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What’s going on at 
an MeV?



The search for dark matter interactions in earth-based 
detection experiments must confront a possible mass 
range that spans more than sixty orders of magnitude

10�22 eV
<latexit sha1_base64="widuxWifOvbV2pAXxRXEZYYe1FE=">AAAB/HicdVDJSgNBEO2JW4xbNEcvjUHwYpgJouYW9OIxglkgGUNPpyZp0rPQXSOGIf6KFw+KePVDvPk3dhbB9UHB470qqup5sRQabfvdyiwsLi2vZFdza+sbm1v57Z2GjhLFoc4jGamWxzRIEUIdBUpoxQpY4EloesPzid+8AaVFFF7hKAY3YP1Q+IIzNFI3X3Ds6/SwXB7TDsItphQa426+aJcqtlM5duhv4pTsKYpkjlo3/9bpRTwJIEQumdZtx47RTZlCwSWMc51EQ8z4kPWhbWjIAtBuOj1+TPeN0qN+pEyFSKfq14mUBVqPAs90BgwH+qc3Ef/y2gn6p24qwjhBCPlskZ9IihGdJEF7QgFHOTKEcSXMrZQPmGIcTV45E8Lnp/R/0iiXHMMvj4rVs3kcWbJL9sgBccgJqZILUiN1wsmI3JNH8mTdWQ/Ws/Uya81Y85kC+Qbr9QOKvpQT</latexit><latexit sha1_base64="widuxWifOvbV2pAXxRXEZYYe1FE=">AAAB/HicdVDJSgNBEO2JW4xbNEcvjUHwYpgJouYW9OIxglkgGUNPpyZp0rPQXSOGIf6KFw+KePVDvPk3dhbB9UHB470qqup5sRQabfvdyiwsLi2vZFdza+sbm1v57Z2GjhLFoc4jGamWxzRIEUIdBUpoxQpY4EloesPzid+8AaVFFF7hKAY3YP1Q+IIzNFI3X3Ds6/SwXB7TDsItphQa426+aJcqtlM5duhv4pTsKYpkjlo3/9bpRTwJIEQumdZtx47RTZlCwSWMc51EQ8z4kPWhbWjIAtBuOj1+TPeN0qN+pEyFSKfq14mUBVqPAs90BgwH+qc3Ef/y2gn6p24qwjhBCPlskZ9IihGdJEF7QgFHOTKEcSXMrZQPmGIcTV45E8Lnp/R/0iiXHMMvj4rVs3kcWbJL9sgBccgJqZILUiN1wsmI3JNH8mTdWQ/Ws/Uya81Y85kC+Qbr9QOKvpQT</latexit><latexit sha1_base64="widuxWifOvbV2pAXxRXEZYYe1FE=">AAAB/HicdVDJSgNBEO2JW4xbNEcvjUHwYpgJouYW9OIxglkgGUNPpyZp0rPQXSOGIf6KFw+KePVDvPk3dhbB9UHB470qqup5sRQabfvdyiwsLi2vZFdza+sbm1v57Z2GjhLFoc4jGamWxzRIEUIdBUpoxQpY4EloesPzid+8AaVFFF7hKAY3YP1Q+IIzNFI3X3Ds6/SwXB7TDsItphQa426+aJcqtlM5duhv4pTsKYpkjlo3/9bpRTwJIEQumdZtx47RTZlCwSWMc51EQ8z4kPWhbWjIAtBuOj1+TPeN0qN+pEyFSKfq14mUBVqPAs90BgwH+qc3Ef/y2gn6p24qwjhBCPlskZ9IihGdJEF7QgFHOTKEcSXMrZQPmGIcTV45E8Lnp/R/0iiXHMMvj4rVs3kcWbJL9sgBccgJqZILUiN1wsmI3JNH8mTdWQ/Ws/Uya81Y85kC+Qbr9QOKvpQT</latexit><latexit sha1_base64="widuxWifOvbV2pAXxRXEZYYe1FE=">AAAB/HicdVDJSgNBEO2JW4xbNEcvjUHwYpgJouYW9OIxglkgGUNPpyZp0rPQXSOGIf6KFw+KePVDvPk3dhbB9UHB470qqup5sRQabfvdyiwsLi2vZFdza+sbm1v57Z2GjhLFoc4jGamWxzRIEUIdBUpoxQpY4EloesPzid+8AaVFFF7hKAY3YP1Q+IIzNFI3X3Ds6/SwXB7TDsItphQa426+aJcqtlM5duhv4pTsKYpkjlo3/9bpRTwJIEQumdZtx47RTZlCwSWMc51EQ8z4kPWhbWjIAtBuOj1+TPeN0qN+pEyFSKfq14mUBVqPAs90BgwH+qc3Ef/y2gn6p24qwjhBCPlskZ9IihGdJEF7QgFHOTKEcSXMrZQPmGIcTV45E8Lnp/R/0iiXHMMvj4rVs3kcWbJL9sgBccgJqZILUiN1wsmI3JNH8mTdWQ/Ws/Uya81Y85kC+Qbr9QOKvpQT</latexit>

1040 eV
<latexit sha1_base64="5/DW9sTHuXnEzDHK84/8fGdFUDw=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgKcyIqLkFvXiMYBZIxtDTqSRNeha6ayRhmF/x4kERr/6IN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8feLTZ0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH11O/eYdKC2i8AYnMXgBG4SiLzhDI3XtouvcpidORjsIY0wpNLKuXXLKFcetnLr0N3HLzgwlskCta791ehFPAgiRS6Z123Vi9FKmUHAJWaGTaIgZH7EBtA0NWQDaS2e3Z/TQKD3aj5SpEOlM/TqRskDrSeCbzoDhUP/0puJfXjvB/rmXijBOEEI+X9RPJMWIToOgPaGAo5wYwrgS5lbKh0wxjiauggnh81P6P2kcl13Dr09K1YtFHHmyTw7IEXHJGamSK1IjdcLJmNyTR/JkZdaD9Wy9zFtz1mJmj3yD9foBHbeT3A==</latexit><latexit sha1_base64="5/DW9sTHuXnEzDHK84/8fGdFUDw=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgKcyIqLkFvXiMYBZIxtDTqSRNeha6ayRhmF/x4kERr/6IN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8feLTZ0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH11O/eYdKC2i8AYnMXgBG4SiLzhDI3XtouvcpidORjsIY0wpNLKuXXLKFcetnLr0N3HLzgwlskCta791ehFPAgiRS6Z123Vi9FKmUHAJWaGTaIgZH7EBtA0NWQDaS2e3Z/TQKD3aj5SpEOlM/TqRskDrSeCbzoDhUP/0puJfXjvB/rmXijBOEEI+X9RPJMWIToOgPaGAo5wYwrgS5lbKh0wxjiauggnh81P6P2kcl13Dr09K1YtFHHmyTw7IEXHJGamSK1IjdcLJmNyTR/JkZdaD9Wy9zFtz1mJmj3yD9foBHbeT3A==</latexit><latexit sha1_base64="5/DW9sTHuXnEzDHK84/8fGdFUDw=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgKcyIqLkFvXiMYBZIxtDTqSRNeha6ayRhmF/x4kERr/6IN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8feLTZ0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH11O/eYdKC2i8AYnMXgBG4SiLzhDI3XtouvcpidORjsIY0wpNLKuXXLKFcetnLr0N3HLzgwlskCta791ehFPAgiRS6Z123Vi9FKmUHAJWaGTaIgZH7EBtA0NWQDaS2e3Z/TQKD3aj5SpEOlM/TqRskDrSeCbzoDhUP/0puJfXjvB/rmXijBOEEI+X9RPJMWIToOgPaGAo5wYwrgS5lbKh0wxjiauggnh81P6P2kcl13Dr09K1YtFHHmyTw7IEXHJGamSK1IjdcLJmNyTR/JkZdaD9Wy9zFtz1mJmj3yD9foBHbeT3A==</latexit><latexit sha1_base64="5/DW9sTHuXnEzDHK84/8fGdFUDw=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgKcyIqLkFvXiMYBZIxtDTqSRNeha6ayRhmF/x4kERr/6IN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8feLTZ0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH11O/eYdKC2i8AYnMXgBG4SiLzhDI3XtouvcpidORjsIY0wpNLKuXXLKFcetnLr0N3HLzgwlskCta791ehFPAgiRS6Z123Vi9FKmUHAJWaGTaIgZH7EBtA0NWQDaS2e3Z/TQKD3aj5SpEOlM/TqRskDrSeCbzoDhUP/0puJfXjvB/rmXijBOEEI+X9RPJMWIToOgPaGAo5wYwrgS5lbKh0wxjiauggnh81P6P2kcl13Dr09K1YtFHHmyTw7IEXHJGamSK1IjdcLJmNyTR/JkZdaD9Wy9zFtz1mJmj3yD9foBHbeT3A==</latexit>

Sub-halo 
structure

1 DM through 
earth in a year

DM mass

This necessarily makes search strategies diverse



10�22 eV
<latexit sha1_base64="widuxWifOvbV2pAXxRXEZYYe1FE=">AAAB/HicdVDJSgNBEO2JW4xbNEcvjUHwYpgJouYW9OIxglkgGUNPpyZp0rPQXSOGIf6KFw+KePVDvPk3dhbB9UHB470qqup5sRQabfvdyiwsLi2vZFdza+sbm1v57Z2GjhLFoc4jGamWxzRIEUIdBUpoxQpY4EloesPzid+8AaVFFF7hKAY3YP1Q+IIzNFI3X3Ds6/SwXB7TDsItphQa426+aJcqtlM5duhv4pTsKYpkjlo3/9bpRTwJIEQumdZtx47RTZlCwSWMc51EQ8z4kPWhbWjIAtBuOj1+TPeN0qN+pEyFSKfq14mUBVqPAs90BgwH+qc3Ef/y2gn6p24qwjhBCPlskZ9IihGdJEF7QgFHOTKEcSXMrZQPmGIcTV45E8Lnp/R/0iiXHMMvj4rVs3kcWbJL9sgBccgJqZILUiN1wsmI3JNH8mTdWQ/Ws/Uya81Y85kC+Qbr9QOKvpQT</latexit><latexit sha1_base64="widuxWifOvbV2pAXxRXEZYYe1FE=">AAAB/HicdVDJSgNBEO2JW4xbNEcvjUHwYpgJouYW9OIxglkgGUNPpyZp0rPQXSOGIf6KFw+KePVDvPk3dhbB9UHB470qqup5sRQabfvdyiwsLi2vZFdza+sbm1v57Z2GjhLFoc4jGamWxzRIEUIdBUpoxQpY4EloesPzid+8AaVFFF7hKAY3YP1Q+IIzNFI3X3Ds6/SwXB7TDsItphQa426+aJcqtlM5duhv4pTsKYpkjlo3/9bpRTwJIEQumdZtx47RTZlCwSWMc51EQ8z4kPWhbWjIAtBuOj1+TPeN0qN+pEyFSKfq14mUBVqPAs90BgwH+qc3Ef/y2gn6p24qwjhBCPlskZ9IihGdJEF7QgFHOTKEcSXMrZQPmGIcTV45E8Lnp/R/0iiXHMMvj4rVs3kcWbJL9sgBccgJqZILUiN1wsmI3JNH8mTdWQ/Ws/Uya81Y85kC+Qbr9QOKvpQT</latexit><latexit sha1_base64="widuxWifOvbV2pAXxRXEZYYe1FE=">AAAB/HicdVDJSgNBEO2JW4xbNEcvjUHwYpgJouYW9OIxglkgGUNPpyZp0rPQXSOGIf6KFw+KePVDvPk3dhbB9UHB470qqup5sRQabfvdyiwsLi2vZFdza+sbm1v57Z2GjhLFoc4jGamWxzRIEUIdBUpoxQpY4EloesPzid+8AaVFFF7hKAY3YP1Q+IIzNFI3X3Ds6/SwXB7TDsItphQa426+aJcqtlM5duhv4pTsKYpkjlo3/9bpRTwJIEQumdZtx47RTZlCwSWMc51EQ8z4kPWhbWjIAtBuOj1+TPeN0qN+pEyFSKfq14mUBVqPAs90BgwH+qc3Ef/y2gn6p24qwjhBCPlskZ9IihGdJEF7QgFHOTKEcSXMrZQPmGIcTV45E8Lnp/R/0iiXHMMvj4rVs3kcWbJL9sgBccgJqZILUiN1wsmI3JNH8mTdWQ/Ws/Uya81Y85kC+Qbr9QOKvpQT</latexit><latexit sha1_base64="widuxWifOvbV2pAXxRXEZYYe1FE=">AAAB/HicdVDJSgNBEO2JW4xbNEcvjUHwYpgJouYW9OIxglkgGUNPpyZp0rPQXSOGIf6KFw+KePVDvPk3dhbB9UHB470qqup5sRQabfvdyiwsLi2vZFdza+sbm1v57Z2GjhLFoc4jGamWxzRIEUIdBUpoxQpY4EloesPzid+8AaVFFF7hKAY3YP1Q+IIzNFI3X3Ds6/SwXB7TDsItphQa426+aJcqtlM5duhv4pTsKYpkjlo3/9bpRTwJIEQumdZtx47RTZlCwSWMc51EQ8z4kPWhbWjIAtBuOj1+TPeN0qN+pEyFSKfq14mUBVqPAs90BgwH+qc3Ef/y2gn6p24qwjhBCPlskZ9IihGdJEF7QgFHOTKEcSXMrZQPmGIcTV45E8Lnp/R/0iiXHMMvj4rVs3kcWbJL9sgBccgJqZILUiN1wsmI3JNH8mTdWQ/Ws/Uya81Y85kC+Qbr9QOKvpQT</latexit>

1040 eV
<latexit sha1_base64="5/DW9sTHuXnEzDHK84/8fGdFUDw=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgKcyIqLkFvXiMYBZIxtDTqSRNeha6ayRhmF/x4kERr/6IN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8feLTZ0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH11O/eYdKC2i8AYnMXgBG4SiLzhDI3XtouvcpidORjsIY0wpNLKuXXLKFcetnLr0N3HLzgwlskCta791ehFPAgiRS6Z123Vi9FKmUHAJWaGTaIgZH7EBtA0NWQDaS2e3Z/TQKD3aj5SpEOlM/TqRskDrSeCbzoDhUP/0puJfXjvB/rmXijBOEEI+X9RPJMWIToOgPaGAo5wYwrgS5lbKh0wxjiauggnh81P6P2kcl13Dr09K1YtFHHmyTw7IEXHJGamSK1IjdcLJmNyTR/JkZdaD9Wy9zFtz1mJmj3yD9foBHbeT3A==</latexit><latexit sha1_base64="5/DW9sTHuXnEzDHK84/8fGdFUDw=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgKcyIqLkFvXiMYBZIxtDTqSRNeha6ayRhmF/x4kERr/6IN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8feLTZ0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH11O/eYdKC2i8AYnMXgBG4SiLzhDI3XtouvcpidORjsIY0wpNLKuXXLKFcetnLr0N3HLzgwlskCta791ehFPAgiRS6Z123Vi9FKmUHAJWaGTaIgZH7EBtA0NWQDaS2e3Z/TQKD3aj5SpEOlM/TqRskDrSeCbzoDhUP/0puJfXjvB/rmXijBOEEI+X9RPJMWIToOgPaGAo5wYwrgS5lbKh0wxjiauggnh81P6P2kcl13Dr09K1YtFHHmyTw7IEXHJGamSK1IjdcLJmNyTR/JkZdaD9Wy9zFtz1mJmj3yD9foBHbeT3A==</latexit><latexit sha1_base64="5/DW9sTHuXnEzDHK84/8fGdFUDw=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgKcyIqLkFvXiMYBZIxtDTqSRNeha6ayRhmF/x4kERr/6IN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8feLTZ0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH11O/eYdKC2i8AYnMXgBG4SiLzhDI3XtouvcpidORjsIY0wpNLKuXXLKFcetnLr0N3HLzgwlskCta791ehFPAgiRS6Z123Vi9FKmUHAJWaGTaIgZH7EBtA0NWQDaS2e3Z/TQKD3aj5SpEOlM/TqRskDrSeCbzoDhUP/0puJfXjvB/rmXijBOEEI+X9RPJMWIToOgPaGAo5wYwrgS5lbKh0wxjiauggnh81P6P2kcl13Dr09K1YtFHHmyTw7IEXHJGamSK1IjdcLJmNyTR/JkZdaD9Wy9zFtz1mJmj3yD9foBHbeT3A==</latexit><latexit sha1_base64="5/DW9sTHuXnEzDHK84/8fGdFUDw=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgKcyIqLkFvXiMYBZIxtDTqSRNeha6ayRhmF/x4kERr/6IN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8feLTZ0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH11O/eYdKC2i8AYnMXgBG4SiLzhDI3XtouvcpidORjsIY0wpNLKuXXLKFcetnLr0N3HLzgwlskCta791ehFPAgiRS6Z123Vi9FKmUHAJWaGTaIgZH7EBtA0NWQDaS2e3Z/TQKD3aj5SpEOlM/TqRskDrSeCbzoDhUP/0puJfXjvB/rmXijBOEEI+X9RPJMWIToOgPaGAo5wYwrgS5lbKh0wxjiauggnh81P6P2kcl13Dr09K1YtFHHmyTw7IEXHJGamSK1IjdcLJmNyTR/JkZdaD9Wy9zFtz1mJmj3yD9foBHbeT3A==</latexit>

Sub-halo 
structure

1 DM through 
earth in a year

10�4 eV
<latexit sha1_base64="n885pOPGqS9O9327QwZWtj34CQo=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQheDDMS1NyCXjxGMAskY+jp1CRNeha6a9Qw5lO8eFDEq1/izb+xswiuDwoe71VRVc+LpdBo2+/W3PzC4tJyZiW7ura+sZnLb9V1lCgONR7JSDU9pkGKEGooUEIzVsACT0LDG5yN/cY1KC2i8BKHMbgB64XCF5yhkTq5vGNfpQelURvhFlMK9VEnV7CLZdspHzn0N3GK9gQFMkO1k3trdyOeBBAil0zrlmPH6KZMoeASRtl2oiFmfMB60DI0ZAFoN52cPqJ7RulSP1KmQqQT9etEygKth4FnOgOGff3TG4t/ea0E/RM3FWGcIIR8ushPJMWIjnOgXaGAoxwawrgS5lbK+0wxjiatrAnh81P6P6kfFh3DL0qFyuksjgzZIbtknzjkmFTIOamSGuHkhtyTR/Jk3VkP1rP1Mm2ds2Yz2+QbrNcPv/aTrw==</latexit><latexit sha1_base64="n885pOPGqS9O9327QwZWtj34CQo=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQheDDMS1NyCXjxGMAskY+jp1CRNeha6a9Qw5lO8eFDEq1/izb+xswiuDwoe71VRVc+LpdBo2+/W3PzC4tJyZiW7ura+sZnLb9V1lCgONR7JSDU9pkGKEGooUEIzVsACT0LDG5yN/cY1KC2i8BKHMbgB64XCF5yhkTq5vGNfpQelURvhFlMK9VEnV7CLZdspHzn0N3GK9gQFMkO1k3trdyOeBBAil0zrlmPH6KZMoeASRtl2oiFmfMB60DI0ZAFoN52cPqJ7RulSP1KmQqQT9etEygKth4FnOgOGff3TG4t/ea0E/RM3FWGcIIR8ushPJMWIjnOgXaGAoxwawrgS5lbK+0wxjiatrAnh81P6P6kfFh3DL0qFyuksjgzZIbtknzjkmFTIOamSGuHkhtyTR/Jk3VkP1rP1Mm2ds2Yz2+QbrNcPv/aTrw==</latexit><latexit sha1_base64="n885pOPGqS9O9327QwZWtj34CQo=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQheDDMS1NyCXjxGMAskY+jp1CRNeha6a9Qw5lO8eFDEq1/izb+xswiuDwoe71VRVc+LpdBo2+/W3PzC4tJyZiW7ura+sZnLb9V1lCgONR7JSDU9pkGKEGooUEIzVsACT0LDG5yN/cY1KC2i8BKHMbgB64XCF5yhkTq5vGNfpQelURvhFlMK9VEnV7CLZdspHzn0N3GK9gQFMkO1k3trdyOeBBAil0zrlmPH6KZMoeASRtl2oiFmfMB60DI0ZAFoN52cPqJ7RulSP1KmQqQT9etEygKth4FnOgOGff3TG4t/ea0E/RM3FWGcIIR8ushPJMWIjnOgXaGAoxwawrgS5lbK+0wxjiatrAnh81P6P6kfFh3DL0qFyuksjgzZIbtknzjkmFTIOamSGuHkhtyTR/Jk3VkP1rP1Mm2ds2Yz2+QbrNcPv/aTrw==</latexit><latexit sha1_base64="n885pOPGqS9O9327QwZWtj34CQo=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQheDDMS1NyCXjxGMAskY+jp1CRNeha6a9Qw5lO8eFDEq1/izb+xswiuDwoe71VRVc+LpdBo2+/W3PzC4tJyZiW7ura+sZnLb9V1lCgONR7JSDU9pkGKEGooUEIzVsACT0LDG5yN/cY1KC2i8BKHMbgB64XCF5yhkTq5vGNfpQelURvhFlMK9VEnV7CLZdspHzn0N3GK9gQFMkO1k3trdyOeBBAil0zrlmPH6KZMoeASRtl2oiFmfMB60DI0ZAFoN52cPqJ7RulSP1KmQqQT9etEygKth4FnOgOGff3TG4t/ea0E/RM3FWGcIIR8ushPJMWIjnOgXaGAoxwawrgS5lbK+0wxjiatrAnh81P6P6kfFh3DL0qFyuksjgzZIbtknzjkmFTIOamSGuHkhtyTR/Jk3VkP1rP1Mm2ds2Yz2+QbrNcPv/aTrw==</latexit> 1011 eV

<latexit sha1_base64="t/pZEirBLW53JZWnQibiSHLb/cE=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQiewrSImlvQi8cIZoEkhp5OJWnSs9Bdo4ZxPsWLB0W8+iXe/Bs7i+D6oODxXhVV9bxISYOu++7MzS8sLi1nVrKra+sbm7n8Vs2EsRZQFaEKdcPjBpQMoIoSFTQiDdz3FNS94dnYr1+DNjIMLnEUQdvn/UD2pOBopU4uz9yrhLG0hXCLCYVa2skV3GLJZaUjRn8TVnQnKJAZKp3cW6sbitiHAIXixjSZG2E74RqlUJBmW7GBiIsh70PT0oD7YNrJ5PSU7lmlS3uhthUgnahfJxLuGzPyPdvpcxyYn95Y/Mtrxtg7aScyiGKEQEwX9WJFMaTjHGhXahCoRpZwoaW9lYoB11ygTStrQ/j8lP5PagdFZvnFYaF8OosjQ3bILtknjByTMjknFVIlgtyQe/JInpw758F5dl6mrXPObGabfIPz+gHBiZOw</latexit><latexit sha1_base64="t/pZEirBLW53JZWnQibiSHLb/cE=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQiewrSImlvQi8cIZoEkhp5OJWnSs9Bdo4ZxPsWLB0W8+iXe/Bs7i+D6oODxXhVV9bxISYOu++7MzS8sLi1nVrKra+sbm7n8Vs2EsRZQFaEKdcPjBpQMoIoSFTQiDdz3FNS94dnYr1+DNjIMLnEUQdvn/UD2pOBopU4uz9yrhLG0hXCLCYVa2skV3GLJZaUjRn8TVnQnKJAZKp3cW6sbitiHAIXixjSZG2E74RqlUJBmW7GBiIsh70PT0oD7YNrJ5PSU7lmlS3uhthUgnahfJxLuGzPyPdvpcxyYn95Y/Mtrxtg7aScyiGKEQEwX9WJFMaTjHGhXahCoRpZwoaW9lYoB11ygTStrQ/j8lP5PagdFZvnFYaF8OosjQ3bILtknjByTMjknFVIlgtyQe/JInpw758F5dl6mrXPObGabfIPz+gHBiZOw</latexit><latexit sha1_base64="t/pZEirBLW53JZWnQibiSHLb/cE=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQiewrSImlvQi8cIZoEkhp5OJWnSs9Bdo4ZxPsWLB0W8+iXe/Bs7i+D6oODxXhVV9bxISYOu++7MzS8sLi1nVrKra+sbm7n8Vs2EsRZQFaEKdcPjBpQMoIoSFTQiDdz3FNS94dnYr1+DNjIMLnEUQdvn/UD2pOBopU4uz9yrhLG0hXCLCYVa2skV3GLJZaUjRn8TVnQnKJAZKp3cW6sbitiHAIXixjSZG2E74RqlUJBmW7GBiIsh70PT0oD7YNrJ5PSU7lmlS3uhthUgnahfJxLuGzPyPdvpcxyYn95Y/Mtrxtg7aScyiGKEQEwX9WJFMaTjHGhXahCoRpZwoaW9lYoB11ygTStrQ/j8lP5PagdFZvnFYaF8OosjQ3bILtknjByTMjknFVIlgtyQe/JInpw758F5dl6mrXPObGabfIPz+gHBiZOw</latexit><latexit sha1_base64="t/pZEirBLW53JZWnQibiSHLb/cE=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQiewrSImlvQi8cIZoEkhp5OJWnSs9Bdo4ZxPsWLB0W8+iXe/Bs7i+D6oODxXhVV9bxISYOu++7MzS8sLi1nVrKra+sbm7n8Vs2EsRZQFaEKdcPjBpQMoIoSFTQiDdz3FNS94dnYr1+DNjIMLnEUQdvn/UD2pOBopU4uz9yrhLG0hXCLCYVa2skV3GLJZaUjRn8TVnQnKJAZKp3cW6sbitiHAIXixjSZG2E74RqlUJBmW7GBiIsh70PT0oD7YNrJ5PSU7lmlS3uhthUgnahfJxLuGzPyPdvpcxyYn95Y/Mtrxtg7aScyiGKEQEwX9WJFMaTjHGhXahCoRpZwoaW9lYoB11ygTStrQ/j8lP5PagdFZvnFYaF8OosjQ3bILtknjByTMjknFVIlgtyQe/JInpw758F5dl6mrXPObGabfIPz+gHBiZOw</latexit>

106 eV
<latexit sha1_base64="G8vsQ6GaDkNDhPZVM1IDp1uEWKI=">AAAB+XicdVDJSgNBEO2JW4zbqEcvjUHwFGZEorkFvXiMYBZIxtDTqSRNeha6a4JhmD/x4kERr/6JN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8fe3WvoKFEc6jySkWr5TIMUIdRRoIRWrIAFvoSmP7qc+s0xKC2i8AYnMXgBG4SiLzhDI3Vt23Vu03LWQbjDlEIj69pFp1Rx3ErZpb+JW3JmKJIFal37rdOLeBJAiFwyrduuE6OXMoWCS8gKnURDzPiIDaBtaMgC0F46uzyjR0bp0X6kTIVIZ+rXiZQFWk8C33QGDIf6pzcV//LaCfbPvVSEcYIQ8vmifiIpRnQaA+0JBRzlxBDGlTC3Uj5kinE0YRVMCJ+f0v9J46TkGn59WqxeLOLIkwNySI6JS85IlVyRGqkTTsbknjySJyu1Hqxn62XemrMWM/vkG6zXD1Zpk3o=</latexit><latexit sha1_base64="G8vsQ6GaDkNDhPZVM1IDp1uEWKI=">AAAB+XicdVDJSgNBEO2JW4zbqEcvjUHwFGZEorkFvXiMYBZIxtDTqSRNeha6a4JhmD/x4kERr/6JN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8fe3WvoKFEc6jySkWr5TIMUIdRRoIRWrIAFvoSmP7qc+s0xKC2i8AYnMXgBG4SiLzhDI3Vt23Vu03LWQbjDlEIj69pFp1Rx3ErZpb+JW3JmKJIFal37rdOLeBJAiFwyrduuE6OXMoWCS8gKnURDzPiIDaBtaMgC0F46uzyjR0bp0X6kTIVIZ+rXiZQFWk8C33QGDIf6pzcV//LaCfbPvVSEcYIQ8vmifiIpRnQaA+0JBRzlxBDGlTC3Uj5kinE0YRVMCJ+f0v9J46TkGn59WqxeLOLIkwNySI6JS85IlVyRGqkTTsbknjySJyu1Hqxn62XemrMWM/vkG6zXD1Zpk3o=</latexit><latexit sha1_base64="G8vsQ6GaDkNDhPZVM1IDp1uEWKI=">AAAB+XicdVDJSgNBEO2JW4zbqEcvjUHwFGZEorkFvXiMYBZIxtDTqSRNeha6a4JhmD/x4kERr/6JN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8fe3WvoKFEc6jySkWr5TIMUIdRRoIRWrIAFvoSmP7qc+s0xKC2i8AYnMXgBG4SiLzhDI3Vt23Vu03LWQbjDlEIj69pFp1Rx3ErZpb+JW3JmKJIFal37rdOLeBJAiFwyrduuE6OXMoWCS8gKnURDzPiIDaBtaMgC0F46uzyjR0bp0X6kTIVIZ+rXiZQFWk8C33QGDIf6pzcV//LaCfbPvVSEcYIQ8vmifiIpRnQaA+0JBRzlxBDGlTC3Uj5kinE0YRVMCJ+f0v9J46TkGn59WqxeLOLIkwNySI6JS85IlVyRGqkTTsbknjySJyu1Hqxn62XemrMWM/vkG6zXD1Zpk3o=</latexit><latexit sha1_base64="G8vsQ6GaDkNDhPZVM1IDp1uEWKI=">AAAB+XicdVDJSgNBEO2JW4zbqEcvjUHwFGZEorkFvXiMYBZIxtDTqSRNeha6a4JhmD/x4kERr/6JN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8fe3WvoKFEc6jySkWr5TIMUIdRRoIRWrIAFvoSmP7qc+s0xKC2i8AYnMXgBG4SiLzhDI3Vt23Vu03LWQbjDlEIj69pFp1Rx3ErZpb+JW3JmKJIFal37rdOLeBJAiFwyrduuE6OXMoWCS8gKnURDzPiIDaBtaMgC0F46uzyjR0bp0X6kTIVIZ+rXiZQFWk8C33QGDIf6pzcV//LaCfbPvVSEcYIQ8vmifiIpRnQaA+0JBRzlxBDGlTC3Uj5kinE0YRVMCJ+f0v9J46TkGn59WqxeLOLIkwNySI6JS85IlVyRGqkTTsbknjySJyu1Hqxn62XemrMWM/vkG6zXD1Zpk3o=</latexit>

DM mass

WIMP-like experiments: 
energy deposits

Axion-like experiments: exploit 
coherence with resonance

XENON
Liquid Xe (recoil)LUX

CDMS Ge / Si
PICO C3F8

PANDAX

…

GeV DM mass

Cavity
NMR

ADMX/CAPP
CASPEr

…

Atomic Clocks
LIGO Interferometers



10�22 eV
<latexit sha1_base64="widuxWifOvbV2pAXxRXEZYYe1FE=">AAAB/HicdVDJSgNBEO2JW4xbNEcvjUHwYpgJouYW9OIxglkgGUNPpyZp0rPQXSOGIf6KFw+KePVDvPk3dhbB9UHB470qqup5sRQabfvdyiwsLi2vZFdza+sbm1v57Z2GjhLFoc4jGamWxzRIEUIdBUpoxQpY4EloesPzid+8AaVFFF7hKAY3YP1Q+IIzNFI3X3Ds6/SwXB7TDsItphQa426+aJcqtlM5duhv4pTsKYpkjlo3/9bpRTwJIEQumdZtx47RTZlCwSWMc51EQ8z4kPWhbWjIAtBuOj1+TPeN0qN+pEyFSKfq14mUBVqPAs90BgwH+qc3Ef/y2gn6p24qwjhBCPlskZ9IihGdJEF7QgFHOTKEcSXMrZQPmGIcTV45E8Lnp/R/0iiXHMMvj4rVs3kcWbJL9sgBccgJqZILUiN1wsmI3JNH8mTdWQ/Ws/Uya81Y85kC+Qbr9QOKvpQT</latexit><latexit sha1_base64="widuxWifOvbV2pAXxRXEZYYe1FE=">AAAB/HicdVDJSgNBEO2JW4xbNEcvjUHwYpgJouYW9OIxglkgGUNPpyZp0rPQXSOGIf6KFw+KePVDvPk3dhbB9UHB470qqup5sRQabfvdyiwsLi2vZFdza+sbm1v57Z2GjhLFoc4jGamWxzRIEUIdBUpoxQpY4EloesPzid+8AaVFFF7hKAY3YP1Q+IIzNFI3X3Ds6/SwXB7TDsItphQa426+aJcqtlM5duhv4pTsKYpkjlo3/9bpRTwJIEQumdZtx47RTZlCwSWMc51EQ8z4kPWhbWjIAtBuOj1+TPeN0qN+pEyFSKfq14mUBVqPAs90BgwH+qc3Ef/y2gn6p24qwjhBCPlskZ9IihGdJEF7QgFHOTKEcSXMrZQPmGIcTV45E8Lnp/R/0iiXHMMvj4rVs3kcWbJL9sgBccgJqZILUiN1wsmI3JNH8mTdWQ/Ws/Uya81Y85kC+Qbr9QOKvpQT</latexit><latexit sha1_base64="widuxWifOvbV2pAXxRXEZYYe1FE=">AAAB/HicdVDJSgNBEO2JW4xbNEcvjUHwYpgJouYW9OIxglkgGUNPpyZp0rPQXSOGIf6KFw+KePVDvPk3dhbB9UHB470qqup5sRQabfvdyiwsLi2vZFdza+sbm1v57Z2GjhLFoc4jGamWxzRIEUIdBUpoxQpY4EloesPzid+8AaVFFF7hKAY3YP1Q+IIzNFI3X3Ds6/SwXB7TDsItphQa426+aJcqtlM5duhv4pTsKYpkjlo3/9bpRTwJIEQumdZtx47RTZlCwSWMc51EQ8z4kPWhbWjIAtBuOj1+TPeN0qN+pEyFSKfq14mUBVqPAs90BgwH+qc3Ef/y2gn6p24qwjhBCPlskZ9IihGdJEF7QgFHOTKEcSXMrZQPmGIcTV45E8Lnp/R/0iiXHMMvj4rVs3kcWbJL9sgBccgJqZILUiN1wsmI3JNH8mTdWQ/Ws/Uya81Y85kC+Qbr9QOKvpQT</latexit><latexit sha1_base64="widuxWifOvbV2pAXxRXEZYYe1FE=">AAAB/HicdVDJSgNBEO2JW4xbNEcvjUHwYpgJouYW9OIxglkgGUNPpyZp0rPQXSOGIf6KFw+KePVDvPk3dhbB9UHB470qqup5sRQabfvdyiwsLi2vZFdza+sbm1v57Z2GjhLFoc4jGamWxzRIEUIdBUpoxQpY4EloesPzid+8AaVFFF7hKAY3YP1Q+IIzNFI3X3Ds6/SwXB7TDsItphQa426+aJcqtlM5duhv4pTsKYpkjlo3/9bpRTwJIEQumdZtx47RTZlCwSWMc51EQ8z4kPWhbWjIAtBuOj1+TPeN0qN+pEyFSKfq14mUBVqPAs90BgwH+qc3Ef/y2gn6p24qwjhBCPlskZ9IihGdJEF7QgFHOTKEcSXMrZQPmGIcTV45E8Lnp/R/0iiXHMMvj4rVs3kcWbJL9sgBccgJqZILUiN1wsmI3JNH8mTdWQ/Ws/Uya81Y85kC+Qbr9QOKvpQT</latexit>

1040 eV
<latexit sha1_base64="5/DW9sTHuXnEzDHK84/8fGdFUDw=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgKcyIqLkFvXiMYBZIxtDTqSRNeha6ayRhmF/x4kERr/6IN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8feLTZ0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH11O/eYdKC2i8AYnMXgBG4SiLzhDI3XtouvcpidORjsIY0wpNLKuXXLKFcetnLr0N3HLzgwlskCta791ehFPAgiRS6Z123Vi9FKmUHAJWaGTaIgZH7EBtA0NWQDaS2e3Z/TQKD3aj5SpEOlM/TqRskDrSeCbzoDhUP/0puJfXjvB/rmXijBOEEI+X9RPJMWIToOgPaGAo5wYwrgS5lbKh0wxjiauggnh81P6P2kcl13Dr09K1YtFHHmyTw7IEXHJGamSK1IjdcLJmNyTR/JkZdaD9Wy9zFtz1mJmj3yD9foBHbeT3A==</latexit><latexit sha1_base64="5/DW9sTHuXnEzDHK84/8fGdFUDw=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgKcyIqLkFvXiMYBZIxtDTqSRNeha6ayRhmF/x4kERr/6IN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8feLTZ0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH11O/eYdKC2i8AYnMXgBG4SiLzhDI3XtouvcpidORjsIY0wpNLKuXXLKFcetnLr0N3HLzgwlskCta791ehFPAgiRS6Z123Vi9FKmUHAJWaGTaIgZH7EBtA0NWQDaS2e3Z/TQKD3aj5SpEOlM/TqRskDrSeCbzoDhUP/0puJfXjvB/rmXijBOEEI+X9RPJMWIToOgPaGAo5wYwrgS5lbKh0wxjiauggnh81P6P2kcl13Dr09K1YtFHHmyTw7IEXHJGamSK1IjdcLJmNyTR/JkZdaD9Wy9zFtz1mJmj3yD9foBHbeT3A==</latexit><latexit sha1_base64="5/DW9sTHuXnEzDHK84/8fGdFUDw=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgKcyIqLkFvXiMYBZIxtDTqSRNeha6ayRhmF/x4kERr/6IN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8feLTZ0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH11O/eYdKC2i8AYnMXgBG4SiLzhDI3XtouvcpidORjsIY0wpNLKuXXLKFcetnLr0N3HLzgwlskCta791ehFPAgiRS6Z123Vi9FKmUHAJWaGTaIgZH7EBtA0NWQDaS2e3Z/TQKD3aj5SpEOlM/TqRskDrSeCbzoDhUP/0puJfXjvB/rmXijBOEEI+X9RPJMWIToOgPaGAo5wYwrgS5lbKh0wxjiauggnh81P6P2kcl13Dr09K1YtFHHmyTw7IEXHJGamSK1IjdcLJmNyTR/JkZdaD9Wy9zFtz1mJmj3yD9foBHbeT3A==</latexit><latexit sha1_base64="5/DW9sTHuXnEzDHK84/8fGdFUDw=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgKcyIqLkFvXiMYBZIxtDTqSRNeha6ayRhmF/x4kERr/6IN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8feLTZ0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH11O/eYdKC2i8AYnMXgBG4SiLzhDI3XtouvcpidORjsIY0wpNLKuXXLKFcetnLr0N3HLzgwlskCta791ehFPAgiRS6Z123Vi9FKmUHAJWaGTaIgZH7EBtA0NWQDaS2e3Z/TQKD3aj5SpEOlM/TqRskDrSeCbzoDhUP/0puJfXjvB/rmXijBOEEI+X9RPJMWIToOgPaGAo5wYwrgS5lbKh0wxjiauggnh81P6P2kcl13Dr09K1YtFHHmyTw7IEXHJGamSK1IjdcLJmNyTR/JkZdaD9Wy9zFtz1mJmj3yD9foBHbeT3A==</latexit>

Sub-halo 
structure

1 DM through 
earth in a year

10�4 eV
<latexit sha1_base64="n885pOPGqS9O9327QwZWtj34CQo=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQheDDMS1NyCXjxGMAskY+jp1CRNeha6a9Qw5lO8eFDEq1/izb+xswiuDwoe71VRVc+LpdBo2+/W3PzC4tJyZiW7ura+sZnLb9V1lCgONR7JSDU9pkGKEGooUEIzVsACT0LDG5yN/cY1KC2i8BKHMbgB64XCF5yhkTq5vGNfpQelURvhFlMK9VEnV7CLZdspHzn0N3GK9gQFMkO1k3trdyOeBBAil0zrlmPH6KZMoeASRtl2oiFmfMB60DI0ZAFoN52cPqJ7RulSP1KmQqQT9etEygKth4FnOgOGff3TG4t/ea0E/RM3FWGcIIR8ushPJMWIjnOgXaGAoxwawrgS5lbK+0wxjiatrAnh81P6P6kfFh3DL0qFyuksjgzZIbtknzjkmFTIOamSGuHkhtyTR/Jk3VkP1rP1Mm2ds2Yz2+QbrNcPv/aTrw==</latexit><latexit sha1_base64="n885pOPGqS9O9327QwZWtj34CQo=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQheDDMS1NyCXjxGMAskY+jp1CRNeha6a9Qw5lO8eFDEq1/izb+xswiuDwoe71VRVc+LpdBo2+/W3PzC4tJyZiW7ura+sZnLb9V1lCgONR7JSDU9pkGKEGooUEIzVsACT0LDG5yN/cY1KC2i8BKHMbgB64XCF5yhkTq5vGNfpQelURvhFlMK9VEnV7CLZdspHzn0N3GK9gQFMkO1k3trdyOeBBAil0zrlmPH6KZMoeASRtl2oiFmfMB60DI0ZAFoN52cPqJ7RulSP1KmQqQT9etEygKth4FnOgOGff3TG4t/ea0E/RM3FWGcIIR8ushPJMWIjnOgXaGAoxwawrgS5lbK+0wxjiatrAnh81P6P6kfFh3DL0qFyuksjgzZIbtknzjkmFTIOamSGuHkhtyTR/Jk3VkP1rP1Mm2ds2Yz2+QbrNcPv/aTrw==</latexit><latexit sha1_base64="n885pOPGqS9O9327QwZWtj34CQo=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQheDDMS1NyCXjxGMAskY+jp1CRNeha6a9Qw5lO8eFDEq1/izb+xswiuDwoe71VRVc+LpdBo2+/W3PzC4tJyZiW7ura+sZnLb9V1lCgONR7JSDU9pkGKEGooUEIzVsACT0LDG5yN/cY1KC2i8BKHMbgB64XCF5yhkTq5vGNfpQelURvhFlMK9VEnV7CLZdspHzn0N3GK9gQFMkO1k3trdyOeBBAil0zrlmPH6KZMoeASRtl2oiFmfMB60DI0ZAFoN52cPqJ7RulSP1KmQqQT9etEygKth4FnOgOGff3TG4t/ea0E/RM3FWGcIIR8ushPJMWIjnOgXaGAoxwawrgS5lbK+0wxjiatrAnh81P6P6kfFh3DL0qFyuksjgzZIbtknzjkmFTIOamSGuHkhtyTR/Jk3VkP1rP1Mm2ds2Yz2+QbrNcPv/aTrw==</latexit><latexit sha1_base64="n885pOPGqS9O9327QwZWtj34CQo=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQheDDMS1NyCXjxGMAskY+jp1CRNeha6a9Qw5lO8eFDEq1/izb+xswiuDwoe71VRVc+LpdBo2+/W3PzC4tJyZiW7ura+sZnLb9V1lCgONR7JSDU9pkGKEGooUEIzVsACT0LDG5yN/cY1KC2i8BKHMbgB64XCF5yhkTq5vGNfpQelURvhFlMK9VEnV7CLZdspHzn0N3GK9gQFMkO1k3trdyOeBBAil0zrlmPH6KZMoeASRtl2oiFmfMB60DI0ZAFoN52cPqJ7RulSP1KmQqQT9etEygKth4FnOgOGff3TG4t/ea0E/RM3FWGcIIR8ushPJMWIjnOgXaGAoxwawrgS5lbK+0wxjiatrAnh81P6P6kfFh3DL0qFyuksjgzZIbtknzjkmFTIOamSGuHkhtyTR/Jk3VkP1rP1Mm2ds2Yz2+QbrNcPv/aTrw==</latexit> 1011 eV

<latexit sha1_base64="t/pZEirBLW53JZWnQibiSHLb/cE=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQiewrSImlvQi8cIZoEkhp5OJWnSs9Bdo4ZxPsWLB0W8+iXe/Bs7i+D6oODxXhVV9bxISYOu++7MzS8sLi1nVrKra+sbm7n8Vs2EsRZQFaEKdcPjBpQMoIoSFTQiDdz3FNS94dnYr1+DNjIMLnEUQdvn/UD2pOBopU4uz9yrhLG0hXCLCYVa2skV3GLJZaUjRn8TVnQnKJAZKp3cW6sbitiHAIXixjSZG2E74RqlUJBmW7GBiIsh70PT0oD7YNrJ5PSU7lmlS3uhthUgnahfJxLuGzPyPdvpcxyYn95Y/Mtrxtg7aScyiGKEQEwX9WJFMaTjHGhXahCoRpZwoaW9lYoB11ygTStrQ/j8lP5PagdFZvnFYaF8OosjQ3bILtknjByTMjknFVIlgtyQe/JInpw758F5dl6mrXPObGabfIPz+gHBiZOw</latexit><latexit sha1_base64="t/pZEirBLW53JZWnQibiSHLb/cE=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQiewrSImlvQi8cIZoEkhp5OJWnSs9Bdo4ZxPsWLB0W8+iXe/Bs7i+D6oODxXhVV9bxISYOu++7MzS8sLi1nVrKra+sbm7n8Vs2EsRZQFaEKdcPjBpQMoIoSFTQiDdz3FNS94dnYr1+DNjIMLnEUQdvn/UD2pOBopU4uz9yrhLG0hXCLCYVa2skV3GLJZaUjRn8TVnQnKJAZKp3cW6sbitiHAIXixjSZG2E74RqlUJBmW7GBiIsh70PT0oD7YNrJ5PSU7lmlS3uhthUgnahfJxLuGzPyPdvpcxyYn95Y/Mtrxtg7aScyiGKEQEwX9WJFMaTjHGhXahCoRpZwoaW9lYoB11ygTStrQ/j8lP5PagdFZvnFYaF8OosjQ3bILtknjByTMjknFVIlgtyQe/JInpw758F5dl6mrXPObGabfIPz+gHBiZOw</latexit><latexit sha1_base64="t/pZEirBLW53JZWnQibiSHLb/cE=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQiewrSImlvQi8cIZoEkhp5OJWnSs9Bdo4ZxPsWLB0W8+iXe/Bs7i+D6oODxXhVV9bxISYOu++7MzS8sLi1nVrKra+sbm7n8Vs2EsRZQFaEKdcPjBpQMoIoSFTQiDdz3FNS94dnYr1+DNjIMLnEUQdvn/UD2pOBopU4uz9yrhLG0hXCLCYVa2skV3GLJZaUjRn8TVnQnKJAZKp3cW6sbitiHAIXixjSZG2E74RqlUJBmW7GBiIsh70PT0oD7YNrJ5PSU7lmlS3uhthUgnahfJxLuGzPyPdvpcxyYn95Y/Mtrxtg7aScyiGKEQEwX9WJFMaTjHGhXahCoRpZwoaW9lYoB11ygTStrQ/j8lP5PagdFZvnFYaF8OosjQ3bILtknjByTMjknFVIlgtyQe/JInpw758F5dl6mrXPObGabfIPz+gHBiZOw</latexit><latexit sha1_base64="t/pZEirBLW53JZWnQibiSHLb/cE=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQiewrSImlvQi8cIZoEkhp5OJWnSs9Bdo4ZxPsWLB0W8+iXe/Bs7i+D6oODxXhVV9bxISYOu++7MzS8sLi1nVrKra+sbm7n8Vs2EsRZQFaEKdcPjBpQMoIoSFTQiDdz3FNS94dnYr1+DNjIMLnEUQdvn/UD2pOBopU4uz9yrhLG0hXCLCYVa2skV3GLJZaUjRn8TVnQnKJAZKp3cW6sbitiHAIXixjSZG2E74RqlUJBmW7GBiIsh70PT0oD7YNrJ5PSU7lmlS3uhthUgnahfJxLuGzPyPdvpcxyYn95Y/Mtrxtg7aScyiGKEQEwX9WJFMaTjHGhXahCoRpZwoaW9lYoB11ygTStrQ/j8lP5PagdFZvnFYaF8OosjQ3bILtknjByTMjknFVIlgtyQe/JInpw758F5dl6mrXPObGabfIPz+gHBiZOw</latexit>

