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Outline

2

Dark Matter Searches

DUNE as a precision scattering detector

Dark Mediator Searches

DUNE as a precision beam-dump facility



Dark Matter
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Simplified Scenarios
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The Standard Model Dark Matter

Some force mediating 
interactions between Dark Matter 
and the Standard Model. Could 
be a SM force or some new one.
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<latexit sha1_base64="MZbHrcPKJ2eDrTYayQLbzA0BFNk=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0hqWu2t6MVjC7YV2lA2m0m7dvPB7kYoob/AiwdFvPqTvPlv3LQVVPTBwOO9GWbmeQlnUlnWh1FYWV1b3yhulra2d3b3yvsHXRmngkKHxjwWtx6RwFkEHcUUh9tEAAk9Dj1vcpX7vXsQksXRjZom4IZkFLGAUaK01PaH5YplNmpWrVHFmjj1es3KSdV26g62TWuOClqiNSy/D/yYpiFEinIiZd+2EuVmRChGOcxKg1RCQuiEjKCvaURCkG42P3SGT7Ti4yAWuiKF5+r3iYyEUk5DT3eGRI3lby8X//L6qQou3IxFSaogootFQcqxinH+NfaZAKr4VBNCBdO3YjomglClsynpEL4+xf+TbtW0z8xq26k0L5dxFNEROkanyEbnqImuUQt1EEWAHtATejbujEfjxXhdtBaM5cwh+gHj7RNGBI1C</latexit>

c
<latexit sha1_base64="mZen2eUxtKS+F9zITMTrwn4L3PY=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0hiWu2t6MVjC7YV2lA220m7dvPB7kYoob/AiwdFvPqTvPlv3LQVVPTBwOO9GWbm+QlnUlnWh1FYWV1b3yhulra2d3b3yvsHHRmngkKbxjwWtz6RwFkEbcUUh9tEAAl9Dl1/cpX73XsQksXRjZom4IVkFLGAUaK01KKDcsUy61WrWnewJm6tVrVy4thuzcW2ac1RQUs0B+X3/jCmaQiRopxI2bOtRHkZEYpRDrNSP5WQEDohI+hpGpEQpJfND53hE60McRALXZHCc/X7REZCKaehrztDosbyt5eLf3m9VAUXXsaiJFUQ0cWiIOVYxTj/Gg+ZAKr4VBNCBdO3YjomglClsynpEL4+xf+TjmPaZ6bTciuNy2UcRXSEjtEpstE5aqBr1ERtRBGgB/SEno0749F4MV4XrQVjOXOIfsB4+wREgI1B</latexit>s

<latexit sha1_base64="O49fJWUjR2QRIY0w10Q0dVq3/Bg=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0hiWu2t6MVjC7YV2lA220m7dvPB7kYoob/AiwdFvPqTvPlv3LQVVPTBwOO9GWbm+QlnUlnWh1FYWV1b3yhulra2d3b3yvsHHRmngkKbxjwWtz6RwFkEbcUUh9tEAAl9Dl1/cpX73XsQksXRjZom4IVkFLGAUaK01JKDcsUy61WrWnewJm6tVrVy4thuzcW2ac1RQUs0B+X3/jCmaQiRopxI2bOtRHkZEYpRDrNSP5WQEDohI+hpGpEQpJfND53hE60McRALXZHCc/X7REZCKaehrztDosbyt5eLf3m9VAUXXsaiJFUQ0cWiIOVYxTj/Gg+ZAKr4VBNCBdO3YjomglClsynpEL4+xf+TjmPaZ6bTciuNy2UcRXSEjtEpstE5aqBr1ERtRBGgB/SEno0749F4MV4XrQVjOXOIfsB4+wRcwI1R</latexit> t
<latexit sha1_base64="sPZkQ6HcHtmRFHzJjONfJQThWs8=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0hiWu2t6MVjC7YV2lA220m7dvPB7kYoob/AiwdFvPqTvPlv3LQVVPTBwOO9GWbm+QlnUlnWh1FYWV1b3yhulra2d3b3yvsHHRmngkKbxjwWtz6RwFkEbcUUh9tEAAl9Dl1/cpX73XsQksXRjZom4IVkFLGAUaK01FKDcsUy61WrWnewJm6tVrVy4thuzcW2ac1RQUs0B+X3/jCmaQiRopxI2bOtRHkZEYpRDrNSP5WQEDohI+hpGpEQpJfND53hE60McRALXZHCc/X7REZCKaehrztDosbyt5eLf3m9VAUXXsaiJFUQ0cWiIOVYxTj/Gg+ZAKr4VBNCBdO3YjomglClsynpEL4+xf+TjmPaZ6bTciuNy2UcRXSEjtEpstE5aqBr1ERtRBGgB/SEno0749F4MV4XrQVjOXOIfsB4+wReRI1S</latexit>
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<latexit sha1_base64="yS7S4badcoZ2//5LJz3Jj1XQhCU=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0hiWu2t6MVjC7YV2lA220m7dvPB7kYoob/AiwdFvPqTvPlv3LQVVPTBwOO9GWbm+QlnUlnWh1FYWV1b3yhulra2d3b3yvsHHRmngkKbxjwWtz6RwFkEbcUUh9tEAAl9Dl1/cpX73XsQksXRjZom4IVkFLGAUaK01PIH5Ypl1qtWte5gTdxarWrlxLHdmott05qjgpZoDsrv/WFM0xAiRTmRsmdbifIyIhSjHGalfiohIXRCRtDTNCIhSC+bHzrDJ1oZ4iAWuiKF5+r3iYyEUk5DX3eGRI3lby8X//J6qQouvIxFSaogootFQcqxinH+NR4yAVTxqSaECqZvxXRMBKFKZ1PSIXx9iv8nHce0z0yn5VYal8s4iugIHaNTZKNz1EDXqInaiCJAD+gJPRt3xqPxYrwuWgvGcuYQ/YDx9glC/I1A</latexit>
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<latexit sha1_base64="nE+YsM3XisUCp51jcYoFglQN+5A=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0hiWu2t6MVjBdMW2lg22027dHcTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0oZVdpxPqzCyura+kZxs7S1vbO7V94/aKkkk5gEOGGJ7ERIEUYFCTTVjHRSSRCPGGlH46vcb98TqWgibvUkJSFHQ0FjipE2UtC+66W8X644dr3qVOseNMSv1apOTjzXr/nQtZ05KmCJZr/83hskOONEaMyQUl3XSXU4RVJTzMis1MsUSREeoyHpGioQJyqczo+dwROjDGCcSFNCw7n6fWKKuFITHplOjvRI/fZy8S+vm+n4IpxSkWaaCLxYFGcM6gTmn8MBlQRrNjEEYUnNrRCPkERYm3xKJoSvT+H/pOXZ7pnt3fiVxuUyjiI4AsfgFLjgHDTANWiCAGBAwQN4As+WsB6tF+t10VqwljOH4Aest08yk470</latexit>

