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MeV-GeV thermal relic DM requires new, comparably light mediators to achieve 
required annihilation cross-section for freeze-out.
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Key Motivation: Low-mass Freeze-out Thermal Relics
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“Light DM” WIMP DM

⇠ 10s of TeV
<latexit sha1_base64="2dQsNLOwjhEyPzsJIBIHQYjCjks=">AAACHnicbZDLTgIxFIY7eEO8jbp00wgmrsgMG92YEN24xIRbAoR0yhloaDuTtkMyIbyJCzf6KO6MW30St3aAhYB/0uTPf87pOfmCmDNtPO/byW1t7+zu5fcLB4dHxyfu6VlTR4mi0KARj1Q7IBo4k9AwzHBoxwqICDi0gvFDVm9NQGkWybpJY+gJMpQsZJQYG/Vdt9TVTPheSeMoxHVo9t2iV/bmwpvGX5oiWqrWd3+6g4gmAqShnGjd8b3Y9KZEGUY5zArdRENM6JgMoWOtJAJ0bzq/fIavbDLAYaTskwbP078TUyK0TkVgOwUxI71ey8L/ap3EhLe9KZNxYkDSxaIw4dhEOMOAB0wBNTy1hlDF7K2Yjogi1FhY9ieZoZRDM7rzhVjZGkIqRTwrFCwpf53LpmlWyr5X9p8qxer9klkeXaBLdI18dIOq6BHVUANRNEHP6BW9OS/Ou/PhfC5ac85y5hytyPn6BTwJoQw=</latexit><latexit sha1_base64="2dQsNLOwjhEyPzsJIBIHQYjCjks=">AAACHnicbZDLTgIxFIY7eEO8jbp00wgmrsgMG92YEN24xIRbAoR0yhloaDuTtkMyIbyJCzf6KO6MW30St3aAhYB/0uTPf87pOfmCmDNtPO/byW1t7+zu5fcLB4dHxyfu6VlTR4mi0KARj1Q7IBo4k9AwzHBoxwqICDi0gvFDVm9NQGkWybpJY+gJMpQsZJQYG/Vdt9TVTPheSeMoxHVo9t2iV/bmwpvGX5oiWqrWd3+6g4gmAqShnGjd8b3Y9KZEGUY5zArdRENM6JgMoWOtJAJ0bzq/fIavbDLAYaTskwbP078TUyK0TkVgOwUxI71ey8L/ap3EhLe9KZNxYkDSxaIw4dhEOMOAB0wBNTy1hlDF7K2Yjogi1FhY9ieZoZRDM7rzhVjZGkIqRTwrFCwpf53LpmlWyr5X9p8qxer9klkeXaBLdI18dIOq6BHVUANRNEHP6BW9OS/Ou/PhfC5ac85y5hytyPn6BTwJoQw=</latexit><latexit sha1_base64="2dQsNLOwjhEyPzsJIBIHQYjCjks=">AAACHnicbZDLTgIxFIY7eEO8jbp00wgmrsgMG92YEN24xIRbAoR0yhloaDuTtkMyIbyJCzf6KO6MW30St3aAhYB/0uTPf87pOfmCmDNtPO/byW1t7+zu5fcLB4dHxyfu6VlTR4mi0KARj1Q7IBo4k9AwzHBoxwqICDi0gvFDVm9NQGkWybpJY+gJMpQsZJQYG/Vdt9TVTPheSeMoxHVo9t2iV/bmwpvGX5oiWqrWd3+6g4gmAqShnGjd8b3Y9KZEGUY5zArdRENM6JgMoWOtJAJ0bzq/fIavbDLAYaTskwbP078TUyK0TkVgOwUxI71ey8L/ap3EhLe9KZNxYkDSxaIw4dhEOMOAB0wBNTy1hlDF7K2Yjogi1FhY9ieZoZRDM7rzhVjZGkIqRTwrFCwpf53LpmlWyr5X9p8qxer9klkeXaBLdI18dIOq6BHVUANRNEHP6BW9OS/Ou/PhfC5ac85y5hytyPn6BTwJoQw=</latexit><latexit sha1_base64="2dQsNLOwjhEyPzsJIBIHQYjCjks=">AAACHnicbZDLTgIxFIY7eEO8jbp00wgmrsgMG92YEN24xIRbAoR0yhloaDuTtkMyIbyJCzf6KO6MW30St3aAhYB/0uTPf87pOfmCmDNtPO/byW1t7+zu5fcLB4dHxyfu6VlTR4mi0KARj1Q7IBo4k9AwzHBoxwqICDi0gvFDVm9NQGkWybpJY+gJMpQsZJQYG/Vdt9TVTPheSeMoxHVo9t2iV/bmwpvGX5oiWqrWd3+6g4gmAqShnGjd8b3Y9KZEGUY5zArdRENM6JgMoWOtJAJ0bzq/fIavbDLAYaTskwbP078TUyK0TkVgOwUxI71ey8L/ap3EhLe9KZNxYkDSxaIw4dhEOMOAB0wBNTy1hlDF7K2Yjogi1FhY9ieZoZRDM7rzhVjZGkIqRTwrFCwpf53LpmlWyr5X9p8qxer9klkeXaBLdI18dIOq6BHVUANRNEHP6BW9OS/Ou/PhfC5ac85y5hytyPn6BTwJoQw=</latexit>

GeV⇠ mp
<latexit sha1_base64="IBU+kt/1KNYXcHnljP833yvBRkA=">AAACGXicbZC7TgJBFIZn8YZ4Qy1tJoKJFdml0caEaKElJnJJYENmh7MwYWZ2nZk1IRuew8JGH8XO2Fr5JLYOsIWAfzLJn/+cM+fkC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PmjpKFIUGjXik2gHRwJmEhmGGQztWQETAoRWMbqb11hMozSL5YMYx+IIMJAsZJcZG/i00y13NBBa9uNwrltyKOxNeNV5mSihTvVf86fYjmgiQhnKidcdzY+OnRBlGOUwK3URDTOiIDKBjrSQCtJ/Ojp7gM5v0cRgp+6TBs/TvREqE1mMR2E5BzFAv16bhf7VOYsJLP2UyTgxIOl8UJhybCE8J4D5TQA0fW0OoYvZWTIdEEWosJ/uTnFKUAzO88oRY2BrCWIp4UihYUt4yl1XTrFY8t+LdV0u164xZHp2gU3SOPHSBaugO1VEDUfSIntErenNenHfnw/mct+acbOYYLcj5+gVGAKAj</latexit><latexit sha1_base64="IBU+kt/1KNYXcHnljP833yvBRkA=">AAACGXicbZC7TgJBFIZn8YZ4Qy1tJoKJFdml0caEaKElJnJJYENmh7MwYWZ2nZk1IRuew8JGH8XO2Fr5JLYOsIWAfzLJn/+cM+fkC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PmjpKFIUGjXik2gHRwJmEhmGGQztWQETAoRWMbqb11hMozSL5YMYx+IIMJAsZJcZG/i00y13NBBa9uNwrltyKOxNeNV5mSihTvVf86fYjmgiQhnKidcdzY+OnRBlGOUwK3URDTOiIDKBjrSQCtJ/Ojp7gM5v0cRgp+6TBs/TvREqE1mMR2E5BzFAv16bhf7VOYsJLP2UyTgxIOl8UJhybCE8J4D5TQA0fW0OoYvZWTIdEEWosJ/uTnFKUAzO88oRY2BrCWIp4UihYUt4yl1XTrFY8t+LdV0u164xZHp2gU3SOPHSBaugO1VEDUfSIntErenNenHfnw/mct+acbOYYLcj5+gVGAKAj</latexit><latexit sha1_base64="IBU+kt/1KNYXcHnljP833yvBRkA=">AAACGXicbZC7TgJBFIZn8YZ4Qy1tJoKJFdml0caEaKElJnJJYENmh7MwYWZ2nZk1IRuew8JGH8XO2Fr5JLYOsIWAfzLJn/+cM+fkC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PmjpKFIUGjXik2gHRwJmEhmGGQztWQETAoRWMbqb11hMozSL5YMYx+IIMJAsZJcZG/i00y13NBBa9uNwrltyKOxNeNV5mSihTvVf86fYjmgiQhnKidcdzY+OnRBlGOUwK3URDTOiIDKBjrSQCtJ/Ojp7gM5v0cRgp+6TBs/TvREqE1mMR2E5BzFAv16bhf7VOYsJLP2UyTgxIOl8UJhybCE8J4D5TQA0fW0OoYvZWTIdEEWosJ/uTnFKUAzO88oRY2BrCWIp4UihYUt4yl1XTrFY8t+LdV0u164xZHp2gU3SOPHSBaugO1VEDUfSIntErenNenHfnw/mct+acbOYYLcj5+gVGAKAj</latexit><latexit sha1_base64="IBU+kt/1KNYXcHnljP833yvBRkA=">AAACGXicbZC7TgJBFIZn8YZ4Qy1tJoKJFdml0caEaKElJnJJYENmh7MwYWZ2nZk1IRuew8JGH8XO2Fr5JLYOsIWAfzLJn/+cM+fkC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PmjpKFIUGjXik2gHRwJmEhmGGQztWQETAoRWMbqb11hMozSL5YMYx+IIMJAsZJcZG/i00y13NBBa9uNwrltyKOxNeNV5mSihTvVf86fYjmgiQhnKidcdzY+OnRBlGOUwK3URDTOiIDKBjrSQCtJ/Ojp7gM5v0cRgp+6TBs/TvREqE1mMR2E5BzFAv16bhf7VOYsJLP2UyTgxIOl8UJhybCE8J4D5TQA0fW0OoYvZWTIdEEWosJ/uTnFKUAzO88oRY2BrCWIp4UihYUt4yl1XTrFY8t+LdV0u164xZHp2gU3SOPHSBaugO1VEDUfSIntErenNenHfnw/mct+acbOYYLcj5+gVGAKAj</latexit> mZ,h

<latexit sha1_base64="yvqAvevRUq/ru01rsqjKKSqzbzo=">AAACIHicbZA9SwNBEIb3/IzxK8bS5jARLCTcpdFGCNpYRjCJmISwt5lLFnf3jt05STjur1jY6E+xE0v9I7ZuPgqNvrDw8s7MzvAEseAGPe/DWVpeWV1bz23kN7e2d3YLe8WmiRLNoMEiEenbgBoQXEEDOQq4jTVQGQhoBfeXk3rrAbThkbrBcQxdSQeKh5xRtFGvUCzLXtpBGKGW6V12MszKvULJq3hTuX+NPzclMle9V/jq9COWSFDIBDWm7XsxdlOqkTMBWb6TGIgpu6cDaFurqATTTae3Z+6RTfpuGGn7FLrT9OdESqUxYxnYTklxaBZrk/C/WjvB8KybchUnCIrNFoWJcDFyJyDcPtfAUIytoUxze6vLhlRThhaX/UlNYKoBDs99KX9tDWGsZJzl85aUv8jlr2lWK75X8a+rpdrFnFmOHJBDckx8ckpq5IrUSYMwMiKP5Jm8OE/Oq/PmvM9al5z5zD75JefzGwWtoy0=</latexit><latexit sha1_base64="yvqAvevRUq/ru01rsqjKKSqzbzo=">AAACIHicbZA9SwNBEIb3/IzxK8bS5jARLCTcpdFGCNpYRjCJmISwt5lLFnf3jt05STjur1jY6E+xE0v9I7ZuPgqNvrDw8s7MzvAEseAGPe/DWVpeWV1bz23kN7e2d3YLe8WmiRLNoMEiEenbgBoQXEEDOQq4jTVQGQhoBfeXk3rrAbThkbrBcQxdSQeKh5xRtFGvUCzLXtpBGKGW6V12MszKvULJq3hTuX+NPzclMle9V/jq9COWSFDIBDWm7XsxdlOqkTMBWb6TGIgpu6cDaFurqATTTae3Z+6RTfpuGGn7FLrT9OdESqUxYxnYTklxaBZrk/C/WjvB8KybchUnCIrNFoWJcDFyJyDcPtfAUIytoUxze6vLhlRThhaX/UlNYKoBDs99KX9tDWGsZJzl85aUv8jlr2lWK75X8a+rpdrFnFmOHJBDckx8ckpq5IrUSYMwMiKP5Jm8OE/Oq/PmvM9al5z5zD75JefzGwWtoy0=</latexit><latexit sha1_base64="yvqAvevRUq/ru01rsqjKKSqzbzo=">AAACIHicbZA9SwNBEIb3/IzxK8bS5jARLCTcpdFGCNpYRjCJmISwt5lLFnf3jt05STjur1jY6E+xE0v9I7ZuPgqNvrDw8s7MzvAEseAGPe/DWVpeWV1bz23kN7e2d3YLe8WmiRLNoMEiEenbgBoQXEEDOQq4jTVQGQhoBfeXk3rrAbThkbrBcQxdSQeKh5xRtFGvUCzLXtpBGKGW6V12MszKvULJq3hTuX+NPzclMle9V/jq9COWSFDIBDWm7XsxdlOqkTMBWb6TGIgpu6cDaFurqATTTae3Z+6RTfpuGGn7FLrT9OdESqUxYxnYTklxaBZrk/C/WjvB8KybchUnCIrNFoWJcDFyJyDcPtfAUIytoUxze6vLhlRThhaX/UlNYKoBDs99KX9tDWGsZJzl85aUv8jlr2lWK75X8a+rpdrFnFmOHJBDckx8ckpq5IrUSYMwMiKP5Jm8OE/Oq/PmvM9al5z5zD75JefzGwWtoy0=</latexit><latexit sha1_base64="yvqAvevRUq/ru01rsqjKKSqzbzo=">AAACIHicbZA9SwNBEIb3/IzxK8bS5jARLCTcpdFGCNpYRjCJmISwt5lLFnf3jt05STjur1jY6E+xE0v9I7ZuPgqNvrDw8s7MzvAEseAGPe/DWVpeWV1bz23kN7e2d3YLe8WmiRLNoMEiEenbgBoQXEEDOQq4jTVQGQhoBfeXk3rrAbThkbrBcQxdSQeKh5xRtFGvUCzLXtpBGKGW6V12MszKvULJq3hTuX+NPzclMle9V/jq9COWSFDIBDWm7XsxdlOqkTMBWb6TGIgpu6cDaFurqATTTae3Z+6RTfpuGGn7FLrT9OdESqUxYxnYTklxaBZrk/C/WjvB8KybchUnCIrNFoWJcDFyJyDcPtfAUIytoUxze6vLhlRThhaX/UlNYKoBDs99KX9tDWGsZJzl85aUv8jlr2lWK75X8a+rpdrFnFmOHJBDckx8ckpq5IrUSYMwMiKP5Jm8OE/Oq/PmvM9al5z5zD75JefzGwWtoy0=</latexit>

MeV⇠ me
<latexit sha1_base64="D3ywmhpuna14Wmw7FTzGEXQ1gDs=">AAACGXicbZC7SgNBFIZn4y3GW9TSZjARrMJuGm2EoI2NEMFcIFnC7ORsMmRmdp2ZFcKS57Cw0UexE1srn8TWSbKFSfxh4Oc/58w5fEHMmTau++3k1tY3Nrfy24Wd3b39g+LhUVNHiaLQoBGPVDsgGjiT0DDMcGjHCogIOLSC0c203noCpVkkH8w4Bl+QgWQho8TYyL+DZrmrmcCiB+VeseRW3JnwqvEyU0KZ6r3iT7cf0USANJQTrTueGxs/JcowymFS6CYaYkJHZAAdayURoP10dvQEn9mkj8NI2ScNnqV/J1IitB6LwHYKYoZ6uTYN/6t1EhNe+imTcWJA0vmiMOHYRHhKAPeZAmr42BpCFbO3YjokilBjOdmf5JSiHJjhlSfEwtYQxlLEk0LBkvKWuayaZrXiuRXvvlqqXWfM8ugEnaJz5KELVEO3qI4aiKJH9Ixe0Zvz4rw7H87nvDXnZDPHaEHO1y898KAe</latexit><latexit sha1_base64="D3ywmhpuna14Wmw7FTzGEXQ1gDs=">AAACGXicbZC7SgNBFIZn4y3GW9TSZjARrMJuGm2EoI2NEMFcIFnC7ORsMmRmdp2ZFcKS57Cw0UexE1srn8TWSbKFSfxh4Oc/58w5fEHMmTau++3k1tY3Nrfy24Wd3b39g+LhUVNHiaLQoBGPVDsgGjiT0DDMcGjHCogIOLSC0c203noCpVkkH8w4Bl+QgWQho8TYyL+DZrmrmcCiB+VeseRW3JnwqvEyU0KZ6r3iT7cf0USANJQTrTueGxs/JcowymFS6CYaYkJHZAAdayURoP10dvQEn9mkj8NI2ScNnqV/J1IitB6LwHYKYoZ6uTYN/6t1EhNe+imTcWJA0vmiMOHYRHhKAPeZAmr42BpCFbO3YjokilBjOdmf5JSiHJjhlSfEwtYQxlLEk0LBkvKWuayaZrXiuRXvvlqqXWfM8ugEnaJz5KELVEO3qI4aiKJH9Ixe0Zvz4rw7H87nvDXnZDPHaEHO1y898KAe</latexit><latexit sha1_base64="D3ywmhpuna14Wmw7FTzGEXQ1gDs=">AAACGXicbZC7SgNBFIZn4y3GW9TSZjARrMJuGm2EoI2NEMFcIFnC7ORsMmRmdp2ZFcKS57Cw0UexE1srn8TWSbKFSfxh4Oc/58w5fEHMmTau++3k1tY3Nrfy24Wd3b39g+LhUVNHiaLQoBGPVDsgGjiT0DDMcGjHCogIOLSC0c203noCpVkkH8w4Bl+QgWQho8TYyL+DZrmrmcCiB+VeseRW3JnwqvEyU0KZ6r3iT7cf0USANJQTrTueGxs/JcowymFS6CYaYkJHZAAdayURoP10dvQEn9mkj8NI2ScNnqV/J1IitB6LwHYKYoZ6uTYN/6t1EhNe+imTcWJA0vmiMOHYRHhKAPeZAmr42BpCFbO3YjokilBjOdmf5JSiHJjhlSfEwtYQxlLEk0LBkvKWuayaZrXiuRXvvlqqXWfM8ugEnaJz5KELVEO3qI4aiKJH9Ixe0Zvz4rw7H87nvDXnZDPHaEHO1y898KAe</latexit><latexit sha1_base64="D3ywmhpuna14Wmw7FTzGEXQ1gDs=">AAACGXicbZC7SgNBFIZn4y3GW9TSZjARrMJuGm2EoI2NEMFcIFnC7ORsMmRmdp2ZFcKS57Cw0UexE1srn8TWSbKFSfxh4Oc/58w5fEHMmTau++3k1tY3Nrfy24Wd3b39g+LhUVNHiaLQoBGPVDsgGjiT0DDMcGjHCogIOLSC0c203noCpVkkH8w4Bl+QgWQho8TYyL+DZrmrmcCiB+VeseRW3JnwqvEyU0KZ6r3iT7cf0USANJQTrTueGxs/JcowymFS6CYaYkJHZAAdayURoP10dvQEn9mkj8NI2ScNnqV/J1IitB6LwHYKYoZ6uTYN/6t1EhNe+imTcWJA0vmiMOHYRHhKAPeZAmr42BpCFbO3YjokilBjOdmf5JSiHJjhlSfEwtYQxlLEk0LBkvKWuayaZrXiuRXvvlqqXWfM8ugEnaJz5KELVEO3qI4aiKJH9Ixe0Zvz4rw7H87nvDXnZDPHaEHO1y898KAe</latexit>

⌦� > ⌦DM
<latexit sha1_base64="VRLtwrYn+angdlXh5pYGFR6fM5k="></latexit><latexit sha1_base64="VRLtwrYn+angdlXh5pYGFR6fM5k="></latexit><latexit sha1_base64="VRLtwrYn+angdlXh5pYGFR6fM5k="></latexit><latexit sha1_base64="VRLtwrYn+angdlXh5pYGFR6fM5k="></latexit>

too hot too muchCMB/BBN { <latexit sha1_base64="kGJLmabF++M0EJ3MDGLS2P1zj4M=">AAACDnicdVDLSgMxFM34rPVVdekmWARXJVNa2y6EohuXVewD2lIyaaYNTTJDkhGGoX/gwo1+ijtx6y/4JW7NtBWs6IHA4Zz7yvFCzrRB6MNZWV1b39jMbGW3d3b39nMHhy0dRIrQJgl4oDoe1pQzSZuGGU47oaJYeJy2vclV6rfvqdIskHcmDmlf4JFkPiPYWOm2lwxyeVQollGtUoWoUEZurVS0BKFq7RxB15IUebBAY5D77A0DEgkqDeFY666LQtNPsDKMcDrN9iJNQ0wmeES7lkosqO4ns0un8NQqQ+gHyj5p4Ez92ZFgoXUsPFspsBnr314q/uV1I+NX+wmTYWSoJPNFfsShCWD6bThkihLDY0swUczeCskYK0yMDcdOkml0cmTGF64QS1t9GksRTrNZm9R3HPB/0ioWXMtvSvn65SKzDDgGJ+AMuKAC6uAaNEATEOCDB/AEnp1H58V5dd7mpSvOoucILMF5/wJQxpyO</latexit><latexit sha1_base64="kGJLmabF++M0EJ3MDGLS2P1zj4M=">AAACDnicdVDLSgMxFM34rPVVdekmWARXJVNa2y6EohuXVewD2lIyaaYNTTJDkhGGoX/gwo1+ijtx6y/4JW7NtBWs6IHA4Zz7yvFCzrRB6MNZWV1b39jMbGW3d3b39nMHhy0dRIrQJgl4oDoe1pQzSZuGGU47oaJYeJy2vclV6rfvqdIskHcmDmlf4JFkPiPYWOm2lwxyeVQollGtUoWoUEZurVS0BKFq7RxB15IUebBAY5D77A0DEgkqDeFY666LQtNPsDKMcDrN9iJNQ0wmeES7lkosqO4ns0un8NQqQ+gHyj5p4Ez92ZFgoXUsPFspsBnr314q/uV1I+NX+wmTYWSoJPNFfsShCWD6bThkihLDY0swUczeCskYK0yMDcdOkml0cmTGF64QS1t9GksRTrNZm9R3HPB/0ioWXMtvSvn65SKzDDgGJ+AMuKAC6uAaNEATEOCDB/AEnp1H58V5dd7mpSvOoucILMF5/wJQxpyO</latexit><latexit sha1_base64="kGJLmabF++M0EJ3MDGLS2P1zj4M=">AAACDnicdVDLSgMxFM34rPVVdekmWARXJVNa2y6EohuXVewD2lIyaaYNTTJDkhGGoX/gwo1+ijtx6y/4JW7NtBWs6IHA4Zz7yvFCzrRB6MNZWV1b39jMbGW3d3b39nMHhy0dRIrQJgl4oDoe1pQzSZuGGU47oaJYeJy2vclV6rfvqdIskHcmDmlf4JFkPiPYWOm2lwxyeVQollGtUoWoUEZurVS0BKFq7RxB15IUebBAY5D77A0DEgkqDeFY666LQtNPsDKMcDrN9iJNQ0wmeES7lkosqO4ns0un8NQqQ+gHyj5p4Ez92ZFgoXUsPFspsBnr314q/uV1I+NX+wmTYWSoJPNFfsShCWD6bThkihLDY0swUczeCskYK0yMDcdOkml0cmTGF64QS1t9GksRTrNZm9R3HPB/0ioWXMtvSvn65SKzDDgGJ+AMuKAC6uAaNEATEOCDB/AEnp1H58V5dd7mpSvOoucILMF5/wJQxpyO</latexit><latexit sha1_base64="kGJLmabF++M0EJ3MDGLS2P1zj4M=">AAACDnicdVDLSgMxFM34rPVVdekmWARXJVNa2y6EohuXVewD2lIyaaYNTTJDkhGGoX/gwo1+ijtx6y/4JW7NtBWs6IHA4Zz7yvFCzrRB6MNZWV1b39jMbGW3d3b39nMHhy0dRIrQJgl4oDoe1pQzSZuGGU47oaJYeJy2vclV6rfvqdIskHcmDmlf4JFkPiPYWOm2lwxyeVQollGtUoWoUEZurVS0BKFq7RxB15IUebBAY5D77A0DEgkqDeFY666LQtNPsDKMcDrN9iJNQ0wmeES7lkosqO4ns0un8NQqQ+gHyj5p4Ez92ZFgoXUsPFspsBnr314q/uV1I+NX+wmTYWSoJPNFfsShCWD6bThkihLDY0swUczeCskYK0yMDcdOkml0cmTGF64QS1t9GksRTrNZm9R3HPB/0ioWXMtvSvn65SKzDDgGJ+AMuKAC6uAaNEATEOCDB/AEnp1H58V5dd7mpSvOoucILMF5/wJQxpyO</latexit>

Production rates in MeV-GeV range are 
large at accelerators, esp. fixed target!
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<latexit sha1_base64="h+lS14fMcf8vIwX06TUgPUjisSE="></latexit><latexit sha1_base64="h+lS14fMcf8vIwX06TUgPUjisSE="></latexit><latexit sha1_base64="h+lS14fMcf8vIwX06TUgPUjisSE="></latexit><latexit sha1_base64="h+lS14fMcf8vIwX06TUgPUjisSE="></latexit>

↵D ⌘ g2D
4⇡

<latexit sha1_base64="UYNfZzKH5k1V9X/8uM6LU2TY7Xw=">AAACC3icbVC7SgNBFL3rM8bXqqXNkCBYhd0gmDJoCssI5gHZuMxOZpMhsw9nZgNh2d7GX7GxUMTWXuys/BUnj0ITD1w4nHMv997jxZxJZVlfxsrq2vrGZm4rv72zu7dvHhw2ZZQIQhsk4pFoe1hSzkLaUExx2o4FxYHHacsbXk781ogKyaLwRo1j2g1wP2Q+I1hpyTULDubxALs15NC7hI2Q4wtM0r5buy1n6ZkTs8w1i1bJmgItE3tOitXK9wcCgLprfjq9iCQBDRXhWMqObcWqm2KhGOE0yzuJpDEmQ9ynHU1DHFDZTae/ZOhEKz3kR0JXqNBU/T2R4kDKceDpzgCrgVz0JuJ/XidRfqWbsjBOFA3JbJGfcKQiNAkG9ZigRPGxJpgIpm9FZIB1GErHl9ch2IsvL5NmuWRbJftap3EBM+TgGApwCjacQxWuoA4NIHAPj/AML8aD8WS8Gm+z1hVjPnMEf2C8/wCXLJz4</latexit><latexit sha1_base64="fZ/2SUzx8JNXuKR3JZnmWn2mFKU=">AAACC3icbVC7SgNBFJ31GeNr1ULEZkgQrMJuEEwZNIVlBPOA7LrMTmaTIbOz68xsICzpbfwVGwtFbO3FThtbP8PJo9DEAxcO59zLvff4MaNSWdaHsbC4tLyymlnLrm9sbm2bO7t1GSUCkxqOWCSaPpKEUU5qiipGmrEgKPQZafi985Hf6BMhacSv1CAmbog6nAYUI6Ulz8w5iMVd5FWgQ24S2odOIBBOO17lujhMT5yYDj0zbxWsMeA8sackXy59ve1/fh9UPfPdaUc4CQlXmCEpW7YVKzdFQlHMyDDrJJLECPdQh7Q05Sgk0k3HvwzhkVbaMIiELq7gWP09kaJQykHo684Qqa6c9Ubif14rUUHJTSmPE0U4niwKEgZVBEfBwDYVBCs20ARhQfWtEHeRDkPp+LI6BHv25XlSLxZsq2Bf6jTOwAQZcAhy4BjY4BSUwQWoghrA4Bbcg0fwZNwZD8az8TJpXTCmM3vgD4zXHwaUnso=</latexit><latexit sha1_base64="fZ/2SUzx8JNXuKR3JZnmWn2mFKU=">AAACC3icbVC7SgNBFJ31GeNr1ULEZkgQrMJuEEwZNIVlBPOA7LrMTmaTIbOz68xsICzpbfwVGwtFbO3FThtbP8PJo9DEAxcO59zLvff4MaNSWdaHsbC4tLyymlnLrm9sbm2bO7t1GSUCkxqOWCSaPpKEUU5qiipGmrEgKPQZafi985Hf6BMhacSv1CAmbog6nAYUI6Ulz8w5iMVd5FWgQ24S2odOIBBOO17lujhMT5yYDj0zbxWsMeA8sackXy59ve1/fh9UPfPdaUc4CQlXmCEpW7YVKzdFQlHMyDDrJJLECPdQh7Q05Sgk0k3HvwzhkVbaMIiELq7gWP09kaJQykHo684Qqa6c9Ubif14rUUHJTSmPE0U4niwKEgZVBEfBwDYVBCs20ARhQfWtEHeRDkPp+LI6BHv25XlSLxZsq2Bf6jTOwAQZcAhy4BjY4BSUwQWoghrA4Bbcg0fwZNwZD8az8TJpXTCmM3vgD4zXHwaUnso=</latexit><latexit sha1_base64="TeYihvUaqJVBacBnU8dyZ8T9ojY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiRF0GXRLlxWsA9oaphMJ+3QyWScmRRKyN6Nv+LGhSJu/QF3/o3TNgttPXDhcM693HtPIBhV2nG+rcLa+sbmVnG7tLO7t39gHx61VZxITFo4ZrHsBkgRRjlpaaoZ6QpJUBQw0gnG1zO/MyFS0Zjf6akg/QgNOQ0pRtpIvl32EBMj5DegRx4SOoFeKBFOh37jvpal556gmW9XnKozB1wlbk4qIEfTt7+8QYyTiHCNGVKq5zpC91MkNcWMZCUvUUQgPEZD0jOUo4iofjr/JYOnRhnAMJamuIZz9fdEiiKlplFgOiOkR2rZm4n/eb1Eh5f9lHKRaMLxYlGYMKhjOAsGDqgkWLOpIQhLam6FeIRMGNrEVzIhuMsvr5J2reo6VffWqdSv8jiK4ASUwRlwwQWogxvQBC2AwSN4Bq/gzXqyXqx362PRWrDymWPwB9bnD4NhmrE=</latexit>

