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co-scattering mediator annihilation

small coupling: dark matter leaves chemical equilibrium
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compressed spectrum:
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Characteristics of co-scattering
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Models with co-scattering

GeVMeV TeV
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<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>

!
<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>

E

sbottoms, stops 
Garny et al. 

1705.09292 & 1802.00814

leptophilic 
Junius et al. 
1904.07513

 Filimonova, Westhoff 
1812.04628

wino-bino-like 
Bharucha et al. 

1804.02357

leptophilic 
DÕAgnolo et al. 

1705.08450 & 1906.09269

twin Higgs 
Cheng, Li, Zheng 

1805.12139

superheavy 
Kim, Kußik 

1906.00981
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Models with co-scattering

GeVMeV TeV

!
<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>

b̃
<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="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>

!
<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>

E

sbottoms, stops 
Garny et al. 

1705.09292 & 1802.00814

leptophilic 
Junius et al. 
1904.07513

 Filimonova, Westhoff 
1812.04628

wino-bino-like 
Bharucha et al. 

1804.02357

leptophilic 
DÕAgnolo et al. 

1705.08450 & 1906.09269

twin Higgs 
Cheng, Li, Zheng 

1805.12139

superheavy 
Kim, Kußik 

1906.00981

LHCb ATLAS, CMS
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Co-scattering at 100 GeV

Higgs portal to dark fermions (naturally small)

Mass eigenstates
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Dark fermion mixing Mass eigenstates

Filimonova, Westhoff 2018
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<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="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="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit>

! +
<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> ! 160 MeV

<latexit sha1_base64="ddjXvS66A9/4Vi2rgBFLmYm0yK0="></latexit><latexit sha1_base64="ddjXvS66A9/4Vi2rgBFLmYm0yK0="></latexit><latexit sha1_base64="ddjXvS66A9/4Vi2rgBFLmYm0yK0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="CojpJXdFG8fANjCGIllHwmH/fFw="></latexit><latexit sha1_base64="CojpJXdFG8fANjCGIllHwmH/fFw="></latexit><latexit sha1_base64="K3CZLHDHve8VS+M74wIHBk5iGKg="></latexit><latexit sha1_base64="ddjXvS66A9/4Vi2rgBFLmYm0yK0="></latexit><latexit sha1_base64="ddjXvS66A9/4Vi2rgBFLmYm0yK0="></latexit><latexit sha1_base64="ddjXvS66A9/4Vi2rgBFLmYm0yK0="></latexit><latexit sha1_base64="ddjXvS66A9/4Vi2rgBFLmYm0yK0="></latexit><latexit sha1_base64="ddjXvS66A9/4Vi2rgBFLmYm0yK0="></latexit><latexit sha1_base64="ddjXvS66A9/4Vi2rgBFLmYm0yK0="></latexit>

! ! v
<latexit sha1_base64="tpQP7V50AE+GGTRBg8wt58Wkf0s="></latexit><latexit sha1_base64="tpQP7V50AE+GGTRBg8wt58Wkf0s="></latexit><latexit sha1_base64="tpQP7V50AE+GGTRBg8wt58Wkf0s="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="B3FxSBezI8Vu31zQA+SnfpF39AM="></latexit><latexit sha1_base64="B3FxSBezI8Vu31zQA+SnfpF39AM="></latexit><latexit sha1_base64="/dsLPj2udKVPEnHZ3ZFZ2/m8pAE="></latexit><latexit sha1_base64="tpQP7V50AE+GGTRBg8wt58Wkf0s="></latexit><latexit sha1_base64="tpQP7V50AE+GGTRBg8wt58Wkf0s="></latexit><latexit sha1_base64="tpQP7V50AE+GGTRBg8wt58Wkf0s="></latexit><latexit sha1_base64="tpQP7V50AE+GGTRBg8wt58Wkf0s="></latexit><latexit sha1_base64="tpQP7V50AE+GGTRBg8wt58Wkf0s="></latexit><latexit sha1_base64="tpQP7V50AE+GGTRBg8wt58Wkf0s="></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="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>

! +
<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>

! 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="ToDc0ZGLZTYqg1zSVAQclXjHVMg="></latexit>

