrFM/1I6heimal/N1IaKDUOXD0ZUOyreW8qLvNaCfrXnZSHcYIQstkhPxEmRua0C9PjEhiKsSaUSa6zmqxPJWWoG1ua+dwb8ljl8Uez/CXdlj3fzSJxLqo3VevhslK7zWsrkmNyQs6ITa5IjdyTOnEIIyl5Jq/kzXgx3o0P43M2WjDynUPyD8b3LwkTp9s=</latexit>

�
<latexit sha1_base64="mAktVZpm2dWsDXPfS/JWTLIcOFw=">AAACJ3icbVDLSsNAFJ34rPUVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp20W2vbAwOGce+cejpcIrtC2v4yl5ZXVtfXCRnFza3tn19zbf1RxKhnUWCxi2fCoAsEjqCFHAY1EAg09AXWvdzv2632QisfRAw4TcEPaiXjAGUUttc3DFsIAJ/9knkhhlLWSLh+1zZJdtiew5omTkxLJUW2bPy0/ZmkIETJBlWo6doJuRiVyJmBUbKUKEsp6tANNTSMagnKzyd2RdaIV3wpiqV+E1kT9u5HRUKlh6OnJkGJXzXpjcZHXTDG4cjMeJSlCxKaHglRYGFvjMiyfS2AohppQJrnOarEulZShrmxh5jO/zxOVxx9M8xd1W85sN/Okdl6+Ltv3F6XKTV5bgRyRY3JKHHJJKuSOVEmNMPJEnskreTNejHfjw/icji4Z+c4B+Qfj+xftgqhS</latexit><latexit sha1_base64="mAktVZpm2dWsDXPfS/JWTLIcOFw=">AAACJ3icbVDLSsNAFJ34rPUVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp20W2vbAwOGce+cejpcIrtC2v4yl5ZXVtfXCRnFza3tn19zbf1RxKhnUWCxi2fCoAsEjqCFHAY1EAg09AXWvdzv2632QisfRAw4TcEPaiXjAGUUttc3DFsIAJ/9knkhhlLWSLh+1zZJdtiew5omTkxLJUW2bPy0/ZmkIETJBlWo6doJuRiVyJmBUbKUKEsp6tANNTSMagnKzyd2RdaIV3wpiqV+E1kT9u5HRUKlh6OnJkGJXzXpjcZHXTDG4cjMeJSlCxKaHglRYGFvjMiyfS2AohppQJrnOarEulZShrmxh5jO/zxOVxx9M8xd1W85sN/Okdl6+Ltv3F6XKTV5bgRyRY3JKHHJJKuSOVEmNMPJEnskreTNejHfjw/icji4Z+c4B+Qfj+xftgqhS</latexit><latexit sha1_base64="mAktVZpm2dWsDXPfS/JWTLIcOFw=">AAACJ3icbVDLSsNAFJ34rPUVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp20W2vbAwOGce+cejpcIrtC2v4yl5ZXVtfXCRnFza3tn19zbf1RxKhnUWCxi2fCoAsEjqCFHAY1EAg09AXWvdzv2632QisfRAw4TcEPaiXjAGUUttc3DFsIAJ/9knkhhlLWSLh+1zZJdtiew5omTkxLJUW2bPy0/ZmkIETJBlWo6doJuRiVyJmBUbKUKEsp6tANNTSMagnKzyd2RdaIV3wpiqV+E1kT9u5HRUKlh6OnJkGJXzXpjcZHXTDG4cjMeJSlCxKaHglRYGFvjMiyfS2AohppQJrnOarEulZShrmxh5jO/zxOVxx9M8xd1W85sN/Okdl6+Ltv3F6XKTV5bgRyRY3JKHHJJKuSOVEmNMPJEnskreTNejHfjw/icji4Z+c4B+Qfj+xftgqhS</latexit>

�
<latexit sha1_base64="mAktVZpm2dWsDXPfS/JWTLIcOFw=">AAACJ3icbVDLSsNAFJ34rPUVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp20W2vbAwOGce+cejpcIrtC2v4yl5ZXVtfXCRnFza3tn19zbf1RxKhnUWCxi2fCoAsEjqCFHAY1EAg09AXWvdzv2632QisfRAw4TcEPaiXjAGUUttc3DFsIAJ/9knkhhlLWSLh+1zZJdtiew5omTkxLJUW2bPy0/ZmkIETJBlWo6doJuRiVyJmBUbKUKEsp6tANNTSMagnKzyd2RdaIV3wpiqV+E1kT9u5HRUKlh6OnJkGJXzXpjcZHXTDG4cjMeJSlCxKaHglRYGFvjMiyfS2AohppQJrnOarEulZShrmxh5jO/zxOVxx9M8xd1W85sN/Okdl6+Ltv3F6XKTV5bgRyRY3JKHHJJKuSOVEmNMPJEnskreTNejHfjw/icji4Z+c4B+Qfj+xftgqhS</latexit><latexit sha1_base64="mAktVZpm2dWsDXPfS/JWTLIcOFw=">AAACJ3icbVDLSsNAFJ34rPUVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp20W2vbAwOGce+cejpcIrtC2v4yl5ZXVtfXCRnFza3tn19zbf1RxKhnUWCxi2fCoAsEjqCFHAY1EAg09AXWvdzv2632QisfRAw4TcEPaiXjAGUUttc3DFsIAJ/9knkhhlLWSLh+1zZJdtiew5omTkxLJUW2bPy0/ZmkIETJBlWo6doJuRiVyJmBUbKUKEsp6tANNTSMagnKzyd2RdaIV3wpiqV+E1kT9u5HRUKlh6OnJkGJXzXpjcZHXTDG4cjMeJSlCxKaHglRYGFvjMiyfS2AohppQJrnOarEulZShrmxh5jO/zxOVxx9M8xd1W85sN/Okdl6+Ltv3F6XKTV5bgRyRY3JKHHJJKuSOVEmNMPJEnskreTNejHfjw/icji4Z+c4B+Qfj+xftgqhS</latexit><latexit sha1_base64="mAktVZpm2dWsDXPfS/JWTLIcOFw=">AAACJ3icbVDLSsNAFJ34rPUVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp20W2vbAwOGce+cejpcIrtC2v4yl5ZXVtfXCRnFza3tn19zbf1RxKhnUWCxi2fCoAsEjqCFHAY1EAg09AXWvdzv2632QisfRAw4TcEPaiXjAGUUttc3DFsIAJ/9knkhhlLWSLh+1zZJdtiew5omTkxLJUW2bPy0/ZmkIETJBlWo6doJuRiVyJmBUbKUKEsp6tANNTSMagnKzyd2RdaIV3wpiqV+E1kT9u5HRUKlh6OnJkGJXzXpjcZHXTDG4cjMeJSlCxKaHglRYGFvjMiyfS2AohppQJrnOarEulZShrmxh5jO/zxOVxx9M8xd1W85sN/Okdl6+Ltv3F6XKTV5bgRyRY3JKHHJJKuSOVEmNMPJEnskreTNejHfjw/icji4Z+c4B+Qfj+xftgqhS</latexit>