106 eV
<latexit sha1_base64="G8vsQ6GaDkNDhPZVM1IDp1uEWKI=">AAAB+XicdVDJSgNBEO2JW4zbqEcvjUHwFGZEorkFvXiMYBZIxtDTqSRNeha6a4JhmD/x4kERr/6JN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8fe3WvoKFEc6jySkWr5TIMUIdRRoIRWrIAFvoSmP7qc+s0xKC2i8AYnMXgBG4SiLzhDI3Vt23Vu03LWQbjDlEIj69pFp1Rx3ErZpb+JW3JmKJIFal37rdOLeBJAiFwyrduuE6OXMoWCS8gKnURDzPiIDaBtaMgC0F46uzyjR0bp0X6kTIVIZ+rXiZQFWk8C33QGDIf6pzcV//LaCfbPvVSEcYIQ8vmifiIpRnQaA+0JBRzlxBDGlTC3Uj5kinE0YRVMCJ+f0v9J46TkGn59WqxeLOLIkwNySI6JS85IlVyRGqkTTsbknjySJyu1Hqxn62XemrMWM/vkG6zXD1Zpk3o=</latexit><latexit sha1_base64="G8vsQ6GaDkNDhPZVM1IDp1uEWKI=">AAAB+XicdVDJSgNBEO2JW4zbqEcvjUHwFGZEorkFvXiMYBZIxtDTqSRNeha6a4JhmD/x4kERr/6JN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8fe3WvoKFEc6jySkWr5TIMUIdRRoIRWrIAFvoSmP7qc+s0xKC2i8AYnMXgBG4SiLzhDI3Vt23Vu03LWQbjDlEIj69pFp1Rx3ErZpb+JW3JmKJIFal37rdOLeBJAiFwyrduuE6OXMoWCS8gKnURDzPiIDaBtaMgC0F46uzyjR0bp0X6kTIVIZ+rXiZQFWk8C33QGDIf6pzcV//LaCfbPvVSEcYIQ8vmifiIpRnQaA+0JBRzlxBDGlTC3Uj5kinE0YRVMCJ+f0v9J46TkGn59WqxeLOLIkwNySI6JS85IlVyRGqkTTsbknjySJyu1Hqxn62XemrMWM/vkG6zXD1Zpk3o=</latexit><latexit sha1_base64="G8vsQ6GaDkNDhPZVM1IDp1uEWKI=">AAAB+XicdVDJSgNBEO2JW4zbqEcvjUHwFGZEorkFvXiMYBZIxtDTqSRNeha6a4JhmD/x4kERr/6JN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8fe3WvoKFEc6jySkWr5TIMUIdRRoIRWrIAFvoSmP7qc+s0xKC2i8AYnMXgBG4SiLzhDI3Vt23Vu03LWQbjDlEIj69pFp1Rx3ErZpb+JW3JmKJIFal37rdOLeBJAiFwyrduuE6OXMoWCS8gKnURDzPiIDaBtaMgC0F46uzyjR0bp0X6kTIVIZ+rXiZQFWk8C33QGDIf6pzcV//LaCfbPvVSEcYIQ8vmifiIpRnQaA+0JBRzlxBDGlTC3Uj5kinE0YRVMCJ+f0v9J46TkGn59WqxeLOLIkwNySI6JS85IlVyRGqkTTsbknjySJyu1Hqxn62XemrMWM/vkG6zXD1Zpk3o=</latexit><latexit sha1_base64="G8vsQ6GaDkNDhPZVM1IDp1uEWKI=">AAAB+XicdVDJSgNBEO2JW4zbqEcvjUHwFGZEorkFvXiMYBZIxtDTqSRNeha6a4JhmD/x4kERr/6JN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8fe3WvoKFEc6jySkWr5TIMUIdRRoIRWrIAFvoSmP7qc+s0xKC2i8AYnMXgBG4SiLzhDI3Vt23Vu03LWQbjDlEIj69pFp1Rx3ErZpb+JW3JmKJIFal37rdOLeBJAiFwyrduuE6OXMoWCS8gKnURDzPiIDaBtaMgC0F46uzyjR0bp0X6kTIVIZ+rXiZQFWk8C33QGDIf6pzcV//LaCfbPvVSEcYIQ8vmifiIpRnQaA+0JBRzlxBDGlTC3Uj5kinE0YRVMCJ+f0v9J46TkGn59WqxeLOLIkwNySI6JS85IlVyRGqkTTsbknjySJyu1Hqxn62XemrMWM/vkG6zXD1Zpk3o=</latexit>

DM mass

WIMP-like experiments: 
energy deposits

Axion-like experiments: exploit 
coherence with resonance

GeV DM mass

Spatial and temporal 
coherence becomes 
unusable

Cavity
NMR

ADMX/CAPP
CASPEr

…

Atomic Clocks
LIGO Interferometers



WIMP-like experiments: 
energy deposits

Axion-like experiments: exploit 
coherence with resonance

10�22 eV
<latexit sha1_base64="widuxWifOvbV2pAXxRXEZYYe1FE=">AAAB/HicdVDJSgNBEO2JW4xbNEcvjUHwYpgJouYW9OIxglkgGUNPpyZp0rPQXSOGIf6KFw+KePVDvPk3dhbB9UHB470qqup5sRQabfvdyiwsLi2vZFdza+sbm1v57Z2GjhLFoc4jGamWxzRIEUIdBUpoxQpY4EloesPzid+8AaVFFF7hKAY3YP1Q+IIzNFI3X3Ds6/SwXB7TDsItphQa426+aJcqtlM5duhv4pTsKYpkjlo3/9bpRTwJIEQumdZtx47RTZlCwSWMc51EQ8z4kPWhbWjIAtBuOj1+TPeN0qN+pEyFSKfq14mUBVqPAs90BgwH+qc3Ef/y2gn6p24qwjhBCPlskZ9IihGdJEF7QgFHOTKEcSXMrZQPmGIcTV45E8Lnp/R/0iiXHMMvj4rVs3kcWbJL9sgBccgJqZILUiN1wsmI3JNH8mTdWQ/Ws/Uya81Y85kC+Qbr9QOKvpQT</latexit><latexit sha1_base64="widuxWifOvbV2pAXxRXEZYYe1FE=">AAAB/HicdVDJSgNBEO2JW4xbNEcvjUHwYpgJouYW9OIxglkgGUNPpyZp0rPQXSOGIf6KFw+KePVDvPk3dhbB9UHB470qqup5sRQabfvdyiwsLi2vZFdza+sbm1v57Z2GjhLFoc4jGamWxzRIEUIdBUpoxQpY4EloesPzid+8AaVFFF7hKAY3YP1Q+IIzNFI3X3Ds6/SwXB7TDsItphQa426+aJcqtlM5duhv4pTsKYpkjlo3/9bpRTwJIEQumdZtx47RTZlCwSWMc51EQ8z4kPWhbWjIAtBuOj1+TPeN0qN+pEyFSKfq14mUBVqPAs90BgwH+qc3Ef/y2gn6p24qwjhBCPlskZ9IihGdJEF7QgFHOTKEcSXMrZQPmGIcTV45E8Lnp/R/0iiXHMMvj4rVs3kcWbJL9sgBccgJqZILUiN1wsmI3JNH8mTdWQ/Ws/Uya81Y85kC+Qbr9QOKvpQT</latexit><latexit sha1_base64="widuxWifOvbV2pAXxRXEZYYe1FE=">AAAB/HicdVDJSgNBEO2JW4xbNEcvjUHwYpgJouYW9OIxglkgGUNPpyZp0rPQXSOGIf6KFw+KePVDvPk3dhbB9UHB470qqup5sRQabfvdyiwsLi2vZFdza+sbm1v57Z2GjhLFoc4jGamWxzRIEUIdBUpoxQpY4EloesPzid+8AaVFFF7hKAY3YP1Q+IIzNFI3X3Ds6/SwXB7TDsItphQa426+aJcqtlM5duhv4pTsKYpkjlo3/9bpRTwJIEQumdZtx47RTZlCwSWMc51EQ8z4kPWhbWjIAtBuOj1+TPeN0qN+pEyFSKfq14mUBVqPAs90BgwH+qc3Ef/y2gn6p24qwjhBCPlskZ9IihGdJEF7QgFHOTKEcSXMrZQPmGIcTV45E8Lnp/R/0iiXHMMvj4rVs3kcWbJL9sgBccgJqZILUiN1wsmI3JNH8mTdWQ/Ws/Uya81Y85kC+Qbr9QOKvpQT</latexit><latexit sha1_base64="widuxWifOvbV2pAXxRXEZYYe1FE=">AAAB/HicdVDJSgNBEO2JW4xbNEcvjUHwYpgJouYW9OIxglkgGUNPpyZp0rPQXSOGIf6KFw+KePVDvPk3dhbB9UHB470qqup5sRQabfvdyiwsLi2vZFdza+sbm1v57Z2GjhLFoc4jGamWxzRIEUIdBUpoxQpY4EloesPzid+8AaVFFF7hKAY3YP1Q+IIzNFI3X3Ds6/SwXB7TDsItphQa426+aJcqtlM5duhv4pTsKYpkjlo3/9bpRTwJIEQumdZtx47RTZlCwSWMc51EQ8z4kPWhbWjIAtBuOj1+TPeN0qN+pEyFSKfq14mUBVqPAs90BgwH+qc3Ef/y2gn6p24qwjhBCPlskZ9IihGdJEF7QgFHOTKEcSXMrZQPmGIcTV45E8Lnp/R/0iiXHMMvj4rVs3kcWbJL9sgBccgJqZILUiN1wsmI3JNH8mTdWQ/Ws/Uya81Y85kC+Qbr9QOKvpQT</latexit>

1040 eV
<latexit sha1_base64="5/DW9sTHuXnEzDHK84/8fGdFUDw=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgKcyIqLkFvXiMYBZIxtDTqSRNeha6ayRhmF/x4kERr/6IN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8feLTZ0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH11O/eYdKC2i8AYnMXgBG4SiLzhDI3XtouvcpidORjsIY0wpNLKuXXLKFcetnLr0N3HLzgwlskCta791ehFPAgiRS6Z123Vi9FKmUHAJWaGTaIgZH7EBtA0NWQDaS2e3Z/TQKD3aj5SpEOlM/TqRskDrSeCbzoDhUP/0puJfXjvB/rmXijBOEEI+X9RPJMWIToOgPaGAo5wYwrgS5lbKh0wxjiauggnh81P6P2kcl13Dr09K1YtFHHmyTw7IEXHJGamSK1IjdcLJmNyTR/JkZdaD9Wy9zFtz1mJmj3yD9foBHbeT3A==</latexit><latexit sha1_base64="5/DW9sTHuXnEzDHK84/8fGdFUDw=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgKcyIqLkFvXiMYBZIxtDTqSRNeha6ayRhmF/x4kERr/6IN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8feLTZ0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH11O/eYdKC2i8AYnMXgBG4SiLzhDI3XtouvcpidORjsIY0wpNLKuXXLKFcetnLr0N3HLzgwlskCta791ehFPAgiRS6Z123Vi9FKmUHAJWaGTaIgZH7EBtA0NWQDaS2e3Z/TQKD3aj5SpEOlM/TqRskDrSeCbzoDhUP/0puJfXjvB/rmXijBOEEI+X9RPJMWIToOgPaGAo5wYwrgS5lbKh0wxjiauggnh81P6P2kcl13Dr09K1YtFHHmyTw7IEXHJGamSK1IjdcLJmNyTR/JkZdaD9Wy9zFtz1mJmj3yD9foBHbeT3A==</latexit><latexit sha1_base64="5/DW9sTHuXnEzDHK84/8fGdFUDw=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgKcyIqLkFvXiMYBZIxtDTqSRNeha6ayRhmF/x4kERr/6IN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8feLTZ0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH11O/eYdKC2i8AYnMXgBG4SiLzhDI3XtouvcpidORjsIY0wpNLKuXXLKFcetnLr0N3HLzgwlskCta791ehFPAgiRS6Z123Vi9FKmUHAJWaGTaIgZH7EBtA0NWQDaS2e3Z/TQKD3aj5SpEOlM/TqRskDrSeCbzoDhUP/0puJfXjvB/rmXijBOEEI+X9RPJMWIToOgPaGAo5wYwrgS5lbKh0wxjiauggnh81P6P2kcl13Dr09K1YtFHHmyTw7IEXHJGamSK1IjdcLJmNyTR/JkZdaD9Wy9zFtz1mJmj3yD9foBHbeT3A==</latexit><latexit sha1_base64="5/DW9sTHuXnEzDHK84/8fGdFUDw=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgKcyIqLkFvXiMYBZIxtDTqSRNeha6ayRhmF/x4kERr/6IN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8feLTZ0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH11O/eYdKC2i8AYnMXgBG4SiLzhDI3XtouvcpidORjsIY0wpNLKuXXLKFcetnLr0N3HLzgwlskCta791ehFPAgiRS6Z123Vi9FKmUHAJWaGTaIgZH7EBtA0NWQDaS2e3Z/TQKD3aj5SpEOlM/TqRskDrSeCbzoDhUP/0puJfXjvB/rmXijBOEEI+X9RPJMWIToOgPaGAo5wYwrgS5lbKh0wxjiauggnh81P6P2kcl13Dr09K1YtFHHmyTw7IEXHJGamSK1IjdcLJmNyTR/JkZdaD9Wy9zFtz1mJmj3yD9foBHbeT3A==</latexit>

Sub-halo 
structure

1 DM through 
earth in a year

10�4 eV
<latexit sha1_base64="n885pOPGqS9O9327QwZWtj34CQo=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQheDDMS1NyCXjxGMAskY+jp1CRNeha6a9Qw5lO8eFDEq1/izb+xswiuDwoe71VRVc+LpdBo2+/W3PzC4tJyZiW7ura+sZnLb9V1lCgONR7JSDU9pkGKEGooUEIzVsACT0LDG5yN/cY1KC2i8BKHMbgB64XCF5yhkTq5vGNfpQelURvhFlMK9VEnV7CLZdspHzn0N3GK9gQFMkO1k3trdyOeBBAil0zrlmPH6KZMoeASRtl2oiFmfMB60DI0ZAFoN52cPqJ7RulSP1KmQqQT9etEygKth4FnOgOGff3TG4t/ea0E/RM3FWGcIIR8ushPJMWIjnOgXaGAoxwawrgS5lbK+0wxjiatrAnh81P6P6kfFh3DL0qFyuksjgzZIbtknzjkmFTIOamSGuHkhtyTR/Jk3VkP1rP1Mm2ds2Yz2+QbrNcPv/aTrw==</latexit><latexit sha1_base64="n885pOPGqS9O9327QwZWtj34CQo=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQheDDMS1NyCXjxGMAskY+jp1CRNeha6a9Qw5lO8eFDEq1/izb+xswiuDwoe71VRVc+LpdBo2+/W3PzC4tJyZiW7ura+sZnLb9V1lCgONR7JSDU9pkGKEGooUEIzVsACT0LDG5yN/cY1KC2i8BKHMbgB64XCF5yhkTq5vGNfpQelURvhFlMK9VEnV7CLZdspHzn0N3GK9gQFMkO1k3trdyOeBBAil0zrlmPH6KZMoeASRtl2oiFmfMB60DI0ZAFoN52cPqJ7RulSP1KmQqQT9etEygKth4FnOgOGff3TG4t/ea0E/RM3FWGcIIR8ushPJMWIjnOgXaGAoxwawrgS5lbK+0wxjiatrAnh81P6P6kfFh3DL0qFyuksjgzZIbtknzjkmFTIOamSGuHkhtyTR/Jk3VkP1rP1Mm2ds2Yz2+QbrNcPv/aTrw==</latexit><latexit sha1_base64="n885pOPGqS9O9327QwZWtj34CQo=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQheDDMS1NyCXjxGMAskY+jp1CRNeha6a9Qw5lO8eFDEq1/izb+xswiuDwoe71VRVc+LpdBo2+/W3PzC4tJyZiW7ura+sZnLb9V1lCgONR7JSDU9pkGKEGooUEIzVsACT0LDG5yN/cY1KC2i8BKHMbgB64XCF5yhkTq5vGNfpQelURvhFlMK9VEnV7CLZdspHzn0N3GK9gQFMkO1k3trdyOeBBAil0zrlmPH6KZMoeASRtl2oiFmfMB60DI0ZAFoN52cPqJ7RulSP1KmQqQT9etEygKth4FnOgOGff3TG4t/ea0E/RM3FWGcIIR8ushPJMWIjnOgXaGAoxwawrgS5lbK+0wxjiatrAnh81P6P6kfFh3DL0qFyuksjgzZIbtknzjkmFTIOamSGuHkhtyTR/Jk3VkP1rP1Mm2ds2Yz2+QbrNcPv/aTrw==</latexit><latexit sha1_base64="n885pOPGqS9O9327QwZWtj34CQo=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQheDDMS1NyCXjxGMAskY+jp1CRNeha6a9Qw5lO8eFDEq1/izb+xswiuDwoe71VRVc+LpdBo2+/W3PzC4tJyZiW7ura+sZnLb9V1lCgONR7JSDU9pkGKEGooUEIzVsACT0LDG5yN/cY1KC2i8BKHMbgB64XCF5yhkTq5vGNfpQelURvhFlMK9VEnV7CLZdspHzn0N3GK9gQFMkO1k3trdyOeBBAil0zrlmPH6KZMoeASRtl2oiFmfMB60DI0ZAFoN52cPqJ7RulSP1KmQqQT9etEygKth4FnOgOGff3TG4t/ea0E/RM3FWGcIIR8ushPJMWIjnOgXaGAoxwawrgS5lbK+0wxjiatrAnh81P6P6kfFh3DL0qFyuksjgzZIbtknzjkmFTIOamSGuHkhtyTR/Jk3VkP1rP1Mm2ds2Yz2+QbrNcPv/aTrw==</latexit> 1011 eV

<latexit sha1_base64="t/pZEirBLW53JZWnQibiSHLb/cE=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQiewrSImlvQi8cIZoEkhp5OJWnSs9Bdo4ZxPsWLB0W8+iXe/Bs7i+D6oODxXhVV9bxISYOu++7MzS8sLi1nVrKra+sbm7n8Vs2EsRZQFaEKdcPjBpQMoIoSFTQiDdz3FNS94dnYr1+DNjIMLnEUQdvn/UD2pOBopU4uz9yrhLG0hXCLCYVa2skV3GLJZaUjRn8TVnQnKJAZKp3cW6sbitiHAIXixjSZG2E74RqlUJBmW7GBiIsh70PT0oD7YNrJ5PSU7lmlS3uhthUgnahfJxLuGzPyPdvpcxyYn95Y/Mtrxtg7aScyiGKEQEwX9WJFMaTjHGhXahCoRpZwoaW9lYoB11ygTStrQ/j8lP5PagdFZvnFYaF8OosjQ3bILtknjByTMjknFVIlgtyQe/JInpw758F5dl6mrXPObGabfIPz+gHBiZOw</latexit><latexit sha1_base64="t/pZEirBLW53JZWnQibiSHLb/cE=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQiewrSImlvQi8cIZoEkhp5OJWnSs9Bdo4ZxPsWLB0W8+iXe/Bs7i+D6oODxXhVV9bxISYOu++7MzS8sLi1nVrKra+sbm7n8Vs2EsRZQFaEKdcPjBpQMoIoSFTQiDdz3FNS94dnYr1+DNjIMLnEUQdvn/UD2pOBopU4uz9yrhLG0hXCLCYVa2skV3GLJZaUjRn8TVnQnKJAZKp3cW6sbitiHAIXixjSZG2E74RqlUJBmW7GBiIsh70PT0oD7YNrJ5PSU7lmlS3uhthUgnahfJxLuGzPyPdvpcxyYn95Y/Mtrxtg7aScyiGKEQEwX9WJFMaTjHGhXahCoRpZwoaW9lYoB11ygTStrQ/j8lP5PagdFZvnFYaF8OosjQ3bILtknjByTMjknFVIlgtyQe/JInpw758F5dl6mrXPObGabfIPz+gHBiZOw</latexit><latexit sha1_base64="t/pZEirBLW53JZWnQibiSHLb/cE=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQiewrSImlvQi8cIZoEkhp5OJWnSs9Bdo4ZxPsWLB0W8+iXe/Bs7i+D6oODxXhVV9bxISYOu++7MzS8sLi1nVrKra+sbm7n8Vs2EsRZQFaEKdcPjBpQMoIoSFTQiDdz3FNS94dnYr1+DNjIMLnEUQdvn/UD2pOBopU4uz9yrhLG0hXCLCYVa2skV3GLJZaUjRn8TVnQnKJAZKp3cW6sbitiHAIXixjSZG2E74RqlUJBmW7GBiIsh70PT0oD7YNrJ5PSU7lmlS3uhthUgnahfJxLuGzPyPdvpcxyYn95Y/Mtrxtg7aScyiGKEQEwX9WJFMaTjHGhXahCoRpZwoaW9lYoB11ygTStrQ/j8lP5PagdFZvnFYaF8OosjQ3bILtknjByTMjknFVIlgtyQe/JInpw758F5dl6mrXPObGabfIPz+gHBiZOw</latexit><latexit sha1_base64="t/pZEirBLW53JZWnQibiSHLb/cE=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQiewrSImlvQi8cIZoEkhp5OJWnSs9Bdo4ZxPsWLB0W8+iXe/Bs7i+D6oODxXhVV9bxISYOu++7MzS8sLi1nVrKra+sbm7n8Vs2EsRZQFaEKdcPjBpQMoIoSFTQiDdz3FNS94dnYr1+DNjIMLnEUQdvn/UD2pOBopU4uz9yrhLG0hXCLCYVa2skV3GLJZaUjRn8TVnQnKJAZKp3cW6sbitiHAIXixjSZG2E74RqlUJBmW7GBiIsh70PT0oD7YNrJ5PSU7lmlS3uhthUgnahfJxLuGzPyPdvpcxyYn95Y/Mtrxtg7aScyiGKEQEwX9WJFMaTjHGhXahCoRpZwoaW9lYoB11ygTStrQ/j8lP5PagdFZvnFYaF8OosjQ3bILtknjByTMjknFVIlgtyQe/JInpw758F5dl6mrXPObGabfIPz+gHBiZOw</latexit>

106 eV
<latexit sha1_base64="G8vsQ6GaDkNDhPZVM1IDp1uEWKI=">AAAB+XicdVDJSgNBEO2JW4zbqEcvjUHwFGZEorkFvXiMYBZIxtDTqSRNeha6a4JhmD/x4kERr/6JN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8fe3WvoKFEc6jySkWr5TIMUIdRRoIRWrIAFvoSmP7qc+s0xKC2i8AYnMXgBG4SiLzhDI3Vt23Vu03LWQbjDlEIj69pFp1Rx3ErZpb+JW3JmKJIFal37rdOLeBJAiFwyrduuE6OXMoWCS8gKnURDzPiIDaBtaMgC0F46uzyjR0bp0X6kTIVIZ+rXiZQFWk8C33QGDIf6pzcV//LaCfbPvVSEcYIQ8vmifiIpRnQaA+0JBRzlxBDGlTC3Uj5kinE0YRVMCJ+f0v9J46TkGn59WqxeLOLIkwNySI6JS85IlVyRGqkTTsbknjySJyu1Hqxn62XemrMWM/vkG6zXD1Zpk3o=</latexit><latexit sha1_base64="G8vsQ6GaDkNDhPZVM1IDp1uEWKI=">AAAB+XicdVDJSgNBEO2JW4zbqEcvjUHwFGZEorkFvXiMYBZIxtDTqSRNeha6a4JhmD/x4kERr/6JN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8fe3WvoKFEc6jySkWr5TIMUIdRRoIRWrIAFvoSmP7qc+s0xKC2i8AYnMXgBG4SiLzhDI3Vt23Vu03LWQbjDlEIj69pFp1Rx3ErZpb+JW3JmKJIFal37rdOLeBJAiFwyrduuE6OXMoWCS8gKnURDzPiIDaBtaMgC0F46uzyjR0bp0X6kTIVIZ+rXiZQFWk8C33QGDIf6pzcV//LaCfbPvVSEcYIQ8vmifiIpRnQaA+0JBRzlxBDGlTC3Uj5kinE0YRVMCJ+f0v9J46TkGn59WqxeLOLIkwNySI6JS85IlVyRGqkTTsbknjySJyu1Hqxn62XemrMWM/vkG6zXD1Zpk3o=</latexit><latexit sha1_base64="G8vsQ6GaDkNDhPZVM1IDp1uEWKI=">AAAB+XicdVDJSgNBEO2JW4zbqEcvjUHwFGZEorkFvXiMYBZIxtDTqSRNeha6a4JhmD/x4kERr/6JN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8fe3WvoKFEc6jySkWr5TIMUIdRRoIRWrIAFvoSmP7qc+s0xKC2i8AYnMXgBG4SiLzhDI3Vt23Vu03LWQbjDlEIj69pFp1Rx3ErZpb+JW3JmKJIFal37rdOLeBJAiFwyrduuE6OXMoWCS8gKnURDzPiIDaBtaMgC0F46uzyjR0bp0X6kTIVIZ+rXiZQFWk8C33QGDIf6pzcV//LaCfbPvVSEcYIQ8vmifiIpRnQaA+0JBRzlxBDGlTC3Uj5kinE0YRVMCJ+f0v9J46TkGn59WqxeLOLIkwNySI6JS85IlVyRGqkTTsbknjySJyu1Hqxn62XemrMWM/vkG6zXD1Zpk3o=</latexit><latexit sha1_base64="G8vsQ6GaDkNDhPZVM1IDp1uEWKI=">AAAB+XicdVDJSgNBEO2JW4zbqEcvjUHwFGZEorkFvXiMYBZIxtDTqSRNeha6a4JhmD/x4kERr/6JN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8fe3WvoKFEc6jySkWr5TIMUIdRRoIRWrIAFvoSmP7qc+s0xKC2i8AYnMXgBG4SiLzhDI3Vt23Vu03LWQbjDlEIj69pFp1Rx3ErZpb+JW3JmKJIFal37rdOLeBJAiFwyrduuE6OXMoWCS8gKnURDzPiIDaBtaMgC0F46uzyjR0bp0X6kTIVIZ+rXiZQFWk8C33QGDIf6pzcV//LaCfbPvVSEcYIQ8vmifiIpRnQaA+0JBRzlxBDGlTC3Uj5kinE0YRVMCJ+f0v9J46TkGn59WqxeLOLIkwNySI6JS85IlVyRGqkTTsbknjySJyu1Hqxn62XemrMWM/vkG6zXD1Zpk3o=</latexit>

DM mass

Few-10s eV 
energy deposit

superCDMS

SENSEI Electrons in 
semi-conductor

sub-GeV mass 
being probed

MeV DM mass

CRESST

DarkSide (electron)
Xenon10 (electron)

Ionization of Ar, 
Xe electrons

Phonons/
ionization

1

2
mDMv2 ⇠ 10�6mDM

<latexit sha1_base64="Do2gEeoXEH36sZnZb7ViwCm8sIE=">AAACEXicdVDLSsNAFJ34rPUVdelmsAjdWJIi1e6KunAjVLAPaNIwmU7aoTNJmJkUSsgvuPFX3LhQxK07d/6N04fg88CFwzn3cu89fsyoVJb1biwsLi2vrObW8usbm1vb5s5uU0aJwKSBIxaJto8kYTQkDUUVI+1YEMR9Rlr+8Hzit0ZESBqFN2ocE5ejfkgDipHSkmcWnUAgnNpZWs64l15cZaNuGTqScmhb3fSoksGZ7JkFq1S17GrFhr+JXbKmKIA56p755vQinHASKsyQlB3bipWbIqEoZiTLO4kkMcJD1CcdTUPEiXTT6UcZPNRKDwaR0BUqOFW/TqSISznmvu7kSA3kT28i/uV1EhWcuikN40SREM8WBQmDKoKTeGCPCoIVG2uCsKD6VogHSEekdIh5HcLnp/B/0iyXbM2vjwu1s3kcObAPDkAR2OAE1MAlqIMGwOAW3INH8GTcGQ/Gs/Eya10w5jN74BuM1w8/Dpyj</latexit><latexit sha1_base64="Do2gEeoXEH36sZnZb7ViwCm8sIE=">AAACEXicdVDLSsNAFJ34rPUVdelmsAjdWJIi1e6KunAjVLAPaNIwmU7aoTNJmJkUSsgvuPFX3LhQxK07d/6N04fg88CFwzn3cu89fsyoVJb1biwsLi2vrObW8usbm1vb5s5uU0aJwKSBIxaJto8kYTQkDUUVI+1YEMR9Rlr+8Hzit0ZESBqFN2ocE5ejfkgDipHSkmcWnUAgnNpZWs64l15cZaNuGTqScmhb3fSoksGZ7JkFq1S17GrFhr+JXbKmKIA56p755vQinHASKsyQlB3bipWbIqEoZiTLO4kkMcJD1CcdTUPEiXTT6UcZPNRKDwaR0BUqOFW/TqSISznmvu7kSA3kT28i/uV1EhWcuikN40SREM8WBQmDKoKTeGCPCoIVG2uCsKD6VogHSEekdIh5HcLnp/B/0iyXbM2vjwu1s3kcObAPDkAR2OAE1MAlqIMGwOAW3INH8GTcGQ/Gs/Eya10w5jN74BuM1w8/Dpyj</latexit><latexit sha1_base64="Do2gEeoXEH36sZnZb7ViwCm8sIE=">AAACEXicdVDLSsNAFJ34rPUVdelmsAjdWJIi1e6KunAjVLAPaNIwmU7aoTNJmJkUSsgvuPFX3LhQxK07d/6N04fg88CFwzn3cu89fsyoVJb1biwsLi2vrObW8usbm1vb5s5uU0aJwKSBIxaJto8kYTQkDUUVI+1YEMR9Rlr+8Hzit0ZESBqFN2ocE5ejfkgDipHSkmcWnUAgnNpZWs64l15cZaNuGTqScmhb3fSoksGZ7JkFq1S17GrFhr+JXbKmKIA56p755vQinHASKsyQlB3bipWbIqEoZiTLO4kkMcJD1CcdTUPEiXTT6UcZPNRKDwaR0BUqOFW/TqSISznmvu7kSA3kT28i/uV1EhWcuikN40SREM8WBQmDKoKTeGCPCoIVG2uCsKD6VogHSEekdIh5HcLnp/B/0iyXbM2vjwu1s3kcObAPDkAR2OAE1MAlqIMGwOAW3INH8GTcGQ/Gs/Eya10w5jN74BuM1w8/Dpyj</latexit><latexit sha1_base64="Do2gEeoXEH36sZnZb7ViwCm8sIE=">AAACEXicdVDLSsNAFJ34rPUVdelmsAjdWJIi1e6KunAjVLAPaNIwmU7aoTNJmJkUSsgvuPFX3LhQxK07d/6N04fg88CFwzn3cu89fsyoVJb1biwsLi2vrObW8usbm1vb5s5uU0aJwKSBIxaJto8kYTQkDUUVI+1YEMR9Rlr+8Hzit0ZESBqFN2ocE5ejfkgDipHSkmcWnUAgnNpZWs64l15cZaNuGTqScmhb3fSoksGZ7JkFq1S17GrFhr+JXbKmKIA56p755vQinHASKsyQlB3bipWbIqEoZiTLO4kkMcJD1CcdTUPEiXTT6UcZPNRKDwaR0BUqOFW/TqSISznmvu7kSA3kT28i/uV1EhWcuikN40SREM8WBQmDKoKTeGCPCoIVG2uCsKD6VogHSEekdIh5HcLnp/B/0iyXbM2vjwu1s3kcObAPDkAR2OAE1MAlqIMGwOAW3INH8GTcGQ/Gs/Eya10w5jN74BuM1w8/Dpyj</latexit>



WIMP-like experiments: 
energy deposits

Axion-like experiments: exploit 
coherence with resonance

10�22 eV
<latexit sha1_base64="widuxWifOvbV2pAXxRXEZYYe1FE=">AAAB/HicdVDJSgNBEO2JW4xbNEcvjUHwYpgJouYW9OIxglkgGUNPpyZp0rPQXSOGIf6KFw+KePVDvPk3dhbB9UHB470qqup5sRQabfvdyiwsLi2vZFdza+sbm1v57Z2GjhLFoc4jGamWxzRIEUIdBUpoxQpY4EloesPzid+8AaVFFF7hKAY3YP1Q+IIzNFI3X3Ds6/SwXB7TDsItphQa426+aJcqtlM5duhv4pTsKYpkjlo3/9bpRTwJIEQumdZtx47RTZlCwSWMc51EQ8z4kPWhbWjIAtBuOj1+TPeN0qN+pEyFSKfq14mUBVqPAs90BgwH+qc3Ef/y2gn6p24qwjhBCPlskZ9IihGdJEF7QgFHOTKEcSXMrZQPmGIcTV45E8Lnp/R/0iiXHMMvj4rVs3kcWbJL9sgBccgJqZILUiN1wsmI3JNH8mTdWQ/Ws/Uya81Y85kC+Qbr9QOKvpQT</latexit><latexit sha1_base64="widuxWifOvbV2pAXxRXEZYYe1FE=">AAAB/HicdVDJSgNBEO2JW4xbNEcvjUHwYpgJouYW9OIxglkgGUNPpyZp0rPQXSOGIf6KFw+KePVDvPk3dhbB9UHB470qqup5sRQabfvdyiwsLi2vZFdza+sbm1v57Z2GjhLFoc4jGamWxzRIEUIdBUpoxQpY4EloesPzid+8AaVFFF7hKAY3YP1Q+IIzNFI3X3Ds6/SwXB7TDsItphQa426+aJcqtlM5duhv4pTsKYpkjlo3/9bpRTwJIEQumdZtx47RTZlCwSWMc51EQ8z4kPWhbWjIAtBuOj1+TPeN0qN+pEyFSKfq14mUBVqPAs90BgwH+qc3Ef/y2gn6p24qwjhBCPlskZ9IihGdJEF7QgFHOTKEcSXMrZQPmGIcTV45E8Lnp/R/0iiXHMMvj4rVs3kcWbJL9sgBccgJqZILUiN1wsmI3JNH8mTdWQ/Ws/Uya81Y85kC+Qbr9QOKvpQT</latexit><latexit sha1_base64="widuxWifOvbV2pAXxRXEZYYe1FE=">AAAB/HicdVDJSgNBEO2JW4xbNEcvjUHwYpgJouYW9OIxglkgGUNPpyZp0rPQXSOGIf6KFw+KePVDvPk3dhbB9UHB470qqup5sRQabfvdyiwsLi2vZFdza+sbm1v57Z2GjhLFoc4jGamWxzRIEUIdBUpoxQpY4EloesPzid+8AaVFFF7hKAY3YP1Q+IIzNFI3X3Ds6/SwXB7TDsItphQa426+aJcqtlM5duhv4pTsKYpkjlo3/9bpRTwJIEQumdZtx47RTZlCwSWMc51EQ8z4kPWhbWjIAtBuOj1+TPeN0qN+pEyFSKfq14mUBVqPAs90BgwH+qc3Ef/y2gn6p24qwjhBCPlskZ9IihGdJEF7QgFHOTKEcSXMrZQPmGIcTV45E8Lnp/R/0iiXHMMvj4rVs3kcWbJL9sgBccgJqZILUiN1wsmI3JNH8mTdWQ/Ws/Uya81Y85kC+Qbr9QOKvpQT</latexit><latexit sha1_base64="widuxWifOvbV2pAXxRXEZYYe1FE=">AAAB/HicdVDJSgNBEO2JW4xbNEcvjUHwYpgJouYW9OIxglkgGUNPpyZp0rPQXSOGIf6KFw+KePVDvPk3dhbB9UHB470qqup5sRQabfvdyiwsLi2vZFdza+sbm1v57Z2GjhLFoc4jGamWxzRIEUIdBUpoxQpY4EloesPzid+8AaVFFF7hKAY3YP1Q+IIzNFI3X3Ds6/SwXB7TDsItphQa426+aJcqtlM5duhv4pTsKYpkjlo3/9bpRTwJIEQumdZtx47RTZlCwSWMc51EQ8z4kPWhbWjIAtBuOj1+TPeN0qN+pEyFSKfq14mUBVqPAs90BgwH+qc3Ef/y2gn6p24qwjhBCPlskZ9IihGdJEF7QgFHOTKEcSXMrZQPmGIcTV45E8Lnp/R/0iiXHMMvj4rVs3kcWbJL9sgBccgJqZILUiN1wsmI3JNH8mTdWQ/Ws/Uya81Y85kC+Qbr9QOKvpQT</latexit>

1040 eV
<latexit sha1_base64="5/DW9sTHuXnEzDHK84/8fGdFUDw=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgKcyIqLkFvXiMYBZIxtDTqSRNeha6ayRhmF/x4kERr/6IN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8feLTZ0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH11O/eYdKC2i8AYnMXgBG4SiLzhDI3XtouvcpidORjsIY0wpNLKuXXLKFcetnLr0N3HLzgwlskCta791ehFPAgiRS6Z123Vi9FKmUHAJWaGTaIgZH7EBtA0NWQDaS2e3Z/TQKD3aj5SpEOlM/TqRskDrSeCbzoDhUP/0puJfXjvB/rmXijBOEEI+X9RPJMWIToOgPaGAo5wYwrgS5lbKh0wxjiauggnh81P6P2kcl13Dr09K1YtFHHmyTw7IEXHJGamSK1IjdcLJmNyTR/JkZdaD9Wy9zFtz1mJmj3yD9foBHbeT3A==</latexit><latexit sha1_base64="5/DW9sTHuXnEzDHK84/8fGdFUDw=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgKcyIqLkFvXiMYBZIxtDTqSRNeha6ayRhmF/x4kERr/6IN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8feLTZ0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH11O/eYdKC2i8AYnMXgBG4SiLzhDI3XtouvcpidORjsIY0wpNLKuXXLKFcetnLr0N3HLzgwlskCta791ehFPAgiRS6Z123Vi9FKmUHAJWaGTaIgZH7EBtA0NWQDaS2e3Z/TQKD3aj5SpEOlM/TqRskDrSeCbzoDhUP/0puJfXjvB/rmXijBOEEI+X9RPJMWIToOgPaGAo5wYwrgS5lbKh0wxjiauggnh81P6P2kcl13Dr09K1YtFHHmyTw7IEXHJGamSK1IjdcLJmNyTR/JkZdaD9Wy9zFtz1mJmj3yD9foBHbeT3A==</latexit><latexit sha1_base64="5/DW9sTHuXnEzDHK84/8fGdFUDw=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgKcyIqLkFvXiMYBZIxtDTqSRNeha6ayRhmF/x4kERr/6IN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8feLTZ0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH11O/eYdKC2i8AYnMXgBG4SiLzhDI3XtouvcpidORjsIY0wpNLKuXXLKFcetnLr0N3HLzgwlskCta791ehFPAgiRS6Z123Vi9FKmUHAJWaGTaIgZH7EBtA0NWQDaS2e3Z/TQKD3aj5SpEOlM/TqRskDrSeCbzoDhUP/0puJfXjvB/rmXijBOEEI+X9RPJMWIToOgPaGAo5wYwrgS5lbKh0wxjiauggnh81P6P2kcl13Dr09K1YtFHHmyTw7IEXHJGamSK1IjdcLJmNyTR/JkZdaD9Wy9zFtz1mJmj3yD9foBHbeT3A==</latexit><latexit sha1_base64="5/DW9sTHuXnEzDHK84/8fGdFUDw=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgKcyIqLkFvXiMYBZIxtDTqSRNeha6ayRhmF/x4kERr/6IN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8feLTZ0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH11O/eYdKC2i8AYnMXgBG4SiLzhDI3XtouvcpidORjsIY0wpNLKuXXLKFcetnLr0N3HLzgwlskCta791ehFPAgiRS6Z123Vi9FKmUHAJWaGTaIgZH7EBtA0NWQDaS2e3Z/TQKD3aj5SpEOlM/TqRskDrSeCbzoDhUP/0puJfXjvB/rmXijBOEEI+X9RPJMWIToOgPaGAo5wYwrgS5lbKh0wxjiauggnh81P6P2kcl13Dr09K1YtFHHmyTw7IEXHJGamSK1IjdcLJmNyTR/JkZdaD9Wy9zFtz1mJmj3yD9foBHbeT3A==</latexit>

Sub-halo 
structure

1 DM through 
earth in a year

10�4 eV
<latexit sha1_base64="n885pOPGqS9O9327QwZWtj34CQo=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQheDDMS1NyCXjxGMAskY+jp1CRNeha6a9Qw5lO8eFDEq1/izb+xswiuDwoe71VRVc+LpdBo2+/W3PzC4tJyZiW7ura+sZnLb9V1lCgONR7JSDU9pkGKEGooUEIzVsACT0LDG5yN/cY1KC2i8BKHMbgB64XCF5yhkTq5vGNfpQelURvhFlMK9VEnV7CLZdspHzn0N3GK9gQFMkO1k3trdyOeBBAil0zrlmPH6KZMoeASRtl2oiFmfMB60DI0ZAFoN52cPqJ7RulSP1KmQqQT9etEygKth4FnOgOGff3TG4t/ea0E/RM3FWGcIIR8ushPJMWIjnOgXaGAoxwawrgS5lbK+0wxjiatrAnh81P6P6kfFh3DL0qFyuksjgzZIbtknzjkmFTIOamSGuHkhtyTR/Jk3VkP1rP1Mm2ds2Yz2+QbrNcPv/aTrw==</latexit><latexit sha1_base64="n885pOPGqS9O9327QwZWtj34CQo=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQheDDMS1NyCXjxGMAskY+jp1CRNeha6a9Qw5lO8eFDEq1/izb+xswiuDwoe71VRVc+LpdBo2+/W3PzC4tJyZiW7ura+sZnLb9V1lCgONR7JSDU9pkGKEGooUEIzVsACT0LDG5yN/cY1KC2i8BKHMbgB64XCF5yhkTq5vGNfpQelURvhFlMK9VEnV7CLZdspHzn0N3GK9gQFMkO1k3trdyOeBBAil0zrlmPH6KZMoeASRtl2oiFmfMB60DI0ZAFoN52cPqJ7RulSP1KmQqQT9etEygKth4FnOgOGff3TG4t/ea0E/RM3FWGcIIR8ushPJMWIjnOgXaGAoxwawrgS5lbK+0wxjiatrAnh81P6P6kfFh3DL0qFyuksjgzZIbtknzjkmFTIOamSGuHkhtyTR/Jk3VkP1rP1Mm2ds2Yz2+QbrNcPv/aTrw==</latexit><latexit sha1_base64="n885pOPGqS9O9327QwZWtj34CQo=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQheDDMS1NyCXjxGMAskY+jp1CRNeha6a9Qw5lO8eFDEq1/izb+xswiuDwoe71VRVc+LpdBo2+/W3PzC4tJyZiW7ura+sZnLb9V1lCgONR7JSDU9pkGKEGooUEIzVsACT0LDG5yN/cY1KC2i8BKHMbgB64XCF5yhkTq5vGNfpQelURvhFlMK9VEnV7CLZdspHzn0N3GK9gQFMkO1k3trdyOeBBAil0zrlmPH6KZMoeASRtl2oiFmfMB60DI0ZAFoN52cPqJ7RulSP1KmQqQT9etEygKth4FnOgOGff3TG4t/ea0E/RM3FWGcIIR8ushPJMWIjnOgXaGAoxwawrgS5lbK+0wxjiatrAnh81P6P6kfFh3DL0qFyuksjgzZIbtknzjkmFTIOamSGuHkhtyTR/Jk3VkP1rP1Mm2ds2Yz2+QbrNcPv/aTrw==</latexit><latexit sha1_base64="n885pOPGqS9O9327QwZWtj34CQo=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQheDDMS1NyCXjxGMAskY+jp1CRNeha6a9Qw5lO8eFDEq1/izb+xswiuDwoe71VRVc+LpdBo2+/W3PzC4tJyZiW7ura+sZnLb9V1lCgONR7JSDU9pkGKEGooUEIzVsACT0LDG5yN/cY1KC2i8BKHMbgB64XCF5yhkTq5vGNfpQelURvhFlMK9VEnV7CLZdspHzn0N3GK9gQFMkO1k3trdyOeBBAil0zrlmPH6KZMoeASRtl2oiFmfMB60DI0ZAFoN52cPqJ7RulSP1KmQqQT9etEygKth4FnOgOGff3TG4t/ea0E/RM3FWGcIIR8ushPJMWIjnOgXaGAoxwawrgS5lbK+0wxjiatrAnh81P6P6kfFh3DL0qFyuksjgzZIbtknzjkmFTIOamSGuHkhtyTR/Jk3VkP1rP1Mm2ds2Yz2+QbrNcPv/aTrw==</latexit> 1011 eV
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accumulate statistics for faint sources, and provide context for multimessenger discoveries as new
facilities emerge [23, 24].
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Figure 5: Left: AMEGO will revolutionize medium-energy gamma-ray astronomy by providing >20⇥ bet-
ter sensitivity in the MeV band compared to COMPTEL. The AMEGO 3� continuum sensitivity is calculated
for all-sky exposure during a 5-year mission. All other sensitivity curves are calculated for typical source
exposure over the mission lifetimes. Right: Narrow-line sensitivity for AMEGO from 200 keV to 9 MeV, in
comparison to INTEGRAL/SPI and COMPTEL.

AMEGO’s discovery potential derives from its combination of order-of-magnitude improve-
ment in continuum sensitivity, advanced nuclear line spectroscopy, and gamma-ray polarization
capability [25, 26]; its superior angular resolution will help resolve the diffuse gamma-ray emis-
sion that limits the sensitivity of Fermi-LAT analyses <300 MeV. Discovery is almost a foregone
conclusion from this level of performance gain. One target area for potential breakthroughs is
magnetar physics. Magnetars are laboratories for extreme quantum electrodynamics, with critical
spectral and polarization features in the AMEGO energy range that relate directly to issues in fun-
damental physics such as the QED prediction photon splitting and birefringence of the magnetized
vacuum [2]. Another opportunity is the ongoing search for the nature of dark matter, with well-
motivated possibilities potentially revealed in the medium-energy gamma-ray band [27, 28, 29, 30].

