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Light DM requires new, comparably light mediators to achieve required 
annihilation cross-section for thermal relics.

Generic LDM Requirements
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Overproduced without comparably light, singlet “mediators”

LDM must be a SM singlet 
Otherwise would have been discovered at LEP

LDM requires light new forces
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Lee/Weinberg ‘79

Light mediators are not optional; they’re essential to the story

Entropy transfer arises from renormalizable interactions
Higher dimension operators have same problem as electroweak mediators!2

A Key Motivation: Low-mass Thermal Relics
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“Light DM” WIMP DM
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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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Benchmark Scenario: Dark Photons
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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>
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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>
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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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Dark Photon Production

APEX @ JLab
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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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Analogous SM process is irreducible background but allows (MA′,Nobserved) ⟹ (MA′,𝜖)
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2m�
<latexit sha1_base64="X2+MKJ4N9SC9+ZL8Ws7pMtkUzAM=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIph4Irtc9Ej04hETeRjYkNlhFibMYzMza0I2fIUXDxrj1c/x5t84wB4UrKSTSlV3uruihDNjff/bK2xsbm3vFHdLe/sHh0fl45O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczv3OE9WGKflgpwkNBR5JFjOCrZMe61Ux6JMxqw7KFb/mL4DWSZCTCuRoDspf/aEiqaDSEo6N6QV+YsMMa8sIp7NSPzU0wWSCR7TnqMSCmjBbHDxDF04ZolhpV9Kihfp7IsPCmKmIXKfAdmxWvbn4n9dLbXwdZkwmqaWSLBfFKUdWofn3aMg0JZZPHcFEM3crImOsMbEuo5ILIVh9eZ2067XArwX39UrjJo+jCGdwDpcQwBU04A6a0AICAp7hFd487b14797HsrXg5TOn8Afe5w+ue4+o</latexit><latexit sha1_base64="X2+MKJ4N9SC9+ZL8Ws7pMtkUzAM=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIph4Irtc9Ej04hETeRjYkNlhFibMYzMza0I2fIUXDxrj1c/x5t84wB4UrKSTSlV3uruihDNjff/bK2xsbm3vFHdLe/sHh0fl45O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczv3OE9WGKflgpwkNBR5JFjOCrZMe61Ux6JMxqw7KFb/mL4DWSZCTCuRoDspf/aEiqaDSEo6N6QV+YsMMa8sIp7NSPzU0wWSCR7TnqMSCmjBbHDxDF04ZolhpV9Kihfp7IsPCmKmIXKfAdmxWvbn4n9dLbXwdZkwmqaWSLBfFKUdWofn3aMg0JZZPHcFEM3crImOsMbEuo5ILIVh9eZ2067XArwX39UrjJo+jCGdwDpcQwBU04A6a0AICAp7hFd487b14797HsrXg5TOn8Afe5w+ue4+o</latexit><latexit sha1_base64="X2+MKJ4N9SC9+ZL8Ws7pMtkUzAM=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIph4Irtc9Ej04hETeRjYkNlhFibMYzMza0I2fIUXDxrj1c/x5t84wB4UrKSTSlV3uruihDNjff/bK2xsbm3vFHdLe/sHh0fl45O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczv3OE9WGKflgpwkNBR5JFjOCrZMe61Ux6JMxqw7KFb/mL4DWSZCTCuRoDspf/aEiqaDSEo6N6QV+YsMMa8sIp7NSPzU0wWSCR7TnqMSCmjBbHDxDF04ZolhpV9Kihfp7IsPCmKmIXKfAdmxWvbn4n9dLbXwdZkwmqaWSLBfFKUdWofn3aMg0JZZPHcFEM3crImOsMbEuo5ILIVh9eZ2067XArwX39UrjJo+jCGdwDpcQwBU04A6a0AICAp7hFd487b14797HsrXg5TOn8Afe5w+ue4+o</latexit><latexit sha1_base64="X2+MKJ4N9SC9+ZL8Ws7pMtkUzAM=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIph4Irtc9Ej04hETeRjYkNlhFibMYzMza0I2fIUXDxrj1c/x5t84wB4UrKSTSlV3uruihDNjff/bK2xsbm3vFHdLe/sHh0fl45O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczv3OE9WGKflgpwkNBR5JFjOCrZMe61Ux6JMxqw7KFb/mL4DWSZCTCuRoDspf/aEiqaDSEo6N6QV+YsMMa8sIp7NSPzU0wWSCR7TnqMSCmjBbHDxDF04ZolhpV9Kihfp7IsPCmKmIXKfAdmxWvbn4n9dLbXwdZkwmqaWSLBfFKUdWofn3aMg0JZZPHcFEM3crImOsMbEuo5ILIVh9eZ2067XArwX39UrjJo+jCGdwDpcQwBU04A6a0AICAp7hFd487b14797HsrXg5TOn8Afe5w+ue4+o</latexit>

Dominant
DM
annihilation:

A0 �

�̄

�

e+

e�

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

�̄

�

A0

A0

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

�v / ↵2
D

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

no clear target for 𝜖

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

lower limit on 𝜖 for thermal relics

!5

Mass Hierarchy Determines Search Strategy

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

Search: for production of DMfor mediators decaying to SM
*or off-shell to DM

A0

l+

l�

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

A0?

�̄

�

<latexit sha1_base64="3AYs1I2HX5EEwz99bntNBPrj/PQ="></latexit><latexit sha1_base64="3AYs1I2HX5EEwz99bntNBPrj/PQ="></latexit><latexit sha1_base64="3AYs1I2HX5EEwz99bntNBPrj/PQ="></latexit><latexit sha1_base64="3AYs1I2HX5EEwz99bntNBPrj/PQ="></latexit>

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>

𝜖e
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>



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>
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lower limit on 𝜖 for thermal relics
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Mass Hierarchy Determines Search Strategy

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

Search: for production of DMfor mediators decaying to SM
*or off-shell to DM
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Parameter Space: Mediator Decays to SM

Current A′ Constraints:
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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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Parameter Space: Mediator Decays to SM
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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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length measurement

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

QED (no efficiency 
correction)

Data

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

the result reported by Mainz (solid green) [15], and an estimate
using a BABAR Collaboration result (wide hatched) [2,10].
Between the red line and fine hatched region, the A0 can explain
the observed discrepancy between the calculated and measured
muon anomalous magnetic moment [6] at 90% confidence level.
The full APEX experiment will roughly cover the entire area of
the plot.
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A′

Compact e+e- spectrometer,  
immediately downstream of thin 
target in multi-GeV beam in Hall B.

• Low-mass, high-rate (up to 4 
MHz/mm2) silicon tracker (SVT) 
allows vertexing long-lived A′.  
SVT must suppress SM tridents  
from target by factor ~107

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

Short engineering runs in  
2015 (1.7 days) and 2016 (5.4 days)



!8

e- fixed target:  
HPS @ JLab CEBAF (present)

Compact e+e- spectrometer,  
immediately downstream of thin 
target in multi-GeV beam in Hall B.

• Low-mass, high-rate (up to 4 
MHz/mm2) silicon tracker (SVT) 
allows vertexing long-lived A′.  
SVT must suppress SM tridents  
from target by factor ~107

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

Short engineering runs in  
2015 (1.7 days) and 2016 (5.4 days)

5

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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8 weeks at 4.55 GeV, ≈ 4 weeks of data = 0.7 C (50% typical duty cycle)

e- fixed target:  
HPS @ JLab CEBAF (present)

HPS will request similar runs in 2020 and 2021 at 2.2/6.6 GeV
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p+  fixed target:  
NA48/2 @ SPS (2015)

NA48/2 Detector and Beam 

Gia	Khoriauli		-		Dark	Photon	Search	with	NA48/2	&	NA62		-		Flavour	and	Dark	MaAer		-		27.09.2017	

q Simultaneous K± beam 
u  pK=60 GeV/c  
u  ΔpK/pK=4% 
u  Total K± decays: ~1011 
u Main triggers: 

o  Three-tracks 
o  Κ± à π± π0π0    

10	

CERN SPS Kaon CP-violation/rare decay 
experiment collected a large sample of 𝜋0

Search for the dark photon in π0 decays Evgueni Goudzovski

Table 1: Numbers of data events passing the K2πD and Kµ3D selections, and acceptances of these selections
evaluated with MC simulations. The statistical errors on the acceptances are negligible.

K2πD selection Kµ3D selection
Data candidates: N2πD = 1.38×107 Nµ3D = 0.31×107

Acceptances:
for K2πD decay Aπ(K2πD) = 3.71% Aµ(K2πD) = 0.11%
for Kµ3D decay Aπ(Kµ3D) = 0.03% Aµ(Kµ3D) = 4.17%
for K3πD decay Aπ(K3πD) = 0 Aµ(K3πD) = 0.06%
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Figure 1: Invariant mass distributions of data and MC events passing the K2πD (top row) and Kµ3D (bottom
row) selections. The signal mass regions are indicated with vertical arrows. A dark photon signal would
correspond to a spike in the mee distributions (right column).
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Search for the dark photon in π0 decays Evgueni Goudzovski

Table 1: Numbers of data events passing the K2πD and Kµ3D selections, and acceptances of these selections
evaluated with MC simulations. The statistical errors on the acceptances are negligible.

K2πD selection Kµ3D selection
Data candidates: N2πD = 1.38×107 Nµ3D = 0.31×107

Acceptances:
for K2πD decay Aπ(K2πD) = 3.71% Aµ(K2πD) = 0.11%
for Kµ3D decay Aπ(Kµ3D) = 0.03% Aµ(Kµ3D) = 4.17%
for K3πD decay Aπ(K3πD) = 0 Aµ(K3πD) = 0.06%
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Figure 1: Invariant mass distributions of data and MC events passing the K2πD (top row) and Kµ3D (bottom
row) selections. The signal mass regions are indicated with vertical arrows. A dark photon signal would
correspond to a spike in the mee distributions (right column).
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p+  fixed target:  
NA48/2 @ SPS (2015)

NA48/2 Detector and Beam 

Gia	Khoriauli		-		Dark	Photon	Search	with	NA48/2	&	NA62		-		Flavour	and	Dark	MaAer		-		27.09.2017	

q Simultaneous K± beam 
u  pK=60 GeV/c  
u  ΔpK/pK=4% 
u  Total K± decays: ~1011 
u Main triggers: 

o  Three-tracks 
o  Κ± à π± π0π0    

10	

CERN SPS Kaon CP-violation/rare decay 
experiment collected a large sample of 𝜋0

Search for the dark photon in π0 decays Evgueni Goudzovski
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Figure 3: Obtained upper limits at 90% CL on the mixing parameter ε2 versus the DP mass mA′ , compared
to other published exclusion limits from meson decay, beam dump and e+e− collider experiments. Also
shown is the band where the inconsistency of theoretical and experimental values of muon (g− 2) reduces
to less than 2 standard deviations, as well as the region excluded by the electron (g− 2)measurement.

Upper limits at 90% CL on the mixing parameter ε2 for each DP mass value calculated from
the B(π0 → γA′) upper limits using Eq. 1 are shown in Fig. 3, together with the constraints from
other experiments (see Ref. [1] for details). Also shown is the band in the (mA′ , ε2) plane where
the discrepancy between the measured and calculated muon (g−2) values falls into the±2σ range
due to the DP contribution, as well as the region excluded by the electron (g−2) measurement [3,
16, 17].

The most stringent limits on ε2 obtained are those at DP mass where the kinematic suppression
of the π0 → γA′ decay is weak. The prompt DP decay assumption is justified a posteriori by the
achieved limits. Given the 60 GeV/c beam, the maximum DPmean path in the laboratory reference
frame corresponds to an energy of approximately Emax = 50 GeV:

Lmax ≈
Emax
mA′c2

· cτA′ ≈ 0.4 mm×
(

10−6

ε2

)

×
(

100 MeV/c2

mA′

)2

. (5.3)

The lowest obtained limit ε2m2A′ = 3×10
−5 MeV2/c4 translates into a maximum DP mean path of

Lmax ≈ 10 cm. The corresponding loss of the 3-track trigger and event reconstruction efficiency is
negligible, as the offline resolution on the longitudinal coordinate of a 3-track vertex is about 1 m.

The sensitivity of the prompt A′ decay search is limited by the irreducible π0D background.
In particular, the upper limits on B(π0 → γA′) and ε2 obtained in this analysis are two to three
orders of magnitude above the single event sensitivity. The achievable upper limit on ε2 scales as
the inverse square root of the integrated beam flux, which means that the possible improvements
to be made with this technique using larger future K± samples (e.g. at the NA62 experiment) are
modest. On the other hand, the sensitivity of the displaced A′ decay vertex analysis to lower ε2 is
being investigated.
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e+ fixed target:  
PADME @ Frascati (present), VEPP-3 @ BINP(?), MMAPS @ Cornell (?)
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Figure 16. Existing and projected upper limits of a coupling constant ✏2 of a new boson vs.
its mass for the case of its invisible decay to dark matter particles. The hatched areas are regions
excluded by the results of the measurements of anomalous magnetic moments of electron and
muon [8]. The green band indicates a “welcome” area, where the consistency of theoretical and
experimental values of aµ would improve to 2� or less [8]. The shaded areas are the excluded
parameter spaces of the completed searches [15, 16, 45, 46]. Curves show areas of search of the
experiment at VEPP-3 and of other proposed experiments [47]. The search sensitivity of the VEPP-
3 experiment is presented for two operation regimes: with and without use of the positron veto
counter. The veto-OFF search is a factor of two less sensitive, but this is a truly decay-mode
independent approach.

• The mass range for the proposed search is 5-20 MeV, which is not accessible in most

other proposed fixed-target or colliding-beam approaches;

• Moderate experimental luminosity (⇠ 1033cm�2s�1) and high segmentation of the

photon detector, which allows the use of available CsI(Tl) crystals;

• The use of a veto-detector for scattered positrons and a symmetric angular acceptance

of the photon detector (✓CM
� = 90� ± 30�), which permits an e↵ective suppression of

the QED background, resulting in an increase in the search sensitivity.

The projected sensitivity for the square of the coupling constant of the A0-boson to the

electron is ✏2 = 5 · 10�8 at m
A0 = 15 MeV at a CL = 95%.
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FIG. 7: Prospects and constraints in the ✏2 versus mA0 plane for dark photons that decay directly to SM particles (see e.g. [1]
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with the Mu3e experiment is shown in blue (red) assuming 1015 (5.5⇥ 1016) muon decays for Mue3 phase I (II).

part of this theoretically interesting parameter space.

B. Displaced Vertices From Dark Photons

For su�ciently small values of ✏, the dark photon life-
time can be sizable (see Eq. (5)), leading to displaced
decay vertices observable in the laboratory frame. While
smaller values of ✏ lead to smaller muon branching frac-
tions to dark photons, the backgrounds associated with
displaced vertices are substantially reduced, providing an
opportunity to observe a signal. The discovery potential
depends on the geometrical acceptance of the detector,
the vertex resolution, and the backgrounds. The assump-
tions introduced in the prompt decay scenario to treat the
accidental backgrounds, i.e., pile-up events arising from
muons decaying within the same time window and at the
same position in the target, might not be valid anymore
for displaced vertices. A full analysis should include con-

tributions from pile-up of several (radiative) muon decays
generated everywhere in the target, which is beyond the
scope of our paper, given the large number of muon de-
cays involved. Furthermore, a small residual background
from misreconstructed µ+

! e+⌫e⌫̄µe+e� events is ex-
pected to remain, and the accuracy of FastSim might be
too limited to reliably predict its level. We encourage the
Mu3e Collaboration to perform a detailed reach estimate,
both because the tools at our disposal are not su�cient
for a reliable estimate and because the sensitivity that
could potentially be achieved is well worth the e↵ort.

