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Sub-GeV DM: unexplored frontiers
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nDM / 1

mDM

[Snowmass CF1 whitepaper, arXiv:2203.08297]

⇢DM ⇠ 0.3 GeV/cm3

Lighter DM:              
smaller detector gives  

same event rate

100 g rather than 10 tons can make a discovery! 
Science per $ is unbeatable: 

sharp theory targets, bounded parameter space 
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Axion DM: precision quantum science
⇢

10�22 eV 1019 GeV1 eV 1 keV 1 GeV 100 TeV

“wave-like” DM

nDM�3
dB � 1
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Behaves as classical field

Superconducting cavities, 
atomic clocks, nuclear spins… 

dark matter is an oscillating external  
source of fixed but unknown frequency 

for any quantum-mechanical system

Techniques from quantum information are key to ultimate sensitivity

[ABRACADABRA collab.; ADMX collab.]



Two small-scale experiments
1. Anisotropic organic scintillators 

plus silicon CCDs for MeV-GeV DM

2. Superfluid helium-3 for axion DM
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Silicon CCDs for sub-GeV DM

SENSEI: an incredible  
scientific success  

for SNOLAB…

…which can continue with 
the Oscura program

now leading 
constraints 

from DAMIC-M

Yoni Kahn 4[SENSEI collab., PRL 2025; DAMIC-M collab, arXiv:2503.14617; Oscura whitepaper, arXiv:2202.10518]

(for other approaches using silicon at SNOLAB,  
see M. Diamond and Z. Hong’s talk Wednesday)



A new handle: daily modulation
rotation
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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>

