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2Introduc/on

* The Higgs boson was discovered; standard model more 
complete. 

* Standard model is not the compleMon of physics, 
* Hierarchy problem 
* Neutrino mass 
* Dark maPer 
* etc.

* One important piece missing — dark maPer 
* Dark maPer known to exist from 

astrophysical observaMons, 
* Galaxy rotaMon curve 
* GravitaMonal lensing

https://en.wikipedia.org/wiki/Galaxy_rotation_curve
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3Dark ma3er, WIMP

* Popular DM candidate: WIMP (weakly interacMng massive parMcle) 
* WIMP miracle: "weak" mass scale & coupling → correct abundance.

WIMP detec/on

(Feng. 2009)
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4WIMP at collider

* Large missing ET signature search at collider. 
* Many searches performed, dark maPer not found yet.

(Sharma. LHCP2020)

momentum imbalance in beam 
transverse plane due to non-
interacMng parMcles
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5SIDM

* Keep eyes open for other dark maPer scenarios  
* SIDM (self-interacMng dark maPer) 
* ElasMc scaPering, need σ/m~1cm2/g (~2*10-24cm2/GeV) 

* WIMP — σ/m~2*10-38cm2/GeV, effecMvely collision-less CDM.

* Collisionless CDM-only simulaMons predict "cuspy" density profile, while 
observaMon prefers "core". 

* Other issues: missing satellites problem, rotaMon curve diversity problem, etc.
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6SIDM model

* SIDM model at LHC
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<latexit sha1_base64="E6mWwGVgbK1zHvtPA+ef4ELcjbI=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm2ARBLEkIuiy6MZlBXuBJpbJ9KQdOpmEmYlQQl/DjQtF3Poy7nwbp2kW2npgho//P4c58wcJZ0o7zrdVWlldW98ob1a2tnd296r7B20Vp5Jii8Y8lt2AKORMYEszzbGbSCRRwLETjG9nfucJpWKxeNCTBP2IDAULGSXaSJ6HnD+e5fd5v1pz6k5e9jK4BdSgqGa/+uUNYppGKDTlRKme6yTaz4jUjHKcVrxUYULomAyxZ1CQCJWf5TtP7ROjDOwwluYIbefq74mMREpNosB0RkSP1KI3E//zeqkOr/2MiSTVKOj8oTDlto7tWQD2gEmkmk8MECqZ2dWmIyIJ1SamignBXfzyMrQv6q7h+8ta46aIowxHcAyn4MIVNOAOmtACCgk8wyu8Wan1Yr1bH/PWklXMHMKfsj5/AFmlkTg=</latexit><latexit sha1_base64="E6mWwGVgbK1zHvtPA+ef4ELcjbI=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm2ARBLEkIuiy6MZlBXuBJpbJ9KQdOpmEmYlQQl/DjQtF3Poy7nwbp2kW2npgho//P4c58wcJZ0o7zrdVWlldW98ob1a2tnd296r7B20Vp5Jii8Y8lt2AKORMYEszzbGbSCRRwLETjG9nfucJpWKxeNCTBP2IDAULGSXaSJ6HnD+e5fd5v1pz6k5e9jK4BdSgqGa/+uUNYppGKDTlRKme6yTaz4jUjHKcVrxUYULomAyxZ1CQCJWf5TtP7ROjDOwwluYIbefq74mMREpNosB0RkSP1KI3E//zeqkOr/2MiSTVKOj8oTDlto7tWQD2gEmkmk8MECqZ2dWmIyIJ1SamignBXfzyMrQv6q7h+8ta46aIowxHcAyn4MIVNOAOmtACCgk8wyu8Wan1Yr1bH/PWklXMHMKfsj5/AFmlkTg=</latexit><latexit sha1_base64="E6mWwGVgbK1zHvtPA+ef4ELcjbI=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm2ARBLEkIuiy6MZlBXuBJpbJ9KQdOpmEmYlQQl/DjQtF3Poy7nwbp2kW2npgho//P4c58wcJZ0o7zrdVWlldW98ob1a2tnd296r7B20Vp5Jii8Y8lt2AKORMYEszzbGbSCRRwLETjG9nfucJpWKxeNCTBP2IDAULGSXaSJ6HnD+e5fd5v1pz6k5e9jK4BdSgqGa/+uUNYppGKDTlRKme6yTaz4jUjHKcVrxUYULomAyxZ1CQCJWf5TtP7ROjDOwwluYIbefq74mMREpNosB0RkSP1KI3E//zeqkOr/2MiSTVKOj8oTDlto7tWQD2gEmkmk8MECqZ2dWmIyIJ1SamignBXfzyMrQv6q7h+8ta46aIowxHcAyn4MIVNOAOmtACCgk8wyu8Wan1Yr1bH/PWklXMHMKfsj5/AFmlkTg=</latexit><latexit sha1_base64="E6mWwGVgbK1zHvtPA+ef4ELcjbI=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm2ARBLEkIuiy6MZlBXuBJpbJ9KQdOpmEmYlQQl/DjQtF3Poy7nwbp2kW2npgho//P4c58wcJZ0o7zrdVWlldW98ob1a2tnd296r7B20Vp5Jii8Y8lt2AKORMYEszzbGbSCRRwLETjG9nfucJpWKxeNCTBP2IDAULGSXaSJ6HnD+e5fd5v1pz6k5e9jK4BdSgqGa/+uUNYppGKDTlRKme6yTaz4jUjHKcVrxUYULomAyxZ1CQCJWf5TtP7ROjDOwwluYIbefq74mMREpNosB0RkSP1KI3E//zeqkOr/2MiSTVKOj8oTDlto7tWQD2gEmkmk8MECqZ2dWmIyIJ1SamignBXfzyMrQv6q7h+8ta46aIowxHcAyn4MIVNOAOmtACCgk8wyu8Wan1Yr1bH/PWklXMHMKfsj5/AFmlkTg=</latexit>

`
+
`
�

<latexit sha1_base64="E6mWwGVgbK1zHvtPA+ef4ELcjbI=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm2ARBLEkIuiy6MZlBXuBJpbJ9KQdOpmEmYlQQl/DjQtF3Poy7nwbp2kW2npgho//P4c58wcJZ0o7zrdVWlldW98ob1a2tnd296r7B20Vp5Jii8Y8lt2AKORMYEszzbGbSCRRwLETjG9nfucJpWKxeNCTBP2IDAULGSXaSJ6HnD+e5fd5v1pz6k5e9jK4BdSgqGa/+uUNYppGKDTlRKme6yTaz4jUjHKcVrxUYULomAyxZ1CQCJWf5TtP7ROjDOwwluYIbefq74mMREpNosB0RkSP1KI3E//zeqkOr/2MiSTVKOj8oTDlto7tWQD2gEmkmk8MECqZ2dWmIyIJ1SamignBXfzyMrQv6q7h+8ta46aIowxHcAyn4MIVNOAOmtACCgk8wyu8Wan1Yr1bH/PWklXMHMKfsj5/AFmlkTg=</latexit><latexit sha1_base64="E6mWwGVgbK1zHvtPA+ef4ELcjbI=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm2ARBLEkIuiy6MZlBXuBJpbJ9KQdOpmEmYlQQl/DjQtF3Poy7nwbp2kW2npgho//P4c58wcJZ0o7zrdVWlldW98ob1a2tnd296r7B20Vp5Jii8Y8lt2AKORMYEszzbGbSCRRwLETjG9nfucJpWKxeNCTBP2IDAULGSXaSJ6HnD+e5fd5v1pz6k5e9jK4BdSgqGa/+uUNYppGKDTlRKme6yTaz4jUjHKcVrxUYULomAyxZ1CQCJWf5TtP7ROjDOwwluYIbefq74mMREpNosB0RkSP1KI3E//zeqkOr/2MiSTVKOj8oTDlto7tWQD2gEmkmk8MECqZ2dWmIyIJ1SamignBXfzyMrQv6q7h+8ta46aIowxHcAyn4MIVNOAOmtACCgk8wyu8Wan1Yr1bH/PWklXMHMKfsj5/AFmlkTg=</latexit><latexit sha1_base64="E6mWwGVgbK1zHvtPA+ef4ELcjbI=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm2ARBLEkIuiy6MZlBXuBJpbJ9KQdOpmEmYlQQl/DjQtF3Poy7nwbp2kW2npgho//P4c58wcJZ0o7zrdVWlldW98ob1a2tnd296r7B20Vp5Jii8Y8lt2AKORMYEszzbGbSCRRwLETjG9nfucJpWKxeNCTBP2IDAULGSXaSJ6HnD+e5fd5v1pz6k5e9jK4BdSgqGa/+uUNYppGKDTlRKme6yTaz4jUjHKcVrxUYULomAyxZ1CQCJWf5TtP7ROjDOwwluYIbefq74mMREpNosB0RkSP1KI3E//zeqkOr/2MiSTVKOj8oTDlto7tWQD2gEmkmk8MECqZ2dWmIyIJ1SamignBXfzyMrQv6q7h+8ta46aIowxHcAyn4MIVNOAOmtACCgk8wyu8Wan1Yr1bH/PWklXMHMKfsj5/AFmlkTg=</latexit><latexit sha1_base64="E6mWwGVgbK1zHvtPA+ef4ELcjbI=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm2ARBLEkIuiy6MZlBXuBJpbJ9KQdOpmEmYlQQl/DjQtF3Poy7nwbp2kW2npgho//P4c58wcJZ0o7zrdVWlldW98ob1a2tnd296r7B20Vp5Jii8Y8lt2AKORMYEszzbGbSCRRwLETjG9nfucJpWKxeNCTBP2IDAULGSXaSJ6HnD+e5fd5v1pz6k5e9jK4BdSgqGa/+uUNYppGKDTlRKme6yTaz4jUjHKcVrxUYULomAyxZ1CQCJWf5TtP7ROjDOwwluYIbefq74mMREpNosB0RkSP1KI3E//zeqkOr/2MiSTVKOj8oTDlto7tWQD2gEmkmk8MECqZ2dWmIyIJ1SamignBXfzyMrQv6q7h+8ta46aIowxHcAyn4MIVNOAOmtACCgk8wyu8Wan1Yr1bH/PWklXMHMKfsj5/AFmlkTg=</latexit>

p

A
�

<latexit sha1_base64="Ww7JLfQe/vF3yo2MjtBsUU0nplo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIoMeqF48V7Qe0sWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/oeNUMayzWMSqFVCNgkusG24EthKFNAoENoPhzcRvPqHSPJYPZpSgH9G+5CFn1Fjp/urxtFsquxV3CrJIvJyUIUetW/rq9GKWRigNE1Trtucmxs+oMpwJHBc7qcaEsiHtY9tSSSPUfjY9dUyOrdIjYaxsSUOm6u+JjEZaj6LAdkbUDPS8NxH/89qpCS/9jMskNSjZbFGYCmJiMvmb9LhCZsTIEsoUt7cSNqCKMmPTKdoQvPmXF0njrOK5Fe/uvFy9zuMowCEcwQl4cAFVuIUa1IFBH57hFd4c4bw4787HrHXJyWcO4A+czx+rto1h</latexit><latexit sha1_base64="Ww7JLfQe/vF3yo2MjtBsUU0nplo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIoMeqF48V7Qe0sWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/oeNUMayzWMSqFVCNgkusG24EthKFNAoENoPhzcRvPqHSPJYPZpSgH9G+5CFn1Fjp/urxtFsquxV3CrJIvJyUIUetW/rq9GKWRigNE1Trtucmxs+oMpwJHBc7qcaEsiHtY9tSSSPUfjY9dUyOrdIjYaxsSUOm6u+JjEZaj6LAdkbUDPS8NxH/89qpCS/9jMskNSjZbFGYCmJiMvmb9LhCZsTIEsoUt7cSNqCKMmPTKdoQvPmXF0njrOK5Fe/uvFy9zuMowCEcwQl4cAFVuIUa1IFBH57hFd4c4bw4787HrHXJyWcO4A+czx+rto1h</latexit><latexit sha1_base64="Ww7JLfQe/vF3yo2MjtBsUU0nplo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIoMeqF48V7Qe0sWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/oeNUMayzWMSqFVCNgkusG24EthKFNAoENoPhzcRvPqHSPJYPZpSgH9G+5CFn1Fjp/urxtFsquxV3CrJIvJyUIUetW/rq9GKWRigNE1Trtucmxs+oMpwJHBc7qcaEsiHtY9tSSSPUfjY9dUyOrdIjYaxsSUOm6u+JjEZaj6LAdkbUDPS8NxH/89qpCS/9jMskNSjZbFGYCmJiMvmb9LhCZsTIEsoUt7cSNqCKMmPTKdoQvPmXF0njrOK5Fe/uvFy9zuMowCEcwQl4cAFVuIUa1IFBH57hFd4c4bw4787HrHXJyWcO4A+czx+rto1h</latexit><latexit sha1_base64="Ww7JLfQe/vF3yo2MjtBsUU0nplo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIoMeqF48V7Qe0sWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/oeNUMayzWMSqFVCNgkusG24EthKFNAoENoPhzcRvPqHSPJYPZpSgH9G+5CFn1Fjp/urxtFsquxV3CrJIvJyUIUetW/rq9GKWRigNE1Trtucmxs+oMpwJHBc7qcaEsiHtY9tSSSPUfjY9dUyOrdIjYaxsSUOm6u+JjEZaj6LAdkbUDPS8NxH/89qpCS/9jMskNSjZbFGYCmJiMvmb9LhCZsTIEsoUt7cSNqCKMmPTKdoQvPmXF0njrOK5Fe/uvFy9zuMowCEcwQl4cAFVuIUa1IFBH57hFd4c4bw4787HrHXJyWcO4A+czx+rto1h</latexit>

�
<latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit><latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit><latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit><latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit>

