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CO-SCATTERING
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DM leaves chemical equilibrium:

co-scattering mediator annihilation
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co-scattering mediator annihilation
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 7

co-scattering

!
<latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="PmHbqE/CWLaLuH+Qr3WysTKYPlc="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit>

!
<latexit sha1_base64="MkEAcJB1FA8SlSpEIE5LPbk8hdg="></latexit><latexit sha1_base64="MkEAcJB1FA8SlSpEIE5LPbk8hdg="></latexit><latexit sha1_base64="MkEAcJB1FA8SlSpEIE5LPbk8hdg="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="c5jbr5wHX32x1fztKJTIy532+kk="></latexit><latexit sha1_base64="c5jbr5wHX32x1fztKJTIy532+kk="></latexit><latexit sha1_base64="TxrrkEcCqrxxgC2eJty+xxOZpvY="></latexit><latexit sha1_base64="MkEAcJB1FA8SlSpEIE5LPbk8hdg="></latexit><latexit sha1_base64="MkEAcJB1FA8SlSpEIE5LPbk8hdg="></latexit><latexit sha1_base64="MkEAcJB1FA8SlSpEIE5LPbk8hdg="></latexit><latexit sha1_base64="MkEAcJB1FA8SlSpEIE5LPbk8hdg="></latexit><latexit sha1_base64="MkEAcJB1FA8SlSpEIE5LPbk8hdg="></latexit><latexit sha1_base64="MkEAcJB1FA8SlSpEIE5LPbk8hdg="></latexit>

compressed:
! m
m

! 10 %
<latexit sha1_base64="dvVyYK+xVFMssyfMaRahYnAjRtE="></latexit><latexit sha1_base64="dvVyYK+xVFMssyfMaRahYnAjRtE="></latexit><latexit sha1_base64="dvVyYK+xVFMssyfMaRahYnAjRtE="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="aY8RTE4zpboO3bOKiydffrM7QH0="></latexit><latexit sha1_base64="aY8RTE4zpboO3bOKiydffrM7QH0="></latexit><latexit sha1_base64="pvltv6zR3DM76JexwcMY2gHXx/w="></latexit><latexit sha1_base64="dvVyYK+xVFMssyfMaRahYnAjRtE="></latexit><latexit sha1_base64="dvVyYK+xVFMssyfMaRahYnAjRtE="></latexit><latexit sha1_base64="dvVyYK+xVFMssyfMaRahYnAjRtE="></latexit><latexit sha1_base64="dvVyYK+xVFMssyfMaRahYnAjRtE="></latexit><latexit sha1_base64="dvVyYK+xVFMssyfMaRahYnAjRtE="></latexit><latexit sha1_base64="dvVyYK+xVFMssyfMaRahYnAjRtE="></latexit>

number densities related:

g� ⌧ 1
<latexit sha1_base64="0NQ1lC1I/9nJ3B/IaVZb5fRLUDc="></latexit><latexit sha1_base64="0NQ1lC1I/9nJ3B/IaVZb5fRLUDc="></latexit><latexit sha1_base64="0NQ1lC1I/9nJ3B/IaVZb5fRLUDc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="zSaNIurIWrTJGA8NR2yuG6AWOXU="></latexit><latexit sha1_base64="zSaNIurIWrTJGA8NR2yuG6AWOXU="></latexit><latexit sha1_base64="F6ITKSa1mYUW0MlUhxhiLoQ8/zU="></latexit><latexit sha1_base64="0NQ1lC1I/9nJ3B/IaVZb5fRLUDc="></latexit><latexit sha1_base64="0NQ1lC1I/9nJ3B/IaVZb5fRLUDc="></latexit><latexit sha1_base64="0NQ1lC1I/9nJ3B/IaVZb5fRLUDc="></latexit><latexit sha1_base64="0NQ1lC1I/9nJ3B/IaVZb5fRLUDc="></latexit><latexit sha1_base64="0NQ1lC1I/9nJ3B/IaVZb5fRLUDc="></latexit><latexit sha1_base64="0NQ1lC1I/9nJ3B/IaVZb5fRLUDc="></latexit>

g!
<latexit sha1_base64="S7JMS/dt8NP/9Kz6zYVGmSidXxg="></latexit><latexit sha1_base64="S7JMS/dt8NP/9Kz6zYVGmSidXxg="></latexit><latexit sha1_base64="S7JMS/dt8NP/9Kz6zYVGmSidXxg="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="wKd/FYkakE/fUNvw21GNEBjCQpM="></latexit><latexit sha1_base64="wKd/FYkakE/fUNvw21GNEBjCQpM="></latexit><latexit sha1_base64="O/ghkWrsrIs3IKV5+C6Z5hcIKeU="></latexit><latexit sha1_base64="S7JMS/dt8NP/9Kz6zYVGmSidXxg="></latexit><latexit sha1_base64="S7JMS/dt8NP/9Kz6zYVGmSidXxg="></latexit><latexit sha1_base64="S7JMS/dt8NP/9Kz6zYVGmSidXxg="></latexit><latexit sha1_base64="S7JMS/dt8NP/9Kz6zYVGmSidXxg="></latexit><latexit sha1_base64="S7JMS/dt8NP/9Kz6zYVGmSidXxg="></latexit><latexit sha1_base64="S7JMS/dt8NP/9Kz6zYVGmSidXxg="></latexit>

long-lived:

