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Abstract: We study self-interacting dark matter signatures at the Large Hadron Col-

lider. A light dark photon, mediating dark matter self-interactions, can bind dark matter

particles to form a bound state when they are produced via a heavy pseduoscalar in pp

collisions. The bound state can further annihilate into a pair of boosted dark photons,

which subsequently decay into charged leptons through a kinetic mixing portal, resulting

in striking displaced lepton jet signals. After adapting the analysis used in the ATLAS

experiment, we explore the reach of the model parameters at the 13 TeV run with an inte-

grated luminosity of 300 fb−1. For heavy dark matter, the displaced lepton jet searches can

surpass traditional monojet signals in setting the lower bound on the pseduoscalar mass.

If a positive signal is detected, we can probe the dark matter mass and the dark coupling

constant after combining both the displaced lepton jet and monojet searches. We further

show the CMS dimuon search can be sensitive to the final state radiation of the dark

photon. Our results demonstrate terrestrial collider experiments complement astronomical

observations of galaxies in the search of the self-interacting nature of dark matter.
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1 Introduction

Astrophysical observations indicate that the dark matter sector could be more complex

and vibrant than we thought. For example, the rotation curves of spiral galaxies exhibit a

great diversity [1–6], which is hard to understand in the vanilla cold dark matter theory. A

detailed study of mass distributions in galaxy clusters reveals that there are dark matter

density cores in their inner regions [7], in contrast to cusps predicted in cold dark matter [8,

9]. It is not clear whether the cold dark matter model with baryonic feedback can reconcile

these small-scale discrepancies [6, 10, 11]. On the other hand, it has been shown that

they can be resolved if dark matter has strong self-interactions, analogous to the nuclear

interactions, see [12] for a review and references therein and [13–17] for detailed fits to

observational data. Moreover, taking astrophysical observations over different scales from

dwarf galaxies to galaxy clusters, we may probe dark matter particle physics parameters [13]

and even production mechanisms [18].

Aside from these astro colliders probing dark matter self-interactions, there are terres-

trial particle colliders such as the Large Hadron Collider (LHC) that can test dark matter

interactions with the standard model (SM) particles. For example, the missing energy

signal, which comes from seeing an imbalance of visible particle momentum due to the

existence of invisible dark matter particles, provides an important tool for dark matter

hunting at the LHC [19, 20]. However, the missing energy search does not directly probe

the interactions in the dark sector. Given the compelling astrophysical hints for strong

dark matter-dark matter interactions, we explore complementary signatures to test the

self-interacting nature of dark matter at the LHC.

In many particle physics models of self-interacting dark matter (SIDM) [21–45], there

exists a dark force mediator that is much lighter than the dark matter particle (but see [46]).

In this case, when a pair of SIDM particles is produced at the LHC, they may form a bound

state due to the same mediator that leads to dark matter self-interactions in the halos.
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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
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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 (χ) 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.

The resulting bound state can annihilate into two boosted mediators, which subsequently

decay back to the SM particles, as illustrated in figure 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 section 2, we present the particle physics

model and discuss various constraints on model parameters. In section 3, we discuss DLJ

searches of the SIDM bound state. In section 4, we discuss prompt multi-muon searches,

especially for the final state radiation of the dark photon. In section 5, we show current

LHC bounds, projected future reaches and their implications for astrophysical observations.

We conclude in section 6.
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2 The SIDM model

We consider an SIDM scenario, where a fermionic dark matter particle (χ) couples to a

dark photon (Zd) with mass mZd and kinetic mixing εZd to the SM photon [55–58],

LSIDM = χ̄
(
i/∂ + gχ /Zd −mχ

)
χ+

m2
Zd

2
Zd,µZ

µ
d +

εZd
2
FµνF

µν
d . (2.1)

The dark photon Zd mediates dark matter self-interactions and bind dark matter particles

into a bound state. The SIDM bound state decays dominantly into two dark photons,

which can further decay into SM leptons via the kinetic mixing term. The decay length of

Zd in the lab frame is

LZd→`+`− = γZd

[∑
`

α ε2ZdmZd

3

√
1− 4m2

`

m2
Zd

(
1 +

2m2
`

m2
Zd

)]−1

(2.2)

∼ 1 m
( mχ

10 GeV

)(10 MeV

mZd

)2(10−4

εZd

)2

, (2.3)

where γZd ≈ mχ/mZd is the boost factor.