Z0
<latexit sha1_base64="gMgwik9wVT09BrZfRhmfQ1oQK9s=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjJ1Wu2u6MZlRfvAdiyZNNOGZjJDkhHK0E9w40IRt36RO//GTFtBRQ9cOJxzL/fe48ecKY3Qh5VbWl5ZXcuvFzY2t7Z3irt7LRUlktAmiXgkOz5WlDNBm5ppTjuxpDj0OW3744vMb99TqVgkbvQkpl6Ih4IFjGBtpOvbO9QvlpBdq6BKrQwNcavVCspI2XGrLnRsNEMJLNDoF997g4gkIRWacKxU10Gx9lIsNSOcTgu9RNEYkzEe0q6hAodUeens1Ck8MsoABpE0JTScqd8nUhwqNQl90xliPVK/vUz8y+smOjjzUibiRFNB5ouChEMdwexvOGCSEs0nhmAimbkVkhGWmGiTTsGE8PUp/J+0yrZzYpev3FL9fBFHHhyAQ3AMHHAK6uASNEATEDAED+AJPFvcerRerNd5a85azOyDH7DePgFY/43a</latexit>
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<latexit sha1_base64="xyiLDHsWo5VJ5O5FjePKPkGSrn8=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0hiWu2t6MVjC7YV2lA220m7dvPB7kYoob/AiwdFvPqTvPlv3LQVVPTBwOO9GWbm+QlnUlnWh1FYWV1b3yhulra2d3b3yvsHHRmngkKbxjwWtz6RwFkEbcUUh9tEAAl9Dl1/cpX73XsQksXRjZom4IVkFLGAUaK01BoPyhXLrFetat3Bmri1WtXKiWO7NRfbpjVHBS3RHJTf+8OYpiFEinIiZc+2EuVlRChGOcxK/VRCQuiEjKCnaURCkF42P3SGT7QyxEEsdEUKz9XvExkJpZyGvu4MiRrL314u/uX1UhVceBmLklRBRBeLgpRjFeP8azxkAqjiU00IFUzfiumYCEKVzqakQ/j6FP9POo5pn5lOy600LpdxFNEROkanyEbnqIGuURO1EUWAHtATejbujEfjxXhdtBaM5cwh+gHj7RNMFI1G</latexit>
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<latexit sha1_base64="Yy1Vhk2bPHCTr0Lw6bWxooOaYrk=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0hiWu2t6MVjC7YV2lA220m7dvPB7kYoob/AiwdFvPqTvPlv3LQVVPTBwOO9GWbm+QlnUlnWh1FYWV1b3yhulra2d3b3yvsHHRmngkKbxjwWtz6RwFkEbcUUh9tEAAl9Dl1/cpX73XsQksXRjZom4IVkFLGAUaK01BoNyhXLrFetat3Bmri1WtXKiWO7NRfbpjVHBS3RHJTf+8OYpiFEinIiZc+2EuVlRChGOcxK/VRCQuiEjKCnaURCkF42P3SGT7QyxEEsdEUKz9XvExkJpZyGvu4MiRrL314u/uX1UhVceBmLklRBRBeLgpRjFeP8azxkAqjiU00IFUzfiumYCEKVzqakQ/j6FP9POo5pn5lOy600LpdxFNEROkanyEbnqIGuURO1EUWAHtATejbujEfjxXhdtBaM5cwh+gHj7RNKkI1F</latexit>
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<latexit sha1_base64="MBkH5BPXUPWLBMxYp8vRufHfgzs=">AAAB7nicdVBNS8NAEN34WetX1aOXxSJ4CklNq70VvXisYD+gDWWznbRLN5uwuxFK6I/w4kERr/4eb/4bN20FFX0w8Hhvhpl5QcKZ0o7zYa2srq1vbBa2its7u3v7pYPDtopTSaFFYx7LbkAUcCagpZnm0E0kkCjg0Akm17nfuQepWCzu9DQBPyIjwUJGiTZSpy/SQQazQans2PWqU61XsCFerVZ1clJxvZqHXduZo4yWaA5K7/1hTNMIhKacKNVznUT7GZGaUQ6zYj9VkBA6ISPoGSpIBMrP5ufO8KlRhjiMpSmh8Vz9PpGRSKlpFJjOiOix+u3l4l9eL9XhpZ8xkaQaBF0sClOOdYzz3/GQSaCaTw0hVDJzK6ZjIgnVJqGiCeHrU/w/aVds99yu3HrlxtUyjgI6RifoDLnoAjXQDWqiFqJogh7QE3q2EuvRerFeF60r1nLmCP2A9fYJGTuQFQ==</latexit>
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<latexit sha1_base64="i4fk3RpaVUcw1QFBikkPvl1Dqj8=">AAAB8HicdVDLSsNAFJ3UV62vqks3g0VwFZKaVrsrunFZwT6kCWUynbRDZyZhZiKU0K9w40IRt36OO//GSVtBRQ9cOJxzL/feEyaMKu04H1ZhZXVtfaO4Wdra3tndK+8fdFScSkzaOGax7IVIEUYFaWuqGeklkiAeMtINJ1e5370nUtFY3OppQgKORoJGFCNtpDtfpIPM5+lsUK44dqPm1BpVaIhXr9ecnFRdr+5B13bmqIAlWoPyuz+MccqJ0Jghpfquk+ggQ1JTzMis5KeKJAhP0Ij0DRWIExVk84Nn8MQoQxjF0pTQcK5+n8gQV2rKQ9PJkR6r314u/uX1Ux1dBBkVSaqJwItFUcqgjmH+PRxSSbBmU0MQltTcCvEYSYS1yahkQvj6FP5POlXbPbOrN16lebmMowiOwDE4BS44B01wDVqgDTDg4AE8gWdLWo/Wi/W6aC1Yy5lD8APW2yeyQJEC</latexit>
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<latexit sha1_base64="qassVZWPl7ibhmpImkheVclZ+zw=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFZKaVrsrunFZwT6wCWUynbRDJ5MwD6GE/oUbF4q49W/c+TdO2goqeuDC4Zx7ufeeMGVUKsf5sAorq2vrG8XN0tb2zu5eef+gIxMtMGnjhCWiFyJJGOWkrahipJcKguKQkW44ucr97j0Rkib8Vk1TEsRoxGlEMVJGuvO5HmS+Qno2KFccu1Fzao0qNMSr12tOTqquV/egaztzVMASrUH53R8mWMeEK8yQlH3XSVWQIaEoZmRW8rUkKcITNCJ9QzmKiQyy+cUzeGKUIYwSYYorOFe/T2QolnIah6YzRmosf3u5+JfX1yq6CDLKU60Ix4tFkWZQJTB/Hw6pIFixqSEIC2puhXiMBMLKhFQyIXx9Cv8nnartntnVG6/SvFzGUQRH4BicAhecgya4Bi3QBhhw8ACewLMlrUfrxXpdtBas5cwh+AHr7RN4nJF0</latexit>
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<latexit sha1_base64="7omfVpBJgGsIZhQtvZvgaQaId4M=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0hiWu2t6MVjC7YV2lA220m7dvPB7kYoob/AiwdFvPqTvPlv3LQVVPTBwOO9GWbm+QlnUlnWh1FYWV1b3yhulra2d3b3yvsHHRmngkKbxjwWtz6RwFkEbcUUh9tEAAl9Dl1/cpX73XsQksXRjZom4IVkFLGAUaK01IJBuWKZ9apVrTtYE7dWq1o5cWy35mLbtOaooCWag/J7fxjTNIRIUU6k7NlWoryMCMUoh1mpn0pICJ2QEfQ0jUgI0svmh87wiVaGOIiFrkjhufp9IiOhlNPQ150hUWP528vFv7xeqoILL2NRkiqI6GJRkHKsYpx/jYdMAFV8qgmhgulbMR0TQajS2ZR0CF+f4v9JxzHtM9NpuZXG5TKOIjpCx+gU2egcNdA1aqI2ogjQA3pCz8ad8Wi8GK+L1oKxnDlEP2C8fQJHiI1D</latexit>
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<latexit sha1_base64="Ao/l5SbhJ3ULdJVAnFpaD5U74Mc=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0VwFZKYVrsrunFZ0T6gDWUynbRDZyZhZiKU0E9w40IRt36RO//GSVtBRQ9cOJxzL/feEyaMKu04H1ZhZXVtfaO4Wdra3tndK+8ftFWcSkxaOGax7IZIEUYFaWmqGekmkiAeMtIJJ1e537knUtFY3OlpQgKORoJGFCNtpNs+TwflimPXq0617kFD/Fqt6uTEc/2aD13bmaMClmgOyu/9YYxTToTGDCnVc51EBxmSmmJGZqV+qkiC8ASNSM9QgThRQTY/dQZPjDKEUSxNCQ3n6veJDHGlpjw0nRzpsfrt5eJfXi/V0UWQUZGkmgi8WBSlDOoY5n/DIZUEazY1BGFJza0Qj5FEWJt0SiaEr0/h/6Tt2e6Z7d34lcblMo4iOALH4BS44Bw0wDVoghbAYAQewBN4tpj1aL1Yr4vWgrWcOQQ/YL19AttqjjA=</latexit>