�̄
<latexit sha1_base64="7s4VbITa2XMjfnp9g8Yq6gNK6GM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHtzO/88SU5ol8MJOUBTEOJY84RWOlRz9Elft0xKf9as2tu3OQVeIVpAYFmv3qlz9IaBYzaahArXuem5ogR2U4FWxa8TPNUqRjHLKepRJjpoN8fvGUnFllQKJE2ZKGzNXfEznGWk/i0HbGaEZ62ZuJ/3m9zETXQc5lmhkm6WJRlAliEjJ7nwy4YtSIiSVIFbe3EjpChdTYkCo2BG/55VXSvqh7bt27v6w1boo4ynACp3AOHlxBA+6gCS2gIOEZXuHN0c6L8+58LFpLTjFzDH/gfP4AxMqQ9w==</latexit><latexit sha1_base64="7s4VbITa2XMjfnp9g8Yq6gNK6GM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHtzO/88SU5ol8MJOUBTEOJY84RWOlRz9Elft0xKf9as2tu3OQVeIVpAYFmv3qlz9IaBYzaahArXuem5ogR2U4FWxa8TPNUqRjHLKepRJjpoN8fvGUnFllQKJE2ZKGzNXfEznGWk/i0HbGaEZ62ZuJ/3m9zETXQc5lmhkm6WJRlAliEjJ7nwy4YtSIiSVIFbe3EjpChdTYkCo2BG/55VXSvqh7bt27v6w1boo4ynACp3AOHlxBA+6gCS2gIOEZXuHN0c6L8+58LFpLTjFzDH/gfP4AxMqQ9w==</latexit><latexit sha1_base64="7s4VbITa2XMjfnp9g8Yq6gNK6GM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHtzO/88SU5ol8MJOUBTEOJY84RWOlRz9Elft0xKf9as2tu3OQVeIVpAYFmv3qlz9IaBYzaahArXuem5ogR2U4FWxa8TPNUqRjHLKepRJjpoN8fvGUnFllQKJE2ZKGzNXfEznGWk/i0HbGaEZ62ZuJ/3m9zETXQc5lmhkm6WJRlAliEjJ7nwy4YtSIiSVIFbe3EjpChdTYkCo2BG/55VXSvqh7bt27v6w1boo4ynACp3AOHlxBA+6gCS2gIOEZXuHN0c6L8+58LFpLTjFzDH/gfP4AxMqQ9w==</latexit><latexit sha1_base64="7s4VbITa2XMjfnp9g8Yq6gNK6GM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHtzO/88SU5ol8MJOUBTEOJY84RWOlRz9Elft0xKf9as2tu3OQVeIVpAYFmv3qlz9IaBYzaahArXuem5ogR2U4FWxa8TPNUqRjHLKepRJjpoN8fvGUnFllQKJE2ZKGzNXfEznGWk/i0HbGaEZ62ZuJ/3m9zETXQc5lmhkm6WJRlAliEjJ7nwy4YtSIiSVIFbe3EjpChdTYkCo2BG/55VXSvqh7bt27v6w1boo4ynACp3AOHlxBA+6gCS2gIOEZXuHN0c6L8+58LFpLTjFzDH/gfP4AxMqQ9w==</latexit> Bps
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Figure 1. Displaced lepton jet signatures from the SIDM bound state at the LHC. In the model we consider, a
heavy pseduoscalar (A) couples the SIDM particle (�) to gluons (g), a dark photon (Zd) mediates dark matter
self-interactions and leads to formation of the bound state (Bps). The boosted Zd decays to SM charged leptons
via a kinetic mixing portal.

that leads to dark matter self-interactions in the halos. The resulting bound state can annihilate into
two boosted mediators, which subsequently decay back to the SM particles, as illustrated in Fig. 1. If
the mediator’s coupling to the SM is small enough to satisfy other existing constraints, it can be long-
lived and have a macroscopic decay length comparable to the size of the LHC detectors. Compared
to prompt signals, the long-lived particle search has much less SM backgrounds. And the resonance
feature can further help us distinguish the signal from the backgrounds that are combinatorial and
typically monotonic in energy. Thus, searching for the mediator from the bound state decay provides
a powerful way of testing SIDM models.

In this paper, we propose an LHC study of SIDM using the production of the dark matter bound
states and their decay into displaced lepton jets (DLJs). As we will show, the DLJ search at the Run
3 LHC can be sensitive to the SIDM parameters that resolve the discrepancies on galactic scales. The
reconstruction of the bound state mass through the DLJ energy gives a measurement of the dark matter
mass, and a comparison between the bound state and missing energy signatures provides information
about dark matter self-interactions, complementary to astrophysical observations. Note the idea of
looking for dark matter bound states at particle colliders has been discussed before [47–53]. Here we
focus on the DLJ signatures from the long-lived dark force mediator in the SIDM context. A similar
analysis was carried out using B-factory [48] and LHC [49] results. In this work, we study a simplified
SIDM model with a heavy pseudoscalar that couples SM quarks to dark matter particles. We further
take the advantage of non-conventional ATLAS triggers searching for long-lived particles [54] and
conduct a detailed study of the DLJ signals from the SIDM bound states at the LHC Run 3. We also
explore the possibility of narrowing down the dark matter model parameters after combing monojet,
multi-muon and DLJ searches, as well as astrophysical observations.

The outline of this paper is as follows. In Sec. 2, we present the particle physics model and discuss
various constraints on model parameters. In Sec. 3, we discuss DLJ searches of the SIDM bound state.
In Sec. 4, we discuss prompt multi-muon searches, especially for the final state radiation of the dark
photon. In Sec. 5, we show current LHC bounds, projected future reaches and their implications for
astrophysical observations. We conclude in Sec. 6.

– 2 –

* SIDM parMcle (χ) couples to gluon (g) via a heavy pseudoscalar (A*). 
* Dark photon (Zd) mediates dark maPer self-interacMon, leads to SIDM bound state (Bps). 
* SIDM bound state annihilates into a pair of boosted Zd. 
* Zd decays to a pair of standard model opposite charged leptons via kineMc mixing portal. 

* We focus on Zd→μ+μ- /e+e-

(Tsai, Xu, Yu, JHEP08(2019)131)
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p

A
�

<latexit sha1_base64="Ww7JLfQe/vF3yo2MjtBsUU0nplo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIoMeqF48V7Qe0sWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/oeNUMayzWMSqFVCNgkusG24EthKFNAoENoPhzcRvPqHSPJYPZpSgH9G+5CFn1Fjp/urxtFsquxV3CrJIvJyUIUetW/rq9GKWRigNE1Trtucmxs+oMpwJHBc7qcaEsiHtY9tSSSPUfjY9dUyOrdIjYaxsSUOm6u+JjEZaj6LAdkbUDPS8NxH/89qpCS/9jMskNSjZbFGYCmJiMvmb9LhCZsTIEsoUt7cSNqCKMmPTKdoQvPmXF0njrOK5Fe/uvFy9zuMowCEcwQl4cAFVuIUa1IFBH57hFd4c4bw4787HrHXJyWcO4A+czx+rto1h</latexit><latexit sha1_base64="Ww7JLfQe/vF3yo2MjtBsUU0nplo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIoMeqF48V7Qe0sWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/oeNUMayzWMSqFVCNgkusG24EthKFNAoENoPhzcRvPqHSPJYPZpSgH9G+5CFn1Fjp/urxtFsquxV3CrJIvJyUIUetW/rq9GKWRigNE1Trtucmxs+oMpwJHBc7qcaEsiHtY9tSSSPUfjY9dUyOrdIjYaxsSUOm6u+JjEZaj6LAdkbUDPS8NxH/89qpCS/9jMskNSjZbFGYCmJiMvmb9LhCZsTIEsoUt7cSNqCKMmPTKdoQvPmXF0njrOK5Fe/uvFy9zuMowCEcwQl4cAFVuIUa1IFBH57hFd4c4bw4787HrHXJyWcO4A+czx+rto1h</latexit><latexit sha1_base64="Ww7JLfQe/vF3yo2MjtBsUU0nplo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIoMeqF48V7Qe0sWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/oeNUMayzWMSqFVCNgkusG24EthKFNAoENoPhzcRvPqHSPJYPZpSgH9G+5CFn1Fjp/urxtFsquxV3CrJIvJyUIUetW/rq9GKWRigNE1Trtucmxs+oMpwJHBc7qcaEsiHtY9tSSSPUfjY9dUyOrdIjYaxsSUOm6u+JjEZaj6LAdkbUDPS8NxH/89qpCS/9jMskNSjZbFGYCmJiMvmb9LhCZsTIEsoUt7cSNqCKMmPTKdoQvPmXF0njrOK5Fe/uvFy9zuMowCEcwQl4cAFVuIUa1IFBH57hFd4c4bw4787HrHXJyWcO4A+czx+rto1h</latexit><latexit sha1_base64="Ww7JLfQe/vF3yo2MjtBsUU0nplo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIoMeqF48V7Qe0sWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/oeNUMayzWMSqFVCNgkusG24EthKFNAoENoPhzcRvPqHSPJYPZpSgH9G+5CFn1Fjp/urxtFsquxV3CrJIvJyUIUetW/rq9GKWRigNE1Trtucmxs+oMpwJHBc7qcaEsiHtY9tSSSPUfjY9dUyOrdIjYaxsSUOm6u+JjEZaj6LAdkbUDPS8NxH/89qpCS/9jMskNSjZbFGYCmJiMvmb9LhCZsTIEsoUt7cSNqCKMmPTKdoQvPmXF0njrOK5Fe/uvFy9zuMowCEcwQl4cAFVuIUa1IFBH57hFd4c4bw4787HrHXJyWcO4A+czx+rto1h</latexit>

Bps
<latexit sha1_base64="nPMquLCRIJGpmVtTyyT4NR/l6Hg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1GWpG5cV7APaECbTSTt0Mgkzk0IJ+RM3LhRx65+482+ctFlo64GBwzn3cs+cIOFMacf5tipb2zu7e9X92sHh0fGJfXrWU3EqCe2SmMdyEGBFORO0q5nmdJBIiqOA034wuy/8/pxKxWLxpBcJ9SI8ESxkBGsj+bY9irCeEsyzdu5nicp9u+40nCXQJnFLUocSHd/+Go1jkkZUaMKxUkPXSbSXYakZ4TSvjVJFE0xmeEKHhgocUeVly+Q5ujLKGIWxNE9otFR/b2Q4UmoRBWayyKnWvUL8zxumOrzzMiaSVFNBVofClCMdo6IGNGaSEs0XhmAimcmKyBRLTLQpq2ZKcNe/vEl6Nw3XabiPt/VWu6yjChdwCdfgQhNa8AAd6AKBOTzDK7xZmfVivVsfq9GKVe6cwx9Ynz8dNpP1</latexit><latexit sha1_base64="nPMquLCRIJGpmVtTyyT4NR/l6Hg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1GWpG5cV7APaECbTSTt0Mgkzk0IJ+RM3LhRx65+482+ctFlo64GBwzn3cs+cIOFMacf5tipb2zu7e9X92sHh0fGJfXrWU3EqCe2SmMdyEGBFORO0q5nmdJBIiqOA034wuy/8/pxKxWLxpBcJ9SI8ESxkBGsj+bY9irCeEsyzdu5nicp9u+40nCXQJnFLUocSHd/+Go1jkkZUaMKxUkPXSbSXYakZ4TSvjVJFE0xmeEKHhgocUeVly+Q5ujLKGIWxNE9otFR/b2Q4UmoRBWayyKnWvUL8zxumOrzzMiaSVFNBVofClCMdo6IGNGaSEs0XhmAimcmKyBRLTLQpq2ZKcNe/vEl6Nw3XabiPt/VWu6yjChdwCdfgQhNa8AAd6AKBOTzDK7xZmfVivVsfq9GKVe6cwx9Ynz8dNpP1</latexit><latexit sha1_base64="nPMquLCRIJGpmVtTyyT4NR/l6Hg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1GWpG5cV7APaECbTSTt0Mgkzk0IJ+RM3LhRx65+482+ctFlo64GBwzn3cs+cIOFMacf5tipb2zu7e9X92sHh0fGJfXrWU3EqCe2SmMdyEGBFORO0q5nmdJBIiqOA034wuy/8/pxKxWLxpBcJ9SI8ESxkBGsj+bY9irCeEsyzdu5nicp9u+40nCXQJnFLUocSHd/+Go1jkkZUaMKxUkPXSbSXYakZ4TSvjVJFE0xmeEKHhgocUeVly+Q5ujLKGIWxNE9otFR/b2Q4UmoRBWayyKnWvUL8zxumOrzzMiaSVFNBVofClCMdo6IGNGaSEs0XhmAimcmKyBRLTLQpq2ZKcNe/vEl6Nw3XabiPt/VWu6yjChdwCdfgQhNa8AAd6AKBOTzDK7xZmfVivVsfq9GKVe6cwx9Ynz8dNpP1</latexit><latexit sha1_base64="nPMquLCRIJGpmVtTyyT4NR/l6Hg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1GWpG5cV7APaECbTSTt0Mgkzk0IJ+RM3LhRx65+482+ctFlo64GBwzn3cs+cIOFMacf5tipb2zu7e9X92sHh0fGJfXrWU3EqCe2SmMdyEGBFORO0q5nmdJBIiqOA034wuy/8/pxKxWLxpBcJ9SI8ESxkBGsj+bY9irCeEsyzdu5nicp9u+40nCXQJnFLUocSHd/+Go1jkkZUaMKxUkPXSbSXYakZ4TSvjVJFE0xmeEKHhgocUeVly+Q5ujLKGIWxNE9otFR/b2Q4UmoRBWayyKnWvUL8zxumOrzzMiaSVFNBVofClCMdo6IGNGaSEs0XhmAimcmKyBRLTLQpq2ZKcNe/vEl6Nw3XabiPt/VWu6yjChdwCdfgQhNa8AAd6AKBOTzDK7xZmfVivVsfq9GKVe6cwx9Ynz8dNpP1</latexit>

�
<latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit><latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit><latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit><latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit>

�̄
<latexit sha1_base64="7s4VbITa2XMjfnp9g8Yq6gNK6GM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHtzO/88SU5ol8MJOUBTEOJY84RWOlRz9Elft0xKf9as2tu3OQVeIVpAYFmv3qlz9IaBYzaahArXuem5ogR2U4FWxa8TPNUqRjHLKepRJjpoN8fvGUnFllQKJE2ZKGzNXfEznGWk/i0HbGaEZ62ZuJ/3m9zETXQc5lmhkm6WJRlAliEjJ7nwy4YtSIiSVIFbe3EjpChdTYkCo2BG/55VXSvqh7bt27v6w1boo4ynACp3AOHlxBA+6gCS2gIOEZXuHN0c6L8+58LFpLTjFzDH/gfP4AxMqQ9w==</latexit><latexit sha1_base64="7s4VbITa2XMjfnp9g8Yq6gNK6GM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHtzO/88SU5ol8MJOUBTEOJY84RWOlRz9Elft0xKf9as2tu3OQVeIVpAYFmv3qlz9IaBYzaahArXuem5ogR2U4FWxa8TPNUqRjHLKepRJjpoN8fvGUnFllQKJE2ZKGzNXfEznGWk/i0HbGaEZ62ZuJ/3m9zETXQc5lmhkm6WJRlAliEjJ7nwy4YtSIiSVIFbe3EjpChdTYkCo2BG/55VXSvqh7bt27v6w1boo4ynACp3AOHlxBA+6gCS2gIOEZXuHN0c6L8+58LFpLTjFzDH/gfP4AxMqQ9w==</latexit><latexit sha1_base64="7s4VbITa2XMjfnp9g8Yq6gNK6GM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHtzO/88SU5ol8MJOUBTEOJY84RWOlRz9Elft0xKf9as2tu3OQVeIVpAYFmv3qlz9IaBYzaahArXuem5ogR2U4FWxa8TPNUqRjHLKepRJjpoN8fvGUnFllQKJE2ZKGzNXfEznGWk/i0HbGaEZ62ZuJ/3m9zETXQc5lmhkm6WJRlAliEjJ7nwy4YtSIiSVIFbe3EjpChdTYkCo2BG/55VXSvqh7bt27v6w1boo4ynACp3AOHlxBA+6gCS2gIOEZXuHN0c6L8+58LFpLTjFzDH/gfP4AxMqQ9w==</latexit><latexit sha1_base64="7s4VbITa2XMjfnp9g8Yq6gNK6GM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHtzO/88SU5ol8MJOUBTEOJY84RWOlRz9Elft0xKf9as2tu3OQVeIVpAYFmv3qlz9IaBYzaahArXuem5ogR2U4FWxa8TPNUqRjHLKepRJjpoN8fvGUnFllQKJE2ZKGzNXfEznGWk/i0HbGaEZ62ZuJ/3m9zETXQc5lmhkm6WJRlAliEjJ7nwy4YtSIiSVIFbe3EjpChdTYkCo2BG/55VXSvqh7bt27v6w1boo4ynACp3AOHlxBA+6gCS2gIOEZXuHN0c6L8+58LFpLTjFzDH/gfP4AxMqQ9w==</latexit>