! v ! 160 MeV
<latexit sha1_base64="q8d3PRMdqnhOlkFL3W3qVQ/Q+as="></latexit><latexit sha1_base64="q8d3PRMdqnhOlkFL3W3qVQ/Q+as="></latexit><latexit sha1_base64="q8d3PRMdqnhOlkFL3W3qVQ/Q+as="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="xUmwXh5adIzGxCoaZ+Nju0FJRWI="></latexit><latexit sha1_base64="xUmwXh5adIzGxCoaZ+Nju0FJRWI="></latexit><latexit sha1_base64="1M6o/vQHpJpKvSuVy2FMHFgUvR0="></latexit><latexit sha1_base64="q8d3PRMdqnhOlkFL3W3qVQ/Q+as="></latexit><latexit sha1_base64="q8d3PRMdqnhOlkFL3W3qVQ/Q+as="></latexit><latexit sha1_base64="q8d3PRMdqnhOlkFL3W3qVQ/Q+as="></latexit><latexit sha1_base64="q8d3PRMdqnhOlkFL3W3qVQ/Q+as="></latexit><latexit sha1_base64="q8d3PRMdqnhOlkFL3W3qVQ/Q+as="></latexit><latexit sha1_base64="q8d3PRMdqnhOlkFL3W3qVQ/Q+as="></latexit>

! v > 160 MeV
<latexit sha1_base64="VrUXS+y2qcHgFy3ZQyX2PFhcbTE="></latexit><latexit sha1_base64="VrUXS+y2qcHgFy3ZQyX2PFhcbTE="></latexit><latexit sha1_base64="VrUXS+y2qcHgFy3ZQyX2PFhcbTE="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="oVFQKPuafPXbjD9e8cY6iT+EOJo="></latexit><latexit sha1_base64="oVFQKPuafPXbjD9e8cY6iT+EOJo="></latexit><latexit sha1_base64="IhPcdMsEALG7x5RfA99HTkP+Of8="></latexit><latexit sha1_base64="VrUXS+y2qcHgFy3ZQyX2PFhcbTE="></latexit><latexit sha1_base64="VrUXS+y2qcHgFy3ZQyX2PFhcbTE="></latexit><latexit sha1_base64="VrUXS+y2qcHgFy3ZQyX2PFhcbTE="></latexit><latexit sha1_base64="VrUXS+y2qcHgFy3ZQyX2PFhcbTE="></latexit><latexit sha1_base64="VrUXS+y2qcHgFy3ZQyX2PFhcbTE="></latexit><latexit sha1_base64="VrUXS+y2qcHgFy3ZQyX2PFhcbTE="></latexit>

Co-scattering at 100 GeV

Higgs portal to dark fermions (naturally small)

with
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Dark fermion mixing Mass eigenstates

Filimonova, Westhoff 2018
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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 " 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 .

Phases of freeze-out
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LHC signatures: displaced vertices
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Signals:  soft displaced bottom / tau pairs & missing energy.

Suppressed mediator decays:

Nagata, Otono, Shirai 2015;  Garny et al. 2017;  Filimonova, Westhoff 2018

disappearing charged tracks.

LHC: displaces and prompt soft searches

j

j

Displaced b-jets

Soft leptons

Disappearing charged tracks

øb,ø!
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Signal: one/two soft displaced lepton(s) and missing energy.

Background: seemingly isolated leptons from meson decays.

LHC: displaces and prompt soft searches

j

j

Displaced b-jets

Soft leptons

Disappearing charged tracks

= e, µ, !
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LHC signatures: soft displaced leptons



How displaced?
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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

Transverse impact parameter typically O(mm) - O(cm).
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LHC searches for co-scattering at 100 GeV
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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 ofc#! 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 ! ! #bøb, 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 ! " ! (! + ! ! # $+ %), respectively. Signatures
with two prompt leptons and missing energy are thus expected frompp ! ! + ! ! and pp ! ! + ! h production.
Which process dominates depends on the! h decay branching ratio into leptons. If ! h is long-lived, pairs
of prompt soft leptons can only be produced viapp ! ! + ! ! with subsequent prompt decays. Searches for
pairs of prompt soft leptons have been performed by ATLAS [47] and CMS [48] in the context of pure wino
production via pp ! ! + ! h . The analyses assume a decay via! + ! h ! ! #W " ! #Z " ! ! #$+ % !#$+ $! to 100 %.
However, in our model ! h ! ! #Z " ! ! #$+ $! is loop- and mixing-suppressed and thus small compared to
! h ! ! #h" ! ! #bøb. 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 ofmc ! 130 GeV 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 forµ/v ! 0.02 (0.07) in the scalar (pseudo-scalar)
scenario. Soft di-leptons are now produced from bothpp ! ! + ! ! and pp ! ! + ! h . Adding the contribution
from the latter process enhances our signal rate. However, ourpp ! ! + ! h contribution favors a di" erent
kinematic regime and produces only two charged leptons in the Þnal state, compared to three leptons in
the experimental analyses. We therefore do not expect a signiÞcantly stronger bound thanmc ! 130 GeV
when including ! + ! h contributions. The sensitivity could be enhanced by optimizing the signal region for
signatures with exactly two soft leptons in the Þnal 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 displacedb-jet pairs are expected to be sensitive to much higher mediator masses.