↵ ⌘ e2

4⇡
<latexit sha1_base64="4zjfb3LiiHKxbYWsigSCYCvU/Fg=">AAACB3icbVDJSgNBEK1xjXGLehSkMQiewkwQzDHoxWMEs0Amhp5OTdKkZ7G7JxCG3Lz4K148KOLVPxBvnvwVO8tBEx8UPN6roqqeFwuutG1/WUvLK6tr65mN7ObW9s5ubm+/pqJEMqyySESy4VGFgodY1VwLbMQSaeAJrHv9y7FfH6BUPApv9DDGVkC7Ifc5o9pI7dyRS0Xco8TFu4QPiOtLylK8LY7SMzfmo3YubxfsCcgicWYkXy59fxAAqLRzn24nYkmAoWaCKtV07Fi3Uio1ZwJHWTdRGFPWp11sGhrSAFUrnfwxIidG6RA/kqZCTSbq74mUBkoNA890BlT31Lw3Fv/zmon2S62Uh3GiMWTTRX4iiI7IOBTS4RKZFkNDKJPc3EpYj5ootIkua0Jw5l9eJLViwbELzrVJ4wKmyMAhHMMpOHAOZbiCClSBwT08wjO8WA/Wk/VqvU1bl6zZzAH8gfX+A+T+m4g=</latexit><latexit sha1_base64="CJXYKz8dtgN6QWWwtg49u5eeRqk=">AAACB3icbVC7SgNBFJ31GeNr1UJEkMEgWIXdIJgyaGMZwTwgG8Ps5G4yZPbhzGwgLNvZ+Cs2ForY+gdip42tn+HkUWjigQuHc+7l3nvciDOpLOvDmJtfWFxazqxkV9fWNzbNre2qDGNBoUJDHoq6SyRwFkBFMcWhHgkgvsuh5vbOh36tD0KyMLhSgwiaPukEzGOUKC21zAOH8KhLsAM3MetjxxOEJnBdSJMTJ2Jpy8xZeWsEPEvsCcmVil9vu5/fe+WW+e60Qxr7ECjKiZQN24pUMyFCMcohzTqxhIjQHulAQ9OA+CCbyeiPFB9ppY29UOgKFB6pvycS4ks58F3d6RPVldPeUPzPa8TKKzYTFkSxgoCOF3kxxyrEw1Bwmwmgig80IVQwfSumXaKjUDq6rA7Bnn55llQLedvK25c6jTM0Rgbto0N0jGx0ikroApVRBVF0i+7RI3oy7owH49l4GbfOGZOZHfQHxusPVGadWg==</latexit><latexit sha1_base64="CJXYKz8dtgN6QWWwtg49u5eeRqk=">AAACB3icbVC7SgNBFJ31GeNr1UJEkMEgWIXdIJgyaGMZwTwgG8Ps5G4yZPbhzGwgLNvZ+Cs2ForY+gdip42tn+HkUWjigQuHc+7l3nvciDOpLOvDmJtfWFxazqxkV9fWNzbNre2qDGNBoUJDHoq6SyRwFkBFMcWhHgkgvsuh5vbOh36tD0KyMLhSgwiaPukEzGOUKC21zAOH8KhLsAM3MetjxxOEJnBdSJMTJ2Jpy8xZeWsEPEvsCcmVil9vu5/fe+WW+e60Qxr7ECjKiZQN24pUMyFCMcohzTqxhIjQHulAQ9OA+CCbyeiPFB9ppY29UOgKFB6pvycS4ks58F3d6RPVldPeUPzPa8TKKzYTFkSxgoCOF3kxxyrEw1Bwmwmgig80IVQwfSumXaKjUDq6rA7Bnn55llQLedvK25c6jTM0Rgbto0N0jGx0ikroApVRBVF0i+7RI3oy7owH49l4GbfOGZOZHfQHxusPVGadWg==</latexit><latexit sha1_base64="Sci3Uxa7I65hVt66VD7po7CqXLY=">AAACB3icbVBNS8NAEN3Ur1q/oh4FWSyCp5IUQY9FLx4r2A9oatlsJ+3STbLubgol5ObFv+LFgyJe/Qve/Ddu2xy09cHA470ZZub5gjOlHefbKqysrq1vFDdLW9s7u3v2/kFTxYmk0KAxj2XbJwo4i6ChmebQFhJI6HNo+aPrqd8ag1Qsju70REA3JIOIBYwSbaSefewRLoYEe/CQsDH2AkloCvfVLD33BMt6dtmpODPgZeLmpIxy1Hv2l9ePaRJCpCknSnVcR+huSqRmlENW8hIFgtARGUDH0IiEoLrp7I8Mnxqlj4NYmoo0nqm/J1ISKjUJfdMZEj1Ui95U/M/rJDq47KYsEomGiM4XBQnHOsbTUHCfSaCaTwwhVDJzK6ZDYqLQJrqSCcFdfHmZNKsV16m4t065dpXHUURH6ASdIRddoBq6QXXUQBQ9omf0it6sJ+vFerc+5q0FK585RH9gff4A0TOZQQ==</latexit>

gD
<latexit sha1_base64="vVH0BhXsUTb3L9PrhwVKXFODE4k=">AAAB6nicdVDLSgNBEOyNrxhfUY96GAyCp2VWUeMtqAePCZoHJEuYncwmQ2YfzMwKYcknePGgiFc/wu/w5s1PcbKJoKIFDUVVN91dXiy40hi/W7m5+YXFpfxyYWV1bX2juLnVUFEiKavTSESy5RHFBA9ZXXMtWCuWjASeYE1veDHxm7dMKh6FN3oUMzcg/ZD7nBJtpOt+97JbLGH7GDtnJxhhG2fISNk5cpAzU0qV3dfaBwBUu8W3Ti+iScBCTQVRqu3gWLspkZpTwcaFTqJYTOiQ9Fnb0JAETLlpduoY7Rulh/xImgo1ytTvEykJlBoFnukMiB6o395E/MtrJ9ovuykP40SzkE4X+YlAOkKTv1GPS0a1GBlCqOTmVkQHRBKqTToFE8LXp+h/0ji0HWw7NZPGOUyRhx3YgwNw4BQqcAVVqAOFPtzBAzxawrq3nqznaWvOms1sww9YL59OyZAF</latexit><latexit sha1_base64="xwOYl7dVgeUyYoi2Ltgw1ZDBGBE=">AAAB6nicdVDLSgMxFM34rPVVdalIsAiuhkRR666oC5ct2ge0Q8mkmWlo5kGSEcrQpUs3LhRx60f0O9z5Df6E6bSCih64cDjnXu69x40FVxqhd2tmdm5+YTG3lF9eWV1bL2xs1lWUSMpqNBKRbLpEMcFDVtNcC9aMJSOBK1jD7V+M/cYtk4pH4Y0exMwJiB9yj1OijXTtdy47hSKyjxE+O0EQ2ShDRkr4CEM8VYrlnVH14253VOkU3trdiCYBCzUVRKkWRrF2UiI1p4IN8+1EsZjQPvFZy9CQBEw5aXbqEO4bpQu9SJoKNczU7xMpCZQaBK7pDIjuqd/eWPzLayXaKzkpD+NEs5BOFnmJgDqC479hl0tGtRgYQqjk5lZIe0QSqk06eRPC16fwf1I/tDGycdWkcQ4myIFtsAcOAAanoAyuQAXUAAU+uAeP4MkS1oP1bL1MWmes6cwW+AHr9RMtDpFr</latexit><latexit sha1_base64="xwOYl7dVgeUyYoi2Ltgw1ZDBGBE=">AAAB6nicdVDLSgMxFM34rPVVdalIsAiuhkRR666oC5ct2ge0Q8mkmWlo5kGSEcrQpUs3LhRx60f0O9z5Df6E6bSCih64cDjnXu69x40FVxqhd2tmdm5+YTG3lF9eWV1bL2xs1lWUSMpqNBKRbLpEMcFDVtNcC9aMJSOBK1jD7V+M/cYtk4pH4Y0exMwJiB9yj1OijXTtdy47hSKyjxE+O0EQ2ShDRkr4CEM8VYrlnVH14253VOkU3trdiCYBCzUVRKkWRrF2UiI1p4IN8+1EsZjQPvFZy9CQBEw5aXbqEO4bpQu9SJoKNczU7xMpCZQaBK7pDIjuqd/eWPzLayXaKzkpD+NEs5BOFnmJgDqC479hl0tGtRgYQqjk5lZIe0QSqk06eRPC16fwf1I/tDGycdWkcQ4myIFtsAcOAAanoAyuQAXUAAU+uAeP4MkS1oP1bL1MWmes6cwW+AHr9RMtDpFr</latexit><latexit sha1_base64="YAGHUC7WKJ1nTvDe1/VLlrrpgLg=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GhJFrbuiLlxWtA9oh5JJM9PQTGZIMkIZ+gluXCji1i9y59+YTkdQ0QMXDufcy733+Ing2iD04ZQWFpeWV8qrlbX1jc2t6vZOW8epoqxFYxGrrk80E1yyluFGsG6iGIl8wTr++HLmd+6Z0jyWd2aSMC8ioeQBp8RY6TYcXA2qNeSeIHx+iiByUY6c1PExhrhQaqBAc1B97w9jmkZMGiqI1j2MEuNlRBlOBZtW+qlmCaFjErKepZJETHtZfuoUHlhlCINY2ZIG5ur3iYxEWk8i33ZGxIz0b28m/uX1UhPUvYzLJDVM0vmiIBXQxHD2NxxyxagRE0sIVdzeCumIKEKNTadiQ/j6FP5P2kcuRi6+QbXGRRFHGeyBfXAIMDgDDXANmqAFKAjBA3gCz45wHp0X53XeWnKKmV3wA87bJz7PjcA=</latexit>
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Benchmark scenario: dark photons.



3

Dark Photon Production

APEX @ JLab

A! Production Kinematics
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We present a new determination of the parity of the neutral pion via the double Dalitz decay
⇡0 ! e+e�e+e�. Our sample, which consists of 30 511 candidate decays, was collected from KL !
⇡0⇡0⇡0 decays in flight at the KTeV-E799 experiment at Fermi National Accelerator Laboratory.
We confirm the negative ⇡0 parity, and place a limit on scalar contributions to the ⇡0 ! e+e�e+e�

decay amplitude of less than 3.3% assuming CPT conservation. The ⇡0�⇤�⇤ form factor is well
described by a momentum-dependent model with a slope parameter fit to the final state phase
space distribution. Additionally, we have measured the branching ratio of this mode to be B(⇡0 !
e+e�e+e�) = (3.26± 0.18)⇥ 10�5.

PACS numbers: 14.40.Aq, 13.40.Gp

The parity of the neutral pion has been determined
indirectly by studying negative pions captured on deu-
terium [1, 2]. The observed reactions imply that the ⇡�

is a pseudoscalar and that the parities of the ⇡� and
the ⇡0 are the same. It has long been known that the
decay ⇡0

! �� in principle o↵ers a direct means of de-
termining the ⇡0 parity through the polarizations of the
photons [3, 4]. Given that there are no available meth-
ods for measuring the polarization of a high-energy pho-
ton, this measurement has never been performed. How-
ever, it was soon noted that the double Dalitz decay
⇡0
! e+e�e+e�, which proceeds through an interme-

diate state with two virtual photons (see Fig. 1), is sen-
sitive to the parity of the pion since the plane of a Dalitz
pair is correlated with the polarization of the virtual pho-
ton [5, 6]. This process was studied in a 1962 hydro-
gen bubble chamber experiment using stopping negative
pion capture (⇡�p ! n⇡0). That group observed 206
⇡0
! e+e�e+e� events and reported that the observed

distribution of the e+e� planes was consistent with a
pseudoscalar pion and disfavored a scalar pion at the
level of 3.6 standard deviations [7]; this experiment also

FIG. 1: Lowest order Feynman diagram for ⇡0 ! e+e�e+e�.
The direct contribution is shown; a second diagram exists
with e+

1 and e+
2 exchanged.

produced a measurement of the branching ratio of this
decay, which remains the most precise result to date.

Using a sample of more than 30 000 ⇡0
! e+e�e+e�

decays, we report new precise measurements of the prop-
erties of this decay. Our modeling of the decay includes
for the first time a proper treatment of the exchange
contribution to the matrix element, and consideration
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• meson decays
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• e+e- → A′𝛾  
• meson decays
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• “lepton jets”
• meson decays
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Analogous SM process is irreducible background but allows (MA′,Nobserved) ⟹ (MA′,𝜖)
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2m�
<latexit sha1_base64="X2+MKJ4N9SC9+ZL8Ws7pMtkUzAM=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIph4Irtc9Ej04hETeRjYkNlhFibMYzMza0I2fIUXDxrj1c/x5t84wB4UrKSTSlV3uruihDNjff/bK2xsbm3vFHdLe/sHh0fl45O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczv3OE9WGKflgpwkNBR5JFjOCrZMe61Ux6JMxqw7KFb/mL4DWSZCTCuRoDspf/aEiqaDSEo6N6QV+YsMMa8sIp7NSPzU0wWSCR7TnqMSCmjBbHDxDF04ZolhpV9Kihfp7IsPCmKmIXKfAdmxWvbn4n9dLbXwdZkwmqaWSLBfFKUdWofn3aMg0JZZPHcFEM3crImOsMbEuo5ILIVh9eZ2067XArwX39UrjJo+jCGdwDpcQwBU04A6a0AICAp7hFd487b14797HsrXg5TOn8Afe5w+ue4+o</latexit><latexit sha1_base64="X2+MKJ4N9SC9+ZL8Ws7pMtkUzAM=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIph4Irtc9Ej04hETeRjYkNlhFibMYzMza0I2fIUXDxrj1c/x5t84wB4UrKSTSlV3uruihDNjff/bK2xsbm3vFHdLe/sHh0fl45O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczv3OE9WGKflgpwkNBR5JFjOCrZMe61Ux6JMxqw7KFb/mL4DWSZCTCuRoDspf/aEiqaDSEo6N6QV+YsMMa8sIp7NSPzU0wWSCR7TnqMSCmjBbHDxDF04ZolhpV9Kihfp7IsPCmKmIXKfAdmxWvbn4n9dLbXwdZkwmqaWSLBfFKUdWofn3aMg0JZZPHcFEM3crImOsMbEuo5ILIVh9eZ2067XArwX39UrjJo+jCGdwDpcQwBU04A6a0AICAp7hFd487b14797HsrXg5TOn8Afe5w+ue4+o</latexit><latexit sha1_base64="X2+MKJ4N9SC9+ZL8Ws7pMtkUzAM=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIph4Irtc9Ej04hETeRjYkNlhFibMYzMza0I2fIUXDxrj1c/x5t84wB4UrKSTSlV3uruihDNjff/bK2xsbm3vFHdLe/sHh0fl45O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczv3OE9WGKflgpwkNBR5JFjOCrZMe61Ux6JMxqw7KFb/mL4DWSZCTCuRoDspf/aEiqaDSEo6N6QV+YsMMa8sIp7NSPzU0wWSCR7TnqMSCmjBbHDxDF04ZolhpV9Kihfp7IsPCmKmIXKfAdmxWvbn4n9dLbXwdZkwmqaWSLBfFKUdWofn3aMg0JZZPHcFEM3crImOsMbEuo5ILIVh9eZ2067XArwX39UrjJo+jCGdwDpcQwBU04A6a0AICAp7hFd487b14797HsrXg5TOn8Afe5w+ue4+o</latexit><latexit sha1_base64="X2+MKJ4N9SC9+ZL8Ws7pMtkUzAM=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIph4Irtc9Ej04hETeRjYkNlhFibMYzMza0I2fIUXDxrj1c/x5t84wB4UrKSTSlV3uruihDNjff/bK2xsbm3vFHdLe/sHh0fl45O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczv3OE9WGKflgpwkNBR5JFjOCrZMe61Ux6JMxqw7KFb/mL4DWSZCTCuRoDspf/aEiqaDSEo6N6QV+YsMMa8sIp7NSPzU0wWSCR7TnqMSCmjBbHDxDF04ZolhpV9Kihfp7IsPCmKmIXKfAdmxWvbn4n9dLbXwdZkwmqaWSLBfFKUdWofn3aMg0JZZPHcFEM3crImOsMbEuo5ILIVh9eZ2067XArwX39UrjJo+jCGdwDpcQwBU04A6a0AICAp7hFd487b14797HsrXg5TOn8Afe5w+ue4+o</latexit>

Dominant
DM
annihilation:

A0 �

�̄

�

e+

e�

<latexit sha1_base64="h+lS14fMcf8vIwX06TUgPUjisSE="></latexit><latexit sha1_base64="h+lS14fMcf8vIwX06TUgPUjisSE="></latexit><latexit sha1_base64="h+lS14fMcf8vIwX06TUgPUjisSE="></latexit><latexit sha1_base64="h+lS14fMcf8vIwX06TUgPUjisSE="></latexit>

�̄

�

A0

A0

<latexit sha1_base64="DMsWXK55fFs/wh531wfi+1vlkcU="></latexit><latexit sha1_base64="DMsWXK55fFs/wh531wfi+1vlkcU="></latexit><latexit sha1_base64="DMsWXK55fFs/wh531wfi+1vlkcU="></latexit><latexit sha1_base64="DMsWXK55fFs/wh531wfi+1vlkcU="></latexit>

�v / ↵2
D

<latexit sha1_base64="ugH26Fw4mNvJXLcndBEXQLqTHCU=">AAACB3icdVBNSwMxFMz6bf2qehQkWAVPJenBtjdRDx4VrBa6tbxNs21odjck2UJZvHnxr3jxoIhX/4I3/41ZW0FFBwLDzHu8zARKCmMJefempmdm5+YXFgtLyyura8X1jUuTpJrxBktkopsBGC5FzBtWWMmbSnOIAsmvgsFx7l8NuTYiiS/sSPF2BL1YhIKBdVKnuL3rG9GLAA+xr3SibIJ9kKoPnZPrym6hUyyRMiGEUopzQqsHxJF6vVahNUxzy6GEJjjrFN/8bsLSiMeWSTCmRYmy7Qy0FUzym4KfGq6ADaDHW47GEHHTzj5z3OA9p3RxmGj3Yos/1e8bGUTGjKLATUZg++a3l4t/ea3UhrV2JmKVWh6z8aEwldilzUvBXaE5s3LkCDAt3F8x64MGZl11eQlfSfH/5LJSpqRMzyulw6NJHQtoC+2gfURRFR2iU3SGGoihW3SPHtGTd+c9eM/ey3h0ypvsbKIf8F4/ACrpmDU=</latexit><latexit sha1_base64="ugH26Fw4mNvJXLcndBEXQLqTHCU=">AAACB3icdVBNSwMxFMz6bf2qehQkWAVPJenBtjdRDx4VrBa6tbxNs21odjck2UJZvHnxr3jxoIhX/4I3/41ZW0FFBwLDzHu8zARKCmMJefempmdm5+YXFgtLyyura8X1jUuTpJrxBktkopsBGC5FzBtWWMmbSnOIAsmvgsFx7l8NuTYiiS/sSPF2BL1YhIKBdVKnuL3rG9GLAA+xr3SibIJ9kKoPnZPrym6hUyyRMiGEUopzQqsHxJF6vVahNUxzy6GEJjjrFN/8bsLSiMeWSTCmRYmy7Qy0FUzym4KfGq6ADaDHW47GEHHTzj5z3OA9p3RxmGj3Yos/1e8bGUTGjKLATUZg++a3l4t/ea3UhrV2JmKVWh6z8aEwldilzUvBXaE5s3LkCDAt3F8x64MGZl11eQlfSfH/5LJSpqRMzyulw6NJHQtoC+2gfURRFR2iU3SGGoihW3SPHtGTd+c9eM/ey3h0ypvsbKIf8F4/ACrpmDU=</latexit><latexit sha1_base64="ugH26Fw4mNvJXLcndBEXQLqTHCU=">AAACB3icdVBNSwMxFMz6bf2qehQkWAVPJenBtjdRDx4VrBa6tbxNs21odjck2UJZvHnxr3jxoIhX/4I3/41ZW0FFBwLDzHu8zARKCmMJefempmdm5+YXFgtLyyura8X1jUuTpJrxBktkopsBGC5FzBtWWMmbSnOIAsmvgsFx7l8NuTYiiS/sSPF2BL1YhIKBdVKnuL3rG9GLAA+xr3SibIJ9kKoPnZPrym6hUyyRMiGEUopzQqsHxJF6vVahNUxzy6GEJjjrFN/8bsLSiMeWSTCmRYmy7Qy0FUzym4KfGq6ADaDHW47GEHHTzj5z3OA9p3RxmGj3Yos/1e8bGUTGjKLATUZg++a3l4t/ea3UhrV2JmKVWh6z8aEwldilzUvBXaE5s3LkCDAt3F8x64MGZl11eQlfSfH/5LJSpqRMzyulw6NJHQtoC+2gfURRFR2iU3SGGoihW3SPHtGTd+c9eM/ey3h0ypvsbKIf8F4/ACrpmDU=</latexit><latexit sha1_base64="ugH26Fw4mNvJXLcndBEXQLqTHCU=">AAACB3icdVBNSwMxFMz6bf2qehQkWAVPJenBtjdRDx4VrBa6tbxNs21odjck2UJZvHnxr3jxoIhX/4I3/41ZW0FFBwLDzHu8zARKCmMJefempmdm5+YXFgtLyyura8X1jUuTpJrxBktkopsBGC5FzBtWWMmbSnOIAsmvgsFx7l8NuTYiiS/sSPF2BL1YhIKBdVKnuL3rG9GLAA+xr3SibIJ9kKoPnZPrym6hUyyRMiGEUopzQqsHxJF6vVahNUxzy6GEJjjrFN/8bsLSiMeWSTCmRYmy7Qy0FUzym4KfGq6ADaDHW47GEHHTzj5z3OA9p3RxmGj3Yos/1e8bGUTGjKLATUZg++a3l4t/ea3UhrV2JmKVWh6z8aEwldilzUvBXaE5s3LkCDAt3F8x64MGZl11eQlfSfH/5LJSpqRMzyulw6NJHQtoC+2gfURRFR2iU3SGGoihW3SPHtGTd+c9eM/ey3h0ypvsbKIf8F4/ACrpmDU=</latexit>

no clear target for 𝜖

�v / ✏2↵D<latexit sha1_base64="9VwqPmXau+0fDZJ7p5XOomqgALo="></latexit><latexit sha1_base64="9VwqPmXau+0fDZJ7p5XOomqgALo="></latexit><latexit sha1_base64="9VwqPmXau+0fDZJ7p5XOomqgALo="></latexit><latexit sha1_base64="9VwqPmXau+0fDZJ7p5XOomqgALo="></latexit>

“Thermal Target” - lower limit on 𝜖 for thermal relics

Mass Hierarchy Determines Search Strategy & Interpretation

4

searches typically measure/constrain 𝜖2 as a function of MA′

Search: for mediators decaying to SM

A0

l+

l�

<latexit sha1_base64="RAOIvgmJC2nEqUBxhCeDAIIFcAI="></latexit><latexit sha1_base64="RAOIvgmJC2nEqUBxhCeDAIIFcAI="></latexit><latexit sha1_base64="RAOIvgmJC2nEqUBxhCeDAIIFcAI="></latexit>

𝜖e A0/A0?