3 Technical Overview
To achieve the science described in Section 2 and in the numerous studies submitted to the As-
tro2020 white paper call, we optimized an instrument design that enables sensitive continuum
spectral measurements over a broad energy range, with additional capabilities for measuring po-
larization and spectral lines. AMEGO consists of four subsystems: (Fig. 6) a double-sided silicon
detector (DSSD) tracker, a 3D position-sensitive virtual Frisch-grid Imaging Cadmium Zinc Tel-
luride (CZT) calorimeter, a segmented thallium-activated Cesium Iodide (CsI) calorimeter and a
plastic scintillator Anti-Coincidence Detector (ACD). The Si tracker, CsI calorimeter, and ACD
are analogs of systems flown on Fermi-LAT [31]. The AMEGO instrument performance derived
from detailed detector simulations [32] is shown in Table 1.

The tracker subsystem consists of 60 layers of DSSDs. For the candidate design presented in this
proposal, each tower layer contains a 4 ⇥ 4 array of DSSDs, each 9.5 cm square and 500 microns
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i.e. keV-MeV mass

Telescope sensitivity gap
accumulate statistics for faint sources, and provide context for multimessenger discoveries as new
facilities emerge [23, 24].
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Figure 5: Left: AMEGO will revolutionize medium-energy gamma-ray astronomy by providing >20⇥ bet-
ter sensitivity in the MeV band compared to COMPTEL. The AMEGO 3� continuum sensitivity is calculated
for all-sky exposure during a 5-year mission. All other sensitivity curves are calculated for typical source
exposure over the mission lifetimes. Right: Narrow-line sensitivity for AMEGO from 200 keV to 9 MeV, in
comparison to INTEGRAL/SPI and COMPTEL.

AMEGO’s discovery potential derives from its combination of order-of-magnitude improve-
ment in continuum sensitivity, advanced nuclear line spectroscopy, and gamma-ray polarization
capability [25, 26]; its superior angular resolution will help resolve the diffuse gamma-ray emis-
sion that limits the sensitivity of Fermi-LAT analyses <300 MeV. Discovery is almost a foregone
conclusion from this level of performance gain. One target area for potential breakthroughs is
magnetar physics. Magnetars are laboratories for extreme quantum electrodynamics, with critical
spectral and polarization features in the AMEGO energy range that relate directly to issues in fun-
damental physics such as the QED prediction photon splitting and birefringence of the magnetized
vacuum [2]. Another opportunity is the ongoing search for the nature of dark matter, with well-
motivated possibilities potentially revealed in the medium-energy gamma-ray band [27, 28, 29, 30].

3 Technical Overview
To achieve the science described in Section 2 and in the numerous studies submitted to the As-
tro2020 white paper call, we optimized an instrument design that enables sensitive continuum
spectral measurements over a broad energy range, with additional capabilities for measuring po-
larization and spectral lines. AMEGO consists of four subsystems: (Fig. 6) a double-sided silicon
detector (DSSD) tracker, a 3D position-sensitive virtual Frisch-grid Imaging Cadmium Zinc Tel-
luride (CZT) calorimeter, a segmented thallium-activated Cesium Iodide (CsI) calorimeter and a
plastic scintillator Anti-Coincidence Detector (ACD). The Si tracker, CsI calorimeter, and ACD
are analogs of systems flown on Fermi-LAT [31]. The AMEGO instrument performance derived
from detailed detector simulations [32] is shown in Table 1.

The tracker subsystem consists of 60 layers of DSSDs. For the candidate design presented in this
proposal, each tower layer contains a 4 ⇥ 4 array of DSSDs, each 9.5 cm square and 500 microns
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The “MeV Gap”

3 4 5



There exist models of keV-MeV DM that give 
100% of DM abundance, not ruled out by 
astrophysics/cosmology, and are detectable 
in earth based experiments

Relatively un-developed/explored theory 
space, e.g. using relatively (past decade) new 
mechanism of freeze in for relic abundance

Plus, we are being forced to reconsider our 
ideas about naturalness & the weak scale, and 
what yardstick we should judge models by

e.g. Green, Rajendran 1701.08750; Knapen, Lin, Zurek 1709.07882
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<latexit sha1_base64="sBZFNU7gFmyWDcLAEvnPsCnCfUo=">AAAB/XicdVDJSgNBEO2JW4zbuNy8NAbBg4SZIMbcgl48RjALJDH0dCpJk56F7hoxDsFf8eJBEa/+hzf/xs4iuL6i4PFeFV39vEgKjY7zbqXm5hcWl9LLmZXVtfUNe3OrqsNYcajwUIaq7jENUgRQQYES6pEC5nsSat7gbOzXrkFpEQaXOIyg5bNeILqCMzRS295xnaskXxg1D00h3GAC1VHbzjq5ouMWj136m7g5Z4IsmaHctt+anZDHPgTIJdO64ToRthKmUHAJo0wz1hAxPmA9aBgaMB90K5lcP6L7RunQbqhMB0gn6teNhPlaD33PTPoM+/qnNxb/8hoxdk9aiQiiGCHg04e6saQY0nEUtCMUcJRDQxhXwtxKeZ8pxtEEljEhfP6U/k+q+Zxr+MVRtnQ6iyNNdskeOSAuKZASOSdlUiGc3JJ78kierDvrwXq2XqajKWu2s02+wXr9ALZ8lMU=</latexit><latexit sha1_base64="sBZFNU7gFmyWDcLAEvnPsCnCfUo=">AAAB/XicdVDJSgNBEO2JW4zbuNy8NAbBg4SZIMbcgl48RjALJDH0dCpJk56F7hoxDsFf8eJBEa/+hzf/xs4iuL6i4PFeFV39vEgKjY7zbqXm5hcWl9LLmZXVtfUNe3OrqsNYcajwUIaq7jENUgRQQYES6pEC5nsSat7gbOzXrkFpEQaXOIyg5bNeILqCMzRS295xnaskXxg1D00h3GAC1VHbzjq5ouMWj136m7g5Z4IsmaHctt+anZDHPgTIJdO64ToRthKmUHAJo0wz1hAxPmA9aBgaMB90K5lcP6L7RunQbqhMB0gn6teNhPlaD33PTPoM+/qnNxb/8hoxdk9aiQiiGCHg04e6saQY0nEUtCMUcJRDQxhXwtxKeZ8pxtEEljEhfP6U/k+q+Zxr+MVRtnQ6iyNNdskeOSAuKZASOSdlUiGc3JJ78kierDvrwXq2XqajKWu2s02+wXr9ALZ8lMU=</latexit><latexit sha1_base64="sBZFNU7gFmyWDcLAEvnPsCnCfUo=">AAAB/XicdVDJSgNBEO2JW4zbuNy8NAbBg4SZIMbcgl48RjALJDH0dCpJk56F7hoxDsFf8eJBEa/+hzf/xs4iuL6i4PFeFV39vEgKjY7zbqXm5hcWl9LLmZXVtfUNe3OrqsNYcajwUIaq7jENUgRQQYES6pEC5nsSat7gbOzXrkFpEQaXOIyg5bNeILqCMzRS295xnaskXxg1D00h3GAC1VHbzjq5ouMWj136m7g5Z4IsmaHctt+anZDHPgTIJdO64ToRthKmUHAJo0wz1hAxPmA9aBgaMB90K5lcP6L7RunQbqhMB0gn6teNhPlaD33PTPoM+/qnNxb/8hoxdk9aiQiiGCHg04e6saQY0nEUtCMUcJRDQxhXwtxKeZ8pxtEEljEhfP6U/k+q+Zxr+MVRtnQ6iyNNdskeOSAuKZASOSdlUiGc3JJ78kierDvrwXq2XqajKWu2s02+wXr9ALZ8lMU=</latexit><latexit sha1_base64="sBZFNU7gFmyWDcLAEvnPsCnCfUo=">AAAB/XicdVDJSgNBEO2JW4zbuNy8NAbBg4SZIMbcgl48RjALJDH0dCpJk56F7hoxDsFf8eJBEa/+hzf/xs4iuL6i4PFeFV39vEgKjY7zbqXm5hcWl9LLmZXVtfUNe3OrqsNYcajwUIaq7jENUgRQQYES6pEC5nsSat7gbOzXrkFpEQaXOIyg5bNeILqCMzRS295xnaskXxg1D00h3GAC1VHbzjq5ouMWj136m7g5Z4IsmaHctt+anZDHPgTIJdO64ToRthKmUHAJo0wz1hAxPmA9aBgaMB90K5lcP6L7RunQbqhMB0gn6teNhPlaD33PTPoM+/qnNxb/8hoxdk9aiQiiGCHg04e6saQY0nEUtCMUcJRDQxhXwtxKeZ8pxtEEljEhfP6U/k+q+Zxr+MVRtnQ6iyNNdskeOSAuKZASOSdlUiGc3JJ78kierDvrwXq2XqajKWu2s02+wXr9ALZ8lMU=</latexit>

Mplanck
<latexit sha1_base64="uw+cvmOJatvlio3+Zgokdltk3yk=">AAAB8XicdVDJSgNBEK2JW4xb1KOXxiB4CjMiam5BL16ECGbBZAg1nZ6kSU/P0N0jhCF/4cWDIl79G2/+jZ1FcH1Q8Hiviqp6QSK4Nq777uQWFpeWV/KrhbX1jc2t4vZOQ8epoqxOYxGrVoCaCS5Z3XAjWCtRDKNAsGYwvJj4zTumNI/ljRklzI+wL3nIKRor3V51s0SgpMNxt1hyyxXXq5x45Dfxyu4UJZij1i2+dXoxTSMmDRWoddtzE+NnqAyngo0LnVSzBOkQ+6xtqcSIaT+bXjwmB1bpkTBWtqQhU/XrRIaR1qMosJ0RmoH+6U3Ev7x2asIzP+MySQ2TdLYoTAUxMZm8T3pcMWrEyBKkittbCR2gQmpsSAUbwuen5H/SOCp7ll8fl6rn8zjysAf7cAgenEIVLqEGdaAg4R4e4cnRzoPz7LzMWnPOfGYXvsF5/QA70JFJ</latexit><latexit sha1_base64="uw+cvmOJatvlio3+Zgokdltk3yk=">AAAB8XicdVDJSgNBEK2JW4xb1KOXxiB4CjMiam5BL16ECGbBZAg1nZ6kSU/P0N0jhCF/4cWDIl79G2/+jZ1FcH1Q8Hiviqp6QSK4Nq777uQWFpeWV/KrhbX1jc2t4vZOQ8epoqxOYxGrVoCaCS5Z3XAjWCtRDKNAsGYwvJj4zTumNI/ljRklzI+wL3nIKRor3V51s0SgpMNxt1hyyxXXq5x45Dfxyu4UJZij1i2+dXoxTSMmDRWoddtzE+NnqAyngo0LnVSzBOkQ+6xtqcSIaT+bXjwmB1bpkTBWtqQhU/XrRIaR1qMosJ0RmoH+6U3Ev7x2asIzP+MySQ2TdLYoTAUxMZm8T3pcMWrEyBKkittbCR2gQmpsSAUbwuen5H/SOCp7ll8fl6rn8zjysAf7cAgenEIVLqEGdaAg4R4e4cnRzoPz7LzMWnPOfGYXvsF5/QA70JFJ</latexit><latexit sha1_base64="uw+cvmOJatvlio3+Zgokdltk3yk=">AAAB8XicdVDJSgNBEK2JW4xb1KOXxiB4CjMiam5BL16ECGbBZAg1nZ6kSU/P0N0jhCF/4cWDIl79G2/+jZ1FcH1Q8Hiviqp6QSK4Nq777uQWFpeWV/KrhbX1jc2t4vZOQ8epoqxOYxGrVoCaCS5Z3XAjWCtRDKNAsGYwvJj4zTumNI/ljRklzI+wL3nIKRor3V51s0SgpMNxt1hyyxXXq5x45Dfxyu4UJZij1i2+dXoxTSMmDRWoddtzE+NnqAyngo0LnVSzBOkQ+6xtqcSIaT+bXjwmB1bpkTBWtqQhU/XrRIaR1qMosJ0RmoH+6U3Ev7x2asIzP+MySQ2TdLYoTAUxMZm8T3pcMWrEyBKkittbCR2gQmpsSAUbwuen5H/SOCp7ll8fl6rn8zjysAf7cAgenEIVLqEGdaAg4R4e4cnRzoPz7LzMWnPOfGYXvsF5/QA70JFJ</latexit><latexit sha1_base64="uw+cvmOJatvlio3+Zgokdltk3yk=">AAAB8XicdVDJSgNBEK2JW4xb1KOXxiB4CjMiam5BL16ECGbBZAg1nZ6kSU/P0N0jhCF/4cWDIl79G2/+jZ1FcH1Q8Hiviqp6QSK4Nq777uQWFpeWV/KrhbX1jc2t4vZOQ8epoqxOYxGrVoCaCS5Z3XAjWCtRDKNAsGYwvJj4zTumNI/ljRklzI+wL3nIKRor3V51s0SgpMNxt1hyyxXXq5x45Dfxyu4UJZij1i2+dXoxTSMmDRWoddtzE+NnqAyngo0LnVSzBOkQ+6xtqcSIaT+bXjwmB1bpkTBWtqQhU/XrRIaR1qMosJ0RmoH+6U3Ev7x2asIzP+MySQ2TdLYoTAUxMZm8T3pcMWrEyBKkittbCR2gQmpsSAUbwuen5H/SOCp7ll8fl6rn8zjysAf7cAgenEIVLqEGdaAg4R4e4cnRzoPz7LzMWnPOfGYXvsF5/QA70JFJ</latexit>
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k

<latexit sha1_base64="goZeysGHBKDKxBujm/Kw8VI0V64=">AAAB73icdVDJSgNBEK1xjXGLevTSGARPYUZEzS3oxYsQwSyQDKGnU5M06ekZu3uUMOQnvHhQxKu/482/sbMIrg8KHu9VUVUvSATXxnXfnbn5hcWl5dxKfnVtfWOzsLVd13GqGNZYLGLVDKhGwSXWDDcCm4lCGgUCG8HgfOw3blFpHstrM0zQj2hP8pAzaqzUvOxkd0gHo06h6JbKrlc+9shv4pXcCYowQ7VTeGt3Y5ZGKA0TVOuW5ybGz6gynAkc5dupxoSyAe1hy1JJI9R+Nrl3RPat0iVhrGxJQybq14mMRloPo8B2RtT09U9vLP7ltVITnvoZl0lqULLpojAVxMRk/DzpcoXMiKEllClubyWsTxVlxkaUtyF8fkr+J/XDkmf51VGxcjaLIwe7sAcH4MEJVOACqlADBgLu4RGenBvnwXl2Xqatc85sZge+wXn9AK43kGQ=</latexit><latexit sha1_base64="goZeysGHBKDKxBujm/Kw8VI0V64=">AAAB73icdVDJSgNBEK1xjXGLevTSGARPYUZEzS3oxYsQwSyQDKGnU5M06ekZu3uUMOQnvHhQxKu/482/sbMIrg8KHu9VUVUvSATXxnXfnbn5hcWl5dxKfnVtfWOzsLVd13GqGNZYLGLVDKhGwSXWDDcCm4lCGgUCG8HgfOw3blFpHstrM0zQj2hP8pAzaqzUvOxkd0gHo06h6JbKrlc+9shv4pXcCYowQ7VTeGt3Y5ZGKA0TVOuW5ybGz6gynAkc5dupxoSyAe1hy1JJI9R+Nrl3RPat0iVhrGxJQybq14mMRloPo8B2RtT09U9vLP7ltVITnvoZl0lqULLpojAVxMRk/DzpcoXMiKEllClubyWsTxVlxkaUtyF8fkr+J/XDkmf51VGxcjaLIwe7sAcH4MEJVOACqlADBgLu4RGenBvnwXl2Xqatc85sZge+wXn9AK43kGQ=</latexit><latexit sha1_base64="goZeysGHBKDKxBujm/Kw8VI0V64=">AAAB73icdVDJSgNBEK1xjXGLevTSGARPYUZEzS3oxYsQwSyQDKGnU5M06ekZu3uUMOQnvHhQxKu/482/sbMIrg8KHu9VUVUvSATXxnXfnbn5hcWl5dxKfnVtfWOzsLVd13GqGNZYLGLVDKhGwSXWDDcCm4lCGgUCG8HgfOw3blFpHstrM0zQj2hP8pAzaqzUvOxkd0gHo06h6JbKrlc+9shv4pXcCYowQ7VTeGt3Y5ZGKA0TVOuW5ybGz6gynAkc5dupxoSyAe1hy1JJI9R+Nrl3RPat0iVhrGxJQybq14mMRloPo8B2RtT09U9vLP7ltVITnvoZl0lqULLpojAVxMRk/DzpcoXMiKEllClubyWsTxVlxkaUtyF8fkr+J/XDkmf51VGxcjaLIwe7sAcH4MEJVOACqlADBgLu4RGenBvnwXl2Xqatc85sZge+wXn9AK43kGQ=</latexit><latexit sha1_base64="goZeysGHBKDKxBujm/Kw8VI0V64=">AAAB73icdVDJSgNBEK1xjXGLevTSGARPYUZEzS3oxYsQwSyQDKGnU5M06ekZu3uUMOQnvHhQxKu/482/sbMIrg8KHu9VUVUvSATXxnXfnbn5hcWl5dxKfnVtfWOzsLVd13GqGNZYLGLVDKhGwSXWDDcCm4lCGgUCG8HgfOw3blFpHstrM0zQj2hP8pAzaqzUvOxkd0gHo06h6JbKrlc+9shv4pXcCYowQ7VTeGt3Y5ZGKA0TVOuW5ybGz6gynAkc5dupxoSyAe1hy1JJI9R+Nrl3RPat0iVhrGxJQybq14mMRloPo8B2RtT09U9vLP7ltVITnvoZl0lqULLpojAVxMRk/DzpcoXMiKEllClubyWsTxVlxkaUtyF8fkr+J/XDkmf51VGxcjaLIwe7sAcH4MEJVOACqlADBgLu4RGenBvnwXl2Xqatc85sZge+wXn9AK43kGQ=</latexit>
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D

<latexit sha1_base64="kmTg+JygM9biigz8aiiRbgVC9d8=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4CjMiam7BePAiJGAWSIbQ06kkTXp6hu4eIQz5CC8eFPHq93jzb+wsguuDgsd7VVTVC2LBtXHddyeztLyyupZdz21sbm3v5Hf3GjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMYVaZ+8w6V5pG8NeMY/ZAOJO9zRo2VmjfdtFa5mnTzBbdYcr3SmUd+E6/ozlCABard/FunF7EkRGmYoFq3PTc2fkqV4UzgJNdJNMaUjegA25ZKGqL209m5E3JklR7pR8qWNGSmfp1Iaaj1OAxsZ0jNUP/0puJfXjsx/Qs/5TJODEo2X9RPBDERmf5OelwhM2JsCWWK21sJG1JFmbEJ5WwIn5+S/0njpOhZXjstlC8XcWThAA7hGDw4hzJcQxXqwGAE9/AIT07sPDjPzsu8NeMsZvbhG5zXD0pWj4o=</latexit><latexit sha1_base64="kmTg+JygM9biigz8aiiRbgVC9d8=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4CjMiam7BePAiJGAWSIbQ06kkTXp6hu4eIQz5CC8eFPHq93jzb+wsguuDgsd7VVTVC2LBtXHddyeztLyyupZdz21sbm3v5Hf3GjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMYVaZ+8w6V5pG8NeMY/ZAOJO9zRo2VmjfdtFa5mnTzBbdYcr3SmUd+E6/ozlCABard/FunF7EkRGmYoFq3PTc2fkqV4UzgJNdJNMaUjegA25ZKGqL209m5E3JklR7pR8qWNGSmfp1Iaaj1OAxsZ0jNUP/0puJfXjsx/Qs/5TJODEo2X9RPBDERmf5OelwhM2JsCWWK21sJG1JFmbEJ5WwIn5+S/0njpOhZXjstlC8XcWThAA7hGDw4hzJcQxXqwGAE9/AIT07sPDjPzsu8NeMsZvbhG5zXD0pWj4o=</latexit><latexit sha1_base64="kmTg+JygM9biigz8aiiRbgVC9d8=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4CjMiam7BePAiJGAWSIbQ06kkTXp6hu4eIQz5CC8eFPHq93jzb+wsguuDgsd7VVTVC2LBtXHddyeztLyyupZdz21sbm3v5Hf3GjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMYVaZ+8w6V5pG8NeMY/ZAOJO9zRo2VmjfdtFa5mnTzBbdYcr3SmUd+E6/ozlCABard/FunF7EkRGmYoFq3PTc2fkqV4UzgJNdJNMaUjegA25ZKGqL209m5E3JklR7pR8qWNGSmfp1Iaaj1OAxsZ0jNUP/0puJfXjsx/Qs/5TJODEo2X9RPBDERmf5OelwhM2JsCWWK21sJG1JFmbEJ5WwIn5+S/0njpOhZXjstlC8XcWThAA7hGDw4hzJcQxXqwGAE9/AIT07sPDjPzsu8NeMsZvbhG5zXD0pWj4o=</latexit><latexit sha1_base64="kmTg+JygM9biigz8aiiRbgVC9d8=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4CjMiam7BePAiJGAWSIbQ06kkTXp6hu4eIQz5CC8eFPHq93jzb+wsguuDgsd7VVTVC2LBtXHddyeztLyyupZdz21sbm3v5Hf3GjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMYVaZ+8w6V5pG8NeMY/ZAOJO9zRo2VmjfdtFa5mnTzBbdYcr3SmUd+E6/ozlCABard/FunF7EkRGmYoFq3PTc2fkqV4UzgJNdJNMaUjegA25ZKGqL209m5E3JklR7pR8qWNGSmfp1Iaaj1OAxsZ0jNUP/0puJfXjsx/Qs/5TJODEo2X9RPBDERmf5OelwhM2JsCWWK21sJG1JFmbEJ5WwIn5+S/0njpOhZXjstlC8XcWThAA7hGDw4hzJcQxXqwGAE9/AIT07sPDjPzsu8NeMsZvbhG5zXD0pWj4o=</latexit>

Me
<latexit sha1_base64="IBDTGCzac7puYW1heDgm+j0+Sxo=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBoPgKeyKqLkFvXgRIrgmkCxhdtKbDJmdXWZmhbDkG7x4UMSrH+TNv3HyEHwWNBRV3XR3hang2rjuu1NYWFxaXimultbWNza3yts7tzrJFEOfJSJRrZBqFFyib7gR2EoV0jgU2AyHFxO/eYdK80TemFGKQUz7kkecUWMl/6qb47hbrrjVmuvVTjzym3hVd4oKzNHolt86vYRlMUrDBNW67bmpCXKqDGcCx6VOpjGlbEj72LZU0hh1kE+PHZMDq/RIlChb0pCp+nUip7HWozi0nTE1A/3Tm4h/ee3MRGdBzmWaGZRstijKBDEJmXxOelwhM2JkCWWK21sJG1BFmbH5lGwIn5+S/8ntUdWz/Pq4Uj+fx1GEPdiHQ/DgFOpwCQ3wgQGHe3iEJ0c6D86z8zJrLTjzmV34Buf1A057jwM=</latexit><latexit sha1_base64="IBDTGCzac7puYW1heDgm+j0+Sxo=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBoPgKeyKqLkFvXgRIrgmkCxhdtKbDJmdXWZmhbDkG7x4UMSrH+TNv3HyEHwWNBRV3XR3hang2rjuu1NYWFxaXimultbWNza3yts7tzrJFEOfJSJRrZBqFFyib7gR2EoV0jgU2AyHFxO/eYdK80TemFGKQUz7kkecUWMl/6qb47hbrrjVmuvVTjzym3hVd4oKzNHolt86vYRlMUrDBNW67bmpCXKqDGcCx6VOpjGlbEj72LZU0hh1kE+PHZMDq/RIlChb0pCp+nUip7HWozi0nTE1A/3Tm4h/ee3MRGdBzmWaGZRstijKBDEJmXxOelwhM2JkCWWK21sJG1BFmbH5lGwIn5+S/8ntUdWz/Pq4Uj+fx1GEPdiHQ/DgFOpwCQ3wgQGHe3iEJ0c6D86z8zJrLTjzmV34Buf1A057jwM=</latexit><latexit sha1_base64="IBDTGCzac7puYW1heDgm+j0+Sxo=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBoPgKeyKqLkFvXgRIrgmkCxhdtKbDJmdXWZmhbDkG7x4UMSrH+TNv3HyEHwWNBRV3XR3hang2rjuu1NYWFxaXimultbWNza3yts7tzrJFEOfJSJRrZBqFFyib7gR2EoV0jgU2AyHFxO/eYdK80TemFGKQUz7kkecUWMl/6qb47hbrrjVmuvVTjzym3hVd4oKzNHolt86vYRlMUrDBNW67bmpCXKqDGcCx6VOpjGlbEj72LZU0hh1kE+PHZMDq/RIlChb0pCp+nUip7HWozi0nTE1A/3Tm4h/ee3MRGdBzmWaGZRstijKBDEJmXxOelwhM2JkCWWK21sJG1BFmbH5lGwIn5+S/8ntUdWz/Pq4Uj+fx1GEPdiHQ/DgFOpwCQ3wgQGHe3iEJ0c6D86z8zJrLTjzmV34Buf1A057jwM=</latexit><latexit sha1_base64="IBDTGCzac7puYW1heDgm+j0+Sxo=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBoPgKeyKqLkFvXgRIrgmkCxhdtKbDJmdXWZmhbDkG7x4UMSrH+TNv3HyEHwWNBRV3XR3hang2rjuu1NYWFxaXimultbWNza3yts7tzrJFEOfJSJRrZBqFFyib7gR2EoV0jgU2AyHFxO/eYdK80TemFGKQUz7kkecUWMl/6qb47hbrrjVmuvVTjzym3hVd4oKzNHolt86vYRlMUrDBNW67bmpCXKqDGcCx6VOpjGlbEj72LZU0hh1kE+PHZMDq/RIlChb0pCp+nUip7HWozi0nTE1A/3Tm4h/ee3MRGdBzmWaGZRstijKBDEJmXxOelwhM2JkCWWK21sJG1BFmbH5lGwIn5+S/8ntUdWz/Pq4Uj+fx1GEPdiHQ/DgFOpwCQ3wgQGHe3iEJ0c6D86z8zJrLTjzmV34Buf1A057jwM=</latexit> Mµ

<latexit sha1_base64="oGdR77phj4m8C0Wv6epjNmQfwMY=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoPgKeyKqLkFvXgRIhgTSJYwO+kkQ2Zml5lZISz5CC8eFPHq93jzb5w8BJ8FDUVVN91dUSK4sb7/7uUWFpeWV/KrhbX1jc2t4vbOrYlTzbDOYhHrZkQNCq6wbrkV2Ew0UhkJbETDi4nfuENteKxu7CjBUNK+4j3OqHVS46qTtWU67hRLfrniB5WTgPwmQdmfogRz1DrFt3Y3ZqlEZZmgxrQCP7FhRrXlTOC40E4NJpQNaR9bjioq0YTZ9NwxOXBKl/Ri7UpZMlW/TmRUGjOSkeuU1A7MT28i/uW1Uts7CzOuktSiYrNFvVQQG5PJ76TLNTIrRo5Qprm7lbAB1ZRZl1DBhfD5Kfmf3B6VA8evj0vV83kcediDfTiEAE6hCpdQgzowGMI9PMKTl3gP3rP3MmvNefOZXfgG7/UD5ZSP8A==</latexit><latexit sha1_base64="oGdR77phj4m8C0Wv6epjNmQfwMY=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoPgKeyKqLkFvXgRIhgTSJYwO+kkQ2Zml5lZISz5CC8eFPHq93jzb5w8BJ8FDUVVN91dUSK4sb7/7uUWFpeWV/KrhbX1jc2t4vbOrYlTzbDOYhHrZkQNCq6wbrkV2Ew0UhkJbETDi4nfuENteKxu7CjBUNK+4j3OqHVS46qTtWU67hRLfrniB5WTgPwmQdmfogRz1DrFt3Y3ZqlEZZmgxrQCP7FhRrXlTOC40E4NJpQNaR9bjioq0YTZ9NwxOXBKl/Ri7UpZMlW/TmRUGjOSkeuU1A7MT28i/uW1Uts7CzOuktSiYrNFvVQQG5PJ76TLNTIrRo5Qprm7lbAB1ZRZl1DBhfD5Kfmf3B6VA8evj0vV83kcediDfTiEAE6hCpdQgzowGMI9PMKTl3gP3rP3MmvNefOZXfgG7/UD5ZSP8A==</latexit><latexit sha1_base64="oGdR77phj4m8C0Wv6epjNmQfwMY=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoPgKeyKqLkFvXgRIhgTSJYwO+kkQ2Zml5lZISz5CC8eFPHq93jzb5w8BJ8FDUVVN91dUSK4sb7/7uUWFpeWV/KrhbX1jc2t4vbOrYlTzbDOYhHrZkQNCq6wbrkV2Ew0UhkJbETDi4nfuENteKxu7CjBUNK+4j3OqHVS46qTtWU67hRLfrniB5WTgPwmQdmfogRz1DrFt3Y3ZqlEZZmgxrQCP7FhRrXlTOC40E4NJpQNaR9bjioq0YTZ9NwxOXBKl/Ri7UpZMlW/TmRUGjOSkeuU1A7MT28i/uW1Uts7CzOuktSiYrNFvVQQG5PJ76TLNTIrRo5Qprm7lbAB1ZRZl1DBhfD5Kfmf3B6VA8evj0vV83kcediDfTiEAE6hCpdQgzowGMI9PMKTl3gP3rP3MmvNefOZXfgG7/UD5ZSP8A==</latexit><latexit sha1_base64="oGdR77phj4m8C0Wv6epjNmQfwMY=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoPgKeyKqLkFvXgRIhgTSJYwO+kkQ2Zml5lZISz5CC8eFPHq93jzb5w8BJ8FDUVVN91dUSK4sb7/7uUWFpeWV/KrhbX1jc2t4vbOrYlTzbDOYhHrZkQNCq6wbrkV2Ew0UhkJbETDi4nfuENteKxu7CjBUNK+4j3OqHVS46qTtWU67hRLfrniB5WTgPwmQdmfogRz1DrFt3Y3ZqlEZZmgxrQCP7FhRrXlTOC40E4NJpQNaR9bjioq0YTZ9NwxOXBKl/Ri7UpZMlW/TmRUGjOSkeuU1A7MT28i/uW1Uts7CzOuktSiYrNFvVQQG5PJ76TLNTIrRo5Qprm7lbAB1ZRZl1DBhfD5Kfmf3B6VA8evj0vV83kcediDfTiEAE6hCpdQgzowGMI9PMKTl3gP3rP3MmvNefOZXfgG7/UD5ZSP8A==</latexit>

M⌫
<latexit sha1_base64="SRpj4IlY3t25BeclRKLjjM8usE8=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4CjMi0dyCXrwIEcwCyRB6OjVJk56eobtHCEM+wosHRbz6Pd78GzuL4Pqg4PFeFVX1gkRwbVz33cktLa+sruXXCxubW9s7xd29po5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGl1O/dYdK81jemnGCfkQHkoecUWOl1nUv68p00iuW3HLV9aoVj/wmXtmdoQQL1HvFt24/ZmmE0jBBte54bmL8jCrDmcBJoZtqTCgb0QF2LJU0Qu1ns3Mn5MgqfRLGypY0ZKZ+nchopPU4CmxnRM1Q//Sm4l9eJzXhuZ9xmaQGJZsvClNBTEymv5M+V8iMGFtCmeL2VsKGVFFmbEIFG8Lnp+R/0jwpe5bfnJZqF4s48nAAh3AMHpxBDa6gDg1gMIJ7eIQnJ3EenGfnZd6acxYz+/ANzusH5xqP8Q==</latexit><latexit sha1_base64="SRpj4IlY3t25BeclRKLjjM8usE8=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4CjMi0dyCXrwIEcwCyRB6OjVJk56eobtHCEM+wosHRbz6Pd78GzuL4Pqg4PFeFVX1gkRwbVz33cktLa+sruXXCxubW9s7xd29po5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGl1O/dYdK81jemnGCfkQHkoecUWOl1nUv68p00iuW3HLV9aoVj/wmXtmdoQQL1HvFt24/ZmmE0jBBte54bmL8jCrDmcBJoZtqTCgb0QF2LJU0Qu1ns3Mn5MgqfRLGypY0ZKZ+nchopPU4CmxnRM1Q//Sm4l9eJzXhuZ9xmaQGJZsvClNBTEymv5M+V8iMGFtCmeL2VsKGVFFmbEIFG8Lnp+R/0jwpe5bfnJZqF4s48nAAh3AMHpxBDa6gDg1gMIJ7eIQnJ3EenGfnZd6acxYz+/ANzusH5xqP8Q==</latexit><latexit sha1_base64="SRpj4IlY3t25BeclRKLjjM8usE8=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4CjMi0dyCXrwIEcwCyRB6OjVJk56eobtHCEM+wosHRbz6Pd78GzuL4Pqg4PFeFVX1gkRwbVz33cktLa+sruXXCxubW9s7xd29po5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGl1O/dYdK81jemnGCfkQHkoecUWOl1nUv68p00iuW3HLV9aoVj/wmXtmdoQQL1HvFt24/ZmmE0jBBte54bmL8jCrDmcBJoZtqTCgb0QF2LJU0Qu1ns3Mn5MgqfRLGypY0ZKZ+nchopPU4CmxnRM1Q//Sm4l9eJzXhuZ9xmaQGJZsvClNBTEymv5M+V8iMGFtCmeL2VsKGVFFmbEIFG8Lnp+R/0jwpe5bfnJZqF4s48nAAh3AMHpxBDa6gDg1gMIJ7eIQnJ3EenGfnZd6acxYz+/ANzusH5xqP8Q==</latexit><latexit sha1_base64="SRpj4IlY3t25BeclRKLjjM8usE8=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4CjMi0dyCXrwIEcwCyRB6OjVJk56eobtHCEM+wosHRbz6Pd78GzuL4Pqg4PFeFVX1gkRwbVz33cktLa+sruXXCxubW9s7xd29po5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGl1O/dYdK81jemnGCfkQHkoecUWOl1nUv68p00iuW3HLV9aoVj/wmXtmdoQQL1HvFt24/ZmmE0jBBte54bmL8jCrDmcBJoZtqTCgb0QF2LJU0Qu1ns3Mn5MgqfRLGypY0ZKZ+nchopPU4CmxnRM1Q//Sm4l9eJzXhuZ9xmaQGJZsvClNBTEymv5M+V8iMGFtCmeL2VsKGVFFmbEIFG8Lnp+R/0jwpe5bfnJZqF4s48nAAh3AMHpxBDa6gDg1gMIJ7eIQnJ3EenGfnZd6acxYz+/ANzusH5xqP8Q==</latexit>

Yukawas

Mu,d
<latexit sha1_base64="L+hyBYr4F4ovdF/pxHx3A9T7g0c=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4kDAjouYW9OJFiGAWSIbQ09NJmvT0DN01QhjyEV48KOLV7/Hm39hZBNcHBY/3qqiqFyRSGHTddye3sLi0vJJfLaytb2xuFbd3GiZONeN1FstYtwJquBSK11Gg5K1EcxoFkjeD4eXEb95xbUSsbnGUcD+ifSV6glG0UvO6m6VH4bhbLLnliutVTj3ym3hld4oSzFHrFt86YczSiCtkkhrT9twE/YxqFEzycaGTGp5QNqR93rZU0YgbP5ueOyYHVglJL9a2FJKp+nUio5ExoyiwnRHFgfnpTcS/vHaKvXM/EypJkSs2W9RLJcGYTH4nodCcoRxZQpkW9lbCBlRThjahgg3h81PyP2kclz3Lb05K1Yt5HHnYg304BA/OoApXUIM6MBjCPTzCk5M4D86z8zJrzTnzmV34Buf1A47oj7c=</latexit><latexit sha1_base64="L+hyBYr4F4ovdF/pxHx3A9T7g0c=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4kDAjouYW9OJFiGAWSIbQ09NJmvT0DN01QhjyEV48KOLV7/Hm39hZBNcHBY/3qqiqFyRSGHTddye3sLi0vJJfLaytb2xuFbd3GiZONeN1FstYtwJquBSK11Gg5K1EcxoFkjeD4eXEb95xbUSsbnGUcD+ifSV6glG0UvO6m6VH4bhbLLnliutVTj3ym3hld4oSzFHrFt86YczSiCtkkhrT9twE/YxqFEzycaGTGp5QNqR93rZU0YgbP5ueOyYHVglJL9a2FJKp+nUio5ExoyiwnRHFgfnpTcS/vHaKvXM/EypJkSs2W9RLJcGYTH4nodCcoRxZQpkW9lbCBlRThjahgg3h81PyP2kclz3Lb05K1Yt5HHnYg304BA/OoApXUIM6MBjCPTzCk5M4D86z8zJrzTnzmV34Buf1A47oj7c=</latexit><latexit sha1_base64="L+hyBYr4F4ovdF/pxHx3A9T7g0c=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4kDAjouYW9OJFiGAWSIbQ09NJmvT0DN01QhjyEV48KOLV7/Hm39hZBNcHBY/3qqiqFyRSGHTddye3sLi0vJJfLaytb2xuFbd3GiZONeN1FstYtwJquBSK11Gg5K1EcxoFkjeD4eXEb95xbUSsbnGUcD+ifSV6glG0UvO6m6VH4bhbLLnliutVTj3ym3hld4oSzFHrFt86YczSiCtkkhrT9twE/YxqFEzycaGTGp5QNqR93rZU0YgbP5ueOyYHVglJL9a2FJKp+nUio5ExoyiwnRHFgfnpTcS/vHaKvXM/EypJkSs2W9RLJcGYTH4nodCcoRxZQpkW9lbCBlRThjahgg3h81PyP2kclz3Lb05K1Yt5HHnYg304BA/OoApXUIM6MBjCPTzCk5M4D86z8zJrzTnzmV34Buf1A47oj7c=</latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="aCefci9Mz14clCJsvEVXCkYwsB4=">AAAB43icbZBLSwMxFIXv+Ky1anXrJlgEF1Jm3OhScONGqGAf0A4lk7ltQzOZIbkjlKE/wo0LRfxP7vw3po+Fth4IfJyTkHtPlClpyfe/vY3Nre2d3dJeeb9ycHhUPa60bJobgU2RqtR0Im5RSY1NkqSwkxnkSaSwHY3vZnn7GY2VqX6iSYZhwodaDqTg5Kz2Q7/IL+Npv1rz6/5cbB2CJdRgqUa/+tWLU5EnqEkobm038DMKC25ICoXTci+3mHEx5kPsOtQ8QRsW83Gn7Nw5MRukxh1NbO7+flHwxNpJErmbCaeRXc1m5n9ZN6fBTVhIneWEWiw+GuSKUcpmu7NYGhSkJg64MNLNysSIGy7INVR2JQSrK69D66oeOH70oQSncAYXEMA13MI9NKAJAsbwAm/w7mXeq/exqGvDW/Z2An/kff4A76COEA==</latexit><latexit sha1_base64="uu4J3cvgomtbPeKMcpAvcP6Pe5w=">AAAB43icdZBLSwMxFIXv1FetVUe3boJFcCFlxoXaneDGjVDBPqAdSiZzpw3NZIYkI5ShP8KNC0X8T+78N6YPweeBwMc5Cbn3hJng2njeu1NaWV1b3yhvVraq2zu77l61rdNcMWyxVKSqG1KNgktsGW4EdjOFNAkFdsLx1Szv3KPSPJV3ZpJhkNCh5DFn1FirczMo8pNoOnBrXr3h+Y0zn/wGv+7NVYOlmgP3rR+lLE9QGiao1j3fy0xQUGU4Ezit9HONGWVjOsSeRUkT1EExH3dKjqwTkThV9khD5u7XFwVNtJ4kob2ZUDPSP7OZ+VfWy018ERRcZrlByRYfxbkgJiWz3UnEFTIjJhYoU9zOStiIKsqMbahiS/jclPwP7dO6b/nWgzIcwCEcgw/ncAnX0IQWMBjDAzzBs5M5j87Loq6Ss+xtH77Jef0AXU2OXg==</latexit><latexit sha1_base64="YPYzVjj9z4w7EKIR8GwJlzvJHZM=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoPgQcKuBzW3oBcvQgRjAskSZmd7kyGzs8vMrBCWfIQXD4p49Xu8+TdOHoLPgoaiqpvuriAVXBvXfXcKC4tLyyvF1dLa+sbmVnl751YnmWLYZIlIVDugGgWX2DTcCGynCmkcCGwFw4uJ37pDpXkib8woRT+mfckjzqixUuuql2dH4bhXrrjVmuvVTjzym3hVd4oKzNHold+6YcKyGKVhgmrd8dzU+DlVhjOB41I305hSNqR97FgqaYzaz6fnjsmBVUISJcqWNGSqfp3Iaaz1KA5sZ0zNQP/0JuJfXicz0Zmfc5lmBiWbLYoyQUxCJr+TkCtkRowsoUxxeythA6ooMzahkg3h81PyP7k9rnqWX7uV+vk8jiLswT4cggenUIdLaEATGAzhHh7hyUmdB+fZeZm1Fpz5zC58g/P6AY2oj7M=</latexit><latexit sha1_base64="L+hyBYr4F4ovdF/pxHx3A9T7g0c=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4kDAjouYW9OJFiGAWSIbQ09NJmvT0DN01QhjyEV48KOLV7/Hm39hZBNcHBY/3qqiqFyRSGHTddye3sLi0vJJfLaytb2xuFbd3GiZONeN1FstYtwJquBSK11Gg5K1EcxoFkjeD4eXEb95xbUSsbnGUcD+ifSV6glG0UvO6m6VH4bhbLLnliutVTj3ym3hld4oSzFHrFt86YczSiCtkkhrT9twE/YxqFEzycaGTGp5QNqR93rZU0YgbP5ueOyYHVglJL9a2FJKp+nUio5ExoyiwnRHFgfnpTcS/vHaKvXM/EypJkSs2W9RLJcGYTH4nodCcoRxZQpkW9lbCBlRThjahgg3h81PyP2kclz3Lb05K1Yt5HHnYg304BA/OoApXUIM6MBjCPTzCk5M4D86z8zJrzTnzmV34Buf1A47oj7c=</latexit><latexit sha1_base64="L+hyBYr4F4ovdF/pxHx3A9T7g0c=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4kDAjouYW9OJFiGAWSIbQ09NJmvT0DN01QhjyEV48KOLV7/Hm39hZBNcHBY/3qqiqFyRSGHTddye3sLi0vJJfLaytb2xuFbd3GiZONeN1FstYtwJquBSK11Gg5K1EcxoFkjeD4eXEb95xbUSsbnGUcD+ifSV6glG0UvO6m6VH4bhbLLnliutVTj3ym3hld4oSzFHrFt86YczSiCtkkhrT9twE/YxqFEzycaGTGp5QNqR93rZU0YgbP5ueOyYHVglJL9a2FJKp+nUio5ExoyiwnRHFgfnpTcS/vHaKvXM/EypJkSs2W9RLJcGYTH4nodCcoRxZQpkW9lbCBlRThjahgg3h81PyP2kclz3Lb05K1Yt5HHnYg304BA/OoApXUIM6MBjCPTzCk5M4D86z8zJrzTnzmV34Buf1A47oj7c=</latexit><latexit sha1_base64="L+hyBYr4F4ovdF/pxHx3A9T7g0c=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4kDAjouYW9OJFiGAWSIbQ09NJmvT0DN01QhjyEV48KOLV7/Hm39hZBNcHBY/3qqiqFyRSGHTddye3sLi0vJJfLaytb2xuFbd3GiZONeN1FstYtwJquBSK11Gg5K1EcxoFkjeD4eXEb95xbUSsbnGUcD+ifSV6glG0UvO6m6VH4bhbLLnliutVTj3ym3hld4oSzFHrFt86YczSiCtkkhrT9twE/YxqFEzycaGTGp5QNqR93rZU0YgbP5ueOyYHVglJL9a2FJKp+nUio5ExoyiwnRHFgfnpTcS/vHaKvXM/EypJkSs2W9RLJcGYTH4nodCcoRxZQpkW9lbCBlRThjahgg3h81PyP2kclz3Lb05K1Yt5HHnYg304BA/OoApXUIM6MBjCPTzCk5M4D86z8zJrzTnzmV34Buf1A47oj7c=</latexit><latexit sha1_base64="L+hyBYr4F4ovdF/pxHx3A9T7g0c=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4kDAjouYW9OJFiGAWSIbQ09NJmvT0DN01QhjyEV48KOLV7/Hm39hZBNcHBY/3qqiqFyRSGHTddye3sLi0vJJfLaytb2xuFbd3GiZONeN1FstYtwJquBSK11Gg5K1EcxoFkjeD4eXEb95xbUSsbnGUcD+ifSV6glG0UvO6m6VH4bhbLLnliutVTj3ym3hld4oSzFHrFt86YczSiCtkkhrT9twE/YxqFEzycaGTGp5QNqR93rZU0YgbP5ueOyYHVglJL9a2FJKp+nUio5ExoyiwnRHFgfnpTcS/vHaKvXM/EypJkSs2W9RLJcGYTH4nodCcoRxZQpkW9lbCBlRThjahgg3h81PyP2kclz3Lb05K1Yt5HHnYg304BA/OoApXUIM6MBjCPTzCk5M4D86z8zJrzTnzmV34Buf1A47oj7c=</latexit><latexit sha1_base64="L+hyBYr4F4ovdF/pxHx3A9T7g0c=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4kDAjouYW9OJFiGAWSIbQ09NJmvT0DN01QhjyEV48KOLV7/Hm39hZBNcHBY/3qqiqFyRSGHTddye3sLi0vJJfLaytb2xuFbd3GiZONeN1FstYtwJquBSK11Gg5K1EcxoFkjeD4eXEb95xbUSsbnGUcD+ifSV6glG0UvO6m6VH4bhbLLnliutVTj3ym3hld4oSzFHrFt86YczSiCtkkhrT9twE/YxqFEzycaGTGp5QNqR93rZU0YgbP5ueOyYHVglJL9a2FJKp+nUio5ExoyiwnRHFgfnpTcS/vHaKvXM/EypJkSs2W9RLJcGYTH4nodCcoRxZQpkW9lbCBlRThjahgg3h81PyP2kclz3Lb05K1Yt5HHnYg304BA/OoApXUIM6MBjCPTzCk5M4D86z8zJrzTnzmV34Buf1A47oj7c=</latexit><latexit sha1_base64="L+hyBYr4F4ovdF/pxHx3A9T7g0c=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4kDAjouYW9OJFiGAWSIbQ09NJmvT0DN01QhjyEV48KOLV7/Hm39hZBNcHBY/3qqiqFyRSGHTddye3sLi0vJJfLaytb2xuFbd3GiZONeN1FstYtwJquBSK11Gg5K1EcxoFkjeD4eXEb95xbUSsbnGUcD+ifSV6glG0UvO6m6VH4bhbLLnliutVTj3ym3hld4oSzFHrFt86YczSiCtkkhrT9twE/YxqFEzycaGTGp5QNqR93rZU0YgbP5ueOyYHVglJL9a2FJKp+nUio5ExoyiwnRHFgfnpTcS/vHaKvXM/EypJkSs2W9RLJcGYTH4nodCcoRxZQpkW9lbCBlRThjahgg3h81PyP2kclz3Lb05K1Yt5HHnYg304BA/OoApXUIM6MBjCPTzCk5M4D86z8zJrzTnzmV34Buf1A47oj7c=</latexit>

