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Wait…wasn’t this supposed to be a talk about LDMX?

LDMX (Light Dark Matter eXperiment) is a great experiment in this space.

There are others, each having somewhat unique beam requirements.

Snowmass taught me more communication is needed to identify opportunities.

I’ll get to LDMX, but will more generally survey…

• Light (sub-GeV) particle Dark Matter and dark forces

• fixed-target accelerator based searches

• what are the goals?

• how do they work?

• what are the beam requirements?
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FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why
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Particle DM and Thermal Contact

Discoverable particle DM has significant non-gravitational interactions with visible matter.

⟹ most discoverable candidates for particle Dark Matter had thermal contact with visible matter in early universe.

Contact between Dark Matter and visible matter plays a role in generating the observed abundance,  
often leading to testable predictions.

A particularly simple and predictive mechanism for generating the Dark Matter abundance is “thermal freeze-out”:
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Direct Detection Landscape

an active, important, and exciting program!
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30 Years of  WIMP Searches

Searches for WIMPs where we 
most expect to find them 
haven’t seen anything.

Within next few years, will 
either find WIMPs or rule out 
most of the accessible 
parameter space.

�?
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Broadening the Search for Thermal Relic DM

MeV-GeV thermal relic DM requires new, comparably light mediators to 
achieve required annihilation cross-section for thermal freeze-out.

Generic LDM Requirements
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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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Benchmark Example: Dark Photon Mediator

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>

✏ �⇤
eA0

 

�⇤egD
A0

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>

↵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⇡
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A dark photon, A′, can mix with the SM photon, 

generating an 𝜖e coupling to SM fermions:

If one or both U(1) in GUT, 𝜖 as small as 10−7
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Producing Dark Photons

Where there are photons, there are dark photons!
A! Production Kinematics
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Note mA!/E ↔ θ : 0.5 (DarkLight), 0.3 (MAMI), 0.1 (APEX), 0.03 (HPS) 5
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FIG. 1. Top: (a) A0 production from radiation off an incoming e�

beam incident on a target consisting of nuclei of atomic number Z.
APEX is sensitive to A0 decays to e+e� pairs, although decays to
µ+µ� pairs are possible for A0 masses mA0 > 2mµ. Bottom: QED
trident backgrounds: (b) radiative tridents and (c) Bethe-Heitler tri-
dents.

liders [5, 9, 12–14]. Hidden sector collider phenomenology
has also been explored in detail in e.g. [15]. Electron fixed-
target experiments are uniquely suited to probing the sub-GeV
mass range because of their high luminosity, large A0 pro-
duction cross section, and favorable kinematics. Electrons
scattering off target nuclei can radiate an A0, which then de-
cays to e+e�, see Fig. 1. The A0 would then appear as a
narrow resonance in the e+e� invariant mass spectrum, over
the large background from quantum electrodynamics (QED)
trident processes. APEX is optimized to search for such a
resonance using Jefferson Laboratory’s Continuous Electron
Beam Accelerator Facility and two High Resolution Spec-
trometers (HRSs) in Hall A [16].

The full APEX experiment proposes to probe couplings
↵0/↵ & 10�7 and masses mA0 ⇠ 50 � 550 MeV, a consid-
erable improvement in cross section sensitivity over previous
experiments in a theoretically interesting region of parame-
ter space. Other electron fixed-target experiments are planned
at Jefferson Laboratory, including the Heavy Photon Search
(HPS) [17] and DarkLight [10] experiments; at MAMI [18];
and at DESY (the HIdden Photon Search (HIPS) [19]).

We present here the results of a test run for APEX that took
place at Jefferson Laboratory in July 2010. The layout of the
experiment is shown in Fig. 2. The distinctive kinematics of
A0 production motivates the choice of configuration. The A0

carries a large fraction of the incident beam energy, Eb, is
produced at angles ⇠ (mA0/Eb)3/2 ⌧ 1, and decays to an
e+e� pair with a typical angle of mA0/Eb. A symmetric con-
figuration with the e� and e+ each carrying nearly half the
beam energy mitigates QED background while maintaining
high signal efficiency.

The test run used a 2.260 ± 0.002 GeV electron beam
with an intensity up to 150 µA incident on a tantalum foil
of thickness 22 mg/cm2. The HRSs’ central momenta were
'1.131 GeV with a momentum acceptance of ±4.5%. Dipole

Septum

Beam

Ta target

Electron, P = E /2

HRS−right

Sieve
Slit

Detectors

.

.

Positron, P = E /2
b

b

HRS−left

FIG. 2. The layout of the APEX test run. An electron beam (left-to-
right) is incident on a thin tantalum foil target. Two septum magnets
of opposite polarity deflect charged particles to larger angles into
two vertical-bend high resolution spectrometers (HRS) set up to se-
lect electrons and positrons, each carrying close to half the incoming
beam energy. The HRSs contain detectors to accurately measure the
momentum, direction, and identity of the particles. Insertable sieve
slit plates located in front of the septum magnets were used for cali-
bration of the spectrometer magnetic optics.

septum magnets between the target and the HRS aperture al-
low the detection of e� and e+ at angles of 5� relative to the
incident beam. Collimators present during the test run reduced
the solid angle acceptance of each spectrometer from a nomi-
nal 4.3 msr to ' 2.8 (2.9) msr for the left (right) HRS.

The two spectrometers are equipped with similar detector
packages. Two vertical drift chambers, each with two orthog-
onal tracking planes, provide reconstruction of particle trajec-
tories. A segmented timing hodoscope and a gas Cherenkov
counter (for e+ identification) are used in the trigger. A two-
layer lead glass calorimeter provides further offline particle
identification. A single-paddle scintillator counter is used for
timing alignment.

Data were collected with several triggers: the single-arm
triggers produced by the hodoscope in either arm, a double co-
incidence trigger produced by a 40-ns wide overlap between
the hodoscope signals from the two arms, and a triple coinci-
dence trigger consisting of the double coincidence signal and
a gas Cherenkov signal in the positron (right) arm. Single-arm
trigger event samples are used for optics and acceptance cali-
bration, described below. The double coincidence event sam-
ple, which is dominated by accidental e�⇡+ coincidences, is
used to check the angular and momentum acceptance of the
spectrometers. These e�⇡+ coincidences are largely rejected
in the triple coincidence event sample by the requirement of a
gas Cherenkov signal in the positron arm.

The reconstruction of e+ and e� trajectories at the target
was calibrated using the sieve slit method, see [16, 20]. The
sieve slits — removable tungsten plates with a grid of holes
drilled through at known positions — are inserted between
the target and the septum magnet during the calibration runs.
In this configuration, data were taken with a 1.131 GeV and a
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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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Producing Dark Photons

Where there are photons, there are dark photons!
A! Production Kinematics

�
�mA

E

⇥3/2

(wide)

(narrow)

e�

Energy = E

e�

�
�mA

E

⇥1/2 l+

l�

� mA

E
A�

EA!≃Ebeam-mA! 

Ee-≃mA! 

Note mA!/E ↔ θ : 0.5 (DarkLight), 0.3 (MAMI), 0.1 (APEX), 0.03 (HPS) 5

HRS−right

HRS−left

Electron, P = E0/2

Positron, P = E0/2

.

.

Septum

W target

Beam

Nucleus

A�

e+

e�

e�
𝜖e

2

Z

e�

e+

e�
A�

(a)

Z

e�

e+

e�

(b)

e�

Z

e�

e+

(c)

FIG. 1. Top: (a) A0 production from radiation off an incoming e�

beam incident on a target consisting of nuclei of atomic number Z.
APEX is sensitive to A0 decays to e+e� pairs, although decays to
µ+µ� pairs are possible for A0 masses mA0 > 2mµ. Bottom: QED
trident backgrounds: (b) radiative tridents and (c) Bethe-Heitler tri-
dents.

liders [5, 9, 12–14]. Hidden sector collider phenomenology
has also been explored in detail in e.g. [15]. Electron fixed-
target experiments are uniquely suited to probing the sub-GeV
mass range because of their high luminosity, large A0 pro-
duction cross section, and favorable kinematics. Electrons
scattering off target nuclei can radiate an A0, which then de-
cays to e+e�, see Fig. 1. The A0 would then appear as a
narrow resonance in the e+e� invariant mass spectrum, over
the large background from quantum electrodynamics (QED)
trident processes. APEX is optimized to search for such a
resonance using Jefferson Laboratory’s Continuous Electron
Beam Accelerator Facility and two High Resolution Spec-
trometers (HRSs) in Hall A [16].

The full APEX experiment proposes to probe couplings
↵0/↵ & 10�7 and masses mA0 ⇠ 50 � 550 MeV, a consid-
erable improvement in cross section sensitivity over previous
experiments in a theoretically interesting region of parame-
ter space. Other electron fixed-target experiments are planned
at Jefferson Laboratory, including the Heavy Photon Search
(HPS) [17] and DarkLight [10] experiments; at MAMI [18];
and at DESY (the HIdden Photon Search (HIPS) [19]).

We present here the results of a test run for APEX that took
place at Jefferson Laboratory in July 2010. The layout of the
experiment is shown in Fig. 2. The distinctive kinematics of
A0 production motivates the choice of configuration. The A0

carries a large fraction of the incident beam energy, Eb, is
produced at angles ⇠ (mA0/Eb)3/2 ⌧ 1, and decays to an
e+e� pair with a typical angle of mA0/Eb. A symmetric con-
figuration with the e� and e+ each carrying nearly half the
beam energy mitigates QED background while maintaining
high signal efficiency.

The test run used a 2.260 ± 0.002 GeV electron beam
with an intensity up to 150 µA incident on a tantalum foil
of thickness 22 mg/cm2. The HRSs’ central momenta were
'1.131 GeV with a momentum acceptance of ±4.5%. Dipole

Septum

Beam

Ta target

Electron, P = E /2

HRS−right

Sieve
Slit

Detectors

.

.

Positron, P = E /2
b

b

HRS−left

FIG. 2. The layout of the APEX test run. An electron beam (left-to-
right) is incident on a thin tantalum foil target. Two septum magnets
of opposite polarity deflect charged particles to larger angles into
two vertical-bend high resolution spectrometers (HRS) set up to se-
lect electrons and positrons, each carrying close to half the incoming
beam energy. The HRSs contain detectors to accurately measure the
momentum, direction, and identity of the particles. Insertable sieve
slit plates located in front of the septum magnets were used for cali-
bration of the spectrometer magnetic optics.

septum magnets between the target and the HRS aperture al-
low the detection of e� and e+ at angles of 5� relative to the
incident beam. Collimators present during the test run reduced
the solid angle acceptance of each spectrometer from a nomi-
nal 4.3 msr to ' 2.8 (2.9) msr for the left (right) HRS.

The two spectrometers are equipped with similar detector
packages. Two vertical drift chambers, each with two orthog-
onal tracking planes, provide reconstruction of particle trajec-
tories. A segmented timing hodoscope and a gas Cherenkov
counter (for e+ identification) are used in the trigger. A two-
layer lead glass calorimeter provides further offline particle
identification. A single-paddle scintillator counter is used for
timing alignment.

Data were collected with several triggers: the single-arm
triggers produced by the hodoscope in either arm, a double co-
incidence trigger produced by a 40-ns wide overlap between
the hodoscope signals from the two arms, and a triple coinci-
dence trigger consisting of the double coincidence signal and
a gas Cherenkov signal in the positron (right) arm. Single-arm
trigger event samples are used for optics and acceptance cali-
bration, described below. The double coincidence event sam-
ple, which is dominated by accidental e�⇡+ coincidences, is
used to check the angular and momentum acceptance of the
spectrometers. These e�⇡+ coincidences are largely rejected
in the triple coincidence event sample by the requirement of a
gas Cherenkov signal in the positron arm.

The reconstruction of e+ and e� trajectories at the target
was calibrated using the sieve slit method, see [16, 20]. The
sieve slits — removable tungsten plates with a grid of holes
drilled through at known positions — are inserted between
the target and the septum magnet during the calibration runs.
In this configuration, data were taken with a 1.131 GeV and a
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E
E = beam energy
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m2
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typically a few degrees or smaller

This shapes the designs of many experiments.

Heavier product (here A′) takes most of beam energy: EA0 ⇡ E
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Mass Hierarchy Determines Search Strategy & Interpretation
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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

searches measure/constrain 𝜖2 as a function of MA′

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>

Experimental Search: mediator decays to SM (AKA “visible mediator decays”) for production of DM 
(AKA “invisible searches”)

“secluded” “direct”

Interpretation:

Mediator Mass
<latexit sha1_base64="ksbZ/pE97/shRHRjdmelM9TDIaE=">AAACFnicdVDLSgMxFM34tr6qghs3wSK4KjOl1HZXdeNSwdpCW0smvdVgkhmSO2IZ+x+u3eo3uBO3bv0E/8K0VrCiBwKHc+4rJ4ylsOj7797U9Mzs3PzCYmZpeWV1Lbu+cW6jxHCo8UhGphEyC1JoqKFACY3YAFOhhHp4fTT06zdgrIj0GfZjaCt2qUVPcIZO6mS3VCdtIdyiUenB4KIVG6FgkOlkc37edyiV6JAEZT9wpFIpFwoVGows38+RMU462Y9WN+KJAo1cMmubgR9jO2UGBZduYCuxEDN+zS6h6ahmCmw7Hd0/oLtO6dJeZNzTSEfqz46UKWv7KnSViuGV/e0Nxb+8ZoK9cjsVOk4QNP9a1EskxYgOw6BdYYCj7DvCuBHuVsqvmGEcXWQTW7j7GBgd4Sib7wDo/+S8kA9K+eJpMVc9HKe0QLbJDtkjAdknVXJMTkiNcHJHHsgjefLuvWfvxXv9Kp3yxj2bZALe2yf/76B+</latexit>mA0