!
<latexit sha1_base64="MkEAcJB1FA8SlSpEIE5LPbk8hdg="></latexit><latexit sha1_base64="MkEAcJB1FA8SlSpEIE5LPbk8hdg="></latexit><latexit sha1_base64="MkEAcJB1FA8SlSpEIE5LPbk8hdg="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="c5jbr5wHX32x1fztKJTIy532+kk="></latexit><latexit sha1_base64="c5jbr5wHX32x1fztKJTIy532+kk="></latexit><latexit sha1_base64="TxrrkEcCqrxxgC2eJty+xxOZpvY="></latexit><latexit sha1_base64="MkEAcJB1FA8SlSpEIE5LPbk8hdg="></latexit><latexit sha1_base64="MkEAcJB1FA8SlSpEIE5LPbk8hdg="></latexit><latexit sha1_base64="MkEAcJB1FA8SlSpEIE5LPbk8hdg="></latexit><latexit sha1_base64="MkEAcJB1FA8SlSpEIE5LPbk8hdg="></latexit><latexit sha1_base64="MkEAcJB1FA8SlSpEIE5LPbk8hdg="></latexit><latexit sha1_base64="MkEAcJB1FA8SlSpEIE5LPbk8hdg="></latexit>

!
<latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="PmHbqE/CWLaLuH+Qr3WysTKYPlc="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit>

�m
<latexit sha1_base64="hRKLL4l7LHxNgA2/fdm+afuUjIE="></latexit><latexit sha1_base64="hRKLL4l7LHxNgA2/fdm+afuUjIE="></latexit><latexit sha1_base64="hRKLL4l7LHxNgA2/fdm+afuUjIE="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="4Gn3XGLUUraI+hqUK/WaBYmbZ1Q="></latexit><latexit sha1_base64="4Gn3XGLUUraI+hqUK/WaBYmbZ1Q="></latexit><latexit sha1_base64="UYnAawDz95Wvq2Akk8SNeSf8HxY="></latexit><latexit sha1_base64="hRKLL4l7LHxNgA2/fdm+afuUjIE="></latexit><latexit sha1_base64="hRKLL4l7LHxNgA2/fdm+afuUjIE="></latexit><latexit sha1_base64="hRKLL4l7LHxNgA2/fdm+afuUjIE="></latexit><latexit sha1_base64="hRKLL4l7LHxNgA2/fdm+afuUjIE="></latexit><latexit sha1_base64="hRKLL4l7LHxNgA2/fdm+afuUjIE="></latexit><latexit sha1_base64="hRKLL4l7LHxNgA2/fdm+afuUjIE="></latexit>

n!

n"
!

!
m!

m"

" 3
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e! ! m
T

<latexit sha1_base64="fMKi5wSWbOVVRXWNsPLvk3i7yWY="></latexit><latexit sha1_base64="fMKi5wSWbOVVRXWNsPLvk3i7yWY="></latexit><latexit sha1_base64="fMKi5wSWbOVVRXWNsPLvk3i7yWY="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="5gjzPsahmPKHXdhXYVtLnvhCECE="></latexit><latexit sha1_base64="5gjzPsahmPKHXdhXYVtLnvhCECE="></latexit><latexit sha1_base64="QPpL3fXTmlZtBdBMGbovOJX9Pco="></latexit><latexit sha1_base64="fMKi5wSWbOVVRXWNsPLvk3i7yWY="></latexit><latexit sha1_base64="fMKi5wSWbOVVRXWNsPLvk3i7yWY="></latexit><latexit sha1_base64="fMKi5wSWbOVVRXWNsPLvk3i7yWY="></latexit><latexit sha1_base64="fMKi5wSWbOVVRXWNsPLvk3i7yWY="></latexit><latexit sha1_base64="fMKi5wSWbOVVRXWNsPLvk3i7yWY="></latexit><latexit sha1_base64="fMKi5wSWbOVVRXWNsPLvk3i7yWY="></latexit>

soft
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!
<latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="PmHbqE/CWLaLuH+Qr3WysTKYPlc="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit>

÷b
<latexit sha1_base64="pYibr+Hb65YK02SfX3LEjIJWeWE="></latexit><latexit sha1_base64="pYibr+Hb65YK02SfX3LEjIJWeWE="></latexit><latexit sha1_base64="pYibr+Hb65YK02SfX3LEjIJWeWE="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="rfhqu1VeS+ZBgdgLRigo6ZXFgpc="></latexit><latexit sha1_base64="rfhqu1VeS+ZBgdgLRigo6ZXFgpc="></latexit><latexit sha1_base64="c8VEkpFS40SJbnoQp8FNdjWYO2k="></latexit><latexit sha1_base64="pYibr+Hb65YK02SfX3LEjIJWeWE="></latexit><latexit sha1_base64="pYibr+Hb65YK02SfX3LEjIJWeWE="></latexit><latexit sha1_base64="pYibr+Hb65YK02SfX3LEjIJWeWE="></latexit><latexit sha1_base64="pYibr+Hb65YK02SfX3LEjIJWeWE="></latexit><latexit sha1_base64="pYibr+Hb65YK02SfX3LEjIJWeWE="></latexit><latexit sha1_base64="pYibr+Hb65YK02SfX3LEjIJWeWE="></latexit>

b
<latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="NnLcrY5AJ3C11KhsAqdcGQ9Jx+Y="></latexit><latexit sha1_base64="NnLcrY5AJ3C11KhsAqdcGQ9Jx+Y="></latexit><latexit sha1_base64="9XVdpWeVHG/6C0l2qo6vbRhok5w="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit>

!
<latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="PmHbqE/CWLaLuH+Qr3WysTKYPlc="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit>

t
<latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="dZDgqBcxa4embSsRbWdTgUyeg/A="></latexit><latexit sha1_base64="dZDgqBcxa4embSsRbWdTgUyeg/A="></latexit><latexit sha1_base64="npOFmjGCxCG6dFr32rzs4BR5eQk="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit><latexit sha1_base64="XxvTW58BvMrtFWAAquR6FKKAXqc="></latexit>