Ms
<latexit sha1_base64="xwKI2zyd3NRiv1l1dKX8AvoILCI=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBoPgKeyKqLkFvXgRIrgmkCxhdjKbDJmdXWZ6hbDkG7x4UMSrH+TNv3HyEHwWNBRV3XR3hakUBl333SksLC4trxRXS2vrG5tb5e2dW5NkmnGfJTLRrZAaLoXiPgqUvJVqTuNQ8mY4vJj4zTuujUjUDY5SHsS0r0QkGEUr+Vfd3Iy75Ypbrble7cQjv4lXdaeowByNbvmt00tYFnOFTFJj2p6bYpBTjYJJPi51MsNTyoa0z9uWKhpzE+TTY8fkwCo9EiXalkIyVb9O5DQ2ZhSHtjOmODA/vYn4l9fOMDoLcqHSDLlis0VRJgkmZPI56QnNGcqRJZRpYW8lbEA1ZWjzKdkQPj8l/5Pbo6pn+fVxpX4+j6MIe7APh+DBKdThEhrgAwMB9/AIT45yHpxn52XWWnDmM7vwDc7rB2PBjxE=</latexit><latexit sha1_base64="xwKI2zyd3NRiv1l1dKX8AvoILCI=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBoPgKeyKqLkFvXgRIrgmkCxhdjKbDJmdXWZ6hbDkG7x4UMSrH+TNv3HyEHwWNBRV3XR3hakUBl333SksLC4trxRXS2vrG5tb5e2dW5NkmnGfJTLRrZAaLoXiPgqUvJVqTuNQ8mY4vJj4zTuujUjUDY5SHsS0r0QkGEUr+Vfd3Iy75Ypbrble7cQjv4lXdaeowByNbvmt00tYFnOFTFJj2p6bYpBTjYJJPi51MsNTyoa0z9uWKhpzE+TTY8fkwCo9EiXalkIyVb9O5DQ2ZhSHtjOmODA/vYn4l9fOMDoLcqHSDLlis0VRJgkmZPI56QnNGcqRJZRpYW8lbEA1ZWjzKdkQPj8l/5Pbo6pn+fVxpX4+j6MIe7APh+DBKdThEhrgAwMB9/AIT45yHpxn52XWWnDmM7vwDc7rB2PBjxE=</latexit><latexit sha1_base64="xwKI2zyd3NRiv1l1dKX8AvoILCI=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBoPgKeyKqLkFvXgRIrgmkCxhdjKbDJmdXWZ6hbDkG7x4UMSrH+TNv3HyEHwWNBRV3XR3hakUBl333SksLC4trxRXS2vrG5tb5e2dW5NkmnGfJTLRrZAaLoXiPgqUvJVqTuNQ8mY4vJj4zTuujUjUDY5SHsS0r0QkGEUr+Vfd3Iy75Ypbrble7cQjv4lXdaeowByNbvmt00tYFnOFTFJj2p6bYpBTjYJJPi51MsNTyoa0z9uWKhpzE+TTY8fkwCo9EiXalkIyVb9O5DQ2ZhSHtjOmODA/vYn4l9fOMDoLcqHSDLlis0VRJgkmZPI56QnNGcqRJZRpYW8lbEA1ZWjzKdkQPj8l/5Pbo6pn+fVxpX4+j6MIe7APh+DBKdThEhrgAwMB9/AIT45yHpxn52XWWnDmM7vwDc7rB2PBjxE=</latexit><latexit sha1_base64="xwKI2zyd3NRiv1l1dKX8AvoILCI=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBoPgKeyKqLkFvXgRIrgmkCxhdjKbDJmdXWZ6hbDkG7x4UMSrH+TNv3HyEHwWNBRV3XR3hakUBl333SksLC4trxRXS2vrG5tb5e2dW5NkmnGfJTLRrZAaLoXiPgqUvJVqTuNQ8mY4vJj4zTuujUjUDY5SHsS0r0QkGEUr+Vfd3Iy75Ypbrble7cQjv4lXdaeowByNbvmt00tYFnOFTFJj2p6bYpBTjYJJPi51MsNTyoa0z9uWKhpzE+TTY8fkwCo9EiXalkIyVb9O5DQ2ZhSHtjOmODA/vYn4l9fOMDoLcqHSDLlis0VRJgkmZPI56QnNGcqRJZRpYW8lbEA1ZWjzKdkQPj8l/5Pbo6pn+fVxpX4+j6MIe7APh+DBKdThEhrgAwMB9/AIT45yHpxn52XWWnDmM7vwDc7rB2PBjxE=</latexit>

Mc,b,⌧
<latexit sha1_base64="h8uR409bRG5hrzbtrl8fho2wt0E=">AAAB83icdVDJSgNBEK1xjXGLevTSGAQPIcyIqLkFvXgRIpgFMiH0dHqSJj0L3dVCGPIbXjwo4tWf8ebf2FkE1wcFj/eqqKoXpFJodN13Z2FxaXllNbeWX9/Y3Nou7Ow2dGIU43WWyES1Aqq5FDGvo0DJW6niNAokbwbDy4nfvONKiyS+xVHKOxHtxyIUjKKV/OtuxkpByUdqxt1C0S1XXK9y6pHfxCu7UxRhjlq38Ob3EmYiHiOTVOu256bYyahCwSQf532jeUrZkPZ529KYRlx3sunNY3JolR4JE2UrRjJVv05kNNJ6FAW2M6I40D+9ifiX1zYYnncyEacGecxmi0IjCSZkEgDpCcUZypEllClhbyVsQBVlaGPK2xA+PyX/k8Zx2bP85qRYvZjHkYN9OIAj8OAMqnAFNagDgxTu4RGeHOM8OM/Oy6x1wZnP7ME3OK8f+vCRpw==</latexit><latexit sha1_base64="h8uR409bRG5hrzbtrl8fho2wt0E=">AAAB83icdVDJSgNBEK1xjXGLevTSGAQPIcyIqLkFvXgRIpgFMiH0dHqSJj0L3dVCGPIbXjwo4tWf8ebf2FkE1wcFj/eqqKoXpFJodN13Z2FxaXllNbeWX9/Y3Nou7Ow2dGIU43WWyES1Aqq5FDGvo0DJW6niNAokbwbDy4nfvONKiyS+xVHKOxHtxyIUjKKV/OtuxkpByUdqxt1C0S1XXK9y6pHfxCu7UxRhjlq38Ob3EmYiHiOTVOu256bYyahCwSQf532jeUrZkPZ529KYRlx3sunNY3JolR4JE2UrRjJVv05kNNJ6FAW2M6I40D+9ifiX1zYYnncyEacGecxmi0IjCSZkEgDpCcUZypEllClhbyVsQBVlaGPK2xA+PyX/k8Zx2bP85qRYvZjHkYN9OIAj8OAMqnAFNagDgxTu4RGeHOM8OM/Oy6x1wZnP7ME3OK8f+vCRpw==</latexit><latexit sha1_base64="h8uR409bRG5hrzbtrl8fho2wt0E=">AAAB83icdVDJSgNBEK1xjXGLevTSGAQPIcyIqLkFvXgRIpgFMiH0dHqSJj0L3dVCGPIbXjwo4tWf8ebf2FkE1wcFj/eqqKoXpFJodN13Z2FxaXllNbeWX9/Y3Nou7Ow2dGIU43WWyES1Aqq5FDGvo0DJW6niNAokbwbDy4nfvONKiyS+xVHKOxHtxyIUjKKV/OtuxkpByUdqxt1C0S1XXK9y6pHfxCu7UxRhjlq38Ob3EmYiHiOTVOu256bYyahCwSQf532jeUrZkPZ529KYRlx3sunNY3JolR4JE2UrRjJVv05kNNJ6FAW2M6I40D+9ifiX1zYYnncyEacGecxmi0IjCSZkEgDpCcUZypEllClhbyVsQBVlaGPK2xA+PyX/k8Zx2bP85qRYvZjHkYN9OIAj8OAMqnAFNagDgxTu4RGeHOM8OM/Oy6x1wZnP7ME3OK8f+vCRpw==</latexit><latexit sha1_base64="h8uR409bRG5hrzbtrl8fho2wt0E=">AAAB83icdVDJSgNBEK1xjXGLevTSGAQPIcyIqLkFvXgRIpgFMiH0dHqSJj0L3dVCGPIbXjwo4tWf8ebf2FkE1wcFj/eqqKoXpFJodN13Z2FxaXllNbeWX9/Y3Nou7Ow2dGIU43WWyES1Aqq5FDGvo0DJW6niNAokbwbDy4nfvONKiyS+xVHKOxHtxyIUjKKV/OtuxkpByUdqxt1C0S1XXK9y6pHfxCu7UxRhjlq38Ob3EmYiHiOTVOu256bYyahCwSQf532jeUrZkPZ529KYRlx3sunNY3JolR4JE2UrRjJVv05kNNJ6FAW2M6I40D+9ifiX1zYYnncyEacGecxmi0IjCSZkEgDpCcUZypEllClhbyVsQBVlaGPK2xA+PyX/k8Zx2bP85qRYvZjHkYN9OIAj8OAMqnAFNagDgxTu4RGeHOM8OM/Oy6x1wZnP7ME3OK8f+vCRpw==</latexit>

1 eV
<latexit sha1_base64="yBrtdBTJE7/n3ZOmnqQT+dbGqbI=">AAAB9XicdVDLSgMxFM34tr6qLt0Ei+BChoxW2u5ENy4V7APasWTSOzWYeZDcUcvQ/3DjQhG3/os7/8a0VlDRE8I9nHMvuTlBqqRBxt6dqemZ2bn5hcXC0vLK6lpxfaNhkkwLqItEJboVcANKxlBHiQpaqQYeBQqawfXJyG/egDYyiS9wkIIf8X4sQyk4WunS6+zZg3CHOTSG3WKJuVVmcUCZW7a1wiyp1Wps/5B6LhujRCY46xbfOr1EZBHEKBQ3pu2xFP2ca5RCwbDQyQykXFzzPrQtjXkExs/HWw/pjlV6NEy0vTHSsfp9IueRMYMosJ0Rxyvz2xuJf3ntDMOqn8s4zRBi8flQmCmKCR1FQHtSg0A1sIQLLe2uVFxxzQXaoAo2hK+f0v9JY9/1LD8vl46OJ3EskC2yTXaJRyrkiJySM1IngmhyTx7Jk3PrPDjPzstn65QzmdkkP+C8fgAyT5JT</latexit><latexit sha1_base64="yBrtdBTJE7/n3ZOmnqQT+dbGqbI=">AAAB9XicdVDLSgMxFM34tr6qLt0Ei+BChoxW2u5ENy4V7APasWTSOzWYeZDcUcvQ/3DjQhG3/os7/8a0VlDRE8I9nHMvuTlBqqRBxt6dqemZ2bn5hcXC0vLK6lpxfaNhkkwLqItEJboVcANKxlBHiQpaqQYeBQqawfXJyG/egDYyiS9wkIIf8X4sQyk4WunS6+zZg3CHOTSG3WKJuVVmcUCZW7a1wiyp1Wps/5B6LhujRCY46xbfOr1EZBHEKBQ3pu2xFP2ca5RCwbDQyQykXFzzPrQtjXkExs/HWw/pjlV6NEy0vTHSsfp9IueRMYMosJ0Rxyvz2xuJf3ntDMOqn8s4zRBi8flQmCmKCR1FQHtSg0A1sIQLLe2uVFxxzQXaoAo2hK+f0v9JY9/1LD8vl46OJ3EskC2yTXaJRyrkiJySM1IngmhyTx7Jk3PrPDjPzstn65QzmdkkP+C8fgAyT5JT</latexit><latexit sha1_base64="yBrtdBTJE7/n3ZOmnqQT+dbGqbI=">AAAB9XicdVDLSgMxFM34tr6qLt0Ei+BChoxW2u5ENy4V7APasWTSOzWYeZDcUcvQ/3DjQhG3/os7/8a0VlDRE8I9nHMvuTlBqqRBxt6dqemZ2bn5hcXC0vLK6lpxfaNhkkwLqItEJboVcANKxlBHiQpaqQYeBQqawfXJyG/egDYyiS9wkIIf8X4sQyk4WunS6+zZg3CHOTSG3WKJuVVmcUCZW7a1wiyp1Wps/5B6LhujRCY46xbfOr1EZBHEKBQ3pu2xFP2ca5RCwbDQyQykXFzzPrQtjXkExs/HWw/pjlV6NEy0vTHSsfp9IueRMYMosJ0Rxyvz2xuJf3ntDMOqn8s4zRBi8flQmCmKCR1FQHtSg0A1sIQLLe2uVFxxzQXaoAo2hK+f0v9JY9/1LD8vl46OJ3EskC2yTXaJRyrkiJySM1IngmhyTx7Jk3PrPDjPzstn65QzmdkkP+C8fgAyT5JT</latexit><latexit sha1_base64="yBrtdBTJE7/n3ZOmnqQT+dbGqbI=">AAAB9XicdVDLSgMxFM34tr6qLt0Ei+BChoxW2u5ENy4V7APasWTSOzWYeZDcUcvQ/3DjQhG3/os7/8a0VlDRE8I9nHMvuTlBqqRBxt6dqemZ2bn5hcXC0vLK6lpxfaNhkkwLqItEJboVcANKxlBHiQpaqQYeBQqawfXJyG/egDYyiS9wkIIf8X4sQyk4WunS6+zZg3CHOTSG3WKJuVVmcUCZW7a1wiyp1Wps/5B6LhujRCY46xbfOr1EZBHEKBQ3pu2xFP2ca5RCwbDQyQykXFzzPrQtjXkExs/HWw/pjlV6NEy0vTHSsfp9IueRMYMosJ0Rxyvz2xuJf3ntDMOqn8s4zRBi8flQmCmKCR1FQHtSg0A1sIQLLe2uVFxxzQXaoAo2hK+f0v9JY9/1LD8vl46OJ3EskC2yTXaJRyrkiJySM1IngmhyTx7Jk3PrPDjPzstn65QzmdkkP+C8fgAyT5JT</latexit>

106 eV
<latexit sha1_base64="qFHv/zmCUQ7k+Ik8sroUICO8mOA=">AAAB+nicdVDLTgIxFO34RHyBLt00EhMXhnTwAeyIblxiImACSDrlIo2dR9o7Khn5FDcuNMatX+LOv7E8TNToaZp7cs696e3xIiUNMvbhzMzOzS8sppbSyyura+uZ7EbdhLEWUBOhCvWFxw0oGUANJSq4iDRw31PQ8K5PRn7jBrSRYXCOgwjaPr8KZE8KjlbqZLIuuzxq7dmDcIcJ1IedTI7lS8xin7L8ga1FZkm5XGaFQ+rm2Rg5MkW1k3lvdUMR+xCgUNyYpssibCdcoxQKhulWbCDi4ppfQdPSgPtg2sl49SHdsUqX9kJtb4B0rH6fSLhvzMD3bKfPsW9+eyPxL68ZY6/UTmQQxQiBmDzUixXFkI5yoF2pQaAaWMKFlnZXKvpcc4E2rbQN4eun9H9SL+Rdy88OcpXjaRwpskW2yS5xSZFUyCmpkhoR5JY8kCfy7Nw7j86L8zppnXGmM5vkB5y3T021k2Y=</latexit><latexit sha1_base64="qFHv/zmCUQ7k+Ik8sroUICO8mOA=">AAAB+nicdVDLTgIxFO34RHyBLt00EhMXhnTwAeyIblxiImACSDrlIo2dR9o7Khn5FDcuNMatX+LOv7E8TNToaZp7cs696e3xIiUNMvbhzMzOzS8sppbSyyura+uZ7EbdhLEWUBOhCvWFxw0oGUANJSq4iDRw31PQ8K5PRn7jBrSRYXCOgwjaPr8KZE8KjlbqZLIuuzxq7dmDcIcJ1IedTI7lS8xin7L8ga1FZkm5XGaFQ+rm2Rg5MkW1k3lvdUMR+xCgUNyYpssibCdcoxQKhulWbCDi4ppfQdPSgPtg2sl49SHdsUqX9kJtb4B0rH6fSLhvzMD3bKfPsW9+eyPxL68ZY6/UTmQQxQiBmDzUixXFkI5yoF2pQaAaWMKFlnZXKvpcc4E2rbQN4eun9H9SL+Rdy88OcpXjaRwpskW2yS5xSZFUyCmpkhoR5JY8kCfy7Nw7j86L8zppnXGmM5vkB5y3T021k2Y=</latexit><latexit sha1_base64="qFHv/zmCUQ7k+Ik8sroUICO8mOA=">AAAB+nicdVDLTgIxFO34RHyBLt00EhMXhnTwAeyIblxiImACSDrlIo2dR9o7Khn5FDcuNMatX+LOv7E8TNToaZp7cs696e3xIiUNMvbhzMzOzS8sppbSyyura+uZ7EbdhLEWUBOhCvWFxw0oGUANJSq4iDRw31PQ8K5PRn7jBrSRYXCOgwjaPr8KZE8KjlbqZLIuuzxq7dmDcIcJ1IedTI7lS8xin7L8ga1FZkm5XGaFQ+rm2Rg5MkW1k3lvdUMR+xCgUNyYpssibCdcoxQKhulWbCDi4ppfQdPSgPtg2sl49SHdsUqX9kJtb4B0rH6fSLhvzMD3bKfPsW9+eyPxL68ZY6/UTmQQxQiBmDzUixXFkI5yoF2pQaAaWMKFlnZXKvpcc4E2rbQN4eun9H9SL+Rdy88OcpXjaRwpskW2yS5xSZFUyCmpkhoR5JY8kCfy7Nw7j86L8zppnXGmM5vkB5y3T021k2Y=</latexit><latexit sha1_base64="qFHv/zmCUQ7k+Ik8sroUICO8mOA=">AAAB+nicdVDLTgIxFO34RHyBLt00EhMXhnTwAeyIblxiImACSDrlIo2dR9o7Khn5FDcuNMatX+LOv7E8TNToaZp7cs696e3xIiUNMvbhzMzOzS8sppbSyyura+uZ7EbdhLEWUBOhCvWFxw0oGUANJSq4iDRw31PQ8K5PRn7jBrSRYXCOgwjaPr8KZE8KjlbqZLIuuzxq7dmDcIcJ1IedTI7lS8xin7L8ga1FZkm5XGaFQ+rm2Rg5MkW1k3lvdUMR+xCgUNyYpssibCdcoxQKhulWbCDi4ppfQdPSgPtg2sl49SHdsUqX9kJtb4B0rH6fSLhvzMD3bKfPsW9+eyPxL68ZY6/UTmQQxQiBmDzUixXFkI5yoF2pQaAaWMKFlnZXKvpcc4E2rbQN4eun9H9SL+Rdy88OcpXjaRwpskW2yS5xSZFUyCmpkhoR5JY8kCfy7Nw7j86L8zppnXGmM5vkB5y3T021k2Y=</latexit>

108 eV
<latexit sha1_base64="O6LTQ0WgOALsLZmUZQFc5AK8KJw=">AAAB+nicdVDLSgMxFM34rPU11aWbYBFcSMn4wHZXdOOygm2FdiyZ9FaDmQfJHbWM/RQ3LhRx65e4829MH4KKnhDu4Zx7yc0JEiUNMvbhTE3PzM7N5xbyi0vLK6tuYa1h4lQLqItYxfo84AaUjKCOEhWcJxp4GChoBtfHQ795A9rIODrDfgJ+yC8j2ZOCo5U6bsFjF+X2jj0Id5hBY9Bxi6xUZhZ7lJX2bT1kllQqFbZ7QL0SG6FIJqh13Pd2NxZpCBEKxY1peSxBP+MapVAwyLdTAwkX1/wSWpZGPATjZ6PVB3TLKl3ai7W9EdKR+n0i46Ex/TCwnSHHK/PbG4p/ea0Ue2U/k1GSIkRi/FAvVRRjOsyBdqUGgapvCRda2l2puOKaC7Rp5W0IXz+l/5PGbsmz/HS/WD2axJEjG2STbBOPHJIqOSE1UieC3JIH8kSenXvn0XlxXsetU85kZp38gPP2CVDXk2g=</latexit><latexit sha1_base64="O6LTQ0WgOALsLZmUZQFc5AK8KJw=">AAAB+nicdVDLSgMxFM34rPU11aWbYBFcSMn4wHZXdOOygm2FdiyZ9FaDmQfJHbWM/RQ3LhRx65e4829MH4KKnhDu4Zx7yc0JEiUNMvbhTE3PzM7N5xbyi0vLK6tuYa1h4lQLqItYxfo84AaUjKCOEhWcJxp4GChoBtfHQ795A9rIODrDfgJ+yC8j2ZOCo5U6bsFjF+X2jj0Id5hBY9Bxi6xUZhZ7lJX2bT1kllQqFbZ7QL0SG6FIJqh13Pd2NxZpCBEKxY1peSxBP+MapVAwyLdTAwkX1/wSWpZGPATjZ6PVB3TLKl3ai7W9EdKR+n0i46Ex/TCwnSHHK/PbG4p/ea0Ue2U/k1GSIkRi/FAvVRRjOsyBdqUGgapvCRda2l2puOKaC7Rp5W0IXz+l/5PGbsmz/HS/WD2axJEjG2STbBOPHJIqOSE1UieC3JIH8kSenXvn0XlxXsetU85kZp38gPP2CVDXk2g=</latexit><latexit sha1_base64="O6LTQ0WgOALsLZmUZQFc5AK8KJw=">AAAB+nicdVDLSgMxFM34rPU11aWbYBFcSMn4wHZXdOOygm2FdiyZ9FaDmQfJHbWM/RQ3LhRx65e4829MH4KKnhDu4Zx7yc0JEiUNMvbhTE3PzM7N5xbyi0vLK6tuYa1h4lQLqItYxfo84AaUjKCOEhWcJxp4GChoBtfHQ795A9rIODrDfgJ+yC8j2ZOCo5U6bsFjF+X2jj0Id5hBY9Bxi6xUZhZ7lJX2bT1kllQqFbZ7QL0SG6FIJqh13Pd2NxZpCBEKxY1peSxBP+MapVAwyLdTAwkX1/wSWpZGPATjZ6PVB3TLKl3ai7W9EdKR+n0i46Ex/TCwnSHHK/PbG4p/ea0Ue2U/k1GSIkRi/FAvVRRjOsyBdqUGgapvCRda2l2puOKaC7Rp5W0IXz+l/5PGbsmz/HS/WD2axJEjG2STbBOPHJIqOSE1UieC3JIH8kSenXvn0XlxXsetU85kZp38gPP2CVDXk2g=</latexit><latexit sha1_base64="O6LTQ0WgOALsLZmUZQFc5AK8KJw=">AAAB+nicdVDLSgMxFM34rPU11aWbYBFcSMn4wHZXdOOygm2FdiyZ9FaDmQfJHbWM/RQ3LhRx65e4829MH4KKnhDu4Zx7yc0JEiUNMvbhTE3PzM7N5xbyi0vLK6tuYa1h4lQLqItYxfo84AaUjKCOEhWcJxp4GChoBtfHQ795A9rIODrDfgJ+yC8j2ZOCo5U6bsFjF+X2jj0Id5hBY9Bxi6xUZhZ7lJX2bT1kllQqFbZ7QL0SG6FIJqh13Pd2NxZpCBEKxY1peSxBP+MapVAwyLdTAwkX1/wSWpZGPATjZ6PVB3TLKl3ai7W9EdKR+n0i46Ex/TCwnSHHK/PbG4p/ea0Ue2U/k1GSIkRi/FAvVRRjOsyBdqUGgapvCRda2l2puOKaC7Rp5W0IXz+l/5PGbsmz/HS/WD2axJEjG2STbBOPHJIqOSE1UieC3JIH8kSenXvn0XlxXsetU85kZp38gPP2CVDXk2g=</latexit>

109 eV
<latexit sha1_base64="kbO2KsXWtpPRVViXiMoDxK9Bs+k=">AAAB+nicdVDLSgMxFM3Ud31NdekmWAQXUjK1ot0V3bhUsFVox5JJb21o5kFyRy1jP8WNC0Xc+iXu/BvTWkFFTwj3cM695OYEiZIGGXt3clPTM7Nz8wv5xaXllVW3sNYwcaoF1EWsYn0RcANKRlBHiQouEg08DBScB/2jkX9+DdrIODrDQQJ+yK8i2ZWCo5XabsFjl9XWjj0It5hBY9h2i6x0wCx2KStVbN1nllSrVVbeo16JjVEkE5y03bdWJxZpCBEKxY1peixBP+MapVAwzLdSAwkXfX4FTUsjHoLxs/HqQ7pllQ7txtreCOlY/T6R8dCYQRjYzpBjz/z2RuJfXjPF7oGfyShJESLx+VA3VRRjOsqBdqQGgWpgCRda2l2p6HHNBdq08jaEr5/S/0mjXPIsP60Ua4eTOObJBtkk28Qj+6RGjskJqRNBbsg9eSRPzp3z4Dw7L5+tOWcys05+wHn9AFJok2k=</latexit><latexit sha1_base64="kbO2KsXWtpPRVViXiMoDxK9Bs+k=">AAAB+nicdVDLSgMxFM3Ud31NdekmWAQXUjK1ot0V3bhUsFVox5JJb21o5kFyRy1jP8WNC0Xc+iXu/BvTWkFFTwj3cM695OYEiZIGGXt3clPTM7Nz8wv5xaXllVW3sNYwcaoF1EWsYn0RcANKRlBHiQouEg08DBScB/2jkX9+DdrIODrDQQJ+yK8i2ZWCo5XabsFjl9XWjj0It5hBY9h2i6x0wCx2KStVbN1nllSrVVbeo16JjVEkE5y03bdWJxZpCBEKxY1peixBP+MapVAwzLdSAwkXfX4FTUsjHoLxs/HqQ7pllQ7txtreCOlY/T6R8dCYQRjYzpBjz/z2RuJfXjPF7oGfyShJESLx+VA3VRRjOsqBdqQGgWpgCRda2l2p6HHNBdq08jaEr5/S/0mjXPIsP60Ua4eTOObJBtkk28Qj+6RGjskJqRNBbsg9eSRPzp3z4Dw7L5+tOWcys05+wHn9AFJok2k=</latexit><latexit sha1_base64="kbO2KsXWtpPRVViXiMoDxK9Bs+k=">AAAB+nicdVDLSgMxFM3Ud31NdekmWAQXUjK1ot0V3bhUsFVox5JJb21o5kFyRy1jP8WNC0Xc+iXu/BvTWkFFTwj3cM695OYEiZIGGXt3clPTM7Nz8wv5xaXllVW3sNYwcaoF1EWsYn0RcANKRlBHiQouEg08DBScB/2jkX9+DdrIODrDQQJ+yK8i2ZWCo5XabsFjl9XWjj0It5hBY9h2i6x0wCx2KStVbN1nllSrVVbeo16JjVEkE5y03bdWJxZpCBEKxY1peixBP+MapVAwzLdSAwkXfX4FTUsjHoLxs/HqQ7pllQ7txtreCOlY/T6R8dCYQRjYzpBjz/z2RuJfXjPF7oGfyShJESLx+VA3VRRjOsqBdqQGgWpgCRda2l2p6HHNBdq08jaEr5/S/0mjXPIsP60Ua4eTOObJBtkk28Qj+6RGjskJqRNBbsg9eSRPzp3z4Dw7L5+tOWcys05+wHn9AFJok2k=</latexit><latexit sha1_base64="kbO2KsXWtpPRVViXiMoDxK9Bs+k=">AAAB+nicdVDLSgMxFM3Ud31NdekmWAQXUjK1ot0V3bhUsFVox5JJb21o5kFyRy1jP8WNC0Xc+iXu/BvTWkFFTwj3cM695OYEiZIGGXt3clPTM7Nz8wv5xaXllVW3sNYwcaoF1EWsYn0RcANKRlBHiQouEg08DBScB/2jkX9+DdrIODrDQQJ+yK8i2ZWCo5XabsFjl9XWjj0It5hBY9h2i6x0wCx2KStVbN1nllSrVVbeo16JjVEkE5y03bdWJxZpCBEKxY1peixBP+MapVAwzLdSAwkXfX4FTUsjHoLxs/HqQ7pllQ7txtreCOlY/T6R8dCYQRjYzpBjz/z2RuJfXjPF7oGfyShJESLx+VA3VRRjOsqBdqQGgWpgCRda2l2p6HHNBdq08jaEr5/S/0mjXPIsP60Ua4eTOObJBtkk28Qj+6RGjskJqRNBbsg9eSRPzp3z4Dw7L5+tOWcys05+wHn9AFJok2k=</latexit>

MeV

(perhaps worth saying: ~MeV is a pretty well 
motivated place to search, given we know 

particles exist there)



What’s going 
on at an 
MeV?

Sensitivity gap in direct 
detection meV-eV energy 
deposit
1

2
mDMv2 ⇠ 10�6mDM

<latexit sha1_base64="Do2gEeoXEH36sZnZb7ViwCm8sIE=">AAACEXicdVDLSsNAFJ34rPUVdelmsAjdWJIi1e6KunAjVLAPaNIwmU7aoTNJmJkUSsgvuPFX3LhQxK07d/6N04fg88CFwzn3cu89fsyoVJb1biwsLi2vrObW8usbm1vb5s5uU0aJwKSBIxaJto8kYTQkDUUVI+1YEMR9Rlr+8Hzit0ZESBqFN2ocE5ejfkgDipHSkmcWnUAgnNpZWs64l15cZaNuGTqScmhb3fSoksGZ7JkFq1S17GrFhr+JXbKmKIA56p755vQinHASKsyQlB3bipWbIqEoZiTLO4kkMcJD1CcdTUPEiXTT6UcZPNRKDwaR0BUqOFW/TqSISznmvu7kSA3kT28i/uV1EhWcuikN40SREM8WBQmDKoKTeGCPCoIVG2uCsKD6VogHSEekdIh5HcLnp/B/0iyXbM2vjwu1s3kcObAPDkAR2OAE1MAlqIMGwOAW3INH8GTcGQ/Gs/Eya10w5jN74BuM1w8/Dpyj</latexit><latexit sha1_base64="Do2gEeoXEH36sZnZb7ViwCm8sIE=">AAACEXicdVDLSsNAFJ34rPUVdelmsAjdWJIi1e6KunAjVLAPaNIwmU7aoTNJmJkUSsgvuPFX3LhQxK07d/6N04fg88CFwzn3cu89fsyoVJb1biwsLi2vrObW8usbm1vb5s5uU0aJwKSBIxaJto8kYTQkDUUVI+1YEMR9Rlr+8Hzit0ZESBqFN2ocE5ejfkgDipHSkmcWnUAgnNpZWs64l15cZaNuGTqScmhb3fSoksGZ7JkFq1S17GrFhr+JXbKmKIA56p755vQinHASKsyQlB3bipWbIqEoZiTLO4kkMcJD1CcdTUPEiXTT6UcZPNRKDwaR0BUqOFW/TqSISznmvu7kSA3kT28i/uV1EhWcuikN40SREM8WBQmDKoKTeGCPCoIVG2uCsKD6VogHSEekdIh5HcLnp/B/0iyXbM2vjwu1s3kcObAPDkAR2OAE1MAlqIMGwOAW3INH8GTcGQ/Gs/Eya10w5jN74BuM1w8/Dpyj</latexit><latexit sha1_base64="Do2gEeoXEH36sZnZb7ViwCm8sIE=">AAACEXicdVDLSsNAFJ34rPUVdelmsAjdWJIi1e6KunAjVLAPaNIwmU7aoTNJmJkUSsgvuPFX3LhQxK07d/6N04fg88CFwzn3cu89fsyoVJb1biwsLi2vrObW8usbm1vb5s5uU0aJwKSBIxaJto8kYTQkDUUVI+1YEMR9Rlr+8Hzit0ZESBqFN2ocE5ejfkgDipHSkmcWnUAgnNpZWs64l15cZaNuGTqScmhb3fSoksGZ7JkFq1S17GrFhr+JXbKmKIA56p755vQinHASKsyQlB3bipWbIqEoZiTLO4kkMcJD1CcdTUPEiXTT6UcZPNRKDwaR0BUqOFW/TqSISznmvu7kSA3kT28i/uV1EhWcuikN40SREM8WBQmDKoKTeGCPCoIVG2uCsKD6VogHSEekdIh5HcLnp/B/0iyXbM2vjwu1s3kcObAPDkAR2OAE1MAlqIMGwOAW3INH8GTcGQ/Gs/Eya10w5jN74BuM1w8/Dpyj</latexit><latexit sha1_base64="Do2gEeoXEH36sZnZb7ViwCm8sIE=">AAACEXicdVDLSsNAFJ34rPUVdelmsAjdWJIi1e6KunAjVLAPaNIwmU7aoTNJmJkUSsgvuPFX3LhQxK07d/6N04fg88CFwzn3cu89fsyoVJb1biwsLi2vrObW8usbm1vb5s5uU0aJwKSBIxaJto8kYTQkDUUVI+1YEMR9Rlr+8Hzit0ZESBqFN2ocE5ejfkgDipHSkmcWnUAgnNpZWs64l15cZaNuGTqScmhb3fSoksGZ7JkFq1S17GrFhr+JXbKmKIA56p755vQinHASKsyQlB3bipWbIqEoZiTLO4kkMcJD1CcdTUPEiXTT6UcZPNRKDwaR0BUqOFW/TqSISznmvu7kSA3kT28i/uV1EhWcuikN40SREM8WBQmDKoKTeGCPCoIVG2uCsKD6VogHSEekdIh5HcLnp/B/0iyXbM2vjwu1s3kcObAPDkAR2OAE1MAlqIMGwOAW3INH8GTcGQ/Gs/Eya10w5jN74BuM1w8/Dpyj</latexit>

i.e. keV-MeV mass

Telescope sensitivity gap
accumulate statistics for faint sources, and provide context for multimessenger discoveries as new
facilities emerge [23, 24].
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Figure 5: Left: AMEGO will revolutionize medium-energy gamma-ray astronomy by providing >20⇥ bet-
ter sensitivity in the MeV band compared to COMPTEL. The AMEGO 3� continuum sensitivity is calculated
for all-sky exposure during a 5-year mission. All other sensitivity curves are calculated for typical source
exposure over the mission lifetimes. Right: Narrow-line sensitivity for AMEGO from 200 keV to 9 MeV, in
comparison to INTEGRAL/SPI and COMPTEL.

AMEGO’s discovery potential derives from its combination of order-of-magnitude improve-
ment in continuum sensitivity, advanced nuclear line spectroscopy, and gamma-ray polarization
capability [25, 26]; its superior angular resolution will help resolve the diffuse gamma-ray emis-
sion that limits the sensitivity of Fermi-LAT analyses <300 MeV. Discovery is almost a foregone
conclusion from this level of performance gain. One target area for potential breakthroughs is
magnetar physics. Magnetars are laboratories for extreme quantum electrodynamics, with critical
spectral and polarization features in the AMEGO energy range that relate directly to issues in fun-
damental physics such as the QED prediction photon splitting and birefringence of the magnetized
vacuum [2]. Another opportunity is the ongoing search for the nature of dark matter, with well-
motivated possibilities potentially revealed in the medium-energy gamma-ray band [27, 28, 29, 30].

3 Technical Overview
To achieve the science described in Section 2 and in the numerous studies submitted to the As-
tro2020 white paper call, we optimized an instrument design that enables sensitive continuum
spectral measurements over a broad energy range, with additional capabilities for measuring po-
larization and spectral lines. AMEGO consists of four subsystems: (Fig. 6) a double-sided silicon
detector (DSSD) tracker, a 3D position-sensitive virtual Frisch-grid Imaging Cadmium Zinc Tel-
luride (CZT) calorimeter, a segmented thallium-activated Cesium Iodide (CsI) calorimeter and a
plastic scintillator Anti-Coincidence Detector (ACD). The Si tracker, CsI calorimeter, and ACD
are analogs of systems flown on Fermi-LAT [31]. The AMEGO instrument performance derived
from detailed detector simulations [32] is shown in Table 1.

The tracker subsystem consists of 60 layers of DSSDs. For the candidate design presented in this
proposal, each tower layer contains a 4 ⇥ 4 array of DSSDs, each 9.5 cm square and 500 microns
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WIMP-like experiments: 
energy deposits

Axion-like experiments: exploit 
coherence with resonance

10�22 eV
<latexit sha1_base64="widuxWifOvbV2pAXxRXEZYYe1FE=">AAAB/HicdVDJSgNBEO2JW4xbNEcvjUHwYpgJouYW9OIxglkgGUNPpyZp0rPQXSOGIf6KFw+KePVDvPk3dhbB9UHB470qqup5sRQabfvdyiwsLi2vZFdza+sbm1v57Z2GjhLFoc4jGamWxzRIEUIdBUpoxQpY4EloesPzid+8AaVFFF7hKAY3YP1Q+IIzNFI3X3Ds6/SwXB7TDsItphQa426+aJcqtlM5duhv4pTsKYpkjlo3/9bpRTwJIEQumdZtx47RTZlCwSWMc51EQ8z4kPWhbWjIAtBuOj1+TPeN0qN+pEyFSKfq14mUBVqPAs90BgwH+qc3Ef/y2gn6p24qwjhBCPlskZ9IihGdJEF7QgFHOTKEcSXMrZQPmGIcTV45E8Lnp/R/0iiXHMMvj4rVs3kcWbJL9sgBccgJqZILUiN1wsmI3JNH8mTdWQ/Ws/Uya81Y85kC+Qbr9QOKvpQT</latexit><latexit sha1_base64="widuxWifOvbV2pAXxRXEZYYe1FE=">AAAB/HicdVDJSgNBEO2JW4xbNEcvjUHwYpgJouYW9OIxglkgGUNPpyZp0rPQXSOGIf6KFw+KePVDvPk3dhbB9UHB470qqup5sRQabfvdyiwsLi2vZFdza+sbm1v57Z2GjhLFoc4jGamWxzRIEUIdBUpoxQpY4EloesPzid+8AaVFFF7hKAY3YP1Q+IIzNFI3X3Ds6/SwXB7TDsItphQa426+aJcqtlM5duhv4pTsKYpkjlo3/9bpRTwJIEQumdZtx47RTZlCwSWMc51EQ8z4kPWhbWjIAtBuOj1+TPeN0qN+pEyFSKfq14mUBVqPAs90BgwH+qc3Ef/y2gn6p24qwjhBCPlskZ9IihGdJEF7QgFHOTKEcSXMrZQPmGIcTV45E8Lnp/R/0iiXHMMvj4rVs3kcWbJL9sgBccgJqZILUiN1wsmI3JNH8mTdWQ/Ws/Uya81Y85kC+Qbr9QOKvpQT</latexit><latexit sha1_base64="widuxWifOvbV2pAXxRXEZYYe1FE=">AAAB/HicdVDJSgNBEO2JW4xbNEcvjUHwYpgJouYW9OIxglkgGUNPpyZp0rPQXSOGIf6KFw+KePVDvPk3dhbB9UHB470qqup5sRQabfvdyiwsLi2vZFdza+sbm1v57Z2GjhLFoc4jGamWxzRIEUIdBUpoxQpY4EloesPzid+8AaVFFF7hKAY3YP1Q+IIzNFI3X3Ds6/SwXB7TDsItphQa426+aJcqtlM5duhv4pTsKYpkjlo3/9bpRTwJIEQumdZtx47RTZlCwSWMc51EQ8z4kPWhbWjIAtBuOj1+TPeN0qN+pEyFSKfq14mUBVqPAs90BgwH+qc3Ef/y2gn6p24qwjhBCPlskZ9IihGdJEF7QgFHOTKEcSXMrZQPmGIcTV45E8Lnp/R/0iiXHMMvj4rVs3kcWbJL9sgBccgJqZILUiN1wsmI3JNH8mTdWQ/Ws/Uya81Y85kC+Qbr9QOKvpQT</latexit><latexit sha1_base64="widuxWifOvbV2pAXxRXEZYYe1FE=">AAAB/HicdVDJSgNBEO2JW4xbNEcvjUHwYpgJouYW9OIxglkgGUNPpyZp0rPQXSOGIf6KFw+KePVDvPk3dhbB9UHB470qqup5sRQabfvdyiwsLi2vZFdza+sbm1v57Z2GjhLFoc4jGamWxzRIEUIdBUpoxQpY4EloesPzid+8AaVFFF7hKAY3YP1Q+IIzNFI3X3Ds6/SwXB7TDsItphQa426+aJcqtlM5duhv4pTsKYpkjlo3/9bpRTwJIEQumdZtx47RTZlCwSWMc51EQ8z4kPWhbWjIAtBuOj1+TPeN0qN+pEyFSKfq14mUBVqPAs90BgwH+qc3Ef/y2gn6p24qwjhBCPlskZ9IihGdJEF7QgFHOTKEcSXMrZQPmGIcTV45E8Lnp/R/0iiXHMMvj4rVs3kcWbJL9sgBccgJqZILUiN1wsmI3JNH8mTdWQ/Ws/Uya81Y85kC+Qbr9QOKvpQT</latexit>

1040 eV
<latexit sha1_base64="5/DW9sTHuXnEzDHK84/8fGdFUDw=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgKcyIqLkFvXiMYBZIxtDTqSRNeha6ayRhmF/x4kERr/6IN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8feLTZ0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH11O/eYdKC2i8AYnMXgBG4SiLzhDI3XtouvcpidORjsIY0wpNLKuXXLKFcetnLr0N3HLzgwlskCta791ehFPAgiRS6Z123Vi9FKmUHAJWaGTaIgZH7EBtA0NWQDaS2e3Z/TQKD3aj5SpEOlM/TqRskDrSeCbzoDhUP/0puJfXjvB/rmXijBOEEI+X9RPJMWIToOgPaGAo5wYwrgS5lbKh0wxjiauggnh81P6P2kcl13Dr09K1YtFHHmyTw7IEXHJGamSK1IjdcLJmNyTR/JkZdaD9Wy9zFtz1mJmj3yD9foBHbeT3A==</latexit><latexit sha1_base64="5/DW9sTHuXnEzDHK84/8fGdFUDw=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgKcyIqLkFvXiMYBZIxtDTqSRNeha6ayRhmF/x4kERr/6IN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8feLTZ0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH11O/eYdKC2i8AYnMXgBG4SiLzhDI3XtouvcpidORjsIY0wpNLKuXXLKFcetnLr0N3HLzgwlskCta791ehFPAgiRS6Z123Vi9FKmUHAJWaGTaIgZH7EBtA0NWQDaS2e3Z/TQKD3aj5SpEOlM/TqRskDrSeCbzoDhUP/0puJfXjvB/rmXijBOEEI+X9RPJMWIToOgPaGAo5wYwrgS5lbKh0wxjiauggnh81P6P2kcl13Dr09K1YtFHHmyTw7IEXHJGamSK1IjdcLJmNyTR/JkZdaD9Wy9zFtz1mJmj3yD9foBHbeT3A==</latexit><latexit sha1_base64="5/DW9sTHuXnEzDHK84/8fGdFUDw=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgKcyIqLkFvXiMYBZIxtDTqSRNeha6ayRhmF/x4kERr/6IN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8feLTZ0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH11O/eYdKC2i8AYnMXgBG4SiLzhDI3XtouvcpidORjsIY0wpNLKuXXLKFcetnLr0N3HLzgwlskCta791ehFPAgiRS6Z123Vi9FKmUHAJWaGTaIgZH7EBtA0NWQDaS2e3Z/TQKD3aj5SpEOlM/TqRskDrSeCbzoDhUP/0puJfXjvB/rmXijBOEEI+X9RPJMWIToOgPaGAo5wYwrgS5lbKh0wxjiauggnh81P6P2kcl13Dr09K1YtFHHmyTw7IEXHJGamSK1IjdcLJmNyTR/JkZdaD9Wy9zFtz1mJmj3yD9foBHbeT3A==</latexit><latexit sha1_base64="5/DW9sTHuXnEzDHK84/8fGdFUDw=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgKcyIqLkFvXiMYBZIxtDTqSRNeha6ayRhmF/x4kERr/6IN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8feLTZ0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH11O/eYdKC2i8AYnMXgBG4SiLzhDI3XtouvcpidORjsIY0wpNLKuXXLKFcetnLr0N3HLzgwlskCta791ehFPAgiRS6Z123Vi9FKmUHAJWaGTaIgZH7EBtA0NWQDaS2e3Z/TQKD3aj5SpEOlM/TqRskDrSeCbzoDhUP/0puJfXjvB/rmXijBOEEI+X9RPJMWIToOgPaGAo5wYwrgS5lbKh0wxjiauggnh81P6P2kcl13Dr09K1YtFHHmyTw7IEXHJGamSK1IjdcLJmNyTR/JkZdaD9Wy9zFtz1mJmj3yD9foBHbeT3A==</latexit>

