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Heavy Photons (AKA “Hidden Photons”, “Dark Photons”)
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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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Gives rise to “dark bremsstrahlung” production in e- fixed target experiments: 

• energetic
• forward
• collimated
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MeV-GeV thermal relic DM requires new, comparably light mediators to achieve 
required annihilation cross-section for freeze-out.
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A Key Motivation: Low-mass Freeze-out Thermal Relics
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“Light DM” WIMP DM
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<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
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<latexit sha1_base64="h+lS14fMcf8vIwX06TUgPUjisSE="></latexit><latexit sha1_base64="h+lS14fMcf8vIwX06TUgPUjisSE="></latexit><latexit sha1_base64="h+lS14fMcf8vIwX06TUgPUjisSE="></latexit><latexit sha1_base64="h+lS14fMcf8vIwX06TUgPUjisSE="></latexit>

↵D ⌘ g2D
4⇡

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

↵ ⌘ e2

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

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

e
<latexit sha1_base64="iwCDN5oMuuZd6k91cuvVwPpMsrY=">AAAB6HicdZDLS0JBFMbPtZfZy2rZZkiCVjK3qGwRSW1aKuQDVGTueNTJuQ9m5gYiQvs2LYpo2z/Tvl3/TePVoKI+GPj4fecw5xwvkkIbSj+c1Nz8wuJSejmzsrq2vpHd3KrqMFYcKzyUoap7TKMUAVaMMBLrkULmexJr3uByktduUWkRBtdmGGHLZ71AdAVnxqIytrM5mj+i7ukxJTRPEyWm4B66xJ2R3Plb5uwOAErt7HuzE/LYx8BwybRuuDQyrRFTRnCJ40wz1hgxPmA9bFgbMB91a5QMOiZ7lnRIN1T2BYYk9HvHiPlaD33PVvrM9PXvbAL/yhqx6RZaIxFEscGATz/qxpKYkEy2Jh2hkBs5tIZxJeyshPeZYtzY22TsEb42Jf+b6kHepXm3THPFC5gqDTuwC/vgwgkU4QpKUAEOCPfwCE/OjfPgPDsv09KUM+vZhh9yXj8BaO2O1A==</latexit><latexit sha1_base64="SY/hUUe52M853caEzD9IZNs1iv8=">AAAB6HicdZDLSgMxFIYz9VbHW9Wlm2ARXA0ZRa0LsejGZQu2FdqhZNIzbWzmQpIRSukTuHGhiFt9GPduxLcxnVZQ0R8CP99/Djnn+IngShPyYeVmZufmF/KL9tLyyupaYX2jruJUMqixWMTyyqcKBI+gprkWcJVIoKEvoOH3z8d54wak4nF0qQcJeCHtRjzgjGqDqtAuFIlzQNzjQ4KJQzJlpuTuu9idkuLpq32SvLzblXbhrdWJWRpCpJmgSjVdkmhvSKXmTMDIbqUKEsr6tAtNYyMagvKG2aAjvGNIBwexNC/SOKPfO4Y0VGoQ+qYypLqnfmdj+FfWTHVQ8oY8SlINEZt8FKQC6xiPt8YdLoFpMTCGMsnNrJj1qKRMm9vY5ghfm+L/TX3PcYnjVkmxfIYmyqMttI12kYuOUBldoAqqIYYA3aJ79GBdW3fWo/U0Kc1Z055N9EPW8ydafJBI</latexit><latexit sha1_base64="SY/hUUe52M853caEzD9IZNs1iv8=">AAAB6HicdZDLSgMxFIYz9VbHW9Wlm2ARXA0ZRa0LsejGZQu2FdqhZNIzbWzmQpIRSukTuHGhiFt9GPduxLcxnVZQ0R8CP99/Djnn+IngShPyYeVmZufmF/KL9tLyyupaYX2jruJUMqixWMTyyqcKBI+gprkWcJVIoKEvoOH3z8d54wak4nF0qQcJeCHtRjzgjGqDqtAuFIlzQNzjQ4KJQzJlpuTuu9idkuLpq32SvLzblXbhrdWJWRpCpJmgSjVdkmhvSKXmTMDIbqUKEsr6tAtNYyMagvKG2aAjvGNIBwexNC/SOKPfO4Y0VGoQ+qYypLqnfmdj+FfWTHVQ8oY8SlINEZt8FKQC6xiPt8YdLoFpMTCGMsnNrJj1qKRMm9vY5ghfm+L/TX3PcYnjVkmxfIYmyqMttI12kYuOUBldoAqqIYYA3aJ79GBdW3fWo/U0Kc1Z055N9EPW8ydafJBI</latexit><latexit sha1_base64="hSOEKns7no4IH223gvYNufj+WEs=">AAAB6HicdVBNSwMxEM3Wr1q/qh69BIvgackqar0VvXhswX5Au5RsOm1js9klyQpl6S/w4kERr/4kb/4b0+0KKvpg4PHeDDPzglhwbQj5cApLyyura8X10sbm1vZOeXevpaNEMWiySESqE1ANgktoGm4EdGIFNAwEtIPJ9dxv34PSPJK3ZhqDH9KR5EPOqLFSA/rlCnHPiHd5TjBxSYaMVL1TD3u5UkE56v3ye28QsSQEaZigWnc9Ehs/pcpwJmBW6iUaYsomdARdSyUNQftpdugMH1llgIeRsiUNztTvEykNtZ6Gge0MqRnr395c/MvrJmZY9VMu48SAZItFw0RgE+H513jAFTAjppZQpri9FbMxVZQZm03JhvD1Kf6ftE5cj7heg1RqV3kcRXSADtEx8tAFqqEbVEdNxBCgB/SEnp0759F5cV4XrQUnn9lHP+C8fQL5po0H</latexit>