(searches are often mediator specific)
(searches largely agnostic to type of mediator)
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m�
<latexit sha1_base64="w5cThhW8S1YUJyvwfWZdwyp2JVQ=">AAAB73icbVDLTgJBEOzFF+IL9ehlIph4Irtc9Ej04hETeSSwIbPDLEyYxzoza0I2/IQXDxrj1d/x5t84wB4UrKSTSlV3uruihDNjff/bK2xsbm3vFHdLe/sHh0fl45O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczv3OE9WGKflgpwkNBR5JFjOCrZO6VTHokzGrDsoVv+YvgNZJkJMK5GgOyl/9oSKpoNISjo3pBX5iwwxrywins1I/NTTBZIJHtOeoxIKaMFvcO0MXThmiWGlX0qKF+nsiw8KYqYhcp8B2bFa9ufif10ttfB1mTCappZIsF8UpR1ah+fNoyDQllk8dwUQzdysiY6wxsS6ikgshWH15nbTrtcCvBff1SuMmj6MIZ3AOlxDAFTTgDprQAgIcnuEV3rxH78V79z6WrQUvnzmFP/A+fwA8MY9s</latexit><latexit sha1_base64="w5cThhW8S1YUJyvwfWZdwyp2JVQ=">AAAB73icbVDLTgJBEOzFF+IL9ehlIph4Irtc9Ej04hETeSSwIbPDLEyYxzoza0I2/IQXDxrj1d/x5t84wB4UrKSTSlV3uruihDNjff/bK2xsbm3vFHdLe/sHh0fl45O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczv3OE9WGKflgpwkNBR5JFjOCrZO6VTHokzGrDsoVv+YvgNZJkJMK5GgOyl/9oSKpoNISjo3pBX5iwwxrywins1I/NTTBZIJHtOeoxIKaMFvcO0MXThmiWGlX0qKF+nsiw8KYqYhcp8B2bFa9ufif10ttfB1mTCappZIsF8UpR1ah+fNoyDQllk8dwUQzdysiY6wxsS6ikgshWH15nbTrtcCvBff1SuMmj6MIZ3AOlxDAFTTgDprQAgIcnuEV3rxH78V79z6WrQUvnzmFP/A+fwA8MY9s</latexit><latexit sha1_base64="w5cThhW8S1YUJyvwfWZdwyp2JVQ=">AAAB73icbVDLTgJBEOzFF+IL9ehlIph4Irtc9Ej04hETeSSwIbPDLEyYxzoza0I2/IQXDxrj1d/x5t84wB4UrKSTSlV3uruihDNjff/bK2xsbm3vFHdLe/sHh0fl45O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczv3OE9WGKflgpwkNBR5JFjOCrZO6VTHokzGrDsoVv+YvgNZJkJMK5GgOyl/9oSKpoNISjo3pBX5iwwxrywins1I/NTTBZIJHtOeoxIKaMFvcO0MXThmiWGlX0qKF+nsiw8KYqYhcp8B2bFa9ufif10ttfB1mTCappZIsF8UpR1ah+fNoyDQllk8dwUQzdysiY6wxsS6ikgshWH15nbTrtcCvBff1SuMmj6MIZ3AOlxDAFTTgDprQAgIcnuEV3rxH78V79z6WrQUvnzmFP/A+fwA8MY9s</latexit><latexit sha1_base64="w5cThhW8S1YUJyvwfWZdwyp2JVQ=">AAAB73icbVDLTgJBEOzFF+IL9ehlIph4Irtc9Ej04hETeSSwIbPDLEyYxzoza0I2/IQXDxrj1d/x5t84wB4UrKSTSlV3uruihDNjff/bK2xsbm3vFHdLe/sHh0fl45O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczv3OE9WGKflgpwkNBR5JFjOCrZO6VTHokzGrDsoVv+YvgNZJkJMK5GgOyl/9oSKpoNISjo3pBX5iwwxrywins1I/NTTBZIJHtOeoxIKaMFvcO0MXThmiWGlX0qKF+nsiw8KYqYhcp8B2bFa9ufif10ttfB1mTCappZIsF8UpR1ah+fNoyDQllk8dwUQzdysiY6wxsS6ikgshWH15nbTrtcCvBff1SuMmj6MIZ3AOlxDAFTTgDprQAgIcnuEV3rxH78V79z6WrQUvnzmFP/A+fwA8MY9s</latexit>

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>

DM annihilation
in early universe:

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

searches measure/constrain 𝜖2 as a function of MA′
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Experimental Search: mediator decays to SM (AKA “visible mediator decays”) for production of DM 
(AKA “invisible searches”)

“secluded” “direct”

Interpretation:

Mediator Mass
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(searches are often mediator specific)
(searches largely agnostic to type of mediator)
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Searching for Dark Photons Decaying Visibly to SM

Current A′ ConstraintsMany searches are simply for m(l+l-) resonances.
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Searching for Dark Photons Decaying Visibly 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-

SLAC E137
30C @ 20 GeV

A′ becomes long lived at small couplings. 

Leads to constraints from beam dump experiments

E137

typical decay length for E
beam =

 20 G
eV

Many searches are simply for m(l+l-) resonances.

A0

l+

l�
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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-

SLAC E137
30C @ 20 GeV

A′ becomes long lived at small couplings. 

Leads to constraints from beam dump experiments

E137

typical decay length for E
beam =

 20 G
eV

Many searches are simply for m(l+l-) resonances.
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Resonance Search

Example:  APEX @ JLab (SLAC is a collaborator)

Resonance search w/ thin target, Hall A High-Resolution Spectrometers

Key background: SM tridents (irreducible)

HRS−right

HRS−left

Electron, P = E0/2

Positron, P = E0/2

.

.

Septum

W target

Beam

High Resolution
Spectrometers

Septum
Target

e+

e–

SpectrometersBeam 

Energy

Beam 

Current Rep. Rate

Bunch 

Charge (e-) Spot Size

1.1 GeV 50 µA 2 ns 6.25E+05 <1 mm
2.2 GeV 70 µA 2 ns 8.75E+05 <1 mm
3.3 GeV 80 µA 2 ns 1E+06 <1 mm
4.4 GeV 60 µA 2 ns 7.5E+05 <1 mm

Considerations:

•beam energy determines mass window

•very small momentum acceptance of spectrometers allows high currents

•detector occupancy limits beam current given rep rate

•spectrometer optics require small, low-emittance beam
Other experiments (e.g. A1 @ Mainz) are similar. 10-3 10-2 10-1 1
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APEX

2019  

(projected)

2019 Physics Run (Jan. - Mar. 2019) 
15 days at Ebeam = 2.2 GeV
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Resonance Search + Precision Vertexing 

Example:  HPS @ JLab (SLAC-led collaboration)

Resonance search with thin target using compact, high rate spectrometer: 
Silicon Vertex Tracker (SVT) / ECal trigger with ~2 ns resolution

Key background: SM tridents from target

Beam 
Energy

Beam 
Current

Rep. 
Rate

Bunch 
Charge (e-) Spot Size

2.2 GeV 50 nA 2 ns 625 <50 µm
4.4 GeV 120 nA 2 ns 1500 <50 µm
6.6 GeV 120 nA 2 ns 1500 <50 µm

~1 meter

Silicon Vertex
Tracker

ECal

e�
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Considerations:

•beam energy determines mass window

•occupancy in high-acceptance detector limits bunch charge

•SVT requires very small, clean, and stable beam spot.
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mA0 . 1 GeV, associated with a spontaneously broken gauge U(1)D symmetry, and would couple to the Standard
Model (SM) through the kinetic mixing with ordinary photon, � 1

2✏Fµ⌫A
0µ⌫ , parameterized by the mixing strength

✏ ⌧ 1 [20–22], for a review see, e.g., Refs. [5, 23, 24].

FIG. 1: The setup to search for A0, X ! e+e� decays of the bremsstrahlung A0, X produced in the reaction eZ ! eZA0(X) of
the 150 GeV electrons incident on the active WCAL target.

A number of previous experiments, such as beam dump [25–39], fixed target [40–42], collider [43–45] and rare
particle decay searches [46–57], put stringent constraints on the ✏ and mass mA0 of such dark photons, excluding, in
particular, the parameter space region favored by the gµ � 2 anomaly. However, a large range of mixing strengths
10�4 . ✏ . 10�3 corresponding to short-lived A

0 remains unexplored. These values of ✏ can be obtained from the loop
e↵ects of particles charged under both the dark and SM U(1) interactions. Typically 1-loop value is ✏ = egD/16⇡2

[22], where gD is the coupling constant of the U(1)D gauge interactions. The search for e+e� decays of new short-lived
particles at the CERN SPS was performed by the NA64 experiment in 2017 [58]. We report here the improved results
from the NA64 experiment obtained using the data collected in 2018 in the new run at the CERN SPS performed
after optimization of the experiment configuration and parameters.

The NA64 experiment employs the optimized electron beam from the H4 beam line of the CERN SPS. The beam
delivers ' 5 ⇥ 106 e

� per SPS spill of 4.8 s produced by the primary 400 GeV proton beam with an intensity of a
few 1012 protons on target. The NA64 setup designed for the searches of X bosons and A

0 is schematically shown
in Fig. 1. The thin scintillation counters, S1 - S3 and V0, are used for the beam definition, while another one, S4,
is used to detect the e

+
e
� pairs. The detector is equipped with a magnetic spectrometer consisting of two MBPL

magnets and a tracker with low material budget. The tracker is a set of four upstream Micromegas (MM) chambers
for the incoming e

� angle selection, four GEM chambers and three straw tube planes allowing the reconstruction
of the outgoing tracks [63, 64]. To enhance the electron identification the synchrotron radiation (SR) emitted by
electrons is used for their e�cient tagging and for additional suppression of the initial hadron contamination in the
beam ⇡/e

� ' 10�2 down to the level ' 10�6 [62, 65]. The use of SR detectors (SRD) is important for the hadron
background suppression and the corresponding improvement of the sensitivity as compared to the previous electron
beam dump searches [29, 30]. The dump is an electromagnetic (EM) calorimeter WCAL made as compact as possible
to maximize the sensitivity to short lifetimes while keeping the leakage of particles at a small level. The purpose of the
WCAL design was to absorb not the full energy of the shower generated by the primary electrons, but the energy of
the showers produced by secondary particles and the recoil electrons from the primary reaction (1), which is typically
significantly lower. The WCAL is assembled from the tungsten and plastic scintillator plates with wave length shifting
fiber read-out. The first five layers of the WCAL are separated from the main part (WCAL preshower). Immediately
after the WCAL there are the veto counters W2 and V2, several meters downstream the decay counter S4 and tracking
detectors. These detectors are followed by another EM calorimeter (ECAL), which is a matrix of 6⇥ 6 shashlik-type
lead - plastic scintillator sandwich modules [62]. The ECAL is 40 radiation lengths (X0) with the first 4 X0 serving
as a preshower subdetector. Downstream the ECAL the detector is equipped with a high-e�ciency counter VETO
and a thick hadron calorimeter (HCAL) [62] used as a hadron veto and muon identificator.

The events are collected with a hardware trigger requiring in-time energy deposition in S1 - S3, no energy deposition
in V0 and EWCAL . 0.7 ⇥ Ebeam. The latter requirement was not used in the runs used for calibration (calibration
beams).

In order to increase the sensitivity to short-lived X bosons (higher ✏) the following optimization steps were performed
for the 2018 run: (i) Beam energy increased to 150 GeV; (ii) Thinner counter W2 was installed immediately after the
last tungsten plate inside the WCAL box; (iii) more track detectors installed between WCAL and ECAL. In addition,
the vacuum pipe was installed immediately after the WCAL, and the distance between the WCAL and ECAL was
increased. These changes would allow to perform the full track and vertex reconstruction if the e

+
e
� pair energy is

not very high as immediate additional checks in case of signal observation.

e−
e+e−A′￼
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FIG. 5: The 90% C.L. exclusion areas in the (mX ; ✏) plane from the NA64 experiment (blue area). For the mass of 16.7 MeV,
the X�e� coupling region excluded by NA64 is 1.2⇥10�4 < ✏e < 6.8 ⇥ 10�4. The full allowed range of ✏e explaining the 8Be*
anomaly, 2.0⇥ 10�4 . ✏e . 1.4⇥ 10�3 [3, 4], is also shown (red area). The constraints on the mixing ✏ from the experiments
E774 [30], E141 [27], BaBar [45], KLOE [50], HADES [52], PHENIX [53], NA48 [55], and bounds from the electron anomalous
magnetic moment (g � 2)e [76] are also shown.

The A
0 yield from the dump was calculated as described in Ref.[69]. These calculations were cross-checked with

the calculations of Ref.[74, 75]. The . 10% di↵erence between the two calculations was accounted for as a systematic
uncertainty in nA0(✏,mA0). The total systematic uncertainty on NA0 calculated by combining all uncertainties did
not exeed ' 25% for all runs. The combined 90% C.L. exclusion limits on the mixing strength ✏ as a function of the
A

0 mass is shown in Fig. 5 together with the constraints from other experiments. Our results exclude X-boson as an
explanation for the 8Be* anomaly for the X � e

� coupling ✏e . 6.8⇥ 10�4 and mass value of 16.7 MeV, leaving some
unexplored region at this mass as an interesting prospect for further searches.
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FIG. 4: Distribution of selected EM neutral events in the (EWCAL, EECAL) plane from the 2018 data. Neutral events are
shown as blue squares. The shadowed band represents the signal box region.

counter, mainly due to pile-up. It was estimated using simulation and the data from the calibration runs with a
hadron beam. The contribution from the beam kaon decays in-flight K� ! e

�
⌫⇡

+
⇡
�(Ke4) was estimated from the

simulation with biased lifetime and found to be negligible. The background from the dimuon production in the dump
e
�
Z ! e

�
Zµ

+
µ
� with either ⇡

+
⇡
� or µ

+
µ
� pairs misidentified as EM event in the ECAL was also found to be

negligible.

TABLE I: Expected numbers of background events in the signal box that passed the selection criteria (i)-(vi)

Source of background 2017 data 2018 data
K0

S ! 2⇡0 0.06± 0.034 0.005± 0.003
⇡N ! (� 1)⇡0 + n+ ... 0.01± 0.004 0.001± 0.0004

punchthrough ⇡� 0.0015± 0.0008 0.0007± 0.0004
punchthrough � < 0.001 < 0.0005

⇡,K ! e⌫, Ke4 decays < 0.001
eZ ! eZµ+µ�;µ± ! e±⌫⌫̄ < 0.001

Total 0.07± 0.035 0.006± 0.003

Table I summarizes the estimated background inside the signal box. The main part of the total background
uncertainty comes from the statistical error of the number of observed EM neutral events. There is also the uncertainty
from the cross sections of the ⇡,K charge-exchange reactions on heavy nuclei (30%).

After determining and optimizing the selection criteria and estimating the background levels, we examined the
signal box and found no candidates.