We take mZd = 20 MeV, 50 MeV and 300 MeV in our collider study and for each mZd

we choose three benchmark values of εZd , as shown in figure 2 (red points). The choice

of εZd values is motivated by the displaced signal search in the LHC hadronic calorimeter

(HCAL) and the early part of the muon spectrometer, corresponding to LZd→`¯̀≈ 2–6 m.

Since Zd could still decay in the inner part of the detector, we also include the prompt

muon search in our study for the case of mZd = 300 MeV.

Since we will be considering a large dark coupling constant αχ ≡ g2
χ/4π > 0.1, the

dark matter relic density needs to come from asymmetric dark matter scenarios where

only χ particles are left in the present universe, see, e.g., [66–68]. In collider experiments,

however, dark matter particles are produced in χχ̄ pairs. For χ and χ̄ to form a bound

state, the corresponding Compton wavelength of Zd should be much larger than the size

of the bound state [69], which requires

mZd . 0.6mχαχ. (2.4)

Since for SIDM there is a rough scaling relation between the required mediator versus dark

matter masses

mZd ∼ 10−2–10−4mχ, (2.5)

eq. (2.4) is satisfied if αχ & 10−2–10−3. This means the SIDM particles can easily form a

bound state when being produced near the mass threshold in colliders.

There are a number of other constraints on the model we need to consider before

discussing the collider search. Dark matter direct detection experiments can put strong

upper limits on the kinetic mixing parameter [39, 70–72]. A recent PandaX-II analysis

shows εZd . 10−10 if dark matter-nucleus scattering can occur via Zd exchange [73]. Within

this limit, the decay length of Zd will be too long to produce DLJ signatures in the LHC

detectors. To avoid the direct detection constraints, we assume that the SIDM fermions
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Figure 2. Left: dark photon masses and kinetic mixing parameters that we use for the collider

study (red dots). We also show the existing bounds from the BaBar [59], LHCb [60] and beam

dump experiments (gray shaded), see, e.g., [61–63]. Future measurements from the LHCb [64]

(blue dashed) and the proposed FASER experiment [65] (green dashed) can further test the model

parameters. Right: mχ–mZd
parameter regions (blue shaded), where the self-scattering cross section

per mass is σ/mχ = 1–10 cm2/g favored by astrophysical observations in dwarf galaxies. The region

below the dashed black curve satisfies the bound state formation condition given in eq. (2.4). The

three orange horizontal lines denote the mediator masses we take.

carry a small Majorana mass that breaks the dark symmetry U(1)d [74–76]. In the mass

basis, Zd couples simultaneously to the heavy and light dark matter particles, where the

mass splitting comes from the Majorana mass. The resulting inelastic scattering χlightN →
χheavyN at direct detection experiments is kinetically forbidden by the mass difference as

long as the Majorana mass is larger than the kinetic energy ∼ mχv
2
max/2 in the Milky

Way halo, where vmax ≈ 750 km/s is the maximal dark matter velocity with respect to the

target nucleus. For mχ ∼ 100 GeV, the required mass splitting is only ∼ 100 keV. Since

it is much smaller than the binding energy of the bound state (� GeV), the presence of

the Majorana mass has negligible effects for the collider study.

In the presence of the mass splitting, dark matter self-scattering between the two light

states is attractive [75, 76]. In this case, a detailed calculation of the self-scattering cross

section per mass, σ/mχ, is complicated and numerically expensive, which is beyond the

scope of this paper. In figure 2 (right), we plot the parameter space (blue shaded) that gives

σ/mχ = 1–3 cm2/g (light) and 3–10 cm2/g (dark), assuming an attractive Yukawa potential

without the mass splitting. The numerical methods developed in [26, 27] have been used

to calculate the transfer cross section, and we take a characteristic dark matter relative

velocity vrel = 50 km/s for dwarf galaxies. For simplicity, we do not perform the thermal

average of the cross section over the velocity distribution as in [27]. Including effects from

the velocity averaging would slightly broaden the allowed SIDM parameter space shown

in figure 2 (right) and smooth the resonance peaks for fixed σ/mχ. In addition, we also