✏
<latexit sha1_base64="IWifQ3hYqUZpmSfjjJLeV2VvHGA=">AAAB73icdZDLSgMxFIbPeK3jrerSTbAIrkpGUetCLLpxWcFeoC0lk2ba0ExmTDJCGQo+gxsXirj1Sdy7821MpxVU9IfAz/efQ845fiy4Nhh/ODOzc/MLi7kld3lldW09v7FZ01GiKKvSSESq4RPNBJesargRrBErRkJfsLo/uBjn9VumNI/ktRnGrB2SnuQBp8RY1GixWHMRyU6+gIuH2Ds5wggXcabMlLwDD3lTUjh7c0/vAKDSyb+3uhFNQiYNFUTrpodj006JMpwKNnJbiWYxoQPSY01rJQmZbqfZvCO0a0kXBZGyTxqU0e8dKQm1Hoa+rQyJ6evf2Rj+lTUTE5TaKZdxYpikk4+CRCATofHyqMsVo0YMrSFUcTsron2iCDX2RK49wtem6H9T2y96uOhd4UL5HCbKwTbswB54cAxluIQKVIGCgHt4hCfnxnlwnp2XSemMM+3Zgh9yXj8B7EKSCw==</latexit><latexit sha1_base64="994krxD012WqPHokA1AXxlXujvE=">AAAB73icdZDLSgMxFIYz9VbHW9Wlm2ARXA2JotaFWHTjsoK9QDuUTJq2oZnMmGSEMvQl3LhQRHDlk7h3I76N6bSCiv4Q+Pn+c8g5J4gF1wahDyc3Mzs3v5BfdJeWV1bXCusbNR0lirIqjUSkGgHRTHDJqoYbwRqxYiQMBKsHg/NxXr9hSvNIXplhzPyQ9CTvckqMRY0WizUXkWwXisg7QPj4EEHkoUyZKeF9DPGUFE9f3ZP4+d2ttAtvrU5Ek5BJQwXRuolRbPyUKMOpYCO3lWgWEzogPda0VpKQaT/N5h3BHUs6sBsp+6SBGf3ekZJQ62EY2MqQmL7+nY3hX1kzMd2Sn3IZJ4ZJOvmomwhoIjheHna4YtSIoTWEKm5nhbRPFKHGnsi1R/jaFP5vanseRh6+RMXyGZgoD7bANtgFGByBMrgAFVAFFAhwC+7Bg3Pt3DmPztOkNOdMezbBDzkvn93Rk38=</latexit><latexit sha1_base64="994krxD012WqPHokA1AXxlXujvE=">AAAB73icdZDLSgMxFIYz9VbHW9Wlm2ARXA2JotaFWHTjsoK9QDuUTJq2oZnMmGSEMvQl3LhQRHDlk7h3I76N6bSCiv4Q+Pn+c8g5J4gF1wahDyc3Mzs3v5BfdJeWV1bXCusbNR0lirIqjUSkGgHRTHDJqoYbwRqxYiQMBKsHg/NxXr9hSvNIXplhzPyQ9CTvckqMRY0WizUXkWwXisg7QPj4EEHkoUyZKeF9DPGUFE9f3ZP4+d2ttAtvrU5Ek5BJQwXRuolRbPyUKMOpYCO3lWgWEzogPda0VpKQaT/N5h3BHUs6sBsp+6SBGf3ekZJQ62EY2MqQmL7+nY3hX1kzMd2Sn3IZJ4ZJOvmomwhoIjheHna4YtSIoTWEKm5nhbRPFKHGnsi1R/jaFP5vanseRh6+RMXyGZgoD7bANtgFGByBMrgAFVAFFAhwC+7Bg3Pt3DmPztOkNOdMezbBDzkvn93Rk38=</latexit><latexit sha1_base64="tFcToVCKpoaUFXXNPnNTmy02eZw=">AAAB73icdVDLSgMxFM34rPVVdekmWARXQ6KodVd047KCfUA7lEyaaUMzyZhkhDL0J9y4UMStv+POvzGdjqCiBy4czrmXe+8JE8GNRejDW1hcWl5ZLa2V1zc2t7YrO7sto1JNWZMqoXQnJIYJLlnTcitYJ9GMxKFg7XB8NfPb90wbruStnSQsiMlQ8ohTYp3U6bHEcKFkv1JF/inCF2cIIh/lyEkNn2CIC6UKCjT6lffeQNE0ZtJSQYzpYpTYICPacirYtNxLDUsIHZMh6zoqScxMkOX3TuGhUwYwUtqVtDBXv09kJDZmEoeuMyZ2ZH57M/Evr5vaqBZkXCapZZLOF0WpgFbB2fNwwDWjVkwcIVRzdyukI6IJtS6isgvh61P4P2kd+xj5+AZV65dFHCWwDw7AEcDgHNTBNWiAJqBAgAfwBJ69O+/Re/Fe560LXjGzB37Ae/sEfQqQPg==</latexit>