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> Earth�s

<latexit sha1_base64="e6+l1nFo+r60WOczEb2khR+7QS8=">AAAB/3icbVC7SgNBFJ2NrxhfUUubwSBahV0RtQyIYBnBPCBZwuzkJhkys7vO3BXCksKvsNXKTmz9FAv/xdk1hSae6nDOfZ4glsKg6346haXlldW14nppY3Nre6e8u9c0UaI5NHgkI90OmAEpQmigQAntWANTgYRWML7K/NYDaCOi8A4nMfiKDUMxEJyhlfy0qxW9ZhpHx2baK1fcqpuDLhJvRipkhnqv/NXtRzxRECKXzJiO58bop3ac4BKmpW5iIGZ8zIbQsTRkCoyf5kdP6VFiGEY0Bk2FpLkIvztSpoyZqMBWKoYjM+9l4n9eJ8HBpZ+KME4QQp4tQiEhX2S4FjYNoH2hAZFllwMVIeVMM0TQgjLOrZjYeEo2D2/++0XSPK16btW7PavUzmfJFMkBOSQnxCMXpEZuSJ00CCf35Ik8kxfn0Xl13pz3n9KCM+vZJ3/gfHwDPACWVg==</latexit><latexit sha1_base64="e6+l1nFo+r60WOczEb2khR+7QS8=">AAAB/3icbVC7SgNBFJ2NrxhfUUubwSBahV0RtQyIYBnBPCBZwuzkJhkys7vO3BXCksKvsNXKTmz9FAv/xdk1hSae6nDOfZ4glsKg6346haXlldW14nppY3Nre6e8u9c0UaI5NHgkI90OmAEpQmigQAntWANTgYRWML7K/NYDaCOi8A4nMfiKDUMxEJyhlfy0qxW9ZhpHx2baK1fcqpuDLhJvRipkhnqv/NXtRzxRECKXzJiO58bop3ac4BKmpW5iIGZ8zIbQsTRkCoyf5kdP6VFiGEY0Bk2FpLkIvztSpoyZqMBWKoYjM+9l4n9eJ8HBpZ+KME4QQp4tQiEhX2S4FjYNoH2hAZFllwMVIeVMM0TQgjLOrZjYeEo2D2/++0XSPK16btW7PavUzmfJFMkBOSQnxCMXpEZuSJ00CCf35Ik8kxfn0Xl13pz3n9KCM+vZJ3/gfHwDPACWVg==</latexit><latexit sha1_base64="e6+l1nFo+r60WOczEb2khR+7QS8=">AAAB/3icbVC7SgNBFJ2NrxhfUUubwSBahV0RtQyIYBnBPCBZwuzkJhkys7vO3BXCksKvsNXKTmz9FAv/xdk1hSae6nDOfZ4glsKg6346haXlldW14nppY3Nre6e8u9c0UaI5NHgkI90OmAEpQmigQAntWANTgYRWML7K/NYDaCOi8A4nMfiKDUMxEJyhlfy0qxW9ZhpHx2baK1fcqpuDLhJvRipkhnqv/NXtRzxRECKXzJiO58bop3ac4BKmpW5iIGZ8zIbQsTRkCoyf5kdP6VFiGEY0Bk2FpLkIvztSpoyZqMBWKoYjM+9l4n9eJ8HBpZ+KME4QQp4tQiEhX2S4FjYNoH2hAZFllwMVIeVMM0TQgjLOrZjYeEo2D2/++0XSPK16btW7PavUzmfJFMkBOSQnxCMXpEZuSJ00CCf35Ik8kxfn0Xl13pz3n9KCM+vZJ3/gfHwDPACWVg==</latexit><latexit sha1_base64="e6+l1nFo+r60WOczEb2khR+7QS8=">AAAB/3icbVC7SgNBFJ2NrxhfUUubwSBahV0RtQyIYBnBPCBZwuzkJhkys7vO3BXCksKvsNXKTmz9FAv/xdk1hSae6nDOfZ4glsKg6346haXlldW14nppY3Nre6e8u9c0UaI5NHgkI90OmAEpQmigQAntWANTgYRWML7K/NYDaCOi8A4nMfiKDUMxEJyhlfy0qxW9ZhpHx2baK1fcqpuDLhJvRipkhnqv/NXtRzxRECKXzJiO58bop3ac4BKmpW5iIGZ8zIbQsTRkCoyf5kdP6VFiGEY0Bk2FpLkIvztSpoyZqMBWKoYjM+9l4n9eJ8HBpZ+KME4QQp4tQiEhX2S4FjYNoH2hAZFllwMVIeVMM0TQgjLOrZjYeEo2D2/++0XSPK16btW7PavUzmfJFMkBOSQnxCMXpEZuSJ00CCf35Ik8kxfn0Xl13pz3n9KCM+vZJ3/gfHwDPACWVg==</latexit>

ve
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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


erf(vesc

v0
) �

2
p
⇡

vesc

v0
exp

✓
�(

vesc

v0
)2
◆�

. (16)
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Organic scintillator crystals

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 
,8 molecules having their centres at z = ½ are given with thick lines. 

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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wavelength 
shifting = 
excellent 
quantum 
efficiency

4.2  
eV

3.5 
eV

anisotropy already used for WIMP experiment!



Daily modulation for DM-e

plus daily modulation!
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�
�E = 4.2 eV
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kg for kg, same total rate as Si, 
but decouple target and detector

signal: scintillation 
photon following 

electronic 
de-excitation



Directional calibration
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LEED (keV electron gun) at UIUC

Cathodoluminescence microscope at LBL
Seeing some 

directional 
response 

(PRELIMINARY)



Scintillators + CCDs

Yoni Kahn 9

Best of both worlds! 
Use mature SNOLAB CCD 

infrastructure for readout/shielding, 
scale up detector mass to >kg 

with organic scintillators

can see stilbene scintillation spectrum with CCD!



Axion detection with nuclear spins

On resonance,                   ,linearly growing tip angle:

3

nM is approximately constant. Combining Eqs. (6) and
(7) and expanding to first order in t/T1, the transverse
magnetization is

Mxy(t ⌧ T1) = Mxy(0)

✓
1 �

t

T1

◆
e�i!0

L(1+↵vDt/2)t,

(10)
where !0

L = �B0(z0). The linear downward drift of the
precession frequency, !̇L ⌘ ✓̈(t) = ↵vD!0

L < 0, is the key
feature of the HPD.