– 4 –



J
H
E
P
0
8
(
2
0
1
9
)
1
3
1

expect the favored SIDM region would shift towards lower mZd values if we include the

mass splitting [75, 76], but the overall resonant features remain. This is because for given

mχ a lighter mZd is required to compensate the suppression effect caused by the mass

splitting. Refs. [14, 17] take σ/mχ = 3 cm2/g and show that SIDM can explain diverse

galaxy rotation curves. And they also argue a wide range of σ/mχ may work as well as

long as it is larger than ∼ 1 cm2/g, due to the degeneracy effect between the cross section

and halo parameters in the fits. Given the degeneracy and the expected parameter shifts

in the presence of the mass splitting and velocity averaging, we consider a range of σ/mχ

values in figure 2 (right) instead of fixing it to a specific number.1

For the collider study, we focus on the s-wave production of a pseudo-scalar bound

state Bps shown in figure 1. In particular, we consider a heavy pseudoscalar A that couples

the dark matter particle to the SM [82, 83],

LA ⊃
1

2
(∂A)2 − m2

A

2
A2 − iyχAχ̄γ5χ− i

yq√
2

∑
f

mf

v
Af̄γ5f, (2.6)

where v = 174 GeV and f represents the SM fermions. Although A can lead to dark

matter-nucleus scattering, direct detection constraints on mA are very weak because the

cross section is either highly momentum or loop suppressed [84, 85]. The pseudoscalar can

be produced at the LHC through heavy-quark and gluon-fusion processes. For the mass

and coupling we consider, the best existing constraint on mA comes from the CMS monojet

search [86]. It applies for mA > 2mχ when the missing energy decay A→ χχ̄ dominates the

branching ratio. Using the Collider Reach tool [87] to rescale the bound based on the parton

distribution function (PDF) and the luminosity increase, we estimate the mA reach with

300 fb−1 of data (orange) and show it together with the current constraint (gray) in figure 3.

Following the calculation of the Yukawa bound state [48, 49], the production cross

section of the SIDM bound state from the quarks is given by

σqq̄→Bps =
ζ(3)α3

χ y
2
χ y

2
q m

4
B

96 s
[
(m2
B −m2

A)2 + (ΓAmA)2
] × [∑

q

m2
q

v2

∫ 1

m2
B/s

dx

x
fq(x)fq̄

(
m2
B

x s

)
+ (q ↔ q̄)

]
,

where fq,q̄(x) is the PDF and
√
s = 13 TeV for the LHC search. The factor α3

χ comes from

the wavefunction square of dark matter particles at zero separation |ψ(0)|2 = α3
χm

3
χ/8π.

The bound state and mediator masses come from the eigenvalues of the bare mass ma-

1Another concern is that the Majorana mass term may allow dark matter particles to annihilate through

χlight χlight → 2Zd, since there can be no conserved charges that forbid the annihilation as in asymmetric

dark matter scenarios. If this happens, SIDM cannot keep the observed abundance for the size of αχ we

consider. Moreover, annihilation in halos can be boosted due to the presence of the light mediator, and

there are strong constrains from indirect detection experiments for this type of models [77–81]. However,

we can easily avoid these problems by considering a more general setup, where dark fermions carry more

than one flavor and charge. The Majorana mass can break only U(1)d but not all the other symmetries. In

this case, Zd still couple to the heavy and light fermions simultaneously, but the fermions carry conserved

charges that preserve the dark matter asymmetry. In this paper, we will focus on the collider signature of

SIDM and leave detailed model building for future work.
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Figure 3. The pseudoscalar mass mA vs. dark matter mass mχ for having 1 fb production cross

section of the bound state at 13 TeV LHC, assuming αχ = 0.2 and 0.5. The dashed (solid) curves

denote the contribution from the gluon fusion process (plus the quark-initiated process). We assume

the pseudoscalar couplings yq = yχ = 1 and directly take the 2σ exclusion limit on mA from the

CMS monojet search [86] (gray shaded). A projected monojet bound with an integrated luminosity

of 300 fb−1 is also shown (orange shaded).

trix [52] (
m2
A,0 − imA,0 ΓA,0 −m2

ABps

−m2
ABps m2

B,0 − imB,0 ΓBps,0

)
. (2.7)

The bound state mass before the mixing mB,0 = 2mχ − Eb, where Eb = mχα
2
χ/4 is the

ground state binding energy. The A-Bps mixingm2
ABps ≈ y2

χα
3
χm

2
χ/8π. Sincem2

ABps � m2
B,0

for the αχ we consider, the physical bound state mass mB ≈ mB,0. The width of the

pseudoscalar is dominated by the decay into dark matter particles ΓA,0 ∼ y2
χmA,0/8π.