Displaced Lepton 
Jets (DLJs)

`
+
`
�

<latexit sha1_base64="E6mWwGVgbK1zHvtPA+ef4ELcjbI=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm2ARBLEkIuiy6MZlBXuBJpbJ9KQdOpmEmYlQQl/DjQtF3Poy7nwbp2kW2npgho//P4c58wcJZ0o7zrdVWlldW98ob1a2tnd296r7B20Vp5Jii8Y8lt2AKORMYEszzbGbSCRRwLETjG9nfucJpWKxeNCTBP2IDAULGSXaSJ6HnD+e5fd5v1pz6k5e9jK4BdSgqGa/+uUNYppGKDTlRKme6yTaz4jUjHKcVrxUYULomAyxZ1CQCJWf5TtP7ROjDOwwluYIbefq74mMREpNosB0RkSP1KI3E//zeqkOr/2MiSTVKOj8oTDlto7tWQD2gEmkmk8MECqZ2dWmIyIJ1SamignBXfzyMrQv6q7h+8ta46aIowxHcAyn4MIVNOAOmtACCgk8wyu8Wan1Yr1bH/PWklXMHMKfsj5/AFmlkTg=</latexit><latexit sha1_base64="E6mWwGVgbK1zHvtPA+ef4ELcjbI=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm2ARBLEkIuiy6MZlBXuBJpbJ9KQdOpmEmYlQQl/DjQtF3Poy7nwbp2kW2npgho//P4c58wcJZ0o7zrdVWlldW98ob1a2tnd296r7B20Vp5Jii8Y8lt2AKORMYEszzbGbSCRRwLETjG9nfucJpWKxeNCTBP2IDAULGSXaSJ6HnD+e5fd5v1pz6k5e9jK4BdSgqGa/+uUNYppGKDTlRKme6yTaz4jUjHKcVrxUYULomAyxZ1CQCJWf5TtP7ROjDOwwluYIbefq74mMREpNosB0RkSP1KI3E//zeqkOr/2MiSTVKOj8oTDlto7tWQD2gEmkmk8MECqZ2dWmIyIJ1SamignBXfzyMrQv6q7h+8ta46aIowxHcAyn4MIVNOAOmtACCgk8wyu8Wan1Yr1bH/PWklXMHMKfsj5/AFmlkTg=</latexit><latexit sha1_base64="E6mWwGVgbK1zHvtPA+ef4ELcjbI=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm2ARBLEkIuiy6MZlBXuBJpbJ9KQdOpmEmYlQQl/DjQtF3Poy7nwbp2kW2npgho//P4c58wcJZ0o7zrdVWlldW98ob1a2tnd296r7B20Vp5Jii8Y8lt2AKORMYEszzbGbSCRRwLETjG9nfucJpWKxeNCTBP2IDAULGSXaSJ6HnD+e5fd5v1pz6k5e9jK4BdSgqGa/+uUNYppGKDTlRKme6yTaz4jUjHKcVrxUYULomAyxZ1CQCJWf5TtP7ROjDOwwluYIbefq74mMREpNosB0RkSP1KI3E//zeqkOr/2MiSTVKOj8oTDlto7tWQD2gEmkmk8MECqZ2dWmIyIJ1SamignBXfzyMrQv6q7h+8ta46aIowxHcAyn4MIVNOAOmtACCgk8wyu8Wan1Yr1bH/PWklXMHMKfsj5/AFmlkTg=</latexit><latexit sha1_base64="E6mWwGVgbK1zHvtPA+ef4ELcjbI=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm2ARBLEkIuiy6MZlBXuBJpbJ9KQdOpmEmYlQQl/DjQtF3Poy7nwbp2kW2npgho//P4c58wcJZ0o7zrdVWlldW98ob1a2tnd296r7B20Vp5Jii8Y8lt2AKORMYEszzbGbSCRRwLETjG9nfucJpWKxeNCTBP2IDAULGSXaSJ6HnD+e5fd5v1pz6k5e9jK4BdSgqGa/+uUNYppGKDTlRKme6yTaz4jUjHKcVrxUYULomAyxZ1CQCJWf5TtP7ROjDOwwluYIbefq74mMREpNosB0RkSP1KI3E//zeqkOr/2MiSTVKOj8oTDlto7tWQD2gEmkmk8MECqZ2dWmIyIJ1SamignBXfzyMrQv6q7h+8ta46aIowxHcAyn4MIVNOAOmtACCgk8wyu8Wan1Yr1bH/PWklXMHMKfsj5/AFmlkTg=</latexit>

`
+
`
�

<latexit sha1_base64="E6mWwGVgbK1zHvtPA+ef4ELcjbI=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm2ARBLEkIuiy6MZlBXuBJpbJ9KQdOpmEmYlQQl/DjQtF3Poy7nwbp2kW2npgho//P4c58wcJZ0o7zrdVWlldW98ob1a2tnd296r7B20Vp5Jii8Y8lt2AKORMYEszzbGbSCRRwLETjG9nfucJpWKxeNCTBP2IDAULGSXaSJ6HnD+e5fd5v1pz6k5e9jK4BdSgqGa/+uUNYppGKDTlRKme6yTaz4jUjHKcVrxUYULomAyxZ1CQCJWf5TtP7ROjDOwwluYIbefq74mMREpNosB0RkSP1KI3E//zeqkOr/2MiSTVKOj8oTDlto7tWQD2gEmkmk8MECqZ2dWmIyIJ1SamignBXfzyMrQv6q7h+8ta46aIowxHcAyn4MIVNOAOmtACCgk8wyu8Wan1Yr1bH/PWklXMHMKfsj5/AFmlkTg=</latexit><latexit sha1_base64="E6mWwGVgbK1zHvtPA+ef4ELcjbI=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm2ARBLEkIuiy6MZlBXuBJpbJ9KQdOpmEmYlQQl/DjQtF3Poy7nwbp2kW2npgho//P4c58wcJZ0o7zrdVWlldW98ob1a2tnd296r7B20Vp5Jii8Y8lt2AKORMYEszzbGbSCRRwLETjG9nfucJpWKxeNCTBP2IDAULGSXaSJ6HnD+e5fd5v1pz6k5e9jK4BdSgqGa/+uUNYppGKDTlRKme6yTaz4jUjHKcVrxUYULomAyxZ1CQCJWf5TtP7ROjDOwwluYIbefq74mMREpNosB0RkSP1KI3E//zeqkOr/2MiSTVKOj8oTDlto7tWQD2gEmkmk8MECqZ2dWmIyIJ1SamignBXfzyMrQv6q7h+8ta46aIowxHcAyn4MIVNOAOmtACCgk8wyu8Wan1Yr1bH/PWklXMHMKfsj5/AFmlkTg=</latexit><latexit sha1_base64="E6mWwGVgbK1zHvtPA+ef4ELcjbI=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm2ARBLEkIuiy6MZlBXuBJpbJ9KQdOpmEmYlQQl/DjQtF3Poy7nwbp2kW2npgho//P4c58wcJZ0o7zrdVWlldW98ob1a2tnd296r7B20Vp5Jii8Y8lt2AKORMYEszzbGbSCRRwLETjG9nfucJpWKxeNCTBP2IDAULGSXaSJ6HnD+e5fd5v1pz6k5e9jK4BdSgqGa/+uUNYppGKDTlRKme6yTaz4jUjHKcVrxUYULomAyxZ1CQCJWf5TtP7ROjDOwwluYIbefq74mMREpNosB0RkSP1KI3E//zeqkOr/2MiSTVKOj8oTDlto7tWQD2gEmkmk8MECqZ2dWmIyIJ1SamignBXfzyMrQv6q7h+8ta46aIowxHcAyn4MIVNOAOmtACCgk8wyu8Wan1Yr1bH/PWklXMHMKfsj5/AFmlkTg=</latexit><latexit sha1_base64="E6mWwGVgbK1zHvtPA+ef4ELcjbI=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm2ARBLEkIuiy6MZlBXuBJpbJ9KQdOpmEmYlQQl/DjQtF3Poy7nwbp2kW2npgho//P4c58wcJZ0o7zrdVWlldW98ob1a2tnd296r7B20Vp5Jii8Y8lt2AKORMYEszzbGbSCRRwLETjG9nfucJpWKxeNCTBP2IDAULGSXaSJ6HnD+e5fd5v1pz6k5e9jK4BdSgqGa/+uUNYppGKDTlRKme6yTaz4jUjHKcVrxUYULomAyxZ1CQCJWf5TtP7ROjDOwwluYIbefq74mMREpNosB0RkSP1KI3E//zeqkOr/2MiSTVKOj8oTDlto7tWQD2gEmkmk8MECqZ2dWmIyIJ1SamignBXfzyMrQv6q7h+8ta46aIowxHcAyn4MIVNOAOmtACCgk8wyu8Wan1Yr1bH/PWklXMHMKfsj5/AFmlkTg=</latexit>

p

A
�

<latexit sha1_base64="Ww7JLfQe/vF3yo2MjtBsUU0nplo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIoMeqF48V7Qe0sWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/oeNUMayzWMSqFVCNgkusG24EthKFNAoENoPhzcRvPqHSPJYPZpSgH9G+5CFn1Fjp/urxtFsquxV3CrJIvJyUIUetW/rq9GKWRigNE1Trtucmxs+oMpwJHBc7qcaEsiHtY9tSSSPUfjY9dUyOrdIjYaxsSUOm6u+JjEZaj6LAdkbUDPS8NxH/89qpCS/9jMskNSjZbFGYCmJiMvmb9LhCZsTIEsoUt7cSNqCKMmPTKdoQvPmXF0njrOK5Fe/uvFy9zuMowCEcwQl4cAFVuIUa1IFBH57hFd4c4bw4787HrHXJyWcO4A+czx+rto1h</latexit><latexit sha1_base64="Ww7JLfQe/vF3yo2MjtBsUU0nplo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIoMeqF48V7Qe0sWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/oeNUMayzWMSqFVCNgkusG24EthKFNAoENoPhzcRvPqHSPJYPZpSgH9G+5CFn1Fjp/urxtFsquxV3CrJIvJyUIUetW/rq9GKWRigNE1Trtucmxs+oMpwJHBc7qcaEsiHtY9tSSSPUfjY9dUyOrdIjYaxsSUOm6u+JjEZaj6LAdkbUDPS8NxH/89qpCS/9jMskNSjZbFGYCmJiMvmb9LhCZsTIEsoUt7cSNqCKMmPTKdoQvPmXF0njrOK5Fe/uvFy9zuMowCEcwQl4cAFVuIUa1IFBH57hFd4c4bw4787HrHXJyWcO4A+czx+rto1h</latexit><latexit sha1_base64="Ww7JLfQe/vF3yo2MjtBsUU0nplo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIoMeqF48V7Qe0sWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/oeNUMayzWMSqFVCNgkusG24EthKFNAoENoPhzcRvPqHSPJYPZpSgH9G+5CFn1Fjp/urxtFsquxV3CrJIvJyUIUetW/rq9GKWRigNE1Trtucmxs+oMpwJHBc7qcaEsiHtY9tSSSPUfjY9dUyOrdIjYaxsSUOm6u+JjEZaj6LAdkbUDPS8NxH/89qpCS/9jMskNSjZbFGYCmJiMvmb9LhCZsTIEsoUt7cSNqCKMmPTKdoQvPmXF0njrOK5Fe/uvFy9zuMowCEcwQl4cAFVuIUa1IFBH57hFd4c4bw4787HrHXJyWcO4A+czx+rto1h</latexit><latexit sha1_base64="Ww7JLfQe/vF3yo2MjtBsUU0nplo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIoMeqF48V7Qe0sWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/oeNUMayzWMSqFVCNgkusG24EthKFNAoENoPhzcRvPqHSPJYPZpSgH9G+5CFn1Fjp/urxtFsquxV3CrJIvJyUIUetW/rq9GKWRigNE1Trtucmxs+oMpwJHBc7qcaEsiHtY9tSSSPUfjY9dUyOrdIjYaxsSUOm6u+JjEZaj6LAdkbUDPS8NxH/89qpCS/9jMskNSjZbFGYCmJiMvmb9LhCZsTIEsoUt7cSNqCKMmPTKdoQvPmXF0njrOK5Fe/uvFy9zuMowCEcwQl4cAFVuIUa1IFBH57hFd4c4bw4787HrHXJyWcO4A+czx+rto1h</latexit>

�
<latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit><latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit><latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit><latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit>

