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See also Gianfranco Bertone 
“Multimessenger fingerprint of Dark Matter” 

talk last Friday
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16%

<latexit sha1_base64="MDalFJq3ph7u0W1vcn5nb5ZDZRc=">AAACAHicdVDLSgMxFM3UV62vURcu3ARLwdWQGabtdFfQhRuhgn1AW0omTdvQzIMkI5ShIv6KGxeKuPUz3Pk3pg9BRQ9cOJxz703u8WPOpELow8isrK6tb2Q3c1vbO7t75v5BQ0aJILROIh6Jlo8l5SykdcUUp61YUBz4nDb98dnMb95QIVkUXqtJTLsBHoZswAhWWuqZR4W0IwJYw0Ixwunt+eU057mdQs/MI6viVUpOESKr6DmoXNEEOa7netC20Bx5sEStZ753+hFJAhoqwrGUbRvFqpsu905znUTSGJMxHtK2piEOqOym8wOmsKCVPhxEQleo4Fz9PpHiQMpJ4OvOAKuR/O3NxL+8dqIGXjdlYZwoGpLFQ4OEQxXBWRqwzwQlik80wUQw/VdIRlhgonRmOR3C16Xwf9JwLLtkoSs3X63eLeLIgmNwAk6BDcqgCi5ADdQBAVPwAJ7As3FvPBovxuuiNWMsIzwEP2C8fQKNnpYm</latexit>

84%

<latexit sha1_base64="OhprHohI1Ow/xZKkADcIYqX+060=">AAACAHicdZDLSgMxGIUz9VbH26gLF26CpeBqSMu0ne4KunAjVLAXaEvJpGkbmrmQZIQyjIiv4saFIm59DHe+jelFUNEDgcM5f0j+z4s4kwqhDyOzsrq2vpHdNLe2d3b3rP2DpgxjQWiDhDwUbQ9LyllAG4opTtuRoNj3OG15k7NZ37qhQrIwuFbTiPZ8PArYkBGsdNS3jpKu8OE5FpPbS6wUFamZd51uvm/lkF11q+ViCSK75BZRpaoNKjqu48KCjebKgaXqfeu9OwhJ7NNAEY6l7BRQpHoJFooRTlOzG0saYTLBI9rRNsA+lb1kvkAK8zoZwGEo9AkUnKffbyTYl3Lqe3rSx2osf3ez8K+uE6uh20tYEMWKBmTx0DDmUIVwRgMOmKBE8ak2mAim/wrJGAtMNAlpaghfm8L/TbNoF8o2unJytdrdAkcWHIMTcAoKoAJq4ALUQQMQkIIH8ASejXvj0XgxXhejGWOJ8BD8kPH2CdHZllA=</latexit>

Dark Matter

See also Gianfranco Bertone 
“Multimessenger fingerprint of Dark Matter” 

talk last Friday
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<latexit sha1_base64="MDalFJq3ph7u0W1vcn5nb5ZDZRc=">AAACAHicdVDLSgMxFM3UV62vURcu3ARLwdWQGabtdFfQhRuhgn1AW0omTdvQzIMkI5ShIv6KGxeKuPUz3Pk3pg9BRQ9cOJxz703u8WPOpELow8isrK6tb2Q3c1vbO7t75v5BQ0aJILROIh6Jlo8l5SykdcUUp61YUBz4nDb98dnMb95QIVkUXqtJTLsBHoZswAhWWuqZR4W0IwJYw0Ixwunt+eU057mdQs/MI6viVUpOESKr6DmoXNEEOa7netC20Bx5sEStZ753+hFJAhoqwrGUbRvFqpsu905znUTSGJMxHtK2piEOqOym8wOmsKCVPhxEQleo4Fz9PpHiQMpJ4OvOAKuR/O3NxL+8dqIGXjdlYZwoGpLFQ4OEQxXBWRqwzwQlik80wUQw/VdIRlhgonRmOR3C16Xwf9JwLLtkoSs3X63eLeLIgmNwAk6BDcqgCi5ADdQBAVPwAJ7As3FvPBovxuuiNWMsIzwEP2C8fQKNnpYm</latexit>

84%

<latexit sha1_base64="GwP6SzktY7O3xYxY552G7OuKVg4=">AAACAHicdVDLSgMxFM3UV62vURcu3ARLwdWQGabtdFfQhRuhgn1AW0omTdvQzIMkI5ShIv6KGxeKuPUz3Pk3pg9BRQ9cOJxz703u8WPOpELow8isrK6tb2Q3c1vbO7t75v5BQ0aJILROIh6Jlo8l5SykdcUUp61YUBz4nDb98dnMb95QIVkUXqtJTLsBHoZswAhWWuqZR2lHBLCGhWKE09vzy2mu4LmdQs/MI6viVUpOESKr6DmoXNEEOa7netC20Bx5sEStZ753+hFJAhoqwrGUbRvFqpsuF09znUTSGJMxHtK2piEOqOym8wOmsKCVPhxEQleo4Fz9PpHiQMpJ4OvOAKuR/O3NxL+8dqIGXjdlYZwoGpLFQ4OEQxXBWRqwzwQlik80wUQw/VdIRlhgonRmOR3C16Xwf9JwLLtkoSs3X63eLeLIgmNwAk6BDcqgCi5ADdQBAVPwAJ7As3FvPBovxuuiNWMsIzwEP2C8fQKRpJYm</latexit>

Particle DM

See also Gianfranco Bertone 
“Multimessenger fingerprint of Dark Matter” 

talk last Friday
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What is the Dark Matter mass?

The Dark Matter Landscape

The Classics+

SMν SM

Heavy Dark Matter

<latexit sha1_base64="eL37SCVfHRNHgYlmeq9YBxBJ/jg=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUW8FD3qsYD+kDWWznbRLd5OwuxFK6K/w4kERr/4cb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ch5hw3AjsJ0opDIQ2ApGN1O/9YRK8zh6MOMEfUkHEQ85o8ZKj1lXSXKLzUmvXHGr7gxkmXg5qUCOeq/81e3HLJUYGSao1h3PTYyfUWU4EzgpdVONCWUjOsCOpRGVqP1sdvCEnFilT8JY2YoMmam/JzIqtR7LwHZKaoZ60ZuK/3md1IRXfsajJDUYsfmiMBXExGT6PelzhcyIsSWUKW5vJWxIFWXGZlSyIXiLLy+T5lnVu6i69+eV2nUeRxGO4BhOwYNLqMEd1KEBDCQ8wyu8Ocp5cd6dj3lrwclnDuEPnM8fcRqQJA==</latexit>

GeV
<latexit sha1_base64="D4iVBL1dfc3i1Ef7bWVsBznxjLY=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EUbuAjWUEEyPJEfY2k2TJ7t6xuyeEI7/CxkIRW3+Onf/GTXKFJj4YeLw3w8y8KBHcWN//9gorq2vrG8XN0tb2zu5eef+gaeJUM2ywWMS6FVGDgitsWG4FthKNVEYCH6LRzdR/eEJteKzu7TjBUNKB4n3OqHXSY9bRkihsTrrlil/1ZyDLJMhJBXLUu+WvTi9mqURlmaDGtAM/sWFGteVM4KTUSQ0mlI3oANuOKirRhNns4Ak5cUqP9GPtSlkyU39PZFQaM5aR65TUDs2iNxX/89qp7V+FGVdJalGx+aJ+KoiNyfR70uMamRVjRyjT3N1K2JBqyqzLqORCCBZfXibNs2pwUfXvziu16zyOIhzBMZxCAJdQg1uoQwMYSHiGV3jztPfivXsf89aCl88cwh94nz+sq5BL</latexit>

neV <latexit sha1_base64="nua7+JKqhZ9nHQLfYwjCWTF2kgo=">AAAB6nicbVDLSgMxFL1TX7W+qi7dBIvgqsyI+NgV3LisaG2hHUomvdOGJpkhyQil9BPcuFDErV/kzr8xbWehrQcCh3POJfeeKBXcWN//9gorq2vrG8XN0tb2zu5eef/g0SSZZthgiUh0K6IGBVfYsNwKbKUaqYwENqPhzdRvPqE2PFEPdpRiKGlf8Zgzap10L7v1brniV/0ZyDIJclKBHC7/1eklLJOoLBPUmHbgpzYcU205EzgpdTKDKWVD2se2o4pKNOF4tuqEnDilR+JEu6csmam/J8ZUGjOSkUtKagdm0ZuK/3ntzMZX4ZirNLOo2PyjOBPEJmR6N+lxjcyKkSOUae52JWxANWXWtVNyJQSLJy+Tx7NqcFH1784rteu8jiIcwTGcQgCXUINbqEMDGPThGV7hzRPei/fufcyjBS+fOYQ/8D5/ACjbjbA=</latexit>mP
<latexit sha1_base64="KRdEy3VJ/In8O8qzRjoxEBcOs8E=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5EUbuAjWUEEwPJEfY2k2TJ7t65uyeEI3/CxkIRW/+Onf/GTXKFJj4YeLw3w8y8KBHcWN//9gorq2vrG8XN0tb2zu5eef+gaeJUM2ywWMS6FVGDgitsWG4FthKNVEYCH6LRzdR/eEJteKzu7TjBUNKB4n3OqHVSK+toSbA56ZYrftWfgSyTICcVyFHvlr86vZilEpVlghrTDvzEhhnVljOBk1InNZhQNqIDbDuqqEQTZrN7J+TEKT3Sj7UrZclM/T2RUWnMWEauU1I7NIveVPzPa6e2fxVmXCWpRcXmi/qpIDYm0+dJj2tkVowdoUxzdythQ6opsy6ikgshWHx5mTTPqsFF1b87r9Su8ziKcATHcAoBXEINbqEODWAg4Ble4c179F68d+9j3lrw8plD+APv8wfd0o/T</latexit>

eV

Wavelike Dark Matter

<latexit sha1_base64="NKw3lpNthGd0ua2FUvNu4Cmdl2k=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyK+LgFRPAYwTwkWcLspDcZMrO7zMwKYclXePGgiFc/x5t/4yTZgyYWNBRV3XR3BYng2rjut1NYWV1b3yhulra2d3b3yvsHTR2nimGDxSJW7YBqFDzChuFGYDtRSGUgsBWMbqZ+6wmV5nH0YMYJ+pIOIh5yRo2VHrOukuQWm5NeueJW3RnIMvFyUoEc9V75q9uPWSoxMkxQrTuemxg/o8pwJnBS6qYaE8pGdIAdSyMqUfvZ7OAJObFKn4SxshUZMlN/T2RUaj2Wge2U1Az1ojcV//M6qQmv/IxHSWowYvNFYSqIicn0e9LnCpkRY0soU9zeStiQKsqMzahkQ/AWX14mzbOqd1F1788rtes8jiIcwTGcggeXUIM7qEMDGEh4hld4c5Tz4rw7H/PWgpPPHMIfOJ8/bmCQIw==</latexit>

EeV



Nick Rodd  |  The Search for Heavy Dark Matter

The Classics+Wavelike Dark Matter

9

What is the Dark Matter mass?

The Dark Matter Landscape
SMν SM

Heavy Dark Matter

<latexit sha1_base64="eL37SCVfHRNHgYlmeq9YBxBJ/jg=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUW8FD3qsYD+kDWWznbRLd5OwuxFK6K/w4kERr/4cb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ch5hw3AjsJ0opDIQ2ApGN1O/9YRK8zh6MOMEfUkHEQ85o8ZKj1lXSXKLzUmvXHGr7gxkmXg5qUCOeq/81e3HLJUYGSao1h3PTYyfUWU4EzgpdVONCWUjOsCOpRGVqP1sdvCEnFilT8JY2YoMmam/JzIqtR7LwHZKaoZ60ZuK/3md1IRXfsajJDUYsfmiMBXExGT6PelzhcyIsSWUKW5vJWxIFWXGZlSyIXiLLy+T5lnVu6i69+eV2nUeRxGO4BhOwYNLqMEd1KEBDCQ8wyu8Ocp5cd6dj3lrwclnDuEPnM8fcRqQJA==</latexit>

GeV
<latexit sha1_base64="D4iVBL1dfc3i1Ef7bWVsBznxjLY=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EUbuAjWUEEyPJEfY2k2TJ7t6xuyeEI7/CxkIRW3+Onf/GTXKFJj4YeLw3w8y8KBHcWN//9gorq2vrG8XN0tb2zu5eef+gaeJUM2ywWMS6FVGDgitsWG4FthKNVEYCH6LRzdR/eEJteKzu7TjBUNKB4n3OqHXSY9bRkihsTrrlil/1ZyDLJMhJBXLUu+WvTi9mqURlmaDGtAM/sWFGteVM4KTUSQ0mlI3oANuOKirRhNns4Ak5cUqP9GPtSlkyU39PZFQaM5aR65TUDs2iNxX/89qp7V+FGVdJalGx+aJ+KoiNyfR70uMamRVjRyjT3N1K2JBqyqzLqORCCBZfXibNs2pwUfXvziu16zyOIhzBMZxCAJdQg1uoQwMYSHiGV3jztPfivXsf89aCl88cwh94nz+sq5BL</latexit>

neV <latexit sha1_base64="nua7+JKqhZ9nHQLfYwjCWTF2kgo=">AAAB6nicbVDLSgMxFL1TX7W+qi7dBIvgqsyI+NgV3LisaG2hHUomvdOGJpkhyQil9BPcuFDErV/kzr8xbWehrQcCh3POJfeeKBXcWN//9gorq2vrG8XN0tb2zu5eef/g0SSZZthgiUh0K6IGBVfYsNwKbKUaqYwENqPhzdRvPqE2PFEPdpRiKGlf8Zgzap10L7v1brniV/0ZyDIJclKBHC7/1eklLJOoLBPUmHbgpzYcU205EzgpdTKDKWVD2se2o4pKNOF4tuqEnDilR+JEu6csmam/J8ZUGjOSkUtKagdm0ZuK/3ntzMZX4ZirNLOo2PyjOBPEJmR6N+lxjcyKkSOUae52JWxANWXWtVNyJQSLJy+Tx7NqcFH1784rteu8jiIcwTGcQgCXUINbqEMDGPThGV7hzRPei/fufcyjBS+fOYQ/8D5/ACjbjbA=</latexit>mP
<latexit sha1_base64="KRdEy3VJ/In8O8qzRjoxEBcOs8E=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5EUbuAjWUEEwPJEfY2k2TJ7t65uyeEI3/CxkIRW/+Onf/GTXKFJj4YeLw3w8y8KBHcWN//9gorq2vrG8XN0tb2zu5eef+gaeJUM2ywWMS6FVGDgitsWG4FthKNVEYCH6LRzdR/eEJteKzu7TjBUNKB4n3OqHVSK+toSbA56ZYrftWfgSyTICcVyFHvlr86vZilEpVlghrTDvzEhhnVljOBk1InNZhQNqIDbDuqqEQTZrN7J+TEKT3Sj7UrZclM/T2RUWnMWEauU1I7NIveVPzPa6e2fxVmXCWpRcXmi/qpIDYm0+dJj2tkVowdoUxzdythQ6opsy6ikgshWHx5mTTPqsFF1b87r9Su8ziKcATHcAoBXEINbqEODWAg4Ble4c179F68d+9j3lrw8plD+APv8wfd0o/T</latexit>

eV
<latexit sha1_base64="NKw3lpNthGd0ua2FUvNu4Cmdl2k=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyK+LgFRPAYwTwkWcLspDcZMrO7zMwKYclXePGgiFc/x5t/4yTZgyYWNBRV3XR3BYng2rjut1NYWV1b3yhulra2d3b3yvsHTR2nimGDxSJW7YBqFDzChuFGYDtRSGUgsBWMbqZ+6wmV5nH0YMYJ+pIOIh5yRo2VHrOukuQWm5NeueJW3RnIMvFyUoEc9V75q9uPWSoxMkxQrTuemxg/o8pwJnBS6qYaE8pGdIAdSyMqUfvZ7OAJObFKn4SxshUZMlN/T2RUaj2Wge2U1Az1ojcV//M6qQmv/IxHSWowYvNFYSqIicn0e9LnCpkRY0soU9zeStiQKsqMzahkQ/AWX14mzbOqd1F1788rtes8jiIcwTGcggeXUIM7qEMDGEh4hld4c5Tz4rw7H/PWgpPPHMIfOJ8/bmCQIw==</latexit>

EeV
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<latexit sha1_base64="2Zf3llcBCCHXr+vKukqDRbV9QQM="></latexit>

nDM
sun ⇠ 10�4

✓
mP

mDM

◆
particles/km3

The Search for Heavy Dark Matter
THE LANDSCAPE OF DARK MATTER

<latexit sha1_base64="5f+E/+eVBsV+TWp4Q443fPVOBes="></latexit>

mP ' 1019 GeV ' 109 J ' 500 kg of TNT

Heavy Dark Matter

<latexit sha1_base64="eL37SCVfHRNHgYlmeq9YBxBJ/jg=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUW8FD3qsYD+kDWWznbRLd5OwuxFK6K/w4kERr/4cb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ch5hw3AjsJ0opDIQ2ApGN1O/9YRK8zh6MOMEfUkHEQ85o8ZKj1lXSXKLzUmvXHGr7gxkmXg5qUCOeq/81e3HLJUYGSao1h3PTYyfUWU4EzgpdVONCWUjOsCOpRGVqP1sdvCEnFilT8JY2YoMmam/JzIqtR7LwHZKaoZ60ZuK/3md1IRXfsajJDUYsfmiMBXExGT6PelzhcyIsSWUKW5vJWxIFWXGZlSyIXiLLy+T5lnVu6i69+eV2nUeRxGO4BhOwYNLqMEd1KEBDCQ8wyu8Ocp5cd6dj3lrwclnDuEPnM8fcRqQJA==</latexit>

GeV
<latexit sha1_base64="D4iVBL1dfc3i1Ef7bWVsBznxjLY=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EUbuAjWUEEyPJEfY2k2TJ7t6xuyeEI7/CxkIRW3+Onf/GTXKFJj4YeLw3w8y8KBHcWN//9gorq2vrG8XN0tb2zu5eef+gaeJUM2ywWMS6FVGDgitsWG4FthKNVEYCH6LRzdR/eEJteKzu7TjBUNKB4n3OqHXSY9bRkihsTrrlil/1ZyDLJMhJBXLUu+WvTi9mqURlmaDGtAM/sWFGteVM4KTUSQ0mlI3oANuOKirRhNns4Ak5cUqP9GPtSlkyU39PZFQaM5aR65TUDs2iNxX/89qp7V+FGVdJalGx+aJ+KoiNyfR70uMamRVjRyjT3N1K2JBqyqzLqORCCBZfXibNs2pwUfXvziu16zyOIhzBMZxCAJdQg1uoQwMYSHiGV3jztPfivXsf89aCl88cwh94nz+sq5BL</latexit>

neV <latexit sha1_base64="nua7+JKqhZ9nHQLfYwjCWTF2kgo=">AAAB6nicbVDLSgMxFL1TX7W+qi7dBIvgqsyI+NgV3LisaG2hHUomvdOGJpkhyQil9BPcuFDErV/kzr8xbWehrQcCh3POJfeeKBXcWN//9gorq2vrG8XN0tb2zu5eef/g0SSZZthgiUh0K6IGBVfYsNwKbKUaqYwENqPhzdRvPqE2PFEPdpRiKGlf8Zgzap10L7v1brniV/0ZyDIJclKBHC7/1eklLJOoLBPUmHbgpzYcU205EzgpdTKDKWVD2se2o4pKNOF4tuqEnDilR+JEu6csmam/J8ZUGjOSkUtKagdm0ZuK/3ntzMZX4ZirNLOo2PyjOBPEJmR6N+lxjcyKkSOUae52JWxANWXWtVNyJQSLJy+Tx7NqcFH1784rteu8jiIcwTGcQgCXUINbqEMDGPThGV7hzRPei/fufcyjBS+fOYQ/8D5/ACjbjbA=</latexit>mP
<latexit sha1_base64="KRdEy3VJ/In8O8qzRjoxEBcOs8E=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5EUbuAjWUEEwPJEfY2k2TJ7t65uyeEI3/CxkIRW/+Onf/GTXKFJj4YeLw3w8y8KBHcWN//9gorq2vrG8XN0tb2zu5eef+gaeJUM2ywWMS6FVGDgitsWG4FthKNVEYCH6LRzdR/eEJteKzu7TjBUNKB4n3OqHVSK+toSbA56ZYrftWfgSyTICcVyFHvlr86vZilEpVlghrTDvzEhhnVljOBk1InNZhQNqIDbDuqqEQTZrN7J+TEKT3Sj7UrZclM/T2RUWnMWEauU1I7NIveVPzPa6e2fxVmXCWpRcXmi/qpIDYm0+dJj2tkVowdoUxzdythQ6opsy6ikgshWHx5mTTPqsFF1b87r9Su8ziKcATHcAoBXEINbqEODWAg4Ble4c179F68d+9j3lrw8plD+APv8wfd0o/T</latexit>

eV
<latexit sha1_base64="NKw3lpNthGd0ua2FUvNu4Cmdl2k=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyK+LgFRPAYwTwkWcLspDcZMrO7zMwKYclXePGgiFc/x5t/4yTZgyYWNBRV3XR3BYng2rjut1NYWV1b3yhulra2d3b3yvsHTR2nimGDxSJW7YBqFDzChuFGYDtRSGUgsBWMbqZ+6wmV5nH0YMYJ+pIOIh5yRo2VHrOukuQWm5NeueJW3RnIMvFyUoEc9V75q9uPWSoxMkxQrTuemxg/o8pwJnBS6qYaE8pGdIAdSyMqUfvZ7OAJObFKn4SxshUZMlN/T2RUaj2Wge2U1Az1ojcV//M6qQmv/IxHSWowYvNFYSqIicn0e9LnCpkRY0soU9zeStiQKsqMzahkQ/AWX14mzbOqd1F1788rtes8jiIcwTGcggeXUIM7qEMDGEh4hld4c5Tz4rw7H/PWgpPPHMIfOJ8/bmCQIw==</latexit>

EeV
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<latexit sha1_base64="2Zf3llcBCCHXr+vKukqDRbV9QQM="></latexit>

nDM
sun ⇠ 10�4

✓
mP

mDM

◆
particles/km3

The Search for Heavy Dark Matter
THE LANDSCAPE OF DARK MATTER

<latexit sha1_base64="5f+E/+eVBsV+TWp4Q443fPVOBes="></latexit>

mP ' 1019 GeV ' 109 J ' 500 kg of TNT

Heavy Dark Matter

<latexit sha1_base64="eL37SCVfHRNHgYlmeq9YBxBJ/jg=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUW8FD3qsYD+kDWWznbRLd5OwuxFK6K/w4kERr/4cb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ch5hw3AjsJ0opDIQ2ApGN1O/9YRK8zh6MOMEfUkHEQ85o8ZKj1lXSXKLzUmvXHGr7gxkmXg5qUCOeq/81e3HLJUYGSao1h3PTYyfUWU4EzgpdVONCWUjOsCOpRGVqP1sdvCEnFilT8JY2YoMmam/JzIqtR7LwHZKaoZ60ZuK/3md1IRXfsajJDUYsfmiMBXExGT6PelzhcyIsSWUKW5vJWxIFWXGZlSyIXiLLy+T5lnVu6i69+eV2nUeRxGO4BhOwYNLqMEd1KEBDCQ8wyu8Ocp5cd6dj3lrwclnDuEPnM8fcRqQJA==</latexit>

GeV
<latexit sha1_base64="D4iVBL1dfc3i1Ef7bWVsBznxjLY=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EUbuAjWUEEyPJEfY2k2TJ7t6xuyeEI7/CxkIRW3+Onf/GTXKFJj4YeLw3w8y8KBHcWN//9gorq2vrG8XN0tb2zu5eef+gaeJUM2ywWMS6FVGDgitsWG4FthKNVEYCH6LRzdR/eEJteKzu7TjBUNKB4n3OqHXSY9bRkihsTrrlil/1ZyDLJMhJBXLUu+WvTi9mqURlmaDGtAM/sWFGteVM4KTUSQ0mlI3oANuOKirRhNns4Ak5cUqP9GPtSlkyU39PZFQaM5aR65TUDs2iNxX/89qp7V+FGVdJalGx+aJ+KoiNyfR70uMamRVjRyjT3N1K2JBqyqzLqORCCBZfXibNs2pwUfXvziu16zyOIhzBMZxCAJdQg1uoQwMYSHiGV3jztPfivXsf89aCl88cwh94nz+sq5BL</latexit>

neV <latexit sha1_base64="nua7+JKqhZ9nHQLfYwjCWTF2kgo=">AAAB6nicbVDLSgMxFL1TX7W+qi7dBIvgqsyI+NgV3LisaG2hHUomvdOGJpkhyQil9BPcuFDErV/kzr8xbWehrQcCh3POJfeeKBXcWN//9gorq2vrG8XN0tb2zu5eef/g0SSZZthgiUh0K6IGBVfYsNwKbKUaqYwENqPhzdRvPqE2PFEPdpRiKGlf8Zgzap10L7v1brniV/0ZyDIJclKBHC7/1eklLJOoLBPUmHbgpzYcU205EzgpdTKDKWVD2se2o4pKNOF4tuqEnDilR+JEu6csmam/J8ZUGjOSkUtKagdm0ZuK/3ntzMZX4ZirNLOo2PyjOBPEJmR6N+lxjcyKkSOUae52JWxANWXWtVNyJQSLJy+Tx7NqcFH1784rteu8jiIcwTGcQgCXUINbqEMDGPThGV7hzRPei/fufcyjBS+fOYQ/8D5/ACjbjbA=</latexit>mP
<latexit sha1_base64="KRdEy3VJ/In8O8qzRjoxEBcOs8E=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5EUbuAjWUEEwPJEfY2k2TJ7t65uyeEI3/CxkIRW/+Onf/GTXKFJj4YeLw3w8y8KBHcWN//9gorq2vrG8XN0tb2zu5eef+gaeJUM2ywWMS6FVGDgitsWG4FthKNVEYCH6LRzdR/eEJteKzu7TjBUNKB4n3OqHVSK+toSbA56ZYrftWfgSyTICcVyFHvlr86vZilEpVlghrTDvzEhhnVljOBk1InNZhQNqIDbDuqqEQTZrN7J+TEKT3Sj7UrZclM/T2RUWnMWEauU1I7NIveVPzPa6e2fxVmXCWpRcXmi/qpIDYm0+dJj2tkVowdoUxzdythQ6opsy6ikgshWHx5mTTPqsFF1b87r9Su8ziKcATHcAoBXEINbqEODWAg4Ble4c179F68d+9j3lrw8plD+APv8wfd0o/T</latexit>

eV
<latexit sha1_base64="NKw3lpNthGd0ua2FUvNu4Cmdl2k=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyK+LgFRPAYwTwkWcLspDcZMrO7zMwKYclXePGgiFc/x5t/4yTZgyYWNBRV3XR3BYng2rjut1NYWV1b3yhulra2d3b3yvsHTR2nimGDxSJW7YBqFDzChuFGYDtRSGUgsBWMbqZ+6wmV5nH0YMYJ+pIOIh5yRo2VHrOukuQWm5NeueJW3RnIMvFyUoEc9V75q9uPWSoxMkxQrTuemxg/o8pwJnBS6qYaE8pGdIAdSyMqUfvZ7OAJObFKn4SxshUZMlN/T2RUaj2Wge2U1Az1ojcV//M6qQmv/IxHSWowYvNFYSqIicn0e9LnCpkRY0soU9zeStiQKsqMzahkQ/AWX14mzbOqd1F1788rtes8jiIcwTGcggeXUIM7qEMDGEh4hld4c5Tz4rw7H/PWgpPPHMIfOJ8/bmCQIw==</latexit>

EeV

<latexit sha1_base64="MFuzGxIOe7LZogNHBKeq8S/17nk=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8LbMxrsktIIjHiOYByRJmJ5NkyOzsMjMrhBDwB7x4UMSrX+TNv3HyEFS0oKGo6qa7K0wE1wbjD2dpeWV1bT2zkd3c2t7Zze3t13WcKspqNBaxaoZEM8ElqxluBGsmipEoFKwRDi+mfuOOKc1jeWtGCQsi0pe8xykxVrppy7STy2O3XMZFz0fYPcO44JctwaeFku8jz8Uz5GGBaif33u7GNI2YNFQQrVseTkwwJspwKtgk2041Swgdkj5rWSpJxHQwnp06QcdW6aJerGxJg2bq94kxibQeRaHtjIgZ6N/eVPzLa6WmVwrGXCapYZLOF/VSgUyMpn+jLleMGjGyhFDF7a2IDogi1Nh0sjaEr0/R/6RecD3fxdfFfOXyfh5HBg7hCE7Ag3OowBVUoQYU+vAAT/DsCOfReXFe561LziLCA/gB5+0T9caOrA==</latexit>⌫
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<latexit sha1_base64="2Zf3llcBCCHXr+vKukqDRbV9QQM="></latexit>

nDM
sun ⇠ 10�4

✓
mP

mDM

◆
particles/km3

The Search for Heavy Dark Matter
THE LANDSCAPE OF DARK MATTER

<latexit sha1_base64="5f+E/+eVBsV+TWp4Q443fPVOBes="></latexit>

mP ' 1019 GeV ' 109 J ' 500 kg of TNT

Heavy Dark Matter

<latexit sha1_base64="eL37SCVfHRNHgYlmeq9YBxBJ/jg=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUW8FD3qsYD+kDWWznbRLd5OwuxFK6K/w4kERr/4cb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ch5hw3AjsJ0opDIQ2ApGN1O/9YRK8zh6MOMEfUkHEQ85o8ZKj1lXSXKLzUmvXHGr7gxkmXg5qUCOeq/81e3HLJUYGSao1h3PTYyfUWU4EzgpdVONCWUjOsCOpRGVqP1sdvCEnFilT8JY2YoMmam/JzIqtR7LwHZKaoZ60ZuK/3md1IRXfsajJDUYsfmiMBXExGT6PelzhcyIsSWUKW5vJWxIFWXGZlSyIXiLLy+T5lnVu6i69+eV2nUeRxGO4BhOwYNLqMEd1KEBDCQ8wyu8Ocp5cd6dj3lrwclnDuEPnM8fcRqQJA==</latexit>