The bound state width is estimated to be ΓB,0 ∼ α5
χmχ from the bound state decay

into two Zd’s with transverse polarization. For the mass and coupling we consider, the

decay rate into dark photons is much larger than the decay into SM fermions ΓB→ff̄ ∼
y2
χy

2
qα

3
χm

2
fm

5
χ/(v

2m4
A).

The production rate from the gluon fusion process is given by

σgg→Bps =
πζ(3)α3

χ y
2
χm

6
B

256 sΛ1(m2
B)2
[
(m2
B −m2

A)2 + (ΓAmA)2
] × [∫ 1

m2
B/s

dx

x
fg(x)fg

(
m2
B

x s

)]
. (2.8)

The one loop gluon-fusion coupling is given by [88, 89]

Λ1(q2)−1 =
αs yq

16
√

2π v

∑
q=t,b,...

AA1/2(τq), (2.9)

AA1/2(τ) = 2 τ−1 ×

[sin−1(
√
τ)]2, τ ≤ 1

−1
4

[
log
(

1+
√

1−τ−1

1−
√

1−τ−1
− i π

)]2
, τ > 1,

(2.10)

where τq ≡ q2/4m2
q and αs ≈ 0.12 is the SM QCD coupling.
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We also include the K-factor for both the gluon fusion and quark-initiated processes

when calculating the cross section for collider production. The values for the gluon fusion

process are 3.2 (2.3) for mB = 100 (400) GeV [90]. For the quark process, we apply the

ratio of σN2LO/σLO from [91] for different center-of-mass energies. In the case of bb̄→ Bps,
the K-factor is about 4.1 (2.2) for mB = 100 (400) GeV, assuming the K-factors are similar

between scalar and pseudoscalar productions. In figure 3, we show the corresponding mA

for having a 1 fb production cross section of the bound state, which gives 300 bound state

events before passing the cuts. With a few hundreds of bound states produced at the LHC,

we expect to perform bump hunts around the 2mχ invariant mass region to find out the

annihilation final states.

The DLJ pair could also be produced from the off-shell pseudo-scalar mediator process

pp→ A∗ → ZdZd through a one-loop process as in figure 1, but without the internal photon

lines. The differential cross section is

dσpp→A∗→ZdZd
dm2

ZdZd

=
m6
ZdZd

8π sΛ1(m2
ZdZd

)2 Λ2(m2
ZdZd

)2
[
(m2

ZdZd
−m2

A)2 + (ΓAmA)2
]

×
[∫ 1

m2
ZdZd

/s

dx

x
fg(x)fg

(
m2
ZdZd

x s

)]
, (2.11)

where the effective coupling for the dark matter loop is Λ2(q2)−1 =

(αχ yχ/8
√

2πmχ)AA1/2(τχ) with τχ = q2/4m2
χ. The mediator produced via the one-

loop process acts as a background for the bound state search, but its signal distribution

is more smooth in mZdZd . We take into account the resolution of the invariant mass

reconstruction from the DLJ search, and calculate the production rate of the dark photon

pair through this process with the invariant mass within ±5 GeV from the bound state

mass. For mA � 2mχ, the average event number of the one-loop production is much

less than 1 in the regions relevant for the bound state search. In particular, we find the

leading-order cross section is ∼ 10−2 fb in the same parameter space where the bound

state production cross section is ∼ 1 fb as shown in figure 3. Since the kinematics of dark

photons and their reconstruction efficiency are similar in the both cases, the one-loop

process has a negligible contribution for mZdZd ≈ mBps � mA. In the search of heavier

SIDM bound states, 2mχ can be closer to mA and the contribution from the one-loop

process can be larger. However, in the parameter regions we are interested (section 5), it

is still sub-dominant compared to the assumed total background events (10/100).

Besides the bound state search, searching for the invariant mass peak at mA can also

probe the pseudo-scalar portal model. The pseudoscalar production cross section from the

gluon fusion process is

σgg→A =
GF α

2
s y

2
q m

2
A

512
√

2π s
|
∑

q=t,b,...

