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Planck Collaboration: Cosmological parameters
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Fig. 1. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94% of the sky. The best-fit base ⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties.

sults to the likelihood methodology by developing several in-
dependent analysis pipelines. Some of these are described in
Planck Collaboration XI (2015). The most highly developed of
these are the CamSpec and revised Plik pipelines. For the
2015 Planck papers, the Plik pipeline was chosen as the base-
line. Column 6 of Table 1 lists the cosmological parameters for
base ⇤CDM determined from the Plik cross-half-mission like-
lihood, together with the lowP likelihood, applied to the 2015
full-mission data. The sky coverage used in this likelihood is
identical to that used for the CamSpec 2015F(CHM) likelihood.
However, the two likelihoods di↵er in the modelling of instru-
mental noise, Galactic dust, treatment of relative calibrations and
multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and
CamSpec parameters agree to within 0.2�, except for ns, which
di↵ers by nearly 0.5�. The di↵erence in ns is perhaps not sur-
prising, since this parameter is sensitive to small di↵erences in
the foreground modelling. Di↵erences in ns between Plik and
CamSpec are systematic and persist throughout the grid of ex-
tended ⇤CDM models discussed in Sect. 6. We emphasise that
the CamSpec and Plik likelihoods have been written indepen-
dently, though they are based on the same theoretical framework.
None of the conclusions in this paper (including those based on

the full “TT,TE,EE” likelihoods) would di↵er in any substantive
way had we chosen to use the CamSpec likelihood in place of
Plik. The overall shifts of parameters between the Plik 2015
likelihood and the published 2013 nominal mission parameters
are summarized in column 7 of Table 1. These shifts are within
0.71� except for the parameters ⌧ and Ase�2⌧ which are sen-
sitive to the low multipole polarization likelihood and absolute
calibration.

In summary, the Planck 2013 cosmological parameters were
pulled slightly towards lower H0 and ns by the ` ⇡ 1800 4-K line
systematic in the 217 ⇥ 217 cross-spectrum, but the net e↵ect of
this systematic is relatively small, leading to shifts of 0.5� or
less in cosmological parameters. Changes to the low level data
processing, beams, sky coverage, etc. and likelihood code also
produce shifts of typically 0.5� or less. The combined e↵ect of
these changes is to introduce parameter shifts relative to PCP13
of less than 0.71�, with the exception of ⌧ and Ase�2⌧. The main
scientific conclusions of PCP13 are therefore consistent with the
2015 Planck analysis.

Parameters for the base ⇤CDM cosmology derived from
full-mission DetSet, cross-year, or cross-half-mission spectra are
in extremely good agreement, demonstrating that residual (i.e.
uncorrected) cotemporal systematics are at low levels. This is
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Fig. 1. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94% of the sky. The best-fit base ⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties.
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0.71� except for the parameters ⌧ and Ase�2⌧ which are sen-
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these changes is to introduce parameter shifts relative to PCP13
of less than 0.71�, with the exception of ⌧ and Ase�2⌧. The main
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Fig. 1.— Shown above in the top panel is a color image from the Magellan images of the merging cluster 1E0657−558, with the white
bar indicating 200 kpc at the distance of the cluster. In the bottom panel is a 500 ks Chandra image of the cluster. Shown in green contours
in both panels are the weak lensing κ reconstruction with the outer contour level at κ = 0.16 and increasing in steps of 0.07. The white
contours show the errors on the positions of the κ peaks and correspond to 68.3%, 95.5%, and 99.7% confidence levels. The blue +s show
the location of the centers used to measure the masses of the plasma clouds in Table 2.

nated by collisionless dark matter, the potential will trace
the distribution of that component, which is expected
to be spatially coincident with the collisionless galax-
ies. Thus, by deriving a map of the gravitational po-
tential, one can discriminate between these possibilities.
We published an initial attempt at this using an archival
VLT image (Clowe et al. 2004); here we add three addi-
tional optical image sets which allows us to increase the
significance of the weak lensing results by more than a
factor of 3.

In this paper, we measure distances at the redshift of
the cluster, z = 0.296, by assuming an Ωm = 0.3, λ =
0.7, H0 = 70km/s/Mpc cosmology which results in 4.413
kpc/′′ plate-scale. None of the results of this paper are
dependent on this assumption; changing the assumed
cosmology will result in a change of the distances and
absolute masses measured, but the relative masses of
the various structures in each measurement remain un-
changed.

2. METHODOLOGY AND DATA

We construct a map of the gravitational poten-
tial using weak gravitational lensing (Mellier 1999;
Bartelmann & Schneider 2001), which measures the dis-
tortions of images of background galaxies caused by the
gravitational deflection of light by the cluster’s mass.
This deflection stretches the image of the galaxy pref-
erentially in the direction perpendicular to that of the
cluster’s center of mass. The imparted ellipticity is typi-
cally comparable to or smaller than that intrinsic to the
galaxy, and thus the distortion is only measurable statis-
tically with large numbers of background galaxies. To do
this measurement, we detect faint galaxies on deep op-
tical images and calculate an ellipticity from the second
moment of their surface brightness distribution, correct-
ing the ellipticity for smearing by the point spread func-
tion (corrections for both anisotropies and smearing are
obtained using an implementation of the KSB technique
(Kaiser et al. 1995) discussed in Clowe et al. (2006)).
The corrected ellipticities are a direct, but noisy, mea-
surement of the reduced shear g⃗ = γ⃗/(1 − κ). The shear
γ⃗ is the amount of anisotropic stretching of the galaxy
image. The convergence κ is the shape-independent in-
crease in the size of the galaxy image. In Newtonian

gravity, κ is equal to the surface mass density of the lens
divided by a scaling constant. In non-standard gravity
models, κ is no longer linearly related to the surface den-
sity but is instead a non-local function that scales as the
mass raised to a power less than one for a planar lens,
reaching the limit of one half for constant acceleration
(Mortlock & Turner 2001; Zhao et al. 2006). While one
can no longer directly obtain a map of the surface mass
density using the distribution of κ in non-standard grav-
ity models, the locations of the κ peaks, after adjusting
for the extended wings, correspond to the locations of
the surface mass density peaks.

Our goal is thus to obtain a map of κ. One can combine
derivatives of g⃗ to obtain (Schneider 1995; Kaiser 1995)

∇ ln(1−κ) =
1

1 − g2
1 − g2

2

(

1 + g1 g2
g2 1 − g1

) (

g1,1 + g2,2
g2,1 − g1,2

)

,

which is integrated over the data field and converted into
a two-dimensional map of κ. The observationally un-
constrained constant of integration, typically referred to
as the “mass-sheet degeneracy,” is effectively the true
mean of ln(1−κ) at the edge of the reconstruction. This
method does, however, systematically underestimate κ
in the cores of massive clusters. This results in a slight
increase to the centroiding errors of the peaks, and our
measurements of κ in the peaks of the components are
only lower bounds.

For 1E0657−558, we have accumulated an exception-
ally rich optical dataset, which we will use here to mea-
sure g⃗. It consists of the four sets of optical images shown
in Table 1 and the VLT image set used in Clowe et al.
(2004); the additional images significantly increase the
maximum resolution obtainable in the κ reconstructions
due to the increased number of background galaxies,
particularly in the area covered by the ACS images,
with which we measure the reduced shear. We reduce
each image set independently and create galaxy cata-
logs with 3 passband photometry. The one exception
is the single passband HST pointing of main cluster,
for which we measure colors from the Magellan images.
Because it is not feasible to measure redshifts for all
galaxies in the field, we select likely background galax-
ies using magnitude and color cuts (m814 > 22 and not
in the rhombus defined by 0.5 < m606 − m814 < 1.5,

• Clowe et al., astro-ph/0608407 
•  Randall et al., 0704.0261
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https://arxiv.org/abs/astro-ph/0608407
https://arxiv.org/abs/0704.0261
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Figure S2: Observed offsets between galaxies, gas and dark matter in 72 components of sub-
structure. In each case, the green triangle, at the centre of the coordinate system, denotes the
position of the galaxies. The separation between galaxies and gas, �SG, is shown in red. The
separation of the dark matter with respect to the galaxies, projected onto the SG vector, �SI, is
shown in blue. The error bars show the locally estimated 1� errors.
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Figure 2: Observed configurations of the three components in the 30 systems studied. The
background shows the HST image, with contours showing the distribution of galaxies (green),
gas (red) and total mass, which is dominated by dark matter (blue).
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• Harvey et al., 1503.07675
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https://arxiv.org/abs/1503.07675
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Direct Detection vs. Dark Matter

nDM =
⇢DM

mDM

ER =
m2

DMv2DM

2mN
<latexit sha1_base64="YFT5L4uXVKjUephWa91RB/542PY="></latexit><latexit sha1_base64="YFT5L4uXVKjUephWa91RB/542PY="></latexit><latexit sha1_base64="YFT5L4uXVKjUephWa91RB/542PY="></latexit>

•CRESST-II, 1509.01515 
•SuperCDMS, 1509.02448

•LUX, 1512.03506 
•XENON1T, Monday talks

https://arxiv.org/abs/1509.01515
https://arxiv.org/abs/1509.02448
https://arxiv.org/abs/1512.03506
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Direct Detection vs. Dark Matter

• XENONnT, 1512.07501
• LZ, 1703.09144 
• DARWIN, 1606.07001

• CRESST-III, 1503.08065  
•  DAMIC1K, 1707.04591 
•  SuperCDMS, 1610.00006
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p, n
<latexit sha1_base64="5VtdPoBjw+bYsZlljGMyNCqUmBc=">AAACEnicbVDLSsNAFL2pr1pfVZdugkVwUUoigrorunFZ0dhCG8pkMmmHTibDzKRYQj/BpfoxrsStP+C3uHHaZqFtDwwczrmXe+YEglGlHefbKqysrq1vFDdLW9s7u3vl/YNHlaQSEw8nLJGtACnCKCeeppqRlpAExQEjzWBwM/GbQyIVTfiDHgnix6jHaUQx0ka6F1XeLVecmjOFvUjcnFQgR6Nb/umECU5jwjVmSKm26wjtZ0hqihkZlzqpIgLhAeqRtqEcxUT52TTq2D4xSmhHiTSPa3uq/t3IUKzUKA7MZIx0X817E3GZ1051dOlnlItUE45nh6KU2TqxJ/+2QyoJ1mxkCMKSmqw27iOJsDbtLM1cDYdUqDz+0yx/ybTlznezSLyz2lXNuTuv1K/z2opwBMdwCi5cQB1uoQEeYOjBM7zCm/VivVsf1udstGDlO4fwD9bXLzlKnvg=</latexit><latexit sha1_base64="5VtdPoBjw+bYsZlljGMyNCqUmBc=">AAACEnicbVDLSsNAFL2pr1pfVZdugkVwUUoigrorunFZ0dhCG8pkMmmHTibDzKRYQj/BpfoxrsStP+C3uHHaZqFtDwwczrmXe+YEglGlHefbKqysrq1vFDdLW9s7u3vl/YNHlaQSEw8nLJGtACnCKCeeppqRlpAExQEjzWBwM/GbQyIVTfiDHgnix6jHaUQx0ka6F1XeLVecmjOFvUjcnFQgR6Nb/umECU5jwjVmSKm26wjtZ0hqihkZlzqpIgLhAeqRtqEcxUT52TTq2D4xSmhHiTSPa3uq/t3IUKzUKA7MZIx0X817E3GZ1051dOlnlItUE45nh6KU2TqxJ/+2QyoJ1mxkCMKSmqw27iOJsDbtLM1cDYdUqDz+0yx/ybTlznezSLyz2lXNuTuv1K/z2opwBMdwCi5cQB1uoQEeYOjBM7zCm/VivVsf1udstGDlO4fwD9bXLzlKnvg=</latexit><latexit sha1_base64="5VtdPoBjw+bYsZlljGMyNCqUmBc=">AAACEnicbVDLSsNAFL2pr1pfVZdugkVwUUoigrorunFZ0dhCG8pkMmmHTibDzKRYQj/BpfoxrsStP+C3uHHaZqFtDwwczrmXe+YEglGlHefbKqysrq1vFDdLW9s7u3vl/YNHlaQSEw8nLJGtACnCKCeeppqRlpAExQEjzWBwM/GbQyIVTfiDHgnix6jHaUQx0ka6F1XeLVecmjOFvUjcnFQgR6Nb/umECU5jwjVmSKm26wjtZ0hqihkZlzqpIgLhAeqRtqEcxUT52TTq2D4xSmhHiTSPa3uq/t3IUKzUKA7MZIx0X817E3GZ1051dOlnlItUE45nh6KU2TqxJ/+2QyoJ1mxkCMKSmqw27iOJsDbtLM1cDYdUqDz+0yx/ybTlznezSLyz2lXNuTuv1K/z2opwBMdwCi5cQB1uoQEeYOjBM7zCm/VivVsf1udstGDlO4fwD9bXLzlKnvg=</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="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="Z9hl1k6vI60YXAjvJof7J3oel8s=">AAACE3icbVDLSsNAFL2pr1pfVZduBovgQkoigrorunFZwdhCG8pkMmmGTiZhZlIspb/gUv0YV+LWD/Bb3Dhps9C2BwYO59zLPXP8lDOlbfvbKq2srq1vlDcrW9s7u3vV/YNHlWSSUJckPJFtHyvKmaCuZprTdiopjn1OW/7gNvdbQyoVS8SDHqXUi3FfsJARrHOpSyLWq9bsuj0FWiROQWpQoNmr/nSDhGQxFZpwrFTHsVPtjbHUjHA6qXQzRVNMBrhPO4YKHFPljadZJ+jEKAEKE2me0Giq/t0Y41ipUeybyRjrSM17ubjM62Q6vPLGTKSZpoLMDoUZRzpB+cdRwCQlmo8MwUQykxWRCEtMtKlnaeazYMhSVcR/muWvmLac+W4WiXtev67b9xe1xk1RWxmO4BhOwYFLaMAdNMEFAhE8wyu8WS/Wu/Vhfc5GS1axcwj/YH39Aj+nn4g=</latexit>

p, n
<latexit sha1_base64="5VtdPoBjw+bYsZlljGMyNCqUmBc=">AAACEnicbVDLSsNAFL2pr1pfVZdugkVwUUoigrorunFZ0dhCG8pkMmmHTibDzKRYQj/BpfoxrsStP+C3uHHaZqFtDwwczrmXe+YEglGlHefbKqysrq1vFDdLW9s7u3vl/YNHlaQSEw8nLJGtACnCKCeeppqRlpAExQEjzWBwM/GbQyIVTfiDHgnix6jHaUQx0ka6F1XeLVecmjOFvUjcnFQgR6Nb/umECU5jwjVmSKm26wjtZ0hqihkZlzqpIgLhAeqRtqEcxUT52TTq2D4xSmhHiTSPa3uq/t3IUKzUKA7MZIx0X817E3GZ1051dOlnlItUE45nh6KU2TqxJ/+2QyoJ1mxkCMKSmqw27iOJsDbtLM1cDYdUqDz+0yx/ybTlznezSLyz2lXNuTuv1K/z2opwBMdwCi5cQB1uoQEeYOjBM7zCm/VivVsf1udstGDlO4fwD9bXLzlKnvg=</latexit><latexit sha1_base64="5VtdPoBjw+bYsZlljGMyNCqUmBc=">AAACEnicbVDLSsNAFL2pr1pfVZdugkVwUUoigrorunFZ0dhCG8pkMmmHTibDzKRYQj/BpfoxrsStP+C3uHHaZqFtDwwczrmXe+YEglGlHefbKqysrq1vFDdLW9s7u3vl/YNHlaQSEw8nLJGtACnCKCeeppqRlpAExQEjzWBwM/GbQyIVTfiDHgnix6jHaUQx0ka6F1XeLVecmjOFvUjcnFQgR6Nb/umECU5jwjVmSKm26wjtZ0hqihkZlzqpIgLhAeqRtqEcxUT52TTq2D4xSmhHiTSPa3uq/t3IUKzUKA7MZIx0X817E3GZ1051dOlnlItUE45nh6KU2TqxJ/+2QyoJ1mxkCMKSmqw27iOJsDbtLM1cDYdUqDz+0yx/ybTlznezSLyz2lXNuTuv1K/z2opwBMdwCi5cQB1uoQEeYOjBM7zCm/VivVsf1udstGDlO4fwD9bXLzlKnvg=</latexit><latexit sha1_base64="5VtdPoBjw+bYsZlljGMyNCqUmBc=">AAACEnicbVDLSsNAFL2pr1pfVZdugkVwUUoigrorunFZ0dhCG8pkMmmHTibDzKRYQj/BpfoxrsStP+C3uHHaZqFtDwwczrmXe+YEglGlHefbKqysrq1vFDdLW9s7u3vl/YNHlaQSEw8nLJGtACnCKCeeppqRlpAExQEjzWBwM/GbQyIVTfiDHgnix6jHaUQx0ka6F1XeLVecmjOFvUjcnFQgR6Nb/umECU5jwjVmSKm26wjtZ0hqihkZlzqpIgLhAeqRtqEcxUT52TTq2D4xSmhHiTSPa3uq/t3IUKzUKA7MZIx0X817E3GZ1051dOlnlItUE45nh6KU2TqxJ/+2QyoJ1mxkCMKSmqw27iOJsDbtLM1cDYdUqDz+0yx/ybTlznezSLyz2lXNuTuv1K/z2opwBMdwCi5cQB1uoQEeYOjBM7zCm/VivVsf1udstGDlO4fwD9bXLzlKnvg=</latexit>

p, n
<latexit sha1_base64="5VtdPoBjw+bYsZlljGMyNCqUmBc=">AAACEnicbVDLSsNAFL2pr1pfVZdugkVwUUoigrorunFZ0dhCG8pkMmmHTibDzKRYQj/BpfoxrsStP+C3uHHaZqFtDwwczrmXe+YEglGlHefbKqysrq1vFDdLW9s7u3vl/YNHlaQSEw8nLJGtACnCKCeeppqRlpAExQEjzWBwM/GbQyIVTfiDHgnix6jHaUQx0ka6F1XeLVecmjOFvUjcnFQgR6Nb/umECU5jwjVmSKm26wjtZ0hqihkZlzqpIgLhAeqRtqEcxUT52TTq2D4xSmhHiTSPa3uq/t3IUKzUKA7MZIx0X817E3GZ1051dOlnlItUE45nh6KU2TqxJ/+2QyoJ1mxkCMKSmqw27iOJsDbtLM1cDYdUqDz+0yx/ybTlznezSLyz2lXNuTuv1K/z2opwBMdwCi5cQB1uoQEeYOjBM7zCm/VivVsf1udstGDlO4fwD9bXLzlKnvg=</latexit><latexit sha1_base64="5VtdPoBjw+bYsZlljGMyNCqUmBc=">AAACEnicbVDLSsNAFL2pr1pfVZdugkVwUUoigrorunFZ0dhCG8pkMmmHTibDzKRYQj/BpfoxrsStP+C3uHHaZqFtDwwczrmXe+YEglGlHefbKqysrq1vFDdLW9s7u3vl/YNHlaQSEw8nLJGtACnCKCeeppqRlpAExQEjzWBwM/GbQyIVTfiDHgnix6jHaUQx0ka6F1XeLVecmjOFvUjcnFQgR6Nb/umECU5jwjVmSKm26wjtZ0hqihkZlzqpIgLhAeqRtqEcxUT52TTq2D4xSmhHiTSPa3uq/t3IUKzUKA7MZIx0X817E3GZ1051dOlnlItUE45nh6KU2TqxJ/+2QyoJ1mxkCMKSmqw27iOJsDbtLM1cDYdUqDz+0yx/ybTlznezSLyz2lXNuTuv1K/z2opwBMdwCi5cQB1uoQEeYOjBM7zCm/VivVsf1udstGDlO4fwD9bXLzlKnvg=</latexit><latexit sha1_base64="5VtdPoBjw+bYsZlljGMyNCqUmBc=">AAACEnicbVDLSsNAFL2pr1pfVZdugkVwUUoigrorunFZ0dhCG8pkMmmHTibDzKRYQj/BpfoxrsStP+C3uHHaZqFtDwwczrmXe+YEglGlHefbKqysrq1vFDdLW9s7u3vl/YNHlaQSEw8nLJGtACnCKCeeppqRlpAExQEjzWBwM/GbQyIVTfiDHgnix6jHaUQx0ka6F1XeLVecmjOFvUjcnFQgR6Nb/umECU5jwjVmSKm26wjtZ0hqihkZlzqpIgLhAeqRtqEcxUT52TTq2D4xSmhHiTSPa3uq/t3IUKzUKA7MZIx0X817E3GZ1051dOlnlItUE45nh6KU2TqxJ/+2QyoJ1mxkCMKSmqw27iOJsDbtLM1cDYdUqDz+0yx/ybTlznezSLyz2lXNuTuv1K/z2opwBMdwCi5cQB1uoQEeYOjBM7zCm/VivVsf1udstGDlO4fwD9bXLzlKnvg=</latexit>