GeV
<latexit sha1_base64="D4iVBL1dfc3i1Ef7bWVsBznxjLY=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EUbuAjWUEEyPJEfY2k2TJ7t6xuyeEI7/CxkIRW3+Onf/GTXKFJj4YeLw3w8y8KBHcWN//9gorq2vrG8XN0tb2zu5eef+gaeJUM2ywWMS6FVGDgitsWG4FthKNVEYCH6LRzdR/eEJteKzu7TjBUNKB4n3OqHXSY9bRkihsTrrlil/1ZyDLJMhJBXLUu+WvTi9mqURlmaDGtAM/sWFGteVM4KTUSQ0mlI3oANuOKirRhNns4Ak5cUqP9GPtSlkyU39PZFQaM5aR65TUDs2iNxX/89qp7V+FGVdJalGx+aJ+KoiNyfR70uMamRVjRyjT3N1K2JBqyqzLqORCCBZfXibNs2pwUfXvziu16zyOIhzBMZxCAJdQg1uoQwMYSHiGV3jztPfivXsf89aCl88cwh94nz+sq5BL</latexit>

neV <latexit sha1_base64="nua7+JKqhZ9nHQLfYwjCWTF2kgo=">AAAB6nicbVDLSgMxFL1TX7W+qi7dBIvgqsyI+NgV3LisaG2hHUomvdOGJpkhyQil9BPcuFDErV/kzr8xbWehrQcCh3POJfeeKBXcWN//9gorq2vrG8XN0tb2zu5eef/g0SSZZthgiUh0K6IGBVfYsNwKbKUaqYwENqPhzdRvPqE2PFEPdpRiKGlf8Zgzap10L7v1brniV/0ZyDIJclKBHC7/1eklLJOoLBPUmHbgpzYcU205EzgpdTKDKWVD2se2o4pKNOF4tuqEnDilR+JEu6csmam/J8ZUGjOSkUtKagdm0ZuK/3ntzMZX4ZirNLOo2PyjOBPEJmR6N+lxjcyKkSOUae52JWxANWXWtVNyJQSLJy+Tx7NqcFH1784rteu8jiIcwTGcQgCXUINbqEMDGPThGV7hzRPei/fufcyjBS+fOYQ/8D5/ACjbjbA=</latexit>mP
<latexit sha1_base64="KRdEy3VJ/In8O8qzRjoxEBcOs8E=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5EUbuAjWUEEwPJEfY2k2TJ7t65uyeEI3/CxkIRW/+Onf/GTXKFJj4YeLw3w8y8KBHcWN//9gorq2vrG8XN0tb2zu5eef+gaeJUM2ywWMS6FVGDgitsWG4FthKNVEYCH6LRzdR/eEJteKzu7TjBUNKB4n3OqHVSK+toSbA56ZYrftWfgSyTICcVyFHvlr86vZilEpVlghrTDvzEhhnVljOBk1InNZhQNqIDbDuqqEQTZrN7J+TEKT3Sj7UrZclM/T2RUWnMWEauU1I7NIveVPzPa6e2fxVmXCWpRcXmi/qpIDYm0+dJj2tkVowdoUxzdythQ6opsy6ikgshWHx5mTTPqsFF1b87r9Su8ziKcATHcAoBXEINbqEODWAg4Ble4c179F68d+9j3lrw8plD+APv8wfd0o/T</latexit>

eV
<latexit sha1_base64="NKw3lpNthGd0ua2FUvNu4Cmdl2k=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyK+LgFRPAYwTwkWcLspDcZMrO7zMwKYclXePGgiFc/x5t/4yTZgyYWNBRV3XR3BYng2rjut1NYWV1b3yhulra2d3b3yvsHTR2nimGDxSJW7YBqFDzChuFGYDtRSGUgsBWMbqZ+6wmV5nH0YMYJ+pIOIh5yRo2VHrOukuQWm5NeueJW3RnIMvFyUoEc9V75q9uPWSoxMkxQrTuemxg/o8pwJnBS6qYaE8pGdIAdSyMqUfvZ7OAJObFKn4SxshUZMlN/T2RUaj2Wge2U1Az1ojcV//M6qQmv/IxHSWowYvNFYSqIicn0e9LnCpkRY0soU9zeStiQKsqMzahkQ/AWX14mzbOqd1F1788rtes8jiIcwTGcggeXUIM7qEMDGEh4hld4c5Tz4rw7H/PWgpPPHMIfOJ8/bmCQIw==</latexit>

EeV

<latexit sha1_base64="MFuzGxIOe7LZogNHBKeq8S/17nk=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8LbMxrsktIIjHiOYByRJmJ5NkyOzsMjMrhBDwB7x4UMSrX+TNv3HyEFS0oKGo6qa7K0wE1wbjD2dpeWV1bT2zkd3c2t7Zze3t13WcKspqNBaxaoZEM8ElqxluBGsmipEoFKwRDi+mfuOOKc1jeWtGCQsi0pe8xykxVrppy7STy2O3XMZFz0fYPcO44JctwaeFku8jz8Uz5GGBaif33u7GNI2YNFQQrVseTkwwJspwKtgk2041Swgdkj5rWSpJxHQwnp06QcdW6aJerGxJg2bq94kxibQeRaHtjIgZ6N/eVPzLa6WmVwrGXCapYZLOF/VSgUyMpn+jLleMGjGyhFDF7a2IDogi1Nh0sjaEr0/R/6RecD3fxdfFfOXyfh5HBg7hCE7Ag3OowBVUoQYU+vAAT/DsCOfReXFe561LziLCA/gB5+0T9caOrA==</latexit>⌫

This is Indirect Detection
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THE SEARCH FOR HEAVY DARK MATTER

Outline

Goal is to answer three questions
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THE SEARCH FOR HEAVY DARK MATTER

Outline
1. Why consider heavy dark matter? UV and IR motivations
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THE SEARCH FOR HEAVY DARK MATTER

Outline
1. Why consider heavy dark matter? UV and IR motivations

2. How can we find it? Landscape of neutrino telescopes
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THE SEARCH FOR HEAVY DARK MATTER

Outline

3. What are we looking for? The particle physics of the decay

1. Why consider heavy dark matter? UV and IR motivations

2. How can we find it? Landscape of neutrino telescopes

e+
e�

<latexit sha1_base64="eBvqzlk7kEgGWuAlCY3lEPM4BBo=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GnqSONFbwIvHBMwCyRB6OjVJm56F7h4hDPkCLx4U8eonefNv7CyCij4oeLxXRVU9PxFcaUI+rNza+sbmVn67sLO7t39QPDxqqziVDFosFrHs+lSB4BG0NNcCuokEGvoCOv7keu537kEqHke3epqAF9JRxAPOqDZSMxkUS8QmLrmq1DCxL0il6lYMIU7ZcV3s2GSBElqhMSi+94cxS0OINBNUqZ5DEu1lVGrOBMwK/VRBQtmEjqBnaERDUF62OHSGz4wyxEEsTUUaL9TvExkNlZqGvukMqR6r395c/MvrpTq49DIeJamGiC0XBanAOsbzr/GQS2BaTA2hTHJzK2ZjKinTJpuCCeHrU/w/aZdtx7VJs1qqV1dx5NEJOkXnyEE1VEc3qIFaiCFAD+gJPVt31qP1Yr0uW3PWauYY/YD19gkxeI0p</latexit>p

. . .�

<latexit sha1_base64="9Y30ORvTmHx6sR34J6jp1BsLPJo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY8FL56kgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu416s2HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8F7o5G</latexit>

<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�
<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�

<latexit sha1_base64="LtT91wdFkwh3XRJR1ptJYytGbC0=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZndJJrcAl48RjQPSEKYnUySIbOzy8ysEJZ8ghcPinj1i7z5N04egooWNBRV3XR3BbHg2mD84WTW1jc2t7LbuZ3dvf2D/OFRU0eJoqxBIxGpdkA0E1yyhuFGsHasGAkDwVrB5Grut+6Z0jySd2Yas15IRpIPOSXGSrddmfTzBezicrniFxF2/arn46olZa9Y9KrIc/ECBVih3s+/dwcRTUImDRVE646HY9NLiTKcCjbLdRPNYkInZMQ6lkoSMt1LF6fO0JlVBmgYKVvSoIX6fSIlodbTMLCdITFj/dubi395ncQMK72UyzgxTNLlomEikInQ/G804IpRI6aWEKq4vRXRMVGEGptOzobw9Sn6nzR917tw8U2pUCut4sjCCZzCOXhwCTW4hjo0gMIIHuAJnh3hPDovzuuyNeOsZo7hB5y3T76zjhI=</latexit>⌫

10°4 10°3 10°2 10°1 100

x = 2E/m¬

10°5

10°4

10°3

10°2

10°1

100

x
2 d

N
/d

x
/

/

¬! ∫e∫̄e ! S; m¬ = 2 EeV

S = ∞/∫e (NLR+ 2020)

S = ∞/∫e (Pythia)

5 6 7 8 9 10 11 12 13 14 15
log10 [m¬/GeV]

25

26

27

28

29

lo
g 1

0
[ø

/s
]

AM
ANDA

IceCube (2012)

Auger
ANITA

IceCube (2018)

¬! ∫̄∫

[Bauer, NLR, Webber 2020]
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THE SEARCH FOR HEAVY DARK MATTER

Outline

3. What are we looking for? The particle physics of the decay

1. Why consider heavy dark matter? UV and IR motivations

2. How can we find it? Landscape of neutrino telescopes

e+
e�

<latexit sha1_base64="eBvqzlk7kEgGWuAlCY3lEPM4BBo=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GnqSONFbwIvHBMwCyRB6OjVJm56F7h4hDPkCLx4U8eonefNv7CyCij4oeLxXRVU9PxFcaUI+rNza+sbmVn67sLO7t39QPDxqqziVDFosFrHs+lSB4BG0NNcCuokEGvoCOv7keu537kEqHke3epqAF9JRxAPOqDZSMxkUS8QmLrmq1DCxL0il6lYMIU7ZcV3s2GSBElqhMSi+94cxS0OINBNUqZ5DEu1lVGrOBMwK/VRBQtmEjqBnaERDUF62OHSGz4wyxEEsTUUaL9TvExkNlZqGvukMqR6r395c/MvrpTq49DIeJamGiC0XBanAOsbzr/GQS2BaTA2hTHJzK2ZjKinTJpuCCeHrU/w/aZdtx7VJs1qqV1dx5NEJOkXnyEE1VEc3qIFaiCFAD+gJPVt31qP1Yr0uW3PWauYY/YD19gkxeI0p</latexit>p

. . .�

<latexit sha1_base64="9Y30ORvTmHx6sR34J6jp1BsLPJo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY8FL56kgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu416s2HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8F7o5G</latexit>

<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�
<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�

<latexit sha1_base64="LtT91wdFkwh3XRJR1ptJYytGbC0=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZndJJrcAl48RjQPSEKYnUySIbOzy8ysEJZ8ghcPinj1i7z5N04egooWNBRV3XR3BbHg2mD84WTW1jc2t7LbuZ3dvf2D/OFRU0eJoqxBIxGpdkA0E1yyhuFGsHasGAkDwVrB5Grut+6Z0jySd2Yas15IRpIPOSXGSrddmfTzBezicrniFxF2/arn46olZa9Y9KrIc/ECBVih3s+/dwcRTUImDRVE646HY9NLiTKcCjbLdRPNYkInZMQ6lkoSMt1LF6fO0JlVBmgYKVvSoIX6fSIlodbTMLCdITFj/dubi395ncQMK72UyzgxTNLlomEikInQ/G804IpRI6aWEKq4vRXRMVGEGptOzobw9Sn6nzR917tw8U2pUCut4sjCCZzCOXhwCTW4hjo0gMIIHuAJnh3hPDovzuuyNeOsZo7hB5y3T76zjhI=</latexit>⌫
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What experiments 
were looking for

Missing electroweak 
double logs

Orders of magnitude 
more detectable!

New Prediction
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WHY HEAVY DARK MATTER?

UV Motivation

[Kolb+ AIP 1998]

Non-thermal production

Freeze-in [Hall+ JHEP 2010], produced during reheating [e.g. Chung+ PRD 
1998], gravitational particle production [e.g. Chung+ JHEP 2019], …


Decay through e.g. Planck suppressed 
operators

For scaling see [Cohen, NLR+ PRL 2017]


Many recent ideas

[Contino+ JHEP 2019], [Babichev+ PLB 2019], [Kim+ PRL 2019], [Dudas+ 
PRD 2020], [Kramer+ 2020], [Hambye+ PLB 2020], [Garcia+ PRD 2020], …

Heavy Dark Matter

<latexit sha1_base64="eL37SCVfHRNHgYlmeq9YBxBJ/jg=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUW8FD3qsYD+kDWWznbRLd5OwuxFK6K/w4kERr/4cb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ch5hw3AjsJ0opDIQ2ApGN1O/9YRK8zh6MOMEfUkHEQ85o8ZKj1lXSXKLzUmvXHGr7gxkmXg5qUCOeq/81e3HLJUYGSao1h3PTYyfUWU4EzgpdVONCWUjOsCOpRGVqP1sdvCEnFilT8JY2YoMmam/JzIqtR7LwHZKaoZ60ZuK/3md1IRXfsajJDUYsfmiMBXExGT6PelzhcyIsSWUKW5vJWxIFWXGZlSyIXiLLy+T5lnVu6i69+eV2nUeRxGO4BhOwYNLqMEd1KEBDCQ8wyu8Ocp5cd6dj3lrwclnDuEPnM8fcRqQJA==</latexit>

GeV
<latexit sha1_base64="D4iVBL1dfc3i1Ef7bWVsBznxjLY=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EUbuAjWUEEyPJEfY2k2TJ7t6xuyeEI7/CxkIRW3+Onf/GTXKFJj4YeLw3w8y8KBHcWN//9gorq2vrG8XN0tb2zu5eef+gaeJUM2ywWMS6FVGDgitsWG4FthKNVEYCH6LRzdR/eEJteKzu7TjBUNKB4n3OqHXSY9bRkihsTrrlil/1ZyDLJMhJBXLUu+WvTi9mqURlmaDGtAM/sWFGteVM4KTUSQ0mlI3oANuOKirRhNns4Ak5cUqP9GPtSlkyU39PZFQaM5aR65TUDs2iNxX/89qp7V+FGVdJalGx+aJ+KoiNyfR70uMamRVjRyjT3N1K2JBqyqzLqORCCBZfXibNs2pwUfXvziu16zyOIhzBMZxCAJdQg1uoQwMYSHiGV3jztPfivXsf89aCl88cwh94nz+sq5BL</latexit>

neV <latexit sha1_base64="nua7+JKqhZ9nHQLfYwjCWTF2kgo=">AAAB6nicbVDLSgMxFL1TX7W+qi7dBIvgqsyI+NgV3LisaG2hHUomvdOGJpkhyQil9BPcuFDErV/kzr8xbWehrQcCh3POJfeeKBXcWN//9gorq2vrG8XN0tb2zu5eef/g0SSZZthgiUh0K6IGBVfYsNwKbKUaqYwENqPhzdRvPqE2PFEPdpRiKGlf8Zgzap10L7v1brniV/0ZyDIJclKBHC7/1eklLJOoLBPUmHbgpzYcU205EzgpdTKDKWVD2se2o4pKNOF4tuqEnDilR+JEu6csmam/J8ZUGjOSkUtKagdm0ZuK/3ntzMZX4ZirNLOo2PyjOBPEJmR6N+lxjcyKkSOUae52JWxANWXWtVNyJQSLJy+Tx7NqcFH1784rteu8jiIcwTGcQgCXUINbqEMDGPThGV7hzRPei/fufcyjBS+fOYQ/8D5/ACjbjbA=</latexit>mP
<latexit sha1_base64="KRdEy3VJ/In8O8qzRjoxEBcOs8E=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5EUbuAjWUEEwPJEfY2k2TJ7t65uyeEI3/CxkIRW/+Onf/GTXKFJj4YeLw3w8y8KBHcWN//9gorq2vrG8XN0tb2zu5eef+gaeJUM2ywWMS6FVGDgitsWG4FthKNVEYCH6LRzdR/eEJteKzu7TjBUNKB4n3OqHVSK+toSbA56ZYrftWfgSyTICcVyFHvlr86vZilEpVlghrTDvzEhhnVljOBk1InNZhQNqIDbDuqqEQTZrN7J+TEKT3Sj7UrZclM/T2RUWnMWEauU1I7NIveVPzPa6e2fxVmXCWpRcXmi/qpIDYm0+dJj2tkVowdoUxzdythQ6opsy6ikgshWHx5mTTPqsFF1b87r9Su8ziKcATHcAoBXEINbqEODWAg4Ble4c179F68d+9j3lrw8plD+APv8wfd0o/T</latexit>

eV
<latexit sha1_base64="NKw3lpNthGd0ua2FUvNu4Cmdl2k=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyK+LgFRPAYwTwkWcLspDcZMrO7zMwKYclXePGgiFc/x5t/4yTZgyYWNBRV3XR3BYng2rjut1NYWV1b3yhulra2d3b3yvsHTR2nimGDxSJW7YBqFDzChuFGYDtRSGUgsBWMbqZ+6wmV5nH0YMYJ+pIOIh5yRo2VHrOukuQWm5NeueJW3RnIMvFyUoEc9V75q9uPWSoxMkxQrTuemxg/o8pwJnBS6qYaE8pGdIAdSyMqUfvZ7OAJObFKn4SxshUZMlN/T2RUaj2Wge2U1Az1ojcV//M6qQmv/IxHSWowYvNFYSqIicn0e9LnCpkRY0soU9zeStiQKsqMzahkQ/AWX14mzbOqd1F1788rtes8jiIcwTGcggeXUIM7qEMDGEh4hld4c5Tz4rw7H/PWgpPPHMIfOJ8/bmCQIw==</latexit>

EeV

Wimpzilla
~limit on thermal dark matter 


[Griest, Kamionkowski PRL 1990]
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WHY HEAVY DARK MATTER?

IR Motivation

The search for Heavy Dark Matter is a 
multi-messenger problem, see e.g. 


[Ishiwata+ JCAP 2020]

[Cohen, NLR+ PRL 2017]

IceCube ANTARES

+ many more existing and upcoming instruments
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Heavy Dark Matter
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Heavy Dark Matter
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<latexit sha1_base64="B8ehSlpnEyL30+EYJnwFEmKlZeU=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZlNjCa3gBe9RTQPSJYwO5lNhszOLjOzQgj5BC8eFPHqF3nzb5w8BBUtaCiquunuChLBtcH4w8msrK6tb2Q3c1vbO7t7+f2Dpo5TRVmDxiJW7YBoJrhkDcONYO1EMRIFgrWC0eXMb90zpXks78w4YX5EBpKHnBJjpduuTHv5AnZxuVwplhB2i1WviKuWlL1Syasiz8VzFGCJei//3u3HNI2YNFQQrTseTow/IcpwKtg01001SwgdkQHrWCpJxLQ/mZ86RSdW6aMwVrakQXP1+8SERFqPo8B2RsQM9W9vJv7ldVITVvwJl0lqmKSLRWEqkInR7G/U54pRI8aWEKq4vRXRIVGEGptOzobw9Sn6nzSLrnfu4puzQu16GUcWjuAYTsGDC6jBFdShARQG8ABP8OwI59F5cV4XrRlnOXMIP+C8fQLFBI4n</latexit>⌫

Heavy Dark Matter

<latexit sha1_base64="L6u3hxJ85eyc07EVqQxTV5TUaXE=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8LbMxrskt4EXwEtE8IFnC7GSSDJmdXWZmhRAC/oAXD4p49Yu8+TdOHoKKFjQUVd10d4WJ4Npg/OEsLa+srq1nNrKbW9s7u7m9/bqOU0VZjcYiVs2QaCa4ZDXDjWDNRDEShYI1wuHF1G/cMaV5LG/NKGFBRPqS9zglxko3bZl2cnnslsu46PkIu2cYF/yyJfi0UPJ95Ll4hjwsUO3k3tvdmKYRk4YKonXLw4kJxkQZTgWbZNupZgmhQ9JnLUsliZgOxrNTJ+jYKl3Ui5UtadBM/T4xJpHWoyi0nRExA/3bm4p/ea3U9ErBmMskNUzS+aJeKpCJ0fRv1OWKUSNGlhCquL0V0QFRhBqbTtaG8PUp+p/UC67nu/i6mK9c3c/jyMAhHMEJeHAOFbiEKtSAQh8e4AmeHeE8Oi/O67x1yVlEeAA/4Lx9AvdHjrE=</latexit>⌫
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IceCube

Heavy Dark Matter

<latexit sha1_base64="L6u3hxJ85eyc07EVqQxTV5TUaXE=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8LbMxrskt4EXwEtE8IFnC7GSSDJmdXWZmhRAC/oAXD4p49Yu8+TdOHoKKFjQUVd10d4WJ4Npg/OEsLa+srq1nNrKbW9s7u7m9/bqOU0VZjcYiVs2QaCa4ZDXDjWDNRDEShYI1wuHF1G/cMaV5LG/NKGFBRPqS9zglxko3bZl2cnnslsu46PkIu2cYF/yyJfi0UPJ95Ll4hjwsUO3k3tvdmKYRk4YKonXLw4kJxkQZTgWbZNupZgmhQ9JnLUsliZgOxrNTJ+jYKl3Ui5UtadBM/T4xJpHWoyi0nRExA/3bm4p/ea3U9ErBmMskNUzS+aJeKpCJ0fRv1OWKUSNGlhCquL0V0QFRhBqbTtaG8PUp+p/UC67nu/i6mK9c3c/jyMAhHMEJeHAOFbiEKtSAQh8e4AmeHeE8Oi/O67x1yVlEeAA/4Lx9AvdHjrE=</latexit>⌫
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IceCube

<latexit sha1_base64="L6u3hxJ85eyc07EVqQxTV5TUaXE=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8LbMxrskt4EXwEtE8IFnC7GSSDJmdXWZmhRAC/oAXD4p49Yu8+TdOHoKKFjQUVd10d4WJ4Npg/OEsLa+srq1nNrKbW9s7u7m9/bqOU0VZjcYiVs2QaCa4ZDXDjWDNRDEShYI1wuHF1G/cMaV5LG/NKGFBRPqS9zglxko3bZl2cnnslsu46PkIu2cYF/yyJfi0UPJ95Ll4hjwsUO3k3tvdmKYRk4YKonXLw4kJxkQZTgWbZNupZgmhQ9JnLUsliZgOxrNTJ+jYKl3Ui5UtadBM/T4xJpHWoyi0nRExA/3bm4p/ea3U9ErBmMskNUzS+aJeKpCJ0fRv1OWKUSNGlhCquL0V0QFRhBqbTtaG8PUp+p/UC67nu/i6mK9c3c/jyMAhHMEJeHAOFbiEKtSAQh8e4AmeHeE8Oi/O67x1yVlEeAA/4Lx9AvdHjrE=</latexit>⌫

The Indirect Detection Flux
<latexit sha1_base64="A4OLfat8H93+AsShnDEcdjgqNn0="></latexit>
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<latexit sha1_base64="41GIbrHRjWaoWnLw8xTinxlsIX0="></latexit>s

Heavy Dark Matter

For details, see

[Lisanti, NLR+ PRD 2018]

<latexit sha1_base64="7gcrBmmAZgEkBy2eW6E4GgwwgPs="></latexit>

The Dark Matter flux in [⌫/cm2/s/sr]
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IceCube

<latexit sha1_base64="L6u3hxJ85eyc07EVqQxTV5TUaXE=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8LbMxrskt4EXwEtE8IFnC7GSSDJmdXWZmhRAC/oAXD4p49Yu8+TdOHoKKFjQUVd10d4WJ4Npg/OEsLa+srq1nNrKbW9s7u7m9/bqOU0VZjcYiVs2QaCa4ZDXDjWDNRDEShYI1wuHF1G/cMaV5LG/NKGFBRPqS9zglxko3bZl2cnnslsu46PkIu2cYF/yyJfi0UPJ95Ll4hjwsUO3k3tvdmKYRk4YKonXLw4kJxkQZTgWbZNupZgmhQ9JnLUsliZgOxrNTJ+jYKl3Ui5UtadBM/T4xJpHWoyi0nRExA/3bm4p/ea3U9ErBmMskNUzS+aJeKpCJ0fRv1OWKUSNGlhCquL0V0QFRhBqbTtaG8PUp+p/UC67nu/i6mK9c3c/jyMAhHMEJeHAOFbiEKtSAQh8e4AmeHeE8Oi/O67x1yVlEeAA/4Lx9AvdHjrE=</latexit>⌫

The Indirect Detection Flux
<latexit sha1_base64="41GIbrHRjWaoWnLw8xTinxlsIX0="></latexit>s<latexit sha1_base64="uhLfBWPGL51E0fDJ0V+j0ur+zy0="></latexit>

� =
1

4⇡m�⌧

Z
dE

dN

dE
| {z }

⇥
Z

ds ⇢DM(s)
| {z }

<latexit sha1_base64="dMMXJvY6eUhRYG3K+bfZGxJsw8s=">AAAB+3icdZDLSgMxGIUzXmu9jXXpJlgEVyUp0suuxY3LCvYC7VAyaaYNzVxIMuIwDPgkblwo4tYXcefbmGkrqOiBwMc5f8if40aCK43Qh7W2vrG5tV3YKe7u7R8c2kelngpjSVmXhiKUA5coJnjAupprwQaRZMR3Beu788s8798yqXgY3OgkYo5PpgH3OCXaWGO7lI6kD9tKyzCaJYpTlY3tMqoghDDGMAdcryEDzWajihsQ55FRGazUGdvvo0lIY58Fmgqi1BCjSDspkZpTwbLiKFYsInROpmxoMCA+U0662D2DZ8aZQC+U5gQaLtzvN1LiK5X4rpn0iZ6p31lu/pUNY+01nJQHUaxZQJcPebGAOoR5EXDCJaNaJAYIldzsCumMSEK1qatoSvj6KfwfetUKrlXQ9UW51b5f1lEAJ+AUnAMM6qAFrkAHdAEFd+ABPIFnK7MerRfrdTm6Zq0qPAY/ZL19AvoHlXg=</latexit>

Astrophysics
<latexit sha1_base64="pnUhCTGFvNJIdTpeQ1MKjeXWt+I=">AAAB/3icdVDLSsNAFJ34rPUVFdy4GSyCq5DE0NZdxY3LCPYBbSiT6aQdOnkwMxFCrOivuHGhiFt/w51/46StoKIHLhzOuffOneMnjAppmh/awuLS8spqaa28vrG5ta3v7LZEnHJMmjhmMe/4SBBGI9KUVDLSSThBoc9I2x+fF377mnBB4+hKZgnxQjSMaEAxkkrq6/t5j4fQRVxSzMitO8oExWLS1yumcVqv2k4VmoZp1izbKohdc04caCmlQAXM4fb1994gxmlIIokZEqJrmYn08vneSbmXCpIgPEZD0lU0QiERXj69fwKPlDKAQcxVRRJO1e8TOQqFyEJfdYZIjsRvrxD/8rqpDOpeTqMklSTCs4eClEEZwyIMOKCcYMkyRRDmVN0K8QhxhKWKrKxC+Pop/J+0bMOqGualU2mc3c3iKIEDcAiOgQVqoAEugAuaAIMb8ACewLN2rz1qL9rrrHVBm0e4B35Ae/sEE8qXNQ==</latexit>

Particle Physics

Heavy Dark Matter

For details, see

[Lisanti, NLR+ PRD 2018]
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IceCube

<latexit sha1_base64="L6u3hxJ85eyc07EVqQxTV5TUaXE=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8LbMxrskt4EXwEtE8IFnC7GSSDJmdXWZmhRAC/oAXD4p49Yu8+TdOHoKKFjQUVd10d4WJ4Npg/OEsLa+srq1nNrKbW9s7u7m9/bqOU0VZjcYiVs2QaCa4ZDXDjWDNRDEShYI1wuHF1G/cMaV5LG/NKGFBRPqS9zglxko3bZl2cnnslsu46PkIu2cYF/yyJfi0UPJ95Ll4hjwsUO3k3tvdmKYRk4YKonXLw4kJxkQZTgWbZNupZgmhQ9JnLUsliZgOxrNTJ+jYKl3Ui5UtadBM/T4xJpHWoyi0nRExA/3bm4p/ea3U9ErBmMskNUzS+aJeKpCJ0fRv1OWKUSNGlhCquL0V0QFRhBqbTtaG8PUp+p/UC67nu/i6mK9c3c/jyMAhHMEJeHAOFbiEKtSAQh8e4AmeHeE8Oi/O67x1yVlEeAA/4Lx9AvdHjrE=</latexit>⌫

The Indirect Detection Flux
<latexit sha1_base64="41GIbrHRjWaoWnLw8xTinxlsIX0="></latexit>s<latexit sha1_base64="uhLfBWPGL51E0fDJ0V+j0ur+zy0="></latexit>

� =
1

4⇡m�⌧

Z
dE

dN

dE
| {z }

⇥
Z

ds ⇢DM(s)
| {z }

<latexit sha1_base64="dMMXJvY6eUhRYG3K+bfZGxJsw8s=">AAAB+3icdZDLSgMxGIUzXmu9jXXpJlgEVyUp0suuxY3LCvYC7VAyaaYNzVxIMuIwDPgkblwo4tYXcefbmGkrqOiBwMc5f8if40aCK43Qh7W2vrG5tV3YKe7u7R8c2kelngpjSVmXhiKUA5coJnjAupprwQaRZMR3Beu788s8798yqXgY3OgkYo5PpgH3OCXaWGO7lI6kD9tKyzCaJYpTlY3tMqoghDDGMAdcryEDzWajihsQ55FRGazUGdvvo0lIY58Fmgqi1BCjSDspkZpTwbLiKFYsInROpmxoMCA+U0662D2DZ8aZQC+U5gQaLtzvN1LiK5X4rpn0iZ6p31lu/pUNY+01nJQHUaxZQJcPebGAOoR5EXDCJaNaJAYIldzsCumMSEK1qatoSvj6KfwfetUKrlXQ9UW51b5f1lEAJ+AUnAMM6qAFrkAHdAEFd+ABPIFnK7MerRfrdTm6Zq0qPAY/ZL19AvoHlXg=</latexit>

Astrophysics�

<latexit sha1_base64="9Y30ORvTmHx6sR34J6jp1BsLPJo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY8FL56kgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu416s2HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8F7o5G</latexit>

We will revisit!