AA1/2(τq)|2 ×
[∫ 1

m2
A/s

dx

x
fg(x)fg

(
m2
A

x s

)]
, (2.12)

and the decay width to a pair of dark photons is

ΓA→ZdZd =
α2
χ y

2
χm

3
A

256π3m2
χ

|AA1/2(τχ)|2. (2.13)
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The direct production rate of Zd from the on-shell A decay is larger than that from the

SIDM bound state, but with a very different invariant mass distribution. The signal effi-

ciency of the DLJ search based on the existing ATLAS study [54] is up to 2% for the best

choice of Zd lifetime. And it sets 2σ upper bounds on the signal production to be 38 fb for

e+e− final states and 6.7 fb for requiring at least one pair of muons, corresponding to the

lower limits on the pseudoscalar mass mA ∼ 440 (510) GeV for mχ = 50 (150) GeV with

αχ = 0.5 and yq = yχ = 1. For αχ = 0.2 the bounds become mA ∼ 160 (385) GeV for

mχ = 50 (150) GeV. Depending on the assumption of αχ, these constraints can be better

or worse than the current CMS monojet limits. If the DLJ signal from the A on-shell decay

is observed in the future, we can determine mA from the invariant mass distribution and

extract the Zd coupling αχ by comparing the signal rate to the dark matter bound state

production. Since measuring dark matter mass has a more direct application to the SIDM

parameter space, we will focus on the search of dark matter bound state in this work. If we

detect the bound state signal in the future, the model predicts DLJs from the pseudoscalar

decay as well.

3 Displaced lepton jet signals

From eq. (2.2), the boosted Zd from the Bps decay can easily have a detector size lifetime,

and the decay products e+e−/µ+µ− can easily be within a cone of small opening angle

∆R � 0.5. Thus, the dark photons from the dark matter bound state decay can be

treated as DLJs in the LHC search. The ATLAS collaboration has performed some studies

on the DLJ signals [54]. It mainly focuses on the Higgs or other heavy scalars decaying

into DLJs plus missing energy. And the search can be further improved for the bound state

search, such as increasing the jet pT cut and reconstructing the bound state mass. Here we

study the future sensitivity of probing the SIDM bound state using the DLJ reconstruction

efficiency reported in [54] and a variation of their energy cuts.

To quantify the performance of this strategy, we simulate parton level events from the

DLJ process pp → Bps → 2Zd at the LHC in MadGraph v2.6.1 [92] and estimate signal

efficiencies under the energy cuts. As shown in figure 2 (left), we choose three mZd values

and three kinetic mixing parameter for each mZd . For mZd = 20 MeV and 50 MeV, we

look for Zd → e+e−. For mZd = 300 MeV, Zd also decays into µ+µ−. We show the results

for both αχ = 0.2 and 0.5, which lead to different signal rates at the LHC.

Since the trigger systems at the LHC are mostly designed for prompt decay, we use two

non-conventional triggers similar to those used in ref. [54] in our study. For the Zd → e+e−

case, we use the CalRatio trigger [93] that requires a Zd to decay inside the HCAL. The

energy deposit of e+e− forms a jet-like object, and we require its transverse momentum

sum to satisfy ∑
`=e+e−

p`T = pZdT ≥ 60 GeV. (3.1)

For Zd → µ+µ−, we use the Scan Muon trigger [94] that looks for muon signals without the

associated inner detector tracks. The momentum and separation of the two muons need
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Barrel: |ηZd | ≤ 1.5 Endcaps: 1.5 < |ηZd | ≤ 2.4

Zd → e+e− Lxy = 2.2–3.7 m, P = 0.7 Lz = 4.3–6.0 m, P = 0.5

Zd → µ+µ− Lxy = 2.2–6.0 m, P = 0.5 Lz = 4.3–10.0 m, P = 0.6

Table 1. Dark photon decay distances and reconstruction efficiencies at the ATLAS barrel and

endcaps.

to satisfy

pµ1T ≥ 20 GeV, pµ2T ≥ 6 GeV, ∆Rµµ ≤ 0.5. (3.2)

Besides these trigger requirements, we further require the following cuts for the lepton jets

(` = e± or µ±)

|η`| ≤ 2.4, ∆R`` ≤ 0.5, p
Zd→ee(µµ)
T ≥ 60 (30) GeV. (3.3)

Comparing to the ATLAS search [54] that looks for H → 2Zd + X, we assume a tighter

cut on the azimuthal angle between two displaced lepton jets |∆φ|LJ > 3 for a 1 → 2

decay process. Moreover, we do a bump hunt on the bound state using the total invariant

mass of the two dark photons. We add /ET ≤ 30 GeV cut to separate our signal from the

pp→ A→ χχ̄+ 2Zd dark photon radiation process.