�̄
<latexit sha1_base64="7s4VbITa2XMjfnp9g8Yq6gNK6GM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHtzO/88SU5ol8MJOUBTEOJY84RWOlRz9Elft0xKf9as2tu3OQVeIVpAYFmv3qlz9IaBYzaahArXuem5ogR2U4FWxa8TPNUqRjHLKepRJjpoN8fvGUnFllQKJE2ZKGzNXfEznGWk/i0HbGaEZ62ZuJ/3m9zETXQc5lmhkm6WJRlAliEjJ7nwy4YtSIiSVIFbe3EjpChdTYkCo2BG/55VXSvqh7bt27v6w1boo4ynACp3AOHlxBA+6gCS2gIOEZXuHN0c6L8+58LFpLTjFzDH/gfP4AxMqQ9w==</latexit><latexit sha1_base64="7s4VbITa2XMjfnp9g8Yq6gNK6GM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHtzO/88SU5ol8MJOUBTEOJY84RWOlRz9Elft0xKf9as2tu3OQVeIVpAYFmv3qlz9IaBYzaahArXuem5ogR2U4FWxa8TPNUqRjHLKepRJjpoN8fvGUnFllQKJE2ZKGzNXfEznGWk/i0HbGaEZ62ZuJ/3m9zETXQc5lmhkm6WJRlAliEjJ7nwy4YtSIiSVIFbe3EjpChdTYkCo2BG/55VXSvqh7bt27v6w1boo4ynACp3AOHlxBA+6gCS2gIOEZXuHN0c6L8+58LFpLTjFzDH/gfP4AxMqQ9w==</latexit><latexit sha1_base64="7s4VbITa2XMjfnp9g8Yq6gNK6GM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHtzO/88SU5ol8MJOUBTEOJY84RWOlRz9Elft0xKf9as2tu3OQVeIVpAYFmv3qlz9IaBYzaahArXuem5ogR2U4FWxa8TPNUqRjHLKepRJjpoN8fvGUnFllQKJE2ZKGzNXfEznGWk/i0HbGaEZ62ZuJ/3m9zETXQc5lmhkm6WJRlAliEjJ7nwy4YtSIiSVIFbe3EjpChdTYkCo2BG/55VXSvqh7bt27v6w1boo4ynACp3AOHlxBA+6gCS2gIOEZXuHN0c6L8+58LFpLTjFzDH/gfP4AxMqQ9w==</latexit><latexit sha1_base64="7s4VbITa2XMjfnp9g8Yq6gNK6GM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHtzO/88SU5ol8MJOUBTEOJY84RWOlRz9Elft0xKf9as2tu3OQVeIVpAYFmv3qlz9IaBYzaahArXuem5ogR2U4FWxa8TPNUqRjHLKepRJjpoN8fvGUnFllQKJE2ZKGzNXfEznGWk/i0HbGaEZ62ZuJ/3m9zETXQc5lmhkm6WJRlAliEjJ7nwy4YtSIiSVIFbe3EjpChdTYkCo2BG/55VXSvqh7bt27v6w1boo4ynACp3AOHlxBA+6gCS2gIOEZXuHN0c6L8+58LFpLTjFzDH/gfP4AxMqQ9w==</latexit> Bps

<latexit sha1_base64="nPMquLCRIJGpmVtTyyT4NR/l6Hg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1GWpG5cV7APaECbTSTt0Mgkzk0IJ+RM3LhRx65+482+ctFlo64GBwzn3cs+cIOFMacf5tipb2zu7e9X92sHh0fGJfXrWU3EqCe2SmMdyEGBFORO0q5nmdJBIiqOA034wuy/8/pxKxWLxpBcJ9SI8ESxkBGsj+bY9irCeEsyzdu5nicp9u+40nCXQJnFLUocSHd/+Go1jkkZUaMKxUkPXSbSXYakZ4TSvjVJFE0xmeEKHhgocUeVly+Q5ujLKGIWxNE9otFR/b2Q4UmoRBWayyKnWvUL8zxumOrzzMiaSVFNBVofClCMdo6IGNGaSEs0XhmAimcmKyBRLTLQpq2ZKcNe/vEl6Nw3XabiPt/VWu6yjChdwCdfgQhNa8AAd6AKBOTzDK7xZmfVivVsfq9GKVe6cwx9Ynz8dNpP1</latexit><latexit sha1_base64="nPMquLCRIJGpmVtTyyT4NR/l6Hg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1GWpG5cV7APaECbTSTt0Mgkzk0IJ+RM3LhRx65+482+ctFlo64GBwzn3cs+cIOFMacf5tipb2zu7e9X92sHh0fGJfXrWU3EqCe2SmMdyEGBFORO0q5nmdJBIiqOA034wuy/8/pxKxWLxpBcJ9SI8ESxkBGsj+bY9irCeEsyzdu5nicp9u+40nCXQJnFLUocSHd/+Go1jkkZUaMKxUkPXSbSXYakZ4TSvjVJFE0xmeEKHhgocUeVly+Q5ujLKGIWxNE9otFR/b2Q4UmoRBWayyKnWvUL8zxumOrzzMiaSVFNBVofClCMdo6IGNGaSEs0XhmAimcmKyBRLTLQpq2ZKcNe/vEl6Nw3XabiPt/VWu6yjChdwCdfgQhNa8AAd6AKBOTzDK7xZmfVivVsfq9GKVe6cwx9Ynz8dNpP1</latexit><latexit sha1_base64="nPMquLCRIJGpmVtTyyT4NR/l6Hg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1GWpG5cV7APaECbTSTt0Mgkzk0IJ+RM3LhRx65+482+ctFlo64GBwzn3cs+cIOFMacf5tipb2zu7e9X92sHh0fGJfXrWU3EqCe2SmMdyEGBFORO0q5nmdJBIiqOA034wuy/8/pxKxWLxpBcJ9SI8ESxkBGsj+bY9irCeEsyzdu5nicp9u+40nCXQJnFLUocSHd/+Go1jkkZUaMKxUkPXSbSXYakZ4TSvjVJFE0xmeEKHhgocUeVly+Q5ujLKGIWxNE9otFR/b2Q4UmoRBWayyKnWvUL8zxumOrzzMiaSVFNBVofClCMdo6IGNGaSEs0XhmAimcmKyBRLTLQpq2ZKcNe/vEl6Nw3XabiPt/VWu6yjChdwCdfgQhNa8AAd6AKBOTzDK7xZmfVivVsfq9GKVe6cwx9Ynz8dNpP1</latexit><latexit sha1_base64="nPMquLCRIJGpmVtTyyT4NR/l6Hg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1GWpG5cV7APaECbTSTt0Mgkzk0IJ+RM3LhRx65+482+ctFlo64GBwzn3cs+cIOFMacf5tipb2zu7e9X92sHh0fGJfXrWU3EqCe2SmMdyEGBFORO0q5nmdJBIiqOA034wuy/8/pxKxWLxpBcJ9SI8ESxkBGsj+bY9irCeEsyzdu5nicp9u+40nCXQJnFLUocSHd/+Go1jkkZUaMKxUkPXSbSXYakZ4TSvjVJFE0xmeEKHhgocUeVly+Q5ujLKGIWxNE9otFR/b2Q4UmoRBWayyKnWvUL8zxumOrzzMiaSVFNBVofClCMdo6IGNGaSEs0XhmAimcmKyBRLTLQpq2ZKcNe/vEl6Nw3XabiPt/VWu6yjChdwCdfgQhNa8AAd6AKBOTzDK7xZmfVivVsfq9GKVe6cwx9Ynz8dNpP1</latexit>

Zd
<latexit sha1_base64="vMUv283n9MPGE5Vj8tFFq+on99w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eKthbbUDabTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmlldW19o7xZ2dre2d2r7h+0TZJpxlsskYnuBNRwKRRvoUDJO6nmNA4kfwhG11P/4YlrIxJ1j+OU+zEdKBEJRtFKd4/9sF+tuXV3BrJMvILUoECzX/3qhQnLYq6QSWpM13NT9HOqUTDJJ5VeZnhK2YgOeNdSRWNu/Hx26oScWCUkUaJtKSQz9fdETmNjxnFgO2OKQ7PoTcX/vG6G0aWfC5VmyBWbL4oySTAh079JKDRnKMeWUKaFvZWwIdWUoU2nYkPwFl9eJu2zuufWvdvzWuOqiKMMR3AMp+DBBTTgBprQAgYDeIZXeHOk8+K8Ox/z1pJTzBzCHzifPytIjbU=</latexit><latexit sha1_base64="vMUv283n9MPGE5Vj8tFFq+on99w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eKthbbUDabTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmlldW19o7xZ2dre2d2r7h+0TZJpxlsskYnuBNRwKRRvoUDJO6nmNA4kfwhG11P/4YlrIxJ1j+OU+zEdKBEJRtFKd4/9sF+tuXV3BrJMvILUoECzX/3qhQnLYq6QSWpM13NT9HOqUTDJJ5VeZnhK2YgOeNdSRWNu/Hx26oScWCUkUaJtKSQz9fdETmNjxnFgO2OKQ7PoTcX/vG6G0aWfC5VmyBWbL4oySTAh079JKDRnKMeWUKaFvZWwIdWUoU2nYkPwFl9eJu2zuufWvdvzWuOqiKMMR3AMp+DBBTTgBprQAgYDeIZXeHOk8+K8Ox/z1pJTzBzCHzifPytIjbU=</latexit><latexit sha1_base64="vMUv283n9MPGE5Vj8tFFq+on99w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eKthbbUDabTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmlldW19o7xZ2dre2d2r7h+0TZJpxlsskYnuBNRwKRRvoUDJO6nmNA4kfwhG11P/4YlrIxJ1j+OU+zEdKBEJRtFKd4/9sF+tuXV3BrJMvILUoECzX/3qhQnLYq6QSWpM13NT9HOqUTDJJ5VeZnhK2YgOeNdSRWNu/Hx26oScWCUkUaJtKSQz9fdETmNjxnFgO2OKQ7PoTcX/vG6G0aWfC5VmyBWbL4oySTAh079JKDRnKMeWUKaFvZWwIdWUoU2nYkPwFl9eJu2zuufWvdvzWuOqiKMMR3AMp+DBBTTgBprQAgYDeIZXeHOk8+K8Ox/z1pJTzBzCHzifPytIjbU=</latexit><latexit sha1_base64="vMUv283n9MPGE5Vj8tFFq+on99w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eKthbbUDabTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmlldW19o7xZ2dre2d2r7h+0TZJpxlsskYnuBNRwKRRvoUDJO6nmNA4kfwhG11P/4YlrIxJ1j+OU+zEdKBEJRtFKd4/9sF+tuXV3BrJMvILUoECzX/3qhQnLYq6QSWpM13NT9HOqUTDJJ5VeZnhK2YgOeNdSRWNu/Hx26oScWCUkUaJtKSQz9fdETmNjxnFgO2OKQ7PoTcX/vG6G0aWfC5VmyBWbL4oySTAh079JKDRnKMeWUKaFvZWwIdWUoU2nYkPwFl9eJu2zuufWvdvzWuOqiKMMR3AMp+DBBTTgBprQAgYDeIZXeHOk8+K8Ox/z1pJTzBzCHzifPytIjbU=</latexit>
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Figure 1. Displaced lepton jet signatures from the SIDM bound state at the LHC. In the model we consider, a
heavy pseduoscalar (A) couples the SIDM particle (�) to gluons (g), a dark photon (Zd) mediates dark matter
self-interactions and leads to formation of the bound state (Bps). The boosted Zd decays to SM charged leptons
via a kinetic mixing portal.

that leads to dark matter self-interactions in the halos. The resulting bound state can annihilate into
two boosted mediators, which subsequently decay back to the SM particles, as illustrated in Fig. 1. If
the mediator’s coupling to the SM is small enough to satisfy other existing constraints, it can be long-
lived and have a macroscopic decay length comparable to the size of the LHC detectors. Compared
to prompt signals, the long-lived particle search has much less SM backgrounds. And the resonance
feature can further help us distinguish the signal from the backgrounds that are combinatorial and
typically monotonic in energy. Thus, searching for the mediator from the bound state decay provides
a powerful way of testing SIDM models.

In this paper, we propose an LHC study of SIDM using the production of the dark matter bound
states and their decay into displaced lepton jets (DLJs). As we will show, the DLJ search at the Run
3 LHC can be sensitive to the SIDM parameters that resolve the discrepancies on galactic scales. The
reconstruction of the bound state mass through the DLJ energy gives a measurement of the dark matter
mass, and a comparison between the bound state and missing energy signatures provides information
about dark matter self-interactions, complementary to astrophysical observations. Note the idea of
looking for dark matter bound states at particle colliders has been discussed before [47–53]. Here we
focus on the DLJ signatures from the long-lived dark force mediator in the SIDM context. A similar
analysis was carried out using B-factory [48] and LHC [49] results. In this work, we study a simplified
SIDM model with a heavy pseudoscalar that couples SM quarks to dark matter particles. We further
take the advantage of non-conventional ATLAS triggers searching for long-lived particles [54] and
conduct a detailed study of the DLJ signals from the SIDM bound states at the LHC Run 3. We also
explore the possibility of narrowing down the dark matter model parameters after combing monojet,
multi-muon and DLJ searches, as well as astrophysical observations.

The outline of this paper is as follows. In Sec. 2, we present the particle physics model and discuss
various constraints on model parameters. In Sec. 3, we discuss DLJ searches of the SIDM bound state.
In Sec. 4, we discuss prompt multi-muon searches, especially for the final state radiation of the dark
photon. In Sec. 5, we show current LHC bounds, projected future reaches and their implications for
astrophysical observations. We conclude in Sec. 6.

– 2 –

(Tsai, Xu, Yu, JHEP08(2019)131)

SIDM bound state is heavy (100-1000GeV)

Dark photon is light (0.3-5GeV)

Dark photon is long-lived.

lepton pair is boosted
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8The CMS detector

* CMS (compact muon solenoid) 
* Layer structured, general purpose detector for pp, heavy ion collisions. 
* Installed at LHC, posiMoned at the opposite side of ATLAS.

Tracker

Calorimetry Magnet Muon System
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9Trigger

* Triggers on displaced muons. 
* Trigger object reconstructed using only muon chamber informaMon. 
* No beam spot constraint. 