IV. CONCLUSIONS

We have studied the possibility to search for dark pho-
ton in µ+

! e+⌫e⌫̄µA0, A0
! e+e� decays with an appa-

ratus similar to the Mu3e experiment. We derive sensi-
tivity estimates for both prompt and displaced dark pho-
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We show that dark photons (A0) with masses ⇠ 10 � 80MeV can be probed in the decay µ+ !
e+⌫e⌫̄µA

0, A0 ! e+e�, with the upcoming Mu3e experiment at the Paul Scherrer Institute (PSI)
in Switzerland. With an expected 1015 (5.5⇥ 1016) muon decays in 2015–2016 (2018 and beyond),
Mu3e has the exciting opportunity to probe a substantial fraction of currently unexplored dark
photon parameter space, probing kinetic-mixing parameter, ✏, as low as ✏2 ⇠ 10�7 (10�8). No
modifications of the existing Mu3e setup are required.

I. INTRODUCTION

There are only a few ways in which new particles and
forces below the weak-scale can interact with the stan-
dard model (SM) particles and have remained undetected
thus far. Among the simplest possibilities is the existence
of a light, massive vector boson called a dark photon (A0).
A substantial e↵ort is underway to search for a dark pho-
ton with a variety of experiments. In this paper, we show
that the upcoming Mu3e experiment at the Paul Scher-
rer Institute (PSI) in Switzerland is also sensitive to dark
photons. Using an unprecedented number of muon de-
cays1 in their search for the lepton flavor violating de-
cay µ+

! e+e�e+, Mu3e can also search for the decay
µ+

!e+⌫e⌫̄µA0, A0
!e+e� shown in Fig. 1. This allows

them to probe currently unexplored regions of the dark
photon parameter space. We note that while our focus
will be on vector bosons (the dark photon), other parti-
cles that couple to electrons and/or muons and decay to
an e+e� pair could also be probed with Mu3e.

The dark photon is the mediator of a new, broken
U(1)D gauge group and appears in many theoretical sce-
narios, see e.g. [1–3] and references therein. It can inter-
act with ordinary matter through “kinetic mixing” [4–6]
with the SM hypercharge, U(1)Y, gauge boson. At low
energies, the dominant e↵ect is a mixing of the U(1)D
with the SM photon, U(1)EM, as described with the La-
grangian

L = LSM �
✏

2
F 0

µ⌫Fµ⌫
�

1

4
F 0

µ⌫F 0µ⌫ +
1

2
m2

A0A0
µA0µ . (1)

Here LSM is the SM Lagrangian, ✏ is the kinetic mix-
ing parameter, F 0µ⌫ (Fµ⌫) is the U(1)D (U(1)EM) field
strength, and mA0 is the dark photon mass (the mech-
anism for generating this mass is not important for our
purposes). The mixing between the dark photon and
the SM photon leads to an ✏-suppressed coupling of the
dark photon to the electromagnetic current, Jµ

EM, i.e., to

⇤echenard@hep.caltech.edu
†rouven.essig@stonybrook.edu
‡yiming.zhong@stonybrook.edu
1 “Muon” refers to µ+ in this paper.

W+,⇤
A0

µ+

e+

e+

e�

⌫̄µ

⌫e

A0

W+,⇤µ+

⌫̄µ

⌫e

e+

e+

e�

1

W+,⇤
A0

µ+

e+

e+

e�

⌫̄µ

⌫e

A0

W+,⇤µ+

⌫̄µ

⌫e

e+

e+

e�

1

W+,⇤
A0

µ+

e+

e+

e�

⌫̄µ

⌫e

A0

W+,⇤µ+

⌫̄µ

⌫e

e+

e+

e�

W+,⇤
W+,⇤

A0µ+
e+

e�

⌫e

e+

⌫̄µ

1

FIG. 1: Feynman diagrams for (on-shell) dark photon pro-
duction in muon decays, µ+ ! e+⌫e⌫̄µA

0, A0 ! e�e+.

quarks and charged leptons,

L � ✏ e A0
µ Jµ

EM . (2)

The two relevant parameters of the model are the kinetic
mixing parameter and the dark photon mass. The cou-
pling in Eq. (2) allows the dark photon to be probed with
a wide range of experiments, see e.g. [1–3] for a recent
review and references. We do not consider the addition
of other low-mass particles to this model.

Theoretically, the values of the kinetic mixing and the
dark photon mass can take on a wide range of values.
However, much attention has recently been focused on
the MeV–GeV mass range. In this mass range, the dark
photon could explain the ⇠ 3.6� discrepancy between the
observed and SM value of the muon anomalous magnetic
moment (aµ ⌘ gµ � 2, where gµ is the muon’s gyromag-
netic ratio) [7–9] and o↵er an explanation for various dark
matter related anomalies through dark matter-dark pho-
ton interactions [10–13]. Moreover, a dark photon mass
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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-
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Figure 4: A′ exclusion limits from E137 considering e+ non-resonant (long-
dashed red line) and resonant (short-dashed blue line) production. Results
from previous analysis which included only production via A′ − strahlung are
depicted as black-solid [34] and black-dotted [40] lines.

with a beam-dump, e+ resonant and non-resonant annihilation are two viable
A′ dark photon production mechanisms competitive with the widely considered
A′−strahlung. We included the two diagrams Figs. 2b and 2c in the calculation
of the exclusion limits for the kinetic mixing parameter (ε) vs. dark photon mass
(mA′), based on the null results of the SLAC beam-dump experiment E137. Our
results push down by a factor of two the exclusion limits in the mA′ range (35
MeV/c2 - 120 MeV/c2), implying that secondary positron annihilation needs
to be included for a correct evaluation of all the exclusion limits obtained with
electron beams.
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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-
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Figure 1: Limits on coupling ε vs. A′ mass resulting from null results reported in
beam-dump experiments, assuming a dark photon visible decay. Curves report
limits derived in Ref. [34].

3

 (MeV)A’M10 210

ε

8−10

7−10

6−10

5−10

4−10

A’ - strahlung

γ A’ → - e+e
 A’→ - e+e

Figure 4: A′ exclusion limits from E137 considering e+ non-resonant (long-
dashed red line) and resonant (short-dashed blue line) production. Results
from previous analysis which included only production via A′ − strahlung are
depicted as black-solid [34] and black-dotted [40] lines.

with a beam-dump, e+ resonant and non-resonant annihilation are two viable
A′ dark photon production mechanisms competitive with the widely considered
A′−strahlung. We included the two diagrams Figs. 2b and 2c in the calculation
of the exclusion limits for the kinetic mixing parameter (ε) vs. dark photon mass
(mA′), based on the null results of the SLAC beam-dump experiment E137. Our
results push down by a factor of two the exclusion limits in the mA′ range (35
MeV/c2 - 120 MeV/c2), implying that secondary positron annihilation needs
to be included for a correct evaluation of all the exclusion limits obtained with
electron beams.
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Figure 6. As in the right panel of Fig. 5, the projected sen-
sitivity of SeaQuest to displaced decays of dark photons at
Phase I (solid purple) and Phase II (dashed purple) for the
fiducial decay regions of 5 m � 6 m and 5 m � 12 m, respec-
tively, compared to existing constraints (solid gray) [1, 2].
Also shown are the projected reach of the HPS (green) and
Mu3e, MMAPS, and Belle-II experiments (pink) [1, 2, 47], a
beam dump run of NA62 (cyan) [45], and futuristic searches at
LHCb (brown) [48, 49] and the proposed experiments FASER
(blue) [14] and SHiP (red) [13].

↵D ⌘ e
2
D/4⇡ and eD is the U(1)D gauge coupling. In

this case, a plethora of di↵erent signatures is accessible at
SeaQuest and other fixed-target experiments. For exam-
ple, if the lighter species is stable on collider timescales,
invisible A

0 decays can be searched for at low-energy
missing energy and momentum experiments [1, 2]. Less
minimal models involving additional particles in the dark
sector often predict longer decay chains, and A

0 produc-
tion leads to several visible and invisible particles in the
final state [50]. Such a study of SeaQuest within the con-
text of strongly interacting DM has recently appeared in
Ref. [51]. In this section, we investigate similar types of
experimental signatures in models of inelastic DM (see
Refs. [52, 53] for recent studies of similar phenomenol-
ogy).

A. Model

Models of inelastic DM (iDM) were first proposed
as a viable explanation to the longstanding DAMA
anomaly [54] and have continued relevance in a broader
parameter space independent of this anomaly. The es-
sential physics of iDM is that in some models (such as
DM interacting through a massive vector mediator) it
is generic for DM to (1) have two nearly (but not ex-
actly) degenerate mass states, and (2) interact primar-

ily through mass-o↵-diagonal couplings. In this section,
we discuss not the DAMA-motivated parameter space of
iDM but the generic physics described above, which is
an attractive framework for GeV-scale thermal DM. It
is well-known that thermal DM lighter than ⇠ 10 GeV
must have suppressed annihilations at late times in or-
der to alleviate strong bounds from measurements of the
cosmic microwave background (CMB) [55]. This is ac-
complished within models of iDM since freeze-out dom-
inantly occurs through coannihilations of the DM with
its slightly heavier counterpart, whose population is suf-
ficiently depleted at the time of recombination. As a
result, late-time annihilations are suppressed below de-
tectable levels. Furthermore, since iDM naturally has
suppressed scattering rates in underground direct detec-
tion experiments,2 dedicated searches at low-energy ac-
celerators constitute a prime avenue towards the detec-
tion of light DM in this class of models.
We focus on the particular implementation of iDM

involving a single Dirac pair of two-component Weyl
spinors, ⌘ and ⇠, oppositely charged under the broken
U(1)D symmetry. Similar to Sec. IV, we assume that the
dark photon associated with U(1)D, A0, kinetically mixes
with SM hypercharge (see Eq. (4)). In addition to the
Dirac mass, mD, allowed by all symmetries of the model,
it is also natural to include U(1)D-breaking Majorana
mass terms, �⌘,⇠, for each Weyl component. These are
naturally generated by the same U(1)D-breaking spurion
that is responsible for generating the A

0 mass (such as
a dark Higgs). We therefore take as our simplified La-
grangian,

� L � mD ⌘ ⇠ +
1

2
�⌘ ⌘

2 +
1

2
�⇠ ⇠

2 + h.c. (24)

Since �⌘,⇠ explicitly breaks U(1)D, it is technically nat-
ural to take �⌘,⇠ ⌧ mD. Hereafter, we will adopt this
limit, in which case the spectrum consists of a pseudo-
Dirac pair of nearly degenerate Majorana fermions that
couple o↵-diagonally (inelastically) to the A

0.
In the physical mass basis, the eigenvectors, denoted

by �1 and �2, have a mass given by

m1,2 ' mD ⌥
1

2
(�⌘ + �⇠) , (25)

where

�1 ' i(⌘ � ⇠)/
p
2

�2 ' (⌘ + ⇠)/
p
2 . (26)

The lightest state, �1, is cosmologically stable and can
constitute a DM candidate. The hierarchy �⌘,⇠ ⌧ mD

translates into a small fractional mass splitting,

� ⌘
m2 �m1

m1
'

�⌘ + �⇠

mD
⌧ 1 . (27)

2 See, however, Ref. [56] for novel venues to test iDM at direct
detection experiments.
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Drell-Yan sea quark measurements at FNAL

Parasitic program of dark photon searches 
with addition of displaced vertex trigger.

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

Potential future upgrade to replace  
Hadron absorber with EMCal  

to enable reach below 2m𝜇

The SeaQuest facility

Fixed-target muon
spectrometer, Fermilab
120 GeV proton beam
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Drell-Yan
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quark distributions
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targets, 2019–2020)
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<latexit sha1_base64="YuZa9EEL4cxfaTKlGVA2tCm8Bwk=">AAAB/nicdVBLSgNBEK3xG+Mv6tJNYxDcGHoS8luIQTcuFY0KcQw9nZ6kSU/P0N0jDCGQC7jVG7gTt97AM3gBz2HHKKjog4LHe1W8qvJjwbXB+NWZmp6ZnZvPLGQXl5ZXVnNr6+c6ShRlTRqJSF36RDPBJWsabgS7jBUjoS/Yhd8/HPsXN0xpHskzk8bMC0lX8oBTYqx0Kq5327k8LuBKuV7CCBfK2K3W65ZgXKmVisi1ZIz8/kt2bwQAx+3c21UnoknIpKGCaN1ycWy8AVGGU8GG2atEs5jQPumylqWShEx7g49Vh2jbKh0URMqWNOhD/T4xIKHWaejbzpCYnv7tjcW/vFZigpo34DJODJN0EhQkApkIje9GHa4YNSK1hFDF7a6I9ogi1Njv/EgJWCrDeJi1j/m6Hv1PzosFFxfcE5xvHMAEGdiELdgBF6rQgCM4hiZQ6MIt3MG9M3IenEfnadI65XzObMAPOM/vH2eYHw==</latexit><latexit sha1_base64="axvxpT+nrhaHkqI4e+zduhnEjew=">AAAB/nicdVDLSgMxFM34rOOr6tJNsAhuLJmWvhZi0Y3LivYBbS2ZNNOGZjJDkhFKKfgDbvUDBHfi1j/wE8Qf8DvMtApW9MCFwzn3cu69bsiZ0gi9W3PzC4tLy4kVe3VtfWMzubVdU0EkCa2SgAey4WJFORO0qpnmtBFKin2X07o7OI39+jWVigXiUg9D2vZxTzCPEayNdMGvDjvJFEqjfK6URRClc8gplEqGIJQvZjPQMSRG6vjVPgof3uxKJ/nR6gYk8qnQhGOlmg4KdXuEpWaE07HdihQNMRngHm0aKrBPVXs0WXUM943ShV4gTQkNJ+rPiRH2lRr6run0se6r314s/uU1I+0V2yMmwkhTQaZBXsShDmB8N+wySYnmQ0MwkczsCkkfS0y0+c5MikeHwg/HtnnM9/Xwf1LLpB2Uds5RqnwCpkiAXbAHDoADCqAMzkAFVAEBPXAL7sC9dWM9Wk/W87R1zvqa2QEzsF4+AS4GmZM=</latexit><latexit sha1_base64="axvxpT+nrhaHkqI4e+zduhnEjew=">AAAB/nicdVDLSgMxFM34rOOr6tJNsAhuLJmWvhZi0Y3LivYBbS2ZNNOGZjJDkhFKKfgDbvUDBHfi1j/wE8Qf8DvMtApW9MCFwzn3cu69bsiZ0gi9W3PzC4tLy4kVe3VtfWMzubVdU0EkCa2SgAey4WJFORO0qpnmtBFKin2X07o7OI39+jWVigXiUg9D2vZxTzCPEayNdMGvDjvJFEqjfK6URRClc8gplEqGIJQvZjPQMSRG6vjVPgof3uxKJ/nR6gYk8qnQhGOlmg4KdXuEpWaE07HdihQNMRngHm0aKrBPVXs0WXUM943ShV4gTQkNJ+rPiRH2lRr6run0se6r314s/uU1I+0V2yMmwkhTQaZBXsShDmB8N+wySYnmQ0MwkczsCkkfS0y0+c5MikeHwg/HtnnM9/Xwf1LLpB2Uds5RqnwCpkiAXbAHDoADCqAMzkAFVAEBPXAL7sC9dWM9Wk/W87R1zvqa2QEzsF4+AS4GmZM=</latexit><latexit sha1_base64="UTewlU2twxp5nBKSCB6wP7bHXBY=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4sWRa+toV3bisaFuhHUsmzbShmcyQZIRhKPgDbvUP3Ilbf8Uf8DvMtBWs6IELh3Pu5d573JAzpRH6sDIrq2vrG9nN3Nb2zu5efv+go4JIEtomAQ/krYsV5UzQtmaa09tQUuy7nHbdyUXqd++pVCwQNzoOqePjkWAeI1gb6ZrfnQ3yBVRE1UqjjCAqVpBdazQMQahaL5egbUiKAligNch/9ocBiXwqNOFYqZ6NQu0kWGpGOJ3m+pGiISYTPKI9QwX2qXKS2alTeGKUIfQCaUpoOFN/TiTYVyr2XdPpYz1Wv71U/MvrRdqrOwkTYaSpIPNFXsShDmD6NxwySYnmsSGYSGZuhWSMJSbapLO0xaOx8MNpzgTz/T38n3RKRRsV7StUaJ4vIsqCI3AMToENaqAJLkELtAEBI/AInsCz9WC9WK/W27w1Yy1mDsESrPcvjByWUg==</latexit>