For the dark photon signals that pass these cuts, we calculate their decay probability

at different parts of the detector according to the boost factor and lifetime. The decay

probability is further convoluted by a set of simplified reconstruction efficiencies adapted

from ref. [54] in table 1.

Once obtaining the signal efficiency, we present the results by calculating future reach

of the pseudoscalar mass mA as a function of mχ, assuming different numbers of SM

background events. It is challenging for us to estimate the background of long-lived particle

signatures without doing detailed detector simulations. However, since the multi-jet events

give the dominant background in the ATLAS DLJ search, we can estimate the background

by rescaling the existing multi-jet events for a different luminosity and energy cuts.

To estimate the multi-jet background in our study, we simulate multi-jet background

events in MadGraph and obtain the invariant mass distribution of the two leading jets

passing the energy cuts. We first choose energy cuts similar to the ATLAS search [54] by

lowering the next to the leading jet pT cut to 30 GeV and relaxing the azimuthal angle cut

to |∆φ|LJ > 0.63. We assume the 241 background events reported in their search, follow

the multi-jet invariant mass distribution in our simulation and have the |∆φ|LJ distribution

as in their figure 5. By comparing signal efficiencies between these relaxed cuts and our

proposed cuts, we calculate the number of background events in the bound state search

with 300 fb−1 of data. When doing a bump hunt for Bps, we find about 10 (20) background

events for mχ ≈ 80 (150) GeV, if the width of the constructed invariant mass peak is around

10 GeV, coming from the imperfect DLJ energy measurement. Since further improvements

on the Run 3 and high luminosity study are expected due to the more control region data

and better HCAL resolution [95–97], an even better background rejection can be achieved.
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4 Dimuon pair searches and the dark FSR process

If the dark photon decays into muons before leaving the inner part of the tracker, the CMS

dimuon search for pair production of new light bosons [98] can be used to test the Zd
coupling to the dark matter particles. We take the existing CMS search to constrain our

model parameters. Since this search requires four muons in the final states, it only applies

to the case where the dark photon is relatively heavy, mZd ≥ 2 mµ. The CMS study collects

dimuon pairs that originate from prompt or slightly displaced vertices within 9.8 cm in the

transverse plane. Muon spectroscopy information is used to trigger the events, and the

higher level trigger requires a leading muon (µ1) with transverse momentum pµ1T > 15 GeV

and two more muons with pµT > 5 GeV and |ηµ| < 2.4. The following cuts are imposed for

the event selection

pµ1T > 17 GeV, |ηµ1 | < 0.9, (4.1)

pµT > 8 GeV, |ηµ| < 2.4,

Lxy ≤ 9.8 cm, Lz ≤ 46.5 cm.

The main background in the CMS search is from the bb̄ process, and the J/ψ and elec-

troweak backgrounds are sub-dominant. In order to suppress the SM background, the

search requires the difference between two dimuon invariant masses to be within a few

times of the detector resolution, since they come from dark photons with the same mass.

The search reports the total background number to be 9.90±1.24 (stat)±1.84 (syst), while

13 events are observed with 35.9 fb−1 data [98].

With lower pT cuts and looser requirements on the decay location, we can recast

the existing search to constrain the final state radiation (FSR) process for our model,

pp→ χχ̄+nZd. Refs. [99, 100] suggest that the FSR signal can be used to test models with a

light dark photon and one can even probe model parameters by measuring the cross section

ratio of multi-dark photon radiation processes. While these studies focus on scenarios with

much lower dark matter mass and higher center of mass energy compared to ours, we find

the FSR can still be important for our search. We follow the discussion on parton shower

in [100] to calculate the probability of producing FSR mediators for a given energy cut, and

use the FSR energy spectrum to extract the decay length information. We find the process

is dominated by the production and decay A→ χχ̄+nZd because of the PDF suppression

at a higher center of mass energy. In addition, the probability of having n ≥ 2 depends on

the model parameters (mA, mχ, αχ) and the energy cuts. For the parameter regions we

consider in section 5, the average number of m from each χ∗ → χ+mZd process is much

smaller than one. So we focus on the n = 2 case for getting the minimum number of Zd
that is required by the DLJ and dimuon searches. We further use MadGraph simulations

of A→ χχ̄+ nZd to obtain the additional efficiencies from the experimental cuts.