�̄

�

<latexit sha1_base64="a7BZQ+WmYCs5yTbE7JSwDbk3peA="></latexit><latexit sha1_base64="a7BZQ+WmYCs5yTbE7JSwDbk3peA="></latexit><latexit sha1_base64="a7BZQ+WmYCs5yTbE7JSwDbk3peA="></latexit><latexit sha1_base64="a7BZQ+WmYCs5yTbE7JSwDbk3peA="></latexit>

gD
<latexit sha1_base64="vVH0BhXsUTb3L9PrhwVKXFODE4k=">AAAB6nicdVDLSgNBEOyNrxhfUY96GAyCp2VWUeMtqAePCZoHJEuYncwmQ2YfzMwKYcknePGgiFc/wu/w5s1PcbKJoKIFDUVVN91dXiy40hi/W7m5+YXFpfxyYWV1bX2juLnVUFEiKavTSESy5RHFBA9ZXXMtWCuWjASeYE1veDHxm7dMKh6FN3oUMzcg/ZD7nBJtpOt+97JbLGH7GDtnJxhhG2fISNk5cpAzU0qV3dfaBwBUu8W3Ti+iScBCTQVRqu3gWLspkZpTwcaFTqJYTOiQ9Fnb0JAETLlpduoY7Rulh/xImgo1ytTvEykJlBoFnukMiB6o395E/MtrJ9ovuykP40SzkE4X+YlAOkKTv1GPS0a1GBlCqOTmVkQHRBKqTToFE8LXp+h/0ji0HWw7NZPGOUyRhx3YgwNw4BQqcAVVqAOFPtzBAzxawrq3nqznaWvOms1sww9YL59OyZAF</latexit><latexit sha1_base64="xwOYl7dVgeUyYoi2Ltgw1ZDBGBE=">AAAB6nicdVDLSgMxFM34rPVVdalIsAiuhkRR666oC5ct2ge0Q8mkmWlo5kGSEcrQpUs3LhRx60f0O9z5Df6E6bSCih64cDjnXu69x40FVxqhd2tmdm5+YTG3lF9eWV1bL2xs1lWUSMpqNBKRbLpEMcFDVtNcC9aMJSOBK1jD7V+M/cYtk4pH4Y0exMwJiB9yj1OijXTtdy47hSKyjxE+O0EQ2ShDRkr4CEM8VYrlnVH14253VOkU3trdiCYBCzUVRKkWRrF2UiI1p4IN8+1EsZjQPvFZy9CQBEw5aXbqEO4bpQu9SJoKNczU7xMpCZQaBK7pDIjuqd/eWPzLayXaKzkpD+NEs5BOFnmJgDqC479hl0tGtRgYQqjk5lZIe0QSqk06eRPC16fwf1I/tDGycdWkcQ4myIFtsAcOAAanoAyuQAXUAAU+uAeP4MkS1oP1bL1MWmes6cwW+AHr9RMtDpFr</latexit><latexit sha1_base64="xwOYl7dVgeUyYoi2Ltgw1ZDBGBE=">AAAB6nicdVDLSgMxFM34rPVVdalIsAiuhkRR666oC5ct2ge0Q8mkmWlo5kGSEcrQpUs3LhRx60f0O9z5Df6E6bSCih64cDjnXu69x40FVxqhd2tmdm5+YTG3lF9eWV1bL2xs1lWUSMpqNBKRbLpEMcFDVtNcC9aMJSOBK1jD7V+M/cYtk4pH4Y0exMwJiB9yj1OijXTtdy47hSKyjxE+O0EQ2ShDRkr4CEM8VYrlnVH14253VOkU3trdiCYBCzUVRKkWRrF2UiI1p4IN8+1EsZjQPvFZy9CQBEw5aXbqEO4bpQu9SJoKNczU7xMpCZQaBK7pDIjuqd/eWPzLayXaKzkpD+NEs5BOFnmJgDqC479hl0tGtRgYQqjk5lZIe0QSqk06eRPC16fwf1I/tDGycdWkcQ4myIFtsAcOAAanoAyuQAXUAAU+uAeP4MkS1oP1bL1MWmes6cwW+AHr9RMtDpFr</latexit><latexit sha1_base64="YAGHUC7WKJ1nTvDe1/VLlrrpgLg=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GhJFrbuiLlxWtA9oh5JJM9PQTGZIMkIZ+gluXCji1i9y59+YTkdQ0QMXDufcy733+Ing2iD04ZQWFpeWV8qrlbX1jc2t6vZOW8epoqxFYxGrrk80E1yyluFGsG6iGIl8wTr++HLmd+6Z0jyWd2aSMC8ioeQBp8RY6TYcXA2qNeSeIHx+iiByUY6c1PExhrhQaqBAc1B97w9jmkZMGiqI1j2MEuNlRBlOBZtW+qlmCaFjErKepZJETHtZfuoUHlhlCINY2ZIG5ur3iYxEWk8i33ZGxIz0b28m/uX1UhPUvYzLJDVM0vmiIBXQxHD2NxxyxagRE0sIVdzeCumIKEKNTadiQ/j6FP5P2kcuRi6+QbXGRRFHGeyBfXAIMDgDDXANmqAFKAjBA3gCz45wHp0X53XeWnKKmV3wA87bJz7PjcA=</latexit>

missing mass: (e.g. PADME @ JLab); missing E, : (e.g. LDMX); beam dumps: (e.g. MiniBoone, BDX)⃗p

for production of DM
spectrometers: (e.g. APEX, HPS, DarkQuest) 
missing mass: (e.g. PADME @ JLab)



Mediator
decay in
experiments

mA0
<latexit sha1_base64="OazFZHn6MKTEDYK5BnZZGQ+s+PY=">AAACAHicbVC7TsNAEDyHVwivAAUFjUWCRBXZaaAM0FAGiTykxFjnyyY55c627taIyHLDr9BQgBAtn0HH33B5FJAw0kqjmV3t7gSx4Bod59vKrayurW/kNwtb2zu7e8X9g6aOEsWgwSIRqXZANQgeQgM5CmjHCqgMBLSC0fXEbz2A0jwK73AcgyfpIOR9zigayS8elaWfdhEeUcn0MrvvxopLyMp+seRUnCnsZeLOSYnMUfeLX91exBIJITJBte64ToxeShVyJiArdBMNMWUjOoCOoSGVoL10+kBmnxqlZ/cjZSpEe6r+nkip1HosA9MpKQ71ojcR//M6CfYvvJSHcYIQstmifiJsjOxJGnaPK2AoxoZQpri51WZDqihDk1nBhOAuvrxMmtWK61Tc22qpdjWPI0+OyQk5Iy45JzVyQ+qkQRjJyDN5JW/Wk/VivVsfs9acNZ85JH9gff4ACVqWqw==</latexit><latexit sha1_base64="OazFZHn6MKTEDYK5BnZZGQ+s+PY=">AAACAHicbVC7TsNAEDyHVwivAAUFjUWCRBXZaaAM0FAGiTykxFjnyyY55c627taIyHLDr9BQgBAtn0HH33B5FJAw0kqjmV3t7gSx4Bod59vKrayurW/kNwtb2zu7e8X9g6aOEsWgwSIRqXZANQgeQgM5CmjHCqgMBLSC0fXEbz2A0jwK73AcgyfpIOR9zigayS8elaWfdhEeUcn0MrvvxopLyMp+seRUnCnsZeLOSYnMUfeLX91exBIJITJBte64ToxeShVyJiArdBMNMWUjOoCOoSGVoL10+kBmnxqlZ/cjZSpEe6r+nkip1HosA9MpKQ71ojcR//M6CfYvvJSHcYIQstmifiJsjOxJGnaPK2AoxoZQpri51WZDqihDk1nBhOAuvrxMmtWK61Tc22qpdjWPI0+OyQk5Iy45JzVyQ+qkQRjJyDN5JW/Wk/VivVsfs9acNZ85JH9gff4ACVqWqw==</latexit><latexit sha1_base64="OazFZHn6MKTEDYK5BnZZGQ+s+PY=">AAACAHicbVC7TsNAEDyHVwivAAUFjUWCRBXZaaAM0FAGiTykxFjnyyY55c627taIyHLDr9BQgBAtn0HH33B5FJAw0kqjmV3t7gSx4Bod59vKrayurW/kNwtb2zu7e8X9g6aOEsWgwSIRqXZANQgeQgM5CmjHCqgMBLSC0fXEbz2A0jwK73AcgyfpIOR9zigayS8elaWfdhEeUcn0MrvvxopLyMp+seRUnCnsZeLOSYnMUfeLX91exBIJITJBte64ToxeShVyJiArdBMNMWUjOoCOoSGVoL10+kBmnxqlZ/cjZSpEe6r+nkip1HosA9MpKQ71ojcR//M6CfYvvJSHcYIQstmifiJsjOxJGnaPK2AoxoZQpri51WZDqihDk1nBhOAuvrxMmtWK61Tc22qpdjWPI0+OyQk5Iy45JzVyQ+qkQRjJyDN5JW/Wk/VivVsfs9acNZ85JH9gff4ACVqWqw==</latexit><latexit sha1_base64="OazFZHn6MKTEDYK5BnZZGQ+s+PY=">AAACAHicbVC7TsNAEDyHVwivAAUFjUWCRBXZaaAM0FAGiTykxFjnyyY55c627taIyHLDr9BQgBAtn0HH33B5FJAw0kqjmV3t7gSx4Bod59vKrayurW/kNwtb2zu7e8X9g6aOEsWgwSIRqXZANQgeQgM5CmjHCqgMBLSC0fXEbz2A0jwK73AcgyfpIOR9zigayS8elaWfdhEeUcn0MrvvxopLyMp+seRUnCnsZeLOSYnMUfeLX91exBIJITJBte64ToxeShVyJiArdBMNMWUjOoCOoSGVoL10+kBmnxqlZ/cjZSpEe6r+nkip1HosA9MpKQ71ojcR//M6CfYvvJSHcYIQstmifiJsjOxJGnaPK2AoxoZQpri51WZDqihDk1nBhOAuvrxMmtWK61Tc22qpdjWPI0+OyQk5Iy45JzVyQ+qkQRjJyDN5JW/Wk/VivVsfs9acNZ85JH9gff4ACVqWqw==</latexit>

m�
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Mass Hierarchy Determines Search Strategy & Interpretation
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searches typically measure/constrain 𝜖2 as a function of MA′

Search: for mediators decaying to SM
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missing mass: (e.g. PADME @ JLab); missing E, : (e.g. LDMX); beam dumps: (e.g. MiniBoone, BDX)⃗p

for production of DM
spectrometers: (e.g. APEX, HPS, DarkQuest) 
missing mass: (e.g. PADME @ JLab)
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Parameter Space for Mediator Decays to SM

Current A′ Constraints:
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Parameter Space for Mediator Decays to SM

Current A′ Constraints:
Generally, searches are “bump hunts” 
for m(l+l-) resonances.
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Parameter Space for Mediator Decays to SM

Current A′ Constraints:
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FIG. 1. Top: Layout of the E137 experiment (adapted from
Fig. 2 in [35]). Middle and Bottom: An electron beam hits an
aluminum target, creating DM particles � via bremsstrahlung
of A0 (bottom left). The � traverse a ⇠ 179 m deep hill and
another ⇠ 204 m-long open region before scattering o↵ elec-
trons (bottom right), which are detected in an electromagnetic
shower calorimeter.

can detect charged particles or photons produced by the
hypothetical particles coming from the dump. The de-
tector also employed multiwire proportional chambers to
achieve superb angular resolution, rendering it sensitive
to directional information that was crucial in eliminating
(cosmic) background. Two experimental runs were per-
formed. The lateral dimensions of the detector were 2m
⇥ 3m during Run 1 and 3m ⇥ 3m in Run 2. The number
of electrons on target was ⇠ 10 C (⇠ 20 C) in Run 1
(Run 2).

The original analysis in [35] searched for axion-like
particles decaying to e+e�, or photinos decaying to a
photon and gravitino. No events were observed that
passed quality cuts, pointed back to the dump, and had a
shower energy above 1 GeV, placing strong limits on ax-
ions/photinos. In [40], the results were used to set strong
constraints on the visible decay A0

! e+e�.

Here, we will use the E137 results to set strong con-
straints on sub-GeV DM, �, see Fig. 1 (middle and bot-
tom). We focus on scenarios where �’s are produced from
an on-shell A0 that decays invisibly to ��̄ or via an o↵-
shell A0. Such � inherit a significant portion of the beam
energy and travel in the extreme-forward direction; an
O(1) fraction of the produced � thus intersect the E137

detector and can scatter with electrons in the calorimeter
material. The ejected electrons will initiate an energetic
electromagnetic shower of the type constrained by the
E137 search. With no observed events, and conserva-
tively assuming no expected background events, we em-
ploy a Poisson 95% C.L. limit of N95 = 3 events. Below,
we shall calculate the number of signal events for a fixed
m� as function of mA0 , ✏, and ↵D, and derive bounds in
this parameter space by requiring less than 3 events.
SIGNAL RATE CALCULATION. We
have employed a Monte-Carlo simulation using
MadGraph5 aMC@NLO v2.1.1 [41] to generate DM
events produced in electron-aluminum nucleus collisions,
e�N ! e�NA0(⇤)

! e�N��̄ (where N is a nucleus with
Z = 13, A = 27), and to calculate the total DM pro-
duction cross section, ���̄ (we checked all our numerical
results against analytic formulas [18, 40, 42]). We include
the form factor of the aluminum nucleus [40, 42], which
accounts for coherent scattering, as well as nuclear and
atomic screening. The model (1) is implemented using
FeynRules 2.0 [43]. We take the thickness of the target
to be one radiation length, a reasonable approximation
that accounts for beam degradation [18, 40]. The total
number of � produced is then

N� = 2���̄ Ne XAl NA/AAl , (2)

where Ne = 30 C, XAl = 24.3 g cm�2, NA is Avogadro’s
number, and AAl = 26.98 g/mol.

The fraction of � that intersect the detector, ✏acc, is
obtained from the Monte-Carlo simulation (and cross-
checked analytically) by selecting � that are produced
with angles tan ✓x < �x/L and tan ✓y < �y/L trans-
verse to the beam direction, where L = 383 m, �x =
1.5 m, and �y = 1 m (1.5 m) for Run 1 (2). The an-
gular distribution of scalars � produced through an A0 is
suppressed along the forward direction, which results in
a lower ✏acc compared to fermionic � [14, 18]. We then
take the energy distribution of the DM particles cross-
ing the detector, (1/Nacc

� )(dNacc
� /dE�), and convolute it

with the � � e� di↵erential scattering cross section,

d�f,s

dEe
= 4⇡✏2 ↵ ↵D

2meE2
�� ff,s(Ee)(Ee � me)

(E2
� � m2

�)(m2
A0 + 2meEe � 2m2

e)
2

,

(3)
where the subscripts f, s stand for fermion and scalar
�, respectively, ff (Ee) = 2meE� � meEe + m2

� + 2m2
e,

fs = 2meE� + m2
�, and Ee is the recoil electron energy.

To conform to the E137 signal region, we impose Ee >
Eth = 1 GeV and ✓e > 30 mrad, where ✓e is the angle
of the scattered electron, to obtain �cut

�e . The number of
expected signal events is then given by

N�e = N� ✏acc �cut
�e

X

i

ndet,i Ldet,i , (4)

where ndet,i (Ldet,i) denotes the e� number density
(length) of detector sub-layer i. To pass the trigger, �

e- A′ e+e-

A′ becomes long lived at small couplings. 

Leads to constraints from  
beam dump experiments
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E137 @ SLAC

Generally, searches are “bump hunts” 
for m(l+l-) resonances.
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Parameter Space for Mediator Decays to SM

Current A′ Constraints:

10 mm

1 mm

100 𝜇m

10 𝜇m
�c⌧ / 1

✏2m2
A0

2

0 100 200 300 400

75

80

85

90

95

El
ev

at
io

n 
(m

)

Distance (m)

Hill

Target
Detector

� �

e� e�
A0

Target Dirt

Al

Electron
Beam Detector

e�
�

�

�̄e�
A0

�
Al

Production Scattering

�

e�

FIG. 1. Top: Layout of the E137 experiment (adapted from
Fig. 2 in [35]). Middle and Bottom: An electron beam hits an
aluminum target, creating DM particles � via bremsstrahlung
of A0 (bottom left). The � traverse a ⇠ 179 m deep hill and
another ⇠ 204 m-long open region before scattering o↵ elec-
trons (bottom right), which are detected in an electromagnetic
shower calorimeter.

can detect charged particles or photons produced by the
hypothetical particles coming from the dump. The de-
tector also employed multiwire proportional chambers to
achieve superb angular resolution, rendering it sensitive
to directional information that was crucial in eliminating
(cosmic) background. Two experimental runs were per-
formed. The lateral dimensions of the detector were 2m
⇥ 3m during Run 1 and 3m ⇥ 3m in Run 2. The number
of electrons on target was ⇠ 10 C (⇠ 20 C) in Run 1
(Run 2).

The original analysis in [35] searched for axion-like
particles decaying to e+e�, or photinos decaying to a
photon and gravitino. No events were observed that
passed quality cuts, pointed back to the dump, and had a
shower energy above 1 GeV, placing strong limits on ax-
ions/photinos. In [40], the results were used to set strong
constraints on the visible decay A0

! e+e�.

Here, we will use the E137 results to set strong con-
straints on sub-GeV DM, �, see Fig. 1 (middle and bot-
tom). We focus on scenarios where �’s are produced from
an on-shell A0 that decays invisibly to ��̄ or via an o↵-
shell A0. Such � inherit a significant portion of the beam
energy and travel in the extreme-forward direction; an
O(1) fraction of the produced � thus intersect the E137

detector and can scatter with electrons in the calorimeter
material. The ejected electrons will initiate an energetic
electromagnetic shower of the type constrained by the
E137 search. With no observed events, and conserva-
tively assuming no expected background events, we em-
ploy a Poisson 95% C.L. limit of N95 = 3 events. Below,
we shall calculate the number of signal events for a fixed
m� as function of mA0 , ✏, and ↵D, and derive bounds in
this parameter space by requiring less than 3 events.
SIGNAL RATE CALCULATION. We
have employed a Monte-Carlo simulation using
MadGraph5 aMC@NLO v2.1.1 [41] to generate DM
events produced in electron-aluminum nucleus collisions,
e�N ! e�NA0(⇤)

! e�N��̄ (where N is a nucleus with
Z = 13, A = 27), and to calculate the total DM pro-
duction cross section, ���̄ (we checked all our numerical
results against analytic formulas [18, 40, 42]). We include
the form factor of the aluminum nucleus [40, 42], which
accounts for coherent scattering, as well as nuclear and
atomic screening. The model (1) is implemented using
FeynRules 2.0 [43]. We take the thickness of the target
to be one radiation length, a reasonable approximation
that accounts for beam degradation [18, 40]. The total
number of � produced is then

N� = 2���̄ Ne XAl NA/AAl , (2)

where Ne = 30 C, XAl = 24.3 g cm�2, NA is Avogadro’s
number, and AAl = 26.98 g/mol.

The fraction of � that intersect the detector, ✏acc, is
obtained from the Monte-Carlo simulation (and cross-
checked analytically) by selecting � that are produced
with angles tan ✓x < �x/L and tan ✓y < �y/L trans-
verse to the beam direction, where L = 383 m, �x =
1.5 m, and �y = 1 m (1.5 m) for Run 1 (2). The an-
gular distribution of scalars � produced through an A0 is
suppressed along the forward direction, which results in
a lower ✏acc compared to fermionic � [14, 18]. We then
take the energy distribution of the DM particles cross-
ing the detector, (1/Nacc

� )(dNacc
� /dE�), and convolute it

with the � � e� di↵erential scattering cross section,

d�f,s

dEe
= 4⇡✏2 ↵ ↵D

2meE2
�� ff,s(Ee)(Ee � me)

(E2
� � m2

�)(m2
A0 + 2meEe � 2m2

e)
2

,

(3)
where the subscripts f, s stand for fermion and scalar
�, respectively, ff (Ee) = 2meE� � meEe + m2

� + 2m2
e,

fs = 2meE� + m2
�, and Ee is the recoil electron energy.

To conform to the E137 signal region, we impose Ee >
Eth = 1 GeV and ✓e > 30 mrad, where ✓e is the angle
of the scattered electron, to obtain �cut

�e . The number of
expected signal events is then given by

N�e = N� ✏acc �cut
�e

X

i

ndet,i Ldet,i , (4)

where ndet,i (Ldet,i) denotes the e� number density
(length) of detector sub-layer i. To pass the trigger, �

e- A′ e+e-

A′ becomes long lived at small couplings. 

Leads to constraints from  
beam dump experiments
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E137 @ SLAC

Requires 
decay length 
measurement

Generally, searches are “bump hunts” 
for m(l+l-) resonances.
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Accidental

QED (no efficiency 
correction)

Data

In summary, the APEX test run data showed no signifi-
cant signal of A0 ! eþe" electroproduction in the mass
range 175–250 MeV. We established an upper limit of
!0=! ’ 10"6 at 90% confidence. All aspects of the full
APEX experiment outlined in [1] have been demonstrated
to work. The full experiment plans to run at several beam
energies, have enhanced mass coverage from a 50-cm
long multifoil target, and acquire #200 times more data
than this test run, extending our knowledge of sub-GeV
force.
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FIG. 5 (color). The 90% confidence upper limit on !0=!
versus A0 mass for the APEX test run (solid blue). Shown are
existing 90% confidence level limits from the muon anomalous
magnetic moment a" (fine hatched) [6], KLOE (solid gray) [12],

the result reported by Mainz (solid green) [15], and an estimate
using a BABAR Collaboration result (wide hatched) [2,10].
Between the red line and fine hatched region, the A0 can explain
the observed discrepancy between the calculated and measured
muon anomalous magnetic moment [6] at 90% confidence level.
The full APEX experiment will roughly cover the entire area of
the plot.
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Test run in 2010:  
proof of concept and technical feasibility 
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e- beam + spectrometer:  
APEX @ JLab CEBAF (2010-?)
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2019 Physics Run (Jan. - Mar. 2019) 
15 days at Ebeam = 2.2 GeV

precision calibration and analysis ongoing
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e- beam + spectrometer:  
APEX @ JLab CEBAF (2010-?)
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e- beam + spectrometer w/ vertexing:  
HPS @ JLab CEBAF (2015-?)
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<latexit sha1_base64="BXfuU2asMDGBjUS6OT1TzY3EUi8=">AAAB/nicdVBLSgNBEK3xG+Mv6tJNYxDcGHpiMLoQRTcuFY0KMUpPpyY29vQM3T1CCIFcwK3ewJ249QaewQt4DnsSBSP6oODxXhWvqoJECmMpffdGRsfGJyZzU/npmdm5+cLC4pmJU82xxmMZ64uAGZRCYc0KK/Ei0ciiQOJ5cHuQ+ed3qI2I1altJ9iIWEuJUHBmnXSCV+vXhSItbW9tliubhJYorfplPyPlamWjQnynZCjuvuV3egBwdF34uGzGPI1QWS6ZMXWfJrbRYdoKLrGbv0wNJozfshbWHVUsQtPo9FftklWnNEkYa1fKkr76c6LDImPaUeA6I2ZvzG8vE//y6qkNtxodoZLUouKDoDCVxMYku5s0hUZuZdsRxrVwuxJ+wzTj1n1nKCXEtoqSbt495vt68j85K5d8WvKPaXFvHwbIwTKswBr4UIU9OIQjqAGHFtzDAzx6Pe/Je/ZeBq0j3tfMEgzBe/0ECgyYEQ==</latexit><latexit sha1_base64="ju8Jd1PCXT7TEJJQss/Tv2/qiaM=">AAAB/nicdVBLSgNBEO3x7/iLunTTGAQ3hp4YjC5E0Y1LRfOBJEpPpyZp0tMzdPcIQwh4Abd6AMGduPUGHkG8gOewxyio6IOCx3tVvKryY8G1IeTVGRkdG5+YnJp2Z2bn5hdyi0tVHSWKQYVFIlJ1n2oQXELFcCOgHiugoS+g5vcOM792CUrzSJ6ZNIZWSDuSB5xRY6VTON+4yOVJYWd7q1jawqRASNkrehkplkubJexZJUN+79ndje9e3OOL3FuzHbEkBGmYoFo3PBKbVp8qw5mAgdtMNMSU9WgHGpZKGoJu9T9WHeA1q7RxEClb0uAP9ftEn4Zap6FvO0Nquvq3l4l/eY3EBNutPpdxYkCyYVCQCGwinN2N21wBMyK1hDLF7a6YdamizNjv/EgJIJVhPHDtY76ux/+TarHgkYJ3QvL7B2iIKbSCVtE68lAZ7aMjdIwqiKEOukY36Na5cu6dB+dx2DrifM4sox9wnt4BGKuZhQ==</latexit><latexit sha1_base64="ju8Jd1PCXT7TEJJQss/Tv2/qiaM=">AAAB/nicdVBLSgNBEO3x7/iLunTTGAQ3hp4YjC5E0Y1LRfOBJEpPpyZp0tMzdPcIQwh4Abd6AMGduPUGHkG8gOewxyio6IOCx3tVvKryY8G1IeTVGRkdG5+YnJp2Z2bn5hdyi0tVHSWKQYVFIlJ1n2oQXELFcCOgHiugoS+g5vcOM792CUrzSJ6ZNIZWSDuSB5xRY6VTON+4yOVJYWd7q1jawqRASNkrehkplkubJexZJUN+79ndje9e3OOL3FuzHbEkBGmYoFo3PBKbVp8qw5mAgdtMNMSU9WgHGpZKGoJu9T9WHeA1q7RxEClb0uAP9ftEn4Zap6FvO0Nquvq3l4l/eY3EBNutPpdxYkCyYVCQCGwinN2N21wBMyK1hDLF7a6YdamizNjv/EgJIJVhPHDtY76ux/+TarHgkYJ3QvL7B2iIKbSCVtE68lAZ7aMjdIwqiKEOukY36Na5cu6dB+dx2DrifM4sox9wnt4BGKuZhQ==</latexit><latexit sha1_base64="9fKFcOGJ8VHgq8wKIxxSvHTEvII=">AAAB/nicdVBNS0JBFJ1nX2ZfVss2QxK0SeaZqO2kNi2NUgM1mTfep4Pz5j1m5gUiQn+gbf2DdtG2v9If6Hc0Tw0y6sCFwzn3cu89XiS4NoR8OKml5ZXVtfR6ZmNza3snu7vX0GGsGNRZKEJ161ENgkuoG24E3EYKaOAJaHrDi8Rv3oPSPJQ3ZhRBJ6B9yX3OqLHSNdyddLM5kj+rlArFEiZ5QspuwU1IoVw8LWLXKglyaI5aN/vZ7oUsDkAaJqjWLZdEpjOmynAmYJJpxxoiyoa0Dy1LJQ1Ad8bTUyf4yCo97IfKljR4qv6cGNNA61Hg2c6AmoH+7SXiX14rNn6lM+Yyig1INlvkxwKbECd/4x5XwIwYWUKZ4vZWzAZUUWZsOgtbfBjJIJpkbDDf3+P/SaOQd0nevSK56vk8ojQ6QIfoGLmojKroEtVQHTHUR4/oCT07D86L8+q8zVpTznxmHy3Aef8CdsGWRA==</latexit>

e�
<latexit sha1_base64="BXfuU2asMDGBjUS6OT1TzY3EUi8=">AAAB/nicdVBLSgNBEK3xG+Mv6tJNYxDcGHpiMLoQRTcuFY0KMUpPpyY29vQM3T1CCIFcwK3ewJ249QaewQt4DnsSBSP6oODxXhWvqoJECmMpffdGRsfGJyZzU/npmdm5+cLC4pmJU82xxmMZ64uAGZRCYc0KK/Ei0ciiQOJ5cHuQ+ed3qI2I1altJ9iIWEuJUHBmnXSCV+vXhSItbW9tliubhJYorfplPyPlamWjQnynZCjuvuV3egBwdF34uGzGPI1QWS6ZMXWfJrbRYdoKLrGbv0wNJozfshbWHVUsQtPo9FftklWnNEkYa1fKkr76c6LDImPaUeA6I2ZvzG8vE//y6qkNtxodoZLUouKDoDCVxMYku5s0hUZuZdsRxrVwuxJ+wzTj1n1nKCXEtoqSbt495vt68j85K5d8WvKPaXFvHwbIwTKswBr4UIU9OIQjqAGHFtzDAzx6Pe/Je/ZeBq0j3tfMEgzBe/0ECgyYEQ==</latexit><latexit sha1_base64="ju8Jd1PCXT7TEJJQss/Tv2/qiaM=">AAAB/nicdVBLSgNBEO3x7/iLunTTGAQ3hp4YjC5E0Y1LRfOBJEpPpyZp0tMzdPcIQwh4Abd6AMGduPUGHkG8gOewxyio6IOCx3tVvKryY8G1IeTVGRkdG5+YnJp2Z2bn5hdyi0tVHSWKQYVFIlJ1n2oQXELFcCOgHiugoS+g5vcOM792CUrzSJ6ZNIZWSDuSB5xRY6VTON+4yOVJYWd7q1jawqRASNkrehkplkubJexZJUN+79ndje9e3OOL3FuzHbEkBGmYoFo3PBKbVp8qw5mAgdtMNMSU9WgHGpZKGoJu9T9WHeA1q7RxEClb0uAP9ftEn4Zap6FvO0Nquvq3l4l/eY3EBNutPpdxYkCyYVCQCGwinN2N21wBMyK1hDLF7a6YdamizNjv/EgJIJVhPHDtY76ux/+TarHgkYJ3QvL7B2iIKbSCVtE68lAZ7aMjdIwqiKEOukY36Na5cu6dB+dx2DrifM4sox9wnt4BGKuZhQ==</latexit><latexit sha1_base64="ju8Jd1PCXT7TEJJQss/Tv2/qiaM=">AAAB/nicdVBLSgNBEO3x7/iLunTTGAQ3hp4YjC5E0Y1LRfOBJEpPpyZp0tMzdPcIQwh4Abd6AMGduPUGHkG8gOewxyio6IOCx3tVvKryY8G1IeTVGRkdG5+YnJp2Z2bn5hdyi0tVHSWKQYVFIlJ1n2oQXELFcCOgHiugoS+g5vcOM792CUrzSJ6ZNIZWSDuSB5xRY6VTON+4yOVJYWd7q1jawqRASNkrehkplkubJexZJUN+79ndje9e3OOL3FuzHbEkBGmYoFo3PBKbVp8qw5mAgdtMNMSU9WgHGpZKGoJu9T9WHeA1q7RxEClb0uAP9ftEn4Zap6FvO0Nquvq3l4l/eY3EBNutPpdxYkCyYVCQCGwinN2N21wBMyK1hDLF7a6YdamizNjv/EgJIJVhPHDtY76ux/+TarHgkYJ3QvL7B2iIKbSCVtE68lAZ7aMjdIwqiKEOukY36Na5cu6dB+dx2DrifM4sox9wnt4BGKuZhQ==</latexit><latexit sha1_base64="9fKFcOGJ8VHgq8wKIxxSvHTEvII=">AAAB/nicdVBNS0JBFJ1nX2ZfVss2QxK0SeaZqO2kNi2NUgM1mTfep4Pz5j1m5gUiQn+gbf2DdtG2v9If6Hc0Tw0y6sCFwzn3cu89XiS4NoR8OKml5ZXVtfR6ZmNza3snu7vX0GGsGNRZKEJ161ENgkuoG24E3EYKaOAJaHrDi8Rv3oPSPJQ3ZhRBJ6B9yX3OqLHSNdyddLM5kj+rlArFEiZ5QspuwU1IoVw8LWLXKglyaI5aN/vZ7oUsDkAaJqjWLZdEpjOmynAmYJJpxxoiyoa0Dy1LJQ1Ad8bTUyf4yCo97IfKljR4qv6cGNNA61Hg2c6AmoH+7SXiX14rNn6lM+Yyig1INlvkxwKbECd/4x5XwIwYWUKZ4vZWzAZUUWZsOgtbfBjJIJpkbDDf3+P/SaOQd0nevSK56vk8ojQ6QIfoGLmojKroEtVQHTHUR4/oCT07D86L8+q8zVpTznxmHy3Aef8CdsGWRA==</latexit>