120 GeV p+
A0

<latexit sha1_base64="GLnpa06k/0slaHYxVCBStwUnujg="></latexit><latexit sha1_base64="+wBkTeZAo+ZBVkPN3OBw0/t3xKU="></latexit><latexit sha1_base64="+wBkTeZAo+ZBVkPN3OBw0/t3xKU="></latexit><latexit sha1_base64="QCE0bEGfXqsL9naiS8zhpzAJ6kg="></latexit>

arXiv: 1804.00661

Very similar: NA62, SHiP



FIG. 22: Constraints on visibly-decaying mediators (shaded regions) and projected sensitivities of
currently running or upcoming probes (solid lines). Visible decays of the mediator dominate in the
m� > mA0 secluded annihilation regime. Courtesy R. Essig.
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Summary: Dark Mediator Decays to Standard Model

A number of initiatives are 
making progress

In the next few years, much of 
this territory will be explored.

With LHC Run 3 data, LHCb 
may cover most of what remains 
here w/ MA′ < 500 MeV

thermal targets
↵D = 0.5,MA0/M� = 1.5

<latexit sha1_base64="zwrKGtZipp2tGq9jr1ebGYNZyL4="></latexit><latexit sha1_base64="zwrKGtZipp2tGq9jr1ebGYNZyL4="></latexit><latexit sha1_base64="zwrKGtZipp2tGq9jr1ebGYNZyL4="></latexit><latexit sha1_base64="zwrKGtZipp2tGq9jr1ebGYNZyL4="></latexit>

A′ → SM in ~2022?



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

<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>

lower limit on 𝜖 for thermal relics

!16

Mass Hierarchy Determines Search Strategy

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

Search: for production of DMfor mediators decaying to SM
*or off-shell to DM

A0

l+

l�

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

A0?

�̄

�

<latexit sha1_base64="3AYs1I2HX5EEwz99bntNBPrj/PQ="></latexit><latexit sha1_base64="3AYs1I2HX5EEwz99bntNBPrj/PQ="></latexit><latexit sha1_base64="3AYs1I2HX5EEwz99bntNBPrj/PQ="></latexit><latexit sha1_base64="3AYs1I2HX5EEwz99bntNBPrj/PQ="></latexit>

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>



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:
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�̄

�

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>

lower limit on 𝜖 for thermal relics

!16

Mass Hierarchy Determines Search Strategy

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

Search: for production of DMfor mediators decaying to SM
*or off-shell to DM

A0

l+

l�

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

A0?

�̄

�

<latexit sha1_base64="3AYs1I2HX5EEwz99bntNBPrj/PQ="></latexit><latexit sha1_base64="3AYs1I2HX5EEwz99bntNBPrj/PQ="></latexit><latexit sha1_base64="3AYs1I2HX5EEwz99bntNBPrj/PQ="></latexit><latexit sha1_base64="3AYs1I2HX5EEwz99bntNBPrj/PQ="></latexit>
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Searches for Production of Light Dark Matter 

Want a way to conservatively estimate reach of searches

Benchmark Scenario: Dark Photon
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current accelerator
constraints

↵D = 0.5, MA0 = 3M�
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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)
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Searches for Production of Light Dark Matter 

Want a way to conservatively estimate reach of searches

Benchmark Scenario: Dark Photon
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If αD more like αEM, sensitivity gets better

Choose conservative values of αD, MA′/M𝜒  
for converting (MA′,𝜖) ⟹ (M𝜒,y)
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Thermal Relic Targets & Current Constraints

current accelerator
constraints

↵D = 0.5, MA0 = 6M�
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If MA′/M𝜒 larger, sensitivity gets better.
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Searches for Production of Light Dark Matter 

Want a way to conservatively estimate reach of searches

Benchmark Scenario: Dark Photon
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If αD more like αEM, sensitivity gets better

Choose conservative values of αD, MA′/M𝜒  
for converting (MA′,𝜖) ⟹ (M𝜒,y)
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Comparing to Direct Detection
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Thermal Relic Targets & Current Constraintsaccelerator targets

accelerator constraints

DD constraints

Sensitivities for direct detection and 
accelerators can only be compared 
one target at a time!

q2 ⌧ q2
��
freeze-out
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Beam Dumps

• very convincing discovery signature
• possible to investigate nature of DM-SM interactions
• can use very high beam intensities and run parasitically

Boosted                makes a dark matter beam!A0 ! ��̄
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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  

BDX at JLab proposed addition

Introduction Experimental setup Background Experiment reach Conclusions

A fixed target LDM experiment

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

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

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

(both on-shell or o�-shell).

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

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

elastic, p quasi-elastic,. . . )

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

m4
A

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

e-, p+, …

BDX @ JLab CEBAF (e- beam dump)
small calorimeter behind Hall A dump (~1022 EOT)

MiniBoone/SBN @ FNAL (p+ beam dump)
Infrastructure from neutrino program (~1020 POT)

Coherent @ ORNL SNS (p+ beam dump)
Infrastructure from ν scattering  program (~1023 POT)
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FIG. 20: Combined constraints (shaded regions) and sensitivity estimates (dashed/solid lines) on
the parameter y for scalar elastic, scalar inelastic, Majorana and pseudo-Dirac DM. The prescrip-
tion mA0 = 3m� and ↵D = 0.5 is adopted where applicable. For larger ratios or smaller values of
↵D, the accelerator-based experimental curves shift downward, but the thermal relic target remains
invariant. See section V for sensitivity estimates for direct detection experiments. Courtesy G.
Krnjaic.
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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
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A fixed target LDM experiment

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

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

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

(both on-shell or o�-shell).

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

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

elastic, p quasi-elastic,. . . )

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

m4
A

1For a comprehensive introduction: E. Izaguirre et al, Phys. Rev. D 88, 114015
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Beam Dump Limitations

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

Next generation beam dumps cover 
only scalar target with expected 
yields, where neutrino backgrounds 
can already be a problem.

Signal yield scales as αD𝜖4  
⟹ reach in y α (#EOT)1/2 (no background)  

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

Reaching all thermal targets convincingly 
with beam dumps looks very difficult.
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FIG. 20: Combined constraints (shaded regions) and sensitivity estimates (dashed/solid lines) on
the parameter y for scalar elastic, scalar inelastic, Majorana and pseudo-Dirac DM. The prescrip-
tion mA0 = 3m� and ↵D = 0.5 is adopted where applicable. For larger ratios or smaller values of
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Next generation beam dumps cover 
only scalar target with expected 
yields, where neutrino backgrounds 
can already be a problem.

Signal yield scales as αD𝜖4  
⟹ reach in y α (#EOT)1/2 (no background)  

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

Reaching all thermal targets convincingly 
with beam dumps looks very difficult.
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Missing Energy/Momentum

➡ only electrons are clean enough
➡ one electron at a time - must uniquely associate e-out with e-in
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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
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>

N / ✏2
<latexit sha1_base64="rVmwvensnu1NwntGU43+zKD9duQ=">AAAB/HicdVDLSgMxFM34rPVV7dJNsAiuStKFbXdFN66kgn1AW0smTdvQTBKSjDCU+ituXCji1g9x59+YaSuo6IELh3Pu5d57Qi24dQh9BCura+sbm5mt7PbO7t5+7uCwaVVsKGtQJZRph8QywSVrOO4Ea2vDSBQK1gonF6nfumPGciVvXKJZLyIjyYecEuelfi5/1dVGaadgl2nLhZK3pX6ugIoIIYwxTAkunyFPqtVKCVcgTi2PAlii3s+9dweKxhGTjgpibQcj7XpTYhyngs2y3dgyTeiEjFjHU0kiZnvT+fEzeOKVARwq40s6OFe/T0xJZG0Shb4zIm5sf3up+JfXid2w0ptyqWPHJF0sGsYC+l/TJOCAG0adSDwh1HB/K6RjYgh1Pq+sD+HrU/g/aZaKGBXxNSrUzpdxZMAROAanAIMyqIFLUAcNQEECHsATeA7ug8fgJXhdtK4Ey5k8+IHg7RPsg5Tv</latexit><latexit sha1_base64="rVmwvensnu1NwntGU43+zKD9duQ=">AAAB/HicdVDLSgMxFM34rPVV7dJNsAiuStKFbXdFN66kgn1AW0smTdvQTBKSjDCU+ituXCji1g9x59+YaSuo6IELh3Pu5d57Qi24dQh9BCura+sbm5mt7PbO7t5+7uCwaVVsKGtQJZRph8QywSVrOO4Ea2vDSBQK1gonF6nfumPGciVvXKJZLyIjyYecEuelfi5/1dVGaadgl2nLhZK3pX6ugIoIIYwxTAkunyFPqtVKCVcgTi2PAlii3s+9dweKxhGTjgpibQcj7XpTYhyngs2y3dgyTeiEjFjHU0kiZnvT+fEzeOKVARwq40s6OFe/T0xJZG0Shb4zIm5sf3up+JfXid2w0ptyqWPHJF0sGsYC+l/TJOCAG0adSDwh1HB/K6RjYgh1Pq+sD+HrU/g/aZaKGBXxNSrUzpdxZMAROAanAIMyqIFLUAcNQEECHsATeA7ug8fgJXhdtK4Ey5k8+IHg7RPsg5Tv</latexit><latexit sha1_base64="rVmwvensnu1NwntGU43+zKD9duQ=">AAAB/HicdVDLSgMxFM34rPVV7dJNsAiuStKFbXdFN66kgn1AW0smTdvQTBKSjDCU+ituXCji1g9x59+YaSuo6IELh3Pu5d57Qi24dQh9BCura+sbm5mt7PbO7t5+7uCwaVVsKGtQJZRph8QywSVrOO4Ea2vDSBQK1gonF6nfumPGciVvXKJZLyIjyYecEuelfi5/1dVGaadgl2nLhZK3pX6ugIoIIYwxTAkunyFPqtVKCVcgTi2PAlii3s+9dweKxhGTjgpibQcj7XpTYhyngs2y3dgyTeiEjFjHU0kiZnvT+fEzeOKVARwq40s6OFe/T0xJZG0Shb4zIm5sf3up+JfXid2w0ptyqWPHJF0sGsYC+l/TJOCAG0adSDwh1HB/K6RjYgh1Pq+sD+HrU/g/aZaKGBXxNSrUzpdxZMAROAanAIMyqIFLUAcNQEECHsATeA7ug8fgJXhdtK4Ey5k8+IHg7RPsg5Tv</latexit><latexit sha1_base64="rVmwvensnu1NwntGU43+zKD9duQ=">AAAB/HicdVDLSgMxFM34rPVV7dJNsAiuStKFbXdFN66kgn1AW0smTdvQTBKSjDCU+ituXCji1g9x59+YaSuo6IELh3Pu5d57Qi24dQh9BCura+sbm5mt7PbO7t5+7uCwaVVsKGtQJZRph8QywSVrOO4Ea2vDSBQK1gonF6nfumPGciVvXKJZLyIjyYecEuelfi5/1dVGaadgl2nLhZK3pX6ugIoIIYwxTAkunyFPqtVKCVcgTi2PAlii3s+9dweKxhGTjgpibQcj7XpTYhyngs2y3dgyTeiEjFjHU0kiZnvT+fEzeOKVARwq40s6OFe/T0xJZG0Shb4zIm5sf3up+JfXid2w0ptyqWPHJF0sGsYC+l/TJOCAG0adSDwh1HB/K6RjYgh1Pq+sD+HrU/g/aZaKGBXxNSrUzpdxZMAROAanAIMyqIFLUAcNQEECHsATeA7ug8fgJXhdtK4Ey5k8+IHg7RPsg5Tv</latexit>



Event Selection Criteria: 
• Pile up suppression using timing information. 

• Selecting clean incoming track (angle + single 
hit in all 4 MMs) with correct momentum. 

• Hadron suppression with synchrotron 
radiation.   

• Events with shower profile as expected. 

• No activity in Veto 2.
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FIG. 1: Schematic illustration of the setup to search for A0 ! invisible decays of the bremsstrahlung A0s produced in the
reaction eZ ! eZA0 of 100 GeV e� incident on the active ECAL target.

A0 o↵er new intriguing possibilities to explain the gµ � 2
and various other anomalies [44] and are subject to dif-
ferent experimental constraints [45–48]. The most severe
limits on the invisible sub-GeV A0s decays have been ob-
tained from the results of beam dump experiments LSND
[49] and E137 [50], under assumptions on the strength of
the coupling gD, and properties of the DM decay parti-
cles. In this Letter we report the first results from the
experiment NA64 specifically designed for a direct search
of the A0 ! invisible decay at the CERN SPS.

The method of the search is as follows [51, 52]. If the A0

exists it could be produced via the kinetic mixing with
bremsstrahlung photons in the reaction of high-energy
electrons scattering o↵ nuclei of an active target of a her-
metic detector, followed by the prompt A0 ! invisible
decay into dark matter particles (�):

e�Z ! e�ZA0;A0 ! invisible (1)

A fraction f of the primary beam energy EA0 = fE0 is
carried away by �’s which penetrate the detector with-
out interactions resulting in an event with zero-energy
deposition. While the remaining part Ee = (1� f)E0 is
deposited in the target by the scattered electron. Thus,
the occurrence of A0 produced in the reaction (1) would
appear as an excess of events whose signature is a single e-
m shower in the target with energy Ee accompanied by a
significant missing energy Emiss = EA0 = E0 �Ee above
those expected from backgrounds. Here we assume that
the �s have to traverse the detector without decaying vis-
ibly in order to give a missing energy signature. No any
other assumptions on the nature of the A0 ! invisible
decay are made.