⌫
<latexit sha1_base64="WIPNlJK6b3+ay5Mpu8t9ps+I2j4=">AAACEnicbVDLSsNAFL2pr1pfVZduBovgQkoiBXVXdOOyorGFNpTJZNIOnUzCzKRYQj/BpfoxrsStP+C3uHHaZqFtDwwczrmXe+b4CWdK2/a3VVhZXVvfKG6WtrZ3dvfK+wePKk4loS6JeSxbPlaUM0FdzTSnrURSHPmcNv3BzcRvDqlULBYPepRQL8I9wUJGsDbSfUek3XLFrtpToEXi5KQCORrd8k8niEkaUaEJx0q1HTvRXoalZoTTcamTKppgMsA92jZU4IgqL5tGHaMTowQojKV5QqOp+ncjw5FSo8g3kxHWfTXvTcRlXjvV4aWXMZGkmgoyOxSmHOkYTf6NAiYp0XxkCCaSmayI9LHERJt2lmY+C4YsUXn8p1n+kmnLme9mkbjn1auqfVer1K/z2opwBMdwCg5cQB1uoQEuEOjBM7zCm/VivVsf1udstGDlO4fwD9bXL5IAny0=</latexit><latexit sha1_base64="WIPNlJK6b3+ay5Mpu8t9ps+I2j4=">AAACEnicbVDLSsNAFL2pr1pfVZduBovgQkoiBXVXdOOyorGFNpTJZNIOnUzCzKRYQj/BpfoxrsStP+C3uHHaZqFtDwwczrmXe+b4CWdK2/a3VVhZXVvfKG6WtrZ3dvfK+wePKk4loS6JeSxbPlaUM0FdzTSnrURSHPmcNv3BzcRvDqlULBYPepRQL8I9wUJGsDbSfUek3XLFrtpToEXi5KQCORrd8k8niEkaUaEJx0q1HTvRXoalZoTTcamTKppgMsA92jZU4IgqL5tGHaMTowQojKV5QqOp+ncjw5FSo8g3kxHWfTXvTcRlXjvV4aWXMZGkmgoyOxSmHOkYTf6NAiYp0XxkCCaSmayI9LHERJt2lmY+C4YsUXn8p1n+kmnLme9mkbjn1auqfVer1K/z2opwBMdwCg5cQB1uoQEuEOjBM7zCm/VivVsf1udstGDlO4fwD9bXL5IAny0=</latexit><latexit sha1_base64="WIPNlJK6b3+ay5Mpu8t9ps+I2j4=">AAACEnicbVDLSsNAFL2pr1pfVZduBovgQkoiBXVXdOOyorGFNpTJZNIOnUzCzKRYQj/BpfoxrsStP+C3uHHaZqFtDwwczrmXe+b4CWdK2/a3VVhZXVvfKG6WtrZ3dvfK+wePKk4loS6JeSxbPlaUM0FdzTSnrURSHPmcNv3BzcRvDqlULBYPepRQL8I9wUJGsDbSfUek3XLFrtpToEXi5KQCORrd8k8niEkaUaEJx0q1HTvRXoalZoTTcamTKppgMsA92jZU4IgqL5tGHaMTowQojKV5QqOp+ncjw5FSo8g3kxHWfTXvTcRlXjvV4aWXMZGkmgoyOxSmHOkYTf6NAiYp0XxkCCaSmayI9LHERJt2lmY+C4YsUXn8p1n+kmnLme9mkbjn1auqfVer1K/z2opwBMdwCg5cQB1uoQEuEOjBM7zCm/VivVsf1udstGDlO4fwD9bXL5IAny0=</latexit>

⌫
<latexit sha1_base64="WIPNlJK6b3+ay5Mpu8t9ps+I2j4=">AAACEnicbVDLSsNAFL2pr1pfVZduBovgQkoiBXVXdOOyorGFNpTJZNIOnUzCzKRYQj/BpfoxrsStP+C3uHHaZqFtDwwczrmXe+b4CWdK2/a3VVhZXVvfKG6WtrZ3dvfK+wePKk4loS6JeSxbPlaUM0FdzTSnrURSHPmcNv3BzcRvDqlULBYPepRQL8I9wUJGsDbSfUek3XLFrtpToEXi5KQCORrd8k8niEkaUaEJx0q1HTvRXoalZoTTcamTKppgMsA92jZU4IgqL5tGHaMTowQojKV5QqOp+ncjw5FSo8g3kxHWfTXvTcRlXjvV4aWXMZGkmgoyOxSmHOkYTf6NAiYp0XxkCCaSmayI9LHERJt2lmY+C4YsUXn8p1n+kmnLme9mkbjn1auqfVer1K/z2opwBMdwCg5cQB1uoQEuEOjBM7zCm/VivVsf1udstGDlO4fwD9bXL5IAny0=</latexit><latexit sha1_base64="WIPNlJK6b3+ay5Mpu8t9ps+I2j4=">AAACEnicbVDLSsNAFL2pr1pfVZduBovgQkoiBXVXdOOyorGFNpTJZNIOnUzCzKRYQj/BpfoxrsStP+C3uHHaZqFtDwwczrmXe+b4CWdK2/a3VVhZXVvfKG6WtrZ3dvfK+wePKk4loS6JeSxbPlaUM0FdzTSnrURSHPmcNv3BzcRvDqlULBYPepRQL8I9wUJGsDbSfUek3XLFrtpToEXi5KQCORrd8k8niEkaUaEJx0q1HTvRXoalZoTTcamTKppgMsA92jZU4IgqL5tGHaMTowQojKV5QqOp+ncjw5FSo8g3kxHWfTXvTcRlXjvV4aWXMZGkmgoyOxSmHOkYTf6NAiYp0XxkCCaSmayI9LHERJt2lmY+C4YsUXn8p1n+kmnLme9mkbjn1auqfVer1K/z2opwBMdwCg5cQB1uoQEuEOjBM7zCm/VivVsf1udstGDlO4fwD9bXL5IAny0=</latexit><latexit sha1_base64="WIPNlJK6b3+ay5Mpu8t9ps+I2j4=">AAACEnicbVDLSsNAFL2pr1pfVZduBovgQkoiBXVXdOOyorGFNpTJZNIOnUzCzKRYQj/BpfoxrsStP+C3uHHaZqFtDwwczrmXe+b4CWdK2/a3VVhZXVvfKG6WtrZ3dvfK+wePKk4loS6JeSxbPlaUM0FdzTSnrURSHPmcNv3BzcRvDqlULBYPepRQL8I9wUJGsDbSfUek3XLFrtpToEXi5KQCORrd8k8niEkaUaEJx0q1HTvRXoalZoTTcamTKppgMsA92jZU4IgqL5tGHaMTowQojKV5QqOp+ncjw5FSo8g3kxHWfTXvTcRlXjvV4aWXMZGkmgoyOxSmHOkYTf6NAiYp0XxkCCaSmayI9LHERJt2lmY+C4YsUXn8p1n+kmnLme9mkbjn1auqfVer1K/z2opwBMdwCg5cQB1uoQEuEOjBM7zCm/VivVsf1udstGDlO4fwD9bXL5IAny0=</latexit>
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Fig. 40. 2-dimensional marginal distributions in the pann–ns
plane for Planck TT+lowP (red), EE+lowP (yellow), TE+lowP
(green), and Planck TT,TE,EE+lowP (blue) data combinations.
We also show the constraints obtained using WMAP9 data (light
blue).

We then add pann as an additional parameter to those of the base
⇤CDM cosmology. Table 6 shows the constraints for various
data combinations.

Table 6. Constraints on pann in units of cm3 s�1 GeV�1.

Data combinations pann (95 % upper limits)

TT+lowP . . . . . . . . . . . . . . . . . < 5.7 ⇥ 10�27

EE+lowP . . . . . . . . . . . . . . . . . < 1.4 ⇥ 10�27

TE+lowP . . . . . . . . . . . . . . . . . < 5.9 ⇥ 10�28

TT+lowP+lensing . . . . . . . . . . . < 4.4 ⇥ 10�27

TT,TE,EE+lowP . . . . . . . . . . . . < 4.1 ⇥ 10�28

TT,TE,EE+lowP+lensing . . . . . . < 3.4 ⇥ 10�28

TT,TE,EE+lowP+ext . . . . . . . . . < 3.5 ⇥ 10�28

The constraints on pann from the Planck TT+lowP spec-
tra are about 3 times weaker than the 95 % limit of pann <
2.1 ⇥ 10�27 cm3 s�1 GeV�1 derived from WMAP9, which in-
cludes WMAP polarization data at low multipoles. However, the
Planck T E or EE spectra improve the constraints on pann by
about an order of magnitude compared to those from Planck TT
alone. This is because the main e↵ect of dark matter annihila-
tion is to increase the width of last scattering, leading to a sup-
pression of the amplitude of the peaks both in temperature and
polarization. As a result, the e↵ects of DM annihilation on the
power spectra at high multipole are degenerate with other param-
eters of base ⇤CDM, such as ns and As (Chen & Kamionkowski
2004; Padmanabhan & Finkbeiner 2005). At large angular scales
(` . 200), however, dark matter annihilation can produce an
enhancement in polarization caused by the increased ionization
fraction in the freeze-out tail following recombination. As a re-
sult, large-angle polarization information is crucial in breaking
the degeneracies between parameters, as illustrated in Fig. 40.
The strongest constraints on pann therefore come from the full
Planck temperature and polarization likelihood and there is little
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Fig. 41. Constraints on the self-annihilation cross-section at re-
combination, h�3iz⇤ , times the e�ciency parameter, fe↵ (Eq. 81).
The blue area shows the parameter space excluded by the Planck
TT,TE,EE+lowP data at 95 % CL. The yellow line indicates the
constraint using WMAP9 data. The dashed green line delineates
the region ultimately accessible by a cosmic variance limited ex-
periment with angular resolution comparable to that of Planck.
The horizontal red band includes the values of the thermal-relic
cross-section multiplied by the appropriate fe↵ for di↵erent DM
annihilation channels. The dark grey circles show the best-fit
DM models for the PAMELA/AMS-02/Fermi cosmic-ray ex-
cesses, as calculated in Cholis & Hooper (2013) (caption of their
figure 6). The light grey stars show the best-fit DM models for
the Fermi Galactic centre gamma-ray excess, as calculated by
Calore et al. (2014) (their tables I, II, and III), with the light
grey area indicating the astrophysical uncertainties on the best-
fit cross-sections.

improvement if other astrophysical data, or Planck lensing, are
added.30

We verified the robustness of the Planck TT,TE,EE+lowP
constraint by also allowing other extensions of ⇤CDM (Ne↵ ,
dns/d ln k, or YP) to vary together with pann. We found that the
constraint is weakened by up to 20 %. Furthermore, we have ver-
ified that we obtain consistent results when relaxing the priors
on the amplitudes of the Galactic dust templates or if we use the
CamSpec likelihood instead of the baseline Plik likelihood.

Figure 41 shows the constraints from WMAP9, Planck
TT,TE,EE+lowP, and a forecast for a cosmic variance limited
experiment with similar angular resolution to Planck31. The hor-
izontal red band includes the values of the thermal-relic cross-
section multiplied by the appropriate fe↵ for di↵erent DM anni-
hilation channels. For example, the upper red line corresponds to
fe↵ = 0.67, which is appropriate for a DM particle of mass m� =
10 GeV annihilating into e+e�, while the lower red line corre-
sponds to fe↵ = 0.13, for a DM particle annihilating into 2⇡+⇡�
through an intermediate mediator (see e.g., Arkani-Hamed et al.
2009). The Planck data exclude at 95 % confidence level a ther-

30It is interesting to note that the constraint derived from Planck
TT,TE,EE+lowP is consistent with the forecast given in Galli et al.
(2009), pann < 3 ⇥ 10�28 cm3 s�1 GeV�1.

31We assumed that the cosmic variance limited experiment would
measure the angular power spectra up to a maximum multipole of
`max = 2500, observing a sky fraction fsky = 0.65.

51

• Planck, 1502.01589 
•  CMS-S4, 1610.02743

PDM / mDM n2
DM / 1

mDM

power:

(s-wave)

CMB vs. Dark Matter

cosmic variance

CMB-S4

�
<latexit sha1_base64="WPbbcmEE5zV8AaD8IwJTHTpi3CA=">AAACJnicbVDLSsNAFJ3UV62vqLhyEyyCCympCOqu6MZlBWsLTSiTyW07dPJg5qa0hHyMS/VjXIm48z/cOG2z0LYHBg7n3Dv3cLxYcIW2/WUUVlbX1jeKm6Wt7Z3dPXP/4ElFiWTQYJGIZMujCgQPoYEcBbRiCTTwBDS9wd3Ebw5BKh6FjziOwQ1oL+RdzihqqWMeOQgjnP6TSvCz1GF9nnXMsl2xp7AWSTUnZZKj3jF/HD9iSQ AhMkGValftGN2USuRMQFZyEgUxZQPag7amIQ1Auen0bGadasW3upHUL0Rrqv7dSGmg1Djw9GRAsa/mvYm4zGsn2L12Ux7GCULIZoe6ibAwsiZdWD6XwFCMNaFMcp3VYn0qKUPd2NLM5/6QxyqPP5rlL+m2qvPdLJLGReWmYj9clmu3eW1FckxOyBmpkitSI/ekThqEkZQ8k1fyZrwY78aH8TkbLRj5ziH5B+P7F/Mhp84=</latexit><latexit sha1_base64="WPbbcmEE5zV8AaD8IwJTHTpi3CA=">AAACJnicbVDLSsNAFJ3UV62vqLhyEyyCCympCOqu6MZlBWsLTSiTyW07dPJg5qa0hHyMS/VjXIm48z/cOG2z0LYHBg7n3Dv3cLxYcIW2/WUUVlbX1jeKm6Wt7Z3dPXP/4ElFiWTQYJGIZMujCgQPoYEcBbRiCTTwBDS9wd3Ebw5BKh6FjziOwQ1oL+RdzihqqWMeOQgjnP6TSvCz1GF9nnXMsl2xp7AWSTUnZZKj3jF/HD9iSQ AhMkGValftGN2USuRMQFZyEgUxZQPag7amIQ1Auen0bGadasW3upHUL0Rrqv7dSGmg1Djw9GRAsa/mvYm4zGsn2L12Ux7GCULIZoe6ibAwsiZdWD6XwFCMNaFMcp3VYn0qKUPd2NLM5/6QxyqPP5rlL+m2qvPdLJLGReWmYj9clmu3eW1FckxOyBmpkitSI/ekThqEkZQ8k1fyZrwY78aH8TkbLRj5ziH5B+P7F/Mhp84=</latexit><latexit sha1_base64="WPbbcmEE5zV8AaD8IwJTHTpi3CA=">AAACJnicbVDLSsNAFJ3UV62vqLhyEyyCCympCOqu6MZlBWsLTSiTyW07dPJg5qa0hHyMS/VjXIm48z/cOG2z0LYHBg7n3Dv3cLxYcIW2/WUUVlbX1jeKm6Wt7Z3dPXP/4ElFiWTQYJGIZMujCgQPoYEcBbRiCTTwBDS9wd3Ebw5BKh6FjziOwQ1oL+RdzihqqWMeOQgjnP6TSvCz1GF9nnXMsl2xp7AWSTUnZZKj3jF/HD9iSQ AhMkGValftGN2USuRMQFZyEgUxZQPag7amIQ1Auen0bGadasW3upHUL0Rrqv7dSGmg1Djw9GRAsa/mvYm4zGsn2L12Ux7GCULIZoe6ibAwsiZdWD6XwFCMNaFMcp3VYn0qKUPd2NLM5/6QxyqPP5rlL+m2qvPdLJLGReWmYj9clmu3eW1FckxOyBmpkitSI/ekThqEkZQ8k1fyZrwY78aH8TkbLRj5ziH5B+P7F/Mhp84=</latexit>

�
<latexit sha1_base64="WPbbcmEE5zV8AaD8IwJTHTpi3CA=">AAACJnicbVDLSsNAFJ3UV62vqLhyEyyCCympCOqu6MZlBWsLTSiTyW07dPJg5qa0hHyMS/VjXIm48z/cOG2z0LYHBg7n3Dv3cLxYcIW2/WUUVlbX1jeKm6Wt7Z3dPXP/4ElFiWTQYJGIZMujCgQPoYEcBbRiCTTwBDS9wd3Ebw5BKh6FjziOwQ1oL+RdzihqqWMeOQgjnP6TSvCz1GF9nnXMsl2xp7AWSTUnZZKj3jF/HD9iSQ AhMkGValftGN2USuRMQFZyEgUxZQPag7amIQ1Auen0bGadasW3upHUL0Rrqv7dSGmg1Djw9GRAsa/mvYm4zGsn2L12Ux7GCULIZoe6ibAwsiZdWD6XwFCMNaFMcp3VYn0qKUPd2NLM5/6QxyqPP5rlL+m2qvPdLJLGReWmYj9clmu3eW1FckxOyBmpkitSI/ekThqEkZQ8k1fyZrwY78aH8TkbLRj5ziH5B+P7F/Mhp84=</latexit><latexit sha1_base64="WPbbcmEE5zV8AaD8IwJTHTpi3CA=">AAACJnicbVDLSsNAFJ3UV62vqLhyEyyCCympCOqu6MZlBWsLTSiTyW07dPJg5qa0hHyMS/VjXIm48z/cOG2z0LYHBg7n3Dv3cLxYcIW2/WUUVlbX1jeKm6Wt7Z3dPXP/4ElFiWTQYJGIZMujCgQPoYEcBbRiCTTwBDS9wd3Ebw5BKh6FjziOwQ1oL+RdzihqqWMeOQgjnP6TSvCz1GF9nnXMsl2xp7AWSTUnZZKj3jF/HD9iSQ AhMkGValftGN2USuRMQFZyEgUxZQPag7amIQ1Auen0bGadasW3upHUL0Rrqv7dSGmg1Djw9GRAsa/mvYm4zGsn2L12Ux7GCULIZoe6ibAwsiZdWD6XwFCMNaFMcp3VYn0qKUPd2NLM5/6QxyqPP5rlL+m2qvPdLJLGReWmYj9clmu3eW1FckxOyBmpkitSI/ekThqEkZQ8k1fyZrwY78aH8TkbLRj5ziH5B+P7F/Mhp84=</latexit><latexit sha1_base64="WPbbcmEE5zV8AaD8IwJTHTpi3CA=">AAACJnicbVDLSsNAFJ3UV62vqLhyEyyCCympCOqu6MZlBWsLTSiTyW07dPJg5qa0hHyMS/VjXIm48z/cOG2z0LYHBg7n3Dv3cLxYcIW2/WUUVlbX1jeKm6Wt7Z3dPXP/4ElFiWTQYJGIZMujCgQPoYEcBbRiCTTwBDS9wd3Ebw5BKh6FjziOwQ1oL+RdzihqqWMeOQgjnP6TSvCz1GF9nnXMsl2xp7AWSTUnZZKj3jF/HD9iSQ AhMkGValftGN2USuRMQFZyEgUxZQPag7amIQ1Auen0bGadasW3upHUL0Rrqv7dSGmg1Djw9GRAsa/mvYm4zGsn2L12Ux7GCULIZoe6ibAwsiZdWD6XwFCMNaFMcp3VYn0qKUPd2NLM5/6QxyqPP5rlL+m2qvPdLJLGReWmYj9clmu3eW1FckxOyBmpkitSI/ekThqEkZQ8k1fyZrwY78aH8TkbLRj5ziH5B+P7F/Mhp84=</latexit>