e+
<latexit sha1_base64="1Djt0396z+bNiMbgILkyk/3SqeQ=">AAAB/nicdVBLSgNBEK3xG+Mv6tJNYxAEIcwkmpiFKLpxGdGokMTQ06lJGnt6hu4eIYSAF3CrN3Anbr2BZ/ACnsNOomBEHxQ83quiqp4fC66N6747E5NT0zOzqbn0/MLi0nJmZfVCR4liWGWRiNSVTzUKLrFquBF4FSukoS/w0r85HviXt6g0j+S56cbYCGlb8oAzaqx0htfbzUzWzXkFr7CzS9xcuVwulkqWuPlCMb9DvJw7RPbgLb1/BwCVZuaj3opYEqI0TFCta54bm0aPKsOZwH66nmiMKbuhbaxZKmmIutEbntonm1ZpkSBStqQhQ/XnRI+GWndD33aG1HT0b28g/uXVEhPsNXpcxolByUaLgkQQE5HB36TFFTIjupZQpri9lbAOVZQZm87YlgC7Moz7aRvM9/fkf3KRz3k2v1M3e3gEI6RgHTZgCzwowSGcQAWqwKAN9/AAj86d8+Q8Oy+j1gnna2YNxuC8fgIdJZge</latexit><latexit sha1_base64="rMGIoIR8iUSH3pHBqR35P6cpvjI=">AAAB/nicdVDdSgJBFJ7t17Y/q8tuhiQIAtlV07yIpG66NEoN1GJ2PKuDs7PLzGwgIvQC3dYDBN1Ft71BjxC9QM/RqAUZ9cGBj+87h3PO50WcKe0479bU9Mzs3HxiwV5cWl5ZTa6tV1UYSwoVGvJQXnhEAWcCKpppDheRBBJ4HGpe93jo165BKhaKc92LoBmQtmA+o0Qb6Qwud6+SKSftZt1sbg876WKxmC8UDHEy2Xwmh920M0Lq8NU+iB7e7PJV8qPRCmkcgNCUE6XqrhPpZp9IzSiHgd2IFUSEdkkb6oYKEoBq9kenDvC2UVrYD6UpofFI/TnRJ4FSvcAznQHRHfXbG4p/efVY+/vNPhNRrEHQ8SI/5liHePg3bjEJVPOeIYRKZm7FtEMkodqkM7HFh54IooFtgvn+Hv9Pqpm0a/I7dVKlIzRGAm2iLbSDXFRAJXSCyqiCKGqjW3SH7q0b69F6sp7HrVPW18wGmoD18gkrxJmS</latexit><latexit sha1_base64="rMGIoIR8iUSH3pHBqR35P6cpvjI=">AAAB/nicdVDdSgJBFJ7t17Y/q8tuhiQIAtlV07yIpG66NEoN1GJ2PKuDs7PLzGwgIvQC3dYDBN1Ft71BjxC9QM/RqAUZ9cGBj+87h3PO50WcKe0479bU9Mzs3HxiwV5cWl5ZTa6tV1UYSwoVGvJQXnhEAWcCKpppDheRBBJ4HGpe93jo165BKhaKc92LoBmQtmA+o0Qb6Qwud6+SKSftZt1sbg876WKxmC8UDHEy2Xwmh920M0Lq8NU+iB7e7PJV8qPRCmkcgNCUE6XqrhPpZp9IzSiHgd2IFUSEdkkb6oYKEoBq9kenDvC2UVrYD6UpofFI/TnRJ4FSvcAznQHRHfXbG4p/efVY+/vNPhNRrEHQ8SI/5liHePg3bjEJVPOeIYRKZm7FtEMkodqkM7HFh54IooFtgvn+Hv9Pqpm0a/I7dVKlIzRGAm2iLbSDXFRAJXSCyqiCKGqjW3SH7q0b69F6sp7HrVPW18wGmoD18gkrxJmS</latexit><latexit sha1_base64="YzyPl6wCOTnGppMfnedXKv06G3Q=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoMgCGE3iYm5Bb14jGgSIYlhdtKbDJmdXWZmhWUJ+ANe9Q+8iVd/xR/wO5w8BCNa0FBUddPd5YacKW3bH1ZqaXlldS29ntnY3Nreye7uNVUQSQoNGvBA3rpEAWcCGpppDrehBOK7HFru6GLit+5BKhaIGx2H0PXJQDCPUaKNdA13J71szs47RadYOsV2vlqtlisVQ+xCsVwoYSdvT5FDc9R72c9OP6CRD0JTTpRqO3aouwmRmlEO40wnUhASOiIDaBsqiA+qm0xPHeMjo/SxF0hTQuOp+nMiIb5Sse+aTp/oofrtTcS/vHakvbNuwkQYaRB0tsiLONYBnvyN+0wC1Tw2hFDJzK2YDokkVJt0FrZ4EAs/HGdMMN/f4/9Js5B3TH5Xdq52Po8ojQ7QITpGDqqgGrpEddRAFA3QI3pCz9aD9WK9Wm+z1pQ1n9lHC7DevwCJ2pZR</latexit>

~1 meter

e�
<latexit sha1_base64="BXfuU2asMDGBjUS6OT1TzY3EUi8=">AAAB/nicdVBLSgNBEK3xG+Mv6tJNYxDcGHpiMLoQRTcuFY0KMUpPpyY29vQM3T1CCIFcwK3ewJ249QaewQt4DnsSBSP6oODxXhWvqoJECmMpffdGRsfGJyZzU/npmdm5+cLC4pmJU82xxmMZ64uAGZRCYc0KK/Ei0ciiQOJ5cHuQ+ed3qI2I1altJ9iIWEuJUHBmnXSCV+vXhSItbW9tliubhJYorfplPyPlamWjQnynZCjuvuV3egBwdF34uGzGPI1QWS6ZMXWfJrbRYdoKLrGbv0wNJozfshbWHVUsQtPo9FftklWnNEkYa1fKkr76c6LDImPaUeA6I2ZvzG8vE//y6qkNtxodoZLUouKDoDCVxMYku5s0hUZuZdsRxrVwuxJ+wzTj1n1nKCXEtoqSbt495vt68j85K5d8WvKPaXFvHwbIwTKswBr4UIU9OIQjqAGHFtzDAzx6Pe/Je/ZeBq0j3tfMEgzBe/0ECgyYEQ==</latexit><latexit sha1_base64="ju8Jd1PCXT7TEJJQss/Tv2/qiaM=">AAAB/nicdVBLSgNBEO3x7/iLunTTGAQ3hp4YjC5E0Y1LRfOBJEpPpyZp0tMzdPcIQwh4Abd6AMGduPUGHkG8gOewxyio6IOCx3tVvKryY8G1IeTVGRkdG5+YnJp2Z2bn5hdyi0tVHSWKQYVFIlJ1n2oQXELFcCOgHiugoS+g5vcOM792CUrzSJ6ZNIZWSDuSB5xRY6VTON+4yOVJYWd7q1jawqRASNkrehkplkubJexZJUN+79ndje9e3OOL3FuzHbEkBGmYoFo3PBKbVp8qw5mAgdtMNMSU9WgHGpZKGoJu9T9WHeA1q7RxEClb0uAP9ftEn4Zap6FvO0Nquvq3l4l/eY3EBNutPpdxYkCyYVCQCGwinN2N21wBMyK1hDLF7a6YdamizNjv/EgJIJVhPHDtY76ux/+TarHgkYJ3QvL7B2iIKbSCVtE68lAZ7aMjdIwqiKEOukY36Na5cu6dB+dx2DrifM4sox9wnt4BGKuZhQ==</latexit><latexit sha1_base64="ju8Jd1PCXT7TEJJQss/Tv2/qiaM=">AAAB/nicdVBLSgNBEO3x7/iLunTTGAQ3hp4YjC5E0Y1LRfOBJEpPpyZp0tMzdPcIQwh4Abd6AMGduPUGHkG8gOewxyio6IOCx3tVvKryY8G1IeTVGRkdG5+YnJp2Z2bn5hdyi0tVHSWKQYVFIlJ1n2oQXELFcCOgHiugoS+g5vcOM792CUrzSJ6ZNIZWSDuSB5xRY6VTON+4yOVJYWd7q1jawqRASNkrehkplkubJexZJUN+79ndje9e3OOL3FuzHbEkBGmYoFo3PBKbVp8qw5mAgdtMNMSU9WgHGpZKGoJu9T9WHeA1q7RxEClb0uAP9ftEn4Zap6FvO0Nquvq3l4l/eY3EBNutPpdxYkCyYVCQCGwinN2N21wBMyK1hDLF7a6YdamizNjv/EgJIJVhPHDtY76ux/+TarHgkYJ3QvL7B2iIKbSCVtE68lAZ7aMjdIwqiKEOukY36Na5cu6dB+dx2DrifM4sox9wnt4BGKuZhQ==</latexit><latexit sha1_base64="9fKFcOGJ8VHgq8wKIxxSvHTEvII=">AAAB/nicdVBNS0JBFJ1nX2ZfVss2QxK0SeaZqO2kNi2NUgM1mTfep4Pz5j1m5gUiQn+gbf2DdtG2v9If6Hc0Tw0y6sCFwzn3cu89XiS4NoR8OKml5ZXVtfR6ZmNza3snu7vX0GGsGNRZKEJ161ENgkuoG24E3EYKaOAJaHrDi8Rv3oPSPJQ3ZhRBJ6B9yX3OqLHSNdyddLM5kj+rlArFEiZ5QspuwU1IoVw8LWLXKglyaI5aN/vZ7oUsDkAaJqjWLZdEpjOmynAmYJJpxxoiyoa0Dy1LJQ1Ad8bTUyf4yCo97IfKljR4qv6cGNNA61Hg2c6AmoH+7SXiX14rNn6lM+Yyig1INlvkxwKbECd/4x5XwIwYWUKZ4vZWzAZUUWZsOgtbfBjJIJpkbDDf3+P/SaOQd0nevSK56vk8ojQ6QIfoGLmojKroEtVQHTHUR4/oCT07D86L8+q8zVpTznxmHy3Aef8CdsGWRA==</latexit>

e�
<latexit sha1_base64="BXfuU2asMDGBjUS6OT1TzY3EUi8=">AAAB/nicdVBLSgNBEK3xG+Mv6tJNYxDcGHpiMLoQRTcuFY0KMUpPpyY29vQM3T1CCIFcwK3ewJ249QaewQt4DnsSBSP6oODxXhWvqoJECmMpffdGRsfGJyZzU/npmdm5+cLC4pmJU82xxmMZ64uAGZRCYc0KK/Ei0ciiQOJ5cHuQ+ed3qI2I1altJ9iIWEuJUHBmnXSCV+vXhSItbW9tliubhJYorfplPyPlamWjQnynZCjuvuV3egBwdF34uGzGPI1QWS6ZMXWfJrbRYdoKLrGbv0wNJozfshbWHVUsQtPo9FftklWnNEkYa1fKkr76c6LDImPaUeA6I2ZvzG8vE//y6qkNtxodoZLUouKDoDCVxMYku5s0hUZuZdsRxrVwuxJ+wzTj1n1nKCXEtoqSbt495vt68j85K5d8WvKPaXFvHwbIwTKswBr4UIU9OIQjqAGHFtzDAzx6Pe/Je/ZeBq0j3tfMEgzBe/0ECgyYEQ==</latexit><latexit sha1_base64="ju8Jd1PCXT7TEJJQss/Tv2/qiaM=">AAAB/nicdVBLSgNBEO3x7/iLunTTGAQ3hp4YjC5E0Y1LRfOBJEpPpyZp0tMzdPcIQwh4Abd6AMGduPUGHkG8gOewxyio6IOCx3tVvKryY8G1IeTVGRkdG5+YnJp2Z2bn5hdyi0tVHSWKQYVFIlJ1n2oQXELFcCOgHiugoS+g5vcOM792CUrzSJ6ZNIZWSDuSB5xRY6VTON+4yOVJYWd7q1jawqRASNkrehkplkubJexZJUN+79ndje9e3OOL3FuzHbEkBGmYoFo3PBKbVp8qw5mAgdtMNMSU9WgHGpZKGoJu9T9WHeA1q7RxEClb0uAP9ftEn4Zap6FvO0Nquvq3l4l/eY3EBNutPpdxYkCyYVCQCGwinN2N21wBMyK1hDLF7a6YdamizNjv/EgJIJVhPHDtY76ux/+TarHgkYJ3QvL7B2iIKbSCVtE68lAZ7aMjdIwqiKEOukY36Na5cu6dB+dx2DrifM4sox9wnt4BGKuZhQ==</latexit><latexit sha1_base64="ju8Jd1PCXT7TEJJQss/Tv2/qiaM=">AAAB/nicdVBLSgNBEO3x7/iLunTTGAQ3hp4YjC5E0Y1LRfOBJEpPpyZp0tMzdPcIQwh4Abd6AMGduPUGHkG8gOewxyio6IOCx3tVvKryY8G1IeTVGRkdG5+YnJp2Z2bn5hdyi0tVHSWKQYVFIlJ1n2oQXELFcCOgHiugoS+g5vcOM792CUrzSJ6ZNIZWSDuSB5xRY6VTON+4yOVJYWd7q1jawqRASNkrehkplkubJexZJUN+79ndje9e3OOL3FuzHbEkBGmYoFo3PBKbVp8qw5mAgdtMNMSU9WgHGpZKGoJu9T9WHeA1q7RxEClb0uAP9ftEn4Zap6FvO0Nquvq3l4l/eY3EBNutPpdxYkCyYVCQCGwinN2N21wBMyK1hDLF7a6YdamizNjv/EgJIJVhPHDtY76ux/+TarHgkYJ3QvL7B2iIKbSCVtE68lAZ7aMjdIwqiKEOukY36Na5cu6dB+dx2DrifM4sox9wnt4BGKuZhQ==</latexit><latexit sha1_base64="9fKFcOGJ8VHgq8wKIxxSvHTEvII=">AAAB/nicdVBNS0JBFJ1nX2ZfVss2QxK0SeaZqO2kNi2NUgM1mTfep4Pz5j1m5gUiQn+gbf2DdtG2v9If6Hc0Tw0y6sCFwzn3cu89XiS4NoR8OKml5ZXVtfR6ZmNza3snu7vX0GGsGNRZKEJ161ENgkuoG24E3EYKaOAJaHrDi8Rv3oPSPJQ3ZhRBJ6B9yX3OqLHSNdyddLM5kj+rlArFEiZ5QspuwU1IoVw8LWLXKglyaI5aN/vZ7oUsDkAaJqjWLZdEpjOmynAmYJJpxxoiyoa0Dy1LJQ1Ad8bTUyf4yCo97IfKljR4qv6cGNNA61Hg2c6AmoH+7SXiX14rNn6lM+Yyig1INlvkxwKbECd/4x5XwIwYWUKZ4vZWzAZUUWZsOgtbfBjJIJpkbDDf3+P/SaOQd0nevSK56vk8ojQ6QIfoGLmojKroEtVQHTHUR4/oCT07D86L8+q8zVpTznxmHy3Aef8CdsGWRA==</latexit>

e+
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A′

Compact e+e- spectrometer,  

immediately downstream of thin 
target in multi-GeV beam in Hall B.

• Low-mass, high-rate (>5 MHz/mm2) 
silicon tracker (SVT) allows 
vertexing long-lived A′.  
SVT must suppress SM tridents  
from target by factor ~107

• PbWO4 ECal trigger eliminates 10’s 
MHz scattered single e-.

Short engineering runs in  
2015 (1.7 days) and 2016 (5.4 days)
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e- beam + spectrometer w/ vertexing:  
HPS @ JLab CEBAF (2015-?)
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MHz scattered single e-.

Short engineering runs in  
2015 (1.7 days) and 2016 (5.4 days)
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FIG. 3. The 95% C.L. power-constrained [32] upper limits on
✏2 versus A0 mass obtained in this analysis. A limit at the level
of 6⇥ 10�6 is set. Existing limits from beam dump [21, 33–
40], collider [22, 41–44] and fixed target experiments [45–48]
are also shown. The region labeled “ae” is an exclusion based
on the electron g� 2 [49–52] . The green band labeled “aµ ±
2�” represents the region that an A0 can be used to explain
the discrepancy between the measured and calculated muon
anomalous magnetic moment [16, 17].

VI. CONCLUSION

A resonance search for a heavy photon with a mass
between 19 and 81 MeV which decays to an e+e� pair
was performed. A search for a resonance in the e+e� in-
variant mass spectrum yielded no significant excess and
established upper limits on the square of the coupling at
the level of 6⇥10�6, confirming results of earlier searches.
While not covering new territory in this short engineer-
ing run, this search did establish that HPS operates as
designed and will, with future running, extend coverage
for ✏2 below the level of 10�6. Coverage of unexplored
parameter space at smaller values of the coupling will be
possible from a search for events with displaced vertices.
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2015 Displaced Vertex Search arXiv:1812.02169 [hep-ex]

No new sensitivity for minimal dark photons, but analyses proved concept in advance of physics runs.

Preparing publication for 2016 A′ results, to be followed by a first result for SIMPs

https://arxiv.org/abs/1812.02169
https://arxiv.org/abs/1812.02169
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First physics run 6/17 — 9/8/2019 at 4.55 GeV collected ~2 weeks of data.

e- beam + spectrometer w/ vertexing:  
HPS @ JLab CEBAF (2015-?)

HPS is scheduled for 4 weeks in 2021.  
Future run plan for rest of approved time is under review by the JLab PAC.

9

10�2 10�1 100

A� Mass (GeV)

10�10

10�9

10�8

10�7

10�6

10�5

10�4

�2

The
rm

al
tar

ge
ts:

�D
=

0.5
,M

A
0/M

�
=

1.5

aµ±2�

ae

BaBar

LHCb

LHCb

LHCb

NA48/2

HPS 2015

APEX
Test Run

KLOE
KLOE

HADES
PHENIX

Mainz

NA64

E774

E141

Orsay/E137/CHARM/U70

HPS 2019

HPS Simulation Preliminary

10�2 10�1 100

A� Mass (GeV)

10�10

10�9

10�8

10�7

10�6

10�5

10�4

�2

The
rm

al
tar

ge
ts:

�D
=

0.5
,M

A
0/M

�
=

1.5

aµ±2�

ae

BaBar

LHCb

LHCb

LHCb

NA48/2

HPS 2015

APEX
Test Run

KLOE
KLOE

HADES
PHENIX

Mainz

NA64

E774

E141

Orsay/E137/CHARM/U70

HPS Full Lumi

HPS Simulation Preliminary

FIG. 7: The reach anticipated from the displaced vertex analysis on the 2019 dataset (left, green contour)
and proposed future operations (right, green contour) that utilize the remainder of the approved running
time for HPS. Modest new reach for the resonance search, not shown here, is also anticipated for the full
luminosity. Existing limits from beam dump, collider and fixed target experiments are also shown along
with regions favored and excluded by measurements of the anomalous magnetic moments of the muon and
electron respectively. A comprehensive review of all exclusions can be found in [1, 12].

ator of DM-SM interactions responsible for setting the observed dark matter abundance through
freeze-out: the so-called “thermal targets.”

5.1. Scheduled Run in 2021 at 3.8 GeV

The sensitivity and complementary of HPS with other experiments is best just below the di-
muon mass threshold, which is accessed by operation between roughly 3-5 GeV beam energy.
Accordingly, the first goal is the collection of a large dataset at a beam energy in the vicinity
of 4 GeV. HPS is currently scheduled to operate for 60 days during the summer of 2021 at a
beam energy of ⇡3.8 GeV. Assuming typical 50% uptime, the resulting dataset would correspond
to roughly four PAC weeks. Prior to operation, HPS will perform maintenance on the detector,
including repairing damage to the SVT sustained during operations in 2019. In particular, the
front-end boards – damaged by radiation – will be completely replaced with a more robust design,
and damaged sensor modules in the first two layers will be replaced with new modules assembled
with an improved sensor design. Work on these projects is already underway. Together with
improvements to beamline diagnostics and tuning procedures, these changes will ensure against
the operational issues experienced during the 2019 run.

5.2. HPS Operations Beyond 2021

After operation in 2021, there will be 107 PAC days (⇡15 weeks) of approved running time
still allocated to the HPS experiment. Splitting future running time – including the 2021 Run –
equally between ⇡2 GeV and ⇡4 GeV would be roughly 9 PAC weeks at each energy, enough to
provide overlapping coverage in mass as desired. Because sensitivity in mass-coupling space grows
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p+ beam + shallow dump + spectrometer 
SeaQuest/DarkQuest/LongQuest @ FNAL (2017-?)

SeaQuest/SpinQuest nuclear physics experiment:

• Fixed target muon spectrometer at FNAL

• Parasitic program of dark photon searches 
with addition of displaced vertex muon trigger

• Shallow dump + large boost accesses larger 
couplings than previous dump experiments

DarkQuest proposal: 

Adds ECal, improves DAQ/Trigger for operation to 
1.4E18 (DQ1) and 1E20 (DQ2) POT

The SeaQuest facility

Fixed-target muon
spectrometer, Fermilab
120 GeV proton beam
Primary program:
Drell-Yan
measurements of sea
quark distributions

I E906 (unpolarized
targets, 2012–2017),
E1039 (polarized
targets, 2019–2020)

Parasitic searches for
dark photons approved
2015 (E1067)

arXiv:1706.09990

Sho Uemura Dark Photons at SeaQuest May 30, 2018 2/ 13
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Figure 3: Comparison of the DarkQuest reach and the reach of other proposed experiments at CERN
(NA62++, FASER, SHiP, CODEX-b, and MATHUSLA) with the corresponding timescale. Left panel:
visible dark photon model. Right panel: Thermal inelastic dark matter models (from [7]). Lower panel:
Right-handed neutrinos mixing with the SM tau-neutrino (from [10]).

SIMPs The dark sector interactions described above are weak, in the sense that they do not lead to
confinement, akin to the SM Weak and electromagnetic interactions. If the dark sector instead interacts
strongly with itself (like QCD in the SM), then the particle content and cosmological history can be
qualitatively di↵erent.

In the strongly-interacting massive particle paradigm, the dark sector consists of dark quarks charged
under a confining gauge group. The DM is then composed of the pions, ⇡D, of this dark QCD. In addition
to these states, SIMP models also give rise to hidden sector spin-1 vector mesons, VD, the analogs of
the ⇢, �, and ! of the SM. These vector mesons contribute sizably to the cosmological history of the
DM states, ⇡D. A viable cosmology where ⇡D constitutes all of the DM requires a coupling to the SM
mediated by the dark photon. In these models, the dark photon generically decays to a stable dark pion,
⇡D , and an unstable vector, VD that subsequently decays to SM leptons after traveling a macroscopic
distance.

The strong interactions in the dark sector give rise to qualitatively new production mechanisms [12,
13], which favor di↵erent regions of thermal parameter space compared to weakly-coupled scenarios [6].
These target regions are shown in green in the right panel of Fig. 1. DarkQuest can test these models
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(a) Updates on dark photon bounds and the NA62 projection.
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(b) Compilation of projections and constraints on dark photon.

FIG. 3. We show updates on the kinetically-mixed visibly decaying dark photon constraints and projections. In (a), gray
contours are the previous bounds set based on analyses of NuCal [55, 58] and CHARM [57] experiments. In (b), projections for
future experiments are shown in dot-dashed curves with color and also labeled in the plot. In both (a) and (b), our updated
bounds on CHARM (purple), NuCal (blue), and new projections of NA62 (red) and LongQuest-I (black) are shown. Note that
we do not find any fundamental disagreement with the pioneering works on dark photon constraints from CHARM and NuCal
[55, 57, 58]. We add relevant production channels and have a conservative assumption of meson production rates. Readers can
take our CHARM and NuCal constraints as conservative limits.

than ten events for the sensitivity of SQ/DQ 1018 POT
run. For the SQ/DQ 1020 POT run, we assume 103

background events (a rough estimation from long-lived
kaon decays) to set a sensitivity projection. One can
see that SQ/DQ does improve the sensitivity to smaller
couplings with a 1020 POT run. However, as can be
seen in this figure, the sensitivity to iDM in the (g ≠ 2)µ

valid regime is not improved by SQ/DQ phase I and II.
We then show that the proposed LongQuest-I upgrades
with reduced background and no KMAG magnetic field
would help explore the iDM muon g-2 regime in Fig. 2.
For the LongQuest-I analysis, we assume the background
is reduced to 10 percent of the SQ/DQ background.
Given the removal of KMAG and the potential soft SM
background, we consider the sensitivity of a 3-GeV energy
threshold cut and a projection with no energy threshold
cut. A realistic analysis may need to apply an energy cut
between these choices.

Below roughly 10 MeV, the iDM model as well as other
thermal light dark matter are subject to Ne� bound
[21, 158], and the proton fixed target probes become
suppressed by the limited phase space available to the
‰1l+l≠ states. We, therefore, choose to focus on iDM
masses larger than 10 MeV.

B. Minimal Dark Photon

We consider a dark photon with a mass between MeV
and 5 GeV. Many experiments have been proposed to
explore this region of the dark photon parameter space,
in large part because the dark photon can serve as
the mediator between dark matter and the SM to set
the relic abundance, or explain experimental anomalies,
e.g., the aforementioned muon g ≠ 2 anomaly, and
LSND/MiniBooNE anomalies [89]. The open parameter
space of ‘ ≥ 10≠8 ≠ 10≠3 avoids collider constraints
[32–38], beam-dump bounds [31, 39–60], rare-meson
decays [37, 38, 41, 53, 61–66], and can potentially be
explored by various searches in the near future [12, 67–
82].

We update the dark photon bounds from CHARM
and NuCal, taking into account additional relevant
production channels (production of dark photons from
÷ meson decays for NuCal and proton bremsstrahlung
for CHARM). The results are shown in Fig. 3a.
Interestingly, the bound does not get stronger for most
parameter space in our consideration, except for the high
mass regime, even though we take into account new
relevant production channels. The strength of the bounds
in the meson-decay dominated regime (mAÕ π m÷) are
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Like other similar experiments, DarkQuest has broad sensitivity to Dark Sectors:

• dark scalars

• strongly interacting massive particles:  
a confining interaction in the dark sector

• inelastic Dark Matter (iDM): 
large mass-splittings in dark states, can  
explain muon (g-2) anomaly.

•  heavy neutral leptons
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Figure 10. DarkQuest sensitivity to dark scalars. The contours correspond to 10 signal events as
obtained by adding the e

+
e
�, µ+

µ
�, ⇡+

⇡
�, K+

K
� channels, for combined dark scalar production

via K ! ⇡S, B ! KS, proton bremsstrahlung and gluon fusion. We display both the DarkQuest
Phase I sensitivity (solid, black) corresponding to Np = 1018 and 5 m - 6 m decay region, as well as
the DarkQuest Phase II sensitivity (dashed, black) corresponding to Np = 1020 and 7 m - 12 m decay
region. The gray shaded regions correspond to existing limits from past experiments. Also displayed
are estimates from a variety of proposed experiments; see the text for further details and discussion.

5 Summary

We have investigated the sensitivity of the Fermilab DarkQuest experiment to two simple

and well-motivated dark sector scenarios, heavy neutral leptons and Higgs-mixed scalars.

