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DM properties Material properties
General framework that works for any target and material 
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Scattering response functions

[Trickle, Zhang, Zurek, Inzani, Griffin, JHEP 2020; YK and Lin, Rep. Prog. Phys. 2022]
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DM scattering 
lives here
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Sub-GeV DM kinematics
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Goal: maximize the response function inside the DM parabola



Daily modulation
rotation
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<latexit sha1_base64="hqjQp0Pb/9qLbkjw/xV0Yy+guLk=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bJJTzmfrbo0UhfwELVR0iJafoeBfsI0LSJhqNLOrnZ0gVtKS6346K6tr6xubpa3y9s7u3n7l4LBlo8QIbIpIRaYTgEUlNTZJksJObBDCQGE7mNxkfvsBjZWRvqdpjH4IIy2HUgClUqdHYyToY79SdWtuDr5MvIJUWYFGv/LVG0QiCVGTUGBt13Nj8mdgSAqF83IvsRiDmMAIuynVEKL1Z3neOT9NLFDEYzRcKp6L+HtjBqG10zBIJ0OgsV30MvE/r5vQ8NqfSR0nhFpkh0gqzA9ZYWRaBPKBNEgEWXLkUnMBBojQSA5CpGKSNlNO+/AWv18mrfOa59a8u4tq/bJopsSO2Qk7Yx67YnV2yxqsyQRT7Ik9sxfn0Xl13pz3n9EVp9g5Yn/gfHwD12KUeQ==</latexit><latexit sha1_base64="hqjQp0Pb/9qLbkjw/xV0Yy+guLk=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bJJTzmfrbo0UhfwELVR0iJafoeBfsI0LSJhqNLOrnZ0gVtKS6346K6tr6xubpa3y9s7u3n7l4LBlo8QIbIpIRaYTgEUlNTZJksJObBDCQGE7mNxkfvsBjZWRvqdpjH4IIy2HUgClUqdHYyToY79SdWtuDr5MvIJUWYFGv/LVG0QiCVGTUGBt13Nj8mdgSAqF83IvsRiDmMAIuynVEKL1Z3neOT9NLFDEYzRcKp6L+HtjBqG10zBIJ0OgsV30MvE/r5vQ8NqfSR0nhFpkh0gqzA9ZYWRaBPKBNEgEWXLkUnMBBojQSA5CpGKSNlNO+/AWv18mrfOa59a8u4tq/bJopsSO2Qk7Yx67YnV2yxqsyQRT7Ik9sxfn0Xl13pz3n9EVp9g5Yn/gfHwD12KUeQ==</latexit><latexit sha1_base64="hqjQp0Pb/9qLbkjw/xV0Yy+guLk=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bJJTzmfrbo0UhfwELVR0iJafoeBfsI0LSJhqNLOrnZ0gVtKS6346K6tr6xubpa3y9s7u3n7l4LBlo8QIbIpIRaYTgEUlNTZJksJObBDCQGE7mNxkfvsBjZWRvqdpjH4IIy2HUgClUqdHYyToY79SdWtuDr5MvIJUWYFGv/LVG0QiCVGTUGBt13Nj8mdgSAqF83IvsRiDmMAIuynVEKL1Z3neOT9NLFDEYzRcKp6L+HtjBqG10zBIJ0OgsV30MvE/r5vQ8NqfSR0nhFpkh0gqzA9ZYWRaBPKBNEgEWXLkUnMBBojQSA5CpGKSNlNO+/AWv18mrfOa59a8u4tq/bJopsSO2Qk7Yx67YnV2yxqsyQRT7Ik9sxfn0Xl13pz3n9EVp9g5Yn/gfHwD12KUeQ==</latexit><latexit sha1_base64="hqjQp0Pb/9qLbkjw/xV0Yy+guLk=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bJJTzmfrbo0UhfwELVR0iJafoeBfsI0LSJhqNLOrnZ0gVtKS6346K6tr6xubpa3y9s7u3n7l4LBlo8QIbIpIRaYTgEUlNTZJksJObBDCQGE7mNxkfvsBjZWRvqdpjH4IIy2HUgClUqdHYyToY79SdWtuDr5MvIJUWYFGv/LVG0QiCVGTUGBt13Nj8mdgSAqF83IvsRiDmMAIuynVEKL1Z3neOT9NLFDEYzRcKp6L+HtjBqG10zBIJ0OgsV30MvE/r5vQ8NqfSR0nhFpkh0gqzA9ZYWRaBPKBNEgEWXLkUnMBBojQSA5CpGKSNlNO+/AWv18mrfOa59a8u4tq/bJopsSO2Qk7Yx67YnV2yxqsyQRT7Ik9sxfn0Xl13pz3n9EVp9g5Yn/gfHwD12KUeQ==</latexit>

crystal
<latexit sha1_base64="eiFKczBVQ1mozkboE+Ln4a+jc6I=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bMIpd7a5WyNFVgq+ghYqOkTLp1DwLzjGBSRMNZrZ1c5OECtpyXU/naXlldW19dJGeXNre2e3srffslFiBDZFpCLTCcCikiE2SZLCTmwQdKCwHYyvZn77AY2VUXhLkxh9DaNQDqUAyiQ/7RnNhZlYAjXtV6puzc3BF4lXkCor0OhXvnqDSCQaQxIKrO16bkx+CoakUDgt9xKLMYgxjLCb0RA0Wj/NQ0/5cWKBIh6j4VLxXMTfGyloayc6yCY10J2d92bif143oeGln8owTghDMTtEUmF+yAojszaQD6RBIpglRy5DLsAAERrJQYhMTLJ6ylkf3vz3i6R1WvPcmndzVq2fF82U2CE7YifMYxeszq5ZgzWZYPfsiT2zF+fReXXenPef0SWn2Dlgf+B8fAPytJbK</latexit><latexit sha1_base64="eiFKczBVQ1mozkboE+Ln4a+jc6I=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bMIpd7a5WyNFVgq+ghYqOkTLp1DwLzjGBSRMNZrZ1c5OECtpyXU/naXlldW19dJGeXNre2e3srffslFiBDZFpCLTCcCikiE2SZLCTmwQdKCwHYyvZn77AY2VUXhLkxh9DaNQDqUAyiQ/7RnNhZlYAjXtV6puzc3BF4lXkCor0OhXvnqDSCQaQxIKrO16bkx+CoakUDgt9xKLMYgxjLCb0RA0Wj/NQ0/5cWKBIh6j4VLxXMTfGyloayc6yCY10J2d92bif143oeGln8owTghDMTtEUmF+yAojszaQD6RBIpglRy5DLsAAERrJQYhMTLJ6ylkf3vz3i6R1WvPcmndzVq2fF82U2CE7YifMYxeszq5ZgzWZYPfsiT2zF+fReXXenPef0SWn2Dlgf+B8fAPytJbK</latexit><latexit sha1_base64="eiFKczBVQ1mozkboE+Ln4a+jc6I=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bMIpd7a5WyNFVgq+ghYqOkTLp1DwLzjGBSRMNZrZ1c5OECtpyXU/naXlldW19dJGeXNre2e3srffslFiBDZFpCLTCcCikiE2SZLCTmwQdKCwHYyvZn77AY2VUXhLkxh9DaNQDqUAyiQ/7RnNhZlYAjXtV6puzc3BF4lXkCor0OhXvnqDSCQaQxIKrO16bkx+CoakUDgt9xKLMYgxjLCb0RA0Wj/NQ0/5cWKBIh6j4VLxXMTfGyloayc6yCY10J2d92bif143oeGln8owTghDMTtEUmF+yAojszaQD6RBIpglRy5DLsAAERrJQYhMTLJ6ylkf3vz3i6R1WvPcmndzVq2fF82U2CE7YifMYxeszq5ZgzWZYPfsiT2zF+fReXXenPef0SWn2Dlgf+B8fAPytJbK</latexit><latexit sha1_base64="eiFKczBVQ1mozkboE+Ln4a+jc6I=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bMIpd7a5WyNFVgq+ghYqOkTLp1DwLzjGBSRMNZrZ1c5OECtpyXU/naXlldW19dJGeXNre2e3srffslFiBDZFpCLTCcCikiE2SZLCTmwQdKCwHYyvZn77AY2VUXhLkxh9DaNQDqUAyiQ/7RnNhZlYAjXtV6puzc3BF4lXkCor0OhXvnqDSCQaQxIKrO16bkx+CoakUDgt9xKLMYgxjLCb0RA0Wj/NQ0/5cWKBIh6j4VLxXMTfGyloayc6yCY10J2d92bif143oeGln8owTghDMTtEUmF+yAojszaQD6RBIpglRy5DLsAAERrJQYhMTLJ6ylkf3vz3i6R1WvPcmndzVq2fF82U2CE7YifMYxeszq5ZgzWZYPfsiT2zF+fReXXenPef0SWn2Dlgf+B8fAPytJbK</latexit>