SM

SM

https://arxiv.org/abs/1502.01589
https://arxiv.org/abs/1610.02743


plan
I.  WIMP Warmup 
II.  Forbidden DM 
III. Light DM from Coannihilation 
IV. Coscattering



I.  WIMP Warmup

Dark Matter
Genesis

now



 Thermal Relic Dark Matter
• thermal relic:

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

freezeout

Td & m�



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

freezeout

1 2 5 10 20 50 100 20010-20

10-16

10-12

10-8

10-4

1

mc ê T

Y c

n� ⇠ e�m�/Td

WIMP
�

�̄

SM

SM

h�vi



WIMP “Miracle”
�

�̄

SM

SM

• freezeout:

• abundance:

⌦�h
2 ⇠ m�n�

s Teq
⇠ m�H

h�vi s Teq
⇠ 1

h�viTeqMpl
<latexit sha1_base64="B8t21kOVqitJvzTrZFC/J8RA1x8="></latexit><latexit sha1_base64="B8t21kOVqitJvzTrZFC/J8RA1x8="></latexit><latexit sha1_base64="B8t21kOVqitJvzTrZFC/J8RA1x8="></latexit>

n� h�vi ⇠ H
<latexit sha1_base64="aeFbztGotJUCeiNy3ymL10cSWEI="></latexit><latexit sha1_base64="aeFbztGotJUCeiNy3ymL10cSWEI="></latexit><latexit sha1_base64="aeFbztGotJUCeiNy3ymL10cSWEI="></latexit>

n� h�vi ⇠ H
<latexit sha1_base64="FHJxs3cx7CNW8AlSQhEQke8cdl4="></latexit><latexit sha1_base64="FHJxs3cx7CNW8AlSQhEQke8cdl4="></latexit><latexit sha1_base64="FHJxs3cx7CNW8AlSQhEQke8cdl4="></latexit>

H ⇠ T 2/Mpl
<latexit sha1_base64="QlGFsPb8hd0cIqAkfNU9/eC63oQ="></latexit><latexit sha1_base64="QlGFsPb8hd0cIqAkfNU9/eC63oQ="></latexit><latexit sha1_base64="QlGFsPb8hd0cIqAkfNU9/eC63oQ="></latexit>

s ⇠ T 3
<latexit sha1_base64="s8jhTlnMi66MN5Aok44jAxPidDk=">AAACLXicbVDPSwJBGJ21X2a/rI51GJKgQ8haQXWTunQ0cFNwTWbHUQdndpeZb0VZvPTXdKz+mCCIrv0RXRrXPZT6YODx3vfN93heKLgG2/6wMkvLK6tr2fXcxubW9k5+d+9BB5GizKGBCFTdI5oJ7jMHOAhWDxUj0hOs5vVvJ35twJTmgV+FUciaknR93uGUgJFa+UMX2BCSf+KKiOQ41tjVXOLq4/m4lS/YRTsBniellBRQikor/+O2AxpJ5gMVROtGyQ6hGRMFnAo2zrmRZiGhfdJlDUN9Ipluxsn1MT42Sht3AmWeDzhR/27ERGo9kp6ZlAR6etabiIu8RgSdq2bM/TAC5tPpoU4kMAR4Ugluc8UoiJEhhCpusmLaI4pQMMUtzHzaHvBQp/GH0/w501Zptpt54pwVr4v2/UWhfJPWlkUH6AidoBK6RGV0hyrIQRQ9oWf0it6sF+vd+rS+pqMZK93ZR/9gff8CrriqJA==</latexit><latexit sha1_base64="s8jhTlnMi66MN5Aok44jAxPidDk=">AAACLXicbVDPSwJBGJ21X2a/rI51GJKgQ8haQXWTunQ0cFNwTWbHUQdndpeZb0VZvPTXdKz+mCCIrv0RXRrXPZT6YODx3vfN93heKLgG2/6wMkvLK6tr2fXcxubW9k5+d+9BB5GizKGBCFTdI5oJ7jMHOAhWDxUj0hOs5vVvJ35twJTmgV+FUciaknR93uGUgJFa+UMX2BCSf+KKiOQ41tjVXOLq4/m4lS/YRTsBniellBRQikor/+O2AxpJ5gMVROtGyQ6hGRMFnAo2zrmRZiGhfdJlDUN9Ipluxsn1MT42Sht3AmWeDzhR/27ERGo9kp6ZlAR6etabiIu8RgSdq2bM/TAC5tPpoU4kMAR4Ugluc8UoiJEhhCpusmLaI4pQMMUtzHzaHvBQp/GH0/w501Zptpt54pwVr4v2/UWhfJPWlkUH6AidoBK6RGV0hyrIQRQ9oWf0it6sF+vd+rS+pqMZK93ZR/9gff8CrriqJA==</latexit><latexit sha1_base64="s8jhTlnMi66MN5Aok44jAxPidDk=">AAACLXicbVDPSwJBGJ21X2a/rI51GJKgQ8haQXWTunQ0cFNwTWbHUQdndpeZb0VZvPTXdKz+mCCIrv0RXRrXPZT6YODx3vfN93heKLgG2/6wMkvLK6tr2fXcxubW9k5+d+9BB5GizKGBCFTdI5oJ7jMHOAhWDxUj0hOs5vVvJ35twJTmgV+FUciaknR93uGUgJFa+UMX2BCSf+KKiOQ41tjVXOLq4/m4lS/YRTsBniellBRQikor/+O2AxpJ5gMVROtGyQ6hGRMFnAo2zrmRZiGhfdJlDUN9Ipluxsn1MT42Sht3AmWeDzhR/27ERGo9kp6ZlAR6etabiIu8RgSdq2bM/TAC5tPpoU4kMAR4Ugluc8UoiJEhhCpusmLaI4pQMMUtzHzaHvBQp/GH0/w501Zptpt54pwVr4v2/UWhfJPWlkUH6AidoBK6RGV0hyrIQRQ9oWf0it6sF+vd+rS+pqMZK93ZR/9gff8CrriqJA==</latexit>

T ⇠ m
<latexit sha1_base64="emtViEzyOJbHdAdcvMF1AQujlsQ=">AAACK3icbVBNSwMxFMzWr1q/qt70EiyCBylbEdRb0YvHCl1baEvJZrNtaLK7JG9Ly7Lgr/Go/hgvild/hRfTdg/adiAwzLyXN4wbCa7Btj+s3Mrq2vpGfrOwtb2zu1fcP3jUYawoc2goQtV0iWaCB8wBDoI1I8WIdAVruIO7id8YMqV5GNRhHLGOJL2A+5wSMFK3eNQGNoLpP0lNxDJN6ritucQy7RZLdtmeAi+SSkZKKEOtW/xpeyGNJQuACqJ1q2JH0EmIAk4FSwvtWLOI0AHpsZahAZFMd5Lp7RSfGsXDfqjMCwBP1b8bCZFaj6VrJiWBvp73JuIyrxWDf91JeBDFwAI6O+THAkOIJ4VgjytGQYwNIVRxkxXTPlGEgqltaeZzb8gjncUfzfIXTFuV+W4WiXNRvinbD5el6m1WWx4doxN0hiroClXRPaohB1H0hJ7RK3qzXqx369P6mo3mrGznEP2D9f0LUbGpeQ==</latexit><latexit sha1_base64="emtViEzyOJbHdAdcvMF1AQujlsQ=">AAACK3icbVBNSwMxFMzWr1q/qt70EiyCBylbEdRb0YvHCl1baEvJZrNtaLK7JG9Ly7Lgr/Go/hgvild/hRfTdg/adiAwzLyXN4wbCa7Btj+s3Mrq2vpGfrOwtb2zu1fcP3jUYawoc2goQtV0iWaCB8wBDoI1I8WIdAVruIO7id8YMqV5GNRhHLGOJL2A+5wSMFK3eNQGNoLpP0lNxDJN6ritucQy7RZLdtmeAi+SSkZKKEOtW/xpeyGNJQuACqJ1q2JH0EmIAk4FSwvtWLOI0AHpsZahAZFMd5Lp7RSfGsXDfqjMCwBP1b8bCZFaj6VrJiWBvp73JuIyrxWDf91JeBDFwAI6O+THAkOIJ4VgjytGQYwNIVRxkxXTPlGEgqltaeZzb8gjncUfzfIXTFuV+W4WiXNRvinbD5el6m1WWx4doxN0hiroClXRPaohB1H0hJ7RK3qzXqx369P6mo3mrGznEP2D9f0LUbGpeQ==</latexit><latexit sha1_base64="emtViEzyOJbHdAdcvMF1AQujlsQ=">AAACK3icbVBNSwMxFMzWr1q/qt70EiyCBylbEdRb0YvHCl1baEvJZrNtaLK7JG9Ly7Lgr/Go/hgvild/hRfTdg/adiAwzLyXN4wbCa7Btj+s3Mrq2vpGfrOwtb2zu1fcP3jUYawoc2goQtV0iWaCB8wBDoI1I8WIdAVruIO7id8YMqV5GNRhHLGOJL2A+5wSMFK3eNQGNoLpP0lNxDJN6ritucQy7RZLdtmeAi+SSkZKKEOtW/xpeyGNJQuACqJ1q2JH0EmIAk4FSwvtWLOI0AHpsZahAZFMd5Lp7RSfGsXDfqjMCwBP1b8bCZFaj6VrJiWBvp73JuIyrxWDf91JeBDFwAI6O+THAkOIJ4VgjytGQYwNIVRxkxXTPlGEgqltaeZzb8gjncUfzfIXTFuV+W4WiXNRvinbD5el6m1WWx4doxN0hiroClXRPaohB1H0hJ7RK3qzXqx369P6mo3mrGznEP2D9f0LUbGpeQ==</latexit>



WIMP “Miracle”

h�vi ⇠ ↵2
W

m2
�

⇠ 1

TeqMpl
<latexit sha1_base64="MEjlCApy/y3xIPnOlb60/RWYHog="></latexit><latexit sha1_base64="MEjlCApy/y3xIPnOlb60/RWYHog="></latexit><latexit sha1_base64="MEjlCApy/y3xIPnOlb60/RWYHog="></latexit>

�

�̄

SM

SM

m� ⇠ ↵W

p
TeqMpl

<latexit sha1_base64="zWnSFRaRtk34k/Jb33E/wCesC34="></latexit><latexit sha1_base64="zWnSFRaRtk34k/Jb33E/wCesC34="></latexit><latexit sha1_base64="zWnSFRaRtk34k/Jb33E/wCesC34="></latexit>

Teq Mp

⇠ 1 eV mh ⇠ 1019 GeV



WIMP

DM

Standard
Model



Hidden Sector Dark Matter

•  Goldberg, Hall, 1986 
•  Strassler, Zurek, hep-ph/0604261 
•  Arkani-Hamed, Finkbeiner, Slatyer, Weiner, 0810.0713

Standard
Model

Dark
Sector

DM

✏

What are the possible cosmologies for 
thermal relics in hidden sectors?

https://arxiv.org/abs/hep-ph/0604261
https://arxiv.org/abs/0810.0713


unitarity bound

300 TeV

Thermal Relic Spectrum

WIMP

200 GeV

•  Viel et al., astro-ph/0501562 
•  Lovell et al., 1308.1399
•  Griest, Kamionkowski, Phys. Rev. Lett. 64, 615 (1990).

m�

https://arxiv.org/abs/astro-ph/0501562
https://arxiv.org/abs/1308.1399


Cold vs. Warm Dark Matter
Properties of WDM haloes 5

Figure 2. Images of our haloes at redshift z = 0. The panels show CDM-W7 (top), m2.3, m2.0, m1.6, and m1.5 (left to right, then top
to bottom). The image intensity and hue indicate the projected squared dark matter density and the density-weighted mean velocity
dispersion respectively (Springel et al. 2008a). Each panel is 1.5Mpc on a side.

c⃝ 2012 RAS, MNRAS 000, ??–21

Properties of WDM haloes 5

Figure 2. Images of our haloes at redshift z = 0. The panels show CDM-W7 (top), m2.3, m2.0, m1.6, and m1.5 (left to right, then top
to bottom). The image intensity and hue indicate the projected squared dark matter density and the density-weighted mean velocity
dispersion respectively (Springel et al. 2008a). Each panel is 1.5Mpc on a side.

c⃝ 2012 RAS, MNRAS 000, ??–21

mDM � 1 keV

mDM � 1 keV

mDM = 1.5 keV

• Lovell et al., 1308.1399

1.5 Mpc1.5 Mpc
z=0z=0

Cold: Warm:mDM � 1 keV

https://arxiv.org/abs/1308.1399


too warm

1 keV

unitarity bound

300 TeV

Thermal Relic Spectrum

WIMP

•  Lovell et al., 1308.1399  
•  Irsic et al., 1702.01764
•  Griest, Kamionkowski, Phys. Rev. Lett. 64, 615 (1990).

200 GeV

m�

https://arxiv.org/abs/1308.1399
https://arxiv.org/abs/1702.01764
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Ultraweakly Coupled Dark Matter
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⇥ 1 TeV

•  Pospelov, Ritz, Voloshin, 0711.4866 
•  Feng, Kumar 0803.4196

•  Boehm, Fayet, hep-ph/0305261 
•  Finkbeiner, Weiner, astro-ph/0702587

https://arxiv.org/abs/0711.4866
https://arxiv.org/abs/0803.4196
https://arxiv.org/abs/hep-ph/0305261
https://arxiv.org/abs/astro-ph/0702587
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Thermal Relics Beyond the WIMP



WIMP-like Assumptions

A)   2 ↔ 2 annihilations*

B)  

C)  no entropy dump

Td ⇠ T�

*Z2, symmetric

• thermal relic with:



• Griest, Seckel, 1991 
•  D’Agnolo, Pappadopulo, JTR, 1705.08450

1)  pole 2)  forbidden channels

3)  coannihilations 4)  coscattering
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 Dark Exceptions

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


II. Forbidden Dark Matter
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• Raffaele D’Agnolo, JTR, 1505.07107 (PRL)

https://arxiv.org/abs/1505.07107
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<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>
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<latexit sha1_base64="0+gjw5AfNV7+62oLs7QO9cHxaPg="></latexit><latexit sha1_base64="0+gjw5AfNV7+62oLs7QO9cHxaPg="></latexit><latexit sha1_base64="0+gjw5AfNV7+62oLs7QO9cHxaPg="></latexit>
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TeqMpl
<latexit sha1_base64="P45lTNUgVxX42qjxbeUn//KZ9sA="></latexit><latexit sha1_base64="P45lTNUgVxX42qjxbeUn//KZ9sA="></latexit><latexit sha1_base64="P45lTNUgVxX42qjxbeUn//KZ9sA="></latexit>

⇥
<latexit sha1_base64="YUvJcNKc4H6z4kWhM9t8/FCV2rA=">AAACFnicdVDLSgMxFM3UV62vqks3wSK4kCGjtTPuim5cVrAPaIeSyWTa2MyDJFMspf/gtv6MK3Hr1n9xYdqOoFIPBA7n3Ms9OV7CmVQIfRi5ldW19Y38ZmFre2d3r7h/0JBxKgitk5jHouVhSTmLaF0xxWkrERSHHqdNb3Az85tDKiSLo3s1Sqgb4l7EAkaw0lKjo1hIZbdYQmbZRpeOA5F5YdmVsq2JVUG2U4aWieYogQy1bvGz48ckDWmkCMdSti2UKHeMhWKE00mhk0qaYDLAPdrWNML6iDuep53AE634MIiFfpGCc/XnxhiHUo5CT0+GWPXlX28mLvPaqQocd8yiJFU0IotDQcqhiuHs69BnghLFR5pgIpjOCkkfC0yULmhp5jN/yBKZxX/M8hd0Xd+dwP9J/dy8MtFduVS9znrLgyNwDE6BBWxQBbegBuqAgAfwBKbg2ZgaL8ar8bYYzRnZziH4BeP9C0aqoQY=</latexit><latexit sha1_base64="YUvJcNKc4H6z4kWhM9t8/FCV2rA=">AAACFnicdVDLSgMxFM3UV62vqks3wSK4kCGjtTPuim5cVrAPaIeSyWTa2MyDJFMspf/gtv6MK3Hr1n9xYdqOoFIPBA7n3Ms9OV7CmVQIfRi5ldW19Y38ZmFre2d3r7h/0JBxKgitk5jHouVhSTmLaF0xxWkrERSHHqdNb3Az85tDKiSLo3s1Sqgb4l7EAkaw0lKjo1hIZbdYQmbZRpeOA5F5YdmVsq2JVUG2U4aWieYogQy1bvGz48ckDWmkCMdSti2UKHeMhWKE00mhk0qaYDLAPdrWNML6iDuep53AE634MIiFfpGCc/XnxhiHUo5CT0+GWPXlX28mLvPaqQocd8yiJFU0IotDQcqhiuHs69BnghLFR5pgIpjOCkkfC0yULmhp5jN/yBKZxX/M8hd0Xd+dwP9J/dy8MtFduVS9znrLgyNwDE6BBWxQBbegBuqAgAfwBKbg2ZgaL8ar8bYYzRnZziH4BeP9C0aqoQY=</latexit><latexit sha1_base64="YUvJcNKc4H6z4kWhM9t8/FCV2rA=">AAACFnicdVDLSgMxFM3UV62vqks3wSK4kCGjtTPuim5cVrAPaIeSyWTa2MyDJFMspf/gtv6MK3Hr1n9xYdqOoFIPBA7n3Ms9OV7CmVQIfRi5ldW19Y38ZmFre2d3r7h/0JBxKgitk5jHouVhSTmLaF0xxWkrERSHHqdNb3Az85tDKiSLo3s1Sqgb4l7EAkaw0lKjo1hIZbdYQmbZRpeOA5F5YdmVsq2JVUG2U4aWieYogQy1bvGz48ckDWmkCMdSti2UKHeMhWKE00mhk0qaYDLAPdrWNML6iDuep53AE634MIiFfpGCc/XnxhiHUo5CT0+GWPXlX28mLvPaqQocd8yiJFU0IotDQcqhiuHs69BnghLFR5pgIpjOCkkfC0yULmhp5jN/yBKZxX/M8hd0Xd+dwP9J/dy8MtFduVS9znrLgyNwDE6BBWxQBbegBuqAgAfwBKbg2ZgaL8ar8bYYzRnZziH4BeP9C0aqoQY=</latexit>

