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measured outcome. A null result has the capability to rule out significant classes of models that are favoured to super-
sede the current “standard model” of particle physics; see Figure 2. A discovery would be an unambiguous signal of
new physics–a new source of CP violation, and one that could be the very source needed to explain the abundance of
matter.

Tl (2
00

2)

Standard 
Model

10�41
<latexit sha1_base64="hXatqzAmXM3jGZ1Yv3OZFGkX8Es=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4sSRS0GPRi8cK9gPatWTTbBuaza5JVihL/4QXD4p49e9489+YtnvQ1gcDj/dmmJkXJFIYi/G3t7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3rLCStxPNaRRI3gpGN1O/9cS1EbG6t+OE+xEdKBEKRq2T2gQ/ZOdVMumVyriCZ0DLhOSkDDnqvdJXtx+zNOLKMkmN6RCcWD+j2gom+aTYTQ1PKBvRAe84qmjEjZ/N7p2gU6f0URhrV8qimfp7IqORMeMocJ0RtUOz6E3F/7xOasMrPxMqSS1XbL4oTCWyMZo+j/pCc2bl2BHKtHC3IjakmjLrIiq6EMjiy8ukeVEhuELuquXadR5HAY7hBM6AwCXU4Bbq0AAGEp7hFd68R+/Fe/c+5q0rXj5zBH/gff4AsPiPEw==</latexit><latexit sha1_base64="hXatqzAmXM3jGZ1Yv3OZFGkX8Es=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4sSRS0GPRi8cK9gPatWTTbBuaza5JVihL/4QXD4p49e9489+YtnvQ1gcDj/dmmJkXJFIYi/G3t7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3rLCStxPNaRRI3gpGN1O/9cS1EbG6t+OE+xEdKBEKRq2T2gQ/ZOdVMumVyriCZ0DLhOSkDDnqvdJXtx+zNOLKMkmN6RCcWD+j2gom+aTYTQ1PKBvRAe84qmjEjZ/N7p2gU6f0URhrV8qimfp7IqORMeMocJ0RtUOz6E3F/7xOasMrPxMqSS1XbL4oTCWyMZo+j/pCc2bl2BHKtHC3IjakmjLrIiq6EMjiy8ukeVEhuELuquXadR5HAY7hBM6AwCXU4Bbq0AAGEp7hFd68R+/Fe/c+5q0rXj5zBH/gff4AsPiPEw==</latexit><latexit sha1_base64="hXatqzAmXM3jGZ1Yv3OZFGkX8Es=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4sSRS0GPRi8cK9gPatWTTbBuaza5JVihL/4QXD4p49e9489+YtnvQ1gcDj/dmmJkXJFIYi/G3t7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3rLCStxPNaRRI3gpGN1O/9cS1EbG6t+OE+xEdKBEKRq2T2gQ/ZOdVMumVyriCZ0DLhOSkDDnqvdJXtx+zNOLKMkmN6RCcWD+j2gom+aTYTQ1PKBvRAe84qmjEjZ/N7p2gU6f0URhrV8qimfp7IqORMeMocJ0RtUOz6E3F/7xOasMrPxMqSS1XbL4oTCWyMZo+j/pCc2bl2BHKtHC3IjakmjLrIiq6EMjiy8ukeVEhuELuquXadR5HAY7hBM6AwCXU4Bbq0AAGEp7hFd68R+/Fe/c+5q0rXj5zBH/gff4AsPiPEw==</latexit><latexit sha1_base64="hXatqzAmXM3jGZ1Yv3OZFGkX8Es=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4sSRS0GPRi8cK9gPatWTTbBuaza5JVihL/4QXD4p49e9489+YtnvQ1gcDj/dmmJkXJFIYi/G3t7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3rLCStxPNaRRI3gpGN1O/9cS1EbG6t+OE+xEdKBEKRq2T2gQ/ZOdVMumVyriCZ0DLhOSkDDnqvdJXtx+zNOLKMkmN6RCcWD+j2gom+aTYTQ1PKBvRAe84qmjEjZ/N7p2gU6f0URhrV8qimfp7IqORMeMocJ0RtUOz6E3F/7xOasMrPxMqSS1XbL4oTCWyMZo+j/pCc2bl2BHKtHC3IjakmjLrIiq6EMjiy8ukeVEhuELuquXadR5HAY7hBM6AwCXU4Bbq0AAGEp7hFd68R+/Fe/c+5q0rXj5zBH/gff4AsPiPEw==</latexit>

10�40