Heavy Dark Matter

For details, see

[Lisanti, NLR+ PRD 2018]

<latexit sha1_base64="bvsUPthFTcVOXo0PuNS8FnpUO7Q=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LivYBbSiT6aQdOpmEmYlQQj/BjQtF3PpF7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlDNB25ppTnuppDgOOe2G06uF372nUrFE3OlZSoMYjwWLGMHaSLcDkQ3LFWQ3/EbNrUJkV30X1RuGINfzPR86NlqiAtZoDcvvg1FCspgKTThWqu+gVAc5lpoRTuelQaZoiskUj2nfUIFjqoJ8eeocXhhlBKNEmhIaLtXvEzmOlZrFoemMsZ6o395C/MvrZzryg5yJNNNUkNWiKONQJ3DxNxwxSYnmM0MwkczcCskES0y0SadkQvj6FP5POq7t1Gx041Wa3jqOIjgD5+ASOKAOmuAatEAbEDAGD+AJPFvcerRerNdVa8Faz5yCH7DePgHnrI4u</latexit>⌫

. . .
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IceCube

<latexit sha1_base64="L6u3hxJ85eyc07EVqQxTV5TUaXE=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8LbMxrskt4EXwEtE8IFnC7GSSDJmdXWZmhRAC/oAXD4p49Yu8+TdOHoKKFjQUVd10d4WJ4Npg/OEsLa+srq1nNrKbW9s7u7m9/bqOU0VZjcYiVs2QaCa4ZDXDjWDNRDEShYI1wuHF1G/cMaV5LG/NKGFBRPqS9zglxko3bZl2cnnslsu46PkIu2cYF/yyJfi0UPJ95Ll4hjwsUO3k3tvdmKYRk4YKonXLw4kJxkQZTgWbZNupZgmhQ9JnLUsliZgOxrNTJ+jYKl3Ui5UtadBM/T4xJpHWoyi0nRExA/3bm4p/ea3U9ErBmMskNUzS+aJeKpCJ0fRv1OWKUSNGlhCquL0V0QFRhBqbTtaG8PUp+p/UC67nu/i6mK9c3c/jyMAhHMEJeHAOFbiEKtSAQh8e4AmeHeE8Oi/O67x1yVlEeAA/4Lx9AvdHjrE=</latexit>⌫

<latexit sha1_base64="41GIbrHRjWaoWnLw8xTinxlsIX0="></latexit>s<latexit sha1_base64="uhLfBWPGL51E0fDJ0V+j0ur+zy0="></latexit>

� =
1

4⇡m�⌧

Z
dE

dN

dE
| {z }

⇥
Z

ds ⇢DM(s)
| {z }

The Indirect Detection Flux

<latexit sha1_base64="oVybyYIp6cuftvy/QRMBA9c0Is8=">AAACAHicdZDLSgMxFIYz9VbrbdSFCzfBIrixJEV62VV04bKCvUBbSibNtKGZyZBkhDIUxFdx40IRtz6GO9/GTFtBRQ8Efv7/hHPO50WCa4PQh5NZWl5ZXcuu5zY2t7Z33N29ppaxoqxBpZCq7RHNBA9Zw3AjWDtSjASeYC1vfJHmrVumNJfhjZlErBeQYch9TomxVt89uOzKiClipApJwJJTn1Crp303jwoIIYwxTAUul5AV1WqliCsQp5GtPFhUve++dweSxgELDRVE6w5GkeklRBlOBZvmurFmEaFjMmQdK9NhupfMDpjCY+sMoC+VfaGBM/f7j4QEWk8Cz3YGxIz07yw1/8o6sfErvYSHUWxYSOeD/FhAI2FKAw64YtSIiRWEKm53hXRElGVgmeUshK9L4f+iWSzgUgFdn+Vr53dzHFlwCI7ACcCgDGrgCtRBA1AwBQ/gCTw7986j8+K8zlszzgLhPvhRztsnzweXnA==</latexit>

D -factor

Heavy Dark Matter

For details, see

[Lisanti, NLR+ PRD 2018]

�

<latexit sha1_base64="9Y30ORvTmHx6sR34J6jp1BsLPJo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY8FL56kgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu416s2HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8F7o5G</latexit>

<latexit sha1_base64="bvsUPthFTcVOXo0PuNS8FnpUO7Q=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LivYBbSiT6aQdOpmEmYlQQj/BjQtF3PpF7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlDNB25ppTnuppDgOOe2G06uF372nUrFE3OlZSoMYjwWLGMHaSLcDkQ3LFWQ3/EbNrUJkV30X1RuGINfzPR86NlqiAtZoDcvvg1FCspgKTThWqu+gVAc5lpoRTuelQaZoiskUj2nfUIFjqoJ8eeocXhhlBKNEmhIaLtXvEzmOlZrFoemMsZ6o395C/MvrZzryg5yJNNNUkNWiKONQJ3DxNxwxSYnmM0MwkczcCskES0y0SadkQvj6FP5POq7t1Gx041Wa3jqOIjgD5+ASOKAOmuAatEAbEDAGD+AJPFvcerRerNdVa8Faz5yCH7DePgHnrI4u</latexit>⌫

. . .We will revisit!
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Landscape
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THE SEARCH FOR HEAVY DARK MATTER

Limits reproduced from 

[Esmaili, Ibarra, Peres JCAP 2012]

~Unitarity Limit

[Griest, Kamionkowski


 PRL 1990]

~GUT Scale

 ~ limit on 
relativistic [DES 2020]
≫ tU χ →

<latexit sha1_base64="MkvG/1EymlCAOIyj1/h6+aWPM6w=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJiLos6MJlBVsLTSiT6aQdOpmEeQglduGvuHGhiFt/w51/47TNQlsPzHA4517uvSfKOFPa876d0tLyyupaeb2ysbm1vePu7rVUaiShTZLyVLYjrChngjY105y2M0lxEnF6Hw2vJv79A5WKpeJOjzIaJrgvWMwI1lbqugcBGTAU6BQFEZZ5IMwY2a/rVr2aNwVaJH5BqlCg0XW/gl5KTEKFJhwr1fG9TIc5lpoRTseVwCiaYTLEfdqxVOCEqjCf7j9Gx1bpoTiV9gmNpurvjhwnSo2SyFYmWA/UvDcR//M6RseXYc5EZjQVZDYoNhzZcydhoB6TlGg+sgQTyeyuiAywxETbyCo2BH/+5EXSOq355zXv9qxavy7iKMMhHMEJ+HABdbiBBjSBwCM8wyu8OU/Oi/PufMxKS07Rsw9/4Hz+AHoMlcQ=</latexit>

� ! ⌫̄⌫
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Landscape
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THE SEARCH FOR HEAVY DARK MATTER

Limits reproduced from 

[Esmaili, Ibarra, Peres JCAP 2012]

<latexit sha1_base64="MkvG/1EymlCAOIyj1/h6+aWPM6w=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJiLos6MJlBVsLTSiT6aQdOpmEeQglduGvuHGhiFt/w51/47TNQlsPzHA4517uvSfKOFPa876d0tLyyupaeb2ysbm1vePu7rVUaiShTZLyVLYjrChngjY105y2M0lxEnF6Hw2vJv79A5WKpeJOjzIaJrgvWMwI1lbqugcBGTAU6BQFEZZ5IMwY2a/rVr2aNwVaJH5BqlCg0XW/gl5KTEKFJhwr1fG9TIc5lpoRTseVwCiaYTLEfdqxVOCEqjCf7j9Gx1bpoTiV9gmNpurvjhwnSo2SyFYmWA/UvDcR//M6RseXYc5EZjQVZDYoNhzZcydhoB6TlGg+sgQTyeyuiAywxETbyCo2BH/+5EXSOq355zXv9qxavy7iKMMhHMEJ+HABdbiBBjSBwCM8wyu8OU/Oi/PufMxKS07Rsw9/4Hz+AHoMlcQ=</latexit>

� ! ⌫̄⌫
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Landscape
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THE SEARCH FOR HEAVY DARK MATTER

Limits reproduced from 

[Esmaili, Ibarra, Peres JCAP 2012]

<latexit sha1_base64="MkvG/1EymlCAOIyj1/h6+aWPM6w=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJiLos6MJlBVsLTSiT6aQdOpmEeQglduGvuHGhiFt/w51/47TNQlsPzHA4517uvSfKOFPa876d0tLyyupaeb2ysbm1vePu7rVUaiShTZLyVLYjrChngjY105y2M0lxEnF6Hw2vJv79A5WKpeJOjzIaJrgvWMwI1lbqugcBGTAU6BQFEZZ5IMwY2a/rVr2aNwVaJH5BqlCg0XW/gl5KTEKFJhwr1fG9TIc5lpoRTseVwCiaYTLEfdqxVOCEqjCf7j9Gx1bpoTiV9gmNpurvjhwnSo2SyFYmWA/UvDcR//M6RseXYc5EZjQVZDYoNhzZcydhoB6TlGg+sgQTyeyuiAywxETbyCo2BH/+5EXSOq355zXv9qxavy7iKMMhHMEJ+HABdbiBBjSBwCM8wyu8OU/Oi/PufMxKS07Rsw9/4Hz+AHoMlcQ=</latexit>

� ! ⌫̄⌫
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Landscape
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Auger
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THE SEARCH FOR HEAVY DARK MATTER

Limits reproduced from 

[Esmaili, Ibarra, Peres JCAP 2012]

<latexit sha1_base64="MkvG/1EymlCAOIyj1/h6+aWPM6w=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJiLos6MJlBVsLTSiT6aQdOpmEeQglduGvuHGhiFt/w51/47TNQlsPzHA4517uvSfKOFPa876d0tLyyupaeb2ysbm1vePu7rVUaiShTZLyVLYjrChngjY105y2M0lxEnF6Hw2vJv79A5WKpeJOjzIaJrgvWMwI1lbqugcBGTAU6BQFEZZ5IMwY2a/rVr2aNwVaJH5BqlCg0XW/gl5KTEKFJhwr1fG9TIc5lpoRTseVwCiaYTLEfdqxVOCEqjCf7j9Gx1bpoTiV9gmNpurvjhwnSo2SyFYmWA/UvDcR//M6RseXYc5EZjQVZDYoNhzZcydhoB6TlGg+sgQTyeyuiAywxETbyCo2BH/+5EXSOq355zXv9qxavy7iKMMhHMEJ+HABdbiBBjSBwCM8wyu8OU/Oi/PufMxKS07Rsw9/4Hz+AHoMlcQ=</latexit>

� ! ⌫̄⌫
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Landscape

5 6 7 8 9 10 11 12 13 14 15
log10 [m¬/GeV]

25

26

27

28

29
lo

g 1
0
[ø

/s
]

AM
ANDA

IceCube (2012)

Auger
ANITA

¬! ∫̄∫

THE SEARCH FOR HEAVY DARK MATTER

Limits reproduced from 

[Esmaili, Ibarra, Peres JCAP 2012]

<latexit sha1_base64="MkvG/1EymlCAOIyj1/h6+aWPM6w=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJiLos6MJlBVsLTSiT6aQdOpmEeQglduGvuHGhiFt/w51/47TNQlsPzHA4517uvSfKOFPa876d0tLyyupaeb2ysbm1vePu7rVUaiShTZLyVLYjrChngjY105y2M0lxEnF6Hw2vJv79A5WKpeJOjzIaJrgvWMwI1lbqugcBGTAU6BQFEZZ5IMwY2a/rVr2aNwVaJH5BqlCg0XW/gl5KTEKFJhwr1fG9TIc5lpoRTseVwCiaYTLEfdqxVOCEqjCf7j9Gx1bpoTiV9gmNpurvjhwnSo2SyFYmWA/UvDcR//M6RseXYc5EZjQVZDYoNhzZcydhoB6TlGg+sgQTyeyuiAywxETbyCo2BH/+5EXSOq355zXv9qxavy7iKMMhHMEJ+HABdbiBBjSBwCM8wyu8OU/Oi/PufMxKS07Rsw9/4Hz+AHoMlcQ=</latexit>

� ! ⌫̄⌫
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Landscape
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THE SEARCH FOR HEAVY DARK MATTER

Limits reproduced from 

[Esmaili, Ibarra, Peres JCAP 2012]


& [IceCube EPJC 2018]

Enhanced sensitivity due 
to Glashow resonance

<latexit sha1_base64="MkvG/1EymlCAOIyj1/h6+aWPM6w=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJiLos6MJlBVsLTSiT6aQdOpmEeQglduGvuHGhiFt/w51/47TNQlsPzHA4517uvSfKOFPa876d0tLyyupaeb2ysbm1vePu7rVUaiShTZLyVLYjrChngjY105y2M0lxEnF6Hw2vJv79A5WKpeJOjzIaJrgvWMwI1lbqugcBGTAU6BQFEZZ5IMwY2a/rVr2aNwVaJH5BqlCg0XW/gl5KTEKFJhwr1fG9TIc5lpoRTseVwCiaYTLEfdqxVOCEqjCf7j9Gx1bpoTiV9gmNpurvjhwnSo2SyFYmWA/UvDcR//M6RseXYc5EZjQVZDYoNhzZcydhoB6TlGg+sgQTyeyuiAywxETbyCo2BH/+5EXSOq355zXv9qxavy7iKMMhHMEJ+HABdbiBBjSBwCM8wyu8OU/Oi/PufMxKS07Rsw9/4Hz+AHoMlcQ=</latexit>

� ! ⌫̄⌫Hint of DM in IceCube data?

See Atri Bhattacharya “Probing Dark 
Matter with IceCube” talk tomorrow
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34

Landscape
THE SEARCH FOR HEAVY DARK MATTER

Limits reproduced from 

[Esmaili, Ibarra, Peres JCAP 2012]


& [IceCube EPJC 2018]

<latexit sha1_base64="MkvG/1EymlCAOIyj1/h6+aWPM6w=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJiLos6MJlBVsLTSiT6aQdOpmEeQglduGvuHGhiFt/w51/47TNQlsPzHA4517uvSfKOFPa876d0tLyyupaeb2ysbm1vePu7rVUaiShTZLyVLYjrChngjY105y2M0lxEnF6Hw2vJv79A5WKpeJOjzIaJrgvWMwI1lbqugcBGTAU6BQFEZZ5IMwY2a/rVr2aNwVaJH5BqlCg0XW/gl5KTEKFJhwr1fG9TIc5lpoRTseVwCiaYTLEfdqxVOCEqjCf7j9Gx1bpoTiV9gmNpurvjhwnSo2SyFYmWA/UvDcR//M6RseXYc5EZjQVZDYoNhzZcydhoB6TlGg+sgQTyeyuiAywxETbyCo2BH/+5EXSOq355zXv9qxavy7iKMMhHMEJ+HABdbiBBjSBwCM8wyu8OU/Oi/PufMxKS07Rsw9/4Hz+AHoMlcQ=</latexit>

� ! ⌫̄⌫
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<latexit sha1_base64="YlXfBbQa3rHhaPq3bkoCLgw/WwQ=">AAAB/3icdVDLSgMxFM3UV62vUcGNm2ARXA2ZWsd2V9CFywr2AZ2hZNK0Dc1khiQjlLELf8WNC0Xc+hvu/BvTh6CiBxIO59zLvfeECWdKI/Rh5ZaWV1bX8uuFjc2t7R17d6+p4lQS2iAxj2U7xIpyJmhDM81pO5EURyGnrXB0MfVbt1QqFosbPU5oEOGBYH1GsDZS1z7wyZBBX8fQD7HMfJFOoPm6dhE51Soqux5EzhlCJa9qCDotVTwPug6aoQgWqHftd78XkzSiQhOOleq4KNFBhqVmhNNJwU8VTTAZ4QHtGCpwRFWQzfafwGOj9GA/luYJDWfq944MR0qNo9BURlgP1W9vKv7ldVLdrwQZE0mqqSDzQf2UQ3PuNAzYY5ISzceGYCKZ2RWSIZaYaBNZwYTwdSn8nzRLjus56LpcrF0u4siDQ3AEToALzkENXIE6aAAC7sADeALP1r31aL1Yr/PSnLXo2Qc/YL19AugVlhA=</latexit>

� ! ⌫̄⌫

35

Landscape
THE SEARCH FOR HEAVY DARK MATTER

Limits reproduced from 

[Esmaili, Ibarra, Peres JCAP 2012]


& [IceCube EPJC 2018]
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<latexit sha1_base64="eBvqzlk7kEgGWuAlCY3lEPM4BBo=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GnqSONFbwIvHBMwCyRB6OjVJm56F7h4hDPkCLx4U8eonefNv7CyCij4oeLxXRVU9PxFcaUI+rNza+sbmVn67sLO7t39QPDxqqziVDFosFrHs+lSB4BG0NNcCuokEGvoCOv7keu537kEqHke3epqAF9JRxAPOqDZSMxkUS8QmLrmq1DCxL0il6lYMIU7ZcV3s2GSBElqhMSi+94cxS0OINBNUqZ5DEu1lVGrOBMwK/VRBQtmEjqBnaERDUF62OHSGz4wyxEEsTUUaL9TvExkNlZqGvukMqR6r395c/MvrpTq49DIeJamGiC0XBanAOsbzr/GQS2BaTA2hTHJzK2ZjKinTJpuCCeHrU/w/aZdtx7VJs1qqV1dx5NEJOkXnyEE1VEc3qIFaiCFAD+gJPVt31qP1Yr0uW3PWauYY/YD19gkxeI0p</latexit>p

. . .�

<latexit sha1_base64="9Y30ORvTmHx6sR34J6jp1BsLPJo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY8FL56kgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu416s2HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8F7o5G</latexit>

<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�
<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�

<latexit sha1_base64="LtT91wdFkwh3XRJR1ptJYytGbC0=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZndJJrcAl48RjQPSEKYnUySIbOzy8ysEJZ8ghcPinj1i7z5N04egooWNBRV3XR3BbHg2mD84WTW1jc2t7LbuZ3dvf2D/OFRU0eJoqxBIxGpdkA0E1yyhuFGsHasGAkDwVrB5Grut+6Z0jySd2Yas15IRpIPOSXGSrddmfTzBezicrniFxF2/arn46olZa9Y9KrIc/ECBVih3s+/dwcRTUImDRVE646HY9NLiTKcCjbLdRPNYkInZMQ6lkoSMt1LF6fO0JlVBmgYKVvSoIX6fSIlodbTMLCdITFj/dubi395ncQMK72UyzgxTNLlomEikInQ/G804IpRI6aWEKq4vRXRMVGEGptOzobw9Sn6nzR917tw8U2pUCut4sjCCZzCOXhwCTW4hjo0gMIIHuAJnh3hPDovzuuyNeOsZo7hB5y3T76zjhI=</latexit>⌫

[Bauer, NLR, Webber 2020]

HEAVY DARK MATTER SPECTRUM

The Calculation

<latexit sha1_base64="eYKfb/IkcdGT09znXHkxRkuzcGc="></latexit>

dN

dE

Indirect Detection Flux

Dark Matter flux the 
experiments can detect

<latexit sha1_base64="3sH5CH0rIIrR4zWd9gtQ4EgU4pY="></latexit>

� =
1

4⇡m�⌧

Z
dE ⇥D

Distribution of the 
signal flux over the sky
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HEAVY DARK MATTER SPECTRUM

The Calculation

<latexit sha1_base64="eYKfb/IkcdGT09znXHkxRkuzcGc="></latexit>

dN

dE <latexit sha1_base64="eiLmKK21WiAWa0gPNqGCasGZNtk="></latexit>

= ⌫, �, e±, p, p̄, 3
He, . . .

e+
e�

<latexit sha1_base64="eBvqzlk7kEgGWuAlCY3lEPM4BBo=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GnqSONFbwIvHBMwCyRB6OjVJm56F7h4hDPkCLx4U8eonefNv7CyCij4oeLxXRVU9PxFcaUI+rNza+sbmVn67sLO7t39QPDxqqziVDFosFrHs+lSB4BG0NNcCuokEGvoCOv7keu537kEqHke3epqAF9JRxAPOqDZSMxkUS8QmLrmq1DCxL0il6lYMIU7ZcV3s2GSBElqhMSi+94cxS0OINBNUqZ5DEu1lVGrOBMwK/VRBQtmEjqBnaERDUF62OHSGz4wyxEEsTUUaL9TvExkNlZqGvukMqR6r395c/MvrpTq49DIeJamGiC0XBanAOsbzr/GQS2BaTA2hTHJzK2ZjKinTJpuCCeHrU/w/aZdtx7VJs1qqV1dx5NEJOkXnyEE1VEc3qIFaiCFAD+gJPVt31qP1Yr0uW3PWauYY/YD19gkxeI0p</latexit>p

. . .�

<latexit sha1_base64="9Y30ORvTmHx6sR34J6jp1BsLPJo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY8FL56kgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu416s2HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8F7o5G</latexit>

<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�
<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�

<latexit sha1_base64="LtT91wdFkwh3XRJR1ptJYytGbC0=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZndJJrcAl48RjQPSEKYnUySIbOzy8ysEJZ8ghcPinj1i7z5N04egooWNBRV3XR3BbHg2mD84WTW1jc2t7LbuZ3dvf2D/OFRU0eJoqxBIxGpdkA0E1yyhuFGsHasGAkDwVrB5Grut+6Z0jySd2Yas15IRpIPOSXGSrddmfTzBezicrniFxF2/arn46olZa9Y9KrIc/ECBVih3s+/dwcRTUImDRVE646HY9NLiTKcCjbLdRPNYkInZMQ6lkoSMt1LF6fO0JlVBmgYKVvSoIX6fSIlodbTMLCdITFj/dubi395ncQMK72UyzgxTNLlomEikInQ/G804IpRI6aWEKq4vRXRMVGEGptOzobw9Sn6nzR917tw8U2pUCut4sjCCZzCOXhwCTW4hjo0gMIIHuAJnh3hPDovzuuyNeOsZo7hB5y3T76zjhI=</latexit>⌫

<latexit sha1_base64="8T+sSDBb573Spz8cpb4LRfseBfY="></latexit>

=
1

�0

d�

dE
(� !

<latexit sha1_base64="84DVu4iy8mQ3sU0b3nWLu79AolE="></latexit>

S + . . .)

Indirect Detection Spectrum

[Bauer, NLR, Webber 2020]
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HEAVY DARK MATTER SPECTRUM

The Calculation

<latexit sha1_base64="eYKfb/IkcdGT09znXHkxRkuzcGc="></latexit>

dN

dE

e+
e�

<latexit sha1_base64="eBvqzlk7kEgGWuAlCY3lEPM4BBo=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GnqSONFbwIvHBMwCyRB6OjVJm56F7h4hDPkCLx4U8eonefNv7CyCij4oeLxXRVU9PxFcaUI+rNza+sbmVn67sLO7t39QPDxqqziVDFosFrHs+lSB4BG0NNcCuokEGvoCOv7keu537kEqHke3epqAF9JRxAPOqDZSMxkUS8QmLrmq1DCxL0il6lYMIU7ZcV3s2GSBElqhMSi+94cxS0OINBNUqZ5DEu1lVGrOBMwK/VRBQtmEjqBnaERDUF62OHSGz4wyxEEsTUUaL9TvExkNlZqGvukMqR6r395c/MvrpTq49DIeJamGiC0XBanAOsbzr/GQS2BaTA2hTHJzK2ZjKinTJpuCCeHrU/w/aZdtx7VJs1qqV1dx5NEJOkXnyEE1VEc3qIFaiCFAD+gJPVt31qP1Yr0uW3PWauYY/YD19gkxeI0p</latexit>p

. . .�

<latexit sha1_base64="9Y30ORvTmHx6sR34J6jp1BsLPJo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY8FL56kgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu416s2HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8F7o5G</latexit>

<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�
<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�

<latexit sha1_base64="LtT91wdFkwh3XRJR1ptJYytGbC0=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZndJJrcAl48RjQPSEKYnUySIbOzy8ysEJZ8ghcPinj1i7z5N04egooWNBRV3XR3BbHg2mD84WTW1jc2t7LbuZ3dvf2D/OFRU0eJoqxBIxGpdkA0E1yyhuFGsHasGAkDwVrB5Grut+6Z0jySd2Yas15IRpIPOSXGSrddmfTzBezicrniFxF2/arn46olZa9Y9KrIc/ECBVih3s+/dwcRTUImDRVE646HY9NLiTKcCjbLdRPNYkInZMQ6lkoSMt1LF6fO0JlVBmgYKVvSoIX6fSIlodbTMLCdITFj/dubi395ncQMK72UyzgxTNLlomEikInQ/G804IpRI6aWEKq4vRXRMVGEGptOzobw9Sn6nzR917tw8U2pUCut4sjCCZzCOXhwCTW4hjo0gMIIHuAJnh3hPDovzuuyNeOsZo7hB5y3T76zjhI=</latexit>⌫

<latexit sha1_base64="8T+sSDBb573Spz8cpb4LRfseBfY="></latexit>

=
1

�0

d�

dE
(� !

<latexit sha1_base64="84DVu4iy8mQ3sU0b3nWLu79AolE="></latexit>

S + . . .)

X

<latexit sha1_base64="ZqGOzNhZz6Zz6tRiZ5Jt1UULVwg=">AAACE3icbZDLSsNAFIYnXmu9RV26CRZBRMKkTVvdFd24rGAvkIYymU7aoZMLMxOhhLyDG1/FjQtF3Lpx59s4TbvQ1gMDH/9/zsyZ34sZFRLCb21ldW19Y7OwVdze2d3b1w8O2yJKOCYtHLGIdz0kCKMhaUkqGenGnKDAY6TjjW+mfueBcEGj8F5OYuIGaBhSn2IkldTXz9NefonDh56bQrNmV2G5cgFNq1K3bVtBrW5BWM26WV8vQRPmZSyDNYcSmFezr3/1BhFOAhJKzJAQjgVj6aaIS4oZyYq9RJAY4TEaEkdhiAIi3DRfJzNOlTIw/IirE0ojV39PpCgQYhJ4qjNAciQWvan4n+ck0r90UxrGiSQhnj3kJ8yQkTENyBhQTrBkEwUIc6p2NfAIcYSlirGoQrAWv7wM7bJp2ebVnV1qXM/jKIBjcALOgAXqoAFuQRO0AAaP4Bm8gjftSXvR3rWPWeuKNp85An9K+/wBhBKaIQ==</latexit>

X̄

<latexit sha1_base64="baqi3drNL86p0YSWFgWmNbpszew=">AAACGXicbZC7TsMwFIadcivlVmBkiaiQGFDktGkLWwULY5HoRUqiynGd1qpzke0gVVFeg4VXYWEAIUaYeBvcNgO0HMnSp/8/xz7+vZhRISH81gpr6xubW8Xt0s7u3v5B+fCoK6KEY9LBEYt430OCMBqSjqSSkX7MCQo8Rnre5Gbm9x4IFzQK7+U0Jm6ARiH1KUZSSYMyTJ35JTYfeW4KjYZVh9XaBTTMWtOyLAWNpglhPXM8xNN+lg3KFWjAeemrYOZQAXm1B+VPZxjhJCChxAwJYZswlm6KuKSYkazkJILECE/QiNgKQxQQ4abzpTL9TClD3Y+4OqHU5+rviRQFQkwDT3UGSI7FsjcT//PsRPqXbkrDOJEkxIuH/ITpMtJnMelDygmWbKoAYU7VrjoeI46wVGGWVAjm8pdXoVs1TMu4urMqres8jiI4AafgHJigCVrgFrRBB2DwCJ7BK3jTnrQX7V37WLQWtHzmGPwp7esHiIac5g==</latexit>

<latexit sha1_base64="sTbEEIkUqoAw3+UjKImaBepQzs8="></latexit>!
<latexit sha1_base64="sz3L09ryebW+jwPBEbQLsBzho1I="></latexit>

XX̄
Hard Interaction

Indirect Detection Spectrum

[Bauer, NLR, Webber 2020]
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HEAVY DARK MATTER SPECTRUM

The Calculation

<latexit sha1_base64="eYKfb/IkcdGT09znXHkxRkuzcGc="></latexit>

dN

dE

<latexit sha1_base64="8T+sSDBb573Spz8cpb4LRfseBfY="></latexit>

=
1

�0

d�

dE
(� !

<latexit sha1_base64="84DVu4iy8mQ3sU0b3nWLu79AolE="></latexit>

S + . . .)
<latexit sha1_base64="sTbEEIkUqoAw3+UjKImaBepQzs8="></latexit>!