⇥
<latexit sha1_base64="YUvJcNKc4H6z4kWhM9t8/FCV2rA=">AAACFnicdVDLSgMxFM3UV62vqks3wSK4kCGjtTPuim5cVrAPaIeSyWTa2MyDJFMspf/gtv6MK3Hr1n9xYdqOoFIPBA7n3Ms9OV7CmVQIfRi5ldW19Y38ZmFre2d3r7h/0JBxKgitk5jHouVhSTmLaF0xxWkrERSHHqdNb3Az85tDKiSLo3s1Sqgb4l7EAkaw0lKjo1hIZbdYQmbZRpeOA5F5YdmVsq2JVUG2U4aWieYogQy1bvGz48ckDWmkCMdSti2UKHeMhWKE00mhk0qaYDLAPdrWNML6iDuep53AE634MIiFfpGCc/XnxhiHUo5CT0+GWPXlX28mLvPaqQocd8yiJFU0IotDQcqhiuHs69BnghLFR5pgIpjOCkkfC0yULmhp5jN/yBKZxX/M8hd0Xd+dwP9J/dy8MtFduVS9znrLgyNwDE6BBWxQBbegBuqAgAfwBKbg2ZgaL8ar8bYYzRnZziH4BeP9C0aqoQY=</latexit><latexit sha1_base64="YUvJcNKc4H6z4kWhM9t8/FCV2rA=">AAACFnicdVDLSgMxFM3UV62vqks3wSK4kCGjtTPuim5cVrAPaIeSyWTa2MyDJFMspf/gtv6MK3Hr1n9xYdqOoFIPBA7n3Ms9OV7CmVQIfRi5ldW19Y38ZmFre2d3r7h/0JBxKgitk5jHouVhSTmLaF0xxWkrERSHHqdNb3Az85tDKiSLo3s1Sqgb4l7EAkaw0lKjo1hIZbdYQmbZRpeOA5F5YdmVsq2JVUG2U4aWieYogQy1bvGz48ckDWmkCMdSti2UKHeMhWKE00mhk0qaYDLAPdrWNML6iDuep53AE634MIiFfpGCc/XnxhiHUo5CT0+GWPXlX28mLvPaqQocd8yiJFU0IotDQcqhiuHs69BnghLFR5pgIpjOCkkfC0yULmhp5jN/yBKZxX/M8hd0Xd+dwP9J/dy8MtFduVS9znrLgyNwDE6BBWxQBbegBuqAgAfwBKbg2ZgaL8ar8bYYzRnZziH4BeP9C0aqoQY=</latexit><latexit sha1_base64="YUvJcNKc4H6z4kWhM9t8/FCV2rA=">AAACFnicdVDLSgMxFM3UV62vqks3wSK4kCGjtTPuim5cVrAPaIeSyWTa2MyDJFMspf/gtv6MK3Hr1n9xYdqOoFIPBA7n3Ms9OV7CmVQIfRi5ldW19Y38ZmFre2d3r7h/0JBxKgitk5jHouVhSTmLaF0xxWkrERSHHqdNb3Az85tDKiSLo3s1Sqgb4l7EAkaw0lKjo1hIZbdYQmbZRpeOA5F5YdmVsq2JVUG2U4aWieYogQy1bvGz48ckDWmkCMdSti2UKHeMhWKE00mhk0qaYDLAPdrWNML6iDuep53AE634MIiFfpGCc/XnxhiHUo5CT0+GWPXlX28mLvPaqQocd8yiJFU0IotDQcqhiuHs69BnghLFR5pgIpjOCkkfC0yULmhp5jN/yBKZxX/M8hd0Xd+dwP9J/dy8MtFduVS9znrLgyNwDE6BBWxQBbegBuqAgAfwBKbg2ZgaL8ar8bYYzRnZziH4BeP9C0aqoQY=</latexit>

⇠ ↵2
d

m2
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<latexit sha1_base64="RNVfiPWR+kvsnu4+mxt3ST8yGAw="></latexit><latexit sha1_base64="RNVfiPWR+kvsnu4+mxt3ST8yGAw="></latexit><latexit sha1_base64="RNVfiPWR+kvsnu4+mxt3ST8yGAw="></latexit>



 Griest, Seckel, 1991

m� ⇠ TeV• assume:

us

• forbidden relevant when:

• allow: 

m� ⌧ TeV
<latexit sha1_base64="YyfJhzoEqOunXa15FROCw/t3rLQ=">AAACOXicbVBNS8NAFNz4WetX1aOXxSL0ICUVQb2JXjxWsCo0pWw2r+3S3STsvhRLyF/w13hU/4dXT+LVoxc3bQ5aHVgYZt57O4wfS2HQdV+dufmFxaXl0kp5dW19Y7OytX1jokRzaPFIRvrOZwakCKGFAiXcxRqY8iXc+sOL3L8dgTYiCq9xHENHsX4oeoIztFK3UvMQ7nFyJ9UQZKnqenwgMupJST3FcKBVeg03WbdSdevuBPQvaRSkSgo0u5UvL4h4oiBELpkx7YYbYydlGgWXkJW9xEDM+JD1oW1pyBSYTjpJktF9qwS0F2n7QqQT9edGypQxY+XbyTyjmfVy8T+vnWDvpJOKME4QQj79qJdIihHN66GB0MBRji1hXAublfIB04yjLfHfzAfBSMSmiH8/zV+2bTVmu/lLWof107p7dVQ9Oy9qK5FdskdqpEGOyRm5JE3SIpw8kEfyTF6cJ+fNeXc+pqNzTrGzQ37B+fwGn9CvuA==</latexit><latexit sha1_base64="YyfJhzoEqOunXa15FROCw/t3rLQ=">AAACOXicbVBNS8NAFNz4WetX1aOXxSL0ICUVQb2JXjxWsCo0pWw2r+3S3STsvhRLyF/w13hU/4dXT+LVoxc3bQ5aHVgYZt57O4wfS2HQdV+dufmFxaXl0kp5dW19Y7OytX1jokRzaPFIRvrOZwakCKGFAiXcxRqY8iXc+sOL3L8dgTYiCq9xHENHsX4oeoIztFK3UvMQ7nFyJ9UQZKnqenwgMupJST3FcKBVeg03WbdSdevuBPQvaRSkSgo0u5UvL4h4oiBELpkx7YYbYydlGgWXkJW9xEDM+JD1oW1pyBSYTjpJktF9qwS0F2n7QqQT9edGypQxY+XbyTyjmfVy8T+vnWDvpJOKME4QQj79qJdIihHN66GB0MBRji1hXAublfIB04yjLfHfzAfBSMSmiH8/zV+2bTVmu/lLWof107p7dVQ9Oy9qK5FdskdqpEGOyRm5JE3SIpw8kEfyTF6cJ+fNeXc+pqNzTrGzQ37B+fwGn9CvuA==</latexit><latexit sha1_base64="YyfJhzoEqOunXa15FROCw/t3rLQ=">AAACOXicbVBNS8NAFNz4WetX1aOXxSL0ICUVQb2JXjxWsCo0pWw2r+3S3STsvhRLyF/w13hU/4dXT+LVoxc3bQ5aHVgYZt57O4wfS2HQdV+dufmFxaXl0kp5dW19Y7OytX1jokRzaPFIRvrOZwakCKGFAiXcxRqY8iXc+sOL3L8dgTYiCq9xHENHsX4oeoIztFK3UvMQ7nFyJ9UQZKnqenwgMupJST3FcKBVeg03WbdSdevuBPQvaRSkSgo0u5UvL4h4oiBELpkx7YYbYydlGgWXkJW9xEDM+JD1oW1pyBSYTjpJktF9qwS0F2n7QqQT9edGypQxY+XbyTyjmfVy8T+vnWDvpJOKME4QQj79qJdIihHN66GB0MBRji1hXAublfIB04yjLfHfzAfBSMSmiH8/zV+2bTVmu/lLWof107p7dVQ9Oy9qK5FdskdqpEGOyRm5JE3SIpw8kEfyTF6cJ+fNeXc+pqNzTrGzQ37B+fwGn9CvuA==</latexit>

Forbidden Mass Spectrum

TeV
�

<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>

�d
<latexit sha1_base64="+M9KYmFkRsJCqxxnFXw1jqeNfyE=">AAACLXicbVDLSsNAFJ34rPVVdamLYBFcSElEUHdFNy4rGFtoQphMJu3QmSTM3JSW0I1f41L9GEEQt36EG6dtFtr2wIXDua/DCVLOFFjWh7G0vLK6tl7aKG9ube/sVvb2H1WSSUIdkvBEtgKsKGcxdYABp61UUiwCTptB73bcb/apVCyJH2CYUk/gTswiRjBoya8cuUAHMLmTNzKZcjrK3Q4WAvvhyK9UrZo1gTlP7IJUUYGGX/lxw4RkgsZAOFaqbVspeDmWwIi+XHYzRVNMerhD25rGWFDl5ZPvI/NEK6EZJVJXDOZE/buRY6HUUAR6UmDoqtneWFzUa2cQXXk5i9MMaEymj6KMm5CY40jMkElKgA81wUQy7dUkXSwxAR3cQs9nYZ+lqrA/mPov67Ts2WzmiXNeu65Z9xfV+k0RWwkdomN0imx0ieroDjWQgwh6Qs/oFb0ZL8a78Wl8TUeXjGLnAP2D8f0L8YKq4w==</latexit><latexit sha1_base64="+M9KYmFkRsJCqxxnFXw1jqeNfyE=">AAACLXicbVDLSsNAFJ34rPVVdamLYBFcSElEUHdFNy4rGFtoQphMJu3QmSTM3JSW0I1f41L9GEEQt36EG6dtFtr2wIXDua/DCVLOFFjWh7G0vLK6tl7aKG9ube/sVvb2H1WSSUIdkvBEtgKsKGcxdYABp61UUiwCTptB73bcb/apVCyJH2CYUk/gTswiRjBoya8cuUAHMLmTNzKZcjrK3Q4WAvvhyK9UrZo1gTlP7IJUUYGGX/lxw4RkgsZAOFaqbVspeDmWwIi+XHYzRVNMerhD25rGWFDl5ZPvI/NEK6EZJVJXDOZE/buRY6HUUAR6UmDoqtneWFzUa2cQXXk5i9MMaEymj6KMm5CY40jMkElKgA81wUQy7dUkXSwxAR3cQs9nYZ+lqrA/mPov67Ts2WzmiXNeu65Z9xfV+k0RWwkdomN0imx0ieroDjWQgwh6Qs/oFb0ZL8a78Wl8TUeXjGLnAP2D8f0L8YKq4w==</latexit><latexit sha1_base64="+M9KYmFkRsJCqxxnFXw1jqeNfyE=">AAACLXicbVDLSsNAFJ34rPVVdamLYBFcSElEUHdFNy4rGFtoQphMJu3QmSTM3JSW0I1f41L9GEEQt36EG6dtFtr2wIXDua/DCVLOFFjWh7G0vLK6tl7aKG9ube/sVvb2H1WSSUIdkvBEtgKsKGcxdYABp61UUiwCTptB73bcb/apVCyJH2CYUk/gTswiRjBoya8cuUAHMLmTNzKZcjrK3Q4WAvvhyK9UrZo1gTlP7IJUUYGGX/lxw4RkgsZAOFaqbVspeDmWwIi+XHYzRVNMerhD25rGWFDl5ZPvI/NEK6EZJVJXDOZE/buRY6HUUAR6UmDoqtneWFzUa2cQXXk5i9MMaEymj6KMm5CY40jMkElKgA81wUQy7dUkXSwxAR3cQs9nYZ+lqrA/mPov67Ts2WzmiXNeu65Z9xfV+k0RWwkdomN0imx0ieroDjWQgwh6Qs/oFb0ZL8a78Wl8TUeXjGLnAP2D8f0L8YKq4w==</latexit>

• predict:

GeV
�

<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>

�d
<latexit sha1_base64="+M9KYmFkRsJCqxxnFXw1jqeNfyE=">AAACLXicbVDLSsNAFJ34rPVVdamLYBFcSElEUHdFNy4rGFtoQphMJu3QmSTM3JSW0I1f41L9GEEQt36EG6dtFtr2wIXDua/DCVLOFFjWh7G0vLK6tl7aKG9ube/sVvb2H1WSSUIdkvBEtgKsKGcxdYABp61UUiwCTptB73bcb/apVCyJH2CYUk/gTswiRjBoya8cuUAHMLmTNzKZcjrK3Q4WAvvhyK9UrZo1gTlP7IJUUYGGX/lxw4RkgsZAOFaqbVspeDmWwIi+XHYzRVNMerhD25rGWFDl5ZPvI/NEK6EZJVJXDOZE/buRY6HUUAR6UmDoqtneWFzUa2cQXXk5i9MMaEymj6KMm5CY40jMkElKgA81wUQy7dUkXSwxAR3cQs9nYZ+lqrA/mPov67Ts2WzmiXNeu65Z9xfV+k0RWwkdomN0imx0ieroDjWQgwh6Qs/oFb0ZL8a78Wl8TUeXjGLnAP2D8f0L8YKq4w==</latexit><latexit sha1_base64="+M9KYmFkRsJCqxxnFXw1jqeNfyE=">AAACLXicbVDLSsNAFJ34rPVVdamLYBFcSElEUHdFNy4rGFtoQphMJu3QmSTM3JSW0I1f41L9GEEQt36EG6dtFtr2wIXDua/DCVLOFFjWh7G0vLK6tl7aKG9ube/sVvb2H1WSSUIdkvBEtgKsKGcxdYABp61UUiwCTptB73bcb/apVCyJH2CYUk/gTswiRjBoya8cuUAHMLmTNzKZcjrK3Q4WAvvhyK9UrZo1gTlP7IJUUYGGX/lxw4RkgsZAOFaqbVspeDmWwIi+XHYzRVNMerhD25rGWFDl5ZPvI/NEK6EZJVJXDOZE/buRY6HUUAR6UmDoqtneWFzUa2cQXXk5i9MMaEymj6KMm5CY40jMkElKgA81wUQy7dUkXSwxAR3cQs9nYZ+lqrA/mPov67Ts2WzmiXNeu65Z9xfV+k0RWwkdomN0imx0ieroDjWQgwh6Qs/oFb0ZL8a78Wl8TUeXjGLnAP2D8f0L8YKq4w==</latexit><latexit sha1_base64="+M9KYmFkRsJCqxxnFXw1jqeNfyE=">AAACLXicbVDLSsNAFJ34rPVVdamLYBFcSElEUHdFNy4rGFtoQphMJu3QmSTM3JSW0I1f41L9GEEQt36EG6dtFtr2wIXDua/DCVLOFFjWh7G0vLK6tl7aKG9ube/sVvb2H1WSSUIdkvBEtgKsKGcxdYABp61UUiwCTptB73bcb/apVCyJH2CYUk/gTswiRjBoya8cuUAHMLmTNzKZcjrK3Q4WAvvhyK9UrZo1gTlP7IJUUYGGX/lxw4RkgsZAOFaqbVspeDmWwIi+XHYzRVNMerhD25rGWFDl5ZPvI/NEK6EZJVJXDOZE/buRY6HUUAR6UmDoqtneWFzUa2cQXXk5i9MMaEymj6KMm5CY40jMkElKgA81wUQy7dUkXSwxAR3cQs9nYZ+lqrA/mPov67Ts2WzmiXNeu65Z9xfV+k0RWwkdomN0imx0ieroDjWQgwh6Qs/oFb0ZL8a78Wl8TUeXjGLnAP2D8f0L8YKq4w==</latexit>
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<latexit sha1_base64="l/0WENi26O1kaXtx4icR/NLTvBg="></latexit><latexit sha1_base64="l/0WENi26O1kaXtx4icR/NLTvBg="></latexit><latexit sha1_base64="l/0WENi26O1kaXtx4icR/NLTvBg="></latexit>

�m

m�
⇠ O(1)

<latexit sha1_base64="uLo9j8Y1bQlCi5xtmDoH+IX8Tw4="></latexit><latexit sha1_base64="uLo9j8Y1bQlCi5xtmDoH+IX8Tw4="></latexit><latexit sha1_base64="uLo9j8Y1bQlCi5xtmDoH+IX8Tw4="></latexit>

�m

m�
. 0.1

<latexit sha1_base64="eP0RtqamzXKIoV6hPS+wGMTwIPs="></latexit><latexit sha1_base64="eP0RtqamzXKIoV6hPS+wGMTwIPs="></latexit><latexit sha1_base64="eP0RtqamzXKIoV6hPS+wGMTwIPs="></latexit>

• evades CMB: �m � Trec ⇠ 1 eV
<latexit sha1_base64="HrIU1C7dZ3pP7AnbbLYkqAlGN2o="></latexit><latexit sha1_base64="HrIU1C7dZ3pP7AnbbLYkqAlGN2o="></latexit><latexit sha1_base64="HrIU1C7dZ3pP7AnbbLYkqAlGN2o="></latexit>

http://inspirehep.net/record/300447
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<latexit sha1_base64="ZVuhywQyUIMWxn1JSU9HFtd7wLk="></latexit><latexit sha1_base64="ZVuhywQyUIMWxn1JSU9HFtd7wLk="></latexit><latexit sha1_base64="ZVuhywQyUIMWxn1JSU9HFtd7wLk="></latexit>
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<latexit sha1_base64="ZVuhywQyUIMWxn1JSU9HFtd7wLk="></latexit><latexit sha1_base64="ZVuhywQyUIMWxn1JSU9HFtd7wLk="></latexit><latexit sha1_base64="ZVuhywQyUIMWxn1JSU9HFtd7wLk="></latexit>

⌦�h
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m2
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↵2
d TeqMpl

<latexit sha1_base64="+XCL7E6I9ppFLYoOrOQKpLjrnI0="></latexit><latexit sha1_base64="+XCL7E6I9ppFLYoOrOQKpLjrnI0="></latexit><latexit sha1_base64="+XCL7E6I9ppFLYoOrOQKpLjrnI0="></latexit>

•Anderson, Castano hep-ph/9409419

QCD 
mp,⌦bh

2 / e�2⇡/(b3↵3(⇤UV ))
<latexit sha1_base64="+x395u6wF84jL3G47HB+SqAGTpc="></latexit><latexit sha1_base64="+x395u6wF84jL3G47HB+SqAGTpc="></latexit><latexit sha1_base64="+x395u6wF84jL3G47HB+SqAGTpc="></latexit>

⇤QCD ⇡ ⇤UV e
� 2⇡

b3↵3(⇤UV )
<latexit sha1_base64="RHPQSy1QTqrnI+HNnIDDE2z8n/k="></latexit><latexit sha1_base64="RHPQSy1QTqrnI+HNnIDDE2z8n/k="></latexit><latexit sha1_base64="RHPQSy1QTqrnI+HNnIDDE2z8n/k="></latexit>

is this bad?

https://arxiv.org/abs/hep-ph/9409419
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forbidden annihilations:

self-interactions: direct detection:

indirect detection:
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Forbidden DM with Kinetic Mixing Portal

• Holdom, 1986
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Forbidden Parameter Space

annihilate to SM
⌦� < ⌦DM

chemical potential

beam dumps

SN

Planck

direct
detection

SuperCDMS

DAMIC1K

CRESSTIII

SHiP

CMB-S4

•  CRESST, 1503.08065  
•  SuperCDMS, 1610.00006 
•  DAMIC1K, 1707.04591

• SHiP, 1504.04855  
• CMB-S4, 1610.02743 
• FASER, 1708.09389

↵d = 0.1
<latexit sha1_base64="nFJmU3jHrW8IZf2sZWUF6GbdqpM=">AAACHXicbVBNS8NAFNzUr1q/qh69LBbBg4REBPUgFL14rGBtoY3lZbNpl26SZXdTLKH/w6P6YzyJV/G3eHHb5qBtBx4MM+/xhvEFZ0o7zrdVWFpeWV0rrpc2Nre2d8q7ew8qSSWhdZLwRDZ9UJSzmNY105w2haQQ+Zw2/P7N2G8MqFQsie/1UFAvgm7MQkZAG+mxDVz0oBPgK+zYbqdccWxnAjxP3JxUUI5ap/zTDhKSRjTWhINSLdcR2stAakY4HZXaqaICSB+6tGVoDBFVXjZJPcJHRglwmEgzscYT9e9FBpFSw8g3mxHonpr1xuIir5Xq8MLLWCxSTWMyfRSmHOsEjyvAAZOUaD40BIhkJismPZBAtClqYeaTYMCEyuM/TfOXTFvubDfzpH5qX9rO3Vmlep3XVkQH6BAdIxedoyq6RTVURwRJ9Ixe0Zv1Yr1bH9bndLVg5Tf76B+sr182WKKN</latexit><latexit sha1_base64="nFJmU3jHrW8IZf2sZWUF6GbdqpM=">AAACHXicbVBNS8NAFNzUr1q/qh69LBbBg4REBPUgFL14rGBtoY3lZbNpl26SZXdTLKH/w6P6YzyJV/G3eHHb5qBtBx4MM+/xhvEFZ0o7zrdVWFpeWV0rrpc2Nre2d8q7ew8qSSWhdZLwRDZ9UJSzmNY105w2haQQ+Zw2/P7N2G8MqFQsie/1UFAvgm7MQkZAG+mxDVz0oBPgK+zYbqdccWxnAjxP3JxUUI5ap/zTDhKSRjTWhINSLdcR2stAakY4HZXaqaICSB+6tGVoDBFVXjZJPcJHRglwmEgzscYT9e9FBpFSw8g3mxHonpr1xuIir5Xq8MLLWCxSTWMyfRSmHOsEjyvAAZOUaD40BIhkJismPZBAtClqYeaTYMCEyuM/TfOXTFvubDfzpH5qX9rO3Vmlep3XVkQH6BAdIxedoyq6RTVURwRJ9Ixe0Zv1Yr1bH9bndLVg5Tf76B+sr182WKKN</latexit><latexit sha1_base64="nFJmU3jHrW8IZf2sZWUF6GbdqpM=">AAACHXicbVBNS8NAFNzUr1q/qh69LBbBg4REBPUgFL14rGBtoY3lZbNpl26SZXdTLKH/w6P6YzyJV/G3eHHb5qBtBx4MM+/xhvEFZ0o7zrdVWFpeWV0rrpc2Nre2d8q7ew8qSSWhdZLwRDZ9UJSzmNY105w2haQQ+Zw2/P7N2G8MqFQsie/1UFAvgm7MQkZAG+mxDVz0oBPgK+zYbqdccWxnAjxP3JxUUI5ap/zTDhKSRjTWhINSLdcR2stAakY4HZXaqaICSB+6tGVoDBFVXjZJPcJHRglwmEgzscYT9e9FBpFSw8g3mxHonpr1xuIir5Xq8MLLWCxSTWMyfRSmHOsEjyvAAZOUaD40BIhkJismPZBAtClqYeaTYMCEyuM/TfOXTFvubDfzpH5qX9rO3Vmlep3XVkQH6BAdIxedoyq6RTVURwRJ9Ixe0Zv1Yr1bH9bndLVg5Tf76B+sr182WKKN</latexit>
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forbidden annihilations:

self-interactions: direct detection:

indirect detection:
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https://arxiv.org/abs/1503.08065
https://arxiv.org/abs/1610.00006
https://arxiv.org/abs/1707.04591
https://arxiv.org/abs/1504.04855
https://arxiv.org/abs/1610.02743