z�axis
<latexit sha1_base64="L+nTHHTBtwA+ivUuw2loxBZ5zo4=">AAAB/nicbVC7TsNAEDzzDOEVoKQ5ESHRENkIAWUkGsogkYcUW9H6sgmnnB+6WyOCFYmvoIWKDtHyKxT8C3ZwAQlTjWZ2tbPjx0oasu1Pa2FxaXlltbRWXt/Y3Nqu7Oy2TJRogU0RqUh3fDCoZIhNkqSwE2uEwFfY9keXud++Q21kFN7QOEYvgGEoB1IAZZL7kLo64MdwL82kV6naNXsKPk+cglRZgUav8uX2I5EEGJJQYEzXsWPyUtAkhcJJ2U0MxiBGMMRuRkMI0HjpNPOEHyYGKOIxai4Vn4r4eyOFwJhx4GeTAdCtmfVy8T+vm9DgwktlGCeEocgPkVQ4PWSEllkZyPtSIxHkyZHLkAvQQIRachAiE5OsnXLWhzP7/TxpndQcu+Zcn1brZ0UzJbbPDtgRc9g5q7Mr1mBNJljMntgze7EerVfrzXr/GV2wip099gfWxzfFdpYa</latexit><latexit sha1_base64="L+nTHHTBtwA+ivUuw2loxBZ5zo4=">AAAB/nicbVC7TsNAEDzzDOEVoKQ5ESHRENkIAWUkGsogkYcUW9H6sgmnnB+6WyOCFYmvoIWKDtHyKxT8C3ZwAQlTjWZ2tbPjx0oasu1Pa2FxaXlltbRWXt/Y3Nqu7Oy2TJRogU0RqUh3fDCoZIhNkqSwE2uEwFfY9keXud++Q21kFN7QOEYvgGEoB1IAZZL7kLo64MdwL82kV6naNXsKPk+cglRZgUav8uX2I5EEGJJQYEzXsWPyUtAkhcJJ2U0MxiBGMMRuRkMI0HjpNPOEHyYGKOIxai4Vn4r4eyOFwJhx4GeTAdCtmfVy8T+vm9DgwktlGCeEocgPkVQ4PWSEllkZyPtSIxHkyZHLkAvQQIRachAiE5OsnXLWhzP7/TxpndQcu+Zcn1brZ0UzJbbPDtgRc9g5q7Mr1mBNJljMntgze7EerVfrzXr/GV2wip099gfWxzfFdpYa</latexit><latexit sha1_base64="L+nTHHTBtwA+ivUuw2loxBZ5zo4=">AAAB/nicbVC7TsNAEDzzDOEVoKQ5ESHRENkIAWUkGsogkYcUW9H6sgmnnB+6WyOCFYmvoIWKDtHyKxT8C3ZwAQlTjWZ2tbPjx0oasu1Pa2FxaXlltbRWXt/Y3Nqu7Oy2TJRogU0RqUh3fDCoZIhNkqSwE2uEwFfY9keXud++Q21kFN7QOEYvgGEoB1IAZZL7kLo64MdwL82kV6naNXsKPk+cglRZgUav8uX2I5EEGJJQYEzXsWPyUtAkhcJJ2U0MxiBGMMRuRkMI0HjpNPOEHyYGKOIxai4Vn4r4eyOFwJhx4GeTAdCtmfVy8T+vm9DgwktlGCeEocgPkVQ4PWSEllkZyPtSIxHkyZHLkAvQQIRachAiE5OsnXLWhzP7/TxpndQcu+Zcn1brZ0UzJbbPDtgRc9g5q7Mr1mBNJljMntgze7EerVfrzXr/GV2wip099gfWxzfFdpYa</latexit><latexit sha1_base64="L+nTHHTBtwA+ivUuw2loxBZ5zo4=">AAAB/nicbVC7TsNAEDzzDOEVoKQ5ESHRENkIAWUkGsogkYcUW9H6sgmnnB+6WyOCFYmvoIWKDtHyKxT8C3ZwAQlTjWZ2tbPjx0oasu1Pa2FxaXlltbRWXt/Y3Nqu7Oy2TJRogU0RqUh3fDCoZIhNkqSwE2uEwFfY9keXud++Q21kFN7QOEYvgGEoB1IAZZL7kLo64MdwL82kV6naNXsKPk+cglRZgUav8uX2I5EEGJJQYEzXsWPyUtAkhcJJ2U0MxiBGMMRuRkMI0HjpNPOEHyYGKOIxai4Vn4r4eyOFwJhx4GeTAdCtmfVy8T+vm9DgwktlGCeEocgPkVQ4PWSEllkZyPtSIxHkyZHLkAvQQIRachAiE5OsnXLWhzP7/TxpndQcu+Zcn1brZ0UzJbbPDtgRc9g5q7Mr1mBNJljMntgze7EerVfrzXr/GV2wip099gfWxzfFdpYa</latexit>

t = 0
<latexit sha1_base64="FykfVh8EGafe2dktb3LF+5DfqWQ=">AAAB93icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1EYI2FhG8JJAcoS9zSQu2ftgd04IR36DrVZ2YuvPsfC/eHdeoYmverw3w7x5fqykIdv+tCorq2vrG9XN2tb2zu5eff+gY6JEC3RFpCLd87lBJUN0SZLCXqyRB77Crj+9yf3uI2ojo/CeZjF6AZ+EciwFp0xyiV0ze1hv2E27AFsmTkkaUKI9rH8NRpFIAgxJKG5M37Fj8lKuSQqF89ogMRhzMeUT7Gc05AEaLy3CztlJYjhFLEbNpGKFiL83Uh4YMwv8bDLg9GAWvVz8z+snNL7yUhnGCWEo8kMkFRaHjNAyawHZSGok4nlyZDJkgmtOhFoyLkQmJlkttawPZ/H7ZdI5azp207k7b7QuymaqcATHcAoOXEILbqENLgiQ8ATP8GLNrFfrzXr/Ga1Y5c4h/IH18Q0hBJJG</latexit><latexit sha1_base64="FykfVh8EGafe2dktb3LF+5DfqWQ=">AAAB93icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1EYI2FhG8JJAcoS9zSQu2ftgd04IR36DrVZ2YuvPsfC/eHdeoYmverw3w7x5fqykIdv+tCorq2vrG9XN2tb2zu5eff+gY6JEC3RFpCLd87lBJUN0SZLCXqyRB77Crj+9yf3uI2ojo/CeZjF6AZ+EciwFp0xyiV0ze1hv2E27AFsmTkkaUKI9rH8NRpFIAgxJKG5M37Fj8lKuSQqF89ogMRhzMeUT7Gc05AEaLy3CztlJYjhFLEbNpGKFiL83Uh4YMwv8bDLg9GAWvVz8z+snNL7yUhnGCWEo8kMkFRaHjNAyawHZSGok4nlyZDJkgmtOhFoyLkQmJlkttawPZ/H7ZdI5azp207k7b7QuymaqcATHcAoOXEILbqENLgiQ8ATP8GLNrFfrzXr/Ga1Y5c4h/IH18Q0hBJJG</latexit><latexit sha1_base64="FykfVh8EGafe2dktb3LF+5DfqWQ=">AAAB93icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1EYI2FhG8JJAcoS9zSQu2ftgd04IR36DrVZ2YuvPsfC/eHdeoYmverw3w7x5fqykIdv+tCorq2vrG9XN2tb2zu5eff+gY6JEC3RFpCLd87lBJUN0SZLCXqyRB77Crj+9yf3uI2ojo/CeZjF6AZ+EciwFp0xyiV0ze1hv2E27AFsmTkkaUKI9rH8NRpFIAgxJKG5M37Fj8lKuSQqF89ogMRhzMeUT7Gc05AEaLy3CztlJYjhFLEbNpGKFiL83Uh4YMwv8bDLg9GAWvVz8z+snNL7yUhnGCWEo8kMkFRaHjNAyawHZSGok4nlyZDJkgmtOhFoyLkQmJlkttawPZ/H7ZdI5azp207k7b7QuymaqcATHcAoOXEILbqENLgiQ8ATP8GLNrFfrzXr/Ga1Y5c4h/IH18Q0hBJJG</latexit><latexit sha1_base64="FykfVh8EGafe2dktb3LF+5DfqWQ=">AAAB93icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1EYI2FhG8JJAcoS9zSQu2ftgd04IR36DrVZ2YuvPsfC/eHdeoYmverw3w7x5fqykIdv+tCorq2vrG9XN2tb2zu5eff+gY6JEC3RFpCLd87lBJUN0SZLCXqyRB77Crj+9yf3uI2ojo/CeZjF6AZ+EciwFp0xyiV0ze1hv2E27AFsmTkkaUKI9rH8NRpFIAgxJKG5M37Fj8lKuSQqF89ogMRhzMeUT7Gc05AEaLy3CztlJYjhFLEbNpGKFiL83Uh4YMwv8bDLg9GAWvVz8z+snNL7yUhnGCWEo8kMkFRaHjNAyawHZSGok4nlyZDJkgmtOhFoyLkQmJlkttawPZ/H7ZdI5azp207k7b7QuymaqcATHcAoOXEILbqENLgiQ8ATP8GLNrFfrzXr/Ga1Y5c4h/IH18Q0hBJJG</latexit>