<latexit sha1_base64="sz3L09ryebW+jwPBEbQLsBzho1I="></latexit>

XX̄
Hard Interaction

Approach before our work

e+
e�

<latexit sha1_base64="eBvqzlk7kEgGWuAlCY3lEPM4BBo=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GnqSONFbwIvHBMwCyRB6OjVJm56F7h4hDPkCLx4U8eonefNv7CyCij4oeLxXRVU9PxFcaUI+rNza+sbmVn67sLO7t39QPDxqqziVDFosFrHs+lSB4BG0NNcCuokEGvoCOv7keu537kEqHke3epqAF9JRxAPOqDZSMxkUS8QmLrmq1DCxL0il6lYMIU7ZcV3s2GSBElqhMSi+94cxS0OINBNUqZ5DEu1lVGrOBMwK/VRBQtmEjqBnaERDUF62OHSGz4wyxEEsTUUaL9TvExkNlZqGvukMqR6r395c/MvrpTq49DIeJamGiC0XBanAOsbzr/GQS2BaTA2hTHJzK2ZjKinTJpuCCeHrU/w/aZdtx7VJs1qqV1dx5NEJOkXnyEE1VEc3qIFaiCFAD+gJPVt31qP1Yr0uW3PWauYY/YD19gkxeI0p</latexit>p

. . .�

<latexit sha1_base64="9Y30ORvTmHx6sR34J6jp1BsLPJo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY8FL56kgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu416s2HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8F7o5G</latexit>

<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�
<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�

<latexit sha1_base64="LtT91wdFkwh3XRJR1ptJYytGbC0=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZndJJrcAl48RjQPSEKYnUySIbOzy8ysEJZ8ghcPinj1i7z5N04egooWNBRV3XR3BbHg2mD84WTW1jc2t7LbuZ3dvf2D/OFRU0eJoqxBIxGpdkA0E1yyhuFGsHasGAkDwVrB5Grut+6Z0jySd2Yas15IRpIPOSXGSrddmfTzBezicrniFxF2/arn46olZa9Y9KrIc/ECBVih3s+/dwcRTUImDRVE646HY9NLiTKcCjbLdRPNYkInZMQ6lkoSMt1LF6fO0JlVBmgYKVvSoIX6fSIlodbTMLCdITFj/dubi395ncQMK72UyzgxTNLlomEikInQ/G804IpRI6aWEKq4vRXRMVGEGptOzobw9Sn6nzR917tw8U2pUCut4sjCCZzCOXhwCTW4hjo0gMIIHuAJnh3hPDovzuuyNeOsZo7hB5y3T76zjhI=</latexit>⌫

X

<latexit sha1_base64="ZqGOzNhZz6Zz6tRiZ5Jt1UULVwg=">AAACE3icbZDLSsNAFIYnXmu9RV26CRZBRMKkTVvdFd24rGAvkIYymU7aoZMLMxOhhLyDG1/FjQtF3Lpx59s4TbvQ1gMDH/9/zsyZ34sZFRLCb21ldW19Y7OwVdze2d3b1w8O2yJKOCYtHLGIdz0kCKMhaUkqGenGnKDAY6TjjW+mfueBcEGj8F5OYuIGaBhSn2IkldTXz9NefonDh56bQrNmV2G5cgFNq1K3bVtBrW5BWM26WV8vQRPmZSyDNYcSmFezr3/1BhFOAhJKzJAQjgVj6aaIS4oZyYq9RJAY4TEaEkdhiAIi3DRfJzNOlTIw/IirE0ojV39PpCgQYhJ4qjNAciQWvan4n+ck0r90UxrGiSQhnj3kJ8yQkTENyBhQTrBkEwUIc6p2NfAIcYSlirGoQrAWv7wM7bJp2ebVnV1qXM/jKIBjcALOgAXqoAFuQRO0AAaP4Bm8gjftSXvR3rWPWeuKNp85An9K+/wBhBKaIQ==</latexit>

X̄

<latexit sha1_base64="baqi3drNL86p0YSWFgWmNbpszew=">AAACGXicbZC7TsMwFIadcivlVmBkiaiQGFDktGkLWwULY5HoRUqiynGd1qpzke0gVVFeg4VXYWEAIUaYeBvcNgO0HMnSp/8/xz7+vZhRISH81gpr6xubW8Xt0s7u3v5B+fCoK6KEY9LBEYt430OCMBqSjqSSkX7MCQo8Rnre5Gbm9x4IFzQK7+U0Jm6ARiH1KUZSSYMyTJ35JTYfeW4KjYZVh9XaBTTMWtOyLAWNpglhPXM8xNN+lg3KFWjAeemrYOZQAXm1B+VPZxjhJCChxAwJYZswlm6KuKSYkazkJILECE/QiNgKQxQQ4abzpTL9TClD3Y+4OqHU5+rviRQFQkwDT3UGSI7FsjcT//PsRPqXbkrDOJEkxIuH/ITpMtJnMelDygmWbKoAYU7VrjoeI46wVGGWVAjm8pdXoVs1TMu4urMqres8jiI4AafgHJigCVrgFrRBB2DwCJ7BK3jTnrQX7V37WLQWtHzmGPwp7esHiIac5g==</latexit>

Analogous to a collider event

[Bauer, NLR, Webber 2020]
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<latexit sha1_base64="eYKfb/IkcdGT09znXHkxRkuzcGc="></latexit>

dN

dE

<latexit sha1_base64="8T+sSDBb573Spz8cpb4LRfseBfY="></latexit>

=
1

�0

d�

dE
(� !

<latexit sha1_base64="84DVu4iy8mQ3sU0b3nWLu79AolE="></latexit>

S + . . .)
<latexit sha1_base64="sTbEEIkUqoAw3+UjKImaBepQzs8="></latexit>!

Hard Interaction

Approach before our work

Analogous to a collider event

<latexit sha1_base64="2+ElAHmj/ncCBZ1Rty9/ECDVU9c="></latexit>

⌫e⌫̄e

e+
e�

<latexit sha1_base64="eBvqzlk7kEgGWuAlCY3lEPM4BBo=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GnqSONFbwIvHBMwCyRB6OjVJm56F7h4hDPkCLx4U8eonefNv7CyCij4oeLxXRVU9PxFcaUI+rNza+sbmVn67sLO7t39QPDxqqziVDFosFrHs+lSB4BG0NNcCuokEGvoCOv7keu537kEqHke3epqAF9JRxAPOqDZSMxkUS8QmLrmq1DCxL0il6lYMIU7ZcV3s2GSBElqhMSi+94cxS0OINBNUqZ5DEu1lVGrOBMwK/VRBQtmEjqBnaERDUF62OHSGz4wyxEEsTUUaL9TvExkNlZqGvukMqR6r395c/MvrpTq49DIeJamGiC0XBanAOsbzr/GQS2BaTA2hTHJzK2ZjKinTJpuCCeHrU/w/aZdtx7VJs1qqV1dx5NEJOkXnyEE1VEc3qIFaiCFAD+gJPVt31qP1Yr0uW3PWauYY/YD19gkxeI0p</latexit>p

. . .�

<latexit sha1_base64="9Y30ORvTmHx6sR34J6jp1BsLPJo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY8FL56kgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu416s2HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8F7o5G</latexit>

<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�
<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�

<latexit sha1_base64="LtT91wdFkwh3XRJR1ptJYytGbC0=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZndJJrcAl48RjQPSEKYnUySIbOzy8ysEJZ8ghcPinj1i7z5N04egooWNBRV3XR3BbHg2mD84WTW1jc2t7LbuZ3dvf2D/OFRU0eJoqxBIxGpdkA0E1yyhuFGsHasGAkDwVrB5Grut+6Z0jySd2Yas15IRpIPOSXGSrddmfTzBezicrniFxF2/arn46olZa9Y9KrIc/ECBVih3s+/dwcRTUImDRVE646HY9NLiTKcCjbLdRPNYkInZMQ6lkoSMt1LF6fO0JlVBmgYKVvSoIX6fSIlodbTMLCdITFj/dubi395ncQMK72UyzgxTNLlomEikInQ/G804IpRI6aWEKq4vRXRMVGEGptOzobw9Sn6nzR917tw8U2pUCut4sjCCZzCOXhwCTW4hjo0gMIIHuAJnh3hPDovzuuyNeOsZo7hB5y3T76zjhI=</latexit>⌫

<latexit sha1_base64="ne5/qu83xrC4b8EDCKXq0i5haCo="></latexit>

⌫̄e

<latexit sha1_base64="6GYvcVzQ/5qSRf/vOhlpziUP1Ec="></latexit>⌫e

For explicit model, see e.g. [Berghaus+ 
JHEP 2019], [Dudas+ PRD 2020]

[Bauer, NLR, Webber 2020]
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<latexit sha1_base64="eYKfb/IkcdGT09znXHkxRkuzcGc="></latexit>

dN

dE

<latexit sha1_base64="8T+sSDBb573Spz8cpb4LRfseBfY="></latexit>

=
1

�0

d�

dE
(� !

<latexit sha1_base64="84DVu4iy8mQ3sU0b3nWLu79AolE="></latexit>

S + . . .)
<latexit sha1_base64="sTbEEIkUqoAw3+UjKImaBepQzs8="></latexit>!

10°4 10°3 10°2 10°1 100

x = 2E/m¬

10°5

10°4

10°3

10°2

10°1

100

x
2 d

N
/d

x

/

¬! ∫e∫̄e ! S; m¬ = 2 EeV

S = ∞/∫e (Pythia)

Simulates LHC Events

- Validated for 

- Should we trust the result 

orders of magnitude higher?

s ≲ 10 TeV

<latexit sha1_base64="2+ElAHmj/ncCBZ1Rty9/ECDVU9c="></latexit>

⌫e⌫̄e

e+
e�

<latexit sha1_base64="eBvqzlk7kEgGWuAlCY3lEPM4BBo=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GnqSONFbwIvHBMwCyRB6OjVJm56F7h4hDPkCLx4U8eonefNv7CyCij4oeLxXRVU9PxFcaUI+rNza+sbmVn67sLO7t39QPDxqqziVDFosFrHs+lSB4BG0NNcCuokEGvoCOv7keu537kEqHke3epqAF9JRxAPOqDZSMxkUS8QmLrmq1DCxL0il6lYMIU7ZcV3s2GSBElqhMSi+94cxS0OINBNUqZ5DEu1lVGrOBMwK/VRBQtmEjqBnaERDUF62OHSGz4wyxEEsTUUaL9TvExkNlZqGvukMqR6r395c/MvrpTq49DIeJamGiC0XBanAOsbzr/GQS2BaTA2hTHJzK2ZjKinTJpuCCeHrU/w/aZdtx7VJs1qqV1dx5NEJOkXnyEE1VEc3qIFaiCFAD+gJPVt31qP1Yr0uW3PWauYY/YD19gkxeI0p</latexit>p

. . .�

<latexit sha1_base64="9Y30ORvTmHx6sR34J6jp1BsLPJo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY8FL56kgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu416s2HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8F7o5G</latexit>

<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�
<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�

<latexit sha1_base64="LtT91wdFkwh3XRJR1ptJYytGbC0=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZndJJrcAl48RjQPSEKYnUySIbOzy8ysEJZ8ghcPinj1i7z5N04egooWNBRV3XR3BbHg2mD84WTW1jc2t7LbuZ3dvf2D/OFRU0eJoqxBIxGpdkA0E1yyhuFGsHasGAkDwVrB5Grut+6Z0jySd2Yas15IRpIPOSXGSrddmfTzBezicrniFxF2/arn46olZa9Y9KrIc/ECBVih3s+/dwcRTUImDRVE646HY9NLiTKcCjbLdRPNYkInZMQ6lkoSMt1LF6fO0JlVBmgYKVvSoIX6fSIlodbTMLCdITFj/dubi395ncQMK72UyzgxTNLlomEikInQ/G804IpRI6aWEKq4vRXRMVGEGptOzobw9Sn6nzR917tw8U2pUCut4sjCCZzCOXhwCTW4hjo0gMIIHuAJnh3hPDovzuuyNeOsZo7hB5y3T76zjhI=</latexit>⌫

<latexit sha1_base64="ne5/qu83xrC4b8EDCKXq0i5haCo="></latexit>

⌫̄e

<latexit sha1_base64="6GYvcVzQ/5qSRf/vOhlpziUP1Ec="></latexit>⌫e

Approach before our work

For explicit model, see e.g. [Berghaus+ 
JHEP 2019], [Dudas+ PRD 2020]

[Bauer, NLR, Webber 2020]

Used in [IceCube EPJC 
2018] + many more
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<latexit sha1_base64="eYKfb/IkcdGT09znXHkxRkuzcGc="></latexit>

dN

dE

<latexit sha1_base64="8T+sSDBb573Spz8cpb4LRfseBfY="></latexit>

=
1

�0

d�

dE
(� !

<latexit sha1_base64="84DVu4iy8mQ3sU0b3nWLu79AolE="></latexit>

S + . . .)
<latexit sha1_base64="sTbEEIkUqoAw3+UjKImaBepQzs8="></latexit>!

e+
e�

<latexit sha1_base64="eBvqzlk7kEgGWuAlCY3lEPM4BBo=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GnqSONFbwIvHBMwCyRB6OjVJm56F7h4hDPkCLx4U8eonefNv7CyCij4oeLxXRVU9PxFcaUI+rNza+sbmVn67sLO7t39QPDxqqziVDFosFrHs+lSB4BG0NNcCuokEGvoCOv7keu537kEqHke3epqAF9JRxAPOqDZSMxkUS8QmLrmq1DCxL0il6lYMIU7ZcV3s2GSBElqhMSi+94cxS0OINBNUqZ5DEu1lVGrOBMwK/VRBQtmEjqBnaERDUF62OHSGz4wyxEEsTUUaL9TvExkNlZqGvukMqR6r395c/MvrpTq49DIeJamGiC0XBanAOsbzr/GQS2BaTA2hTHJzK2ZjKinTJpuCCeHrU/w/aZdtx7VJs1qqV1dx5NEJOkXnyEE1VEc3qIFaiCFAD+gJPVt31qP1Yr0uW3PWauYY/YD19gkxeI0p</latexit>p

. . .�

<latexit sha1_base64="9Y30ORvTmHx6sR34J6jp1BsLPJo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY8FL56kgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu416s2HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8F7o5G</latexit>

<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�
<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�

<latexit sha1_base64="LtT91wdFkwh3XRJR1ptJYytGbC0=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZndJJrcAl48RjQPSEKYnUySIbOzy8ysEJZ8ghcPinj1i7z5N04egooWNBRV3XR3BbHg2mD84WTW1jc2t7LbuZ3dvf2D/OFRU0eJoqxBIxGpdkA0E1yyhuFGsHasGAkDwVrB5Grut+6Z0jySd2Yas15IRpIPOSXGSrddmfTzBezicrniFxF2/arn46olZa9Y9KrIc/ECBVih3s+/dwcRTUImDRVE646HY9NLiTKcCjbLdRPNYkInZMQ6lkoSMt1LF6fO0JlVBmgYKVvSoIX6fSIlodbTMLCdITFj/dubi395ncQMK72UyzgxTNLlomEikInQ/G804IpRI6aWEKq4vRXRMVGEGptOzobw9Sn6nzR917tw8U2pUCut4sjCCZzCOXhwCTW4hjo0gMIIHuAJnh3hPDovzuuyNeOsZo7hB5y3T76zjhI=</latexit>⌫

<latexit sha1_base64="2+ElAHmj/ncCBZ1Rty9/ECDVU9c="></latexit>

⌫e⌫̄e

<latexit sha1_base64="ne5/qu83xrC4b8EDCKXq0i5haCo="></latexit>

⌫̄e

<latexit sha1_base64="6GYvcVzQ/5qSRf/vOhlpziUP1Ec="></latexit>⌫e

Approach before our work

10°4 10°3 10°2 10°1 100

x = 2E/m¬

10°5

10°4

10°3

10°2

10°1

100

x
2 d

N
/d

x

/

/

¬! ∫e∫̄e ! S; m¬ = 2 EeV

S = ∞/∫e (NLR+ 2020)

S = ∞/∫e (Pythia)

Orders of magnitude 
more detectable!

[Bauer, NLR, Webber 2020]
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<latexit sha1_base64="eBvqzlk7kEgGWuAlCY3lEPM4BBo=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GnqSONFbwIvHBMwCyRB6OjVJm56F7h4hDPkCLx4U8eonefNv7CyCij4oeLxXRVU9PxFcaUI+rNza+sbmVn67sLO7t39QPDxqqziVDFosFrHs+lSB4BG0NNcCuokEGvoCOv7keu537kEqHke3epqAF9JRxAPOqDZSMxkUS8QmLrmq1DCxL0il6lYMIU7ZcV3s2GSBElqhMSi+94cxS0OINBNUqZ5DEu1lVGrOBMwK/VRBQtmEjqBnaERDUF62OHSGz4wyxEEsTUUaL9TvExkNlZqGvukMqR6r395c/MvrpTq49DIeJamGiC0XBanAOsbzr/GQS2BaTA2hTHJzK2ZjKinTJpuCCeHrU/w/aZdtx7VJs1qqV1dx5NEJOkXnyEE1VEc3qIFaiCFAD+gJPVt31qP1Yr0uW3PWauYY/YD19gkxeI0p</latexit>p

. . .�

<latexit sha1_base64="9Y30ORvTmHx6sR34J6jp1BsLPJo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY8FL56kgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu416s2HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8F7o5G</latexit>

<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�
<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�

<latexit sha1_base64="LtT91wdFkwh3XRJR1ptJYytGbC0=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZndJJrcAl48RjQPSEKYnUySIbOzy8ysEJZ8ghcPinj1i7z5N04egooWNBRV3XR3BbHg2mD84WTW1jc2t7LbuZ3dvf2D/OFRU0eJoqxBIxGpdkA0E1yyhuFGsHasGAkDwVrB5Grut+6Z0jySd2Yas15IRpIPOSXGSrddmfTzBezicrniFxF2/arn46olZa9Y9KrIc/ECBVih3s+/dwcRTUImDRVE646HY9NLiTKcCjbLdRPNYkInZMQ6lkoSMt1LF6fO0JlVBmgYKVvSoIX6fSIlodbTMLCdITFj/dubi395ncQMK72UyzgxTNLlomEikInQ/G804IpRI6aWEKq4vRXRMVGEGptOzobw9Sn6nzR917tw8U2pUCut4sjCCZzCOXhwCTW4hjo0gMIIHuAJnh3hPDovzuuyNeOsZo7hB5y3T76zjhI=</latexit>⌫

<latexit sha1_base64="ne5/qu83xrC4b8EDCKXq0i5haCo="></latexit>

⌫̄e

<latexit sha1_base64="6GYvcVzQ/5qSRf/vOhlpziUP1Ec="></latexit>⌫e

A new formalism

<latexit sha1_base64="aV3TleRu2s8D7kHNmJxp58iycbc="></latexit>

j
<latexit sha1_base64="AIEZ0IkcDIXDRBDxnAPtz+ex97k="></latexit>

i
<latexit sha1_base64="tSfhI0PljugwJeFQxjPoc8YQ3PA="></latexit>

E
<latexit sha1_base64="yZC7pBKQouJ01heH/AJdEMbTS44="></latexit>

xE

<latexit sha1_base64="WxPGniIfcuUhZz57RS7CBalX39I="></latexit>

p(
<latexit sha1_base64="DSN+aucHWcdeRNOFTOuflFGAswY="></latexit>

)
<latexit sha1_base64="vZNAwR6wprszEZTBkoCuJJ8mm4I=">AAACFnicbVDLSsNAFJ34rPUVdelmsAhuLIkUdVlw47KCfUBTymQ6acfOJGHmRgkh/Qk3/oobF4q4FXf+jdPHQlsPDBzOuZc75/ix4Boc59taWl5ZXVsvbBQ3t7Z3du29/YaOEkVZnUYiUi2faCZ4yOrAQbBWrBiRvmBNf3g19pv3TGkehbeQxqwjST/kAacEjNS1Tz3N5SjzlMQwYKNYRT7xueCQjvI77EGE+dR94DDIu3bJKTsT4EXizkgJzVDr2l9eL6KJZCFQQbRuu04MnYwo4FSwvOglmsWEDkmftQ0NiWS6k01i5fjYKD0cRMq8EPBE/b2REal1Kn0zKQkM9Lw3Fv/z2gkEl52Mh3ECLKTTQ0EisEk77gj3uGIURGoIoYqbv2I6IIpQME0WTQnufORF0jgru+dl56ZSqlZmdRTQITpCJ8hFF6iKrlEN1RFFj+gZvaI368l6sd6tj+nokjXbOUB/YH3+ADK9oJc=</latexit>

⇠ the probability j ! i with
<latexit sha1_base64="0ZmizWZTp0AzpXe6/y5/TFOhihE="></latexit>

energy fraction x as µ = µUV ! µIR

<latexit sha1_base64="4DtinPTxTMLkA3TZ6J7EnXwl3jg="></latexit>

Fragmentation Function: dij(x; µUV, µIR)

<latexit sha1_base64="br4UK+X3iKL40yHZzXrOCFIGNi4="></latexit>

dN

dx

[Bauer, NLR, Webber 2020]

c.f. SCET calculations for 
dark matter annihilation


[NLR+ JHEP 2019]

[NLR+ JHEP 2018]

[NLR+ PRD 2017]
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e+
e�

<latexit sha1_base64="eBvqzlk7kEgGWuAlCY3lEPM4BBo=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GnqSONFbwIvHBMwCyRB6OjVJm56F7h4hDPkCLx4U8eonefNv7CyCij4oeLxXRVU9PxFcaUI+rNza+sbmVn67sLO7t39QPDxqqziVDFosFrHs+lSB4BG0NNcCuokEGvoCOv7keu537kEqHke3epqAF9JRxAPOqDZSMxkUS8QmLrmq1DCxL0il6lYMIU7ZcV3s2GSBElqhMSi+94cxS0OINBNUqZ5DEu1lVGrOBMwK/VRBQtmEjqBnaERDUF62OHSGz4wyxEEsTUUaL9TvExkNlZqGvukMqR6r395c/MvrpTq49DIeJamGiC0XBanAOsbzr/GQS2BaTA2hTHJzK2ZjKinTJpuCCeHrU/w/aZdtx7VJs1qqV1dx5NEJOkXnyEE1VEc3qIFaiCFAD+gJPVt31qP1Yr0uW3PWauYY/YD19gkxeI0p</latexit>p

. . .�

<latexit sha1_base64="9Y30ORvTmHx6sR34J6jp1BsLPJo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY8FL56kgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu416s2HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8F7o5G</latexit>

<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�
<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�

<latexit sha1_base64="LtT91wdFkwh3XRJR1ptJYytGbC0=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZndJJrcAl48RjQPSEKYnUySIbOzy8ysEJZ8ghcPinj1i7z5N04egooWNBRV3XR3BbHg2mD84WTW1jc2t7LbuZ3dvf2D/OFRU0eJoqxBIxGpdkA0E1yyhuFGsHasGAkDwVrB5Grut+6Z0jySd2Yas15IRpIPOSXGSrddmfTzBezicrniFxF2/arn46olZa9Y9KrIc/ECBVih3s+/dwcRTUImDRVE646HY9NLiTKcCjbLdRPNYkInZMQ6lkoSMt1LF6fO0JlVBmgYKVvSoIX6fSIlodbTMLCdITFj/dubi395ncQMK72UyzgxTNLlomEikInQ/G804IpRI6aWEKq4vRXRMVGEGptOzobw9Sn6nzR917tw8U2pUCut4sjCCZzCOXhwCTW4hjo0gMIIHuAJnh3hPDovzuuyNeOsZo7hB5y3T76zjhI=</latexit>⌫

<latexit sha1_base64="ne5/qu83xrC4b8EDCKXq0i5haCo="></latexit>

⌫̄e

<latexit sha1_base64="6GYvcVzQ/5qSRf/vOhlpziUP1Ec="></latexit>⌫e

A new formalism

<latexit sha1_base64="aV3TleRu2s8D7kHNmJxp58iycbc="></latexit>

j
<latexit sha1_base64="AIEZ0IkcDIXDRBDxnAPtz+ex97k="></latexit>

i
<latexit sha1_base64="tSfhI0PljugwJeFQxjPoc8YQ3PA="></latexit>

E
<latexit sha1_base64="yZC7pBKQouJ01heH/AJdEMbTS44="></latexit>

xE

<latexit sha1_base64="WxPGniIfcuUhZz57RS7CBalX39I="></latexit>

p(
<latexit sha1_base64="DSN+aucHWcdeRNOFTOuflFGAswY="></latexit>

)
<latexit sha1_base64="vZNAwR6wprszEZTBkoCuJJ8mm4I=">AAACFnicbVDLSsNAFJ34rPUVdelmsAhuLIkUdVlw47KCfUBTymQ6acfOJGHmRgkh/Qk3/oobF4q4FXf+jdPHQlsPDBzOuZc75/ix4Boc59taWl5ZXVsvbBQ3t7Z3du29/YaOEkVZnUYiUi2faCZ4yOrAQbBWrBiRvmBNf3g19pv3TGkehbeQxqwjST/kAacEjNS1Tz3N5SjzlMQwYKNYRT7xueCQjvI77EGE+dR94DDIu3bJKTsT4EXizkgJzVDr2l9eL6KJZCFQQbRuu04MnYwo4FSwvOglmsWEDkmftQ0NiWS6k01i5fjYKD0cRMq8EPBE/b2REal1Kn0zKQkM9Lw3Fv/z2gkEl52Mh3ECLKTTQ0EisEk77gj3uGIURGoIoYqbv2I6IIpQME0WTQnufORF0jgru+dl56ZSqlZmdRTQITpCJ8hFF6iKrlEN1RFFj+gZvaI368l6sd6tj+nokjXbOUB/YH3+ADK9oJc=</latexit>

⇠ the probability j ! i with
<latexit sha1_base64="0ZmizWZTp0AzpXe6/y5/TFOhihE="></latexit>

energy fraction x as µ = µUV ! µIR

<latexit sha1_base64="4DtinPTxTMLkA3TZ6J7EnXwl3jg="></latexit>

Fragmentation Function: dij(x; µUV, µIR)

<latexit sha1_base64="6GYvcVzQ/5qSRf/vOhlpziUP1Ec="></latexit>⌫e
<latexit sha1_base64="ne5/qu83xrC4b8EDCKXq0i5haCo="></latexit>

⌫̄e

<latexit sha1_base64="o6XWwH01ZkgUCKofFrKheBB/X1Y="></latexit>

x
dN

dx
= dS (x; m�, 0) + dS (x; m�, 0)

[Bauer, NLR, Webber 2020]

c.f. SCET calculations for 
dark matter annihilation


[NLR+ JHEP 2019]

[NLR+ JHEP 2018]

[NLR+ PRD 2017]
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e�

<latexit sha1_base64="eBvqzlk7kEgGWuAlCY3lEPM4BBo=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GnqSONFbwIvHBMwCyRB6OjVJm56F7h4hDPkCLx4U8eonefNv7CyCij4oeLxXRVU9PxFcaUI+rNza+sbmVn67sLO7t39QPDxqqziVDFosFrHs+lSB4BG0NNcCuokEGvoCOv7keu537kEqHke3epqAF9JRxAPOqDZSMxkUS8QmLrmq1DCxL0il6lYMIU7ZcV3s2GSBElqhMSi+94cxS0OINBNUqZ5DEu1lVGrOBMwK/VRBQtmEjqBnaERDUF62OHSGz4wyxEEsTUUaL9TvExkNlZqGvukMqR6r395c/MvrpTq49DIeJamGiC0XBanAOsbzr/GQS2BaTA2hTHJzK2ZjKinTJpuCCeHrU/w/aZdtx7VJs1qqV1dx5NEJOkXnyEE1VEc3qIFaiCFAD+gJPVt31qP1Yr0uW3PWauYY/YD19gkxeI0p</latexit>p

. . .�

<latexit sha1_base64="9Y30ORvTmHx6sR34J6jp1BsLPJo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY8FL56kgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu416s2HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8F7o5G</latexit>

<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�
<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�

<latexit sha1_base64="LtT91wdFkwh3XRJR1ptJYytGbC0=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZndJJrcAl48RjQPSEKYnUySIbOzy8ysEJZ8ghcPinj1i7z5N04egooWNBRV3XR3BbHg2mD84WTW1jc2t7LbuZ3dvf2D/OFRU0eJoqxBIxGpdkA0E1yyhuFGsHasGAkDwVrB5Grut+6Z0jySd2Yas15IRpIPOSXGSrddmfTzBezicrniFxF2/arn46olZa9Y9KrIc/ECBVih3s+/dwcRTUImDRVE646HY9NLiTKcCjbLdRPNYkInZMQ6lkoSMt1LF6fO0JlVBmgYKVvSoIX6fSIlodbTMLCdITFj/dubi395ncQMK72UyzgxTNLlomEikInQ/G804IpRI6aWEKq4vRXRMVGEGptOzobw9Sn6nzR917tw8U2pUCut4sjCCZzCOXhwCTW4hjo0gMIIHuAJnh3hPDovzuuyNeOsZo7hB5y3T76zjhI=</latexit>⌫

<latexit sha1_base64="ne5/qu83xrC4b8EDCKXq0i5haCo="></latexit>

⌫̄e

<latexit sha1_base64="6GYvcVzQ/5qSRf/vOhlpziUP1Ec="></latexit>⌫e

A new formalism

<latexit sha1_base64="6GYvcVzQ/5qSRf/vOhlpziUP1Ec="></latexit>⌫e
<latexit sha1_base64="ne5/qu83xrC4b8EDCKXq0i5haCo="></latexit>

⌫̄e

<latexit sha1_base64="o6XWwH01ZkgUCKofFrKheBB/X1Y="></latexit>

x
dN

dx
= dS (x; m�, 0) + dS (x; m�, 0)

µ

<latexit sha1_base64="H3XVO+pvvRpczx88tX9E/FUcrOE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FvHiMaB6SLGF2MpsMmZld5iGEJZ/gxYMiXv0ib/6Nk2QPmljQUFR1090VpZxp4/vfXmFtfWNzq7hd2tnd2z8oHx61dGIVoU2S8ER1IqwpZ5I2DTOcdlJFsYg4bUfjm5nffqJKs0Q+mElKQ4GHksWMYOOk+56w/XLFr/pzoFUS5KQCORr98ldvkBArqDSEY627gZ+aMMPKMMLptNSzmqaYjPGQdh2VWFAdZvNTp+jMKQMUJ8qVNGiu/p7IsNB6IiLXKbAZ6WVvJv7nda2Jr8KMydQaKsliUWw5Mgma/Y0GTFFi+MQRTBRztyIywgoT49IpuRCC5ZdXSeuiGtSq13e1Sv0xj6MIJ3AK5xDAJdThFhrQBAJDeIZXePO49+K9ex+L1oKXzxzDH3ifP2gpjfk=</latexit>

m�

<latexit sha1_base64="oD9v9nDwyKNkzyJ8DmiefQTZOuc=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqexKQb0VvHisYD+kXUo2zbahSXZNskJZ+ie8eFDEq3/Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUMnGqKWvSWMS6ExLDBFesabkVrJNoRmQoWDsc38z89hPThsfq3k4SFkgyVDzilFgndWQ/69ERn/bLFa/qzYFXiZ+TCuRo9MtfvUFMU8mUpYIY0/W9xAYZ0ZZTwaalXmpYQuiYDFnXUUUkM0E2v3eKz5wywFGsXSmL5+rviYxIYyYydJ2S2JFZ9mbif143tdFVkHGVpJYpulgUpQLbGM+exwOuGbVi4gihmrtbMR0RTah1EZVcCP7yy6ukdVH1a9Xru1ql/pDHUYQTOIVz8OES6nALDWgCBQHP8Apv6BG9oHf0sWgtoHzmGP4Aff4AVKKQQQ==</latexit>

q+W

<latexit sha1_base64="y6m0LQHukmqmo1BjNFVxcLVM+WE=">AAACA3icbVDLSsNAFJ34rPUVdaebwSIIQkmkoO4KblxWsA9pY5hMJ+3QySTO3AglFNz4K25cKOLWn3Dn3zhts9DWA/dyOOdeZu4JEsE1OM63tbC4tLyyWlgrrm9sbm3bO7sNHaeKsjqNRaxaAdFMcMnqwEGwVqIYiQLBmsHgcuw3H5jSPJY3MEyYF5Ge5CGnBIzk2/v3ftbRVPEE8g5DwXBzdHfi2yWn7EyA54mbkxLKUfPtr043pmnEJFBBtG67TgJeRhRwKtio2Ek1SwgdkB5rGypJxLSXTW4Y4SOjdHEYK1MS8ET9vZGRSOthFJjJiEBfz3pj8T+vnUJ47mVcJikwSacPhanAEONxILjLFaMghoYQk4D5K6Z9oggFE1vRhODOnjxPGqdlt1K+uK6Uqrd5HAV0gA7RMXLRGaqiK1RDdUTRI3pGr+jNerJerHfrYzq6YOU7e+gPrM8fw5iYUQ==</latexit>

. . .