÷t
<latexit sha1_base64="ivkYosauwJY8TMVo2S0I2YPEnB0="></latexit><latexit sha1_base64="ivkYosauwJY8TMVo2S0I2YPEnB0="></latexit><latexit sha1_base64="ivkYosauwJY8TMVo2S0I2YPEnB0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="voeJWmkIifoqbXEo9wmKDzx3tM0="></latexit><latexit sha1_base64="voeJWmkIifoqbXEo9wmKDzx3tM0="></latexit><latexit sha1_base64="CW3659xz2re6rzV1VD3QI04UyJU="></latexit><latexit sha1_base64="ivkYosauwJY8TMVo2S0I2YPEnB0="></latexit><latexit sha1_base64="ivkYosauwJY8TMVo2S0I2YPEnB0="></latexit><latexit sha1_base64="ivkYosauwJY8TMVo2S0I2YPEnB0="></latexit><latexit sha1_base64="ivkYosauwJY8TMVo2S0I2YPEnB0="></latexit><latexit sha1_base64="ivkYosauwJY8TMVo2S0I2YPEnB0="></latexit><latexit sha1_base64="ivkYosauwJY8TMVo2S0I2YPEnB0="></latexit>

!
<latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="PmHbqE/CWLaLuH+Qr3WysTKYPlc="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit>

! !
R

<latexit sha1_base64="vSk4JRWxGeUY2zqslNZ/yFM/YuA="></latexit><latexit sha1_base64="vSk4JRWxGeUY2zqslNZ/yFM/YuA="></latexit><latexit sha1_base64="vSk4JRWxGeUY2zqslNZ/yFM/YuA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="How8/1BAOldz9k6oJr8XuRN+90k="></latexit><latexit sha1_base64="How8/1BAOldz9k6oJr8XuRN+90k="></latexit><latexit sha1_base64="ay+HkIK0kEaqzzDesKnzOLBEZgI="></latexit><latexit sha1_base64="vSk4JRWxGeUY2zqslNZ/yFM/YuA="></latexit><latexit sha1_base64="vSk4JRWxGeUY2zqslNZ/yFM/YuA="></latexit><latexit sha1_base64="vSk4JRWxGeUY2zqslNZ/yFM/YuA="></latexit><latexit sha1_base64="vSk4JRWxGeUY2zqslNZ/yFM/YuA="></latexit><latexit sha1_base64="vSk4JRWxGeUY2zqslNZ/yFM/YuA="></latexit><latexit sha1_base64="vSk4JRWxGeUY2zqslNZ/yFM/YuA="></latexit>

! +
<latexit sha1_base64="jKCU4X1/5loWWvjYDWDaBQ/3nW4="></latexit><latexit sha1_base64="jKCU4X1/5loWWvjYDWDaBQ/3nW4="></latexit><latexit sha1_base64="jKCU4X1/5loWWvjYDWDaBQ/3nW4="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="duQrGq13S9/M/GEO3BGmf6jmCzw="></latexit><latexit sha1_base64="duQrGq13S9/M/GEO3BGmf6jmCzw="></latexit><latexit sha1_base64="2VsIU+jQt4e8PVzB9GIiE4RTeVA="></latexit><latexit sha1_base64="jKCU4X1/5loWWvjYDWDaBQ/3nW4="></latexit><latexit sha1_base64="jKCU4X1/5loWWvjYDWDaBQ/3nW4="></latexit><latexit sha1_base64="jKCU4X1/5loWWvjYDWDaBQ/3nW4="></latexit><latexit sha1_base64="jKCU4X1/5loWWvjYDWDaBQ/3nW4="></latexit><latexit sha1_base64="jKCU4X1/5loWWvjYDWDaBQ/3nW4="></latexit><latexit sha1_base64="jKCU4X1/5loWWvjYDWDaBQ/3nW4="></latexit>

!
<latexit sha1_base64="FMCiv/WghPSPwCxIAU75Ez63i/c="></latexit><latexit sha1_base64="FMCiv/WghPSPwCxIAU75Ez63i/c="></latexit><latexit sha1_base64="FMCiv/WghPSPwCxIAU75Ez63i/c="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="suDZ9TW68Ujf+/MlDWhVXGJimRQ="></latexit><latexit sha1_base64="suDZ9TW68Ujf+/MlDWhVXGJimRQ="></latexit><latexit sha1_base64="rvR/hWvMeBTx6oi27TeoERTolJM="></latexit><latexit sha1_base64="FMCiv/WghPSPwCxIAU75Ez63i/c="></latexit><latexit sha1_base64="FMCiv/WghPSPwCxIAU75Ez63i/c="></latexit><latexit sha1_base64="FMCiv/WghPSPwCxIAU75Ez63i/c="></latexit><latexit sha1_base64="FMCiv/WghPSPwCxIAU75Ez63i/c="></latexit><latexit sha1_base64="FMCiv/WghPSPwCxIAU75Ez63i/c="></latexit><latexit sha1_base64="FMCiv/WghPSPwCxIAU75Ez63i/c="></latexit>

!
<latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="PmHbqE/CWLaLuH+Qr3WysTKYPlc="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit><latexit sha1_base64="/By1QWEbr/SREOTZNrJjqZk6F6o="></latexit>

! 0
<latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="1NZ0HR71RsjkQkDXv9/+sqSH1Wk="></latexit><latexit sha1_base64="1NZ0HR71RsjkQkDXv9/+sqSH1Wk="></latexit><latexit sha1_base64="xvwMBqY7tYYfU22aj3aeY/0fUZA="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit>