Sub-halo 
structure

1 DM through 
earth in a year

10�4 eV
<latexit sha1_base64="n885pOPGqS9O9327QwZWtj34CQo=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQheDDMS1NyCXjxGMAskY+jp1CRNeha6a9Qw5lO8eFDEq1/izb+xswiuDwoe71VRVc+LpdBo2+/W3PzC4tJyZiW7ura+sZnLb9V1lCgONR7JSDU9pkGKEGooUEIzVsACT0LDG5yN/cY1KC2i8BKHMbgB64XCF5yhkTq5vGNfpQelURvhFlMK9VEnV7CLZdspHzn0N3GK9gQFMkO1k3trdyOeBBAil0zrlmPH6KZMoeASRtl2oiFmfMB60DI0ZAFoN52cPqJ7RulSP1KmQqQT9etEygKth4FnOgOGff3TG4t/ea0E/RM3FWGcIIR8ushPJMWIjnOgXaGAoxwawrgS5lbK+0wxjiatrAnh81P6P6kfFh3DL0qFyuksjgzZIbtknzjkmFTIOamSGuHkhtyTR/Jk3VkP1rP1Mm2ds2Yz2+QbrNcPv/aTrw==</latexit><latexit sha1_base64="n885pOPGqS9O9327QwZWtj34CQo=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQheDDMS1NyCXjxGMAskY+jp1CRNeha6a9Qw5lO8eFDEq1/izb+xswiuDwoe71VRVc+LpdBo2+/W3PzC4tJyZiW7ura+sZnLb9V1lCgONR7JSDU9pkGKEGooUEIzVsACT0LDG5yN/cY1KC2i8BKHMbgB64XCF5yhkTq5vGNfpQelURvhFlMK9VEnV7CLZdspHzn0N3GK9gQFMkO1k3trdyOeBBAil0zrlmPH6KZMoeASRtl2oiFmfMB60DI0ZAFoN52cPqJ7RulSP1KmQqQT9etEygKth4FnOgOGff3TG4t/ea0E/RM3FWGcIIR8ushPJMWIjnOgXaGAoxwawrgS5lbK+0wxjiatrAnh81P6P6kfFh3DL0qFyuksjgzZIbtknzjkmFTIOamSGuHkhtyTR/Jk3VkP1rP1Mm2ds2Yz2+QbrNcPv/aTrw==</latexit><latexit sha1_base64="n885pOPGqS9O9327QwZWtj34CQo=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQheDDMS1NyCXjxGMAskY+jp1CRNeha6a9Qw5lO8eFDEq1/izb+xswiuDwoe71VRVc+LpdBo2+/W3PzC4tJyZiW7ura+sZnLb9V1lCgONR7JSDU9pkGKEGooUEIzVsACT0LDG5yN/cY1KC2i8BKHMbgB64XCF5yhkTq5vGNfpQelURvhFlMK9VEnV7CLZdspHzn0N3GK9gQFMkO1k3trdyOeBBAil0zrlmPH6KZMoeASRtl2oiFmfMB60DI0ZAFoN52cPqJ7RulSP1KmQqQT9etEygKth4FnOgOGff3TG4t/ea0E/RM3FWGcIIR8ushPJMWIjnOgXaGAoxwawrgS5lbK+0wxjiatrAnh81P6P6kfFh3DL0qFyuksjgzZIbtknzjkmFTIOamSGuHkhtyTR/Jk3VkP1rP1Mm2ds2Yz2+QbrNcPv/aTrw==</latexit><latexit sha1_base64="n885pOPGqS9O9327QwZWtj34CQo=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQheDDMS1NyCXjxGMAskY+jp1CRNeha6a9Qw5lO8eFDEq1/izb+xswiuDwoe71VRVc+LpdBo2+/W3PzC4tJyZiW7ura+sZnLb9V1lCgONR7JSDU9pkGKEGooUEIzVsACT0LDG5yN/cY1KC2i8BKHMbgB64XCF5yhkTq5vGNfpQelURvhFlMK9VEnV7CLZdspHzn0N3GK9gQFMkO1k3trdyOeBBAil0zrlmPH6KZMoeASRtl2oiFmfMB60DI0ZAFoN52cPqJ7RulSP1KmQqQT9etEygKth4FnOgOGff3TG4t/ea0E/RM3FWGcIIR8ushPJMWIjnOgXaGAoxwawrgS5lbK+0wxjiatrAnh81P6P6kfFh3DL0qFyuksjgzZIbtknzjkmFTIOamSGuHkhtyTR/Jk3VkP1rP1Mm2ds2Yz2+QbrNcPv/aTrw==</latexit> 1011 eV

<latexit sha1_base64="t/pZEirBLW53JZWnQibiSHLb/cE=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQiewrSImlvQi8cIZoEkhp5OJWnSs9Bdo4ZxPsWLB0W8+iXe/Bs7i+D6oODxXhVV9bxISYOu++7MzS8sLi1nVrKra+sbm7n8Vs2EsRZQFaEKdcPjBpQMoIoSFTQiDdz3FNS94dnYr1+DNjIMLnEUQdvn/UD2pOBopU4uz9yrhLG0hXCLCYVa2skV3GLJZaUjRn8TVnQnKJAZKp3cW6sbitiHAIXixjSZG2E74RqlUJBmW7GBiIsh70PT0oD7YNrJ5PSU7lmlS3uhthUgnahfJxLuGzPyPdvpcxyYn95Y/Mtrxtg7aScyiGKEQEwX9WJFMaTjHGhXahCoRpZwoaW9lYoB11ygTStrQ/j8lP5PagdFZvnFYaF8OosjQ3bILtknjByTMjknFVIlgtyQe/JInpw758F5dl6mrXPObGabfIPz+gHBiZOw</latexit><latexit sha1_base64="t/pZEirBLW53JZWnQibiSHLb/cE=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQiewrSImlvQi8cIZoEkhp5OJWnSs9Bdo4ZxPsWLB0W8+iXe/Bs7i+D6oODxXhVV9bxISYOu++7MzS8sLi1nVrKra+sbm7n8Vs2EsRZQFaEKdcPjBpQMoIoSFTQiDdz3FNS94dnYr1+DNjIMLnEUQdvn/UD2pOBopU4uz9yrhLG0hXCLCYVa2skV3GLJZaUjRn8TVnQnKJAZKp3cW6sbitiHAIXixjSZG2E74RqlUJBmW7GBiIsh70PT0oD7YNrJ5PSU7lmlS3uhthUgnahfJxLuGzPyPdvpcxyYn95Y/Mtrxtg7aScyiGKEQEwX9WJFMaTjHGhXahCoRpZwoaW9lYoB11ygTStrQ/j8lP5PagdFZvnFYaF8OosjQ3bILtknjByTMjknFVIlgtyQe/JInpw758F5dl6mrXPObGabfIPz+gHBiZOw</latexit><latexit sha1_base64="t/pZEirBLW53JZWnQibiSHLb/cE=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQiewrSImlvQi8cIZoEkhp5OJWnSs9Bdo4ZxPsWLB0W8+iXe/Bs7i+D6oODxXhVV9bxISYOu++7MzS8sLi1nVrKra+sbm7n8Vs2EsRZQFaEKdcPjBpQMoIoSFTQiDdz3FNS94dnYr1+DNjIMLnEUQdvn/UD2pOBopU4uz9yrhLG0hXCLCYVa2skV3GLJZaUjRn8TVnQnKJAZKp3cW6sbitiHAIXixjSZG2E74RqlUJBmW7GBiIsh70PT0oD7YNrJ5PSU7lmlS3uhthUgnahfJxLuGzPyPdvpcxyYn95Y/Mtrxtg7aScyiGKEQEwX9WJFMaTjHGhXahCoRpZwoaW9lYoB11ygTStrQ/j8lP5PagdFZvnFYaF8OosjQ3bILtknjByTMjknFVIlgtyQe/JInpw758F5dl6mrXPObGabfIPz+gHBiZOw</latexit><latexit sha1_base64="t/pZEirBLW53JZWnQibiSHLb/cE=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQiewrSImlvQi8cIZoEkhp5OJWnSs9Bdo4ZxPsWLB0W8+iXe/Bs7i+D6oODxXhVV9bxISYOu++7MzS8sLi1nVrKra+sbm7n8Vs2EsRZQFaEKdcPjBpQMoIoSFTQiDdz3FNS94dnYr1+DNjIMLnEUQdvn/UD2pOBopU4uz9yrhLG0hXCLCYVa2skV3GLJZaUjRn8TVnQnKJAZKp3cW6sbitiHAIXixjSZG2E74RqlUJBmW7GBiIsh70PT0oD7YNrJ5PSU7lmlS3uhthUgnahfJxLuGzPyPdvpcxyYn95Y/Mtrxtg7aScyiGKEQEwX9WJFMaTjHGhXahCoRpZwoaW9lYoB11ygTStrQ/j8lP5PagdFZvnFYaF8OosjQ3bILtknjByTMjknFVIlgtyQe/JInpw758F5dl6mrXPObGabfIPz+gHBiZOw</latexit>

106 eV
<latexit sha1_base64="G8vsQ6GaDkNDhPZVM1IDp1uEWKI=">AAAB+XicdVDJSgNBEO2JW4zbqEcvjUHwFGZEorkFvXiMYBZIxtDTqSRNeha6a4JhmD/x4kERr/6JN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8fe3WvoKFEc6jySkWr5TIMUIdRRoIRWrIAFvoSmP7qc+s0xKC2i8AYnMXgBG4SiLzhDI3Vt23Vu03LWQbjDlEIj69pFp1Rx3ErZpb+JW3JmKJIFal37rdOLeBJAiFwyrduuE6OXMoWCS8gKnURDzPiIDaBtaMgC0F46uzyjR0bp0X6kTIVIZ+rXiZQFWk8C33QGDIf6pzcV//LaCfbPvVSEcYIQ8vmifiIpRnQaA+0JBRzlxBDGlTC3Uj5kinE0YRVMCJ+f0v9J46TkGn59WqxeLOLIkwNySI6JS85IlVyRGqkTTsbknjySJyu1Hqxn62XemrMWM/vkG6zXD1Zpk3o=</latexit><latexit sha1_base64="G8vsQ6GaDkNDhPZVM1IDp1uEWKI=">AAAB+XicdVDJSgNBEO2JW4zbqEcvjUHwFGZEorkFvXiMYBZIxtDTqSRNeha6a4JhmD/x4kERr/6JN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8fe3WvoKFEc6jySkWr5TIMUIdRRoIRWrIAFvoSmP7qc+s0xKC2i8AYnMXgBG4SiLzhDI3Vt23Vu03LWQbjDlEIj69pFp1Rx3ErZpb+JW3JmKJIFal37rdOLeBJAiFwyrduuE6OXMoWCS8gKnURDzPiIDaBtaMgC0F46uzyjR0bp0X6kTIVIZ+rXiZQFWk8C33QGDIf6pzcV//LaCfbPvVSEcYIQ8vmifiIpRnQaA+0JBRzlxBDGlTC3Uj5kinE0YRVMCJ+f0v9J46TkGn59WqxeLOLIkwNySI6JS85IlVyRGqkTTsbknjySJyu1Hqxn62XemrMWM/vkG6zXD1Zpk3o=</latexit><latexit sha1_base64="G8vsQ6GaDkNDhPZVM1IDp1uEWKI=">AAAB+XicdVDJSgNBEO2JW4zbqEcvjUHwFGZEorkFvXiMYBZIxtDTqSRNeha6a4JhmD/x4kERr/6JN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8fe3WvoKFEc6jySkWr5TIMUIdRRoIRWrIAFvoSmP7qc+s0xKC2i8AYnMXgBG4SiLzhDI3Vt23Vu03LWQbjDlEIj69pFp1Rx3ErZpb+JW3JmKJIFal37rdOLeBJAiFwyrduuE6OXMoWCS8gKnURDzPiIDaBtaMgC0F46uzyjR0bp0X6kTIVIZ+rXiZQFWk8C33QGDIf6pzcV//LaCfbPvVSEcYIQ8vmifiIpRnQaA+0JBRzlxBDGlTC3Uj5kinE0YRVMCJ+f0v9J46TkGn59WqxeLOLIkwNySI6JS85IlVyRGqkTTsbknjySJyu1Hqxn62XemrMWM/vkG6zXD1Zpk3o=</latexit><latexit sha1_base64="G8vsQ6GaDkNDhPZVM1IDp1uEWKI=">AAAB+XicdVDJSgNBEO2JW4zbqEcvjUHwFGZEorkFvXiMYBZIxtDTqSRNeha6a4JhmD/x4kERr/6JN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8fe3WvoKFEc6jySkWr5TIMUIdRRoIRWrIAFvoSmP7qc+s0xKC2i8AYnMXgBG4SiLzhDI3Vt23Vu03LWQbjDlEIj69pFp1Rx3ErZpb+JW3JmKJIFal37rdOLeBJAiFwyrduuE6OXMoWCS8gKnURDzPiIDaBtaMgC0F46uzyjR0bp0X6kTIVIZ+rXiZQFWk8C33QGDIf6pzcV//LaCfbPvVSEcYIQ8vmifiIpRnQaA+0JBRzlxBDGlTC3Uj5kinE0YRVMCJ+f0v9J46TkGn59WqxeLOLIkwNySI6JS85IlVyRGqkTTsbknjySJyu1Hqxn62XemrMWM/vkG6zXD1Zpk3o=</latexit>

DM mass

Sub-MeV window

This is the typical energy of 
quantum excitations of condensed 
matter systems, and is the energy 
scale of chemistry

Matching of energy 
scales suggests such 
systems should be 
good targets

Energy deposits < eV



WIMP-like experiments: 
energy deposits

Axion-like experiments: exploit 
coherence with resonance

10�22 eV
<latexit sha1_base64="widuxWifOvbV2pAXxRXEZYYe1FE=">AAAB/HicdVDJSgNBEO2JW4xbNEcvjUHwYpgJouYW9OIxglkgGUNPpyZp0rPQXSOGIf6KFw+KePVDvPk3dhbB9UHB470qqup5sRQabfvdyiwsLi2vZFdza+sbm1v57Z2GjhLFoc4jGamWxzRIEUIdBUpoxQpY4EloesPzid+8AaVFFF7hKAY3YP1Q+IIzNFI3X3Ds6/SwXB7TDsItphQa426+aJcqtlM5duhv4pTsKYpkjlo3/9bpRTwJIEQumdZtx47RTZlCwSWMc51EQ8z4kPWhbWjIAtBuOj1+TPeN0qN+pEyFSKfq14mUBVqPAs90BgwH+qc3Ef/y2gn6p24qwjhBCPlskZ9IihGdJEF7QgFHOTKEcSXMrZQPmGIcTV45E8Lnp/R/0iiXHMMvj4rVs3kcWbJL9sgBccgJqZILUiN1wsmI3JNH8mTdWQ/Ws/Uya81Y85kC+Qbr9QOKvpQT</latexit><latexit sha1_base64="widuxWifOvbV2pAXxRXEZYYe1FE=">AAAB/HicdVDJSgNBEO2JW4xbNEcvjUHwYpgJouYW9OIxglkgGUNPpyZp0rPQXSOGIf6KFw+KePVDvPk3dhbB9UHB470qqup5sRQabfvdyiwsLi2vZFdza+sbm1v57Z2GjhLFoc4jGamWxzRIEUIdBUpoxQpY4EloesPzid+8AaVFFF7hKAY3YP1Q+IIzNFI3X3Ds6/SwXB7TDsItphQa426+aJcqtlM5duhv4pTsKYpkjlo3/9bpRTwJIEQumdZtx47RTZlCwSWMc51EQ8z4kPWhbWjIAtBuOj1+TPeN0qN+pEyFSKfq14mUBVqPAs90BgwH+qc3Ef/y2gn6p24qwjhBCPlskZ9IihGdJEF7QgFHOTKEcSXMrZQPmGIcTV45E8Lnp/R/0iiXHMMvj4rVs3kcWbJL9sgBccgJqZILUiN1wsmI3JNH8mTdWQ/Ws/Uya81Y85kC+Qbr9QOKvpQT</latexit><latexit sha1_base64="widuxWifOvbV2pAXxRXEZYYe1FE=">AAAB/HicdVDJSgNBEO2JW4xbNEcvjUHwYpgJouYW9OIxglkgGUNPpyZp0rPQXSOGIf6KFw+KePVDvPk3dhbB9UHB470qqup5sRQabfvdyiwsLi2vZFdza+sbm1v57Z2GjhLFoc4jGamWxzRIEUIdBUpoxQpY4EloesPzid+8AaVFFF7hKAY3YP1Q+IIzNFI3X3Ds6/SwXB7TDsItphQa426+aJcqtlM5duhv4pTsKYpkjlo3/9bpRTwJIEQumdZtx47RTZlCwSWMc51EQ8z4kPWhbWjIAtBuOj1+TPeN0qN+pEyFSKfq14mUBVqPAs90BgwH+qc3Ef/y2gn6p24qwjhBCPlskZ9IihGdJEF7QgFHOTKEcSXMrZQPmGIcTV45E8Lnp/R/0iiXHMMvj4rVs3kcWbJL9sgBccgJqZILUiN1wsmI3JNH8mTdWQ/Ws/Uya81Y85kC+Qbr9QOKvpQT</latexit><latexit sha1_base64="widuxWifOvbV2pAXxRXEZYYe1FE=">AAAB/HicdVDJSgNBEO2JW4xbNEcvjUHwYpgJouYW9OIxglkgGUNPpyZp0rPQXSOGIf6KFw+KePVDvPk3dhbB9UHB470qqup5sRQabfvdyiwsLi2vZFdza+sbm1v57Z2GjhLFoc4jGamWxzRIEUIdBUpoxQpY4EloesPzid+8AaVFFF7hKAY3YP1Q+IIzNFI3X3Ds6/SwXB7TDsItphQa426+aJcqtlM5duhv4pTsKYpkjlo3/9bpRTwJIEQumdZtx47RTZlCwSWMc51EQ8z4kPWhbWjIAtBuOj1+TPeN0qN+pEyFSKfq14mUBVqPAs90BgwH+qc3Ef/y2gn6p24qwjhBCPlskZ9IihGdJEF7QgFHOTKEcSXMrZQPmGIcTV45E8Lnp/R/0iiXHMMvj4rVs3kcWbJL9sgBccgJqZILUiN1wsmI3JNH8mTdWQ/Ws/Uya81Y85kC+Qbr9QOKvpQT</latexit>

1040 eV
<latexit sha1_base64="5/DW9sTHuXnEzDHK84/8fGdFUDw=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgKcyIqLkFvXiMYBZIxtDTqSRNeha6ayRhmF/x4kERr/6IN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8feLTZ0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH11O/eYdKC2i8AYnMXgBG4SiLzhDI3XtouvcpidORjsIY0wpNLKuXXLKFcetnLr0N3HLzgwlskCta791ehFPAgiRS6Z123Vi9FKmUHAJWaGTaIgZH7EBtA0NWQDaS2e3Z/TQKD3aj5SpEOlM/TqRskDrSeCbzoDhUP/0puJfXjvB/rmXijBOEEI+X9RPJMWIToOgPaGAo5wYwrgS5lbKh0wxjiauggnh81P6P2kcl13Dr09K1YtFHHmyTw7IEXHJGamSK1IjdcLJmNyTR/JkZdaD9Wy9zFtz1mJmj3yD9foBHbeT3A==</latexit><latexit sha1_base64="5/DW9sTHuXnEzDHK84/8fGdFUDw=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgKcyIqLkFvXiMYBZIxtDTqSRNeha6ayRhmF/x4kERr/6IN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8feLTZ0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH11O/eYdKC2i8AYnMXgBG4SiLzhDI3XtouvcpidORjsIY0wpNLKuXXLKFcetnLr0N3HLzgwlskCta791ehFPAgiRS6Z123Vi9FKmUHAJWaGTaIgZH7EBtA0NWQDaS2e3Z/TQKD3aj5SpEOlM/TqRskDrSeCbzoDhUP/0puJfXjvB/rmXijBOEEI+X9RPJMWIToOgPaGAo5wYwrgS5lbKh0wxjiauggnh81P6P2kcl13Dr09K1YtFHHmyTw7IEXHJGamSK1IjdcLJmNyTR/JkZdaD9Wy9zFtz1mJmj3yD9foBHbeT3A==</latexit><latexit sha1_base64="5/DW9sTHuXnEzDHK84/8fGdFUDw=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgKcyIqLkFvXiMYBZIxtDTqSRNeha6ayRhmF/x4kERr/6IN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8feLTZ0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH11O/eYdKC2i8AYnMXgBG4SiLzhDI3XtouvcpidORjsIY0wpNLKuXXLKFcetnLr0N3HLzgwlskCta791ehFPAgiRS6Z123Vi9FKmUHAJWaGTaIgZH7EBtA0NWQDaS2e3Z/TQKD3aj5SpEOlM/TqRskDrSeCbzoDhUP/0puJfXjvB/rmXijBOEEI+X9RPJMWIToOgPaGAo5wYwrgS5lbKh0wxjiauggnh81P6P2kcl13Dr09K1YtFHHmyTw7IEXHJGamSK1IjdcLJmNyTR/JkZdaD9Wy9zFtz1mJmj3yD9foBHbeT3A==</latexit><latexit sha1_base64="5/DW9sTHuXnEzDHK84/8fGdFUDw=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgKcyIqLkFvXiMYBZIxtDTqSRNeha6ayRhmF/x4kERr/6IN//GziK4Pih4vFdFVT0/lkKj47xbuaXlldW1/HphY3Nre8feLTZ0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH11O/eYdKC2i8AYnMXgBG4SiLzhDI3XtouvcpidORjsIY0wpNLKuXXLKFcetnLr0N3HLzgwlskCta791ehFPAgiRS6Z123Vi9FKmUHAJWaGTaIgZH7EBtA0NWQDaS2e3Z/TQKD3aj5SpEOlM/TqRskDrSeCbzoDhUP/0puJfXjvB/rmXijBOEEI+X9RPJMWIToOgPaGAo5wYwrgS5lbKh0wxjiauggnh81P6P2kcl13Dr09K1YtFHHmyTw7IEXHJGamSK1IjdcLJmNyTR/JkZdaD9Wy9zFtz1mJmj3yD9foBHbeT3A==</latexit>

Sub-halo 
structure

1 DM through 
earth in a year

10�4 eV
<latexit sha1_base64="n885pOPGqS9O9327QwZWtj34CQo=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQheDDMS1NyCXjxGMAskY+jp1CRNeha6a9Qw5lO8eFDEq1/izb+xswiuDwoe71VRVc+LpdBo2+/W3PzC4tJyZiW7ura+sZnLb9V1lCgONR7JSDU9pkGKEGooUEIzVsACT0LDG5yN/cY1KC2i8BKHMbgB64XCF5yhkTq5vGNfpQelURvhFlMK9VEnV7CLZdspHzn0N3GK9gQFMkO1k3trdyOeBBAil0zrlmPH6KZMoeASRtl2oiFmfMB60DI0ZAFoN52cPqJ7RulSP1KmQqQT9etEygKth4FnOgOGff3TG4t/ea0E/RM3FWGcIIR8ushPJMWIjnOgXaGAoxwawrgS5lbK+0wxjiatrAnh81P6P6kfFh3DL0qFyuksjgzZIbtknzjkmFTIOamSGuHkhtyTR/Jk3VkP1rP1Mm2ds2Yz2+QbrNcPv/aTrw==</latexit><latexit sha1_base64="n885pOPGqS9O9327QwZWtj34CQo=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQheDDMS1NyCXjxGMAskY+jp1CRNeha6a9Qw5lO8eFDEq1/izb+xswiuDwoe71VRVc+LpdBo2+/W3PzC4tJyZiW7ura+sZnLb9V1lCgONR7JSDU9pkGKEGooUEIzVsACT0LDG5yN/cY1KC2i8BKHMbgB64XCF5yhkTq5vGNfpQelURvhFlMK9VEnV7CLZdspHzn0N3GK9gQFMkO1k3trdyOeBBAil0zrlmPH6KZMoeASRtl2oiFmfMB60DI0ZAFoN52cPqJ7RulSP1KmQqQT9etEygKth4FnOgOGff3TG4t/ea0E/RM3FWGcIIR8ushPJMWIjnOgXaGAoxwawrgS5lbK+0wxjiatrAnh81P6P6kfFh3DL0qFyuksjgzZIbtknzjkmFTIOamSGuHkhtyTR/Jk3VkP1rP1Mm2ds2Yz2+QbrNcPv/aTrw==</latexit><latexit sha1_base64="n885pOPGqS9O9327QwZWtj34CQo=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQheDDMS1NyCXjxGMAskY+jp1CRNeha6a9Qw5lO8eFDEq1/izb+xswiuDwoe71VRVc+LpdBo2+/W3PzC4tJyZiW7ura+sZnLb9V1lCgONR7JSDU9pkGKEGooUEIzVsACT0LDG5yN/cY1KC2i8BKHMbgB64XCF5yhkTq5vGNfpQelURvhFlMK9VEnV7CLZdspHzn0N3GK9gQFMkO1k3trdyOeBBAil0zrlmPH6KZMoeASRtl2oiFmfMB60DI0ZAFoN52cPqJ7RulSP1KmQqQT9etEygKth4FnOgOGff3TG4t/ea0E/RM3FWGcIIR8ushPJMWIjnOgXaGAoxwawrgS5lbK+0wxjiatrAnh81P6P6kfFh3DL0qFyuksjgzZIbtknzjkmFTIOamSGuHkhtyTR/Jk3VkP1rP1Mm2ds2Yz2+QbrNcPv/aTrw==</latexit><latexit sha1_base64="n885pOPGqS9O9327QwZWtj34CQo=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQheDDMS1NyCXjxGMAskY+jp1CRNeha6a9Qw5lO8eFDEq1/izb+xswiuDwoe71VRVc+LpdBo2+/W3PzC4tJyZiW7ura+sZnLb9V1lCgONR7JSDU9pkGKEGooUEIzVsACT0LDG5yN/cY1KC2i8BKHMbgB64XCF5yhkTq5vGNfpQelURvhFlMK9VEnV7CLZdspHzn0N3GK9gQFMkO1k3trdyOeBBAil0zrlmPH6KZMoeASRtl2oiFmfMB60DI0ZAFoN52cPqJ7RulSP1KmQqQT9etEygKth4FnOgOGff3TG4t/ea0E/RM3FWGcIIR8ushPJMWIjnOgXaGAoxwawrgS5lbK+0wxjiatrAnh81P6P6kfFh3DL0qFyuksjgzZIbtknzjkmFTIOamSGuHkhtyTR/Jk3VkP1rP1Mm2ds2Yz2+QbrNcPv/aTrw==</latexit> 1011 eV

<latexit sha1_base64="t/pZEirBLW53JZWnQibiSHLb/cE=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQiewrSImlvQi8cIZoEkhp5OJWnSs9Bdo4ZxPsWLB0W8+iXe/Bs7i+D6oODxXhVV9bxISYOu++7MzS8sLi1nVrKra+sbm7n8Vs2EsRZQFaEKdcPjBpQMoIoSFTQiDdz3FNS94dnYr1+DNjIMLnEUQdvn/UD2pOBopU4uz9yrhLG0hXCLCYVa2skV3GLJZaUjRn8TVnQnKJAZKp3cW6sbitiHAIXixjSZG2E74RqlUJBmW7GBiIsh70PT0oD7YNrJ5PSU7lmlS3uhthUgnahfJxLuGzPyPdvpcxyYn95Y/Mtrxtg7aScyiGKEQEwX9WJFMaTjHGhXahCoRpZwoaW9lYoB11ygTStrQ/j8lP5PagdFZvnFYaF8OosjQ3bILtknjByTMjknFVIlgtyQe/JInpw758F5dl6mrXPObGabfIPz+gHBiZOw</latexit><latexit sha1_base64="t/pZEirBLW53JZWnQibiSHLb/cE=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQiewrSImlvQi8cIZoEkhp5OJWnSs9Bdo4ZxPsWLB0W8+iXe/Bs7i+D6oODxXhVV9bxISYOu++7MzS8sLi1nVrKra+sbm7n8Vs2EsRZQFaEKdcPjBpQMoIoSFTQiDdz3FNS94dnYr1+DNjIMLnEUQdvn/UD2pOBopU4uz9yrhLG0hXCLCYVa2skV3GLJZaUjRn8TVnQnKJAZKp3cW6sbitiHAIXixjSZG2E74RqlUJBmW7GBiIsh70PT0oD7YNrJ5PSU7lmlS3uhthUgnahfJxLuGzPyPdvpcxyYn95Y/Mtrxtg7aScyiGKEQEwX9WJFMaTjHGhXahCoRpZwoaW9lYoB11ygTStrQ/j8lP5PagdFZvnFYaF8OosjQ3bILtknjByTMjknFVIlgtyQe/JInpw758F5dl6mrXPObGabfIPz+gHBiZOw</latexit><latexit sha1_base64="t/pZEirBLW53JZWnQibiSHLb/cE=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQiewrSImlvQi8cIZoEkhp5OJWnSs9Bdo4ZxPsWLB0W8+iXe/Bs7i+D6oODxXhVV9bxISYOu++7MzS8sLi1nVrKra+sbm7n8Vs2EsRZQFaEKdcPjBpQMoIoSFTQiDdz3FNS94dnYr1+DNjIMLnEUQdvn/UD2pOBopU4uz9yrhLG0hXCLCYVa2skV3GLJZaUjRn8TVnQnKJAZKp3cW6sbitiHAIXixjSZG2E74RqlUJBmW7GBiIsh70PT0oD7YNrJ5PSU7lmlS3uhthUgnahfJxLuGzPyPdvpcxyYn95Y/Mtrxtg7aScyiGKEQEwX9WJFMaTjHGhXahCoRpZwoaW9lYoB11ygTStrQ/j8lP5PagdFZvnFYaF8OosjQ3bILtknjByTMjknFVIlgtyQe/JInpw758F5dl6mrXPObGabfIPz+gHBiZOw</latexit><latexit sha1_base64="t/pZEirBLW53JZWnQibiSHLb/cE=">AAAB+nicdVDJSgNBEO1xjXFL9OilMQiewrSImlvQi8cIZoEkhp5OJWnSs9Bdo4ZxPsWLB0W8+iXe/Bs7i+D6oODxXhVV9bxISYOu++7MzS8sLi1nVrKra+sbm7n8Vs2EsRZQFaEKdcPjBpQMoIoSFTQiDdz3FNS94dnYr1+DNjIMLnEUQdvn/UD2pOBopU4uz9yrhLG0hXCLCYVa2skV3GLJZaUjRn8TVnQnKJAZKp3cW6sbitiHAIXixjSZG2E74RqlUJBmW7GBiIsh70PT0oD7YNrJ5PSU7lmlS3uhthUgnahfJxLuGzPyPdvpcxyYn95Y/Mtrxtg7aScyiGKEQEwX9WJFMaTjHGhXahCoRpZwoaW9lYoB11ygTStrQ/j8lP5PagdFZvnFYaF8OosjQ3bILtknjByTMjknFVIlgtyQe/JInpw758F5dl6mrXPObGabfIPz+gHBiZOw</latexit>
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i.e. keV-MeV mass

Telescope sensitivity gap
accumulate statistics for faint sources, and provide context for multimessenger discoveries as new
facilities emerge [23, 24].
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Figure 5: Left: AMEGO will revolutionize medium-energy gamma-ray astronomy by providing >20⇥ bet-
ter sensitivity in the MeV band compared to COMPTEL. The AMEGO 3� continuum sensitivity is calculated
for all-sky exposure during a 5-year mission. All other sensitivity curves are calculated for typical source
exposure over the mission lifetimes. Right: Narrow-line sensitivity for AMEGO from 200 keV to 9 MeV, in
comparison to INTEGRAL/SPI and COMPTEL.

AMEGO’s discovery potential derives from its combination of order-of-magnitude improve-
ment in continuum sensitivity, advanced nuclear line spectroscopy, and gamma-ray polarization
capability [25, 26]; its superior angular resolution will help resolve the diffuse gamma-ray emis-
sion that limits the sensitivity of Fermi-LAT analyses <300 MeV. Discovery is almost a foregone
conclusion from this level of performance gain. One target area for potential breakthroughs is
magnetar physics. Magnetars are laboratories for extreme quantum electrodynamics, with critical
spectral and polarization features in the AMEGO energy range that relate directly to issues in fun-
damental physics such as the QED prediction photon splitting and birefringence of the magnetized
vacuum [2]. Another opportunity is the ongoing search for the nature of dark matter, with well-
motivated possibilities potentially revealed in the medium-energy gamma-ray band [27, 28, 29, 30].

3 Technical Overview
To achieve the science described in Section 2 and in the numerous studies submitted to the As-
tro2020 white paper call, we optimized an instrument design that enables sensitive continuum
spectral measurements over a broad energy range, with additional capabilities for measuring po-
larization and spectral lines. AMEGO consists of four subsystems: (Fig. 6) a double-sided silicon
detector (DSSD) tracker, a 3D position-sensitive virtual Frisch-grid Imaging Cadmium Zinc Tel-
luride (CZT) calorimeter, a segmented thallium-activated Cesium Iodide (CsI) calorimeter and a
plastic scintillator Anti-Coincidence Detector (ACD). The Si tracker, CsI calorimeter, and ACD
are analogs of systems flown on Fermi-LAT [31]. The AMEGO instrument performance derived
from detailed detector simulations [32] is shown in Table 1.

The tracker subsystem consists of 60 layers of DSSDs. For the candidate design presented in this
proposal, each tower layer contains a 4 ⇥ 4 array of DSSDs, each 9.5 cm square and 500 microns
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i.e. keV-MeV mass

Telescope sensitivity gap
accumulate statistics for faint sources, and provide context for multimessenger discoveries as new
facilities emerge [23, 24].
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Figure 5: Left: AMEGO will revolutionize medium-energy gamma-ray astronomy by providing >20⇥ bet-
ter sensitivity in the MeV band compared to COMPTEL. The AMEGO 3� continuum sensitivity is calculated
for all-sky exposure during a 5-year mission. All other sensitivity curves are calculated for typical source
exposure over the mission lifetimes. Right: Narrow-line sensitivity for AMEGO from 200 keV to 9 MeV, in
comparison to INTEGRAL/SPI and COMPTEL.

AMEGO’s discovery potential derives from its combination of order-of-magnitude improve-
ment in continuum sensitivity, advanced nuclear line spectroscopy, and gamma-ray polarization
capability [25, 26]; its superior angular resolution will help resolve the diffuse gamma-ray emis-
sion that limits the sensitivity of Fermi-LAT analyses <300 MeV. Discovery is almost a foregone
conclusion from this level of performance gain. One target area for potential breakthroughs is
magnetar physics. Magnetars are laboratories for extreme quantum electrodynamics, with critical
spectral and polarization features in the AMEGO energy range that relate directly to issues in fun-
damental physics such as the QED prediction photon splitting and birefringence of the magnetized
vacuum [2]. Another opportunity is the ongoing search for the nature of dark matter, with well-
motivated possibilities potentially revealed in the medium-energy gamma-ray band [27, 28, 29, 30].

3 Technical Overview
To achieve the science described in Section 2 and in the numerous studies submitted to the As-
tro2020 white paper call, we optimized an instrument design that enables sensitive continuum
spectral measurements over a broad energy range, with additional capabilities for measuring po-
larization and spectral lines. AMEGO consists of four subsystems: (Fig. 6) a double-sided silicon
detector (DSSD) tracker, a 3D position-sensitive virtual Frisch-grid Imaging Cadmium Zinc Tel-
luride (CZT) calorimeter, a segmented thallium-activated Cesium Iodide (CsI) calorimeter and a
plastic scintillator Anti-Coincidence Detector (ACD). The Si tracker, CsI calorimeter, and ACD
are analogs of systems flown on Fermi-LAT [31]. The AMEGO instrument performance derived
from detailed detector simulations [32] is shown in Table 1.

The tracker subsystem consists of 60 layers of DSSDs. For the candidate design presented in this
proposal, each tower layer contains a 4 ⇥ 4 array of DSSDs, each 9.5 cm square and 500 microns
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i.e. keV-MeV mass

Telescope sensitivity gap
accumulate statistics for faint sources, and provide context for multimessenger discoveries as new
facilities emerge [23, 24].
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Figure 5: Left: AMEGO will revolutionize medium-energy gamma-ray astronomy by providing >20⇥ bet-
ter sensitivity in the MeV band compared to COMPTEL. The AMEGO 3� continuum sensitivity is calculated
for all-sky exposure during a 5-year mission. All other sensitivity curves are calculated for typical source
exposure over the mission lifetimes. Right: Narrow-line sensitivity for AMEGO from 200 keV to 9 MeV, in
comparison to INTEGRAL/SPI and COMPTEL.

AMEGO’s discovery potential derives from its combination of order-of-magnitude improve-
ment in continuum sensitivity, advanced nuclear line spectroscopy, and gamma-ray polarization
capability [25, 26]; its superior angular resolution will help resolve the diffuse gamma-ray emis-
sion that limits the sensitivity of Fermi-LAT analyses <300 MeV. Discovery is almost a foregone
conclusion from this level of performance gain. One target area for potential breakthroughs is
magnetar physics. Magnetars are laboratories for extreme quantum electrodynamics, with critical
spectral and polarization features in the AMEGO energy range that relate directly to issues in fun-
damental physics such as the QED prediction photon splitting and birefringence of the magnetized
vacuum [2]. Another opportunity is the ongoing search for the nature of dark matter, with well-
motivated possibilities potentially revealed in the medium-energy gamma-ray band [27, 28, 29, 30].

3 Technical Overview
To achieve the science described in Section 2 and in the numerous studies submitted to the As-
tro2020 white paper call, we optimized an instrument design that enables sensitive continuum
spectral measurements over a broad energy range, with additional capabilities for measuring po-
larization and spectral lines. AMEGO consists of four subsystems: (Fig. 6) a double-sided silicon
detector (DSSD) tracker, a 3D position-sensitive virtual Frisch-grid Imaging Cadmium Zinc Tel-
luride (CZT) calorimeter, a segmented thallium-activated Cesium Iodide (CsI) calorimeter and a
plastic scintillator Anti-Coincidence Detector (ACD). The Si tracker, CsI calorimeter, and ACD
are analogs of systems flown on Fermi-LAT [31]. The AMEGO instrument performance derived
from detailed detector simulations [32] is shown in Table 1.

The tracker subsystem consists of 60 layers of DSSDs. For the candidate design presented in this
proposal, each tower layer contains a 4 ⇥ 4 array of DSSDs, each 9.5 cm square and 500 microns
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The Dark Matter - Phonon 
Coupling

In crystals and molecules, it turns out that the dark 
matter-phonon coupling has a curious feature, with 
implications for direct detection experiments
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excitations in condensed matter systems



Phonon band-structure of crystals
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<latexit sha1_base64="oWpvvOju1/Ft5BK3kbocXq7g+gk=">AAAB8XicdVDJSgNBEO2JW4xb1KOXxiB4CjMiai4S8OIxglkwGUJPpyZp0tMzdNeIYchfePGgiFf/xpt/Y2cRXB8UPN6roqpekEhh0HXfndzC4tLySn61sLa+sblV3N5pmDjVHOo8lrFuBcyAFArqKFBCK9HAokBCMxheTPzmLWgjYnWNowT8iPWVCAVnaKWbDsIdZhE0xt1iyS1XXK9y4tHfxCu7U5TIHLVu8a3Ti3kagUIumTFtz03Qz5hGwSWMC53UQML4kPWhbaliERg/m148pgdW6dEw1rYU0qn6dSJjkTGjKLCdEcOB+elNxL+8dorhmZ8JlaQIis8WhamkGNPJ+7QnNHCUI0sY18LeSvmAacbRhlSwIXx+Sv8njaOyZ/nVcal6Po8jT/bIPjkkHjklVXJJaqROOFHknjySJ8c4D86z8zJrzTnzmV3yDc7rB3JtkWk=</latexit><latexit sha1_base64="oWpvvOju1/Ft5BK3kbocXq7g+gk=">AAAB8XicdVDJSgNBEO2JW4xb1KOXxiB4CjMiai4S8OIxglkwGUJPpyZp0tMzdNeIYchfePGgiFf/xpt/Y2cRXB8UPN6roqpekEhh0HXfndzC4tLySn61sLa+sblV3N5pmDjVHOo8lrFuBcyAFArqKFBCK9HAokBCMxheTPzmLWgjYnWNowT8iPWVCAVnaKWbDsIdZhE0xt1iyS1XXK9y4tHfxCu7U5TIHLVu8a3Ti3kagUIumTFtz03Qz5hGwSWMC53UQML4kPWhbaliERg/m148pgdW6dEw1rYU0qn6dSJjkTGjKLCdEcOB+elNxL+8dorhmZ8JlaQIis8WhamkGNPJ+7QnNHCUI0sY18LeSvmAacbRhlSwIXx+Sv8njaOyZ/nVcal6Po8jT/bIPjkkHjklVXJJaqROOFHknjySJ8c4D86z8zJrzTnzmV3yDc7rB3JtkWk=</latexit><latexit sha1_base64="oWpvvOju1/Ft5BK3kbocXq7g+gk=">AAAB8XicdVDJSgNBEO2JW4xb1KOXxiB4CjMiai4S8OIxglkwGUJPpyZp0tMzdNeIYchfePGgiFf/xpt/Y2cRXB8UPN6roqpekEhh0HXfndzC4tLySn61sLa+sblV3N5pmDjVHOo8lrFuBcyAFArqKFBCK9HAokBCMxheTPzmLWgjYnWNowT8iPWVCAVnaKWbDsIdZhE0xt1iyS1XXK9y4tHfxCu7U5TIHLVu8a3Ti3kagUIumTFtz03Qz5hGwSWMC53UQML4kPWhbaliERg/m148pgdW6dEw1rYU0qn6dSJjkTGjKLCdEcOB+elNxL+8dorhmZ8JlaQIis8WhamkGNPJ+7QnNHCUI0sY18LeSvmAacbRhlSwIXx+Sv8njaOyZ/nVcal6Po8jT/bIPjkkHjklVXJJaqROOFHknjySJ8c4D86z8zJrzTnzmV3yDc7rB3JtkWk=</latexit><latexit sha1_base64="oWpvvOju1/Ft5BK3kbocXq7g+gk=">AAAB8XicdVDJSgNBEO2JW4xb1KOXxiB4CjMiai4S8OIxglkwGUJPpyZp0tMzdNeIYchfePGgiFf/xpt/Y2cRXB8UPN6roqpekEhh0HXfndzC4tLySn61sLa+sblV3N5pmDjVHOo8lrFuBcyAFArqKFBCK9HAokBCMxheTPzmLWgjYnWNowT8iPWVCAVnaKWbDsIdZhE0xt1iyS1XXK9y4tHfxCu7U5TIHLVu8a3Ti3kagUIumTFtz03Qz5hGwSWMC53UQML4kPWhbaliERg/m148pgdW6dEw1rYU0qn6dSJjkTGjKLCdEcOB+elNxL+8dorhmZ8JlaQIis8WhamkGNPJ+7QnNHCUI0sY18LeSvmAacbRhlSwIXx+Sv8njaOyZ/nVcal6Po8jT/bIPjkkHjklVXJJaqROOFHknjySJ8c4D86z8zJrzTnzmV3yDc7rB3JtkWk=</latexit>

MDM
<latexit sha1_base64="x+iS2UpAyh6gmeRBfUVeT1zrgdg=">AAAB7XicdVDJSgNBEK2JW4zbqEcvjUHwFGZE1NyCevASiGAWSIbQ0+lJ2vR0D909QhjyD148KOLV//Hm39hZBNcHBY/3qqiqFyacaeN5705uYXFpeSW/Wlhb39jccrd3GlqmitA6kVyqVog15UzQumGG01aiKI5DTpvh8GLiN++o0kyKGzNKaBDjvmARI9hYqVHtZpfVcdcteqWy55dPfPSb+CVviiLMUeu6b52eJGlMhSEca932vcQEGVaGEU7HhU6qaYLJEPdp21KBY6qDbHrtGB1YpYciqWwJg6bq14kMx1qP4tB2xtgM9E9vIv7ltVMTnQUZE0lqqCCzRVHKkZFo8jrqMUWJ4SNLMFHM3orIACtMjA2oYEP4/BT9TxpHJd/y6+Ni5XweRx72YB8OwYdTqMAV1KAOBG7hHh7hyZHOg/PsvMxac858Zhe+wXn9ALeujzk=</latexit><latexit sha1_base64="x+iS2UpAyh6gmeRBfUVeT1zrgdg=">AAAB7XicdVDJSgNBEK2JW4zbqEcvjUHwFGZE1NyCevASiGAWSIbQ0+lJ2vR0D909QhjyD148KOLV//Hm39hZBNcHBY/3qqiqFyacaeN5705uYXFpeSW/Wlhb39jccrd3GlqmitA6kVyqVog15UzQumGG01aiKI5DTpvh8GLiN++o0kyKGzNKaBDjvmARI9hYqVHtZpfVcdcteqWy55dPfPSb+CVviiLMUeu6b52eJGlMhSEca932vcQEGVaGEU7HhU6qaYLJEPdp21KBY6qDbHrtGB1YpYciqWwJg6bq14kMx1qP4tB2xtgM9E9vIv7ltVMTnQUZE0lqqCCzRVHKkZFo8jrqMUWJ4SNLMFHM3orIACtMjA2oYEP4/BT9TxpHJd/y6+Ni5XweRx72YB8OwYdTqMAV1KAOBG7hHh7hyZHOg/PsvMxac858Zhe+wXn9ALeujzk=</latexit><latexit sha1_base64="x+iS2UpAyh6gmeRBfUVeT1zrgdg=">AAAB7XicdVDJSgNBEK2JW4zbqEcvjUHwFGZE1NyCevASiGAWSIbQ0+lJ2vR0D909QhjyD148KOLV//Hm39hZBNcHBY/3qqiqFyacaeN5705uYXFpeSW/Wlhb39jccrd3GlqmitA6kVyqVog15UzQumGG01aiKI5DTpvh8GLiN++o0kyKGzNKaBDjvmARI9hYqVHtZpfVcdcteqWy55dPfPSb+CVviiLMUeu6b52eJGlMhSEca932vcQEGVaGEU7HhU6qaYLJEPdp21KBY6qDbHrtGB1YpYciqWwJg6bq14kMx1qP4tB2xtgM9E9vIv7ltVMTnQUZE0lqqCCzRVHKkZFo8jrqMUWJ4SNLMFHM3orIACtMjA2oYEP4/BT9TxpHJd/y6+Ni5XweRx72YB8OwYdTqMAV1KAOBG7hHh7hyZHOg/PsvMxac858Zhe+wXn9ALeujzk=</latexit><latexit sha1_base64="x+iS2UpAyh6gmeRBfUVeT1zrgdg=">AAAB7XicdVDJSgNBEK2JW4zbqEcvjUHwFGZE1NyCevASiGAWSIbQ0+lJ2vR0D909QhjyD148KOLV//Hm39hZBNcHBY/3qqiqFyacaeN5705uYXFpeSW/Wlhb39jccrd3GlqmitA6kVyqVog15UzQumGG01aiKI5DTpvh8GLiN++o0kyKGzNKaBDjvmARI9hYqVHtZpfVcdcteqWy55dPfPSb+CVviiLMUeu6b52eJGlMhSEca932vcQEGVaGEU7HhU6qaYLJEPdp21KBY6qDbHrtGB1YpYciqWwJg6bq14kMx1qP4tB2xtgM9E9vIv7ltVMTnQUZE0lqqCCzRVHKkZFo8jrqMUWJ4SNLMFHM3orIACtMjA2oYEP4/BT9TxpHJd/y6+Ni5XweRx72YB8OwYdTqMAV1KAOBG7hHh7hyZHOg/PsvMxac858Zhe+wXn9ALeujzk=</latexit>

qDM = MDMv
<latexit sha1_base64="ZF6q9g1sbQbYhISWmeeKu7V6nEQ=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqsyIqF0IRV24KVSwD2jHkkkzbWgmMyaZShn6H25cKOLWf3Hn35hOK/g8cLmHc+4lN8eLOFPatt+tzNz8wuJSdjm3srq2vpHf3KqrMJaE1kjIQ9n0sKKcCVrTTHPajCTFgcdpwxucT/zGkErFQnGtRxF1A9wTzGcEayPd3HaSi8r4tJK2YSdfsIsl2ykdOeg3cYp2igLMUO3k39rdkMQBFZpwrFTLsSPtJlhqRjgd59qxohEmA9yjLUMFDqhyk/TqMdozShf5oTQlNErVrxsJDpQaBZ6ZDLDuq5/eRPzLa8XaP3ETJqJYU0GmD/kxRzpEkwhQl0lKNB8Zgolk5lZE+lhiok1QORPC50/R/6R+UHQMvzoslM9mcWRhB3ZhHxw4hjJcQhVqQEDCPTzCk3VnPVjP1st0NGPNdrbhG6zXD5p/kpU=</latexit><latexit sha1_base64="ZF6q9g1sbQbYhISWmeeKu7V6nEQ=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqsyIqF0IRV24KVSwD2jHkkkzbWgmMyaZShn6H25cKOLWf3Hn35hOK/g8cLmHc+4lN8eLOFPatt+tzNz8wuJSdjm3srq2vpHf3KqrMJaE1kjIQ9n0sKKcCVrTTHPajCTFgcdpwxucT/zGkErFQnGtRxF1A9wTzGcEayPd3HaSi8r4tJK2YSdfsIsl2ykdOeg3cYp2igLMUO3k39rdkMQBFZpwrFTLsSPtJlhqRjgd59qxohEmA9yjLUMFDqhyk/TqMdozShf5oTQlNErVrxsJDpQaBZ6ZDLDuq5/eRPzLa8XaP3ETJqJYU0GmD/kxRzpEkwhQl0lKNB8Zgolk5lZE+lhiok1QORPC50/R/6R+UHQMvzoslM9mcWRhB3ZhHxw4hjJcQhVqQEDCPTzCk3VnPVjP1st0NGPNdrbhG6zXD5p/kpU=</latexit><latexit sha1_base64="ZF6q9g1sbQbYhISWmeeKu7V6nEQ=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqsyIqF0IRV24KVSwD2jHkkkzbWgmMyaZShn6H25cKOLWf3Hn35hOK/g8cLmHc+4lN8eLOFPatt+tzNz8wuJSdjm3srq2vpHf3KqrMJaE1kjIQ9n0sKKcCVrTTHPajCTFgcdpwxucT/zGkErFQnGtRxF1A9wTzGcEayPd3HaSi8r4tJK2YSdfsIsl2ykdOeg3cYp2igLMUO3k39rdkMQBFZpwrFTLsSPtJlhqRjgd59qxohEmA9yjLUMFDqhyk/TqMdozShf5oTQlNErVrxsJDpQaBZ6ZDLDuq5/eRPzLa8XaP3ETJqJYU0GmD/kxRzpEkwhQl0lKNB8Zgolk5lZE+lhiok1QORPC50/R/6R+UHQMvzoslM9mcWRhB3ZhHxw4hjJcQhVqQEDCPTzCk3VnPVjP1st0NGPNdrbhG6zXD5p/kpU=</latexit><latexit sha1_base64="ZF6q9g1sbQbYhISWmeeKu7V6nEQ=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgqsyIqF0IRV24KVSwD2jHkkkzbWgmMyaZShn6H25cKOLWf3Hn35hOK/g8cLmHc+4lN8eLOFPatt+tzNz8wuJSdjm3srq2vpHf3KqrMJaE1kjIQ9n0sKKcCVrTTHPajCTFgcdpwxucT/zGkErFQnGtRxF1A9wTzGcEayPd3HaSi8r4tJK2YSdfsIsl2ykdOeg3cYp2igLMUO3k39rdkMQBFZpwrFTLsSPtJlhqRjgd59qxohEmA9yjLUMFDqhyk/TqMdozShf5oTQlNErVrxsJDpQaBZ6ZDLDuq5/eRPzLa8XaP3ETJqJYU0GmD/kxRzpEkwhQl0lKNB8Zgolk5lZE+lhiok1QORPC50/R/6R+UHQMvzoslM9mcWRhB3ZhHxw4hjJcQhVqQEDCPTzCk3VnPVjP1st0NGPNdrbhG6zXD5p/kpU=</latexit>