<latexit sha1_base64="F5KciNChmjEMzamWjcDimhamUWc=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4sSRS0GPRi8cK9gPatWTTbBuaza5JVihL/4QXD4p49e9489+YtnvQ1gcDj/dmmJkXJFIYi/G3t7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3rLCStxPNaRRI3gpGN1O/9cS1EbG6t+OE+xEdKBEKRq2T2gQ/ZOdVPOmVyriCZ0DLhOSkDDnqvdJXtx+zNOLKMkmN6RCcWD+j2gom+aTYTQ1PKBvRAe84qmjEjZ/N7p2gU6f0URhrV8qimfp7IqORMeMocJ0RtUOz6E3F/7xOasMrPxMqSS1XbL4oTCWyMZo+j/pCc2bl2BHKtHC3IjakmjLrIiq6EMjiy8ukeVEhuELuquXadR5HAY7hBM6AwCXU4Bbq0AAGEp7hFd68R+/Fe/c+5q0rXj5zBH/gff4Ar3OPEg==</latexit><latexit sha1_base64="F5KciNChmjEMzamWjcDimhamUWc=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4sSRS0GPRi8cK9gPatWTTbBuaza5JVihL/4QXD4p49e9489+YtnvQ1gcDj/dmmJkXJFIYi/G3t7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3rLCStxPNaRRI3gpGN1O/9cS1EbG6t+OE+xEdKBEKRq2T2gQ/ZOdVPOmVyriCZ0DLhOSkDDnqvdJXtx+zNOLKMkmN6RCcWD+j2gom+aTYTQ1PKBvRAe84qmjEjZ/N7p2gU6f0URhrV8qimfp7IqORMeMocJ0RtUOz6E3F/7xOasMrPxMqSS1XbL4oTCWyMZo+j/pCc2bl2BHKtHC3IjakmjLrIiq6EMjiy8ukeVEhuELuquXadR5HAY7hBM6AwCXU4Bbq0AAGEp7hFd68R+/Fe/c+5q0rXj5zBH/gff4Ar3OPEg==</latexit><latexit sha1_base64="F5KciNChmjEMzamWjcDimhamUWc=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4sSRS0GPRi8cK9gPatWTTbBuaza5JVihL/4QXD4p49e9489+YtnvQ1gcDj/dmmJkXJFIYi/G3t7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3rLCStxPNaRRI3gpGN1O/9cS1EbG6t+OE+xEdKBEKRq2T2gQ/ZOdVPOmVyriCZ0DLhOSkDDnqvdJXtx+zNOLKMkmN6RCcWD+j2gom+aTYTQ1PKBvRAe84qmjEjZ/N7p2gU6f0URhrV8qimfp7IqORMeMocJ0RtUOz6E3F/7xOasMrPxMqSS1XbL4oTCWyMZo+j/pCc2bl2BHKtHC3IjakmjLrIiq6EMjiy8ukeVEhuELuquXadR5HAY7hBM6AwCXU4Bbq0AAGEp7hFd68R+/Fe/c+5q0rXj5zBH/gff4Ar3OPEg==</latexit><latexit sha1_base64="F5KciNChmjEMzamWjcDimhamUWc=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4sSRS0GPRi8cK9gPatWTTbBuaza5JVihL/4QXD4p49e9489+YtnvQ1gcDj/dmmJkXJFIYi/G3t7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3rLCStxPNaRRI3gpGN1O/9cS1EbG6t+OE+xEdKBEKRq2T2gQ/ZOdVPOmVyriCZ0DLhOSkDDnqvdJXtx+zNOLKMkmN6RCcWD+j2gom+aTYTQ1PKBvRAe84qmjEjZ/N7p2gU6f0URhrV8qimfp7IqORMeMocJ0RtUOz6E3F/7xOasMrPxMqSS1XbL4oTCWyMZo+j/pCc2bl2BHKtHC3IjakmjLrIiq6EMjiy8ukeVEhuELuquXadR5HAY7hBM6AwCXU4Bbq0AAGEp7hFd68R+/Fe/c+5q0rXj5zBH/gff4Ar3OPEg==</latexit>10�33

<latexit sha1_base64="DLAn37lRM9Kj8E7u89c0nY623mU=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbBrBD0GvXiMYB6QrGF2MkmGzM6uM71CWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3Uz95hPXRkTqHscx90M6UKIvGEUrtTz3IT2rVCbdYsktuzOQZeJlpAQZat3iV6cXsSTkCpmkxrQ9N0Y/pRoFk3xS6CSGx5SN6IC3LVU05MZPZ/dOyIlVeqQfaVsKyUz9PZHS0JhxGNjOkOLQLHpT8T+vnWD/yk+FihPkis0X9RNJMCLT50lPaM5Qji2hTAt7K2FDqilDG1HBhuAtvrxMGudlzy17dxel6nUWRx6O4BhOwYNLqMIt1KAODCQ8wyu8OY/Oi/PufMxbc042cwh/4Hz+ALJ8jxQ=</latexit><latexit sha1_base64="DLAn37lRM9Kj8E7u89c0nY623mU=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbBrBD0GvXiMYB6QrGF2MkmGzM6uM71CWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3Uz95hPXRkTqHscx90M6UKIvGEUrtTz3IT2rVCbdYsktuzOQZeJlpAQZat3iV6cXsSTkCpmkxrQ9N0Y/pRoFk3xS6CSGx5SN6IC3LVU05MZPZ/dOyIlVeqQfaVsKyUz9PZHS0JhxGNjOkOLQLHpT8T+vnWD/yk+FihPkis0X9RNJMCLT50lPaM5Qji2hTAt7K2FDqilDG1HBhuAtvrxMGudlzy17dxel6nUWRx6O4BhOwYNLqMIt1KAODCQ8wyu8OY/Oi/PufMxbc042cwh/4Hz+ALJ8jxQ=</latexit><latexit