The combined 90% confidence level (C.L.) upper limits for the mixing strength ✏ were determined from the 90%
C.L. upper limit for the expected number of signal events, N

90%
A0 by using the modified frequentist approach for

confidence levels (C.L.), taking the profile likelihood as a test statistic in the asymptotic approximation [71–73]. The
total number of expected signal events in the signal box was the sum of expected events from the 2017 and 2018 runs:

NA0 =
2X

i=1

N
i

A0 =
2X

i=1

n
i

EOT
P

i

tot
n
i

A0(✏,mA0), (2)

where n
i

EOT
is the e↵ective number of EOT in run-i (5.4 ⇥ 1010 and 3 ⇥ 1010), P i

tot
is the signal e�ciency in the

run i, and n
i

A0(✏,mA0) is the number of the A
0 ! e

+
e
� decays in the decay volume with energy EA0 > 25 GeV

per EOT, calculated under assumption that this decay mode is predominant, see, e.g., Eq.(3.7) in Ref. [60]. The
value n

i

EOT
takes into account the data acquisition system (DAQ) dead time. Each i-th entry in this sum was

calculated by simulating signal events for the corresponding beam running conditions and processing them through
the reconstruction program with the same selection criteria and e�ciency corrections as for the data sample from the
run-i. In the overall signal e�ciency for each run the acceptance loss due to pileup in the veto detectors was taken
into account
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Beam 
Energy

Beam 
Current

Rep. Rate Bunch 
Charge (e-) Spot Size

150 
GeV

200 fA continuous 
spill

continuous 
spill

~mm-cm

Considerations:

•high energy boosts decay length

•sensitivity limited by current

• low charge/time is critical – need 
single-electron events (~1e-/µsec)
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Shallow Dump + Spectrometer w/ Vertexing

Examples:  high-intensity HPS, AWAKE (concepts)
Search for long-lived dark photons  
with spectrometer downstream of shallow dump

Key background: fake vertices from leakage of 
charged particles

Beam Energy 
(GeV)

Beam 
Current Rep. Rate

Bunch 
Charge (e-)

Spot 
Size

hiHPS 6.6 10 µA 2 ns 1E+05 ~cm
AWAKE 50-1000 300 pA (avg) 25 ns (min) 1.5E+07 (min) ~cm

Considerations:

•high energy boosts decay length*

•high-rate beam with fast detectors*

•Radiation hardness is a serious issue

Fierce competition from similar p+ beam 
experiments (NA62, FASER, DarkQuest,…)

HPS
30 cm W

8 ns of background

10 μA e−

AWAKE50 1016

AWAKE1k 1016

AWAKE50 1015
AWAKE50 1016

AWAKE1k 1016

AWAKE50 1015
AWAKE50 1016

AWAKE1k 1016

AWAKE50 1015

Fig. 3: Limits on dark photon production decaying to an e+e� pair in terms of the mixing strength, ✏ and
dark photon mass, mA

0 , from previous measurements (light grey shading). The expected sensitivity for
the NA64 experiment is shown for a range of electrons on target, 1010

� 1013. Expectations from other
potential experiments are shown as coloured lines. Expected limits are also shown for 1015 (orange line)
or 1016 (green line) electrons of 50 GeV (“AWAKE50”) on target and 1016 (blue line) electrons of 1 TeV
(“AWAKE1k”) on target provided to an NA64-like experiment by a future AWAKE accelerator scheme;
these are the the results of work performed here.

3.2 Strong-field quantum electrodynamics

The theory of electromagnetic interactions, QED, has been studied and tested in numerous reactions,
over a wide kinematic range and often to tremendous precision. The collision of a high-energy electron
bunch with a high-power laser pulse creates a situation where QED is poorly tested, namely in the
strong-field regime. In the regime around the Schwinger critical field, ⇠ 1.3⇥ 1018 V/m, QED becomes
non-linear and these values have so far never been achieved in controlled experiments in the laboratory.
Investigation of this regime could lead to a better understanding of where strong fields occur naturally
such as on the surface of neutron stars, at a black hole’s event horizon or in atomic physics.

In the presence of strong fields, rather than the simple 2 ! 2 particle scattering, e.g. e� + � !

e� + �, multi-particle absorption in the initial state is possible, e.g. e� + n� ! e� + �, where n is an
integer (see Fig. 4). Therefore an electron interacts with multiple photons in the laser pulse and a photon
can also interact with multiple photons in the laser pulse to produce an e+e� pair, also shown in Fig. 4.
For more details on the processes and physics, see a recent review [21].

The E144 experiment [22] at SLAC investigated electron–laser collisions in the 1990s using
bunches of electrons, each of energy about 50 GeV, but due to the limitations of the laser, they did not
reach the Schwinger critical field in the rest frame of the electrons. With the advances in laser technol-
ogy over the last 20 years, these strong fields are now in reach [23]. However, the current highest-energy
bunches of electrons of high charge are delivered by the European XFEL at 17.5 GeV and the AWAKE

5

γ

Z

e−

e−e−
A′

e+

Fig. 1: A representation of the production of a dark photon, A0, in a fixed-target experiment with an
electron beam. The dark photon subsequently decays to an e+e� pair.

mised target thickness. Therefore a dark photon decay is determined via detection of the decay products,
reconstruction of a displaced vertex and reconstruction of the A0 invariant mass. The sensitivity to dark
photon production is evaluated at 90% confidence level in the ✏�mA

0 plane, assuming a background-free
case and an overall signal reconstruction efficiency of ⇠50%.

23 cm

Tungsten target
width, 10 cm

50 GeV

decay volume ~ 10 m MM1 MM2 MM3

ECALMagnet

9 electron bunch5x10

Fig. 2: A sketch of the experimental setup for a bunch of 5⇥ 109 electrons each of 50 GeV produced via
the AWAKE scheme impinging on a tungsten target of depth 10 cm. The target is followed by a decay
volume and a dipole magnet to separate the electrons and positrons which are then tracked through three
tracker planes (MM1, MM2 and MM3), followed by an electromagnetic calorimeter (ECAL).

The NA64 experiment is, however, already making significant progress investigating new regions
of phase space for dark photons and as shown in Fig. 3 will cover much new ground in the ✏�mA

0 plane.
Given the limitations of the number of electrons on target, the AWAKE acceleration scheme could make
a real impact as the number of electrons is expected to be several orders of magnitude higher. Assuming
a bunch of 5 ⇥ 109 electrons and a running period of 3 months gives 1016 electrons on target and this
is shown in Fig. 3; to visualise the effect of the number of electrons on target, the expectation for 1015

electrons is also shown. Our results in the figure clearly show that we will be able to probe a new region,
in particular extending to higher masses in the region of 10�3 < ✏ < 10�5. Also shown in the figure
are results using bunches of electrons, each of energy 1 TeV, again with 1016 electrons on target. Such
a search could be part of a future collider programme, e.g. a very high energy ep collider (discussed in
Section 3.3), in which active use of the beam dump is made. The higher energy electron beam extends the
sensitivity significantly to higher mass dark photons, covering a region unexplored by current or planned
experiments, between the regions covered by current colliders and previous high intensity beam-dump
experiments.

Further studies are ongoing and a higher number of electrons on target should be possible de-
pending on the SPS injection scheme as well as the success of AWAKE in accelerating bunches of
electrons. An optimised detector configuration will be investigated, as will other decay channels, such
as A0

! µ+µ� or A0
! ⇡+⇡� as well as the invisible modes, and effects of the beam energy. Such an

experiment could be realised during and after LS3 in extensions of the current AWAKE area; technical
studies of this possibility and infrastructure requirements are discussed elsewhere [4].
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Mass Hierarchy Determines Search Strategy & Interpretation
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<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>

DM annihilation
in early universe:

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

searches measure/constrain 𝜖2 as a function of MA′

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>

Experimental Search: mediator decays to SM (AKA “visible mediator decays”) for production of DM 
(AKA “invisible searches”)

“secluded” “direct”

Interpretation:

Mediator Mass
<latexit sha1_base64="ksbZ/pE97/shRHRjdmelM9TDIaE=">AAACFnicdVDLSgMxFM34tr6qghs3wSK4KjOl1HZXdeNSwdpCW0smvdVgkhmSO2IZ+x+u3eo3uBO3bv0E/8K0VrCiBwKHc+4rJ4ylsOj7797U9Mzs3PzCYmZpeWV1Lbu+cW6jxHCo8UhGphEyC1JoqKFACY3YAFOhhHp4fTT06zdgrIj0GfZjaCt2qUVPcIZO6mS3VCdtIdyiUenB4KIVG6FgkOlkc37edyiV6JAEZT9wpFIpFwoVGows38+RMU462Y9WN+KJAo1cMmubgR9jO2UGBZduYCuxEDN+zS6h6ahmCmw7Hd0/oLtO6dJeZNzTSEfqz46UKWv7KnSViuGV/e0Nxb+8ZoK9cjsVOk4QNP9a1EskxYgOw6BdYYCj7DvCuBHuVsqvmGEcXWQTW7j7GBgd4Sib7wDo/+S8kA9K+eJpMVc9HKe0QLbJDtkjAdknVXJMTkiNcHJHHsgjefLuvWfvxXv9Kp3yxj2bZALe2yf/76B+</latexit>mA0

(searches are often mediator specific)
(searches largely agnostic to type of mediator)



16

Mass Hierarchy Determines Search Strategy & Interpretation

m�
<latexit sha1_base64="w5cThhW8S1YUJyvwfWZdwyp2JVQ=">AAAB73icbVDLTgJBEOzFF+IL9ehlIph4Irtc9Ej04hETeSSwIbPDLEyYxzoza0I2/IQXDxrj1d/x5t84wB4UrKSTSlV3uruihDNjff/bK2xsbm3vFHdLe/sHh0fl45O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczv3OE9WGKflgpwkNBR5JFjOCrZO6VTHokzGrDsoVv+YvgNZJkJMK5GgOyl/9oSKpoNISjo3pBX5iwwxrywins1I/NTTBZIJHtOeoxIKaMFvcO0MXThmiWGlX0qKF+nsiw8KYqYhcp8B2bFa9ufif10ttfB1mTCappZIsF8UpR1ah+fNoyDQllk8dwUQzdysiY6wxsS6ikgshWH15nbTrtcCvBff1SuMmj6MIZ3AOlxDAFTTgDprQAgIcnuEV3rxH78V79z6WrQUvnzmFP/A+fwA8MY9s</latexit><latexit sha1_base64="w5cThhW8S1YUJyvwfWZdwyp2JVQ=">AAAB73icbVDLTgJBEOzFF+IL9ehlIph4Irtc9Ej04hETeSSwIbPDLEyYxzoza0I2/IQXDxrj1d/x5t84wB4UrKSTSlV3uruihDNjff/bK2xsbm3vFHdLe/sHh0fl45O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczv3OE9WGKflgpwkNBR5JFjOCrZO6VTHokzGrDsoVv+YvgNZJkJMK5GgOyl/9oSKpoNISjo3pBX5iwwxrywins1I/NTTBZIJHtOeoxIKaMFvcO0MXThmiWGlX0qKF+nsiw8KYqYhcp8B2bFa9ufif10ttfB1mTCappZIsF8UpR1ah+fNoyDQllk8dwUQzdysiY6wxsS6ikgshWH15nbTrtcCvBff1SuMmj6MIZ3AOlxDAFTTgDprQAgIcnuEV3rxH78V79z6WrQUvnzmFP/A+fwA8MY9s</latexit><latexit sha1_base64="w5cThhW8S1YUJyvwfWZdwyp2JVQ=">AAAB73icbVDLTgJBEOzFF+IL9ehlIph4Irtc9Ej04hETeSSwIbPDLEyYxzoza0I2/IQXDxrj1d/x5t84wB4UrKSTSlV3uruihDNjff/bK2xsbm3vFHdLe/sHh0fl45O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczv3OE9WGKflgpwkNBR5JFjOCrZO6VTHokzGrDsoVv+YvgNZJkJMK5GgOyl/9oSKpoNISjo3pBX5iwwxrywins1I/NTTBZIJHtOeoxIKaMFvcO0MXThmiWGlX0qKF+nsiw8KYqYhcp8B2bFa9ufif10ttfB1mTCappZIsF8UpR1ah+fNoyDQllk8dwUQzdysiY6wxsS6ikgshWH15nbTrtcCvBff1SuMmj6MIZ3AOlxDAFTTgDprQAgIcnuEV3rxH78V79z6WrQUvnzmFP/A+fwA8MY9s</latexit><latexit sha1_base64="w5cThhW8S1YUJyvwfWZdwyp2JVQ=">AAAB73icbVDLTgJBEOzFF+IL9ehlIph4Irtc9Ej04hETeSSwIbPDLEyYxzoza0I2/IQXDxrj1d/x5t84wB4UrKSTSlV3uruihDNjff/bK2xsbm3vFHdLe/sHh0fl45O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczv3OE9WGKflgpwkNBR5JFjOCrZO6VTHokzGrDsoVv+YvgNZJkJMK5GgOyl/9oSKpoNISjo3pBX5iwwxrywins1I/NTTBZIJHtOeoxIKaMFvcO0MXThmiWGlX0qKF+nsiw8KYqYhcp8B2bFa9ufif10ttfB1mTCappZIsF8UpR1ah+fNoyDQllk8dwUQzdysiY6wxsS6ikgshWH15nbTrtcCvBff1SuMmj6MIZ3AOlxDAFTTgDprQAgIcnuEV3rxH78V79z6WrQUvnzmFP/A+fwA8MY9s</latexit>

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

searches measure/constrain 𝜖2 as a function of MA′
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Experimental Search: mediator decays to SM (AKA “visible mediator decays”) for production of DM 
(AKA “invisible searches”)

“secluded” “direct”

Interpretation:

Mediator Mass
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(searches are often mediator specific)
(searches largely agnostic to type of mediator)
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Searches for Production of Light Dark Matter 
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Choose “conservative” values of αD, MA′/M𝜒 for converting (MA′,𝜖) ⟹ (M𝜒,y)

Want parameter space more natural for DM searches
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Fixed Target Dark Matter Search Approaches
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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.