We take mZd = 300 MeV as an example in this analysis. Since the final state muons

from the dark photon decay tend to be collimated, we assume the energy cut efficiency

could be reproduced by requiring a leading FSR Zd with pT > 34 GeV and a second FSR

Zd with pT > 16 GeV. The dark photon energy distribution peaks around the energy cut
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value, and we use the spectrum to calculate the probability of finding both Zd particles to

decay within the region required by the CMS dimuon search. It is ∼ 0.01–1%, depending

on the assumption of the dark photon lifetime. In the further event reconstruction, we take

the single muon track reconstruction efficiency to be 90%. Combining this reconstruction

efficiency and the pseudo-rapidity cuts in eq. (4.1) leads to an efficiency of 50%. We

estimate the number of nZd events that could be detected in the dimuon search, and find

the current result only excludes a small (mχ, mA) region, where the dark matter production

rate is high and the FSR process is intense.

For the DJL search, the typical probability of having two FSR mediators with energy

> 60 (30) GeV for the electron and muon searches is ∼ 0.1–1%. Since σA×BR(A→ χχ̄) is

below 3 pb for the allowed model parameters and the optimal reconstruction efficiency of

two mediators is 1%, the expected number of χχ̄ + 2Zd signals in the 3.6 fb−1 search [54]

is less than 1. Thus, the current DLJ search is not sensitive to the FSR process. For the

future DLJ search we proposed in section 3 that focus on the bound state decay, the cuts

|∆φ|LJ > 3 and /ET ≤ 30 GeV introduce an additional 10% suppression of the signal events.

The number of events in a 10 GeV bin around the bound state peak is always less than 1.

Hence, we can separate the FSR signal from the bound state signal in the collider search,

and the FSR signal in the dimuon search provides an additional probe to the SIDM model.

We will show detailed sensitivity limits in section 5.

5 Results and discussion

In figure 4, blue, green and red curves denote the reach of the pseudoscalar mass mA from

the DLJ searches for Zd → e+e−. We assume a 13 TeV search with 300 fb−1 of data, and

set the pseudoscalar coupling constants to be yq = yχ = 1, the same as in the CMS monojet

study [86] that found a lower bound on mA (gray, 95% CL). We also show the projected

reach of future monojet search (orange) using the Collider Reach tool [87], based on the

scaling of PDF and luminosity. Figure 5 shows similar results for Zd → e+e− and µ+µ−.

We assume the sensitivity is statistically dominated and show the results with different

background events, 0 (solid), 10 (dashed) and 100 (dotted). As discussed in section 3, a

rescaling of the multi-jet background from the ATLAS search [54] may provide an estimate

of the expected background in the experiment. The total background events also include

small contributions from the one-loop production as discussed in section 2. We find the

sensitivity is close to the dashed curves (10 background events) for mχ ≈ 80–150 GeV. For

the mass and coupling we consider, the typical signal efficiency of the bound state search is

∼ 1% with the suppression mainly comes from the probability of having both Zd’s to decay

after reaching the HCAL. The suppression from energy cuts is mild when mχ is larger than

the cuts. In figure 3, the mA values correspond to 300 events in the Run 3 data, which

give few signal events after taking the searching efficiency into account. Therefore, the mA

values in figure 3 are close to the reach in figure 4 and 5 denoted as blue solid curves.

In each panel, we also show the corresponding dark matter self-scattering cross section

in dwarf galaxies, assuming an attractive interaction between dark matter particles. In

this case, dark matter self-scattering exhibits a resonant behavior and its peak locations
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Figure 4. Projected 95% C.L. bounds of mA in Zd → e+e− channel at
√
s = 13TeV LHC for

different kinetic mixing parameters (blue, green and red). We take the dark coupling constant as

αχ = 0.2 (left) and 0.5 (right). For each panel, we assume different background events, 0 (solid),

10 (dashed) and 100 (dotted). The grey region is excluded by the CMS monojet search of the

pseudoscalar with 35.9 fb−1 of data, and the orange one indicates the projected bound. Vertical

dashed-dotted lines (purple) denote the corresponding dark matter self-scattering cross section in

dwarf galaxies, and σ/mχ ≈ 1–10 cm2/g is favored to explain the astrophysical observations.

depend on mχ for fixed αχ and mZd
. We choose representative values of mχ so that σ/mχ

is in the range of ∼ 1–10 cm2/g as favored by astrophysical observations in dwarf galaxies.