 
<latexit sha1_base64="liXtrl4MKzJ9GjDfW0oGG30siio=">AAACJ3icbVDLSsNAFJ34rPVVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp2kW2vbAwOGce+cejhsLrtCyvoyl5ZXVtfXCRnFza3tnt7S3/6iiRDKos0hEsulSBYKHUEeOApqxBBq4Ahpu/3biNwYgFY/CBxzF4AS0G3KfM4pa6pQO2whDzP5JXZHAOG3Hio87pbJVsTKY88TOSZnkqHVKP20vYkkAITJBlWrZVoxOSiVyJmBcbCcKYsr6tAstTUMagHLS7O7YPNGKZ/qR1C9EM1P/bqQ0UGoUuHoyoNhTs95EXOS1EvSvnJSHcYIQsukhPxEmRuakDNPjEhiKkSaUSa6zmqxHJWWoK1uY+cwb8Fjl8YfT/EXdlj3bzTypn1euK9b9Rbl6k9dWIEfkmJwSm1ySKrkjNVInjDyRZ/JK3owX4934MD6no0tGvnNA/sH4/gUAC6hd</latexit><latexit sha1_base64="liXtrl4MKzJ9GjDfW0oGG30siio=">AAACJ3icbVDLSsNAFJ34rPVVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp2kW2vbAwOGce+cejhsLrtCyvoyl5ZXVtfXCRnFza3tnt7S3/6iiRDKos0hEsulSBYKHUEeOApqxBBq4Ahpu/3biNwYgFY/CBxzF4AS0G3KfM4pa6pQO2whDzP5JXZHAOG3Hio87pbJVsTKY88TOSZnkqHVKP20vYkkAITJBlWrZVoxOSiVyJmBcbCcKYsr6tAstTUMagHLS7O7YPNGKZ/qR1C9EM1P/bqQ0UGoUuHoyoNhTs95EXOS1EvSvnJSHcYIQsukhPxEmRuakDNPjEhiKkSaUSa6zmqxHJWWoK1uY+cwb8Fjl8YfT/EXdlj3bzTypn1euK9b9Rbl6k9dWIEfkmJwSm1ySKrkjNVInjDyRZ/JK3owX4934MD6no0tGvnNA/sH4/gUAC6hd</latexit><latexit sha1_base64="liXtrl4MKzJ9GjDfW0oGG30siio=">AAACJ3icbVDLSsNAFJ34rPVVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp2kW2vbAwOGce+cejhsLrtCyvoyl5ZXVtfXCRnFza3tnt7S3/6iiRDKos0hEsulSBYKHUEeOApqxBBq4Ahpu/3biNwYgFY/CBxzF4AS0G3KfM4pa6pQO2whDzP5JXZHAOG3Hio87pbJVsTKY88TOSZnkqHVKP20vYkkAITJBlWrZVoxOSiVyJmBcbCcKYsr6tAstTUMagHLS7O7YPNGKZ/qR1C9EM1P/bqQ0UGoUuHoyoNhTs95EXOS1EvSvnJSHcYIQsukhPxEmRuakDNPjEhiKkSaUSa6zmqxHJWWoK1uY+cwb8Fjl8YfT/EXdlj3bzTypn1euK9b9Rbl6k9dWIEfkmJwSm1ySKrkjNVInjDyRZ/JK3owX4934MD6no0tGvnNA/sH4/gUAC6hd</latexit>

�
<latexit sha1_base64="gOtn6MtXzrLYkTCgezH5QPtmMB8=">AAACJ3icbVDLSsNAFJ34rPUVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp20W2vbAwOGce+cejpcIrtC2v4yl5ZXVtfXCRnFza3tn19zbf1RxKhnUWCxi2fCoAsEjqCFHAY1EAg09AXWvdzv2632QisfRAw4TcEPaiXjAGUUttc3DFsIAJ/9knkhhlLVYl4/aZsku2xNY88TJSYnkqLbNn5YfszSECJmgSjUdO0E3oxI5EzAqtlIFCWU92oGmphENQbnZ5O7IOtGKbwWx1C9Ca6L+3choqNQw9PRkSLGrZr2xuMhrphhcuRmPkhQhYtNDQSosjK1xGZbPJTAUQ00ok1xntViXSspQV7Yw85nf54nK4w+m+Yu6LWe2m3lSOy9fl+37i1LlJq+tQI7IMTklDrkkFXJHqqRGGHkiz+SVvBkvxrvxYXxOR5eMfOeA/IPx/QvXn6hF</latexit><latexit sha1_base64="gOtn6MtXzrLYkTCgezH5QPtmMB8=">AAACJ3icbVDLSsNAFJ34rPUVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp20W2vbAwOGce+cejpcIrtC2v4yl5ZXVtfXCRnFza3tn19zbf1RxKhnUWCxi2fCoAsEjqCFHAY1EAg09AXWvdzv2632QisfRAw4TcEPaiXjAGUUttc3DFsIAJ/9knkhhlLVYl4/aZsku2xNY88TJSYnkqLbNn5YfszSECJmgSjUdO0E3oxI5EzAqtlIFCWU92oGmphENQbnZ5O7IOtGKbwWx1C9Ca6L+3choqNQw9PRkSLGrZr2xuMhrphhcuRmPkhQhYtNDQSosjK1xGZbPJTAUQ00ok1xntViXSspQV7Yw85nf54nK4w+m+Yu6LWe2m3lSOy9fl+37i1LlJq+tQI7IMTklDrkkFXJHqqRGGHkiz+SVvBkvxrvxYXxOR5eMfOeA/IPx/QvXn6hF</latexit><latexit sha1_base64="gOtn6MtXzrLYkTCgezH5QPtmMB8=">AAACJ3icbVDLSsNAFJ34rPUVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp20W2vbAwOGce+cejpcIrtC2v4yl5ZXVtfXCRnFza3tn19zbf1RxKhnUWCxi2fCoAsEjqCFHAY1EAg09AXWvdzv2632QisfRAw4TcEPaiXjAGUUttc3DFsIAJ/9knkhhlLVYl4/aZsku2xNY88TJSYnkqLbNn5YfszSECJmgSjUdO0E3oxI5EzAqtlIFCWU92oGmphENQbnZ5O7IOtGKbwWx1C9Ca6L+3choqNQw9PRkSLGrZr2xuMhrphhcuRmPkhQhYtNDQSosjK1xGZbPJTAUQ00ok1xntViXSspQV7Yw85nf54nK4w+m+Yu6LWe2m3lSOy9fl+37i1LlJq+tQI7IMTklDrkkFXJHqqRGGHkiz+SVvBkvxrvxYXxOR5eMfOeA/IPx/QvXn6hF</latexit>
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• active state L � y

2
� 2

<latexit sha1_base64="Vmc81NgI3eyrmLSU7I9t7gNwjlY="></latexit><latexit sha1_base64="Vmc81NgI3eyrmLSU7I9t7gNwjlY="></latexit><latexit sha1_base64="Vmc81NgI3eyrmLSU7I9t7gNwjlY="></latexit>

• sterile state (DM) �m� 
<latexit sha1_base64="FsyQESQB0lRwzAyHi4ZenmnQy94="></latexit><latexit sha1_base64="FsyQESQB0lRwzAyHi4ZenmnQy94="></latexit><latexit sha1_base64="FsyQESQB0lRwzAyHi4ZenmnQy94="></latexit>

 
�

• equilibriate:  �$  
<latexit sha1_base64="X5HtcvAkmk9fSbd4SIaz/SlKhtk="></latexit><latexit sha1_base64="X5HtcvAkmk9fSbd4SIaz/SlKhtk="></latexit><latexit sha1_base64="X5HtcvAkmk9fSbd4SIaz/SlKhtk="></latexit>

 
<latexit sha1_base64="liXtrl4MKzJ9GjDfW0oGG30siio=">AAACJ3icbVDLSsNAFJ34rPVVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp2kW2vbAwOGce+cejhsLrtCyvoyl5ZXVtfXCRnFza3tnt7S3/6iiRDKos0hEsulSBYKHUEeOApqxBBq4Ahpu/3biNwYgFY/CBxzF4AS0G3KfM4pa6pQO2whDzP5JXZHAOG3Hio87pbJVsTKY88TOSZnkqHVKP20vYkkAITJBlWrZVoxOSiVyJmBcbCcKYsr6tAstTUMagHLS7O7YPNGKZ/qR1C9EM1P/bqQ0UGoUuHoyoNhTs95EXOS1EvSvnJSHcYIQsukhPxEmRuakDNPjEhiKkSaUSa6zmqxHJWWoK1uY+cwb8Fjl8YfT/EXdlj3bzTypn1euK9b9Rbl6k9dWIEfkmJwSm1ySKrkjNVInjDyRZ/JK3owX4934MD6no0tGvnNA/sH4/gUAC6hd</latexit><latexit sha1_base64="liXtrl4MKzJ9GjDfW0oGG30siio=">AAACJ3icbVDLSsNAFJ34rPVVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp2kW2vbAwOGce+cejhsLrtCyvoyl5ZXVtfXCRnFza3tnt7S3/6iiRDKos0hEsulSBYKHUEeOApqxBBq4Ahpu/3biNwYgFY/CBxzF4AS0G3KfM4pa6pQO2whDzP5JXZHAOG3Hio87pbJVsTKY88TOSZnkqHVKP20vYkkAITJBlWrZVoxOSiVyJmBcbCcKYsr6tAstTUMagHLS7O7YPNGKZ/qR1C9EM1P/bqQ0UGoUuHoyoNhTs95EXOS1EvSvnJSHcYIQsukhPxEmRuakDNPjEhiKkSaUSa6zmqxHJWWoK1uY+cwb8Fjl8YfT/EXdlj3bzTypn1euK9b9Rbl6k9dWIEfkmJwSm1ySKrkjNVInjDyRZ/JK3owX4934MD6no0tGvnNA/sH4/gUAC6hd</latexit><latexit sha1_base64="liXtrl4MKzJ9GjDfW0oGG30siio=">AAACJ3icbVDLSsNAFJ34rPVVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp2kW2vbAwOGce+cejhsLrtCyvoyl5ZXVtfXCRnFza3tnt7S3/6iiRDKos0hEsulSBYKHUEeOApqxBBq4Ahpu/3biNwYgFY/CBxzF4AS0G3KfM4pa6pQO2whDzP5JXZHAOG3Hio87pbJVsTKY88TOSZnkqHVKP20vYkkAITJBlWrZVoxOSiVyJmBcbCcKYsr6tAstTUMagHLS7O7YPNGKZ/qR1C9EM1P/bqQ0UGoUuHoyoNhTs95EXOS1EvSvnJSHcYIQsukhPxEmRuakDNPjEhiKkSaUSa6zmqxHJWWoK1uY+cwb8Fjl8YfT/EXdlj3bzTypn1euK9b9Rbl6k9dWIEfkmJwSm1ySKrkjNVInjDyRZ/JK3owX4934MD6no0tGvnNA/sH4/gUAC6hd</latexit>