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
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Interesting sensitivity for ~1012 particles on target

<1 X0

Missing Momentum: Detect the production of DM
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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 Dumps: Produce and detect DM

Interesting sensitivity for ~1022 particles on target
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Figure 33: Red curves show 3, 10, and 20 event for BDX yield projections for
electron scattering with a 300 MeV energy threshold for thermal relic DM in two
representative scenarios. Top: thermal relic DM coupled to a leptophilic U(1)e�µ

gauge boson (A0). Bottom: here the A
0 is a kinetically mixed dark photon coupled

to the electromagnetic current. Here the thermal target — where the model predicts
the correct observed DM abundance — is shown in solid black.
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Beam Dump

Example:  BDX @ JLab (proposed)
Search for production and re-scattering of weakly 
interacting particles behind high-power beam dump

Key background: Cosmics and neutrinos
Beam 
Energy

Beam Current Rep. 
Rate

Bunch 
Charge (e-)

Spot 
Size

11 GeV 60 µA 2 ns few E11 ~cm

Considerations:

•higher energy is better

•huge total charge required (~1000 C)

•higher bunch charge / lower rep rate 
would minimize cosmics

• In concepts with longer baselines and low 
repetition rate, time-of-flight can be used 
to reduce neutrino backgrounds

Concept also considered for ILC

14

BDχ: Beam - Related Background 

Mariangela Bondì 
ADMPP16 23 - 27 October 2016 Messina, Italy 

To evaluate these backgrounds, the interaction of the 11 GeV electron beam in the dump was simulated and the flux 
of secondaries was studied as a function of the distance from the dump….. 

neutrinos 
muons 

neutrons
detector 
position

Energy > 300 MeV

  Beam-related Background can be reduced to zero (except ν) with sizable shielding (660cm of iron and 150cm of 
concrete)

Neutrino irreducible bg represents the ultimate limitation for BDX  

Figure 11: A GEANT4 implementation of the BDX detector. On the right, the Outer
Veto is shown in green, the Inner Veto in blue, the lead in gray and the crystals in
cyan.

reduces the sensitivity to low-energy environmental background (mainly low energy
photons). A sketch of the BDX detector is shown in Fig. 11. The detector concept
has been validated by a campaign of measurement at INFN - Sezione di Catania
and Laboratori Nazionali del Sud (LNS) with a prototype, extensively discussed in
Appendix B.

3.2.1 The electromagnetic calorimeter

The core of the BDX detector is an electromagnetic calorimeter sensitive to both the
�-electron and �-nucleon scatterings. The signal expected in the two cases are quite
di↵erent: a few GeV electromagnetic shower in the first and a low energy (few MeV)
proton/ion recoil in the latter. Among the di↵erent options we chose a high-density,
inorganic crystal scintillator material to reduce the detector footprint, fitting in the
new proposed facility for beam-dump experiments at JLab (see Sec. 3.6). The com-
bination of a low threshold (few MeV) sensitivity for high ionizing particles (light
quenching not higher than few percents), a reasonable radiation length (few centime-
ters), together with a large light yield limits the choice to few options: BGO, BSO,
CsI(Tl) and BaF2

‡. Considering that the request of about 1 cubic meter of active
volume would drive costs of any possible options in the range of few million dollars,
and that the timeline for producing and testing thousands of crystals would be of
the order of several years, we decided to reuse crystals from an existing calorime-
ter. Former experiments that still have the desired amount of crystals available from
decommissioned EM calorimeters include: BaBar at SLAC (CsI(Tl)), L3 at CERN
(BGO)and CLEO at Cornell (CsI(Tl)). After consulting with the management of the
di↵erent laboratories, we identified the BaBar option as the most suitable for a BDX
detector. In particular, the BaBar EM end-cap calorimeter, made by 820 CsI(Tl)

‡We are not considering some new very expensive crystals such as LYSO or LaBr.

27

CsI calorimeter w/ cosmic veto
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Missing Momentum/Energy

Example:  LDMX @ SLAC (proposed)
Search for missing momentum in production of weakly 
interacting particles using LCLS-II drive beam

Key background: hard brem  rare photo-nuclear→
Beam 
Energy

Beam Current Rep. 
Rate

Bunch 
Charge (e-)

Spot 
Size

4/8 GeV 6-30 pA 27 ns ~1 e- ~ 5 cm

Considerations:

•higher energies are beneficial (up to at least ~20 GeV)

•achieves full potential at ~1016 EOT

•need ~single electron events: high rep-rate, low-
current beam and fast detectors

•pure e- beam with small energy spread is important
Beamline construction at SLAC is underway, development of 
LDMX supported as a DOE “Dark Matter New Initiative”
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Summary of Beam Requirements (most challenging)

Beam Energy Beam Current Bunch Charge / Rep Rate Beam Spot Size
Beam Dump 
(e.g. BDX)

As high as possible As high as possible  
(need >100 C)

Prefer high charge / Low rep-
rate (cosmic backgrounds)

can be large

Missing Energy/Momentum 
(e.g. LDMX)

As high as possible As high as possible, limited 
by detector occupancy

Requires O(1) e- per detector 
integration time (1-100ns)

can be large

Beam Energy Beam Current Bunch Charge / Rep Rate Beam Spot Size
Resonance Search 
(e.g. APEX)


Tuned according to 
spectrometer acceptance 
and desired mass range

As high as possible, limited by 
detector occupancy

low charge / high rep rate 
(detector occupancy)

<1mm

Resonance Search + 
Precision Vertexing 
(e.g. HPS)

Tuned according to 
spectrometer acceptance 
and desired mass range

As high as possible, limited by 
detector occupancy

low charge / high rep rate 
(detector occupancy)

<50 µm

Simple Beam Dump 
(e.g. E137 - in backup)

As high as possible As high as possible  
(need >100 C)

As high as possible (cosmic 
backgrounds)

can be large

Active Beam Dump 
(e.g. NA64)

As high as possible As high as possible, limited by 
detector occupancy

Requires O(1) e- per detector 
integration time (1-100 ns)

can be large

Beam Dump + 
Spectrometer w/Vertexing 
(e.g. AWAKE concept)

As high as possible As high as possible, limited by 
detector occupancy

low charge / high rep rate 
(detector occupancy)

can be large

Positron missing mass 
(e.g. PADME - in backup)

As high as possible As high as possible, limited by 
detector occupancy

low charge / high rep rate 
(detector occupancy)

<1mm

Searches for Visibly Decaying Mediators

Searches for Dark Matter



22

Conclusions

• Fixed target experiments are good candidates for early deployment 
of new accelerator technologies. (Colliding beams are hard!)

• Electron fixed-target searches for dark matter / mediators utilize a 
wide variety of techniques with widely varying beam parameters.

• In general, the demands are extreme in at least one of…

• highest possible current (total charge is king)

• highest possible repetition rate (low charge/bunch to reduce pileup)

No experimental concept obviously stands out as ideal for early application 
of PWA or ACHIP, but we should keep exploring the possibilities. 



Additional Slides
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Simple Beam Dump

Example:  E137 @ SLAC (1980-1982!!)
Search for long-lived particles with high-power H2O-Al dump 
using large wire chambers and scintillator hodoscope

Key background: Cosmics and other accidentals

Beam 
Energy

Beam Current Rep. 
Rate

Bunch 
Charge (e-)

Spot 
Size

20 GeV high (30C total) 120 Hz few E11 ~cm

Considerations:

•Total charge is king

•high bunch charge / low duty cycle minimizes 
cosmics and other environmental accidentals

•Nature of target / detector allows relatively 
large beams

E137 and similarly un-subtle experiments 
continue to have best sensitivity to some models!

E137
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Positron Missing Mass

Beam 
Energy

Beam Current Rep. Rate Bunch Charge 
(e-)

Spot 
Size

550 MeV 250 fA 50 Hz 3E4 in 250 nS ~mm

Considerations:

•higher energies are beneficial

• low charge/time is critical to avoid pileup

Pushing concept further requires high-rate, low-
current beam, fast detectors, higher energy

Example:  PADME @ LNF, JLab, …
“Missing mass” search for resonances in 
e+e- annihilation in fixed target.

Key background: continuum of missing 
energy from limited acceptance

Reconstruction of mass 
without measurement 
of decay products.

Sensitive to both visible 
and invisible decays of 
on-shell mediators. plot from M. Battaglieri
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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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��̄
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Invisible

A� Production in Target

A0

Z

e�
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�
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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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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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Interesting sensitivity for ~1012 particles on target

<1 X0

Missing Momentum: Detect the production of DM
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DM at Accelerators
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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
3 / 25

e-, p+, …

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

DM

DM

A0

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

✏2
<latexit sha1_base64="fkZWiDZpz3yLLxl5r2DQ2ufWvz4="></latexit><latexit sha1_base64="fkZWiDZpz3yLLxl5r2DQ2ufWvz4="></latexit><latexit sha1_base64="fkZWiDZpz3yLLxl5r2DQ2ufWvz4="></latexit>

↵D
<latexit sha1_base64="n315nsURZuttStwa9QnCT6B8mT0=">AAAB8nicdVBNS8NAEN3Ur1q/qh69LLaCp7CJpa23oh48VrC1kIay2W7apZts2N0IJfRnePGgiFd/jTf/jZu2goo+GHi8N8PMvCDhTGmEPqzCyura+kZxs7S1vbO7V94/6CqRSkI7RHAhewFWlLOYdjTTnPYSSXEUcHoXTC5z/+6eSsVEfKunCfUjPIpZyAjWRvKqfcyTMR5cVUuDcgXZ5826W6tDZCPUcFwnJ26jdlaDjlFyVMAS7UH5vT8UJI1orAnHSnkOSrSfYakZ4XRW6qeKJphM8Ih6hsY4osrP5ifP4IlRhjAU0lSs4Vz9PpHhSKlpFJjOCOux+u3l4l+el+qw6WcsTlJNY7JYFKYcagHz/+GQSUo0nxqCiWTmVkjGWGKiTUp5CF+fwv9J17UdZDs3bqV1sYyjCI7AMTgFDmiAFrgGbdABBAjwAJ7As6WtR+vFel20FqzlzCH4AevtEyPkkH8=</latexit><latexit sha1_base64="n315nsURZuttStwa9QnCT6B8mT0=">AAAB8nicdVBNS8NAEN3Ur1q/qh69LLaCp7CJpa23oh48VrC1kIay2W7apZts2N0IJfRnePGgiFd/jTf/jZu2goo+GHi8N8PMvCDhTGmEPqzCyura+kZxs7S1vbO7V94/6CqRSkI7RHAhewFWlLOYdjTTnPYSSXEUcHoXTC5z/+6eSsVEfKunCfUjPIpZyAjWRvKqfcyTMR5cVUuDcgXZ5826W6tDZCPUcFwnJ26jdlaDjlFyVMAS7UH5vT8UJI1orAnHSnkOSrSfYakZ4XRW6qeKJphM8Ih6hsY4osrP5ifP4IlRhjAU0lSs4Vz9PpHhSKlpFJjOCOux+u3l4l+el+qw6WcsTlJNY7JYFKYcagHz/+GQSUo0nxqCiWTmVkjGWGKiTUp5CF+fwv9J17UdZDs3bqV1sYyjCI7AMTgFDmiAFrgGbdABBAjwAJ7As6WtR+vFel20FqzlzCH4AevtEyPkkH8=</latexit><latexit sha1_base64="n315nsURZuttStwa9QnCT6B8mT0=">AAAB8nicdVBNS8NAEN3Ur1q/qh69LLaCp7CJpa23oh48VrC1kIay2W7apZts2N0IJfRnePGgiFd/jTf/jZu2goo+GHi8N8PMvCDhTGmEPqzCyura+kZxs7S1vbO7V94/6CqRSkI7RHAhewFWlLOYdjTTnPYSSXEUcHoXTC5z/+6eSsVEfKunCfUjPIpZyAjWRvKqfcyTMR5cVUuDcgXZ5826W6tDZCPUcFwnJ26jdlaDjlFyVMAS7UH5vT8UJI1orAnHSnkOSrSfYakZ4XRW6qeKJphM8Ih6hsY4osrP5ifP4IlRhjAU0lSs4Vz9PpHhSKlpFJjOCOux+u3l4l+el+qw6WcsTlJNY7JYFKYcagHz/+GQSUo0nxqCiWTmVkjGWGKiTUp5CF+fwv9J17UdZDs3bqV1sYyjCI7AMTgFDmiAFrgGbdABBAjwAJ7As6WtR+vFel20FqzlzCH4AevtEyPkkH8=</latexit>

✏2
<latexit sha1_base64="fkZWiDZpz3yLLxl5r2DQ2ufWvz4="></latexit><latexit sha1_base64="fkZWiDZpz3yLLxl5r2DQ2ufWvz4="></latexit><latexit sha1_base64="fkZWiDZpz3yLLxl5r2DQ2ufWvz4="></latexit>

Beam Dumps: Produce and detect DM

Interesting sensitivity for ~1022 particles on target



LDMX

Interesting sensitivity for ~1011 particles on target
(but backgrounds beyond ~1014 particles on target)
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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: Detect the production of DM
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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 Dumps: Produce and detect DM

Interesting sensitivity for ~1022 particles on target
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Sensitivity: Missing Energy/Momentum, Beam Dumps, 

and Direct Detection

5 

matter, where dark matter interactions with visible matter in the hot early universe explain its 
abundance today.  Predictive realizations of this hypothesis require dark matter production rates within 
a factor of ϭϬϬϬ of current experiments’ sensitivity, which is accessible to small experiments using 
existing technology over most of the electron-to-proton mass range.  Searching for dark matter 
production in this range, by achieving a 10- to 1000-fold sensitivity gain over current experiments, 
represents an especially high-impact science opportunity.  Moreover, thermal dark matter models 
below the proton mass imply the existence of new, unstable particles that are related to dark matter.  
These particles may decay into visible final states.  Searching for these “dark sector” particles represents 
an additional avenue for both discovering dark matter and exploring how it is related to familiar matter. 
 

Accelerators can produce many dark-sector particles, not only dark matter particles. 
 
Two high-impact thrusts can be achieved by deploying proven technologies at DOE accelerators, as 
elaborated below.  If successful, this PRD could entirely re-write our understanding of what dark matter 
is, and how it is related to familiar matter. 
 
Thrust 1 (near term): Through 10- to 1000-fold improvements in sensitivity over current searches, use 
particle beams to explore interaction strengths singled out by thermal dark matter across the 
electron-to-proton mass range. 
 