sha1_base64="DLAn37lRM9Kj8E7u89c0nY623mU=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbBrBD0GvXiMYB6QrGF2MkmGzM6uM71CWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3Uz95hPXRkTqHscx90M6UKIvGEUrtTz3IT2rVCbdYsktuzOQZeJlpAQZat3iV6cXsSTkCpmkxrQ9N0Y/pRoFk3xS6CSGx5SN6IC3LVU05MZPZ/dOyIlVeqQfaVsKyUz9PZHS0JhxGNjOkOLQLHpT8T+vnWD/yk+FihPkis0X9RNJMCLT50lPaM5Qji2hTAt7K2FDqilDG1HBhuAtvrxMGudlzy17dxel6nUWRx6O4BhOwYNLqMIt1KAODCQ8wyu8OY/Oi/PufMxbc042cwh/4Hz+ALJ8jxQ=</latexit><latexit sha1_base64="DLAn37lRM9Kj8E7u89c0nY623mU=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbBrBD0GvXiMYB6QrGF2MkmGzM6uM71CWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3Uz95hPXRkTqHscx90M6UKIvGEUrtTz3IT2rVCbdYsktuzOQZeJlpAQZat3iV6cXsSTkCpmkxrQ9N0Y/pRoFk3xS6CSGx5SN6IC3LVU05MZPZ/dOyIlVeqQfaVsKyUz9PZHS0JhxGNjOkOLQLHpT8T+vnWD/yk+FihPkis0X9RNJMCLT50lPaM5Qji2hTAt7K2FDqilDG1HBhuAtvrxMGudlzy17dxel6nUWRx6O4BhOwYNLqMIt1KAODCQ8wyu8OY/Oi/PufMxbc042cwh/4Hz+ALJ8jxQ=</latexit>

10�32
<latexit sha1_base64="DSGIUWnjL733uh9zulstPeOyk6g=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbBT0GvXiMYB6QrGF2MkmGzM6uM71CWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3Uz95hPXRkTqHscx90M6UKIvGEUrtTz3IT07r0y6xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzu6dkBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+lZ8KFSfIFZsv6ieSYESmz5Oe0JyhHFtCmRb2VsKGVFOGNqKCDcFbfHmZNCplzy17dxel6nUWRx6O4BhOwYNLqMIt1KAODCQ8wyu8OY/Oi/PufMxbc042cwh/4Hz+ALD3jxM=</latexit><latexit sha1_base64="DSGIUWnjL733uh9zulstPeOyk6g=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbBT0GvXiMYB6QrGF2MkmGzM6uM71CWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3Uz95hPXRkTqHscx90M6UKIvGEUrtTz3IT07r0y6xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzu6dkBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+lZ8KFSfIFZsv6ieSYESmz5Oe0JyhHFtCmRb2VsKGVFOGNqKCDcFbfHmZNCplzy17dxel6nUWRx6O4BhOwYNLqMIt1KAODCQ8wyu8OY/Oi/PufMxbc042cwh/4Hz+ALD3jxM=</latexit><latexit sha1_base64="DSGIUWnjL733uh9zulstPeOyk6g=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbBT0GvXiMYB6QrGF2MkmGzM6uM71CWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3Uz95hPXRkTqHscx90M6UKIvGEUrtTz3IT07r0y6xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzu6dkBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+lZ8KFSfIFZsv6ieSYESmz5Oe0JyhHFtCmRb2VsKGVFOGNqKCDcFbfHmZNCplzy17dxel6nUWRx6O4BhOwYNLqMIt1KAODCQ8wyu8OY/Oi/PufMxbc042cwh/4Hz+ALD3jxM=</latexit><latexit sha1_base64="DSGIUWnjL733uh9zulstPeOyk6g=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbBT0GvXiMYB6QrGF2MkmGzM6uM71CWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3Uz95hPXRkTqHscx90M6UKIvGEUrtTz3IT07r0y6xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzu6dkBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+lZ8KFSfIFZsv6ieSYESmz5Oe0JyhHFtCmRb2VsKGVFOGNqKCDcFbfHmZNCplzy17dxel6nUWRx6O4BhOwYNLqMIt1KAODCQ8wyu8OY/Oi/PufMxbc042cwh/4Hz+ALD3jxM=</latexit>10�31