EDM =
1

2
MDMv2

<latexit sha1_base64="EFcMI773r8hAakK9SnlVPz1FzAI=">AAACBHicdVDLSsNAFJ34rPUVddnNYBFclaSI2oVQfICbQgX7gDaGyXTSDp1MwsykUEIWbvwVNy4UcetHuPNvnKYVfB64cDjnXu69x4sYlcqy3o25+YXFpeXcSn51bX1j09zabsowFpg0cMhC0faQJIxy0lBUMdKOBEGBx0jLG55N/NaICElDfq3GEXEC1OfUpxgpLblm4cJNzmvpSdcXCCd2mpTTWqaMbsquWbRKFcuuHNrwN7FLVoYimKHumm/dXojjgHCFGZKyY1uRchIkFMWMpPluLEmE8BD1SUdTjgIinSR7IoV7WulBPxS6uIKZ+nUiQYGU48DTnQFSA/nTm4h/eZ1Y+cdOQnkUK8LxdJEfM6hCOEkE9qggWLGxJggLqm+FeIB0HErnltchfH4K/yfNcsnW/OqgWD2dxZEDBbAL9oENjkAVXII6aAAMbsE9eARPxp3xYDwbL9PWOWM2swO+wXj9AG36l/c=</latexit><latexit sha1_base64="EFcMI773r8hAakK9SnlVPz1FzAI=">AAACBHicdVDLSsNAFJ34rPUVddnNYBFclaSI2oVQfICbQgX7gDaGyXTSDp1MwsykUEIWbvwVNy4UcetHuPNvnKYVfB64cDjnXu69x4sYlcqy3o25+YXFpeXcSn51bX1j09zabsowFpg0cMhC0faQJIxy0lBUMdKOBEGBx0jLG55N/NaICElDfq3GEXEC1OfUpxgpLblm4cJNzmvpSdcXCCd2mpTTWqaMbsquWbRKFcuuHNrwN7FLVoYimKHumm/dXojjgHCFGZKyY1uRchIkFMWMpPluLEmE8BD1SUdTjgIinSR7IoV7WulBPxS6uIKZ+nUiQYGU48DTnQFSA/nTm4h/eZ1Y+cdOQnkUK8LxdJEfM6hCOEkE9qggWLGxJggLqm+FeIB0HErnltchfH4K/yfNcsnW/OqgWD2dxZEDBbAL9oENjkAVXII6aAAMbsE9eARPxp3xYDwbL9PWOWM2swO+wXj9AG36l/c=</latexit><latexit sha1_base64="EFcMI773r8hAakK9SnlVPz1FzAI=">AAACBHicdVDLSsNAFJ34rPUVddnNYBFclaSI2oVQfICbQgX7gDaGyXTSDp1MwsykUEIWbvwVNy4UcetHuPNvnKYVfB64cDjnXu69x4sYlcqy3o25+YXFpeXcSn51bX1j09zabsowFpg0cMhC0faQJIxy0lBUMdKOBEGBx0jLG55N/NaICElDfq3GEXEC1OfUpxgpLblm4cJNzmvpSdcXCCd2mpTTWqaMbsquWbRKFcuuHNrwN7FLVoYimKHumm/dXojjgHCFGZKyY1uRchIkFMWMpPluLEmE8BD1SUdTjgIinSR7IoV7WulBPxS6uIKZ+nUiQYGU48DTnQFSA/nTm4h/eZ1Y+cdOQnkUK8LxdJEfM6hCOEkE9qggWLGxJggLqm+FeIB0HErnltchfH4K/yfNcsnW/OqgWD2dxZEDBbAL9oENjkAVXII6aAAMbsE9eARPxp3xYDwbL9PWOWM2swO+wXj9AG36l/c=</latexit><latexit sha1_base64="EFcMI773r8hAakK9SnlVPz1FzAI=">AAACBHicdVDLSsNAFJ34rPUVddnNYBFclaSI2oVQfICbQgX7gDaGyXTSDp1MwsykUEIWbvwVNy4UcetHuPNvnKYVfB64cDjnXu69x4sYlcqy3o25+YXFpeXcSn51bX1j09zabsowFpg0cMhC0faQJIxy0lBUMdKOBEGBx0jLG55N/NaICElDfq3GEXEC1OfUpxgpLblm4cJNzmvpSdcXCCd2mpTTWqaMbsquWbRKFcuuHNrwN7FLVoYimKHumm/dXojjgHCFGZKyY1uRchIkFMWMpPluLEmE8BD1SUdTjgIinSR7IoV7WulBPxS6uIKZ+nUiQYGU48DTnQFSA/nTm4h/eZ1Y+cdOQnkUK8LxdJEfM6hCOEkE9qggWLGxJggLqm+FeIB0HErnltchfH4K/yfNcsnW/OqgWD2dxZEDBbAL9oENjkAVXII6aAAMbsE9eARPxp3xYDwbL9PWOWM2swO+wXj9AG36l/c=</latexit>

MeV
<latexit sha1_base64="+++g9zwR7lL13VWm6OgTq9ACqDI=">AAAB8XicdVDJSgNBEO1xjXGLevTSGARPYUZEzS3oxYsQwSyYDKGnU5M06ekZumvEMOQvvHhQxKt/482/sbMIrg8KHu9VUVUvSKQw6Lrvztz8wuLScm4lv7q2vrFZ2NqumzjVHGo8lrFuBsyAFApqKFBCM9HAokBCIxicj/3GLWgjYnWNwwT8iPWUCAVnaKWbNsIdZpdQH3UKRbdUdr3ysUd/E6/kTlAkM1Q7hbd2N+ZpBAq5ZMa0PDdBP2MaBZcwyrdTAwnjA9aDlqWKRWD8bHLxiO5bpUvDWNtSSCfq14mMRcYMo8B2Rgz75qc3Fv/yWimGp34mVJIiKD5dFKaSYkzH79Ou0MBRDi1hXAt7K+V9phlHG1LehvD5Kf2f1A9LnuVXR8XK2SyOHNkle+SAeOSEVMgFqZIa4USRe/JInhzjPDjPzsu0dc6ZzeyQb3BePwBCwZFN</latexit><latexit sha1_base64="+++g9zwR7lL13VWm6OgTq9ACqDI=">AAAB8XicdVDJSgNBEO1xjXGLevTSGARPYUZEzS3oxYsQwSyYDKGnU5M06ekZumvEMOQvvHhQxKt/482/sbMIrg8KHu9VUVUvSKQw6Lrvztz8wuLScm4lv7q2vrFZ2NqumzjVHGo8lrFuBsyAFApqKFBCM9HAokBCIxicj/3GLWgjYnWNwwT8iPWUCAVnaKWbNsIdZpdQH3UKRbdUdr3ysUd/E6/kTlAkM1Q7hbd2N+ZpBAq5ZMa0PDdBP2MaBZcwyrdTAwnjA9aDlqWKRWD8bHLxiO5bpUvDWNtSSCfq14mMRcYMo8B2Rgz75qc3Fv/yWimGp34mVJIiKD5dFKaSYkzH79Ou0MBRDi1hXAt7K+V9phlHG1LehvD5Kf2f1A9LnuVXR8XK2SyOHNkle+SAeOSEVMgFqZIa4USRe/JInhzjPDjPzsu0dc6ZzeyQb3BePwBCwZFN</latexit><latexit sha1_base64="+++g9zwR7lL13VWm6OgTq9ACqDI=">AAAB8XicdVDJSgNBEO1xjXGLevTSGARPYUZEzS3oxYsQwSyYDKGnU5M06ekZumvEMOQvvHhQxKt/482/sbMIrg8KHu9VUVUvSKQw6Lrvztz8wuLScm4lv7q2vrFZ2NqumzjVHGo8lrFuBsyAFApqKFBCM9HAokBCIxicj/3GLWgjYnWNwwT8iPWUCAVnaKWbNsIdZpdQH3UKRbdUdr3ysUd/E6/kTlAkM1Q7hbd2N+ZpBAq5ZMa0PDdBP2MaBZcwyrdTAwnjA9aDlqWKRWD8bHLxiO5bpUvDWNtSSCfq14mMRcYMo8B2Rgz75qc3Fv/yWimGp34mVJIiKD5dFKaSYkzH79Ou0MBRDi1hXAt7K+V9phlHG1LehvD5Kf2f1A9LnuVXR8XK2SyOHNkle+SAeOSEVMgFqZIa4USRe/JInhzjPDjPzsu0dc6ZzeyQb3BePwBCwZFN</latexit><latexit sha1_base64="+++g9zwR7lL13VWm6OgTq9ACqDI=">AAAB8XicdVDJSgNBEO1xjXGLevTSGARPYUZEzS3oxYsQwSyYDKGnU5M06ekZumvEMOQvvHhQxKt/482/sbMIrg8KHu9VUVUvSKQw6Lrvztz8wuLScm4lv7q2vrFZ2NqumzjVHGo8lrFuBsyAFApqKFBCM9HAokBCIxicj/3GLWgjYnWNwwT8iPWUCAVnaKWbNsIdZpdQH3UKRbdUdr3ysUd/E6/kTlAkM1Q7hbd2N+ZpBAq5ZMa0PDdBP2MaBZcwyrdTAwnjA9aDlqWKRWD8bHLxiO5bpUvDWNtSSCfq14mMRcYMo8B2Rgz75qc3Fv/yWimGp34mVJIiKD5dFKaSYkzH79Ou0MBRDi1hXAt7K+V9phlHG1LehvD5Kf2f1A9LnuVXR8XK2SyOHNkle+SAeOSEVMgFqZIa4USRe/JInhzjPDjPzsu0dc6ZzeyQb3BePwBCwZFN</latexit>

keV
<latexit sha1_base64="jZVCE0SEAV7Lelw3RtN5yES154o=">AAAB8XicdVDJSgNBEO2JW4xb1KOXxiB4CjMiam5BLx4jmAWTIfR0apImPT1Dd40YhvyFFw+KePVvvPk3dhbB9UHB470qquoFiRQGXffdyS0sLi2v5FcLa+sbm1vF7Z2GiVPNoc5jGetWwAxIoaCOAiW0Eg0sCiQ0g+HFxG/egjYiVtc4SsCPWF+JUHCGVrrpINxhNoTGuFssueWK61VOPPqbeGV3ihKZo9YtvnV6MU8jUMglM6btuQn6GdMouIRxoZMaSBgfsj60LVUsAuNn04vH9MAqPRrG2pZCOlW/TmQsMmYUBbYzYjgwP72J+JfXTjE88zOhkhRB8dmiMJUUYzp5n/aEBo5yZAnjWthbKR8wzTjakAo2hM9P6f+kcVT2LL86LlXP53HkyR7ZJ4fEI6ekSi5JjdQJJ4rck0fy5BjnwXl2XmatOWc+s0u+wXn9AHCTkWs=</latexit><latexit sha1_base64="jZVCE0SEAV7Lelw3RtN5yES154o=">AAAB8XicdVDJSgNBEO2JW4xb1KOXxiB4CjMiam5BLx4jmAWTIfR0apImPT1Dd40YhvyFFw+KePVvvPk3dhbB9UHB470qquoFiRQGXffdyS0sLi2v5FcLa+sbm1vF7Z2GiVPNoc5jGetWwAxIoaCOAiW0Eg0sCiQ0g+HFxG/egjYiVtc4SsCPWF+JUHCGVrrpINxhNoTGuFssueWK61VOPPqbeGV3ihKZo9YtvnV6MU8jUMglM6btuQn6GdMouIRxoZMaSBgfsj60LVUsAuNn04vH9MAqPRrG2pZCOlW/TmQsMmYUBbYzYjgwP72J+JfXTjE88zOhkhRB8dmiMJUUYzp5n/aEBo5yZAnjWthbKR8wzTjakAo2hM9P6f+kcVT2LL86LlXP53HkyR7ZJ4fEI6ekSi5JjdQJJ4rck0fy5BjnwXl2XmatOWc+s0u+wXn9AHCTkWs=</latexit><latexit sha1_base64="jZVCE0SEAV7Lelw3RtN5yES154o=">AAAB8XicdVDJSgNBEO2JW4xb1KOXxiB4CjMiam5BLx4jmAWTIfR0apImPT1Dd40YhvyFFw+KePVvvPk3dhbB9UHB470qquoFiRQGXffdyS0sLi2v5FcLa+sbm1vF7Z2GiVPNoc5jGetWwAxIoaCOAiW0Eg0sCiQ0g+HFxG/egjYiVtc4SsCPWF+JUHCGVrrpINxhNoTGuFssueWK61VOPPqbeGV3ihKZo9YtvnV6MU8jUMglM6btuQn6GdMouIRxoZMaSBgfsj60LVUsAuNn04vH9MAqPRrG2pZCOlW/TmQsMmYUBbYzYjgwP72J+JfXTjE88zOhkhRB8dmiMJUUYzp5n/aEBo5yZAnjWthbKR8wzTjakAo2hM9P6f+kcVT2LL86LlXP53HkyR7ZJ4fEI6ekSi5JjdQJJ4rck0fy5BjnwXl2XmatOWc+s0u+wXn9AHCTkWs=</latexit><latexit sha1_base64="jZVCE0SEAV7Lelw3RtN5yES154o=">AAAB8XicdVDJSgNBEO2JW4xb1KOXxiB4CjMiam5BLx4jmAWTIfR0apImPT1Dd40YhvyFFw+KePVvvPk3dhbB9UHB470qquoFiRQGXffdyS0sLi2v5FcLa+sbm1vF7Z2GiVPNoc5jGetWwAxIoaCOAiW0Eg0sCiQ0g+HFxG/egjYiVtc4SsCPWF+JUHCGVrrpINxhNoTGuFssueWK61VOPPqbeGV3ihKZo9YtvnV6MU8jUMglM6btuQn6GdMouIRxoZMaSBgfsj60LVUsAuNn04vH9MAqPRrG2pZCOlW/TmQsMmYUBbYzYjgwP72J+JfXTjE88zOhkhRB8dmiMJUUYzp5n/aEBo5yZAnjWthbKR8wzTjakAo2hM9P6f+kcVT2LL86LlXP53HkyR7ZJ4fEI6ekSi5JjdQJJ4rck0fy5BjnwXl2XmatOWc+s0u+wXn9AHCTkWs=</latexit>

eV
<latexit sha1_base64="wldvJZPAgB568EbUPfxN9JNlgnc=">AAAB8HicdVDJSgNBEO2JW4xb1KOXxiB4CjMiam5BLx4jmEWSIfR0apIm3TNDd40YhnyFFw+KePVzvPk3dhbB9UHB470qquoFiRQGXffdyS0sLi2v5FcLa+sbm1vF7Z2GiVPNoc5jGetWwAxIEUEdBUpoJRqYCiQ0g+HFxG/egjYijq5xlICvWD8SoeAMrXTTQbjDDBrjbrHkliuuVznx6G/ild0pSmSOWrf41unFPFUQIZfMmLbnJuhnTKPgEsaFTmogYXzI+tC2NGIKjJ9NDx7TA6v0aBhrWxHSqfp1ImPKmJEKbKdiODA/vYn4l9dOMTzzMxElKULEZ4vCVFKM6eR72hMaOMqRJYxrYW+lfMA042gzKtgQPj+l/5PGUdmz/Oq4VD2fx5Ene2SfHBKPnJIquSQ1UiecKHJPHsmTo50H59l5mbXmnPnMLvkG5/UDpYeQ9g==</latexit><latexit sha1_base64="wldvJZPAgB568EbUPfxN9JNlgnc=">AAAB8HicdVDJSgNBEO2JW4xb1KOXxiB4CjMiam5BLx4jmEWSIfR0apIm3TNDd40YhnyFFw+KePVzvPk3dhbB9UHB470qquoFiRQGXffdyS0sLi2v5FcLa+sbm1vF7Z2GiVPNoc5jGetWwAxIEUEdBUpoJRqYCiQ0g+HFxG/egjYijq5xlICvWD8SoeAMrXTTQbjDDBrjbrHkliuuVznx6G/ild0pSmSOWrf41unFPFUQIZfMmLbnJuhnTKPgEsaFTmogYXzI+tC2NGIKjJ9NDx7TA6v0aBhrWxHSqfp1ImPKmJEKbKdiODA/vYn4l9dOMTzzMxElKULEZ4vCVFKM6eR72hMaOMqRJYxrYW+lfMA042gzKtgQPj+l/5PGUdmz/Oq4VD2fx5Ene2SfHBKPnJIquSQ1UiecKHJPHsmTo50H59l5mbXmnPnMLvkG5/UDpYeQ9g==</latexit><latexit sha1_base64="wldvJZPAgB568EbUPfxN9JNlgnc=">AAAB8HicdVDJSgNBEO2JW4xb1KOXxiB4CjMiam5BLx4jmEWSIfR0apIm3TNDd40YhnyFFw+KePVzvPk3dhbB9UHB470qquoFiRQGXffdyS0sLi2v5FcLa+sbm1vF7Z2GiVPNoc5jGetWwAxIEUEdBUpoJRqYCiQ0g+HFxG/egjYijq5xlICvWD8SoeAMrXTTQbjDDBrjbrHkliuuVznx6G/ild0pSmSOWrf41unFPFUQIZfMmLbnJuhnTKPgEsaFTmogYXzI+tC2NGIKjJ9NDx7TA6v0aBhrWxHSqfp1ImPKmJEKbKdiODA/vYn4l9dOMTzzMxElKULEZ4vCVFKM6eR72hMaOMqRJYxrYW+lfMA042gzKtgQPj+l/5PGUdmz/Oq4VD2fx5Ene2SfHBKPnJIquSQ1UiecKHJPHsmTo50H59l5mbXmnPnMLvkG5/UDpYeQ9g==</latexit><latexit sha1_base64="wldvJZPAgB568EbUPfxN9JNlgnc=">AAAB8HicdVDJSgNBEO2JW4xb1KOXxiB4CjMiam5BLx4jmEWSIfR0apIm3TNDd40YhnyFFw+KePVzvPk3dhbB9UHB470qquoFiRQGXffdyS0sLi2v5FcLa+sbm1vF7Z2GiVPNoc5jGetWwAxIEUEdBUpoJRqYCiQ0g+HFxG/egjYijq5xlICvWD8SoeAMrXTTQbjDDBrjbrHkliuuVznx6G/ild0pSmSOWrf41unFPFUQIZfMmLbnJuhnTKPgEsaFTmogYXzI+tC2NGIKjJ9NDx7TA6v0aBhrWxHSqfp1ImPKmJEKbKdiODA/vYn4l9dOMTzzMxElKULEZ4vCVFKM6eR72hMaOMqRJYxrYW+lfMA042gzKtgQPj+l/5PGUdmz/Oq4VD2fx5Ene2SfHBKPnJIquSQ1UiecKHJPHsmTo50H59l5mbXmnPnMLvkG5/UDpYeQ9g==</latexit>



Phonon band-structure of crystals

Higher threshold energy

Optical phonons have:

Can have large density of states

Knapen, Lin, Pyle, and Zurek; Phys. Lett. B785 2018 386-390

Energy

Momentum

Acoustic phonons

Optical phonons
10 meV

<latexit sha1_base64="bmSMiyXbwdrGbnw5pPf9m2IcSUI=">AAAB9HicdVDJSgNBEO1xjXGLevTSGARPYUZEzS3oxWMEs0AyhJ5OTdKke2bsrgmGId/hxYMiXv0Yb/6NnUVwfVDweK+KqnpBIoVB1313FhaXlldWc2v59Y3Nre3Czm7dxKnmUOOxjHUzYAakiKCGAiU0Ew1MBRIaweBy4jeGoI2IoxscJeAr1otEKDhDK/me20a4w4wqqI87haJbKrte+dSjv4lXcqcokjmqncJbuxvzVEGEXDJjWp6boJ8xjYJLGOfbqYGE8QHrQcvSiCkwfjY9ekwPrdKlYaxtRUin6teJjCljRiqwnYph3/z0JuJfXivF8NzPRJSkCBGfLQpTSTGmkwRoV2jgKEeWMK6FvZXyPtOMo80pb0P4/JT+T+rHJc/y65Ni5WIeR47skwNyRDxyRirkilRJjXByS+7JI3lyhs6D8+y8zFoXnPnMHvkG5/UDrZSSDA==</latexit><latexit sha1_base64="bmSMiyXbwdrGbnw5pPf9m2IcSUI=">AAAB9HicdVDJSgNBEO1xjXGLevTSGARPYUZEzS3oxWMEs0AyhJ5OTdKke2bsrgmGId/hxYMiXv0Yb/6NnUVwfVDweK+KqnpBIoVB1313FhaXlldWc2v59Y3Nre3Czm7dxKnmUOOxjHUzYAakiKCGAiU0Ew1MBRIaweBy4jeGoI2IoxscJeAr1otEKDhDK/me20a4w4wqqI87haJbKrte+dSjv4lXcqcokjmqncJbuxvzVEGEXDJjWp6boJ8xjYJLGOfbqYGE8QHrQcvSiCkwfjY9ekwPrdKlYaxtRUin6teJjCljRiqwnYph3/z0JuJfXivF8NzPRJSkCBGfLQpTSTGmkwRoV2jgKEeWMK6FvZXyPtOMo80pb0P4/JT+T+rHJc/y65Ni5WIeR47skwNyRDxyRirkilRJjXByS+7JI3lyhs6D8+y8zFoXnPnMHvkG5/UDrZSSDA==</latexit><latexit sha1_base64="bmSMiyXbwdrGbnw5pPf9m2IcSUI=">AAAB9HicdVDJSgNBEO1xjXGLevTSGARPYUZEzS3oxWMEs0AyhJ5OTdKke2bsrgmGId/hxYMiXv0Yb/6NnUVwfVDweK+KqnpBIoVB1313FhaXlldWc2v59Y3Nre3Czm7dxKnmUOOxjHUzYAakiKCGAiU0Ew1MBRIaweBy4jeGoI2IoxscJeAr1otEKDhDK/me20a4w4wqqI87haJbKrte+dSjv4lXcqcokjmqncJbuxvzVEGEXDJjWp6boJ8xjYJLGOfbqYGE8QHrQcvSiCkwfjY9ekwPrdKlYaxtRUin6teJjCljRiqwnYph3/z0JuJfXivF8NzPRJSkCBGfLQpTSTGmkwRoV2jgKEeWMK6FvZXyPtOMo80pb0P4/JT+T+rHJc/y65Ni5WIeR47skwNyRDxyRirkilRJjXByS+7JI3lyhs6D8+y8zFoXnPnMHvkG5/UDrZSSDA==</latexit><latexit sha1_base64="bmSMiyXbwdrGbnw5pPf9m2IcSUI=">AAAB9HicdVDJSgNBEO1xjXGLevTSGARPYUZEzS3oxWMEs0AyhJ5OTdKke2bsrgmGId/hxYMiXv0Yb/6NnUVwfVDweK+KqnpBIoVB1313FhaXlldWc2v59Y3Nre3Czm7dxKnmUOOxjHUzYAakiKCGAiU0Ew1MBRIaweBy4jeGoI2IoxscJeAr1otEKDhDK/me20a4w4wqqI87haJbKrte+dSjv4lXcqcokjmqncJbuxvzVEGEXDJjWp6boJ8xjYJLGOfbqYGE8QHrQcvSiCkwfjY9ekwPrdKlYaxtRUin6teJjCljRiqwnYph3/z0JuJfXivF8NzPRJSkCBGfLQpTSTGmkwRoV2jgKEeWMK6FvZXyPtOMo80pb0P4/JT+T+rHJc/y65Ni5WIeR47skwNyRDxyRirkilRJjXByS+7JI3lyhs6D8+y8zFoXnPnMHvkG5/UDrZSSDA==</latexit>

keV
<latexit sha1_base64="jZVCE0SEAV7Lelw3RtN5yES154o=">AAAB8XicdVDJSgNBEO2JW4xb1KOXxiB4CjMiam5BLx4jmAWTIfR0apImPT1Dd40YhvyFFw+KePVvvPk3dhbB9UHB470qquoFiRQGXffdyS0sLi2v5FcLa+sbm1vF7Z2GiVPNoc5jGetWwAxIoaCOAiW0Eg0sCiQ0g+HFxG/egjYiVtc4SsCPWF+JUHCGVrrpINxhNoTGuFssueWK61VOPPqbeGV3ihKZo9YtvnV6MU8jUMglM6btuQn6GdMouIRxoZMaSBgfsj60LVUsAuNn04vH9MAqPRrG2pZCOlW/TmQsMmYUBbYzYjgwP72J+JfXTjE88zOhkhRB8dmiMJUUYzp5n/aEBo5yZAnjWthbKR8wzTjakAo2hM9P6f+kcVT2LL86LlXP53HkyR7ZJ4fEI6ekSi5JjdQJJ4rck0fy5BjnwXl2XmatOWc+s0u+wXn9AHCTkWs=</latexit><latexit sha1_base64="jZVCE0SEAV7Lelw3RtN5yES154o=">AAAB8XicdVDJSgNBEO2JW4xb1KOXxiB4CjMiam5BLx4jmAWTIfR0apImPT1Dd40YhvyFFw+KePVvvPk3dhbB9UHB470qquoFiRQGXffdyS0sLi2v5FcLa+sbm1vF7Z2GiVPNoc5jGetWwAxIoaCOAiW0Eg0sCiQ0g+HFxG/egjYiVtc4SsCPWF+JUHCGVrrpINxhNoTGuFssueWK61VOPPqbeGV3ihKZo9YtvnV6MU8jUMglM6btuQn6GdMouIRxoZMaSBgfsj60LVUsAuNn04vH9MAqPRrG2pZCOlW/TmQsMmYUBbYzYjgwP72J+JfXTjE88zOhkhRB8dmiMJUUYzp5n/aEBo5yZAnjWthbKR8wzTjakAo2hM9P6f+kcVT2LL86LlXP53HkyR7ZJ4fEI6ekSi5JjdQJJ4rck0fy5BjnwXl2XmatOWc+s0u+wXn9AHCTkWs=</latexit><latexit sha1_base64="jZVCE0SEAV7Lelw3RtN5yES154o=">AAAB8XicdVDJSgNBEO2JW4xb1KOXxiB4CjMiam5BLx4jmAWTIfR0apImPT1Dd40YhvyFFw+KePVvvPk3dhbB9UHB470qquoFiRQGXffdyS0sLi2v5FcLa+sbm1vF7Z2GiVPNoc5jGetWwAxIoaCOAiW0Eg0sCiQ0g+HFxG/egjYiVtc4SsCPWF+JUHCGVrrpINxhNoTGuFssueWK61VOPPqbeGV3ihKZo9YtvnV6MU8jUMglM6btuQn6GdMouIRxoZMaSBgfsj60LVUsAuNn04vH9MAqPRrG2pZCOlW/TmQsMmYUBbYzYjgwP72J+JfXTjE88zOhkhRB8dmiMJUUYzp5n/aEBo5yZAnjWthbKR8wzTjakAo2hM9P6f+kcVT2LL86LlXP53HkyR7ZJ4fEI6ekSi5JjdQJJ4rck0fy5BjnwXl2XmatOWc+s0u+wXn9AHCTkWs=</latexit><latexit sha1_base64="jZVCE0SEAV7Lelw3RtN5yES154o=">AAAB8XicdVDJSgNBEO2JW4xb1KOXxiB4CjMiam5BLx4jmAWTIfR0apImPT1Dd40YhvyFFw+KePVvvPk3dhbB9UHB470qquoFiRQGXffdyS0sLi2v5FcLa+sbm1vF7Z2GiVPNoc5jGetWwAxIoaCOAiW0Eg0sCiQ0g+HFxG/egjYiVtc4SsCPWF+JUHCGVrrpINxhNoTGuFssueWK61VOPPqbeGV3ihKZo9YtvnV6MU8jUMglM6btuQn6GdMouIRxoZMaSBgfsj60LVUsAuNn04vH9MAqPRrG2pZCOlW/TmQsMmYUBbYzYjgwP72J+JfXTjE88zOhkhRB8dmiMJUUYzp5n/aEBo5yZAnjWthbKR8wzTjakAo2hM9P6f+kcVT2LL86LlXP53HkyR7ZJ4fEI6ekSi5JjdQJJ4rck0fy5BjnwXl2XmatOWc+s0u+wXn9AHCTkWs=</latexit>



Energy

Momentum

Acoustic phonons

Optical phonons
10 meV

<latexit sha1_base64="bmSMiyXbwdrGbnw5pPf9m2IcSUI=">AAAB9HicdVDJSgNBEO1xjXGLevTSGARPYUZEzS3oxWMEs0AyhJ5OTdKke2bsrgmGId/hxYMiXv0Yb/6NnUVwfVDweK+KqnpBIoVB1313FhaXlldWc2v59Y3Nre3Czm7dxKnmUOOxjHUzYAakiKCGAiU0Ew1MBRIaweBy4jeGoI2IoxscJeAr1otEKDhDK/me20a4w4wqqI87haJbKrte+dSjv4lXcqcokjmqncJbuxvzVEGEXDJjWp6boJ8xjYJLGOfbqYGE8QHrQcvSiCkwfjY9ekwPrdKlYaxtRUin6teJjCljRiqwnYph3/z0JuJfXivF8NzPRJSkCBGfLQpTSTGmkwRoV2jgKEeWMK6FvZXyPtOMo80pb0P4/JT+T+rHJc/y65Ni5WIeR47skwNyRDxyRirkilRJjXByS+7JI3lyhs6D8+y8zFoXnPnMHvkG5/UDrZSSDA==</latexit><latexit sha1_base64="bmSMiyXbwdrGbnw5pPf9m2IcSUI=">AAAB9HicdVDJSgNBEO1xjXGLevTSGARPYUZEzS3oxWMEs0AyhJ5OTdKke2bsrgmGId/hxYMiXv0Yb/6NnUVwfVDweK+KqnpBIoVB1313FhaXlldWc2v59Y3Nre3Czm7dxKnmUOOxjHUzYAakiKCGAiU0Ew1MBRIaweBy4jeGoI2IoxscJeAr1otEKDhDK/me20a4w4wqqI87haJbKrte+dSjv4lXcqcokjmqncJbuxvzVEGEXDJjWp6boJ8xjYJLGOfbqYGE8QHrQcvSiCkwfjY9ekwPrdKlYaxtRUin6teJjCljRiqwnYph3/z0JuJfXivF8NzPRJSkCBGfLQpTSTGmkwRoV2jgKEeWMK6FvZXyPtOMo80pb0P4/JT+T+rHJc/y65Ni5WIeR47skwNyRDxyRirkilRJjXByS+7JI3lyhs6D8+y8zFoXnPnMHvkG5/UDrZSSDA==</latexit><latexit sha1_base64="bmSMiyXbwdrGbnw5pPf9m2IcSUI=">AAAB9HicdVDJSgNBEO1xjXGLevTSGARPYUZEzS3oxWMEs0AyhJ5OTdKke2bsrgmGId/hxYMiXv0Yb/6NnUVwfVDweK+KqnpBIoVB1313FhaXlldWc2v59Y3Nre3Czm7dxKnmUOOxjHUzYAakiKCGAiU0Ew1MBRIaweBy4jeGoI2IoxscJeAr1otEKDhDK/me20a4w4wqqI87haJbKrte+dSjv4lXcqcokjmqncJbuxvzVEGEXDJjWp6boJ8xjYJLGOfbqYGE8QHrQcvSiCkwfjY9ekwPrdKlYaxtRUin6teJjCljRiqwnYph3/z0JuJfXivF8NzPRJSkCBGfLQpTSTGmkwRoV2jgKEeWMK6FvZXyPtOMo80pb0P4/JT+T+rHJc/y65Ni5WIeR47skwNyRDxyRirkilRJjXByS+7JI3lyhs6D8+y8zFoXnPnMHvkG5/UDrZSSDA==</latexit><latexit sha1_base64="bmSMiyXbwdrGbnw5pPf9m2IcSUI=">AAAB9HicdVDJSgNBEO1xjXGLevTSGARPYUZEzS3oxWMEs0AyhJ5OTdKke2bsrgmGId/hxYMiXv0Yb/6NnUVwfVDweK+KqnpBIoVB1313FhaXlldWc2v59Y3Nre3Czm7dxKnmUOOxjHUzYAakiKCGAiU0Ew1MBRIaweBy4jeGoI2IoxscJeAr1otEKDhDK/me20a4w4wqqI87haJbKrte+dSjv4lXcqcokjmqncJbuxvzVEGEXDJjWp6boJ8xjYJLGOfbqYGE8QHrQcvSiCkwfjY9ekwPrdKlYaxtRUin6teJjCljRiqwnYph3/z0JuJfXivF8NzPRJSkCBGfLQpTSTGmkwRoV2jgKEeWMK6FvZXyPtOMo80pb0P4/JT+T+rHJc/y65Ni5WIeR47skwNyRDxyRirkilRJjXByS+7JI3lyhs6D8+y8zFoXnPnMHvkG5/UDrZSSDA==</latexit>

keV
<latexit sha1_base64="jZVCE0SEAV7Lelw3RtN5yES154o=">AAAB8XicdVDJSgNBEO2JW4xb1KOXxiB4CjMiam5BLx4jmAWTIfR0apImPT1Dd40YhvyFFw+KePVvvPk3dhbB9UHB470qquoFiRQGXffdyS0sLi2v5FcLa+sbm1vF7Z2GiVPNoc5jGetWwAxIoaCOAiW0Eg0sCiQ0g+HFxG/egjYiVtc4SsCPWF+JUHCGVrrpINxhNoTGuFssueWK61VOPPqbeGV3ihKZo9YtvnV6MU8jUMglM6btuQn6GdMouIRxoZMaSBgfsj60LVUsAuNn04vH9MAqPRrG2pZCOlW/TmQsMmYUBbYzYjgwP72J+JfXTjE88zOhkhRB8dmiMJUUYzp5n/aEBo5yZAnjWthbKR8wzTjakAo2hM9P6f+kcVT2LL86LlXP53HkyR7ZJ4fEI6ekSi5JjdQJJ4rck0fy5BjnwXl2XmatOWc+s0u+wXn9AHCTkWs=</latexit><latexit sha1_base64="jZVCE0SEAV7Lelw3RtN5yES154o=">AAAB8XicdVDJSgNBEO2JW4xb1KOXxiB4CjMiam5BLx4jmAWTIfR0apImPT1Dd40YhvyFFw+KePVvvPk3dhbB9UHB470qquoFiRQGXffdyS0sLi2v5FcLa+sbm1vF7Z2GiVPNoc5jGetWwAxIoaCOAiW0Eg0sCiQ0g+HFxG/egjYiVtc4SsCPWF+JUHCGVrrpINxhNoTGuFssueWK61VOPPqbeGV3ihKZo9YtvnV6MU8jUMglM6btuQn6GdMouIRxoZMaSBgfsj60LVUsAuNn04vH9MAqPRrG2pZCOlW/TmQsMmYUBbYzYjgwP72J+JfXTjE88zOhkhRB8dmiMJUUYzp5n/aEBo5yZAnjWthbKR8wzTjakAo2hM9P6f+kcVT2LL86LlXP53HkyR7ZJ4fEI6ekSi5JjdQJJ4rck0fy5BjnwXl2XmatOWc+s0u+wXn9AHCTkWs=</latexit><latexit sha1_base64="jZVCE0SEAV7Lelw3RtN5yES154o=">AAAB8XicdVDJSgNBEO2JW4xb1KOXxiB4CjMiam5BLx4jmAWTIfR0apImPT1Dd40YhvyFFw+KePVvvPk3dhbB9UHB470qquoFiRQGXffdyS0sLi2v5FcLa+sbm1vF7Z2GiVPNoc5jGetWwAxIoaCOAiW0Eg0sCiQ0g+HFxG/egjYiVtc4SsCPWF+JUHCGVrrpINxhNoTGuFssueWK61VOPPqbeGV3ihKZo9YtvnV6MU8jUMglM6btuQn6GdMouIRxoZMaSBgfsj60LVUsAuNn04vH9MAqPRrG2pZCOlW/TmQsMmYUBbYzYjgwP72J+JfXTjE88zOhkhRB8dmiMJUUYzp5n/aEBo5yZAnjWthbKR8wzTjakAo2hM9P6f+kcVT2LL86LlXP53HkyR7ZJ4fEI6ekSi5JjdQJJ4rck0fy5BjnwXl2XmatOWc+s0u+wXn9AHCTkWs=</latexit><latexit sha1_base64="jZVCE0SEAV7Lelw3RtN5yES154o=">AAAB8XicdVDJSgNBEO2JW4xb1KOXxiB4CjMiam5BLx4jmAWTIfR0apImPT1Dd40YhvyFFw+KePVvvPk3dhbB9UHB470qquoFiRQGXffdyS0sLi2v5FcLa+sbm1vF7Z2GiVPNoc5jGetWwAxIoaCOAiW0Eg0sCiQ0g+HFxG/egjYiVtc4SsCPWF+JUHCGVrrpINxhNoTGuFssueWK61VOPPqbeGV3ihKZo9YtvnV6MU8jUMglM6btuQn6GdMouIRxoZMaSBgfsj60LVUsAuNn04vH9MAqPRrG2pZCOlW/TmQsMmYUBbYzYjgwP72J+JfXTjE88zOhkhRB8dmiMJUUYzp5n/aEBo5yZAnjWthbKR8wzTjakAo2hM9P6f+kcVT2LL86LlXP53HkyR7ZJ4fEI6ekSi5JjdQJJ4rck0fy5BjnwXl2XmatOWc+s0u+wXn9AHCTkWs=</latexit>

Phonon band-structure of crystals

Optical phonons have:
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Kinematics to match DM kinematics

Higher threshold energy
Can have large density of states

v ⇠ 10�3
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Knapen, Lin, Pyle, and Zurek; Phys. Lett. B785 2018 386-390
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The coupling-to-mass effect in DM-phonon scattering

When the coupling of the DM to each atom is 
proportional the atom’s mass, the leading order 
scattering off optical phonons vanishes at small 
momentum transfer 

Cox, TM, and Rajendran; arxiv 1905.05575
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Cox, TM, and Rajendran; arxiv 1905.05575

Coupling proportional to mass is generic:

Low momentum transfer -> coherence over atom

Couplings away from the unitarity limit -> effective 
coupling scales with number of constituents

The coupling-to-mass effect in DM-phonon scattering

When the coupling of the DM to each atom is 
proportional the atom’s mass, the leading order 
scattering off optical phonons vanishes at small 
momentum transfer 



It holds for a general DM scattering potential of the 
form

ı

Cox, TM, and Rajendran; arxiv 1905.05575

V =
NX

l=1

gl V (r� rl)
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Here N is the number of atoms in the molecule
Or (by Bloch’s Theorem) the number of atoms in the 
unit cell of a crystal

The coupling-to-mass effect in DM-phonon scattering

When the coupling of the DM to each atom is 
proportional the atom’s mass, the leading order 
scattering off optical phonons vanishes at small 
momentum transfer 



Simple proof
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Scattering matrix element is, in the Born approximation
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Scattering matrix element is, in the Born approximation

Expand this at low q

= iV (q)q · h�f |
X

l

glrl|�ii
<latexit sha1_base64="uOeIb+Cod7wghb7ikgN60A71BLs="></latexit><latexit sha1_base64="uOeIb+Cod7wghb7ikgN60A71BLs="></latexit><latexit sha1_base64="uOeIb+Cod7wghb7ikgN60A71BLs="></latexit><latexit sha1_base64="uOeIb+Cod7wghb7ikgN60A71BLs="></latexit>

q< 1/(size molecule or unit cell) ~ keV



Now setting
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Scattering matrix element is, in the Born approximation

Expand this at low q
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<latexit sha1_base64="uOeIb+Cod7wghb7ikgN60A71BLs="></latexit><latexit sha1_base64="uOeIb+Cod7wghb7ikgN60A71BLs="></latexit><latexit sha1_base64="uOeIb+Cod7wghb7ikgN60A71BLs="></latexit><latexit sha1_base64="uOeIb+Cod7wghb7ikgN60A71BLs="></latexit>

= iV (q)g q · h�f |
X

l

mlrl|�ii
<latexit sha1_base64="S0Hlqqk9rkpY1IBf8wOLMTdS1B0="></latexit><latexit sha1_base64="S0Hlqqk9rkpY1IBf8wOLMTdS1B0="></latexit><latexit sha1_base64="S0Hlqqk9rkpY1IBf8wOLMTdS1B0="></latexit><latexit sha1_base64="S0Hlqqk9rkpY1IBf8wOLMTdS1B0="></latexit>

q< 1/(size molecule or unit cell) ~ keV



Now setting

and identifying

This can never induce 
internal changes

h�f |V (q)
X

l

gle
iq·rl |�ii f 6= i

<latexit sha1_base64="76d87m3g6hrszkROP+UFZnI56a0="></latexit><latexit sha1_base64="76d87m3g6hrszkROP+UFZnI56a0="></latexit><latexit sha1_base64="76d87m3g6hrszkROP+UFZnI56a0="></latexit><latexit sha1_base64="76d87m3g6hrszkROP+UFZnI56a0="></latexit>

gi = g mi
<latexit sha1_base64="VWjs4OkKHiYDgY/w+C4LuT8Kd+o=">AAAB9HicdVDJSgNBEK2JW4xb1KOXxiB4kDAjouagBLx4jGAWSIahp9OTNOnuGbt7AmHId3jxoIhXP8abf2NnEVwfFDzeq6KqXphwpo3rvju5hcWl5ZX8amFtfWNzq7i909Bxqgitk5jHqhViTTmTtG6Y4bSVKIpFyGkzHFxN/OaQKs1ieWtGCfUF7kkWMYKNlfxewNAF6qHOkQhYUCy55YrrVU499Jt4ZXeKEsxRC4pvnW5MUkGlIRxr3fbcxPgZVoYRTseFTqppgskA92jbUokF1X42PXqMDqzSRVGsbEmDpurXiQwLrUcitJ0Cm77+6U3Ev7x2aqJzP2MySQ2VZLYoSjkyMZokgLpMUWL4yBJMFLO3ItLHChNjcyrYED4/Rf+TxnHZs/zmpFS9nMeRhz3Yh0Pw4AyqcA01qAOBO7iHR3hyhs6D8+y8zFpzznxmF77Bef0Aaq2RNg==</latexit><latexit sha1_base64="VWjs4OkKHiYDgY/w+C4LuT8Kd+o=">AAAB9HicdVDJSgNBEK2JW4xb1KOXxiB4kDAjouagBLx4jGAWSIahp9OTNOnuGbt7AmHId3jxoIhXP8abf2NnEVwfFDzeq6KqXphwpo3rvju5hcWl5ZX8amFtfWNzq7i909Bxqgitk5jHqhViTTmTtG6Y4bSVKIpFyGkzHFxN/OaQKs1ieWtGCfUF7kkWMYKNlfxewNAF6qHOkQhYUCy55YrrVU499Jt4ZXeKEsxRC4pvnW5MUkGlIRxr3fbcxPgZVoYRTseFTqppgskA92jbUokF1X42PXqMDqzSRVGsbEmDpurXiQwLrUcitJ0Cm77+6U3Ev7x2aqJzP2MySQ2VZLYoSjkyMZokgLpMUWL4yBJMFLO3ItLHChNjcyrYED4/Rf+TxnHZs/zmpFS9nMeRhz3Yh0Pw4AyqcA01qAOBO7iHR3hyhs6D8+y8zFpzznxmF77Bef0Aaq2RNg==</latexit><latexit sha1_base64="VWjs4OkKHiYDgY/w+C4LuT8Kd+o=">AAAB9HicdVDJSgNBEK2JW4xb1KOXxiB4kDAjouagBLx4jGAWSIahp9OTNOnuGbt7AmHId3jxoIhXP8abf2NnEVwfFDzeq6KqXphwpo3rvju5hcWl5ZX8amFtfWNzq7i909Bxqgitk5jHqhViTTmTtG6Y4bSVKIpFyGkzHFxN/OaQKs1ieWtGCfUF7kkWMYKNlfxewNAF6qHOkQhYUCy55YrrVU499Jt4ZXeKEsxRC4pvnW5MUkGlIRxr3fbcxPgZVoYRTseFTqppgskA92jbUokF1X42PXqMDqzSRVGsbEmDpurXiQwLrUcitJ0Cm77+6U3Ev7x2aqJzP2MySQ2VZLYoSjkyMZokgLpMUWL4yBJMFLO3ItLHChNjcyrYED4/Rf+TxnHZs/zmpFS9nMeRhz3Yh0Pw4AyqcA01qAOBO7iHR3hyhs6D8+y8zFpzznxmF77Bef0Aaq2RNg==</latexit><latexit sha1_base64="VWjs4OkKHiYDgY/w+C4LuT8Kd+o=">AAAB9HicdVDJSgNBEK2JW4xb1KOXxiB4kDAjouagBLx4jGAWSIahp9OTNOnuGbt7AmHId3jxoIhXP8abf2NnEVwfFDzeq6KqXphwpo3rvju5hcWl5ZX8amFtfWNzq7i909Bxqgitk5jHqhViTTmTtG6Y4bSVKIpFyGkzHFxN/OaQKs1ieWtGCfUF7kkWMYKNlfxewNAF6qHOkQhYUCy55YrrVU499Jt4ZXeKEsxRC4pvnW5MUkGlIRxr3fbcxPgZVoYRTseFTqppgskA92jbUokF1X42PXqMDqzSRVGsbEmDpurXiQwLrUcitJ0Cm77+6U3Ev7x2aqJzP2MySQ2VZLYoSjkyMZokgLpMUWL4yBJMFLO3ItLHChNjcyrYED4/Rf+TxnHZs/zmpFS9nMeRhz3Yh0Pw4AyqcA01qAOBO7iHR3hyhs6D8+y8zFpzznxmF77Bef0Aaq2RNg==</latexit>