Two basic approaches can explore the parameter space of roughly ���� eV to 1 GeV (��� eV), leveraging 
the unique capabilities of DOE accelerators.  
 

x Missing momentum experiments, using modern detectors operating directly in a low-current 
lepton beam, identify dark matter production events based on the kinematics of visible particles 
recoiling from the production event.  Such experiments in a continuous-wave electron beam 
offer a path to reach 1000-fold improvement in sensitivity over a broad mass range; missing 
momentum measurements in muon beams have significant potential sensitivity for detecting 
heavier dark matter masses and exploring a distinct coupling. 

 
x Beam dump scattering measurements produce dark matter by stopping an intense electron or 

proton beam and detecting its scattering in a downstream detector.  This approach offers a 
complementary and distinctive detection signal.  Concepts exploiting existing electron and 
proton beams can achieve at least 10-fold sensitivity gains even when using conservative 
detectors.  The capabilities of the DOE accelerator infrastructure provide unique opportunities 
for world-leading science, which in most cases can be done in parallel with these facilities’ 
primary programs – in particular, multi-GeV continuous-wave electron beams and high-intensity 
proton beams such as those at the 

o Continuous Electron Beam Accelerator Facility (CEBAF), Jefferson Laboratory (JLab),  
o Linac Coherent Light Source-II (LCLS-II), SLAC National Accelerator Laboratory,  
o Spallation Neutron Source (SNS), Oak Ridge National Laboratory (ORNL),  
o Los Alamos Neutron Science Center (LANSCE), Los Alamos National Laboratory (LANL), and  
o the Fermilab complex at Fermi National Accelerator Laboratory (FNAL).  

 
Thrust 2 (near and long term): Explore the structure of the dark sector by producing and detecting 
unstable dark particles. 
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Table I. Summary table for invisible and radiative decays of flavorless vector mesons V and pseudoscalar mesons M . Most
experimental bounds are as in Ref. [32], except for invisible ⇡0 decay and radiative ⌘ and ⌘0 decay. The experimental bounds on
invisible decays tag decays of a heavier meson and search for missing mass corresponding to the given meson, while those for
radiative decays search for missing mass from an invisibly decaying X. In the Standard Model, these processes occur through
decays to neutrinos. Note that for the pseudoscalar mesons, decays to two neutrinos are proportional to m2

⌫ because of helicity
suppression. Thus, decays to four neutrinos may dominate, but they are also extremely rare [24], being suppressed by (GFm2

M )4.
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Figure 1. Schematic depiction of the DM signal at LDMX
from A0 Bremsstrahlung (top) and invisible vector meson
decay (bottom). In the former, DM is produced through an
on- or o↵-shell A0 in the target. In the latter, a hard photon is
produced in the target, and converts to a vector meson V in
an exclusive photoproduction process in the calorimeter. The
vector meson then decays invisibly to DM via mixing with the
A0.

109 to 1010. This leads to the strong projected bounds on
invisible vector meson decay shown in Fig. 2. As we will
see, at high mA0 , the corresponding sensitivity to dark
sector models exceeds that due to A0 Bremsstrahlung,
largely because the latter is parametrically suppressed by
(me/mA0)2.

The rest of the paper is structured as follows. In sec-
tion II, we describe in greater detail how invisible meson
decay can give rise to missing energy/momentum signals
at NA64 and LDMX. In section III, we estimate the exclu-
sive photoproduction yields of the relevant vector mesons,
reserving details for the appendix. We calculate the in-
visible branching ratios in the dark photon and U(1)B
models in section IV, and show the resulting projected
constraints in section V. We conclude by discussing po-
tential future directions, such as experimental studies and
applications to neutrino physics, in section VI.

Figure 2. Bounds on invisible meson decay, summarizing infor-
mation from Tables I and II. We show the best current bound,
our projected 90% C.L. exclusions for four experimental bench-
marks (assuming zero background events), and the invisible
branching ratio within the SM due to decays to neutrinos.

II. MISSING ENERGY/MOMENTUM
EXPERIMENTS

Fixed target experiments have emerged as a powerful
probe of light dark sectors [48–50]. In this paper, we focus
on the missing energy approach [51], exemplified by NA64,
and the missing momentum approach [52], exemplified by
the proposed LDMX experiment. In both cases, individual
electrons from a low-intensity electron beam are tagged
and directed at a target. Dark matter production through
A0 Bremsstrahlung, shown at the top of Fig. 1, leads to
an observed final state consisting solely of a much lower-
energy (and transversely deflected) recoil electron, with
the rest of the energy carried by the produced DM parti-
cles, which pass through the detector without interacting.
These events are identifiable with order-one e�ciency by
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invisible vector meson decay shown in Fig. 2. As we will
see, at high mA0 , the corresponding sensitivity to dark
sector models exceeds that due to A0 Bremsstrahlung,
largely because the latter is parametrically suppressed by
(me/mA0)2.

The rest of the paper is structured as follows. In sec-
tion II, we describe in greater detail how invisible meson
decay can give rise to missing energy/momentum signals
at NA64 and LDMX. In section III, we estimate the exclu-
sive photoproduction yields of the relevant vector mesons,
reserving details for the appendix. We calculate the in-
visible branching ratios in the dark photon and U(1)B
models in section IV, and show the resulting projected
constraints in section V. We conclude by discussing po-
tential future directions, such as experimental studies and
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Figure 2. Bounds on invisible meson decay, summarizing infor-
mation from Tables I and II. We show the best current bound,
our projected 90% C.L. exclusions for four experimental bench-
marks (assuming zero background events), and the invisible
branching ratio within the SM due to decays to neutrinos.

II. MISSING ENERGY/MOMENTUM
EXPERIMENTS

Fixed target experiments have emerged as a powerful
probe of light dark sectors [48–50]. In this paper, we focus
on the missing energy approach [51], exemplified by NA64,
and the missing momentum approach [52], exemplified by
the proposed LDMX experiment. In both cases, individual
electrons from a low-intensity electron beam are tagged
and directed at a target. Dark matter production through
A0 Bremsstrahlung, shown at the top of Fig. 1, leads to
an observed final state consisting solely of a much lower-
energy (and transversely deflected) recoil electron, with
the rest of the energy carried by the produced DM parti-
cles, which pass through the detector without interacting.
These events are identifiable with order-one e�ciency by
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matter, where dark matter interactions with visible matter in the hot early universe explain its 
abundance today.  Predictive realizations of this hypothesis require dark matter production rates within 
a factor of ϭϬϬϬ of current experiments’ sensitivity, which is accessible to small experiments using 
existing technology over most of the electron-to-proton mass range.  Searching for dark matter 
production in this range, by achieving a 10- to 1000-fold sensitivity gain over current experiments, 
represents an especially high-impact science opportunity.  Moreover, thermal dark matter models 
below the proton mass imply the existence of new, unstable particles that are related to dark matter.  
These particles may decay into visible final states.  Searching for these “dark sector” particles represents 
an additional avenue for both discovering dark matter and exploring how it is related to familiar matter. 
 

Accelerators can produce many dark-sector particles, not only dark matter particles. 
 
Two high-impact thrusts can be achieved by deploying proven technologies at DOE accelerators, as 
elaborated below.  If successful, this PRD could entirely re-write our understanding of what dark matter 
is, and how it is related to familiar matter. 
 
Thrust 1 (near term): Through 10- to 1000-fold improvements in sensitivity over current searches, use 
particle beams to explore interaction strengths singled out by thermal dark matter across the 
electron-to-proton mass range. 
 
Two basic approaches can explore the parameter space of roughly ���� eV to 1 GeV (��� eV), leveraging 
the unique capabilities of DOE accelerators.  
 

x Missing momentum experiments, using modern detectors operating directly in a low-current 
lepton beam, identify dark matter production events based on the kinematics of visible particles 
recoiling from the production event.  Such experiments in a continuous-wave electron beam 
offer a path to reach 1000-fold improvement in sensitivity over a broad mass range; missing 
momentum measurements in muon beams have significant potential sensitivity for detecting 
heavier dark matter masses and exploring a distinct coupling. 

 
x Beam dump scattering measurements produce dark matter by stopping an intense electron or 

proton beam and detecting its scattering in a downstream detector.  This approach offers a 
complementary and distinctive detection signal.  Concepts exploiting existing electron and 
proton beams can achieve at least 10-fold sensitivity gains even when using conservative 
detectors.  The capabilities of the DOE accelerator infrastructure provide unique opportunities 
for world-leading science, which in most cases can be done in parallel with these facilities’ 
primary programs – in particular, multi-GeV continuous-wave electron beams and high-intensity 
proton beams such as those at the 

o Continuous Electron Beam Accelerator Facility (CEBAF), Jefferson Laboratory (JLab),  
o Linac Coherent Light Source-II (LCLS-II), SLAC National Accelerator Laboratory,  
o Spallation Neutron Source (SNS), Oak Ridge National Laboratory (ORNL),  
o Los Alamos Neutron Science Center (LANSCE), Los Alamos National Laboratory (LANL), and  
o the Fermilab complex at Fermi National Accelerator Laboratory (FNAL).  

 
Thrust 2 (near and long term): Explore the structure of the dark sector by producing and detecting 
unstable dark particles. 
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matter, where dark matter interactions with visible matter in the hot early universe explain its 
abundance today.  Predictive realizations of this hypothesis require dark matter production rates within 
a factor of ϭϬϬϬ of current experiments’ sensitivity, which is accessible to small experiments using 
existing technology over most of the electron-to-proton mass range.  Searching for dark matter 
production in this range, by achieving a 10- to 1000-fold sensitivity gain over current experiments, 
represents an especially high-impact science opportunity.  Moreover, thermal dark matter models 
below the proton mass imply the existence of new, unstable particles that are related to dark matter.  
These particles may decay into visible final states.  Searching for these “dark sector” particles represents 
an additional avenue for both discovering dark matter and exploring how it is related to familiar matter. 
 

Accelerators can produce many dark-sector particles, not only dark matter particles. 
 
Two high-impact thrusts can be achieved by deploying proven technologies at DOE accelerators, as 
elaborated below.  If successful, this PRD could entirely re-write our understanding of what dark matter 
is, and how it is related to familiar matter. 
 
Thrust 1 (near term): Through 10- to 1000-fold improvements in sensitivity over current searches, use 
particle beams to explore interaction strengths singled out by thermal dark matter across the 
electron-to-proton mass range. 
 
Two basic approaches can explore the parameter space of roughly ���� eV to 1 GeV (��� eV), leveraging 
the unique capabilities of DOE accelerators.  
 

x Missing momentum experiments, using modern detectors operating directly in a low-current 
lepton beam, identify dark matter production events based on the kinematics of visible particles 
recoiling from the production event.  Such experiments in a continuous-wave electron beam 
offer a path to reach 1000-fold improvement in sensitivity over a broad mass range; missing 
momentum measurements in muon beams have significant potential sensitivity for detecting 
heavier dark matter masses and exploring a distinct coupling. 

 
x Beam dump scattering measurements produce dark matter by stopping an intense electron or 

proton beam and detecting its scattering in a downstream detector.  This approach offers a 
complementary and distinctive detection signal.  Concepts exploiting existing electron and 
proton beams can achieve at least 10-fold sensitivity gains even when using conservative 
detectors.  The capabilities of the DOE accelerator infrastructure provide unique opportunities 
for world-leading science, which in most cases can be done in parallel with these facilities’ 
primary programs – in particular, multi-GeV continuous-wave electron beams and high-intensity 
proton beams such as those at the 

o Continuous Electron Beam Accelerator Facility (CEBAF), Jefferson Laboratory (JLab),  
o Linac Coherent Light Source-II (LCLS-II), SLAC National Accelerator Laboratory,  
o Spallation Neutron Source (SNS), Oak Ridge National Laboratory (ORNL),  
o Los Alamos Neutron Science Center (LANSCE), Los Alamos National Laboratory (LANL), and  
o the Fermilab complex at Fermi National Accelerator Laboratory (FNAL).  

 
Thrust 2 (near and long term): Explore the structure of the dark sector by producing and detecting 
unstable dark particles. 
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matter, where dark matter interactions with visible matter in the hot early universe explain its 
abundance today.  Predictive realizations of this hypothesis require dark matter production rates within 
a factor of ϭϬϬϬ of current experiments’ sensitivity, which is accessible to small experiments using 
existing technology over most of the electron-to-proton mass range.  Searching for dark matter 
production in this range, by achieving a 10- to 1000-fold sensitivity gain over current experiments, 
represents an especially high-impact science opportunity.  Moreover, thermal dark matter models 
below the proton mass imply the existence of new, unstable particles that are related to dark matter.  
These particles may decay into visible final states.  Searching for these “dark sector” particles represents 
an additional avenue for both discovering dark matter and exploring how it is related to familiar matter. 
 

Accelerators can produce many dark-sector particles, not only dark matter particles. 
 
Two high-impact thrusts can be achieved by deploying proven technologies at DOE accelerators, as 
elaborated below.  If successful, this PRD could entirely re-write our understanding of what dark matter 
is, and how it is related to familiar matter. 
 
Thrust 1 (near term): Through 10- to 1000-fold improvements in sensitivity over current searches, use 
particle beams to explore interaction strengths singled out by thermal dark matter across the 
electron-to-proton mass range. 
 
Two basic approaches can explore the parameter space of roughly ���� eV to 1 GeV (��� eV), leveraging 
the unique capabilities of DOE accelerators.  
 

x Missing momentum experiments, using modern detectors operating directly in a low-current 
lepton beam, identify dark matter production events based on the kinematics of visible particles 
recoiling from the production event.  Such experiments in a continuous-wave electron beam 
offer a path to reach 1000-fold improvement in sensitivity over a broad mass range; missing 
momentum measurements in muon beams have significant potential sensitivity for detecting 
heavier dark matter masses and exploring a distinct coupling. 

 
x Beam dump scattering measurements produce dark matter by stopping an intense electron or 

proton beam and detecting its scattering in a downstream detector.  This approach offers a 
complementary and distinctive detection signal.  Concepts exploiting existing electron and 
proton beams can achieve at least 10-fold sensitivity gains even when using conservative 
detectors.  The capabilities of the DOE accelerator infrastructure provide unique opportunities 
for world-leading science, which in most cases can be done in parallel with these facilities’ 
primary programs – in particular, multi-GeV continuous-wave electron beams and high-intensity 
proton beams such as those at the 

o Continuous Electron Beam Accelerator Facility (CEBAF), Jefferson Laboratory (JLab),  
o Linac Coherent Light Source-II (LCLS-II), SLAC National Accelerator Laboratory,  
o Spallation Neutron Source (SNS), Oak Ridge National Laboratory (ORNL),  
o Los Alamos Neutron Science Center (LANSCE), Los Alamos National Laboratory (LANL), and  
o the Fermilab complex at Fermi National Accelerator Laboratory (FNAL).  