⌧
<latexit sha1_base64="mGNJXLGDZbkvhJGAuc4mJTjUFVU=">AAAB63icdVBNS8NAEJ34WetX1aOXxSJ4CklNq70VvXisYD+gDWWz3bRLN5uwuxFK6F/w4kERr/4hb/4bN20FFX0w8Hhvhpl5QcKZ0o7zYa2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyXXud+6pVCwWd3qaUD/CI8FCRrDOpb7G6aBUdux61anWK8gQr1arOjmpuF7NQ67tzFGGJZqD0nt/GJM0okITjpXquU6i/QxLzQins2I/VTTBZIJHtGeowBFVfja/dYZOjTJEYSxNCY3m6veJDEdKTaPAdEZYj9VvLxf/8nqpDi/9jIkk1VSQxaIw5UjHKH8cDZmkRPOpIZhIZm5FZIwlJtrEUzQhfH2K/iftiu2e25Vbr9y4WsZRgGM4gTNw4QIacANNaAGBMTzAEzxbkfVovVivi9YVazlzBD9gvX0CnzmOog==</latexit>



How to make Dark Matter in a Neutrino Facility?
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ℒ ⊃ −
ε
2

FμνF′￼μν +
M2

A′￼

2
A′￼μA′￼μ + χiγμ (∂μ − igDA′￼μ) χ − Mχ χχ .

(or similar with scalar DM)

In a fixed-target environment, many neutral mesons that can decay

are produced. With suitable masses, they can decay instead by

𝔪 → γγ

m

γ (p3)

χ (p1)

χ̄ (p2)
A′∗

m

γ (p2)

A′ (p1)
Or



Boosted DM Scattering

6

•Signal looks identical to neutrino-nucleus neutral-current scattering or

•Going beyond a counting experiment is difficult — shape of the neutrino flux (in energy 
space) is constrained using                      measurements!νμe− → νμe−

νμe− → νμe−



On- and off-axis Measurements
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Antineutrino Mode
Expected e° Events

MA0 = 90 MeV = 3M¬, ÆD = 0.1, "2 = 10°7

Expected e° Events (∫en ! e°p vetoed)

MA0 = 90 MeV = 3M¬, ÆD = 0.1, "2 = 10°7

DUNE PRISM can help constrain background positions as a function of off-axis position. As the 
angle increases, so does the signal-to-background ratio.

De Romeri, KJK, Machado [1903.10505]

https://arxiv.org/abs/1903.10505


DM Sensitivity
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DUNE TDR, [2002.03005]
De Romeri, KJK, Machado [1903.10505]

https://arxiv.org/abs/2002.0305
https://arxiv.org/abs/1903.10505


DM Searches from Natural Sources
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From Yun-Tse’s Talk Yesterday

https://indico.fnal.gov/event/22303/contributions/246709/


Elastic BDM Sensitivity
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From Yun-Tse’s Talk Yesterday

https://indico.fnal.gov/event/22303/contributions/246709/


Dark Sectors & Dark Mediators
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Dark Matter to Dark Sectors
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The Standard Model Dark Matter

Some force mediating 
interactions between Dark Matter 
and the Standard Model. Could 
be a SM force or some new one.
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d
<latexit sha1_base64="MZbHrcPKJ2eDrTYayQLbzA0BFNk=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0hqWu2t6MVjC7YV2lA2m0m7dvPB7kYoob/AiwdFvPqTvPlv3LQVVPTBwOO9GWbmeQlnUlnWh1FYWV1b3yhulra2d3b3yvsHXRmngkKHxjwWtx6RwFkEHcUUh9tEAAk9Dj1vcpX7vXsQksXRjZom4IZkFLGAUaK01PaH5YplNmpWrVHFmjj1es3KSdV26g62TWuOClqiNSy/D/yYpiFEinIiZd+2EuVmRChGOcxKg1RCQuiEjKCvaURCkG42P3SGT7Ti4yAWuiKF5+r3iYyEUk5DT3eGRI3lby8X//L6qQou3IxFSaogootFQcqxinH+NfaZAKr4VBNCBdO3YjomglClsynpEL4+xf+TbtW0z8xq26k0L5dxFNEROkanyEbnqImuUQt1EEWAHtATejbujEfjxXhdtBaM5cwh+gHj7RNGBI1C</latexit>

c
<latexit sha1_base64="mZen2eUxtKS+F9zITMTrwn4L3PY=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0hiWu2t6MVjC7YV2lA220m7dvPB7kYoob/AiwdFvPqTvPlv3LQVVPTBwOO9GWbm+QlnUlnWh1FYWV1b3yhulra2d3b3yvsHHRmngkKbxjwWtz6RwFkEbcUUh9tEAAl9Dl1/cpX73XsQksXRjZom4IVkFLGAUaK01KKDcsUy61WrWnewJm6tVrVy4thuzcW2ac1RQUs0B+X3/jCmaQiRopxI2bOtRHkZEYpRDrNSP5WQEDohI+hpGpEQpJfND53hE60McRALXZHCc/X7REZCKaehrztDosbyt5eLf3m9VAUXXsaiJFUQ0cWiIOVYxTj/Gg+ZAKr4VBNCBdO3YjomglClsynpEL4+xf+TjmPaZ6bTciuNy2UcRXSEjtEpstE5aqBr1ERtRBGgB/SEno0749F4MV4XrQVjOXOIfsB4+wREgI1B</latexit>s

<latexit sha1_base64="O49fJWUjR2QRIY0w10Q0dVq3/Bg=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0hiWu2t6MVjC7YV2lA220m7dvPB7kYoob/AiwdFvPqTvPlv3LQVVPTBwOO9GWbm+QlnUlnWh1FYWV1b3yhulra2d3b3yvsHHRmngkKbxjwWtz6RwFkEbcUUh9tEAAl9Dl1/cpX73XsQksXRjZom4IVkFLGAUaK01JKDcsUy61WrWnewJm6tVrVy4thuzcW2ac1RQUs0B+X3/jCmaQiRopxI2bOtRHkZEYpRDrNSP5WQEDohI+hpGpEQpJfND53hE60McRALXZHCc/X7REZCKaehrztDosbyt5eLf3m9VAUXXsaiJFUQ0cWiIOVYxTj/Gg+ZAKr4VBNCBdO3YjomglClsynpEL4+xf+TjmPaZ6bTciuNy2UcRXSEjtEpstE5aqBr1ERtRBGgB/SEno0749F4MV4XrQVjOXOIfsB4+wRcwI1R</latexit> t
<latexit sha1_base64="sPZkQ6HcHtmRFHzJjONfJQThWs8=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0hiWu2t6MVjC7YV2lA220m7dvPB7kYoob/AiwdFvPqTvPlv3LQVVPTBwOO9GWbm+QlnUlnWh1FYWV1b3yhulra2d3b3yvsHHRmngkKbxjwWtz6RwFkEbcUUh9tEAAl9Dl1/cpX73XsQksXRjZom4IVkFLGAUaK01FKDcsUy61WrWnewJm6tVrVy4thuzcW2ac1RQUs0B+X3/jCmaQiRopxI2bOtRHkZEYpRDrNSP5WQEDohI+hpGpEQpJfND53hE60McRALXZHCc/X7REZCKaehrztDosbyt5eLf3m9VAUXXsaiJFUQ0cWiIOVYxTj/Gg+ZAKr4VBNCBdO3YjomglClsynpEL4+xf+TjmPaZ6bTciuNy2UcRXSEjtEpstE5aqBr1ERtRBGgB/SEno0749F4MV4XrQVjOXOIfsB4+wReRI1S</latexit>

b
<latexit sha1_base64="yS7S4badcoZ2//5LJz3Jj1XQhCU=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0hiWu2t6MVjC7YV2lA220m7dvPB7kYoob/AiwdFvPqTvPlv3LQVVPTBwOO9GWbm+QlnUlnWh1FYWV1b3yhulra2d3b3yvsHHRmngkKbxjwWtz6RwFkEbcUUh9tEAAl9Dl1/cpX73XsQksXRjZom4IVkFLGAUaK01PIH5Ypl1qtWte5gTdxarWrlxLHdmott05qjgpZoDsrv/WFM0xAiRTmRsmdbifIyIhSjHGalfiohIXRCRtDTNCIhSC+bHzrDJ1oZ4iAWuiKF5+r3iYyEUk5DX3eGRI3lby8X//J6qQouvIxFSaogootFQcqxinH+NR4yAVTxqSaECqZvxXRMBKFKZ1PSIXx9iv8nHce0z0yn5VYal8s4iugIHaNTZKNz1EDXqInaiCJAD+gJPRt3xqPxYrwuWgvGcuYQ/YDx9glC/I1A</latexit>