The proposed DarkQuest ECAL upgrade will allow for sensitive searches to a variety of

displaced final states containing charged particles and photons, which arise in the models

considered here from the decay of long lived HNLs or scalars. We have carefully estimated

the production and decay rates of these dark sector particles as well as the detector acceptance

to derive projections under two benchmark run scenarios. During the Phase I scenario based

on 1018 protons on target and a 5m - 6m fiducial decay region, DarkQuest will be able to

explore significant new parameter space for ⌧ -mixed HNLs and dark scalars in the mass range

of a few hundred MeV - 2 GeV. It is conceivable that this could be achieved on the 5 year

time scale, putting DarkQuest on a competitive footing with other proposed experiments.

Looking down the road, a potential Phase II scenario with 1020 protons on target and a 7m-

12m fiducial decay region would allow for improvements by more than one order of magnitude

in terms of the interaction rates with SM particles (proportional to squared mixing angle).

Our results build on past phenomenological studies [9–15] and provide further motivation

for the DarkQuest ECAL upgrade. This upgrade can be realized with a relatively modest

investment and will leverage the existing experimental infrastructure already in place to build

an exciting dark sector physics program at Fermilab.

– 21 –
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FIG. 5: Existing constraints (gray regions) and sensitivity of future searches (colored lines) to signals of strongly interacting
hidden sectors. In the left column, we assume that all hidden sector vector mesons decay to Standard Model particles via
two-body (V ! `+`�) or three-body (V ! ⇡`+`�) processes. In the right column, we assume that the vector mesons that
do not mix with the dark photon are heavier than 2m⇡. In this case, only the hidden sector ⇢ and � decay into Standard
Model particles via two-body processes, while the remaining vector mesons decay invisibly into dark matter pions. The shaded
regions are excluded by BaBar [45], E137 [46], Orsay [47], and searches for dark matter scattering at LSND [48], E137 [49],
and MiniBooNE [50], as described in the text. The colored contours correspond to the projected reach of HPS [51] (orange),
an upgraded version of SeaQuest [52] (magenta), and the proposed LDMX experiment [53] (purple and green). In evaluating
experimental exclusions and projected sensitivity, we have fixed ↵D = 10�2, mA0/m⇡ = 3, mV /m⇡ = 1.8, and m⇡/f⇡ = 3
(4⇡) in the top (bottom) row. The experimental results are insensitive to small variations in mV /m⇡ (except for values near
thresholds and resonances). In contrast, the dark matter abundance strongly depends on the V -⇡ mass splitting (see Fig. 4).
In each panel, hidden sector pions make up all of the dark matter along the solid (dashed) black contours for mV /m⇡ = 1.8
(1.6), while dark matter is overabundant below these lines. Even in the limiting case where m⇡/f⇡ = 4⇡ (which allows for the
smallest coupling between the hidden sector and Standard Model), cosmologically favored regions of parameter space can be
probed with existing and future experiments. Contours of the dark matter self-interaction cross-section per mass, �scatter/m⇡,
are shown as vertical gray dotted lines. For Nf = odd flavors of light HS quarks, light dot-dashed gray contours denote regions
excluded by measurements of the CMB.
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(a) iDM: � = 0.05, –D=0.5. (b) iDM Thermal Target: � = 0.05, ‘ = ‘relic.

(c) iDM: � = 0.1, –D=0.1. (d) iDM Thermal Target: iDM � = 0.1, ‘ = ‘relic.
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(e) Compilation of relevant constraints and sensitivity projections for iDM with –D = 0.1 and � = 0.1.

FIG. 1. We show new constraints on iDM based on the data of CHARM (purple) and NuCal (blue), and the projected sensitivity
of the NA62 beam-dump run (red). The gray shaded regions are previously existing constraints, excluding E137 decay (see
Sec. IV A). In (e), we include the potential E137 decay constraint [14, 17, 44] along with projections from MiniBooNE [14],
BDX [14], LDMX [17, 144, 145], JSNS2 [146], MATHUSLA [86, 147], CODEX-b [86, 143], FASER [81, 86], LHCb [36, 80, 148],
Belle-II [149], SeaQuest [17]. Other probes outside of this parameter space (see, e.g., [77, 150, 151]) are not shown. One can
see E137, MiniBooNE and BDX projections are already covered by CHARM and NuCal.
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.

FIG. 2. This plot shows constraints and sensitivity projections for iDM within the muon g ≠ 2 motivated regime. The muon
g ≠ 2 favored regime is the light-green band while the thick-black curve is again the parameter contour yielding the correct
DM relic abundance. We considered the bounds from CHARM (purple) and NuCal (blue), and projections from NA62 (1018

POT: red, 1.3 ◊ 1016 POT: magenta), SQ/DQ (1020 POT: dashed-cyan, 1.4◊1018 POT: dashed-pine green), and LongQuest-I
(3-GeV cut: darker green, no-cut: black). In (b), we only plot LongQuest-I no cut curve because it is basically identical as the
3-GeV cut result. The gray region is the previously existing constraints.

the original data set) is needed to determine robust
constraints properly. Instead, we show the potential
E137 constraints estimated from [17, 87] as gray dot-
dashed curves in both Fig. 1 and Fig. 2. One can see
that the E137 curves are already covered by CHARM
and NuCal constraints. A quick estimation shows that
the E137 decay bounds from [44] are always weaker than
the CHARM and NuCal constraints we derive, regardless
of the cuts.

As shown in Fig. 1, CHARM and NuCal provide
strong constraints on iDM with small mass splittings,
almost excluding all of the regimes that predict the
correct DM relic abundance. NA62, with its projected
sensitivity shown by a dotted purple line, can further
improve the exploration of these iDM scenarios.

Other future probes of iDM [86], including LHC
(ALTAS and CMS) [150, 151], LHC EWPT test [77],
LHCb [36, 80, 148], SeaQuest [17], Belle-II [149],
CODEX-b [143] FASER [81], MATHUSLA [147], Babar
[150], MiniBooNE [14], JSNS2 [146], BDX [14], and
LDMX [17, 144, 145] which can also improve the limits
on iDM with small mass splittings. The ones that are
relevant for the 10 MeV to GeV regime are also included
in Fig. 1e.

For the large mass splitting iDM parameter space
motivated by the muon g ≠ 2 anomaly, the proton fixed-

target experiments also provide strong new constraints,
as shown in Fig. 2. In order to resolve the muon g ≠ 2
discrepancy, there must be large kinetic mixing between
the dark and SM photons, and the dark photon must
have a mass greater than ≥ 300 MeV to escape existing
constraints. The CHARM and NuCal analyses poorly
constrain this still-open muon g ≠ 2 favored parameter
space because the combination of large mass and strong
coupling to the SM leads the ‰2 particles to decay
before they reach the fiducial decay regions. In principle,
SQ/DQ should provide the best sensitivity probes in this
regime, given that it has the shortest distance between
the target and the fiducial decay region among all the
experiments we consider. However, we found that the
sensitivity to this regime is only comparable to that of
CHARM and NuCal. The reason for this is understood:
the strong magnetic field in the KMAG suppresses new
physics events by kicking the visible charged products
out of the decay volume [17]. This e�ect is particularly
significant for iDM because the lepton pairs from ‰2
decays are soft, given that the ‰1 takes a large fraction of
the ‰2 energy. The signal suppression from the KMAG
e�ectively cancels out the benefit of a shorter baseline
of SQ/DQ. In Fig. 2, we show the first study of the
iDM muon g ≠ 2 regime in SQ/DQ assuming a sizable
mass splitting � = 0.4. We place a contour on greater
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Figure 5. Projected reach for µ-flavored HNLs (left panel) and ⌧ -flavored HNLs (right panel) in the
mN vs |Uµ,⌧ |

2 plane. DarkQuest Phase I is represented by the black solid line, and Phase II by the
black dashed line. Current limits (gray) and limits from proposed future experiments (colored dashed)
are also displayed for comparison; see the text for a details. Limits are set requiring 10 signal events.

We conclude that DarkQuest Phase I can probe a significant region of currently unex-

plored parameter space for ⌧ -aligned HNLs. For the Phase II scenario, DarkQuest will be able

to extend the sensitivity by more than one order of magnitude in the squared mixing angle

compared to Phase I, while also covering new regions of parameter space in the µ-aligned

scenario which are presently unconstrained.

4 Dark Scalars

We now consider dark scalars interacting through the Higgs portal. A new singlet scalar can

couple to the SM Higgs through two renormalizable portal couplings,

� L � (AŜ + �Ŝ
2)Ĥ†

Ĥ. (4.1)

The dark scalar may acquire a small coupling to SM fermions and gauge bosons through

its mass mixing with the Higgs, which will occur if the A 6= 0 in (4.1) or if the dark scalar

obtains a non-zero vacuum expectation value. Then, in the physical basis, the phenomenology

at DarkQuest is governed by the dark scalar mass, mS , and the scalar-Higgs mixing angle, ✓:

L � �
1

2
m

2
SS

2 + ✓ S

0

@2m2
W

v
W

+
µ W

µ� +
m

2
Z

v
ZµZ

µ
�

X

f

mf

v
f̄f

1

A . (4.2)

Given the experimental constraints on the mixing angle for dark scalars at the GeV-scale,

we will always be working in the regime ✓ ⌧ 1. We will not study the phenomenological

consequences of additional couplings between the scalar and the Higgs, such as the cubic

interaction hSS. While such a coupling can lead to additional scalar production processes

such as B ! KSS, these are typically not as important at DarkQuest as processes involving

singly produced scalars. Such coupling also leads to Higgs exotic decays of the type h ! SS

– 13 –

-aligned (e similar)μ -alignedτ
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FIG. 1. Schematic (not to scale) of the ArgoNeuT detector lo-
cation relative to the upstream NuMI target. The signal is a
double-hit event with a line defined by the two hits pointing to
the target (top). A background double-hit event generally will
not point to the target (bottom). Figure adapted from Ref. [11].

Liquid Argon Time Projection Chamber (LArTPC)
detectors are well suited to search for these particles. As
shown in [11], even a short exposure of the small Ar-
goNeuT LArTPC detector to the Neutrinos at the Main
Injector (NuMI) beam at Fermilab provides an opportu-
nity to probe unexplored ranges of high mass (m� >
0.1 GeV) and low charge (Q� < 10�1e). This is
achieved thanks to the excellent spatial resolution and
to the recently demonstrated [18] capability of resolv-
ing individual energy depositions down to a threshold in
the sub-MeV range. These low energy depositions in
LAr appear as low amplitude signals (“hits”), detected
by the wire planes of the TPC. When a mCP collides
with an atomic electron and the recoil electron deposits
enough energy in the LAr medium, a detectable signal
(hit) is recorded by the TPC. Good background rejection
is achieved by requiring two soft hits (MeV-scale energy
depositions) aligned with the upstream target [11], as
shown schematically in Fig. 1. In contrast, background
double-hit events will be isotropically distributed in the
detector volume and will only rarely align with the target.
This Letter presents the results of a search for mCPs, the
first reported for a LArTPC, with the ArgoNeuT detector.

ArgoNeuT was a 0.24 ton LArTPC placed in the
NuMI beam line at Fermilab for five months in 2009-
2010. The TPC is 47(w) ⇥ 40(h) ⇥ 90(l) cm3, with
the longest dimension along the beam. Ionized electrons
drift in the uniform electric field of 481 V/cm at a con-
stant velocity of 1.57 mm/µs to a set of three sensitive
wire planes, of which two are instrumented (one induc-
tion plane and one collection plane). Each of the two
instrumented wire planes contains 240 wires angled at

±60 degrees to the horizontal and spaced at 4 mm. Sig-
nals from the wires are sampled every 198 ns, with 2048
samples/trigger, giving a total readout window of 405 µs.
ArgoNeuT was placed 100 m underground in the MINOS
Near Detector hall. A detailed description of the Ar-
goNeuT detector and its operations is given in [19]. The
NuMI beam [20] is created by striking 120 GeV protons
from the Main Injector onto a graphite target. The NuMI
target was 15 mm thick, 6.4 mm wide and 95.38 cm
long, with the longest dimension along the beam direc-
tion. The NuMI beam is inclined by a 3� angle with re-
spect to ArgoNeuT as it heads down into the Earth’s crust
towards the MINOS Far Detector located 735 km away.
The ArgoNeuT detector was located 1033 m downstream
and 61 m below the target (see Fig. 1).

The rate of expected mCPs passing through the Ar-
goNeuT detector depends on the mass of the mCP. The
geometrical acceptance varies between 10�5 to 10�7 for
signal events [11]. The detection probability for double-
hit signals is proportional to the fourth power of its elec-
tric charge Q�. The detection signature of mCPs in the
detector is elastic scattering with atomic electrons re-
sulting in knock-on recoils above the detection thresh-
old. Therefore, in order to be able to reconstruct mCPs
which pass through ArgoNeuT, we search for small in-
dividual energy depositions in the detector. As recently
demonstrated, in ArgoNeuT we are able to reconstruct
with very good efficiency electromagnetic energy depo-
sitions as low as 300 keV [18]. Following the method
suggested in [11], to cut down on possible backgrounds
in our search for mCPs we look for events with two in-
dividual soft energy depositions that are aligned with the
upstream target, as shown in Fig. 1.

We searched for the presence of mCPs in data from Ar-
goNeuT’s antineutrino mode run. The trigger condition
for the ArgoNeuT data acquisition was set in coincidence
with the NuMI beam spill signal. A total of 4,056,940
collected triggers have been analyzed. The vast majority
of NuMI beam spills delivered did not produce an ob-
servable neutrino interaction within the TPC due to the
very low neutrino cross-section and the limited size of
the detector, resulting in “empty” events. In this analysis
we searched for the possible presence of mCPs in these
empty events. Events containing a neutrino interaction
inside the LAr volume and events containing charged
particles (mainly muons) produced by neutrino interac-
tions upstream of the ArgoNeuT detector and propagat-
ing through the LArTPC volume are removed. The back-
ground for the mCP search is due to ambient gamma ray
activity, beta electrons from intrinsic 39Ar activity [21],
fluctuations of electronics noise faking signals from true
energy depositions, and low-energy electrons produced
by Compton scattering of photons from inelastic scatter-
ing of entering neutrons from neutrino interactions oc-
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FIG. 5. ArgoNeuT limits (blue) in the m� � ✏ plane for millicharged particles at 95% C.L., where ✏ ⌘ Q�/e. The limit is drawn
where mCP are unlikely to produce more than the observed number of events. The thickness of the blue band accounts for the
systematic uncertainty in detector placement. Existing limits from other experiments, including SLAC MilliQ [13] and collider
experiments [14–17], are shown in gray.
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FIG. 2: Expected 95% CL sensitivity to minicharged particles in the two potential sites we consider. The solid
curves are the sensitivity reaches of FerMINI at each site operating for one year. The black, solid curves are based
on the nominal design in both sites. The light blue curve in (a) is the sensitivity of a detector with alternative
design (see Section III for detail) with one year of operation in the MINOS near detector hall. The light red curve in
(b) is the projection of a detector with 5 times better scintillation capability and unchanged detection area placed in
the DUNE near detector hall, again operating for one year. The milliQan HL-LHC sensitivity reach [13, 14] is
plotted as dot-dashed curve for comparison. The shaded regimes are the existing constraints from SLAC [5], collider
[6], MiniBooNE and LSND [16]. For each FerMINI sensitivity curve, we include a dashed curve indicating values of
" corresponding to N s� ⇡ 1 (see Section III for detail). The sensitivity reaches below these dashed lines require more
detailed analyses. The reason why standard designs of FerMINI at NuMI and at DUNE yield very similar sensitivity
is explained in text (see also discussions of NuMI secondary beam productions at the absorbers in Section III).

V. NEW DETECTOR DESIGN WITH
NEUTRINO DETECTORS

We would like to discuss a few alternative options be-
yond the nominal FerMINI proposal that could poten-
tially provide comparable or even better sensitivity and
mass reach for MCP.

Since the detector will be located inside existing/future
neutrino near detector halls, we discuss the possibility
of utilizing the neutrino detectors to better enhance our
sensitivity to MCP. One idea would be to place FerMINI
directly in front of or behind the neutrino detector and
using the liquid argon technology to provide extra in-
formation on particles traversing the MCP detector and
provide a veto on SM particles that could fake an MCP
signal. In addition, one can look for mixed signature com-
bining the scintillation signature discussed in this work
and the hard electron scattering signature utilizing liquid
argon or Cherenkov neutrino detectors discussed in [16].

In particular, the excellent resolution of liquid argon
could also be leveraged, by splitting the FerMINI de-
tector arrays, placing some in front of and some behind
the neutrino detector. Minicharged particles traveling
through liquid argon can scatter o↵ electrons, leading
to single-electron events [16, 58]. The combination of
this signature with the scintillation signal of FerMINI
could potentially further improve the MCP sensitivity.
Both the NuMI and DUNE locations could provide such

a combination, using the existing ArgoNeuT detector [63]
and the upcoming DUNE near detector. In addition, the
DUNE near detector complex plans to have a 3D Scintil-
lator Tracker (3DST) that could also be leveraged along
with FerMINI to look for more distinctive signatures of
MCP and other new physics scenarios. These experimen-
tal designs are left for further exploration [45].
An alternative site to host a dedicated MCP detector

is the CERN Super Proton Synchroton (SPS) facility.
Specifically, the SPS has 400 GeV of beam energy (com-
pared to 120 GeV at NuMI/DUNE), allowing us to search
for heavier MCP8 [16]. The number of � produced via
Drell-Yan production (See the gray curve in Fig. 1) would
be enhanced in this scenario. There is potentially room
to host an MCP detector in the structures hosting vari-
ous experiments, including NA62 [64] and the proposed
Search for Hidden Particles (SHiP) [65] experiments. The
details including shielding and space would have to be
studied in each potential sites. One can again combine
the MCP detector with the existing and proposed ex-
periments, especially the SHiP experiment to get better
signature recognition or background suppression.

8 The maximum m� probed in a proton fixed-target experiment

is set by m
(max.)
� =

p
s/2 =

p
2mpEbeam/2. For Ebeam = 120

(400) GeV, this gives m
(max.)
� ' 7.5 (13.7) GeV.

FerMINI

arXiv:1812.03998 [hep-ph]
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2m�
<latexit sha1_base64="X2+MKJ4N9SC9+ZL8Ws7pMtkUzAM=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIph4Irtc9Ej04hETeRjYkNlhFibMYzMza0I2fIUXDxrj1c/x5t84wB4UrKSTSlV3uruihDNjff/bK2xsbm3vFHdLe/sHh0fl45O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczv3OE9WGKflgpwkNBR5JFjOCrZMe61Ux6JMxqw7KFb/mL4DWSZCTCuRoDspf/aEiqaDSEo6N6QV+YsMMa8sIp7NSPzU0wWSCR7TnqMSCmjBbHDxDF04ZolhpV9Kihfp7IsPCmKmIXKfAdmxWvbn4n9dLbXwdZkwmqaWSLBfFKUdWofn3aMg0JZZPHcFEM3crImOsMbEuo5ILIVh9eZ2067XArwX39UrjJo+jCGdwDpcQwBU04A6a0AICAp7hFd487b14797HsrXg5TOn8Afe5w+ue4+o</latexit><latexit sha1_base64="X2+MKJ4N9SC9+ZL8Ws7pMtkUzAM=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIph4Irtc9Ej04hETeRjYkNlhFibMYzMza0I2fIUXDxrj1c/x5t84wB4UrKSTSlV3uruihDNjff/bK2xsbm3vFHdLe/sHh0fl45O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczv3OE9WGKflgpwkNBR5JFjOCrZMe61Ux6JMxqw7KFb/mL4DWSZCTCuRoDspf/aEiqaDSEo6N6QV+YsMMa8sIp7NSPzU0wWSCR7TnqMSCmjBbHDxDF04ZolhpV9Kihfp7IsPCmKmIXKfAdmxWvbn4n9dLbXwdZkwmqaWSLBfFKUdWofn3aMg0JZZPHcFEM3crImOsMbEuo5ILIVh9eZ2067XArwX39UrjJo+jCGdwDpcQwBU04A6a0AICAp7hFd487b14797HsrXg5TOn8Afe5w+ue4+o</latexit><latexit sha1_base64="X2+MKJ4N9SC9+ZL8Ws7pMtkUzAM=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIph4Irtc9Ej04hETeRjYkNlhFibMYzMza0I2fIUXDxrj1c/x5t84wB4UrKSTSlV3uruihDNjff/bK2xsbm3vFHdLe/sHh0fl45O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczv3OE9WGKflgpwkNBR5JFjOCrZMe61Ux6JMxqw7KFb/mL4DWSZCTCuRoDspf/aEiqaDSEo6N6QV+YsMMa8sIp7NSPzU0wWSCR7TnqMSCmjBbHDxDF04ZolhpV9Kihfp7IsPCmKmIXKfAdmxWvbn4n9dLbXwdZkwmqaWSLBfFKUdWofn3aMg0JZZPHcFEM3crImOsMbEuo5ILIVh9eZ2067XArwX39UrjJo+jCGdwDpcQwBU04A6a0AICAp7hFd487b14797HsrXg5TOn8Afe5w+ue4+o</latexit><latexit sha1_base64="X2+MKJ4N9SC9+ZL8Ws7pMtkUzAM=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIph4Irtc9Ej04hETeRjYkNlhFibMYzMza0I2fIUXDxrj1c/x5t84wB4UrKSTSlV3uruihDNjff/bK2xsbm3vFHdLe/sHh0fl45O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczv3OE9WGKflgpwkNBR5JFjOCrZMe61Ux6JMxqw7KFb/mL4DWSZCTCuRoDspf/aEiqaDSEo6N6QV+YsMMa8sIp7NSPzU0wWSCR7TnqMSCmjBbHDxDF04ZolhpV9Kihfp7IsPCmKmIXKfAdmxWvbn4n9dLbXwdZkwmqaWSLBfFKUdWofn3aMg0JZZPHcFEM3crImOsMbEuo5ILIVh9eZ2067XArwX39UrjJo+jCGdwDpcQwBU04A6a0AICAp7hFd487b14797HsrXg5TOn8Afe5w+ue4+o</latexit>

Dominant
DM
annihilation:

A0 �

�̄

�

e+

e�

<latexit sha1_base64="h+lS14fMcf8vIwX06TUgPUjisSE="></latexit><latexit sha1_base64="h+lS14fMcf8vIwX06TUgPUjisSE="></latexit><latexit sha1_base64="h+lS14fMcf8vIwX06TUgPUjisSE="></latexit><latexit sha1_base64="h+lS14fMcf8vIwX06TUgPUjisSE="></latexit>

�̄

�

A0

A0

<latexit sha1_base64="DMsWXK55fFs/wh531wfi+1vlkcU="></latexit><latexit sha1_base64="DMsWXK55fFs/wh531wfi+1vlkcU="></latexit><latexit sha1_base64="DMsWXK55fFs/wh531wfi+1vlkcU="></latexit><latexit sha1_base64="DMsWXK55fFs/wh531wfi+1vlkcU="></latexit>

�v / ↵2
D

<latexit sha1_base64="ugH26Fw4mNvJXLcndBEXQLqTHCU=">AAACB3icdVBNSwMxFMz6bf2qehQkWAVPJenBtjdRDx4VrBa6tbxNs21odjck2UJZvHnxr3jxoIhX/4I3/41ZW0FFBwLDzHu8zARKCmMJefempmdm5+YXFgtLyyura8X1jUuTpJrxBktkopsBGC5FzBtWWMmbSnOIAsmvgsFx7l8NuTYiiS/sSPF2BL1YhIKBdVKnuL3rG9GLAA+xr3SibIJ9kKoPnZPrym6hUyyRMiGEUopzQqsHxJF6vVahNUxzy6GEJjjrFN/8bsLSiMeWSTCmRYmy7Qy0FUzym4KfGq6ADaDHW47GEHHTzj5z3OA9p3RxmGj3Yos/1e8bGUTGjKLATUZg++a3l4t/ea3UhrV2JmKVWh6z8aEwldilzUvBXaE5s3LkCDAt3F8x64MGZl11eQlfSfH/5LJSpqRMzyulw6NJHQtoC+2gfURRFR2iU3SGGoihW3SPHtGTd+c9eM/ey3h0ypvsbKIf8F4/ACrpmDU=</latexit><latexit sha1_base64="ugH26Fw4mNvJXLcndBEXQLqTHCU=">AAACB3icdVBNSwMxFMz6bf2qehQkWAVPJenBtjdRDx4VrBa6tbxNs21odjck2UJZvHnxr3jxoIhX/4I3/41ZW0FFBwLDzHu8zARKCmMJefempmdm5+YXFgtLyyura8X1jUuTpJrxBktkopsBGC5FzBtWWMmbSnOIAsmvgsFx7l8NuTYiiS/sSPF2BL1YhIKBdVKnuL3rG9GLAA+xr3SibIJ9kKoPnZPrym6hUyyRMiGEUopzQqsHxJF6vVahNUxzy6GEJjjrFN/8bsLSiMeWSTCmRYmy7Qy0FUzym4KfGq6ADaDHW47GEHHTzj5z3OA9p3RxmGj3Yos/1e8bGUTGjKLATUZg++a3l4t/ea3UhrV2JmKVWh6z8aEwldilzUvBXaE5s3LkCDAt3F8x64MGZl11eQlfSfH/5LJSpqRMzyulw6NJHQtoC+2gfURRFR2iU3SGGoihW3SPHtGTd+c9eM/ey3h0ypvsbKIf8F4/ACrpmDU=</latexit><latexit sha1_base64="ugH26Fw4mNvJXLcndBEXQLqTHCU=">AAACB3icdVBNSwMxFMz6bf2qehQkWAVPJenBtjdRDx4VrBa6tbxNs21odjck2UJZvHnxr3jxoIhX/4I3/41ZW0FFBwLDzHu8zARKCmMJefempmdm5+YXFgtLyyura8X1jUuTpJrxBktkopsBGC5FzBtWWMmbSnOIAsmvgsFx7l8NuTYiiS/sSPF2BL1YhIKBdVKnuL3rG9GLAA+xr3SibIJ9kKoPnZPrym6hUyyRMiGEUopzQqsHxJF6vVahNUxzy6GEJjjrFN/8bsLSiMeWSTCmRYmy7Qy0FUzym4KfGq6ADaDHW47GEHHTzj5z3OA9p3RxmGj3Yos/1e8bGUTGjKLATUZg++a3l4t/ea3UhrV2JmKVWh6z8aEwldilzUvBXaE5s3LkCDAt3F8x64MGZl11eQlfSfH/5LJSpqRMzyulw6NJHQtoC+2gfURRFR2iU3SGGoihW3SPHtGTd+c9eM/ey3h0ypvsbKIf8F4/ACrpmDU=</latexit><latexit sha1_base64="ugH26Fw4mNvJXLcndBEXQLqTHCU=">AAACB3icdVBNSwMxFMz6bf2qehQkWAVPJenBtjdRDx4VrBa6tbxNs21odjck2UJZvHnxr3jxoIhX/4I3/41ZW0FFBwLDzHu8zARKCmMJefempmdm5+YXFgtLyyura8X1jUuTpJrxBktkopsBGC5FzBtWWMmbSnOIAsmvgsFx7l8NuTYiiS/sSPF2BL1YhIKBdVKnuL3rG9GLAA+xr3SibIJ9kKoPnZPrym6hUyyRMiGEUopzQqsHxJF6vVahNUxzy6GEJjjrFN/8bsLSiMeWSTCmRYmy7Qy0FUzym4KfGq6ADaDHW47GEHHTzj5z3OA9p3RxmGj3Yos/1e8bGUTGjKLATUZg++a3l4t/ea3UhrV2JmKVWh6z8aEwldilzUvBXaE5s3LkCDAt3F8x64MGZl11eQlfSfH/5LJSpqRMzyulw6NJHQtoC+2gfURRFR2iU3SGGoihW3SPHtGTd+c9eM/ey3h0ypvsbKIf8F4/ACrpmDU=</latexit>

no clear target for 𝜖

�v / ✏2↵D<latexit sha1_base64="9VwqPmXau+0fDZJ7p5XOomqgALo="></latexit><latexit sha1_base64="9VwqPmXau+0fDZJ7p5XOomqgALo="></latexit><latexit sha1_base64="9VwqPmXau+0fDZJ7p5XOomqgALo="></latexit><latexit sha1_base64="9VwqPmXau+0fDZJ7p5XOomqgALo="></latexit>

“Thermal Target” - lower limit on 𝜖 for thermal relics

Mass Hierarchy Determines Search Strategy & Interpretation

13

searches typically measure/constrain 𝜖2 as a function of MA′

Search: for mediators decaying to SM

A0

l+

l�

<latexit sha1_base64="RAOIvgmJC2nEqUBxhCeDAIIFcAI="></latexit><latexit sha1_base64="RAOIvgmJC2nEqUBxhCeDAIIFcAI="></latexit><latexit sha1_base64="RAOIvgmJC2nEqUBxhCeDAIIFcAI="></latexit>

𝜖e A0/A0?