! 0
<latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="1NZ0HR71RsjkQkDXv9/+sqSH1Wk="></latexit><latexit sha1_base64="1NZ0HR71RsjkQkDXv9/+sqSH1Wk="></latexit><latexit sha1_base64="xvwMBqY7tYYfU22aj3aeY/0fUZA="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit><latexit sha1_base64="pQHKm9GF1uIEHY0j5m+GUzGGpZs="></latexit>

e+
<latexit sha1_base64="Xh4gWVe80R3+ncL3VAxEbcX7GPo="></latexit><latexit sha1_base64="Xh4gWVe80R3+ncL3VAxEbcX7GPo="></latexit><latexit sha1_base64="Xh4gWVe80R3+ncL3VAxEbcX7GPo="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="JFU00/7TpOEqdH2MYgzTWdeJUrU="></latexit><latexit sha1_base64="JFU00/7TpOEqdH2MYgzTWdeJUrU="></latexit><latexit sha1_base64="C0mghfzYyK/5n6Hv8ee14W3OoWw="></latexit><latexit sha1_base64="Xh4gWVe80R3+ncL3VAxEbcX7GPo="></latexit><latexit sha1_base64="Xh4gWVe80R3+ncL3VAxEbcX7GPo="></latexit><latexit sha1_base64="Xh4gWVe80R3+ncL3VAxEbcX7GPo="></latexit><latexit sha1_base64="Xh4gWVe80R3+ncL3VAxEbcX7GPo="></latexit><latexit sha1_base64="Xh4gWVe80R3+ncL3VAxEbcX7GPo="></latexit><latexit sha1_base64="Xh4gWVe80R3+ncL3VAxEbcX7GPo="></latexit>

e�
<latexit sha1_base64="SwJ2bo/7I4lr/jfmph4HbsOkJfE="></latexit><latexit sha1_base64="SwJ2bo/7I4lr/jfmph4HbsOkJfE="></latexit><latexit sha1_base64="SwJ2bo/7I4lr/jfmph4HbsOkJfE="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="3E4kSWWnYuVylQJ561rT6mXWOz0="></latexit><latexit sha1_base64="3E4kSWWnYuVylQJ561rT6mXWOz0="></latexit><latexit sha1_base64="yU7J4ww6UZR2XqKrNnkObOtsGIQ="></latexit><latexit sha1_base64="SwJ2bo/7I4lr/jfmph4HbsOkJfE="></latexit><latexit sha1_base64="SwJ2bo/7I4lr/jfmph4HbsOkJfE="></latexit><latexit sha1_base64="SwJ2bo/7I4lr/jfmph4HbsOkJfE="></latexit><latexit sha1_base64="SwJ2bo/7I4lr/jfmph4HbsOkJfE="></latexit><latexit sha1_base64="SwJ2bo/7I4lr/jfmph4HbsOkJfE="></latexit><latexit sha1_base64="SwJ2bo/7I4lr/jfmph4HbsOkJfE="></latexit>

+
<latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="tF6ILK/+ijJdoomIviS1XV1iGrI="></latexit><latexit sha1_base64="tF6ILK/+ijJdoomIviS1XV1iGrI="></latexit><latexit sha1_base64="kCznD3FZzQee+09K3VX3k2w/0JY="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit>

Higgs portal

Fermion portal

Leptophilic dark matter

cf. SUSY sbottom, stop

cf. SUSY wino-bino

! +
<latexit sha1_base64="Gq7fucLdmqmmkCnvto5dprbb1nE="></latexit><latexit sha1_base64="Gq7fucLdmqmmkCnvto5dprbb1nE="></latexit><latexit sha1_base64="Gq7fucLdmqmmkCnvto5dprbb1nE="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="sSDH8FFWR1BiFW0rB9+bE0a4+kA="></latexit><latexit sha1_base64="sSDH8FFWR1BiFW0rB9+bE0a4+kA="></latexit><latexit sha1_base64="0VVeRxF/ZCDFTZ1JWqLG+VEOzXE="></latexit><latexit sha1_base64="Gq7fucLdmqmmkCnvto5dprbb1nE="></latexit><latexit sha1_base64="Gq7fucLdmqmmkCnvto5dprbb1nE="></latexit><latexit sha1_base64="Gq7fucLdmqmmkCnvto5dprbb1nE="></latexit><latexit sha1_base64="Gq7fucLdmqmmkCnvto5dprbb1nE="></latexit><latexit sha1_base64="Gq7fucLdmqmmkCnvto5dprbb1nE="></latexit><latexit sha1_base64="Gq7fucLdmqmmkCnvto5dprbb1nE="></latexit>

W
<latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="+vTG1+0slT+0HIS675LMFxks908="></latexit><latexit sha1_base64="+vTG1+0slT+0HIS675LMFxks908="></latexit><latexit sha1_base64="bTsg7Ccmqk69iTzdEtyOMjjp/6w="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit>

! 0
!

<latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="7ImcJtaLLA6eK1tYjpF+wMqOkQQ="></latexit><latexit sha1_base64="7ImcJtaLLA6eK1tYjpF+wMqOkQQ="></latexit><latexit sha1_base64="d6UVZHVefX+5a9kJL/LT7Y2pjJE="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="7ImcJtaLLA6eK1tYjpF+wMqOkQQ="></latexit><latexit sha1_base64="7ImcJtaLLA6eK1tYjpF+wMqOkQQ="></latexit><latexit sha1_base64="d6UVZHVefX+5a9kJL/LT7Y2pjJE="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit>

h
<latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="E1CBTZBMCARR0q+zdi7ypUjMXuU="></latexit><latexit sha1_base64="E1CBTZBMCARR0q+zdi7ypUjMXuU="></latexit><latexit sha1_base64="OjGEP7w9HV2ceI+tEI6qaKvzALg="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit><latexit sha1_base64="OsnCBwOEAgK259NQgxdHj/9OQg0="></latexit>

! 0
h

<latexit sha1_base64="bJqZshc9+V6IAB9r/RvOHbi4FhM="></latexit><latexit sha1_base64="bJqZshc9+V6IAB9r/RvOHbi4FhM="></latexit><latexit sha1_base64="bJqZshc9+V6IAB9r/RvOHbi4FhM="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="GURGvv6JZvMjKDzy2Dk/M5R7Ki8="></latexit><latexit sha1_base64="GURGvv6JZvMjKDzy2Dk/M5R7Ki8="></latexit><latexit sha1_base64="gzI4e8t+VHSaPzqRIARAbc6J0f4="></latexit><latexit sha1_base64="bJqZshc9+V6IAB9r/RvOHbi4FhM="></latexit><latexit sha1_base64="bJqZshc9+V6IAB9r/RvOHbi4FhM="></latexit><latexit sha1_base64="bJqZshc9+V6IAB9r/RvOHbi4FhM="></latexit><latexit sha1_base64="bJqZshc9+V6IAB9r/RvOHbi4FhM="></latexit><latexit sha1_base64="bJqZshc9+V6IAB9r/RvOHbi4FhM="></latexit><latexit sha1_base64="bJqZshc9+V6IAB9r/RvOHbi4FhM="></latexit>

! 0
!

<latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="7ImcJtaLLA6eK1tYjpF+wMqOkQQ="></latexit><latexit sha1_base64="7ImcJtaLLA6eK1tYjpF+wMqOkQQ="></latexit><latexit sha1_base64="d6UVZHVefX+5a9kJL/LT7Y2pjJE="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="7ImcJtaLLA6eK1tYjpF+wMqOkQQ="></latexit><latexit sha1_base64="7ImcJtaLLA6eK1tYjpF+wMqOkQQ="></latexit><latexit sha1_base64="d6UVZHVefX+5a9kJL/LT7Y2pjJE="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit><latexit sha1_base64="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit>

+
<latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="tF6ILK/+ijJdoomIviS1XV1iGrI="></latexit><latexit sha1_base64="tF6ILK/+ijJdoomIviS1XV1iGrI="></latexit><latexit sha1_base64="kCznD3FZzQee+09K3VX3k2w/0JY="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit><latexit sha1_base64="5yCcPQ/aFDgCWX2nk29h6a5uCGE="></latexit>

[Garny et al., 1705.09292 & 1802.00814]

[D’Agnolo et al., 1705.08450] [Junius et al., 1904.07513]

[Filimonova, SW, 1812.04628]
[Bharucha et al., 1804.02357]

talk by Laura Lopez-Honorez
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Naturally small portal coupling

Mixing via ew. symmetry breaking
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A HIGGS PORTAL EXAMPLE

[Filimonova, SW, 1812.04628]



! !
µ

mT " mS

 10

L e! = !
mS

2
! S ! S !

mT

2
! T ! T +

"
!

!
(H   ! T H )! S + ! S(H   ! T H )

"

Naturally small portal coupling

Mixing via ew. symmetry breaking

µ =
! v2
!

2!
with

Mass eigenstates
! 0

! = cos " ! 0
S ! sin" ! 0

T

! 0
h = sin " ! 0

S + cos " ! 0
T

! + , ! !

A HIGGS PORTAL EXAMPLE

h
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[Filimonova, SW, 1812.04628]



! !
µ

mT " mS

 11

L e! = !
mS

2
! S ! S !

mT

2
! T ! T +

"
!

!
(H   ! T H )! S + ! S(H   ! T H )

"

Naturally small portal coupling

Mixing via ew. symmetry breaking

µ =
! v2
!

2!
with

Mass eigenstates
! 0

! = cos " ! 0
S ! sin" ! 0

T

! 0
h = sin " ! 0

S + cos " ! 0
T

! + , ! !

A HIGGS PORTAL EXAMPLE
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FIG. 3: Relic dark matter abundance in the scalar scenario (left) and pseudo-scalar scenario (right). Colored curves
show the observed abundance of ⌦�h

2 = 0.12 for fixed values of µ/v. Shaded regions are excluded by Xenon1T at 90%
CL [28] for the value of µ/v of the same color. The grey region is excluded by LEP.

In summary, direct detection sets an upper bound of µ/v . 0.2 (0.6) on viable thermal relics below 1 TeV
in the scalar (pseudo-scalar) scenario. In the pseudo-scalar scenario, all processes decouple for comparably
larger Higgs-portal couplings, due to the smaller fermion mixing in this scenario. In particular, for all three
displayed values of µ/v the relic abundance away from the Higgs resonance is set by mediator annihilation.

D. Co-scattering

In the region of mediator annihilation, dark matter is still in chemical equilibrium with the heavier dark
fermions through co-scattering and decays. While decays, co-scattering and co-annihilation all scale as ✓2 or
(µ/v)2, the latter is relatively suppressed by the number density of the non-relativistic mediators and thus
decouples earlier. In this regime, determining the relic abundance requires solving the coupled system of
Boltzmann equations for the number density evolution of all dark fermions, taking into account co-scattering
and decay processes. This approach, however, is not included in automated programs such as micrOMEGAs,
DarkSUSY and MadDM [29, 34, 35]. While a detailed numerical analysis of the non-equilibrium processes is
beyond the scope of our work, we o↵er a qualitative discussion of the dark matter phenomenology in this
regime.