W±
<latexit sha1_base64="nE+YsM3XisUCp51jcYoFglQN+5A=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0hiWu2t6MVjBdMW2lg22027dHcTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0oZVdpxPqzCyura+kZxs7S1vbO7V94/aKkkk5gEOGGJ7ERIEUYFCTTVjHRSSRCPGGlH46vcb98TqWgibvUkJSFHQ0FjipE2UtC+66W8X644dr3qVOseNMSv1apOTjzXr/nQtZ05KmCJZr/83hskOONEaMyQUl3XSXU4RVJTzMis1MsUSREeoyHpGioQJyqczo+dwROjDGCcSFNCw7n6fWKKuFITHplOjvRI/fZy8S+vm+n4IpxSkWaaCLxYFGcM6gTmn8MBlQRrNjEEYUnNrRCPkERYm3xKJoSvT+H/pOXZ7pnt3fiVxuUyjiI4AsfgFLjgHDTANWiCAGBAwQN4As+WsB6tF+t10VqwljOH4Aest08yk470</latexit>

Z0
<latexit sha1_base64="gMgwik9wVT09BrZfRhmfQ1oQK9s=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjJ1Wu2u6MZlRfvAdiyZNNOGZjJDkhHK0E9w40IRt36RO//GTFtBRQ9cOJxzL/fe48ecKY3Qh5VbWl5ZXcuvFzY2t7Z3irt7LRUlktAmiXgkOz5WlDNBm5ppTjuxpDj0OW3744vMb99TqVgkbvQkpl6Ih4IFjGBtpOvbO9QvlpBdq6BKrQwNcavVCspI2XGrLnRsNEMJLNDoF997g4gkIRWacKxU10Gx9lIsNSOcTgu9RNEYkzEe0q6hAodUeens1Ck8MsoABpE0JTScqd8nUhwqNQl90xliPVK/vUz8y+smOjjzUibiRFNB5ouChEMdwexvOGCSEs0nhmAimbkVkhGWmGiTTsGE8PUp/J+0yrZzYpev3FL9fBFHHhyAQ3AMHHAK6uASNEATEDAED+AJPFvcerRerNd5a85azOyDH7DePgFY/43a</latexit>

h
<latexit sha1_base64="xyiLDHsWo5VJ5O5FjePKPkGSrn8=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0hiWu2t6MVjC7YV2lA220m7dvPB7kYoob/AiwdFvPqTvPlv3LQVVPTBwOO9GWbm+QlnUlnWh1FYWV1b3yhulra2d3b3yvsHHRmngkKbxjwWtz6RwFkEbcUUh9tEAAl9Dl1/cpX73XsQksXRjZom4IVkFLGAUaK01BoPyhXLrFetat3Bmri1WtXKiWO7NRfbpjVHBS3RHJTf+8OYpiFEinIiZc+2EuVlRChGOcxK/VRCQuiEjKCnaURCkF42P3SGT7QyxEEsdEUKz9XvExkJpZyGvu4MiRrL314u/uX1UhVceBmLklRBRBeLgpRjFeP8azxkAqjiU00IFUzfiumYCEKVzqakQ/j6FP9POo5pn5lOy600LpdxFNEROkanyEbnqIGuURO1EUWAHtATejbujEfjxXhdtBaM5cwh+gHj7RNMFI1G</latexit>

g
<latexit sha1_base64="Yy1Vhk2bPHCTr0Lw6bWxooOaYrk=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0hiWu2t6MVjC7YV2lA220m7dvPB7kYoob/AiwdFvPqTvPlv3LQVVPTBwOO9GWbm+QlnUlnWh1FYWV1b3yhulra2d3b3yvsHHRmngkKbxjwWtz6RwFkEbcUUh9tEAAl9Dl1/cpX73XsQksXRjZom4IVkFLGAUaK01BoNyhXLrFetat3Bmri1WtXKiWO7NRfbpjVHBS3RHJTf+8OYpiFEinIiZc+2EuVlRChGOcxK/VRCQuiEjKCnaURCkF42P3SGT7QyxEEsdEUKz9XvExkJpZyGvu4MiRrL314u/uX1UhVceBmLklRBRBeLgpRjFeP8azxkAqjiU00IFUzfiumYCEKVzqakQ/j6FP9POo5pn5lOy600LpdxFNEROkanyEbnqIGuURO1EUWAHtATejbujEfjxXhdtBaM5cwh+gHj7RNKkI1F</latexit>

⌫e
<latexit sha1_base64="MBkH5BPXUPWLBMxYp8vRufHfgzs=">AAAB7nicdVBNS8NAEN34WetX1aOXxSJ4CklNq70VvXisYD+gDWWznbRLN5uwuxFK6I/w4kERr/4eb/4bN20FFX0w8Hhvhpl5QcKZ0o7zYa2srq1vbBa2its7u3v7pYPDtopTSaFFYx7LbkAUcCagpZnm0E0kkCjg0Akm17nfuQepWCzu9DQBPyIjwUJGiTZSpy/SQQazQans2PWqU61XsCFerVZ1clJxvZqHXduZo4yWaA5K7/1hTNMIhKacKNVznUT7GZGaUQ6zYj9VkBA6ISPoGSpIBMrP5ufO8KlRhjiMpSmh8Vz9PpGRSKlpFJjOiOix+u3l4l9eL9XhpZ8xkaQaBF0sClOOdYzz3/GQSaCaTw0hVDJzK6ZjIgnVJqGiCeHrU/w/aVds99yu3HrlxtUyjgI6RifoDLnoAjXQDWqiFqJogh7QE3q2EuvRerFeF60r1nLmCP2A9fYJGTuQFQ==</latexit>

⌫µ
<latexit sha1_base64="i4fk3RpaVUcw1QFBikkPvl1Dqj8=">AAAB8HicdVDLSsNAFJ3UV62vqks3g0VwFZKaVrsrunFZwT6kCWUynbRDZyZhZiKU0K9w40IRt36OO//GSVtBRQ9cOJxzL/feEyaMKu04H1ZhZXVtfaO4Wdra3tndK+8fdFScSkzaOGax7IVIEUYFaWuqGeklkiAeMtINJ1e5370nUtFY3OppQgKORoJGFCNtpDtfpIPM5+lsUK44dqPm1BpVaIhXr9ecnFRdr+5B13bmqIAlWoPyuz+MccqJ0Jghpfquk+ggQ1JTzMis5KeKJAhP0Ij0DRWIExVk84Nn8MQoQxjF0pTQcK5+n8gQV2rKQ9PJkR6r314u/uX1Ux1dBBkVSaqJwItFUcqgjmH+PRxSSbBmU0MQltTcCvEYSYS1yahkQvj6FP5POlXbPbOrN16lebmMowiOwDE4BS44B01wDVqgDTDg4AE8gWdLWo/Wi/W6aC1Yy5lD8APW2yeyQJEC</latexit>