The NA64 detector is schematically shown in Fig. 1.
The experiment employed the upgraded 100 GeV electron
beam from the H4 beamline. The beam has a maximal
intensity ' (3 � 4) · 106 per SPS spill of 4.8 s produced
by the primary 450 GeV/c proton beam with an inten-
sity of few 1012 protons on target. The detector utilized
the beam defining scintillator (Sc) counters S1-S3, and
magnetic spectrometer consisting of two successive dipole
magnets with the integral magnetic field of '7 T·m and

a low-material-budget tracker. The tracker was a set of
two upstream Micromegas chambers (T1, T2) and two
downstream GEM stations (T3, T4) allowing the mea-
surements of e� momenta with the precision �p/p ' 1%
[53]. The magnets also served as an e↵ective filter re-
jecting low energy component of the beam. To enhance
the electron identification the synchrotron radiation (SR)
emitted by electrons was used for their e�cient tagging.
A 15 m long vacuum vessel between the magnets and the
ECAL was installed to minimize absorption of the SR
photons detected immediately at the downstream end of
the vessel with a SR detector (SRD), which was either
an array of BGO crystals or a PbSc sandwich calorime-
ter of a very fine segmentation [51]. By using the SRD
the initial level of the hadron contamination in the beam
⇡/e� . 10�2 was further suppressed by a factor ' 103.
The detector was also equipped with an active target,
which is an electromagnetic (e-m) calorimeter (ECAL)
for measurement of the the electron energy with the ac-
curacy �E/E ' 10%/

p
E. The ECAL is a matrix of 6⇥6

Shashlik-type modules assembled from Pb and Sc plates
with wave-shifting fiber read-out. Each module is ' 40
radiation lengths. Downstream the ECAL the detector
is equipped with a high-e�ciency veto counter V2, and a
massive, hermetic hadronic calorimeter (HCAL) of ' 30
nuclear interaction lengths. The HCAL served as a dump
to completely absorb and measure the energy of hadronic
secondaries produced in the e�A ! anything interac-
tions in the target. Four muon plane counters, MU1-
MU4, located between the HCAL modules were used for
the muon identification in the final state. The events
were collected with the hardware trigger requiring an in-
time cluster in the ECAL with the energy EECAL . 80
GeV. The results reported here came mostly from a set of
data in which neot = 1.88 ·109 of electrons on target (eot)
were collected with the beam intensity ' 1.4 · 106 e� per
spill with the PbSc calorimeter. While a smaller sample
of neot = 0.87 · 109 and an intensity Ie = 0.3 · 106 e� was
also recorded with the BGO detector. Data of these two
runs (hereafter called the BGO and PbSc run) were an-
alyzed with similar selection criteria and finally summed
up, taking into account the corresponding normalization

NA64 missing energy experiment  
(no tracking for recoil electron)

• measure energy of incoming 100 GeV e-

• measure energy deposited in active ECal 
target and downstream Muon/HCAL

Look for excess of events with large Ein - Eout

Results for 4.3×1010 electrons on target (EOT):  
https://arxiv.org/abs/1710.00971 

Goal is 1012 EOT with no background.
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FIG. 1: Schematic illustration of the setup to search for A0 ! invisible decays of the bremsstrahlung A0s produced in the
reaction eZ ! eZA0 of 100 GeV e� incident on the active ECAL target.

A0 o↵er new intriguing possibilities to explain the gµ � 2
and various other anomalies [44] and are subject to dif-
ferent experimental constraints [45–48]. The most severe
limits on the invisible sub-GeV A0s decays have been ob-
tained from the results of beam dump experiments LSND
[49] and E137 [50], under assumptions on the strength of
the coupling gD, and properties of the DM decay parti-
cles. In this Letter we report the first results from the
experiment NA64 specifically designed for a direct search
of the A0 ! invisible decay at the CERN SPS.

The method of the search is as follows [51, 52]. If the A0

exists it could be produced via the kinetic mixing with
bremsstrahlung photons in the reaction of high-energy
electrons scattering o↵ nuclei of an active target of a her-
metic detector, followed by the prompt A0 ! invisible
decay into dark matter particles (�):

e�Z ! e�ZA0;A0 ! invisible (1)

A fraction f of the primary beam energy EA0 = fE0 is
carried away by �’s which penetrate the detector with-
out interactions resulting in an event with zero-energy
deposition. While the remaining part Ee = (1� f)E0 is
deposited in the target by the scattered electron. Thus,
the occurrence of A0 produced in the reaction (1) would
appear as an excess of events whose signature is a single e-
m shower in the target with energy Ee accompanied by a
significant missing energy Emiss = EA0 = E0 �Ee above
those expected from backgrounds. Here we assume that
the �s have to traverse the detector without decaying vis-
ibly in order to give a missing energy signature. No any
other assumptions on the nature of the A0 ! invisible
decay are made.

The NA64 detector is schematically shown in Fig. 1.
The experiment employed the upgraded 100 GeV electron
beam from the H4 beamline. The beam has a maximal
intensity ' (3 � 4) · 106 per SPS spill of 4.8 s produced
by the primary 450 GeV/c proton beam with an inten-
sity of few 1012 protons on target. The detector utilized
the beam defining scintillator (Sc) counters S1-S3, and
magnetic spectrometer consisting of two successive dipole
magnets with the integral magnetic field of '7 T·m and

a low-material-budget tracker. The tracker was a set of
two upstream Micromegas chambers (T1, T2) and two
downstream GEM stations (T3, T4) allowing the mea-
surements of e� momenta with the precision �p/p ' 1%
[53]. The magnets also served as an e↵ective filter re-
jecting low energy component of the beam. To enhance
the electron identification the synchrotron radiation (SR)
emitted by electrons was used for their e�cient tagging.
A 15 m long vacuum vessel between the magnets and the
ECAL was installed to minimize absorption of the SR
photons detected immediately at the downstream end of
the vessel with a SR detector (SRD), which was either
an array of BGO crystals or a PbSc sandwich calorime-
ter of a very fine segmentation [51]. By using the SRD
the initial level of the hadron contamination in the beam
⇡/e� . 10�2 was further suppressed by a factor ' 103.
The detector was also equipped with an active target,
which is an electromagnetic (e-m) calorimeter (ECAL)
for measurement of the the electron energy with the ac-
curacy �E/E ' 10%/

p
E. The ECAL is a matrix of 6⇥6

Shashlik-type modules assembled from Pb and Sc plates
with wave-shifting fiber read-out. Each module is ' 40
radiation lengths. Downstream the ECAL the detector
is equipped with a high-e�ciency veto counter V2, and a
massive, hermetic hadronic calorimeter (HCAL) of ' 30
nuclear interaction lengths. The HCAL served as a dump
to completely absorb and measure the energy of hadronic
secondaries produced in the e�A ! anything interac-
tions in the target. Four muon plane counters, MU1-
MU4, located between the HCAL modules were used for
the muon identification in the final state. The events
were collected with the hardware trigger requiring an in-
time cluster in the ECAL with the energy EECAL . 80
GeV. The results reported here came mostly from a set of
data in which neot = 1.88 ·109 of electrons on target (eot)
were collected with the beam intensity ' 1.4 · 106 e� per
spill with the PbSc calorimeter. While a smaller sample
of neot = 0.87 · 109 and an intensity Ie = 0.3 · 106 e� was
also recorded with the BGO detector. Data of these two
runs (hereafter called the BGO and PbSc run) were an-
alyzed with similar selection criteria and finally summed
up, taking into account the corresponding normalization

NA64 missing energy experiment  
(no tracking for recoil electron)

• measure energy of incoming 100 GeV e-

• measure energy deposited in active ECal 
target and downstream Muon/HCAL

Look for excess of events with large Ein - Eout

Results for 4.3×1010 electrons on target (EOT):  
https://arxiv.org/abs/1710.00971 

Goal is 1012 EOT with no background.
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FIG. 16: The NA64 limits in the (y;m�) plane obtained for ↵D = 0.5 (left panel) and ↵D = 0.005 (right panel) from the full
2016 data set shown in comparison with limits obtained in Refs.[13, 25–27] from the results of the LSND [24, 36], E137 [37],
BaBar [39], MiniBooNE [43] and direct detection [76]experiments. The favoured parameters to account for the observed relic
DM density for the scalar, pseudo-Dirac and Majorana type of light thermal DM are shown as the lowest solid line.

di↵erent mA0 values are also shown for comparison. One
can see that the corrections are mostly relevant in the
higher mass region mA0 & 100 MeV. The derived bounds
are the best for the mass range 0.001 . mA0 . 0.1 GeV
obtained from direct searches of A0 ! invisible decays
[15].

The limits were also calculated with a simplified
method by merging all three runs into a single run as
described previously by Eq.(26). The total error for the
eachN

i
A0 value includes the corresponding systematic un-

certainties calculated by adding contributions from all
sources in quadrature, see Sec.VII. In accordance with
the CLs method [72], for zero number of observed events
the 90% C.L. upper limit for the number of signal events
is N

90%
A0 (mA0) = 2.3. Taking this and Eq.(26) into ac-

count and using the relation NA0(mA0) < N
90%
A0 (mA0) re-

sulted in the 90% C.L. limits in the (mA0 ; ✏) plane which
agreed with the one shown in Fig. 15 within a few %.

X. CONSTRAINTS ON LIGHT THERMAL
DARK MATTER

As discussed previously, the possibility of the existence
of light thermal Dark Matter (LTDM) has been the sub-
ject of intense theoretical activity over the past several
years [13, 14], see also [73, 74]. The LTDM models can be
classified by the spins and masses of the DM particles and
mediators. The scalar dark matter mediator models are
severely restricted or even excluded by non-observation
of rare B-meson decays [14, 15], so we consider here only
the case of a vector mediator. As was discussed in Sec.I,
the most popular vector mediator model is the one with
additional massive dark photon A

0 which couples with
DM particles via interaction L = eDA

0
µJ

µ
� . The cur-

rents J
µ
� =  ̄��

µ
 � and J

µ
� = i(�+� @

µ
�� � ��@

µ
�
+
� ) for

spin 1/2 and 0, respectively. Here, � denotes both, ei-
ther scalar or fermion LTDM particle. As discussed in
Sec.I, the � � A

0 mixing leads to nonzero interaction of
dark photon A

0
µ with the electrically charged SM parti-

cles with the charges e
0 = ✏e. As a result of the mixing

the cross-section of DM particle annihilation into SM par-
ticles, which determines the relic DM density, is propor-
tional to ✏2. Hence using constraints on the cross section
of the DM annihilation freeze out (resulting in Eq.(5)),
and obtained limits on mixing strength of Fig. 15, one can
derive constraints in the (y;m�) plane, which can also be
used to restrict models predicting existence of LTDM for
the masses m� . 1 GeV.

These limits obtained from the full data sample of the
2016 run are shown in the left panel of Fig. 16 together
with the favoured parameters for scalar, pseudo-Dirac
(with a small splitting) and Majorana scenario of LTDM
taking into account the observed relic DM density [14].
The limits are calculated by using Eq.(6) under the con-
ventional assumption ↵D = 0.5, and mA0 = 3m�, here
m� stands for the LTDM particle’s masses, either scalars
or fermions. The plot shows also the comparison of our
results with limits from other experiments. Note, that
some of these limits were obtained by using WW ap-
proximation for the cross section calculation and there-
fore might require revision. The choice of ↵D = 0.5 is
compatible with the bounds derived in Ref. [75] based
on the running of the dark gauge coupling. However, it
should be noted that di↵erently form the results of beam
dump experiments, such as LSND [24, 36], E137 [37],
MiniBooNE [43], the �-yield in our case scales as ✏2, not
as ✏4↵D. Therefore, for su�ciently small values of ↵D

our limits will be much stronger. This is illustrated in the
right panel of Fig. 16, where the NA64 limits and bounds
from other experiments are shown for ↵D = 0.005. One
can see, that for this, or smaller, values of ↵D, the direct

warning!
can only compare
to Scalar Target

↵D = 0.5, MA0 = 3M�
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FIG. 1: Sensitivity projection for a Tungsten-based missing
energy-momentum experiment in a JLab-style setup with an
11 GeV electron beam (red curves, color online) for variations
of Scenario B described in Sec. V and illustrated schemati-
cally in Fig. 2b. The upper-most curve labeled I (red, solid)
represents the 90 % confidence exclusion (2.3 event yield with
zero background) of an experiment with target thickness of
10�2X0 and 1015 EOT, the middle curve labeled II (red,
dashed) represents the same exclusion for an upgraded ex-
periment with 1016 EOT and a thicker target of 10�1X0 with
varying PT cuts on the recoiling electron in di↵erent kine-
matic regions (see Sec. V for details), and the lowest curve
labeled III (red, dotted) represents an ultimate target for this
experimental program assuming 3 ⇥ 1016 EOT and imposing
the highest signal-acceptance PT cuts on the recoiling elec-
tron. Here X0 is the radiation length of the target material.
The dotted magenta curve labeled IV is identical to curve
III, only with 1018 EOT, at which one event is expected from
the irreducible neutrino trident background. Also plotted are
the projections for an SPS style setup [20] using our Monte
Carlo for 109 and 1012 EOT. The black curve is the region
for which the � has a thermal-relic annihilation cross-section
for mA0 = 3m� assuming the aggressive value ↵D = 1; for
smaller ↵D and/or larger mA0/m� hierarchy the curve moves
upward. Below this line, � is generically overproduced in
the early universe unless it avoids thermal equilibrium with
the SM. The kinks in the black curves correspond to thresh-
olds where muonic and hadronic annihilation channels become
open; data for hadronic annihilation is taken from [21]. Com-
bined with the projected sensitivity of Belle-II with a mono-
photon trigger [22], the missing energy-momentum approach
can decisively probe a broad class of DM models. With-
out making further assumptions about dark sector masses or
coupling-constants, this parameter space is only constrained
by (g � 2)e [23, 24], and (g � 2)µ [25]. If m0

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

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

tails.

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

Missing energy experiments…

• have only one signal discriminator

• have no way to probe mediator physics

• are challenged by backgrounds beyond 1014 

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

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

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

tails.