DM SM

dark photons are the favored scenario:



Mediator
decay in
experiments

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

m�
<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>

Dominant
DM
annihilation:

A0 �

�̄

�

e+

e�

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

�̄

�

A0

A0

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

�v / ↵2
D
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Mass Hierarchy Determines Search Strategy & Interpretation
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searches typically measure/constrain 𝜖2 as a function of MA′

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

for production of DM
spectrometers: (e.g. APEX, HPS, NA64, FASER, SHiP, etc.) 
missing mass: (e.g. PADME)
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Parameter Space for Dark Photon Decays to SM

Current A′ Constraints:
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Parameter Space for Dark Photon Decays to SM

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

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

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

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

! e+e�.

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

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

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

N� = 2���̄ Ne XAl NA/AAl , (2)

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

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

� )(dNacc
� /dE�), and convolute it

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

d�f,s

dEe
= 4⇡✏2 ↵ ↵D

2meE2
�� ff,s(Ee)(Ee � me)

(E2
� � m2

�)(m2
A0 + 2meEe � 2m2

e)
2

,

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

� + 2m2
e,

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

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

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

N�e = N� ✏acc �cut
�e

X

i

ndet,i Ldet,i , (4)

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

e- A′ e+e-

A′ becomes long lived at small couplings. 

Leads to constraints from  
beam dump experiments
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E137 @ SLAC

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

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

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

! e+e�.

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

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

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

N� = 2���̄ Ne XAl NA/AAl , (2)

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

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

� )(dNacc
� /dE�), and convolute it

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

d�f,s

dEe
= 4⇡✏2 ↵ ↵D

2meE2
�� ff,s(Ee)(Ee � me)

(E2
� � m2

�)(m2
A0 + 2meEe � 2m2

e)
2

,

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

� + 2m2
e,

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

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

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

N�e = N� ✏acc �cut
�e

X

i

ndet,i Ldet,i , (4)

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

e- A′ e+e-

A′ becomes long lived at small couplings. 

Leads to constraints from  
beam dump experiments
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Generally, searches are “bump hunts” 
for m(l+l-) resonances.
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target in multi-GeV beam in Hall B

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

• Fast PbWO4 ECal trigger eliminates 10’s  
MHz scattered single e- from CW beam.

• Excellent beam quality allows  
silicon 0.5 mm from beamline for 
forward acceptance.
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FIG. 3. The 95% C.L. power-constrained [32] upper limits on
✏2 versus A0 mass obtained in this analysis. A limit at the level
of 6⇥ 10�6 is set. Existing limits from beam dump [21, 33–
40], collider [22, 41–44] and fixed target experiments [45–48]
are also shown. The region labeled “ae” is an exclusion based
on the electron g� 2 [49–52] . The green band labeled “aµ ±
2�” represents the region that an A0 can be used to explain
the discrepancy between the measured and calculated muon
anomalous magnetic moment [16, 17].