<latexit sha1_base64="mNjGicggkfO3ra/ilRCnqVBwBVc=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4sWxU0GPRi8cK9gPatWTTbBuaTdYkK5Slf8KLB0W8+ne8+W9M2z1o64OBx3szzMwLE8GN9f1vb2l5ZXVtvbBR3Nza3tkt7e03jEo1ZXWqhNKtkBgmuGR1y61grUQzEoeCNcPhzcRvPjFtuJL3dpSwICZ9ySNOiXVSC/sP2ek5HndLZb/iT4EWCc5JGXLUuqWvTk/RNGbSUkGMaWM/sUFGtOVUsHGxkxqWEDokfdZ2VJKYmSCb3jtGx07poUhpV9Kiqfp7IiOxMaM4dJ0xsQMz703E/7x2aqOrIOMySS2TdLYoSgWyCk2eRz2uGbVi5AihmrtbER0QTah1ERVdCHj+5UXSOKtgv4LvLsrV6zyOAhzCEZwAhkuowi3UoA4UBDzDK7x5j96L9+59zFqXvHzmAP7A+/wBr3KPEg==</latexit><latexit sha1_base64="mNjGicggkfO3ra/ilRCnqVBwBVc=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4sWxU0GPRi8cK9gPatWTTbBuaTdYkK5Slf8KLB0W8+ne8+W9M2z1o64OBx3szzMwLE8GN9f1vb2l5ZXVtvbBR3Nza3tkt7e03jEo1ZXWqhNKtkBgmuGR1y61grUQzEoeCNcPhzcRvPjFtuJL3dpSwICZ9ySNOiXVSC/sP2ek5HndLZb/iT4EWCc5JGXLUuqWvTk/RNGbSUkGMaWM/sUFGtOVUsHGxkxqWEDokfdZ2VJKYmSCb3jtGx07poUhpV9Kiqfp7IiOxMaM4dJ0xsQMz703E/7x2aqOrIOMySS2TdLYoSgWyCk2eRz2uGbVi5AihmrtbER0QTah1ERVdCHj+5UXSOKtgv4LvLsrV6zyOAhzCEZwAhkuowi3UoA4UBDzDK7x5j96L9+59zFqXvHzmAP7A+/wBr3KPEg==</latexit><latexit sha1_base64="mNjGicggkfO3ra/ilRCnqVBwBVc=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4sWxU0GPRi8cK9gPatWTTbBuaTdYkK5Slf8KLB0W8+ne8+W9M2z1o64OBx3szzMwLE8GN9f1vb2l5ZXVtvbBR3Nza3tkt7e03jEo1ZXWqhNKtkBgmuGR1y61grUQzEoeCNcPhzcRvPjFtuJL3dpSwICZ9ySNOiXVSC/sP2ek5HndLZb/iT4EWCc5JGXLUuqWvTk/RNGbSUkGMaWM/sUFGtOVUsHGxkxqWEDokfdZ2VJKYmSCb3jtGx07poUhpV9Kiqfp7IiOxMaM4dJ0xsQMz703E/7x2aqOrIOMySS2TdLYoSgWyCk2eRz2uGbVi5AihmrtbER0QTah1ERVdCHj+5UXSOKtgv4LvLsrV6zyOAhzCEZwAhkuowi3UoA4UBDzDK7x5j96L9+59zFqXvHzmAP7A+/wBr3KPEg==</latexit><latexit sha1_base64="mNjGicggkfO3ra/ilRCnqVBwBVc=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4sWxU0GPRi8cK9gPatWTTbBuaTdYkK5Slf8KLB0W8+ne8+W9M2z1o64OBx3szzMwLE8GN9f1vb2l5ZXVtvbBR3Nza3tkt7e03jEo1ZXWqhNKtkBgmuGR1y61grUQzEoeCNcPhzcRvPjFtuJL3dpSwICZ9ySNOiXVSC/sP2ek5HndLZb/iT4EWCc5JGXLUuqWvTk/RNGbSUkGMaWM/sUFGtOVUsHGxkxqWEDokfdZ2VJKYmSCb3jtGx07poUhpV9Kiqfp7IiOxMaM4dJ0xsQMz703E/7x2aqOrIOMySS2TdLYoSgWyCk2eRz2uGbVi5AihmrtbER0QTah1ERVdCHj+5UXSOKtgv4LvLsrV6zyOAhzCEZwAhkuowi3UoA4UBDzDK7x5j96L9+59zFqXvHzmAP7A+/wBr3KPEg==</latexit>10�30
<latexit sha1_base64="De1BxMW0JUHoZYbpbKN9lVtadM8=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4sWRV0GPRi8cK9gPatWTTbBuaTdYkK5Slf8KLB0W8+ne8+W9M2z1o64OBx3szzMwLE8GNxfjbW1peWV1bL2wUN7e2d3ZLe/sNo1JNWZ0qoXQrJIYJLlndcitYK9GMxKFgzXB4M/GbT0wbruS9HSUsiElf8ohTYp3U8vFDdnqOx91SGVfwFGiR+DkpQ45at/TV6SmaxkxaKogxbR8nNsiItpwKNi52UsMSQoekz9qOShIzE2TTe8fo2Ck9FCntSlo0VX9PZCQ2ZhSHrjMmdmDmvYn4n9dObXQVZFwmqWWSzhZFqUBWocnzqMc1o1aMHCFUc3crogOiCbUuoqILwZ9/eZE0zio+rvh3F+XqdR5HAQ7hCE7Ah0uowi3UoA4UBDzDK7x5j96L9+59zFqXvHzmAP7A+/wBre2PEQ==</latexit><latexit