<latexit sha1_base64="6bg2tmaeToul/XXt9EJ3WXbZgAs=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FvHiMYB6QLGF2djYZM7uzzPQKYQn4CV48KOLV//Hm3zh5HDSxoKGo6qa7K0ilMOi6305hbX1jc6u4XdrZ3ds/KB8etYzKNONNpqTSnYAaLkXCmyhQ8k6qOY0DydvB6Gbqtx+5NkIl9zhOuR/TQSIiwShaqdWToULTL1fcqjsDWSXeglRggUa//NULFctiniCT1Jiu56bo51SjYJJPSr3M8JSyER3wrqUJjbnx89m1E3JmlZBESttKkMzU3xM5jY0Zx4HtjCkOzbI3Ff/zuhlGV34ukjRDnrD5oiiTBBWZvk5CoTlDObaEMi3srYQNqaYMbUAlG4K3/PIqaV1UvVr1+q5Wqdef5nEU4QRO4Rw8uIQ63EIDmsDgAZ7hFd4c5bw4787HvLXgLCI8hj9wPn8A5WWPwg==</latexit>

�

<latexit sha1_base64="HgX5Ajbu0rqs3869VS3+0Ao/A8g=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoN4KXjxWsB/QLiWbZruhSXZJskJZCv4CLx4U8eof8ua/Mdv2oK0PBh7vzTAzL0wFN9bzvlFpbX1jc6u8XdnZ3ds/qB4etU2SacpaNBGJ7obEMMEVa1luBeummhEZCtYJx7eF33lk2vBEPdhJygJJRopHnBJbSH0a80G15tW9GfAq8RekBgs0B9Wv/jChmWTKUkGM6fleaoOcaMupYNNKPzMsJXRMRqznqCKSmSCf3TrFZ04Z4ijRrpTFM/X3RE6kMRMZuk5JbGyWvUL8z+tlNroOcq7SzDJF54uiTGCb4OJxPOSaUSsmjhCqubsV05hoQq2Lp+JC8JdfXiXti7p/Wb+5v6w1Gk/zOMpwAqdwDj5cQQPuoAktoBDDM7zCG5LoBb2jj3lrCS0iPIY/QJ8/KQCOvA==</latexit>

X

<latexit sha1_base64="QkPGpSQzP4B7MzfbQVdR59+zCI4=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kEO0CNpYJmA9IjrC3mUvW7O0du3tCOAL2NhaK2PqT7Pw3bj4KTXww8Hhvhpl5QSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkSleSzvzSRBP6JDyUPOqLFSo9MvltyyOwdZJ96SlGCJer/41RvELI1QGiao1l3PTYyfUWU4Ezgt9FKNCWVjOsSupZJGqP1sfuiUXFhlQMJY2ZKGzNXfExmNtJ5Ege2MqBnpVW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOwIXirL6+T1lXZq5RvGpVSrfa0iCMPZ3AOl+BBFWpwB3VoAgOEZ3iFN+fBeXHenY9Fa85ZRngKf+B8/gDe/41m</latexit>

X̄

<latexit sha1_base64="sDjfmhzieFIHZdGVLj2cgTIVBGM=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN4CXjxGMA9IljA7mU2GzM4sM71CWAL+ghcPinj1e7z5N04eB00saCiquunuilIpLPr+t1dYW9/Y3Cpul3Z29/YPyodHTaszw3iDaalNO6KWS6F4AwVK3k4Np0kkeSsa3U791iM3Vmj1gOOUhwkdKBELRtFJrW5ETd6e9MoVv+rPQFZJsCAVWKDeK391+5plCVfIJLW2E/gphjk1KJjkk1I3szylbEQHvOOoogm3YT47d0LOnNInsTauFJKZ+nsip4m14yRynQnFoV32puJ/XifD+DrMhUoz5IrNF8WZJKjJ9HfSF4YzlGNHKDPC3UrYkBrK0CVUciEEyy+vkuZFNbis3txfVmq1p3kcRTiBUziHAK6gBndQhwYwGMEzvMKbl3ov3rv3MW8teIsIj+EPvM8fnJ6QKw==</latexit>

W

<latexit sha1_base64="9WJapuV5ml/gRpaKpMHNpHJ3t0E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikoN4KXjy2YD+gDWWznbZrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzwkRwbTzv2ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkg1Ci6xabgR2EkU0igU2A4nd3O//YRK81g+mGmCQURHkg85o8ZKjXa/XPFcbwGyTvycVCBHvV/+6g1ilkYoDRNU667vJSbIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHRGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P512TAFTIjppZQpri9lbAxVZQZm03JhuCvvrxOWleuX3VvG9VKzc3jKMIZnMMl+HANNbiHOjSBAcIzvMKb8+i8OO/Ox7K14OQzp/AHzucPshGM0w==</latexit>

fL

<latexit sha1_base64="J86upnB2nwrvmBeWdnSHJUQZP+0=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgddxJQO0CNhYWEc0HJEfY2+wlS/b2jt05IYT8BBsLRWz9RXb+GzfJFZr4YODx3gwz88JUCoOe9+0U1tY3NreK26Wd3b39g/LhUdMkmWa8wRKZ6HZIDZdC8QYKlLydak7jUPJWOLqZ+a0nro1I1COOUx7EdKBEJBhFKz1EvbteueK53hxklfg5qUCOeq/81e0nLIu5QiapMR3fSzGYUI2CST4tdTPDU8pGdMA7lioacxNM5qdOyZlV+iRKtC2FZK7+npjQ2JhxHNrOmOLQLHsz8T+vk2F0FUyESjPkii0WRZkkmJDZ36QvNGcox5ZQpoW9lbAh1ZShTadkQ/CXX14lzQvXr7rX99VKzc3jKMIJnMI5+HAJNbiFOjSAwQCe4RXeHOm8OO/Ox6K14OQzx/AHzucPFwyNoQ==</latexit>

fR

<latexit sha1_base64="RC26WyfniFMd/zdLU+IIz1f4gOw=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgadmVgHoLePEYH3lAsoTZSW8yZHZ2mZkVQsgnePGgiFe/yJt/4yTZgyYWNBRV3XR3hang2njet1NYW9/Y3Cpul3Z29/YPyodHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBWObmZ+6wmV5ol8NOMUg5gOJI84o8ZKD1HvvleueK43B1klfk4qkKPeK391+wnLYpSGCap1x/dSE0yoMpwJnJa6mcaUshEdYMdSSWPUwWR+6pScWaVPokTZkobM1d8TExprPY5D2xlTM9TL3kz8z+tkJroKJlymmUHJFouiTBCTkNnfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C+/vEqaF65fda/vqpWam8dRhBM4hXPw4RJqcAt1aACDATzDK7w5wnlx3p2PRWvByWeO4Q+czx8gJI2n</latexit>

DGLAP

<latexit sha1_base64="EDhGggMEsi2njdSUWClAPHumxrA=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVwXqrKOjBQwX7AdulZNNsG5psliQrlKU/w4sHRbz6a7z5b0zbPWjrg4HHezPMzAsTzrRx3W+nsLK6tr5R3Cxtbe/s7pX3D1paporQJpFcqk6INeUspk3DDKedRFEsQk7b4eh66refqNJMxo9mnNBA4EHMIkawsZKfdZVAN7f3V41Jr1xxq+4MaJl4OalAjkav/NXtS5IKGhvCsda+5yYmyLAyjHA6KXVTTRNMRnhAfUtjLKgOstnJE3RilT6KpLIVGzRTf09kWGg9FqHtFNgM9aI3Ff/z/NREtSBjcZIaGpP5oijlyEg0/R/1maLE8LElmChmb0VkiBUmxqZUsiF4iy8vk9ZZ1TuvXj6cV+q1PI4iHMExnIIHF1CHO2hAEwhIeIZXeHOM8+K8Ox/z1oKTzxzCHzifP13JkKU=</latexit>

3 Steps

1

<latexit sha1_base64="XW/2sFSnOgppSReUk5gfTastosg=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmaS0WRuAS96S8AskAyhp9OTtOlZ6O4RwpAv8OJBEa9+kjf/xs4iqOiDgsd7VVTV8xPOpLKsDyO3tr6xuZXfLuzs7u0fFA+P2jJOBaEtEvNYdH0sKWcRbSmmOO0mguLQ57TjT67mfueeCsni6FZNE+qFeBSxgBGstNS0B8WSZVZq9qVTQ5ZZrjquU9GkWim77gWyTWuBEqzQGBTf+8OYpCGNFOFYyp5tJcrLsFCMcDor9FNJE0wmeER7mkY4pNLLFofO0JlWhiiIha5IoYX6fSLDoZTT0NedIVZj+dubi395vVQFNS9jUZIqGpHloiDlSMVo/jUaMkGJ4lNNMBFM34rIGAtMlM6moEP4+hT9T9pl03ZMt+mU6jerOPJwAqdwDjZUoQ7X0IAWEKDwAE/wbNwZj8aL8bpszRmrmWP4AePtEwh0jSY=</latexit>

Full unbroken Standard 
Model - includes effects 

missing in Pythia

[Bauer, NLR, Webber 2020]

c.f. SCET calculations for 
dark matter annihilation


[NLR+ JHEP 2019]

[NLR+ JHEP 2018]

[NLR+ PRD 2017]
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HEAVY DARK MATTER SPECTRUM

The Calculation

e+
e�

<latexit sha1_base64="eBvqzlk7kEgGWuAlCY3lEPM4BBo=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GnqSONFbwIvHBMwCyRB6OjVJm56F7h4hDPkCLx4U8eonefNv7CyCij4oeLxXRVU9PxFcaUI+rNza+sbmVn67sLO7t39QPDxqqziVDFosFrHs+lSB4BG0NNcCuokEGvoCOv7keu537kEqHke3epqAF9JRxAPOqDZSMxkUS8QmLrmq1DCxL0il6lYMIU7ZcV3s2GSBElqhMSi+94cxS0OINBNUqZ5DEu1lVGrOBMwK/VRBQtmEjqBnaERDUF62OHSGz4wyxEEsTUUaL9TvExkNlZqGvukMqR6r395c/MvrpTq49DIeJamGiC0XBanAOsbzr/GQS2BaTA2hTHJzK2ZjKinTJpuCCeHrU/w/aZdtx7VJs1qqV1dx5NEJOkXnyEE1VEc3qIFaiCFAD+gJPVt31qP1Yr0uW3PWauYY/YD19gkxeI0p</latexit>p

. . .�

<latexit sha1_base64="9Y30ORvTmHx6sR34J6jp1BsLPJo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY8FL56kgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu416s2HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8F7o5G</latexit>

<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�
<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�

<latexit sha1_base64="LtT91wdFkwh3XRJR1ptJYytGbC0=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZndJJrcAl48RjQPSEKYnUySIbOzy8ysEJZ8ghcPinj1i7z5N04egooWNBRV3XR3BbHg2mD84WTW1jc2t7LbuZ3dvf2D/OFRU0eJoqxBIxGpdkA0E1yyhuFGsHasGAkDwVrB5Grut+6Z0jySd2Yas15IRpIPOSXGSrddmfTzBezicrniFxF2/arn46olZa9Y9KrIc/ECBVih3s+/dwcRTUImDRVE646HY9NLiTKcCjbLdRPNYkInZMQ6lkoSMt1LF6fO0JlVBmgYKVvSoIX6fSIlodbTMLCdITFj/dubi395ncQMK72UyzgxTNLlomEikInQ/G804IpRI6aWEKq4vRXRMVGEGptOzobw9Sn6nzR917tw8U2pUCut4sjCCZzCOXhwCTW4hjo0gMIIHuAJnh3hPDovzuuyNeOsZo7hB5y3T76zjhI=</latexit>⌫

<latexit sha1_base64="ne5/qu83xrC4b8EDCKXq0i5haCo="></latexit>

⌫̄e

<latexit sha1_base64="6GYvcVzQ/5qSRf/vOhlpziUP1Ec="></latexit>⌫e

A new formalism

<latexit sha1_base64="6GYvcVzQ/5qSRf/vOhlpziUP1Ec="></latexit>⌫e
<latexit sha1_base64="ne5/qu83xrC4b8EDCKXq0i5haCo="></latexit>

⌫̄e

<latexit sha1_base64="o6XWwH01ZkgUCKofFrKheBB/X1Y="></latexit>

x
dN

dx
= dS (x; m�, 0) + dS (x; m�, 0)

µ

<latexit sha1_base64="H3XVO+pvvRpczx88tX9E/FUcrOE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FvHiMaB6SLGF2MpsMmZld5iGEJZ/gxYMiXv0ib/6Nk2QPmljQUFR1090VpZxp4/vfXmFtfWNzq7hd2tnd2z8oHx61dGIVoU2S8ER1IqwpZ5I2DTOcdlJFsYg4bUfjm5nffqJKs0Q+mElKQ4GHksWMYOOk+56w/XLFr/pzoFUS5KQCORr98ldvkBArqDSEY627gZ+aMMPKMMLptNSzmqaYjPGQdh2VWFAdZvNTp+jMKQMUJ8qVNGiu/p7IsNB6IiLXKbAZ6WVvJv7nda2Jr8KMydQaKsliUWw5Mgma/Y0GTFFi+MQRTBRztyIywgoT49IpuRCC5ZdXSeuiGtSq13e1Sv0xj6MIJ3AK5xDAJdThFhrQBAJDeIZXePO49+K9ex+L1oKXzxzDH3ifP2gpjfk=</latexit>

m�

<latexit sha1_base64="oD9v9nDwyKNkzyJ8DmiefQTZOuc=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqexKQb0VvHisYD+kXUo2zbahSXZNskJZ+ie8eFDEq3/Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUMnGqKWvSWMS6ExLDBFesabkVrJNoRmQoWDsc38z89hPThsfq3k4SFkgyVDzilFgndWQ/69ERn/bLFa/qzYFXiZ+TCuRo9MtfvUFMU8mUpYIY0/W9xAYZ0ZZTwaalXmpYQuiYDFnXUUUkM0E2v3eKz5wywFGsXSmL5+rviYxIYyYydJ2S2JFZ9mbif143tdFVkHGVpJYpulgUpQLbGM+exwOuGbVi4gihmrtbMR0RTah1EZVcCP7yy6ukdVH1a9Xru1ql/pDHUYQTOIVz8OES6nALDWgCBQHP8Apv6BG9oHf0sWgtoHzmGP4Aff4AVKKQQQ==</latexit>

q+W

<latexit sha1_base64="y6m0LQHukmqmo1BjNFVxcLVM+WE=">AAACA3icbVDLSsNAFJ34rPUVdaebwSIIQkmkoO4KblxWsA9pY5hMJ+3QySTO3AglFNz4K25cKOLWn3Dn3zhts9DWA/dyOOdeZu4JEsE1OM63tbC4tLyyWlgrrm9sbm3bO7sNHaeKsjqNRaxaAdFMcMnqwEGwVqIYiQLBmsHgcuw3H5jSPJY3MEyYF5Ge5CGnBIzk2/v3ftbRVPEE8g5DwXBzdHfi2yWn7EyA54mbkxLKUfPtr043pmnEJFBBtG67TgJeRhRwKtio2Ek1SwgdkB5rGypJxLSXTW4Y4SOjdHEYK1MS8ET9vZGRSOthFJjJiEBfz3pj8T+vnUJ47mVcJikwSacPhanAEONxILjLFaMghoYQk4D5K6Z9oggFE1vRhODOnjxPGqdlt1K+uK6Uqrd5HAV0gA7RMXLRGaqiK1RDdUTRI3pGr+jNerJerHfrYzq6YOU7e+gPrM8fw5iYUQ==</latexit>

q�W

<latexit sha1_base64="FL1fZww18KQ269L+i9+3j1BfgJI=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4sSRSUHcFNy4r2Ie0MUymk3boZBJnboQSCm78FTcuFHHrT7jzb5y2WWjrgXs5nHMvM/cEieAaHOfbWlhcWl5ZLawV1zc2t7btnd2GjlNFWZ3GIlatgGgmuGR14CBYK1GMRIFgzWBwOfabD0xpHssbGCbMi0hP8pBTAkby7f17P+toqngCeYehYLg5ujvx7ZJTdibA88TNSQnlqPn2V6cb0zRiEqggWrddJwEvIwo4FWxU7KSaJYQOSI+1DZUkYtrLJjeM8JFRujiMlSkJeKL+3shIpPUwCsxkRKCvZ72x+J/XTiE89zIukxSYpNOHwlRgiPE4ENzlilEQQ0OIScD8FdM+UYSCia1oQnBnT54njdOyWylfXFdK1ds8jgI6QIfoGLnoDFXRFaqhOqLoET2jV/RmPVkv1rv1MR1dsPKdPfQH1ucPxqCYUw==</latexit>

. . .

<latexit sha1_base64="6bg2tmaeToul/XXt9EJ3WXbZgAs=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FvHiMYB6QLGF2djYZM7uzzPQKYQn4CV48KOLV//Hm3zh5HDSxoKGo6qa7K0ilMOi6305hbX1jc6u4XdrZ3ds/KB8etYzKNONNpqTSnYAaLkXCmyhQ8k6qOY0DydvB6Gbqtx+5NkIl9zhOuR/TQSIiwShaqdWToULTL1fcqjsDWSXeglRggUa//NULFctiniCT1Jiu56bo51SjYJJPSr3M8JSyER3wrqUJjbnx89m1E3JmlZBESttKkMzU3xM5jY0Zx4HtjCkOzbI3Ff/zuhlGV34ukjRDnrD5oiiTBBWZvk5CoTlDObaEMi3srYQNqaYMbUAlG4K3/PIqaV1UvVr1+q5Wqdef5nEU4QRO4Rw8uIQ63EIDmsDgAZ7hFd4c5bw4787HvLXgLCI8hj9wPn8A5WWPwg==</latexit>

�

<latexit sha1_base64="HgX5Ajbu0rqs3869VS3+0Ao/A8g=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoN4KXjxWsB/QLiWbZruhSXZJskJZCv4CLx4U8eof8ua/Mdv2oK0PBh7vzTAzL0wFN9bzvlFpbX1jc6u8XdnZ3ds/qB4etU2SacpaNBGJ7obEMMEVa1luBeummhEZCtYJx7eF33lk2vBEPdhJygJJRopHnBJbSH0a80G15tW9GfAq8RekBgs0B9Wv/jChmWTKUkGM6fleaoOcaMupYNNKPzMsJXRMRqznqCKSmSCf3TrFZ04Z4ijRrpTFM/X3RE6kMRMZuk5JbGyWvUL8z+tlNroOcq7SzDJF54uiTGCb4OJxPOSaUSsmjhCqubsV05hoQq2Lp+JC8JdfXiXti7p/Wb+5v6w1Gk/zOMpwAqdwDj5cQQPuoAktoBDDM7zCG5LoBb2jj3lrCS0iPIY/QJ8/KQCOvA==</latexit>

X

<latexit sha1_base64="QkPGpSQzP4B7MzfbQVdR59+zCI4=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kEO0CNpYJmA9IjrC3mUvW7O0du3tCOAL2NhaK2PqT7Pw3bj4KTXww8Hhvhpl5QSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkSleSzvzSRBP6JDyUPOqLFSo9MvltyyOwdZJ96SlGCJer/41RvELI1QGiao1l3PTYyfUWU4Ezgt9FKNCWVjOsSupZJGqP1sfuiUXFhlQMJY2ZKGzNXfExmNtJ5Ege2MqBnpVW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOwIXirL6+T1lXZq5RvGpVSrfa0iCMPZ3AOl+BBFWpwB3VoAgOEZ3iFN+fBeXHenY9Fa85ZRngKf+B8/gDe/41m</latexit>

X̄

<latexit sha1_base64="sDjfmhzieFIHZdGVLj2cgTIVBGM=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN4CXjxGMA9IljA7mU2GzM4sM71CWAL+ghcPinj1e7z5N04eB00saCiquunuilIpLPr+t1dYW9/Y3Cpul3Z29/YPyodHTaszw3iDaalNO6KWS6F4AwVK3k4Np0kkeSsa3U791iM3Vmj1gOOUhwkdKBELRtFJrW5ETd6e9MoVv+rPQFZJsCAVWKDeK391+5plCVfIJLW2E/gphjk1KJjkk1I3szylbEQHvOOoogm3YT47d0LOnNInsTauFJKZ+nsip4m14yRynQnFoV32puJ/XifD+DrMhUoz5IrNF8WZJKjJ9HfSF4YzlGNHKDPC3UrYkBrK0CVUciEEyy+vkuZFNbis3txfVmq1p3kcRTiBUziHAK6gBndQhwYwGMEzvMKbl3ov3rv3MW8teIsIj+EPvM8fnJ6QKw==</latexit>

W

<latexit sha1_base64="9WJapuV5ml/gRpaKpMHNpHJ3t0E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikoN4KXjy2YD+gDWWznbZrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzwkRwbTzv2ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkg1Ci6xabgR2EkU0igU2A4nd3O//YRK81g+mGmCQURHkg85o8ZKjXa/XPFcbwGyTvycVCBHvV/+6g1ilkYoDRNU667vJSbIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHRGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P512TAFTIjppZQpri9lbAxVZQZm03JhuCvvrxOWleuX3VvG9VKzc3jKMIZnMMl+HANNbiHOjSBAcIzvMKb8+i8OO/Ox7K14OQzp/AHzucPshGM0w==</latexit>

q

<latexit sha1_base64="r2t+IYyiv9C2Dy5gEAa2B44FlA8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikoN4KXjy2YFuhDWWznbRrN5u4uxFK6S/w4kERr/4kb/4bt20O2vpg4PHeDDPzwlRwbTzv2ymsrW9sbhW3Szu7e/sH5cOjlk4yxbDJEpGo+5BqFFxi03Aj8D5VSONQYDsc3cz89hMqzRN5Z8YpBjEdSB5xRo2VGo+9csVzvTnIKvFzUoEc9V75q9tPWBajNExQrTu+l5pgQpXhTOC01M00ppSN6AA7lkoaow4m80On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMviZ9rpAZMbaEMsXtrYQNqaLM2GxKNgR/+eVV0rpw/ap73ahWam4eRxFO4BTOwYdLqMEt1KEJDBCe4RXenAfnxXl3PhatBSefOYY/cD5/ANl5jO0=</latexit>

q̄0

<latexit sha1_base64="Ou6kO/yjNPh8Mmj2pSp/qLqLstg=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbRU0mkoN4KXjxWsLXQhjLZbtqlm026uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TRVmTxiJW7QA1E1yypuFGsHaiGEaBYI/B6HbmPz4xpXksH8wkYX6EA8lDTtFYqd0NUGXj6XmvXHGr7hxklXg5qUCORq/81e3HNI2YNFSg1h3PTYyfoTKcCjYtdVPNEqQjHLCOpRIjpv1sfu+UnFmlT8JY2ZKGzNXfExlGWk+iwHZGaIZ62ZuJ/3md1ITXfsZlkhom6WJRmApiYjJ7nvS5YtSIiSVIFbe3EjpEhdTYiEo2BG/55VXSuqx6terNfa1Sr+ZxFOEETuECPLiCOtxBA5pAQcAzvMKbM3ZenHfnY9FacPKZY/gD5/MH+jeP4w==</latexit>

fL

<latexit sha1_base64="J86upnB2nwrvmBeWdnSHJUQZP+0=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgddxJQO0CNhYWEc0HJEfY2+wlS/b2jt05IYT8BBsLRWz9RXb+GzfJFZr4YODx3gwz88JUCoOe9+0U1tY3NreK26Wd3b39g/LhUdMkmWa8wRKZ6HZIDZdC8QYKlLydak7jUPJWOLqZ+a0nro1I1COOUx7EdKBEJBhFKz1EvbteueK53hxklfg5qUCOeq/81e0nLIu5QiapMR3fSzGYUI2CST4tdTPDU8pGdMA7lioacxNM5qdOyZlV+iRKtC2FZK7+npjQ2JhxHNrOmOLQLHsz8T+vk2F0FUyESjPkii0WRZkkmJDZ36QvNGcox5ZQpoW9lbAh1ZShTadkQ/CXX14lzQvXr7rX99VKzc3jKMIJnMI5+HAJNbiFOjSAwQCe4RXeHOm8OO/Ox6K14OQzx/AHzucPFwyNoQ==</latexit>

fR

<latexit sha1_base64="RC26WyfniFMd/zdLU+IIz1f4gOw=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgadmVgHoLePEYH3lAsoTZSW8yZHZ2mZkVQsgnePGgiFe/yJt/4yTZgyYWNBRV3XR3hang2njet1NYW9/Y3Cpul3Z29/YPyodHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBWObmZ+6wmV5ol8NOMUg5gOJI84o8ZKD1HvvleueK43B1klfk4qkKPeK391+wnLYpSGCap1x/dSE0yoMpwJnJa6mcaUshEdYMdSSWPUwWR+6pScWaVPokTZkobM1d8TExprPY5D2xlTM9TL3kz8z+tkJroKJlymmUHJFouiTBCTkNnfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C+/vEqaF65fda/vqpWam8dRhBM4hXPw4RJqcAt1aACDATzDK7w5wnlx3p2PRWvByWeO4Q+czx8gJI2n</latexit>

f

<latexit sha1_base64="gR755iBUQYEhH4C8I/f37HwDB/0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikoN4KXjy2YD+gDWWznbRrN5uwuxFK6S/w4kERr/4kb/4bt20O2vpg4PHeDDPzwlRwbTzv2ylsbG5t7xR3S3v7B4dH5eOTlk4yxbDJEpGoTkg1Ci6xabgR2EkV0jgU2A7Hd3O//YRK80Q+mEmKQUyHkkecUWOlRtQvVzzXW4CsEz8nFchR75e/eoOEZTFKwwTVuut7qQmmVBnOBM5KvUxjStmYDrFrqaQx6mC6OHRGLqwyIFGibElDFurviSmNtZ7Eoe2MqRnpVW8u/ud1MxPdBFMu08ygZMtFUSaIScj8azLgCpkRE0soU9zeStiIKsqMzaZkQ/BXX14nrSvXr7q3jWql5uZxFOEMzuESfLiGGtxDHZrAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHyM2M4g==</latexit>

Matching

<latexit sha1_base64="+bK9DrA3/0O0tcC6E4ZV2XHVX2Y=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKexKwHgLePEiRDAPSNYwO5kkQ2Znl5leJSz5Dy8eFPHqv3jzb5wke9DEgoaiqpvuriCWwqDrfju5tfWNza38dmFnd2//oHh41DRRohlvsEhGuh1Qw6VQvIECJW/HmtMwkLwVjK9nfuuRayMidY+TmPshHSoxEIyilR7Srg7JLUU2Emo47RVLbtmdg6wSLyMlyFDvFb+6/YglIVfIJDWm47kx+inVKJjk00I3MTymbEyHvGOpoiE3fjq/ekrOrNIng0jbUkjm6u+JlIbGTMLAdoYUR2bZm4n/eZ0EB1U/FSpOkCu2WDRIJMGIzCIgfaE5QzmxhDIt7K2EjaimDG1QBRuCt/zyKmlelL1K+equUqpVszjycAKncA4eXEINbqAODWCg4Rle4c15cl6cd+dj0Zpzsplj+APn8weHoJKG</latexit>

DGLAP

<latexit sha1_base64="EDhGggMEsi2njdSUWClAPHumxrA=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVwXqrKOjBQwX7AdulZNNsG5psliQrlKU/w4sHRbz6a7z5b0zbPWjrg4HHezPMzAsTzrRx3W+nsLK6tr5R3Cxtbe/s7pX3D1paporQJpFcqk6INeUspk3DDKedRFEsQk7b4eh66refqNJMxo9mnNBA4EHMIkawsZKfdZVAN7f3V41Jr1xxq+4MaJl4OalAjkav/NXtS5IKGhvCsda+5yYmyLAyjHA6KXVTTRNMRnhAfUtjLKgOstnJE3RilT6KpLIVGzRTf09kWGg9FqHtFNgM9aI3Ff/z/NREtSBjcZIaGpP5oijlyEg0/R/1maLE8LElmChmb0VkiBUmxqZUsiF4iy8vk9ZZ1TuvXj6cV+q1PI4iHMExnIIHF1CHO2hAEwhIeIZXeHOM8+K8Ox/z1oKTzxzCHzifP13JkKU=</latexit>