III. Light DM from Coannihilation

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

�
<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>

�i
<latexit sha1_base64="6qo4cpo3Qx0Opa5MRXf3fquT8rQ=">AAACKHicbVDLSsNAFJ3UV62vqAsXboJFcCElFUHdFd24rGBsoS1lMrlth04ezNyUlpCvcal+jCvp1t9w4zTNQtseGDicc+/cw3EjwRXa9tQorK1vbG4Vt0s7u3v7B+bh0YsKY8nAYaEIZdOlCgQPwEGOApqRBOq7Ahru8GHmN0YgFQ+DZ5xE0PFpP+A9zihqqWuetBHGmP2TSPDSpM0GvMvTrlm2K3YGa5lUc1ImOepd86fthSz2IUAmqFKtqh1hJ6ESOROQltqxgoiyIe1DS9OA+qA6SXY4tc614lm9UOoXoJWpfzcS6is18V096VMcqEVvJq7yWjH2bjsJD6IYIWDzQ71YWBhaszYsj0tgKCaaUCa5zmqxAZWUoe5sZeZLb8Qjlccfz/OXdFvVxW6WiXNVuavYT9fl2n1eW5GckjNyQarkhtTII6kThzCSklfyTj6MN+PT+DKm89GCke8ck38wvn8Bnmqoqg==</latexit><latexit sha1_base64="6qo4cpo3Qx0Opa5MRXf3fquT8rQ=">AAACKHicbVDLSsNAFJ3UV62vqAsXboJFcCElFUHdFd24rGBsoS1lMrlth04ezNyUlpCvcal+jCvp1t9w4zTNQtseGDicc+/cw3EjwRXa9tQorK1vbG4Vt0s7u3v7B+bh0YsKY8nAYaEIZdOlCgQPwEGOApqRBOq7Ahru8GHmN0YgFQ+DZ5xE0PFpP+A9zihqqWuetBHGmP2TSPDSpM0GvMvTrlm2K3YGa5lUc1ImOepd86fthSz2IUAmqFKtqh1hJ6ESOROQltqxgoiyIe1DS9OA+qA6SXY4tc614lm9UOoXoJWpfzcS6is18V096VMcqEVvJq7yWjH2bjsJD6IYIWDzQ71YWBhaszYsj0tgKCaaUCa5zmqxAZWUoe5sZeZLb8Qjlccfz/OXdFvVxW6WiXNVuavYT9fl2n1eW5GckjNyQarkhtTII6kThzCSklfyTj6MN+PT+DKm89GCke8ck38wvn8Bnmqoqg==</latexit><latexit sha1_base64="6qo4cpo3Qx0Opa5MRXf3fquT8rQ=">AAACKHicbVDLSsNAFJ3UV62vqAsXboJFcCElFUHdFd24rGBsoS1lMrlth04ezNyUlpCvcal+jCvp1t9w4zTNQtseGDicc+/cw3EjwRXa9tQorK1vbG4Vt0s7u3v7B+bh0YsKY8nAYaEIZdOlCgQPwEGOApqRBOq7Ahru8GHmN0YgFQ+DZ5xE0PFpP+A9zihqqWuetBHGmP2TSPDSpM0GvMvTrlm2K3YGa5lUc1ImOepd86fthSz2IUAmqFKtqh1hJ6ESOROQltqxgoiyIe1DS9OA+qA6SXY4tc614lm9UOoXoJWpfzcS6is18V096VMcqEVvJq7yWjH2bjsJD6IYIWDzQ71YWBhaszYsj0tgKCaaUCa5zmqxAZWUoe5sZeZLb8Qjlccfz/OXdFvVxW6WiXNVuavYT9fl2n1eW5GckjNyQarkhtTII6kThzCSklfyTj6MN+PT+DKm89GCke8ck38wvn8Bnmqoqg==</latexit>

�j
<latexit sha1_base64="xamuVf7j0jPOE8PdI6lySQwr7IU=">AAACKHicbVDLSsNAFJ3UV62vqgsXboJFcCElFUHdFd24rGBsoQllMrltRycPZm5KS8jXuFQ/xpV062+4cdpmoW0PDBzOuXfu4Xix4Aota2wUVlbX1jeKm6Wt7Z3dvfL+wZOKEsnAZpGIZMujCgQPwUaOAlqxBBp4Aprey93Ebw5AKh6FjziKwQ1oL+RdzihqqVM+chCGOP0nleBnqcP6vPOcdcoVq2pNYS6SWk4qJEejU/5x/IglAYTIBFWqXbNidFMqkTMBWclJFMSUvdAetDUNaQDKTaeHM/NUK77ZjaR+IZpT9e9GSgOlRoGnJwOKfTXvTcRlXjvB7rWb8jBOEEI2O9RNhImROWnD9LkEhmKkCWWS66wm61NJGerOlmY+9wc8Vnn84Sx/SbdVm+9mkdgX1Zuq9XBZqd/mtRXJMTkhZ6RGrkid3JMGsQkjGXkl7+TDeDM+jS9jPBstGPnOIfkH4/sXoBeoqw==</latexit><latexit sha1_base64="xamuVf7j0jPOE8PdI6lySQwr7IU=">AAACKHicbVDLSsNAFJ3UV62vqgsXboJFcCElFUHdFd24rGBsoQllMrltRycPZm5KS8jXuFQ/xpV062+4cdpmoW0PDBzOuXfu4Xix4Aota2wUVlbX1jeKm6Wt7Z3dvfL+wZOKEsnAZpGIZMujCgQPwUaOAlqxBBp4Aprey93Ebw5AKh6FjziKwQ1oL+RdzihqqVM+chCGOP0nleBnqcP6vPOcdcoVq2pNYS6SWk4qJEejU/5x/IglAYTIBFWqXbNidFMqkTMBWclJFMSUvdAetDUNaQDKTaeHM/NUK77ZjaR+IZpT9e9GSgOlRoGnJwOKfTXvTcRlXjvB7rWb8jBOEEI2O9RNhImROWnD9LkEhmKkCWWS66wm61NJGerOlmY+9wc8Vnn84Sx/SbdVm+9mkdgX1Zuq9XBZqd/mtRXJMTkhZ6RGrkid3JMGsQkjGXkl7+TDeDM+jS9jPBstGPnOIfkH4/sXoBeoqw==</latexit><latexit sha1_base64="xamuVf7j0jPOE8PdI6lySQwr7IU=">AAACKHicbVDLSsNAFJ3UV62vqgsXboJFcCElFUHdFd24rGBsoQllMrltRycPZm5KS8jXuFQ/xpV062+4cdpmoW0PDBzOuXfu4Xix4Aota2wUVlbX1jeKm6Wt7Z3dvfL+wZOKEsnAZpGIZMujCgQPwUaOAlqxBBp4Aprey93Ebw5AKh6FjziKwQ1oL+RdzihqqVM+chCGOP0nleBnqcP6vPOcdcoVq2pNYS6SWk4qJEejU/5x/IglAYTIBFWqXbNidFMqkTMBWclJFMSUvdAetDUNaQDKTaeHM/NUK77ZjaR+IZpT9e9GSgOlRoGnJwOKfTXvTcRlXjvB7rWb8jBOEEI2O9RNhImROWnD9LkEhmKkCWWS66wm61NJGerOlmY+9wc8Vnn84Sx/SbdVm+9mkdgX1Zuq9XBZqd/mtRXJMTkhZ6RGrkid3JMGsQkjGXkl7+TDeDM+jS9jPBstGPnOIfkH4/sXoBeoqw==</latexit>

i, j
<latexit sha1_base64="4Ry33bsiq9O081/mOqnDi3S5VAk=">AAACJXicbVDLSsNAFJ3UV62v+Ni5CRbBRSmpCOqu6MZlBWMLbSmTyW07Onkwc1NaQ/7FpfoxrkRw5Ye4cdpmoW0PDBzOuXfu4biR4Apt+8vILS2vrK7l1wsbm1vbO+bu3r0KY8nAYaEIZcOlCgQPwEGOAhqRBOq7Auru4/XYrw9AKh4GdziKoO3TXsC7nFHUUsc8aCEMcfJPIsFLE156SDtm0S7bE1jzpJKRIslQ65g/LS9ksQ8BMkGValbsCNsJlciZgLTQihVElD3SHjQ1DagPqp1MrqbWsVY8qxtK/QK0JurfjYT6So18V0/6FPtq1huLi7xmjN2LdsKDKEYI2PRQNxYWhta4CsvjEhiKkSaUSa6zWqxPJWWoC1uYueQNeKSy+MNp/oJuqzLbzTxxTsuXZfv2rFi9ymrLk0NyRE5IhZyTKrkhNeIQRp7IM3klb8aL8W58GJ/T0ZyR7eyTfzC+fwHSkqcz</latexit><latexit sha1_base64="4Ry33bsiq9O081/mOqnDi3S5VAk=">AAACJXicbVDLSsNAFJ3UV62v+Ni5CRbBRSmpCOqu6MZlBWMLbSmTyW07Onkwc1NaQ/7FpfoxrkRw5Ye4cdpmoW0PDBzOuXfu4biR4Apt+8vILS2vrK7l1wsbm1vbO+bu3r0KY8nAYaEIZcOlCgQPwEGOAhqRBOq7Auru4/XYrw9AKh4GdziKoO3TXsC7nFHUUsc8aCEMcfJPIsFLE156SDtm0S7bE1jzpJKRIslQ65g/LS9ksQ8BMkGValbsCNsJlciZgLTQihVElD3SHjQ1DagPqp1MrqbWsVY8qxtK/QK0JurfjYT6So18V0/6FPtq1huLi7xmjN2LdsKDKEYI2PRQNxYWhta4CsvjEhiKkSaUSa6zWqxPJWWoC1uYueQNeKSy+MNp/oJuqzLbzTxxTsuXZfv2rFi9ymrLk0NyRE5IhZyTKrkhNeIQRp7IM3klb8aL8W58GJ/T0ZyR7eyTfzC+fwHSkqcz</latexit><latexit sha1_base64="4Ry33bsiq9O081/mOqnDi3S5VAk=">AAACJXicbVDLSsNAFJ3UV62v+Ni5CRbBRSmpCOqu6MZlBWMLbSmTyW07Onkwc1NaQ/7FpfoxrkRw5Ye4cdpmoW0PDBzOuXfu4biR4Apt+8vILS2vrK7l1wsbm1vbO+bu3r0KY8nAYaEIZcOlCgQPwEGOAhqRBOq7Auru4/XYrw9AKh4GdziKoO3TXsC7nFHUUsc8aCEMcfJPIsFLE156SDtm0S7bE1jzpJKRIslQ65g/LS9ksQ8BMkGValbsCNsJlciZgLTQihVElD3SHjQ1DagPqp1MrqbWsVY8qxtK/QK0JurfjYT6So18V0/6FPtq1huLi7xmjN2LdsKDKEYI2PRQNxYWhta4CsvjEhiKkSaUSa6zWqxPJWWoC1uYueQNeKSy+MNp/oJuqzLbzTxxTsuXZfv2rFi9ymrLk0NyRE5IhZyTKrkhNeIQRp7IM3klb8aL8W58GJ/T0ZyR7eyTfzC+fwHSkqcz</latexit>

⌃
<latexit sha1_base64="EBTZlOEqBE01d1xLY8PtPiYmDSI=">AAACFXicbVBNS8NAFHzxs9avqkcvi0XwICURQb0VvXisaNpCG8pms2nX7iZhd1Msof/Bo/pjPIlXz/4WL27bHLTtwMIw8x5vdvyEM6Vt+9taWl5ZXVsvbBQ3t7Z3dkt7+3UVp5JQl8Q8lk0fK8pZRF3NNKfNRFIsfE4bfv9m7DcGVCoWRw96mFBP4G7EQkawNlK9fc+6AndKZbtiT4DmiZOTMuSodUo/7SAmqaCRJhwr1XLsRHsZlpoRTkfFdqpogkkfd2nL0AgLqrxsknaEjo0SoDCW5kUaTdS/GxkWSg2FbyYF1j01643FRV4r1eGll7EoSTWNyPRQmHKkYzT+OgqYpETzoSGYSGayItLDEhNtClqY+TQYsETl8Z+m+YumLWe2m3ninlWuKvbdebl6nddWgEM4ghNw4AKqcAs1cIHAIzzDK7xZL9a79WF9TkeXrHznAP7B+voFySSgWQ==</latexit><latexit sha1_base64="EBTZlOEqBE01d1xLY8PtPiYmDSI=">AAACFXicbVBNS8NAFHzxs9avqkcvi0XwICURQb0VvXisaNpCG8pms2nX7iZhd1Msof/Bo/pjPIlXz/4WL27bHLTtwMIw8x5vdvyEM6Vt+9taWl5ZXVsvbBQ3t7Z3dkt7+3UVp5JQl8Q8lk0fK8pZRF3NNKfNRFIsfE4bfv9m7DcGVCoWRw96mFBP4G7EQkawNlK9fc+6AndKZbtiT4DmiZOTMuSodUo/7SAmqaCRJhwr1XLsRHsZlpoRTkfFdqpogkkfd2nL0AgLqrxsknaEjo0SoDCW5kUaTdS/GxkWSg2FbyYF1j01643FRV4r1eGll7EoSTWNyPRQmHKkYzT+OgqYpETzoSGYSGayItLDEhNtClqY+TQYsETl8Z+m+YumLWe2m3ninlWuKvbdebl6nddWgEM4ghNw4AKqcAs1cIHAIzzDK7xZL9a79WF9TkeXrHznAP7B+voFySSgWQ==</latexit><latexit sha1_base64="EBTZlOEqBE01d1xLY8PtPiYmDSI=">AAACFXicbVBNS8NAFHzxs9avqkcvi0XwICURQb0VvXisaNpCG8pms2nX7iZhd1Msof/Bo/pjPIlXz/4WL27bHLTtwMIw8x5vdvyEM6Vt+9taWl5ZXVsvbBQ3t7Z3dkt7+3UVp5JQl8Q8lk0fK8pZRF3NNKfNRFIsfE4bfv9m7DcGVCoWRw96mFBP4G7EQkawNlK9fc+6AndKZbtiT4DmiZOTMuSodUo/7SAmqaCRJhwr1XLsRHsZlpoRTkfFdqpogkkfd2nL0AgLqrxsknaEjo0SoDCW5kUaTdS/GxkWSg2FbyYF1j01643FRV4r1eGll7EoSTWNyPRQmHKkYzT+OgqYpETzoSGYSGayItLDEhNtClqY+TQYsETl8Z+m+YumLWe2m3ninlWuKvbdebl6nddWgEM4ghNw4AKqcAs1cIHAIzzDK7xZL9a79WF9TkeXrHznAP7B+voFySSgWQ==</latexit>



• Griest, Seckel, 1991

• heavier states decay to dark matter at late times

• assume equilibrium among dark states:

(foreshadowing)

Coannihilation

�i

�

�N
<latexit sha1_base64="AjDvxZlf7jfhqiME0l641OptMoA=">AAACFXicbVBNS8NAFHzxs9avqkcvi0XwICURQb0VvXiSCqYttKFsNpt27WYTdjfFEvofPKo/xpN49exv8eK2zUHbDiwMM+/xZsdPOFPatr+tpeWV1bX1wkZxc2t7Z7e0t19XcSoJdUnMY9n0saKcCepqpjltJpLiyOe04fdvxn5jQKVisXjQw4R6Ee4KFjKCtZHqbdJjnbtOqWxX7AnQPHFyUoYctU7ppx3EJI2o0IRjpVqOnWgvw1Izwumo2E4VTTDp4y5tGSpwRJWXTdKO0LFRAhTG0jyh0UT9u5HhSKlh5JvJCOuemvXG4iKvlerw0suYSFJNBZkeClOOdIzGX0cBk5RoPjQEE8lMVkR6WGKiTUELM58GA5aoPP7TNH/RtOXMdjNP3LPKVcW+Py9Xr/PaCnAIR3ACDlxAFW6hBi4QeIRneIU368V6tz6sz+nokpXvHMA/WF+/rpegSQ==</latexit><latexit sha1_base64="AjDvxZlf7jfhqiME0l641OptMoA=">AAACFXicbVBNS8NAFHzxs9avqkcvi0XwICURQb0VvXiSCqYttKFsNpt27WYTdjfFEvofPKo/xpN49exv8eK2zUHbDiwMM+/xZsdPOFPatr+tpeWV1bX1wkZxc2t7Z7e0t19XcSoJdUnMY9n0saKcCepqpjltJpLiyOe04fdvxn5jQKVisXjQw4R6Ee4KFjKCtZHqbdJjnbtOqWxX7AnQPHFyUoYctU7ppx3EJI2o0IRjpVqOnWgvw1Izwumo2E4VTTDp4y5tGSpwRJWXTdKO0LFRAhTG0jyh0UT9u5HhSKlh5JvJCOuemvXG4iKvlerw0suYSFJNBZkeClOOdIzGX0cBk5RoPjQEE8lMVkR6WGKiTUELM58GA5aoPP7TNH/RtOXMdjNP3LPKVcW+Py9Xr/PaCnAIR3ACDlxAFW6hBi4QeIRneIU368V6tz6sz+nokpXvHMA/WF+/rpegSQ==</latexit><latexit sha1_base64="AjDvxZlf7jfhqiME0l641OptMoA=">AAACFXicbVBNS8NAFHzxs9avqkcvi0XwICURQb0VvXiSCqYttKFsNpt27WYTdjfFEvofPKo/xpN49exv8eK2zUHbDiwMM+/xZsdPOFPatr+tpeWV1bX1wkZxc2t7Z7e0t19XcSoJdUnMY9n0saKcCepqpjltJpLiyOe04fdvxn5jQKVisXjQw4R6Ee4KFjKCtZHqbdJjnbtOqWxX7AnQPHFyUoYctU7ppx3EJI2o0IRjpVqOnWgvw1Izwumo2E4VTTDp4y5tGSpwRJWXTdKO0LFRAhTG0jyh0UT9u5HhSKlh5JvJCOuemvXG4iKvlerw0suYSFJNBZkeClOOdIzGX0cBk5RoPjQEE8lMVkR6WGKiTUELM58GA5aoPP7TNH/RtOXMdjNP3LPKVcW+Py9Xr/PaCnAIR3ACDlxAFW6hBi4QeIRneIU368V6tz6sz+nokpXvHMA/WF+/rpegSQ==</latexit>