sha1_base64="De1BxMW0JUHoZYbpbKN9lVtadM8=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4sWRV0GPRi8cK9gPatWTTbBuaTdYkK5Slf8KLB0W8+ne8+W9M2z1o64OBx3szzMwLE8GNxfjbW1peWV1bL2wUN7e2d3ZLe/sNo1JNWZ0qoXQrJIYJLlndcitYK9GMxKFgzXB4M/GbT0wbruS9HSUsiElf8ohTYp3U8vFDdnqOx91SGVfwFGiR+DkpQ45at/TV6SmaxkxaKogxbR8nNsiItpwKNi52UsMSQoekz9qOShIzE2TTe8fo2Ck9FCntSlo0VX9PZCQ2ZhSHrjMmdmDmvYn4n9dObXQVZFwmqWWSzhZFqUBWocnzqMc1o1aMHCFUc3crogOiCbUuoqILwZ9/eZE0zio+rvh3F+XqdR5HAQ7hCE7Ah0uowi3UoA4UBDzDK7x5j96L9+59zFqXvHzmAP7A+/wBre2PEQ==</latexit><latexit sha1_base64="De1BxMW0JUHoZYbpbKN9lVtadM8=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4sWRV0GPRi8cK9gPatWTTbBuaTdYkK5Slf8KLB0W8+ne8+W9M2z1o64OBx3szzMwLE8GNxfjbW1peWV1bL2wUN7e2d3ZLe/sNo1JNWZ0qoXQrJIYJLlndcitYK9GMxKFgzXB4M/GbT0wbruS9HSUsiElf8ohTYp3U8vFDdnqOx91SGVfwFGiR+DkpQ45at/TV6SmaxkxaKogxbR8nNsiItpwKNi52UsMSQoekz9qOShIzE2TTe8fo2Ck9FCntSlo0VX9PZCQ2ZhSHrjMmdmDmvYn4n9dObXQVZFwmqWWSzhZFqUBWocnzqMc1o1aMHCFUc3crogOiCbUuoqILwZ9/eZE0zio+rvh3F+XqdR5HAQ7hCE7Ah0uowi3UoA4UBDzDK7x5j96L9+59zFqXvHzmAP7A+/wBre2PEQ==</latexit><latexit sha1_base64="De1BxMW0JUHoZYbpbKN9lVtadM8=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4sWRV0GPRi8cK9gPatWTTbBuaTdYkK5Slf8KLB0W8+ne8+W9M2z1o64OBx3szzMwLE8GNxfjbW1peWV1bL2wUN7e2d3ZLe/sNo1JNWZ0qoXQrJIYJLlndcitYK9GMxKFgzXB4M/GbT0wbruS9HSUsiElf8ohTYp3U8vFDdnqOx91SGVfwFGiR+DkpQ45at/TV6SmaxkxaKogxbR8nNsiItpwKNi52UsMSQoekz9qOShIzE2TTe8fo2Ck9FCntSlo0VX9PZCQ2ZhSHrjMmdmDmvYn4n9dObXQVZFwmqWWSzhZFqUBWocnzqMc1o1aMHCFUc3crogOiCbUuoqILwZ9/eZE0zio+rvh3F+XqdR5HAQ7hCE7Ah0uowi3UoA4UBDzDK7x5j96L9+59zFqXvHzmAP7A+/wBre2PEQ==</latexit>

10�29
<latexit sha1_base64="W+PLUowrBP2lWqHLcq2xaY+F4dY=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbBPUW9OIxgnlAsobZySQZMju7zvQKYclPePGgiFd/x5t/4yTZgyYWNBRV3XR3BbEUBl3328mtrK6tb+Q3C1vbO7t7xf2DhokSzXidRTLSrYAaLoXidRQoeSvWnIaB5M1gdDP1m09cGxGpexzH3A/pQIm+YBSt1PLch/SscjXpFktu2Z2BLBMvIyXIUOsWvzq9iCUhV8gkNabtuTH6KdUomOSTQicxPKZsRAe8bamiITd+Ort3Qk6s0iP9SNtSSGbq74mUhsaMw8B2hhSHZtGbiv957QT7l34qVJwgV2y+qJ9IghGZPk96QnOGcmwJZVrYWwkbUk0Z2ogKNgRv8eVl0qiUPbfs3Z2XqtdZHHk4gmM4BQ8uoAq3UIM6MJDwDK/w5jw6L8678zFvzTnZzCH8gfP5A7oUjxk=</latexit><latexit sha1_base64="W+PLUowrBP2lWqHLcq2xaY+F4dY=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbBPUW9OIxgnlAsobZySQZMju7zvQKYclPePGgiFd/x5t/4yTZgyYWNBRV3XR3BbEUBl3328mtrK6tb+Q3C1vbO7t7xf2DhokSzXidRTLSrYAaLoXidRQoeSvWnIaB5M1gdDP1m09cGxGpexzH3A/pQIm+YBSt1PLch/SscjXpFktu2Z2BLBMvIyXIUOsWvzq9iCUhV8gkNabtuTH6KdUomOSTQicxPKZsRAe8bamiITd+Ort3Qk6s0iP9SNtSSGbq74mUhsaMw8B2hhSHZtGbiv957QT7l34qVJwgV2y+qJ9IghGZPk96QnOGcmwJZVrYWwkbUk0Z2ogKNgRv8eVl0qiUPbfs3Z2XqtdZHHk4gmM4BQ8uoAq3UIM6MJDwDK/w5jw6L8678zFvzTnZzCH8gfP5A7oUjxk=</latexit><latexit sha1_base64="W+PLUowrBP2lWqHLcq2xaY+F4dY=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbBPUW9OIxgnlAsobZySQZMju7zvQKYclPePGgiFd/x5t/4yTZgyYWNBRV3XR3BbEUBl3328mtrK6tb+Q3C1vbO7t7xf2DhokSzXidRTLSrYAaLoXidRQoeSvWnIaB5M1gdDP1m09cGxGpexzH3A/pQIm+YBSt1PLch/SscjXpFktu2Z2BLBMvIyXIUOsWvzq9iCUhV8gkNabtuTH6KdUomOSTQicxPKZsRAe8bamiITd+Ort3Qk6s0iP9SNtSSGbq74mUhsaMw8B2hhSHZtGbiv957QT7l34qVJwgV2y+qJ9IghGZPk96QnOGcmwJZVrYWwkbUk0Z2ogKNgRv8eVl0qiUPbfs3Z2XqtdZHHk4gmM4BQ8uoAq3UIM6MJDwDK/w5jw6L8678zFvzTnZzCH8gfP5A7oUjxk=</latexit><latexit