3 Steps

1

<latexit sha1_base64="XW/2sFSnOgppSReUk5gfTastosg=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmaS0WRuAS96S8AskAyhp9OTtOlZ6O4RwpAv8OJBEa9+kjf/xs4iqOiDgsd7VVTV8xPOpLKsDyO3tr6xuZXfLuzs7u0fFA+P2jJOBaEtEvNYdH0sKWcRbSmmOO0mguLQ57TjT67mfueeCsni6FZNE+qFeBSxgBGstNS0B8WSZVZq9qVTQ5ZZrjquU9GkWim77gWyTWuBEqzQGBTf+8OYpCGNFOFYyp5tJcrLsFCMcDor9FNJE0wmeER7mkY4pNLLFofO0JlWhiiIha5IoYX6fSLDoZTT0NedIVZj+dubi395vVQFNS9jUZIqGpHloiDlSMVo/jUaMkGJ4lNNMBFM34rIGAtMlM6moEP4+hT9T9pl03ZMt+mU6jerOPJwAqdwDjZUoQ7X0IAWEKDwAE/wbNwZj8aL8bpszRmrmWP4AePtEwh0jSY=</latexit>

2

<latexit sha1_base64="AsmPoPiIAvHMKAd67VRije65fQw=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFSYxWrMruNFdC/YBbSiT6aQdO5mEmYlQQr/AjQtF3PpJ7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1VYWV1b3yhulra2d3b3yvsHLZVkktAmSXgiOyFWlDNBm5ppTjuppDgOOW2H46uZ376nUrFE3OpJSoMYDwWLGMHaSA23X64g26n6Z+cIIruKPPfCM8T1fN8ojo3mqIAl6v3ye2+QkCymQhOOleo6KNVBjqVmhNNpqZcpmmIyxkPaNVTgmKognx86hSdGGcAokaaEhnP1+0SOY6UmcWg6Y6xH6rc3E//yupmOLoOciTTTVJDFoijjUCdw9jUcMEmJ5hNDMJHM3ArJCEtMtMmmZEL4+hT+T1qu7Xi23/AqtZtlHEVwBI7BKXBAFdTANaiDJiCAggfwBJ6tO+vRerFeF60FazlzCH7AevsE8XSNFg==</latexit>

Full unbroken Standard 
Model - includes effects 

missing in Pythia

Matching through 
Electroweak scale

[Bauer, NLR, Webber 2020]

c.f. SCET calculations for 
dark matter annihilation


[NLR+ JHEP 2019]

[NLR+ JHEP 2018]

[NLR+ PRD 2017]
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HEAVY DARK MATTER SPECTRUM

The Calculation

e+
e�

<latexit sha1_base64="eBvqzlk7kEgGWuAlCY3lEPM4BBo=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GnqSONFbwIvHBMwCyRB6OjVJm56F7h4hDPkCLx4U8eonefNv7CyCij4oeLxXRVU9PxFcaUI+rNza+sbmVn67sLO7t39QPDxqqziVDFosFrHs+lSB4BG0NNcCuokEGvoCOv7keu537kEqHke3epqAF9JRxAPOqDZSMxkUS8QmLrmq1DCxL0il6lYMIU7ZcV3s2GSBElqhMSi+94cxS0OINBNUqZ5DEu1lVGrOBMwK/VRBQtmEjqBnaERDUF62OHSGz4wyxEEsTUUaL9TvExkNlZqGvukMqR6r395c/MvrpTq49DIeJamGiC0XBanAOsbzr/GQS2BaTA2hTHJzK2ZjKinTJpuCCeHrU/w/aZdtx7VJs1qqV1dx5NEJOkXnyEE1VEc3qIFaiCFAD+gJPVt31qP1Yr0uW3PWauYY/YD19gkxeI0p</latexit>p

. . .�

<latexit sha1_base64="9Y30ORvTmHx6sR34J6jp1BsLPJo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY8FL56kgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu416s2HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8F7o5G</latexit>

<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�
<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�

<latexit sha1_base64="LtT91wdFkwh3XRJR1ptJYytGbC0=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZndJJrcAl48RjQPSEKYnUySIbOzy8ysEJZ8ghcPinj1i7z5N04egooWNBRV3XR3BbHg2mD84WTW1jc2t7LbuZ3dvf2D/OFRU0eJoqxBIxGpdkA0E1yyhuFGsHasGAkDwVrB5Grut+6Z0jySd2Yas15IRpIPOSXGSrddmfTzBezicrniFxF2/arn46olZa9Y9KrIc/ECBVih3s+/dwcRTUImDRVE646HY9NLiTKcCjbLdRPNYkInZMQ6lkoSMt1LF6fO0JlVBmgYKVvSoIX6fSIlodbTMLCdITFj/dubi395ncQMK72UyzgxTNLlomEikInQ/G804IpRI6aWEKq4vRXRMVGEGptOzobw9Sn6nzR917tw8U2pUCut4sjCCZzCOXhwCTW4hjo0gMIIHuAJnh3hPDovzuuyNeOsZo7hB5y3T76zjhI=</latexit>⌫

<latexit sha1_base64="ne5/qu83xrC4b8EDCKXq0i5haCo="></latexit>

⌫̄e

<latexit sha1_base64="6GYvcVzQ/5qSRf/vOhlpziUP1Ec="></latexit>⌫e

A new formalism

<latexit sha1_base64="6GYvcVzQ/5qSRf/vOhlpziUP1Ec="></latexit>⌫e
<latexit sha1_base64="ne5/qu83xrC4b8EDCKXq0i5haCo="></latexit>

⌫̄e

<latexit sha1_base64="o6XWwH01ZkgUCKofFrKheBB/X1Y="></latexit>

x
dN

dx
= dS (x; m�, 0) + dS (x; m�, 0)

µ

<latexit sha1_base64="H3XVO+pvvRpczx88tX9E/FUcrOE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FvHiMaB6SLGF2MpsMmZld5iGEJZ/gxYMiXv0ib/6Nk2QPmljQUFR1090VpZxp4/vfXmFtfWNzq7hd2tnd2z8oHx61dGIVoU2S8ER1IqwpZ5I2DTOcdlJFsYg4bUfjm5nffqJKs0Q+mElKQ4GHksWMYOOk+56w/XLFr/pzoFUS5KQCORr98ldvkBArqDSEY627gZ+aMMPKMMLptNSzmqaYjPGQdh2VWFAdZvNTp+jMKQMUJ8qVNGiu/p7IsNB6IiLXKbAZ6WVvJv7nda2Jr8KMydQaKsliUWw5Mgma/Y0GTFFi+MQRTBRztyIywgoT49IpuRCC5ZdXSeuiGtSq13e1Sv0xj6MIJ3AK5xDAJdThFhrQBAJDeIZXePO49+K9ex+L1oKXzxzDH3ifP2gpjfk=</latexit>

m�

<latexit sha1_base64="oD9v9nDwyKNkzyJ8DmiefQTZOuc=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqexKQb0VvHisYD+kXUo2zbahSXZNskJZ+ie8eFDEq3/Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUMnGqKWvSWMS6ExLDBFesabkVrJNoRmQoWDsc38z89hPThsfq3k4SFkgyVDzilFgndWQ/69ERn/bLFa/qzYFXiZ+TCuRo9MtfvUFMU8mUpYIY0/W9xAYZ0ZZTwaalXmpYQuiYDFnXUUUkM0E2v3eKz5wywFGsXSmL5+rviYxIYyYydJ2S2JFZ9mbif143tdFVkHGVpJYpulgUpQLbGM+exwOuGbVi4gihmrtbMR0RTah1EZVcCP7yy6ukdVH1a9Xru1ql/pDHUYQTOIVz8OES6nALDWgCBQHP8Apv6BG9oHf0sWgtoHzmGP4Aff4AVKKQQQ==</latexit>

q+W

<latexit sha1_base64="y6m0LQHukmqmo1BjNFVxcLVM+WE=">AAACA3icbVDLSsNAFJ34rPUVdaebwSIIQkmkoO4KblxWsA9pY5hMJ+3QySTO3AglFNz4K25cKOLWn3Dn3zhts9DWA/dyOOdeZu4JEsE1OM63tbC4tLyyWlgrrm9sbm3bO7sNHaeKsjqNRaxaAdFMcMnqwEGwVqIYiQLBmsHgcuw3H5jSPJY3MEyYF5Ge5CGnBIzk2/v3ftbRVPEE8g5DwXBzdHfi2yWn7EyA54mbkxLKUfPtr043pmnEJFBBtG67TgJeRhRwKtio2Ek1SwgdkB5rGypJxLSXTW4Y4SOjdHEYK1MS8ET9vZGRSOthFJjJiEBfz3pj8T+vnUJ47mVcJikwSacPhanAEONxILjLFaMghoYQk4D5K6Z9oggFE1vRhODOnjxPGqdlt1K+uK6Uqrd5HAV0gA7RMXLRGaqiK1RDdUTRI3pGr+jNerJerHfrYzq6YOU7e+gPrM8fw5iYUQ==</latexit>

q�W

<latexit sha1_base64="FL1fZww18KQ269L+i9+3j1BfgJI=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4sSRSUHcFNy4r2Ie0MUymk3boZBJnboQSCm78FTcuFHHrT7jzb5y2WWjrgXs5nHMvM/cEieAaHOfbWlhcWl5ZLawV1zc2t7btnd2GjlNFWZ3GIlatgGgmuGR14CBYK1GMRIFgzWBwOfabD0xpHssbGCbMi0hP8pBTAkby7f17P+toqngCeYehYLg5ujvx7ZJTdibA88TNSQnlqPn2V6cb0zRiEqggWrddJwEvIwo4FWxU7KSaJYQOSI+1DZUkYtrLJjeM8JFRujiMlSkJeKL+3shIpPUwCsxkRKCvZ72x+J/XTiE89zIukxSYpNOHwlRgiPE4ENzlilEQQ0OIScD8FdM+UYSCia1oQnBnT54njdOyWylfXFdK1ds8jgI6QIfoGLnoDFXRFaqhOqLoET2jV/RmPVkv1rv1MR1dsPKdPfQH1ucPxqCYUw==</latexit>

0

<latexit sha1_base64="S91OdTov+6jMIKdIa5f1PCpy64A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kEO0CNpYJmA9IjrC3mUvW7O0du3tCOAL2NhaK2PqT7Pw3bj4KTXww8Hhvhpl5QSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkSleSzvzSRBP6JDyUPOqLFSw+0XS27ZnYOsE29JSrBEvV/86g1ilkYoDRNU667nJsbPqDKcCZwWeqnGhLIxHWLXUkkj1H42P3RKLqwyIGGsbElD5urviYxGWk+iwHZG1Iz0qjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynYELzVl9dJ66rsVco3jUqpVntaxJGHMziHS/CgCjW4gzo0gQHCM7zCm/PgvDjvzseiNecsIzyFP3A+fwCiX40+</latexit>

. . .

<latexit sha1_base64="6bg2tmaeToul/XXt9EJ3WXbZgAs=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FvHiMYB6QLGF2djYZM7uzzPQKYQn4CV48KOLV//Hm3zh5HDSxoKGo6qa7K0ilMOi6305hbX1jc6u4XdrZ3ds/KB8etYzKNONNpqTSnYAaLkXCmyhQ8k6qOY0DydvB6Gbqtx+5NkIl9zhOuR/TQSIiwShaqdWToULTL1fcqjsDWSXeglRggUa//NULFctiniCT1Jiu56bo51SjYJJPSr3M8JSyER3wrqUJjbnx89m1E3JmlZBESttKkMzU3xM5jY0Zx4HtjCkOzbI3Ff/zuhlGV34ukjRDnrD5oiiTBBWZvk5CoTlDObaEMi3srYQNqaYMbUAlG4K3/PIqaV1UvVr1+q5Wqdef5nEU4QRO4Rw8uIQ63EIDmsDgAZ7hFd4c5bw4787HvLXgLCI8hj9wPn8A5WWPwg==</latexit>

. . .

<latexit sha1_base64="6bg2tmaeToul/XXt9EJ3WXbZgAs=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FvHiMYB6QLGF2djYZM7uzzPQKYQn4CV48KOLV//Hm3zh5HDSxoKGo6qa7K0ilMOi6305hbX1jc6u4XdrZ3ds/KB8etYzKNONNpqTSnYAaLkXCmyhQ8k6qOY0DydvB6Gbqtx+5NkIl9zhOuR/TQSIiwShaqdWToULTL1fcqjsDWSXeglRggUa//NULFctiniCT1Jiu56bo51SjYJJPSr3M8JSyER3wrqUJjbnx89m1E3JmlZBESttKkMzU3xM5jY0Zx4HtjCkOzbI3Ff/zuhlGV34ukjRDnrD5oiiTBBWZvk5CoTlDObaEMi3srYQNqaYMbUAlG4K3/PIqaV1UvVr1+q5Wqdef5nEU4QRO4Rw8uIQ63EIDmsDgAZ7hFd4c5bw4787HvLXgLCI8hj9wPn8A5WWPwg==</latexit>

�

<latexit sha1_base64="HgX5Ajbu0rqs3869VS3+0Ao/A8g=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoN4KXjxWsB/QLiWbZruhSXZJskJZCv4CLx4U8eof8ua/Mdv2oK0PBh7vzTAzL0wFN9bzvlFpbX1jc6u8XdnZ3ds/qB4etU2SacpaNBGJ7obEMMEVa1luBeummhEZCtYJx7eF33lk2vBEPdhJygJJRopHnBJbSH0a80G15tW9GfAq8RekBgs0B9Wv/jChmWTKUkGM6fleaoOcaMupYNNKPzMsJXRMRqznqCKSmSCf3TrFZ04Z4ijRrpTFM/X3RE6kMRMZuk5JbGyWvUL8z+tlNroOcq7SzDJF54uiTGCb4OJxPOSaUSsmjhCqubsV05hoQq2Lp+JC8JdfXiXti7p/Wb+5v6w1Gk/zOMpwAqdwDj5cQQPuoAktoBDDM7zCG5LoBb2jj3lrCS0iPIY/QJ8/KQCOvA==</latexit>

X

<latexit sha1_base64="QkPGpSQzP4B7MzfbQVdR59+zCI4=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kEO0CNpYJmA9IjrC3mUvW7O0du3tCOAL2NhaK2PqT7Pw3bj4KTXww8Hhvhpl5QSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkSleSzvzSRBP6JDyUPOqLFSo9MvltyyOwdZJ96SlGCJer/41RvELI1QGiao1l3PTYyfUWU4Ezgt9FKNCWVjOsSupZJGqP1sfuiUXFhlQMJY2ZKGzNXfExmNtJ5Ege2MqBnpVW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOwIXirL6+T1lXZq5RvGpVSrfa0iCMPZ3AOl+BBFWpwB3VoAgOEZ3iFN+fBeXHenY9Fa85ZRngKf+B8/gDe/41m</latexit>

X̄

<latexit sha1_base64="sDjfmhzieFIHZdGVLj2cgTIVBGM=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN4CXjxGMA9IljA7mU2GzM4sM71CWAL+ghcPinj1e7z5N04eB00saCiquunuilIpLPr+t1dYW9/Y3Cpul3Z29/YPyodHTaszw3iDaalNO6KWS6F4AwVK3k4Np0kkeSsa3U791iM3Vmj1gOOUhwkdKBELRtFJrW5ETd6e9MoVv+rPQFZJsCAVWKDeK391+5plCVfIJLW2E/gphjk1KJjkk1I3szylbEQHvOOoogm3YT47d0LOnNInsTauFJKZ+nsip4m14yRynQnFoV32puJ/XifD+DrMhUoz5IrNF8WZJKjJ9HfSF4YzlGNHKDPC3UrYkBrK0CVUciEEyy+vkuZFNbis3txfVmq1p3kcRTiBUziHAK6gBndQhwYwGMEzvMKbl3ov3rv3MW8teIsIj+EPvM8fnJ6QKw==</latexit>

W

<latexit sha1_base64="9WJapuV5ml/gRpaKpMHNpHJ3t0E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikoN4KXjy2YD+gDWWznbZrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzwkRwbTzv2ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkg1Ci6xabgR2EkU0igU2A4nd3O//YRK81g+mGmCQURHkg85o8ZKjXa/XPFcbwGyTvycVCBHvV/+6g1ilkYoDRNU667vJSbIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHRGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P512TAFTIjppZQpri9lbAxVZQZm03JhuCvvrxOWleuX3VvG9VKzc3jKMIZnMMl+HANNbiHOjSBAcIzvMKb8+i8OO/Ox7K14OQzp/AHzucPshGM0w==</latexit>

q

<latexit sha1_base64="r2t+IYyiv9C2Dy5gEAa2B44FlA8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikoN4KXjy2YFuhDWWznbRrN5u4uxFK6S/w4kERr/4kb/4bt20O2vpg4PHeDDPzwlRwbTzv2ymsrW9sbhW3Szu7e/sH5cOjlk4yxbDJEpGo+5BqFFxi03Aj8D5VSONQYDsc3cz89hMqzRN5Z8YpBjEdSB5xRo2VGo+9csVzvTnIKvFzUoEc9V75q9tPWBajNExQrTu+l5pgQpXhTOC01M00ppSN6AA7lkoaow4m80On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMviZ9rpAZMbaEMsXtrYQNqaLM2GxKNgR/+eVV0rpw/ap73ahWam4eRxFO4BTOwYdLqMEt1KEJDBCe4RXenAfnxXl3PhatBSefOYY/cD5/ANl5jO0=</latexit>

q̄0

<latexit sha1_base64="Ou6kO/yjNPh8Mmj2pSp/qLqLstg=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbRU0mkoN4KXjxWsLXQhjLZbtqlm026uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TRVmTxiJW7QA1E1yypuFGsHaiGEaBYI/B6HbmPz4xpXksH8wkYX6EA8lDTtFYqd0NUGXj6XmvXHGr7hxklXg5qUCORq/81e3HNI2YNFSg1h3PTYyfoTKcCjYtdVPNEqQjHLCOpRIjpv1sfu+UnFmlT8JY2ZKGzNXfExlGWk+iwHZGaIZ62ZuJ/3md1ITXfsZlkhom6WJRmApiYjJ7nvS5YtSIiSVIFbe3EjpEhdTYiEo2BG/55VXSuqx6terNfa1Sr+ZxFOEETuECPLiCOtxBA5pAQcAzvMKbM3ZenHfnY9FacPKZY/gD5/MH+jeP4w==</latexit>

fL

<latexit sha1_base64="J86upnB2nwrvmBeWdnSHJUQZP+0=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgddxJQO0CNhYWEc0HJEfY2+wlS/b2jt05IYT8BBsLRWz9RXb+GzfJFZr4YODx3gwz88JUCoOe9+0U1tY3NreK26Wd3b39g/LhUdMkmWa8wRKZ6HZIDZdC8QYKlLydak7jUPJWOLqZ+a0nro1I1COOUx7EdKBEJBhFKz1EvbteueK53hxklfg5qUCOeq/81e0nLIu5QiapMR3fSzGYUI2CST4tdTPDU8pGdMA7lioacxNM5qdOyZlV+iRKtC2FZK7+npjQ2JhxHNrOmOLQLHsz8T+vk2F0FUyESjPkii0WRZkkmJDZ36QvNGcox5ZQpoW9lbAh1ZShTadkQ/CXX14lzQvXr7rX99VKzc3jKMIJnMI5+HAJNbiFOjSAwQCe4RXeHOm8OO/Ox6K14OQzx/AHzucPFwyNoQ==</latexit>

fR

<latexit sha1_base64="RC26WyfniFMd/zdLU+IIz1f4gOw=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgadmVgHoLePEYH3lAsoTZSW8yZHZ2mZkVQsgnePGgiFe/yJt/4yTZgyYWNBRV3XR3hang2njet1NYW9/Y3Cpul3Z29/YPyodHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBWObmZ+6wmV5ol8NOMUg5gOJI84o8ZKD1HvvleueK43B1klfk4qkKPeK391+wnLYpSGCap1x/dSE0yoMpwJnJa6mcaUshEdYMdSSWPUwWR+6pScWaVPokTZkobM1d8TExprPY5D2xlTM9TL3kz8z+tkJroKJlymmUHJFouiTBCTkNnfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C+/vEqaF65fda/vqpWam8dRhBM4hXPw4RJqcAt1aACDATzDK7w5wnlx3p2PRWvByWeO4Q+czx8gJI2n</latexit>

f

<latexit sha1_base64="gR755iBUQYEhH4C8I/f37HwDB/0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikoN4KXjy2YD+gDWWznbRrN5uwuxFK6S/w4kERr/4kb/4bt20O2vpg4PHeDDPzwlRwbTzv2ylsbG5t7xR3S3v7B4dH5eOTlk4yxbDJEpGoTkg1Ci6xabgR2EkV0jgU2A7Hd3O//YRK80Q+mEmKQUyHkkecUWOlRtQvVzzXW4CsEz8nFchR75e/eoOEZTFKwwTVuut7qQmmVBnOBM5KvUxjStmYDrFrqaQx6mC6OHRGLqwyIFGibElDFurviSmNtZ7Eoe2MqRnpVW8u/ud1MxPdBFMu08ygZMtFUSaIScj8azLgCpkRE0soU9zeStiIKsqMzaZkQ/BXX14nrSvXr7q3jWql5uZxFOEMzuESfLiGGtxDHZrAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHyM2M4g==</latexit>

�

<latexit sha1_base64="/3PRSVqHRBUYdhbnTH8WYFIShSQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYhA8hV0JqLeAF48RzAOSJfROJsmYeSwzs0JY8g9ePCji1f/x5t84SfagiQUNRVU33V1xwpmxQfDtra1vbG5tF3aKu3v7B4elo+OmUakmtEEUV7odo6GcSdqwzHLaTjRFEXPaise3M7/1RLVhSj7YSUIjgUPJBoygdVKzO0QhsFcqB5VgDn+VhDkpQ456r/TV7SuSCiot4WhMJwwSG2WoLSOcTovd1NAEyRiHtOOoREFNlM2vnfrnTun7A6VdSevP1d8TGQpjJiJ2nQLtyCx7M/E/r5PawXWUMZmklkqyWDRIuW+VP3vd7zNNieUTR5Bo5m71yQg1EusCKroQwuWXV0nzshJWKzf31XKtmsdRgFM4gwsI4QpqcAd1aACBR3iGV3jzlPfivXsfi9Y1L585gT/wPn8AhpWPEw==</latexit>

e+

<latexit sha1_base64="vGE0bL4jxfS89zyShaXNlY3mZS8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmkoN4KXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aysrq1vbBa2its7u3v7pYPDpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGN1O/9YRK81g+mHGCfkQHkoecUWOle3w875XKbsWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n81OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwis/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0ijYEb/HlZdK8qHjVyvVdtVyr5nEU4BhO4Aw8uIQa3EIdGsBgAM/wCm+OcF6cd+dj3rri5DNH8AfO5w/jvI2E</latexit>

p̄

<latexit sha1_base64="lHZzTapsDkbh+2fu4OeaqW1bT7s=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FvHiMYB6QLKF3MkmGzM4OM7NCWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dkRLcWN//9gobm1vbO8Xd0t7+weFR+fikZZJUU9akiUh0J0LDBJesabkVrKM0wzgSrB1N7uZ++4lpwxP5aKeKhTGOJB9yitZJ7V6EOlOzfrniV/0FyDoJclKBHI1++as3SGgaM2mpQGO6ga9smKG2nAo2K/VSwxTSCY5Y11GJMTNhtjh3Ri6cMiDDRLuSlizU3xMZxsZM48h1xmjHZtWbi/953dQOb8KMS5VaJuly0TAVxCZk/jsZcM2oFVNHkGrubiV0jBqpdQmVXAjB6svrpHVVDWrV24dapV7L4yjCGZzDJQRwDXW4hwY0gcIEnuEV3jzlvXjv3seyteDlM6fwB97nD5d6j7c=</latexit>

Matching

<latexit sha1_base64="+bK9DrA3/0O0tcC6E4ZV2XHVX2Y=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKexKwHgLePEiRDAPSNYwO5kkQ2Znl5leJSz5Dy8eFPHqv3jzb5wke9DEgoaiqpvuriCWwqDrfju5tfWNza38dmFnd2//oHh41DRRohlvsEhGuh1Qw6VQvIECJW/HmtMwkLwVjK9nfuuRayMidY+TmPshHSoxEIyilR7Srg7JLUU2Emo47RVLbtmdg6wSLyMlyFDvFb+6/YglIVfIJDWm47kx+inVKJjk00I3MTymbEyHvGOpoiE3fjq/ekrOrNIng0jbUkjm6u+JlIbGTMLAdoYUR2bZm4n/eZ0EB1U/FSpOkCu2WDRIJMGIzCIgfaE5QzmxhDIt7K2EjaimDG1QBRuCt/zyKmlelL1K+equUqpVszjycAKncA4eXEINbqAODWCg4Rle4c15cl6cd+dj0Zpzsplj+APn8weHoJKG</latexit>

DGLAP

<latexit sha1_base64="EDhGggMEsi2njdSUWClAPHumxrA=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVwXqrKOjBQwX7AdulZNNsG5psliQrlKU/w4sHRbz6a7z5b0zbPWjrg4HHezPMzAsTzrRx3W+nsLK6tr5R3Cxtbe/s7pX3D1paporQJpFcqk6INeUspk3DDKedRFEsQk7b4eh66refqNJMxo9mnNBA4EHMIkawsZKfdZVAN7f3V41Jr1xxq+4MaJl4OalAjkav/NXtS5IKGhvCsda+5yYmyLAyjHA6KXVTTRNMRnhAfUtjLKgOstnJE3RilT6KpLIVGzRTf09kWGg9FqHtFNgM9aI3Ff/z/NREtSBjcZIaGpP5oijlyEg0/R/1maLE8LElmChmb0VkiBUmxqZUsiF4iy8vk9ZZ1TuvXj6cV+q1PI4iHMExnIIHF1CHO2hAEwhIeIZXeHOM8+K8Ox/z1oKTzxzCHzifP13JkKU=</latexit>

Pythia

<latexit sha1_base64="eu1e+MyN1P3vtP8RYQu93M9v8j4=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETyWRgvVW8OKxgv2ANpTNdtou3WzC7kSMob/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMC2LBNbrut1XY2Nza3inulvb2Dw7L9tFxW0eJYtBikYhUN6AaBJfQQo4CurECGgYCOsH0Zu53HkBpHsl7TGPwQzqWfMQZRSMN7HIf4RERs2aKE05nA7viVt0FnHXi5aRCcjQH9ld/GLEkBIlMUK17nhujn1GFnAmYlfqJhpiyKR1Dz1BJQ9B+tjh85pwbZeiMImVKorNQf09kNNQ6DQPTGVKc6FVvLv7n9RIc1f2MyzhBkGy5aJQIByNnnoIz5AoYitQQyhQ3tzpsQhVlaLIqmRC81ZfXSfuy6tWq13e1SqOex1Ekp+SMXBCPXJEGuSVN0iKMJOSZvJI368l6sd6tj2VrwcpnTsgfWJ8/nW+Tsw==</latexit>

⌫

<latexit sha1_base64="ntef6D3glm6LML0cUydxlY/BeNI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvHisaD+gDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84RK81g+mmmCfkRHkoecUWOlh75MB+WKW3UXIOvEy0kFcjQH5a/+MGZphNIwQbXueW5i/Iwqw5nAWamfakwom9AR9iyVNELtZ4tTZ+TCKkMSxsqWNGSh/p7IaKT1NApsZ0TNWK96c/E/r5ea8NrPuExSg5ItF4WpICYm87/JkCtkRkwtoUxxeythY6ooMzadkg3BW315nbSvql6tenNfqzRqeRxFOINzuAQP6tCAO2hCCxiM4Ble4c0Rzovz7nwsWwtOPnMKf+B8/gBejY3V</latexit>

3 Steps

1

<latexit sha1_base64="XW/2sFSnOgppSReUk5gfTastosg=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmaS0WRuAS96S8AskAyhp9OTtOlZ6O4RwpAv8OJBEa9+kjf/xs4iqOiDgsd7VVTV8xPOpLKsDyO3tr6xuZXfLuzs7u0fFA+P2jJOBaEtEvNYdH0sKWcRbSmmOO0mguLQ57TjT67mfueeCsni6FZNE+qFeBSxgBGstNS0B8WSZVZq9qVTQ5ZZrjquU9GkWim77gWyTWuBEqzQGBTf+8OYpCGNFOFYyp5tJcrLsFCMcDor9FNJE0wmeER7mkY4pNLLFofO0JlWhiiIha5IoYX6fSLDoZTT0NedIVZj+dubi395vVQFNS9jUZIqGpHloiDlSMVo/jUaMkGJ4lNNMBFM34rIGAtMlM6moEP4+hT9T9pl03ZMt+mU6jerOPJwAqdwDjZUoQ7X0IAWEKDwAE/wbNwZj8aL8bpszRmrmWP4AePtEwh0jSY=</latexit>

2

<latexit sha1_base64="AsmPoPiIAvHMKAd67VRije65fQw=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFSYxWrMruNFdC/YBbSiT6aQdO5mEmYlQQr/AjQtF3PpJ7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1VYWV1b3yhulra2d3b3yvsHLZVkktAmSXgiOyFWlDNBm5ppTjuppDgOOW2H46uZ376nUrFE3OpJSoMYDwWLGMHaSA23X64g26n6Z+cIIruKPPfCM8T1fN8ojo3mqIAl6v3ye2+QkCymQhOOleo6KNVBjqVmhNNpqZcpmmIyxkPaNVTgmKognx86hSdGGcAokaaEhnP1+0SOY6UmcWg6Y6xH6rc3E//yupmOLoOciTTTVJDFoijjUCdw9jUcMEmJ5hNDMJHM3ArJCEtMtMmmZEL4+hT+T1qu7Xi23/AqtZtlHEVwBI7BKXBAFdTANaiDJiCAggfwBJ6tO+vRerFeF60FazlzCH7AevsE8XSNFg==</latexit>

3

<latexit sha1_base64="Wgm3pGQVYKiWdgyVMs0SlxZeL6M=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GmbGLM4t4EVvCZgFkiH0dGqSNj0L3T1CGPIFXjwo4tVP8ubf2FkEFX1Q8Hiviqp6fsKZVJb1YeTW1jc2t/LbhZ3dvf2D4uFRW8apoNCiMY9F1ycSOIugpZji0E0EkNDn0PEnV3O/cw9Csji6VdMEvJCMIhYwSpSWmheDYskyXbvqVB1smWWn5lZsTRyrYrtVbJvWAiW0QmNQfO8PY5qGECnKiZQ920qUlxGhGOUwK/RTCQmhEzKCnqYRCUF62eLQGT7TyhAHsdAVKbxQv09kJJRyGvq6MyRqLH97c/Evr5eq4NLLWJSkCiK6XBSkHKsYz7/GQyaAKj7VhFDB9K2YjokgVOlsCjqEr0/x/6TtmHbZdJvlUv1mFUcenaBTdI5sVEN1dI0aqIUoAvSAntCzcWc8Gi/G67I1Z6xmjtEPGG+f8ySNFw==</latexit>

Includes hadronization, 
relevant due to e.g. 