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

Missing energy experiments…

• have only one signal discriminator

• have no way to probe mediator physics

• are challenged by backgrounds beyond 1014 
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FIG. 1: Sensitivity projection for a Tungsten-based missing
energy-momentum experiment in a JLab-style setup with an
11 GeV electron beam (red curves, color online) for variations
of Scenario B described in Sec. V and illustrated schemati-
cally in Fig. 2b. The upper-most curve labeled I (red, solid)
represents the 90 % confidence exclusion (2.3 event yield with
zero background) of an experiment with target thickness of
10�2X0 and 1015 EOT, the middle curve labeled II (red,
dashed) represents the same exclusion for an upgraded ex-
periment with 1016 EOT and a thicker target of 10�1X0 with
varying PT cuts on the recoiling electron in di↵erent kine-
matic regions (see Sec. V for details), and the lowest curve
labeled III (red, dotted) represents an ultimate target for this
experimental program assuming 3 ⇥ 1016 EOT and imposing
the highest signal-acceptance PT cuts on the recoiling elec-
tron. Here X0 is the radiation length of the target material.
The dotted magenta curve labeled IV is identical to curve
III, only with 1018 EOT, at which one event is expected from
the irreducible neutrino trident background. Also plotted are
the projections for an SPS style setup [20] using our Monte
Carlo for 109 and 1012 EOT. The black curve is the region
for which the � has a thermal-relic annihilation cross-section
for mA0 = 3m� assuming the aggressive value ↵D = 1; for
smaller ↵D and/or larger mA0/m� hierarchy the curve moves
upward. Below this line, � is generically overproduced in
the early universe unless it avoids thermal equilibrium with
the SM. The kinks in the black curves correspond to thresh-
olds where muonic and hadronic annihilation channels become
open; data for hadronic annihilation is taken from [21]. Com-
bined with the projected sensitivity of Belle-II with a mono-
photon trigger [22], the missing energy-momentum approach
can decisively probe a broad class of DM models. With-
out making further assumptions about dark sector masses or
coupling-constants, this parameter space is only constrained
by (g � 2)e [23, 24], and (g � 2)µ [25]. If m0

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

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

tails.

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

Missing momentum experiments…

• also have ΔpT as a signal discriminator

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

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

irreducible backgrounds beyond 1016 EOT. 
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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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e- missing momentum: 
LDMX @ SLAC, JLab, or CERN (future?)

Compact missing momentum experiment for 
up to 1016 EOT.

Employs technology from CMS upgrades (HGC 
ECal) and HPS (tracking).

Possible host laboratories:

• SLAC End Station A, LCLS-II parasitic @ 4/8 GeV

• JLab CEBAF at @ 11/12 GeV

• CERN “eSPS” @ 16 GeV

A physics study of operation at SLAC demonstrates 
reach of a “Phase I” experiment with 4×1014 EOT

Work continues to understand requirements

for “Phase II”, to cover all thermal targets.
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e- missing momentum: 
LDMX @ SLAC, JLab, or CERN (future?)

Compact missing momentum experiment for 
up to 1016 EOT.

Employs technology from CMS upgrades (HGC 
ECal) and HPS (tracking).

Possible host laboratories:

• SLAC End Station A, LCLS-II parasitic @ 4/8 GeV

• JLab CEBAF at @ 11/12 GeV

• CERN “eSPS” @ 16 GeV

A physics study of operation at SLAC demonstrates 
reach of a “Phase I” experiment with 4×1014 EOT

Work continues to understand requirements

for “Phase II”, to cover all thermal targets.

parameter space in these models corresponds to DM-mediator coupling strengths that are
SM-like.

It is worth noting that the dimensionless variable y is no longer a suitable parameter for
presenting results when m� > mA0 , as the DM annihilation proceeds trough ��̄ ! A0A0,
independent of the kinetic mixing strength. However, accelerators can still probe interesting
parameter space through o↵-shell DM production and through direct mediator searches,
where the mediator decays back to Standard Model Final States. The present status and
prospects for visibly-decaying A0 searches are shown in Fig. 22. These searches are set to
continue testing the top-down motivated values of ✏ in the near future.

Sca
lar R

elic
Tar
get

BaBar

DarkLight

PADME

NA64

Pseu
do-
Dira

c Re
lic T

arge
t

VEPP-3
MMAPS

Belle II
NA64

LD
MX

ELDE
R Tar

get

Maj
oran

a Re
lic T

arge
t

Asy
mm
etri
c Fe

rmi
on

1 10 102 103
10-16

10-15

10-14

10-13

10-12

10-11

10-10

10-9

10-8

10-7

10-6

mχ [MeV]

y
=
ϵ2
α D

(m
χ/
m
A'
)4

Missing Mass/Momentum Experiments (Kinetic Mixing, mA'= 3mχ)

FIG. 18: Current constraints (shaded regions) and sensitivity estimates (dashed lines) on the SM-
mediator coupling ✏ = gSM/e, for various experiments based on the missing mass, missing energy
and missing momentum approaches. The green band show the values required to explain the muon
(g-2)µ anomaly [53]. Right: Corresponding curves on the parameter y, plotted alongside various
thermal relic target. These curves assumes mA0 = 3m� and ↵D = 0.5. For larger mass ratios or
smaller values of ↵D, the experimental curves shift downward, but the thermal relic target remains
invariant. The asymmetric DM and ELDER targets (see text) are also shown as solid orange and
magenta lines, respectively. Courtesy G. Krnjaic.

H. Summary and key points

This chapter has reviewed the science case for an accelerator-based program and outlined
a path forward to reach decisive milestones in the paradigm of thermal light DM. The key
points of the discussion could be summarized as follows:

• The scenario in which DM directly annihilates to the SM defines a series of predictive,
well-motivated and bounded targets. Exploring this possibility is an important
scientific priority.

• A new generation of small-scale collider and fixed-target experiments is needed to
robustly test this scenario. The accelerator-based approach has the attractive
feature of o↵ering considerable model-independence in its sensitivity to the details of
the dark sector, and can uniquely probe all predictive models.
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↵D = 0.5
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Together with Belle-II, can comprehensively probe low-mass thermal relics.
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LDMX: One More Thing…

LDMX physics covers a lot more ground than minimal models!  

Some of it is obvious.

arXiv:1807.01730 [hep-ph]
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LDMX: One More Thing…

LDMX physics covers a lot more ground than minimal models!  

Some of it is not!Some of it is obvious.
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Summary

Accelerators have unique capabilities in exploring hidden sectors, 
whether motivated by thermal dark matter or on general grounds.

Work begun on developing mediator searches starting almost ten 
years ago is bearing fruit in exploring the top-down motivated 
parameter space for mediator decays to SM.

Work is underway to define a search program for MeV-GeV 
thermal dark matter, which can cover highly motivated targets. 

Many experiments have sensitivity to non-minimal models, other 
mediators, and DM candidates - especially true of missing energy/
momentum which have sensitivity for thermal relic DM that is 
relatively independent of mediator and DM candidate.
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Broadening Our Perspective

SIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	
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Beryllium-8	

Black	Holes	

Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

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

13

US Cosmic Visions: New Ideas in Dark Matter 2017

arXiv:1707.04591 [hep-ph]
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Possible Mediators
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<latexit sha1_base64="VwZBZOdYdNOZWS/esmQ/B3ExKJ8=">AAACJ3icbVDLSgMxFM3Ud31VXboZrIKrMtONrqQoiEsF+4BOLZn0VoNJZshDKGH+xo2/4kZQEV36J6bTUXxdCBzOOfeRE6eMKh0Eb15panpmdm5+oby4tLyyWllbb6nESAJNkrBEdmKsgFEBTU01g04qAfOYQTu+Phrr7RuQiibiXI9S6HF8KeiQEqwd1a8c2CgfYmNmINs+vrBRKimHrG8jbiJhsu3sy4HJdWZzz6fUr1SDWpCX/xeEBaiiok77lcdokBDDQWjCsFLdMEh1z2KpKWGQlSOjIHV78CV0HRSYg+rZ/IDM33HMwB8m0j2h/Zz93mExV2rEY+fkWF+p39qY/E/rGj3c71kqUqNBkMmioWG+TvxxaP6ASiCajRzARFJ3q0+usMREu2jLLoTw95f/gla9Fga18KxebRwWccyjTbSFdlGI9lADnaBT1EQE3aJ79ISevTvvwXvxXifWklf0bKAf5b1/AIMjqCI=</latexit><latexit sha1_base64="VwZBZOdYdNOZWS/esmQ/B3ExKJ8=">AAACJ3icbVDLSgMxFM3Ud31VXboZrIKrMtONrqQoiEsF+4BOLZn0VoNJZshDKGH+xo2/4kZQEV36J6bTUXxdCBzOOfeRE6eMKh0Eb15panpmdm5+oby4tLyyWllbb6nESAJNkrBEdmKsgFEBTU01g04qAfOYQTu+Phrr7RuQiibiXI9S6HF8KeiQEqwd1a8c2CgfYmNmINs+vrBRKimHrG8jbiJhsu3sy4HJdWZzz6fUr1SDWpCX/xeEBaiiok77lcdokBDDQWjCsFLdMEh1z2KpKWGQlSOjIHV78CV0HRSYg+rZ/IDM33HMwB8m0j2h/Zz93mExV2rEY+fkWF+p39qY/E/rGj3c71kqUqNBkMmioWG+TvxxaP6ASiCajRzARFJ3q0+usMREu2jLLoTw95f/gla9Fga18KxebRwWccyjTbSFdlGI9lADnaBT1EQE3aJ79ISevTvvwXvxXifWklf0bKAf5b1/AIMjqCI=</latexit><latexit sha1_base64="VwZBZOdYdNOZWS/esmQ/B3ExKJ8=">AAACJ3icbVDLSgMxFM3Ud31VXboZrIKrMtONrqQoiEsF+4BOLZn0VoNJZshDKGH+xo2/4kZQEV36J6bTUXxdCBzOOfeRE6eMKh0Eb15panpmdm5+oby4tLyyWllbb6nESAJNkrBEdmKsgFEBTU01g04qAfOYQTu+Phrr7RuQiibiXI9S6HF8KeiQEqwd1a8c2CgfYmNmINs+vrBRKimHrG8jbiJhsu3sy4HJdWZzz6fUr1SDWpCX/xeEBaiiok77lcdokBDDQWjCsFLdMEh1z2KpKWGQlSOjIHV78CV0HRSYg+rZ/IDM33HMwB8m0j2h/Zz93mExV2rEY+fkWF+p39qY/E/rGj3c71kqUqNBkMmioWG+TvxxaP6ASiCajRzARFJ3q0+usMREu2jLLoTw95f/gla9Fga18KxebRwWccyjTbSFdlGI9lADnaBT1EQE3aJ79ISevTvvwXvxXifWklf0bKAf5b1/AIMjqCI=</latexit>

A dark photon kinetically mixes with the SM photon
induces a small coupling between DM and SM

A new force directly couples to DM to SM
Gauge SM quantum numbers (B-L, etc…)

New neutral fermion N mixes with neutrinos
Scenarios for stable, thermal DM are highly constrained.

A new scalar mixes with the SM Higgs
The most predictive scenarios are ruled out.

VµJ
µ
SM

<latexit sha1_base64="2LZB9JiOjLC4LKpRq2qWs0Sgpeo=">AAACJnicbVDLSgMxFM3UV62vUZduBlvBVZnpRjdC0Y0IgqKtQltLJr2twWRmSO6IJczXuPFX3LhQRNz5KaZ1EK0eCBzOPfeREyaCa/T9d6cwNT0zO1ecLy0sLi2vuKtrTR2nikGDxSJWlyHVIHgEDeQo4DJRQGUo4CK8ORjVL25BaR5H5zhMoCPpIOJ9zihaqevumfZ4iAlFClml2TVtmWaV7Ful7CYzlSOrI9yhkubsOMuuclfXLftVfwzvLwlyUiY5Trruc7sXs1RChExQrVuBn2DHUIWcCchK7VRDYlfSAbQsjagE3THjWzJvyyo9rx8r+yL0xurPDkOl1kMZWqekeK0nayPxv1orxf5ux/AoSREi9rWonwoPY2+UmdfjChiKoSWUKW5v9dg1VZShTbZkQwgmv/yXNGvVwK8Gp7VyfT+Po0g2yCbZJgHZIXVySE5IgzByTx7JM3lxHpwn59V5+7IWnLxnnfyC8/EJ0danzg==</latexit><latexit sha1_base64="2LZB9JiOjLC4LKpRq2qWs0Sgpeo=">AAACJnicbVDLSgMxFM3UV62vUZduBlvBVZnpRjdC0Y0IgqKtQltLJr2twWRmSO6IJczXuPFX3LhQRNz5KaZ1EK0eCBzOPfeREyaCa/T9d6cwNT0zO1ecLy0sLi2vuKtrTR2nikGDxSJWlyHVIHgEDeQo4DJRQGUo4CK8ORjVL25BaR5H5zhMoCPpIOJ9zihaqevumfZ4iAlFClml2TVtmWaV7Ful7CYzlSOrI9yhkubsOMuuclfXLftVfwzvLwlyUiY5Trruc7sXs1RChExQrVuBn2DHUIWcCchK7VRDYlfSAbQsjagE3THjWzJvyyo9rx8r+yL0xurPDkOl1kMZWqekeK0nayPxv1orxf5ux/AoSREi9rWonwoPY2+UmdfjChiKoSWUKW5v9dg1VZShTbZkQwgmv/yXNGvVwK8Gp7VyfT+Po0g2yCbZJgHZIXVySE5IgzByTx7JM3lxHpwn59V5+7IWnLxnnfyC8/EJ0danzg==</latexit><latexit sha1_base64="2LZB9JiOjLC4LKpRq2qWs0Sgpeo=">AAACJnicbVDLSgMxFM3UV62vUZduBlvBVZnpRjdC0Y0IgqKtQltLJr2twWRmSO6IJczXuPFX3LhQRNz5KaZ1EK0eCBzOPfeREyaCa/T9d6cwNT0zO1ecLy0sLi2vuKtrTR2nikGDxSJWlyHVIHgEDeQo4DJRQGUo4CK8ORjVL25BaR5H5zhMoCPpIOJ9zihaqevumfZ4iAlFClml2TVtmWaV7Ful7CYzlSOrI9yhkubsOMuuclfXLftVfwzvLwlyUiY5Trruc7sXs1RChExQrVuBn2DHUIWcCchK7VRDYlfSAbQsjagE3THjWzJvyyo9rx8r+yL0xurPDkOl1kMZWqekeK0nayPxv1orxf5ux/AoSREi9rWonwoPY2+UmdfjChiKoSWUKW5v9dg1VZShTbZkQwgmv/yXNGvVwK8Gp7VyfT+Po0g2yCbZJgHZIXVySE5IgzByTx7JM3lxHpwn59V5+7IWnLxnnfyC8/EJ0danzg==</latexit><latexit sha1_base64="2LZB9JiOjLC4LKpRq2qWs0Sgpeo=">AAACJnicbVDLSgMxFM3UV62vUZduBlvBVZnpRjdC0Y0IgqKtQltLJr2twWRmSO6IJczXuPFX3LhQRNz5KaZ1EK0eCBzOPfeREyaCa/T9d6cwNT0zO1ecLy0sLi2vuKtrTR2nikGDxSJWlyHVIHgEDeQo4DJRQGUo4CK8ORjVL25BaR5H5zhMoCPpIOJ9zihaqevumfZ4iAlFClml2TVtmWaV7Ful7CYzlSOrI9yhkubsOMuuclfXLftVfwzvLwlyUiY5Trruc7sXs1RChExQrVuBn2DHUIWcCchK7VRDYlfSAbQsjagE3THjWzJvyyo9rx8r+yL0xurPDkOl1kMZWqekeK0nayPxv1orxf5ux/AoSREi9rWonwoPY2+UmdfjChiKoSWUKW5v9dg1VZShTbZkQwgmv/yXNGvVwK8Gp7VyfT+Po0g2yCbZJgHZIXVySE5IgzByTx7JM3lxHpwn59V5+7IWnLxnnfyC8/EJ0danzg==</latexit>