⌫⌧
<latexit sha1_base64="qassVZWPl7ibhmpImkheVclZ+zw=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFZKaVrsrunFZwT6wCWUynbRDJ5MwD6GE/oUbF4q49W/c+TdO2goqeuDC4Zx7ufeeMGVUKsf5sAorq2vrG8XN0tb2zu5eef+gIxMtMGnjhCWiFyJJGOWkrahipJcKguKQkW44ucr97j0Rkib8Vk1TEsRoxGlEMVJGuvO5HmS+Qno2KFccu1Fzao0qNMSr12tOTqquV/egaztzVMASrUH53R8mWMeEK8yQlH3XSVWQIaEoZmRW8rUkKcITNCJ9QzmKiQyy+cUzeGKUIYwSYYorOFe/T2QolnIah6YzRmosf3u5+JfX1yq6CDLKU60Ix4tFkWZQJTB/Hw6pIFixqSEIC2puhXiMBMLKhFQyIXx9Cv8nnartntnVG6/SvFzGUQRH4BicAhecgya4Bi3QBhhw8ACewLMlrUfrxXpdtBas5cwh+AHr7RN4nJF0</latexit>

e
<latexit sha1_base64="7omfVpBJgGsIZhQtvZvgaQaId4M=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0hiWu2t6MVjC7YV2lA220m7dvPB7kYoob/AiwdFvPqTvPlv3LQVVPTBwOO9GWbm+QlnUlnWh1FYWV1b3yhulra2d3b3yvsHHRmngkKbxjwWtz6RwFkEbcUUh9tEAAl9Dl1/cpX73XsQksXRjZom4IVkFLGAUaK01IJBuWKZ9apVrTtYE7dWq1o5cWy35mLbtOaooCWag/J7fxjTNIRIUU6k7NlWoryMCMUoh1mpn0pICJ2QEfQ0jUgI0svmh87wiVaGOIiFrkjhufp9IiOhlNPQ150hUWP528vFv7xeqoILL2NRkiqI6GJRkHKsYpx/jYdMAFV8qgmhgulbMR0TQajS2ZR0CF+f4v9JxzHtM9NpuZXG5TKOIjpCx+gU2egcNdA1aqI2ogjQA3pCz8ad8Wi8GK+L1oKxnDlEP2C8fQJHiI1D</latexit>

µ
<latexit sha1_base64="Ao/l5SbhJ3ULdJVAnFpaD5U74Mc=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0VwFZKYVrsrunFZ0T6gDWUynbRDZyZhZiKU0E9w40IRt36RO//GSVtBRQ9cOJxzL/feEyaMKu04H1ZhZXVtfaO4Wdra3tndK+8ftFWcSkxaOGax7IZIEUYFaWmqGekmkiAeMtIJJ1e537knUtFY3OlpQgKORoJGFCNtpNs+TwflimPXq0617kFD/Fqt6uTEc/2aD13bmaMClmgOyu/9YYxTToTGDCnVc51EBxmSmmJGZqV+qkiC8ASNSM9QgThRQTY/dQZPjDKEUSxNCQ3n6veJDHGlpjw0nRzpsfrt5eJfXi/V0UWQUZGkmgi8WBSlDOoY5n/DIZUEazY1BGFJza0Qj5FEWJt0SiaEr0/h/6Tt2e6Z7d34lcblMo4iOALH4BS44Bw0wDVoghbAYAQewBN4tpj1aL1Yr4vWgrWcOQQ/YL19AttqjjA=</latexit>

⌧
<latexit sha1_base64="mGNJXLGDZbkvhJGAuc4mJTjUFVU=">AAAB63icdVBNS8NAEJ34WetX1aOXxSJ4CklNq70VvXisYD+gDWWz3bRLN5uwuxFK6F/w4kERr/4hb/4bN20FFX0w8Hhvhpl5QcKZ0o7zYa2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyXXud+6pVCwWd3qaUD/CI8FCRrDOpb7G6aBUdux61anWK8gQr1arOjmpuF7NQ67tzFGGJZqD0nt/GJM0okITjpXquU6i/QxLzQins2I/VTTBZIJHtGeowBFVfja/dYZOjTJEYSxNCY3m6veJDEdKTaPAdEZYj9VvLxf/8nqpDi/9jIkk1VSQxaIw5UjHKH8cDZmkRPOpIZhIZm5FZIwlJtrEUzQhfH2K/iftiu2e25Vbr9y4WsZRgGM4gTNw4QIacANNaAGBMTzAEzxbkfVovVivi9YVazlzBD9gvX0CnzmOog==</latexit>
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The Standard Model

u
<latexit sha1_base64="kNK62UcXNdOofT3k7+qEQyO5d4M=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hiWu2t6MVjC7YV2lA22027dvPB7kYoob/AiwdFvPqTvPlv3LQVVPTBwOO9GWbm+QlnUlnWh1FYWV1b3yhulra2d3b3yvsHHRmngtA2iXksbn0sKWcRbSumOL1NBMWhz2nXn1zlfveeCsni6EZNE+qFeBSxgBGstNRKB+WKZdarVrXuIE3cWq1q5cSx3ZqLbNOaowJLNAfl9/4wJmlII0U4lrJnW4nyMiwUI5zOSv1U0gSTCR7RnqYRDqn0svmhM3SilSEKYqErUmiufp/IcCjlNPR1Z4jVWP72cvEvr5eq4MLLWJSkikZksShIOVIxyr9GQyYoUXyqCSaC6VsRGWOBidLZlHQIX5+i/0nHMe0z02m5lcblMo4iHMExnIIN59CAa2hCGwhQeIAneDbujEfjxXhdtBaM5cwh/IDx9glfyI1T</latexit>

d
<latexit sha1_base64="MZbHrcPKJ2eDrTYayQLbzA0BFNk=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0hqWu2t6MVjC7YV2lA2m0m7dvPB7kYoob/AiwdFvPqTvPlv3LQVVPTBwOO9GWbmeQlnUlnWh1FYWV1b3yhulra2d3b3yvsHXRmngkKHxjwWtx6RwFkEHcUUh9tEAAk9Dj1vcpX7vXsQksXRjZom4IZkFLGAUaK01PaH5YplNmpWrVHFmjj1es3KSdV26g62TWuOClqiNSy/D/yYpiFEinIiZd+2EuVmRChGOcxKg1RCQuiEjKCvaURCkG42P3SGT7Ti4yAWuiKF5+r3iYyEUk5DT3eGRI3lby8X//L6qQou3IxFSaogootFQcqxinH+NfaZAKr4VBNCBdO3YjomglClsynpEL4+xf+TbtW0z8xq26k0L5dxFNEROkanyEbnqImuUQt1EEWAHtATejbujEfjxXhdtBaM5cwh+gHj7RNGBI1C</latexit>

c
<latexit sha1_base64="mZen2eUxtKS+F9zITMTrwn4L3PY=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0hiWu2t6MVjC7YV2lA220m7dvPB7kYoob/AiwdFvPqTvPlv3LQVVPTBwOO9GWbm+QlnUlnWh1FYWV1b3yhulra2d3b3yvsHHRmngkKbxjwWtz6RwFkEbcUUh9tEAAl9Dl1/cpX73XsQksXRjZom4IVkFLGAUaK01KKDcsUy61WrWnewJm6tVrVy4thuzcW2ac1RQUs0B+X3/jCmaQiRopxI2bOtRHkZEYpRDrNSP5WQEDohI+hpGpEQpJfND53hE60McRALXZHCc/X7REZCKaehrztDosbyt5eLf3m9VAUXXsaiJFUQ0cWiIOVYxTj/Gg+ZAKr4VBNCBdO3YjomglClsynpEL4+xf+TjmPaZ6bTciuNy2UcRXSEjtEpstE5aqBr1ERtRBGgB/SEno0749F4MV4XrQVjOXOIfsB4+wREgI1B</latexit>s