�  

� �

�m
<latexit sha1_base64="io/7xSkOF1wXT77dzfcXIm2uUJw=">AAACMnicbVDLSsNAFJ34tr6qLt2MFsGFlFQEdScK6lLB2EITymRya4dOJmHmplhC136NS/VbxJW49Q/cOG2z8HVg4HDOvXcOJ0ylMOi6L87E5NT0zOzcfGlhcWl5pby6dmOSTHPweCIT3QiZASkUeChQQiPVwOJQQj3sng79eg+0EYm6xn4KQcxulWgLztBKrfKmj3CHozv5WaLB4LkGUIPcj0Aio/GgVa64VXcE+pfUClIhBS5b5U8/SngWg0IumTHNmptikDONgksYlPzMQMp4l91C01LFYjBBPoowoNtWiWg70fYppCP1+0bOYmP6cWgnY4Yd89sbiv95zQzbh0EuVJohKD7+qJ1Jigkd9kIjoYGj7FvCuBY2K+UdphlH296/mXejnkhNEf9unL9k26r97uYv8faqR1X3ar9yfFLUNkc2yBbZITVyQI7JBbkkHuHknjyQJ/LsPDqvzpvzPh6dcIqddfIDzscX0Kqs0g==</latexit><latexit sha1_base64="io/7xSkOF1wXT77dzfcXIm2uUJw=">AAACMnicbVDLSsNAFJ34tr6qLt2MFsGFlFQEdScK6lLB2EITymRya4dOJmHmplhC136NS/VbxJW49Q/cOG2z8HVg4HDOvXcOJ0ylMOi6L87E5NT0zOzcfGlhcWl5pby6dmOSTHPweCIT3QiZASkUeChQQiPVwOJQQj3sng79eg+0EYm6xn4KQcxulWgLztBKrfKmj3CHozv5WaLB4LkGUIPcj0Aio/GgVa64VXcE+pfUClIhBS5b5U8/SngWg0IumTHNmptikDONgksYlPzMQMp4l91C01LFYjBBPoowoNtWiWg70fYppCP1+0bOYmP6cWgnY4Yd89sbiv95zQzbh0EuVJohKD7+qJ1Jigkd9kIjoYGj7FvCuBY2K+UdphlH296/mXejnkhNEf9unL9k26r97uYv8faqR1X3ar9yfFLUNkc2yBbZITVyQI7JBbkkHuHknjyQJ/LsPDqvzpvzPh6dcIqddfIDzscX0Kqs0g==</latexit><latexit sha1_base64="io/7xSkOF1wXT77dzfcXIm2uUJw=">AAACMnicbVDLSsNAFJ34tr6qLt2MFsGFlFQEdScK6lLB2EITymRya4dOJmHmplhC136NS/VbxJW49Q/cOG2z8HVg4HDOvXcOJ0ylMOi6L87E5NT0zOzcfGlhcWl5pby6dmOSTHPweCIT3QiZASkUeChQQiPVwOJQQj3sng79eg+0EYm6xn4KQcxulWgLztBKrfKmj3CHozv5WaLB4LkGUIPcj0Aio/GgVa64VXcE+pfUClIhBS5b5U8/SngWg0IumTHNmptikDONgksYlPzMQMp4l91C01LFYjBBPoowoNtWiWg70fYppCP1+0bOYmP6cWgnY4Yd89sbiv95zQzbh0EuVJohKD7+qJ1Jigkd9kIjoYGj7FvCuBY2K+UdphlH296/mXejnkhNEf9unL9k26r97uYv8faqR1X3ar9yfFLUNkc2yBbZITVyQI7JBbkkHuHknjyQJ/LsPDqvzpvzPh6dcIqddfIDzscX0Kqs0g==</latexit>

 
<latexit sha1_base64="liXtrl4MKzJ9GjDfW0oGG30siio=">AAACJ3icbVDLSsNAFJ34rPVVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp2kW2vbAwOGce+cejhsLrtCyvoyl5ZXVtfXCRnFza3tnt7S3/6iiRDKos0hEsulSBYKHUEeOApqxBBq4Ahpu/3biNwYgFY/CBxzF4AS0G3KfM4pa6pQO2whDzP5JXZHAOG3Hio87pbJVsTKY88TOSZnkqHVKP20vYkkAITJBlWrZVoxOSiVyJmBcbCcKYsr6tAstTUMagHLS7O7YPNGKZ/qR1C9EM1P/bqQ0UGoUuHoyoNhTs95EXOS1EvSvnJSHcYIQsukhPxEmRuakDNPjEhiKkSaUSa6zmqxHJWWoK1uY+cwb8Fjl8YfT/EXdlj3bzTypn1euK9b9Rbl6k9dWIEfkmJwSm1ySKrkjNVInjDyRZ/JK3owX4934MD6no0tGvnNA/sH4/gUAC6hd</latexit><latexit sha1_base64="liXtrl4MKzJ9GjDfW0oGG30siio=">AAACJ3icbVDLSsNAFJ34rPVVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp2kW2vbAwOGce+cejhsLrtCyvoyl5ZXVtfXCRnFza3tnt7S3/6iiRDKos0hEsulSBYKHUEeOApqxBBq4Ahpu/3biNwYgFY/CBxzF4AS0G3KfM4pa6pQO2whDzP5JXZHAOG3Hio87pbJVsTKY88TOSZnkqHVKP20vYkkAITJBlWrZVoxOSiVyJmBcbCcKYsr6tAstTUMagHLS7O7YPNGKZ/qR1C9EM1P/bqQ0UGoUuHoyoNhTs95EXOS1EvSvnJSHcYIQsukhPxEmRuakDNPjEhiKkSaUSa6zmqxHJWWoK1uY+cwb8Fjl8YfT/EXdlj3bzTypn1euK9b9Rbl6k9dWIEfkmJwSm1ySKrkjNVInjDyRZ/JK3owX4934MD6no0tGvnNA/sH4/gUAC6hd</latexit><latexit sha1_base64="liXtrl4MKzJ9GjDfW0oGG30siio=">AAACJ3icbVDLSsNAFJ34rPVVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp2kW2vbAwOGce+cejhsLrtCyvoyl5ZXVtfXCRnFza3tnt7S3/6iiRDKos0hEsulSBYKHUEeOApqxBBq4Ahpu/3biNwYgFY/CBxzF4AS0G3KfM4pa6pQO2whDzP5JXZHAOG3Hio87pbJVsTKY88TOSZnkqHVKP20vYkkAITJBlWrZVoxOSiVyJmBcbCcKYsr6tAstTUMagHLS7O7YPNGKZ/qR1C9EM1P/bqQ0UGoUuHoyoNhTs95EXOS1EvSvnJSHcYIQsukhPxEmRuakDNPjEhiKkSaUSa6zmqxHJWWoK1uY+cwb8Fjl8YfT/EXdlj3bzTypn1euK9b9Rbl6k9dWIEfkmJwSm1ySKrkjNVInjDyRZ/JK3owX4934MD6no0tGvnNA/sH4/gUAC6hd</latexit>