NX

l=1

mlrl = XCM

<latexit sha1_base64="PqyglizwRW/fcOn1VFgHQ9jqlEg=">AAACFXicdZDLSgMxFIYzXmu9jbp0EyyCCykzImoXlUI3bpQK9gKdOmTSTBuaZIYkI5RhXsKNr+LGhSJuBXe+jelF8PpD4Mt/ziE5fxAzqrTjvFszs3PzC4u5pfzyyuraur2x2VBRIjGp44hFshUgRRgVpK6pZqQVS4J4wEgzGFRH9eYNkYpG4koPY9LhqCdoSDHSxvLtfeiphPspK7vZ9QXkPoOpF4QwlVlmuDy5tTI/rZ5nvl1wiiXHLR258De4RWesApiq5ttvXjfCCSdCY4aUartOrDspkppiRrK8lygSIzxAPdI2KBAnqpOOt8rgrnG6MIykOULDsft1IkVcqSEPTCdHuq9+1kbmX7V2osOTTkpFnGgi8OShMGFQR3AUEexSSbBmQwMIS2r+CnEfSYS1CTJvQvjcFP4PjYOia/jysFA5ncaRA9tgB+wBFxyDCjgDNVAHGNyCe/AInqw768F6tl4mrTPWdGYLfJP1+gE4rJ48</latexit><latexit sha1_base64="PqyglizwRW/fcOn1VFgHQ9jqlEg=">AAACFXicdZDLSgMxFIYzXmu9jbp0EyyCCykzImoXlUI3bpQK9gKdOmTSTBuaZIYkI5RhXsKNr+LGhSJuBXe+jelF8PpD4Mt/ziE5fxAzqrTjvFszs3PzC4u5pfzyyuraur2x2VBRIjGp44hFshUgRRgVpK6pZqQVS4J4wEgzGFRH9eYNkYpG4koPY9LhqCdoSDHSxvLtfeiphPspK7vZ9QXkPoOpF4QwlVlmuDy5tTI/rZ5nvl1wiiXHLR258De4RWesApiq5ttvXjfCCSdCY4aUartOrDspkppiRrK8lygSIzxAPdI2KBAnqpOOt8rgrnG6MIykOULDsft1IkVcqSEPTCdHuq9+1kbmX7V2osOTTkpFnGgi8OShMGFQR3AUEexSSbBmQwMIS2r+CnEfSYS1CTJvQvjcFP4PjYOia/jysFA5ncaRA9tgB+wBFxyDCjgDNVAHGNyCe/AInqw768F6tl4mrTPWdGYLfJP1+gE4rJ48</latexit><latexit sha1_base64="PqyglizwRW/fcOn1VFgHQ9jqlEg=">AAACFXicdZDLSgMxFIYzXmu9jbp0EyyCCykzImoXlUI3bpQK9gKdOmTSTBuaZIYkI5RhXsKNr+LGhSJuBXe+jelF8PpD4Mt/ziE5fxAzqrTjvFszs3PzC4u5pfzyyuraur2x2VBRIjGp44hFshUgRRgVpK6pZqQVS4J4wEgzGFRH9eYNkYpG4koPY9LhqCdoSDHSxvLtfeiphPspK7vZ9QXkPoOpF4QwlVlmuDy5tTI/rZ5nvl1wiiXHLR258De4RWesApiq5ttvXjfCCSdCY4aUartOrDspkppiRrK8lygSIzxAPdI2KBAnqpOOt8rgrnG6MIykOULDsft1IkVcqSEPTCdHuq9+1kbmX7V2osOTTkpFnGgi8OShMGFQR3AUEexSSbBmQwMIS2r+CnEfSYS1CTJvQvjcFP4PjYOia/jysFA5ncaRA9tgB+wBFxyDCjgDNVAHGNyCe/AInqw768F6tl4mrTPWdGYLfJP1+gE4rJ48</latexit><latexit sha1_base64="PqyglizwRW/fcOn1VFgHQ9jqlEg=">AAACFXicdZDLSgMxFIYzXmu9jbp0EyyCCykzImoXlUI3bpQK9gKdOmTSTBuaZIYkI5RhXsKNr+LGhSJuBXe+jelF8PpD4Mt/ziE5fxAzqrTjvFszs3PzC4u5pfzyyuraur2x2VBRIjGp44hFshUgRRgVpK6pZqQVS4J4wEgzGFRH9eYNkYpG4koPY9LhqCdoSDHSxvLtfeiphPspK7vZ9QXkPoOpF4QwlVlmuDy5tTI/rZ5nvl1wiiXHLR258De4RWesApiq5ttvXjfCCSdCY4aUartOrDspkppiRrK8lygSIzxAPdI2KBAnqpOOt8rgrnG6MIykOULDsft1IkVcqSEPTCdHuq9+1kbmX7V2osOTTkpFnGgi8OShMGFQR3AUEexSSbBmQwMIS2r+CnEfSYS1CTJvQvjcFP4PjYOia/jysFA5ncaRA9tgB+wBFxyDCjgDNVAHGNyCe/AInqw768F6tl4mrTPWdGYLfJP1+gE4rJ48</latexit>

Scattering matrix element is, in the Born approximation

Expand this at low q q< 1/(size molecule or unit cell) ~ keV

= iV (q)q · h�f |
X

l

glrl|�ii
<latexit sha1_base64="uOeIb+Cod7wghb7ikgN60A71BLs="></latexit><latexit sha1_base64="uOeIb+Cod7wghb7ikgN60A71BLs="></latexit><latexit sha1_base64="uOeIb+Cod7wghb7ikgN60A71BLs="></latexit><latexit sha1_base64="uOeIb+Cod7wghb7ikgN60A71BLs="></latexit>

= iV (q)g q · h�f |
X

l

mlrl|�ii
<latexit sha1_base64="S0Hlqqk9rkpY1IBf8wOLMTdS1B0="></latexit><latexit sha1_base64="S0Hlqqk9rkpY1IBf8wOLMTdS1B0="></latexit><latexit sha1_base64="S0Hlqqk9rkpY1IBf8wOLMTdS1B0="></latexit><latexit sha1_base64="S0Hlqqk9rkpY1IBf8wOLMTdS1B0="></latexit>



Di-molecule 

a
<latexit sha1_base64="/KYQZ/atFDyW3tBMstIAgb7pWJQ=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjMiai4S8OIxAbNAMoSeTk3Spqdn6O4RwpAv8OJBEa9+kjf/xs4iuD4oeLxXRVW9IBFcG9d9d3JLyyura/n1wsbm1vZOcXevqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR1dRv3aHSPJY3ZpygH9GB5CFn1FipTnvFkluuuF7lzCO/iVd2ZyjBArVe8a3bj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTmySp+EsbIlDZmpXycyGmk9jgLbGVEz1D+9qfiX10lNeOFnXCapQcnmi8JUEBOT6dekzxUyI8aWUKa4vZWwIVWUGZtNwYbw+Sn5nzRPyp7l9dNS9XIRRx4O4BCOwYNzqMI11KABDBDu4RGenFvnwXl2XuatOWcxsw/f4Lx+ADMyjS8=</latexit><latexit sha1_base64="/KYQZ/atFDyW3tBMstIAgb7pWJQ=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjMiai4S8OIxAbNAMoSeTk3Spqdn6O4RwpAv8OJBEa9+kjf/xs4iuD4oeLxXRVW9IBFcG9d9d3JLyyura/n1wsbm1vZOcXevqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR1dRv3aHSPJY3ZpygH9GB5CFn1FipTnvFkluuuF7lzCO/iVd2ZyjBArVe8a3bj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTmySp+EsbIlDZmpXycyGmk9jgLbGVEz1D+9qfiX10lNeOFnXCapQcnmi8JUEBOT6dekzxUyI8aWUKa4vZWwIVWUGZtNwYbw+Sn5nzRPyp7l9dNS9XIRRx4O4BCOwYNzqMI11KABDBDu4RGenFvnwXl2XuatOWcxsw/f4Lx+ADMyjS8=</latexit><latexit sha1_base64="/KYQZ/atFDyW3tBMstIAgb7pWJQ=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjMiai4S8OIxAbNAMoSeTk3Spqdn6O4RwpAv8OJBEa9+kjf/xs4iuD4oeLxXRVW9IBFcG9d9d3JLyyura/n1wsbm1vZOcXevqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR1dRv3aHSPJY3ZpygH9GB5CFn1FipTnvFkluuuF7lzCO/iVd2ZyjBArVe8a3bj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTmySp+EsbIlDZmpXycyGmk9jgLbGVEz1D+9qfiX10lNeOFnXCapQcnmi8JUEBOT6dekzxUyI8aWUKa4vZWwIVWUGZtNwYbw+Sn5nzRPyp7l9dNS9XIRRx4O4BCOwYNzqMI11KABDBDu4RGenFvnwXl2XuatOWcxsw/f4Lx+ADMyjS8=</latexit><latexit sha1_base64="/KYQZ/atFDyW3tBMstIAgb7pWJQ=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjMiai4S8OIxAbNAMoSeTk3Spqdn6O4RwpAv8OJBEa9+kjf/xs4iuD4oeLxXRVW9IBFcG9d9d3JLyyura/n1wsbm1vZOcXevqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR1dRv3aHSPJY3ZpygH9GB5CFn1FipTnvFkluuuF7lzCO/iVd2ZyjBArVe8a3bj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTmySp+EsbIlDZmpXycyGmk9jgLbGVEz1D+9qfiX10lNeOFnXCapQcnmi8JUEBOT6dekzxUyI8aWUKa4vZWwIVWUGZtNwYbw+Sn5nzRPyp7l9dNS9XIRRx4O4BCOwYNzqMI11KABDBDu4RGenFvnwXl2XuatOWcxsw/f4Lx+ADMyjS8=</latexit>

(Unit cell of a crystal with more 
than one atom works in 
essentially the same way)

Simple example



Di-molecule H =
P

2

2M
+

p
2

2µ
+

1

2
µw

2(x0)2
<latexit sha1_base64="DhRVc2cpTokV83kHx6yQnNVs5Ok="></latexit><latexit sha1_base64="DhRVc2cpTokV83kHx6yQnNVs5Ok="></latexit><latexit sha1_base64="DhRVc2cpTokV83kHx6yQnNVs5Ok="></latexit><latexit sha1_base64="DhRVc2cpTokV83kHx6yQnNVs5Ok="></latexit>

a
<latexit sha1_base64="/KYQZ/atFDyW3tBMstIAgb7pWJQ=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjMiai4S8OIxAbNAMoSeTk3Spqdn6O4RwpAv8OJBEa9+kjf/xs4iuD4oeLxXRVW9IBFcG9d9d3JLyyura/n1wsbm1vZOcXevqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR1dRv3aHSPJY3ZpygH9GB5CFn1FipTnvFkluuuF7lzCO/iVd2ZyjBArVe8a3bj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTmySp+EsbIlDZmpXycyGmk9jgLbGVEz1D+9qfiX10lNeOFnXCapQcnmi8JUEBOT6dekzxUyI8aWUKa4vZWwIVWUGZtNwYbw+Sn5nzRPyp7l9dNS9XIRRx4O4BCOwYNzqMI11KABDBDu4RGenFvnwXl2XuatOWcxsw/f4Lx+ADMyjS8=</latexit><latexit sha1_base64="/KYQZ/atFDyW3tBMstIAgb7pWJQ=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjMiai4S8OIxAbNAMoSeTk3Spqdn6O4RwpAv8OJBEa9+kjf/xs4iuD4oeLxXRVW9IBFcG9d9d3JLyyura/n1wsbm1vZOcXevqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR1dRv3aHSPJY3ZpygH9GB5CFn1FipTnvFkluuuF7lzCO/iVd2ZyjBArVe8a3bj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTmySp+EsbIlDZmpXycyGmk9jgLbGVEz1D+9qfiX10lNeOFnXCapQcnmi8JUEBOT6dekzxUyI8aWUKa4vZWwIVWUGZtNwYbw+Sn5nzRPyp7l9dNS9XIRRx4O4BCOwYNzqMI11KABDBDu4RGenFvnwXl2XuatOWcxsw/f4Lx+ADMyjS8=</latexit><latexit sha1_base64="/KYQZ/atFDyW3tBMstIAgb7pWJQ=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjMiai4S8OIxAbNAMoSeTk3Spqdn6O4RwpAv8OJBEa9+kjf/xs4iuD4oeLxXRVW9IBFcG9d9d3JLyyura/n1wsbm1vZOcXevqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR1dRv3aHSPJY3ZpygH9GB5CFn1FipTnvFkluuuF7lzCO/iVd2ZyjBArVe8a3bj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTmySp+EsbIlDZmpXycyGmk9jgLbGVEz1D+9qfiX10lNeOFnXCapQcnmi8JUEBOT6dekzxUyI8aWUKa4vZWwIVWUGZtNwYbw+Sn5nzRPyp7l9dNS9XIRRx4O4BCOwYNzqMI11KABDBDu4RGenFvnwXl2XuatOWcxsw/f4Lx+ADMyjS8=</latexit><latexit sha1_base64="/KYQZ/atFDyW3tBMstIAgb7pWJQ=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjMiai4S8OIxAbNAMoSeTk3Spqdn6O4RwpAv8OJBEa9+kjf/xs4iuD4oeLxXRVW9IBFcG9d9d3JLyyura/n1wsbm1vZOcXevqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR1dRv3aHSPJY3ZpygH9GB5CFn1FipTnvFkluuuF7lzCO/iVd2ZyjBArVe8a3bj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTmySp+EsbIlDZmpXycyGmk9jgLbGVEz1D+9qfiX10lNeOFnXCapQcnmi8JUEBOT6dekzxUyI8aWUKa4vZWwIVWUGZtNwYbw+Sn5nzRPyp7l9dNS9XIRRx4O4BCOwYNzqMI11KABDBDu4RGenFvnwXl2XuatOWcxsw/f4Lx+ADMyjS8=</latexit>



Matrix element for phonon creation

Di-molecule H =
P

2

2M
+

p
2

2µ
+

1

2
µw

2(x0)2
<latexit sha1_base64="DhRVc2cpTokV83kHx6yQnNVs5Ok="></latexit><latexit sha1_base64="DhRVc2cpTokV83kHx6yQnNVs5Ok="></latexit><latexit sha1_base64="DhRVc2cpTokV83kHx6yQnNVs5Ok="></latexit><latexit sha1_base64="DhRVc2cpTokV83kHx6yQnNVs5Ok="></latexit>

Rate proportional to

M ⇠ h1|
�
g1 e

iq·r1 + g2 e
iq·r2

�
|0i

<latexit sha1_base64="2eJhXNsS+bLHgLnbdG1NC5W8w3k="></latexit><latexit sha1_base64="2eJhXNsS+bLHgLnbdG1NC5W8w3k="></latexit><latexit sha1_base64="2eJhXNsS+bLHgLnbdG1NC5W8w3k="></latexit><latexit sha1_base64="2eJhXNsS+bLHgLnbdG1NC5W8w3k="></latexit>

|M|2 / q2

Mw

�
g21m

2
2 + g22m

2
1 � 2g1g2m1m2 cos qa

�
<latexit sha1_base64="PRWkl2lE5S6djglCtw4W3GwX1kI="></latexit><latexit sha1_base64="PRWkl2lE5S6djglCtw4W3GwX1kI="></latexit><latexit sha1_base64="PRWkl2lE5S6djglCtw4W3GwX1kI="></latexit><latexit sha1_base64="PRWkl2lE5S6djglCtw4W3GwX1kI="></latexit>

a
<latexit sha1_base64="/KYQZ/atFDyW3tBMstIAgb7pWJQ=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjMiai4S8OIxAbNAMoSeTk3Spqdn6O4RwpAv8OJBEa9+kjf/xs4iuD4oeLxXRVW9IBFcG9d9d3JLyyura/n1wsbm1vZOcXevqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR1dRv3aHSPJY3ZpygH9GB5CFn1FipTnvFkluuuF7lzCO/iVd2ZyjBArVe8a3bj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTmySp+EsbIlDZmpXycyGmk9jgLbGVEz1D+9qfiX10lNeOFnXCapQcnmi8JUEBOT6dekzxUyI8aWUKa4vZWwIVWUGZtNwYbw+Sn5nzRPyp7l9dNS9XIRRx4O4BCOwYNzqMI11KABDBDu4RGenFvnwXl2XuatOWcxsw/f4Lx+ADMyjS8=</latexit><latexit sha1_base64="/KYQZ/atFDyW3tBMstIAgb7pWJQ=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjMiai4S8OIxAbNAMoSeTk3Spqdn6O4RwpAv8OJBEa9+kjf/xs4iuD4oeLxXRVW9IBFcG9d9d3JLyyura/n1wsbm1vZOcXevqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR1dRv3aHSPJY3ZpygH9GB5CFn1FipTnvFkluuuF7lzCO/iVd2ZyjBArVe8a3bj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTmySp+EsbIlDZmpXycyGmk9jgLbGVEz1D+9qfiX10lNeOFnXCapQcnmi8JUEBOT6dekzxUyI8aWUKa4vZWwIVWUGZtNwYbw+Sn5nzRPyp7l9dNS9XIRRx4O4BCOwYNzqMI11KABDBDu4RGenFvnwXl2XuatOWcxsw/f4Lx+ADMyjS8=</latexit><latexit sha1_base64="/KYQZ/atFDyW3tBMstIAgb7pWJQ=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjMiai4S8OIxAbNAMoSeTk3Spqdn6O4RwpAv8OJBEa9+kjf/xs4iuD4oeLxXRVW9IBFcG9d9d3JLyyura/n1wsbm1vZOcXevqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR1dRv3aHSPJY3ZpygH9GB5CFn1FipTnvFkluuuF7lzCO/iVd2ZyjBArVe8a3bj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTmySp+EsbIlDZmpXycyGmk9jgLbGVEz1D+9qfiX10lNeOFnXCapQcnmi8JUEBOT6dekzxUyI8aWUKa4vZWwIVWUGZtNwYbw+Sn5nzRPyp7l9dNS9XIRRx4O4BCOwYNzqMI11KABDBDu4RGenFvnwXl2XuatOWcxsw/f4Lx+ADMyjS8=</latexit><latexit sha1_base64="/KYQZ/atFDyW3tBMstIAgb7pWJQ=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjMiai4S8OIxAbNAMoSeTk3Spqdn6O4RwpAv8OJBEa9+kjf/xs4iuD4oeLxXRVW9IBFcG9d9d3JLyyura/n1wsbm1vZOcXevqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR1dRv3aHSPJY3ZpygH9GB5CFn1FipTnvFkluuuF7lzCO/iVd2ZyjBArVe8a3bj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTmySp+EsbIlDZmpXycyGmk9jgLbGVEz1D+9qfiX10lNeOFnXCapQcnmi8JUEBOT6dekzxUyI8aWUKa4vZWwIVWUGZtNwYbw+Sn5nzRPyp7l9dNS9XIRRx4O4BCOwYNzqMI11KABDBDu4RGenFvnwXl2XuatOWcxsw/f4Lx+ADMyjS8=</latexit>



Matrix element for phonon creation

Di-molecule H =
P

2

2M
+

p
2

2µ
+

1

2
µw

2(x0)2
<latexit sha1_base64="DhRVc2cpTokV83kHx6yQnNVs5Ok="></latexit><latexit sha1_base64="DhRVc2cpTokV83kHx6yQnNVs5Ok="></latexit><latexit sha1_base64="DhRVc2cpTokV83kHx6yQnNVs5Ok="></latexit><latexit sha1_base64="DhRVc2cpTokV83kHx6yQnNVs5Ok="></latexit>

Rate proportional to

M ⇠ h1|
�
g1 e

iq·r1 + g2 e
iq·r2

�
|0i

<latexit sha1_base64="2eJhXNsS+bLHgLnbdG1NC5W8w3k="></latexit><latexit sha1_base64="2eJhXNsS+bLHgLnbdG1NC5W8w3k="></latexit><latexit sha1_base64="2eJhXNsS+bLHgLnbdG1NC5W8w3k="></latexit><latexit sha1_base64="2eJhXNsS+bLHgLnbdG1NC5W8w3k="></latexit>

|M|2 / q2

Mw

�
g21m

2
2 + g22m

2
1 � 2g1g2m1m2 cos qa

�
<latexit sha1_base64="PRWkl2lE5S6djglCtw4W3GwX1kI="></latexit><latexit sha1_base64="PRWkl2lE5S6djglCtw4W3GwX1kI="></latexit><latexit sha1_base64="PRWkl2lE5S6djglCtw4W3GwX1kI="></latexit><latexit sha1_base64="PRWkl2lE5S6djglCtw4W3GwX1kI="></latexit>

a
<latexit sha1_base64="/KYQZ/atFDyW3tBMstIAgb7pWJQ=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjMiai4S8OIxAbNAMoSeTk3Spqdn6O4RwpAv8OJBEa9+kjf/xs4iuD4oeLxXRVW9IBFcG9d9d3JLyyura/n1wsbm1vZOcXevqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR1dRv3aHSPJY3ZpygH9GB5CFn1FipTnvFkluuuF7lzCO/iVd2ZyjBArVe8a3bj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTmySp+EsbIlDZmpXycyGmk9jgLbGVEz1D+9qfiX10lNeOFnXCapQcnmi8JUEBOT6dekzxUyI8aWUKa4vZWwIVWUGZtNwYbw+Sn5nzRPyp7l9dNS9XIRRx4O4BCOwYNzqMI11KABDBDu4RGenFvnwXl2XuatOWcxsw/f4Lx+ADMyjS8=</latexit><latexit sha1_base64="/KYQZ/atFDyW3tBMstIAgb7pWJQ=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjMiai4S8OIxAbNAMoSeTk3Spqdn6O4RwpAv8OJBEa9+kjf/xs4iuD4oeLxXRVW9IBFcG9d9d3JLyyura/n1wsbm1vZOcXevqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR1dRv3aHSPJY3ZpygH9GB5CFn1FipTnvFkluuuF7lzCO/iVd2ZyjBArVe8a3bj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTmySp+EsbIlDZmpXycyGmk9jgLbGVEz1D+9qfiX10lNeOFnXCapQcnmi8JUEBOT6dekzxUyI8aWUKa4vZWwIVWUGZtNwYbw+Sn5nzRPyp7l9dNS9XIRRx4O4BCOwYNzqMI11KABDBDu4RGenFvnwXl2XuatOWcxsw/f4Lx+ADMyjS8=</latexit><latexit sha1_base64="/KYQZ/atFDyW3tBMstIAgb7pWJQ=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjMiai4S8OIxAbNAMoSeTk3Spqdn6O4RwpAv8OJBEa9+kjf/xs4iuD4oeLxXRVW9IBFcG9d9d3JLyyura/n1wsbm1vZOcXevqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR1dRv3aHSPJY3ZpygH9GB5CFn1FipTnvFkluuuF7lzCO/iVd2ZyjBArVe8a3bj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTmySp+EsbIlDZmpXycyGmk9jgLbGVEz1D+9qfiX10lNeOFnXCapQcnmi8JUEBOT6dekzxUyI8aWUKa4vZWwIVWUGZtNwYbw+Sn5nzRPyp7l9dNS9XIRRx4O4BCOwYNzqMI11KABDBDu4RGenFvnwXl2XuatOWcxsw/f4Lx+ADMyjS8=</latexit><latexit sha1_base64="/KYQZ/atFDyW3tBMstIAgb7pWJQ=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjMiai4S8OIxAbNAMoSeTk3Spqdn6O4RwpAv8OJBEa9+kjf/xs4iuD4oeLxXRVW9IBFcG9d9d3JLyyura/n1wsbm1vZOcXevqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR1dRv3aHSPJY3ZpygH9GB5CFn1FipTnvFkluuuF7lzCO/iVd2ZyjBArVe8a3bj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTmySp+EsbIlDZmpXycyGmk9jgLbGVEz1D+9qfiX10lNeOFnXCapQcnmi8JUEBOT6dekzxUyI8aWUKa4vZWwIVWUGZtNwYbw+Sn5nzRPyp7l9dNS9XIRRx4O4BCOwYNzqMI11KABDBDu4RGenFvnwXl2XuatOWcxsw/f4Lx+ADMyjS8=</latexit>

This factor 
per phonon



Matrix element for phonon creation

Di-molecule H =
P

2

2M
+

p
2

2µ
+

1

2
µw

2(x0)2
<latexit sha1_base64="DhRVc2cpTokV83kHx6yQnNVs5Ok="></latexit><latexit sha1_base64="DhRVc2cpTokV83kHx6yQnNVs5Ok="></latexit><latexit sha1_base64="DhRVc2cpTokV83kHx6yQnNVs5Ok="></latexit><latexit sha1_base64="DhRVc2cpTokV83kHx6yQnNVs5Ok="></latexit>

Rate proportional to

M ⇠ h1|
�
g1 e

iq·r1 + g2 e
iq·r2

�
|0i

<latexit sha1_base64="2eJhXNsS+bLHgLnbdG1NC5W8w3k="></latexit><latexit sha1_base64="2eJhXNsS+bLHgLnbdG1NC5W8w3k="></latexit><latexit sha1_base64="2eJhXNsS+bLHgLnbdG1NC5W8w3k="></latexit><latexit sha1_base64="2eJhXNsS+bLHgLnbdG1NC5W8w3k="></latexit>

|M|2 / q2

Mw

�
g21m

2
2 + g22m

2
1 � 2g1g2m1m2 cos qa

�
<latexit sha1_base64="PRWkl2lE5S6djglCtw4W3GwX1kI="></latexit><latexit sha1_base64="PRWkl2lE5S6djglCtw4W3GwX1kI="></latexit><latexit sha1_base64="PRWkl2lE5S6djglCtw4W3GwX1kI="></latexit><latexit sha1_base64="PRWkl2lE5S6djglCtw4W3GwX1kI="></latexit>

g1 = gm1(1 + ✏/2)
<latexit sha1_base64="XTfuXjbmhnE5SxVKdYGuuFL8QuA=">AAACAHicdVDLSgMxFM3UV62vURcu3ASLUBHqpIjahVJw47KCfUA7DJk0Mw3NZIYkI5ShG3/FjQtF3PoZ7vwb04fg88CFwzn3cu89fsKZ0o7zbuXm5hcWl/LLhZXVtfUNe3OrqeJUEtogMY9l28eKciZoQzPNaTuRFEc+py1/cDn2W7dUKhaLGz1MqBvhULCAEayN5Nk7oYfOQxh5qIQOuzRRjMfiqHLg2UWnXHVQ9QTB3wSVnQmKYIa6Z791ezFJIyo04VipDnIS7WZYakY4HRW6qaIJJgMc0o6hAkdUudnkgRHcN0oPBrE0JTScqF8nMhwpNYx80xlh3Vc/vbH4l9dJdXDmZkwkqaaCTBcFKYc6huM0YI9JSjQfGoKJZOZWSPpYYqJNZgUTwuen8H/SrJSR4dfHxdrFLI482AV7oAQQOAU1cAXqoAEIGIF78AierDvrwXq2XqatOWs2sw2+wXr9AFsPlPc=</latexit><latexit sha1_base64="XTfuXjbmhnE5SxVKdYGuuFL8QuA=">AAACAHicdVDLSgMxFM3UV62vURcu3ASLUBHqpIjahVJw47KCfUA7DJk0Mw3NZIYkI5ShG3/FjQtF3PoZ7vwb04fg88CFwzn3cu89fsKZ0o7zbuXm5hcWl/LLhZXVtfUNe3OrqeJUEtogMY9l28eKciZoQzPNaTuRFEc+py1/cDn2W7dUKhaLGz1MqBvhULCAEayN5Nk7oYfOQxh5qIQOuzRRjMfiqHLg2UWnXHVQ9QTB3wSVnQmKYIa6Z791ezFJIyo04VipDnIS7WZYakY4HRW6qaIJJgMc0o6hAkdUudnkgRHcN0oPBrE0JTScqF8nMhwpNYx80xlh3Vc/vbH4l9dJdXDmZkwkqaaCTBcFKYc6huM0YI9JSjQfGoKJZOZWSPpYYqJNZgUTwuen8H/SrJSR4dfHxdrFLI482AV7oAQQOAU1cAXqoAEIGIF78AierDvrwXq2XqatOWs2sw2+wXr9AFsPlPc=</latexit><latexit sha1_base64="XTfuXjbmhnE5SxVKdYGuuFL8QuA=">AAACAHicdVDLSgMxFM3UV62vURcu3ASLUBHqpIjahVJw47KCfUA7DJk0Mw3NZIYkI5ShG3/FjQtF3PoZ7vwb04fg88CFwzn3cu89fsKZ0o7zbuXm5hcWl/LLhZXVtfUNe3OrqeJUEtogMY9l28eKciZoQzPNaTuRFEc+py1/cDn2W7dUKhaLGz1MqBvhULCAEayN5Nk7oYfOQxh5qIQOuzRRjMfiqHLg2UWnXHVQ9QTB3wSVnQmKYIa6Z791ezFJIyo04VipDnIS7WZYakY4HRW6qaIJJgMc0o6hAkdUudnkgRHcN0oPBrE0JTScqF8nMhwpNYx80xlh3Vc/vbH4l9dJdXDmZkwkqaaCTBcFKYc6huM0YI9JSjQfGoKJZOZWSPpYYqJNZgUTwuen8H/SrJSR4dfHxdrFLI482AV7oAQQOAU1cAXqoAEIGIF78AierDvrwXq2XqatOWs2sw2+wXr9AFsPlPc=</latexit><latexit sha1_base64="XTfuXjbmhnE5SxVKdYGuuFL8QuA=">AAACAHicdVDLSgMxFM3UV62vURcu3ASLUBHqpIjahVJw47KCfUA7DJk0Mw3NZIYkI5ShG3/FjQtF3PoZ7vwb04fg88CFwzn3cu89fsKZ0o7zbuXm5hcWl/LLhZXVtfUNe3OrqeJUEtogMY9l28eKciZoQzPNaTuRFEc+py1/cDn2W7dUKhaLGz1MqBvhULCAEayN5Nk7oYfOQxh5qIQOuzRRjMfiqHLg2UWnXHVQ9QTB3wSVnQmKYIa6Z791ezFJIyo04VipDnIS7WZYakY4HRW6qaIJJgMc0o6hAkdUudnkgRHcN0oPBrE0JTScqF8nMhwpNYx80xlh3Vc/vbH4l9dJdXDmZkwkqaaCTBcFKYc6huM0YI9JSjQfGoKJZOZWSPpYYqJNZgUTwuen8H/SrJSR4dfHxdrFLI482AV7oAQQOAU1cAXqoAEIGIF78AierDvrwXq2XqatOWs2sw2+wXr9AFsPlPc=</latexit>

g2 = gm2(1� ✏/2)
<latexit sha1_base64="5EDmeld3PSyWpqKSjH7hSqE5oig=">AAACAHicdVDLSgMxFM3UV62vURcu3ASLUBfWmUHULpSCG5cV7APaYcikmTY0yQxJRihDN/6KGxeKuPUz3Pk3pg/B54ELh3Pu5d57woRRpR3n3crNzS8sLuWXCyura+sb9uZWQ8WpxKSOYxbLVogUYVSQuqaakVYiCeIhI81wcDn2m7dEKhqLGz1MiM9RT9CIYqSNFNg7vcA770EeeCX3sEMSRVksjryDwC465YrjVk5c+Ju4ZWeCIpihFthvnW6MU06Exgwp1XadRPsZkppiRkaFTqpIgvAA9UjbUIE4UX42eWAE943ShVEsTQkNJ+rXiQxxpYY8NJ0c6b766Y3Fv7x2qqMzP6MiSTUReLooShnUMRynAbtUEqzZ0BCEJTW3QtxHEmFtMiuYED4/hf+Thld2Db8+LlYvZnHkwS7YAyXgglNQBVegBuoAgxG4B4/gybqzHqxn62XamrNmM9vgG6zXD2FXlPs=</latexit><latexit sha1_base64="5EDmeld3PSyWpqKSjH7hSqE5oig=">AAACAHicdVDLSgMxFM3UV62vURcu3ASLUBfWmUHULpSCG5cV7APaYcikmTY0yQxJRihDN/6KGxeKuPUz3Pk3pg/B54ELh3Pu5d57woRRpR3n3crNzS8sLuWXCyura+sb9uZWQ8WpxKSOYxbLVogUYVSQuqaakVYiCeIhI81wcDn2m7dEKhqLGz1MiM9RT9CIYqSNFNg7vcA770EeeCX3sEMSRVksjryDwC465YrjVk5c+Ju4ZWeCIpihFthvnW6MU06Exgwp1XadRPsZkppiRkaFTqpIgvAA9UjbUIE4UX42eWAE943ShVEsTQkNJ+rXiQxxpYY8NJ0c6b766Y3Fv7x2qqMzP6MiSTUReLooShnUMRynAbtUEqzZ0BCEJTW3QtxHEmFtMiuYED4/hf+Thld2Db8+LlYvZnHkwS7YAyXgglNQBVegBuoAgxG4B4/gybqzHqxn62XamrNmM9vgG6zXD2FXlPs=</latexit><latexit sha1_base64="5EDmeld3PSyWpqKSjH7hSqE5oig=">AAACAHicdVDLSgMxFM3UV62vURcu3ASLUBfWmUHULpSCG5cV7APaYcikmTY0yQxJRihDN/6KGxeKuPUz3Pk3pg/B54ELh3Pu5d57woRRpR3n3crNzS8sLuWXCyura+sb9uZWQ8WpxKSOYxbLVogUYVSQuqaakVYiCeIhI81wcDn2m7dEKhqLGz1MiM9RT9CIYqSNFNg7vcA770EeeCX3sEMSRVksjryDwC465YrjVk5c+Ju4ZWeCIpihFthvnW6MU06Exgwp1XadRPsZkppiRkaFTqpIgvAA9UjbUIE4UX42eWAE943ShVEsTQkNJ+rXiQxxpYY8NJ0c6b766Y3Fv7x2qqMzP6MiSTUReLooShnUMRynAbtUEqzZ0BCEJTW3QtxHEmFtMiuYED4/hf+Thld2Db8+LlYvZnHkwS7YAyXgglNQBVegBuoAgxG4B4/gybqzHqxn62XamrNmM9vgG6zXD2FXlPs=</latexit><latexit sha1_base64="5EDmeld3PSyWpqKSjH7hSqE5oig=">AAACAHicdVDLSgMxFM3UV62vURcu3ASLUBfWmUHULpSCG5cV7APaYcikmTY0yQxJRihDN/6KGxeKuPUz3Pk3pg/B54ELh3Pu5d57woRRpR3n3crNzS8sLuWXCyura+sb9uZWQ8WpxKSOYxbLVogUYVSQuqaakVYiCeIhI81wcDn2m7dEKhqLGz1MiM9RT9CIYqSNFNg7vcA770EeeCX3sEMSRVksjryDwC465YrjVk5c+Ju4ZWeCIpihFthvnW6MU06Exgwp1XadRPsZkppiRkaFTqpIgvAA9UjbUIE4UX42eWAE943ShVEsTQkNJ+rXiQxxpYY8NJ0c6b766Y3Fv7x2qqMzP6MiSTUReLooShnUMRynAbtUEqzZ0BCEJTW3QtxHEmFtMiuYED4/hf+Thld2Db8+LlYvZnHkwS7YAyXgglNQBVegBuoAgxG4B4/gybqzHqxn62XamrNmM9vgG6zXD2FXlPs=</latexit>

|M|2 / q2g2µ
�
✏2 + (qa)2 + . . .

�
<latexit sha1_base64="EiFebA4T7wWjVCUwuC2D60Bw2lw="></latexit><latexit sha1_base64="EiFebA4T7wWjVCUwuC2D60Bw2lw="></latexit><latexit sha1_base64="EiFebA4T7wWjVCUwuC2D60Bw2lw="></latexit><latexit sha1_base64="EiFebA4T7wWjVCUwuC2D60Bw2lw="></latexit>

Setting
Rate

q

q4
<latexit sha1_base64="Cfht/JXjk7do7qzGM7rCKSXKjxg=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4CjMS1Fwk4MVjRLNAMoaeTiVp0tMzdvcIYcgnePGgiFe/yJt/Y2cRXB8UPN6roqpeEAuujeu+O5mFxaXllexqbm19Y3Mrv71T11GiGNZYJCLVDKhGwSXWDDcCm7FCGgYCG8HwfOI37lBpHslrM4rRD2lf8h5n1Fjp6vam1MkX3GLZ9crHHvlNvKI7RQHmqHbyb+1uxJIQpWGCat3y3Nj4KVWGM4HjXDvRGFM2pH1sWSppiNpPp6eOyYFVuqQXKVvSkKn6dSKlodajMLCdITUD/dObiH95rcT0Tv2UyzgxKNlsUS8RxERk8jfpcoXMiJEllClubyVsQBVlxqaTsyF8fkr+J/Wjomf5ZalQOZvHkYU92IdD8OAEKnABVagBgz7cwyM8OcJ5cJ6dl1lrxpnP7MI3OK8fc9ON5Q==</latexit><latexit sha1_base64="Cfht/JXjk7do7qzGM7rCKSXKjxg=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4CjMS1Fwk4MVjRLNAMoaeTiVp0tMzdvcIYcgnePGgiFe/yJt/Y2cRXB8UPN6roqpeEAuujeu+O5mFxaXllexqbm19Y3Mrv71T11GiGNZYJCLVDKhGwSXWDDcCm7FCGgYCG8HwfOI37lBpHslrM4rRD2lf8h5n1Fjp6vam1MkX3GLZ9crHHvlNvKI7RQHmqHbyb+1uxJIQpWGCat3y3Nj4KVWGM4HjXDvRGFM2pH1sWSppiNpPp6eOyYFVuqQXKVvSkKn6dSKlodajMLCdITUD/dObiH95rcT0Tv2UyzgxKNlsUS8RxERk8jfpcoXMiJEllClubyVsQBVlxqaTsyF8fkr+J/Wjomf5ZalQOZvHkYU92IdD8OAEKnABVagBgz7cwyM8OcJ5cJ6dl1lrxpnP7MI3OK8fc9ON5Q==</latexit><latexit sha1_base64="Cfht/JXjk7do7qzGM7rCKSXKjxg=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4CjMS1Fwk4MVjRLNAMoaeTiVp0tMzdvcIYcgnePGgiFe/yJt/Y2cRXB8UPN6roqpeEAuujeu+O5mFxaXllexqbm19Y3Mrv71T11GiGNZYJCLVDKhGwSXWDDcCm7FCGgYCG8HwfOI37lBpHslrM4rRD2lf8h5n1Fjp6vam1MkX3GLZ9crHHvlNvKI7RQHmqHbyb+1uxJIQpWGCat3y3Nj4KVWGM4HjXDvRGFM2pH1sWSppiNpPp6eOyYFVuqQXKVvSkKn6dSKlodajMLCdITUD/dObiH95rcT0Tv2UyzgxKNlsUS8RxERk8jfpcoXMiJEllClubyVsQBVlxqaTsyF8fkr+J/Wjomf5ZalQOZvHkYU92IdD8OAEKnABVagBgz7cwyM8OcJ5cJ6dl1lrxpnP7MI3OK8fc9ON5Q==</latexit><latexit sha1_base64="Cfht/JXjk7do7qzGM7rCKSXKjxg=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4CjMS1Fwk4MVjRLNAMoaeTiVp0tMzdvcIYcgnePGgiFe/yJt/Y2cRXB8UPN6roqpeEAuujeu+O5mFxaXllexqbm19Y3Mrv71T11GiGNZYJCLVDKhGwSXWDDcCm7FCGgYCG8HwfOI37lBpHslrM4rRD2lf8h5n1Fjp6vam1MkX3GLZ9crHHvlNvKI7RQHmqHbyb+1uxJIQpWGCat3y3Nj4KVWGM4HjXDvRGFM2pH1sWSppiNpPp6eOyYFVuqQXKVvSkKn6dSKlodajMLCdITUD/dObiH95rcT0Tv2UyzgxKNlsUS8RxERk8jfpcoXMiJEllClubyVsQBVlxqaTsyF8fkr+J/Wjomf5ZalQOZvHkYU92IdD8OAEKnABVagBgz7cwyM8OcJ5cJ6dl1lrxpnP7MI3OK8fc9ON5Q==</latexit>

✏2q2
<latexit sha1_base64="ttPW8tyL11WI0H25KPftB+0eOQw=">AAAB9XicdZDLSgMxFIbP1Futt6pLN8EiuCozRdRupODGZQXbCu20ZNIzbWgmMyYZpZS+hxsXirj1Xdz5NqYXwesPgY//nMM5+YNEcG1c993JLCwuLa9kV3Nr6xubW/ntnbqOU8WwxmIRq+uAahRcYs1wI/A6UUijQGAjGJxP6o1bVJrH8soME/Qj2pM85Iwaa7VbmGguLJTITbvUyRfcYtn1ysce+Q1e0Z2qAHNVO/m3VjdmaYTSMEG1bnpuYvwRVYYzgeNcK9WYUDagPWxalDRC7Y+mV4/JgXW6JIyVfdKQqft1YkQjrYdRYDsjavr6Z21i/lVrpiY89UdcJqlByWaLwlQQE5NJBKTLFTIjhhYoU9zeSlifKsqMDSpnQ/j8Kfkf6qWiZ/nyqFA5m8eRhT3Yh0Pw4AQqcAFVqAEDBffwCE/OnfPgPDsvs9aMM5/ZhW9yXj8AQyOSVw==</latexit><latexit sha1_base64="ttPW8tyL11WI0H25KPftB+0eOQw=">AAAB9XicdZDLSgMxFIbP1Futt6pLN8EiuCozRdRupODGZQXbCu20ZNIzbWgmMyYZpZS+hxsXirj1Xdz5NqYXwesPgY//nMM5+YNEcG1c993JLCwuLa9kV3Nr6xubW/ntnbqOU8WwxmIRq+uAahRcYs1wI/A6UUijQGAjGJxP6o1bVJrH8soME/Qj2pM85Iwaa7VbmGguLJTITbvUyRfcYtn1ysce+Q1e0Z2qAHNVO/m3VjdmaYTSMEG1bnpuYvwRVYYzgeNcK9WYUDagPWxalDRC7Y+mV4/JgXW6JIyVfdKQqft1YkQjrYdRYDsjavr6Z21i/lVrpiY89UdcJqlByWaLwlQQE5NJBKTLFTIjhhYoU9zeSlifKsqMDSpnQ/j8Kfkf6qWiZ/nyqFA5m8eRhT3Yh0Pw4AQqcAFVqAEDBffwCE/OnfPgPDsvs9aMM5/ZhW9yXj8AQyOSVw==</latexit><latexit sha1_base64="ttPW8tyL11WI0H25KPftB+0eOQw=">AAAB9XicdZDLSgMxFIbP1Futt6pLN8EiuCozRdRupODGZQXbCu20ZNIzbWgmMyYZpZS+hxsXirj1Xdz5NqYXwesPgY//nMM5+YNEcG1c993JLCwuLa9kV3Nr6xubW/ntnbqOU8WwxmIRq+uAahRcYs1wI/A6UUijQGAjGJxP6o1bVJrH8soME/Qj2pM85Iwaa7VbmGguLJTITbvUyRfcYtn1ysce+Q1e0Z2qAHNVO/m3VjdmaYTSMEG1bnpuYvwRVYYzgeNcK9WYUDagPWxalDRC7Y+mV4/JgXW6JIyVfdKQqft1YkQjrYdRYDsjavr6Z21i/lVrpiY89UdcJqlByWaLwlQQE5NJBKTLFTIjhhYoU9zeSlifKsqMDSpnQ/j8Kfkf6qWiZ/nyqFA5m8eRhT3Yh0Pw4AQqcAFVqAEDBffwCE/OnfPgPDsvs9aMM5/ZhW9yXj8AQyOSVw==</latexit><latexit sha1_base64="ttPW8tyL11WI0H25KPftB+0eOQw=">AAAB9XicdZDLSgMxFIbP1Futt6pLN8EiuCozRdRupODGZQXbCu20ZNIzbWgmMyYZpZS+hxsXirj1Xdz5NqYXwesPgY//nMM5+YNEcG1c993JLCwuLa9kV3Nr6xubW/ntnbqOU8WwxmIRq+uAahRcYs1wI/A6UUijQGAjGJxP6o1bVJrH8soME/Qj2pM85Iwaa7VbmGguLJTITbvUyRfcYtn1ysce+Q1e0Z2qAHNVO/m3VjdmaYTSMEG1bnpuYvwRVYYzgeNcK9WYUDagPWxalDRC7Y+mV4/JgXW6JIyVfdKQqft1YkQjrYdRYDsjavr6Z21i/lVrpiY89UdcJqlByWaLwlQQE5NJBKTLFTIjhhYoU9zeSlifKsqMDSpnQ/j8Kfkf6qWiZ/nyqFA5m8eRhT3Yh0Pw4AQqcAFVqAEDBffwCE/OnfPgPDsvs9aMM5/ZhW9yXj8AQyOSVw==</latexit>

a
<latexit sha1_base64="/KYQZ/atFDyW3tBMstIAgb7pWJQ=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjMiai4S8OIxAbNAMoSeTk3Spqdn6O4RwpAv8OJBEa9+kjf/xs4iuD4oeLxXRVW9IBFcG9d9d3JLyyura/n1wsbm1vZOcXevqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR1dRv3aHSPJY3ZpygH9GB5CFn1FipTnvFkluuuF7lzCO/iVd2ZyjBArVe8a3bj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTmySp+EsbIlDZmpXycyGmk9jgLbGVEz1D+9qfiX10lNeOFnXCapQcnmi8JUEBOT6dekzxUyI8aWUKa4vZWwIVWUGZtNwYbw+Sn5nzRPyp7l9dNS9XIRRx4O4BCOwYNzqMI11KABDBDu4RGenFvnwXl2XuatOWcxsw/f4Lx+ADMyjS8=</latexit><latexit sha1_base64="/KYQZ/atFDyW3tBMstIAgb7pWJQ=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjMiai4S8OIxAbNAMoSeTk3Spqdn6O4RwpAv8OJBEa9+kjf/xs4iuD4oeLxXRVW9IBFcG9d9d3JLyyura/n1wsbm1vZOcXevqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR1dRv3aHSPJY3ZpygH9GB5CFn1FipTnvFkluuuF7lzCO/iVd2ZyjBArVe8a3bj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTmySp+EsbIlDZmpXycyGmk9jgLbGVEz1D+9qfiX10lNeOFnXCapQcnmi8JUEBOT6dekzxUyI8aWUKa4vZWwIVWUGZtNwYbw+Sn5nzRPyp7l9dNS9XIRRx4O4BCOwYNzqMI11KABDBDu4RGenFvnwXl2XuatOWcxsw/f4Lx+ADMyjS8=</latexit><latexit sha1_base64="/KYQZ/atFDyW3tBMstIAgb7pWJQ=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjMiai4S8OIxAbNAMoSeTk3Spqdn6O4RwpAv8OJBEa9+kjf/xs4iuD4oeLxXRVW9IBFcG9d9d3JLyyura/n1wsbm1vZOcXevqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR1dRv3aHSPJY3ZpygH9GB5CFn1FipTnvFkluuuF7lzCO/iVd2ZyjBArVe8a3bj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTmySp+EsbIlDZmpXycyGmk9jgLbGVEz1D+9qfiX10lNeOFnXCapQcnmi8JUEBOT6dekzxUyI8aWUKa4vZWwIVWUGZtNwYbw+Sn5nzRPyp7l9dNS9XIRRx4O4BCOwYNzqMI11KABDBDu4RGenFvnwXl2XuatOWcxsw/f4Lx+ADMyjS8=</latexit><latexit sha1_base64="/KYQZ/atFDyW3tBMstIAgb7pWJQ=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjMiai4S8OIxAbNAMoSeTk3Spqdn6O4RwpAv8OJBEa9+kjf/xs4iuD4oeLxXRVW9IBFcG9d9d3JLyyura/n1wsbm1vZOcXevqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR1dRv3aHSPJY3ZpygH9GB5CFn1FipTnvFkluuuF7lzCO/iVd2ZyjBArVe8a3bj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTmySp+EsbIlDZmpXycyGmk9jgLbGVEz1D+9qfiX10lNeOFnXCapQcnmi8JUEBOT6dekzxUyI8aWUKa4vZWwIVWUGZtNwYbw+Sn5nzRPyp7l9dNS9XIRRx4O4BCOwYNzqMI11KABDBDu4RGenFvnwXl2XuatOWcxsw/f4Lx+ADMyjS8=</latexit>