! 0
h ! ! 0

! bøb

! + ! ! 0
! "+ #!

! + ! ! 0
h " +

Filimonova, Westhoff 2018
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Co-scattering is not tied to a mass scale.

Essentials for co-scattering:
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thermal bath

Essentials for co-scattering:

Dark matter at 100 MeV:

softer decay products

longer mediator lifetime
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<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>

relative number densities
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<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>
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<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>
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<latexit sha1_base64="G0wSaL8adSl4hXktxqdKy4h0hp0="></latexit><latexit sha1_base64="G0wSaL8adSl4hXktxqdKy4h0hp0="></latexit><latexit sha1_base64="G0wSaL8adSl4hXktxqdKy4h0hp0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="8f4wWZt1OIAc5rM8APafondZOpE="></latexit><latexit sha1_base64="8f4wWZt1OIAc5rM8APafondZOpE="></latexit><latexit sha1_base64="PfWhtljg0dvHxHexU3grK7lQ1Lk="></latexit><latexit sha1_base64="G0wSaL8adSl4hXktxqdKy4h0hp0="></latexit><latexit sha1_base64="G0wSaL8adSl4hXktxqdKy4h0hp0="></latexit><latexit sha1_base64="G0wSaL8adSl4hXktxqdKy4h0hp0="></latexit><latexit sha1_base64="G0wSaL8adSl4hXktxqdKy4h0hp0="></latexit><latexit sha1_base64="G0wSaL8adSl4hXktxqdKy4h0hp0="></latexit><latexit sha1_base64="G0wSaL8adSl4hXktxqdKy4h0hp0="></latexit>

! m ! 10 MeV
<latexit sha1_base64="C4Xx+vdFRU9ocJKBb/+0PCZUp8c="></latexit><latexit sha1_base64="C4Xx+vdFRU9ocJKBb/+0PCZUp8c="></latexit><latexit sha1_base64="C4Xx+vdFRU9ocJKBb/+0PCZUp8c="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="khlubRuFlai2bYEq6SfenSd1QM8="></latexit><latexit sha1_base64="khlubRuFlai2bYEq6SfenSd1QM8="></latexit><latexit sha1_base64="2RuBy+45xeFU9/dj73eqT5ybli4="></latexit><latexit sha1_base64="C4Xx+vdFRU9ocJKBb/+0PCZUp8c="></latexit><latexit sha1_base64="C4Xx+vdFRU9ocJKBb/+0PCZUp8c="></latexit><latexit sha1_base64="C4Xx+vdFRU9ocJKBb/+0PCZUp8c="></latexit><latexit sha1_base64="C4Xx+vdFRU9ocJKBb/+0PCZUp8c="></latexit><latexit sha1_base64="C4Xx+vdFRU9ocJKBb/+0PCZUp8c="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="khlubRuFlai2bYEq6SfenSd1QM8="></latexit><latexit sha1_base64="khlubRuFlai2bYEq6SfenSd1QM8="></latexit><latexit sha1_base64="2RuBy+45xeFU9/dj73eqT5ybli4="></latexit><latexit sha1_base64="C4Xx+vdFRU9ocJKBb/+0PCZUp8c="></latexit><latexit sha1_base64="C4Xx+vdFRU9ocJKBb/+0PCZUp8c="></latexit><latexit sha1_base64="C4Xx+vdFRU9ocJKBb/+0PCZUp8c="></latexit><latexit sha1_base64="C4Xx+vdFRU9ocJKBb/+0PCZUp8c="></latexit><latexit sha1_base64="C4Xx+vdFRU9ocJKBb/+0PCZUp8c="></latexit><latexit sha1_base64="C4Xx+vdFRU9ocJKBb/+0PCZUp8c="></latexit>