* Two muons, pT>23 (25) GeV, |eta|<2 (2.4). 
* Trigger only available for 2018 data.
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Bps
<latexit sha1_base64="nPMquLCRIJGpmVtTyyT4NR/l6Hg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1GWpG5cV7APaECbTSTt0Mgkzk0IJ+RM3LhRx65+482+ctFlo64GBwzn3cs+cIOFMacf5tipb2zu7e9X92sHh0fGJfXrWU3EqCe2SmMdyEGBFORO0q5nmdJBIiqOA034wuy/8/pxKxWLxpBcJ9SI8ESxkBGsj+bY9irCeEsyzdu5nicp9u+40nCXQJnFLUocSHd/+Go1jkkZUaMKxUkPXSbSXYakZ4TSvjVJFE0xmeEKHhgocUeVly+Q5ujLKGIWxNE9otFR/b2Q4UmoRBWayyKnWvUL8zxumOrzzMiaSVFNBVofClCMdo6IGNGaSEs0XhmAimcmKyBRLTLQpq2ZKcNe/vEl6Nw3XabiPt/VWu6yjChdwCdfgQhNa8AAd6AKBOTzDK7xZmfVivVsfq9GKVe6cwx9Ynz8dNpP1</latexit><latexit sha1_base64="nPMquLCRIJGpmVtTyyT4NR/l6Hg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1GWpG5cV7APaECbTSTt0Mgkzk0IJ+RM3LhRx65+482+ctFlo64GBwzn3cs+cIOFMacf5tipb2zu7e9X92sHh0fGJfXrWU3EqCe2SmMdyEGBFORO0q5nmdJBIiqOA034wuy/8/pxKxWLxpBcJ9SI8ESxkBGsj+bY9irCeEsyzdu5nicp9u+40nCXQJnFLUocSHd/+Go1jkkZUaMKxUkPXSbSXYakZ4TSvjVJFE0xmeEKHhgocUeVly+Q5ujLKGIWxNE9otFR/b2Q4UmoRBWayyKnWvUL8zxumOrzzMiaSVFNBVofClCMdo6IGNGaSEs0XhmAimcmKyBRLTLQpq2ZKcNe/vEl6Nw3XabiPt/VWu6yjChdwCdfgQhNa8AAd6AKBOTzDK7xZmfVivVsfq9GKVe6cwx9Ynz8dNpP1</latexit><latexit sha1_base64="nPMquLCRIJGpmVtTyyT4NR/l6Hg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1GWpG5cV7APaECbTSTt0Mgkzk0IJ+RM3LhRx65+482+ctFlo64GBwzn3cs+cIOFMacf5tipb2zu7e9X92sHh0fGJfXrWU3EqCe2SmMdyEGBFORO0q5nmdJBIiqOA034wuy/8/pxKxWLxpBcJ9SI8ESxkBGsj+bY9irCeEsyzdu5nicp9u+40nCXQJnFLUocSHd/+Go1jkkZUaMKxUkPXSbSXYakZ4TSvjVJFE0xmeEKHhgocUeVly+Q5ujLKGIWxNE9otFR/b2Q4UmoRBWayyKnWvUL8zxumOrzzMiaSVFNBVofClCMdo6IGNGaSEs0XhmAimcmKyBRLTLQpq2ZKcNe/vEl6Nw3XabiPt/VWu6yjChdwCdfgQhNa8AAd6AKBOTzDK7xZmfVivVsfq9GKVe6cwx9Ynz8dNpP1</latexit><latexit sha1_base64="nPMquLCRIJGpmVtTyyT4NR/l6Hg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1GWpG5cV7APaECbTSTt0Mgkzk0IJ+RM3LhRx65+482+ctFlo64GBwzn3cs+cIOFMacf5tipb2zu7e9X92sHh0fGJfXrWU3EqCe2SmMdyEGBFORO0q5nmdJBIiqOA034wuy/8/pxKxWLxpBcJ9SI8ESxkBGsj+bY9irCeEsyzdu5nicp9u+40nCXQJnFLUocSHd/+Go1jkkZUaMKxUkPXSbSXYakZ4TSvjVJFE0xmeEKHhgocUeVly+Q5ujLKGIWxNE9otFR/b2Q4UmoRBWayyKnWvUL8zxumOrzzMiaSVFNBVofClCMdo6IGNGaSEs0XhmAimcmKyBRLTLQpq2ZKcNe/vEl6Nw3XabiPt/VWu6yjChdwCdfgQhNa8AAd6AKBOTzDK7xZmfVivVsfq9GKVe6cwx9Ynz8dNpP1</latexit>

�
<latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit><latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit><latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit><latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit>

�̄
<latexit sha1_base64="7s4VbITa2XMjfnp9g8Yq6gNK6GM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHtzO/88SU5ol8MJOUBTEOJY84RWOlRz9Elft0xKf9as2tu3OQVeIVpAYFmv3qlz9IaBYzaahArXuem5ogR2U4FWxa8TPNUqRjHLKepRJjpoN8fvGUnFllQKJE2ZKGzNXfEznGWk/i0HbGaEZ62ZuJ/3m9zETXQc5lmhkm6WJRlAliEjJ7nwy4YtSIiSVIFbe3EjpChdTYkCo2BG/55VXSvqh7bt27v6w1boo4ynACp3AOHlxBA+6gCS2gIOEZXuHN0c6L8+58LFpLTjFzDH/gfP4AxMqQ9w==</latexit><latexit sha1_base64="7s4VbITa2XMjfnp9g8Yq6gNK6GM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHtzO/88SU5ol8MJOUBTEOJY84RWOlRz9Elft0xKf9as2tu3OQVeIVpAYFmv3qlz9IaBYzaahArXuem5ogR2U4FWxa8TPNUqRjHLKepRJjpoN8fvGUnFllQKJE2ZKGzNXfEznGWk/i0HbGaEZ62ZuJ/3m9zETXQc5lmhkm6WJRlAliEjJ7nwy4YtSIiSVIFbe3EjpChdTYkCo2BG/55VXSvqh7bt27v6w1boo4ynACp3AOHlxBA+6gCS2gIOEZXuHN0c6L8+58LFpLTjFzDH/gfP4AxMqQ9w==</latexit><latexit sha1_base64="7s4VbITa2XMjfnp9g8Yq6gNK6GM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHtzO/88SU5ol8MJOUBTEOJY84RWOlRz9Elft0xKf9as2tu3OQVeIVpAYFmv3qlz9IaBYzaahArXuem5ogR2U4FWxa8TPNUqRjHLKepRJjpoN8fvGUnFllQKJE2ZKGzNXfEznGWk/i0HbGaEZ62ZuJ/3m9zETXQc5lmhkm6WJRlAliEjJ7nwy4YtSIiSVIFbe3EjpChdTYkCo2BG/55VXSvqh7bt27v6w1boo4ynACp3AOHlxBA+6gCS2gIOEZXuHN0c6L8+58LFpLTjFzDH/gfP4AxMqQ9w==</latexit><latexit sha1_base64="7s4VbITa2XMjfnp9g8Yq6gNK6GM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHtzO/88SU5ol8MJOUBTEOJY84RWOlRz9Elft0xKf9as2tu3OQVeIVpAYFmv3qlz9IaBYzaahArXuem5ogR2U4FWxa8TPNUqRjHLKepRJjpoN8fvGUnFllQKJE2ZKGzNXfEznGWk/i0HbGaEZ62ZuJ/3m9zETXQc5lmhkm6WJRlAliEjJ7nwy4YtSIiSVIFbe3EjpChdTYkCo2BG/55VXSvqh7bt27v6w1boo4ynACp3AOHlxBA+6gCS2gIOEZXuHN0c6L8+58LFpLTjFzDH/gfP4AxMqQ9w==</latexit>

Displaced Lepton 
Jets (DLJs)

`
+
`
�

<latexit sha1_base64="E6mWwGVgbK1zHvtPA+ef4ELcjbI=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm2ARBLEkIuiy6MZlBXuBJpbJ9KQdOpmEmYlQQl/DjQtF3Poy7nwbp2kW2npgho//P4c58wcJZ0o7zrdVWlldW98ob1a2tnd296r7B20Vp5Jii8Y8lt2AKORMYEszzbGbSCRRwLETjG9nfucJpWKxeNCTBP2IDAULGSXaSJ6HnD+e5fd5v1pz6k5e9jK4BdSgqGa/+uUNYppGKDTlRKme6yTaz4jUjHKcVrxUYULomAyxZ1CQCJWf5TtP7ROjDOwwluYIbefq74mMREpNosB0RkSP1KI3E//zeqkOr/2MiSTVKOj8oTDlto7tWQD2gEmkmk8MECqZ2dWmIyIJ1SamignBXfzyMrQv6q7h+8ta46aIowxHcAyn4MIVNOAOmtACCgk8wyu8Wan1Yr1bH/PWklXMHMKfsj5/AFmlkTg=</latexit><latexit sha1_base64="E6mWwGVgbK1zHvtPA+ef4ELcjbI=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm2ARBLEkIuiy6MZlBXuBJpbJ9KQdOpmEmYlQQl/DjQtF3Poy7nwbp2kW2npgho//P4c58wcJZ0o7zrdVWlldW98ob1a2tnd296r7B20Vp5Jii8Y8lt2AKORMYEszzbGbSCRRwLETjG9nfucJpWKxeNCTBP2IDAULGSXaSJ6HnD+e5fd5v1pz6k5e9jK4BdSgqGa/+uUNYppGKDTlRKme6yTaz4jUjHKcVrxUYULomAyxZ1CQCJWf5TtP7ROjDOwwluYIbefq74mMREpNosB0RkSP1KI3E//zeqkOr/2MiSTVKOj8oTDlto7tWQD2gEmkmk8MECqZ2dWmIyIJ1SamignBXfzyMrQv6q7h+8ta46aIowxHcAyn4MIVNOAOmtACCgk8wyu8Wan1Yr1bH/PWklXMHMKfsj5/AFmlkTg=</latexit><latexit sha1_base64="E6mWwGVgbK1zHvtPA+ef4ELcjbI=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm2ARBLEkIuiy6MZlBXuBJpbJ9KQdOpmEmYlQQl/DjQtF3Poy7nwbp2kW2npgho//P4c58wcJZ0o7zrdVWlldW98ob1a2tnd296r7B20Vp5Jii8Y8lt2AKORMYEszzbGbSCRRwLETjG9nfucJpWKxeNCTBP2IDAULGSXaSJ6HnD+e5fd5v1pz6k5e9jK4BdSgqGa/+uUNYppGKDTlRKme6yTaz4jUjHKcVrxUYULomAyxZ1CQCJWf5TtP7ROjDOwwluYIbefq74mMREpNosB0RkSP1KI3E//zeqkOr/2MiSTVKOj8oTDlto7tWQD2gEmkmk8MECqZ2dWmIyIJ1SamignBXfzyMrQv6q7h+8ta46aIowxHcAyn4MIVNOAOmtACCgk8wyu8Wan1Yr1bH/PWklXMHMKfsj5/AFmlkTg=</latexit><latexit sha1_base64="E6mWwGVgbK1zHvtPA+ef4ELcjbI=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm2ARBLEkIuiy6MZlBXuBJpbJ9KQdOpmEmYlQQl/DjQtF3Poy7nwbp2kW2npgho//P4c58wcJZ0o7zrdVWlldW98ob1a2tnd296r7B20Vp5Jii8Y8lt2AKORMYEszzbGbSCRRwLETjG9nfucJpWKxeNCTBP2IDAULGSXaSJ6HnD+e5fd5v1pz6k5e9jK4BdSgqGa/+uUNYppGKDTlRKme6yTaz4jUjHKcVrxUYULomAyxZ1CQCJWf5TtP7ROjDOwwluYIbefq74mMREpNosB0RkSP1KI3E//zeqkOr/2MiSTVKOj8oTDlto7tWQD2gEmkmk8MECqZ2dWmIyIJ1SamignBXfzyMrQv6q7h+8ta46aIowxHcAyn4MIVNOAOmtACCgk8wyu8Wan1Yr1bH/PWklXMHMKfsj5/AFmlkTg=</latexit>

`
+
`
�

<latexit sha1_base64="E6mWwGVgbK1zHvtPA+ef4ELcjbI=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm2ARBLEkIuiy6MZlBXuBJpbJ9KQdOpmEmYlQQl/DjQtF3Poy7nwbp2kW2npgho//P4c58wcJZ0o7zrdVWlldW98ob1a2tnd296r7B20Vp5Jii8Y8lt2AKORMYEszzbGbSCRRwLETjG9nfucJpWKxeNCTBP2IDAULGSXaSJ6HnD+e5fd5v1pz6k5e9jK4BdSgqGa/+uUNYppGKDTlRKme6yTaz4jUjHKcVrxUYULomAyxZ1CQCJWf5TtP7ROjDOwwluYIbefq74mMREpNosB0RkSP1KI3E//zeqkOr/2MiSTVKOj8oTDlto7tWQD2gEmkmk8MECqZ2dWmIyIJ1SamignBXfzyMrQv6q7h+8ta46aIowxHcAyn4MIVNOAOmtACCgk8wyu8Wan1Yr1bH/PWklXMHMKfsj5/AFmlkTg=</latexit><latexit sha1_base64="E6mWwGVgbK1zHvtPA+ef4ELcjbI=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm2ARBLEkIuiy6MZlBXuBJpbJ9KQdOpmEmYlQQl/DjQtF3Poy7nwbp2kW2npgho//P4c58wcJZ0o7zrdVWlldW98ob1a2tnd296r7B20Vp5Jii8Y8lt2AKORMYEszzbGbSCRRwLETjG9nfucJpWKxeNCTBP2IDAULGSXaSJ6HnD+e5fd5v1pz6k5e9jK4BdSgqGa/+uUNYppGKDTlRKme6yTaz4jUjHKcVrxUYULomAyxZ1CQCJWf5TtP7ROjDOwwluYIbefq74mMREpNosB0RkSP1KI3E//zeqkOr/2MiSTVKOj8oTDlto7tWQD2gEmkmk8MECqZ2dWmIyIJ1SamignBXfzyMrQv6q7h+8ta46aIowxHcAyn4MIVNOAOmtACCgk8wyu8Wan1Yr1bH/PWklXMHMKfsj5/AFmlkTg=</latexit><latexit sha1_base64="E6mWwGVgbK1zHvtPA+ef4ELcjbI=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm2ARBLEkIuiy6MZlBXuBJpbJ9KQdOpmEmYlQQl/DjQtF3Poy7nwbp2kW2npgho//P4c58wcJZ0o7zrdVWlldW98ob1a2tnd296r7B20Vp5Jii8Y8lt2AKORMYEszzbGbSCRRwLETjG9nfucJpWKxeNCTBP2IDAULGSXaSJ6HnD+e5fd5v1pz6k5e9jK4BdSgqGa/+uUNYppGKDTlRKme6yTaz4jUjHKcVrxUYULomAyxZ1CQCJWf5TtP7ROjDOwwluYIbefq74mMREpNosB0RkSP1KI3E//zeqkOr/2MiSTVKOj8oTDlto7tWQD2gEmkmk8MECqZ2dWmIyIJ1SamignBXfzyMrQv6q7h+8ta46aIowxHcAyn4MIVNOAOmtACCgk8wyu8Wan1Yr1bH/PWklXMHMKfsj5/AFmlkTg=</latexit><latexit sha1_base64="E6mWwGVgbK1zHvtPA+ef4ELcjbI=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm2ARBLEkIuiy6MZlBXuBJpbJ9KQdOpmEmYlQQl/DjQtF3Poy7nwbp2kW2npgho//P4c58wcJZ0o7zrdVWlldW98ob1a2tnd296r7B20Vp5Jii8Y8lt2AKORMYEszzbGbSCRRwLETjG9nfucJpWKxeNCTBP2IDAULGSXaSJ6HnD+e5fd5v1pz6k5e9jK4BdSgqGa/+uUNYppGKDTlRKme6yTaz4jUjHKcVrxUYULomAyxZ1CQCJWf5TtP7ROjDOwwluYIbefq74mMREpNosB0RkSP1KI3E//zeqkOr/2MiSTVKOj8oTDlto7tWQD2gEmkmk8MECqZ2dWmIyIJ1SamignBXfzyMrQv6q7h+8ta46aIowxHcAyn4MIVNOAOmtACCgk8wyu8Wan1Yr1bH/PWklXMHMKfsj5/AFmlkTg=</latexit>