Mediator annihilation determines the relic abundance, as long as mediator decays are prompt around the
freeze-out temperature. For a fixed value of µ/v, decays are still rapid in our model when co-annihilation
processes have already decoupled. Once the mediator decays drop below the Hubble rate, the dark matter
number density can only decrease through co-scattering processes �` SM $ �

+ SM and �` SM $ �h SM,
followed by mediator annihilation. This happens only for very small µ/v, where mediator decays decouple
before co-scattering processes. Eventually, the latter decouple as well and dark matter departs from chemical
equilibrium, while the mediators remain in equilibrium. The relic abundance is now driven by the freeze-out
of co-scattering processes and thus very sensitive to the strength of the Higgs portal. Similar scenarios,
dubbed conversion-driven freeze-out, have been identified in Refs. [36, 37]. In non-standard cosmological
scenarios with early matter domination, the observed relic abundance can also be obtained out of thermal
equilibrium [38].

In Figure 4, we illustrate the di↵erent phases of dark matter freeze-out for small Higgs-portal couplings in
the scalar scenario (blue) and the pseudo-scalar scenario (green). For concreteness, we choose a benchmark
point with m` = 500GeV and a mass splitting of �mc` = 30GeV, as it is typical for e�cient co-annihilation
and mediator annihilation. For other dark matter masses, the main features of the phase diagram are very
similar. In the pseudo-scalar scenario, each phase is reached at a larger coupling µ/v. This is due to the fact
that the freeze-out of the relevant processes is very sensitive to the fermion mixing, which is smaller than in

co-annihilation

pair annihilation

inverse decay

!

!

h µ
v

sin(2! )Dark matter - nucleon scattering:
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FIG. 4: Phases of dark matter freeze-out for small Higgs-portal couplings µ/v . The colored areas denote regions of pair
annihilation and co-annihilation, mediator annihilation, and co-scattering, from top to bottom. Displayed processes
dominate the relic abundance upon freeze-out. ÒSMÓ refers to standard-model particlesf, f ! , V .

the scalar scenario [39]. The di! erent Lorentz structure of Higgs and gauge couplings in both scenarios (cf.
Eq. (13)) has only a subleading e! ect on the annihilation rates. In particular, all processes that dominate the
dark matter abundance can proceed in ans-wave in either scenario (cf. Ref. [40]).

For large values ofµ/v , the relic abundance is set mostly by pair annihilation and co-annihilation. Part
of this region is excluded by Xenon1T (shaded in grey). Forµ/v ! 0.02 (0.2) in the scalar (pseudo-scalar)
scenario, the relic abundance is determined by mediator annihilation, mostly by! h ! + ! SM SM. Part of
this region might be probed by future direct detection experiments, but the region below the neutrino ßoor
(indicated by a dashed line) is not accessible with current methods. Atµ/v ' 3⇥ 10�4 (10�3), the thermally
averaged co-scattering rate becomes smaller than the (thermally averaged) mediator annihilation rate (see
the dashed line). Mediator decays! + ! ! `f øf 0 remain fast, so that co-scattering does not a! ect the relic
abundance yet. At µ/v ' 2⇥ 10�7 (5 ⇥ 10�6), charged mediator decays drop below the Hubble rate and the
relic abundance is determined by co-scattering.4

Thermal equilibrium is preserved for couplings well below the range considered in this work. The regimes
of mediator annihilation and co-scattering thus provide us with a thermal dark matter candidate that cannot
be tested by direct detection experiments. Therefore colliders play an important role in probing Higgs portal
dark matter with tiny portal couplings.

VI. LONG-LIVED MEDIATORS AT THE LHC

The hypothesis of a Higgs-portal dark matter relic with small couplings is directly testable at colliders. In this
section, we investigate the LHC phenomenology of our model, constraining the parameter space with existing
searches and predicting new observables that test regions that have not been explored yet. At the LHC, the
mediators are pair-produced through Drell-Yan-like processes and subsequently decay into the lightest dark
fermion. Two examples of such processes are shown in Figure 5. The production rate is set by the invariant
mass of the mediator pair and the weak gauge coupling.5 LEP has set a lower bound on the mass of the
charged fermion,mc " 100 GeV. Direct detection results imply that the Higgs-portal coupling must be small,

4 The heavy neutral fermions become long-lived already at larger values of µ/v ⇠ 10" 4 (0.005), due to the smaller decay rate
for �h (see Section VI). However, since processes involving �h contribute less than about 10% to mediator annihilation in
this region, we expect that the relic abundance can still be reliably obtained without including co-scattering in the Boltzmann
equations.

5 For large fermion mixing, the production rate of pp ! �+�h is suppressed by a factor (g cos ✓)2.
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FIG. 6: LHC signatures of fermion dark matter from a small Higgs portal in the scalar (left) and pseudo-scalar (right)
scenarios. Green regions are excluded by existing searches. Yellow regions show projections for the LHC after run II
and for the HL-LHC. Red regions feature new signatures that have not been explored yet. The dashed region is due to
the unknown detection e�ciency of displaced b-jets.

which produces a displaced soft lepton (Figure 5, right). We thus predict a signature with large missing energy
and two soft leptons, one displaced and one prompt. The leptons can be either of opposite or of same electric
charge, appearing at equal rates. The pion from the decay �h ! ⇡

�
�
+ is very soft and not detected.

In Fig. 6, we show the parameter space for displaced + prompt soft lepton signals in red. The upper edge
of the area is determined by requiring a minimal nominal decay length of c⌧�h & 200µm. Above this line,
the mass splitting �mhc is larger and decays become rapid. The lower edge is set by the kinematic threshold
for a two-body decay, mh = mc + m⇡. Below this threshold, the heavy neutral fermion decays mostly via
�h ! �`bb̄, and no soft leptons are produced.