�̄

�

<latexit sha1_base64="a7BZQ+WmYCs5yTbE7JSwDbk3peA="></latexit><latexit sha1_base64="a7BZQ+WmYCs5yTbE7JSwDbk3peA="></latexit><latexit sha1_base64="a7BZQ+WmYCs5yTbE7JSwDbk3peA="></latexit><latexit sha1_base64="a7BZQ+WmYCs5yTbE7JSwDbk3peA="></latexit>

gD
<latexit sha1_base64="vVH0BhXsUTb3L9PrhwVKXFODE4k=">AAAB6nicdVDLSgNBEOyNrxhfUY96GAyCp2VWUeMtqAePCZoHJEuYncwmQ2YfzMwKYcknePGgiFc/wu/w5s1PcbKJoKIFDUVVN91dXiy40hi/W7m5+YXFpfxyYWV1bX2juLnVUFEiKavTSESy5RHFBA9ZXXMtWCuWjASeYE1veDHxm7dMKh6FN3oUMzcg/ZD7nBJtpOt+97JbLGH7GDtnJxhhG2fISNk5cpAzU0qV3dfaBwBUu8W3Ti+iScBCTQVRqu3gWLspkZpTwcaFTqJYTOiQ9Fnb0JAETLlpduoY7Rulh/xImgo1ytTvEykJlBoFnukMiB6o395E/MtrJ9ovuykP40SzkE4X+YlAOkKTv1GPS0a1GBlCqOTmVkQHRBKqTToFE8LXp+h/0ji0HWw7NZPGOUyRhx3YgwNw4BQqcAVVqAOFPtzBAzxawrq3nqznaWvOms1sww9YL59OyZAF</latexit><latexit sha1_base64="xwOYl7dVgeUyYoi2Ltgw1ZDBGBE=">AAAB6nicdVDLSgMxFM34rPVVdalIsAiuhkRR666oC5ct2ge0Q8mkmWlo5kGSEcrQpUs3LhRx60f0O9z5Df6E6bSCih64cDjnXu69x40FVxqhd2tmdm5+YTG3lF9eWV1bL2xs1lWUSMpqNBKRbLpEMcFDVtNcC9aMJSOBK1jD7V+M/cYtk4pH4Y0exMwJiB9yj1OijXTtdy47hSKyjxE+O0EQ2ShDRkr4CEM8VYrlnVH14253VOkU3trdiCYBCzUVRKkWRrF2UiI1p4IN8+1EsZjQPvFZy9CQBEw5aXbqEO4bpQu9SJoKNczU7xMpCZQaBK7pDIjuqd/eWPzLayXaKzkpD+NEs5BOFnmJgDqC479hl0tGtRgYQqjk5lZIe0QSqk06eRPC16fwf1I/tDGycdWkcQ4myIFtsAcOAAanoAyuQAXUAAU+uAeP4MkS1oP1bL1MWmes6cwW+AHr9RMtDpFr</latexit><latexit sha1_base64="xwOYl7dVgeUyYoi2Ltgw1ZDBGBE=">AAAB6nicdVDLSgMxFM34rPVVdalIsAiuhkRR666oC5ct2ge0Q8mkmWlo5kGSEcrQpUs3LhRx60f0O9z5Df6E6bSCih64cDjnXu69x40FVxqhd2tmdm5+YTG3lF9eWV1bL2xs1lWUSMpqNBKRbLpEMcFDVtNcC9aMJSOBK1jD7V+M/cYtk4pH4Y0exMwJiB9yj1OijXTtdy47hSKyjxE+O0EQ2ShDRkr4CEM8VYrlnVH14253VOkU3trdiCYBCzUVRKkWRrF2UiI1p4IN8+1EsZjQPvFZy9CQBEw5aXbqEO4bpQu9SJoKNczU7xMpCZQaBK7pDIjuqd/eWPzLayXaKzkpD+NEs5BOFnmJgDqC479hl0tGtRgYQqjk5lZIe0QSqk06eRPC16fwf1I/tDGycdWkcQ4myIFtsAcOAAanoAyuQAXUAAU+uAeP4MkS1oP1bL1MWmes6cwW+AHr9RMtDpFr</latexit><latexit sha1_base64="YAGHUC7WKJ1nTvDe1/VLlrrpgLg=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GhJFrbuiLlxWtA9oh5JJM9PQTGZIMkIZ+gluXCji1i9y59+YTkdQ0QMXDufcy733+Ing2iD04ZQWFpeWV8qrlbX1jc2t6vZOW8epoqxFYxGrrk80E1yyluFGsG6iGIl8wTr++HLmd+6Z0jyWd2aSMC8ioeQBp8RY6TYcXA2qNeSeIHx+iiByUY6c1PExhrhQaqBAc1B97w9jmkZMGiqI1j2MEuNlRBlOBZtW+qlmCaFjErKepZJETHtZfuoUHlhlCINY2ZIG5ur3iYxEWk8i33ZGxIz0b28m/uX1UhPUvYzLJDVM0vmiIBXQxHD2NxxyxagRE0sIVdzeCumIKEKNTadiQ/j6FP5P2kcuRi6+QbXGRRFHGeyBfXAIMDgDDXANmqAFKAjBA3gCz45wHp0X53XeWnKKmV3wA87bJz7PjcA=</latexit>

missing mass: (e.g. PADME @ JLab); missing E, : (e.g. LDMX); beam dumps: (e.g. MiniBoone, BDX)⃗p

for production of DM
spectrometers: (e.g. APEX, HPS, DarkQuest) 
missing mass: (e.g. PADME @ JLab)



Mediator
decay in
experiments

mA0
<latexit sha1_base64="OazFZHn6MKTEDYK5BnZZGQ+s+PY=">AAACAHicbVC7TsNAEDyHVwivAAUFjUWCRBXZaaAM0FAGiTykxFjnyyY55c627taIyHLDr9BQgBAtn0HH33B5FJAw0kqjmV3t7gSx4Bod59vKrayurW/kNwtb2zu7e8X9g6aOEsWgwSIRqXZANQgeQgM5CmjHCqgMBLSC0fXEbz2A0jwK73AcgyfpIOR9zigayS8elaWfdhEeUcn0MrvvxopLyMp+seRUnCnsZeLOSYnMUfeLX91exBIJITJBte64ToxeShVyJiArdBMNMWUjOoCOoSGVoL10+kBmnxqlZ/cjZSpEe6r+nkip1HosA9MpKQ71ojcR//M6CfYvvJSHcYIQstmifiJsjOxJGnaPK2AoxoZQpri51WZDqihDk1nBhOAuvrxMmtWK61Tc22qpdjWPI0+OyQk5Iy45JzVyQ+qkQRjJyDN5JW/Wk/VivVsfs9acNZ85JH9gff4ACVqWqw==</latexit><latexit sha1_base64="OazFZHn6MKTEDYK5BnZZGQ+s+PY=">AAACAHicbVC7TsNAEDyHVwivAAUFjUWCRBXZaaAM0FAGiTykxFjnyyY55c627taIyHLDr9BQgBAtn0HH33B5FJAw0kqjmV3t7gSx4Bod59vKrayurW/kNwtb2zu7e8X9g6aOEsWgwSIRqXZANQgeQgM5CmjHCqgMBLSC0fXEbz2A0jwK73AcgyfpIOR9zigayS8elaWfdhEeUcn0MrvvxopLyMp+seRUnCnsZeLOSYnMUfeLX91exBIJITJBte64ToxeShVyJiArdBMNMWUjOoCOoSGVoL10+kBmnxqlZ/cjZSpEe6r+nkip1HosA9MpKQ71ojcR//M6CfYvvJSHcYIQstmifiJsjOxJGnaPK2AoxoZQpri51WZDqihDk1nBhOAuvrxMmtWK61Tc22qpdjWPI0+OyQk5Iy45JzVyQ+qkQRjJyDN5JW/Wk/VivVsfs9acNZ85JH9gff4ACVqWqw==</latexit><latexit sha1_base64="OazFZHn6MKTEDYK5BnZZGQ+s+PY=">AAACAHicbVC7TsNAEDyHVwivAAUFjUWCRBXZaaAM0FAGiTykxFjnyyY55c627taIyHLDr9BQgBAtn0HH33B5FJAw0kqjmV3t7gSx4Bod59vKrayurW/kNwtb2zu7e8X9g6aOEsWgwSIRqXZANQgeQgM5CmjHCqgMBLSC0fXEbz2A0jwK73AcgyfpIOR9zigayS8elaWfdhEeUcn0MrvvxopLyMp+seRUnCnsZeLOSYnMUfeLX91exBIJITJBte64ToxeShVyJiArdBMNMWUjOoCOoSGVoL10+kBmnxqlZ/cjZSpEe6r+nkip1HosA9MpKQ71ojcR//M6CfYvvJSHcYIQstmifiJsjOxJGnaPK2AoxoZQpri51WZDqihDk1nBhOAuvrxMmtWK61Tc22qpdjWPI0+OyQk5Iy45JzVyQ+qkQRjJyDN5JW/Wk/VivVsfs9acNZ85JH9gff4ACVqWqw==</latexit><latexit sha1_base64="OazFZHn6MKTEDYK5BnZZGQ+s+PY=">AAACAHicbVC7TsNAEDyHVwivAAUFjUWCRBXZaaAM0FAGiTykxFjnyyY55c627taIyHLDr9BQgBAtn0HH33B5FJAw0kqjmV3t7gSx4Bod59vKrayurW/kNwtb2zu7e8X9g6aOEsWgwSIRqXZANQgeQgM5CmjHCqgMBLSC0fXEbz2A0jwK73AcgyfpIOR9zigayS8elaWfdhEeUcn0MrvvxopLyMp+seRUnCnsZeLOSYnMUfeLX91exBIJITJBte64ToxeShVyJiArdBMNMWUjOoCOoSGVoL10+kBmnxqlZ/cjZSpEe6r+nkip1HosA9MpKQ71ojcR//M6CfYvvJSHcYIQstmifiJsjOxJGnaPK2AoxoZQpri51WZDqihDk1nBhOAuvrxMmtWK61Tc22qpdjWPI0+OyQk5Iy45JzVyQ+qkQRjJyDN5JW/Wk/VivVsfs9acNZ85JH9gff4ACVqWqw==</latexit>

m�
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“Thermal Target” - lower limit on 𝜖 for thermal relics

Mass Hierarchy Determines Search Strategy & Interpretation
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searches typically measure/constrain 𝜖2 as a function of MA′

Search: for mediators decaying to SM
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missing mass: (e.g. PADME @ JLab); missing E, : (e.g. LDMX); beam dumps: (e.g. MiniBoone, BDX)⃗p

for production of DM
spectrometers: (e.g. APEX, HPS, DarkQuest) 
missing mass: (e.g. PADME @ JLab)
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Searches for Production of Light Dark Matter 
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Beam Dumps

Introduction Experimental setup Background Experiment reach Conclusions

A fixed target LDM experiment

Beam Dump eXperiment: LDM direct detection in a e≠ beam, fixed-target setup1

‰ production
• High-energy, high-intensity e≠ beam impinging on a

dump
• ‰ particles pair-produced radiatively, trough AÕ emission

(both on-shell or o�-shell).

‰ detection
• Detector placed behind the dump, O(10m)
• Neutral-current ‰ scattering trough AÕ exchange,recoil

releasing visible energy
• Di�erent signals depending on the interaction (e≠

elastic, p quasi-elastic,. . . )

Number of events scales as (on-shell): N Ã –DÁ4

m4
A

1For a comprehensive introduction: E. Izaguirre et al, Phys. Rev. D 88, 114015
3 / 25

e-, p+, …

Boosted  makes a dark matter beam!
• relatively low rates, few and simple backgrounds

• potential to investigate DM-SM interactions w/ different detector materials

• can often operate parasitically with intense beams using existing facilities

• neutrino program @ FNAL (p+ beam dump)

• coherent 𝜈-N scattering program @ ORNL, LANL (p+ beam dump)

• nuclear physics program @ JLab CEBAF (e- beam dump)

A′ → χχ̄
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MiniBoone @ FNAL
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FIG. 25. Comparing MiniBooNE confidence level limits (solid lines), and sensitivities (dashed lines) to other experiments for
(a) Y as a function of m� assuming ↵D = 0.5 and mV = 3m� and (b) in the leptophobic dark matter model with mV = 3m�.
Explanation of vector portal limits lines are given in Refs. [9, 25, 29–31]. Explanation of the leptophobic limit lines are given
in Refs. [8, 27, 28].

)2 (GeV/cχm
3−10 2−10 1−10

 =
 0

.1
)

D
α, χ

 =
 3

m
V

 (m4 ) V
/m χ

(m D
α2 ε

Y 
= 

12−10

11−10

10−10

9−10

8−10

LSND

E137

BaBar

+invis.+π→+K

NA64

Nucleon
Detection
Direct

--eχ
XENON10/100

Density
Relic

 favoredµα

MB Elastic N

+ Timing
MB Full N 

+ Timing
MB Electron

(a) vector portal (↵D = 0.1,mV = 3m�)

)2 (GeV/cχm
3−10 2−10 1−10

 =
 0

.5
)

D
α, χ

 =
 7

m
V

 (m4 ) V
/m χ

(m D
α2 ε

Y 
= 

13−10

12−10

11−10

10−10

9−10

LSND

E137

BaBar

+invis.+π→+K

NA64

invis.
→ψJ/

Nucleon
Detection
Direct

--eχ
XENON10/100

Density
Relic

 favoredµα

MB Elastic N

+ Timing
MB Full N 

+ Timing
MB Electron

(b) vector portal (↵D = 0.5,mV = 7m�)

FIG. 26. 90% confidence level in the vector portal dark matter model with (a) Y as a function of m� assuming ↵D = 0.1 and
mV = 3m� and (b) ↵D = 0.1 and mV = 7m�. Explanation of limits lines are given in Refs. [9, 25, 29–31]

(Scalar Elastic)

4

lium target, and into a cooling air gap (which is inside
the neck of the aluminum horn). After leaving the horn
the protons enter the air-filled decay pipe, and finally
reach the beam dump located 50m downstream of the
target location, as illustrated in Fig. 5. Running in this
mode reduces the number of charged mesons that are
generated in the thin beryllium target.

Be

Target

EarthAir

Decay Pipe

Steel

Beam Dump MiniBooNE Detector

p
⇡0

V

�

�†

�
N

�
50m 4m 487m

FIG. 5. The production of dark matter in o↵-target run-
ning [19].

The charged mesons that are produced in a thin target
will escape and produce decay-in-flight neutrinos, while
within the beam dump, the charged mesons are absorbed
or decay-at-rest within a few radiation lengths, as illus-
trated in Fig. 6. This is in comparison with neutral

Thin
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Beam
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�

⇡±
⌫

⇡± ⌫

Decay-in-flight due to
short life time

Decay-in-flight after
leaving target

Thick
Target
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⇡0
�

⇡0
�
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⇡±

Decay-in-flight due to
short life time

Absorbed or decay-
at-rest) reduced neu-
trino flux

FIG. 6. (top) Production of dark matter and neutrino when
the beam hits a thin target. (bottom) The production of dark
matter and suppression of neutrino generation when the beam
hits a thick target.

mesons that will decay-in-flight due to their short life-
times. The neutral mesons could decay into a dark pho-
ton which would then decay into two dark matter par-
ticles, as shown schematically in Fig. 5. The horn was
turned o↵ during this run so no charged particles gen-
erated would be (de)focused. For the rest of this paper,

this mode of running will be denoted as o↵-target, since
the beryllium target and horn were not removed from the
beamline.
The decay pipe and beam dump are buried in crushed

aggregate. There is a metal end cap at the downstream
end of the decay pipe which prevents aggregate from en-
tering the pipe. The beam dump consists of 104 inches
of steel followed by 36 inches of concrete and another 26
inches of steel in the beam direction. A detailed study of
the neutrino flux coming from the BNB in on-target mode
seen in the MiniBooNE detector using theGEANT4 [32]
simulation package BooNEG4Beam can be found in
Ref. [33]. On-target running consisted of neutrino, and
anti-neutrino modes. The simulations were updated to
study the o↵-target beam configuration and are described
below.

A. Beam O↵-Target BNB Simulation

BooNEG4Beam was updated to include materials in
the beamline that would have changed the neutrino-mode
flux �⌫ by less than a percent but are important for the
o↵-target beam configuration. Fig. 7 shows a schematic
of the beamline geometry around the target, pointing out
the materials that were added. An aluminum window at

FIG. 7. The simulated geometry around the target. Those
listed with an asterisk were added for the o↵-target simula-
tion. The added materials change the neutrino-mode flux by
less than a percent.

the end of the horn and a steel end cap with a small gap
of air between the end of the beam pipe and the steel
beam dump were also added. Except for the windows
and the end cap, the other materials that were added
are hollow around the beam center, and do not add to
the primary meson production during on-target running.
The starting beam parameters for the o↵-target simu-
lations were chosen by in situ measurements from two

arXiv:1807.06137 [hep-ex]

8 GeV protons on iron dump; 800 ton mineral oil detector

• Improved analysis of 10-month dedicated  
beam-dump run in 2013-2014 with 1.9×1020 
protons adds analysis of electron recoils

• Time-of-flight helps distinguish from neutrino 
backgrounds at higher masses

Demonstrates capabilities of infrastructure for neutrino 
program to search for light DM

https://arxiv.org/abs/1807.06137
https://arxiv.org/abs/1807.06137


COHERENT @ Oak Ridge National Lab

Designed to study Coherent Elastic Neutrino Nucleus 
Scattering (CE𝜈NS) w/ first observation in 2017

• 1 GeV proton beam on mercury target: suite of 
off-axis detectors measure CE𝜈NS N-dependence

• Preliminary result for sub-GeV DM in 2017 
demonstrated concept

• CE𝜈NS is a key background for DM search: 

prompt timing used to reduce backgrounds

Sensitivity study for planned 750 kg LAr detector
3.1. Dark Matter Scatters

A flux of dark matter particles passing through
LAr-1t would interact coherently with an argon nu-
cleus, producing a rate of nuclear recoil signatures.
We use the BdNMC event generator [14] to deter-
mine the energy spectrum of argon recoils in our de-
tectors, parameterized by the dark matter and por-
tal masses. Dark matter is generated by decaying
portal particles produced through three processes:
⇡0 decay, ⌘0 decay, and nuclear absorption of ⇡�.
The ⇡0(⌘0) decay channel does not contribute for
m� > m⇡/2(m⌘/2) due to kinematic constraints. A
GEANT4 [25] simulation of the SNS is used to de-
termine the pion kinematics relevant for determin-
ing the dark matter flux. The simulation predicts
0.09 ⇡+/⇡0, 0.04 ⇡�, and 0.002 ⌘ per incident pro-
ton are produced at Tp = 1.01 GeV [26], the current
SNS beam energy.

Though this is below the pp ! pp⌘ threshold,
Tp = 1.25 GeV for a stationary proton target, nu-
clear motion within atoms in the target allows for
production at the SNS beam energy. A calculation
that explicitly accounts for sub-threshold production
[27] agrees with the BdNMC prediction to 30%.

The argon recoil spectrum is then convolved with
detector resolution e↵ects. Applying the argon
quenching factor (ratio of detector response for nu-
clear recoils with respect to electron energy loss) and
light yield results in the distribution of observed en-
ergy deposited in the detector. The quenching fac-
tor is assumed linear and fit to several independent
measurements [28–31]; it is between 25 and 30% in
the region of interest. This is then smeared us-
ing an energy-dependent resolution that is ⇠18%
at 20 keVnr near the center of the CEvNS distri-
bution. We assume a light yield of 4.2 photoelec-
trons per keVee, which gives an e�ciency curve with
a 20 keVnr threshold. We have achieved this light
yield with the CENNS-10 prototype detector and
a detector simulation shows this is achievable with
LAr-1t.

For the baseline between the target and detector,
L = 28.4 m, the time of flight for dark matter par-
ticles is on average 3 ns longer than L/c, much less
than the SNS beam pulse width of 600 ns. Further,
no simulated events reached the detector more than
1 µs after the arrival of the first neutrinos from the
beam. Thus, the dark matter signal is coincident
with the “prompt” ⌫µ flux produced from ⇡+ decay
in the SNS target.
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Figure 2. The predicted distribution of expected dark
matter signal, blue, and analysis backgrounds expected
in three years with 610 kg of fiducial volume. Prompt
events are those that appear within the first 1 µs of
the waveform while delayed events reconstruct between 1
and 6 µs. The signal lies entirely within the 1 µs prompt
window, allowing for in-situ constraint of CEvNS un-
certainties in the 5µs delayed time bin. The steady-
state background will be measured from out-of-time
data and assumes filling with underground argon. The
neutron background estimate will depend on additional
measurements for a precise prediction. The dark mat-
ter component assumes the vector portal model with
✏ = 8.77 ⇥ 10�5, ↵0 = 0.5, m� = 15 MeV/c2, and
mV = 45 MeV/c2.

3.2. Analysis Backgrounds

There are three sources of background for this
search, each of which has already been studied in
CENNS-10 [23]: steady-state backgrounds, beam-
related neutrons, and CEvNS. The expected energy
distribution of backgrounds, along with dark mat-
ter signal normalized to 4⇥ the sensitivity limit, is
shown in Fig. 2.

Steady-state backgrounds are measured in-situ us-
ing out-of-time data taken while the beam is on.
Thus, the distribution of these events is known with-
out bias. Though directly measured, this back-
ground reduces our statistical sensitivity due to the
high rate, primarily from � decay of 39Ar. This is
a cosmogenically-activated isotope of argon with a
lifetime of 269 years. The concentration of 39Ar
can be dramatically reduced by filling the detec-
tor with argon mined from underground [32]. For
every 1 µs of livetime integrated per spill, we ex-
pect 14.58 (1.52) events for each kg-year of expo-
sure for atmospheric (underground) argon. For run-
ning with underground argon, we expect a 100⇥
reduction of the 39Ar background. We assume no
change to the steady-state background related to
other sources, which is conservative as roughly 10%
of the background is produced by a pipe of radioac-
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Figure 1. Overview of a postulated accelerator-produced DM scatter produced at the Spallation Neutron Source
(SNS) beam and measured by COHERENT. A beam of protons is incident on a mercury target on the left. In each
p-Hg interaction, a portal particle, V , to the dark sector may be produced. This portal particle would then decay
into a pair of dark matter particles, ��0. Each of these may then interact in a nearby COHERENT detector at a
large o↵-axis angle to the beam.

ment hallway, called “Neutrino Alley”, where the
the neutron flux from the SNS is known to be low,
reducing beam-related neutron backgrounds in CO-
HERENT analyses. We assume 1.4 MW running
with 1.5 ⇥ 1023 protons-on-target accumulated per
year. With a planned second target station at the
SNS, this could increase to 2.4 MW [20] providing
quicker accumulation of exposure.

COHERENT collaboration deployments of low-
energy recoil detectors in Neutrino Alley in-
clude [21]: a CsI[Na] detector (used for the “first
light” CEvNS measurement [6], for which data-
taking is now complete), a 24 kg liquid argon detec-
tor, “CENNS-10” [22] ( [23] with low-threshold anal-
ysis underway), a 185 kg NaI[Tl] detector, currently
operating in high-threshold mode (but with plans to
expand to 3.3 tonnes and lower the threshold), and
16 kg of planned HPGe PPC detectors. All of these
will have some sensitivity to accelerator-produced
dark matter. Liquid argon scintillation detectors
have been built on the several-tonne scale with a rel-
atively low threshold. This scalability makes liquid
argon the most promising detector for constraining
sub-GeV dark matter and is thus the focus of this
paper. Currently, we plan to deploy a tonne-scale
liquid argon detector, LAr-1t, in Neutrino Alley to
significantly improve on the success of CENNS-10.
A proposed cryogenic NaI[Ti] scintillation detector
in Neutrino Alley would likely improve constraints
on dark matter masses below 1 MeV/c2, though a
more thorough understanding of the technology is
needed.

The LAr-1t detector is targeted to replace
CENNS-10 in Neutrino Alley. A cylindrical cryostat
will house 750 kg of chilled argon (610 kg fiducial).
A coating of TPB will shift the ultra-violet scintil-
lation to wavelengths compatible with the photo-
detectors. The detector will be instrumented with
either PMT or SiPM photo-detectors with SiPM de-
tectors o↵ering a lower threshold. The detector will
be shielded with water and lead to reduce the neu-

tron and gamma activity within the cryostat. Ad-
ditional shielding could be added in Neutrino Alley
to close a hallway that allows open-air access to the
beam hall. This would further reduce the neutron
background.

3. A DARK MATTER SEARCH WITH
LAR-1T

We present an estimate of the LAr-1t sensitivity
to constrain the vector and leptophobic portals to
scalar dark matter and discuss potential improve-
ments for future detectors using the same detec-
tion strategy. Only dark matter particle masses
1 < m� < 100 MeV/c2 are considered. Lower-mass
dark matter is currently inaccessible due to the de-
tector threshold, though proposed detectors with a
⇠keVnr threshold may expand the testable parame-
ter space. At Q > ~c / 1 fm, coherent nuclear recoils
are highly suppressed through the nuclear form fac-
tor [24]. For portal masses greater than 100 MeV/c2,
fewer than 25% of nuclear scatters have a suitably
low Q2 to avoid this suppression. Liquid argon may
still be competitive in this region through inelastic
scattering, but more study is needed.

Signal e�ciencies and background rates are esti-
mated from our operating experience with CENNS-
10 which together yield a prediction as a function of
recoil energy and arrival time relative to the SNS
pulse. We also incorporate systematic errors on
this prediction. Systematic nuisance parameters are
profiled by maximizing a log-likelihood prediction
while incorporating dark matter. The fit is energy-
dependent to take advantage of di↵erences in the
recoil spectrum of CEvNS and dark matter events.
For this calculation, all beyond the standard model
e↵ects, such as neutrino non-standard interactions,
outside of the hypothesized dark matter and media-
tor particles are ignored.
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COHERENT @ Oak Ridge National Lab

Designed to study Coherent Elastic Neutrino Nucleus 
Scattering (CE𝜈NS) w/ first observation in 2017

• 1 GeV proton beam on mercury target: suite of 
off-axis detectors measure CE𝜈NS N-dependence

• Preliminary result for sub-GeV DM in 2017 
demonstrated concept

• CE𝜈NS is a key background for DM search: 

prompt timing used to reduce backgrounds

Sensitivity study for planned 750 kg LAr detector
3.1. Dark Matter Scatters

A flux of dark matter particles passing through
LAr-1t would interact coherently with an argon nu-
cleus, producing a rate of nuclear recoil signatures.
We use the BdNMC event generator [14] to deter-
mine the energy spectrum of argon recoils in our de-
tectors, parameterized by the dark matter and por-
tal masses. Dark matter is generated by decaying
portal particles produced through three processes:
⇡0 decay, ⌘0 decay, and nuclear absorption of ⇡�.
The ⇡0(⌘0) decay channel does not contribute for
m� > m⇡/2(m⌘/2) due to kinematic constraints. A
GEANT4 [25] simulation of the SNS is used to de-
termine the pion kinematics relevant for determin-
ing the dark matter flux. The simulation predicts
0.09 ⇡+/⇡0, 0.04 ⇡�, and 0.002 ⌘ per incident pro-
ton are produced at Tp = 1.01 GeV [26], the current
SNS beam energy.

Though this is below the pp ! pp⌘ threshold,
Tp = 1.25 GeV for a stationary proton target, nu-
clear motion within atoms in the target allows for
production at the SNS beam energy. A calculation
that explicitly accounts for sub-threshold production
[27] agrees with the BdNMC prediction to 30%.