 
<latexit sha1_base64="liXtrl4MKzJ9GjDfW0oGG30siio=">AAACJ3icbVDLSsNAFJ34rPVVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp2kW2vbAwOGce+cejhsLrtCyvoyl5ZXVtfXCRnFza3tnt7S3/6iiRDKos0hEsulSBYKHUEeOApqxBBq4Ahpu/3biNwYgFY/CBxzF4AS0G3KfM4pa6pQO2whDzP5JXZHAOG3Hio87pbJVsTKY88TOSZnkqHVKP20vYkkAITJBlWrZVoxOSiVyJmBcbCcKYsr6tAstTUMagHLS7O7YPNGKZ/qR1C9EM1P/bqQ0UGoUuHoyoNhTs95EXOS1EvSvnJSHcYIQsukhPxEmRuakDNPjEhiKkSaUSa6zmqxHJWWoK1uY+cwb8Fjl8YfT/EXdlj3bzTypn1euK9b9Rbl6k9dWIEfkmJwSm1ySKrkjNVInjDyRZ/JK3owX4934MD6no0tGvnNA/sH4/gUAC6hd</latexit><latexit sha1_base64="liXtrl4MKzJ9GjDfW0oGG30siio=">AAACJ3icbVDLSsNAFJ34rPVVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp2kW2vbAwOGce+cejhsLrtCyvoyl5ZXVtfXCRnFza3tnt7S3/6iiRDKos0hEsulSBYKHUEeOApqxBBq4Ahpu/3biNwYgFY/CBxzF4AS0G3KfM4pa6pQO2whDzP5JXZHAOG3Hio87pbJVsTKY88TOSZnkqHVKP20vYkkAITJBlWrZVoxOSiVyJmBcbCcKYsr6tAstTUMagHLS7O7YPNGKZ/qR1C9EM1P/bqQ0UGoUuHoyoNhTs95EXOS1EvSvnJSHcYIQsukhPxEmRuakDNPjEhiKkSaUSa6zmqxHJWWoK1uY+cwb8Fjl8YfT/EXdlj3bzTypn1euK9b9Rbl6k9dWIEfkmJwSm1ySKrkjNVInjDyRZ/JK3owX4934MD6no0tGvnNA/sH4/gUAC6hd</latexit><latexit sha1_base64="liXtrl4MKzJ9GjDfW0oGG30siio=">AAACJ3icbVDLSsNAFJ34rPVVFdy4CRbBhZREBHVXdOOygrWFNpTJ5KYdOnkwc1NaYn/GpfoxrkSXfocbp2kW2vbAwOGce+cejhsLrtCyvoyl5ZXVtfXCRnFza3tnt7S3/6iiRDKos0hEsulSBYKHUEeOApqxBBq4Ahpu/3biNwYgFY/CBxzF4AS0G3KfM4pa6pQO2whDzP5JXZHAOG3Hio87pbJVsTKY88TOSZnkqHVKP20vYkkAITJBlWrZVoxOSiVyJmBcbCcKYsr6tAstTUMagHLS7O7YPNGKZ/qR1C9EM1P/bqQ0UGoUuHoyoNhTs95EXOS1EvSvnJSHcYIQsukhPxEmRuakDNPjEhiKkSaUSa6zmqxHJWWoK1uY+cwb8Fjl8YfT/EXdlj3bzTypn1euK9b9Rbl6k9dWIEfkmJwSm1ySKrkjNVInjDyRZ/JK3owX4934MD6no0tGvnNA/sH4/gUAC6hd</latexit>

�m ⌧ m�
<latexit sha1_base64="ssLHff2/z7IO00svuK0Pch12XIk="></latexit><latexit sha1_base64="ssLHff2/z7IO00svuK0Pch12XIk="></latexit><latexit sha1_base64="ssLHff2/z7IO00svuK0Pch12XIk="></latexit>

Mix-In Dark Matter

dark matter



Freeze-Out Phase Diagram
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 �m
<latexit sha1_base64="io/7xSkOF1wXT77dzfcXIm2uUJw=">AAACMnicbVDLSsNAFJ34tr6qLt2MFsGFlFQEdScK6lLB2EITymRya4dOJmHmplhC136NS/VbxJW49Q/cOG2z8HVg4HDOvXcOJ0ylMOi6L87E5NT0zOzcfGlhcWl5pby6dmOSTHPweCIT3QiZASkUeChQQiPVwOJQQj3sng79eg+0EYm6xn4KQcxulWgLztBKrfKmj3CHozv5WaLB4LkGUIPcj0Aio/GgVa64VXcE+pfUClIhBS5b5U8/SngWg0IumTHNmptikDONgksYlPzMQMp4l91C01LFYjBBPoowoNtWiWg70fYppCP1+0bOYmP6cWgnY4Yd89sbiv95zQzbh0EuVJohKD7+qJ1Jigkd9kIjoYGj7FvCuBY2K+UdphlH296/mXejnkhNEf9unL9k26r97uYv8faqR1X3ar9yfFLUNkc2yBbZITVyQI7JBbkkHuHknjyQJ/LsPDqvzpvzPh6dcIqddfIDzscX0Kqs0g==</latexit><latexit sha1_base64="io/7xSkOF1wXT77dzfcXIm2uUJw=">AAACMnicbVDLSsNAFJ34tr6qLt2MFsGFlFQEdScK6lLB2EITymRya4dOJmHmplhC136NS/VbxJW49Q/cOG2z8HVg4HDOvXcOJ0ylMOi6L87E5NT0zOzcfGlhcWl5pby6dmOSTHPweCIT3QiZASkUeChQQiPVwOJQQj3sng79eg+0EYm6xn4KQcxulWgLztBKrfKmj3CHozv5WaLB4LkGUIPcj0Aio/GgVa64VXcE+pfUClIhBS5b5U8/SngWg0IumTHNmptikDONgksYlPzMQMp4l91C01LFYjBBPoowoNtWiWg70fYppCP1+0bOYmP6cWgnY4Yd89sbiv95zQzbh0EuVJohKD7+qJ1Jigkd9kIjoYGj7FvCuBY2K+UdphlH296/mXejnkhNEf9unL9k26r97uYv8faqR1X3ar9yfFLUNkc2yBbZITVyQI7JBbkkHuHknjyQJ/LsPDqvzpvzPh6dcIqddfIDzscX0Kqs0g==</latexit><latexit sha1_base64="io/7xSkOF1wXT77dzfcXIm2uUJw=">AAACMnicbVDLSsNAFJ34tr6qLt2MFsGFlFQEdScK6lLB2EITymRya4dOJmHmplhC136NS/VbxJW49Q/cOG2z8HVg4HDOvXcOJ0ylMOi6L87E5NT0zOzcfGlhcWl5pby6dmOSTHPweCIT3QiZASkUeChQQiPVwOJQQj3sng79eg+0EYm6xn4KQcxulWgLztBKrfKmj3CHozv5WaLB4LkGUIPcj0Aio/GgVa64VXcE+pfUClIhBS5b5U8/SngWg0IumTHNmptikDONgksYlPzMQMp4l91C01LFYjBBPoowoNtWiWg70fYppCP1+0bOYmP6cWgnY4Yd89sbiv95zQzbh0EuVJohKD7+qJ1Jigkd9kIjoYGj7FvCuBY2K+UdphlH296/mXejnkhNEf9unL9k26r97uYv8faqR1X3ar9yfFLUNkc2yBbZITVyQI7JBbkkHuHknjyQJ/LsPDqvzpvzPh6dcIqddfIDzscX0Kqs0g==</latexit>
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�m/m�
<latexit sha1_base64="YKOesA5UNqH99C1KrvQkzwZBF10=">AAACOXicbVDLSgMxFM3Ud31VXboJFsGF1KkI6k4U1KWCVaFTSiZz24YmmSG5I5ahv+DXuFT/w60rcevSjWk7Cx89EDicc+/N4YSJFBZ9/9UrTExOTc/MzhXnFxaXlksrq9c2Tg2HGo9lbG5DZkEKDTUUKOE2McBUKOEm7J4M/Js7MFbE+gp7CTQUa2vREpyhk5qlrQDhHod3stPYgMUzA6D7WRCBREZVf0c1A94RzVLZr/hD0P+kmpMyyXHRLH0FUcxTBRq5ZNbWq36CjYwZFFxCvxikFhLGu6wNdUc1U2Ab2TBJn246JaKt2LinkQ7VnxsZU9b2VOgmFcOO/esNxHFePcXWQSMTOkkRNB991EolxZgO6qGRMMBR9hxh3AiXlfIOM4yjK3Fs5u3oTiQ2j38/yl90bVX/dvOf1HYrhxX/cq98dJzXNkvWyQbZIlWyT47IObkgNcLJA3kkz+TFe/LevHfvYzRa8PKdNfIL3uc3fSmvow==</latexit><latexit sha1_base64="YKOesA5UNqH99C1KrvQkzwZBF10=">AAACOXicbVDLSgMxFM3Ud31VXboJFsGF1KkI6k4U1KWCVaFTSiZz24YmmSG5I5ahv+DXuFT/w60rcevSjWk7Cx89EDicc+/N4YSJFBZ9/9UrTExOTc/MzhXnFxaXlksrq9c2Tg2HGo9lbG5DZkEKDTUUKOE2McBUKOEm7J4M/Js7MFbE+gp7CTQUa2vREpyhk5qlrQDhHod3stPYgMUzA6D7WRCBREZVf0c1A94RzVLZr/hD0P+kmpMyyXHRLH0FUcxTBRq5ZNbWq36CjYwZFFxCvxikFhLGu6wNdUc1U2Ab2TBJn246JaKt2LinkQ7VnxsZU9b2VOgmFcOO/esNxHFePcXWQSMTOkkRNB991EolxZgO6qGRMMBR9hxh3AiXlfIOM4yjK3Fs5u3oTiQ2j38/yl90bVX/dvOf1HYrhxX/cq98dJzXNkvWyQbZIlWyT47IObkgNcLJA3kkz+TFe/LevHfvYzRa8PKdNfIL3uc3fSmvow==</latexit><latexit sha1_base64="YKOesA5UNqH99C1KrvQkzwZBF10=">AAACOXicbVDLSgMxFM3Ud31VXboJFsGF1KkI6k4U1KWCVaFTSiZz24YmmSG5I5ahv+DXuFT/w60rcevSjWk7Cx89EDicc+/N4YSJFBZ9/9UrTExOTc/MzhXnFxaXlksrq9c2Tg2HGo9lbG5DZkEKDTUUKOE2McBUKOEm7J4M/Js7MFbE+gp7CTQUa2vREpyhk5qlrQDhHod3stPYgMUzA6D7WRCBREZVf0c1A94RzVLZr/hD0P+kmpMyyXHRLH0FUcxTBRq5ZNbWq36CjYwZFFxCvxikFhLGu6wNdUc1U2Ab2TBJn246JaKt2LinkQ7VnxsZU9b2VOgmFcOO/esNxHFePcXWQSMTOkkRNB991EolxZgO6qGRMMBR9hxh3AiXlfIOM4yjK3Fs5u3oTiQ2j38/yl90bVX/dvOf1HYrhxX/cq98dJzXNkvWyQbZIlWyT47IObkgNcLJA3kkz+TFe/LevHfvYzRa8PKdNfIL3uc3fSmvow==</latexit>