Co-scattering at 100 MeV
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: scalar SM singlets
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: new U(1) boson
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<latexit sha1_base64="zPmp76ezN+cYWjdnO7rjo67P1R4="></latexit><latexit sha1_base64="zPmp76ezN+cYWjdnO7rjo67P1R4="></latexit><latexit sha1_base64="zPmp76ezN+cYWjdnO7rjo67P1R4="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="dpnl+asHc5cnzukd25OViBFpYXI="></latexit><latexit sha1_base64="dpnl+asHc5cnzukd25OViBFpYXI="></latexit><latexit sha1_base64="V7Z8mznxc43TggXHYrcieYQPeII="></latexit><latexit sha1_base64="zPmp76ezN+cYWjdnO7rjo67P1R4="></latexit><latexit sha1_base64="zPmp76ezN+cYWjdnO7rjo67P1R4="></latexit><latexit sha1_base64="zPmp76ezN+cYWjdnO7rjo67P1R4="></latexit><latexit sha1_base64="zPmp76ezN+cYWjdnO7rjo67P1R4="></latexit><latexit sha1_base64="zPmp76ezN+cYWjdnO7rjo67P1R4="></latexit><latexit sha1_base64="zPmp76ezN+cYWjdnO7rjo67P1R4="></latexit>
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<latexit sha1_base64="xrEuSEWW61THKQrYnUp7I7/E6Gs="></latexit><latexit sha1_base64="xrEuSEWW61THKQrYnUp7I7/E6Gs="></latexit><latexit sha1_base64="xrEuSEWW61THKQrYnUp7I7/E6Gs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="Y/KycR+bBMWgqDpb2W8BWj1ut00="></latexit><latexit sha1_base64="Y/KycR+bBMWgqDpb2W8BWj1ut00="></latexit><latexit sha1_base64="BlKcSWtyUM4A0j7LYeeg5mbmiwQ="></latexit><latexit sha1_base64="xrEuSEWW61THKQrYnUp7I7/E6Gs="></latexit><latexit sha1_base64="xrEuSEWW61THKQrYnUp7I7/E6Gs="></latexit><latexit sha1_base64="xrEuSEWW61THKQrYnUp7I7/E6Gs="></latexit><latexit sha1_base64="xrEuSEWW61THKQrYnUp7I7/E6Gs="></latexit><latexit sha1_base64="xrEuSEWW61THKQrYnUp7I7/E6Gs="></latexit><latexit sha1_base64="xrEuSEWW61THKQrYnUp7I7/E6Gs="></latexit>
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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>
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<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>
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<latexit sha1_base64="5tukSV9UtlWGFdkJ0Cm5apiSnvg="></latexit><latexit sha1_base64="5tukSV9UtlWGFdkJ0Cm5apiSnvg="></latexit><latexit sha1_base64="5tukSV9UtlWGFdkJ0Cm5apiSnvg="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="hyNaLTMcziuqTA7e4XnPu7H9D9E="></latexit><latexit sha1_base64="hyNaLTMcziuqTA7e4XnPu7H9D9E="></latexit><latexit sha1_base64="9LUX5MuHYvMFXByU0jxhnXqky2k="></latexit><latexit sha1_base64="5tukSV9UtlWGFdkJ0Cm5apiSnvg="></latexit><latexit sha1_base64="5tukSV9UtlWGFdkJ0Cm5apiSnvg="></latexit><latexit sha1_base64="5tukSV9UtlWGFdkJ0Cm5apiSnvg="></latexit><latexit sha1_base64="5tukSV9UtlWGFdkJ0Cm5apiSnvg="></latexit><latexit sha1_base64="5tukSV9UtlWGFdkJ0Cm5apiSnvg="></latexit><latexit sha1_base64="5tukSV9UtlWGFdkJ0Cm5apiSnvg="></latexit>
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<latexit sha1_base64="iFtpzOwDLEMZIfawZhybNhmSBT0="></latexit><latexit sha1_base64="iFtpzOwDLEMZIfawZhybNhmSBT0="></latexit><latexit sha1_base64="iFtpzOwDLEMZIfawZhybNhmSBT0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="cDNejgByVNaxPhU7aaJ/geyIbCQ="></latexit><latexit sha1_base64="cDNejgByVNaxPhU7aaJ/geyIbCQ="></latexit><latexit sha1_base64="+X0MBjE1DrQq8gN4luW+L4EENNk="></latexit><latexit sha1_base64="iFtpzOwDLEMZIfawZhybNhmSBT0="></latexit><latexit sha1_base64="iFtpzOwDLEMZIfawZhybNhmSBT0="></latexit><latexit sha1_base64="iFtpzOwDLEMZIfawZhybNhmSBT0="></latexit><latexit sha1_base64="iFtpzOwDLEMZIfawZhybNhmSBT0="></latexit><latexit sha1_base64="iFtpzOwDLEMZIfawZhybNhmSBT0="></latexit><latexit sha1_base64="iFtpzOwDLEMZIfawZhybNhmSBT0="></latexit> ! ! 0.01