We see that the DLJ search proposed in this work provide a complementary probe to the

SIDM parameter space.

As discussed in the previous section, the CMS search of prompt dimuon pairs can

probe the FSR and bound state signals for the SIDM model. In figure 5, we show the

exclusion regions for Zd FSR from the existing CMS dimuon search (shaded) and the

future Run 3 projection (dashed-dotted). For kinetic mixing values of εZd
= 7 × 10−6,
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Figure 5. Similar to figure 4 but with a 300 MeV dark photon and decay channels Zd → e+e−

and µ+µ−. The red, blue and green shaded regions are excluded by the CMS dimuon search for

the dark photon FSR process for εzd = 7 × 10−6, 4.5 × 10−6 and 3 × 10−6, respectively. The red,

blue and green dashed-dotted curves on the left corner denote future sensitivity to the FSR process

after LHC Run 3. The red dashed-dotted curves on the bottom right corner denote the projected

CMS dimuon search sensitivity to the SIDM bound state production.

4.5× 10−6 and 3 × 10−6, the results are shown in red, blue and green, respectively. With

the 35.9 fb−1 data, we can exclude mχ up to about 105 (60) GeV when mA = 400 (350)

and εZd
= 7×10−6 (4.5×10−6) for αχ = 0.2 (left panel). And the bounds become stronger

for αχ = 0.5 accordingly (right panel). Future improvements of the dimuon search could

cover a larger parameter region, and may allow simultaneous observations of DLJ and FSR

events. Meanwhile, the dimuon constrains on the bound state process is very weak. For

εZd
= 7 × 10−6, the largest shown in figure 5, the future exclusion limits (right corners)

with 300 fb−1 data are much weaker than the proposed DLJ searches. The constrains are

even weaker for smaller kinetic mixing values.

If the SIDM parameters are in the overlap region between the monojet and DLJ

searches as shown in figures 4 and 5, we expect three types of signals in the Run 3 data:

the monojet signal and two resonance peaks in the DLJ search — one from the decay of

dark matter bound state and the other from the on-shell decay of A. Since mA is always

much larger than the bound state mass mB in the parameter region of our interest, the

two peaks would be distinguishable when we perform bump hunts. We can infer the dark

matter mass mχ and the pseudoscalar mass mA from the DLJ signals, and the size of

dark photon coupling αχ by comparing the relative production rate between eqs. (2.12)

and (2.8). After the events are accumulated sufficiently enough, we can fit mZd
εZd

in

eq. (2.2) from the Zd decay length, and obtain yχ by taking the inferred yq, αχ and mχ

values and the decay probability as an input to calculate the bound state production rate

and compare it with the observed one. Finally, we can determine mZd
from astrophysical

constraints on σ/mχ since both αχ and mχ are known from the collider researches, and
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further extract the kinetic mixing parameter εZd from the lifetime measurement. Thus,

it is possible to completely fix the SIDM model parameters by combining different LHC

searches and astrophysical observations if a positive signal is detected.

6 Conclusions

SIDM is a well-motivated dark matter theory that solves the long-standing problems of

cold dark matter on galactic scales. In many particle physics realizations of SIDM, there

exists a light dark force mediator, which can lead to signals at terrestrial experiments if it

couples to the SM particles. In this paper, we have constructed a simple particle physics

model and studied its signals at the 13 TeV LHC with an integrated luminosity of 300 fb−1.

For the model parameters favored by astrophysical observations, SIDM particles produced

at the LHC can form a dark matter bound state, which further decays to lepton jets with

displaced vertices, resulting in a striking signature with few SM backgrounds. Compared to

the traditional monojet signal, the DLJ search can significantly improve the bound on the

mass of the heavy pseudoscalar, mediating dark matter and SM fermion interactions. If a

positive signal is detected in the future, we may determine the SIDM particle mass and the

dark coupling constant by measuring the production cross section and invariant mass. Our

results demonstrate the LHC can provide a complementary search for the self-interacting

nature of dark matter.
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