t = 1/2 day
<latexit sha1_base64="sArTlKCJZIUZVTYSV66yDVVy/mk=">AAACBnicbVDLSgNBEJyNrxhfMR69DAbBU9wNooIIAS8eI5gHZEPonXTikNkHM71iWHL3K7zqyZt49Tc8+C9u4h40sU5FVTddXV6kpCHb/rRyS8srq2v59cLG5tb2TnG31DRhrAU2RKhC3fbAoJIBNkiSwnakEXxPYcsbXU391j1qI8PglsYRdn0YBnIgBVAq9Yol4pfcOa66F4mrfd6H8aRXLNsVewa+SJyMlFmGeq/45fZDEfsYkFBgTMexI+omoEkKhZOCGxuMQIxgiJ2UBuCj6Saz7BN+GBugkEeouVR8JuLvjQR8Y8a+l076QHdm3puK/3mdmAbn3UQGUUwYiOkhkgpnh4zQMi0FeV9qJIJpcuQy4AI0EKGWHIRIxThtqZD24cx/v0ia1YpjV5ybk3LtNGsmz/bZATtiDjtjNXbN6qzBBHtgT+yZvViP1qv1Zr3/jOasbGeP/YH18Q21/peD</latexit><latexit sha1_base64="sArTlKCJZIUZVTYSV66yDVVy/mk=">AAACBnicbVDLSgNBEJyNrxhfMR69DAbBU9wNooIIAS8eI5gHZEPonXTikNkHM71iWHL3K7zqyZt49Tc8+C9u4h40sU5FVTddXV6kpCHb/rRyS8srq2v59cLG5tb2TnG31DRhrAU2RKhC3fbAoJIBNkiSwnakEXxPYcsbXU391j1qI8PglsYRdn0YBnIgBVAq9Yol4pfcOa66F4mrfd6H8aRXLNsVewa+SJyMlFmGeq/45fZDEfsYkFBgTMexI+omoEkKhZOCGxuMQIxgiJ2UBuCj6Saz7BN+GBugkEeouVR8JuLvjQR8Y8a+l076QHdm3puK/3mdmAbn3UQGUUwYiOkhkgpnh4zQMi0FeV9qJIJpcuQy4AI0EKGWHIRIxThtqZD24cx/v0ia1YpjV5ybk3LtNGsmz/bZATtiDjtjNXbN6qzBBHtgT+yZvViP1qv1Zr3/jOasbGeP/YH18Q21/peD</latexit><latexit sha1_base64="sArTlKCJZIUZVTYSV66yDVVy/mk=">AAACBnicbVDLSgNBEJyNrxhfMR69DAbBU9wNooIIAS8eI5gHZEPonXTikNkHM71iWHL3K7zqyZt49Tc8+C9u4h40sU5FVTddXV6kpCHb/rRyS8srq2v59cLG5tb2TnG31DRhrAU2RKhC3fbAoJIBNkiSwnakEXxPYcsbXU391j1qI8PglsYRdn0YBnIgBVAq9Yol4pfcOa66F4mrfd6H8aRXLNsVewa+SJyMlFmGeq/45fZDEfsYkFBgTMexI+omoEkKhZOCGxuMQIxgiJ2UBuCj6Saz7BN+GBugkEeouVR8JuLvjQR8Y8a+l076QHdm3puK/3mdmAbn3UQGUUwYiOkhkgpnh4zQMi0FeV9qJIJpcuQy4AI0EKGWHIRIxThtqZD24cx/v0ia1YpjV5ybk3LtNGsmz/bZATtiDjtjNXbN6qzBBHtgT+yZvViP1qv1Zr3/jOasbGeP/YH18Q21/peD</latexit><latexit sha1_base64="sArTlKCJZIUZVTYSV66yDVVy/mk=">AAACBnicbVDLSgNBEJyNrxhfMR69DAbBU9wNooIIAS8eI5gHZEPonXTikNkHM71iWHL3K7zqyZt49Tc8+C9u4h40sU5FVTddXV6kpCHb/rRyS8srq2v59cLG5tb2TnG31DRhrAU2RKhC3fbAoJIBNkiSwnakEXxPYcsbXU391j1qI8PglsYRdn0YBnIgBVAq9Yol4pfcOa66F4mrfd6H8aRXLNsVewa+SJyMlFmGeq/45fZDEfsYkFBgTMexI+omoEkKhZOCGxuMQIxgiJ2UBuCj6Saz7BN+GBugkEeouVR8JuLvjQR8Y8a+l076QHdm3puK/3mdmAbn3UQGUUwYiOkhkgpnh4zQMi0FeV9qJIJpcuQy4AI0EKGWHIRIxThtqZD24cx/v0ia1YpjV5ybk3LtNGsmz/bZATtiDjtjNXbN6qzBBHtgT+yZvViP1qv1Zr3/jOasbGeP/YH18Q21/peD</latexit>

crystal
<latexit sha1_base64="eiFKczBVQ1mozkboE+Ln4a+jc6I=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bMIpd7a5WyNFVgq+ghYqOkTLp1DwLzjGBSRMNZrZ1c5OECtpyXU/naXlldW19dJGeXNre2e3srffslFiBDZFpCLTCcCikiE2SZLCTmwQdKCwHYyvZn77AY2VUXhLkxh9DaNQDqUAyiQ/7RnNhZlYAjXtV6puzc3BF4lXkCor0OhXvnqDSCQaQxIKrO16bkx+CoakUDgt9xKLMYgxjLCb0RA0Wj/NQ0/5cWKBIh6j4VLxXMTfGyloayc6yCY10J2d92bif143oeGln8owTghDMTtEUmF+yAojszaQD6RBIpglRy5DLsAAERrJQYhMTLJ6ylkf3vz3i6R1WvPcmndzVq2fF82U2CE7YifMYxeszq5ZgzWZYPfsiT2zF+fReXXenPef0SWn2Dlgf+B8fAPytJbK</latexit><latexit sha1_base64="eiFKczBVQ1mozkboE+Ln4a+jc6I=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bMIpd7a5WyNFVgq+ghYqOkTLp1DwLzjGBSRMNZrZ1c5OECtpyXU/naXlldW19dJGeXNre2e3srffslFiBDZFpCLTCcCikiE2SZLCTmwQdKCwHYyvZn77AY2VUXhLkxh9DaNQDqUAyiQ/7RnNhZlYAjXtV6puzc3BF4lXkCor0OhXvnqDSCQaQxIKrO16bkx+CoakUDgt9xKLMYgxjLCb0RA0Wj/NQ0/5cWKBIh6j4VLxXMTfGyloayc6yCY10J2d92bif143oeGln8owTghDMTtEUmF+yAojszaQD6RBIpglRy5DLsAAERrJQYhMTLJ6ylkf3vz3i6R1WvPcmndzVq2fF82U2CE7YifMYxeszq5ZgzWZYPfsiT2zF+fReXXenPef0SWn2Dlgf+B8fAPytJbK</latexit><latexit sha1_base64="eiFKczBVQ1mozkboE+Ln4a+jc6I=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bMIpd7a5WyNFVgq+ghYqOkTLp1DwLzjGBSRMNZrZ1c5OECtpyXU/naXlldW19dJGeXNre2e3srffslFiBDZFpCLTCcCikiE2SZLCTmwQdKCwHYyvZn77AY2VUXhLkxh9DaNQDqUAyiQ/7RnNhZlYAjXtV6puzc3BF4lXkCor0OhXvnqDSCQaQxIKrO16bkx+CoakUDgt9xKLMYgxjLCb0RA0Wj/NQ0/5cWKBIh6j4VLxXMTfGyloayc6yCY10J2d92bif143oeGln8owTghDMTtEUmF+yAojszaQD6RBIpglRy5DLsAAERrJQYhMTLJ6ylkf3vz3i6R1WvPcmndzVq2fF82U2CE7YifMYxeszq5ZgzWZYPfsiT2zF+fReXXenPef0SWn2Dlgf+B8fAPytJbK</latexit><latexit sha1_base64="eiFKczBVQ1mozkboE+Ln4a+jc6I=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bMIpd7a5WyNFVgq+ghYqOkTLp1DwLzjGBSRMNZrZ1c5OECtpyXU/naXlldW19dJGeXNre2e3srffslFiBDZFpCLTCcCikiE2SZLCTmwQdKCwHYyvZn77AY2VUXhLkxh9DaNQDqUAyiQ/7RnNhZlYAjXtV6puzc3BF4lXkCor0OhXvnqDSCQaQxIKrO16bkx+CoakUDgt9xKLMYgxjLCb0RA0Wj/NQ0/5cWKBIh6j4VLxXMTfGyloayc6yCY10J2d92bif143oeGln8owTghDMTtEUmF+yAojszaQD6RBIpglRy5DLsAAERrJQYhMTLJ6ylkf3vz3i6R1WvPcmndzVq2fF82U2CE7YifMYxeszq5ZgzWZYPfsiT2zF+fReXXenPef0SWn2Dlgf+B8fAPytJbK</latexit>
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FIG. 1. Orientation setup of the experimental apparatus. At t = 0 the z-axis of the crystal is aligned

with the Earth’s velocity (which is approximately in the direction of Cygnus). With this choice for the

crystal orientation, the modulation of the signal is independent of the position of the laboratory.

first is kinematic, where the flux of DM particles in the kinematic configuration that can excite
a response in the target changes on a daily basis. This effect is dominated by the anisotropy
of the Fermi velocity in the material. The second is due to the size of the matrix element,
as shown for example in Eq. (14), where the direction of the momentum transfer (typically
oriented along the DM wind) changes with respect to the anisotropic dielectric tensor ✏. We
will detail these effects separately for both absorption and scattering below.