LHN<latexit sha1_base64="g3I2rsIssVpaXV0c1okVYqZ8vYg=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hV0vegx6yUEkgnlAsobZ2d5kyOyDmVklLPkPLx4U8eq/ePNvnGz2oIkFDUVV9/R0eYngStv2t7Wyura+sVnaKm/v7O7tVw4O2ypOJcMWi0Usux5VKHiELc21wG4ikYaewI43vp75nUeUisfRvZ4k6IZ0GPGAM6qN9HDT6OdvZBL96e2gUrVrdg6yTJyCVKFAc1D56vsxS0OMNBNUqZ5jJ9rNqNScCZyW+6nChLIxHWLP0IiGqNws3zglp0bxSRBLU5Emufp7IqOhUpPQM50h1SO16M3E/7xeqoNLN+NRkmqM2HxRkAqiYzKLgPhcItNiYghlkpu/EjaikjJtgiqbEJzFk5dJ+7zm2DXnzq7Wr4o4SnAMJ3AGDlxAHRrQhBYwkPAMr/BmPVkv1rv1MW9dsYqZI/gD6/MHoMySkg==</latexit><latexit sha1_base64="g3I2rsIssVpaXV0c1okVYqZ8vYg=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hV0vegx6yUEkgnlAsobZ2d5kyOyDmVklLPkPLx4U8eq/ePNvnGz2oIkFDUVV9/R0eYngStv2t7Wyura+sVnaKm/v7O7tVw4O2ypOJcMWi0Usux5VKHiELc21wG4ikYaewI43vp75nUeUisfRvZ4k6IZ0GPGAM6qN9HDT6OdvZBL96e2gUrVrdg6yTJyCVKFAc1D56vsxS0OMNBNUqZ5jJ9rNqNScCZyW+6nChLIxHWLP0IiGqNws3zglp0bxSRBLU5Emufp7IqOhUpPQM50h1SO16M3E/7xeqoNLN+NRkmqM2HxRkAqiYzKLgPhcItNiYghlkpu/EjaikjJtgiqbEJzFk5dJ+7zm2DXnzq7Wr4o4SnAMJ3AGDlxAHRrQhBYwkPAMr/BmPVkv1rv1MW9dsYqZI/gD6/MHoMySkg==</latexit><latexit sha1_base64="g3I2rsIssVpaXV0c1okVYqZ8vYg=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hV0vegx6yUEkgnlAsobZ2d5kyOyDmVklLPkPLx4U8eq/ePNvnGz2oIkFDUVV9/R0eYngStv2t7Wyura+sVnaKm/v7O7tVw4O2ypOJcMWi0Usux5VKHiELc21wG4ikYaewI43vp75nUeUisfRvZ4k6IZ0GPGAM6qN9HDT6OdvZBL96e2gUrVrdg6yTJyCVKFAc1D56vsxS0OMNBNUqZ5jJ9rNqNScCZyW+6nChLIxHWLP0IiGqNws3zglp0bxSRBLU5Emufp7IqOhUpPQM50h1SO16M3E/7xeqoNLN+NRkmqM2HxRkAqiYzKLgPhcItNiYghlkpu/EjaikjJtgiqbEJzFk5dJ+7zm2DXnzq7Wr4o4SnAMJ3AGDlxAHRrQhBYwkPAMr/BmPVkv1rv1MW9dsYqZI/gD6/MHoMySkg==</latexit><latexit sha1_base64="g3I2rsIssVpaXV0c1okVYqZ8vYg=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hV0vegx6yUEkgnlAsobZ2d5kyOyDmVklLPkPLx4U8eq/ePNvnGz2oIkFDUVV9/R0eYngStv2t7Wyura+sVnaKm/v7O7tVw4O2ypOJcMWi0Usux5VKHiELc21wG4ikYaewI43vp75nUeUisfRvZ4k6IZ0GPGAM6qN9HDT6OdvZBL96e2gUrVrdg6yTJyCVKFAc1D56vsxS0OMNBNUqZ5jJ9rNqNScCZyW+6nChLIxHWLP0IiGqNws3zglp0bxSRBLU5Emufp7IqOhUpPQM50h1SO16M3E/7xeqoNLN+NRkmqM2HxRkAqiYzKLgPhcItNiYghlkpu/EjaikjJtgiqbEJzFk5dJ+7zm2DXnzq7Wr4o4SnAMJ3AGDlxAHRrQhBYwkPAMr/BmPVkv1rv1MW9dsYqZI/gD6/MHoMySkg==</latexit>

�H
†
H

<latexit sha1_base64="FOKxJIbBTNsUB73xFVgLc7jjjaQ=">AAACEXicbVC7TsMwFHV4lvIKMLJEVEidqoQFxgqWjkWiD6kJlePcpFYdJ7IdpCrKL7DwKywMIMTKxsbf4KYZoOVKlo7Pufce+/gpo1LZ9rextr6xubVd26nv7u0fHJpHx32ZZIJAjyQsEUMfS2CUQ09RxWCYCsCxz2DgT2/m+uABhKQJv1OzFLwYR5yGlGClqbHZdMsduYCgcNMJra4+w2RadO5zN8BRBKLojM2G3bLLslaBU4EGqqo7Nr/cICFZDFwRhqUcOXaqvBwLRQmDou5mElLtgiMYachxDNLLS/vCOtdMYIWJ0Icrq2R/T+Q4lnIW+7ozxmoil7U5+Z82ylR45eWUp5kCThZGYcYslVjzeKyACiCKzTTARFD9VotMsMBE6RDrOgRn+curoH/RcuyWc2s32tdVHDV0is5QEznoErVRB3VRDxH0iJ7RK3oznowX4934WLSuGdXMCfpTxucPcAKeng==</latexit><latexit sha1_base64="FOKxJIbBTNsUB73xFVgLc7jjjaQ=">AAACEXicbVC7TsMwFHV4lvIKMLJEVEidqoQFxgqWjkWiD6kJlePcpFYdJ7IdpCrKL7DwKywMIMTKxsbf4KYZoOVKlo7Pufce+/gpo1LZ9rextr6xubVd26nv7u0fHJpHx32ZZIJAjyQsEUMfS2CUQ09RxWCYCsCxz2DgT2/m+uABhKQJv1OzFLwYR5yGlGClqbHZdMsduYCgcNMJra4+w2RadO5zN8BRBKLojM2G3bLLslaBU4EGqqo7Nr/cICFZDFwRhqUcOXaqvBwLRQmDou5mElLtgiMYachxDNLLS/vCOtdMYIWJ0Icrq2R/T+Q4lnIW+7ozxmoil7U5+Z82ylR45eWUp5kCThZGYcYslVjzeKyACiCKzTTARFD9VotMsMBE6RDrOgRn+curoH/RcuyWc2s32tdVHDV0is5QEznoErVRB3VRDxH0iJ7RK3oznowX4934WLSuGdXMCfpTxucPcAKeng==</latexit><latexit sha1_base64="FOKxJIbBTNsUB73xFVgLc7jjjaQ=">AAACEXicbVC7TsMwFHV4lvIKMLJEVEidqoQFxgqWjkWiD6kJlePcpFYdJ7IdpCrKL7DwKywMIMTKxsbf4KYZoOVKlo7Pufce+/gpo1LZ9rextr6xubVd26nv7u0fHJpHx32ZZIJAjyQsEUMfS2CUQ09RxWCYCsCxz2DgT2/m+uABhKQJv1OzFLwYR5yGlGClqbHZdMsduYCgcNMJra4+w2RadO5zN8BRBKLojM2G3bLLslaBU4EGqqo7Nr/cICFZDFwRhqUcOXaqvBwLRQmDou5mElLtgiMYachxDNLLS/vCOtdMYIWJ0Icrq2R/T+Q4lnIW+7ozxmoil7U5+Z82ylR45eWUp5kCThZGYcYslVjzeKyACiCKzTTARFD9VotMsMBE6RDrOgRn+curoH/RcuyWc2s32tdVHDV0is5QEznoErVRB3VRDxH0iJ7RK3oznowX4934WLSuGdXMCfpTxucPcAKeng==</latexit><latexit sha1_base64="FOKxJIbBTNsUB73xFVgLc7jjjaQ=">AAACEXicbVC7TsMwFHV4lvIKMLJEVEidqoQFxgqWjkWiD6kJlePcpFYdJ7IdpCrKL7DwKywMIMTKxsbf4KYZoOVKlo7Pufce+/gpo1LZ9rextr6xubVd26nv7u0fHJpHx32ZZIJAjyQsEUMfS2CUQ09RxWCYCsCxz2DgT2/m+uABhKQJv1OzFLwYR5yGlGClqbHZdMsduYCgcNMJra4+w2RadO5zN8BRBKLojM2G3bLLslaBU4EGqqo7Nr/cICFZDFwRhqUcOXaqvBwLRQmDou5mElLtgiMYachxDNLLS/vCOtdMYIWJ0Icrq2R/T+Q4lnIW+7ozxmoil7U5+Z82ylR45eWUp5kCThZGYcYslVjzeKyACiCKzTTARFD9VotMsMBE6RDrOgRn+curoH/RcuyWc2s32tdVHDV0is5QEznoErVRB3VRDxH0iJ7RK3oznowX4934WLSuGdXMCfpTxucPcAKeng==</latexit>

The complete list of options:



Benchmark Scenario: Dark Photon
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Direct Annihilation Thermal Targets
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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>

direct annihilation ⟹ m�/mA0 < 1
<latexit sha1_base64="In0gIgw9RGKM/RWTgwfStbMRTyA="></latexit><latexit sha1_base64="In0gIgw9RGKM/RWTgwfStbMRTyA="></latexit><latexit sha1_base64="In0gIgw9RGKM/RWTgwfStbMRTyA="></latexit><latexit sha1_base64="In0gIgw9RGKM/RWTgwfStbMRTyA="></latexit>

perturbativity/unitarity ⟹ ↵D . 1
<latexit sha1_base64="xu5Jsfrz1K/asp+08m8PQ2DgRFY=">AAACI3icbZC7SgNBFIZn4y3GW1SsbAYTwSrsptFGCGphGcFcILuE2cnZZMjM7DIzK4QlD2Nho49iJzYWPoetk0thEn8Y+PnPOXMOX5hwpo3rfjm5tfWNza38dmFnd2//oHh41NRxqig0aMxj1Q6JBs4kNAwzHNqJAiJCDq1weDupt55AaRbLRzNKIBCkL1nEKDE26hZPyj7hyYB077DPQWvNBPbK3WLJrbhT4VXjzU0JzVXvFn/8XkxTAdJQTrTueG5igowowyiHccFPNSSEDkkfOtZKIkAH2fT8MT63SQ9HsbJPGjxN/05kRGg9EqHtFMQM9HJtEv5X66QmugoyJpPUgKSzRVHKsYnxhAXuMQXU8JE1hCpmb8V0QBShxhKzP8kJT9k3g2tPiIWtEYykSMaFgiXlLXNZNc1qxXMr3kO1VLuZM8ujU3SGLpCHLlEN3aM6aiCKMvSMXtGb8+K8Ox/O56w158xnjtGCnO9fxbijcw==</latexit><latexit sha1_base64="xu5Jsfrz1K/asp+08m8PQ2DgRFY=">AAACI3icbZC7SgNBFIZn4y3GW1SsbAYTwSrsptFGCGphGcFcILuE2cnZZMjM7DIzK4QlD2Nho49iJzYWPoetk0thEn8Y+PnPOXMOX5hwpo3rfjm5tfWNza38dmFnd2//oHh41NRxqig0aMxj1Q6JBs4kNAwzHNqJAiJCDq1weDupt55AaRbLRzNKIBCkL1nEKDE26hZPyj7hyYB077DPQWvNBPbK3WLJrbhT4VXjzU0JzVXvFn/8XkxTAdJQTrTueG5igowowyiHccFPNSSEDkkfOtZKIkAH2fT8MT63SQ9HsbJPGjxN/05kRGg9EqHtFMQM9HJtEv5X66QmugoyJpPUgKSzRVHKsYnxhAXuMQXU8JE1hCpmb8V0QBShxhKzP8kJT9k3g2tPiIWtEYykSMaFgiXlLXNZNc1qxXMr3kO1VLuZM8ujU3SGLpCHLlEN3aM6aiCKMvSMXtGb8+K8Ox/O56w158xnjtGCnO9fxbijcw==</latexit><latexit sha1_base64="xu5Jsfrz1K/asp+08m8PQ2DgRFY=">AAACI3icbZC7SgNBFIZn4y3GW1SsbAYTwSrsptFGCGphGcFcILuE2cnZZMjM7DIzK4QlD2Nho49iJzYWPoetk0thEn8Y+PnPOXMOX5hwpo3rfjm5tfWNza38dmFnd2//oHh41NRxqig0aMxj1Q6JBs4kNAwzHNqJAiJCDq1weDupt55AaRbLRzNKIBCkL1nEKDE26hZPyj7hyYB077DPQWvNBPbK3WLJrbhT4VXjzU0JzVXvFn/8XkxTAdJQTrTueG5igowowyiHccFPNSSEDkkfOtZKIkAH2fT8MT63SQ9HsbJPGjxN/05kRGg9EqHtFMQM9HJtEv5X66QmugoyJpPUgKSzRVHKsYnxhAXuMQXU8JE1hCpmb8V0QBShxhKzP8kJT9k3g2tPiIWtEYykSMaFgiXlLXNZNc1qxXMr3kO1VLuZM8ujU3SGLpCHLlEN3aM6aiCKMvSMXtGb8+K8Ox/O56w158xnjtGCnO9fxbijcw==</latexit><latexit sha1_base64="xu5Jsfrz1K/asp+08m8PQ2DgRFY=">AAACI3icbZC7SgNBFIZn4y3GW1SsbAYTwSrsptFGCGphGcFcILuE2cnZZMjM7DIzK4QlD2Nho49iJzYWPoetk0thEn8Y+PnPOXMOX5hwpo3rfjm5tfWNza38dmFnd2//oHh41NRxqig0aMxj1Q6JBs4kNAwzHNqJAiJCDq1weDupt55AaRbLRzNKIBCkL1nEKDE26hZPyj7hyYB077DPQWvNBPbK3WLJrbhT4VXjzU0JzVXvFn/8XkxTAdJQTrTueG5igowowyiHccFPNSSEDkkfOtZKIkAH2fT8MT63SQ9HsbJPGjxN/05kRGg9EqHtFMQM9HJtEv5X66QmugoyJpPUgKSzRVHKsYnxhAXuMQXU8JE1hCpmb8V0QBShxhKzP8kJT9k3g2tPiIWtEYykSMaFgiXlLXNZNc1qxXMr3kO1VLuZM8ujU3SGLpCHLlEN3aM6aiCKMvSMXtGb8+K8Ox/O56w158xnjtGCnO9fxbijcw==</latexit>

⟹ there is a minimum cross section compatible with thermal DM⌦�/⌦DM < 1
<latexit sha1_base64="SCy8MGXB/6e98hkYn7nLcpcUOmU="></latexit><latexit sha1_base64="SCy8MGXB/6e98hkYn7nLcpcUOmU="></latexit><latexit sha1_base64="SCy8MGXB/6e98hkYn7nLcpcUOmU="></latexit><latexit sha1_base64="SCy8MGXB/6e98hkYn7nLcpcUOmU="></latexit>

⟹ there is a minimum value of 𝜖 motivated by thermal DM!
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What Kind of DM?