<latexit sha1_base64="1GNEVnO1Fc57zSuc4aMtvAN6aRM="></latexit><latexit sha1_base64="1GNEVnO1Fc57zSuc4aMtvAN6aRM="></latexit><latexit sha1_base64="1GNEVnO1Fc57zSuc4aMtvAN6aRM="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="uXxFc6/li8SRr5vTtO+Yjq2wpFQ="></latexit><latexit sha1_base64="uXxFc6/li8SRr5vTtO+Yjq2wpFQ="></latexit><latexit sha1_base64="QK1DOFZiylcU6H6tkqSA5W2B+PY=">AAAC23ichVFLS8NAEJ7GV1tfUY9egkXwVBIveiy+8CJUsA9oS9mk27g0L5JtoRZP3sSrN6/6n/S3ePDLmgpapBs23+w3M9/O7NiRJxJpmu85bWFxaXklXyiurq1vbOpb2/UkHMYOrzmhF8ZNmyXcEwGvSSE93oxiznzb4w17cJr6GyMeJyIMbuQ44h2fuYHoC4dJUF1db8tbLpnRToRvmGXT6uolgFrGrGFlRomyVQ31D2pTj0JyaEg+cQpIwvaIUYKvRRaZFIHr0ARcDEsoP6d7KiJ3iCiOCAZ2gL+LUytjA5xTzURlO7jFw46RadA+9oVStBGd3sphJ8BP7DvFuf/eMFHKaYVjoA3FglK8Ai/pFhHzMv0sclrL/My0K0l9OlbdCNQXKSbt0/nROYMnBjdQHoPOVaQLDVudR3iBAFhDBekrTxUM1XEPyBRypRJkigx6MTB9fdSDMVt/hzpr1A/Lllm2rs1S5S QbeJ52aY8OMNUjqtAlVVGHg5pe6JXetI72oD1qT9+hWi7L2aFfS3v+AhYFlGo=</latexit><latexit sha1_base64="1GNEVnO1Fc57zSuc4aMtvAN6aRM="></latexit><latexit sha1_base64="1GNEVnO1Fc57zSuc4aMtvAN6aRM="></latexit><latexit sha1_base64="1GNEVnO1Fc57zSuc4aMtvAN6aRM="></latexit><latexit sha1_base64="1GNEVnO1Fc57zSuc4aMtvAN6aRM="></latexit><latexit sha1_base64="1GNEVnO1Fc57zSuc4aMtvAN6aRM="></latexit><latexit sha1_base64="1GNEVnO1Fc57zSuc4aMtvAN6aRM="></latexit>

: scalar mixing

: kinetic mixing

Mediator annihilates into extra dark state.

! ! 10! 4
<latexit sha1_base64="h4cMAyT5LdqCIvKEqvtYHRCm248="></latexit><latexit sha1_base64="h4cMAyT5LdqCIvKEqvtYHRCm248="></latexit><latexit sha1_base64="h4cMAyT5LdqCIvKEqvtYHRCm248="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="KXHBvNTFevOKranz8aUyX7gVaPw="></latexit><latexit sha1_base64="KXHBvNTFevOKranz8aUyX7gVaPw="></latexit><latexit sha1_base64="Xhd/XLU36LGRLKdihd4ZBJ90CLk="></latexit><latexit sha1_base64="h4cMAyT5LdqCIvKEqvtYHRCm248="></latexit><latexit sha1_base64="h4cMAyT5LdqCIvKEqvtYHRCm248="></latexit><latexit sha1_base64="h4cMAyT5LdqCIvKEqvtYHRCm248="></latexit><latexit sha1_base64="h4cMAyT5LdqCIvKEqvtYHRCm248="></latexit><latexit sha1_base64="h4cMAyT5LdqCIvKEqvtYHRCm248="></latexit><latexit sha1_base64="h4cMAyT5LdqCIvKEqvtYHRCm248="></latexit>



Co-scattering at 100 MeV

 20

2

!" #" $"
!" ! !