 
Thrust 2 (near and long term): Explore the structure of the dark sector by producing and detecting 
unstable dark particles. 
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FIG. 10: Top: Electron energy (left) and pT (right) spectra for DM pair radiation process, at various dark
matter masses. Bottom Left: Selection efficiency for energy cut Ee < Ecut, as a function of Ecut, on
inclusive signal events, The nominal cut is Ecut = 0.3Ebeam. Bottom Right: Selection efficiency for pT cut
pT,e > pT,cut, as a function of pT,cut, on events with 50 MeV < Ee < Ecut. In all panels, the numbers next
to each curve indicate A0 mass. Also included in each plot is the corresponding inclusive single electron
background distribution.

1. Incident low-energy particles/beam impurities

At the level of of 1016 incident electrons, a large number of electrons with low energies - consis-
tent with signal recoils - are certain to intersect the target even for the most stringent requirement
on the purity of the incoming beam. Such electrons, reconstructed correctly by the detectors
downstream of the target, cannot be distinguished from signal.

For this reason, LDMX employs a tagging tracker to measure the trajectories of incoming
electrons to ensure that each recoil corresponds to a clean 4 GeV beam electron entering the
apparatus on the expected trajectory to veto any apparent signal recoils originating from beam
impurities.

2

Br(V, M ! inv) Br(V, M ! ⌫⌫̄) Br(V, M ! � + Xinv) Br(V, M ! �⌫⌫̄)

⇢0 – 2.4 ⇥ 10�13 [24] – unknown

! < 7 ⇥ 10�5 [19] 2.8 ⇥ 10�13 [24] – unknown

� < 1.7 ⇥ 10�4 [19] 1.7 ⇥ 10�11 [24] – unknown

J/ (1S) < 7 ⇥ 10�4 [21] 2.7 ⇥ 10�8 [25] < 1.7 ⇥ 10�6 [26] 7 ⇥ 10�11 [27]

⌥(1S) < 3 ⇥ 10�4 [22] 1.0 ⇥ 10�5 [25] < 4.5 ⇥ 10�6 [28] 2.5 ⇥ 10�9 [15]

⇡0 < 4.4 ⇥ 10�9 [23] see caption < 1.9 ⇥ 10�7 [29] 2 ⇥ 10�18 [30]

⌘ < 1.0 ⇥ 10�4 [20] see caption . 5 ⇥ 10�4 [31] ⇠ 2 ⇥ 10�15 [30]

⌘0 < 6 ⇥ 10�4 [20] see caption . 2 ⇥ 10�6 [31] ⇠ 2 ⇥ 10�14 [30]

Table I. Summary table for invisible and radiative decays of flavorless vector mesons V and pseudoscalar mesons M . Most
experimental bounds are as in Ref. [32], except for invisible ⇡0 decay and radiative ⌘ and ⌘0 decay. The experimental bounds on
invisible decays tag decays of a heavier meson and search for missing mass corresponding to the given meson, while those for
radiative decays search for missing mass from an invisibly decaying X. In the Standard Model, these processes occur through
decays to neutrinos. Note that for the pseudoscalar mesons, decays to two neutrinos are proportional to m2

⌫ because of helicity
suppression. Thus, decays to four neutrinos may dominate, but they are also extremely rare [24], being suppressed by (GFm2

M )4.

e�

e�

Z

A0(⇤)

 

 

. . .e�
e�

Z Z 0

�
V A0⇤  

 

calorimeter

Figure 1. Schematic depiction of the DM signal at LDMX
from A0 Bremsstrahlung (top) and invisible vector meson
decay (bottom). In the former, DM is produced through an
on- or o↵-shell A0 in the target. In the latter, a hard photon is
produced in the target, and converts to a vector meson V in
an exclusive photoproduction process in the calorimeter. The
vector meson then decays invisibly to DM via mixing with the
A0.

109 to 1010. This leads to the strong projected bounds on
invisible vector meson decay shown in Fig. 2. As we will
see, at high mA0 , the corresponding sensitivity to dark
sector models exceeds that due to A0 Bremsstrahlung,
largely because the latter is parametrically suppressed by
(me/mA0)2.

The rest of the paper is structured as follows. In sec-
tion II, we describe in greater detail how invisible meson
decay can give rise to missing energy/momentum signals
at NA64 and LDMX. In section III, we estimate the exclu-
sive photoproduction yields of the relevant vector mesons,
reserving details for the appendix. We calculate the in-
visible branching ratios in the dark photon and U(1)B
models in section IV, and show the resulting projected
constraints in section V. We conclude by discussing po-
tential future directions, such as experimental studies and
applications to neutrino physics, in section VI.

Figure 2. Bounds on invisible meson decay, summarizing infor-
mation from Tables I and II. We show the best current bound,
our projected 90% C.L. exclusions for four experimental bench-
marks (assuming zero background events), and the invisible
branching ratio within the SM due to decays to neutrinos.

II. MISSING ENERGY/MOMENTUM
EXPERIMENTS

Fixed target experiments have emerged as a powerful
probe of light dark sectors [48–50]. In this paper, we focus
on the missing energy approach [51], exemplified by NA64,
and the missing momentum approach [52], exemplified by
the proposed LDMX experiment. In both cases, individual
electrons from a low-intensity electron beam are tagged
and directed at a target. Dark matter production through
A0 Bremsstrahlung, shown at the top of Fig. 1, leads to
an observed final state consisting solely of a much lower-
energy (and transversely deflected) recoil electron, with
the rest of the energy carried by the produced DM parti-
cles, which pass through the detector without interacting.
These events are identifiable with order-one e�ciency by

 for different
mediator masses 
ΔpT

LDMX measures the kinematics of dark matter production, enabling detailed study of the dark sector!
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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
28
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FIG. 4. Projected CCM reach for the two ALP
models discussed at 90% C. L., assuming a 3-year
run with a total exposure of 2.25 ⇥ 1022 POT. Top
panel: ALP mass (ma) vs ALP-photon coupling (ga�)
for an electromagnetically-coupled ALP. Bottom panel:
ALP mass (ma) vs ALP-electron coupling (gae) for an
electronically-coupled ALP. In both cases, two sensitiv-
ity projections are shown, assuming a background-free
signal region (lighter red and blue curves) and a con-
servative background estimation (darker red and blue
curves) based on Fig. 3.

[93] (E774), [94–96] (NA64), and [97] (stellar cool-
ing).

Conclusion. This sensitivity study illustrates the
breadth of physics signatures that the CCM experi-
ment will be able to explore. Being a proton beam
experiment, CCM is uniquely suited to probe new
physics signals initiated from hadronic processes.
However, the high intensity of photons and elec-
tromagnetic cascades generated at the source will
also allow CCM to probe new light particles that
are coupled electromagnetically or electronically. A
specially well-motivated class of models in this cat-

egory are axion-like particles, which encompass the
QCD axion that solves the strong CP problem, but
also more generic light pseudoscalars from a dark
sector.

In particular, given its unprecedented sensitivity
to a lower energy kinematic range, CCM will be able
to probe a variety of softer dark sector signatures
ranging from coherent elastic dark matter/neutrino
nuclear scattering, to O(0.1 � 10) MeV electro-
magnetic signals. This will enable CCM to test
a range of lighter and more weakly-coupled ALPs
that was outside the reach of previous generations
of beam dump/fixed target experiments. For the
specific ALP models considered in this study, CCM
will provide the leading terrestrial constraints in the
sub-MeV ALP mass range. In this range, compet-
ing constraints stem mostly from bounds on stel-
lar cooling, which are more model dependent and
subject to large astrophysical uncertainties. Intrigu-
ingly, CCM will also be able to probe surviving
corners of the QCD axion parameter space in the
ma ⇠ O(0.1 � 1) MeV range that have proven dif-
ficult to exclude with past experiments and astro-
physical observations.

A significant background reduction of 2-3 orders-
of-magnitude relative to the baseline measured dur-
ing CCM’s 2019 engineering run will be crucial
to achieve the projected sensitivities in this study.
With CCM’s planned detector performance im-
provements, we expect to achieve these background
levels starting in 2022. In the longer term, future
planned upgrades that shorten the beam pulse width
by an order of magnitude could provide even further
background rejection and increased signal sensitiv-
ity. In the event of a discovery or observation of an
excess, CCM’s ability to detect visible energy (in-
stead of missing energy/momentum) would also offer
an advantage in narrowing down the possible BSM
explanations for a putative signal.
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FIG. 20: Sensitivity of an LDMX-style experiment to visibly-decaying dark photons for 1016 (left panel)
and 1018 (right panel) EOT. 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 dark photon 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 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 possible.
Existing constraints from E141, Orsay and E137 beam-dump experiments [109], NA48/2 [158], LHCb [21]
and BaBar [19] are shown in gray. Projected sensitivities of HPS (orange) [1], an upgraded version of
SeaQuest [103] (purple), Belle II (green, 50 ab�1 integrated luminosity) [1] and LHCb (blue) [74, 75] are
shown as thin dashed lines (see text for details).

while the A0 decay length can be estimated to be

�c⌧A0 ⇡ 65 cm ⇥

✓
EA0

8 GeV

◆✓
10

�5

✏

◆2 ✓
100 MeV

mA0

◆2

, (54)

where we normalized the A0 energy at production to the nominal LDMX Phase II beam energy (re-
call that for mA0 > me, the dark photon carries away most of the beam energy [156]). This lifetime
is in the interesting range for an LDMX-style experiment for both visible and missing-momentum
signals. We show the projected sensitivity of Phase II of LDMX to this scenario in Fig. 20 for 8 and
16 GeV beams along with existing constraints from beam dump experiments [109], NA48/2 [158],
LHCb [21] and BaBar [19]. There are many on-going and proposed searches for the minimal A0

scenario targeting different regions of parameter space. We show the sensitivity of the following
representative subset in Fig. 20: the displaced vertex search at HPS [1], displaced decays at an
upgraded version of SeaQuest [103], dilepton resonance search at Belle II, and LHCb D⇤ and in-
clusive searches [74, 75]. The Belle II reach is estimated from the BaBar result [19] by a simple
rescaling, assuming 50 ab

�1 integrated luminosity and a better invariant mass resolution as de-
scribed in Refs. [1, 87]. A more complete list of planned and upcoming experiments can be found
in Refs. [1, 5].
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explicitly below, these codes are often not in agreement with
each other. More importantly, they are often also not in
agreement with recent high-statistics data from the
MINERvA experiment, collected in the kinematic regime
relevant to DUNE. For example, the default models in GENIE

seem to significantly overestimate neutron production [12],
mispredict the ratio of charge-current interactions across
different nuclear targets [13], and mismodel single-pion
production [14]. Thus, there is direct experimental evidence
that existing models need to be improved.
Importantly, simple phenomenological tuning of param-

eters within the existing models may not be sufficient. For
example, Ref. [14] reports that no tune could describe all
different exclusive final states in their analysis. Crucially, the
paper also notes that the physical origin of the discrepancies
is difficult to pinpoint, based on only the available data.
This brings us to an important question: what new data are

needed to improve the physics in these generators? A priori,
one might think that all that is needed is more neutrino-
nucleus scattering data, with higher statistics and precision,
as will be collected with the future near detectors. In reality,
while better neutrino data would certainly be desirable, it is
unlikely to be sufficient. To date, neutrino experiments only
have access to broadband beams, extract flux-integrated
cross sections [15–23], and neutrino-energy reconstruction
itself suffers from sizable uncertainties. In turn, the process of
energy reconstruction relies on neutrino generators. The
reason is that even today’s state-of-the-art neutrino detectors
are imperfect calorimeters at several GeV energies, with
event generators being used to fill in themissing information.
Hence, complementary probes that are free from these
limitations are highly desirable for accurately validating
the physical models in event generators.
Precise electron-nucleus scattering data provide just such a

complementary probe. While electron and neutrino inter-
actions are different at the primary vertex, many relevant
physical processes in the nucleus are the same in the two
cases, as discussed below in Sec. II. What electron scattering
offers is precisely controlled kinematics (initial and final
energies and scattering angles), large statistics, in situ
calibrationof the detector response using exclusive reactions,
and a prospect of easily swapping different nuclear targets.
This allows one to easily zero in on specific scattering
processes and to diagnose problems that are currently
obscured by the quality of the neutrino scattering data.
In this paper, we point out that the proposed LDMX (Light

Dark Matter eXperiment) setup at SLAC [24], designed to
search for sub-GeV darkmatter, will have very advantageous
characteristics to also pursue electron-scattering measure-
ments relevant to the neutrino program. These include a
4-GeVelectron beam and a detector with high acceptance of
hadronic products in the ∼40° forward cone and low-energy
threshold. Figure 1 shows the distribution, in the ðω; Q2Þ
plane, of charged-current (CC) events for muon neutrino
scattering on argon nuclei in the near detector of DUNE,

simulated with the GiBUU generator code. As can be
immediately seen, the LDMX coverage in the relevant
kinematic window is excellent. Below, we quantify how
future LDMX data can be used to test and improve physics
models in lepton-nucleus event generator codes.