sha1_base64="W+PLUowrBP2lWqHLcq2xaY+F4dY=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbBPUW9OIxgnlAsobZySQZMju7zvQKYclPePGgiFd/x5t/4yTZgyYWNBRV3XR3BbEUBl3328mtrK6tb+Q3C1vbO7t7xf2DhokSzXidRTLSrYAaLoXidRQoeSvWnIaB5M1gdDP1m09cGxGpexzH3A/pQIm+YBSt1PLch/SscjXpFktu2Z2BLBMvIyXIUOsWvzq9iCUhV8gkNabtuTH6KdUomOSTQicxPKZsRAe8bamiITd+Ort3Qk6s0iP9SNtSSGbq74mUhsaMw8B2hhSHZtGbiv957QT7l34qVJwgV2y+qJ9IghGZPk96QnOGcmwJZVrYWwkbUk0Z2ogKNgRv8eVl0qiUPbfs3Z2XqtdZHHk4gmM4BQ8uoAq3UIM6MJDwDK/w5jw6L8678zFvzTnZzCH8gfP5A7oUjxk=</latexit>10�28

<latexit sha1_base64="MEp41E+fvZYMPz4RsRK3sOq+hOg=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbBHMMevEYwTwgWcPspJMMmZ1dZ2aFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq7glhwbVz328mtrW9sbuW3Czu7e/sHxcOjpo4SxbDBIhGpdkA1Ci6xYbgR2I4V0jAQ2ArGNzO/9YRK80jem0mMfkiHkg84o8ZKbc99SC8q1WmvWHLL7hxklXgZKUGGeq/41e1HLAlRGiao1h3PjY2fUmU4EzgtdBONMWVjOsSOpZKGqP10fu+UnFmlTwaRsiUNmau/J1Iaaj0JA9sZUjPSy95M/M/rJGZQ9VMu48SgZItFg0QQE5HZ86TPFTIjJpZQpri9lbARVZQZG1HBhuAtv7xKmpWy55a9u8tS7TqLIw8ncArn4MEV1OAW6tAABgKe4RXenEfnxXl3PhatOSebOYY/cD5/ALiPjxg=</latexit><latexit sha1_base64="MEp41E+fvZYMPz4RsRK3sOq+hOg=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbBHMMevEYwTwgWcPspJMMmZ1dZ2aFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq7glhwbVz328mtrW9sbuW3Czu7e/sHxcOjpo4SxbDBIhGpdkA1Ci6xYbgR2I4V0jAQ2ArGNzO/9YRK80jem0mMfkiHkg84o8ZKbc99SC8q1WmvWHLL7hxklXgZKUGGeq/41e1HLAlRGiao1h3PjY2fUmU4EzgtdBONMWVjOsSOpZKGqP10fu+UnFmlTwaRsiUNmau/J1Iaaj0JA9sZUjPSy95M/M/rJGZQ9VMu48SgZItFg0QQE5HZ86TPFTIjJpZQpri9lbARVZQZG1HBhuAtv7xKmpWy55a9u8tS7TqLIw8ncArn4MEV1OAW6tAABgKe4RXenEfnxXl3PhatOSebOYY/cD5/ALiPjxg=</latexit><latexit sha1_base64="MEp41E+fvZYMPz4RsRK3sOq+hOg=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbBHMMevEYwTwgWcPspJMMmZ1dZ2aFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq7glhwbVz328mtrW9sbuW3Czu7e/sHxcOjpo4SxbDBIhGpdkA1Ci6xYbgR2I4V0jAQ2ArGNzO/9YRK80jem0mMfkiHkg84o8ZKbc99SC8q1WmvWHLL7hxklXgZKUGGeq/41e1HLAlRGiao1h3PjY2fUmU4EzgtdBONMWVjOsSOpZKGqP10fu+UnFmlTwaRsiUNmau/J1Iaaj0JA9sZUjPSy95M/M/rJGZQ9VMu48SgZItFg0QQE5HZ86TPFTIjJpZQpri9lbARVZQZG1HBhuAtv7xKmpWy55a9u8tS7TqLIw8ncArn4MEV1OAW6tAABgKe4RXenEfnxXl3PhatOSebOYY/cD5/ALiPjxg=</latexit><latexit sha1_base64="MEp41E+fvZYMPz4RsRK3sOq+hOg=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbBHMMevEYwTwgWcPspJMMmZ1dZ2aFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq7glhwbVz328mtrW9sbuW3Czu7e/sHxcOjpo4SxbDBIhGpdkA1Ci6xYbgR2I4V0jAQ2ArGNzO/9YRK80jem0mMfkiHkg84o8ZKbc99SC8q1WmvWHLL7hxklXgZKUGGeq/41e1HLAlRGiao1h3PjY2fUmU4EzgtdBONMWVjOsSOpZKGqP10fu+UnFmlTwaRsiUNmau/J1Iaaj0JA9sZUjPSy95M/M/rJGZQ9VMu48SgZItFg0QQE5HZ86TPFTIjJpZQpri9lbARVZQZG1HBhuAtv7xKmpWy55a9u8tS7TqLIw8ncArn4MEV1OAW6tAABgKe4RXenEfnxXl3PhatOSebOYY/cD5/ALiPjxg=</latexit>

10�27