EFFECT OF THE AXION WIND ON THE HPD

The e↵ect of the axion wind on the HPD evolution
can be directly computed by including ~Ba as a source
in the Bloch equations. We will first describe the e↵ect
qualitatively and estimate its parametric size, and then
confirm this behavior with numerical simulations in the
following section.

In CASPEr, Larmor resonance is achieved when �B0 =
ma, and Ba generates a tip angle ��(t) = �Bat that
grows linearly with time up to min[⌧a, T ⇤

2
] where T ⇤

2
is

the dephasing time. The three principal challenges in
this setup are (i) detecting the extremely small transverse
field generated by ��; (ii) tuning B0 in steps of ⇠ 10�6

to achieve resonance at each possible axion mass, given
the axion bandwidth mav2

a ⇠ 10�6ma; and (iii) gener-
ating a uniform B0 to ensure that nearby spins do not
dephase, thus preserving T ⇤

2
> ⌧a. The HPD setup natu-

rally sidesteps all of these challenges, as follows. Because
the HPD is a macroscopic quantum state, the inhomoge-
neous B-field, which generates the linear frequency drift,
preserves the precession phase in a macroscopic volume
while scanning Larmor frequencies. This allows the HPD
to probe many axion masses with the same field profile
B0. In the HPD, the tip angle is fixed, so the torque from
a transverse Ba instead resonantly changes the number
of magnons in the BEC when the local Larmor frequency
is equal to ma, |�Na| ' �B0BaVHPD⌧a. The axion wind
can thus be seen as a small chemical potential �µa for
magnons, as shown in Fig. 1. Since the magnon den-
sity in the BEC remains constant, VHPD changes with
�Na, and hence the DW position shifts by an amount
|�z| ' �Ba|z0|⌧a. This leads to a frequency shift,

����
�!a

!0

L

���� ' (�Ba)(↵z0)⌧a

⇡ 3 ⇥ 10�13

⇣ gaNN

10�10 GeV�1

⌘ ⇣ ↵z0

0.02

⌘ ✓
10�7eV

ma

◆
.

(11)

Note that since Ba / ma along the QCD line, the QCD
axion frequency shift is independent of the mass:

✓����
�!a

!0

L

����

◆

QCD

⇡ 10�17

⇣ ↵z0

0.02

⌘
. (12)

While Eq. (12) is a very small frequency shift, it is
comparable to the best sensitivity currently achieved by
microwave atomic clocks [29], and could thus be detected
in principle with homodyne detection of the NMR signal
referenced to a local oscillator. In contrast to CASPEr,
the overall amplitude of the NMR signal from the HPD
is large, of order Mxy(0) ⇠ �B0, with the smallness of
the axion signal appearing in the frequency rather than
the amplitude.

The resonance can persist while the DW sweeps
through a frequency bandwidth up to the axion band-
width, giving a resonance timescale

tr ⇡
10�6ma

|!̇L|
⇠

10�6

↵z0

T1. (13)

Define ↵⇤ such that tr = ⌧a, e.g.

↵⇤z0 ' 0.02

✓
T1

1000 sec

◆ ⇣ ma

10�7 eV

⌘
. (14)

Thus, depending on the choice of ↵,
����
�!a

!0

L

���� ' (�Ba)(↵z0)

⇢
tr , tr  ⌧a (↵ � ↵⇤),

p
tr⌧a , tr � ⌧a (↵  ↵⇤) .

(15)
The scaling with

p
tr is a typical feature of measurements

exceeding the coherence time and arises from adding in
quadrature the incoherent frequency shifts in each inter-
val ⌧a [30]. The signal is maximized when ↵ = ↵⇤, which
recovers Eqs. (11) and (12), but choosing larger ↵ allows
more axion masses to be scanned.