<latexit sha1_base64="O49fJWUjR2QRIY0w10Q0dVq3/Bg=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0hiWu2t6MVjC7YV2lA220m7dvPB7kYoob/AiwdFvPqTvPlv3LQVVPTBwOO9GWbm+QlnUlnWh1FYWV1b3yhulra2d3b3yvsHHRmngkKbxjwWtz6RwFkEbcUUh9tEAAl9Dl1/cpX73XsQksXRjZom4IVkFLGAUaK01JKDcsUy61WrWnewJm6tVrVy4thuzcW2ac1RQUs0B+X3/jCmaQiRopxI2bOtRHkZEYpRDrNSP5WQEDohI+hpGpEQpJfND53hE60McRALXZHCc/X7REZCKaehrztDosbyt5eLf3m9VAUXXsaiJFUQ0cWiIOVYxTj/Gg+ZAKr4VBNCBdO3YjomglClsynpEL4+xf+TjmPaZ6bTciuNy2UcRXSEjtEpstE5aqBr1ERtRBGgB/SEno0749F4MV4XrQVjOXOIfsB4+wRcwI1R</latexit> t
<latexit sha1_base64="sPZkQ6HcHtmRFHzJjONfJQThWs8=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0hiWu2t6MVjC7YV2lA220m7dvPB7kYoob/AiwdFvPqTvPlv3LQVVPTBwOO9GWbm+QlnUlnWh1FYWV1b3yhulra2d3b3yvsHHRmngkKbxjwWtz6RwFkEbcUUh9tEAAl9Dl1/cpX73XsQksXRjZom4IVkFLGAUaK01FKDcsUy61WrWnewJm6tVrVy4thuzcW2ac1RQUs0B+X3/jCmaQiRopxI2bOtRHkZEYpRDrNSP5WQEDohI+hpGpEQpJfND53hE60McRALXZHCc/X7REZCKaehrztDosbyt5eLf3m9VAUXXsaiJFUQ0cWiIOVYxTj/Gg+ZAKr4VBNCBdO3YjomglClsynpEL4+xf+TjmPaZ6bTciuNy2UcRXSEjtEpstE5aqBr1ERtRBGgB/SEno0749F4MV4XrQVjOXOIfsB4+wReRI1S</latexit>

b
<latexit sha1_base64="yS7S4badcoZ2//5LJz3Jj1XQhCU=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0hiWu2t6MVjC7YV2lA220m7dvPB7kYoob/AiwdFvPqTvPlv3LQVVPTBwOO9GWbm+QlnUlnWh1FYWV1b3yhulra2d3b3yvsHHRmngkKbxjwWtz6RwFkEbcUUh9tEAAl9Dl1/cpX73XsQksXRjZom4IVkFLGAUaK01PIH5Ypl1qtWte5gTdxarWrlxLHdmott05qjgpZoDsrv/WFM0xAiRTmRsmdbifIyIhSjHGalfiohIXRCRtDTNCIhSC+bHzrDJ1oZ4iAWuiKF5+r3iYyEUk5DX3eGRI3lby8X//J6qQouvIxFSaogootFQcqxinH+NR4yAVTxqSaECqZvxXRMBKFKZ1PSIXx9iv8nHce0z0yn5VYal8s4iugIHaNTZKNz1EDXqInaiCJAD+gJPRt3xqPxYrwuWgvGcuYQ/YDx9glC/I1A</latexit>

W±
<latexit sha1_base64="nE+YsM3XisUCp51jcYoFglQN+5A=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0hiWu2t6MVjBdMW2lg22027dHcTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0oZVdpxPqzCyura+kZxs7S1vbO7V94/aKkkk5gEOGGJ7ERIEUYFCTTVjHRSSRCPGGlH46vcb98TqWgibvUkJSFHQ0FjipE2UtC+66W8X644dr3qVOseNMSv1apOTjzXr/nQtZ05KmCJZr/83hskOONEaMyQUl3XSXU4RVJTzMis1MsUSREeoyHpGioQJyqczo+dwROjDGCcSFNCw7n6fWKKuFITHplOjvRI/fZy8S+vm+n4IpxSkWaaCLxYFGcM6gTmn8MBlQRrNjEEYUnNrRCPkERYm3xKJoSvT+H/pOXZ7pnt3fiVxuUyjiI4AsfgFLjgHDTANWiCAGBAwQN4As+WsB6tF+t10VqwljOH4Aest08yk470</latexit>

Z0
<latexit sha1_base64="gMgwik9wVT09BrZfRhmfQ1oQK9s=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjJ1Wu2u6MZlRfvAdiyZNNOGZjJDkhHK0E9w40IRt36RO//GTFtBRQ9cOJxzL/fe48ecKY3Qh5VbWl5ZXcuvFzY2t7Z3irt7LRUlktAmiXgkOz5WlDNBm5ppTjuxpDj0OW3744vMb99TqVgkbvQkpl6Ih4IFjGBtpOvbO9QvlpBdq6BKrQwNcavVCspI2XGrLnRsNEMJLNDoF997g4gkIRWacKxU10Gx9lIsNSOcTgu9RNEYkzEe0q6hAodUeens1Ck8MsoABpE0JTScqd8nUhwqNQl90xliPVK/vUz8y+smOjjzUibiRFNB5ouChEMdwexvOGCSEs0nhmAimbkVkhGWmGiTTsGE8PUp/J+0yrZzYpev3FL9fBFHHhyAQ3AMHHAK6uASNEATEDAED+AJPFvcerRerNd5a85azOyDH7DePgFY/43a</latexit>

h
<latexit sha1_base64="xyiLDHsWo5VJ5O5FjePKPkGSrn8=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0hiWu2t6MVjC7YV2lA220m7dvPB7kYoob/AiwdFvPqTvPlv3LQVVPTBwOO9GWbm+QlnUlnWh1FYWV1b3yhulra2d3b3yvsHHRmngkKbxjwWtz6RwFkEbcUUh9tEAAl9Dl1/cpX73XsQksXRjZom4IVkFLGAUaK01BoPyhXLrFetat3Bmri1WtXKiWO7NRfbpjVHBS3RHJTf+8OYpiFEinIiZc+2EuVlRChGOcxK/VRCQuiEjKCnaURCkF42P3SGT7QyxEEsdEUKz9XvExkJpZyGvu4MiRrL314u/uX1UhVceBmLklRBRBeLgpRjFeP8azxkAqjiU00IFUzfiumYCEKVzqakQ/j6FP9POo5pn5lOy600LpdxFNEROkanyEbnqIGuURO1EUWAHtATejbujEfjxXhdtBaM5cwh+gHj7RNMFI1G</latexit>

g
<latexit sha1_base64="Yy1Vhk2bPHCTr0Lw6bWxooOaYrk=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0hiWu2t6MVjC7YV2lA220m7dvPB7kYoob/AiwdFvPqTvPlv3LQVVPTBwOO9GWbm+QlnUlnWh1FYWV1b3yhulra2d3b3yvsHHRmngkKbxjwWtz6RwFkEbcUUh9tEAAl9Dl1/cpX73XsQksXRjZom4IVkFLGAUaK01BoNyhXLrFetat3Bmri1WtXKiWO7NRfbpjVHBS3RHJTf+8OYpiFEinIiZc+2EuVlRChGOcxK/VRCQuiEjKCnaURCkF42P3SGT7QyxEEsdEUKz9XvExkJpZyGvu4MiRrL314u/uX1UhVceBmLklRBRBeLgpRjFeP8azxkAqjiU00IFUzfiumYCEKVzqakQ/j6FP9POo5pn5lOy600LpdxFNEROkanyEbnqIGuURO1EUWAHtATejbujEfjxXhdtBaM5cwh+gHj7RNKkI1F</latexit>

⌫e
<latexit sha1_base64="MBkH5BPXUPWLBMxYp8vRufHfgzs=">AAAB7nicdVBNS8NAEN34WetX1aOXxSJ4CklNq70VvXisYD+gDWWznbRLN5uwuxFK6I/w4kERr/4eb/4bN20FFX0w8Hhvhpl5QcKZ0o7zYa2srq1vbBa2its7u3v7pYPDtopTSaFFYx7LbkAUcCagpZnm0E0kkCjg0Akm17nfuQepWCzu9DQBPyIjwUJGiTZSpy/SQQazQans2PWqU61XsCFerVZ1clJxvZqHXduZo4yWaA5K7/1hTNMIhKacKNVznUT7GZGaUQ6zYj9VkBA6ISPoGSpIBMrP5ufO8KlRhjiMpSmh8Vz9PpGRSKlpFJjOiOix+u3l4l9eL9XhpZ8xkaQaBF0sClOOdYzz3/GQSaCaTw0hVDJzK6ZjIgnVJqGiCeHrU/w/aVds99yu3HrlxtUyjgI6RifoDLnoAjXQDWqiFqJogh7QE3q2EuvRerFeF60r1nLmCP2A9fYJGTuQFQ==</latexit>