<latexit sha1_base64="Ctg8SL2N9TKGteLs7xF4p6iuTx4=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbhHgMevEYwTwgWcPspJMMmZ1dZ2aFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq7glhwbVz328mtrW9sbuW3Czu7e/sHxcOjpo4SxbDBIhGpdkA1Ci6xYbgR2I4V0jAQ2ArGNzO/9YRK80jem0mMfkiHkg84o8ZKbc99SC8q1WmvWHLL7hxklXgZKUGGeq/41e1HLAlRGiao1h3PjY2fUmU4EzgtdBONMWVjOsSOpZKGqP10fu+UnFmlTwaRsiUNmau/J1Iaaj0JA9sZUjPSy95M/M/rJGZw5adcxolByRaLBokgJiKz50mfK2RGTCyhTHF7K2EjqigzNqKCDcFbfnmVNCtlzy17d5el2nUWRx5O4BTOwYMq1OAW6tAABgKe4RXenEfnxXl3PhatOSebOYY/cD5/ALcKjxc=</latexit><latexit sha1_base64="Ctg8SL2N9TKGteLs7xF4p6iuTx4=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbhHgMevEYwTwgWcPspJMMmZ1dZ2aFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq7glhwbVz328mtrW9sbuW3Czu7e/sHxcOjpo4SxbDBIhGpdkA1Ci6xYbgR2I4V0jAQ2ArGNzO/9YRK80jem0mMfkiHkg84o8ZKbc99SC8q1WmvWHLL7hxklXgZKUGGeq/41e1HLAlRGiao1h3PjY2fUmU4EzgtdBONMWVjOsSOpZKGqP10fu+UnFmlTwaRsiUNmau/J1Iaaj0JA9sZUjPSy95M/M/rJGZw5adcxolByRaLBokgJiKz50mfK2RGTCyhTHF7K2EjqigzNqKCDcFbfnmVNCtlzy17d5el2nUWRx5O4BTOwYMq1OAW6tAABgKe4RXenEfnxXl3PhatOSebOYY/cD5/ALcKjxc=</latexit><latexit sha1_base64="Ctg8SL2N9TKGteLs7xF4p6iuTx4=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbhHgMevEYwTwgWcPspJMMmZ1dZ2aFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq7glhwbVz328mtrW9sbuW3Czu7e/sHxcOjpo4SxbDBIhGpdkA1Ci6xYbgR2I4V0jAQ2ArGNzO/9YRK80jem0mMfkiHkg84o8ZKbc99SC8q1WmvWHLL7hxklXgZKUGGeq/41e1HLAlRGiao1h3PjY2fUmU4EzgtdBONMWVjOsSOpZKGqP10fu+UnFmlTwaRsiUNmau/J1Iaaj0JA9sZUjPSy95M/M/rJGZw5adcxolByRaLBokgJiKz50mfK2RGTCyhTHF7K2EjqigzNqKCDcFbfnmVNCtlzy17d5el2nUWRx5O4BTOwYMq1OAW6tAABgKe4RXenEfnxXl3PhatOSebOYY/cD5/ALcKjxc=</latexit><latexit sha1_base64="Ctg8SL2N9TKGteLs7xF4p6iuTx4=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbhHgMevEYwTwgWcPspJMMmZ1dZ2aFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq7glhwbVz328mtrW9sbuW3Czu7e/sHxcOjpo4SxbDBIhGpdkA1Ci6xYbgR2I4V0jAQ2ArGNzO/9YRK80jem0mMfkiHkg84o8ZKbc99SC8q1WmvWHLL7hxklXgZKUGGeq/41e1HLAlRGiao1h3PjY2fUmU4EzgtdBONMWVjOsSOpZKGqP10fu+UnFmlTwaRsiUNmau/J1Iaaj0JA9sZUjPSy95M/M/rJGZw5adcxolByRaLBokgJiKz50mfK2RGTCyhTHF7K2EjqigzNqKCDcFbfnmVNCtlzy17d5el2nUWRx5O4BTOwYMq1OAW6tAABgKe4RXenEfnxXl3PhatOSebOYY/cD5/ALcKjxc=</latexit>

10�26
<latexit sha1_base64="TF2dCsvIMIwPhcnJso//TnzTM4s=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbRD0GvXiMYB6QrGF2MkmGzM6uM71CWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3Uz95hPXRkTqHscx90M6UKIvGEUrtTz3IT2rXEy6xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzu6dkBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+lZ8KFSfIFZsv6ieSYESmz5Oe0JyhHFtCmRb2VsKGVFOGNqKCDcFbfHmZNCplzy17d+el6nUWRx6O4BhOwYNLqMIt1KAODCQ8wyu8OY/Oi/PufMxbc042cwh/4Hz+ALWFjxY=</latexit><latexit sha1_base64="TF2dCsvIMIwPhcnJso//TnzTM4s=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbRD0GvXiMYB6QrGF2MkmGzM6uM71CWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3Uz95hPXRkTqHscx90M6UKIvGEUrtTz3IT2rXEy6xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzu6dkBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+lZ8KFSfIFZsv6ieSYESmz5Oe0JyhHFtCmRb2VsKGVFOGNqKCDcFbfHmZNCplzy17d+el6nUWRx6O4BhOwYNLqMIt1KAODCQ8wyu8OY/Oi/PufMxbc042cwh/4Hz+ALWFjxY=</latexit><latexit