II. ELECTRON-SCATTERING MEASUREMENTS
AND NEUTRINO CROSS SECTIONS

Let us now define the connection between electron- and
neutrino-nucleus scatteringmore precisely. Superficially, the
mere existence of such a connection is not obvious, since the
weak and electromagnetic forces have a number of important
differences. The differences are immediately apparent in the
elastic scattering regime: while CC neutrino interactions
occuron initial-state neutrons in the nucleus, electromagnetic
scattering also involves initial-state protons (neutrons couple
through their magnetic moments). The situation is similar in
the DIS regime, where the primary vertex is treated at the
quark level: while CCneutrino (antineutrino) interactions are
controlled by the distribution of initial-state down (up)
quarks, electron scattering involves both up and down
quarks. Additional differences come from the chiral nature
of theweak interactions.While the electron-nucleonvertex is
sensitive only to the electric charge distribution inside a
nucleon and its magnetic moment, neutrino scattering also
depends on the distribution of the axial charge. The effect
of this axial coupling is not small; in fact, at 1-GeV neutrino
energy, the axial part of the weak interaction provides a

FIG. 1. Simulated event distribution for charged-current muon
neutrino scattering on argon in the DUNE near detector, shown as
a heat map, compared with the kinematics accessible in inclusive
and (semi)exclusive electron scattering measurements at LDMX.
Blue lines correspond to constant electron-scattering angles of
40°, 30°, and 20°. Green lines represent contours of constant
transverse electron momenta pT of 800, 400, and 200 MeV. As
currently envisioned, LDMX can probe the region with θe < 40°
and pT > 10 MeV (below the scale of the plot).
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studies focused on specific hadronic processes with hydro-
gen targets [42–49]. These should already be useful for
testing generator models for certain hadronic processes,
such as ρmeson production through higher resonances. The
CLAS12 proposal “Electrons for Neutrinos” would make
further inroads by collecting more data [50,51]. At present,
published datasets involving argon and its mirror nucleus
titanium come from a separate experiment in Hall A
[27,52,53]. While undoubtedly valuable [54–58]—for
example, enabling comparisons with thewell-studied carbon
data [40]—they are limited to the inclusive spectrum of
scattered electrons measured at a single value of the beam
energy (2.22 GeV) and a fixed scattering angle (15.54°).
At the moment, and over the next several years, electro-

nuclear scattering data with excellent hadronic final-state
reconstruction is sorely needed. The ideal would be
reconstruction with no detection threshold, full 4π coverage,
and with excellent neutron identification. While CLAS12
can make some inroads in this direction, its acceptance
will be limited (especially in the forward direction) and
neutron-energy reconstruction will be modest. The proposed
LDMX detector concept offers a number of complementary
and unique advantages that can be leveraged to provide a
range of valuable electron-nucleus scattering data for the
purpose of constraining neutrino-scattering models.

III. THE LDMX DETECTOR CONCEPT AND
ELECTRON-NUCLEUS SCATTERING DATA

LDMX is a fixed-target experiment designed to search
for sub-GeV dark matter, employing a high-repetition rate,
low-current electron beam [24] with precision tracking (in a
magnetic field) and calorimetry along the beam axis to
provide high-fidelity detection of both charged and neutral
particles. Figure 2 provides a high-level illustration of the
detector layout, which is largely optimized to search for
dark-matter production. In candidate events for dark-matter
production, most of the initial electron’s energy is expected
to be carried away by undetected particle(s). Therefore,
identification of these processes requires an excellent
hermeticity of the detector, allowing, e.g., energetic neu-
tron-knockout events to be detected with sufficiently small
uncertainty. In fact, the primary purpose of the downstream
calorimetry in LDMX is to provide a fast, radiation-hard,
and highly granular veto against photonuclear and electro-
nuclear reactions in the target area that might generate
difficult-to-detect final states, and hence a potential back-
ground to dark-matter reactions. In the nominal design, the
vast majority of triggered data would be composed of these
photo/electronuclear reactions and rejected offline. The key
result of this paper is that this vetoed data will itself be of
great value in service of neutrino-interaction modeling, as
was described above.
To see why this is the case, we start with a more detailed

description of the detector layout. The tracking system
upstream of the target and the target itself are housed inside

of a 1.5-T dipole magnet while the downstream (recoil)
tracker is in the fringe magnetic field. The target is currently
envisioned to be titanium, and we assume it to be 0.1 X0

(0.356 cm) thick, X0 being the radiation length. However,
different target materials (such as argon) and thicknesses
are possible, as discussed further in Sec. VII. The two
tracking systems provide robust measurements of incoming
and outgoing electron momentum.
The electromagnetic calorimeter (ECal) is surrounded by

the hadronic calorimeter (HCal) to provide large angular
coverage downstreamof the target area, in order to efficiently
detect interaction products. The ECal is a silicon-tungsten
high-granularity sampling calorimeter based on a similar
detector developed for the high-luminosity Large Hadron
Collider upgrade of the endcap calorimeter of the Compact
Muon Solenoid (CMS) detector. The ECal is radiation
tolerant with fast readout, and the high granularity provides
good energy resolution and shower discrimination for
electromagnetic and hadronic interactions. The HCal is a
scintillator-steel sampling calorimeter that has wide angular
coverage and is sufficiently deep to provide required high
efficiency for detecting minimum ionizing particles and
neutral hadrons.
While the final detector design is still under development,

wedescribe a coarse set of detector capabilities (motivated by
the baseline design), which are particularly relevant for
electron-scattering measurements [24]:

(i) Electrons: We estimate the electron energy resolu-
tion to be 5%–10% and the pT resolution to be
<10 MeV [24], where pT is the transverse momen-
tum of the outgoing electron. The tracker acceptance
is approximately 40° in the polar angle where the
z-axis is defined along the beamline. Electrons can

FIG. 2. Schematic of the LDMX experiment for dark-matter
search (not to scale). The electron beam is incident from the left
and interacts in the target (which can be varied). Direct tracking
and calorimetry along the beam axis provides excellent (nearly 2π
azimuthal) forward acceptance to a range of final-state particles,
including the recoiling electron, protons, pions, and neutrons.

ARTUR M. ANKOWSKI et al. PHYS. REV. D 101, 053004 (2020)

053004-4

accessible to LDMX

https://arxiv.org/abs/1807.01730
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Accelerator Requirements:
• Low-intensity multi-GeV beam (1016 e- = 50 pA-years)
• Spread out beam in space/time (large beamspot ~ 20 cm2, high repetition-rate ~ 40 MHz)
➡ allows individual events to be distinguished at higher rate (a few electrons/pulse) 

in detectors with fine granularity and resolution in both space and time
➡ spreads out peak radiation doses so radiation tolerance is less an issue for tracking and ECal

ECal

HCal

e- Beam

χχ

Erecoil < ¼ Ebeam

…

Target

Tracker

_
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Missing Momentum: Operational Design Drivers

Signature:
1. substantial energy loss by incoming beam electron
2. substantial transverse momentum change across target
3. no other particles with significant energy in final state

Goal: low background from ~1016 e-
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Linac to End Station A (LESA) at SLAC

LCLS-II 4 GeV drive beam accelerates 186 MHz bunches
• ~5000 hours/year operation for photon science

• LCLS-II uses 929 kHz: >99% of bunches go to dump

• Sector 30 Transfer Line (S30XL) diverts ~60% of unused, low-
charge bunches to LESA with LDMX as primary user.

• LCLS-II-HE upgrade to 8 GeV in ~2026-2028

S30XL AIP is currently under construction alongside LCLS-II.

LESA is expected to deliver beam to End Station A in late FY23.

S30XL/LESA 

Beamline

Existing 
A-Line

S30XL Kicker

End Station A

LCLS

— existing LCLS

— existing ESA

— S30XL/LESA proposal 

SLAC Linac
30

End  Station A

ESA

BSY dump

Soft X-Ray FEL

Hard X-Ray FEL

Beam Kickers

LCLS-II SCRF Linac

S30XL/LESA

S30XL Kicker
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Missing Momentum: Physics Design Drivers

K± decay  
in ECal

� ! µ+µ�
� ! hadrons

� ! 1n/K0
L + soft
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Missing Momentum: Physics Design Drivers

ECal

HCal

e- Beam

χχ

Erecoil < ¼ Ebeam

…

Target

Tracker

_

Signature:
1.substantial energy loss by incoming beam electron
2.substantial transverse momentum change across target
3.no other particles with significant energy in final state

Goal: low background from ~1016 e-

Detector Requirements:
•Tagging tracker with small acceptance and good resolution at beam energy
•Recoil tracker with large acceptance and good resolution at low momentum
•Deep ECal with good resolution and no projective cracks
•ECal with excellent granularity and sensitivity for distinguishing EM/Had showers and tracking muons
•Deep HCal with good segmentation and low veto energy threshold for neutral hadrons
•Efficient missing energy trigger and high-rate data acquisition



LDMX

33

LDMX Detector Overview

LDMX Whitepaper arXiv:1808.05219

18D36 dipole 36”

tagging tracker recoil 
tracker
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main 
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4/8 GeV e−

trigger scintillator

https://arxiv.org/abs/1808.05219
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LDMX Subsystems and Technology Choices

WBS 1.1 – Beamline and Magnet: (SLAC core competency)
• final section of beam pipe with vacuum window
•common dipole magnet provides high(low) field for incoming(recoiling) e-

WBS 1.3 – Trackers:  (from HPS Silicon Vertex Tracker built at SLAC)

Tagging Tracker: long, narrow, in uniform1.5 T field for pe = 4 GeV
•7 double-layers provide robust tag of incoming electrons
Recoil Tracker: short, wide, in fringe field for pe = 0.05 - 1.2 GeV
•4 double-layers + 2 axial-only layers provide good acceptance,  
𝚫pT resolution limited by multiple scattering in target
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LDMX Subsystems and Technology Choices

WBS 1.4 – ECal: from CMS HGCal (UCSB – Incandela, U. Minn. – Mans)

• Si-W sampling calorimeter: fast, dense, high radiation tolerance

• 40 X0 deep: excellent containment of EM showers 

• Granularity and MIP sensitivity: imaging and MIP tracking are powerful for 
rejecting rare backgrounds (e.g. photonuclear reactions and γ → µµ)

• designed to provide fast trigger (here using ECal energy < 0.3 Ebeam)

~60 cm

Valentina Dutta LDMX ECAL meeting

ECal overview

3

Current design 
17 double layers: back-to-back single layers on either side of cooling plane 
500 μm Si sensors in baseline, considering thinner sensors at shower max. 
Absorber (tungsten) thickness varies with depth (0.75-7mm) 
1.5 mm gap between hexagons in each layer 
Fits into 80x60x60 cm3 space surrounded by side HCal (actual ECal depth is 45 
cm) 

Design & prototyping of super-layers and support structure with integrated 
cooling and services part of DMNI work (milestones & plans in Susanne’s talk)

34 layers

432 pads/module

1 X0 15 X05 X0 10 X0

Bertrand Echenard – TeVPA 2019 p.14

EM calorimeter

Si-W sampling calorimeter

• Fast, dense and radiation hard
• ∼40X0 deep for extraordinary containment
• High granularity, exploit transverse & longitudinal 

shower shapes to reject background events
• Provide fast trigger – accept event with ECal < 1.2 GeV

Currently developed for CMS HCal upgrade, adaptable to 
LDMX 

High granularity critical to reject 
photon-induced background 
(e.g. PN reactions or γ → µµ)

Bertrand Echenard – TeVPA 2019 p.14

EM calorimeter

Si-W sampling calorimeter

• Fast, dense and radiation hard
• ∼40X0 deep for extraordinary containment
• High granularity, exploit transverse & longitudinal 

shower shapes to reject background events
• Provide fast trigger – accept event with ECal < 1.2 GeV

Currently developed for CMS HCal upgrade, adaptable to 
LDMX 

High granularity critical to reject 
photon-induced background 
(e.g. PN reactions or γ → µµ)

𝜇-

e-

p+

CERN Test Beam Data

capability for imaging and MIP tracking is  
very powerful for rejection of rare backgrounds

ICHEP 2020

EM Calorimeter
• 40 X0 silicon-tungsten imaging calorimeter
- high granularity:  can exploit both transverse  

& longitudinal shower shapes to reject PN 
events

- MIP sensitivity

Boosted  
Decision  
Tree

�15
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LDMX Subsystems and Technology Choices

WBS 1.5 – HCal: from Mu2e Cosmic Ray Veto (UVA – Group)

• extruded polystyrene scintillator with WLS fibers and SiPM readout

• main HCal: sufficient depth for rare events with very hard neutrons (En ~ E𝛾)

• side HCal: important for high-multiplicity final states and wide-angle brems

p. 15

Standalone studies

Neutron inefficiency (10.2.3) Energy resolution (10.2.3)

veto definition of 3 PE 

Neutron / KL inefficiencies

Significant differences between Geant4 10.3 and Geant4 10.5 
(actually tracker differences between Geant4 10.4.X and 10.5 versions)

Can have a significant impact on Hcal design, so we need to understand the differences. More generally, 
need to make sure Geant4 is properly validated (not only for Hcal) 

Bertrand
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p. 15

Readout - counter motherboard (CMB)

Adapt current design to quad-bar for LDMX with 
a single fiber and a calibration diode per bar.

Good progress on modifying the circuit and 
testing new SiPM.

There are still a few questions regarding the 
quadbar production and assembly process. UVA 
will work on developing the procedures in the 
coming weeks.

CMB for Mu2e CMB for LDMX

Mu2e CRV

p. 8

Counter readout (or counter manifold) 

New design to fit quad-bar with a single fiber and a calibration diode per bar (doc-db 7823)
• redesigned fiber guide bar and SiPM mounting block
• redesigned counter motherboard (CMB) – simplified version less expensive than Mu2e
• redesigned SiPM carrier board

CMB pilot production units received and being tested (ok so far)

New version of CMB test box ordered – expect delivery by end of the month

Fiber guide bar and SiPM mounting block for prototype will soon be ordered

Fiber guide bar

SiPM mounting block

Seal

CMB

SCB

scintillator

fiber

James, Shouxian, Craig D., Craig G.

Manifold

LDMX HCal Scintillator extruder facility @ FNAL

main HCal

side
HCal
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LDMX Subsystems and Technology Choices
�47

BEAM

4 GeV trigger summary

86

TABLE XII: Trigger thresholds, rates, and total inefficiency contribution as function of number of incoming
beam electrons for an average number of one electron per bunch.

Fraction of Trigger Scintillator Missing Energy Calorimeter Trigger Rate Signal
nbeam Bunches (Signal) Efficiency Threshold [GeV] Efficiency [Hz] Inefficiency

1 36.8% (36.8%) 100% 2.50 99.2% 588 0.3%
2 18.4% (36.8%) 97.4% 2.35 98.0% 1937 1.7%
3 6.1% (18.4%) 92.4% 2.70 91.6% 1238 2.8%
4 1.5% (6.1%) 84.3% 3.20 77.2% 268 1.6%

Total 4000 8.8%

B. Recoil Acceptance and Efficiency

As discussed in Sec. V E 2, the recoil tracker must not only have good acceptance for signal
recoils but also for charged tracks over the largest possible acceptance. Since high-momentum
signal recoils will nearly always pass through all six layers, the acceptance near the top of the
energy range for signal recoils is near unity, only reduced by the small single-hit inefficiency in
the last two layers. However, at low momentum a large number of tracks can escape detection.
Therefore, in order to estimate the signal acceptance using simulated signal events, we apply both
“loose” and “tight” track requirements. A loose track requires that the recoiling electrons leave
hits in the first two 3-d layers which is sufficient for pattern recognition and angle estimation. For
those events where the best vertex and pT resolution is desired, the recoiling electrons are required
to leave hits in at least two of the 3-d layers and at least four hits total. The resulting acceptance for
the recoil tracker as a function of mediator mass using the loose (orange) and tight (green) track
requirements is shown in Fig. 66 while the average of the track finding efficiencies for accepted
tracks in those samples as a function of momentum is shown in Fig. 67.