We can confirm the estimate in Eq. (11) with a pertur-
bative analysis of the Bloch equations. Taking a trans-
verse monochromatic axion field, Bx = Ba cos(mat + �),
and writing F = F(0)(1 + F(1)) where F(0) is the solution
of Eq. (6) and F(1) is proportional to Ba, we have for
t ⌧ T1 and to leading order in Ba,

dF(1)

dt
⇡ � tan �0�Ba cos(mat + �) sin(�!L(t)t). (16)

On resonance when ma = !L(t), the right-hand side con-
tains a constant term 1

2
sin �, and thus the solution for

F(1) is

F(1)(t) ⇡ �

✓
1

2
sin �

◆
(�Ba tan �0)t (17)

which grows linearly with time. In fact, integrating
Eq. (16) we can obtain an analytic solution valid for
t ⌧ T1,

F(1)(t) ⇡

✓
� tan �0�Ba

2

◆
cos � S(⌦t) + sin � C(⌦t)

⌦
,

(18)

where ⌦ ⌘

q
↵z0!0

L
⇡T1

and S(x) and C(x) are the Fresnel
sine and cosine integrals, respectively.

transverse 
spin 

coherence 
time T2

for t < min[⌧a, T2]
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Need to scan Larmor frequencies and maintain coherence

Axion wind detection with the homogeneous precession domain of superfluid helium-3
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Axions and axion-like particles may couple to nuclear spins like a weak oscillating e↵ective mag-
netic field, the “axion wind.” Existing proposals for detecting the axion wind sourced by dark matter
exploit analogies to nuclear magnetic resonance (NMR) and aim to detect the small transverse field
generated when the axion wind resonantly tips the precessing spins in a polarized sample of material.
We describe a new proposal using the homogeneous precession domain (HPD) of superfluid 3He as
the detection medium, where the e↵ect of the axion wind is a small shift in the precession frequency
of a large-amplitude NMR signal. We argue that this setup can provide broadband detection of
multiple axion masses simultaneously, and has competitive sensitivity to other axion wind experi-
ments such as CASPEr-Wind at masses below 10�7 eV by exploiting precision frequency metrology
in the readout stage.

Axions and axion-like particles (ALPs) (denoted a)
are CP-odd pseudo-Goldstone bosons whose couplings
to matter respect a shift symmetry, and which may also
make up the cosmic dark matter (DM) density [1–3]. The
ALP coupling to nuclei N , gaNN@µaN�µ�5N , reduces

in the non-relativistic limit to a Hamiltonian � ~Ba · ~�N ,
where

~Ba =
gaNN

�
ra ' gaNN

p
2⇢DM

�
cos(!at)~va (1)

acts as an e↵ective oscillating magnetic field which cou-
ples to nuclear spins [4]. Here ~va ⇠ 10�3c is the DM
velocity (in what follows we will set c = 1), !a = ma(1+
O(v2

a)) with ma the axion mass, ⇢DM = 0.3 GeV/cm3

is the DM density, and � is the gyromagnetic ratio of
N . Because ~Ba is proportional to the DM velocity, this
interaction is known as the “axion wind.” For QCD ax-
ions which could resolve the strong CP problem [5–8],
gaNN ⇡ 3 ⇥ 10�8 GeV�1(ma/eV) [9], yielding

| ~Ba|QCD ' 5 ⇥ 10�23 T
⇣ ma

10�7 eV

⌘
(2)

taking � = 0.69 GeV�1 (�/(2⇡) = 32.43 MHz/T) for the
gyromagnetic ratio of 3He. Several experiments are aim-
ing to detect the axion wind, including CASPEr-Wind
[10–12] and CASPEr-ZULF [13, 14], which use a polar-
ized sample of nuclear spins as the detection medium;
comagnetometers using two species of spins to reduce
noise [15, 16]; and QUAX, which uses polarized elec-
tron spins [17] (see Refs. [18, 19] for a review of other
experimental approaches). In a close analogy to nuclear
magnetic resonance (NMR), when an external B-field is
tuned such that the sample Larmor frequency matches
ma, the spins will tip away from the external field, yield-
ing a transverse magnetic field proportional to Ba which

grows linearly with time up to the axion coherence time,
⌧a ' 2⇡/(mav2

a) as long as this is larger than the spin
relaxation time.