Annihilation during recombination (T = eV) affects CMB power spectrum

Planck
 arXiv:1303.5076fe↵.
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Fig. 40. 2-dimensional marginal distributions in the pann–ns
plane for Planck TT+lowP (red), EE+lowP (yellow), TE+lowP
(green), and Planck TT,TE,EE+lowP (blue) data combinations.
We also show the constraints obtained using WMAP9 data (light
blue).

We then add pann as an additional parameter to those of the base
⇤CDM cosmology. Table 6 shows the constraints for various
data combinations.

Table 6. Constraints on pann in units of cm3 s�1 GeV�1.

Data combinations pann (95 % upper limits)

TT+lowP . . . . . . . . . . . . . . . . . < 5.7 ⇥ 10�27

EE+lowP . . . . . . . . . . . . . . . . . < 1.4 ⇥ 10�27

TE+lowP . . . . . . . . . . . . . . . . . < 5.9 ⇥ 10�28

TT+lowP+lensing . . . . . . . . . . . < 4.4 ⇥ 10�27

TT,TE,EE+lowP . . . . . . . . . . . . < 4.1 ⇥ 10�28

TT,TE,EE+lowP+lensing . . . . . . < 3.4 ⇥ 10�28

TT,TE,EE+lowP+ext . . . . . . . . . < 3.5 ⇥ 10�28

The constraints on pann from the Planck TT+lowP spec-
tra are about 3 times weaker than the 95 % limit of pann <
2.1 ⇥ 10�27 cm3 s�1 GeV�1 derived from WMAP9, which in-
cludes WMAP polarization data at low multipoles. However, the
Planck T E or EE spectra improve the constraints on pann by
about an order of magnitude compared to those from Planck TT
alone. This is because the main e↵ect of dark matter annihila-
tion is to increase the width of last scattering, leading to a sup-
pression of the amplitude of the peaks both in temperature and
polarization. As a result, the e↵ects of DM annihilation on the
power spectra at high multipole are degenerate with other param-
eters of base ⇤CDM, such as ns and As (Chen & Kamionkowski
2004; Padmanabhan & Finkbeiner 2005). At large angular scales
(` . 200), however, dark matter annihilation can produce an
enhancement in polarization caused by the increased ionization
fraction in the freeze-out tail following recombination. As a re-
sult, large-angle polarization information is crucial in breaking
the degeneracies between parameters, as illustrated in Fig. 40.
The strongest constraints on pann therefore come from the full
Planck temperature and polarization likelihood and there is little
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Fig. 41. Constraints on the self-annihilation cross-section at re-
combination, h�3iz⇤ , times the e�ciency parameter, fe↵ (Eq. 81).
The blue area shows the parameter space excluded by the Planck
TT,TE,EE+lowP data at 95 % CL. The yellow line indicates the
constraint using WMAP9 data. The dashed green line delineates
the region ultimately accessible by a cosmic variance limited ex-
periment with angular resolution comparable to that of Planck.
The horizontal red band includes the values of the thermal-relic
cross-section multiplied by the appropriate fe↵ for di↵erent DM
annihilation channels. The dark grey circles show the best-fit
DM models for the PAMELA/AMS-02/Fermi cosmic-ray ex-
cesses, as calculated in Cholis & Hooper (2013) (caption of their
figure 6). The light grey stars show the best-fit DM models for
the Fermi Galactic centre gamma-ray excess, as calculated by
Calore et al. (2014) (their tables I, II, and III), with the light
grey area indicating the astrophysical uncertainties on the best-
fit cross-sections.

improvement if other astrophysical data, or Planck lensing, are
added.30

We verified the robustness of the Planck TT,TE,EE+lowP
constraint by also allowing other extensions of ⇤CDM (Ne↵ ,
dns/d ln k, or YP) to vary together with pann. We found that the
constraint is weakened by up to 20 %. Furthermore, we have ver-
ified that we obtain consistent results when relaxing the priors
on the amplitudes of the Galactic dust templates or if we use the
CamSpec likelihood instead of the baseline Plik likelihood.

Figure 41 shows the constraints from WMAP9, Planck
TT,TE,EE+lowP, and a forecast for a cosmic variance limited
experiment with similar angular resolution to Planck31. The hor-
izontal red band includes the values of the thermal-relic cross-
section multiplied by the appropriate fe↵ for di↵erent DM anni-
hilation channels. For example, the upper red line corresponds to
fe↵ = 0.67, which is appropriate for a DM particle of mass m� =
10 GeV annihilating into e+e�, while the lower red line corre-
sponds to fe↵ = 0.13, for a DM particle annihilating into 2⇡+⇡�
through an intermediate mediator (see e.g., Arkani-Hamed et al.
2009). The Planck data exclude at 95 % confidence level a ther-

30It is interesting to note that the constraint derived from Planck
TT,TE,EE+lowP is consistent with the forecast given in Galli et al.
(2009), pann < 3 ⇥ 10�28 cm3 s�1 GeV�1.

31We assumed that the cosmic variance limited experiment would
measure the angular power spectra up to a maximum multipole of
`max = 2500, observing a sky fraction fsky = 0.65.
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We then add pann as an additional parameter to those of the base
⇤CDM cosmology. Table 6 shows the constraints for various
data combinations.

Table 6. Constraints on pann in units of cm3 s�1 GeV�1.

Data combinations pann (95 % upper limits)

TT+lowP . . . . . . . . . . . . . . . . . < 5.7 ⇥ 10�27

EE+lowP . . . . . . . . . . . . . . . . . < 1.4 ⇥ 10�27

TE+lowP . . . . . . . . . . . . . . . . . < 5.9 ⇥ 10�28

TT+lowP+lensing . . . . . . . . . . . < 4.4 ⇥ 10�27

TT,TE,EE+lowP . . . . . . . . . . . . < 4.1 ⇥ 10�28

TT,TE,EE+lowP+lensing . . . . . . < 3.4 ⇥ 10�28

TT,TE,EE+lowP+ext . . . . . . . . . < 3.5 ⇥ 10�28

The constraints on pann from the Planck TT+lowP spec-
tra are about 3 times weaker than the 95 % limit of pann <
2.1 ⇥ 10�27 cm3 s�1 GeV�1 derived from WMAP9, which in-
cludes WMAP polarization data at low multipoles. However, the
Planck T E or EE spectra improve the constraints on pann by
about an order of magnitude compared to those from Planck TT
alone. This is because the main e↵ect of dark matter annihila-
tion is to increase the width of last scattering, leading to a sup-
pression of the amplitude of the peaks both in temperature and
polarization. As a result, the e↵ects of DM annihilation on the
power spectra at high multipole are degenerate with other param-
eters of base ⇤CDM, such as ns and As (Chen & Kamionkowski
2004; Padmanabhan & Finkbeiner 2005). At large angular scales
(` . 200), however, dark matter annihilation can produce an
enhancement in polarization caused by the increased ionization
fraction in the freeze-out tail following recombination. As a re-
sult, large-angle polarization information is crucial in breaking
the degeneracies between parameters, as illustrated in Fig. 40.
The strongest constraints on pann therefore come from the full
Planck temperature and polarization likelihood and there is little
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Fig. 41. Constraints on the self-annihilation cross-section at re-
combination, h�3iz⇤ , times the e�ciency parameter, fe↵ (Eq. 81).
The blue area shows the parameter space excluded by the Planck
TT,TE,EE+lowP data at 95 % CL. The yellow line indicates the
constraint using WMAP9 data. The dashed green line delineates
the region ultimately accessible by a cosmic variance limited ex-
periment with angular resolution comparable to that of Planck.
The horizontal red band includes the values of the thermal-relic
cross-section multiplied by the appropriate fe↵ for di↵erent DM
annihilation channels. The dark grey circles show the best-fit
DM models for the PAMELA/AMS-02/Fermi cosmic-ray ex-
cesses, as calculated in Cholis & Hooper (2013) (caption of their
figure 6). The light grey stars show the best-fit DM models for
the Fermi Galactic centre gamma-ray excess, as calculated by
Calore et al. (2014) (their tables I, II, and III), with the light
grey area indicating the astrophysical uncertainties on the best-
fit cross-sections.

improvement if other astrophysical data, or Planck lensing, are
added.30

We verified the robustness of the Planck TT,TE,EE+lowP
constraint by also allowing other extensions of ⇤CDM (Ne↵ ,
dns/d ln k, or YP) to vary together with pann. We found that the
constraint is weakened by up to 20 %. Furthermore, we have ver-
ified that we obtain consistent results when relaxing the priors
on the amplitudes of the Galactic dust templates or if we use the
CamSpec likelihood instead of the baseline Plik likelihood.

Figure 41 shows the constraints from WMAP9, Planck
TT,TE,EE+lowP, and a forecast for a cosmic variance limited
experiment with similar angular resolution to Planck31. The hor-
izontal red band includes the values of the thermal-relic cross-
section multiplied by the appropriate fe↵ for di↵erent DM anni-
hilation channels. For example, the upper red line corresponds to
fe↵ = 0.67, which is appropriate for a DM particle of mass m� =
10 GeV annihilating into e+e�, while the lower red line corre-
sponds to fe↵ = 0.13, for a DM particle annihilating into 2⇡+⇡�
through an intermediate mediator (see e.g., Arkani-Hamed et al.
2009). The Planck data exclude at 95 % confidence level a ther-

30It is interesting to note that the constraint derived from Planck
TT,TE,EE+lowP is consistent with the forecast given in Galli et al.
(2009), pann < 3 ⇥ 10�28 cm3 s�1 GeV�1.

31We assumed that the cosmic variance limited experiment would
measure the angular power spectra up to a maximum multipole of
`max = 2500, observing a sky fraction fsky = 0.65.
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P-wave annihilation Different DM population @ CMB
h�viCMB ⌧ h�viFreezeOut Asymmetric or Pseudo-Dirac

Planck

Viable models require either:
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i�⇤@µ� Scalar

Rules out thermal relic DM below ~10 GeV unless annihilation suppressed relative to freeze-out:

Option 1: Smaller Cross Section
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⌧ 3⇥ 10�26 cm3/s =) CMB safe

              Velocity redshifted at late times 

Rate large at freeze-out  w/  v ~  0.1 c 

Choose DM + mediator combination to get v-dependence

Velocity/Temperature Dependence
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p-wave annihilation (Scalar, Majorana)
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Asymmetric or Pseudo-Dirac

N.B. Related considerations may suppress direct-detection cross-sections.

*Dirac + small Majorana mass

*
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Dark Bremsstrahlung

Heavier product (here A′) takes most of beam energy

Target

✏e
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✏e (or gD
)
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• energetic
• forward
• collimated

• soft
• wide-angle

e−
in

e−
out

A′�

This shapes the designs of many experiments.
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HPS SVT

• 6-layer Si microstrip tracker, inside beam vacuum
• Cooled to -20C, radiation tolerant
• existing components:  DØ RunIIb Si, CMS APV25
• SLAC RCE DAQ (also ATLAS, LSST, DUNE, LCLS)
• Layer 1 silicon 0.5 mm from primary beam!
• vertically retractable



SVT, target
movers

e�

e+

e�

target

sensorsFE ASICs

DAQ

vacuum
chamber

!33

HPS SVT

• 6-layer Si microstrip tracker, inside beam vacuum
• Cooled to -20C, radiation tolerant
• existing components:  DØ RunIIb Si, CMS APV25
• SLAC RCE DAQ (also ATLAS, LSST, DUNE, LCLS)
• Layer 1 silicon 0.5 mm from primary beam!
• vertically retractable

• 0.7% X0/3d measurement
• 𝜎y = 6 𝜇m, 𝜎x= 60(120) 𝜇m in L1-3 (L4-6)
• 𝜎hit time = 2 ns (offline) 
• 50 kHz max trigger rate
• 200 gb/sec max data rate
• as built: 3/23004 bad channels,  75 um alignment
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HPS Engineering Runs

2016 Engineering Run

200 nA @ 2.3 GeV

5.4 days (92.5 mC) of 
physics data

2015 Engineering Run

50 nA @ 1.06 GeV

1.7 days (10 mC) of 
physics data

SVT @ 0.5 mm
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) commissioning with SVT @1.5 mm

• The HPS apparatus, including the SVT, has performed exceptionally well.
• HPS still approved for 165 more days of beam time: a long way to go!

unplanned CEBAF down
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HPS Upgrade

Engineering Run analyses showed  
where HPS can be improved.

• High-occupancy crystals removed  
from ECal design are important for 
triggering e- from low-mass A′.

• angular acceptance of SVT for  
long-lived A′ previously overestimated

Both are addressable.

• New hodoscope provides positron-only 
trigger.

• New SVT Layer 0, thinner and closer to 
the target allows SVT to access shorter 
decays lengths
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FIG. 1: Distribution of the final dielectron (top) and reduced
dimuon invariant masses (bottom), together with the predic-
tions of various simulated SM processes and ISR production
of J/ , (2S), ⌥ (1S), and ⌥ (2S) resonances (collectively la-
beled as R). The fit to the ratio between data and simulated
events is described in the text.

cumulative mass distributions [36]. An uncertainty of
5%-10% in this procedure is assessed by taking the next-
to-closest instead of the closest simulated mass points to
interpolate the signal shape. Samples of simulated and
reconstructed e+e� ! �J/ , J/ ! l+l� events indi-
cate that the simulation underestimates the signal width
by 8% (4%) for the dielectron (dimuon) channel. We
assume that this di↵erence is independent of the dark
photon mass, and we increase the signal pdf width by
the corresponding amount for all mass hypotheses. We
propagate half of these correction factors as systematic
uncertainties on the fitted signal yields.