⌫µ
<latexit sha1_base64="i4fk3RpaVUcw1QFBikkPvl1Dqj8=">AAAB8HicdVDLSsNAFJ3UV62vqks3g0VwFZKaVrsrunFZwT6kCWUynbRDZyZhZiKU0K9w40IRt36OO//GSVtBRQ9cOJxzL/feEyaMKu04H1ZhZXVtfaO4Wdra3tndK+8fdFScSkzaOGax7IVIEUYFaWuqGeklkiAeMtINJ1e5370nUtFY3OppQgKORoJGFCNtpDtfpIPM5+lsUK44dqPm1BpVaIhXr9ecnFRdr+5B13bmqIAlWoPyuz+MccqJ0Jghpfquk+ggQ1JTzMis5KeKJAhP0Ij0DRWIExVk84Nn8MQoQxjF0pTQcK5+n8gQV2rKQ9PJkR6r314u/uX1Ux1dBBkVSaqJwItFUcqgjmH+PRxSSbBmU0MQltTcCvEYSYS1yahkQvj6FP5POlXbPbOrN16lebmMowiOwDE4BS44B01wDVqgDTDg4AE8gWdLWo/Wi/W6aC1Yy5lD8APW2yeyQJEC</latexit>

⌫⌧
<latexit sha1_base64="qassVZWPl7ibhmpImkheVclZ+zw=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFZKaVrsrunFZwT6wCWUynbRDJ5MwD6GE/oUbF4q49W/c+TdO2goqeuDC4Zx7ufeeMGVUKsf5sAorq2vrG8XN0tb2zu5eef+gIxMtMGnjhCWiFyJJGOWkrahipJcKguKQkW44ucr97j0Rkib8Vk1TEsRoxGlEMVJGuvO5HmS+Qno2KFccu1Fzao0qNMSr12tOTqquV/egaztzVMASrUH53R8mWMeEK8yQlH3XSVWQIaEoZmRW8rUkKcITNCJ9QzmKiQyy+cUzeGKUIYwSYYorOFe/T2QolnIah6YzRmosf3u5+JfX1yq6CDLKU60Ix4tFkWZQJTB/Hw6pIFixqSEIC2puhXiMBMLKhFQyIXx9Cv8nnartntnVG6/SvFzGUQRH4BicAhecgya4Bi3QBhhw8ACewLMlrUfrxXpdtBas5cwh+AHr7RN4nJF0</latexit>

e
<latexit sha1_base64="7omfVpBJgGsIZhQtvZvgaQaId4M=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0hiWu2t6MVjC7YV2lA220m7dvPB7kYoob/AiwdFvPqTvPlv3LQVVPTBwOO9GWbm+QlnUlnWh1FYWV1b3yhulra2d3b3yvsHHRmngkKbxjwWtz6RwFkEbcUUh9tEAAl9Dl1/cpX73XsQksXRjZom4IVkFLGAUaK01IJBuWKZ9apVrTtYE7dWq1o5cWy35mLbtOaooCWag/J7fxjTNIRIUU6k7NlWoryMCMUoh1mpn0pICJ2QEfQ0jUgI0svmh87wiVaGOIiFrkjhufp9IiOhlNPQ150hUWP528vFv7xeqoILL2NRkiqI6GJRkHKsYpx/jYdMAFV8qgmhgulbMR0TQajS2ZR0CF+f4v9JxzHtM9NpuZXG5TKOIjpCx+gU2egcNdA1aqI2ogjQA3pCz8ad8Wi8GK+L1oKxnDlEP2C8fQJHiI1D</latexit>

µ
<latexit sha1_base64="Ao/l5SbhJ3ULdJVAnFpaD5U74Mc=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0VwFZKYVrsrunFZ0T6gDWUynbRDZyZhZiKU0E9w40IRt36RO//GSVtBRQ9cOJxzL/feEyaMKu04H1ZhZXVtfaO4Wdra3tndK+8ftFWcSkxaOGax7IZIEUYFaWmqGekmkiAeMtIJJ1e537knUtFY3OlpQgKORoJGFCNtpNs+TwflimPXq0617kFD/Fqt6uTEc/2aD13bmaMClmgOyu/9YYxTToTGDCnVc51EBxmSmmJGZqV+qkiC8ASNSM9QgThRQTY/dQZPjDKEUSxNCQ3n6veJDHGlpjw0nRzpsfrt5eJfXi/V0UWQUZGkmgi8WBSlDOoY5n/DIZUEazY1BGFJza0Qj5FEWJt0SiaEr0/h/6Tt2e6Z7d34lcblMo4iOALH4BS44Bw0wDVoghbAYAQewBN4tpj1aL1Yr4vWgrWcOQQ/YL19AttqjjA=</latexit>

⌧
<latexit sha1_base64="mGNJXLGDZbkvhJGAuc4mJTjUFVU=">AAAB63icdVBNS8NAEJ34WetX1aOXxSJ4CklNq70VvXisYD+gDWWz3bRLN5uwuxFK6F/w4kERr/4hb/4bN20FFX0w8Hhvhpl5QcKZ0o7zYa2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyXXud+6pVCwWd3qaUD/CI8FCRrDOpb7G6aBUdux61anWK8gQr1arOjmpuF7NQ67tzFGGJZqD0nt/GJM0okITjpXquU6i/QxLzQins2I/VTTBZIJHtGeowBFVfja/dYZOjTJEYSxNCY3m6veJDEdKTaPAdEZYj9VvLxf/8nqpDi/9jIkk1VSQxaIw5UjHKH8cDZmkRPOpIZhIZm5FZIwlJtrEUzQhfH2K/iftiu2e25Vbr9y4WsZRgGM4gTNw4QIacANNaAGBMTzAEzxbkfVovVivi9YVazlzBD9gvX0CnzmOog==</latexit>

One or more forces 
communicating between the 
two sectors

�1
<latexit sha1_base64="dIGwCnFSXtyEaqKDmgwBAx9oLaU=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFZKYVrsrunFZwT6gDWUynbRjJzNhZiKU0H9w40IRt/6PO//GSVtBRQ9cOJxzL/feEyaMKu04H1ZhZXVtfaO4Wdra3tndK+8ftJVIJSYtLJiQ3RApwignLU01I91EEhSHjHTCyVXud+6JVFTwWz1NSBCjEacRxUgbqd3HYzpwB+WKY9erTrXuQUP8Wq3q5MRz/ZoPXduZowKWaA7K7/2hwGlMuMYMKdVznUQHGZKaYkZmpX6qSILwBI1Iz1COYqKCbH7tDJ4YZQgjIU1xDefq94kMxUpN49B0xkiP1W8vF//yeqmOLoKM8iTVhOPFoihlUAuYvw6HVBKs2dQQhCU1t0I8RhJhbQIqmRC+PoX/k7Znu2e2d+NXGpfLOIrgCByDU+CCc9AA16AJWgCDO/AAnsCzJaxH68V6XbQWrOXMIfgB6+0TpWqPMA==</latexit>

�2
<latexit sha1_base64="ObZWYippp4dup4nLBUePE3Tg4vM=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFZKYVrsrunFZwT6gDWUynbRjJzNhZiKU0H9w40IRt/6PO//GSVtBRQ9cOJxzL/feEyaMKu04H1ZhZXVtfaO4Wdra3tndK+8ftJVIJSYtLJiQ3RApwignLU01I91EEhSHjHTCyVXud+6JVFTwWz1NSBCjEacRxUgbqd3HYzrwBuWKY9erTrXuQUP8Wq3q5MRz/ZoPXduZowKWaA7K7/2hwGlMuMYMKdVznUQHGZKaYkZmpX6qSILwBI1Iz1COYqKCbH7tDJ4YZQgjIU1xDefq94kMxUpN49B0xkiP1W8vF//yeqmOLoKM8iTVhOPFoihlUAuYvw6HVBKs2dQQhCU1t0I8RhJhbQIqmRC+PoX/k7Znu2e2d+NXGpfLOIrgCByDU+CCc9AA16AJWgCDO/AAnsCzJaxH68V6XbQWrOXMIfgB6+0Tpu6PMQ==</latexit>