!" ! "

!" ! #

!" $

!" %

!" &

!" #" %"
!" ! $'

!" ! (

!" ! #

!" #

!" (

!" $'

FIG. 2. Left panel: Evolution of the DM energy density for an ordinary WIMP (orange dotted) and coscattering (solid blue).
The red curve describes freeze-out of the DM partner ! . Right panel: thermal rates of the interactions relevant for coscattering
as a function of x = m! /T . We plot the momentum transfer rate for elastic scattering (green) and ( neq

" )2 ! " v" /n eq
! for !

annihilations (red). In both plots, m! = 150 MeV , ! = 0 .1, # = 0 .05, $ = 3 # 10! 5, %" S = 0 .0064, &d = 0 .5, mS = 156 MeV,
and mA = 3 m! .

hilation through a pole [43], requiring a special relation
between the mass of DM and another particle.

The rest of this letter is organized as follows. We begin
by comparing coscattering to the more familiar WIMP,
and we derive the exponential factor that enlarges the pa-
rameter space for coscattering. We then show how any
model with annihilating DM can be extended to include
coscattering, taking as an example scalar DM that cou-
ples to electrons through a dark photon. We explore the
detailed phenomenology of this example, highlighting the
experimentally testable parameter space. Our Appendix
contains a map of the phase space of this model, chart-
ing where the the DM abundance is set by coscattering
or alternate mechanisms.

Coscattering vs. AnnihilationsÑ A WIMP with
massm! begins in equilibrium with the SM thermal bath
when T > m ! . Its abundance is depleted through anni-
hilations when T < m ! . When the rate of DM annihila-
tions becomes slower than the expansion of the Universe

neq
! ! ! v" # H , (1)

the total number of DM particles is Þxed (freezes-out)
determining the observed relic density today [2, 3]. Here
we have used the superscript ÒeqÓ to denote particles
in thermal equilibrium with the SM bath. The sudden
freeze-out approximation described above points to an-
nihilation cross sections comparable to those induced by
the SM weak interactions:

! WIMP

! DM
#

0.3 pb
! ! v"

xf
$

g!

g! S
%

! WIMP

! ! v"
, (2)

wherexf = Tf /m ! describes the temperature when Eq.1
is satisÞed.

If annihilations are too small, and no other process
removes DM, the relic density is too large. In this regime,

coscattering is an alternative mechanism for setting the
DM abundance [34]. DM still begins in equilibrium with
the SM thermal bath when T > m ! . The relic density
is set when T < m ! and inelastic scattering becomes
slower than Hubble. In the following we assume that DM
scatters against an electron or positron, as on the right
of Fig. 1, but other choices are possible [34]. DM scatters
into a dark partner " with a heavier mass,m" & m! ,
whose annihilations leave equilibrium after the inelastic
scattering. DM is depleted by #e± ' " e± followed by "
annihilations. When #e± ' " e± freezes-out, so does the
# abundance. The small component of" left over from
the later freeze-out of" annihilations is converted into #
by decays, or else persists until today.

The main qualitative di " erence between coscattering
and the WIMP is that we can obtain the correct relic
density with # interactions that are exponentially smaller
than required for annihilations. If we assume that mo-
mentum transfer via #e± ' #e± is e# cient until af-
ter the coscattering diagram freezes-out, we can write a
Boltzmann equation for the total # number density

dn!

dt
+ 3Hn ! = ( neq

e ! ! ! " " v"
!
n! ( neq

!

"
. (3)

In this case freeze-out occurs when

neq
e ! ! ! " " v" # pH , (4)

where p # 10 is chosen to match numerical solutions to
Eq. 3. If we use detailed balance to write the thermal
average for the endothermic process# ' " in terms of
the thermal average for the inverse process [34], we can
write the # relic density as

! !

! DM
# 0.2

! WIMP

! ! " " ! v"

p g2
! x3/ 2

f e# x f (1# ! m
m !

)

g" (1 + $ m/m ! )3/ 2
, (5)

relic dark matter abundance
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lepton vertex

soft lepton pairs and missing energy

Signatures from dark photon decays:

D ! 0 ! D 0! d
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semi-visible in associated production

invisible decay

e.g.

Notice: Dark photon is just an example of a co-scattering mediator.

Ilten et al. 2015+
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3

where ! m ! m! " m" and g" ,! counts the number of
degrees of freedom of! and " . In order to reproduce
" " = " DM we require##! ! " v$ %e" x f (1 " ! m/m ! ) #WIMP .
This corresponds to a signiÞcant exponential suppression,
as long as! m/m " < 1, becausexf % 20 is needed to
match the observed abundance. (The necessary freeze-
out temperature is universal across di#erent types of
thermal relics including coscattering and the WIMP).