The argon recoil spectrum is then convolved with
detector resolution e↵ects. Applying the argon
quenching factor (ratio of detector response for nu-
clear recoils with respect to electron energy loss) and
light yield results in the distribution of observed en-
ergy deposited in the detector. The quenching fac-
tor is assumed linear and fit to several independent
measurements [28–31]; it is between 25 and 30% in
the region of interest. This is then smeared us-
ing an energy-dependent resolution that is ⇠18%
at 20 keVnr near the center of the CEvNS distri-
bution. We assume a light yield of 4.2 photoelec-
trons per keVee, which gives an e�ciency curve with
a 20 keVnr threshold. We have achieved this light
yield with the CENNS-10 prototype detector and
a detector simulation shows this is achievable with
LAr-1t.

For the baseline between the target and detector,
L = 28.4 m, the time of flight for dark matter par-
ticles is on average 3 ns longer than L/c, much less
than the SNS beam pulse width of 600 ns. Further,
no simulated events reached the detector more than
1 µs after the arrival of the first neutrinos from the
beam. Thus, the dark matter signal is coincident
with the “prompt” ⌫µ flux produced from ⇡+ decay
in the SNS target.
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Figure 2. The predicted distribution of expected dark
matter signal, blue, and analysis backgrounds expected
in three years with 610 kg of fiducial volume. Prompt
events are those that appear within the first 1 µs of
the waveform while delayed events reconstruct between 1
and 6 µs. The signal lies entirely within the 1 µs prompt
window, allowing for in-situ constraint of CEvNS un-
certainties in the 5µs delayed time bin. The steady-
state background will be measured from out-of-time
data and assumes filling with underground argon. The
neutron background estimate will depend on additional
measurements for a precise prediction. The dark mat-
ter component assumes the vector portal model with
✏ = 8.77 ⇥ 10�5, ↵0 = 0.5, m� = 15 MeV/c2, and
mV = 45 MeV/c2.

3.2. Analysis Backgrounds

There are three sources of background for this
search, each of which has already been studied in
CENNS-10 [23]: steady-state backgrounds, beam-
related neutrons, and CEvNS. The expected energy
distribution of backgrounds, along with dark mat-
ter signal normalized to 4⇥ the sensitivity limit, is
shown in Fig. 2.

Steady-state backgrounds are measured in-situ us-
ing out-of-time data taken while the beam is on.
Thus, the distribution of these events is known with-
out bias. Though directly measured, this back-
ground reduces our statistical sensitivity due to the
high rate, primarily from � decay of 39Ar. This is
a cosmogenically-activated isotope of argon with a
lifetime of 269 years. The concentration of 39Ar
can be dramatically reduced by filling the detec-
tor with argon mined from underground [32]. For
every 1 µs of livetime integrated per spill, we ex-
pect 14.58 (1.52) events for each kg-year of expo-
sure for atmospheric (underground) argon. For run-
ning with underground argon, we expect a 100⇥
reduction of the 39Ar background. We assume no
change to the steady-state background related to
other sources, which is conservative as roughly 10%
of the background is produced by a pipe of radioac-
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Figure 5. Expected sensitivity to constraining dark mat-
ter with a leptophobic portal with three years of LAr-
1t exposure, with currently excluded regions in grey.
All constraints are shown as a function of mV with
m� = 5 MeV/c2.

improves on current bounds of dark matter flux by
up to six orders of magnitude as �DM / ↵3

B .

4. FUTURE PROSPECTS FOR CEVNS
DETECTORS

CEvNS detectors can significantly improve on the
LAr-1t sensitivity with realistic assumptions on de-
tector configuration and systematic errors that are
achievable with the next generation of detectors. We
estimate that a liquid argon detector could probe
a dark matter flux up to 2000⇥ lower than cur-
rent constraints. A comparison of potential im-
provements is shown in Fig. 6, showing CEvNS
detectors have the potential to cover the pertur-
bative region of parameter space with ↵0 < 1 for
4 < m� < 100 MeV/c2 within the vector portal
model.

A detector capable of determining the direction-
ality of any observed nuclear recoil signal [39] from
dark matter may further improve background rejec-
tion techniques. Additionally, a confirmation of the
angular di↵erential cross section would serve as a
valuable check for confirming any observed excess
is consistent with dark matter scatters. A detector
with such capabilities would be very di↵erent from
the proposed scintillation detector described here,
though its sensitivity in the SNS beam line would
be an interesting future calculation.

4.1. E↵ectiveness of Analysis Strategy with
Higher Mass Detectors

As shown in Fig. 3, statistical errors dominate
at 610 kg ⇥ 3 years of exposure. We therefore
would expect continued improvement in dark matter
searches with a larger accumulated dataset. With a
next-generation detector with 10 tonnes of fiducial
volume, sensitivity would continue to improve after
several years of exposure. After 50 tonne-yr of ex-
posure, this measurement would not yet be system-
atically limited.

4.2. Reduction of Flux Uncertainty

In the years before LAr-1t is commissioned, un-
derstanding of the relevant systematic uncertainties
is likely to improve. Thus, we repeat the above sen-
sitivity calculation with assumptions of reduced er-
rors. The neutrino and dark matter flux uncertainty
is reduced from 10% to 3%, which we plan to achieve
through an independent measurement of the neu-
trino flux using a D2O detector in Neutrino Alley.
Using the precisely calculated ⌫e CC cross section
on deuterium [40], the measured event rate would
give the neutrino flux with small uncertainty. The
enhancement in sensitivity we achieve with this re-

7

��������
	 
��
��
�
	 �����������������
	 �����������������
	 ��
����������

���������	�
��
���
�����
��������
���
��������
���� ����
!��� � �"�

arXiv:1911.06422Figure 1. Overview of a postulated accelerator-produced DM scatter produced at the Spallation Neutron Source
(SNS) beam and measured by COHERENT. A beam of protons is incident on a mercury target on the left. In each
p-Hg interaction, a portal particle, V , to the dark sector may be produced. This portal particle would then decay
into a pair of dark matter particles, ��0. Each of these may then interact in a nearby COHERENT detector at a
large o↵-axis angle to the beam.

ment hallway, called “Neutrino Alley”, where the
the neutron flux from the SNS is known to be low,
reducing beam-related neutron backgrounds in CO-
HERENT analyses. We assume 1.4 MW running
with 1.5 ⇥ 1023 protons-on-target accumulated per
year. With a planned second target station at the
SNS, this could increase to 2.4 MW [20] providing
quicker accumulation of exposure.

COHERENT collaboration deployments of low-
energy recoil detectors in Neutrino Alley in-
clude [21]: a CsI[Na] detector (used for the “first
light” CEvNS measurement [6], for which data-
taking is now complete), a 24 kg liquid argon detec-
tor, “CENNS-10” [22] ( [23] with low-threshold anal-
ysis underway), a 185 kg NaI[Tl] detector, currently
operating in high-threshold mode (but with plans to
expand to 3.3 tonnes and lower the threshold), and
16 kg of planned HPGe PPC detectors. All of these
will have some sensitivity to accelerator-produced
dark matter. Liquid argon scintillation detectors
have been built on the several-tonne scale with a rel-
atively low threshold. This scalability makes liquid
argon the most promising detector for constraining
sub-GeV dark matter and is thus the focus of this
paper. Currently, we plan to deploy a tonne-scale
liquid argon detector, LAr-1t, in Neutrino Alley to
significantly improve on the success of CENNS-10.
A proposed cryogenic NaI[Ti] scintillation detector
in Neutrino Alley would likely improve constraints
on dark matter masses below 1 MeV/c2, though a
more thorough understanding of the technology is
needed.

The LAr-1t detector is targeted to replace
CENNS-10 in Neutrino Alley. A cylindrical cryostat
will house 750 kg of chilled argon (610 kg fiducial).
A coating of TPB will shift the ultra-violet scintil-
lation to wavelengths compatible with the photo-
detectors. The detector will be instrumented with
either PMT or SiPM photo-detectors with SiPM de-
tectors o↵ering a lower threshold. The detector will
be shielded with water and lead to reduce the neu-

tron and gamma activity within the cryostat. Ad-
ditional shielding could be added in Neutrino Alley
to close a hallway that allows open-air access to the
beam hall. This would further reduce the neutron
background.

3. A DARK MATTER SEARCH WITH
LAR-1T

We present an estimate of the LAr-1t sensitivity
to constrain the vector and leptophobic portals to
scalar dark matter and discuss potential improve-
ments for future detectors using the same detec-
tion strategy. Only dark matter particle masses
1 < m� < 100 MeV/c2 are considered. Lower-mass
dark matter is currently inaccessible due to the de-
tector threshold, though proposed detectors with a
⇠keVnr threshold may expand the testable parame-
ter space. At Q > ~c / 1 fm, coherent nuclear recoils
are highly suppressed through the nuclear form fac-
tor [24]. For portal masses greater than 100 MeV/c2,
fewer than 25% of nuclear scatters have a suitably
low Q2 to avoid this suppression. Liquid argon may
still be competitive in this region through inelastic
scattering, but more study is needed.

Signal e�ciencies and background rates are esti-
mated from our operating experience with CENNS-
10 which together yield a prediction as a function of
recoil energy and arrival time relative to the SNS
pulse. We also incorporate systematic errors on
this prediction. Systematic nuisance parameters are
profiled by maximizing a log-likelihood prediction
while incorporating dark matter. The fit is energy-
dependent to take advantage of di↵erences in the
recoil spectrum of CEvNS and dark matter events.
For this calculation, all beyond the standard model
e↵ects, such as neutrino non-standard interactions,
outside of the hypothesized dark matter and media-
tor particles are ignored.
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Coherent Captain-Mills (CCM) @ LANL

Designed to study CE𝜈NS and search  

for eV-scale sterile neutrinos

• 800 MeV proton beam on tungsten target

• pair of 10-ton LAr detectors

• similar use of timing to reject delayed 
backgrounds from neutrons and neutrinos

Good sensitivity if low backgrounds achieved

CCM @ LANL

• Primary goal: measure CEvNS and 
search for eV - scale sterile neutrinos

• 800 MeV protons on tungsten target

• 10 ton Liquid Argon Scintillation detector 
x 2 (near and far locations)

• Second detector funded through US DOE 
Dark Matter New Initiatives Award 

• DM signal is prompt, backgrounds are delayed

Figures from R. Van De Water & P. deNiverville
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Beam Dump eXperiment (BDX) @ JLab CEBAF

Proposal to run parasitic DM detector behind high-
current dump at JLab in new experimental facility

• 2-11 GeV electrons, ~few×1021/year

• CsI detector w/ SiPM readout, cosmic veto

• CW beam: neutrino backgrounds not 
reducible with timing

Achieves similar sensitivity to proton beam dumps

Test detector, BDX-HODO deployed in pair of 
wells installed verifies expected backgrounds

BDX-MINI, operated in same location collected 
2.1×1021 EOT from Dec. 2019 - Mar. 2020 
producing first results.

χ
e−

χ

figures from M. Battaglieri
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A fixed target LDM experiment

Beam Dump eXperiment: LDM direct detection in a e≠ beam, fixed-target setup1

‰ production
• High-energy, high-intensity e≠ beam impinging on a

dump
• ‰ particles pair-produced radiatively, trough AÕ emission

(both on-shell or o�-shell).

‰ detection
• Detector placed behind the dump, O(10m)
• Neutral-current ‰ scattering trough AÕ exchange,recoil

releasing visible energy
• Di�erent signals depending on the interaction (e≠

elastic, p quasi-elastic,. . . )

Number of events scales as (on-shell): N Ã –DÁ4

m4
A

1For a comprehensive introduction: E. Izaguirre et al, Phys. Rev. D 88, 114015
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Beam Dump Limitations
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Next generation beam dumps cover only 
scalar target with expected yields, where 
neutrino backgrounds are already a challenge.

Signal yield scales as αD𝜖4  

⟹ reach in y α (#EOT)1/2 (no background) 

⟹ reach in y α (#EOT)1/4 (w/ background)

Reaching all thermal targets convincingly with 
beam dumps looks very difficult.
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How to Discover Something (nearly) Invisible?
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FIG. 1: Sensitivity projection for a Tungsten-based missing
energy-momentum experiment in a JLab-style setup with an
11 GeV electron beam (red curves, color online) for variations
of Scenario B described in Sec. V and illustrated schemati-
cally in Fig. 2b. The upper-most curve labeled I (red, solid)
represents the 90 % confidence exclusion (2.3 event yield with
zero background) of an experiment with target thickness of
10�2X0 and 1015 EOT, the middle curve labeled II (red,
dashed) represents the same exclusion for an upgraded ex-
periment with 1016 EOT and a thicker target of 10�1X0 with
varying PT cuts on the recoiling electron in di↵erent kine-
matic regions (see Sec. V for details), and the lowest curve
labeled III (red, dotted) represents an ultimate target for this
experimental program assuming 3 ⇥ 1016 EOT and imposing
the highest signal-acceptance PT cuts on the recoiling elec-
tron. Here X0 is the radiation length of the target material.
The dotted magenta curve labeled IV is identical to curve
III, only with 1018 EOT, at which one event is expected from
the irreducible neutrino trident background. Also plotted are
the projections for an SPS style setup [20] using our Monte
Carlo for 109 and 1012 EOT. The black curve is the region
for which the � has a thermal-relic annihilation cross-section
for mA0 = 3m� assuming the aggressive value ↵D = 1; for
smaller ↵D and/or larger mA0/m� hierarchy the curve moves
upward. Below this line, � is generically overproduced in
the early universe unless it avoids thermal equilibrium with
the SM. The kinks in the black curves correspond to thresh-
olds where muonic and hadronic annihilation channels become
open; data for hadronic annihilation is taken from [21]. Com-
bined with the projected sensitivity of Belle-II with a mono-
photon trigger [22], the missing energy-momentum approach
can decisively probe a broad class of DM models. With-
out making further assumptions about dark sector masses or
coupling-constants, this parameter space is only constrained
by (g � 2)e [23, 24], and (g � 2)µ [25]. If m0

A � m�, there are
additional constraints from on-shell A0 production in associ-
ation with SM final states from BaBar [22, 24], BES (J/ )
[26], E787 (K+) [27], and E949 (K+) [28].

proposal of [20]) and has sensitivity that extends beyond
any existing or planned experiment by several orders of
magnitude, in a manner largely insensitive to model de-
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FIG. 2: a) Schematic diagram of Scenario A described in
Sec. IV. Here a single electron first passes through an up-
stream tagger to ensure that it carries high momentum. It
then enters the target/calorimeter volume, and radiatively
emits an A0, which carries away most of the beam energy
and leaves behind a feeble electron in the final state. b)
Schematic diagram of Scenario B described in Sec. V. In this
scenario, the target is thin to reduce straggling and charged-
current neutrino reaction backgrounds, the calorimeter is spa-
tially separated from the target itself to allow clean identifi-
cation of single charged particle final states. Additionally,
the energy-momentum measurement of the recoil electron is
used for signal discrimination, to reduce backgrounds associ-
ated with hard bremsstrahlung and virtual photon reactions,
and to measure residual backgrounds in situ with well-defined
data-driven control regions. For both scenarios, the produc-
tion mechanism in the target is depicted in Fig. 3.

tails.

Section II summarize our benchmark model for light
dark matter interacting with the standard model through
its coupling to a new gauge boson (“dark photon”) that
kinetically mixes with the photon, and summarizes ex-
isting constraints. Section III summarizes the essential
kinematic features of dark photon and light DM produc-
tion. Section IV evaluates the ultimate limits of a fixed-
target style missing energy-momentum approach based
on calorimetry alone, and in particular identifies impor-
tant physics and instrumental backgrounds. Section V
describes our proposal for a missing energy-momentum
experiment that can mitigate backgrounds using kine-
matic information and near-target tracking. Section VI
summarizes our findings and highlights important direc-
tions for future work.
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Missing energy/momentum technique:

• one electron at a time, to  
uniquely associate e-out with e-in 

(only leptons are clean enough)

• look for events with large  or 

• no other products of reaction  
(something invisible produced)

ΔE Δ ⃗p

Much better sensitivity than beam dumps with relatively small event yields.
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FIG. 1: Sensitivity projection for a Tungsten-based missing
energy-momentum experiment in a JLab-style setup with an
11 GeV electron beam (red curves, color online) for variations
of Scenario B described in Sec. V and illustrated schemati-
cally in Fig. 2b. The upper-most curve labeled I (red, solid)
represents the 90 % confidence exclusion (2.3 event yield with
zero background) of an experiment with target thickness of
10�2X0 and 1015 EOT, the middle curve labeled II (red,
dashed) represents the same exclusion for an upgraded ex-
periment with 1016 EOT and a thicker target of 10�1X0 with
varying PT cuts on the recoiling electron in di↵erent kine-
matic regions (see Sec. V for details), and the lowest curve
labeled III (red, dotted) represents an ultimate target for this
experimental program assuming 3 ⇥ 1016 EOT and imposing
the highest signal-acceptance PT cuts on the recoiling elec-
tron. Here X0 is the radiation length of the target material.
The dotted magenta curve labeled IV is identical to curve
III, only with 1018 EOT, at which one event is expected from
the irreducible neutrino trident background. Also plotted are
the projections for an SPS style setup [20] using our Monte
Carlo for 109 and 1012 EOT. The black curve is the region
for which the � has a thermal-relic annihilation cross-section
for mA0 = 3m� assuming the aggressive value ↵D = 1; for
smaller ↵D and/or larger mA0/m� hierarchy the curve moves
upward. Below this line, � is generically overproduced in
the early universe unless it avoids thermal equilibrium with
the SM. The kinks in the black curves correspond to thresh-
olds where muonic and hadronic annihilation channels become
open; data for hadronic annihilation is taken from [21]. Com-
bined with the projected sensitivity of Belle-II with a mono-
photon trigger [22], the missing energy-momentum approach
can decisively probe a broad class of DM models. With-
out making further assumptions about dark sector masses or
coupling-constants, this parameter space is only constrained
by (g � 2)e [23, 24], and (g � 2)µ [25]. If m0

A � m�, there are
additional constraints from on-shell A0 production in associ-
ation with SM final states from BaBar [22, 24], BES (J/ )
[26], E787 (K+) [27], and E949 (K+) [28].

proposal of [20]) and has sensitivity that extends beyond
any existing or planned experiment by several orders of
magnitude, in a manner largely insensitive to model de-

1
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FIG. 2: a) Schematic diagram of Scenario A described in
Sec. IV. Here a single electron first passes through an up-
stream tagger to ensure that it carries high momentum. It
then enters the target/calorimeter volume, and radiatively
emits an A0, which carries away most of the beam energy
and leaves behind a feeble electron in the final state. b)
Schematic diagram of Scenario B described in Sec. V. In this
scenario, the target is thin to reduce straggling and charged-
current neutrino reaction backgrounds, the calorimeter is spa-
tially separated from the target itself to allow clean identifi-
cation of single charged particle final states. Additionally,
the energy-momentum measurement of the recoil electron is
used for signal discrimination, to reduce backgrounds associ-
ated with hard bremsstrahlung and virtual photon reactions,
and to measure residual backgrounds in situ with well-defined
data-driven control regions. For both scenarios, the produc-
tion mechanism in the target is depicted in Fig. 3.

tails.

Section II summarize our benchmark model for light
dark matter interacting with the standard model through
its coupling to a new gauge boson (“dark photon”) that
kinetically mixes with the photon, and summarizes ex-
isting constraints. Section III summarizes the essential
kinematic features of dark photon and light DM produc-
tion. Section IV evaluates the ultimate limits of a fixed-
target style missing energy-momentum approach based
on calorimetry alone, and in particular identifies impor-
tant physics and instrumental backgrounds. Section V
describes our proposal for a missing energy-momentum
experiment that can mitigate backgrounds using kine-
matic information and near-target tracking. Section VI
summarizes our findings and highlights important direc-
tions for future work.

Missing energy experiments…

• have a thick (active) target for higher yields

• have only one signal discriminator

• have no way to probe mediator physics

• are challenged by backgrounds beyond 1014 

EOT that require e-𝛾 particle ID
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FIG. 1: Sensitivity projection for a Tungsten-based missing
energy-momentum experiment in a JLab-style setup with an
11 GeV electron beam (red curves, color online) for variations
of Scenario B described in Sec. V and illustrated schemati-
cally in Fig. 2b. The upper-most curve labeled I (red, solid)
represents the 90 % confidence exclusion (2.3 event yield with
zero background) of an experiment with target thickness of
10�2X0 and 1015 EOT, the middle curve labeled II (red,
dashed) represents the same exclusion for an upgraded ex-
periment with 1016 EOT and a thicker target of 10�1X0 with
varying PT cuts on the recoiling electron in di↵erent kine-
matic regions (see Sec. V for details), and the lowest curve
labeled III (red, dotted) represents an ultimate target for this
experimental program assuming 3 ⇥ 1016 EOT and imposing
the highest signal-acceptance PT cuts on the recoiling elec-
tron. Here X0 is the radiation length of the target material.
The dotted magenta curve labeled IV is identical to curve
III, only with 1018 EOT, at which one event is expected from
the irreducible neutrino trident background. Also plotted are
the projections for an SPS style setup [20] using our Monte
Carlo for 109 and 1012 EOT. The black curve is the region
for which the � has a thermal-relic annihilation cross-section
for mA0 = 3m� assuming the aggressive value ↵D = 1; for
smaller ↵D and/or larger mA0/m� hierarchy the curve moves
upward. Below this line, � is generically overproduced in
the early universe unless it avoids thermal equilibrium with
the SM. The kinks in the black curves correspond to thresh-
olds where muonic and hadronic annihilation channels become
open; data for hadronic annihilation is taken from [21]. Com-
bined with the projected sensitivity of Belle-II with a mono-
photon trigger [22], the missing energy-momentum approach
can decisively probe a broad class of DM models. With-
out making further assumptions about dark sector masses or
coupling-constants, this parameter space is only constrained
by (g � 2)e [23, 24], and (g � 2)µ [25]. If m0

A � m�, there are
additional constraints from on-shell A0 production in associ-
ation with SM final states from BaBar [22, 24], BES (J/ )
[26], E787 (K+) [27], and E949 (K+) [28].

proposal of [20]) and has sensitivity that extends beyond
any existing or planned experiment by several orders of
magnitude, in a manner largely insensitive to model de-
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FIG. 2: a) Schematic diagram of Scenario A described in
Sec. IV. Here a single electron first passes through an up-
stream tagger to ensure that it carries high momentum. It
then enters the target/calorimeter volume, and radiatively
emits an A0, which carries away most of the beam energy
and leaves behind a feeble electron in the final state. b)
Schematic diagram of Scenario B described in Sec. V. In this
scenario, the target is thin to reduce straggling and charged-
current neutrino reaction backgrounds, the calorimeter is spa-
tially separated from the target itself to allow clean identifi-
cation of single charged particle final states. Additionally,
the energy-momentum measurement of the recoil electron is
used for signal discrimination, to reduce backgrounds associ-
ated with hard bremsstrahlung and virtual photon reactions,
and to measure residual backgrounds in situ with well-defined
data-driven control regions. For both scenarios, the produc-
tion mechanism in the target is depicted in Fig. 3.

tails.

Section II summarize our benchmark model for light
dark matter interacting with the standard model through
its coupling to a new gauge boson (“dark photon”) that
kinetically mixes with the photon, and summarizes ex-
isting constraints. Section III summarizes the essential
kinematic features of dark photon and light DM produc-
tion. Section IV evaluates the ultimate limits of a fixed-
target style missing energy-momentum approach based
on calorimetry alone, and in particular identifies impor-
tant physics and instrumental backgrounds. Section V
describes our proposal for a missing energy-momentum
experiment that can mitigate backgrounds using kine-
matic information and near-target tracking. Section VI
summarizes our findings and highlights important direc-
tions for future work.

Missing energy experiments…

• have a thick (active) target for higher yields

• have only one signal discriminator

• have no way to probe mediator physics

• are challenged by backgrounds beyond 1014 

EOT that require e-𝛾 particle ID
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FIG. 1: Sensitivity projection for a Tungsten-based missing
energy-momentum experiment in a JLab-style setup with an
11 GeV electron beam (red curves, color online) for variations
of Scenario B described in Sec. V and illustrated schemati-
cally in Fig. 2b. The upper-most curve labeled I (red, solid)
represents the 90 % confidence exclusion (2.3 event yield with
zero background) of an experiment with target thickness of
10�2X0 and 1015 EOT, the middle curve labeled II (red,
dashed) represents the same exclusion for an upgraded ex-
periment with 1016 EOT and a thicker target of 10�1X0 with
varying PT cuts on the recoiling electron in di↵erent kine-
matic regions (see Sec. V for details), and the lowest curve
labeled III (red, dotted) represents an ultimate target for this
experimental program assuming 3 ⇥ 1016 EOT and imposing
the highest signal-acceptance PT cuts on the recoiling elec-
tron. Here X0 is the radiation length of the target material.
The dotted magenta curve labeled IV is identical to curve
III, only with 1018 EOT, at which one event is expected from
the irreducible neutrino trident background. Also plotted are
the projections for an SPS style setup [20] using our Monte
Carlo for 109 and 1012 EOT. The black curve is the region
for which the � has a thermal-relic annihilation cross-section
for mA0 = 3m� assuming the aggressive value ↵D = 1; for
smaller ↵D and/or larger mA0/m� hierarchy the curve moves
upward. Below this line, � is generically overproduced in
the early universe unless it avoids thermal equilibrium with
the SM. The kinks in the black curves correspond to thresh-
olds where muonic and hadronic annihilation channels become
open; data for hadronic annihilation is taken from [21]. Com-
bined with the projected sensitivity of Belle-II with a mono-
photon trigger [22], the missing energy-momentum approach
can decisively probe a broad class of DM models. With-
out making further assumptions about dark sector masses or
coupling-constants, this parameter space is only constrained
by (g � 2)e [23, 24], and (g � 2)µ [25]. If m0

A � m�, there are
additional constraints from on-shell A0 production in associ-
ation with SM final states from BaBar [22, 24], BES (J/ )
[26], E787 (K+) [27], and E949 (K+) [28].

proposal of [20]) and has sensitivity that extends beyond
any existing or planned experiment by several orders of
magnitude, in a manner largely insensitive to model de-
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FIG. 2: a) Schematic diagram of Scenario A described in
Sec. IV. Here a single electron first passes through an up-
stream tagger to ensure that it carries high momentum. It
then enters the target/calorimeter volume, and radiatively
emits an A0, which carries away most of the beam energy
and leaves behind a feeble electron in the final state. b)
Schematic diagram of Scenario B described in Sec. V. In this
scenario, the target is thin to reduce straggling and charged-
current neutrino reaction backgrounds, the calorimeter is spa-
tially separated from the target itself to allow clean identifi-
cation of single charged particle final states. Additionally,
the energy-momentum measurement of the recoil electron is
used for signal discrimination, to reduce backgrounds associ-
ated with hard bremsstrahlung and virtual photon reactions,
and to measure residual backgrounds in situ with well-defined
data-driven control regions. For both scenarios, the produc-
tion mechanism in the target is depicted in Fig. 3.

tails.

Section II summarize our benchmark model for light
dark matter interacting with the standard model through
its coupling to a new gauge boson (“dark photon”) that
kinetically mixes with the photon, and summarizes ex-
isting constraints. Section III summarizes the essential
kinematic features of dark photon and light DM produc-
tion. Section IV evaluates the ultimate limits of a fixed-
target style missing energy-momentum approach based
on calorimetry alone, and in particular identifies impor-
tant physics and instrumental backgrounds. Section V
describes our proposal for a missing energy-momentum
experiment that can mitigate backgrounds using kine-
matic information and near-target tracking. Section VI
summarizes our findings and highlights important direc-
tions for future work.

Missing momentum experiments…

• also have ΔpT as a signal discriminator

• have ΔpT as a signal identifier, sensitive to mA′

• have tracking for e-𝛾 particle ID so that no 

irreducible backgrounds beyond 1016 EOT. 