�m
�

<latexit sha1_base64="Z9hl1k6vI60YXAjvJof7J3oel8s=">AAACE3icbVDLSsNAFL2pr1pfVZduBovgQkoigrorunFZwdhCG8pkMmmGTiZhZlIspb/gUv0YV+LWD/Bb3Dhps9C2BwYO59zLPXP8lDOlbfvbKq2srq1vlDcrW9s7u3vV/YNHlWSSUJckPJFtHyvKmaCuZprTdiopjn1OW/7gNvdbQyoVS8SDHqXUi3FfsJARrHOpSyLWq9bsuj0FWiROQWpQoNmr/nSDhGQxFZpwrFTHsVPtjbHUjHA6qXQzRVNMBrhPO4YKHFPljadZJ+jEKAEKE2me0Giq/t0Y41ipUeybyRjrSM17ubjM62Q6vPLGTKSZpoLMDoUZRzpB+cdRwCQlmo8MwUQykxWRCEtMtKlnaeazYMhSVcR/muWvmLac+W4WiXtev67b9xe1xk1RWxmO4BhOwYFLaMAdNMEFAhE8wyu8WS/Wu/Vhfc5GS1axcwj/YH39Aj+nn4g=</latexit><latexit sha1_base64="Z9hl1k6vI60YXAjvJof7J3oel8s=">AAACE3icbVDLSsNAFL2pr1pfVZduBovgQkoigrorunFZwdhCG8pkMmmGTiZhZlIspb/gUv0YV+LWD/Bb3Dhps9C2BwYO59zLPXP8lDOlbfvbKq2srq1vlDcrW9s7u3vV/YNHlWSSUJckPJFtHyvKmaCuZprTdiopjn1OW/7gNvdbQyoVS8SDHqXUi3FfsJARrHOpSyLWq9bsuj0FWiROQWpQoNmr/nSDhGQxFZpwrFTHsVPtjbHUjHA6qXQzRVNMBrhPO4YKHFPljadZJ+jEKAEKE2me0Giq/t0Y41ipUeybyRjrSM17ubjM62Q6vPLGTKSZpoLMDoUZRzpB+cdRwCQlmo8MwUQykxWRCEtMtKlnaeazYMhSVcR/muWvmLac+W4WiXtev67b9xe1xk1RWxmO4BhOwYFLaMAdNMEFAhE8wyu8WS/Wu/Vhfc5GS1axcwj/YH39Aj+nn4g=</latexit><latexit sha1_base64="Z9hl1k6vI60YXAjvJof7J3oel8s=">AAACE3icbVDLSsNAFL2pr1pfVZduBovgQkoigrorunFZwdhCG8pkMmmGTiZhZlIspb/gUv0YV+LWD/Bb3Dhps9C2BwYO59zLPXP8lDOlbfvbKq2srq1vlDcrW9s7u3vV/YNHlWSSUJckPJFtHyvKmaCuZprTdiopjn1OW/7gNvdbQyoVS8SDHqXUi3FfsJARrHOpSyLWq9bsuj0FWiROQWpQoNmr/nSDhGQxFZpwrFTHsVPtjbHUjHA6qXQzRVNMBrhPO4YKHFPljadZJ+jEKAEKE2me0Giq/t0Y41ipUeybyRjrSM17ubjM62Q6vPLGTKSZpoLMDoUZRzpB+cdRwCQlmo8MwUQykxWRCEtMtKlnaeazYMhSVcR/muWvmLac+W4WiXtev67b9xe1xk1RWxmO4BhOwYFLaMAdNMEFAhE8wyu8WS/Wu/Vhfc5GS1axcwj/YH39Aj+nn4g=</latexit>

 
<latexit sha1_base64="bGCXVnP0A5v39GyD5sXgSJGqDT4=">AAACE3icbVDLSsNAFL2pr1pfVZduBovgQkoigrorunFZwdhCG8pkMmmHTiZhZlIsob/gUv0YV+LWD/Bb3Dhps9C2BwYO59zLPXP8hDOlbfvbKq2srq1vlDcrW9s7u3vV/YNHFaeSUJfEPJZtHyvKmaCuZprTdiIpjnxOW/7wNvdbIyoVi8WDHifUi3BfsJARrHOpmyjWq9bsuj0FWiROQWpQoNmr/nSDmKQRFZpwrFTHsRPtZVhqRjidVLqpogkmQ9ynHUMFjqjysmnWCToxSoDCWJonNJqqfzcyHCk1jnwzGWE9UPNeLi7zOqkOr7yMiSTVVJDZoTDlSMco/zgKmKRE87EhmEhmsiIywBITbepZmvksGLFEFfGfZvkrpi1nvptF4p7Xr+v2/UWtcVPUVoYjOIZTcOASGnAHTXCBwACe4RXerBfr3fqwPmejJavYOYR/sL5+AWfsn6A=</latexit><latexit sha1_base64="bGCXVnP0A5v39GyD5sXgSJGqDT4=">AAACE3icbVDLSsNAFL2pr1pfVZduBovgQkoigrorunFZwdhCG8pkMmmHTiZhZlIsob/gUv0YV+LWD/Bb3Dhps9C2BwYO59zLPXP8hDOlbfvbKq2srq1vlDcrW9s7u3vV/YNHFaeSUJfEPJZtHyvKmaCuZprTdiIpjnxOW/7wNvdbIyoVi8WDHifUi3BfsJARrHOpmyjWq9bsuj0FWiROQWpQoNmr/nSDmKQRFZpwrFTHsRPtZVhqRjidVLqpogkmQ9ynHUMFjqjysmnWCToxSoDCWJonNJqqfzcyHCk1jnwzGWE9UPNeLi7zOqkOr7yMiSTVVJDZoTDlSMco/zgKmKRE87EhmEhmsiIywBITbepZmvksGLFEFfGfZvkrpi1nvptF4p7Xr+v2/UWtcVPUVoYjOIZTcOASGnAHTXCBwACe4RXerBfr3fqwPmejJavYOYR/sL5+AWfsn6A=</latexit><latexit sha1_base64="bGCXVnP0A5v39GyD5sXgSJGqDT4=">AAACE3icbVDLSsNAFL2pr1pfVZduBovgQkoigrorunFZwdhCG8pkMmmHTiZhZlIsob/gUv0YV+LWD/Bb3Dhps9C2BwYO59zLPXP8hDOlbfvbKq2srq1vlDcrW9s7u3vV/YNHFaeSUJfEPJZtHyvKmaCuZprTdiIpjnxOW/7wNvdbIyoVi8WDHifUi3BfsJARrHOpmyjWq9bsuj0FWiROQWpQoNmr/nSDmKQRFZpwrFTHsRPtZVhqRjidVLqpogkmQ9ynHUMFjqjysmnWCToxSoDCWJonNJqqfzcyHCk1jnwzGWE9UPNeLi7zOqkOr7yMiSTVVJDZoTDlSMco/zgKmKRE87EhmEhmsiIywBITbepZmvksGLFEFfGfZvkrpi1nvptF4p7Xr+v2/UWtcVPUVoYjOIZTcOASGnAHTXCBwACe4RXerBfr3fqwPmejJavYOYR/sL5+AWfsn6A=</latexit>