In this Letter, we describe a new detection mecha-
nism which converts the small amplitude ALP signal into
a small frequency shift in a large-amplitude NMR sig-
nal, allowing the use of precision frequency metrology to
evade amplitude noise. The sample is an unusual phase
of superfluid 3He, the homogeneous precession domain
(HPD), which may be understood as a Bose-Einstein con-
densate (BEC) of spin-1 magnons formed by Cooper pairs
of the spin-1/2 helium nuclei in the B-phase of the super-
fluid [20]. We will first review the properties of the HPD
(based largely on the review [20]), then describe the e↵ect
of the axion wind, and finally estimate the sensitivity of
the setup to various ALP masses and couplings.

HPD REVIEW

3He is a Fermi liquid which forms a superfluid be-
low temperatures of ⇠1 K; the excitations of this super-
fluid are spin-1 magnons. When a static magnetic field
~B0 = B0(z)ẑ is applied, the equilibrium magnetization
is ~M = �~B0, where � ⇠ 10�7 is the susceptibility which
reaches a maximum at a temperature of 2.5 mK and pres-
sures of 34 bar [21]. A transverse magnetic field pulse will
torque the spins, injecting some number of spin-1 quanta
(i.e. magnons), NM . In the B-phase of 3He, the HPD
is formed by the Bose condensation of these magnons
after an RF pulse: a macroscopic fraction of the sam-
ple will spontaneously begin to precess coherently about
~B0 with the nuclear spins tipped at the Leggett angle,
�0 = cos�1(�1/4) ⇡ 104� (originating from dipole-dipole
interactions), while the rest of the sample remains relaxed



Superfluid 3He-B: 
Homogenous Precession Domain

Naturally scans frequencies!

Macroscopic domain precesses 
in phase at local Larmor frequency

dBz

dz
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!L = �B(z)
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Axion signal
Axion induces small variance in domain wall position, 

hence small change in precession frequency drift

Example signal evolution
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!L(z) = ma

Need frequency precision to 1 part in 10 trillion (!), but 
no information in (large) amplitude. Perfect for quantum readout!
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Qubit readout
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H!̇(t) = A sin(!Lt+ !̇t
2
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2

Precessing HPD read out by flux-sensitive superconducting qubit:

Apply time-dependent control pulses to optimally estimate      :
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!̇

the sensor phase accumulation, which is set by
Ts ≤ T2. We used a photon correlation technique
that allows frequency components fluctuating at
time scales of several megahertz to be sampled,
even though high-fidelity readout of our sensor
requires several thousand measurement repeti-
tions taking ~1 ms (17).
We demonstrate Qdyne with single nitrogen-

vacancy (NV) centers positioned a few nano-
meters below the diamond surface. Such NV
centers are nanoscale magnetic field detectors
(18, 19) capable of detecting the magnetic field
from small spin ensembles (8, 20, 21) down to
the level of individual molecules (22) and nuclei
(9, 23). Although the magnetic sensitivity of the
NV center is sufficient for single-molecule mag-
netic spectroscopy to be performed, the spectral
resolution is limited to ≥1 kHz because of the
~1-ms spin coherence time (24). For nanoscale

metrology, improving spectral resolution beyond
quantum coherence limits is especially relevant
because it has been shown that near-surface NV
sensors have shorter coherence times and thus
poorer spectral resolution (25–27). A loss of
spectral resolution also occurs for high-sensitivity
ensemble magnetometers as the NV density is
increased (28).
For experiments, a confocal microscope with