�2
<latexit sha1_base64="feinA8ToqJQLJIk+1nlGow9/zIo=">AAACFXicbVBNS8NAFHypX7V+VT16WSyCBymJCOqt6MVjBdMW2lA2m027drMJu5tiCf0PHtUf40m8eva3eHHb5qBtBxaGmfd4s+MnnClt299WYWV1bX2juFna2t7Z3SvvHzRUnEpCXRLzWLZ8rChngrqaaU5biaQ48jlt+oPbid8cUqlYLB70KKFehHuChYxgbaRGh/RZ97xbrthVewq0SJycVCBHvVv+6QQxSSMqNOFYqbZjJ9rLsNSMcDoudVJFE0wGuEfbhgocUeVl07RjdGKUAIWxNE9oNFX/bmQ4UmoU+WYywrqv5r2JuMxrpzq88jImklRTQWaHwpQjHaPJ11HAJCWajwzBRDKTFZE+lphoU9DSzGfBkCUqj/80y18ybTnz3SwS97x6XbXvLyq1m7y2IhzBMZyCA5dQgzuogwsEHuEZXuHNerHerQ/rczZasPKdQ/gH6+sXf8egLQ==</latexit><latexit sha1_base64="feinA8ToqJQLJIk+1nlGow9/zIo=">AAACFXicbVBNS8NAFHypX7V+VT16WSyCBymJCOqt6MVjBdMW2lA2m027drMJu5tiCf0PHtUf40m8eva3eHHb5qBtBxaGmfd4s+MnnClt299WYWV1bX2juFna2t7Z3SvvHzRUnEpCXRLzWLZ8rChngrqaaU5biaQ48jlt+oPbid8cUqlYLB70KKFehHuChYxgbaRGh/RZ97xbrthVewq0SJycVCBHvVv+6QQxSSMqNOFYqbZjJ9rLsNSMcDoudVJFE0wGuEfbhgocUeVl07RjdGKUAIWxNE9oNFX/bmQ4UmoU+WYywrqv5r2JuMxrpzq88jImklRTQWaHwpQjHaPJ11HAJCWajwzBRDKTFZE+lphoU9DSzGfBkCUqj/80y18ybTnz3SwS97x6XbXvLyq1m7y2IhzBMZyCA5dQgzuogwsEHuEZXuHNerHerQ/rczZasPKdQ/gH6+sXf8egLQ==</latexit><latexit sha1_base64="feinA8ToqJQLJIk+1nlGow9/zIo=">AAACFXicbVBNS8NAFHypX7V+VT16WSyCBymJCOqt6MVjBdMW2lA2m027drMJu5tiCf0PHtUf40m8eva3eHHb5qBtBxaGmfd4s+MnnClt299WYWV1bX2juFna2t7Z3SvvHzRUnEpCXRLzWLZ8rChngrqaaU5biaQ48jlt+oPbid8cUqlYLB70KKFehHuChYxgbaRGh/RZ97xbrthVewq0SJycVCBHvVv+6QQxSSMqNOFYqbZjJ9rLsNSMcDoudVJFE0wGuEfbhgocUeVl07RjdGKUAIWxNE9oNFX/bmQ4UmoU+WYywrqv5r2JuMxrpzq88jImklRTQWaHwpQjHaPJ11HAJCWajwzBRDKTFZE+lphoU9DSzGfBkCUqj/80y18ybTnz3SwS97x6XbXvLyq1m7y2IhzBMZyCA5dQgzuogwsEHuEZXuHNerHerQ/rczZasPKdQ/gH6+sXf8egLQ==</latexit>

� $ �i
<latexit sha1_base64="SZcex85qoz2gCcUBb/usuN+43eE="></latexit><latexit sha1_base64="SZcex85qoz2gCcUBb/usuN+43eE="></latexit><latexit sha1_base64="SZcex85qoz2gCcUBb/usuN+43eE="></latexit>

http://inspirehep.net/record/300447
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Coannihilation

• Griest, Seckel, 1991

http://inspirehep.net/record/300447


ex) Well-Tempered Neutralino

annihilations equilibriate

W̃ 0
<latexit sha1_base64="tWJBecCkO2cHbZFyes34Es9WgFA=">AAACNHicbVDLSgMxFM34rPVVdekmWAQXUqYiqLuioC4rWFtoa8lkbmswkxmSO6Vl6Af4NS7VT3HhStz6A25M21lo2wOBwzn33hyOF0lh0HXfnbn5hcWl5cxKdnVtfWMzt7V9Z8JYc6jwUIa65jEDUiiooEAJtUgDCzwJVe/xYuhXu6CNCNUt9iNoBqyjRFtwhlZq5fINhB6O7iSXoQaDVxpADZIGCukDrd67AzvlFtwR6DQppiRPUpRbuZ+GH/I4AIVcMmPqRTfCZsI0Ci5hkG3EBiLGH1kH6pYqFoBpJqMQA7pvFZ+2Q22fQjpS/24kLDCmH3h2MmD4YCa9oTjLq8fYPm0mQkUxguLjj9qxpBjSYTPUFxo4yr4ljGths1L+wDTjaPubmfnQ74rIpPF74/xZ21ZxsptpUjkqnBXcm+N86TytLUN2yR45IEVyQkrkmpRJhXDyRJ7JK3lzXpwP59P5Go/OOenODvkH5/sXDMKtZg==</latexit><latexit sha1_base64="tWJBecCkO2cHbZFyes34Es9WgFA=">AAACNHicbVDLSgMxFM34rPVVdekmWAQXUqYiqLuioC4rWFtoa8lkbmswkxmSO6Vl6Af4NS7VT3HhStz6A25M21lo2wOBwzn33hyOF0lh0HXfnbn5hcWl5cxKdnVtfWMzt7V9Z8JYc6jwUIa65jEDUiiooEAJtUgDCzwJVe/xYuhXu6CNCNUt9iNoBqyjRFtwhlZq5fINhB6O7iSXoQaDVxpADZIGCukDrd67AzvlFtwR6DQppiRPUpRbuZ+GH/I4AIVcMmPqRTfCZsI0Ci5hkG3EBiLGH1kH6pYqFoBpJqMQA7pvFZ+2Q22fQjpS/24kLDCmH3h2MmD4YCa9oTjLq8fYPm0mQkUxguLjj9qxpBjSYTPUFxo4yr4ljGths1L+wDTjaPubmfnQ74rIpPF74/xZ21ZxsptpUjkqnBXcm+N86TytLUN2yR45IEVyQkrkmpRJhXDyRJ7JK3lzXpwP59P5Go/OOenODvkH5/sXDMKtZg==</latexit><latexit sha1_base64="tWJBecCkO2cHbZFyes34Es9WgFA=">AAACNHicbVDLSgMxFM34rPVVdekmWAQXUqYiqLuioC4rWFtoa8lkbmswkxmSO6Vl6Af4NS7VT3HhStz6A25M21lo2wOBwzn33hyOF0lh0HXfnbn5hcWl5cxKdnVtfWMzt7V9Z8JYc6jwUIa65jEDUiiooEAJtUgDCzwJVe/xYuhXu6CNCNUt9iNoBqyjRFtwhlZq5fINhB6O7iSXoQaDVxpADZIGCukDrd67AzvlFtwR6DQppiRPUpRbuZ+GH/I4AIVcMmPqRTfCZsI0Ci5hkG3EBiLGH1kH6pYqFoBpJqMQA7pvFZ+2Q22fQjpS/24kLDCmH3h2MmD4YCa9oTjLq8fYPm0mQkUxguLjj9qxpBjSYTPUFxo4yr4ljGths1L+wDTjaPubmfnQ74rIpPF74/xZ21ZxsptpUjkqnBXcm+N86TytLUN2yR45IEVyQkrkmpRJhXDyRJ7JK3lzXpwP59P5Go/OOenODvkH5/sXDMKtZg==</latexit>

W̃ 0
<latexit sha1_base64="tWJBecCkO2cHbZFyes34Es9WgFA=">AAACNHicbVDLSgMxFM34rPVVdekmWAQXUqYiqLuioC4rWFtoa8lkbmswkxmSO6Vl6Af4NS7VT3HhStz6A25M21lo2wOBwzn33hyOF0lh0HXfnbn5hcWl5cxKdnVtfWMzt7V9Z8JYc6jwUIa65jEDUiiooEAJtUgDCzwJVe/xYuhXu6CNCNUt9iNoBqyjRFtwhlZq5fINhB6O7iSXoQaDVxpADZIGCukDrd67AzvlFtwR6DQppiRPUpRbuZ+GH/I4AIVcMmPqRTfCZsI0Ci5hkG3EBiLGH1kH6pYqFoBpJqMQA7pvFZ+2Q22fQjpS/24kLDCmH3h2MmD4YCa9oTjLq8fYPm0mQkUxguLjj9qxpBjSYTPUFxo4yr4ljGths1L+wDTjaPubmfnQ74rIpPF74/xZ21ZxsptpUjkqnBXcm+N86TytLUN2yR45IEVyQkrkmpRJhXDyRJ7JK3lzXpwP59P5Go/OOenODvkH5/sXDMKtZg==</latexit><latexit sha1_base64="tWJBecCkO2cHbZFyes34Es9WgFA=">AAACNHicbVDLSgMxFM34rPVVdekmWAQXUqYiqLuioC4rWFtoa8lkbmswkxmSO6Vl6Af4NS7VT3HhStz6A25M21lo2wOBwzn33hyOF0lh0HXfnbn5hcWl5cxKdnVtfWMzt7V9Z8JYc6jwUIa65jEDUiiooEAJtUgDCzwJVe/xYuhXu6CNCNUt9iNoBqyjRFtwhlZq5fINhB6O7iSXoQaDVxpADZIGCukDrd67AzvlFtwR6DQppiRPUpRbuZ+GH/I4AIVcMmPqRTfCZsI0Ci5hkG3EBiLGH1kH6pYqFoBpJqMQA7pvFZ+2Q22fQjpS/24kLDCmH3h2MmD4YCa9oTjLq8fYPm0mQkUxguLjj9qxpBjSYTPUFxo4yr4ljGths1L+wDTjaPubmfnQ74rIpPF74/xZ21ZxsptpUjkqnBXcm+N86TytLUN2yR45IEVyQkrkmpRJhXDyRJ7JK3lzXpwP59P5Go/OOenODvkH5/sXDMKtZg==</latexit><latexit sha1_base64="tWJBecCkO2cHbZFyes34Es9WgFA=">AAACNHicbVDLSgMxFM34rPVVdekmWAQXUqYiqLuioC4rWFtoa8lkbmswkxmSO6Vl6Af4NS7VT3HhStz6A25M21lo2wOBwzn33hyOF0lh0HXfnbn5hcWl5cxKdnVtfWMzt7V9Z8JYc6jwUIa65jEDUiiooEAJtUgDCzwJVe/xYuhXu6CNCNUt9iNoBqyjRFtwhlZq5fINhB6O7iSXoQaDVxpADZIGCukDrd67AzvlFtwR6DQppiRPUpRbuZ+GH/I4AIVcMmPqRTfCZsI0Ci5hkG3EBiLGH1kH6pYqFoBpJqMQA7pvFZ+2Q22fQjpS/24kLDCmH3h2MmD4YCa9oTjLq8fYPm0mQkUxguLjj9qxpBjSYTPUFxo4yr4ljGths1L+wDTjaPubmfnQ74rIpPF74/xZ21ZxsptpUjkqnBXcm+N86TytLUN2yR45IEVyQkrkmpRJhXDyRJ7JK3lzXpwP59P5Go/OOenODvkH5/sXDMKtZg==</latexit>

W̃±
<latexit sha1_base64="Q59uW12PL57u1Hf5YBNTimkVND4=">AAACNnicbVC7SgNBFJ2N7/iKWtoMBsFCwkYEtQsKaqngmkA2htnZGx0yO7vM3A2GJV/g11iqX2JlJbb2Nk6SLXzkwMDhnHvvHE6QSGHQdV+dwtT0zOzc/EJxcWl5ZbW0tn5t4lRz8HgsY90ImAEpFHgoUEIj0cCiQEI96J4M/XoPtBGxusJ+Aq2I3SrREZyhldqlbR/hHkd3stNYg8EzDaAGmY9ChkDrN34SDdqlsltxR6D/STUnZZLjol368sOYpxEo5JIZ06y6CbYyplFwCYOinxpIGO+yW2haqlgEppWNYgzotlVC2om1fQrpSP25kbHImH4U2MmI4Z356w3FSV4zxc5hKxMqSREUH3/USSXFmA67oaHQwFH2LWFcC5uV8jumGUfb4MTMu2FPJCaPfz/OX7RtVf928594e5Wjinu5X64d57XNk02yRXZIlRyQGjknF8QjnDyQR/JMXpwn5815dz7GowUn39kgv+B8fgMvsa6D</latexit><latexit sha1_base64="Q59uW12PL57u1Hf5YBNTimkVND4=">AAACNnicbVC7SgNBFJ2N7/iKWtoMBsFCwkYEtQsKaqngmkA2htnZGx0yO7vM3A2GJV/g11iqX2JlJbb2Nk6SLXzkwMDhnHvvHE6QSGHQdV+dwtT0zOzc/EJxcWl5ZbW0tn5t4lRz8HgsY90ImAEpFHgoUEIj0cCiQEI96J4M/XoPtBGxusJ+Aq2I3SrREZyhldqlbR/hHkd3stNYg8EzDaAGmY9ChkDrN34SDdqlsltxR6D/STUnZZLjol368sOYpxEo5JIZ06y6CbYyplFwCYOinxpIGO+yW2haqlgEppWNYgzotlVC2om1fQrpSP25kbHImH4U2MmI4Z356w3FSV4zxc5hKxMqSREUH3/USSXFmA67oaHQwFH2LWFcC5uV8jumGUfb4MTMu2FPJCaPfz/OX7RtVf928594e5Wjinu5X64d57XNk02yRXZIlRyQGjknF8QjnDyQR/JMXpwn5815dz7GowUn39kgv+B8fgMvsa6D</latexit><latexit sha1_base64="Q59uW12PL57u1Hf5YBNTimkVND4=">AAACNnicbVC7SgNBFJ2N7/iKWtoMBsFCwkYEtQsKaqngmkA2htnZGx0yO7vM3A2GJV/g11iqX2JlJbb2Nk6SLXzkwMDhnHvvHE6QSGHQdV+dwtT0zOzc/EJxcWl5ZbW0tn5t4lRz8HgsY90ImAEpFHgoUEIj0cCiQEI96J4M/XoPtBGxusJ+Aq2I3SrREZyhldqlbR/hHkd3stNYg8EzDaAGmY9ChkDrN34SDdqlsltxR6D/STUnZZLjol368sOYpxEo5JIZ06y6CbYyplFwCYOinxpIGO+yW2haqlgEppWNYgzotlVC2om1fQrpSP25kbHImH4U2MmI4Z356w3FSV4zxc5hKxMqSREUH3/USSXFmA67oaHQwFH2LWFcC5uV8jumGUfb4MTMu2FPJCaPfz/OX7RtVf928594e5Wjinu5X64d57XNk02yRXZIlRyQGjknF8QjnDyQR/JMXpwn5815dz7GowUn39kgv+B8fgMvsa6D</latexit>

W+
<latexit sha1_base64="wFlKc0uvGk6WBYLwyk1Q3mSYiq8=">AAACEnicbVDLSsNAFL3xWeur6tLNYBEEpSQiqLuiG5cVjS20sUwmk3boZBJmJsUS+gku1Y9xJW79Ab/FjdM2C217YOBwzr3cM8dPOFPatr+thcWl5ZXVwlpxfWNza7u0s/ug4lQS6pKYx7LhY0U5E9TVTHPaSCTFkc9p3e9dj/x6n0rFYnGvBwn1ItwRLGQEayPd1R+P26WyXbHHQLPEyUkZctTapZ9WEJM0okITjpVqOnaivQxLzQinw2IrVTTBpIc7tGmowBFVXjaOOkSHRglQGEvzhEZj9e9GhiOlBpFvJiOsu2raG4nzvGaqwwsvYyJJNRVkcihMOdIxGv0bBUxSovnAEEwkM1kR6WKJiTbtzM18EvRZovL4T5P8RdOWM93NLHFPK5cV+/asXL3KayvAPhzAEThwDlW4gRq4QKADz/AKb9aL9W59WJ+T0QUr39mDf7C+fgHzA57O</latexit><latexit sha1_base64="wFlKc0uvGk6WBYLwyk1Q3mSYiq8=">AAACEnicbVDLSsNAFL3xWeur6tLNYBEEpSQiqLuiG5cVjS20sUwmk3boZBJmJsUS+gku1Y9xJW79Ab/FjdM2C217YOBwzr3cM8dPOFPatr+thcWl5ZXVwlpxfWNza7u0s/ug4lQS6pKYx7LhY0U5E9TVTHPaSCTFkc9p3e9dj/x6n0rFYnGvBwn1ItwRLGQEayPd1R+P26WyXbHHQLPEyUkZctTapZ9WEJM0okITjpVqOnaivQxLzQinw2IrVTTBpIc7tGmowBFVXjaOOkSHRglQGEvzhEZj9e9GhiOlBpFvJiOsu2raG4nzvGaqwwsvYyJJNRVkcihMOdIxGv0bBUxSovnAEEwkM1kR6WKJiTbtzM18EvRZovL4T5P8RdOWM93NLHFPK5cV+/asXL3KayvAPhzAEThwDlW4gRq4QKADz/AKb9aL9W59WJ+T0QUr39mDf7C+fgHzA57O</latexit><latexit sha1_base64="wFlKc0uvGk6WBYLwyk1Q3mSYiq8=">AAACEnicbVDLSsNAFL3xWeur6tLNYBEEpSQiqLuiG5cVjS20sUwmk3boZBJmJsUS+gku1Y9xJW79Ab/FjdM2C217YOBwzr3cM8dPOFPatr+thcWl5ZXVwlpxfWNza7u0s/ug4lQS6pKYx7LhY0U5E9TVTHPaSCTFkc9p3e9dj/x6n0rFYnGvBwn1ItwRLGQEayPd1R+P26WyXbHHQLPEyUkZctTapZ9WEJM0okITjpVqOnaivQxLzQinw2IrVTTBpIc7tGmowBFVXjaOOkSHRglQGEvzhEZj9e9GhiOlBpFvJiOsu2raG4nzvGaqwwsvYyJJNRVkcihMOdIxGv0bBUxSovnAEEwkM1kR6WKJiTbtzM18EvRZovL4T5P8RdOWM93NLHFPK5cV+/asXL3KayvAPhzAEThwDlW4gRq4QKADz/AKb9aL9W59WJ+T0QUr39mDf7C+fgHzA57O</latexit>