m� = 100 MeV

|y| = 0.5
<latexit sha1_base64="+zD4J3MRgjonB0de+ZKHcf+O04A=">AAACGXicdVBLTwIxGOz6RHyhHr00EhMPZtPVhV0PJkQvHjFxBQOEdEuBhu4jbZdIgF/hFf+MJ+PVk//FgwXWRA1O0mQ6833pdPyYM6kQ+jCWlldW19YzG9nNre2d3dze/r2MEkGoRyIeiaqPJeUspJ5iitNqLCgOfE4rfu966lf6VEgWhXdqENNGgDshazOClZYeRoMRvITILDRzeWTaDiq4rr6eW07RdjSxishxbWiZaIY8SFFu5j7rrYgkAQ0V4VjKmoVi1RhioRjhdJytJ5LGmPRwh9Y0DXFAZWM4CzyGx1ppwXYk9AkVnKk/N4Y4kHIQ+HoywKor/3pTcZFXS1TbbQxZGCeKhmT+UDvhUEVw+nvYYoISxQeaYCKYzgpJFwtMlO5oYebTVp/FMo3/mObP6rq+O4H/E+/MvDDRrZ0vXaW9ZcAhOAInwAIOKIEbUAYeICAAT2ACno2J8WK8Gm/z0SUj3TkAv2C8fwHBf6En</latexit><latexit sha1_base64="+zD4J3MRgjonB0de+ZKHcf+O04A=">AAACGXicdVBLTwIxGOz6RHyhHr00EhMPZtPVhV0PJkQvHjFxBQOEdEuBhu4jbZdIgF/hFf+MJ+PVk//FgwXWRA1O0mQ6833pdPyYM6kQ+jCWlldW19YzG9nNre2d3dze/r2MEkGoRyIeiaqPJeUspJ5iitNqLCgOfE4rfu966lf6VEgWhXdqENNGgDshazOClZYeRoMRvITILDRzeWTaDiq4rr6eW07RdjSxishxbWiZaIY8SFFu5j7rrYgkAQ0V4VjKmoVi1RhioRjhdJytJ5LGmPRwh9Y0DXFAZWM4CzyGx1ppwXYk9AkVnKk/N4Y4kHIQ+HoywKor/3pTcZFXS1TbbQxZGCeKhmT+UDvhUEVw+nvYYoISxQeaYCKYzgpJFwtMlO5oYebTVp/FMo3/mObP6rq+O4H/E+/MvDDRrZ0vXaW9ZcAhOAInwAIOKIEbUAYeICAAT2ACno2J8WK8Gm/z0SUj3TkAv2C8fwHBf6En</latexit><latexit sha1_base64="+zD4J3MRgjonB0de+ZKHcf+O04A=">AAACGXicdVBLTwIxGOz6RHyhHr00EhMPZtPVhV0PJkQvHjFxBQOEdEuBhu4jbZdIgF/hFf+MJ+PVk//FgwXWRA1O0mQ6833pdPyYM6kQ+jCWlldW19YzG9nNre2d3dze/r2MEkGoRyIeiaqPJeUspJ5iitNqLCgOfE4rfu966lf6VEgWhXdqENNGgDshazOClZYeRoMRvITILDRzeWTaDiq4rr6eW07RdjSxishxbWiZaIY8SFFu5j7rrYgkAQ0V4VjKmoVi1RhioRjhdJytJ5LGmPRwh9Y0DXFAZWM4CzyGx1ppwXYk9AkVnKk/N4Y4kHIQ+HoywKor/3pTcZFXS1TbbQxZGCeKhmT+UDvhUEVw+nvYYoISxQeaYCKYzgpJFwtMlO5oYebTVp/FMo3/mObP6rq+O4H/E+/MvDDRrZ0vXaW9ZcAhOAInwAIOKIEbUAYeICAAT2ACno2J8WK8Gm/z0SUj3TkAv2C8fwHBf6En</latexit>



Coscattering vs. WIMP Freezeout
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ṅ� + 3Hn� = �neq
� h�vi

�
n� � neq

�

�
<latexit sha1_base64="+Ywp/IXVzERNQiSGQavkMCriVMU="></latexit>
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<latexit sha1_base64="F4ikaugtyFJDDQW1jljir0SRuig="></latexit>
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<latexit sha1_base64="MJlnPpZVS2jeWjBBAgJZ6QMktfc="></latexit>
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<latexit sha1_base64="WbF78BolaJqrAoGjwV0FHso96Cc="></latexit>
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<latexit sha1_base64="18U9LUMLns+lp8g62XOjCSeCCYw="></latexit>
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<latexit sha1_base64="l8Uqh33dbCVmosA/rtJc8SJUoxM="></latexit>



Coscattering in Twin Higgs

Hsin-Chia Cheng, Lingfeng Li, Rui Zheng, 1805.12139

⌫̂⌧
<latexit sha1_base64="PgveaWwiGO/wk0Pa+zhUbGitf7o=">AAACMHicbVDLSsNAFJ34rPVVdSnIYBFcSElE0KXoxmUF2wpNKZPJjR2cTMLMTbGE7Pwal+rH6Erc+gtunLZZ+DowcDjn3rmHE6RSGHTdV2dmdm5+YbGyVF1eWV1br21stk2SaQ4tnshEXwfMgBQKWihQwnWqgcWBhE5wez72O0PQRiTqCkcp9GJ2o0QkOEMr9Ws7PsIdTv7JNYRF7g8YUl9lfR9ZVvRrdbfhTkD/Eq8kdVKi2a99+mHCsxgUcsmM6Xpuir2caRRcQlH1MwMp47fsBrqWKhaD6eWT+wXds0pIo0Tbp5BO1O8bOYuNGcWBnYwZDsxvbyz+53UzjE56uVBphqD49FCUSYoJHZdCQ6GBoxxZwrgWNivlA6YZR1vdv5kPwqFITRn/bpq/atvyfnfzl7QPG57b8C6P6qdnZW8Vsk12yT7xyDE5JRekSVqEk3vyQJ7Is/PovDhvzvt0dMYpd7bIDzgfXwlOq8I=</latexit><latexit sha1_base64="PgveaWwiGO/wk0Pa+zhUbGitf7o=">AAACMHicbVDLSsNAFJ34rPVVdSnIYBFcSElE0KXoxmUF2wpNKZPJjR2cTMLMTbGE7Pwal+rH6Erc+gtunLZZ+DowcDjn3rmHE6RSGHTdV2dmdm5+YbGyVF1eWV1br21stk2SaQ4tnshEXwfMgBQKWihQwnWqgcWBhE5wez72O0PQRiTqCkcp9GJ2o0QkOEMr9Ws7PsIdTv7JNYRF7g8YUl9lfR9ZVvRrdbfhTkD/Eq8kdVKi2a99+mHCsxgUcsmM6Xpuir2caRRcQlH1MwMp47fsBrqWKhaD6eWT+wXds0pIo0Tbp5BO1O8bOYuNGcWBnYwZDsxvbyz+53UzjE56uVBphqD49FCUSYoJHZdCQ6GBoxxZwrgWNivlA6YZR1vdv5kPwqFITRn/bpq/atvyfnfzl7QPG57b8C6P6qdnZW8Vsk12yT7xyDE5JRekSVqEk3vyQJ7Is/PovDhvzvt0dMYpd7bIDzgfXwlOq8I=</latexit><latexit sha1_base64="PgveaWwiGO/wk0Pa+zhUbGitf7o=">AAACMHicbVDLSsNAFJ34rPVVdSnIYBFcSElE0KXoxmUF2wpNKZPJjR2cTMLMTbGE7Pwal+rH6Erc+gtunLZZ+DowcDjn3rmHE6RSGHTdV2dmdm5+YbGyVF1eWV1br21stk2SaQ4tnshEXwfMgBQKWihQwnWqgcWBhE5wez72O0PQRiTqCkcp9GJ2o0QkOEMr9Ws7PsIdTv7JNYRF7g8YUl9lfR9ZVvRrdbfhTkD/Eq8kdVKi2a99+mHCsxgUcsmM6Xpuir2caRRcQlH1MwMp47fsBrqWKhaD6eWT+wXds0pIo0Tbp5BO1O8bOYuNGcWBnYwZDsxvbyz+53UzjE56uVBphqD49FCUSYoJHZdCQ6GBoxxZwrgWNivlA6YZR1vdv5kPwqFITRn/bpq/atvyfnfzl7QPG57b8C6P6qdnZW8Vsk12yT7xyDE5JRekSVqEk3vyQJ7Is/PovDhvzvt0dMYpd7bIDzgfXwlOq8I=</latexit><latexit sha1_base64="PgveaWwiGO/wk0Pa+zhUbGitf7o=">AAACMHicbVDLSsNAFJ34rPVVdSnIYBFcSElE0KXoxmUF2wpNKZPJjR2cTMLMTbGE7Pwal+rH6Erc+gtunLZZ+DowcDjn3rmHE6RSGHTdV2dmdm5+YbGyVF1eWV1br21stk2SaQ4tnshEXwfMgBQKWihQwnWqgcWBhE5wez72O0PQRiTqCkcp9GJ2o0QkOEMr9Ws7PsIdTv7JNYRF7g8YUl9lfR9ZVvRrdbfhTkD/Eq8kdVKi2a99+mHCsxgUcsmM6Xpuir2caRRcQlH1MwMp47fsBrqWKhaD6eWT+wXds0pIo0Tbp5BO1O8bOYuNGcWBnYwZDsxvbyz+53UzjE56uVBphqD49FCUSYoJHZdCQ6GBoxxZwrgWNivlA6YZR1vdv5kPwqFITRn/bpq/atvyfnfzl7QPG57b8C6P6qdnZW8Vsk12yT7xyDE5JRekSVqEk3vyQJ7Is/PovDhvzvt0dMYpd7bIDzgfXwlOq8I=</latexit>