The recoil tracker will play a leading role in rejecting beam, photo-nuclear, electro-nuclear
and muon conversion backgrounds that originate in the target. Assuming the average number
of incident beam electrons is 1, most signal events will see a single track in the recoil tracker.
Furthermore, as discussed in Sec. III A, only events where the recoil electron has a momentum
below 1.2 GeV are considered. Therefore, requiring an event to contain a single track in the recoil
tracker with reconstructed momentum < 1.2 GeV, aides in the rejection of background while
maintaining a high signal efficiency. The impact of these cuts on the signal efficiency using both
the loose and tight track requirement is shown in Fig. 68.

C. Signal Efficiency of Calorimeter Vetoes

As detailed in Sec. IV C, the difference in hit multiplicity and energy deposited in the ECal
as well as the transverse and longitudinal shower shapes are combined into a BDT and used to
discriminate between signal and photo-nuclear background. Based on the performance of the
BDT, a threshold of 0.94 was found to balance the rejection of background versus the preservation
of signal. The impact of applying such a requirement on an inclusive signal sample is shown in
Fig. 69 as a function of mediator mass.

A typical signal event will see the recoil electron enter the ECal and shower with very little

Advanced Processor demonstrator (APd)

Bittware XUP-VV8

15

TDAQ

Trigger/DAQ system designed to 
calculate primary missing energy 
trigger and a range of  triggers which 
enable additional physics including 
nuclear scattering measurements 
and visible dark-matter signatures
● System includes DAQ, trigger and 

integration with LCLS-II timing system

Key deliverables for DMNI
● Demonstrate readout for each section of  LDMX
● Demonstrate trigger critical path meets latency requirements 
● Define software and firmware interfaces for timing, fast control, and clock distribution
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Analog signal  
feedthrough 

Scintillators SiPM/mounting 
board

BEAM

WBS 1.2 – Trigger Scintillator:  from CMS HCal

•Low-energy ECal trigger requires  
knowledge of ne/pulse

• layers of segmented scintillators provides  
fast estimate of ne

•also considering segmented LYSO  
active target: provides additional information 
about hard interactions in the target

WBS 1.6 – Trigger and DAQ: from SLAC/FNAL tech

•back end DAQ based on PCIe FPGA  
platform developed at SLAC

•trigger DAQ based on APx DAQ  
developed for CMS

https://www.bittware.com/fpga/xup-vv8/
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WBS 1.7 – Computing and Software

LDMX requires significant computing resources:  
Datasets and MC will total ~8 PB (disk+tape) after 
filtering and require ~15M CPU hours to process.

•SLAC Shared Scientific Data Facility (SDF)

•LDMX distributed computing pilot project:  
Lightweight Distributed Computing System (LDCS)

ldmx-sw: C++ software framework for event 
generation and reconstruction

https://github.com/LDMX-Software/ldmx-sw/

• A user-facing layer (yet-to-be developed) will provide indirect access to LCSC sites via the
aCT component.

Figure 1 illustrates the LDCS architecture. The components are described below.

Figure 1. The LDMX distributed computing system components. The LCSC sites are federated via the
ARC middleware and the two central services aCT and Rucio.

2.2 Advanced Resource Connector

The Advanced Resource Connector (ARC) [6] is developed by the NorduGrid collaboration
and has been used for almost 20 years as a means of providing computing resources to WLCG
experiments. Its lightweight design makes it an attractive choice for data centers who want
to add a secure gateway to allow batch job submission from the outside. It also provides
sophisticated data handling tools which relieve the jobs themselves from dealing with data
transfer. Finally, the fact that ARC supports the batch systems used at all four centers made
it the obvious choice for connecting them to the LDCS system.

ARC’s main service is the ARC Resource-coupled EXecution service (A-REX) which
runs on top of a computing center’s batch system and allows users authenticated via X.509
credentials to submit and run jobs on the batch system. Each center in LDCS runs an A-REX
service and accepts jobs submitted by the LDCS production certificate. When the job finishes
on the batch system, the output is uploaded by A-REX to the selected LCSC storage. Having
A-REX perform the data handling instead of the job itself brings several advantages: batch
system CPUs are not idle while the job uploads data, controlled data staging by one service
avoids chaotic transfer which may overload the remote storage, and if the remote storage is
temporarily o✏ine A-REX can automatically retry until the transfer succeeds.

2.3 ARC Control Tower

ARC Control Tower (aCT) [7] is a service used by the ATLAS experiment to submit and
manage jobs on ARC sites in the WLCG. It consists of two parts: an application-facing side
and a resource-facing side. The application-facing side either pulls work from an experiment-
specific workflow management system or generates work from tasks defined in aCT itself.

arXiv:2105.02977 [hep-ex] LDCS Pilot Project

• Prepare Radiation Protection Documentation

Hazards associated with the project are identified and evaluated at both the subsystem level and for the
integrated experiment. The risks associated with all identified hazards are controlled to acceptable levels
and documented in standard hazard assessment matrices.

3.1.6 Computing and Data Management Plan

The design of the computing infrastructure for the experiment is described in detail in Section 3.1.1, and
meets the needs of the experiment with the deployment of 360 TB of disk space, 6.3 PB of tape storage,
and 1500 cores of CPU. These resources will be hosted at the SLAC Shared Scientific Data Facility (SDF),
which is being developed as the next-generation pooled resource for scientific computing at SLAC. SDF is
aimed at serving the major storage and data processing needs of LCLS-II and the Vera Rubin Observatory,
as well as smaller experiments such as LDMX. SDF currently consists of 88 dual 64-core Rome servers (11264
cores and ⇠ 400 TFLOPS) and 2 DataDirect Networks ES18K storage appliances with a capacity of 17 PB
interconnected via high speed networking fabric. As shown in Figure 14, the total computing and storage
capacity is expected to increase dramatically by FY25, when LDMX could begin the pilot run. The figure
also shows the expected LDMX needs, which amount to a tiny fraction of the total projected capacity. The
current SDF compute model grants all SLAC users access to baseline computing capabilities including 25
GB of storage per user and access to the shared CPU node partitions. However, higher priority goes to
groups that have contributed hardware to SDF. The cost for LDMX’s storage and CPU needs assume that
LDMX will contribute to SDF the full needs of the experiment, which will ensure dedicated access to the
required storage and CPU. However, as a pooled (batch) processing resource, the availability of CPU can
often be larger.
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Figure 14: Projected SDF computing and storage capacity. The LDMX needs amounts to a small fraction
of the total capacity.

To augment the production of MC and o✏ine analysis, LDMX will continue to develop the LDMX
Distributed Computing System (LDCS)[68]; a distributed computing system currently consisting of 4 sites:
Caltech, Lund, SLAC and UCSB. All sites have access to local storage along with 100 TB of storage at
SLAC accessible via GridFTP. All simulation jobs are run at all sites and the resulting files are catalogued
using Rucio. LDCS has played a key role in generating the large scale MC samples needed for design studies
and is expected to continue contributing in an auxiliary capacity.

The data distribution and access policy is set by the Collaboration Board on behalf of the LDMX
collaboration. The policy can be revised by the Collaboration Board at any time after a review process with
input from the collaboration.

Data Description & Processing of Products LDMX will produce data from the following sources

• Raw data from testing and calibration of detector prototypes at collaborating institutions

• Monte Carlo data generated using SDF and LDCS as described in Section 3.1.1
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Hazards associated with the project are identified and evaluated at both the subsystem level and for the
integrated experiment. The risks associated with all identified hazards are controlled to acceptable levels
and documented in standard hazard assessment matrices.

3.1.6 Computing and Data Management Plan

The design of the computing infrastructure for the experiment is described in detail in Section 3.1.1, and
meets the needs of the experiment with the deployment of 360 TB of disk space, 6.3 PB of tape storage,
and 1500 cores of CPU. These resources will be hosted at the SLAC Shared Scientific Data Facility (SDF),
which is being developed as the next-generation pooled resource for scientific computing at SLAC. SDF is
aimed at serving the major storage and data processing needs of LCLS-II and the Vera Rubin Observatory,
as well as smaller experiments such as LDMX. SDF currently consists of 88 dual 64-core Rome servers (11264
cores and ⇠ 400 TFLOPS) and 2 DataDirect Networks ES18K storage appliances with a capacity of 17 PB
interconnected via high speed networking fabric. As shown in Figure 14, the total computing and storage
capacity is expected to increase dramatically by FY25, when LDMX could begin the pilot run. The figure
also shows the expected LDMX needs, which amount to a tiny fraction of the total projected capacity. The
current SDF compute model grants all SLAC users access to baseline computing capabilities including 25
GB of storage per user and access to the shared CPU node partitions. However, higher priority goes to
groups that have contributed hardware to SDF. The cost for LDMX’s storage and CPU needs assume that
LDMX will contribute to SDF the full needs of the experiment, which will ensure dedicated access to the
required storage and CPU. However, as a pooled (batch) processing resource, the availability of CPU can
often be larger.
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Figure 14: Projected SDF computing and storage capacity. The LDMX needs amounts to a small fraction
of the total capacity.

To augment the production of MC and o✏ine analysis, LDMX will continue to develop the LDMX
Distributed Computing System (LDCS)[68]; a distributed computing system currently consisting of 4 sites:
Caltech, Lund, SLAC and UCSB. All sites have access to local storage along with 100 TB of storage at
SLAC accessible via GridFTP. All simulation jobs are run at all sites and the resulting files are catalogued
using Rucio. LDCS has played a key role in generating the large scale MC samples needed for design studies
and is expected to continue contributing in an auxiliary capacity.

The data distribution and access policy is set by the Collaboration Board on behalf of the LDMX
collaboration. The policy can be revised by the Collaboration Board at any time after a review process with
input from the collaboration.

Data Description & Processing of Products LDMX will produce data from the following sources

• Raw data from testing and calibration of detector prototypes at collaborating institutions

• Monte Carlo data generated using SDF and LDCS as described in Section 3.1.1
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SLAC Shared Scientific Data Facility (SDF)

https://github.com/LDMX-Software/ldmx-sw/
https://arxiv.org/abs/2105.02977
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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

JHEP 04 (2020) 003   
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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.

Pilot Run Sensitivity, 4×1014 EOT

remaining background can be 
vetoed by ECal MIP tracking

LDMX Physics Studies

Robust software and computing infrastructure have enable detailed, high-statistics performance studies, 
largely driven by an active team of Ph.D. students and postdocs.
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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
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Preliminary ECal as Target missing energy study: 
4.1M CPU hours, 1.1 PB data

LDMX Physics Studies

Robust software and computing infrastructure have enable detailed, high-statistics performance studies, 
largely driven by an active team of Ph.D. students and postdocs.

39



LDMX

Study of dominant photo-nuclear backgrounds:
1.5M CPU hours, 1.3 PB data

22

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
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no background 
events at this scale!

First Look at 8 GeV with 0.6×1014 EOT:
A full 1016 study is the next step!

LDMX Physics Studies

Robust software and computing infrastructure have enable detailed, high-statistics performance studies, 
largely driven by an active team of Ph.D. students and postdocs.
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Figure 15: Organization chart of the LDMX Collaboration.

collaboration is shown in Fig. 15. The CIDER committee is responsible for collaboration climate, diversity,
and outreach activities.

Each of the institutions in the collaboration has particular roles in the development and planned construc-
tion of the experiment and brings specific and important knowledge and capabilities to the collaboration.
The list of institutions below is given in alphabetical order.

• California Institute of Technology (PI: B. Echenard) – The Caltech group is responsible for overall
design and integration of the HCal detector. B. Echenard is the HCal coordinator and co-chair of the
Senior Investigators Board. D. Hitlin serves as the Technical Coordinator for LDMX. The Caltech
group also leads the exploration of the potential of a LYSO-based active target.

• Fermilab (PI: N. Tran) – The FNAL group is responsible for o↵-detector trigger electronics for the
ECal and HCal systems (based on work underway for the HL-LHC CMS upgrade), as well as the
motherboard for the HCal readout/trigger electronics. The FNAL group is also active in simulation
tasks for TDAQ. N. Tran is coordinator for Trigger and DAQ.

• Lund University (Sweden) (PI: T. Akesson) – The Lund University group is responsible for the digitizer
board for the HCal, based on the HGCROC ASIC. The group is also very active in computing, including
supporting the LDCS distributed computing system [68]. T. Akesson is a co-spokesperson for LDMX
and R. Pottgen is a co-physics coordinator.

• SLAC/Stanford (PI: T. Nelson) – The SLAC group provides core management and leadership for
the collaboration as well as holding responsibility for specific subsystems. The group is responsible
for the preparation of the beamline and interfaces with LESA, the refurbishment of the experimental
magnet, the construction and integration of the tracker, and the readout of the trigger scintillator
and its integration in the trigger. The group is also responsible for central DAQ, o✏ine software,
and computing activities. The tracker design builds extensively on the design from HPS, the DAQ is
based on general-purpose DAQ technologies developed at SLAC, and many aspects make heavy use of
DOE laboratory expertise and unique capabilities. T. Nelson is a co-spokesperson and coordinator for
the tracker and beamline, P. Schuster is a co-physics coordinator, and O. Moreno is the software and
computing coordinator.
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Collaboration, formed in Spring 2019…                                           
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SLAC: PI Nelson (HPS SVT) 
• Beamline/Magnet, Tracking, Computing, 
Project Management

UCSB: PI Incandela (CMS HGCal modules)
• ECal

U. Minn: PI Mans (CMS HGCal electronics) 
• ECal

Caltech: PI Echenard
• HCal and Trigger Scintillator

U. VA: PI Group (Mu2e CRV) 
• HCal

FNAL: PI Tran
• TDAQ

Texas Tech: PI Whitbeck 
• Trigger Scintillator

Additional collaborators:
Lund: Åkesson, Pöttgen – (HCal, Computing)
Stanford: Tompkins – (TDAQ)