But before moving to the results we summarize here our conventions for the DM velocity
distribution and the orientation of the DM wind in the crystal rest frame, using a set-up
similar to Ref. [39]. For the velocity distribution in the galactic rest frame, fgal(v), we assume
a Maxwellian form, with velocity dispersion v0 = 220Km/ s, truncated at vesc = 500Km/ s.
The velocity distribution in the laboratory frame is related to the one in the galactic frame by
flab(v, t) = fgal(v + ve(t)):

flab(v, t) =
1

N0
exp


�
(v + ve)2

v20

�
⇥(vesc � |v + ve|) , (15)

where ve(t) is the Earth’s velocity with respect to the DM rest frame due to its revolution
around the Sun and N0 is a normalization constant given by

N0 = ⇡3/2v30
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R(t) ⇠
Z

d3v d3q f�(v, t)S(q,!q)
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!q = q · v � q2

2m�

If S is peaked in particular directions of q, R will change 
periodically over 24 hours as        rotates in lab frame
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Smoking gun for DM signal!



Carbon-based detectors

Scattered electron direction correlated 
with incoming DM. But 1 kg is hard 

(though, neat ideas at LNGS with nanotubes)

Scintillates, and commercially 
available! But molecules are 
randomly oriented in liquid

Yoni Kahn 4[Hochberg, YK, Lisanti, Tully, Zurek, PLB 2017; Blanco, Collar, YK, Lillard, PRD 2020]
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FIG. 1. The chemical structure of benzene (left) and p-xylene
(right). Following the convention common in organic chem-
istry, vertices are taken to be carbon atoms, single lines are
carbon–carbon single bonds, and double lines are carbon–
carbon double bonds. The additional horizontal lines in p-
xyelene represent two CH3 methyl groups. In this case only
one of the resonant Kekulé forms are shown for each molecule,
but the rings should be understood to be entirely conjugated
⇡-systems.

Section V, we discuss potential next steps in the devel-
opment of organic scintillator targets, and we conclude
in Section VI with some thoughts on how to scale this
setup to achieve superior limits. Some technical details
of the wavefunctions and molecular form factors can be
found in Appendix A.

II. MOLECULAR ORBITAL MODEL

Dark matter can produce a detectable signal in a liquid
scintillator by exciting an electron from the ground state
into one of several low-lying unoccupied molecular or-
bitals, which fluoresce upon de-excitation. The emission
lines are broadened by roto-vibrational energy sublevels,
thermal motion, and solvent e↵ects. Therefore, the emis-
sion spectra of a liquid scintillator will be a continuum
with peaks corresponding to the electronic transitions to
be discussed in this section. The emission spectrum for
EJ-301 is presented in ref. [35].

A prediction for the scattering rate requires knowledge
of the momentum space wavefunctions of the bound state
electrons in the molecule. In this section we find analytic
expressions for these wavefunctions using a linear combi-
nation of atomic orbitals (LCAO). We then include con-
figurational interactions (i.e. electron-electron repulsion)
to obtain experimentally accurate descriptions of these
electronic states.

In EJ-301, the primary target which initiates the
scintillation process is p-xylene, a substituted benzene
derivative with a chemical structure shown in Fig. 1
(right). In molecules such as benzene, the ring contains
alternant double bonds. The electrons which occupy the
⇡-orbitals in these bonds are essentially delocalized and
are free to move along the so-called aromatic ring made
up of the conjugated ⇡-bonds.2 In six-membered aro-

2 Single covalent bonds between carbon are formed when two elec-
trons occupy the �-bonding orbital between two sp3-hybridized
carbon atoms. The �-orbital lies along the axis between the
nuclei. In a carbon double bond, the carbons atoms are in an
sp2-hybridized state where both the �-bonding orbital and the

matic rings there are six electrons associated with the
conjugated ⇡-electron system.
The electronic transitions responsible for scintillation

are those in which electrons in the conjugated ⇡-bonds of
the aromatic ring are excited into higher energy molec-
ular orbitals. Thus, we will restrict our characterization
to the ⇡-conjugated system whose Hückel molecular or-
bitals are linear combinations of six 2pz atomic orbitals,
one from each carbon in the ring. Each such carbon con-
tributes one electron into the system. Following the well-
known LCAO method [36], the Hückel molecular orbitals
(HMO’s),  i, are given by

 i =
6X

j=1

c
j
i�2pz (r�Rj), (1)

where ci are the coe�cients to be determined and
�2pz (r�Ri) are atomic orbitals of the Slater type and Ri

are the equilibrium locations of the carbon nuclei. The
2pz Slater atomic orbital is given by

�2pz (r) =

s
Z

3
e↵

25⇡a30

r cos ✓

a0
exp

✓
�Ze↵ r

2a0

◆
, (2)

where a0 is the Bohr radius, and Ze↵ = 3.15 is the e↵ec-
tive nuclear charge of the carbon 2pz orbital [37].
The HMOs can be determined by diagonalizing the

six-by-six Hamiltonian, which reduces to solving the fol-
lowing linear system,

6X

l=1

⇥
(Hlm � El�lm) cli

⇤
= 0, for m = 1, 2, . . . , 6 (3)

where Hlm = h�l|Hcore|�mi are the Hamiltonian matrix
elements. We follow a type of Hückel model in which only
nearest-neighbor interactions are considered. The Hamil-
tonian is then comprised of two types of matrix elements,
one diagonal and one o↵-diagonal energy. The diagonal
elements, i.e. the onsite energy, is an empirical quan-
tity which varies by elemental atom. The o↵-diagonal
resonance integral is a measure of the nearest-neighbor
nuclear interactions. The values for the coe�cients are
given in Appendix A1.
Following the notation of [36], we label the six HMOs

in order of increasing energy as  2,  1,  10 ,  �1,  �10 ,
and  �2, where in the ground state of the molecule
the first three are occupied and the last three are un-
occupied (see Fig. 1). The minimum electronic excita-
tion energy is from the highest unoccupied molecular or-
bital (HOMO) to the lowest unoccupied molecular or-
bital (LUMO), analogous to the valence–conduction gap
in a semiconductor. The coe�cients for these Hückel

⇡-orbital are occupied. The ⇡-orbital is lobed above and below
the molecular plane, and is less tightly bound than the � orbital.
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wind can thus have a strong e↵ect on the total scattering
rate.

For concreteness, we use a coordinate system where
the six carbon nuclei in the benzene ring are located in
the z = 0 plane at:

Rj = a cos
⇣
j
⇡

3
� ⇡

6

⌘
x̂+ a sin

⇣
j
⇡

3
� ⇡

6

⌘
ŷ (A5)

for j = 1, 2, . . . 6, where a = 0.14 nm is the bond length
of the aromatic ring in both benzene and p-xylene. All
nine form factors exhibit the � ! � + n⇡

3 and � ! ��

symmetries of the benzene ring.
For m� < 20 MeV the scattering rate is driven almost

exclusively by the 5.6 eV and 6.4 eV transitions, and in
Fig. 6 we show how their respective molecular form fac-
tors vary with the polar angle ✓q for fixed azimuthal angle
�q = ⇡

6 . The 5.6 eV form factor is maximized at ✓q = ⇡
2

and �q = n
⇡
6 for integer n, where the momentum trans-

fer q is parallel to the displacement between neighboring
carbon nuclei: q / Ri �Ri±1.

While the 5.6 eV transition is driven mostly by in-
plane scattering with q ⇡ 6 keV, the 6.4 eV transition
is weighted towards lower momenta, peaked around q ⇡
3 keV for most values of ✓q. The 6.4 eV transition is also
responsive to a broad range of larger momenta 8 keV .
q . 15 keV, but only if the polar angle is relatively steep,
with ✓q ⇡ 13� as shown in the second panel of Fig. 6.
Although the 5.6 eV transition does exhibit some higher-
momentum response at this ✓q ⇡ 15� angle, for a broad
range of momenta centered around q ⇡ 16 keV, it a↵ects
the scattering rate to a lesser degree.

Individual form factors also show strong directional-
ity in the �q direction, but often in complementary ways
that tend to average out. For example, adding together
the |fij(q)|2 form factors for the two degenerate single-
electron excitations that contribute to the 6.4 eV transi-
tion, we find a nearly rotationally invariant form factor.
However, the single 5.6 eV transition retains its direction-
ality, vanishing for �q = n

⇡
3 for integer n, and reaching

sharp maxima at �q = ⇡
6 + n

⇡
3 . Fig. 7 shows these two

form factors along a particular conical slice at ✓ = ⇡
2 ,

where the momentum q lies in the plane of the benzene
ring.