π0 → γγ

Full unbroken Standard 
Model - includes effects 

missing in Pythia

Matching through 
Electroweak scale

[Bauer, NLR, Webber 2020]

c.f. SCET calculations for 
dark matter annihilation


[NLR+ JHEP 2019]

[NLR+ JHEP 2018]

[NLR+ PRD 2017]
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HEAVY DARK MATTER SPECTRUM

The Calculation

e+
e�

<latexit sha1_base64="eBvqzlk7kEgGWuAlCY3lEPM4BBo=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GnqSONFbwIvHBMwCyRB6OjVJm56F7h4hDPkCLx4U8eonefNv7CyCij4oeLxXRVU9PxFcaUI+rNza+sbmVn67sLO7t39QPDxqqziVDFosFrHs+lSB4BG0NNcCuokEGvoCOv7keu537kEqHke3epqAF9JRxAPOqDZSMxkUS8QmLrmq1DCxL0il6lYMIU7ZcV3s2GSBElqhMSi+94cxS0OINBNUqZ5DEu1lVGrOBMwK/VRBQtmEjqBnaERDUF62OHSGz4wyxEEsTUUaL9TvExkNlZqGvukMqR6r395c/MvrpTq49DIeJamGiC0XBanAOsbzr/GQS2BaTA2hTHJzK2ZjKinTJpuCCeHrU/w/aZdtx7VJs1qqV1dx5NEJOkXnyEE1VEc3qIFaiCFAD+gJPVt31qP1Yr0uW3PWauYY/YD19gkxeI0p</latexit>p

. . .�

<latexit sha1_base64="9Y30ORvTmHx6sR34J6jp1BsLPJo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY8FL56kgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu416s2HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8F7o5G</latexit>

<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�
<latexit sha1_base64="sCNDai8lKnMFOGX//XXf1wQymjE=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFSYhbdNdwY3LCvYBbSiT6aQdO5OEmYlQQv/BjQtF3Po/7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G06uF372nUrEkvtWzlAYCj2MWMYK1kTqDMRYCD8sVZDf8Rs2tQmRXfRfVG4Yg1/M9Hzo2WqIC1mgNy++DUUIyQWNNOFaq76BUBzmWmhFO56VBpmiKyRSPad/QGAuqgnx57RxeGGUEo0SaijVcqt8nciyUmonQdAqsJ+q3txD/8vqZjvwgZ3GaaRqT1aIo41AncPE6HDFJieYzQzCRzNwKyQRLTLQJqGRC+PoU/k86ru3UbHTjVZreOo4iOAPn4BI4oA6a4Bq0QBsQcAcewBN4thLr0XqxXletBWs9cwp+wHr7BA/Dj2w=</latexit>�

<latexit sha1_base64="LtT91wdFkwh3XRJR1ptJYytGbC0=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZndJJrcAl48RjQPSEKYnUySIbOzy8ysEJZ8ghcPinj1i7z5N04egooWNBRV3XR3BbHg2mD84WTW1jc2t7LbuZ3dvf2D/OFRU0eJoqxBIxGpdkA0E1yyhuFGsHasGAkDwVrB5Grut+6Z0jySd2Yas15IRpIPOSXGSrddmfTzBezicrniFxF2/arn46olZa9Y9KrIc/ECBVih3s+/dwcRTUImDRVE646HY9NLiTKcCjbLdRPNYkInZMQ6lkoSMt1LF6fO0JlVBmgYKVvSoIX6fSIlodbTMLCdITFj/dubi395ncQMK72UyzgxTNLlomEikInQ/G804IpRI6aWEKq4vRXRMVGEGptOzobw9Sn6nzR917tw8U2pUCut4sjCCZzCOXhwCTW4hjo0gMIIHuAJnh3hPDovzuuyNeOsZo7hB5y3T76zjhI=</latexit>⌫

<latexit sha1_base64="ne5/qu83xrC4b8EDCKXq0i5haCo="></latexit>

⌫̄e

<latexit sha1_base64="6GYvcVzQ/5qSRf/vOhlpziUP1Ec="></latexit>⌫e

A new formalism

<latexit sha1_base64="6GYvcVzQ/5qSRf/vOhlpziUP1Ec="></latexit>⌫e
<latexit sha1_base64="ne5/qu83xrC4b8EDCKXq0i5haCo="></latexit>

⌫̄e

<latexit sha1_base64="o6XWwH01ZkgUCKofFrKheBB/X1Y="></latexit>

x
dN

dx
= dS (x; m�, 0) + dS (x; m�, 0)

µ

<latexit sha1_base64="H3XVO+pvvRpczx88tX9E/FUcrOE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FvHiMaB6SLGF2MpsMmZld5iGEJZ/gxYMiXv0ib/6Nk2QPmljQUFR1090VpZxp4/vfXmFtfWNzq7hd2tnd2z8oHx61dGIVoU2S8ER1IqwpZ5I2DTOcdlJFsYg4bUfjm5nffqJKs0Q+mElKQ4GHksWMYOOk+56w/XLFr/pzoFUS5KQCORr98ldvkBArqDSEY627gZ+aMMPKMMLptNSzmqaYjPGQdh2VWFAdZvNTp+jMKQMUJ8qVNGiu/p7IsNB6IiLXKbAZ6WVvJv7nda2Jr8KMydQaKsliUWw5Mgma/Y0GTFFi+MQRTBRztyIywgoT49IpuRCC5ZdXSeuiGtSq13e1Sv0xj6MIJ3AK5xDAJdThFhrQBAJDeIZXePO49+K9ex+L1oKXzxzDH3ifP2gpjfk=</latexit>

m�

<latexit sha1_base64="oD9v9nDwyKNkzyJ8DmiefQTZOuc=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqexKQb0VvHisYD+kXUo2zbahSXZNskJZ+ie8eFDEq3/Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUMnGqKWvSWMS6ExLDBFesabkVrJNoRmQoWDsc38z89hPThsfq3k4SFkgyVDzilFgndWQ/69ERn/bLFa/qzYFXiZ+TCuRo9MtfvUFMU8mUpYIY0/W9xAYZ0ZZTwaalXmpYQuiYDFnXUUUkM0E2v3eKz5wywFGsXSmL5+rviYxIYyYydJ2S2JFZ9mbif143tdFVkHGVpJYpulgUpQLbGM+exwOuGbVi4gihmrtbMR0RTah1EZVcCP7yy6ukdVH1a9Xru1ql/pDHUYQTOIVz8OES6nALDWgCBQHP8Apv6BG9oHf0sWgtoHzmGP4Aff4AVKKQQQ==</latexit>

q+W

<latexit sha1_base64="y6m0LQHukmqmo1BjNFVxcLVM+WE=">AAACA3icbVDLSsNAFJ34rPUVdaebwSIIQkmkoO4KblxWsA9pY5hMJ+3QySTO3AglFNz4K25cKOLWn3Dn3zhts9DWA/dyOOdeZu4JEsE1OM63tbC4tLyyWlgrrm9sbm3bO7sNHaeKsjqNRaxaAdFMcMnqwEGwVqIYiQLBmsHgcuw3H5jSPJY3MEyYF5Ge5CGnBIzk2/v3ftbRVPEE8g5DwXBzdHfi2yWn7EyA54mbkxLKUfPtr043pmnEJFBBtG67TgJeRhRwKtio2Ek1SwgdkB5rGypJxLSXTW4Y4SOjdHEYK1MS8ET9vZGRSOthFJjJiEBfz3pj8T+vnUJ47mVcJikwSacPhanAEONxILjLFaMghoYQk4D5K6Z9oggFE1vRhODOnjxPGqdlt1K+uK6Uqrd5HAV0gA7RMXLRGaqiK1RDdUTRI3pGr+jNerJerHfrYzq6YOU7e+gPrM8fw5iYUQ==</latexit>

q�W

<latexit sha1_base64="FL1fZww18KQ269L+i9+3j1BfgJI=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4sSRSUHcFNy4r2Ie0MUymk3boZBJnboQSCm78FTcuFHHrT7jzb5y2WWjrgXs5nHMvM/cEieAaHOfbWlhcWl5ZLawV1zc2t7btnd2GjlNFWZ3GIlatgGgmuGR14CBYK1GMRIFgzWBwOfabD0xpHssbGCbMi0hP8pBTAkby7f17P+toqngCeYehYLg5ujvx7ZJTdibA88TNSQnlqPn2V6cb0zRiEqggWrddJwEvIwo4FWxU7KSaJYQOSI+1DZUkYtrLJjeM8JFRujiMlSkJeKL+3shIpPUwCsxkRKCvZ72x+J/XTiE89zIukxSYpNOHwlRgiPE4ENzlilEQQ0OIScD8FdM+UYSCia1oQnBnT54njdOyWylfXFdK1ds8jgI6QIfoGLnoDFXRFaqhOqLoET2jV/RmPVkv1rv1MR1dsPKdPfQH1ucPxqCYUw==</latexit>

0

<latexit sha1_base64="S91OdTov+6jMIKdIa5f1PCpy64A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kEO0CNpYJmA9IjrC3mUvW7O0du3tCOAL2NhaK2PqT7Pw3bj4KTXww8Hhvhpl5QSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkSleSzvzSRBP6JDyUPOqLFSw+0XS27ZnYOsE29JSrBEvV/86g1ilkYoDRNU667nJsbPqDKcCZwWeqnGhLIxHWLXUkkj1H42P3RKLqwyIGGsbElD5urviYxGWk+iwHZG1Iz0qjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynYELzVl9dJ66rsVco3jUqpVntaxJGHMziHS/CgCjW4gzo0gQHCM7zCm/PgvDjvzseiNecsIzyFP3A+fwCiX40+</latexit>

. . .

<latexit sha1_base64="6bg2tmaeToul/XXt9EJ3WXbZgAs=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FvHiMYB6QLGF2djYZM7uzzPQKYQn4CV48KOLV//Hm3zh5HDSxoKGo6qa7K0ilMOi6305hbX1jc6u4XdrZ3ds/KB8etYzKNONNpqTSnYAaLkXCmyhQ8k6qOY0DydvB6Gbqtx+5NkIl9zhOuR/TQSIiwShaqdWToULTL1fcqjsDWSXeglRggUa//NULFctiniCT1Jiu56bo51SjYJJPSr3M8JSyER3wrqUJjbnx89m1E3JmlZBESttKkMzU3xM5jY0Zx4HtjCkOzbI3Ff/zuhlGV34ukjRDnrD5oiiTBBWZvk5CoTlDObaEMi3srYQNqaYMbUAlG4K3/PIqaV1UvVr1+q5Wqdef5nEU4QRO4Rw8uIQ63EIDmsDgAZ7hFd4c5bw4787HvLXgLCI8hj9wPn8A5WWPwg==</latexit>

. . .

<latexit sha1_base64="6bg2tmaeToul/XXt9EJ3WXbZgAs=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FvHiMYB6QLGF2djYZM7uzzPQKYQn4CV48KOLV//Hm3zh5HDSxoKGo6qa7K0ilMOi6305hbX1jc6u4XdrZ3ds/KB8etYzKNONNpqTSnYAaLkXCmyhQ8k6qOY0DydvB6Gbqtx+5NkIl9zhOuR/TQSIiwShaqdWToULTL1fcqjsDWSXeglRggUa//NULFctiniCT1Jiu56bo51SjYJJPSr3M8JSyER3wrqUJjbnx89m1E3JmlZBESttKkMzU3xM5jY0Zx4HtjCkOzbI3Ff/zuhlGV34ukjRDnrD5oiiTBBWZvk5CoTlDObaEMi3srYQNqaYMbUAlG4K3/PIqaV1UvVr1+q5Wqdef5nEU4QRO4Rw8uIQ63EIDmsDgAZ7hFd4c5bw4787HvLXgLCI8hj9wPn8A5WWPwg==</latexit>

�

<latexit sha1_base64="HgX5Ajbu0rqs3869VS3+0Ao/A8g=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoN4KXjxWsB/QLiWbZruhSXZJskJZCv4CLx4U8eof8ua/Mdv2oK0PBh7vzTAzL0wFN9bzvlFpbX1jc6u8XdnZ3ds/qB4etU2SacpaNBGJ7obEMMEVa1luBeummhEZCtYJx7eF33lk2vBEPdhJygJJRopHnBJbSH0a80G15tW9GfAq8RekBgs0B9Wv/jChmWTKUkGM6fleaoOcaMupYNNKPzMsJXRMRqznqCKSmSCf3TrFZ04Z4ijRrpTFM/X3RE6kMRMZuk5JbGyWvUL8z+tlNroOcq7SzDJF54uiTGCb4OJxPOSaUSsmjhCqubsV05hoQq2Lp+JC8JdfXiXti7p/Wb+5v6w1Gk/zOMpwAqdwDj5cQQPuoAktoBDDM7zCG5LoBb2jj3lrCS0iPIY/QJ8/KQCOvA==</latexit>

X

<latexit sha1_base64="QkPGpSQzP4B7MzfbQVdR59+zCI4=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kEO0CNpYJmA9IjrC3mUvW7O0du3tCOAL2NhaK2PqT7Pw3bj4KTXww8Hhvhpl5QSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkSleSzvzSRBP6JDyUPOqLFSo9MvltyyOwdZJ96SlGCJer/41RvELI1QGiao1l3PTYyfUWU4Ezgt9FKNCWVjOsSupZJGqP1sfuiUXFhlQMJY2ZKGzNXfExmNtJ5Ege2MqBnpVW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOwIXirL6+T1lXZq5RvGpVSrfa0iCMPZ3AOl+BBFWpwB3VoAgOEZ3iFN+fBeXHenY9Fa85ZRngKf+B8/gDe/41m</latexit>

X̄

<latexit sha1_base64="sDjfmhzieFIHZdGVLj2cgTIVBGM=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN4CXjxGMA9IljA7mU2GzM4sM71CWAL+ghcPinj1e7z5N04eB00saCiquunuilIpLPr+t1dYW9/Y3Cpul3Z29/YPyodHTaszw3iDaalNO6KWS6F4AwVK3k4Np0kkeSsa3U791iM3Vmj1gOOUhwkdKBELRtFJrW5ETd6e9MoVv+rPQFZJsCAVWKDeK391+5plCVfIJLW2E/gphjk1KJjkk1I3szylbEQHvOOoogm3YT47d0LOnNInsTauFJKZ+nsip4m14yRynQnFoV32puJ/XifD+DrMhUoz5IrNF8WZJKjJ9HfSF4YzlGNHKDPC3UrYkBrK0CVUciEEyy+vkuZFNbis3txfVmq1p3kcRTiBUziHAK6gBndQhwYwGMEzvMKbl3ov3rv3MW8teIsIj+EPvM8fnJ6QKw==</latexit>

W

<latexit sha1_base64="9WJapuV5ml/gRpaKpMHNpHJ3t0E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikoN4KXjy2YD+gDWWznbZrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzwkRwbTzv2ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkg1Ci6xabgR2EkU0igU2A4nd3O//YRK81g+mGmCQURHkg85o8ZKjXa/XPFcbwGyTvycVCBHvV/+6g1ilkYoDRNU667vJSbIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHRGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P512TAFTIjppZQpri9lbAxVZQZm03JhuCvvrxOWleuX3VvG9VKzc3jKMIZnMMl+HANNbiHOjSBAcIzvMKb8+i8OO/Ox7K14OQzp/AHzucPshGM0w==</latexit>

q

<latexit sha1_base64="r2t+IYyiv9C2Dy5gEAa2B44FlA8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikoN4KXjy2YFuhDWWznbRrN5u4uxFK6S/w4kERr/4kb/4bt20O2vpg4PHeDDPzwlRwbTzv2ymsrW9sbhW3Szu7e/sH5cOjlk4yxbDJEpGo+5BqFFxi03Aj8D5VSONQYDsc3cz89hMqzRN5Z8YpBjEdSB5xRo2VGo+9csVzvTnIKvFzUoEc9V75q9tPWBajNExQrTu+l5pgQpXhTOC01M00ppSN6AA7lkoaow4m80On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMviZ9rpAZMbaEMsXtrYQNqaLM2GxKNgR/+eVV0rpw/ap73ahWam4eRxFO4BTOwYdLqMEt1KEJDBCe4RXenAfnxXl3PhatBSefOYY/cD5/ANl5jO0=</latexit>

q̄0

<latexit sha1_base64="Ou6kO/yjNPh8Mmj2pSp/qLqLstg=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbRU0mkoN4KXjxWsLXQhjLZbtqlm026uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TRVmTxiJW7QA1E1yypuFGsHaiGEaBYI/B6HbmPz4xpXksH8wkYX6EA8lDTtFYqd0NUGXj6XmvXHGr7hxklXg5qUCORq/81e3HNI2YNFSg1h3PTYyfoTKcCjYtdVPNEqQjHLCOpRIjpv1sfu+UnFmlT8JY2ZKGzNXfExlGWk+iwHZGaIZ62ZuJ/3md1ITXfsZlkhom6WJRmApiYjJ7nvS5YtSIiSVIFbe3EjpEhdTYiEo2BG/55VXSuqx6terNfa1Sr+ZxFOEETuECPLiCOtxBA5pAQcAzvMKbM3ZenHfnY9FacPKZY/gD5/MH+jeP4w==</latexit>

fL

<latexit sha1_base64="J86upnB2nwrvmBeWdnSHJUQZP+0=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgddxJQO0CNhYWEc0HJEfY2+wlS/b2jt05IYT8BBsLRWz9RXb+GzfJFZr4YODx3gwz88JUCoOe9+0U1tY3NreK26Wd3b39g/LhUdMkmWa8wRKZ6HZIDZdC8QYKlLydak7jUPJWOLqZ+a0nro1I1COOUx7EdKBEJBhFKz1EvbteueK53hxklfg5qUCOeq/81e0nLIu5QiapMR3fSzGYUI2CST4tdTPDU8pGdMA7lioacxNM5qdOyZlV+iRKtC2FZK7+npjQ2JhxHNrOmOLQLHsz8T+vk2F0FUyESjPkii0WRZkkmJDZ36QvNGcox5ZQpoW9lbAh1ZShTadkQ/CXX14lzQvXr7rX99VKzc3jKMIJnMI5+HAJNbiFOjSAwQCe4RXeHOm8OO/Ox6K14OQzx/AHzucPFwyNoQ==</latexit>

fR

<latexit sha1_base64="RC26WyfniFMd/zdLU+IIz1f4gOw=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgadmVgHoLePEYH3lAsoTZSW8yZHZ2mZkVQsgnePGgiFe/yJt/4yTZgyYWNBRV3XR3hang2njet1NYW9/Y3Cpul3Z29/YPyodHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBWObmZ+6wmV5ol8NOMUg5gOJI84o8ZKD1HvvleueK43B1klfk4qkKPeK391+wnLYpSGCap1x/dSE0yoMpwJnJa6mcaUshEdYMdSSWPUwWR+6pScWaVPokTZkobM1d8TExprPY5D2xlTM9TL3kz8z+tkJroKJlymmUHJFouiTBCTkNnfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C+/vEqaF65fda/vqpWam8dRhBM4hXPw4RJqcAt1aACDATzDK7w5wnlx3p2PRWvByWeO4Q+czx8gJI2n</latexit>

f

<latexit sha1_base64="gR755iBUQYEhH4C8I/f37HwDB/0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikoN4KXjy2YD+gDWWznbRrN5uwuxFK6S/w4kERr/4kb/4bt20O2vpg4PHeDDPzwlRwbTzv2ylsbG5t7xR3S3v7B4dH5eOTlk4yxbDJEpGoTkg1Ci6xabgR2EkV0jgU2A7Hd3O//YRK80Q+mEmKQUyHkkecUWOlRtQvVzzXW4CsEz8nFchR75e/eoOEZTFKwwTVuut7qQmmVBnOBM5KvUxjStmYDrFrqaQx6mC6OHRGLqwyIFGibElDFurviSmNtZ7Eoe2MqRnpVW8u/ud1MxPdBFMu08ygZMtFUSaIScj8azLgCpkRE0soU9zeStiIKsqMzaZkQ/BXX14nrSvXr7q3jWql5uZxFOEMzuESfLiGGtxDHZrAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHyM2M4g==</latexit>

�

<latexit sha1_base64="/3PRSVqHRBUYdhbnTH8WYFIShSQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYhA8hV0JqLeAF48RzAOSJfROJsmYeSwzs0JY8g9ePCji1f/x5t84SfagiQUNRVU33V1xwpmxQfDtra1vbG5tF3aKu3v7B4elo+OmUakmtEEUV7odo6GcSdqwzHLaTjRFEXPaise3M7/1RLVhSj7YSUIjgUPJBoygdVKzO0QhsFcqB5VgDn+VhDkpQ456r/TV7SuSCiot4WhMJwwSG2WoLSOcTovd1NAEyRiHtOOoREFNlM2vnfrnTun7A6VdSevP1d8TGQpjJiJ2nQLtyCx7M/E/r5PawXWUMZmklkqyWDRIuW+VP3vd7zNNieUTR5Bo5m71yQg1EusCKroQwuWXV0nzshJWKzf31XKtmsdRgFM4gwsI4QpqcAd1aACBR3iGV3jzlPfivXsfi9Y1L585gT/wPn8AhpWPEw==</latexit>

e+

<latexit sha1_base64="vGE0bL4jxfS89zyShaXNlY3mZS8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmkoN4KXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aysrq1vbBa2its7u3v7pYPDpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGN1O/9YRK81g+mHGCfkQHkoecUWOle3w875XKbsWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n81OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwis/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0ijYEb/HlZdK8qHjVyvVdtVyr5nEU4BhO4Aw8uIQa3EIdGsBgAM/wCm+OcF6cd+dj3rri5DNH8AfO5w/jvI2E</latexit>

p̄

<latexit sha1_base64="lHZzTapsDkbh+2fu4OeaqW1bT7s=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FvHiMYB6QLKF3MkmGzM4OM7NCWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dkRLcWN//9gobm1vbO8Xd0t7+weFR+fikZZJUU9akiUh0J0LDBJesabkVrKM0wzgSrB1N7uZ++4lpwxP5aKeKhTGOJB9yitZJ7V6EOlOzfrniV/0FyDoJclKBHI1++as3SGgaM2mpQGO6ga9smKG2nAo2K/VSwxTSCY5Y11GJMTNhtjh3Ri6cMiDDRLuSlizU3xMZxsZM48h1xmjHZtWbi/953dQOb8KMS5VaJuly0TAVxCZk/jsZcM2oFVNHkGrubiV0jBqpdQmVXAjB6svrpHVVDWrV24dapV7L4yjCGZzDJQRwDXW4hwY0gcIEnuEV3jzlvXjv3seyteDlM6fwB97nD5d6j7c=</latexit>

Matching

<latexit sha1_base64="+bK9DrA3/0O0tcC6E4ZV2XHVX2Y=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKexKwHgLePEiRDAPSNYwO5kkQ2Znl5leJSz5Dy8eFPHqv3jzb5wke9DEgoaiqpvuriCWwqDrfju5tfWNza38dmFnd2//oHh41DRRohlvsEhGuh1Qw6VQvIECJW/HmtMwkLwVjK9nfuuRayMidY+TmPshHSoxEIyilR7Srg7JLUU2Emo47RVLbtmdg6wSLyMlyFDvFb+6/YglIVfIJDWm47kx+inVKJjk00I3MTymbEyHvGOpoiE3fjq/ekrOrNIng0jbUkjm6u+JlIbGTMLAdoYUR2bZm4n/eZ0EB1U/FSpOkCu2WDRIJMGIzCIgfaE5QzmxhDIt7K2EjaimDG1QBRuCt/zyKmlelL1K+equUqpVszjycAKncA4eXEINbqAODWCg4Rle4c15cl6cd+dj0Zpzsplj+APn8weHoJKG</latexit>

DGLAP

<latexit sha1_base64="EDhGggMEsi2njdSUWClAPHumxrA=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVwXqrKOjBQwX7AdulZNNsG5psliQrlKU/w4sHRbz6a7z5b0zbPWjrg4HHezPMzAsTzrRx3W+nsLK6tr5R3Cxtbe/s7pX3D1paporQJpFcqk6INeUspk3DDKedRFEsQk7b4eh66refqNJMxo9mnNBA4EHMIkawsZKfdZVAN7f3V41Jr1xxq+4MaJl4OalAjkav/NXtS5IKGhvCsda+5yYmyLAyjHA6KXVTTRNMRnhAfUtjLKgOstnJE3RilT6KpLIVGzRTf09kWGg9FqHtFNgM9aI3Ff/z/NREtSBjcZIaGpP5oijlyEg0/R/1maLE8LElmChmb0VkiBUmxqZUsiF4iy8vk9ZZ1TuvXj6cV+q1PI4iHMExnIIHF1CHO2hAEwhIeIZXeHOM8+K8Ox/z1oKTzxzCHzifP13JkKU=</latexit>

Pythia

<latexit sha1_base64="eu1e+MyN1P3vtP8RYQu93M9v8j4=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETyWRgvVW8OKxgv2ANpTNdtou3WzC7kSMob/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMC2LBNbrut1XY2Nza3inulvb2Dw7L9tFxW0eJYtBikYhUN6AaBJfQQo4CurECGgYCOsH0Zu53HkBpHsl7TGPwQzqWfMQZRSMN7HIf4RERs2aKE05nA7viVt0FnHXi5aRCcjQH9ld/GLEkBIlMUK17nhujn1GFnAmYlfqJhpiyKR1Dz1BJQ9B+tjh85pwbZeiMImVKorNQf09kNNQ6DQPTGVKc6FVvLv7n9RIc1f2MyzhBkGy5aJQIByNnnoIz5AoYitQQyhQ3tzpsQhVlaLIqmRC81ZfXSfuy6tWq13e1SqOex1Ekp+SMXBCPXJEGuSVN0iKMJOSZvJI368l6sd6tj2VrwcpnTsgfWJ8/nW+Tsw==</latexit>

⌫

<latexit sha1_base64="ntef6D3glm6LML0cUydxlY/BeNI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvHisaD+gDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84RK81g+mmmCfkRHkoecUWOlh75MB+WKW3UXIOvEy0kFcjQH5a/+MGZphNIwQbXueW5i/Iwqw5nAWamfakwom9AR9iyVNELtZ4tTZ+TCKkMSxsqWNGSh/p7IaKT1NApsZ0TNWK96c/E/r5ea8NrPuExSg5ItF4WpICYm87/JkCtkRkwtoUxxeythY6ooMzadkg3BW315nbSvql6tenNfqzRqeRxFOINzuAQP6tCAO2hCCxiM4Ble4c0Rzovz7nwsWwtOPnMKf+B8/gBejY3V</latexit>

3 Steps

1

<latexit sha1_base64="XW/2sFSnOgppSReUk5gfTastosg=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmaS0WRuAS96S8AskAyhp9OTtOlZ6O4RwpAv8OJBEa9+kjf/xs4iqOiDgsd7VVTV8xPOpLKsDyO3tr6xuZXfLuzs7u0fFA+P2jJOBaEtEvNYdH0sKWcRbSmmOO0mguLQ57TjT67mfueeCsni6FZNE+qFeBSxgBGstNS0B8WSZVZq9qVTQ5ZZrjquU9GkWim77gWyTWuBEqzQGBTf+8OYpCGNFOFYyp5tJcrLsFCMcDor9FNJE0wmeER7mkY4pNLLFofO0JlWhiiIha5IoYX6fSLDoZTT0NedIVZj+dubi395vVQFNS9jUZIqGpHloiDlSMVo/jUaMkGJ4lNNMBFM34rIGAtMlM6moEP4+hT9T9pl03ZMt+mU6jerOPJwAqdwDjZUoQ7X0IAWEKDwAE/wbNwZj8aL8bpszRmrmWP4AePtEwh0jSY=</latexit>

2

<latexit sha1_base64="AsmPoPiIAvHMKAd67VRije65fQw=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFSYxWrMruNFdC/YBbSiT6aQdO5mEmYlQQr/AjQtF3PpJ7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1VYWV1b3yhulra2d3b3yvsHLZVkktAmSXgiOyFWlDNBm5ppTjuppDgOOW2H46uZ376nUrFE3OpJSoMYDwWLGMHaSA23X64g26n6Z+cIIruKPPfCM8T1fN8ojo3mqIAl6v3ye2+QkCymQhOOleo6KNVBjqVmhNNpqZcpmmIyxkPaNVTgmKognx86hSdGGcAokaaEhnP1+0SOY6UmcWg6Y6xH6rc3E//yupmOLoOciTTTVJDFoijjUCdw9jUcMEmJ5hNDMJHM3ArJCEtMtMmmZEL4+hT+T1qu7Xi23/AqtZtlHEVwBI7BKXBAFdTANaiDJiCAggfwBJ6tO+vRerFeF60FazlzCH7AevsE8XSNFg==</latexit>