532-nm excitation allows single, shallow NV cen-
ters to be optically detected and initialized into
the j0i spin state (Fig. 3B). Microwaves delivered
by a 20-mmcopperwire provide fullNV spinmanip-
ulation. Collection of fluorescence photons with
an avalanche photodiode (APD) allows readout of
NV spin statewith a contrast of ~30%. The arrival
time of individual photons is recordedwith nano-
second resolution by a time-tagged single-photon
counting card and stored to computer memory,

with a time stamp synchronized to a local os-
cillator. The same local oscillator determines the
timing Tn, of subsequent quantummeasurements,
providing a timing accuracy given by the clock
stability (Fig. 3A) (17).
To illustrate the frequency resolution of Qdyne,

weappliedan880-nTmagnetic fieldoscillatingnear
1 MHz to a shallow NV center and recorded the
magneticspectrumwithbothdynamicaldecoupling
and Qdyne techniques. For dynamical decoupling,
an XY8-1 sequence was used in which the spacing
between p-pulses applied to the NV center was
adjusted sequentially and repeated more than 106

times, and the average NV fluorescence at each
frequencypointwas recorded (8,9,21,22,25,26).
Qdyne was implemented by performing an
XY8-1 measurement with a fixed delay of 500 ns
between p-pulses, in which the total spin readout
and reinitialization time were adjusted so that
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Fig. 1. Frequency estimation using a quantum sensor. (A) Quantum
metrology with a two-level system. A spin qubit is used to measure frequency
components of a time-varying Hamiltonian.The interaction period is limited
by the qubit coherence time, after which the qubit state is read out.
(B) Conventional quantum spectroscopy. A spectral filter is generated during the
interaction period by pulsing or driving the sensing qubit. For the XY8 sequence,

the filter is centered near frequency 1
2t= , where t is the interpulse delay, and

has a width inversely proportional to the interaction time.The filter is scanned
stepwise duringmultiplemeasurements in order to acquire a complete spectrum.
(C) A single interaction period at each detection frequency is repeated multiple
times so as to provide a better frequency estimate.The uncertainty in frequency
precision usually scales as the square root of the number of measurements.

Fig. 2. Qdyne detection scheme.The output state of the sensor qubit depends on the initial phase ϕ1 of the signal field.The measurement result is recorded
and synchronized with an external clock before the next measurement is performed for a second signal phase ϕ2.This procedure is repeated for the entire
measurement time T. By heterodyning with an external clock, the NV population—and therefore the measured photon intensity—records the signal phase
evolution in time. A FFT then allows the signal frequency, with respect to local oscillator (osc.) frequency, to be determined. For Qdyne detection, the precision of
frequency estimation scales as T–3/2.
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If, for example, the parameter to be estimated is a multipli-
cative factor [20] on a static Hamiltonian, Hg ¼ gH0, then,
given that unitary evolution for a time T is described by
Ug ¼ expð−igH0TÞ, the quantum Fisher information scales
in timeas Ig ∝ T2 [20].However, if theHamiltonian is instead
time dependent [14,21], the quantum Fisher information may
exceed this scaling for certain parameters, reaching a scaling
of Ig ∝ T4 for estimating the frequency of an oscillating
Hamiltonian under optimal coherent control [22]. Very recent
experiments [23–25] in magnetic-field-sensing NV centers
have demonstrated that using a hybrid quantum-classical
strategy of estimating a local magnetic field value with a
quantum technique, repeated in time, together with a classical
Fourier transform can achieve a Fisher information of the
frequency scaling as T3. In this Letter, we experimentally
demonstrate T4 scaling of the quantum Fisher information in
the estimation of a Hamiltonian oscillation frequency for a
pseudo-spin-half system. This quantum enhanced scaling has
been proved [22] to be the best allowed by quantum
mechanics in the kind of system we consider in this work.
This improved scaling is achieved through adaptive optimal
control where an additional control Hamiltonian that depends
on the estimated parameter is applied to the system to enhance
sensitivity.We show that theT4 scaling is robust against small
variations in the control Hamiltonian, thus allowing for
adaptive control.
To illustrate how optimal control can be used to maximize