As demonstrated in Fig. 3, the presence of the 4.5 eV
transition is essentially irrelevant for DM–electron scat-
tering, due to the strong suppression of its form factor.
For completeness, it is worth commenting that its angular
profile is complementary to that of the 5.6 eV transition;
that is, for integer n its maxima occur at �q = n

⇡
3 , and

its form factor vanishes along �q = ⇡
6 + n

⇡
3 for all values

of ✓q.
If the dark matter mass m� is large enough to probe

the higher momentum behavior of the form factor, then
the presence of the secondary peak around ✓q ⇡ 13� for
momenta q & 8 keV has potentially beneficial implica-
tions for directional detection of dark matter. In addition
to the primary response around ✓ ⇡ 90�, an observation
of the relatively sharp secondary peak at ✓ ⇡ 13� could

q = 90°

q = 70°

q = 60°

q = 45°

q = 30°

q = 15°

0 5 10 15 20
0

20

40

60

80

»q » @keVD

q2
»fH
qL

2
@ke

V
2
D

q 2 »fij 2 Hf=30°L DE = 5 .6 eV

q = 90°

q = 60°

q = 30°

q = 15°

0 5 10 15 20
0

5

10

15

20

25

»q » @keVD

q2
»fH
qL

2
@ke

V
2
D

q 2 »fij 2 Hf=30°L DE = 6 .4 eV

FIG. 6. Angular profiles of the 5.6 eV (top) and 6.4 eV (bot-
tom) form factors q2 |fij(q)|2 for various values of the polar
angle ✓q. The azimuthal angle is fixed at �q = 30�, which in
our coordinate system is parallel to the edges of the hexag-
onal ring. Both form factors reach maxima at ✓ = ⇡

2 where
qz = 0, and vanish in the ✓ ! 0 (q ! qz ẑ) limit. The 6.4 eV
transition has an additional peak at higher momenta when
10� . ✓q . 20�. Neglecting the perturbation from the methyl
groups in para-xylene, the form factors inherit the � ! �+ ⇡

3
shift symmetry of the benzene ring.

serve to confirm that a modulating signal originates from
the scintillator and not some other source. Furthermore,
the location of the secondary peak in ✓q is a signature of
benzene and its derivatives: scintillators based on com-
pounds with fundamentally di↵erent structures will gen-
erally have their own unique angular profile.

graphene 
(1 atom thick of C)

benzene (bonded with H)
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FIG. 4: A conceptual design for graphene directional detection. The left panel illustrates a cut-out of the stacked volume of
graphene sheets that form the detector. For graphene sheets in the inner detector volume, scattered electrons follow a “FET-
to-FET” trajectory (center panel). In this case, an electron in the center of the detector is repelled from the layer above by
a perpendicular E-field and drifts ballistically to a neighboring pixel (orange squares). For graphene sheets near the detector
edges, electrons follow a “FET-to-calorimeter” trajectory (right panel). In this case, an electron near the outside of the detector
is drifted by a parallel E-field to a segmented calorimeter. A full design of the experiment would combine the FET-to-FET
and FET-to-calorimeter modalities in an optimal way. To reduce background contamination, one can only consider scattering
events from within a fiducialized volume (denoted by the black lines, left panel), ignoring events that originate on the outermost
sheets in the detector volume (gray lines).

ample, in a configuration with purely normal E-field,
the vertical velocity vz can be determined from solving
�z = �

1
2me

eE(�t)2 + vz�t, where we require �z = 0
for the electron to start and end on the same layer, as
shown in the sample trajectory in Fig. 4 (left). Since the
electron drifts ballistically in x and y, time-of-flight gives
vx = �x/�t and vy = �y/�t. The electron energy can
be recovered from the initial velocity vector, depending
on the relative uncertainties of the three velocity compo-
nents; a full analysis of the velocity and energy resolution
requires a dedicated simulation.

For electrons in the outer volume (Fig. 4, right), 3-
dimensional velocity reconstruction is also possible, with
the energy measurement from the calorimeter replacing
the time-of-flight measurement. We expect to be able to
achieve ⇠ 1 eV energy resolution by scaling up existing
measurements for single-IR photon counting [48], which
has demonstrated resolutions of 0.29 eV for a 0.8 eV sin-
gle photon. Alternatively, lower calorimeter resolution
with a pixelated FET array instrumented on top of a low
dark-current cryogenic CCD array may be acceptable if
combined with the higher resolution information from the
FET-to-FET time-of-flight.

In order to prevent rescattering of the primary elec-
tron, the whole experiment must be in a high-vacuum
environment. A pressure of 2⇥ 10�7 torr corresponds to
a mean free path for electrons of roughly 500 m, which is
more than su�cient for a ⇠10 m⇥10 m⇥10 m target vol-
ume where electron trajectories are expected to be ⇠cm
in length. We expect this vacuum level to be techni-
cally feasible during the assembly of the target volume,
as KATRIN has already achieved 10�11 torr in a 1042 m3

volume [49]. Each FET plane will be vacuum sealed on
top and bottom during assembly, similar to the method
described in Ref. [50]. The large vacuum volume is rel-
evant for the regions outside of the sealed planes at the
boundaries of the target volume. The target will be kept
at cryogenic temperatures and have no line-of-sight vac-
uum trajectories from the outer vacuum region to the
sealed FET planes. Residual gas backgrounds will be

cryopumped to the outer boundaries of the fiducialized
volume. We expect the quality of the vacuum inside the
target volume to be su�cient to operate the experiment
for prolonged exposure periods without having to reopen
the target.

C. Overburden

With an area per plane of 106 cm2, the overburden
of cosmic-ray muon flux is an important concern for
dead-time associated with a cosmic-ray veto. The instru-
mented target is designed to have no more than a percent-
level fill factor of support material, mostly epoxy or a
similar material to support the graphene sheets at the
corners as shown in Fig. 3 (right). The remainder of the
target volume will be highly sensitive to charged particles
entering the volume, and therefore the electric field re-
gions that control the conductivity of the graphene FETs,
including the regions between the vacuum-separated top
gate electrode and the graphene and underneath the
graphene with the insulator-separated bottom gate elec-
trode, will be active regions for cosmic-ray vetos. With
an overburden of roughly 3 km or greater, as would be
the case for an underground lab like Gran Sasso or SNO-
LAB, the total flux of muons across the entire graphene
target falls below 10�1 s�1 [51]. With a finite readout
time of the FET planes, this rate would introduce less
than 1% of dead-time depending to a lesser extent on
the size of the fiducialized volume used in the veto.

D. Single-electron backgrounds

Any incident particle with su�cient energy to eject
a valence electron can in principle pose a background.
One of the primary backgrounds for such an experiment
comes from environmental radioactivity, which can be
mitigated by shielding, cryopumping, and the use of ma-
terials of high radiopurity with specialized fabrication

�
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quantum-classical approach used for the simulations of the
photoisomerization of polyatomic molecules are described in
Sec. III. The results obtained are presented and discussed in
Sec. IV. In Sec. V we summarize the results obtained.

II. BASIC ASSUMPTIONS

Two models were suggested in the literature to explain
the mechanism of the photoinduced isomerization of trans-
stilbene and similar systems and to simulate the correspond-
ing experimental data.14–19 In an adiabatic model,14,15 see
Fig. 1, one assumes the existence of a small barrier on the
first excited state !S1" and fast intramolecular vibrational en-
ergy redistribution !IVR", so that the Rice–Ramsperger–
Kassel–Marcus !RRKM" model can be used to calculate the
reaction rate.20,21 The adiabatic model was successfully
applied to the description of the molecular beam
experiments18,22 and an effective barrier height was esti-
mated to be about 1200 cm−1. However, the pressure depen-
dence of the reaction rate is not well reproduced and its
description requires the introduction/assumption of a “pres-
sure dependent barrier,” without any physically clear picture.
In particular, at low pressures the theoretical model fits rea-
sonably well to the experimental data,23,24 but at pressures
above 5 bar the experimental rate constant levels off at
20–30 ns−1, while the theoretical high-pressure limit24 is at
76 ns−1. Alternatively, a nonadiabatic model involving the
transition to another excited state was suggested16–19 in order
to explain the photoisomerization mechanism. This model is
supported by the fact that the twisted conformation of stil-
bene, where the radiationless transition to the ground state
takes place, belongs to the distinct electronic state !S2" char-
acterized as the doubly excited or zwitterionic state.16–19

The origin of the small barrier in the adiabatic model for
the twist around the central ethylenic bond, which is also
assumed to be the reaction coordinate, is not clear. A bond
length is typically a good qualitative measure for the electron
density located on it and for the associated barrier height of
the torsional motion around it. The longer the bond length,
the lower the barrier, and vice-versa. A series of accurate
quantum-chemical calculations !done by us with the GAMESS

U.S. software at the MCSCF level" show !see Table I" that in

the ground state the central ethylenic bond !C7uC8 in
Fig. 2" of trans-stilbene has a double bond character with the
length of about 1.36 Å #this is in good agreement with pre-
vious reported values for this bond, of 1.354/1.33 Å !Refs.
25–28"$, whereas the neighboring ones !C2uC7, C8uC9"
have more a single bond character with the length of about
1.47 Å !1.483/1.45 Å according to Refs. 25–28". As a result,
the direct twist around the central bond in the ground state
has a large activation barrier, while the potential energy sur-
face for the twist of the phenyl rings is flat in the range of
about 30º.29,30 The results of the bond lengths for trans-
stilbene molecule are also summarized in the Table I.