N
<latexit sha1_base64="czjZfcStXX/2GNJ9oJqVzTR2jaA=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgadmNm2huQS+eJAHzgGQJs5PZZMzsg5lZISz5Ai8eFPHqJ3nzb5xNIqhoQUNR1U13lxdzJpVlfRi5ldW19Y38ZmFre2d3r7h/0JZRIghtkYhHouthSTkLaUsxxWk3FhQHHqcdb3KV+Z17KiSLwls1jakb4FHIfEaw0lLzZlAsWWatYlVqZaSJU61WrIyUbafqINu05ijBEo1B8b0/jEgS0FARjqXs2Vas3BQLxQins0I/kTTGZIJHtKdpiAMq3XR+6AydaGWI/EjoChWaq98nUhxIOQ083RlgNZa/vUz8y+slyr9wUxbGiaIhWSzyE45UhLKv0ZAJShSfaoKJYPpWRMZYYKJ0NgUdwten6H/SLpv2mVluOqX65TKOPBzBMZyCDedQh2toQAsIUHiAJ3g27oxH48V4XbTmjOXMIfyA8fYJJKyNLA==</latexit>

�
<latexit sha1_base64="alue6DBskz1i79MiakXwl6lQZLU=">AAAB63icdVDLSsNAFJ34rPVVdelmsAiuQhLTandFNy4r2Ae0oUymk2bozCTMTIQS+gtuXCji1h9y5984aSuo6IELh3Pu5d57wpRRpR3nw1pZXVvf2Cxtlbd3dvf2KweHHZVkEpM2TlgieyFShFFB2ppqRnqpJIiHjHTDyXXhd++JVDQRd3qakoCjsaARxUgX0iCN6bBSdexGzak1PGiIX6/XnIJ4rl/3oWs7c1TBEq1h5X0wSnDGidCYIaX6rpPqIEdSU8zIrDzIFEkRnqAx6RsqECcqyOe3zuCpUUYwSqQpoeFc/T6RI67UlIemkyMdq99eIf7l9TMdXQY5FWmmicCLRVHGoE5g8TgcUUmwZlNDEJbU3ApxjCTC2sRTNiF8fQr/Jx3Pds9t79avNq+WcZTAMTgBZ8AFF6AJbkALtAEGMXgAT+DZ4taj9WK9LlpXrOXMEfgB6+0TkZSOmQ==</latexit>

A0
<latexit sha1_base64="ZY/h22Mxtxub9NtLMmZkAw6Hsl8=">AAAB73icdVDLSgMxFM34rPVVdekmWARXwzzaandVNy4r2Ae0Y8mkmTY0yYxJRihDf8KNC0Xc+jvu/BvTh6CiBy4czrmXe+8JE0aVdpwPa2l5ZXVtPbeR39za3tkt7O03VZxKTBo4ZrFsh0gRRgVpaKoZaSeSIB4y0gpHl1O/dU+korG40eOEBBwNBI0oRtpI7fPbbiIpJ71C0bGrZdevVqEhpUql4k+JV/L8MnRtZ4YiWKDeK7x3+zFOOREaM6RUx3USHWRIaooZmeS7qSIJwiM0IB1DBeJEBdns3gk8NkofRrE0JTScqd8nMsSVGvPQdHKkh+q3NxX/8jqpjs6CjIok1UTg+aIoZVDHcPo87FNJsGZjQxCW1NwK8RBJhLWJKG9C+PoU/k+anu36tnddKtYuFnHkwCE4AifABaegBq5AHTQABgw8gCfwbN1Zj9aL9TpvXbIWMwfgB6y3T3jSkEU=</latexit>



Neutrino Near Detectors as Beam-Dump Facilities

14

1) Charged and Neutral 
Mesons are produced in 
the high-energy/high-
intensity proton collisions.

2) Mesons undergo rare decays into dark 
sector mediators that are long-lived. 
Some fraction of them travel in the 
forward direction.

3) Dark Sector particles 
decay inside the neutrino 
detector, leaving a striking 
signature.



Critical for Decay Searches: NDGAr

15

✤ The Gaseous Argon Near Detector, 
proposed as a future upgrade, is 
crucial for searching for these new-
physics decays.


✤ Backgrounds are reduced 
significantly in lower-density 
environments.


✤ Low energy thresholds, better 
particle identification, and magnetic 
fields all help with signal 
characterization.

Signal / Volume
<latexit sha1_base64="jjmgU8UzuAzKYJ51cykvcp7Wi48=">AAACDnicdVDLSgMxFM3UV62vqks3wVJwNcy01dZd0Y3LivYBnVIyadqGZpIhyQhlmC9w46+4caGIW9fu/BszfYCKHggczrmH3Hv8kFGlHefTyqysrq1vZDdzW9s7u3v5/YOWEpHEpIkFE7LjI0UY5aSpqWakE0qCAp+Rtj+5TP32HZGKCn6rpyHpBWjE6ZBipI3Uzxe9AOmxDOIbOuKIJV4oRajFUm0JFgUk6ecLju1WzkrnFejYJfe06qSk7FZrlTJ0bWeGAlig0c9/eAOBTZRrzJBSXdcJdS9GUlPMSJLzIkVChCdoRLqGchQQ1Ytn5ySwaJQBHAppHtdwpn5PxChQahr4ZjJdU/32UvEvrxvpYa0XUx5GmnA8/2gYMagFTLuBAyoJ1mxqCMKSml0hHiOJsDYN5kwJy0vh/6RVst2yXbquFOoXizqy4AgcgxPggiqogyvQAE2AwT14BM/gxXqwnqxX620+mrEWmUPwA9b7F/Tynfg=</latexit>

Background / Mass
<latexit sha1_base64="4QG850QKwM8QBkVJtWQlNyNSZ70="></latexit>



Example 1: Heavy Neutral Leptons
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Shaded, gray regions: collection 
of existing constraints on this 
model scenario from a variety of 
laboratory-based 
measurements.

Colored regions: points in 
parameter space where DUNE 
could discover this type of 
particle with ten years of data. 
Different colors correspond to 
different signals in the detector.

Berryman, KJK, et al, [1912.07622], JHEP02 (2020) 174

More on HNLs at DUNE? Ballett et al [1905.00284],  Coloma et al [2007.03701], Breitbach et al [2102.03383]

https://arxiv.org/abs/1912.07622
https://arxiv.org/abs/1905.00284
https://arxiv.org/abs/2007.03701
https://arxiv.org/abs/2102.03383


Example 2: Axions & Axion-Like-Particles

17

KJK, Kumar, and Liu [2011.05995]: “Heavy Axion”

Brdar et al [2011.07054]: “Axion-Like Particle”

Production via mixing with SM mesons or 
gluon/gluon fusion.


Decay into pairs of (high energy) photons/
hadrons.

Production via decays of SM mesons or 
Primakoff scattering.


Decay into pairs of photons or Primakoff 
scattering off targets in detector.

https://arxiv.org/abs/2011.05995
https://arxiv.org/abs/2011.07054


Heavy Axion Signature & Sensitivity

18

Kelly, Kumar, Liu [2011.05995]

https://arxiv.org/abs/2011.05995


ALP Spectra & Sensitivity

19

Brdar, Dutta, Jang, Kim, Shoemaker, Tabrizi, Thompson, Yu [2011.07054]

https://arxiv.org/abs/2011.07054


Summary

20

Intense work ongoing by phenomenologists & experimentalists to 
identify all possibilities with DUNE and other upcoming neutrino 
experiments.


Over the last few years, dark matter and dark sector searches 
have become a particularly hot topic.


With precision measurements of things like electron recoils, DUNE 
NDLAr can search for dark matter produced via pion decays in the 
neutrino beam.


With the potential NDGAr detector, DUNE can search for many 
classes of dark sector mediators.

Thanks!



Backup

21



Other HNL Sensitivities @ DUNE

22Berryman, de Gouvêa, Fox, Kayser, KJK, Raaf [1912.07622]

https://arxiv.org/abs/1912.07622


Dark Higgs Bosons at DUNE

23

Berryman, KJK, et al, [1912.07622]

https://arxiv.org/abs/1912.07622