W�
<latexit sha1_base64="cBUZa+cgbfoZ2bEN5TssNZ3XJto=">AAACEnicbVDLSsNAFL3xWeur6tLNYBFcaElEUHdFNy4rGltoY5lMJu3QySTMTIol9BNcqh/jStz6A36LG6dtFtr2wMDhnHu5Z46fcKa0bX9bC4tLyyurhbXi+sbm1nZpZ/dBxakk1CUxj2XDx4pyJqirmea0kUiKI5/Tut+7Hvn1PpWKxeJeDxLqRbgjWMgI1ka6qz+etEtlu2KPgWaJk5My5Ki1Sz+tICZpRIUmHCvVdOxEexmWmhFOh8VWqmiCSQ93aNNQgSOqvGwcdYgOjRKgMJbmCY3G6t+NDEdKDSLfTEZYd9W0NxLnec1UhxdexkSSairI5FCYcqRjNPo3CpikRPOBIZhIZrIi0sUSE23amZv5OOizROXxnyb5i6YtZ7qbWeKeVi4r9u1ZuXqV11aAfTiAI3DgHKpwAzVwgUAHnuEV3qwX6936sD4nowtWvrMH/2B9/QL2W57Q</latexit><latexit sha1_base64="cBUZa+cgbfoZ2bEN5TssNZ3XJto=">AAACEnicbVDLSsNAFL3xWeur6tLNYBFcaElEUHdFNy4rGltoY5lMJu3QySTMTIol9BNcqh/jStz6A36LG6dtFtr2wMDhnHu5Z46fcKa0bX9bC4tLyyurhbXi+sbm1nZpZ/dBxakk1CUxj2XDx4pyJqirmea0kUiKI5/Tut+7Hvn1PpWKxeJeDxLqRbgjWMgI1ka6qz+etEtlu2KPgWaJk5My5Ki1Sz+tICZpRIUmHCvVdOxEexmWmhFOh8VWqmiCSQ93aNNQgSOqvGwcdYgOjRKgMJbmCY3G6t+NDEdKDSLfTEZYd9W0NxLnec1UhxdexkSSairI5FCYcqRjNPo3CpikRPOBIZhIZrIi0sUSE23amZv5OOizROXxnyb5i6YtZ7qbWeKeVi4r9u1ZuXqV11aAfTiAI3DgHKpwAzVwgUAHnuEV3qwX6936sD4nowtWvrMH/2B9/QL2W57Q</latexit><latexit sha1_base64="cBUZa+cgbfoZ2bEN5TssNZ3XJto=">AAACEnicbVDLSsNAFL3xWeur6tLNYBFcaElEUHdFNy4rGltoY5lMJu3QySTMTIol9BNcqh/jStz6A36LG6dtFtr2wMDhnHu5Z46fcKa0bX9bC4tLyyurhbXi+sbm1nZpZ/dBxakk1CUxj2XDx4pyJqirmea0kUiKI5/Tut+7Hvn1PpWKxeJeDxLqRbgjWMgI1ka6qz+etEtlu2KPgWaJk5My5Ki1Sz+tICZpRIUmHCvVdOxEexmWmhFOh8VWqmiCSQ93aNNQgSOqvGwcdYgOjRKgMJbmCY3G6t+NDEdKDSLfTEZYd9W0NxLnec1UhxdexkSSairI5FCYcqRjNPo3CpikRPOBIZhIZrIi0sUSE23amZv5OOizROXxnyb5i6YtZ7qbWeKeVi4r9u1ZuXqV11aAfTiAI3DgHKpwAzVwgUAHnuEV3qwX6936sD4nowtWvrMH/2B9/QL2W57Q</latexit>

B̃ $ W̃
<latexit sha1_base64="HMtdCut9/iLe52U3ypZfiShXTCc="></latexit><latexit sha1_base64="HMtdCut9/iLe52U3ypZfiShXTCc="></latexit><latexit sha1_base64="HMtdCut9/iLe52U3ypZfiShXTCc="></latexit>

B̃
<latexit sha1_base64="c5SA1JoleXkMiUDurl1eRTwQHOU=">AAACLHicbVBNS0JBFJ1nX2ZfVks3QxK0CHlGUO3ENi0NMgUVmTfvqoPzPpi5T5SHi35Ny+rHtIho259o0/h8i1IPDBzOuXfu4TihFBpt+8PKrK1vbG5lt3M7u3v7B/nDo0cdRIpDnQcyUE2HaZDChzoKlNAMFTDPkdBwhrczvzECpUXgP+AkhI7H+r7oCc7QSN18oY0wxuSfuCYjbxq3UUgXaHVKu/miXbIT0GVSTkmRpKh18z9tN+CRBz5yybRule0QOzFTKLiEaa4daQgZH7I+tAz1mQe6EyfHp/TUKC7tBco8H2mi/t2Imaf1xHPMpMdwoBe9mbjKa0XYu+7Ewg8jBJ/PD/UiSTGgs0aoKxRwlBNDGFfCZKV8wBTjaHpbmfncHYlQp/HH8/w501Z5sZtlUr8o3ZTs+8tipZrWliUFckLOSJlckQq5IzVSJ5w8kWfySt6sF+vd+rS+5qMZK905Jv9gff8C/8SpzQ==</latexit><latexit sha1_base64="c5SA1JoleXkMiUDurl1eRTwQHOU=">AAACLHicbVBNS0JBFJ1nX2ZfVks3QxK0CHlGUO3ENi0NMgUVmTfvqoPzPpi5T5SHi35Ny+rHtIho259o0/h8i1IPDBzOuXfu4TihFBpt+8PKrK1vbG5lt3M7u3v7B/nDo0cdRIpDnQcyUE2HaZDChzoKlNAMFTDPkdBwhrczvzECpUXgP+AkhI7H+r7oCc7QSN18oY0wxuSfuCYjbxq3UUgXaHVKu/miXbIT0GVSTkmRpKh18z9tN+CRBz5yybRule0QOzFTKLiEaa4daQgZH7I+tAz1mQe6EyfHp/TUKC7tBco8H2mi/t2Imaf1xHPMpMdwoBe9mbjKa0XYu+7Ewg8jBJ/PD/UiSTGgs0aoKxRwlBNDGFfCZKV8wBTjaHpbmfncHYlQp/HH8/w501Z5sZtlUr8o3ZTs+8tipZrWliUFckLOSJlckQq5IzVSJ5w8kWfySt6sF+vd+rS+5qMZK905Jv9gff8C/8SpzQ==</latexit><latexit sha1_base64="c5SA1JoleXkMiUDurl1eRTwQHOU=">AAACLHicbVBNS0JBFJ1nX2ZfVks3QxK0CHlGUO3ENi0NMgUVmTfvqoPzPpi5T5SHi35Ny+rHtIho259o0/h8i1IPDBzOuXfu4TihFBpt+8PKrK1vbG5lt3M7u3v7B/nDo0cdRIpDnQcyUE2HaZDChzoKlNAMFTDPkdBwhrczvzECpUXgP+AkhI7H+r7oCc7QSN18oY0wxuSfuCYjbxq3UUgXaHVKu/miXbIT0GVSTkmRpKh18z9tN+CRBz5yybRule0QOzFTKLiEaa4daQgZH7I+tAz1mQe6EyfHp/TUKC7tBco8H2mi/t2Imaf1xHPMpMdwoBe9mbjKa0XYu+7Ewg8jBJ/PD/UiSTGgs0aoKxRwlBNDGFfCZKV8wBTjaHpbmfncHYlQp/HH8/w501Z5sZtlUr8o3ZTs+8tipZrWliUFckLOSJlckQq5IzVSJ5w8kWfySt6sF+vd+rS+5qMZK905Jv9gff8C/8SpzQ==</latexit>

e�
<latexit sha1_base64="SRvEvJmUDxLTOw7EuOGYM2Kj9Is=">AAACEnicbVDLSsNAFJ34rPVVdelmsAgutCQiqLuiG5cVjS20sUwmN+3QySTMTIol9BNcqh/jStz6A36LG6dtFtr2wMDhnHu5Z46fcKa0bX9bC4tLyyurhbXi+sbm1nZpZ/dBxamk4NKYx7LhEwWcCXA10xwaiQQS+Rzqfu965Nf7IBWLxb0eJOBFpCNYyCjRRrqDx5N2qWxX7DHwLHFyUkY5au3STyuIaRqB0JQTpZqOnWgvI1IzymFYbKUKEkJ7pANNQwWJQHnZOOoQHxolwGEszRMaj9W/GxmJlBpEvpmMiO6qaW8kzvOaqQ4vvIyJJNUg6ORQmHKsYzz6Nw6YBKr5wBBCJTNZMe0SSag27czNfBz0WaLy+E+T/EXTljPdzSxxTyuXFfv2rFy9ymsroH10gI6Qg85RFd2gGnIRRR30jF7Rm/VivVsf1udkdMHKd/bQP1hfvw3unt4=</latexit><latexit sha1_base64="SRvEvJmUDxLTOw7EuOGYM2Kj9Is=">AAACEnicbVDLSsNAFJ34rPVVdelmsAgutCQiqLuiG5cVjS20sUwmN+3QySTMTIol9BNcqh/jStz6A36LG6dtFtr2wMDhnHu5Z46fcKa0bX9bC4tLyyurhbXi+sbm1nZpZ/dBxamk4NKYx7LhEwWcCXA10xwaiQQS+Rzqfu965Nf7IBWLxb0eJOBFpCNYyCjRRrqDx5N2qWxX7DHwLHFyUkY5au3STyuIaRqB0JQTpZqOnWgvI1IzymFYbKUKEkJ7pANNQwWJQHnZOOoQHxolwGEszRMaj9W/GxmJlBpEvpmMiO6qaW8kzvOaqQ4vvIyJJNUg6ORQmHKsYzz6Nw6YBKr5wBBCJTNZMe0SSag27czNfBz0WaLy+E+T/EXTljPdzSxxTyuXFfv2rFy9ymsroH10gI6Qg85RFd2gGnIRRR30jF7Rm/VivVsf1udkdMHKd/bQP1hfvw3unt4=</latexit><latexit sha1_base64="SRvEvJmUDxLTOw7EuOGYM2Kj9Is=">AAACEnicbVDLSsNAFJ34rPVVdelmsAgutCQiqLuiG5cVjS20sUwmN+3QySTMTIol9BNcqh/jStz6A36LG6dtFtr2wMDhnHu5Z46fcKa0bX9bC4tLyyurhbXi+sbm1nZpZ/dBxamk4NKYx7LhEwWcCXA10xwaiQQS+Rzqfu965Nf7IBWLxb0eJOBFpCNYyCjRRrqDx5N2qWxX7DHwLHFyUkY5au3STyuIaRqB0JQTpZqOnWgvI1IzymFYbKUKEkJ7pANNQwWJQHnZOOoQHxolwGEszRMaj9W/GxmJlBpEvpmMiO6qaW8kzvOaqQ4vvIyJJNUg6ORQmHKsYzz6Nw6YBKr5wBBCJTNZMe0SSag27czNfBz0WaLy+E+T/EXTljPdzSxxTyuXFfv2rFy9ymsroH10gI6Qg85RFd2gGnIRRR30jF7Rm/VivVsf1udkdMHKd/bQP1hfvw3unt4=</latexit>

W�
<latexit sha1_base64="py2VzGPibOroLZ7t4JFf0RuGyag=">AAACLXicbVBdSwJBFJ21L7Mvq8d6WJKgh5I1gupNCqpHg0xBTWbHqw7Ozi4zd0VZ9qVf02P1Y4Igeu1H9NKo+1DmgYHDOffOPRw3EFyj47xbqbn5hcWl9HJmZXVtfSO7uXWv/VAxKDNf+KrqUg2CSygjRwHVQAH1XAEVt3c58it9UJr78g6HATQ82pG8zRlFIzWzu3WEAY7/ia58BRqvFYCMo8rDUdzM5py8M4b9nxQSkiMJSs3sd73ls9ADiUxQrWsFJ8BGRBVyJiDO1EMNAWU92oGaoZJ6oBvR+Hps7xulZbd9ZZ5Ee6z+3oiop/XQc82kR7Grp72ROMurhdg+a0RcBiGCZJND7VDY6NujSuwWV8BQDA2hTHGT1WZdqihDU9zMzIetPg90En8wyZ8xbRWmu/lPysf587xze5IrXiS1pckO2SMHpEBOSZHckBIpE0YeyRN5Ia/Ws/VmfVifk9GUlexskz+wvn4AYs6qjw==</latexit><latexit sha1_base64="py2VzGPibOroLZ7t4JFf0RuGyag=">AAACLXicbVBdSwJBFJ21L7Mvq8d6WJKgh5I1gupNCqpHg0xBTWbHqw7Ozi4zd0VZ9qVf02P1Y4Igeu1H9NKo+1DmgYHDOffOPRw3EFyj47xbqbn5hcWl9HJmZXVtfSO7uXWv/VAxKDNf+KrqUg2CSygjRwHVQAH1XAEVt3c58it9UJr78g6HATQ82pG8zRlFIzWzu3WEAY7/ia58BRqvFYCMo8rDUdzM5py8M4b9nxQSkiMJSs3sd73ls9ADiUxQrWsFJ8BGRBVyJiDO1EMNAWU92oGaoZJ6oBvR+Hps7xulZbd9ZZ5Ee6z+3oiop/XQc82kR7Grp72ROMurhdg+a0RcBiGCZJND7VDY6NujSuwWV8BQDA2hTHGT1WZdqihDU9zMzIetPg90En8wyZ8xbRWmu/lPysf587xze5IrXiS1pckO2SMHpEBOSZHckBIpE0YeyRN5Ia/Ws/VmfVifk9GUlexskz+wvn4AYs6qjw==</latexit><latexit sha1_base64="py2VzGPibOroLZ7t4JFf0RuGyag=">AAACLXicbVBdSwJBFJ21L7Mvq8d6WJKgh5I1gupNCqpHg0xBTWbHqw7Ozi4zd0VZ9qVf02P1Y4Igeu1H9NKo+1DmgYHDOffOPRw3EFyj47xbqbn5hcWl9HJmZXVtfSO7uXWv/VAxKDNf+KrqUg2CSygjRwHVQAH1XAEVt3c58it9UJr78g6HATQ82pG8zRlFIzWzu3WEAY7/ia58BRqvFYCMo8rDUdzM5py8M4b9nxQSkiMJSs3sd73ls9ADiUxQrWsFJ8BGRBVyJiDO1EMNAWU92oGaoZJ6oBvR+Hps7xulZbd9ZZ5Ee6z+3oiop/XQc82kR7Grp72ROMurhdg+a0RcBiGCZJND7VDY6NujSuwWV8BQDA2hTHGT1WZdqihDU9zMzIetPg90En8wyZ8xbRWmu/lPysf587xze5IrXiS1pckO2SMHpEBOSZHckBIpE0YeyRN5Ia/Ws/VmfVifk9GUlexskz+wvn4AYs6qjw==</latexit>

⌫e
<latexit sha1_base64="QjeNDvCtFYV3juPyn/SIowzC1hc=">AAACFHicbVBNS8NAFHypX7V+VT16CRbBg5RUBPVW9OKxgrGFNpTN5qVdutmE3U2xhP4Gj+qP8SRevftbvLhtc9C2AwvDzHu82fETzpR2nG+rsLK6tr5R3Cxtbe/s7pX3Dx5VnEqKLo15LFs+UciZQFczzbGVSCSRz7HpD24nfnOIUrFYPOhRgl5EeoKFjBJtJLcj0i52yxWn6kxhL5JaTiqQo9Et/3SCmKYRCk05UapdcxLtZURqRjmOS51UYULogPSwbaggESovm4Yd2ydGCewwluYJbU/VvxsZiZQaRb6ZjIjuq3lvIi7z2qkOr7yMiSTVKOjsUJhyW8f25Od2wCRSzUeGECqZyWrTPpGEatPP0sxnwZAlKo//NMtfMm3V5rtZJO559brq3F9U6jd5bUU4gmM4hRpcQh3uoAEuUGDwDK/wZr1Y79aH9TkbLVj5ziH8g/X1CybNoAU=</latexit><latexit sha1_base64="QjeNDvCtFYV3juPyn/SIowzC1hc=">AAACFHicbVBNS8NAFHypX7V+VT16CRbBg5RUBPVW9OKxgrGFNpTN5qVdutmE3U2xhP4Gj+qP8SRevftbvLhtc9C2AwvDzHu82fETzpR2nG+rsLK6tr5R3Cxtbe/s7pX3Dx5VnEqKLo15LFs+UciZQFczzbGVSCSRz7HpD24nfnOIUrFYPOhRgl5EeoKFjBJtJLcj0i52yxWn6kxhL5JaTiqQo9Et/3SCmKYRCk05UapdcxLtZURqRjmOS51UYULogPSwbaggESovm4Yd2ydGCewwluYJbU/VvxsZiZQaRb6ZjIjuq3lvIi7z2qkOr7yMiSTVKOjsUJhyW8f25Od2wCRSzUeGECqZyWrTPpGEatPP0sxnwZAlKo//NMtfMm3V5rtZJO559brq3F9U6jd5bUU4gmM4hRpcQh3uoAEuUGDwDK/wZr1Y79aH9TkbLVj5ziH8g/X1CybNoAU=</latexit><latexit sha1_base64="QjeNDvCtFYV3juPyn/SIowzC1hc=">AAACFHicbVBNS8NAFHypX7V+VT16CRbBg5RUBPVW9OKxgrGFNpTN5qVdutmE3U2xhP4Gj+qP8SRevftbvLhtc9C2AwvDzHu82fETzpR2nG+rsLK6tr5R3Cxtbe/s7pX3Dx5VnEqKLo15LFs+UciZQFczzbGVSCSRz7HpD24nfnOIUrFYPOhRgl5EeoKFjBJtJLcj0i52yxWn6kxhL5JaTiqQo9Et/3SCmKYRCk05UapdcxLtZURqRjmOS51UYULogPSwbaggESovm4Yd2ydGCewwluYJbU/VvxsZiZQaRb6ZjIjuq3lvIi7z2qkOr7yMiSTVKOjsUJhyW8f25Od2wCRSzUeGECqZyWrTPpGEatPP0sxnwZAlKo//NMtfMm3V5rtZJO559brq3F9U6jd5bUU4gmM4hRpcQh3uoAEuUGDwDK/wZr1Y79aH9TkbLVj5ziH8g/X1CybNoAU=</latexit>

W±
<latexit sha1_base64="l0ZIHN3kAZ9PeX00DTSxvIWj0zo=">AAACFHicbVBNSwMxFHzrZ61fVY9egkXwIGUrgnorevFYwbWFdi3ZbLYNTbJLki2Wpb/Bo/pjPIlX7/4WL6btHrTtQGCYeY83mSDhTBvX/XaWlldW19YLG8XNre2d3dLe/oOOU0WoR2Ieq2aANeVMUs8ww2kzURSLgNNG0L8Z+40BVZrF8t4ME+oL3JUsYgQbK3mNx3YiOqWyW3EnQPOkmpMy5Kh3Sj/tMCapoNIQjrVuVd3E+BlWhhFOR8V2qmmCSR93actSiQXVfjYJO0LHVglRFCv7pEET9e9GhoXWQxHYSYFNT896Y3GR10pNdOlnTCapoZJMD0UpRyZG45+jkClKDB9agoliNisiPawwMbafhZlPwwFLdB7/aZq/aNuqznYzT7yzylXFvTsv167z2gpwCEdwAlW4gBrcQh08IMDgGV7hzXlx3p0P53M6uuTkOwfwD87XLwNMn/A=</latexit><latexit sha1_base64="l0ZIHN3kAZ9PeX00DTSxvIWj0zo=">AAACFHicbVBNSwMxFHzrZ61fVY9egkXwIGUrgnorevFYwbWFdi3ZbLYNTbJLki2Wpb/Bo/pjPIlX7/4WL6btHrTtQGCYeY83mSDhTBvX/XaWlldW19YLG8XNre2d3dLe/oOOU0WoR2Ieq2aANeVMUs8ww2kzURSLgNNG0L8Z+40BVZrF8t4ME+oL3JUsYgQbK3mNx3YiOqWyW3EnQPOkmpMy5Kh3Sj/tMCapoNIQjrVuVd3E+BlWhhFOR8V2qmmCSR93actSiQXVfjYJO0LHVglRFCv7pEET9e9GhoXWQxHYSYFNT896Y3GR10pNdOlnTCapoZJMD0UpRyZG45+jkClKDB9agoliNisiPawwMbafhZlPwwFLdB7/aZq/aNuqznYzT7yzylXFvTsv167z2gpwCEdwAlW4gBrcQh08IMDgGV7hzXlx3p0P53M6uuTkOwfwD87XLwNMn/A=</latexit><latexit sha1_base64="l0ZIHN3kAZ9PeX00DTSxvIWj0zo=">AAACFHicbVBNSwMxFHzrZ61fVY9egkXwIGUrgnorevFYwbWFdi3ZbLYNTbJLki2Wpb/Bo/pjPIlX7/4WL6btHrTtQGCYeY83mSDhTBvX/XaWlldW19YLG8XNre2d3dLe/oOOU0WoR2Ieq2aANeVMUs8ww2kzURSLgNNG0L8Z+40BVZrF8t4ME+oL3JUsYgQbK3mNx3YiOqWyW3EnQPOkmpMy5Kh3Sj/tMCapoNIQjrVuVd3E+BlWhhFOR8V2qmmCSR93actSiQXVfjYJO0LHVglRFCv7pEET9e9GhoXWQxHYSYFNT896Y3GR10pNdOlnTCapoZJMD0UpRyZG45+jkClKDB9agoliNisiPawwMbafhZlPwwFLdB7/aZq/aNuqznYzT7yzylXFvTsv167z2gpwCEdwAlW4gBrcQh08IMDgGV7hzXlx3p0P53M6uuTkOwfwD87XLwNMn/A=</latexit>