p

A
�

<latexit sha1_base64="Ww7JLfQe/vF3yo2MjtBsUU0nplo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIoMeqF48V7Qe0sWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/oeNUMayzWMSqFVCNgkusG24EthKFNAoENoPhzcRvPqHSPJYPZpSgH9G+5CFn1Fjp/urxtFsquxV3CrJIvJyUIUetW/rq9GKWRigNE1Trtucmxs+oMpwJHBc7qcaEsiHtY9tSSSPUfjY9dUyOrdIjYaxsSUOm6u+JjEZaj6LAdkbUDPS8NxH/89qpCS/9jMskNSjZbFGYCmJiMvmb9LhCZsTIEsoUt7cSNqCKMmPTKdoQvPmXF0njrOK5Fe/uvFy9zuMowCEcwQl4cAFVuIUa1IFBH57hFd4c4bw4787HrHXJyWcO4A+czx+rto1h</latexit><latexit sha1_base64="Ww7JLfQe/vF3yo2MjtBsUU0nplo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIoMeqF48V7Qe0sWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/oeNUMayzWMSqFVCNgkusG24EthKFNAoENoPhzcRvPqHSPJYPZpSgH9G+5CFn1Fjp/urxtFsquxV3CrJIvJyUIUetW/rq9GKWRigNE1Trtucmxs+oMpwJHBc7qcaEsiHtY9tSSSPUfjY9dUyOrdIjYaxsSUOm6u+JjEZaj6LAdkbUDPS8NxH/89qpCS/9jMskNSjZbFGYCmJiMvmb9LhCZsTIEsoUt7cSNqCKMmPTKdoQvPmXF0njrOK5Fe/uvFy9zuMowCEcwQl4cAFVuIUa1IFBH57hFd4c4bw4787HrHXJyWcO4A+czx+rto1h</latexit><latexit sha1_base64="Ww7JLfQe/vF3yo2MjtBsUU0nplo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIoMeqF48V7Qe0sWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/oeNUMayzWMSqFVCNgkusG24EthKFNAoENoPhzcRvPqHSPJYPZpSgH9G+5CFn1Fjp/urxtFsquxV3CrJIvJyUIUetW/rq9GKWRigNE1Trtucmxs+oMpwJHBc7qcaEsiHtY9tSSSPUfjY9dUyOrdIjYaxsSUOm6u+JjEZaj6LAdkbUDPS8NxH/89qpCS/9jMskNSjZbFGYCmJiMvmb9LhCZsTIEsoUt7cSNqCKMmPTKdoQvPmXF0njrOK5Fe/uvFy9zuMowCEcwQl4cAFVuIUa1IFBH57hFd4c4bw4787HrHXJyWcO4A+czx+rto1h</latexit><latexit sha1_base64="Ww7JLfQe/vF3yo2MjtBsUU0nplo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIoMeqF48V7Qe0sWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/oeNUMayzWMSqFVCNgkusG24EthKFNAoENoPhzcRvPqHSPJYPZpSgH9G+5CFn1Fjp/urxtFsquxV3CrJIvJyUIUetW/rq9GKWRigNE1Trtucmxs+oMpwJHBc7qcaEsiHtY9tSSSPUfjY9dUyOrdIjYaxsSUOm6u+JjEZaj6LAdkbUDPS8NxH/89qpCS/9jMskNSjZbFGYCmJiMvmb9LhCZsTIEsoUt7cSNqCKMmPTKdoQvPmXF0njrOK5Fe/uvFy9zuMowCEcwQl4cAFVuIUa1IFBH57hFd4c4bw4787HrHXJyWcO4A+czx+rto1h</latexit>

�
<latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit><latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit><latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit><latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit>

�̄
<latexit sha1_base64="7s4VbITa2XMjfnp9g8Yq6gNK6GM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHtzO/88SU5ol8MJOUBTEOJY84RWOlRz9Elft0xKf9as2tu3OQVeIVpAYFmv3qlz9IaBYzaahArXuem5ogR2U4FWxa8TPNUqRjHLKepRJjpoN8fvGUnFllQKJE2ZKGzNXfEznGWk/i0HbGaEZ62ZuJ/3m9zETXQc5lmhkm6WJRlAliEjJ7nwy4YtSIiSVIFbe3EjpChdTYkCo2BG/55VXSvqh7bt27v6w1boo4ynACp3AOHlxBA+6gCS2gIOEZXuHN0c6L8+58LFpLTjFzDH/gfP4AxMqQ9w==</latexit><latexit sha1_base64="7s4VbITa2XMjfnp9g8Yq6gNK6GM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHtzO/88SU5ol8MJOUBTEOJY84RWOlRz9Elft0xKf9as2tu3OQVeIVpAYFmv3qlz9IaBYzaahArXuem5ogR2U4FWxa8TPNUqRjHLKepRJjpoN8fvGUnFllQKJE2ZKGzNXfEznGWk/i0HbGaEZ62ZuJ/3m9zETXQc5lmhkm6WJRlAliEjJ7nwy4YtSIiSVIFbe3EjpChdTYkCo2BG/55VXSvqh7bt27v6w1boo4ynACp3AOHlxBA+6gCS2gIOEZXuHN0c6L8+58LFpLTjFzDH/gfP4AxMqQ9w==</latexit><latexit sha1_base64="7s4VbITa2XMjfnp9g8Yq6gNK6GM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHtzO/88SU5ol8MJOUBTEOJY84RWOlRz9Elft0xKf9as2tu3OQVeIVpAYFmv3qlz9IaBYzaahArXuem5ogR2U4FWxa8TPNUqRjHLKepRJjpoN8fvGUnFllQKJE2ZKGzNXfEznGWk/i0HbGaEZ62ZuJ/3m9zETXQc5lmhkm6WJRlAliEjJ7nwy4YtSIiSVIFbe3EjpChdTYkCo2BG/55VXSvqh7bt27v6w1boo4ynACp3AOHlxBA+6gCS2gIOEZXuHN0c6L8+58LFpLTjFzDH/gfP4AxMqQ9w==</latexit><latexit sha1_base64="7s4VbITa2XMjfnp9g8Yq6gNK6GM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gObUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHtzO/88SU5ol8MJOUBTEOJY84RWOlRz9Elft0xKf9as2tu3OQVeIVpAYFmv3qlz9IaBYzaahArXuem5ogR2U4FWxa8TPNUqRjHLKepRJjpoN8fvGUnFllQKJE2ZKGzNXfEznGWk/i0HbGaEZ62ZuJ/3m9zETXQc5lmhkm6WJRlAliEjJ7nwy4YtSIiSVIFbe3EjpChdTYkCo2BG/55VXSvqh7bt27v6w1boo4ynACp3AOHlxBA+6gCS2gIOEZXuHN0c6L8+58LFpLTjFzDH/gfP4AxMqQ9w==</latexit> Bps

<latexit sha1_base64="nPMquLCRIJGpmVtTyyT4NR/l6Hg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1GWpG5cV7APaECbTSTt0Mgkzk0IJ+RM3LhRx65+482+ctFlo64GBwzn3cs+cIOFMacf5tipb2zu7e9X92sHh0fGJfXrWU3EqCe2SmMdyEGBFORO0q5nmdJBIiqOA034wuy/8/pxKxWLxpBcJ9SI8ESxkBGsj+bY9irCeEsyzdu5nicp9u+40nCXQJnFLUocSHd/+Go1jkkZUaMKxUkPXSbSXYakZ4TSvjVJFE0xmeEKHhgocUeVly+Q5ujLKGIWxNE9otFR/b2Q4UmoRBWayyKnWvUL8zxumOrzzMiaSVFNBVofClCMdo6IGNGaSEs0XhmAimcmKyBRLTLQpq2ZKcNe/vEl6Nw3XabiPt/VWu6yjChdwCdfgQhNa8AAd6AKBOTzDK7xZmfVivVsfq9GKVe6cwx9Ynz8dNpP1</latexit><latexit sha1_base64="nPMquLCRIJGpmVtTyyT4NR/l6Hg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1GWpG5cV7APaECbTSTt0Mgkzk0IJ+RM3LhRx65+482+ctFlo64GBwzn3cs+cIOFMacf5tipb2zu7e9X92sHh0fGJfXrWU3EqCe2SmMdyEGBFORO0q5nmdJBIiqOA034wuy/8/pxKxWLxpBcJ9SI8ESxkBGsj+bY9irCeEsyzdu5nicp9u+40nCXQJnFLUocSHd/+Go1jkkZUaMKxUkPXSbSXYakZ4TSvjVJFE0xmeEKHhgocUeVly+Q5ujLKGIWxNE9otFR/b2Q4UmoRBWayyKnWvUL8zxumOrzzMiaSVFNBVofClCMdo6IGNGaSEs0XhmAimcmKyBRLTLQpq2ZKcNe/vEl6Nw3XabiPt/VWu6yjChdwCdfgQhNa8AAd6AKBOTzDK7xZmfVivVsfq9GKVe6cwx9Ynz8dNpP1</latexit><latexit sha1_base64="nPMquLCRIJGpmVtTyyT4NR/l6Hg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1GWpG5cV7APaECbTSTt0Mgkzk0IJ+RM3LhRx65+482+ctFlo64GBwzn3cs+cIOFMacf5tipb2zu7e9X92sHh0fGJfXrWU3EqCe2SmMdyEGBFORO0q5nmdJBIiqOA034wuy/8/pxKxWLxpBcJ9SI8ESxkBGsj+bY9irCeEsyzdu5nicp9u+40nCXQJnFLUocSHd/+Go1jkkZUaMKxUkPXSbSXYakZ4TSvjVJFE0xmeEKHhgocUeVly+Q5ujLKGIWxNE9otFR/b2Q4UmoRBWayyKnWvUL8zxumOrzzMiaSVFNBVofClCMdo6IGNGaSEs0XhmAimcmKyBRLTLQpq2ZKcNe/vEl6Nw3XabiPt/VWu6yjChdwCdfgQhNa8AAd6AKBOTzDK7xZmfVivVsfq9GKVe6cwx9Ynz8dNpP1</latexit><latexit sha1_base64="nPMquLCRIJGpmVtTyyT4NR/l6Hg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1GWpG5cV7APaECbTSTt0Mgkzk0IJ+RM3LhRx65+482+ctFlo64GBwzn3cs+cIOFMacf5tipb2zu7e9X92sHh0fGJfXrWU3EqCe2SmMdyEGBFORO0q5nmdJBIiqOA034wuy/8/pxKxWLxpBcJ9SI8ESxkBGsj+bY9irCeEsyzdu5nicp9u+40nCXQJnFLUocSHd/+Go1jkkZUaMKxUkPXSbSXYakZ4TSvjVJFE0xmeEKHhgocUeVly+Q5ujLKGIWxNE9otFR/b2Q4UmoRBWayyKnWvUL8zxumOrzzMiaSVFNBVofClCMdo6IGNGaSEs0XhmAimcmKyBRLTLQpq2ZKcNe/vEl6Nw3XabiPt/VWu6yjChdwCdfgQhNa8AAd6AKBOTzDK7xZmfVivVsfq9GKVe6cwx9Ynz8dNpP1</latexit>

Zd
<latexit sha1_base64="vMUv283n9MPGE5Vj8tFFq+on99w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eKthbbUDabTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmlldW19o7xZ2dre2d2r7h+0TZJpxlsskYnuBNRwKRRvoUDJO6nmNA4kfwhG11P/4YlrIxJ1j+OU+zEdKBEJRtFKd4/9sF+tuXV3BrJMvILUoECzX/3qhQnLYq6QSWpM13NT9HOqUTDJJ5VeZnhK2YgOeNdSRWNu/Hx26oScWCUkUaJtKSQz9fdETmNjxnFgO2OKQ7PoTcX/vG6G0aWfC5VmyBWbL4oySTAh079JKDRnKMeWUKaFvZWwIdWUoU2nYkPwFl9eJu2zuufWvdvzWuOqiKMMR3AMp+DBBTTgBprQAgYDeIZXeHOk8+K8Ox/z1pJTzBzCHzifPytIjbU=</latexit><latexit sha1_base64="vMUv283n9MPGE5Vj8tFFq+on99w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eKthbbUDabTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmlldW19o7xZ2dre2d2r7h+0TZJpxlsskYnuBNRwKRRvoUDJO6nmNA4kfwhG11P/4YlrIxJ1j+OU+zEdKBEJRtFKd4/9sF+tuXV3BrJMvILUoECzX/3qhQnLYq6QSWpM13NT9HOqUTDJJ5VeZnhK2YgOeNdSRWNu/Hx26oScWCUkUaJtKSQz9fdETmNjxnFgO2OKQ7PoTcX/vG6G0aWfC5VmyBWbL4oySTAh079JKDRnKMeWUKaFvZWwIdWUoU2nYkPwFl9eJu2zuufWvdvzWuOqiKMMR3AMp+DBBTTgBprQAgYDeIZXeHOk8+K8Ox/z1pJTzBzCHzifPytIjbU=</latexit><latexit sha1_base64="vMUv283n9MPGE5Vj8tFFq+on99w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eKthbbUDabTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmlldW19o7xZ2dre2d2r7h+0TZJpxlsskYnuBNRwKRRvoUDJO6nmNA4kfwhG11P/4YlrIxJ1j+OU+zEdKBEJRtFKd4/9sF+tuXV3BrJMvILUoECzX/3qhQnLYq6QSWpM13NT9HOqUTDJJ5VeZnhK2YgOeNdSRWNu/Hx26oScWCUkUaJtKSQz9fdETmNjxnFgO2OKQ7PoTcX/vG6G0aWfC5VmyBWbL4oySTAh079JKDRnKMeWUKaFvZWwIdWUoU2nYkPwFl9eJu2zuufWvdvzWuOqiKMMR3AMp+DBBTTgBprQAgYDeIZXeHOk8+K8Ox/z1pJTzBzCHzifPytIjbU=</latexit><latexit sha1_base64="vMUv283n9MPGE5Vj8tFFq+on99w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eKthbbUDabTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmlldW19o7xZ2dre2d2r7h+0TZJpxlsskYnuBNRwKRRvoUDJO6nmNA4kfwhG11P/4YlrIxJ1j+OU+zEdKBEJRtFKd4/9sF+tuXV3BrJMvILUoECzX/3qhQnLYq6QSWpM13NT9HOqUTDJJ5VeZnhK2YgOeNdSRWNu/Hx26oScWCUkUaJtKSQz9fdETmNjxnFgO2OKQ7PoTcX/vG6G0aWfC5VmyBWbL4oySTAh079JKDRnKMeWUKaFvZWwIdWUoU2nYkPwFl9eJu2zuufWvdvzWuOqiKMMR3AMp+DBBTTgBprQAgYDeIZXeHOk8+K8Ox/z1pJTzBzCHzifPytIjbU=</latexit>