On the other hand, in the first exited state the corre-
sponding lengths are estimated to be 1.40 Å !1.432 Å ac-
cording to Refs. 25–28" for the central ethylenic bond
!C7uC8 shown in Table I" and 1.41 Å !1.419 Å according to
Refs. 25–28" for the neighboring ones !C2uC7, C8uC9",
which is in between the single !%1.5 Å" and the double
bond character !%1.35 Å". As a result, the twist around the
central bond is still expected to have a considerable barrier.
In this state the molecule still maintain the planar
configuration.25,31

Finally, our quantum-chemical calculations have shown
that in the doubly excited state the central bond has the
length of 1.45 Å, shown in Table I, which is closer to the
single bond character. Thus, in the double excited state the
twist around the central ethylenic bond could be almost bar-
rierless.

Thus, the nonadiabatic pathway of the photoisomeriza-
tion, involving the preliminary transition from S1 to S2 state
within the planar geometry of trans-stilbene, should be fa-
vored over the direct twist around the central bond in the S1
state. In this case the twist around the central bond is not
considered as the rate limiting step, and the reaction coordi-

FIG. 1. Schematic representation of the adiabatic model for the trans-cis
photoisomerization of stilbene and stilbenelike molecules. It assumes the
existence of a small barrier in the first excited state PES and fast IVR.
Activated barrier crossing is assumed to be the rate limiting step, a radia-
tionless transition into the ground state takes place from the twisted confor-
mation, which nevertheless belongs to the distinct electron PES.

TABLE I. In this table are given the bond lengths for the central ethylenic
bond !C7uC8" and for the neighboring ones !C2uC7, C8uC9" for trans-
stilbene.

Trans-stilbene electronic
structure calculations

Bond lengths

C2uC7 C7uC8 C8uC9

Ground state !S0" 1.47 1.36 1.47
First excited state !S1" 1.41 1.40 1.41
Second excited state !S2" 1.39 1.44 1.39

FIG. 2. Schematic representation of trans-stilbene and its bond lengths for
the ground !S0" state. Carbon atoms are represented through gray balls,
whereas the hydrogen atoms through white balls.

134109-2 D. C. Tranca and A. A. Neufeld J. Chem. Phys. 132, 134109 !2010"

Downloaded 03 Aug 2012 to 134.28.254.18. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions

Figure 1: Left: our indexing of the carbons in trans-stilbene, which follows the convention in
Ref. [6]. We place the (x, y) coordinate origin at the center of the 7–8 double bond, with x̂ and ŷ
unit vectors pointing to the right and up, respectively, with ẑ pointing out of the page. The long
axis, defined by r12 � r3, is o↵set by about +7.280� with respect to the x̂ direction. Right: the
bond lengths for the ground state according to Ref. [1].

2 Properties

2.1 Structure

The bond lengths themselves change for the excited states, so that the S1 state has roughly equal
6–7, 7–8 and 8–9 bond lengths of about 1.40Å. We ignore this detail and use the ground state
geometry for our rate calculation, including the excited states. We also neglect the percent-level
deviations in bond lengths within the aromatic rings, setting

Ra = 1.40Å, R6–7 = R8–9 ⌘ Rs = 1.47Å, R7–8 ⌘ Rd = 1.36Å (39)

for the aromatic rings, the o↵-center single bonds, and the central double bond, respectively. In
each molecule there is a 10� or 3� twist between the two phenol rings [5], which is close enough to
zero that we approximate the stilbene molecule as being entirely planar.

In terms of Ra, Rd, and Rs, the locations of the nuclei Ri=1...14 in the (x, y) plane are

R8 = Rd(
1
4 ,

p
3
4 ), Rj=9...14 = Rr +Ra(cos�j, sin�j), Rj=1...7 = �R15�j, (40)

where

�j=9...14 =
⇡(12� j)

3
, Rr = R8 + (Rs +Ra)(1, 0). (41)

Rather than using Angstroms, the numeric code uses units of Bohr radius a0,

a0 = 0.529177 Å. (42)

2.1.1 Crystal Structure

Trans-stilbene forms monoclinic crystals, with the space group P21/c. The crystal axes are typi-
cally labelled by vectors (a, b, c), where a · b = b · c = 0 are orthogonal; a and c are not orthogonal,
with an angle � between them [7]:

a = 12.287(3) Å, b = 5.660(2) Å, c = 15.478(5) Å, � = 112.03(1)�. (43)
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by Brown (1966; Fig. 2). In contrast to the strong 
disorder in the p-azotoluene crystals studied by Brown 
and in the TSB crystals studied by Finder et al. (1974), 

Fig. 2. Superposition of two centrosymmetric p-azotoluene 
molecules (Brown, 1966). The N-N bonds are approxi- 
mately perpendicular to each other. 

Fig. 3. Projection along the monoclinic b axis. Molecules hav- 
ing their centres at y = 0 and y =½ are drawn with thin and 
thick lines respectively. The intermolecular distance given 
is H(ct, y=0) '-  .H(fl', y= 1)=2.222/~. 

in our TSB crystals the second orientation of the 
molecule is present to only a few per cent. 

The molecular structure in the solid and in the 
gaseous state 

The packing of the molecules is shown in Figs. 3 and 
4. There is only one intermolecular distance shorter 
than the relevant sum of the van der Waals radii. This 
H . . .  H distance of 2.222 A is given in Fig. 3. In the 
b direction there are columns of ~ molecules around 

i 1 [0,y,0] and [2,Y,~] and columns offl molecules around 
[½,y,0] and [0,y,½]. Within a column successive mole- 
cules are obtained by translation in the b direction. 
From Fig. 5 it can be seen that the packing of the 
molecules is not the same for the two columns. 

The bond lengths and angles in the two independent 
centrosymmetric molecules are listed in Fig. 6. The 
standard deviations in the bond lengths and angles as 
obtained from the variance-covariance matrix of the 
coordinates (Darlow, 1960) are 0.0015 A_ for C-C and 
0.11 ° for C-C-C. Owing to the disorder described 
above we have multiplied these values by a factor of 
two for the ~ molecule. Corresponding bond lengths 
and C-C-C valence angles in the two molecules do not 
show significant differences. The disorder of the 
molecules is so small that it does not affect the thermal 
parameters to a large extent. The value of (U~(prin- 
cipal axis)) x/2 for the C atoms is 0.0217 A 2 for the 
and 0.0177 A_ 2 for the fl molecules. 

Comparison with the earlier structure determinations 
shows that the present work has a considerably higher 
accuracy. The two centrosymmetric molecules are 
approximately planar. The torsion angle ~ around the 
C-C(phenyl) bond is 3.4 ° for the a and 6.9 ° for the fl 
molecule. The C6H5-C groups show only small devia- 

1 1 

Fig. 4. Projection along [001] onto the plane (001). The 0~ molecules having their centres at z=0 are drawn with thin lines, the 
,8 molecules having their centres at z = ½ are given with thick lines. 
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Fig. 4. Projection along [001] onto the plane (001). The 0~ molecules having their centres at z=0 are drawn with thin lines, the 
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Figure 8: From Ref. [7]. Left: projection along [001] axis onto the (001) plane ab, showing the
molecules A (thin) and the B (thick). The middle layer is related to the top and bottom by the
twofold screw symmetry of the crystal, which includes the necessary 180� rotation about b. Right:
projection onto the ac plane along the b axis, showing the A and B molecules labelled by ↵ and
�, respectively. In both projections, the “1” at the end of each labelled axis shows where x/a = 1,
y/b = 1, z/c = 1, making it explicit what the locations listed in Table 1 of Ref. [7] mean.

4.2.1 Reconciling Coordinate Systems

In Figure 1 we show the definition of our x̂, ŷ and ẑ directions. In much of the literature [5, 9, 7]
these axes are notated by L, M , and N , with the molecule lying (approximately) in the LM
plane. Many of these assholes don’t bother with specifying the details of their coordinate systems,
including the indexing of the carbon atoms, or whether their “(x, y, z)” are in the orthogonal
coordinate system (a, b, c0) introduced in Ref. [5] where c0 · a = 0, or in the monoclinal coordinates
(a, b, c) where c is not perpendicular to a. Ref. [9] explicitly uses the latter, with the atom locations
as x/a, y/b, and z/c.