3

<latexit sha1_base64="Wgm3pGQVYKiWdgyVMs0SlxZeL6M=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GmbGLM4t4EVvCZgFkiH0dGqSNj0L3T1CGPIFXjwo4tVP8ubf2FkEFX1Q8Hiviqp6fsKZVJb1YeTW1jc2t/LbhZ3dvf2D4uFRW8apoNCiMY9F1ycSOIugpZji0E0EkNDn0PEnV3O/cw9Csji6VdMEvJCMIhYwSpSWmheDYskyXbvqVB1smWWn5lZsTRyrYrtVbJvWAiW0QmNQfO8PY5qGECnKiZQ920qUlxGhGOUwK/RTCQmhEzKCnqYRCUF62eLQGT7TyhAHsdAVKbxQv09kJJRyGvq6MyRqLH97c/Evr5eq4NLLWJSkCiK6XBSkHKsYz7/GQyaAKj7VhFDB9K2YjokgVOlsCjqEr0/x/6TtmHbZdJvlUv1mFUcenaBTdI5sVEN1dI0aqIUoAvSAntCzcWc8Gi/G67I1Z6xmjtEPGG+f8ySNFw==</latexit>

<latexit sha1_base64="8exf4pxUmqt87M3UNqiClAUhiC8="></latexit>

2

<latexit sha1_base64="bDqm5qoYmORcvvKIvLeUz16NY+Y="></latexit>

3 Includes hadronization, 
relevant due to e.g. 


π0 → γγ

Full unbroken Standard 
Model - includes effects 

missing in Pythia

Matching through 
Electroweak scale

[Bauer, NLR, Webber 2020]

c.f. SCET calculations for 
dark matter annihilation


[NLR+ JHEP 2019]

[NLR+ JHEP 2018]

[NLR+ PRD 2017]
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<latexit sha1_base64="CGxyF2IodIlpgHzsOrS+Ksqsnl8="></latexit>

⌫̄e

10°6 10°5 10°4 10°3 10°2 10°1 100

x = 2E/mDM

10°5

10°4

10°3

10°2

10°1

100

101

102

di ∫̄ e
(x

;
E

eV
,

E
eV

)

i = ∫̄e

i = ∞

i = b

i = W°
i = h

HEAVY DARK MATTER SPECTRUM

DGLAP Evolution
<latexit sha1_base64="YxGbGic7Y1VxwOojfK9lRajvYek="></latexit>

di⌫̄e
(x; m�,m�) = �i⌫̄e

�(1� x)

[Bauer, NLR, Webber 2020]
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<latexit sha1_base64="CGxyF2IodIlpgHzsOrS+Ksqsnl8="></latexit>

⌫̄e

HEAVY DARK MATTER SPECTRUM

DGLAP Evolution
<latexit sha1_base64="YxGbGic7Y1VxwOojfK9lRajvYek="></latexit>

di⌫̄e
(x; m�,m�) = �i⌫̄e

�(1� x)

[Bauer, NLR, Webber 2020]
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101

102

di ∫̄ e
(x

;
E

eV
,
q W

)

i = ∫̄e

i = ∞

i = b

i = W°
i = h

Small-x suppression 
due to soft coherence
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∞
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∞
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m�

<latexit sha1_base64="oD9v9nDwyKNkzyJ8DmiefQTZOuc=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqexKQb0VvHisYD+kXUo2zbahSXZNskJZ+ie8eFDEq3/Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUMnGqKWvSWMS6ExLDBFesabkVrJNoRmQoWDsc38z89hPThsfq3k4SFkgyVDzilFgndWQ/69ERn/bLFa/qzYFXiZ+TCuRo9MtfvUFMU8mUpYIY0/W9xAYZ0ZZTwaalXmpYQuiYDFnXUUUkM0E2v3eKz5wywFGsXSmL5+rviYxIYyYydJ2S2JFZ9mbif143tdFVkHGVpJYpulgUpQLbGM+exwOuGbVi4gihmrtbMR0RTah1EZVcCP7yy6ukdVH1a9Xru1ql/pDHUYQTOIVz8OES6nALDWgCBQHP8Apv6BG9oHf0sWgtoHzmGP4Aff4AVKKQQQ==</latexit>
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Rich Spectrum of Final States

[Bauer, NLR, Webber 2020]
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Dramatic difference for the experimental flux

The Results

[Bauer, NLR, Webber 2020]
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Why the large disagreement?
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electroweak self-

interactions

The Results

[Bauer, NLR, Webber 2020]
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Key electroweak double logs not resummed

The Results

[Bauer, NLR, Webber 2020]
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2(m�/qW )] ⇠ 1000

Missing contributions of the form

The Results

[Bauer, NLR, Webber 2020]
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The Results

[Bauer, NLR, Webber 2020]
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github.com/nickrodd/HDMSpectra
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talk on Tuesday
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Conclusion

Experiment Theory
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Looking Forward
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Many directions to build on these results

• Improve soft coherence (required for NLL)

• Fixed order matching (disagreements at )

• Coherent showering (e.g.  mixing)

• Propagation effects (what spectrum reaches Earth?)

• Additional UV input (e.g. charged DM, SUSY threshold)

• …

mχ ∼ TeV
B/W3

[Bauer, NLR, Webber 2020]
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Photon Landscape
HEAVY DARK MATTER SPECTRUM
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The Results

Slowed evolution due to 
analogy between 

DGLAP and diffusion

Low energy photons 
primarily from π0 → γγ

Hard photons arising 
from e.g. FSR - not in 

pure QCD DGLAP

Logarithmic shift in peak 
position related to soft 

coherence 

[Fong, Webber 1989,1990]

[Bauer, NLR, Webber 2020]
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DGLAP  Diffusion↔
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Expand near z ≃ 1

Like diffusion equation with t = ln μ

Also why in truth we evolve from low scale up, 
otherwise evolution is unstable

[Bauer, NLR, Webber 2020]
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DGLAP Evolution

[Bauer, NLR, Webber 2020]
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Need result for the full Standard Model - 
2,204 coupled Fragmentation Functions

Build on efforts for a 100 TeV collider, 

e.g. [Manohar, Waalewijn JHEP 2018], [Bauer, Webber JHEP 2019] 

and push on to the Planck scale
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HEAVY DARK MATTER SPECTRUM

Additional Results
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destructive interference!

[Bauer, NLR, Webber 2020]
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Soft Coherence
HEAVY DARK MATTER SPECTRUM

• [Bassetto, Ciafaloni, Marchesini 1983]
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q�W

<latexit sha1_base64="FL1fZww18KQ269L+i9+3j1BfgJI=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4sSRSUHcFNy4r2Ie0MUymk3boZBJnboQSCm78FTcuFHHrT7jzb5y2WWjrgXs5nHMvM/cEieAaHOfbWlhcWl5ZLawV1zc2t7btnd2GjlNFWZ3GIlatgGgmuGR14CBYK1GMRIFgzWBwOfabD0xpHssbGCbMi0hP8pBTAkby7f17P+toqngCeYehYLg5ujvx7ZJTdibA88TNSQnlqPn2V6cb0zRiEqggWrddJwEvIwo4FWxU7KSaJYQOSI+1DZUkYtrLJjeM8JFRujiMlSkJeKL+3shIpPUwCsxkRKCvZ72x+J/XTiE89zIukxSYpNOHwlRgiPE4ENzlilEQQ0OIScD8FdM+UYSCia1oQnBnT54njdOyWylfXFdK1ds8jgI6QIfoGLnoDFXRFaqhOqLoET2jV/RmPVkv1rv1MR1dsPKdPfQH1ucPxqCYUw==</latexit>

0

<latexit sha1_base64="S91OdTov+6jMIKdIa5f1PCpy64A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kEO0CNpYJmA9IjrC3mUvW7O0du3tCOAL2NhaK2PqT7Pw3bj4KTXww8Hhvhpl5QSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkSleSzvzSRBP6JDyUPOqLFSw+0XS27ZnYOsE29JSrBEvV/86g1ilkYoDRNU667nJsbPqDKcCZwWeqnGhLIxHWLXUkkj1H42P3RKLqwyIGGsbElD5urviYxGWk+iwHZG1Iz0qjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynYELzVl9dJ66rsVco3jUqpVntaxJGHMziHS/CgCjW4gzo0gQHCM7zCm/PgvDjvzseiNecsIzyFP3A+fwCiX40+</latexit>

. . .

<latexit sha1_base64="6bg2tmaeToul/XXt9EJ3WXbZgAs=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FvHiMYB6QLGF2djYZM7uzzPQKYQn4CV48KOLV//Hm3zh5HDSxoKGo6qa7K0ilMOi6305hbX1jc6u4XdrZ3ds/KB8etYzKNONNpqTSnYAaLkXCmyhQ8k6qOY0DydvB6Gbqtx+5NkIl9zhOuR/TQSIiwShaqdWToULTL1fcqjsDWSXeglRggUa//NULFctiniCT1Jiu56bo51SjYJJPSr3M8JSyER3wrqUJjbnx89m1E3JmlZBESttKkMzU3xM5jY0Zx4HtjCkOzbI3Ff/zuhlGV34ukjRDnrD5oiiTBBWZvk5CoTlDObaEMi3srYQNqaYMbUAlG4K3/PIqaV1UvVr1+q5Wqdef5nEU4QRO4Rw8uIQ63EIDmsDgAZ7hFd4c5bw4787HvLXgLCI8hj9wPn8A5WWPwg==</latexit>

. . .

<latexit sha1_base64="6bg2tmaeToul/XXt9EJ3WXbZgAs=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FvHiMYB6QLGF2djYZM7uzzPQKYQn4CV48KOLV//Hm3zh5HDSxoKGo6qa7K0ilMOi6305hbX1jc6u4XdrZ3ds/KB8etYzKNONNpqTSnYAaLkXCmyhQ8k6qOY0DydvB6Gbqtx+5NkIl9zhOuR/TQSIiwShaqdWToULTL1fcqjsDWSXeglRggUa//NULFctiniCT1Jiu56bo51SjYJJPSr3M8JSyER3wrqUJjbnx89m1E3JmlZBESttKkMzU3xM5jY0Zx4HtjCkOzbI3Ff/zuhlGV34ukjRDnrD5oiiTBBWZvk5CoTlDObaEMi3srYQNqaYMbUAlG4K3/PIqaV1UvVr1+q5Wqdef5nEU4QRO4Rw8uIQ63EIDmsDgAZ7hFd4c5bw4787HvLXgLCI8hj9wPn8A5WWPwg==</latexit>

�

<latexit sha1_base64="HgX5Ajbu0rqs3869VS3+0Ao/A8g=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoN4KXjxWsB/QLiWbZruhSXZJskJZCv4CLx4U8eof8ua/Mdv2oK0PBh7vzTAzL0wFN9bzvlFpbX1jc6u8XdnZ3ds/qB4etU2SacpaNBGJ7obEMMEVa1luBeummhEZCtYJx7eF33lk2vBEPdhJygJJRopHnBJbSH0a80G15tW9GfAq8RekBgs0B9Wv/jChmWTKUkGM6fleaoOcaMupYNNKPzMsJXRMRqznqCKSmSCf3TrFZ04Z4ijRrpTFM/X3RE6kMRMZuk5JbGyWvUL8z+tlNroOcq7SzDJF54uiTGCb4OJxPOSaUSsmjhCqubsV05hoQq2Lp+JC8JdfXiXti7p/Wb+5v6w1Gk/zOMpwAqdwDj5cQQPuoAktoBDDM7zCG5LoBb2jj3lrCS0iPIY/QJ8/KQCOvA==</latexit>

X

<latexit sha1_base64="QkPGpSQzP4B7MzfbQVdR59+zCI4=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kEO0CNpYJmA9IjrC3mUvW7O0du3tCOAL2NhaK2PqT7Pw3bj4KTXww8Hhvhpl5QSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkSleSzvzSRBP6JDyUPOqLFSo9MvltyyOwdZJ96SlGCJer/41RvELI1QGiao1l3PTYyfUWU4Ezgt9FKNCWVjOsSupZJGqP1sfuiUXFhlQMJY2ZKGzNXfExmNtJ5Ege2MqBnpVW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOwIXirL6+T1lXZq5RvGpVSrfa0iCMPZ3AOl+BBFWpwB3VoAgOEZ3iFN+fBeXHenY9Fa85ZRngKf+B8/gDe/41m</latexit>

X̄

<latexit sha1_base64="sDjfmhzieFIHZdGVLj2cgTIVBGM=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN4CXjxGMA9IljA7mU2GzM4sM71CWAL+ghcPinj1e7z5N04eB00saCiquunuilIpLPr+t1dYW9/Y3Cpul3Z29/YPyodHTaszw3iDaalNO6KWS6F4AwVK3k4Np0kkeSsa3U791iM3Vmj1gOOUhwkdKBELRtFJrW5ETd6e9MoVv+rPQFZJsCAVWKDeK391+5plCVfIJLW2E/gphjk1KJjkk1I3szylbEQHvOOoogm3YT47d0LOnNInsTauFJKZ+nsip4m14yRynQnFoV32puJ/XifD+DrMhUoz5IrNF8WZJKjJ9HfSF4YzlGNHKDPC3UrYkBrK0CVUciEEyy+vkuZFNbis3txfVmq1p3kcRTiBUziHAK6gBndQhwYwGMEzvMKbl3ov3rv3MW8teIsIj+EPvM8fnJ6QKw==</latexit>

W

<latexit sha1_base64="9WJapuV5ml/gRpaKpMHNpHJ3t0E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikoN4KXjy2YD+gDWWznbZrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzwkRwbTzv2ylsbG5t7xR3S3v7B4dH5eOTlo5TxbDJYhGrTkg1Ci6xabgR2EkU0igU2A4nd3O//YRK81g+mGmCQURHkg85o8ZKjXa/XPFcbwGyTvycVCBHvV/+6g1ilkYoDRNU667vJSbIqDKcCZyVeqnGhLIJHWHXUkkj1EG2OHRGLqwyIMNY2ZKGLNTfExmNtJ5Goe2MqBnrVW8u/ud1UzO8CTIuk9SgZMtFw1QQE5P512TAFTIjppZQpri9lbAxVZQZm03JhuCvvrxOWleuX3VvG9VKzc3jKMIZnMMl+HANNbiHOjSBAcIzvMKb8+i8OO/Ox7K14OQzp/AHzucPshGM0w==</latexit>

q

<latexit sha1_base64="r2t+IYyiv9C2Dy5gEAa2B44FlA8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikoN4KXjy2YFuhDWWznbRrN5u4uxFK6S/w4kERr/4kb/4bt20O2vpg4PHeDDPzwlRwbTzv2ymsrW9sbhW3Szu7e/sH5cOjlk4yxbDJEpGo+5BqFFxi03Aj8D5VSONQYDsc3cz89hMqzRN5Z8YpBjEdSB5xRo2VGo+9csVzvTnIKvFzUoEc9V75q9tPWBajNExQrTu+l5pgQpXhTOC01M00ppSN6AA7lkoaow4m80On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMviZ9rpAZMbaEMsXtrYQNqaLM2GxKNgR/+eVV0rpw/ap73ahWam4eRxFO4BTOwYdLqMEt1KEJDBCe4RXenAfnxXl3PhatBSefOYY/cD5/ANl5jO0=</latexit>

q̄0

<latexit sha1_base64="Ou6kO/yjNPh8Mmj2pSp/qLqLstg=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbRU0mkoN4KXjxWsLXQhjLZbtqlm026uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TRVmTxiJW7QA1E1yypuFGsHaiGEaBYI/B6HbmPz4xpXksH8wkYX6EA8lDTtFYqd0NUGXj6XmvXHGr7hxklXg5qUCORq/81e3HNI2YNFSg1h3PTYyfoTKcCjYtdVPNEqQjHLCOpRIjpv1sfu+UnFmlT8JY2ZKGzNXfExlGWk+iwHZGaIZ62ZuJ/3md1ITXfsZlkhom6WJRmApiYjJ7nvS5YtSIiSVIFbe3EjpEhdTYiEo2BG/55VXSuqx6terNfa1Sr+ZxFOEETuECPLiCOtxBA5pAQcAzvMKbM3ZenHfnY9FacPKZY/gD5/MH+jeP4w==</latexit>

fL

<latexit sha1_base64="J86upnB2nwrvmBeWdnSHJUQZP+0=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgddxJQO0CNhYWEc0HJEfY2+wlS/b2jt05IYT8BBsLRWz9RXb+GzfJFZr4YODx3gwz88JUCoOe9+0U1tY3NreK26Wd3b39g/LhUdMkmWa8wRKZ6HZIDZdC8QYKlLydak7jUPJWOLqZ+a0nro1I1COOUx7EdKBEJBhFKz1EvbteueK53hxklfg5qUCOeq/81e0nLIu5QiapMR3fSzGYUI2CST4tdTPDU8pGdMA7lioacxNM5qdOyZlV+iRKtC2FZK7+npjQ2JhxHNrOmOLQLHsz8T+vk2F0FUyESjPkii0WRZkkmJDZ36QvNGcox5ZQpoW9lbAh1ZShTadkQ/CXX14lzQvXr7rX99VKzc3jKMIJnMI5+HAJNbiFOjSAwQCe4RXeHOm8OO/Ox6K14OQzx/AHzucPFwyNoQ==</latexit>

fR

<latexit sha1_base64="RC26WyfniFMd/zdLU+IIz1f4gOw=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgadmVgHoLePEYH3lAsoTZSW8yZHZ2mZkVQsgnePGgiFe/yJt/4yTZgyYWNBRV3XR3hang2njet1NYW9/Y3Cpul3Z29/YPyodHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBWObmZ+6wmV5ol8NOMUg5gOJI84o8ZKD1HvvleueK43B1klfk4qkKPeK391+wnLYpSGCap1x/dSE0yoMpwJnJa6mcaUshEdYMdSSWPUwWR+6pScWaVPokTZkobM1d8TExprPY5D2xlTM9TL3kz8z+tkJroKJlymmUHJFouiTBCTkNnfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C+/vEqaF65fda/vqpWam8dRhBM4hXPw4RJqcAt1aACDATzDK7w5wnlx3p2PRWvByWeO4Q+czx8gJI2n</latexit>

f

<latexit sha1_base64="gR755iBUQYEhH4C8I/f37HwDB/0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikoN4KXjy2YD+gDWWznbRrN5uwuxFK6S/w4kERr/4kb/4bt20O2vpg4PHeDDPzwlRwbTzv2ylsbG5t7xR3S3v7B4dH5eOTlk4yxbDJEpGoTkg1Ci6xabgR2EkV0jgU2A7Hd3O//YRK80Q+mEmKQUyHkkecUWOlRtQvVzzXW4CsEz8nFchR75e/eoOEZTFKwwTVuut7qQmmVBnOBM5KvUxjStmYDrFrqaQx6mC6OHRGLqwyIFGibElDFurviSmNtZ7Eoe2MqRnpVW8u/ud1MxPdBFMu08ygZMtFUSaIScj8azLgCpkRE0soU9zeStiIKsqMzaZkQ/BXX14nrSvXr7q3jWql5uZxFOEMzuESfLiGGtxDHZrAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHyM2M4g==</latexit>

�

<latexit sha1_base64="/3PRSVqHRBUYdhbnTH8WYFIShSQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYhA8hV0JqLeAF48RzAOSJfROJsmYeSwzs0JY8g9ePCji1f/x5t84SfagiQUNRVU33V1xwpmxQfDtra1vbG5tF3aKu3v7B4elo+OmUakmtEEUV7odo6GcSdqwzHLaTjRFEXPaise3M7/1RLVhSj7YSUIjgUPJBoygdVKzO0QhsFcqB5VgDn+VhDkpQ456r/TV7SuSCiot4WhMJwwSG2WoLSOcTovd1NAEyRiHtOOoREFNlM2vnfrnTun7A6VdSevP1d8TGQpjJiJ2nQLtyCx7M/E/r5PawXWUMZmklkqyWDRIuW+VP3vd7zNNieUTR5Bo5m71yQg1EusCKroQwuWXV0nzshJWKzf31XKtmsdRgFM4gwsI4QpqcAd1aACBR3iGV3jzlPfivXsfi9Y1L585gT/wPn8AhpWPEw==</latexit>

e+

<latexit sha1_base64="vGE0bL4jxfS89zyShaXNlY3mZS8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmkoN4KXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aysrq1vbBa2its7u3v7pYPDpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGN1O/9YRK81g+mHGCfkQHkoecUWOle3w875XKbsWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n81OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwis/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0ijYEb/HlZdK8qHjVyvVdtVyr5nEU4BhO4Aw8uIQa3EIdGsBgAM/wCm+OcF6cd+dj3rri5DNH8AfO5w/jvI2E</latexit>

p̄

<latexit sha1_base64="lHZzTapsDkbh+2fu4OeaqW1bT7s=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FvHiMYB6QLKF3MkmGzM4OM7NCWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dkRLcWN//9gobm1vbO8Xd0t7+weFR+fikZZJUU9akiUh0J0LDBJesabkVrKM0wzgSrB1N7uZ++4lpwxP5aKeKhTGOJB9yitZJ7V6EOlOzfrniV/0FyDoJclKBHI1++as3SGgaM2mpQGO6ga9smKG2nAo2K/VSwxTSCY5Y11GJMTNhtjh3Ri6cMiDDRLuSlizU3xMZxsZM48h1xmjHZtWbi/953dQOb8KMS5VaJuly0TAVxCZk/jsZcM2oFVNHkGrubiV0jBqpdQmVXAjB6svrpHVVDWrV24dapV7L4yjCGZzDJQRwDXW4hwY0gcIEnuEV3jzlvXjv3seyteDlM6fwB97nD5d6j7c=</latexit>

Matching

<latexit sha1_base64="+bK9DrA3/0O0tcC6E4ZV2XHVX2Y=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKexKwHgLePEiRDAPSNYwO5kkQ2Znl5leJSz5Dy8eFPHqv3jzb5wke9DEgoaiqpvuriCWwqDrfju5tfWNza38dmFnd2//oHh41DRRohlvsEhGuh1Qw6VQvIECJW/HmtMwkLwVjK9nfuuRayMidY+TmPshHSoxEIyilR7Srg7JLUU2Emo47RVLbtmdg6wSLyMlyFDvFb+6/YglIVfIJDWm47kx+inVKJjk00I3MTymbEyHvGOpoiE3fjq/ekrOrNIng0jbUkjm6u+JlIbGTMLAdoYUR2bZm4n/eZ0EB1U/FSpOkCu2WDRIJMGIzCIgfaE5QzmxhDIt7K2EjaimDG1QBRuCt/zyKmlelL1K+equUqpVszjycAKncA4eXEINbqAODWCg4Rle4c15cl6cd+dj0Zpzsplj+APn8weHoJKG</latexit>

DGLAP

<latexit sha1_base64="EDhGggMEsi2njdSUWClAPHumxrA=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVwXqrKOjBQwX7AdulZNNsG5psliQrlKU/w4sHRbz6a7z5b0zbPWjrg4HHezPMzAsTzrRx3W+nsLK6tr5R3Cxtbe/s7pX3D1paporQJpFcqk6INeUspk3DDKedRFEsQk7b4eh66refqNJMxo9mnNBA4EHMIkawsZKfdZVAN7f3V41Jr1xxq+4MaJl4OalAjkav/NXtS5IKGhvCsda+5yYmyLAyjHA6KXVTTRNMRnhAfUtjLKgOstnJE3RilT6KpLIVGzRTf09kWGg9FqHtFNgM9aI3Ff/z/NREtSBjcZIaGpP5oijlyEg0/R/1maLE8LElmChmb0VkiBUmxqZUsiF4iy8vk9ZZ1TuvXj6cV+q1PI4iHMExnIIHF1CHO2hAEwhIeIZXeHOM8+K8Ox/z1oKTzxzCHzifP13JkKU=</latexit>

Pythia

<latexit sha1_base64="eu1e+MyN1P3vtP8RYQu93M9v8j4=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETyWRgvVW8OKxgv2ANpTNdtou3WzC7kSMob/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMC2LBNbrut1XY2Nza3inulvb2Dw7L9tFxW0eJYtBikYhUN6AaBJfQQo4CurECGgYCOsH0Zu53HkBpHsl7TGPwQzqWfMQZRSMN7HIf4RERs2aKE05nA7viVt0FnHXi5aRCcjQH9ld/GLEkBIlMUK17nhujn1GFnAmYlfqJhpiyKR1Dz1BJQ9B+tjh85pwbZeiMImVKorNQf09kNNQ6DQPTGVKc6FVvLv7n9RIc1f2MyzhBkGy5aJQIByNnnoIz5AoYitQQyhQ3tzpsQhVlaLIqmRC81ZfXSfuy6tWq13e1SqOex1Ekp+SMXBCPXJEGuSVN0iKMJOSZvJI368l6sd6tj2VrwcpnTsgfWJ8/nW+Tsw==</latexit>

⌫

<latexit sha1_base64="ntef6D3glm6LML0cUydxlY/BeNI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvHisaD+gDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84RK81g+mmmCfkRHkoecUWOlh75MB+WKW3UXIOvEy0kFcjQH5a/+MGZphNIwQbXueW5i/Iwqw5nAWamfakwom9AR9iyVNELtZ4tTZ+TCKkMSxsqWNGSh/p7IaKT1NApsZ0TNWK96c/E/r5ea8NrPuExSg5ItF4WpICYm87/JkCtkRkwtoUxxeythY6ooMzadkg3BW315nbSvql6tenNfqzRqeRxFOINzuAQP6tCAO2hCCxiM4Ble4c0Rzovz7nwsWwtOPnMKf+B8/gBejY3V</latexit>

Hi
g
h

G
lo
ba
l

• Where should it be applied?

[Bauer, NLR, Webber 2020]
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Importance of Polarization
HEAVY DARK MATTER SPECTRUM
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Polarized decays; m¬ = mP
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e°R ! e°

[Bauer, NLR, Webber 2020]
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Weak Matching
HEAVY DARK MATTER SPECTRUM
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• Exploit FF convolution property


• Most states do not evolve, EW scale states (Z, W, h, t) decay

• Must account for polarized decays, all analytically

t

b

νℓ

ℓ̄

W+

d(x; m�, q
�
W ) =

Z 1

x

dz

z
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Weak Matching
HEAVY DARK MATTER SPECTRUM
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Propagation Effects
HEAVY DARK MATTER SPECTRUM

[Esmailia, Serpico 1505.06486]

Will a photon make it to Earth?

What we actually see:

[NLR+ PRL 2017] [Bauer, NLR, Webber 2020]
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Uncertainties
HEAVY DARK MATTER SPECTRUM
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• Missing a complete treatment of (soft) QCD single logs

• Large corrections for                , i.e.

• Simple argument, only an estimate of where results break
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[Bauer, NLR, Webber 2020]
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Uncertainties
HEAVY DARK MATTER SPECTRUM

• Size of missing       logs at higher dark matter masses

NB: include running couplings

↵L
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Electroweak Double Logs
HEAVY DARK MATTER SPECTRUM
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zmax =

⇢
1�mV /µ for U(1)Y , SU(2)L
1 otherwise

Origin of the EW double logs

c.f. SCETII treatment of the same physics 
[Manohar, Waalewijn 1802.08687]

Terminals on DGLAP equations

[Bauer, NLR, Webber 2020]
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Momentum Fractions
HEAVY DARK MATTER SPECTRUM
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Hadronic Results
HEAVY DARK MATTER SPECTRUM
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Explicit Model: Glueball
HEAVY DARK MATTER SPECTRUM

• Glueballs: lowest lying state of a hidden sector containing only 
a confining SU(N) gauge theory (dark QCD)


• Naturally long lived and thereby a DM candidate

• Mass at the confinement scale - for SU(3) unifying with the 

SM can get m~100 TeV

• Lowest order coupling to the standard model is dim-6


• The lifetime then comes out as:
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See e.g. [hep-ph/0008223], [1402.3629], [1605.08048], [1609.02151]

Recent examples, [1811.06975], [1812.03516], [1906.00981], [2003.02846], [2003.04900], [2003.04936]

[Bauer, NLR, Webber 2020]
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Heavy Dark Matter
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eV
<latexit sha1_base64="OFrcSZkoc9QLrYAplWvlyeAL7B4="></latexit>

1

<latexit sha1_base64="dMDQ5Trfq0Kc1MCKsz3vMuUNmO4=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuhkxrmc6u6KbLCvYBnWHIZNI2NPMgyRTK0D9x40IRt/6JO//G9CGo6IHA4ZxzuTcnzDiTCqEPY2Nza3tnt7RX3j84PDo2T067Ms0FoR2S8lT0QywpZwntKKY47WeC4jjktBdObhd+b0qFZGlyr2YZ9WM8StiQEay0FJimx3U4wkHhiRjetOaBWUGWXXWcug2R5bquU6+tCKo1oG2hJSpgjXZgvntRSvKYJopwLOXARpnyCywUI5zOy14uaYbJBI/oQNMEx1T6xfLyObzUSgSHqdAvUXCpfp8ocCzlLA51MsZqLH97C/Evb5CrYcMvWJLliiZktWiYc6hSuKgBRkxQovhME0wE07dCMsYCE6XLKusSvn4K/yfdqmXXLXR3XWm66zpK4BxcgCtgAwc0QQu0QQcQMAUP4Ak8G4XxaLwYr6vohrGeOQM/YLx9AqIvk6Y=</latexit>

�BH

<latexit sha1_base64="QJq6G7WMdzveX7PP5B0KjoRutns="></latexit>

�DM ⇠ 1

mDM

, �BH ⇠ mDM

<latexit sha1_base64="bTvIPGdrsWX6N6cIiKGlWBMkUxw="></latexit>

mDM = mP ⇠ 1028 eV ⇡ 0.02 µg

Heavy Dark Matter

Black Hole

Composite or Black Hole DM could be even heavier

<latexit sha1_base64="2Zf3llcBCCHXr+vKukqDRbV9QQM="></latexit>

nDM
sun ⇠ 10�4

✓
mP

mDM

◆
particles/km3

<latexit sha1_base64="PlVJTBQ/+/mzM8V3lu+psPdJWwI="></latexit>

nDM
sun ⇠ 1018

✓
1 neV

mDM

◆
particles/cm3

[Bauer, NLR, Webber 2020]