The radiative Bhabha background below 0.1GeV is de-
scribed by a fourth order polynomial, and elsewhere by
a third order polynomial. The radiative dimuon back-
ground is parametrized by a third order polynomial, con-
strained to pass through the origin for fits in the re-
gion below 0.05GeV. Peaking contributions from the

J/ ,  (2S), ⌥ (1S), and ⌥ (2S) resonances for both final
states are included where appropriate. Their shapes are
modeled as Crystal Ball or Gaussian functions with pa-
rameters extracted from fits to the corresponding Monte
Carlo samples. Similarly to the signal pdf, we increase
their width by 8% (4%) for the dielectron (dimuon) final
states. The interference between vector resonances with
radiative dilepton production is observed for the ! and �
mesons, and is fit with the following empirical function:

f(m) = (a+bm+cm2+dm3)

�����1�Q
m!/��

s�m2
!/� � im!/��

�����

2

where m!/� (�) denotes the mass (width) of the reso-
nance, Q the resonant fraction, and a, b, c, d are free pa-
rameters. We fix the masses and widths to their nom-
inal values [37], and let their fractions float. We ex-
clude the resonant regions from the search, vetoing ranges
of ±30MeV around the nominal mass of the ! and �
resonances, and ±50MeV around the J/ ,  (2S), and
⌥ (1S, 2S) resonances (approximately ±5�R, where �R
denotes the experimental resolution of the resonances).
An alternative signal extraction fit, using parametric pdfs
for signal [21] and a di↵erent background parametriza-
tion has been performed for the µ+µ� channel. The re-
sults of both methods are statistically consistent with
each other. The uncertainty on the background mod-
eling is estimated by using an alternative description of
the radiative Bhabha and dimuon contributions based on
a second or fourth order polynomial, depending on the
mass hypothesis. This uncertainty is almost as large as
the statistical uncertainty near the dielectron threshold,
and can be as large as 50% of the statistical uncertainty
in the vicinity of the ⌥ (1S, 2S) resonances. Outside these
regions, the uncertainty varies from a few percent at low
masses to ⇠ 20% of the statistical uncertainty in the high
mass region. In addition we propagate half of the correc-
tions applied to the signal width, as well as the uncer-
tainties on the ! and � masses and widths, as systematic
uncertainties on the fitted signal yields.
The e+e� ! �A0, A0

! e+e� and e+e� ! �A0, A0
!

µ+µ� cross-sections as a function of the dark photon
mass are obtained by combining the signal yields of each
data sample, divided by the e�ciency and luminosity.
The cross-sections as a function of mA0 are shown in
Fig. 2; the distributions of the statistical significances
of the fits are displayed in Fig. 3. The statistical signif-
icance of each fit is taken as S =

p
2 log (L/L0), where

L and L0 are the likelihood values for fits with a free
signal and the pure background hypothesis, respectively.
We estimate trial factors by generating a large sample of
Monte Carlo experiments. The largest local significance
is 3.4� (2.9�), observed near mA0 = 7.02GeV (6.09GeV)
for the dielectron (dimuon) final state. Including trial
factors, the corresponding p-value is 0.57 (0.94), consis-
tent with the null hypothesis.
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Past, Present & Future - e+e- Colliders: Babar & Belle-II

𝜖e

𝜖e
e+, µ+
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Full BaBar dataset, 514 fb-1

Belle-II may ultimately do about  
10× better in 𝜖2 with 50 ab-1.
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FIG. 4: Upper limit (90% CL) on the mixing strength ✏ as
a function of the dark photon mass. The values required to
explain the discrepancy between the calculated and measured
anomalous magnetic moment of the muon [39] are displayed
as a red line.
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Full BaBar dataset, 514 fb-1

Belle-II may ultimately do about  
10× better in 𝜖2 with 50 ab-1.
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Colliders - Past/Present/Future: BaBar/Belle-II Missing Mass

BaBar 2017 result using 53 fb-1 collected with 
special single-photon trigger in 2007-2008.

Initial state at e+e- collider so well known can 
employ missing mass

Belle-II is working to ensure collection of 
these events, can hope to do three orders of 
magnitude better in 𝜖2 / y with 50 ab-1 

6

 (GeV)A'm
0 1 2 3 4 5 6 7 8

)
σ

Si
gn

ifi
ca

nc
e 

(

0

0.5

1

1.5

2

2.5

3

FIG. 2: Signal significance S as a function of the mass mA0 .
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FIG. 3: Bottom: signal fit for mA0 = 6.21 GeV to a com-
bination of ⌥ (2S) and ⌥ (3S) datasets, shown for illustration
purposes. The signal peak (red) corresponds to the local sig-
nificance S = 3.1 (global significance of 2.6�). Blue solid
line shows the full PDF, while the magenta dashed line cor-
responds to the background contribution. Top: distribution
of the normalized fit residuals (pulls).

the A0 mixing strength "2 for the 166 mA0 hypothe-
ses. The values of “local” significance of observation
S ⌘

p
2 ln(Lmax/L0), where Lmax is the maximum

value of the likelihood, and L0 is the value of the like-
lihood with the signal yield fixed to zero, are shown in
Fig. 2. The most significant deviation of ✏2 from zero
occurs at mA0 = 6.21 GeV and corresponds to S = 3.1.
Parametrized simulations determine that the probability
to find such a deviation in any of the 166 mA0 points
in the absence of any signal is ⇡ 1%, corresponding to
a “global” significance of 2.6�. A representative fit for
mA0 = 6.21 GeV is shown in Fig. 3.

The 90% confidence level (CL) upper limits on "2 as a

 (GeV)A'm
0 1 2 3 4 5 6 7 8

 U
pp

er
 L

im
it 

at
 9

0%
 C

L
2 ε

0

0.5

1

1.5

2

2.5

3
6−10×

Bayesian limit

Profile-likelihood limit 

FIG. 4: Upper limits at 90% CL on A0 mixing strength
squared "2 as a function of mA0 . Shown are the Bayesian
limit computed with a uniform prior for "2 > 0 (solid red
line) and the profile-likelihood limit (blue dashed line).

function of mA0 are shown in Fig. 4. We compute both
the Bayesian limits with a uniform prior for "2 > 0 and
the frequentist profile-likelihood limits [29]. Figure 5
compares our results to other limits on " in channels
where A0 is allowed to decay invisibly, as well as to the
region of parameter space consistent with the (g � 2)µ
anomaly [5]. At each value of mA0 we compute a limit
on " as a square root of the Bayesian limit on "2 from
Fig. 4. Our data rules out the dark-photon coupling as
the explanation for the (g�2)µ anomaly. Our limits place
stringent constraints on dark-sector models over a broad
range of parameter space, and represent a significant im-
provement over previously available results.
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LDMX: 4 1014 EOT H4 GeVL on 10%W Hme=1,1 yrL
Extended: 1.6 1015 EOT H8 GeVL on 40% Al Hme=2,2 yrL
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LDMX Physics Potential

Work continues to understand requirements
for “Phase II”, to cover all thermal targets.
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Cutflow and event yields

Target-area µµ ECal µµ

EoT equivalent 1.1 ⇥ 1015 6.6 ⇥ 1014

Events passing trigger 2.14 ⇥ 107 1.50 ⇥ 108

Passing HCal veto 36 169
Passing Ntrack veto 2 169
Passing ECal BDT veto 0 1

TABLE VIII: The estimated levels of dimuon background events after successive background rejection cuts.

3. Photons Undergoing a Hard Photonuclear Interaction

A background process that is difficult to distinguish from signal is the case where a hard photon
undergoes a photo-nuclear reaction in either the target or in the ECal absorber layer resulting in the
conversion of the photon’s energy into outgoing hadrons. The resulting final states can vary greatly
because both nuclear disintegration and/or hadron production can occur. Since neutrons do not lose
energy to ionization, and protons follow a very steep ionization curve, the detector response also
greatly varies. Vetoing of such challenging processes requires all sub-detector systems to work in
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FIG. 57: Number of HCal hits versus reconstructed tracks for muon pair conversion background.
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Cutflow and event yields

ECal PN Target-area PN
EoT equivalent 4 ⇥ 1014 4 ⇥ 1014

Erecoil < 1.5 GeV, trigger requirement 2.7 ⇥ 108 2.2 ⇥ 107

ECal Shower-Profile BDT 2 ⇥ 106 8.2 ⇥ 105

HCal Max PE < 3 0.55 28
Single track with p < 1.2 GeV 0.51 23
Recoil activity Cut 0.41 23
ECal activity cut 0.24 23
Tagging tracker activity cut 0.24 0

TABLE IX: The estimated levels of background photo-nuclear events, scaled to 4 ⇥ 1014 EoT, after suc-
cessive background rejection cuts. Note that all single- and di-nucleon events have been re-weighted in
accordance with the value on Tab. X.

complementarity.
Several handles have been studied in order to understand how to best veto these events. For

example, as shown in Fig. 45, photo-nuclear interactions have distinctly different ECal shower
signatures when compared to more common electromagnetic processes that serve as a powerful
discriminator which can be used to veto these events. In processes involving neutrons that do not
interact in the ECal, the HCal is relied on to identify them. Finally, the recoil tracking system can
be used to identify events with additional charged hadrons produced in these photo-nuclear pro-
cesses, either forward going if the photo-nuclear process occurs in the target or via back-scattering
particles if the photo-nuclear interaction occurs in the ECal.

With this in mind, the photo-nuclear background rejection strategy is roughly broken into three
main tasks:

1. shower profile rejection using the ECal

2. hadronic tails with a high efficiency, large angular coverage HCal veto

3. track and hit multiplicity vetoes using the tagging and recoil trackers

Development of the background rejection strategy was done using a sample of events where a
hard bremsstrahlung occurs in target and the resulting photon undergoes a photo-nuclear reaction.
As shown in Tab. VII, an ECal photo-nuclear (target-area photo-nuclear) sample of 2.0 ⇥ 109

(5.2 ⇥ 107) events was used which is what is expected assuming 1.17 ⇥ 1014 (1 ⇥ 1014) EoT. The
details of the sample generation are discussed in Sec. V C. Only the subset of events that pass the
trigger requirements as described in Sec. V H are considered. A summary of the final rejection
strategy is given in Table IX, the details of which are discussed below.

a. Shower profile rejection As detailed in Sec. V F, there is a distinct difference in the ECal
signatures between dark matter signal-like processes and photo-nuclear interactions. The variables
with the strongest discrimination power are exploited to distinguish photo-nuclear reactions from
normal electromagnetic showers in the ECal. Specifically, the information from these variables
are combined using a gradient boosted decision tree (BDT) in order to further reject photo-nuclear
reactions while maintaining a high signal efficiency.

Based on the BDT performance metrics discussed in Sec. V F, a cut of 0.94 on the BDT dis-
criminant was determine to best balance the rejection of photo-nuclear background and the preser-

82

Final State Weight

Single neutron 0.01
Di-neutron 0.002
Di-proton 0.01
proton-neutron 0.02

TABLE X: The event weights applied to single- and di-nucleon final states. The weights are used to account
for the overproduction of such event types by GEANT4.

Cutflow and event yields

Target-area EN
EoT equivalent 4 ⇥ 1014

Erecoil < 1.5 GeV, trigger requirement 1.4 ⇥ 107

ECal Shower-Profile BDT 6.2 ⇥ 105

HCal Max PE < 3 26
Single track with p < 1.2 GeV 13
Tagging tracker activity cut 0.0127

TABLE XI: The estimated levels of background electro-nuclear events, scaled to 4 ⇥ 1014, after successive
background rejection cuts. Note that all single- and di-nucleon events have been re-weighted in accordance
with the value on Tab. X.

Therefore, the rejection strategy is similar to that used on photo-nuclear interactions. Since we
can track the momentum of an electron with the beam energy, here we focus on electro-nuclear
interactions which occur in the target rather than in the ECal.

We simulated a sample of electro-nuclear interactions in the target corresponding to 3.8 ⇥

1014 EoT. Of those events which pass the trigger criteria, we determine which events pass both the
ECal BDT and HCal max PE selection. As shown in Fig. 63, 26 events lie within the signal region
which is defined as the region where the maximum PE is less than 3 and the BDT discriminant
value is greater than 0.94. Applying the recoil tracker requirements described above (single track
plus 1.2 GeV momentum requirement) rejects an additional 50% of events. Finally, for those
events that pass the recoil tracker veto, we plot the hit multiplicity in the last layer of the tagging
tracker. As shown in Fig. 64, requiring that no other hits other than that due to the incident beam
electron are observed in the last layer of the Tagging tracker, rejects all but a fraction on an event
while still preserving 99% of the remaining signal.

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

γ → hadrons
γ → μ+μ−

…and direct electro-nuclear analogues

arXiv:1808.05219 [hep-ex]

A physics study of operation at SLAC 
has demonstrated reach of a “Phase I” 
experiment with 4×1014 EOT.
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Thermal Targets - Accelerators and Direct Detection
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Resonance Effects
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FIG. 79: Sensitivity in the ✏2 vs mA0 plane to A0 production, with A0
! ��̄ (on-shell mediator production

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

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

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

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

LDMX has good sensitivity even for finely tuned mass ratio. 



!41

How to Discover Something Invisible?

25 years before the neutrino was observed in scattering 
experiments, Pauli successfully predicted it’s existence.

Take same approach as mono-photon/monojet searches: missing momentum!

“I have hit upon a desperate remedy to 
save the "exchange theorem" (1) of 
statistics and the law of conservation 
of energy. Namely, the possibility that 
in the nuclei there could exist 
electrically neutral particles, which I 
will call neutrons, that have spin 1/2 
and obey the exclusion principle.” 

- Pauli, in open letter  
December 4, 1930 
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Missing Momentum Backgrounds
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

�

100

10-1

10-2

10-3

10-4

10-5

10-6

10-7

10-8

10-9

10-10

10-11

10-12

10-13

10-14

10-15

10-16

  …

incoming outgoing relative rate

“invisible” backgrounds << 10-16

“visible” backgrounds

⌫⌫̄
⌫ (Møller + CCQE)

brem
sstrahlung

direct electro-nuclear

e� e�

� ! µ+µ�
� ! hadrons

�p ! ⇡+n
�n ! nn̄n

increasingly rare
photo-nuclear

+hard �

+µ+µ�
+hadrons

...
...



!43

LDMX Tracking 

Si trackers similar to HPS SVT built by SLAC/UCSC
• low mass, fast (2 ns hit timing)

Single dipole magnet - two field regions
Tagging Tracker in central 1.5 T field for pe = 4 GeV

• provides robust tag of incoming electrons

Recoil Tracker in fringe field for pe = 0.05 - 1.2 GeV

• measures recoils with good resolution, large acceptance

Tungsten target (0.1-0.3 X0) between trackers

• scintillator counts electrons/bunch for trigger
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LDMX ECal 

Si-W calorimeter developed for CMS upgrade (HGC)

• fast, dense, granular for high occupancies

• deep (40 X0) for extraordinary EM containment

• meets difficult rate/radation tolerance requirements

• can provide fast trigger for trackers (3 𝜇s)

• very powerful tool for rejection of rare backgrounds

HGC	Module	Components		
and	completed	module	

1.	W-Cu	Baseplate	

2.	Gold/Kapton	 3.	Nominal	128	pad	sensor	 4.	PCB	

~50 cm

CERN Test Beam Data
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LDMX HCal 

Baseline design employs technology from CMS upgrade

• Steel absorber/plastic scintillator 

• SiPM readout via WLS fibers

     … but other possibilities are being explored.

Surrounds ECal as much as possible

• Many photonuclear events have a  
high multiplicity of soft neutral hadrons

• Catch rare wide-angle brems (≳ 25°)

Size of HCal required is a key question for simulation studies.

?
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Sector 30 Beam Transfer Line

LCLS-II produces an ideal e- beam, mostly to the dump!

LCLS-II: 4 GeV e-  ⟹  LCLS-II-HE: 8GeV

BSY dump 

DASEL 

Soft X-Ray FEL 

Hard X-Ray FEL 

Beam Kickers 

LCLS-II SCRF Linac 

929 kHz

46.4 MHz (21.6 ns)

1300 MHz/7
=186 MHz (5.4 ns)

(End Station A)

near Menlo Park — San Mateo

1 of 1

00 125125 250250 375 feet375 feet

ESA

End Station A (ESA)