Displaced Lepton 
Jets (DLJs)

`
+
`
�

<latexit sha1_base64="E6mWwGVgbK1zHvtPA+ef4ELcjbI=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm2ARBLEkIuiy6MZlBXuBJpbJ9KQdOpmEmYlQQl/DjQtF3Poy7nwbp2kW2npgho//P4c58wcJZ0o7zrdVWlldW98ob1a2tnd296r7B20Vp5Jii8Y8lt2AKORMYEszzbGbSCRRwLETjG9nfucJpWKxeNCTBP2IDAULGSXaSJ6HnD+e5fd5v1pz6k5e9jK4BdSgqGa/+uUNYppGKDTlRKme6yTaz4jUjHKcVrxUYULomAyxZ1CQCJWf5TtP7ROjDOwwluYIbefq74mMREpNosB0RkSP1KI3E//zeqkOr/2MiSTVKOj8oTDlto7tWQD2gEmkmk8MECqZ2dWmIyIJ1SamignBXfzyMrQv6q7h+8ta46aIowxHcAyn4MIVNOAOmtACCgk8wyu8Wan1Yr1bH/PWklXMHMKfsj5/AFmlkTg=</latexit><latexit sha1_base64="E6mWwGVgbK1zHvtPA+ef4ELcjbI=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm2ARBLEkIuiy6MZlBXuBJpbJ9KQdOpmEmYlQQl/DjQtF3Poy7nwbp2kW2npgho//P4c58wcJZ0o7zrdVWlldW98ob1a2tnd296r7B20Vp5Jii8Y8lt2AKORMYEszzbGbSCRRwLETjG9nfucJpWKxeNCTBP2IDAULGSXaSJ6HnD+e5fd5v1pz6k5e9jK4BdSgqGa/+uUNYppGKDTlRKme6yTaz4jUjHKcVrxUYULomAyxZ1CQCJWf5TtP7ROjDOwwluYIbefq74mMREpNosB0RkSP1KI3E//zeqkOr/2MiSTVKOj8oTDlto7tWQD2gEmkmk8MECqZ2dWmIyIJ1SamignBXfzyMrQv6q7h+8ta46aIowxHcAyn4MIVNOAOmtACCgk8wyu8Wan1Yr1bH/PWklXMHMKfsj5/AFmlkTg=</latexit><latexit sha1_base64="E6mWwGVgbK1zHvtPA+ef4ELcjbI=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm2ARBLEkIuiy6MZlBXuBJpbJ9KQdOpmEmYlQQl/DjQtF3Poy7nwbp2kW2npgho//P4c58wcJZ0o7zrdVWlldW98ob1a2tnd296r7B20Vp5Jii8Y8lt2AKORMYEszzbGbSCRRwLETjG9nfucJpWKxeNCTBP2IDAULGSXaSJ6HnD+e5fd5v1pz6k5e9jK4BdSgqGa/+uUNYppGKDTlRKme6yTaz4jUjHKcVrxUYULomAyxZ1CQCJWf5TtP7ROjDOwwluYIbefq74mMREpNosB0RkSP1KI3E//zeqkOr/2MiSTVKOj8oTDlto7tWQD2gEmkmk8MECqZ2dWmIyIJ1SamignBXfzyMrQv6q7h+8ta46aIowxHcAyn4MIVNOAOmtACCgk8wyu8Wan1Yr1bH/PWklXMHMKfsj5/AFmlkTg=</latexit><latexit sha1_base64="E6mWwGVgbK1zHvtPA+ef4ELcjbI=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm2ARBLEkIuiy6MZlBXuBJpbJ9KQdOpmEmYlQQl/DjQtF3Poy7nwbp2kW2npgho//P4c58wcJZ0o7zrdVWlldW98ob1a2tnd296r7B20Vp5Jii8Y8lt2AKORMYEszzbGbSCRRwLETjG9nfucJpWKxeNCTBP2IDAULGSXaSJ6HnD+e5fd5v1pz6k5e9jK4BdSgqGa/+uUNYppGKDTlRKme6yTaz4jUjHKcVrxUYULomAyxZ1CQCJWf5TtP7ROjDOwwluYIbefq74mMREpNosB0RkSP1KI3E//zeqkOr/2MiSTVKOj8oTDlto7tWQD2gEmkmk8MECqZ2dWmIyIJ1SamignBXfzyMrQv6q7h+8ta46aIowxHcAyn4MIVNOAOmtACCgk8wyu8Wan1Yr1bH/PWklXMHMKfsj5/AFmlkTg=</latexit>
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Figure 1. Displaced lepton jet signatures from the SIDM bound state at the LHC. In the model we consider, a
heavy pseduoscalar (A) couples the SIDM particle (�) to gluons (g), a dark photon (Zd) mediates dark matter
self-interactions and leads to formation of the bound state (Bps). The boosted Zd decays to SM charged leptons
via a kinetic mixing portal.

that leads to dark matter self-interactions in the halos. The resulting bound state can annihilate into
two boosted mediators, which subsequently decay back to the SM particles, as illustrated in Fig. 1. If
the mediator’s coupling to the SM is small enough to satisfy other existing constraints, it can be long-
lived and have a macroscopic decay length comparable to the size of the LHC detectors. Compared
to prompt signals, the long-lived particle search has much less SM backgrounds. And the resonance
feature can further help us distinguish the signal from the backgrounds that are combinatorial and
typically monotonic in energy. Thus, searching for the mediator from the bound state decay provides
a powerful way of testing SIDM models.

In this paper, we propose an LHC study of SIDM using the production of the dark matter bound
states and their decay into displaced lepton jets (DLJs). As we will show, the DLJ search at the Run
3 LHC can be sensitive to the SIDM parameters that resolve the discrepancies on galactic scales. The
reconstruction of the bound state mass through the DLJ energy gives a measurement of the dark matter
mass, and a comparison between the bound state and missing energy signatures provides information
about dark matter self-interactions, complementary to astrophysical observations. Note the idea of
looking for dark matter bound states at particle colliders has been discussed before [47–53]. Here we
focus on the DLJ signatures from the long-lived dark force mediator in the SIDM context. A similar
analysis was carried out using B-factory [48] and LHC [49] results. In this work, we study a simplified
SIDM model with a heavy pseudoscalar that couples SM quarks to dark matter particles. We further
take the advantage of non-conventional ATLAS triggers searching for long-lived particles [54] and
conduct a detailed study of the DLJ signals from the SIDM bound states at the LHC Run 3. We also
explore the possibility of narrowing down the dark matter model parameters after combing monojet,
multi-muon and DLJ searches, as well as astrophysical observations.

The outline of this paper is as follows. In Sec. 2, we present the particle physics model and discuss
various constraints on model parameters. In Sec. 3, we discuss DLJ searches of the SIDM bound state.
In Sec. 4, we discuss prompt multi-muon searches, especially for the final state radiation of the dark
photon. In Sec. 5, we show current LHC bounds, projected future reaches and their implications for
astrophysical observations. We conclude in Sec. 6.

– 2 –

μ+μ-

μ+μ-/e+e-

2 search channels: 
- channel 4μ 
- channel 2μ2e
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10Signal reconstruc/on

* Out-of-box objects: PF (parMcle flow) candidates: PFMu, PFElectron 
* Great efficiency & resoluMon for signal with short displacement 
* Limited by tracking of silicon tracker.
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11Signal reconstruc/on

* Signal with large displacement 
* Zd→μμ, displaced standalone muons (DSA) 

* Dedicated muon reconstrucMon, not part of PF. 
* Zd→ee, PF Photon 

* Displaced electrons whose track is not reconstructed would appear as a photon.

DSA: using muon chamber informaMon 
only, no beam spot constraint.
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12Signal reconstruc/on

* Strategy: cluster collimated leptons into "jets" — lepton-jet. 
* No fixed number of parMcles clustered. 
* MulMple types of parMcles possible.

PF
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PF
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PF
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DSA
 M

uo
n

Pre-iden/fica/on

Muons match & clean

Cluster

Filter
Labeling

- Use the standard set of idenMficaMon criteria   
for PF Electron, Photon, Muon. 

- Use "loose" working point for high efficiency. 
- Customized DSA ID based on number of hits/

muon staMons, normalized χ2 and pT error/pT.



Weinan SiJune.16, 2020

13Signal reconstruc/on

* To be generic, cluster leptons into "jets" — lepton-jet. 
* No fixed number of parMcles clustered. 
* MulMple types of parMcles possible.
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PF
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DSA
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n

Pre-iden/fica/on

Muons match & clean

Cluster

Filter
Labeling

- A single muon may be reconstructed both as a 
PF Muon and a DSA muon. 

- Match & clean to avoid duplicate counts. 
- Based on distance + muon segment overlap.
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14Signal reconstruc/on

* To be generic, cluster leptons into "jets" — lepton-jet. 
* No fixed number of parMcles clustered. 
* MulMple types of parMcles possible.

PF
 E

lec
tro

n
PF
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PF
 M
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DSA
 M

uo
n

Pre-iden/fica/on

Muons match & clean

Cluster

Filter
Labeling

- Cluster with AnM-kt, ΔR=0.4 
- Filter: 

- pT>30GeV, |eta|<2.4. 
- Even muon mulMplicity. 
- Sum of muon charge = 0.
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15Signal reconstruc/on

* To be generic, cluster leptons into "jets" — lepton-jet. 
* No fixed number of parMcles clustered. 
* MulMple types of parMcles possible.

PF
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PF
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PF
 M
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n

DSA
 M

uo
n

Pre-iden/fica/on

Muons match & clean

Cluster

Filter
Labeling

- Has any muon( PF/DSA Muon)? 
- Yes: Muon-type lepton-jet 
- No: Egm-type lepton-jet
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16Signal reconstruc/on

* To be generic, cluster leptons into "jets" — lepton-jet. 
* No fixed number of parMcles clustered. 
* MulMple types of parMcles possible.

- Has any muon( PF/DSA Muon)? 
- Yes: Muon-type lepton-jet 
- No: Egm-type lepton-jet

Final state: Two isolated lepton-jets 
back-to-back in transverse plane. 

Channel 4mu: 
- Two muon-type lepton-jets 

Channel 2mu2e: 
- One muon-type lepton-jet 
- One egm-type lepton-jet
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* Muon-type lepton-jet 
* Efficiency vs. dark photon lxy 
* pT resoluMon

17Lepton-jet performance

dark photon 
reconstruc/on efficiency 
with PF muons only.

… aeer including DSA.

Zd → μ+μ−

Trade off between 
efficiency and 
resolu/on for DSA

primary vertex

displaced vertexlxy

μ

μ
x

y
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18Lepton-jet performance

* Egm-type lepton-jet 
* Efficiency vs. dark photon lxy. 
* pT resoluMon

dark photon 
reconstruc/on 
efficiency with PF 
electron only.

… aeer including 
PFPhoton.

No trade off in 
terms of resolu/on.

Zd → e+e−

primary vertex

displaced vertexlxy

e

e
x

y
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19Cosmics

* Cosmic muon as a background 
* DSA may have cosmic contaminaMon 
* Dedicated cuts to remove cosmic muons.

Cosmic shower:  
large number of parallel muons.

"parallel": |cos(α)|>0.99 
α: 3D angle between 2 tracks
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] N(parallel pairs) of cosmic muonsµ[4

CMS
work-in-progress

 (13 TeV)-159.74 fb

cosmic enriched region: 
N(parallel)≥8
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20Cosmics

1.  ΔRcosmic>0.05
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mXX-100_mA-5_lxy-0p3 (norm.)

mXX-1000_mA-0p25_lxy-0p3 (norm.)

)j, DSA
i

(DSA
cosmic

RΔ] µ[4

CMS
work-in-progress

 (13 TeV)-159.74 fb

ΔRcosmic → 0

ΔRcosmic = (η1 + η2)2 + (π − Δϕ)2

* Cosmic muon as a background 
* DSA may have cosmic contaminaMon 
* Dedicated cuts to remove cosmic muons.

Data: N(parallel)≥8 
signal MC: N(parallel)<8

(c/o K. DiPetrillo)
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21Cosmics

2. DCA (distance of closest approach) between two tracks<20cm

~1m

* Cosmic muon as a background 
* DSA may have cosmic contaminaMon 
* Dedicated cuts to remove cosmic muons.

Data: N(parallel)≥8 
signal MC: N(parallel)<8

- Parallel cosmic muons can be clustered together, ΔR(η,φ)→0 
- The DCA between the two can be large.
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] muon-type lepton-jet max track |dz|µ[4

CMS
work-in-progress

 (13 TeV)-159.74 fb

22Cosmics

3. Max track |dz|<40cm 

- Cosmic muons have large |dz|; 
- Even though signal is displaced, 

due to large boost, |dz| is small.

primary vertex

displaced vertex

μ

μ
z

r

dz

cosmic muon

beam

Data: N(parallel)≥8 
signal MC: N(parallel)<8* Cosmic muon as a background 

* DSA may have cosmic contaminaMon 
* Dedicated cuts to remove cosmic muons.
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CMS
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23Cosmics summary

With above cuts applied,  
no events in cosmic-enriched data sample survived.
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CMS
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 (13 TeV)-159.74 fb

1.  ΔRcosmic>0.05 2. DCA<20cm

* Cosmic muon as a background 
* DSA may have cosmic contaminaMon 
* Dedicated cuts to remove cosmic muons.

3. Max |dz|<40cm
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24Displacement cut

* Reduce prompt background: DYjets, ZZ 
* Displacement cut on track’s |d0|
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* Run out of background MC. 
* Data-driven background esMmaMon next.
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25ABCD background es/ma/on

* QCD, TTJets 
* Non-prompt muons from heavy flavor decay 
* EsMmate using ABCD method with 

1.Lepton-jet isolaGon 
2.|Δφ| between lepton-jet pair

μ

μ
x

y

|Δφ|

μ μ
Es/mate the yield of D with yield of region ABC by, 
given the two variables are uncorrelated.

Npred
D =

Nobs
B × Nobs

C

Nobs
A

m
or

e 
iso

la
te

d signal region
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26Valida/on

* MC not trustworthy; validate the method with "proxy events" in data. 
* A single muon as a proxy of a muon-type lepton-jet. 
* N(b-jet) > 0
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27Valida/on
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* The limit will be set on SIDM producGon cross secGon vs. dark 
photon lifeGme for different DM mass. 