�̂
<latexit sha1_base64="W6J3C6CkLfC/k34B4Osw1KVyd1k=">AAACL3icbVBNSwMxFMz6bf2qehQhWAQPUnZF0GPRi8cKVoVuKW/TtA1NdpfkbWlZevLXeFR/jHgRr/4GL6bbPWjbgcAw817eMEEshUHX/XAWFpeWV1bX1gsbm1vbO8XdvXsTJZrxGotkpB8DMFyKkNdQoOSPseagAskfgt712H/oc21EFN7hMOYNBZ1QtAUDtFKzeOgjH2D2T1qViRqlfheQ+h1QCkbNYsktuxnoLPFyUiI5qs3ij9+KWKJ4iEyCMXXPjbGRgkbBJB8V/MTwGFgPOrxuaQiKm0aanR/RY6u0aDvS9oVIM/XvRgrKmKEK7KQC7JppbyzO8+oJti8bqQjjBHnIJofaiaQY0XEntCU0ZyiHlgDTwmalrAsaGNrm5mY+bfVFbPL4g0n+gm3Lm+5mltyflT237N2elypXeW9r5IAckRPikQtSITekSmqEkSfyTF7Jm/PivDufztdkdMHJd/bJPzjfv/1wqzY=</latexit><latexit sha1_base64="W6J3C6CkLfC/k34B4Osw1KVyd1k=">AAACL3icbVBNSwMxFMz6bf2qehQhWAQPUnZF0GPRi8cKVoVuKW/TtA1NdpfkbWlZevLXeFR/jHgRr/4GL6bbPWjbgcAw817eMEEshUHX/XAWFpeWV1bX1gsbm1vbO8XdvXsTJZrxGotkpB8DMFyKkNdQoOSPseagAskfgt712H/oc21EFN7hMOYNBZ1QtAUDtFKzeOgjH2D2T1qViRqlfheQ+h1QCkbNYsktuxnoLPFyUiI5qs3ij9+KWKJ4iEyCMXXPjbGRgkbBJB8V/MTwGFgPOrxuaQiKm0aanR/RY6u0aDvS9oVIM/XvRgrKmKEK7KQC7JppbyzO8+oJti8bqQjjBHnIJofaiaQY0XEntCU0ZyiHlgDTwmalrAsaGNrm5mY+bfVFbPL4g0n+gm3Lm+5mltyflT237N2elypXeW9r5IAckRPikQtSITekSmqEkSfyTF7Jm/PivDufztdkdMHJd/bJPzjfv/1wqzY=</latexit><latexit sha1_base64="W6J3C6CkLfC/k34B4Osw1KVyd1k=">AAACL3icbVBNSwMxFMz6bf2qehQhWAQPUnZF0GPRi8cKVoVuKW/TtA1NdpfkbWlZevLXeFR/jHgRr/4GL6bbPWjbgcAw817eMEEshUHX/XAWFpeWV1bX1gsbm1vbO8XdvXsTJZrxGotkpB8DMFyKkNdQoOSPseagAskfgt712H/oc21EFN7hMOYNBZ1QtAUDtFKzeOgjH2D2T1qViRqlfheQ+h1QCkbNYsktuxnoLPFyUiI5qs3ij9+KWKJ4iEyCMXXPjbGRgkbBJB8V/MTwGFgPOrxuaQiKm0aanR/RY6u0aDvS9oVIM/XvRgrKmKEK7KQC7JppbyzO8+oJti8bqQjjBHnIJofaiaQY0XEntCU0ZyiHlgDTwmalrAsaGNrm5mY+bfVFbPL4g0n+gm3Lm+5mltyflT237N2elypXeW9r5IAckRPikQtSITekSmqEkSfyTF7Jm/PivDufztdkdMHJd/bJPzjfv/1wqzY=</latexit><latexit sha1_base64="W6J3C6CkLfC/k34B4Osw1KVyd1k=">AAACL3icbVBNSwMxFMz6bf2qehQhWAQPUnZF0GPRi8cKVoVuKW/TtA1NdpfkbWlZevLXeFR/jHgRr/4GL6bbPWjbgcAw817eMEEshUHX/XAWFpeWV1bX1gsbm1vbO8XdvXsTJZrxGotkpB8DMFyKkNdQoOSPseagAskfgt712H/oc21EFN7hMOYNBZ1QtAUDtFKzeOgjH2D2T1qViRqlfheQ+h1QCkbNYsktuxnoLPFyUiI5qs3ij9+KWKJ4iEyCMXXPjbGRgkbBJB8V/MTwGFgPOrxuaQiKm0aanR/RY6u0aDvS9oVIM/XvRgrKmKEK7KQC7JppbyzO8+oJti8bqQjjBHnIJofaiaQY0XEntCU0ZyiHlgDTwmalrAsaGNrm5mY+bfVFbPL4g0n+gm3Lm+5mltyflT237N2elypXeW9r5IAckRPikQtSITekSmqEkSfyTF7Jm/PivDufztdkdMHJd/bJPzjfv/1wqzY=</latexit>