The ModelÑ The coscattering phase can be added to
any WIMP model in a modular way. Consider a WIMP
with an annihilation channel, such as the left of Fig. 1,
and add a mass mixing between DM and a dark partner,
" , with its own rapid annihilations. The coscattering
diagram on the right of Fig. 1 is generated by rotating
the annihilation diagram and inserting the mixing.

As an example we consider dark scalar QED [5, 6, 9Ð
14] with DM coupled to the SM via a U(1)d massive
dark photon, Ad, kinetically mixed [44] with the ordinary
photon, A:

L & "
1
4

F 2
µ# "

1
4

(F µ#
d )2 "

$
2

F µ#
d Fµ# "

m2
A

2
A2

d , (6)

where F(d) is the ordinary (dark) photon Þeld strength,
and $ is a dimensionless measure of the mixing. DM
is a complex scalar! with charge 1 under U(1)d: L &
|Dµ ! |2" m2

" |! |2. DM can annihilate: !! # ' %#
d ' e+ e" .

We add a complex scalar," , that is neutral under
U(1)d and mixed with ! :

L & |&µ " |2 " m2
! |" |2 " ' m2 (! #" + h .c.) . (7)

Coscattering, ! e ' " e, is generated by the mixing.
Quartic couplings for ! and " can also be included with-
out modifying our discussion. The mass mixing' m2 and
the dark photon mass m2

A can arise from a dark Higgs
coupled to ! and " . Note that we use m2

" ,! for mass
parameters in the Lagrangian andm2

" ,! for mass eigen-
values. The angle that rotates from the Lagrangian basis
to the mass eigenstate basis is( % ' m2/m 2

" . For the rest
of this letter we (slightly) abuse notation by calling the
lightest eigenstate! and the heaviest" .

We take " to annihilate to a dark state (this is a key
di#erence versus Refs. [35, 37, 38], where the dark partner
has a large coupling to the SM),"" # ' SS, where S is
a real scalar lighter than " ,

L &
1
2

(&µ S)2 "
m2

S

2
S2 "

) ! S

2
S2|" |2 " yeS (Sece+ h .c.) .

! couples toS only through its mixing with " . We take S
to decay rapidly to the thermal bath via a small Yukawa
coupling to electrons. There is a large range of values for
this coupling (10" 4 ! yeS ! 10" 9) such that S remains
in equilibrium with the SM bath during freeze-out but
otherwiseyeS does not enter the relic density calculation.

We consider parameters where!! # ' e+ e" annihi-
lations are too feeble to set the relic density. However
"" # ' SS annihilations are e$ cient and the last process

!" ! !" " !" #!" ! $%

!" ! &'

!" ! &(

!" ! &)

!" ! &*

!" ! &$

!" ! &&

!" ! &#

!" ! &"

!" ! &!

!" ! &%

!" ! #'

!" ! #(

!" ! #)

FIG. 3. Existing constraints and reach of future experiments
as a function of the DM mass m! , expressed in terms of the
direct detection cross section for electron recoils ø! e. In the
region between the orange and the blue lines the observed
relic density is obtained via the coscattering mechanism. In
the plot we Þx " d = 0 .5, mA = 3 m! , r S = 0 .75, and ! !
(m2

" " m2
! )/m 2

! = 0 .1.

to freeze-out. The coscattering process! e ' " e leaves
equilibrium after !! # ' e+ e" , but before "" # ' SS. It
is the fastest process converting! to " and its freeze-out
determines the ! abundance. This hierarchy of thermal
rates is depicted in Fig. 2. The Þgure also shows that!
would have too large of an abundance in the WIMP limit
where only ! annihilations are active, while the addition
of " leads to the correct relic density via coscattering.

The freeze-out hierarchy described in the previous
paragraph can be realized with the spectrum: mA >
m! > m S > m " "

(
' m2 and the hierarchy of cou-

plings: gd = O(1) ) $, ) ! S . Furthermore, we Þx
rS ! (mS " m" )/ (m! " m" ) = 0 .75 in the following.
More details on these choices and the freeze-out phases
of this theory can be found in the Appendix.