Matrix element for phonon creation

Di-molecule H =
P

2

2M
+

p
2

2µ
+

1

2
µw

2(x0)2
<latexit sha1_base64="DhRVc2cpTokV83kHx6yQnNVs5Ok="></latexit><latexit sha1_base64="DhRVc2cpTokV83kHx6yQnNVs5Ok="></latexit><latexit sha1_base64="DhRVc2cpTokV83kHx6yQnNVs5Ok="></latexit><latexit sha1_base64="DhRVc2cpTokV83kHx6yQnNVs5Ok="></latexit>

Rate proportional to

M ⇠ h1|
�
g1 e

iq·r1 + g2 e
iq·r2

�
|0i

<latexit sha1_base64="2eJhXNsS+bLHgLnbdG1NC5W8w3k="></latexit><latexit sha1_base64="2eJhXNsS+bLHgLnbdG1NC5W8w3k="></latexit><latexit sha1_base64="2eJhXNsS+bLHgLnbdG1NC5W8w3k="></latexit><latexit sha1_base64="2eJhXNsS+bLHgLnbdG1NC5W8w3k="></latexit>

|M|2 / q2

Mw

�
g21m

2
2 + g22m

2
1 � 2g1g2m1m2 cos qa

�
<latexit sha1_base64="PRWkl2lE5S6djglCtw4W3GwX1kI="></latexit><latexit sha1_base64="PRWkl2lE5S6djglCtw4W3GwX1kI="></latexit><latexit sha1_base64="PRWkl2lE5S6djglCtw4W3GwX1kI="></latexit><latexit sha1_base64="PRWkl2lE5S6djglCtw4W3GwX1kI="></latexit>

g1 = gm1(1 + ✏/2)
<latexit sha1_base64="XTfuXjbmhnE5SxVKdYGuuFL8QuA=">AAACAHicdVDLSgMxFM3UV62vURcu3ASLUBHqpIjahVJw47KCfUA7DJk0Mw3NZIYkI5ShG3/FjQtF3PoZ7vwb04fg88CFwzn3cu89fsKZ0o7zbuXm5hcWl/LLhZXVtfUNe3OrqeJUEtogMY9l28eKciZoQzPNaTuRFEc+py1/cDn2W7dUKhaLGz1MqBvhULCAEayN5Nk7oYfOQxh5qIQOuzRRjMfiqHLg2UWnXHVQ9QTB3wSVnQmKYIa6Z791ezFJIyo04VipDnIS7WZYakY4HRW6qaIJJgMc0o6hAkdUudnkgRHcN0oPBrE0JTScqF8nMhwpNYx80xlh3Vc/vbH4l9dJdXDmZkwkqaaCTBcFKYc6huM0YI9JSjQfGoKJZOZWSPpYYqJNZgUTwuen8H/SrJSR4dfHxdrFLI482AV7oAQQOAU1cAXqoAEIGIF78AierDvrwXq2XqatOWs2sw2+wXr9AFsPlPc=</latexit><latexit sha1_base64="XTfuXjbmhnE5SxVKdYGuuFL8QuA=">AAACAHicdVDLSgMxFM3UV62vURcu3ASLUBHqpIjahVJw47KCfUA7DJk0Mw3NZIYkI5ShG3/FjQtF3PoZ7vwb04fg88CFwzn3cu89fsKZ0o7zbuXm5hcWl/LLhZXVtfUNe3OrqeJUEtogMY9l28eKciZoQzPNaTuRFEc+py1/cDn2W7dUKhaLGz1MqBvhULCAEayN5Nk7oYfOQxh5qIQOuzRRjMfiqHLg2UWnXHVQ9QTB3wSVnQmKYIa6Z791ezFJIyo04VipDnIS7WZYakY4HRW6qaIJJgMc0o6hAkdUudnkgRHcN0oPBrE0JTScqF8nMhwpNYx80xlh3Vc/vbH4l9dJdXDmZkwkqaaCTBcFKYc6huM0YI9JSjQfGoKJZOZWSPpYYqJNZgUTwuen8H/SrJSR4dfHxdrFLI482AV7oAQQOAU1cAXqoAEIGIF78AierDvrwXq2XqatOWs2sw2+wXr9AFsPlPc=</latexit><latexit sha1_base64="XTfuXjbmhnE5SxVKdYGuuFL8QuA=">AAACAHicdVDLSgMxFM3UV62vURcu3ASLUBHqpIjahVJw47KCfUA7DJk0Mw3NZIYkI5ShG3/FjQtF3PoZ7vwb04fg88CFwzn3cu89fsKZ0o7zbuXm5hcWl/LLhZXVtfUNe3OrqeJUEtogMY9l28eKciZoQzPNaTuRFEc+py1/cDn2W7dUKhaLGz1MqBvhULCAEayN5Nk7oYfOQxh5qIQOuzRRjMfiqHLg2UWnXHVQ9QTB3wSVnQmKYIa6Z791ezFJIyo04VipDnIS7WZYakY4HRW6qaIJJgMc0o6hAkdUudnkgRHcN0oPBrE0JTScqF8nMhwpNYx80xlh3Vc/vbH4l9dJdXDmZkwkqaaCTBcFKYc6huM0YI9JSjQfGoKJZOZWSPpYYqJNZgUTwuen8H/SrJSR4dfHxdrFLI482AV7oAQQOAU1cAXqoAEIGIF78AierDvrwXq2XqatOWs2sw2+wXr9AFsPlPc=</latexit><latexit sha1_base64="XTfuXjbmhnE5SxVKdYGuuFL8QuA=">AAACAHicdVDLSgMxFM3UV62vURcu3ASLUBHqpIjahVJw47KCfUA7DJk0Mw3NZIYkI5ShG3/FjQtF3PoZ7vwb04fg88CFwzn3cu89fsKZ0o7zbuXm5hcWl/LLhZXVtfUNe3OrqeJUEtogMY9l28eKciZoQzPNaTuRFEc+py1/cDn2W7dUKhaLGz1MqBvhULCAEayN5Nk7oYfOQxh5qIQOuzRRjMfiqHLg2UWnXHVQ9QTB3wSVnQmKYIa6Z791ezFJIyo04VipDnIS7WZYakY4HRW6qaIJJgMc0o6hAkdUudnkgRHcN0oPBrE0JTScqF8nMhwpNYx80xlh3Vc/vbH4l9dJdXDmZkwkqaaCTBcFKYc6huM0YI9JSjQfGoKJZOZWSPpYYqJNZgUTwuen8H/SrJSR4dfHxdrFLI482AV7oAQQOAU1cAXqoAEIGIF78AierDvrwXq2XqatOWs2sw2+wXr9AFsPlPc=</latexit>

g2 = gm2(1� ✏/2)
<latexit sha1_base64="5EDmeld3PSyWpqKSjH7hSqE5oig=">AAACAHicdVDLSgMxFM3UV62vURcu3ASLUBfWmUHULpSCG5cV7APaYcikmTY0yQxJRihDN/6KGxeKuPUz3Pk3pg/B54ELh3Pu5d57woRRpR3n3crNzS8sLuWXCyura+sb9uZWQ8WpxKSOYxbLVogUYVSQuqaakVYiCeIhI81wcDn2m7dEKhqLGz1MiM9RT9CIYqSNFNg7vcA770EeeCX3sEMSRVksjryDwC465YrjVk5c+Ju4ZWeCIpihFthvnW6MU06Exgwp1XadRPsZkppiRkaFTqpIgvAA9UjbUIE4UX42eWAE943ShVEsTQkNJ+rXiQxxpYY8NJ0c6b766Y3Fv7x2qqMzP6MiSTUReLooShnUMRynAbtUEqzZ0BCEJTW3QtxHEmFtMiuYED4/hf+Thld2Db8+LlYvZnHkwS7YAyXgglNQBVegBuoAgxG4B4/gybqzHqxn62XamrNmM9vgG6zXD2FXlPs=</latexit><latexit sha1_base64="5EDmeld3PSyWpqKSjH7hSqE5oig=">AAACAHicdVDLSgMxFM3UV62vURcu3ASLUBfWmUHULpSCG5cV7APaYcikmTY0yQxJRihDN/6KGxeKuPUz3Pk3pg/B54ELh3Pu5d57woRRpR3n3crNzS8sLuWXCyura+sb9uZWQ8WpxKSOYxbLVogUYVSQuqaakVYiCeIhI81wcDn2m7dEKhqLGz1MiM9RT9CIYqSNFNg7vcA770EeeCX3sEMSRVksjryDwC465YrjVk5c+Ju4ZWeCIpihFthvnW6MU06Exgwp1XadRPsZkppiRkaFTqpIgvAA9UjbUIE4UX42eWAE943ShVEsTQkNJ+rXiQxxpYY8NJ0c6b766Y3Fv7x2qqMzP6MiSTUReLooShnUMRynAbtUEqzZ0BCEJTW3QtxHEmFtMiuYED4/hf+Thld2Db8+LlYvZnHkwS7YAyXgglNQBVegBuoAgxG4B4/gybqzHqxn62XamrNmM9vgG6zXD2FXlPs=</latexit><latexit sha1_base64="5EDmeld3PSyWpqKSjH7hSqE5oig=">AAACAHicdVDLSgMxFM3UV62vURcu3ASLUBfWmUHULpSCG5cV7APaYcikmTY0yQxJRihDN/6KGxeKuPUz3Pk3pg/B54ELh3Pu5d57woRRpR3n3crNzS8sLuWXCyura+sb9uZWQ8WpxKSOYxbLVogUYVSQuqaakVYiCeIhI81wcDn2m7dEKhqLGz1MiM9RT9CIYqSNFNg7vcA770EeeCX3sEMSRVksjryDwC465YrjVk5c+Ju4ZWeCIpihFthvnW6MU06Exgwp1XadRPsZkppiRkaFTqpIgvAA9UjbUIE4UX42eWAE943ShVEsTQkNJ+rXiQxxpYY8NJ0c6b766Y3Fv7x2qqMzP6MiSTUReLooShnUMRynAbtUEqzZ0BCEJTW3QtxHEmFtMiuYED4/hf+Thld2Db8+LlYvZnHkwS7YAyXgglNQBVegBuoAgxG4B4/gybqzHqxn62XamrNmM9vgG6zXD2FXlPs=</latexit><latexit sha1_base64="5EDmeld3PSyWpqKSjH7hSqE5oig=">AAACAHicdVDLSgMxFM3UV62vURcu3ASLUBfWmUHULpSCG5cV7APaYcikmTY0yQxJRihDN/6KGxeKuPUz3Pk3pg/B54ELh3Pu5d57woRRpR3n3crNzS8sLuWXCyura+sb9uZWQ8WpxKSOYxbLVogUYVSQuqaakVYiCeIhI81wcDn2m7dEKhqLGz1MiM9RT9CIYqSNFNg7vcA770EeeCX3sEMSRVksjryDwC465YrjVk5c+Ju4ZWeCIpihFthvnW6MU06Exgwp1XadRPsZkppiRkaFTqpIgvAA9UjbUIE4UX42eWAE943ShVEsTQkNJ+rXiQxxpYY8NJ0c6b766Y3Fv7x2qqMzP6MiSTUReLooShnUMRynAbtUEqzZ0BCEJTW3QtxHEmFtMiuYED4/hf+Thld2Db8+LlYvZnHkwS7YAyXgglNQBVegBuoAgxG4B4/gybqzHqxn62XamrNmM9vgG6zXD2FXlPs=</latexit>

|M|2 / q2g2µ
�
✏2 + (qa)2 + . . .

�
<latexit sha1_base64="EiFebA4T7wWjVCUwuC2D60Bw2lw="></latexit><latexit sha1_base64="EiFebA4T7wWjVCUwuC2D60Bw2lw="></latexit><latexit sha1_base64="EiFebA4T7wWjVCUwuC2D60Bw2lw="></latexit><latexit sha1_base64="EiFebA4T7wWjVCUwuC2D60Bw2lw="></latexit>

Setting
Rate

q

q4
<latexit sha1_base64="Cfht/JXjk7do7qzGM7rCKSXKjxg=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4CjMS1Fwk4MVjRLNAMoaeTiVp0tMzdvcIYcgnePGgiFe/yJt/Y2cRXB8UPN6roqpeEAuujeu+O5mFxaXllexqbm19Y3Mrv71T11GiGNZYJCLVDKhGwSXWDDcCm7FCGgYCG8HwfOI37lBpHslrM4rRD2lf8h5n1Fjp6vam1MkX3GLZ9crHHvlNvKI7RQHmqHbyb+1uxJIQpWGCat3y3Nj4KVWGM4HjXDvRGFM2pH1sWSppiNpPp6eOyYFVuqQXKVvSkKn6dSKlodajMLCdITUD/dObiH95rcT0Tv2UyzgxKNlsUS8RxERk8jfpcoXMiJEllClubyVsQBVlxqaTsyF8fkr+J/Wjomf5ZalQOZvHkYU92IdD8OAEKnABVagBgz7cwyM8OcJ5cJ6dl1lrxpnP7MI3OK8fc9ON5Q==</latexit><latexit sha1_base64="Cfht/JXjk7do7qzGM7rCKSXKjxg=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4CjMS1Fwk4MVjRLNAMoaeTiVp0tMzdvcIYcgnePGgiFe/yJt/Y2cRXB8UPN6roqpeEAuujeu+O5mFxaXllexqbm19Y3Mrv71T11GiGNZYJCLVDKhGwSXWDDcCm7FCGgYCG8HwfOI37lBpHslrM4rRD2lf8h5n1Fjp6vam1MkX3GLZ9crHHvlNvKI7RQHmqHbyb+1uxJIQpWGCat3y3Nj4KVWGM4HjXDvRGFM2pH1sWSppiNpPp6eOyYFVuqQXKVvSkKn6dSKlodajMLCdITUD/dObiH95rcT0Tv2UyzgxKNlsUS8RxERk8jfpcoXMiJEllClubyVsQBVlxqaTsyF8fkr+J/Wjomf5ZalQOZvHkYU92IdD8OAEKnABVagBgz7cwyM8OcJ5cJ6dl1lrxpnP7MI3OK8fc9ON5Q==</latexit><latexit sha1_base64="Cfht/JXjk7do7qzGM7rCKSXKjxg=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4CjMS1Fwk4MVjRLNAMoaeTiVp0tMzdvcIYcgnePGgiFe/yJt/Y2cRXB8UPN6roqpeEAuujeu+O5mFxaXllexqbm19Y3Mrv71T11GiGNZYJCLVDKhGwSXWDDcCm7FCGgYCG8HwfOI37lBpHslrM4rRD2lf8h5n1Fjp6vam1MkX3GLZ9crHHvlNvKI7RQHmqHbyb+1uxJIQpWGCat3y3Nj4KVWGM4HjXDvRGFM2pH1sWSppiNpPp6eOyYFVuqQXKVvSkKn6dSKlodajMLCdITUD/dObiH95rcT0Tv2UyzgxKNlsUS8RxERk8jfpcoXMiJEllClubyVsQBVlxqaTsyF8fkr+J/Wjomf5ZalQOZvHkYU92IdD8OAEKnABVagBgz7cwyM8OcJ5cJ6dl1lrxpnP7MI3OK8fc9ON5Q==</latexit><latexit sha1_base64="Cfht/JXjk7do7qzGM7rCKSXKjxg=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4CjMS1Fwk4MVjRLNAMoaeTiVp0tMzdvcIYcgnePGgiFe/yJt/Y2cRXB8UPN6roqpeEAuujeu+O5mFxaXllexqbm19Y3Mrv71T11GiGNZYJCLVDKhGwSXWDDcCm7FCGgYCG8HwfOI37lBpHslrM4rRD2lf8h5n1Fjp6vam1MkX3GLZ9crHHvlNvKI7RQHmqHbyb+1uxJIQpWGCat3y3Nj4KVWGM4HjXDvRGFM2pH1sWSppiNpPp6eOyYFVuqQXKVvSkKn6dSKlodajMLCdITUD/dObiH95rcT0Tv2UyzgxKNlsUS8RxERk8jfpcoXMiJEllClubyVsQBVlxqaTsyF8fkr+J/Wjomf5ZalQOZvHkYU92IdD8OAEKnABVagBgz7cwyM8OcJ5cJ6dl1lrxpnP7MI3OK8fc9ON5Q==</latexit>

✏2q2
<latexit sha1_base64="ttPW8tyL11WI0H25KPftB+0eOQw=">AAAB9XicdZDLSgMxFIbP1Futt6pLN8EiuCozRdRupODGZQXbCu20ZNIzbWgmMyYZpZS+hxsXirj1Xdz5NqYXwesPgY//nMM5+YNEcG1c993JLCwuLa9kV3Nr6xubW/ntnbqOU8WwxmIRq+uAahRcYs1wI/A6UUijQGAjGJxP6o1bVJrH8soME/Qj2pM85Iwaa7VbmGguLJTITbvUyRfcYtn1ysce+Q1e0Z2qAHNVO/m3VjdmaYTSMEG1bnpuYvwRVYYzgeNcK9WYUDagPWxalDRC7Y+mV4/JgXW6JIyVfdKQqft1YkQjrYdRYDsjavr6Z21i/lVrpiY89UdcJqlByWaLwlQQE5NJBKTLFTIjhhYoU9zeSlifKsqMDSpnQ/j8Kfkf6qWiZ/nyqFA5m8eRhT3Yh0Pw4AQqcAFVqAEDBffwCE/OnfPgPDsvs9aMM5/ZhW9yXj8AQyOSVw==</latexit><latexit sha1_base64="ttPW8tyL11WI0H25KPftB+0eOQw=">AAAB9XicdZDLSgMxFIbP1Futt6pLN8EiuCozRdRupODGZQXbCu20ZNIzbWgmMyYZpZS+hxsXirj1Xdz5NqYXwesPgY//nMM5+YNEcG1c993JLCwuLa9kV3Nr6xubW/ntnbqOU8WwxmIRq+uAahRcYs1wI/A6UUijQGAjGJxP6o1bVJrH8soME/Qj2pM85Iwaa7VbmGguLJTITbvUyRfcYtn1ysce+Q1e0Z2qAHNVO/m3VjdmaYTSMEG1bnpuYvwRVYYzgeNcK9WYUDagPWxalDRC7Y+mV4/JgXW6JIyVfdKQqft1YkQjrYdRYDsjavr6Z21i/lVrpiY89UdcJqlByWaLwlQQE5NJBKTLFTIjhhYoU9zeSlifKsqMDSpnQ/j8Kfkf6qWiZ/nyqFA5m8eRhT3Yh0Pw4AQqcAFVqAEDBffwCE/OnfPgPDsvs9aMM5/ZhW9yXj8AQyOSVw==</latexit><latexit sha1_base64="ttPW8tyL11WI0H25KPftB+0eOQw=">AAAB9XicdZDLSgMxFIbP1Futt6pLN8EiuCozRdRupODGZQXbCu20ZNIzbWgmMyYZpZS+hxsXirj1Xdz5NqYXwesPgY//nMM5+YNEcG1c993JLCwuLa9kV3Nr6xubW/ntnbqOU8WwxmIRq+uAahRcYs1wI/A6UUijQGAjGJxP6o1bVJrH8soME/Qj2pM85Iwaa7VbmGguLJTITbvUyRfcYtn1ysce+Q1e0Z2qAHNVO/m3VjdmaYTSMEG1bnpuYvwRVYYzgeNcK9WYUDagPWxalDRC7Y+mV4/JgXW6JIyVfdKQqft1YkQjrYdRYDsjavr6Z21i/lVrpiY89UdcJqlByWaLwlQQE5NJBKTLFTIjhhYoU9zeSlifKsqMDSpnQ/j8Kfkf6qWiZ/nyqFA5m8eRhT3Yh0Pw4AQqcAFVqAEDBffwCE/OnfPgPDsvs9aMM5/ZhW9yXj8AQyOSVw==</latexit><latexit sha1_base64="ttPW8tyL11WI0H25KPftB+0eOQw=">AAAB9XicdZDLSgMxFIbP1Futt6pLN8EiuCozRdRupODGZQXbCu20ZNIzbWgmMyYZpZS+hxsXirj1Xdz5NqYXwesPgY//nMM5+YNEcG1c993JLCwuLa9kV3Nr6xubW/ntnbqOU8WwxmIRq+uAahRcYs1wI/A6UUijQGAjGJxP6o1bVJrH8soME/Qj2pM85Iwaa7VbmGguLJTITbvUyRfcYtn1ysce+Q1e0Z2qAHNVO/m3VjdmaYTSMEG1bnpuYvwRVYYzgeNcK9WYUDagPWxalDRC7Y+mV4/JgXW6JIyVfdKQqft1YkQjrYdRYDsjavr6Z21i/lVrpiY89UdcJqlByWaLwlQQE5NJBKTLFTIjhhYoU9zeSlifKsqMDSpnQ/j8Kfkf6qWiZ/nyqFA5m8eRhT3Yh0Pw4AQqcAFVqAEDBffwCE/OnfPgPDsvs9aMM5/ZhW9yXj8AQyOSVw==</latexit>

a
<latexit sha1_base64="/KYQZ/atFDyW3tBMstIAgb7pWJQ=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjMiai4S8OIxAbNAMoSeTk3Spqdn6O4RwpAv8OJBEa9+kjf/xs4iuD4oeLxXRVW9IBFcG9d9d3JLyyura/n1wsbm1vZOcXevqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR1dRv3aHSPJY3ZpygH9GB5CFn1FipTnvFkluuuF7lzCO/iVd2ZyjBArVe8a3bj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTmySp+EsbIlDZmpXycyGmk9jgLbGVEz1D+9qfiX10lNeOFnXCapQcnmi8JUEBOT6dekzxUyI8aWUKa4vZWwIVWUGZtNwYbw+Sn5nzRPyp7l9dNS9XIRRx4O4BCOwYNzqMI11KABDBDu4RGenFvnwXl2XuatOWcxsw/f4Lx+ADMyjS8=</latexit><latexit sha1_base64="/KYQZ/atFDyW3tBMstIAgb7pWJQ=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjMiai4S8OIxAbNAMoSeTk3Spqdn6O4RwpAv8OJBEa9+kjf/xs4iuD4oeLxXRVW9IBFcG9d9d3JLyyura/n1wsbm1vZOcXevqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR1dRv3aHSPJY3ZpygH9GB5CFn1FipTnvFkluuuF7lzCO/iVd2ZyjBArVe8a3bj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTmySp+EsbIlDZmpXycyGmk9jgLbGVEz1D+9qfiX10lNeOFnXCapQcnmi8JUEBOT6dekzxUyI8aWUKa4vZWwIVWUGZtNwYbw+Sn5nzRPyp7l9dNS9XIRRx4O4BCOwYNzqMI11KABDBDu4RGenFvnwXl2XuatOWcxsw/f4Lx+ADMyjS8=</latexit><latexit sha1_base64="/KYQZ/atFDyW3tBMstIAgb7pWJQ=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjMiai4S8OIxAbNAMoSeTk3Spqdn6O4RwpAv8OJBEa9+kjf/xs4iuD4oeLxXRVW9IBFcG9d9d3JLyyura/n1wsbm1vZOcXevqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR1dRv3aHSPJY3ZpygH9GB5CFn1FipTnvFkluuuF7lzCO/iVd2ZyjBArVe8a3bj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTmySp+EsbIlDZmpXycyGmk9jgLbGVEz1D+9qfiX10lNeOFnXCapQcnmi8JUEBOT6dekzxUyI8aWUKa4vZWwIVWUGZtNwYbw+Sn5nzRPyp7l9dNS9XIRRx4O4BCOwYNzqMI11KABDBDu4RGenFvnwXl2XuatOWcxsw/f4Lx+ADMyjS8=</latexit><latexit sha1_base64="/KYQZ/atFDyW3tBMstIAgb7pWJQ=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjMiai4S8OIxAbNAMoSeTk3Spqdn6O4RwpAv8OJBEa9+kjf/xs4iuD4oeLxXRVW9IBFcG9d9d3JLyyura/n1wsbm1vZOcXevqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR1dRv3aHSPJY3ZpygH9GB5CFn1FipTnvFkluuuF7lzCO/iVd2ZyjBArVe8a3bj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTmySp+EsbIlDZmpXycyGmk9jgLbGVEz1D+9qfiX10lNeOFnXCapQcnmi8JUEBOT6dekzxUyI8aWUKa4vZWwIVWUGZtNwYbw+Sn5nzRPyp7l9dNS9XIRRx4O4BCOwYNzqMI11KABDBDu4RGenFvnwXl2XuatOWcxsw/f4Lx+ADMyjS8=</latexit>

q2
<latexit sha1_base64="GeJPFwIda6yF2tkUAqfV/KfHmB4=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4CjNB1NyCXjxGNAskY+jpVJImPT1jd48QhnyCFw+KePWLvPk3dhbB9UHB470qquoFseDauO67k1lYXFpeya7m1tY3Nrfy2zt1HSWKYY1FIlLNgGoUXGLNcCOwGSukYSCwEQzPJ37jDpXmkbw2oxj9kPYl73FGjZWubm9KnXzBLZZdr3zskd/EK7pTFGCOaif/1u5GLAlRGiao1i3PjY2fUmU4EzjOtRONMWVD2seWpZKGqP10euqYHFilS3qRsiUNmapfJ1Iaaj0KA9sZUjPQP72J+JfXSkzv1E+5jBODks0W9RJBTEQmf5MuV8iMGFlCmeL2VsIGVFFmbDo5G8Lnp+R/Ui8VPcsvjwqVs3kcWdiDfTgED06gAhdQhRow6MM9PMKTI5wH59l5mbVmnPnMLnyD8/oBcf+N5w==</latexit><latexit sha1_base64="GeJPFwIda6yF2tkUAqfV/KfHmB4=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4CjNB1NyCXjxGNAskY+jpVJImPT1jd48QhnyCFw+KePWLvPk3dhbB9UHB470qquoFseDauO67k1lYXFpeya7m1tY3Nrfy2zt1HSWKYY1FIlLNgGoUXGLNcCOwGSukYSCwEQzPJ37jDpXmkbw2oxj9kPYl73FGjZWubm9KnXzBLZZdr3zskd/EK7pTFGCOaif/1u5GLAlRGiao1i3PjY2fUmU4EzjOtRONMWVD2seWpZKGqP10euqYHFilS3qRsiUNmapfJ1Iaaj0KA9sZUjPQP72J+JfXSkzv1E+5jBODks0W9RJBTEQmf5MuV8iMGFlCmeL2VsIGVFFmbDo5G8Lnp+R/Ui8VPcsvjwqVs3kcWdiDfTgED06gAhdQhRow6MM9PMKTI5wH59l5mbVmnPnMLnyD8/oBcf+N5w==</latexit><latexit sha1_base64="GeJPFwIda6yF2tkUAqfV/KfHmB4=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4CjNB1NyCXjxGNAskY+jpVJImPT1jd48QhnyCFw+KePWLvPk3dhbB9UHB470qquoFseDauO67k1lYXFpeya7m1tY3Nrfy2zt1HSWKYY1FIlLNgGoUXGLNcCOwGSukYSCwEQzPJ37jDpXmkbw2oxj9kPYl73FGjZWubm9KnXzBLZZdr3zskd/EK7pTFGCOaif/1u5GLAlRGiao1i3PjY2fUmU4EzjOtRONMWVD2seWpZKGqP10euqYHFilS3qRsiUNmapfJ1Iaaj0KA9sZUjPQP72J+JfXSkzv1E+5jBODks0W9RJBTEQmf5MuV8iMGFlCmeL2VsIGVFFmbDo5G8Lnp+R/Ui8VPcsvjwqVs3kcWdiDfTgED06gAhdQhRow6MM9PMKTI5wH59l5mbVmnPnMLnyD8/oBcf+N5w==</latexit><latexit sha1_base64="GeJPFwIda6yF2tkUAqfV/KfHmB4=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4CjNB1NyCXjxGNAskY+jpVJImPT1jd48QhnyCFw+KePWLvPk3dhbB9UHB470qquoFseDauO67k1lYXFpeya7m1tY3Nrfy2zt1HSWKYY1FIlLNgGoUXGLNcCOwGSukYSCwEQzPJ37jDpXmkbw2oxj9kPYl73FGjZWubm9KnXzBLZZdr3zskd/EK7pTFGCOaif/1u5GLAlRGiao1i3PjY2fUmU4EzjOtRONMWVD2seWpZKGqP10euqYHFilS3qRsiUNmapfJ1Iaaj0KA9sZUjPQP72J+JfXSkzv1E+5jBODks0W9RJBTEQmf5MuV8iMGFlCmeL2VsIGVFFmbDo5G8Lnp+R/Ui8VPcsvjwqVs3kcWdiDfTgED06gAhdQhRow6MM9PMKTI5wH59l5mbVmnPnMLnyD8/oBcf+N5w==</latexit>



Material consequences



gi = gp Zi + gn(Ai � Zi) = Ai

✓
(gp � gn)

Zi

Ai
+ gn

◆

<latexit sha1_base64="E18mz5fP5spVUh8jIwCNMdrEy0Q="></latexit><latexit sha1_base64="E18mz5fP5spVUh8jIwCNMdrEy0Q="></latexit><latexit sha1_base64="E18mz5fP5spVUh8jIwCNMdrEy0Q="></latexit><latexit sha1_base64="E18mz5fP5spVUh8jIwCNMdrEy0Q="></latexit>

Atomic number and atomic mass only differ due to binding energy effects

Characterisation of materials



Always in the coupling to mass limit
gp = gn

<latexit sha1_base64="GV1ybsBUcr0Dakb+5NA8jeD2CGc=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFZLWknahFNy4rGAf0IYwmU7SoZPJMDMRSuhHuHGhiFu/x51/4/QhqOiBC4dz7uXee0LBqNKO82EV1tY3NreK26Wd3b39g/LhUVelmcSkg1OWyn6IFGGUk46mmpG+kAQlISO9cHI993v3RCqa8js9FcRPUMxpRDHSRurFgbiMAx6UK47tVj2v7kLHbjabXr22JE6tAV3bWaACVmgH5ffhKMVZQrjGDCk1cB2h/RxJTTEjs9IwU0QgPEExGRjKUUKUny/OncEzo4xglEpTXMOF+n0iR4lS0yQ0nQnSY/Xbm4t/eYNMRw0/p1xkmnC8XBRlDOoUzn+HIyoJ1mxqCMKSmlshHiOJsDYJlUwIX5/C/0m3aruG315UWlerOIrgBJyCc+ACD7TADWiDDsBgAh7AE3i2hPVovVivy9aCtZo5Bj9gvX0CrpmPyg==</latexit><latexit sha1_base64="GV1ybsBUcr0Dakb+5NA8jeD2CGc=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFZLWknahFNy4rGAf0IYwmU7SoZPJMDMRSuhHuHGhiFu/x51/4/QhqOiBC4dz7uXee0LBqNKO82EV1tY3NreK26Wd3b39g/LhUVelmcSkg1OWyn6IFGGUk46mmpG+kAQlISO9cHI993v3RCqa8js9FcRPUMxpRDHSRurFgbiMAx6UK47tVj2v7kLHbjabXr22JE6tAV3bWaACVmgH5ffhKMVZQrjGDCk1cB2h/RxJTTEjs9IwU0QgPEExGRjKUUKUny/OncEzo4xglEpTXMOF+n0iR4lS0yQ0nQnSY/Xbm4t/eYNMRw0/p1xkmnC8XBRlDOoUzn+HIyoJ1mxqCMKSmlshHiOJsDYJlUwIX5/C/0m3aruG315UWlerOIrgBJyCc+ACD7TADWiDDsBgAh7AE3i2hPVovVivy9aCtZo5Bj9gvX0CrpmPyg==</latexit><latexit sha1_base64="GV1ybsBUcr0Dakb+5NA8jeD2CGc=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFZLWknahFNy4rGAf0IYwmU7SoZPJMDMRSuhHuHGhiFu/x51/4/QhqOiBC4dz7uXee0LBqNKO82EV1tY3NreK26Wd3b39g/LhUVelmcSkg1OWyn6IFGGUk46mmpG+kAQlISO9cHI993v3RCqa8js9FcRPUMxpRDHSRurFgbiMAx6UK47tVj2v7kLHbjabXr22JE6tAV3bWaACVmgH5ffhKMVZQrjGDCk1cB2h/RxJTTEjs9IwU0QgPEExGRjKUUKUny/OncEzo4xglEpTXMOF+n0iR4lS0yQ0nQnSY/Xbm4t/eYNMRw0/p1xkmnC8XBRlDOoUzn+HIyoJ1mxqCMKSmlshHiOJsDYJlUwIX5/C/0m3aruG315UWlerOIrgBJyCc+ACD7TADWiDDsBgAh7AE3i2hPVovVivy9aCtZo5Bj9gvX0CrpmPyg==</latexit><latexit sha1_base64="GV1ybsBUcr0Dakb+5NA8jeD2CGc=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFZLWknahFNy4rGAf0IYwmU7SoZPJMDMRSuhHuHGhiFu/x51/4/QhqOiBC4dz7uXee0LBqNKO82EV1tY3NreK26Wd3b39g/LhUVelmcSkg1OWyn6IFGGUk46mmpG+kAQlISO9cHI993v3RCqa8js9FcRPUMxpRDHSRurFgbiMAx6UK47tVj2v7kLHbjabXr22JE6tAV3bWaACVmgH5ffhKMVZQrjGDCk1cB2h/RxJTTEjs9IwU0QgPEExGRjKUUKUny/OncEzo4xglEpTXMOF+n0iR4lS0yQ0nQnSY/Xbm4t/eYNMRw0/p1xkmnC8XBRlDOoUzn+HIyoJ1mxqCMKSmlshHiOJsDYJlUwIX5/C/0m3aruG315UWlerOIrgBJyCc+ACD7TADWiDDsBgAh7AE3i2hPVovVivy9aCtZo5Bj9gvX0CrpmPyg==</latexit>

gp 6= gn
<latexit sha1_base64="eN6Ey/aJ20aeVm16YQi9/VC/xQ0=">AAAB8XicdVDLSsNAFL2pr1pfVZduBovgKiStJe1GCm5cVrAPbEOYTKfp0MkkzEyEUvoXblwo4ta/ceffOH0IKnrgwuGce7n3njDlTGnH+bBya+sbm1v57cLO7t7+QfHwqK2STBLaIglPZDfEinImaEszzWk3lRTHIaedcHw19zv3VCqWiFs9Sakf40iwISNYG+kuCtK+oCgKRFAsObZb9ryqixy7Xq971cqSOJUacm1ngRKs0AyK7/1BQrKYCk04VqrnOqn2p1hqRjidFfqZoikmYxzRnqECx1T508XFM3RmlAEaJtKU0Gihfp+Y4lipSRyazhjrkfrtzcW/vF6mhzV/ykSaaSrIctEw40gnaP4+GjBJieYTQzCRzNyKyAhLTLQJqWBC+PoU/U/aZds1/Oai1LhcxZGHEziFc3DBgwZcQxNaQEDAAzzBs6WsR+vFel225qzVzDH8gPX2CcYCkPo=</latexit><latexit sha1_base64="eN6Ey/aJ20aeVm16YQi9/VC/xQ0=">AAAB8XicdVDLSsNAFL2pr1pfVZduBovgKiStJe1GCm5cVrAPbEOYTKfp0MkkzEyEUvoXblwo4ta/ceffOH0IKnrgwuGce7n3njDlTGnH+bBya+sbm1v57cLO7t7+QfHwqK2STBLaIglPZDfEinImaEszzWk3lRTHIaedcHw19zv3VCqWiFs9Sakf40iwISNYG+kuCtK+oCgKRFAsObZb9ryqixy7Xq971cqSOJUacm1ngRKs0AyK7/1BQrKYCk04VqrnOqn2p1hqRjidFfqZoikmYxzRnqECx1T508XFM3RmlAEaJtKU0Gihfp+Y4lipSRyazhjrkfrtzcW/vF6mhzV/ykSaaSrIctEw40gnaP4+GjBJieYTQzCRzNyKyAhLTLQJqWBC+PoU/U/aZds1/Oai1LhcxZGHEziFc3DBgwZcQxNaQEDAAzzBs6WsR+vFel225qzVzDH8gPX2CcYCkPo=</latexit><latexit sha1_base64="eN6Ey/aJ20aeVm16YQi9/VC/xQ0=">AAAB8XicdVDLSsNAFL2pr1pfVZduBovgKiStJe1GCm5cVrAPbEOYTKfp0MkkzEyEUvoXblwo4ta/ceffOH0IKnrgwuGce7n3njDlTGnH+bBya+sbm1v57cLO7t7+QfHwqK2STBLaIglPZDfEinImaEszzWk3lRTHIaedcHw19zv3VCqWiFs9Sakf40iwISNYG+kuCtK+oCgKRFAsObZb9ryqixy7Xq971cqSOJUacm1ngRKs0AyK7/1BQrKYCk04VqrnOqn2p1hqRjidFfqZoikmYxzRnqECx1T508XFM3RmlAEaJtKU0Gihfp+Y4lipSRyazhjrkfrtzcW/vF6mhzV/ykSaaSrIctEw40gnaP4+GjBJieYTQzCRzNyKyAhLTLQJqWBC+PoU/U/aZds1/Oai1LhcxZGHEziFc3DBgwZcQxNaQEDAAzzBs6WsR+vFel225qzVzDH8gPX2CcYCkPo=</latexit><latexit sha1_base64="eN6Ey/aJ20aeVm16YQi9/VC/xQ0=">AAAB8XicdVDLSsNAFL2pr1pfVZduBovgKiStJe1GCm5cVrAPbEOYTKfp0MkkzEyEUvoXblwo4ta/ceffOH0IKnrgwuGce7n3njDlTGnH+bBya+sbm1v57cLO7t7+QfHwqK2STBLaIglPZDfEinImaEszzWk3lRTHIaedcHw19zv3VCqWiFs9Sakf40iwISNYG+kuCtK+oCgKRFAsObZb9ryqixy7Xq971cqSOJUacm1ngRKs0AyK7/1BQrKYCk04VqrnOqn2p1hqRjidFfqZoikmYxzRnqECx1T508XFM3RmlAEaJtKU0Gihfp+Y4lipSRyazhjrkfrtzcW/vF6mhzV/ykSaaSrIctEw40gnaP4+GjBJieYTQzCRzNyKyAhLTLQJqWBC+PoU/U/aZds1/Oai1LhcxZGHEziFc3DBgwZcQxNaQEDAAzzBs6WsR+vFel225qzVzDH8gPX2CcYCkPo=</latexit>
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Atomic number and atomic mass only differ due to binding energy effects

Characterisation of materials
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i.e. keV-MeV mass

Telescope sensitivity gap
accumulate statistics for faint sources, and provide context for multimessenger discoveries as new
facilities emerge [23, 24].
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Figure 5: Left: AMEGO will revolutionize medium-energy gamma-ray astronomy by providing >20⇥ bet-
ter sensitivity in the MeV band compared to COMPTEL. The AMEGO 3� continuum sensitivity is calculated
for all-sky exposure during a 5-year mission. All other sensitivity curves are calculated for typical source
exposure over the mission lifetimes. Right: Narrow-line sensitivity for AMEGO from 200 keV to 9 MeV, in
comparison to INTEGRAL/SPI and COMPTEL.

AMEGO’s discovery potential derives from its combination of order-of-magnitude improve-
ment in continuum sensitivity, advanced nuclear line spectroscopy, and gamma-ray polarization
capability [25, 26]; its superior angular resolution will help resolve the diffuse gamma-ray emis-
sion that limits the sensitivity of Fermi-LAT analyses <300 MeV. Discovery is almost a foregone
conclusion from this level of performance gain. One target area for potential breakthroughs is
magnetar physics. Magnetars are laboratories for extreme quantum electrodynamics, with critical
spectral and polarization features in the AMEGO energy range that relate directly to issues in fun-
damental physics such as the QED prediction photon splitting and birefringence of the magnetized
vacuum [2]. Another opportunity is the ongoing search for the nature of dark matter, with well-
motivated possibilities potentially revealed in the medium-energy gamma-ray band [27, 28, 29, 30].

3 Technical Overview
To achieve the science described in Section 2 and in the numerous studies submitted to the As-
tro2020 white paper call, we optimized an instrument design that enables sensitive continuum
spectral measurements over a broad energy range, with additional capabilities for measuring po-
larization and spectral lines. AMEGO consists of four subsystems: (Fig. 6) a double-sided silicon
detector (DSSD) tracker, a 3D position-sensitive virtual Frisch-grid Imaging Cadmium Zinc Tel-
luride (CZT) calorimeter, a segmented thallium-activated Cesium Iodide (CsI) calorimeter and a
plastic scintillator Anti-Coincidence Detector (ACD). The Si tracker, CsI calorimeter, and ACD
are analogs of systems flown on Fermi-LAT [31]. The AMEGO instrument performance derived
from detailed detector simulations [32] is shown in Table 1.

The tracker subsystem consists of 60 layers of DSSDs. For the candidate design presented in this
proposal, each tower layer contains a 4 ⇥ 4 array of DSSDs, each 9.5 cm square and 500 microns
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i.e. keV-MeV mass

Telescope sensitivity gap
accumulate statistics for faint sources, and provide context for multimessenger discoveries as new
facilities emerge [23, 24].
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Figure 5: Left: AMEGO will revolutionize medium-energy gamma-ray astronomy by providing >20⇥ bet-
ter sensitivity in the MeV band compared to COMPTEL. The AMEGO 3� continuum sensitivity is calculated
for all-sky exposure during a 5-year mission. All other sensitivity curves are calculated for typical source
exposure over the mission lifetimes. Right: Narrow-line sensitivity for AMEGO from 200 keV to 9 MeV, in
comparison to INTEGRAL/SPI and COMPTEL.

AMEGO’s discovery potential derives from its combination of order-of-magnitude improve-
ment in continuum sensitivity, advanced nuclear line spectroscopy, and gamma-ray polarization
capability [25, 26]; its superior angular resolution will help resolve the diffuse gamma-ray emis-
sion that limits the sensitivity of Fermi-LAT analyses <300 MeV. Discovery is almost a foregone
conclusion from this level of performance gain. One target area for potential breakthroughs is
magnetar physics. Magnetars are laboratories for extreme quantum electrodynamics, with critical
spectral and polarization features in the AMEGO energy range that relate directly to issues in fun-
damental physics such as the QED prediction photon splitting and birefringence of the magnetized
vacuum [2]. Another opportunity is the ongoing search for the nature of dark matter, with well-
motivated possibilities potentially revealed in the medium-energy gamma-ray band [27, 28, 29, 30].

3 Technical Overview
To achieve the science described in Section 2 and in the numerous studies submitted to the As-
tro2020 white paper call, we optimized an instrument design that enables sensitive continuum
spectral measurements over a broad energy range, with additional capabilities for measuring po-
larization and spectral lines. AMEGO consists of four subsystems: (Fig. 6) a double-sided silicon
detector (DSSD) tracker, a 3D position-sensitive virtual Frisch-grid Imaging Cadmium Zinc Tel-
luride (CZT) calorimeter, a segmented thallium-activated Cesium Iodide (CsI) calorimeter and a
plastic scintillator Anti-Coincidence Detector (ACD). The Si tracker, CsI calorimeter, and ACD
are analogs of systems flown on Fermi-LAT [31]. The AMEGO instrument performance derived
from detailed detector simulations [32] is shown in Table 1.

The tracker subsystem consists of 60 layers of DSSDs. For the candidate design presented in this
proposal, each tower layer contains a 4 ⇥ 4 array of DSSDs, each 9.5 cm square and 500 microns
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