* Result expected to be public by end of summer, stay tuned!

* MC not trustworthy; validate the method with "proxy events" in data. 
* A single muon as a proxy of a muon-type lepton-jet. 
* N(b-jet) > 0
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28LLP call for a be3er tracker

* Long-lived parMcles → displaced tracks, 
verMces 

* A bePer tracker is desired!

* Tracking performance is vital, involved in 
almost all analysis. 

* Upgrade the tracker for more collisions! 
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 Experience of CMS Phase-1 pixel detector upgrade
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30Mo/va/on

* The pixel detector is the innermost sub-detector of CMS, vital for tracking and vertexing. 
* The Phase-0 detector was operated from the beginning unMl 2016. 
* The tracking performance of the Phase-0 pixel detector degrades with increased 

instantaneous luminosity. 
* The expected peak luminosity for 2017-2018 is ~ 2x1034cm-2s-1. 

* The upgraded, Phase-1 pixel detector is designed to outperform the previous one at high 
instantaneous luminosity.
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Preliminary 2016CMS =13 TeVs

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PixelOfflinePlots2016

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PixelOfflinePlotsAugust2017

Phase-0 Phase-1
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31Phase-1 upgrades

* Phase-1 w.r.t. Phase-0 
* One extra layer(3→4) in barrel; One extra disk(2→3) for each endcap. 

* ~87.7% more pixels (66M→124M) 
* Layer1 closer to beam pipe (43mm→29mm)  

* Digital readout provides enough bandwidth. 
* New backend and readout system. 
* Two-phase CO2 cooling to reduce material budget. 
* Pixel size (100x150μm2) and type (n+-in-n) remain the same.

Phase-1

Phase-0

Phase-0

Phase-1

(CMS-TDR-011)
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32Pixel module

basestrips
ROC 
- PSI46digv2 (BPix layer2-4, FPix), PROC600 (layer1) 
- Double column drain architecture 
- Expanded data and Mmestamp buffer size w.r.t phase-0. 
- PROC600: designed to withstand high parMcle rate of 

600 MHz/cm2

Sensor 
- 285μm thick; bump-bonded to ROC 
- 66560 pixels/module

HDI (high density interconnect) 
- Provides power and signal distribuMon. 
- TBM (token bit manager): manage digital readout.

* Phase-1 pixel detector modules 
* 2 rows, 8 ROCs (Read out chip) each 
* Total acMve area: 16.2x24.8 mm2 power cable

Exploded view of a BPix layer2-4 module, 
layer1 and FPix modules have similar structure

(CMS-TDR-011)
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33Pixel module tes/ng

Pretest 
- Make sure module is responsive and in 

operaMon state. 
PixelAlive 
- IdenMfy faulty pixels. 
TrimmingTest 
- Calibrate each PUC (pixel unit cell) to the same 

threshold in terms of the calibraMon pulse 
strength. 

PHOp/miza/on (pulse height) 
- Set appropriate dynamic range for the ADC 

(analog digital converter) that digiMze the 
recorded pulse height. 

Bumpbonding test 
- Flag the problemaMc bump bonds that connect 

the sensor to the ROC

* Standardized test and qualificaMon procedure following the module producMon chain. 
* All 672 modules for FPix were tested at Fermilab.

One module tesMng setup at SiDet in Fermilab

Non-exhaus/ve list of tests:
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34Pixel module tes/ng example

TrimmingTest — calibrate each PUC (pixel unit cell) to the same threshold in terms of 
the calibraGon pulse strength.

3 DAC registers: VthrComp, Vtrim, trim bits

Baseline threshold for 
the comparator unit.

Set ROC-wide scale for 
the effect of the trim 
bits. i.e. mul/plica/ve 
factor applied to the 
trim bits.

4 bits for each pixel

The op/miza/on of each sexng is performed sequen/ally per ROC.

Digital Analog Converter
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35Pixel module tes/ng example

TrimmingTest — calibrate each PUC (pixel unit cell) to the same threshold in terms of 
the calibraGon pulse strength.

3 DAC registers: VthrComp, Vtrim, trim bits

- 4 bits for each pixel, se�ng range: 0-15 
- Binary search tree algorithm to search for the opMmal bits 

for each pixel in 5 steps. (only show 3)
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36Overview of the pixel system with DAQ
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37Data flow from module to cDAQ

* POH (Pixel Opto-Hybrid) 
* Converts the electrical signal from the pixel modules to opMcal data. 
* Sends the data to the FED. 

* FED (FrontEnd Driver) 
* Decodes the incoming data stream from detector frontend, assemble all 24 channels’ 

data into event fragments. 
* Push the data to CMS central data acquisiMon. 
* 108 FEDs in total.



Weinan SiJune.16, 2020

38Detector checkout — communica/on

* Module register se�ngs need to be calibrated to give opMmal performance. 
* Example: TBM delay phase scan

- TBM manage the 160Mbit/s ROC 
readout at 400MHz. 

- The calibraMon scans over the two delay 
se�ng phase space. 

- A score is given based on readout data 
stream structure. 

- The opMmal se�ng point is indicated as 
open cross on the right.
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* CalibraMons for auxiliary electronics are also required. 
* Example: POH bias sexng calibra/on

- POH bias controls the amount of light 
sent from the detector to the FED. 

- As POH bias increases, more light is 
sent, and the RSSI (Received Signal 
Strength IndicaMon) values on the 
FED also increase. 

- The bias value of the laser diode is 
chosen right a�er the second slope 
change as indicated by the blue line.

Detector checkout — communica/on
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40Monitoring

* Monitoring is important for high quality data delivery. 
* Spot problems early, facilitate debugging … 

* DQM for high-level data (occupancy, cluster..) monitoring. 
* Low-level data monitor 

* Example: FEDMonitor 
* (I am the developer.)

FEDMonitor 
* Two XDAQ applicaMons. 
* Reading FED register values periodically. 
* Display them in web browser. 
* Provides detailed channel informaMon. 
* View status of all channels in one page!

10
8 

FE
D

s

48 channels
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41Pixel detector for HL-LHC

Phase-0 Pixel Phase-1 Pixel Phase-2 Pixel
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42Pixel detector for HL-LHC

* Upgrade is needed to cope with the increasing luminosity. 
* Upgrade acMviMes ongoing 

* New layout 
* New sensor, ROC 
* etc.

Phase-0 Phase-1 Phase-2

Layout 3 layers + 4 disks 4 layers + 6 disks 4 layers + 24 disks

Inner radius 4 cm 3 cm 3 cm

Ac/ve Si area 1 m2 1 m2 5 m2

Channels 66M 124M 2000M

Pixel size 100x150 μm2 100x150 μm2 25x100/50x50 μm2

Radia/on tolerance 100 Mrad 300 Mrad 1000 Mrad

L~2x1034cm-2s-1 

PU~40
L~1x1034cm-2s-1 

PU~20
L~5x1034cm-2s-1 

PU~200
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43Pixel detector for HL-LHC

RD53 collabora/on 
(ATLAS and CMS)

https://rd53.web.cern.ch/

Charge collected on a pixel as a funcGon of track posiGon, using 
only central hit, or 2/4 neighboring hits as well

120GeV proton Testbeam@Fermilab
New sensor 

* RadiaMon hardness 
* Hit efficiency 
* Cell charge 
* Residual resoluMon

New ROC
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44Summary

* Self-interac/ng dark ma3er is a well mo/vated DM candidate worth 
searching for. 

* Displaced lepton-jet is a striking signature, great experimental handle. 
* I developed the analysis and it will produce the first limit on SIDM from 

collider data. 

* Phase-1 pixel detector was installed in EYETS2016-2017, expected to be in 
opera/on un/l end of Run3 (~2024). 

* Many tests performed during the produc/on and system integra/on to 
ensure smooth commissioning. Valuable experience for NEXT pixel detector! 

* HL-LHC is approaching, R&D program ac/vely ongoing, gexng ready for it!
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Backup
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46Object ID: PF Electron, Photon

CMS electron cut-based ID 
loose working point (average efficiency ~90%)

CMS Photon cut-based ID 
loose working point (average efficiency ~90%)

pT>10GeV, |eta|<2.4

pT>20GeV, |eta|<2.4
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47Object ID: PF Muon, DSA

CMS muon loose ID DSA ID

pT>10GeV, |eta|<2.4pT>5GeV, |eta|<2.4
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48Lepton-jet performance comparison

To illustrate the benefit of lepton-jet reconstrucMon for dark photons, 3 methods are tested: 
1. Dark photon as a pair of opposite charged PF muon pair 
2. Dark photon as a pair of opposite charged DSA muon pair 
3. Dark photon as a lepton-jet 

Le� shows the reconstrucMon efficiency as a funcMon of dark photon lxy; 
Right shows the invariant mass of two dark photon candidates.
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49Lepton-jet isola/on

Idea: 
- lepton-jet is expected to be isolated, with liPle acMvity around. 
- define a lepton-jet isola/on based on PFCandidates

lepton-jet 
(ΔR=0.4)

R=0.5 Iso = 
∑R=0.5 energy* − footprint

numerator+lepton-jet

=
+++

+

Iso
0 1

more isolated less isolated

* only PFCands associated with primary vertex. 
* μ-type candidates are excluded to avoid shape 

distorMon seen for DSA-type lepton-jets. When 
a PFMu in cone but did not pass loose Id+Iso, it 
can be double counted. To be consistent, μ-type 
candidates are excluded  for isolaMon.
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50Pixel sensor

n+-in-n design: 
hightly doped n+ implants in lightly doped n- substrates with p+ backplanes.
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51Pixel module tes/ng example

PixelAlive — idenGfy faulty pixels.

- Inject 10 calibraMon pulses to each pixel. 
- Measure the number of recorded signals. 
- All pixels are masked except the one 

under test. 

- Dead: no recorded hits 
- Problema@c: less than 100% efficiency 
- Good: same number of signals recorded as 

the number of the injected calibraMon 
pulses.

1. Alive test 2. Mask test 3. Address decoding test
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52Pixel module tes/ng example

PixelAlive — idenGfy faulty pixels.

2. Mask test 3. Address decoding test

- all pixels are masked. 
- repeat the procedure as Alive test 

- faulty: non-zero efficiency

- same efficiency measurement for each pixel. 
- Address out of order will result in negaMve 

pulse height. 

- faulty: pixel with negaMve hits

binContent: 1: good pixel, 0: dead pixel, -1: faulty pixel
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53Detector service and frontend control

* TkFEC (Tracker FrontEnd Controller) 
* program auxiliary components in pixel supply electronics such as opto-hybrids and DC-

DC converter. 

* PxFEC (Pixel FrontEnd Controller) 
* distribute 40 MHz clock, trigger and fast signals to the pixel modules. 
* program registers of ROC and TBM

* DC-DC converter 
* custom ASIC converts high voltage power (11V) to low voltage 

for digital (3.6V) and analog (2.4V) parts of pixel modules. 
* No need to install extra power cables during limited 

EYETS16-17. (Extended Year End Technical Stop) 
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54Detector commissioning

* Detector /ming 
* Non-opMmal Mming se�ng would result in hit efficiency loss. 
* Clock phase programmable by chips on DOH motherboard, but in groups of modules. 

* E.g. modules in BPix layer1&2 can share a common programmable delay. 

- BPix layer1 using PROC600, layer2-4 and FPix using PSI46digv2. 
- Different phase at which PROC600 and PSI46digv2 chips associate Mmestamps to hits. 
- Overlap of possible phase is ~7ns.

The goal is to delay the 25ns window as much as 
possible in order to allow for the readout of pixel 
hits that are registered late but are sMll produced in 
the bunch crossing. 

6ns is set for layer 3&4 (and FPix), chosen 3ns 
earlier than the falling edge of the efficiency 
plateau. 

Delay se�ngs for layer1&2 are adjusted such that 
the default 6ns delay opMmizes for layer1, but also 
a good compromise for layer2.
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55Detector commissioning

* SEU (single event upset) 
* Change of state by one single ionizing parMcle striking a sensiMve node in a micro 

electronic device, such as a transistor. 

* ROC 
* No data send out from a single ROC. 
* Fix by reprograming the ROC. 

* TBM 
* Stopping sending tokens, no data from relevant ROCs read out. 
* Fix by turning on and off the DC-DC converter that power the module. 

* Portcard 
* No data read out from enMre readout group. 
* Fix by reprograming the portcard.

TBMs affected by SEU 
appears as "holes" in 
cluster occupancy map.
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56Pixel acronyms

• CTA: CMS Tracker AMC 
• AMC: Advanced Mezzanine Card 
• LPC: Low-Pin-Count 
• FMC: FPGA Mezzanine Card 
• TTS: Trigger-ThroPle Signal 
• POH: Pixel-Opto-Hybrid 
• DOH: Digital Opto Hybrid 
• mDOH: modified DOH 
• mFEC: FEC opMcal mezzanine 
• CCU: CommunicaMon & Control Unit 
• Rx-FMC: Receiver FMC 
• TCDS: Trigger and Command DistribuMon System 
• FEROL: Front-End Readout OpMcal Link 
• TPLL: Tracker Phase-Locked Loop 
• QPLL: Quartz Phase-Locked Loop 
• FC7: FMC Carrier xilinx series 7 
• MCH: MicroTCA Carrier Hub
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57Machine learning for CMS compu/ng opera/ons support

๏ CMS offline processing: data reconstrucMon, MC generaMon 
๏ Tasks are managed in "workflows" — to deliver for analyzers. 
๏ O(1000) in system. 

๏ Operators watch over the system, spot problems and take acMons. 
๏ Site problem, workflow misconfiguraMon 

๏ Run 3 onwards, much more loads in the system expected. 
๏ Machine learning for predicMon and acMon-taking!

OSDroid (Opera/on Support Droid)
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58Data collec/on

workflow 
O(1000)

WMStats Server 
+ Unified DB

OSDroid

CERN Monit 
Infrastructure

ML stack
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59Model training

๏ BDT 
๏ XGBoost 
๏ Hyperparameter tuning: Bayesian opMmizaMon 
๏ Precision: 97.4% (test set)

๏ DNN 
๏ TensorFlow+Keras 
๏ Dense DNN w/ drops and batch normalizaMon 
๏ Hyperparameter tuning: Bayesian opMmizaMon 
๏ Precision: 88.4% (test set)
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60Model produc/on

๏ View model predicMons 
๏ Send out alerts 
๏ Post JIRA Mckets 

๏ Web applicaMon based on Flask 
๏ jQuery+MySQL 

Aim for Run3!

https://github.com/CMSCompOps/OSDroid