⌧̂
<latexit sha1_base64="A3g3f2rSFVvxhBmBpk4jpCxtY6U=">AAACLXicbVC7SgNBFJ31GeMraplmMAgWEnZF0DJoYxnBPCAbwuzkJhky+2DmbkhYUvg1lurHWAhi60fYONlsoUkODBzOuXfu4XiRFBpt+8NaW9/Y3NrO7eR39/YPDgtHx3UdxopDjYcyVE2PaZAigBoKlNCMFDDfk9DwhnczvzECpUUYPOIkgrbP+oHoCc7QSJ1C0UUYY/pP4skYpok7YEhdZPG0UyjZZTsFXSZORkokQ7VT+HG7IY99CJBLpnXLsSNsJ0yh4BKmeTfWEDE+ZH1oGRowH3Q7SY9P6ZlRurQXKvMCpKn6dyNhvtYT3zOTPsOBXvRm4iqvFWPvpp2IIIoRAj4/1IslxZDOGqFdoYCjnBjCuBImK+UDphhH09vKzBfdkYh0Fn88z583bTmL3SyT+mXZscvOw1Wpcpv1liNFckrOiUOuSYXckyqpEU6eyDN5JW/Wi/VufVpf89E1K9s5If9gff8Cd8iqcw==</latexit><latexit sha1_base64="A3g3f2rSFVvxhBmBpk4jpCxtY6U=">AAACLXicbVC7SgNBFJ31GeMraplmMAgWEnZF0DJoYxnBPCAbwuzkJhky+2DmbkhYUvg1lurHWAhi60fYONlsoUkODBzOuXfu4XiRFBpt+8NaW9/Y3NrO7eR39/YPDgtHx3UdxopDjYcyVE2PaZAigBoKlNCMFDDfk9DwhnczvzECpUUYPOIkgrbP+oHoCc7QSJ1C0UUYY/pP4skYpok7YEhdZPG0UyjZZTsFXSZORkokQ7VT+HG7IY99CJBLpnXLsSNsJ0yh4BKmeTfWEDE+ZH1oGRowH3Q7SY9P6ZlRurQXKvMCpKn6dyNhvtYT3zOTPsOBXvRm4iqvFWPvpp2IIIoRAj4/1IslxZDOGqFdoYCjnBjCuBImK+UDphhH09vKzBfdkYh0Fn88z583bTmL3SyT+mXZscvOw1Wpcpv1liNFckrOiUOuSYXckyqpEU6eyDN5JW/Wi/VufVpf89E1K9s5If9gff8Cd8iqcw==</latexit><latexit sha1_base64="A3g3f2rSFVvxhBmBpk4jpCxtY6U=">AAACLXicbVC7SgNBFJ31GeMraplmMAgWEnZF0DJoYxnBPCAbwuzkJhky+2DmbkhYUvg1lurHWAhi60fYONlsoUkODBzOuXfu4XiRFBpt+8NaW9/Y3NrO7eR39/YPDgtHx3UdxopDjYcyVE2PaZAigBoKlNCMFDDfk9DwhnczvzECpUUYPOIkgrbP+oHoCc7QSJ1C0UUYY/pP4skYpok7YEhdZPG0UyjZZTsFXSZORkokQ7VT+HG7IY99CJBLpnXLsSNsJ0yh4BKmeTfWEDE+ZH1oGRowH3Q7SY9P6ZlRurQXKvMCpKn6dyNhvtYT3zOTPsOBXvRm4iqvFWPvpp2IIIoRAj4/1IslxZDOGqFdoYCjnBjCuBImK+UDphhH09vKzBfdkYh0Fn88z583bTmL3SyT+mXZscvOw1Wpcpv1liNFckrOiUOuSYXckyqpEU6eyDN5JW/Wi/VufVpf89E1K9s5If9gff8Cd8iqcw==</latexit><latexit sha1_base64="A3g3f2rSFVvxhBmBpk4jpCxtY6U=">AAACLXicbVC7SgNBFJ31GeMraplmMAgWEnZF0DJoYxnBPCAbwuzkJhky+2DmbkhYUvg1lurHWAhi60fYONlsoUkODBzOuXfu4XiRFBpt+8NaW9/Y3NrO7eR39/YPDgtHx3UdxopDjYcyVE2PaZAigBoKlNCMFDDfk9DwhnczvzECpUUYPOIkgrbP+oHoCc7QSJ1C0UUYY/pP4skYpok7YEhdZPG0UyjZZTsFXSZORkokQ7VT+HG7IY99CJBLpnXLsSNsJ0yh4BKmeTfWEDE+ZH1oGRowH3Q7SY9P6ZlRurQXKvMCpKn6dyNhvtYT3zOTPsOBXvRm4iqvFWPvpp2IIIoRAj4/1IslxZDOGqFdoYCjnBjCuBImK+UDphhH09vKzBfdkYh0Fn88z583bTmL3SyT+mXZscvOw1Wpcpv1liNFckrOiUOuSYXckyqpEU6eyDN5JW/Wi/VufVpf89E1K9s5If9gff8Cd8iqcw==</latexit>

�̂
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FIG. 4: Thermal targets for representative dark matter candidates coupled to kinetically mixed dark pho-
tons. The black curve in each panel represents the parameter space for which the abundance of � is in
agreement with the observed dark matter energy density. In each model, � freezes out through direct an-
nihilations to SM fermions, i.e., �� ! A0⇤ ! f ¯f . The shaded region above the purple curve is excluded
by the BaBar �+ missing energy search [76, 77]. The LSND proton [78] and E137 electron beam dump
searches (green and blue curves, respectively) constrain DM production and scattering in a downstream
detector [79]. The dashed purple curve is the projected sensitivity of a �+missing energy search at Belle
II presented in Ref. [1] and computed by rescaling the 20 fb�1 background study up to 50 ab�1 [80]. The
dashed green curve labeled SENSEI is a direct detection projection assuming a silicon target with 100 g · yr
of exposure with 2e� sensitivity [1]. The red dashed curve is the LDMX projection for a 10% radiation
length tungsten target and an 8 GeV beam presented in Ref. [1] , which was scaled up to 10

16 EOT relative
to a background study with 4 ⇥ 10

14 EOT. The vertical dashed curve in the bottom-right panel is the limit
on �N

e↵

from Table I of Ref. [81], which constrains m� < 3.27 MeV for (pseudo)Dirac particles; simi-
lar bounds apply to the other scenarios for m� < 1 MeV. Note that electromagnetically coupled particles
decrease N

e↵

at the time of recombination, so this effect can be compensated with additional dark radiation.

by factor of 2500 to 50 ab�1, and assuming statistics-limited sensitivity) [1, 80], a future version
of the direct detection experiments SENSEI (assuming a silicon target with 100 g · yr of exposure
and 2e� sensitivity) and SuperCDMS [1], as well as a missing momentum search at LDMX. The
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WIMP-like Assumptions

1) thermal relic with:

2) no funny cosmology
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4) freezeout triggered by decoupling of an 
interaction between DM and the SM



Thermal Target Near Resonance

Feng, Smolinksy, 1707.03835
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FIG. 1: Thermal targets and accelerator search experiments. Solid Black Contours:

Thermal target contours in dark photon parameter space (m
A

0 ,2) for ↵
X

= 0.5 in the non-
degenerate cases with m

A

0 = 3m
X

and ✏
R

⌘ (m2

A

0 � 4m2

X

)/(4m2

X

) = 0.3, and in the degenerate
cases with ✏

R

= 10�n, where n = 1, 2, . . . 6. In the scalar case (top) the thermal relic contours
reach a floor near ✏

R

= 10�6, where the thermal relic abundance requirement becomes inconsistent
with the requirement that the dark photon decay is dominantly invisible. The ✏

R

= 10�5 contour is
displayed in this plot, but is close enough to the ✏

R

= 10�6 contour that they appear to overlap. In
the pseudo-Dirac case (bottom) the thermal relic contours extend to arbitrarily low values of 2

with appropriate choice of ✏
R

, but we display only a small number of contours to avoid clutter. In
the bottom left panel, the mass splitting is � = 0.1m

X

, and these models evade direct detection
bounds. In the bottom right panel, � = 0, which illustrates the e↵ect of decreasing � on the
thermal target regions. Dotted Black Contours: Thermal target contours for m

A

0 = 3m
X

from relativistic treatments of freeze-out for the scalar [33] and pseudo-Dirac [11] cases. Gray

Shaded: Regions excluded by current bounds (see text). Dashed Contours: Projected reaches
of proposed dark photon and dark matter accelerator searches (see text).
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FIG. 2: Thermal targets and direct detection search experiments. Solid Black Con-

tours: Thermal target contours as in Fig. 1, but in the direct detection parameter space (m
X

, �̄
e

),
where �̄

e

= (16⇡µ2

X,e

↵2↵
X

)/(m2

A

0 +↵2m2

e

)2 (see text). In the scalar case (left) a resonantly an-
nihilating thermal relic may still be within reach of future nuclear recoil experiments. In the right
panel we show only the lines for Majorana DM-nuclear scattering, with m

T

= 0.936 GeV; the ther-
mal targets for DM-electron scattering scale approximately with the target mass squared, placing
them far out of reach of current and proposed experiments. Dotted Black Contours: Rela-
tivistic thermal relic contours, as in Fig. 1. Gray Shaded: Regions excluded by current bounds
(see text). Colored Contours: Projected reaches of proposed direct detection experiments (see
text).

targets are essentially beyond all proposed accelerator and direct detection experiments for
both the scalar and fermionic dark matter cases.

At first sight, the extreme suppression of the preferred values of 2 might be surprising,
since the thermally-averaged cross section, for example, in Eq. (19), becomes independent
of ✏

R

for x
f

✏

R

⌧ 1. However, for very small ✏
R

, the dark matter continues to annihilate long
after freezeout as the universe cools. This is accounted for by the integral in Eq. (8), and
that integral is sensitive to ✏

R

, even it is very small.
To understand this behavior, it is convenient to use the narrow width approximation. In

the case that �
A

0 ⌧ m

A

0 we can write the generic resonant cross section as
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We notice that in both the scalar and pseudo-Dirac cases, as long as �
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and
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⌧ 1, the quantity F (✏
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) scales like ✏�1/2
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. Therefore the thermally-averaged cross section’s
dependence on ✏

R

is contained entirely in the factor exp(�x✏
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). This observation implies a
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Coscattering Against the SM Bath
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coscattering enhanced by:



Recipe for Coscattering as a Module
1) consider any model below the thermal relic curve 

2) mix DM with a dark partner state 

3) deplete the partner with other interactions:  
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• abundance is set by coscattering:  
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Coscattering Thermal Target
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Coscattering Thermal Target
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Thermal Relic Targets

1)  thermal relic with: Td = T�
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

2)  no funny cosmology

3)          , 2-to-2 annihilations

4)  abundance from decoupling 
of interaction with SM

Z2
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