G. Prompt soft leptons

Mediators with a decay length c⌧�+ < 200 µm leave signatures with prompt soft leptons. Both �
+ and �h

decays can produce prompt soft leptons via �
+ ! �` `

+
⌫ or �h ! ⇡

�(�+ ! �` `
+
⌫), respectively. Signatures

with two prompt leptons and missing energy are thus expected from pp ! �
+
�
� and pp ! �

+
�h production.

Which process dominates depends on the �h decay branching ratio into leptons. If �h is long-lived, pairs
of prompt soft leptons can only be produced via pp ! �

+
�
� with subsequent prompt decays. Searches for

pairs of prompt soft leptons have been performed by ATLAS [47] and CMS [48] in the context of pure wino
production via pp ! �

+
�h. The analyses assume a decay via �

+
�h ! �`W

⇤
�`Z

⇤ ! �``
+
⌫ �``

+
`
� to 100%.

However, in our model �h ! �`Z
⇤ ! �``

+
`
� is loop- and mixing-suppressed and thus small compared to

�h ! �`h
⇤ ! �`bb̄. In Ref. [15], the CMS analysis [48] has been recasted under the assumption of pure

�
+
�
� production for a triplet dark matter model, which corresponds to our scalar scenario. We reinterpret

their results and derive a lower bound of mc & 130GeV for 5⇥ 10�5
< µ/v < 0.02 in the scalar scenario and

7⇥ 10�4
< µ/v < 0.07 in the pseudo-scalar scenario. The excluded parameter region is shown in Figure 6 as

a green band.
In case of a normal mass hierarchy, �h decays are prompt for µ/v & 0.02 (0.07) in the scalar (pseudo-scalar)

scenario. Soft di-leptons are now produced from both pp ! �
+
�
� and pp ! �

+
�h. Adding the contribution

from the latter process enhances our signal rate. However, our pp ! �
+
�h contribution favors a di↵erent

kinematic regime and produces only two charged leptons in the final state, compared to three leptons in
the experimental analyses. We therefore do not expect a significantly stronger bound than mc & 130GeV
when including �

+
�h contributions. The sensitivity could be enhanced by optimizing the signal region for

signatures with exactly two soft leptons in the final state. All in all, however, searches for prompt soft leptons
are very limited in their mass reach, due to the small production rates and large backgrounds. Searches for
displaced + prompt leptons or displaced b-jet pairs are expected to be sensitive to much higher mediator masses.

�0
h ! �0

`bb̄

�+ ! �0
` `

+⌫`

�+ ! �0
h⇡

+
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FIG. 7: Sensitivity regions for displaced signatures at the LHC. Shown are the ranges of nominal decay lengths of ! +

(salmon) or ! h (purple) that can be tested by ATLAS and CMS. Green and blue parameter regions have already been
excluded by searches for disappearing charged tracks. The mass di! erence " mc! is varied within the range that is
compatible with the observed dark matter abundance.

In Figure 7, we summarize the various displaced signatures that are predicted from long-lived mediator
decays at the LHC. They are classiÞed according to the nominal decay length of the mediator! + (salmon) or
! h (purple) in both scenarios. Colored areas correspond to regions of experimental sensitivity with the ATLAS
and CMS detectors. Hatched regions could be probed with an extended sensitivity. All other edges are theory
bounds, which were explained above for each individual signature. Disappearing charged track searches have
already excluded the blue and green parameter regions in the scalar and pseudo-scalar scenario, respectively.
It is apparent that our model predicts signatures with di! erent Þnal states in basically all accessible layers
of the LHC detectors. The search for dark matter from a small Higgs portal is thus most e" ciently done by
gathering all these signatures in a combined interpretation.

VII. CONCLUSIONS

In this work, we have investigated singlet-triplet fermion dark matter interacting with the standard model
through a scalar or pseudo-scalar Higgs portal. The nature of the Higgs portal also has implications on the
weak charged currents, which are vector-like in the scalar scenario and axial-vector-like in the pseudo-scalar
scenario. Both scenarios are related through a chiral rotation of the fermion singlet. Besides the di! erent
Lorentz structure of the Higgs and W -boson couplings, the fermion mixing in the pseudo-scalar scenario is
generically smaller than in the scalar scenario. This leads to di! erent lifetimes of the mediators, with observable
consequences for the dark matter and collider phenomenology.

Due to the strong bounds on the portal coupling from direct detection experiments, the thermal relic dark
matter abundance relies on co-annihilation with mediators. In the regime of very small portal couplings,
co-scattering and mediator decays have a crucial impact on the dark matter number density during freeze-
out. For a reliable prediction of the relic abundance, co-scattering and decay processes thus need to be taken
into account when solving the coupled system of Boltzmann equations. Since the phase of co-scattering is a
common prediction in models with small portal couplings, we suggest to include co-scattering and mediator
decays in existing automated tools for relic density calculations.

Thermal dark matter with tiny Higgs couplings and a compressed dark sector implies long-lived mediators.
At the LHC, this leads to a plethora of signatures with both prompt and displaced vertices, as well as disap-
pearing tracks. Due to the small electroweak production rates and the softness of the visible decay products,
searches for prompt signatures are limited in their mass reach. Current searches for prompt soft leptons cannot
probe mediator masses above about 150 GeV. Displaced signatures, in turn, leave clear signatures that can
be distinguished from the background with a handful of events. Disappearing charged track searches already

Mediators decay within the ATLAS and CMS detectors.
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5.2 Estimation of contribution from heavy flavor QCD events 7