the quantum Fisher information, we consider a time-depen-
dent Hamiltonian imposed on a two-level quantum system
HωðtÞ ¼ Aℏ sinðωtÞσz=2, describing the periodic modula-
tion of the energy levels of the system with amplitude A as
shown in Fig. 1(a). Our focus is to maximize the quantum
Fisher information of the modulation frequency ω, that is, to
minimize the overlap of two quantum states jψωi and
jψωþδωi after time evolution under the Hamiltonian for time
T. We will show that the optimal choice of quantum states
is a superposition of energy eigenstates ðj0iþ eiϕj1iÞ=

ffiffiffi
2

p
,

which accumulate different phases ϕωðTÞ under the
Hamiltonian evolution.
To formalize our discussion of the quantum Fisher infor-

mation, we reformulate Eq. (2) as IðQÞ
ω ¼ 4Var½hωðTÞ&jψ0i,

where hωðTÞ¼iU†
ωð0→TÞ∂ωUωð0→TÞ,Uωð0 → TÞ is the

unitary evolution of the initial state jψ0i under the
Hamiltonian, and Var½·& represents the variance. In this form,
we can see that the quantum Fisher information is related to
the squared difference between the minimum and maximum
eigenvalues of hωðTÞ.
To determine the eigenvalues of hωðTÞ, we break the

unitary evolution Uωð0 → TÞ into infinitesimal time inter-
vals as discussed in Ref. [22] and consider the eigen-
values of hωðtÞ versus the time. In the current case, the
Hamiltonian commutes with itself at different times, so we
arrange the system to be in a superposition of the
eigenstates of ∂ωHωðtÞ=ℏ, such that the eigenvalues main-
tain maximal separation. These eigenvalues simply evolve
as μ'ðtÞ ¼ 'At cosðωtÞ=2. In Fig. 1(b), we sketch μ'ðtÞ.
The quantum Fisher information (QFI) about the frequency
ω associated with an evolution for time T is given by

IðQÞ
ω ¼

"Z
T

0
½μþðtÞ − μ−ðtÞ&dt

#
2

; ð3Þ

which increases as T2. Figure 1(c) displays how additional
control at the crossing points can be used to dramatically
enhance the QFI. By applying a control to guide the qubit
along a trajectory that maximizes the integral (3), the QFI
can increase instead as T4 as shown in Fig. 1(d). The
intuitive reason for the T4 scaling versus the T2 scaling is
that, for time-independent Hamiltonians, two nearby quan-
tum states corresponding to different values of the param-
eter can only diverge from each other with constant
velocity, whereas in time-dependent Hamiltonians, they
can accelerate away from each other, giving greater
quantum distinguishability of the states in the same period
of time [22,26,27].

(a) (b)

(c)

(d)

FIG. 1. Frequency estimation of a time-periodic Hamiltonian. (a) The experiment consists of a transmon qubit dispersively coupled to
a waveguide cavity. The qubit is subject to a time-dependent Hamiltonian HωðtÞ, and the task is to estimate the frequency ω. (b) The
eigenvalues μ' of ∂ωHωðtÞ=ℏ. The quantum Fisher information is related to the integral of μþðtÞ − μ−ðtÞ, which is alternately positive or
negative. (c) A control HcðtÞ is used to guide the qubit evolution such that μþðtÞ and μ−ðtÞ are maximally separated. (d) The scaling of
the quantum Fisher information for the uncontrolled and controlled measurement evolution, showing scaling as T2 and T4, respectively.
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Up to qubit coherence time: Timestamp each readout and correlate:



Projected HPD sensitivity
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HPD destabilizes 
for B0 > 0.55 T

World-leading sensitivity with just 10-100 cc’s of 3He! 
Needs cryogenic infrastructure + RF systems, 

but synergistic with SNOLAB’s quantum science program 
(c.f Marvin Hirschel’s talk on Thursday) 

no scanning  
needed 

within each  
block
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Amazing science opportunities with small-scale detectors! 
Many other ideas, SNOLAB is the place to make them happen