VI. CONCLUSION

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

Opportunistic engineering runs in  
2015 (1.7 days live @1.056 GeV) and  
2016 (5.4 days live @ 2.3 GeV) collected 
physics data with “pre-CEBAF12” beam.
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Detector Upgrades and 2019 Run

• Add silicon layer closer to target 

⟹ improves vertex resolution by a factor of 2

• Move silicon layers closer to beam line 

⟹ improves acceptance for long-lived decays

• Add positron hodoscope in front of ECal 

⟹ recovers trigger acceptance lost to high 

occupancy crystals around e- hole in ECal

Upgrades completed in advance of operations in late 
Summer 2019: 2 weeks of data at Ebeam = 4.55 GeV

Analysis of engineering run datasets also taught us important lessons about actual 
backgrounds and acceptances, motivating improvements to the experiment.
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Recent Progress: Completion of 2016 Analyses

Each generation of analyses teaches us 
important lessons, improves techniques.

Careful analysis of the 2016 dataset has 
been completed: no signal observed.

• success eliminating vertex search backgrounds 
where both daughters have hits in first SVT layer

• still working on backgrounds for other samples, 
with potential to increase signal yields ~50%

• Preparing a PRD to fully document the analysis 
techniques prior to 2019 analysis.

2016 results form a more mature basis for 
estimating reach of future datasets.

2016 Resonance Search
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Recent Progress: 2019 Calibration and Reconstruction

With preliminary SVT alignment and ECal calibration:

• realized 90% of expected vertex resolution improvement

• confirmed increased trigger acceptance

• progress towards final energy and momentum resolution

Planning for first results prior to scheduled run next year
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Future Run Plan Optimization

Assumptions:

• currently 135 PAC days remaining (including 58 days on floor already scheduled in 2021)

• assume three total run periods with one PAC week commissioning each 

⟹ (135-21)/7 ≈ 16 weeks of useful luminosity 

• Use existing MC detector models at 2.3 and 3.7 GeV to divide total 16 weeks between 
operation with one-pass (≈2 GeV) and two-pass (≈4 GeV) beam

Questions:

• How best to divide time between 
one-pass and two-pass operation?

Optimum is roughly 6 weeks at 2.3 
GeV and 10 weeks at 3.7 GeV.

• How does reach grow with total 
run time (does reach saturate?)

We are not close to saturating reach 
using only these two energies. 

Tentative plan: 2021 @ 3.7 GeV (4 weeks), future @ ≈4 GeV (6 weeks), future @ ≈2 GeV (6 weeks) 
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2019 data @ 4.55 GeV opens up 
window of sensitivity

11

Updated reach projections based 
on experience with 2016 analyses:

Reach Projections

Run plan optimization is ongoing and depends on availability of specific energies.



2019 data @ 4.55 GeV opens up 
window of sensitivity

2021 data @ 3.7 GeV increases 
area of sensitivity 2.4×

11

Updated reach projections based 
on experience with 2016 analyses:

Reach Projections

Run plan optimization is ongoing and depends on availability of specific energies.



2019 data @ 4.55 GeV opens up 
window of sensitivity

2021 data @ 3.7 GeV increases 
area of sensitivity 2.4×

Full Run Plan (2021 + 107 days) 
more than doubles this again.

11

Updated reach projections based 
on experience with 2016 analyses:

Reach Projections

Run plan optimization is ongoing and depends on availability of specific energies.
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Summary

Thermal relic dark matter in the MeV-GeV range is motivating a worldwide 
search program for dark photons.

HPS has unique capabilities to search for dark photons with masses and 
couplings of particular interest for thermal relic dark matter.

Starting with opportunistic engineering runs in 2015 and 2016, HPS has used 
25% of its allocated running time developing and refining the experiment and 
analysis techniques and collecting data with new sensitivity in 2019.

The rest of the previously approved running time will provide sensitivity to 
dark photons over an ever-broadening range of masses and couplings.

Although not part of the original proposal, HPS also has sensitivity to other 
dark sectors scenarios (e.g. SIMPs), beginning with the 2016 dataset.
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LHCb – Run 2 (completed) and Run 3 (2021-2023)

Run 2 and Run 3 above dimuon threshold

Potential for reach in two mass ranges.

Unexpected long-lived backgrounds
impacted expected reach.

arXiv:1603.08926 [hep-ph]

A′ → μ+μ−

Run 3 below the D⋆0-D0 mass difference

Requires upgraded vertex detector and
triggerless readout = full recon in real time.
backgrounds still unknown.
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And Other Planned/Proposed Experiments 
(from European Strategy Update – arXiv:1910.11775)
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