There are at least superficial (but very large) discrepancies between the positions provided in
Ref. [9] and Ref. [10], possibly because Ref. [10] insist on using P21/a rather than P21/c. It is hard
to tell, because Ref. [10] don’t take the e↵ort to even implicitly define their (x, y, z). On the other
hand, Ref. [9] don’t bother providing any guidance on which atoms their C(1) . . . C(7) correspond
to in the molecule, so there might be some permutation between the two references. There may
also be some di↵erence in how the unit cell is defined, given the possible symmetry operations that
can act upon the representations.

Thankfully, a contemporary [7] improved upon Ref. [9] by clarifying the relationship between
its coordinate system and that used by Ref. [5], though without direct reference to Ref. [10]. As
it happens Ref. [7] doesn’t use either definition of the unit cell, but as they do provide enough
information to interpret their results without reading other people’s papers, we will use their
coordinate choice.5

5The more recent Ref. [8] cites the Ref. [10] results for Ueq, but with locations (x, y, z) in a di↵erent basis from
any of the other references for some reason.
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FIG. 4. The capability of a 1 kg · year t-stilbene experiment to detect or exclude DM models with FDM = 1 (left) or FDM =
(↵me/q)

2 couplings to electrons, shown with existing limits from SENSEI [51], XENON 10 [14], and XENON 1T [50]. The
dotted and dashed lines show the 90% CL exclusions that can be set from the total number of events, without considering
modulation e↵ects, for R = 1/60Hz kg�1 (Nevents ⇡ 5.26 ⇥ 105) and for Nevents = 0, respectively. The orange shaded regions
indicate parameter space that leads to a su�ciently large modulation signal that a 1 kg · year experiment could observe a 3�
detection, given a total observed rate of R = 1/60Hz kg�1. The solid black “�N = 0” lines show the improved limit that can
be set from a null result exhibiting no daily modulation but the same total observed rate. Each plot also shows (in blue) a
benchmark model from Ref. [13] as a target for the experimental sensitivity. In the FDM = 1 example the scalar DM abundance
is set by freeze-out mediated by a dark photon of mass mA0 = 3m�, while for FDM / 1/q2 we show freeze-in via light mediator,
mA0 ⌧ 3 keV.

For the same masses and FDM / 1/q
2, the s3 transition

provides a larger 20% correction to the total rate, com-
pared to less than 15% from s4 and less than 10% from
each of the other excited states. This behavior is dis-
tinct from the case of benzene, where the lowest-energy
transition is dipole-forbidden [30].

Fig. 3 shows the modulating rate R(t) over a 24-hour
period (one sidereal day) for two di↵erent alignment an-
gles of the detector crystal, � = 0� and � = 90�, normal-
ized by the average scattering rate,

hRi = (24 h)�1

Z 24 h

0
dt R(t). (16)

We see that the peak-to-trough modulation amplitude
is as large as 60% (10%) for a low-mass (high-mass)
DM particle interacting via a heavy mediator, climbing
to 70% (25%) for a low-mass (high-mass) DM particle
interacting via a light mediator. This is on the same
scale, or larger than, the annual modulation amplitude
for WIMP-nuclear scattering well above threshold [79–
83], as well as for DM-electron scattering in semiconduc-
tors at high masses [4, 34].

Assessing evidence in favor of a signal will be an im-
portant step in making a DM discovery, and the daily
modulation is an important handle for improving our sta-
tistical power. As we discuss in more detail in Appendix

B, the statistical significance that we formally assign to
a modulating signal is

�L = �2
X

k

nk ln
⇥
⌫

m
k (✓m)/⌫

0
k(✓0)

⇤
, (17)

where k labels the data bins, ⌫
m
k is the number of ex-

pected events in bin k assuming a modulating signal,
⌫

0
k is the expected number of events in bin k assuming

a constant rate, and ✓m,0 are parameters describing the
expected rate in the modulating and non-modulating sce-
nario, respectively. The values of �L are distributed as
a �

2 distribution of the number of additional degrees of
freedom needed to characterize the modulating (as op-
posed to the non-modulating) signal; in the case of two
bins, this would be a �

2 with two degrees of freedom. Al-
though we focus on the two-bin case in the remainder of
this analysis, we emphasize that Eq. (17) is appropriate
for any binning of data, including an unbinned analysis.
We provide more general explorations of this test statistic
in Appendix B.

A particularly simple limit of Eq. (17) is one for which
we take two bins per day and describe the modulation
simply by a single parameter, the integrated modulation
fraction f2, defined as the fractional di↵erence in inte-
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FIG. 5. As a demonstration of the utility of daily modulation, we show the 3� discovery and 90% CL exclusion potential for
a trans-stilbene experiment with a background rate of 1/60Hz kg�1, for exposures of 0.01 kg · year, 1 kg · year, and 100 kg · year.
The dashed lines, labelled “90% CL 1/60Hz kg�1,” show the 90% CL exclusion from an analysis that does not consider the
daily modulation e↵ects. The inclusion of daily modulation in the statistical analysis allows even the 0.01 kg · year exposure to
set a significantly stronger limit on �̄e. For the FDM = 1 and FDM = (↵me/q)

2 form factors we show the benchmark freeze-out
and freeze-in models, respectively, from Ref. [13].

grated rate between the two bins, averaged over a day:

f2 =
1

(24 h)hRi

 Z t0+12h

t0

dt R(t) �
Z t0+24h

t0+12h
dt R(t)

!
.

(18)
For a perfectly sinusoidal signal, f2 equals the peak-to-
trough amplitude divided by ⇡. Our choice in Eq. (14)
to align the crystalline symmetry axis, b̂, with the lab
frame DM wind at t = 0 ensures that the dominant part
of the modulation signal has a 24-hour period, with only
small contributions from higher harmonics. In this orien-
tation, the integrated modulation amplitude Eq. (18) is
maximized by t0 ⇡ 18 hours, based on the results shown
in Fig. 3. This observable is particularly well suited for
describing the daily modulation, because it is una↵ected
by the non-modulating background rate and thus does
not require any knowledge of the background.

As explored in detail in Appendix B, this simple bin-
ning is amenable to analytic results in the large-N limit
of the Skellam distribution or in the small-modulation
limit of the Poisson distribution. In each case, we find
that the statistical significance we may assign to either
the modulating or non-modulating hypothesis based on
an experiment in which Ntot events are observed is

N� =
f2 TexphRip

Ntot
, (19)

where hRi is the time average of the signal event rate R(t)
defined in Eq. (16), and where Texp is the total exposure

time for the experiment. Since the number of signal and
background events both grow linearly with exposure, the
significance of a modulating signal improves with expo-
sure as long as the integrated modulation fraction f2 is
nonzero. Our Eq. (19) matches the �

2
sb statistic suggested

by Ref. [28].

In Fig. 4 we show the expected results of a 1 kg · year
t-stilbene experiment operated under a number of di↵er-
ent assumptions. As a benchmark to facilitate compari-
son with other experiments, we demonstrate the reach
with an entirely background-free experiment using no
modulation information. The potential for parameter
space exclusion in this scenario is �̄e ' 10�41 cm2 (few ⇥
10�41 cm2) for DM interacting with a form factor FDM =
1 (FDM / 1/q

2) and with a mass in the range 5MeV .
m� . 10 MeV. This is within a factor of 2 or 3 from the
expected reach of a silicon CCD experiment like SENSEI
or Oscura for an equivalent target mass [3, 84]. Tak-
ing the more realistic scenario that the observed rate
for a 1 kg detector is R = 1 min�1 = 1/60 Hz (includ-
ing both signal and background components), the future
reach depends on analysis strategy. Without leveraging
modulation information, the limit we obtain is slightly
stronger than the current exclusion from SENSEI [51] at
low masses below ⇠ 5 MeV, and comparable at higher
masses. We also comment in passing on the prospects
for the detectability of the (non-modulating) absorption
of DM: since ⇢T ' 1 g/cm3, we anticipate a rate of
⇠ O(1)/kg/min for a dark photon kinetic mixing pa-

Reach keeps 
improving 

with exposure, 
even with 

large (constant) 
background
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Figure 4: Form factors s3 and s4
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2

FIG. 6. Molecular form factors and modulating rates for DM masses near threshold, m� = 2 MeV. In the contour plots,
the gridded shaded regions indicate the kinematically accessible momentum transfers q for the four molecules M1,2,�1,�2 that
comprise the unit cell of the crystal, shown at t = 0 and t = 10h. Here, q is given in the molecular basis, qx = q · L̂,
qy = q · M̂, and the kinematically accessible region is defined by v�(q) < vesc, following Eq. (13). Top left: Contour plot of
the molecular form factor |f(q)|2 for the g ! s1 transition in the (qx, qy) plane, with qz = 0. Bottom left: Contour plot for
fixed � ⌘ arctan(qy/qx) = 55�, showing the strong anisotropy in qz with maxima at qz = 0. Top right: The scattering rate
(summed over all g ! si transitions) as a function of time, R(t), normalized by the average daily rate Ravg. The modulation is
dominated by the s1 transition (dashed). Bottom right: A closer look at the form factor near the peak at � ' 55�, plotting
|fs1 |

2 as a function of |q| for fixed ✓ = 90� and various �.

rameter of ✏ ' 10�13, assuming a dielectric loss of order
⇠ O(10�2), similar to that in benzene [85] and compara-
ble to those in semiconductors [86]. This setup would
set leading limits on dark photons in the mass range
4.2 eV < mA0 . 10 eV.