5.2.1 Heavy flavor + lepton control regions

We construct control samples in data dominated by pair production of heavy flavor quarks in
which the decay chain of one of the quarks contains a lepton. We leverage the properties of
HF dijet events to use a tag and probe methodology in which the tag jet is required to pass
one of the working points of the combined secondary vertex b-tagging algorithm (CSV) used
at CMS [21] and the probe jet is required to have a reconstructed lepton nearby (|DR| < 0.5).
The probe jet is not subjected to the CSV requirement since track impact parameter is one of the
variables included in the CSV discriminant and choosing jets with high CSV value will tend to
select leptons with higher |d0| values, biasing the |d0| distribution. To reduce contamination
from tt, we make two additional selections. First, we require the tag and probe jets to be back-
to-back in the transverse plane (|Df| > 2.5). Secondly, we require the lepton in the event
to have |d0| > 100 µm. Separate control regions are defined for electrons (HF+e) and muons
(HF+µ), collected using a single electron trigger and a single muon plus jet trigger, respectively.
The trigger for the HF+µ region was prescaled during 2015 data-taking and only collected
28.7 pb�1. Figure 2 shows the lepton |d0| in these control regions. These regions represent pure
samples of HF events, with small contaminations from non-HF backgrounds predominantly
having small impact parameter values and decreasing rapidly with increasing |d0|. Due to the
limited number of events in the simulation of HF processes with electrons, the tail of the |d0|
distribution is not properly populated. This effect is not included in the statistical uncertainties
displayed in each bin. In the muon case, the simulation represents a much larger number of
events and this effect is not seen. This limitation of the HF simulation is the primary motivation
for the data-driven estimation technique we employ.
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Figure 2: Lepton |d0| spectra in the HF+e (left) and HF+µ (right) control regions with corre-
sponding dedicated lepton-flavor-specific HF simulation used in each case. The rightmost bin
of each plot contains the overflow entries.

5.2.2 HF + lepton control region validation

As will be detailed in section 5.2.3, we use the lepton |d0| spectra from the HF + lepton control
regions to model the background from HF in our search regions. We must therefore validate
that the spectra obtained are valid proxies for the spectra in the target region. A direct compari-
son between data in the control and search region is ill-advised due to the potential presence of
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<latexit sha1_base64="xJ0rFFFUtr6VDkeHgsNuz0Nv/7s="></latexit><latexit sha1_base64="xJ0rFFFUtr6VDkeHgsNuz0Nv/7s="></latexit><latexit sha1_base64="xJ0rFFFUtr6VDkeHgsNuz0Nv/7s="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="M71Xr3CUbDKN5aLqhE2OStFGwmk="></latexit><latexit sha1_base64="M71Xr3CUbDKN5aLqhE2OStFGwmk="></latexit><latexit sha1_base64="c28nKIcG6Z06XogCwflAeh2seSw="></latexit><latexit sha1_base64="xJ0rFFFUtr6VDkeHgsNuz0Nv/7s="></latexit><latexit sha1_base64="xJ0rFFFUtr6VDkeHgsNuz0Nv/7s="></latexit><latexit sha1_base64="xJ0rFFFUtr6VDkeHgsNuz0Nv/7s="></latexit><latexit sha1_base64="xJ0rFFFUtr6VDkeHgsNuz0Nv/7s="></latexit><latexit sha1_base64="xJ0rFFFUtr6VDkeHgsNuz0Nv/7s="></latexit><latexit sha1_base64="xJ0rFFFUtr6VDkeHgsNuz0Nv/7s="></latexit>

10! 6
<latexit sha1_base64="oysFAOToaU7d5aBpiu2ZSrC28nI="></latexit><latexit sha1_base64="oysFAOToaU7d5aBpiu2ZSrC28nI="></latexit><latexit sha1_base64="oysFAOToaU7d5aBpiu2ZSrC28nI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="ecElmTku1tl863vvlvRk3Xa6Iao="></latexit><latexit sha1_base64="ecElmTku1tl863vvlvRk3Xa6Iao="></latexit><latexit sha1_base64="N3n2HhEllG5XonPECjFbvCf77Ug="></latexit><latexit sha1_base64="oysFAOToaU7d5aBpiu2ZSrC28nI="></latexit><latexit sha1_base64="oysFAOToaU7d5aBpiu2ZSrC28nI="></latexit><latexit sha1_base64="oysFAOToaU7d5aBpiu2ZSrC28nI="></latexit><latexit sha1_base64="oysFAOToaU7d5aBpiu2ZSrC28nI="></latexit><latexit sha1_base64="oysFAOToaU7d5aBpiu2ZSrC28nI="></latexit><latexit sha1_base64="oysFAOToaU7d5aBpiu2ZSrC28nI="></latexit>

10! 9
<latexit sha1_base64="dTZH991O5MWF6taOM/C8wYNWIZg="></latexit><latexit sha1_base64="dTZH991O5MWF6taOM/C8wYNWIZg="></latexit><latexit sha1_base64="dTZH991O5MWF6taOM/C8wYNWIZg="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="IsksKuLHcV4eFj6cwGqrbXmkI4Q="></latexit><latexit sha1_base64="IsksKuLHcV4eFj6cwGqrbXmkI4Q="></latexit><latexit sha1_base64="qpUce+qAESPfc8YhE2lAmamgpTA="></latexit><latexit sha1_base64="dTZH991O5MWF6taOM/C8wYNWIZg="></latexit><latexit sha1_base64="dTZH991O5MWF6taOM/C8wYNWIZg="></latexit><latexit sha1_base64="dTZH991O5MWF6taOM/C8wYNWIZg="></latexit><latexit sha1_base64="dTZH991O5MWF6taOM/C8wYNWIZg="></latexit><latexit sha1_base64="dTZH991O5MWF6taOM/C8wYNWIZg="></latexit><latexit sha1_base64="dTZH991O5MWF6taOM/C8wYNWIZg="></latexit>