W̃ 0
<latexit sha1_base64="tWJBecCkO2cHbZFyes34Es9WgFA=">AAACNHicbVDLSgMxFM34rPVVdekmWAQXUqYiqLuioC4rWFtoa8lkbmswkxmSO6Vl6Af4NS7VT3HhStz6A25M21lo2wOBwzn33hyOF0lh0HXfnbn5hcWl5cxKdnVtfWMzt7V9Z8JYc6jwUIa65jEDUiiooEAJtUgDCzwJVe/xYuhXu6CNCNUt9iNoBqyjRFtwhlZq5fINhB6O7iSXoQaDVxpADZIGCukDrd67AzvlFtwR6DQppiRPUpRbuZ+GH/I4AIVcMmPqRTfCZsI0Ci5hkG3EBiLGH1kH6pYqFoBpJqMQA7pvFZ+2Q22fQjpS/24kLDCmH3h2MmD4YCa9oTjLq8fYPm0mQkUxguLjj9qxpBjSYTPUFxo4yr4ljGths1L+wDTjaPubmfnQ74rIpPF74/xZ21ZxsptpUjkqnBXcm+N86TytLUN2yR45IEVyQkrkmpRJhXDyRJ7JK3lzXpwP59P5Go/OOenODvkH5/sXDMKtZg==</latexit><latexit sha1_base64="tWJBecCkO2cHbZFyes34Es9WgFA=">AAACNHicbVDLSgMxFM34rPVVdekmWAQXUqYiqLuioC4rWFtoa8lkbmswkxmSO6Vl6Af4NS7VT3HhStz6A25M21lo2wOBwzn33hyOF0lh0HXfnbn5hcWl5cxKdnVtfWMzt7V9Z8JYc6jwUIa65jEDUiiooEAJtUgDCzwJVe/xYuhXu6CNCNUt9iNoBqyjRFtwhlZq5fINhB6O7iSXoQaDVxpADZIGCukDrd67AzvlFtwR6DQppiRPUpRbuZ+GH/I4AIVcMmPqRTfCZsI0Ci5hkG3EBiLGH1kH6pYqFoBpJqMQA7pvFZ+2Q22fQjpS/24kLDCmH3h2MmD4YCa9oTjLq8fYPm0mQkUxguLjj9qxpBjSYTPUFxo4yr4ljGths1L+wDTjaPubmfnQ74rIpPF74/xZ21ZxsptpUjkqnBXcm+N86TytLUN2yR45IEVyQkrkmpRJhXDyRJ7JK3lzXpwP59P5Go/OOenODvkH5/sXDMKtZg==</latexit><latexit sha1_base64="tWJBecCkO2cHbZFyes34Es9WgFA=">AAACNHicbVDLSgMxFM34rPVVdekmWAQXUqYiqLuioC4rWFtoa8lkbmswkxmSO6Vl6Af4NS7VT3HhStz6A25M21lo2wOBwzn33hyOF0lh0HXfnbn5hcWl5cxKdnVtfWMzt7V9Z8JYc6jwUIa65jEDUiiooEAJtUgDCzwJVe/xYuhXu6CNCNUt9iNoBqyjRFtwhlZq5fINhB6O7iSXoQaDVxpADZIGCukDrd67AzvlFtwR6DQppiRPUpRbuZ+GH/I4AIVcMmPqRTfCZsI0Ci5hkG3EBiLGH1kH6pYqFoBpJqMQA7pvFZ+2Q22fQjpS/24kLDCmH3h2MmD4YCa9oTjLq8fYPm0mQkUxguLjj9qxpBjSYTPUFxo4yr4ljGths1L+wDTjaPubmfnQ74rIpPF74/xZ21ZxsptpUjkqnBXcm+N86TytLUN2yR45IEVyQkrkmpRJhXDyRJ7JK3lzXpwP59P5Go/OOenODvkH5/sXDMKtZg==</latexit>

• Arkani-Hamed, Delgado, Giudice hep-ph/0601041 
• Cheung, Hall, Pinner, JTR 1211.4873

dark matter

https://arxiv.org/abs/hep-ph/0601041
https://arxiv.org/abs/1211.4873
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<latexit sha1_base64="m9R/1IOJll6gV/YENlDqIVs2hy8="></latexit><latexit sha1_base64="m9R/1IOJll6gV/YENlDqIVs2hy8="></latexit><latexit sha1_base64="m9R/1IOJll6gV/YENlDqIVs2hy8="></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="WPbbcmEE5zV8AaD8IwJTHTpi3CA=">AAACJnicbVDLSsNAFJ3UV62vqLhyEyyCCympCOqu6MZlBWsLTSiTyW07dPJg5qa0hHyMS/VjXIm48z/cOG2z0LYHBg7n3Dv3cLxYcIW2/WUUVlbX1jeKm6Wt7Z3dPXP/4ElFiWTQYJGIZMujCgQPoYEcBbRiCTTwBDS9wd3Ebw5BKh6FjziOwQ1oL+RdzihqqWMeOQgjnP6TSvCz1GF9nnXMsl2xp7AWSTUnZZKj3jF/HD9iSQAhMkGValftGN2USuRMQFZyEgUxZQPag7amIQ1Auen0bGadasW3upHUL0Rrqv7dSGmg1Djw9GRAsa/mvYm4zGsn2L12Ux7GCULIZoe6ibAwsiZdWD6XwFCMNaFMcp3VYn0qKUPd2NLM5/6QxyqPP5rlL+m2qvPdLJLGReWmYj9clmu3eW1FckxOyBmpkitSI/ekThqEkZQ8k1fyZrwY78aH8TkbLRj5ziH5B+P7F/Mhp84=</latexit>

�i
<latexit sha1_base64="P3k4rBH2bblSUbBha6SHwZAbArw=">AAACKXicbVDLSsNAFJ34rPUVdSO4CRbBhZRUBHVXdOOygrWFNoTJ5KYdOnkwc1NaQv0al+rHuFK3foYbp20W2vbAwOGce+cejpcIrtC2P42l5ZXVtfXCRnFza3tn19zbf1RxKhnUWSxi2fSoAsEjqCNHAc1EAg09AQ2vdzv2G32QisfRAw4TcELaiXjAGUUtueZhG2GAk38yT6Qwytqsy10+cs2SXbYnsOZJJSclkqPmmj9tP2ZpCBEyQZVqVewEnYxK5EzAqNhOFSSU9WgHWppGNATlZJPLI+tEK74VxFK/CK2J+ncjo6FSw9DTkyHFrpr1xuIir5VicOVkPEpShIhNDwWpsDC2xnVYPpfAUAw1oUxyndViXSopQ13awsxnfp8nKo8/mOYv6rYqs93Mk/p5+bps31+Uqjd5bQVyRI7JKamQS1Ild6RG6oSRJ/JMXsmb8WK8Gx/G13R0ych3Dsg/GN+/g8apIQ==</latexit><latexit sha1_base64="P3k4rBH2bblSUbBha6SHwZAbArw=">AAACKXicbVDLSsNAFJ34rPUVdSO4CRbBhZRUBHVXdOOygrWFNoTJ5KYdOnkwc1NaQv0al+rHuFK3foYbp20W2vbAwOGce+cejpcIrtC2P42l5ZXVtfXCRnFza3tn19zbf1RxKhnUWSxi2fSoAsEjqCNHAc1EAg09AQ2vdzv2G32QisfRAw4TcELaiXjAGUUtueZhG2GAk38yT6Qwytqsy10+cs2SXbYnsOZJJSclkqPmmj9tP2ZpCBEyQZVqVewEnYxK5EzAqNhOFSSU9WgHWppGNATlZJPLI+tEK74VxFK/CK2J+ncjo6FSw9DTkyHFrpr1xuIir5VicOVkPEpShIhNDwWpsDC2xnVYPpfAUAw1oUxyndViXSopQ13awsxnfp8nKo8/mOYv6rYqs93Mk/p5+bps31+Uqjd5bQVyRI7JKamQS1Ild6RG6oSRJ/JMXsmb8WK8Gx/G13R0ych3Dsg/GN+/g8apIQ==</latexit><latexit sha1_base64="P3k4rBH2bblSUbBha6SHwZAbArw=">AAACKXicbVDLSsNAFJ34rPUVdSO4CRbBhZRUBHVXdOOygrWFNoTJ5KYdOnkwc1NaQv0al+rHuFK3foYbp20W2vbAwOGce+cejpcIrtC2P42l5ZXVtfXCRnFza3tn19zbf1RxKhnUWSxi2fSoAsEjqCNHAc1EAg09AQ2vdzv2G32QisfRAw4TcELaiXjAGUUtueZhG2GAk38yT6Qwytqsy10+cs2SXbYnsOZJJSclkqPmmj9tP2ZpCBEyQZVqVewEnYxK5EzAqNhOFSSU9WgHWppGNATlZJPLI+tEK74VxFK/CK2J+ncjo6FSw9DTkyHFrpr1xuIir5VicOVkPEpShIhNDwWpsDC2xnVYPpfAUAw1oUxyndViXSopQ13awsxnfp8nKo8/mOYv6rYqs93Mk/p5+bps31+Uqjd5bQVyRI7JKamQS1Ild6RG6oSRJ/JMXsmb8WK8Gx/G13R0ych3Dsg/GN+/g8apIQ==</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>

• lore: coannihilations is only relevant for degenerate states
�m

m�
. 0.1

<latexit sha1_base64="eP0RtqamzXKIoV6hPS+wGMTwIPs="></latexit><latexit sha1_base64="eP0RtqamzXKIoV6hPS+wGMTwIPs="></latexit><latexit sha1_base64="eP0RtqamzXKIoV6hPS+wGMTwIPs="></latexit>



Non-Degenerate Coannihilations

�
<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="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>

dominate annihilation:

h�vi ⇠ ↵2
d

m2
 

<latexit sha1_base64="tMERTMdlV+R3eYvPWjnGY4zlfEw="></latexit><latexit sha1_base64="tMERTMdlV+R3eYvPWjnGY4zlfEw="></latexit><latexit sha1_base64="tMERTMdlV+R3eYvPWjnGY4zlfEw="></latexit>

h�vieff ⇠ ↵2
d

m2
 

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>

m� ⇠ ↵d

p
TeqMpl e

�2�m/TFO

<latexit sha1_base64="r2AlBmvjguRr4nx6I5vBclFaB1Y="></latexit><latexit sha1_base64="r2AlBmvjguRr4nx6I5vBclFaB1Y="></latexit><latexit sha1_base64="r2AlBmvjguRr4nx6I5vBclFaB1Y="></latexit>



Non-Degenerate 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>
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IV. 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 (PRL)

https://arxiv.org/abs/1705.08450


Coannihilation vs. Coscattering
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�
<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



Freeze-Out Phase Diagram
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<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>
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Coscattering in Fraternal Twin Higgs
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⌫̂⌧
<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>

�̂
<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>

�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="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>

m�̂ ,m⌫̂⌧ ,m⌧̂ ⇠ 0.1� 10GeV
<latexit sha1_base64="23TWRbdoJe9wkNO61HjIYtX1jHY="></latexit><latexit sha1_base64="23TWRbdoJe9wkNO61HjIYtX1jHY="></latexit><latexit sha1_base64="23TWRbdoJe9wkNO61HjIYtX1jHY="></latexit><latexit sha1_base64="23TWRbdoJe9wkNO61HjIYtX1jHY="></latexit>



Chemical vs. Kinetic Decoupling
• WIMP/forbidden/coannihilations
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• coscattering
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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>

�
<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>
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FIG. 6. The left plot shows the ratio of the � phase space distribution obtained from solving Eq. 11 to the distribution
assuming kinetic equilibrium, see Eq. 23. The right plot show a comparison between these two distributions evaluated at late
times (x ⇠ 30), when they have become constant. We plot 1/Y� obs

⇥ dY�/ log
10

q calculated in terms of f̃ using Eq. 22. The
final yield is represented by the area below the two curves and matches the observed yield for m� = 1MeV, including thermal
corrections. The additional parameters not shown on the plots are fixed to |y| = 0.5, arg y = 1/

p
2, and arg � = 1/2.

which di↵erent momenta interact with the thermal bath
through the coscattering process.

Changing variables to q ⌘ p a, the comoving momen-
tum, and a, the scale factor, the di↵erential operator on
the left side of Eq. 16 simplifies to:

✓
@

@t
� Hp

@

@p

◆
f
�

= H ⇥ a
@

@a
f̃(q, a), (17)

where f̃(q, a) ⌘ f(q/a, a). In these variables, the Boltz-
mann equation becomes a collection of ordinary linear
di↵erential equations, one for each comoving momentum
q. As a boundary condition for these equations we will
use the fact that at an early time, a

0

, � was in kinetic
equilibrium with the thermal bath

f̃(q, a
0

) = f̃ eq(q, a
0

) = exp

 
�

s
q2

a2

0

T 2

0

+
m2

�

T 2

0

!
(18)

where T
0

= T (a
0

). An explicit solution can thus be writ-
ten for Eq. 17

f̃
�

(q, a) = f̃ eq

�

(q, a)�
Z

a

a0

du
df̃ eq

�

(q, u)

du
e�

R a
u

C̃(q,v)
vH(v) dv.

(19)
The explicit solution immediately implies that f

�

⇡ f eq

�

at early times, when C̃/H � 1, as the second term be-
comes exponentially suppressed. At late times (T ⌧ m

�

)
it is the function C̃/H which becomes exponentially sup-
pressed.

To understand the behavior of the solution we can ap-
proximate the exponential by a step function

e�
R a
u

C̃(q,v)
vH(v) dv ⇡ ⇥(u � a

fo

(q)) (20)

where a
fo

(q) is the scale factor at which C̃(q, a)/H(a)
becomes su�ciently smaller than 1, which can be inter-
preted as the freeze-out time for the comoving momen-
tum q. Plugging this back into Eq. 19 we thus find

f̃
�

(q, a) ⇡ f̃ eq

�

(q, a)�
Z

a

a0

du
df̃ eq

�

(q, u)

du
⇥(u � a

fo

(q))

= f̃ eq

�

(q, a
fo

(q)). (21)

At late times the value of f̃ for a given comoving mo-
mentum is locked to its value at a

fo

(q).
It is often convenient to use the temperature T as a

measure of time, instead of the scale factor a. Instead
of q = p ⇥ a, we can take q = p/T as the momentum
variable and the solution of Eq. 17 becomes the function
f̃(q, T ) = f(q T, T ). Once f̃ is determined, the number
density of � is calculated by integrating over phase space,

n
�

(T ) =

Z
d3p

(2⇡)3
f(p, T ) = T 3

Z
d3q

(2⇡)3
f̃(q, T ). (22)

The left panel of Fig. 6 shows, for increasing values
of x = m

�

/T , the ratio between f̃ from Eq. 19 and the
equilibrium phase space distribution f̃ th, including the
chemical potential obtained from solving the Boltzmann
equation for the number density

ṅ
�

+ 3Hn
�

= �neq

�

h�
�! 

vi
�
n
�

� neq

�

�
. (23)

As anticipated in the main text, the lower comoving mo-
mentum modes decouple earlier from the thermal bath.
On the right panel of Fig. 6 we plot dY

�

/d log
10

q at late
times, normalized to the observed yield and calculated
using Eq. 22, with f̃ either from Eq. 19 or its equilib-
rium value from Eq. 23. The plot again shows how the

coscattering

Maxwell-Boltzmann

low-momentum modes decouple 
before high-momentum modes
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FIG. 3: Contours of fractional entropy production ∆S/Si from late decays in the (τ, ζEM) plane.

Regions predicted by the superWIMP dark matter scenario and BBN excluded and best fit regions
are given as in Fig. 2.

V. IMPLICATIONS FOR CMB BLACK BODY DISTORTIONS

The injection of electromagnetic energy may also distort the frequency dependence of the
CMB black body radiation. For the decay times of interest, with redshifts z ∼ 105−107, the
resulting photons interact efficiently through γe− → γe−, but photon number is conserved,
since double Compton scattering γe− → γγe− and thermal bremsstrahlung eX → eXγ,
where X is an ion, are inefficient. The spectrum therefore relaxes to statistical but not
thermodynamic equilibrium, resulting in a Bose-Einstein distribution function

fγ(E) =
1

eE/(kT )+µ − 1
, (50)

with chemical potential µ ̸= 0.
For the low values of baryon density currently favored, the effects of double Compton

scattering are more significant than those of thermal bremsstrahlung. The value of the
chemical potential µ may therefore be approximated for small energy releases by the analytic
expression [36]

µ = 8.0 × 10−4
[

τ

106 s

]
1
2

[

ζEM

10−9 GeV

]

e−(τdC/τ)5/4

, (51)

where

τdC = 6.1 × 106 s
[

T0

2.725 K

]−
12
5

[

ΩBh2

0.022

]
4
5
[

1 − 1
2Yp

0.88

]

4
5

. (52)

In Fig. 4 we show contours of chemical potential µ. The current bound is µ < 9 ×
10−5 [24, 37]. We see that, although there are at present no indications of deviations from
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FIG. 5. Phenomenology of the model for a mediator � coupling to electrons. Supernova cooling constrains both the direct
production of � and that of dark matter n

1

, while we find that n
2

⇡  is always trapped inside the star. The other constraints
are described in the main body of the text. The reach of PIXIE corresponds to µ < 2.8 ⇥ 10�8 and y < 2.4 ⇥ 10�9 [63, 64].
The reach including the expected impact of foregrounds, µ < 9.4 ⇥ 10�8 [65], is shown with a dotted line. In the right panel
the reach of CMB Stage-4 measurements on DM annihilations is shown for two di↵erent choices of sky coverage 0.4 and 0.8. In
the left panel the remaining model parameters are set to |y| = 1, |�| = 10�4

, arg y = �i⇡/

p
2, arg � = 1/2, and m�/m� = 0.9.

In the right to |y| = 0.3, |�| = 10�3

, arg y = �i⇡/

p
2, arg � = 1/2, and m�/m� = 0.9. On both sides, � is fixed at each point

to reproduce the observed relic density.

these conditions, and more portals that connect these
sectors to the SM.
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Appendix

In this Appendix, we provide technical details on the
solution of the full Boltzmann equation

✓
@

@t
� Hp ·rp

◆
f
�

(p, t) =
1

E
C[f

�

], (11)

for the coscattering process �(p)�(k) !  (p0)�(k0).

For the above choice of momenta, the collision operator

reads

C[f ] =
1

2

Z
d⌦kd⌦k0d⌦p0(2⇡)4�4(p+ k� p

0 � k

0)

|M|
2

[f
�

(k0, t)f
 

(p0, t)� f
�

(k, t)f(p, t)]. (12)

The integration measure is the Lorentz invariant phase
space

d⌦p ⌘ d3p

(2⇡)32E(p)
(13)

and |M|
2

is the matrix element squared averaged over
initial quantum numbers and summed over final ones.
Assuming that � and  are in thermal equilibrium we
have f(p, t) = f eq(p, t) = e�E(p)/T and we can substitute
f eq

�

(k0, t)f eq

 

(p0, t) = f eq

�

(k, t)f eq

�

(p, t). The collision term
can thus be rewritten as

1

E
C[f ] = [f eq

�

(p, t)� f
�

(p, t)]

Z
d3k

(2⇡)3
f eq

�

(k, t)[�v](s)

(14)
where s = (p

µ

+ k
µ

)2 and we used the usual definition

[�v](s) =

Z
d⌦p0d⌦k0(2⇡)4�4(p+k�p

0�k

0)
|M|

2

4E(p)E(k)
.

(15)
Integrating both sides over the solid angle of p, Eq. 11
becomes
✓
@

@t
� Hp

@

@p

◆
f(p, t) = [f eq

�

(p, t)�f
�

(p, t)]C(p, t) (16)

which is thus a linear partial di↵erential equation for
f
�

. The function C can be understood as the rate at
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