For DM scattering, our sensitivity to exclusion and
discovery can be dramatically extended by utilizing the
information in the rate via the simple two-bin analy-
sis. Using the significance from Eq. (19), a 1 kg, 1 year
t-stilbene experiment that observes a constant R =
1 min�1 = 1/60 Hz event rate can exclude at 90% CL
a DM particle with a scattering cross section as small
as �̄e ' 10�37 cm2. This cross section lies below the
well-motivated line from freeze-out production of scalar

DM for 2 MeV . m� . 7 MeV with a heavy dark pho-
ton mediator mediator, and also probes a wide range of
masses 2MeV . m� . 200 MeV for freeze-in produc-
tion through a light mediator [13]. The 3� discovery
reach for a modulating signal for a total R = 1/60 Hz/kg
background event rate is nearly as strong, reaching just
below (above) the cross section �̄e ' 10�37 cm2 for
FDM = 1 (FDM / 1/q

2).

Very meaningfully, as shown in Eq. (19), the discov-
ery or exclusion significance grows with cumulative ex-
posure, even without background mitigation: this im-
provement in significance is absent in a non-modulating
signal. We demonstrate this explicitly in Fig. 5, display-
ing the 90% CL exclusion and the 3� discovery reach

Low masses: 
kinematically-allowed 

“beans” traverse 
peaks of response 

function
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3

FIG. 7. Same as Fig. 6 for large DM masses, m� = 100 MeV. Only the nearly-spherical region near q ⇠ 0 with inner boundary
qmin ' 1.6 keV is kinematically forbidden. As a result, the daily modulation amplitude is smaller, driven by the anisotropy of
the inner secondary peaks and the tails of the primary peaks.

of a few too small to lead to the maximal rate, whereas
the secondary inner peaks have v

⇤ ' 1200 km/s, and
these peaks are always kinematically forbidden.

An ideal target for daily modulation would have ei-
ther larger �E or a larger spatial extent (smaller q

⇤),
so as to match v

⇤ . vmax for the primary peaks. To
illustrate this, Fig. 9 shows the molecular form factor
for the g ! s1 transition in t-stilbene but with the
kinematically-allowed region defined by a transition en-
ergy �E = 8 eV, rather than the 4.2 eV in t-stilbene.
Here, we have chosen a form factor FDM / 1/q

2, which
weights the kinematically-forbidden inner peaks more,
but the modulation is still driven by the forbidden re-
gion in q which has comparable radius to the outer peaks.
As the forbidden region moves in q-space, the peak-to-
trough modulation amplitude can be as large as 20% for
all m� & 20 MeV for the g ! s1 transition alone in this
hypothetical material, almost a factor of 2 larger than
the modulation amplitude for the equivalent transition
in t-stilbene.

Taking a broader perspective, the anisotropic response
of a condensed matter target to DM-electron scattering
arises from an interplay of preferred scales q

⇤ set by the
molecular size and a coincidence between the e↵ective
transition velocity v

⇤ and the maximum DM velocity in
the lab frame. In the case of organic molecular solids, the
conjugated ⇡-electron system provides two length (mo-
mentum) scales given by the extent of the molecule along
the molecular plane (q⇤ ' 1.2 keV for t-stilbene), and
the extent of a single 2p orbital (q⇤ ' 6 keV), which
sets both the carbon-carbon bond length and the extent
of the out-of-plane ⇡ orbitals. The large hierarchy be-
tween these scales in large organic molecules means that
the excitation dynamics in the plane are largely sepa-
rated from excitations along the normal to this plane.
Transitions along the normal direction will typically re-
quire larger imparted momenta than in the extended di-
rections, and thus the form factor for the lowest transi-
tion will be peaked at qz = 0, with peaks in the x � y

plane corresponding to the characteristic scales of the

High masses: 
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Designing an experiment
1. Measure response 
functions of several organic 
scintillators with X-ray 
scattering

2. Demonstrate 
anisotropic light yield w/
incident ~100 eV 
electrons (approved for 
first measurement at 
LBNL)

3. Couple a suite of 
crystal samples to a 
back-thinned CCD and 
make a prototype

Yoni Kahn 10[YK + Abbamonte, Baxter, Blanco, Freedman, Liang, Lillard, Rondinelli, Von Kugelgen]
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Figure 2: Above, we show the crystal averaged form factor |f̄(q)|2 as a function of q, for q in the

(qx, qy) plane with qz = 0.

All plots hereafter show |f̄ |2 for the g ! s1 excitation, the lowest-lying excited state with �E =

4.24 eV. The values of |f̄ |2 range from 0.0 to 0.4, and are shown as contour color maps with contour

spacing 0.04. Each plot shows a di↵erent two-dimensional slice in q; each slice includes the origin

q = 0. To label each plot we use spherical coordinates ✓ and �,

qx = q sin ✓ cos �, qy = q sin ✓ sin �, qz = q cos ✓. (11)

With the exception of Figure 2, most plots show slices of q with fixed azimuthal angle �. Figure 2

shows the ✓ = 90
�

plane, with qz = 0. In every other plot, we introduce a

qxy ⌘
q

q2x + q2y = q sin ✓ (12)

on the horizontal axis, with qz on the vertical axis.

Figures 3–6 show paired azimuthal slices: � = (5
�, 30

�
); (45

�, 80
�
); (95

�, 125
�
); (140

�, 170
�
). The

form factor is symmetric with respect to qz ! �qz and q ! �q.
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DM-N via Migdal effect
Electrons and nuclei are always coupled!  

Whack a nucleus, QM says that electrons can transition

Charge signal from nuclear scattering — avoid threshold! 
Fascinating new area of research: effects usually ignored in CM

molecule semiconductor 
(phonon-mediated)atom

Yoni Kahn 11[Dolan, Kahlhoefer, McCabe, PRL 2018; Liang et al, arXiv:2205.03395; 
Blanco, Harris, YK, Lillard, Perez Rios, arXiv:2208.09002]
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Yoni Kahn 12[Lovesey, Bowman, Johnson, Z. Phys. B Cond. Mat. 1982; Colognesi, Physica B 2004; 
Blanco, Harris, YK, Lillard, Perez Rios, arXiv:2208.09002]
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NAC beats CMR by orders of 
magnitude! Kg for kg, comparable to Si

Migdal effect in diatomic 
molecules (toy example)

For fixed orientation, nuclear matrix elements are also directional:
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Yoni Kahn 13[Blanco, Harris, YK, Lillard, Perez Rios, arXiv:2208.09002]

for 100 MeV DMO(1)

<latexit sha1_base64="Q6/24rf4IqINHUNVE3GtXoj2sEk=">AAAB9XicdVDNTgIxGOziH+If6tFLIzHBC2kJCtyIXryJiYAJrKRbutDQ7W7aroZseA8vHjTGq+/izbexC5io0UmaTGa+L990vEhwbRD6cDJLyyura9n13Mbm1vZOfnevrcNYUdaioQjVjUc0E1yyluFGsJtIMRJ4gnW88Xnqd+6Y0jyU12YSMTcgQ8l9Tomx0m0vIGZEiUgup0V83M8XUAkhhDGGKcHVU2RJvV4r4xrEqWVRAAs0+/n33iCkccCkoYJo3cUoMm5ClOFUsGmuF2sWETomQ9a1VJKAaTeZpZ7CI6sMoB8q+6SBM/X7RkICrSeBZyfTlPq3l4p/ed3Y+DU34TKKDZN0fsiPBTQhTCuAA64YNWJiCaGK26yQjogi1NiicraEr5/C/0m7XMKV0slVpdA4W9SRBQfgEBQBBlXQABegCVqAAgUewBN4du6dR+fFeZ2PZpzFzj74AeftExcukkM=</latexit>

At least 15% daily modulation 
over entire MeV-GeV range



Generalizing to organic crystals

Yoni Kahn 14[Blanco, Harris, YK, Lillard, Perez Rios, arXiv:2208.09002; 
Watanabe et al., J. Phys. Chem. A 2002]

More normal modes: 
NAC should dominate 

more over CMR, 
more intricate daily 
modulation pattern

Aromatic bonds are not structural:  
excited electron states have similar  

nuclear separations, thus large 
nuclear matrix elements

Expect large Migdal rate and large daily modulation in organic 
scintillators: stay tuned!



Summary
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m¬ = 100 MeV, v¬ = 10°3

Yoni Kahn 15

Organic scintillators are the ideal follow-up experiment to Si and Ge. 
Nearly identical DM-e and Migdal sensitivity, plus 20% daily modulation. 

Only way to confirm a DM signal!
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Figure 2: �E = 4.2 eV, m� = 2MeV and m� = 100MeV
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Figure 12: Modulation plots for FDM = 1

Figure 13: Modulation plots for FDM = 1/q2
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