PhenomenologyÑ The main qualitative feature of
coscattering with SM states is the exponentially small
coupling to SM particles, compared to the WIMP. In
Fig. 3 we plot current constraints and future probes in
terms of the scattering cross section relevant to electron
recoil experiments: ø#e * e2g2

D $2m2
ec4

$/ (* m4
A ). Coscat-

tering can reproduce the observed relic density in the
region between the solid orange line (where it reduces to
WIMP freeze-out) and the solid blue line. In the coscat-
tering region we Þnd that ! is in kinetic equilibrium with
the SM during freeze-out due to rapid energy exchange
from ! e± ' ! e± [45, 46]. This is distinct from previous

dÕAgnolo et al. 1906.09269
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Features of co-scattering dark matter: 

Weak-scale dark matter : ATLAS & CMS

small coupling to visible matter

compressed dark sector

freeze-out works for a wide range of energies

Sub-GeV dark matter : opportunity for LHCb

soft displaced lepton or b-jet pairs

disappearing tracks

soft (potentially displaced) lepton pairs

semi-visible meson decays
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8

FIG. 3: Relic dark matter abundance in the scalar scenario (left) and pseudo-scalar scenario (right). Colored curves
show the observed abundance of! ! h2 = 0 .12 for Þxed values ofµ/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 ofµ/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 ofµ/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 asmicrOMEGAs,
DarkSUSYand 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 Þxed value ofµ/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 identiÞed 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! = 500 GeV and a mass splitting of " mc! = 30 GeV, 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 couplingµ/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

Filimonova, Westhoff 2018



5.2 Estimation of contribution from heavy ßavor QCD events 7

5.2.1 Heavy ßavor + lepton control regions

We construct control samples in data dominated by pair production of heavy ßavor 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 ( |! R| < 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 t t, we make two additional selections. First, we require the tag and probe jets to be back-
to-back in the transverse plane (|! ! | > 2.5). Secondly, we require the lepton in the event
to have |d0| > 100 µm. Separate control regions are deÞned 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-ßavor-speciÞc HF simulation used in each case. The rightmost bin
of each plot contains the overßow 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

[CMS-PAS-EXO-16-022]
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transverse momentum

lepton isolation

Main background: leptons from decaying B hadrons (HF)
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Soft displaced leptons
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FIG. 3. Same as Fig. 1 of the main text, but scaling the 15 fb ! 1 baseline up to 50 fb! 1 and 500 fb! 1, for both the D " ! D 0A#

search [48] and the inclusive di-muon search (this work). For reference, the green dashed line shows where theA# lifetime is the
same as the LHCb di-muon lifetime resolution and the orange dashed line shows where the averageA# transverse displacement
matches the distance at which the muons from A# ! µ+ µ! decays likely no longer have enough hits in the LHCb VELO.

¥ Search strategy: Here, we considered the reach as-
suming three distinct search regions: prompt, pre-
module, post-module. One could optimally com-
bine these regions following [73] which should im-
prove the reach in the low-mass region.

¥ Semi-inclusive search: Instead of using the in-
clusive di-muon spectrum, a similar search could
be done in semi-inclusive hadron decays such as
M ! ! + ! ! Y , more in the spirit of [48]. Depending
on the channel, one could use the invariant mass of
the M or Y system as a constraint to help control
fake muon backgrounds.

¥ Di-electron search. To cover the mass rangemA ! "
[2me, 2mµ ], one could pursue a similar inclusive
search strategy for the di-electron Þnal state. That
said, the di-electron mass resolution is signiÞcantly
degraded by Bremsstrahlung radiation and multi-
ple scattering [48]. In [48], themee resolution could
be improved by imposing the kinematic constraints
from charm meson decays, which is not an option
in an inclusive search. For the displacedA" search,
these same e! ects degrade the vertex resolution,

and e+ e! pairs from photon conversion are a chal-
lenging background in the post-module region. For
these reasons, we suspect thatA" ! e+ e! is best
probed using an exclusive (or semi-inclusive) strat-
egy, but it would be worth testing the fully inclusive
approach on LHCb data.

¥ Luminosity : Our study is based on 15 fb! 1 of data
collected by LHCb, which is a conservative esti-
mate of what is expected in Run 3. LHCb expects
to collect at least 50 fb! 1 of data in Runs 3 and 4
combined, and may eventually collect 10Ð30 times
more data than considered in this study. The im-
pact on the dark photon reach from scaling up the
LHCb luminosity is shown in Fig. 4.

Extended Reach Plot

To better show the array of proposed dark photon ex-
periments, in Fig. 4 we show the same reach plot from
the main text, but with an extended "2 range including
supernova bounds (SN) [78, 79].