• include a missing energy experiment: thin-target 
missing momentum experiments can also 
perform a missing energy analysis
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FIG. 1: Sensitivity projection for a Tungsten-based missing
energy-momentum experiment in a JLab-style setup with an
11 GeV electron beam (red curves, color online) for variations
of Scenario B described in Sec. V and illustrated schemati-
cally in Fig. 2b. The upper-most curve labeled I (red, solid)
represents the 90 % confidence exclusion (2.3 event yield with
zero background) of an experiment with target thickness of
10�2X0 and 1015 EOT, the middle curve labeled II (red,
dashed) represents the same exclusion for an upgraded ex-
periment with 1016 EOT and a thicker target of 10�1X0 with
varying PT cuts on the recoiling electron in di↵erent kine-
matic regions (see Sec. V for details), and the lowest curve
labeled III (red, dotted) represents an ultimate target for this
experimental program assuming 3 ⇥ 1016 EOT and imposing
the highest signal-acceptance PT cuts on the recoiling elec-
tron. Here X0 is the radiation length of the target material.
The dotted magenta curve labeled IV is identical to curve
III, only with 1018 EOT, at which one event is expected from
the irreducible neutrino trident background. Also plotted are
the projections for an SPS style setup [20] using our Monte
Carlo for 109 and 1012 EOT. The black curve is the region
for which the � has a thermal-relic annihilation cross-section
for mA0 = 3m� assuming the aggressive value ↵D = 1; for
smaller ↵D and/or larger mA0/m� hierarchy the curve moves
upward. Below this line, � is generically overproduced in
the early universe unless it avoids thermal equilibrium with
the SM. The kinks in the black curves correspond to thresh-
olds where muonic and hadronic annihilation channels become
open; data for hadronic annihilation is taken from [21]. Com-
bined with the projected sensitivity of Belle-II with a mono-
photon trigger [22], the missing energy-momentum approach
can decisively probe a broad class of DM models. With-
out making further assumptions about dark sector masses or
coupling-constants, this parameter space is only constrained
by (g � 2)e [23, 24], and (g � 2)µ [25]. If m0

A � m�, there are
additional constraints from on-shell A0 production in associ-
ation with SM final states from BaBar [22, 24], BES (J/ )
[26], E787 (K+) [27], and E949 (K+) [28].

proposal of [20]) and has sensitivity that extends beyond
any existing or planned experiment by several orders of
magnitude, in a manner largely insensitive to model de-
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FIG. 2: a) Schematic diagram of Scenario A described in
Sec. IV. Here a single electron first passes through an up-
stream tagger to ensure that it carries high momentum. It
then enters the target/calorimeter volume, and radiatively
emits an A0, which carries away most of the beam energy
and leaves behind a feeble electron in the final state. b)
Schematic diagram of Scenario B described in Sec. V. In this
scenario, the target is thin to reduce straggling and charged-
current neutrino reaction backgrounds, the calorimeter is spa-
tially separated from the target itself to allow clean identifi-
cation of single charged particle final states. Additionally,
the energy-momentum measurement of the recoil electron is
used for signal discrimination, to reduce backgrounds associ-
ated with hard bremsstrahlung and virtual photon reactions,
and to measure residual backgrounds in situ with well-defined
data-driven control regions. For both scenarios, the produc-
tion mechanism in the target is depicted in Fig. 3.

tails.

Section II summarize our benchmark model for light
dark matter interacting with the standard model through
its coupling to a new gauge boson (“dark photon”) that
kinetically mixes with the photon, and summarizes ex-
isting constraints. Section III summarizes the essential
kinematic features of dark photon and light DM produc-
tion. Section IV evaluates the ultimate limits of a fixed-
target style missing energy-momentum approach based
on calorimetry alone, and in particular identifies impor-
tant physics and instrumental backgrounds. Section V
describes our proposal for a missing energy-momentum
experiment that can mitigate backgrounds using kine-
matic information and near-target tracking. Section VI
summarizes our findings and highlights important direc-
tions for future work.
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missing momentum experiment for ≳1016 e-
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LCLS-II drive beam delivered through the Sector 
30 Transfer Line (Linac to End Station A).

In addition to missing momentum, also sensitivity 
to visible signatures with thin target and hermetic 
forward acceptance.
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FIG. 11: Distribution of the ECal BDT discriminator value (y axis) and maximum number of photoelec-
trons (PEs) in any HCal module (x axis) for an ECal photo-nuclear background sample (black) equivalent to
2.1⇥1014 electrons on target. A representative 100 MeV, A0 signal sample is also shown as a heatmap. The
signal band at large max PE is populated by events where the recoil electron is produced softly, misses the
ECal and showers in the side HCal. The signal band at low max PE is composed of events where the recoil
electron shower is fully contained in the ECal. In the analysis, the signal region (yellow box) is defined by
events with a BDT score < 0.99 and an a maximum number of PEs in an HCal module of < 5. As is evident
from the figure, a majority of the signal lies within the defined signal region. The background events within
the signal region are rejected by additional requirements on the tracks in the Recoil tracker and the ECal.

In a first stage, tracks normal to the back of the ECal are formed from combinations of hits in
cells directly in front of each other and not more than two layers apart. The second stage uses a
linear regression among certain three-hit combinations of the remaining hits. At both stages, tracks
are discarded if they are too far from the projected photon trajectory or too close to the projected
electron trajectory.

Figure 12 (left) shows a visualisation of one of the background events surviving the previous
selections to which the track finding has been applied, resulting in the track shown in black, close
to the projected photon trajectory in cyan. The right plot in Fig. 12 shows the distribution of the
number of tracks found by the methods described above in signal and PN background events. Any
event with one or more tracks is rejected.

A final criterion is useful for identifying background events in which no track is produced, but
in which potentially isolated hits are present in the vicinity of the photon trajectory in the early
ECal layers. If any hits that are outside the electron radius of containment are found to be within

arXiv:1912.05535 [physics.ins-det]

24

LDMX Sensitivity to A′-mediated Freeze-out DM

After ~2 years of operation with 4 GeV beam, 
LCLS-II upgrade to 8 GeV for Phase II

Phase III? A larger detector, operating at even 
higher energies (e.g. CERN eSPS at 16 GeV) 
would extend reach at high masses.

Possibility of operation with a muon beam at 
FNAL (M3) also being studied

Ultimate goal is exploration of entire thermal 
DM parameter space from MeV-GeV, where 
complementarity with Belle-II is important.

e− → e− + hard γ
Key backgrounds are e- + low multiplicity: 

γ → hadrons
γ → μ+μ−

(and direct electro-nuclear analogues)
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LDMX Beyond A′-mediated Freeze-out DM

Sensitive to a broader set of scenarios:

• other mediators

• Strongly Interacting Massive Particles (SIMPs):  
a confining interaction in the dark sector

• millicharged particles:  
arise from ~massless dark photons and 
thrust into spotlight by EDGES anomaly

• Axion-like particles (ALPs):  
new pseudo-scalars can have either/both  
photon and electron couplings

• inelastic Dark Matter (iDM):  
large mass-splittings in dark states, both visible  
and invisible signatures

• freeze-in DM, etc… new ideas?
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FIG. 7: As in Fig. 4, thermal targets for the representative dark matter candidates of Sec. III A but instead
coupled to U(1)B�L (top-left), U(1)B�3e (top-right), U(1)e�µ (bottom-left), and U(1)B (bottom-right)
Z 0 gauge bosons, fixing mZ0 = 3m� and ↵D = 0.5. The black line corresponds to parameter space
where the relic abundance of � agrees with the observed dark matter energy density. The shaded gray
regions are excluded from previous experiments, such as a BaBar monophoton analysis [89], and beam
dump searches at LSND [78], E137 [16, 79], and MiniBooNE [88]. Also shown in dot-dashed blue is the
projected sensitivity of a monophoton search at Belle II presented in Ref. [1] and computed by rescaling the
20 fb�1 background study up to 50 ab�1 [80]. Future direct detection experiments will have sensitivity to
the cosmologically motivated regions of parameter space shown for scalar DM (see Fig. 4). We also show
constraints derived from the observed ⌫̄�e scattering spectrum at TEXONO [104, 105], and for the baryonic
current, U(1)B , bounds from considerations of enhanced anomalous decays into Z 0 final states [55, 56]. The
projected sensitivity of LDMX is shown in solid (dot-dashed) red, assuming 1016 EOT from a 8 (16) GeV
electron beam and a 10% radiation length tungsten (aluminum) target.

2. Predictive Dark Matter with Spin-0 Mediators

In this section, we focus on another variation of the models previously considered in Sec. III A.
In particular, we will investigate the cosmologically motivated parameter space for DM that anni-
hilates to SM leptons through the exchange of a spin-0 mediator, which we denote as '. Compared
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FIG. 8: Thermal targets for Majorana dark matter that couples to an electrophilic (top row) or leptophilic
(bottom row) spin-0 mediator, '. In each model, we assume that the � � ' interaction is parity-even,
fixing m' = 3m� and ↵D = 0.5. In the left (right) column, ' couples to SM leptons through parity-even
(parity-odd) interactions. The black line corresponds to parameter space where the relic abundance of �
agrees with the observed dark matter energy density. The shaded gray regions are excluded from previous
experiments, such as the BaBar monophoton analysis [89], beam dump search at E137 [16, 79], and the
XENON10 direct detection experiment [90–93]. Also shown in dot-dashed blue is the projected sensitivity
of a monophoton search at Belle II presented in Ref. [1] and computed by rescaling the 20 fb�1 background
study up to 50 ab�1 [80]. Future direct detection experiments, such as SENSEI, will have sensitivity to the
cosmologically motivated regions of parameter space shown for parity-even ' � e couplings [1]. We also
show constraints derived from the observed magnetic moment of the electron and muon as well as regions
favored to explain recently reported anomalies [7, 108–111]. The projected sensitivity of LDMX is shown
in solid (dot-dashed) red, assuming 1016 EOT from a 8 (16) GeV electron beam and a 10% radiation length
tungsten (aluminum) target.

the CMB. For parity-even couplings, the DM-electron elastic scattering cross section, relevant for
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E. Strongly-Interacting Models

Until recently most light DM scenarios have focused on weak couplings in the hidden sector as
described in the previous sections. Another generic possibility is that the dark sector is described
by a confining gauge theory similar to our QCD [11, 129]. The low-energy spectrum then contains
dark mesons, the lightest of which can make up the DM. The presence of heavier composite states,
e.g. analogues of the SM vector mesons, and strong self-interactions can alter the cosmological
production of DM [128]. This leads to qualitatively different experimental targets compared to
those in the minimal models. Despite the large variety of possible scenarios featuring different
gauge interactions and matter content, both visible and invisible signals appear to be generic in
strongly interacting sectors. As a concrete example, we will focus on the model recently studied
in Ref. [128] with a SU(3) confining hidden sector with 3 light quark flavors, and a dark photon
mediator. Therefore production of dark sector states occurs through the A0 which then promptly
decays either into dark pions and/or vector mesons. The dark pions and some of the vector mesons

HPS
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FIG. 21: Sensitivity of an LDMX-style experiment to axion-like particles (ALPs) dominantly coupled to
photons (top row) or electrons (bottom row) via late-decay and invisible channels. The solid red lines
show the 95% C.L. reach of a search for late decays inside of the detector (assuming late � conversion
background), while the green-dashed lines correspond to the missing momentum channel where the ALP
decays outside of the detector. In both cases, the two sets of lines correspond to 8 and 16 GeV beams,
with Ebeam = 16 GeV having slighter better reach in mass; the left (right) column assumes 1016 (1018)
EOT. The high-luminosity configuration (1018 EOT) must forgo single electron tracking, so the missing
momentum search (and the use of pT as a background discriminant in the visible channel) is not possi-
ble. In the top row, recasts of constraints from beam dump experiments E141, E137, ⌫Cal, and the BaBar
monophoton search from Ref. [156], and LEP [157] are shown as gray regions. Projections for SHiP [155],
a SeaQuest-like experiment with sensitivity to �� final states [99], Belle II 3 photon search (50 ab�1 inte-
grated luminosity) [156] are shown as thin dashed lines. In the bottom row, existing constraints from E141,
Orsay, BaBar [19] and electron g�2 are shaded in gray, while the estimated sensitivities of DarkLight [158],
HPS [1], MAGIX [1, 159] and Belle II are indicated as thin dashed lines.
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Dirac pair is unstable and decays via �2 ! �1ff̄ . These displaced visible decays can be searched for
at accelerator experiments. Here we present various projections for LDMX (for a 8/16 GeV electron
beam assuming 1016 EOT and a 10% tungsten/aluminum target in solid/dot-dashed red, respectively) and
SeaQuest [99], JSNS2 [100], BDX, and MiniBooNE [95, 98]. Also shown are constraints from LSND,
BaBar [86, 98, 99], Belle II [86], and LEP [101]. We do not show constraints derived from the electron
beam dump E137 since they suffer from uncertainties pertaining to the energy threshold of the analysis [99].

In this figure, many of the beam dump and B-factory constraints are identical to those in the
bottom-right panel of Fig. 4; however, there are now additional constraints and future projections
for experiments able to detect displaced visible �2 ! �1`+`� decays, which offer the greatest
sensitivity at high mass and splitting.

B. Predictive Dark Matter with Other Mediators

In this section, we generalize the above discussion to include spin-1 mediators (Sec. III B 1)
and spin-0 mediators (Sec. III B 2) with more general couplings to the SM. In the vast majority of
these models, the electron coupling dominantly controls DM freeze-out. Hence, direct searches
for these mediators through electron couplings is a well-motivated and powerful technique. The
leptophilic scalar and baryonic coupled vector are extreme examples of this; even though the
electron coupling is highly suppressed in these models, it is the coupling that controls freeze-out
for light DM. Furthermore, LDMX can probe interaction strengths motivated by thermal freeze-
out. The exception to this rule is if the dominant annihilation channel for light dark matter is into
neutrinos, as is the case, for example, for a vector coupled to Lµ � L⌧ . These scenarios motivate
a muon-beam variant to LDMX [6], and are discussed in Sec. III B 3. For simplicity, we group
together in this discussion the different possibilities for DM spin (as discussed in Sec. III A) that
are compatible with CMB bounds for each choice of mediator.
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• Axion-like particles (ALPs):  
new pseudo-scalars can have either/both  
photon and electron couplings

• inelastic Dark Matter (iDM):  
large mass-splittings in dark states, both visible  
and invisible signatures

• freeze-in DM, etc… new ideas?
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FIG. 13: LDMX sensitivity to the freeze-in scenario with a heavy dark photon and low-reheat temperature.
The projected reach of LDMX is shown as the solid red (dashed-dotted red) line for a tungsten (aluminum)
target and a 8 (16) GeV beam. The correct relic abundance is obtained along the black contours for different
choices of ↵D. The gray shaded regions are excluded by the BaBar resonance search [19] and by cosmo-
logical constraints on low reheating temperatures [132]. We also show the projected sensitivity of the Belle
II monophoton search (blue dot-dashed) as computed by rescaling the 20 fb�1 background study up to 50
ab�1 assuming statistics limitation only [1, 80].

Alternative variations can instead motivate large production rates at low-energy accelerators for
low reheat temperatures and mediators much heavier than 10 MeV. We will illustrate this with a
Dirac fermion, �, with unit charge under U(1)D. We follow the semi-analytic procedure to solve
the relevant Boltzmann equation outlined in, e.g., Ref. [70], to estimate the freeze-in production
of � through the process e+e�

! A0⇤
! ��̄. If the dark photon mass is much larger than the

reheat temperature of the universe, mA0 � TRH, DM production is dominated at the earliest times
(largest temperatures). We find that the final � abundance is approximately

⌦�h2
' 1.3 ⇥ 10

28
⇥ g�1/2

⇤ (TRH) g�1
⇤S (TRH)

↵em ✏2 ↵D m� T 3
RH

m4
A0

, (44)

where g⇤ and g⇤S are the energy density and entropy density effective relativistic degrees of free-
dom. This is valid for TRH . 100 MeV, in which case similar contributions from muons are
expected to be subdominant. Effects from the pre-thermal phase immediately following inflation
are also not expected to significantly modify the estimate of Eq. (44) for the dark photon model
under consideration [131].

We explore a slice of parameter space in the ✏�mA0 plane in Fig. 13. Along the black contours,
the abundance of � matches the observed DM energy density for various choices of ↵D. We
have fixed mA0 = 15 TRH and m� = 1 keV throughout. mA0 � TRH guarantees that on-shell
A0 production via inverse-decays (e+e�

! A0) followed by A0
! �� is subdominant to the

direct annihilation, e+e�
! A0⇤

! ��. Furthermore, DM masses significantly lighter than
O(keV) are constrained from considerations of warm DM [133], although the exact strength of
this bound warrants a dedicated study [134]. We saturate this approximate lower bound, fixing

https://arxiv.org/abs/1807.01730
https://arxiv.org/abs/1807.01730
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Summary

Fixed target experiments continue to play an important role in searches for new 
vector mediators and dark matter in the MeV-GeV mass range.

An active US program in visible mediator searches begun almost a decade ago is 
being joined by many new proposals to search for MeV-GeV dark matter. A number 
of these efforts leveraging existing infrastructure are already underway, and new 
facilities are being developed to enable the next generation of searches.

These experiments can explore the simplest thermal freeze-out DM scenarios in 
the MeV-GeV range over the next ten years in combination with  colliders.

Completing the picture for secluded DM and other models with visible searches 
will be a longer, more piecemeal process, and new ideas are still needed.

The Snowmass process underway in the US should generate many new ideas and 
bring future plans into focus, much as the European Strategy update has in Europe. 

e+e−
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Missing Momentum Backgrounds

7

FIG. 4: Conceptual layout of the detector with an illustration of signal (left) and an example of a potential
background reaction (right).

magnetic field in the trackers, in addition to the momentum measurement, provides separation of137

electron and photon showers in the calorimeter.138
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FIG. 5: Flow of important (veto design driving) potential background processes and their raw rates relative
to the number of beam electrons incident on the target, shown for a 4 GeV electron beam energy. On the
right is a visual summary of which detector systems have significant detection and rejection power for each
class of background.

With this concept in mind, we can classify background events by the electron’s interactions in139

the target, and the subsequent fate of secondary particles, as illustrated in Fig. 5. Backgrounds140

from off-beam energy electrons and beam halo are rejected efficiently by the tagging tracker and141
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Thermal Targets - Accelerators and Direct Detection
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Resonance Effects
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FIG. 79: Sensitivity in the ✏2 vs mA0 plane to A0 production, with A0
! ��̄ (on-shell mediator production

of dark matter). In much of the viable parameter space for light dark matter, this type of reaction dominates
the dark matter yield in accelerator experiments. Shown for comparison are curves corresponding to direct
thermal freeze-out reaction accounting for the observed density of dark matter for Majorana (left) and
Pseudo-Dirac (right) dark matter; the gray regions are excluded by existing constraints. The mass ratio
mA0/m� is varied from 50 to 2.2, while ↵D = 0.5. The thermal relic sensitivity is most challenging to
reach as the parameters approach the narrow resonance region mA0/m� = 2 with large ↵D. The blue line is
the sensitivity of the “Phase I” LDMX run with 4 GeV beam energy and 4⇥1014 EOT. A scaling estimate of
the sensitivity of the extended run scenario highlighted in Table XIV is illustrated by the red line. Note that
as ↵D is decreased relative to the reference value shown here, the relic curves and beam dump constraints
shift uniformly upwards in the parameter space, whereas the BABAR exclusion region is unchanged.

The projected LDMX sensitivity can also be interpreted as an upper bound on the coupling
↵D of light dark matter to the mediator, as a function of mass, if we assume that the product of
couplings ↵D✏2 lies precisely at the thermal relic line. This interpretation of the expected LDMX
sensitivity is shown in Figure 80 for both Majorana and pseudo-Dirac dark matter. These figures
also show several complementary direct and indirect constraints: direct searches for dark matter
production at BABAR [61] and LSND [34] exclude the coupling ranges shaded in brown (in the
case of pseudo-Dirac dark matter, the best existing constraints at low mass come from LSND [34]
and NA64 [5, 6], but are below the range of the plot). Demanding that the U(1)D coupling remain
perturbative up to 1 TeV (“TeV perturbativity”) leads to a constraint that the running coupling at
m� must be below the “TeV perturbativity” line. Finally, demanding that the DM self-interaction
cross-section lie below �/m = 1 cm2/g excludes the light-gray shaded region (a thin gray line
illustrates the weaker constraint �/m < 10 cm2/g).

As discussed in detail in [23], the range of dark matter and mediator physics probed by fixed-
target missing momentum measurements extends far beyond dark photon mediators, and has
many other applications to new physics searches as well. For example, Figure 81 illustrates the
LDMX sensitivity to dark matter interacting via a B-L Z 0 gauge boson. The thermal targets and
other experiments’ sensitivity change by O(1) factors relative to the dark photon mediator case.
Other models feature more dramatically altered constraints and thermal targets, to which LDMX
nonetheless has substantial sensitivity, as catalogued in [23]. For example:

• Thermal freeze-out through mediators coupled to anomaly-free combinations of lepton

LDMX has good sensitivity even for finely tuned mass ratio. 
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LDMX: Using PT to Eliminate Backgrounds

3

I. INTRODUCTION

A compelling explanation for the origin of dark matter (DM) is that of a thermal relic from
the early universe. In this scenario, dark matter (henceforth DM) particles can have masses in the
sub-MeV to 100 TeV range and must have some small non-gravitational interaction with ordinary
matter. Any such interaction implies a production mechanism for dark matter at accelerators. Sce-
narios where the dark matter annihilates directly to Standard Model matter (typically including
electrons) are both simple and especially predictive (see [1–5] for recent reviews). The combi-
nations of interaction strength y and dark matter particle mass m� that result in the appropriate
thermal relic abundance for different types of particles are shown as black solid lines in Fig. 1.
Probing the existence of thermal-relic dark matter in the sub-GeV mass region is well-motivated
as an important part of a comprehensive search programme for dark matter. It calls for an exper-
iment sensitive enough to explore the thermal targets shown in Fig. 1, which implies interaction
rates a few orders of magnitude beyond the sensitivity of current accelerator-based experiments
(gray regions in Fig. 1).

To achieve this important goal, the “Light Dark Matter eXperiment” (LDMX) collaboration has
developed a detector concept [6] optimized to search for dark matter particle production in high-
rate fixed-target collisions of 4–16 GeV electrons. The LDMX detector contains low-mass track-
ing detectors both up- and down-stream of a thin tungsten target, an electromagnetic calorimeter
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FIG. 1: Projected sensitivity in the y vs. m� plane for an LDMX run with 4 ⇥ 1014 electrons on tar-
get at 4 GeV beam energy (solid blue curve), for the case of on-shell mediator production and decay into
dark matter. Benchmark thermal relic targets are shown as black lines. Experimental constraints are shown
for the assumption of a mediator particle mass (mA0) three times as large as the dark matter mass and
with a coupling constant ↵D = 0.5 between the mediator and the dark matter. Grey regions are (model-
dependent) constraints from beam dump experiments and BABAR. The dashed curve shows the sensitivity in
case of unexpected photon-induced backgrounds at the 10-event level, the dotted line further assumes a 50%
uncertainty in this background. At higher DM masses, the sensitivity curves for different background as-
sumptions converge towards the zero-background sensitivity because a transverse momentum cut efficiently
reduces the background while maintaining high signal efficiency.

Phase I sensitivity
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Robustness of Accelerator Reach
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FIG. 2. Schematic layout of the DarkLight experiment with human figure for scale.

GEM trackers and silicon detectors will be used. There
are three scientific goals of the phase-I experiment: 1)
beam studies of the e↵ect of the gas target and solenoidal
magnet on the ERL beam, 2) measurement of Standard
Model processes in the experiment, 3) a search for the
A0. DarkLight phase-I would be completed in 20 days
of running. The phase-I experiment will be assembled
and commissioned at the MIT-Bates Research and En-
gineering Center before shipping to Je↵erson Lab. It is
expected that the phase-I experiment will take data in
the next eighteen months.

B. Phase-II

In phase-II the complete DarkLight experiment would
be realized to search for the A0 with the sensitivity shown
in Fig. 1. Further, the experiment would be optimized for
sensitivity to invisible decays of the A0. The detailed de-
sign of phase-II is in progress. The aluminum target pipe
would be modified to be made from beryllium. The sili-
con proton detector would likely be a full acceptance im-
plementation of the technology used in phase-I. The lep-
ton tracker under consideration consists of four concen-
tric, cylindrical micromegas of the type developed for the
CLAS12 detector. The experimental constraints make
a classical trigger design impossible. At present, under
consideration is a streaming, dead-time free, trigger-less
readout system based on fast ADCs and FPGAs. Prelim-
inary tracking will be performed online on a CPU farm
in real time. Data written to disk is then selected based

on the tracker results. It is anticipated that the phase-II
experiment could take data within two years after com-
pletion of phase-I.

IV. REQUIREMENTS

Continued funding of the research groups in the Dark-
Light collaboration is essential. Development of a trig-
gerless readout is essential for the success of the Dark-
Light experiment. Healthy operations support for Je↵er-
son Lab is also vital. The equipment funds to construct
the DarkLight phase-II experiment are estimated at $ 5-7
million.

This work has been supported in part by the US De-
partment of Energy O�ces of High Energy Physics and
Nuclear Physics as well as by the National Science Foun-
dation Divisions of Elementary Particle Physics and Nu-
clear Physics. We also acknowledge generous support
from the MIT Physics Department and School of Science.
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e- beam + spectrometer:  
Darklight at JLab (2022?)

First proposed to run at JLab LERF:

• 5 mA, 100 MeV e- 

• ~1019/cm2 H2 gas target



B. Expected reach

We define our reach in terms of the region where a signal would have a 2� significance
compared to fluctuations of the standard model backgrounds. With 1000 hours (45 days) of
running, the proposed experiment will probe all remaining untested coupling-mass parameter
space of the 8Be anomaly, including the overlap with the gµ � 2 anomaly region and down
into the region excluded by NA64 [22]. We show this in figure 12 in the context of existing
exclusions applicable to a proto-phobic force.
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FIG. 12. Reach of the proposed experiment in comparison to existing exclusions (grey). The new
exclusion limit from NA64 [22] is shown in light gray. With 1000 hours of delivered beam (45 days,
assuming 100% duty factor), the experiment is sensitive to all of the as-yet unprobed portion of
the proposed fifth-force parameter space.

Future experiments which can probe the same region include Mu3e, which plans to begin
commissioning in 2021; an experiment at MESA, also planned to run post 2022, and an
experiment at VEPP-3, currently only in its planning phase. HPS will probe the parameter
space in two modes, which are adjacent to, but do not overlap the region suggested by the
5th force explanation. NA64 is in the R&D phase for a bump-hunt search which potentially
could cover the whole area, but will not take data before the end of the long shutdown in
2021. The LHCb experiment will also be sensitive to this mass range in the dataset they
intend to collect in LHC’s Run 3, but due to the hadronic dependencies it is unclear what
coupling strengths they will be able to probe.4

4All plans do not include possible COVID-19 related delays.
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FIG. 6. 3D CAD rendering of the conceptual design, with part of the shielding. Additional
shielding around the target is anticipated. Additionally, the exit beam line will be conical (6 cm
radius at 3 m distance) to allow for the increased beam width from the target interaction.

analysis level. This timing information must be provided by the trigger detector, but can be
corrected by the particle path length reconstructed from the tracking detector information.
However, to reduce readout dead-time, it is important to be close to the ideal timing during
data-taking. The main time dispersion is generated by the momentum-dependent dispersion
inside the spectrometers. We therefore propose a trigger detector made from scintillator
paddles, divided along the dispersive direction into 10 segments, each read out via a photo-
multiplier tube. These segments can then be timed in individually. The large signal from
the PMTs (compared to SiPMs) and a constant fraction discriminator then allows for small
coincidence time windows.

The scintillator paddles will be made from a standard plastic scintillator material and
have a size of about 150x30x2 mm3.

2. GEM detectors

Each spectrometer will be instrumented with an identical tracking detector system con-
sisting of three triple-GEM elements. Eight such GEMs have been designed and built with
funding from the NSF MRI award and are being commissioned as of Summer 2020.

With an active area of 25x40 cm2 the GEM detectors cover ten times more area than the
10x10 cm2 GEMs used in the 2016 prototype detector2. The intermediate size makes the
envisioned set of GEM chambers also attractive for further use in other setups.

2Originally built by the Hampton group for the OLYMPUS experiment through an NSF/MRI award, these

detectors were used in the DarkLight Phase 1a commissioning at the LERF and are also in use at MUSE.
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Darklight 2020

Motivated by various challenges and 
focus on 17 MeV observation a 
simpler proposal has emerged:  
a low-energy two-arm spectrometer 
to operate using the CEBAF injector 
@ 45 MeV beam energy.

Proposed to JLab PAC this summer: 
decision deferred with questions 
regarding background estimates.
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e- beam + spectrometer:  
Darklight at JLab (2022?)

First proposed to run at JLab LERF:

• 5 mA, 100 MeV e- 

• ~1019/cm2 H2 gas target