sha1_base64="TF2dCsvIMIwPhcnJso//TnzTM4s=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbRD0GvXiMYB6QrGF2MkmGzM6uM71CWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3Uz95hPXRkTqHscx90M6UKIvGEUrtTz3IT2rXEy6xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzu6dkBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+lZ8KFSfIFZsv6ieSYESmz5Oe0JyhHFtCmRb2VsKGVFOGNqKCDcFbfHmZNCplzy17d+el6nUWRx6O4BhOwYNLqMIt1KAODCQ8wyu8OY/Oi/PufMxbc042cwh/4Hz+ALWFjxY=</latexit><latexit sha1_base64="TF2dCsvIMIwPhcnJso//TnzTM4s=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbRD0GvXiMYB6QrGF2MkmGzM6uM71CWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3Uz95hPXRkTqHscx90M6UKIvGEUrtTz3IT2rXEy6xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzu6dkBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+lZ8KFSfIFZsv6ieSYESmz5Oe0JyhHFtCmRb2VsKGVFOGNqKCDcFbfHmZNCplzy17d+el6nUWRx6O4BhOwYNLqMIt1KAODCQ8wyu8OY/Oi/PufMxbc042cwh/4Hz+ALWFjxY=</latexit>

10�25
<latexit sha1_base64="UJt5dQ+MFp/QDECQ2+ELxHYOiJM=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbFD0GvXiMYB6QrGF2MkmGzM6uM71CWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3Uz95hPXRkTqHscx90M6UKIvGEUrtTz3IT2rXEy6xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzu6dkBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+lZ8KFSfIFZsv6ieSYESmz5Oe0JyhHFtCmRb2VsKGVFOGNqKCDcFbfHmZNCplzy17d+el6nUWRx6O4BhOwYNLqMIt1KAODCQ8wyu8OY/Oi/PufMxbc042cwh/4Hz+ALQAjxU=</latexit><latexit sha1_base64="UJt5dQ+MFp/QDECQ2+ELxHYOiJM=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbFD0GvXiMYB6QrGF2MkmGzM6uM71CWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3Uz95hPXRkTqHscx90M6UKIvGEUrtTz3IT2rXEy6xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzu6dkBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+lZ8KFSfIFZsv6ieSYESmz5Oe0JyhHFtCmRb2VsKGVFOGNqKCDcFbfHmZNCplzy17d+el6nUWRx6O4BhOwYNLqMIt1KAODCQ8wyu8OY/Oi/PufMxbc042cwh/4Hz+ALQAjxU=</latexit><latexit sha1_base64="UJt5dQ+MFp/QDECQ2+ELxHYOiJM=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbFD0GvXiMYB6QrGF2MkmGzM6uM71CWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3Uz95hPXRkTqHscx90M6UKIvGEUrtTz3IT2rXEy6xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzu6dkBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+lZ8KFSfIFZsv6ieSYESmz5Oe0JyhHFtCmRb2VsKGVFOGNqKCDcFbfHmZNCplzy17d+el6nUWRx6O4BhOwYNLqMIt1KAODCQ8wyu8OY/Oi/PufMxbc042cwh/4Hz+ALQAjxU=</latexit><latexit sha1_base64="UJt5dQ+MFp/QDECQ2+ELxHYOiJM=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbFD0GvXiMYB6QrGF2MkmGzM6uM71CWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3Uz95hPXRkTqHscx90M6UKIvGEUrtTz3IT2rXEy6xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzu6dkBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+lZ8KFSfIFZsv6ieSYESmz5Oe0JyhHFtCmRb2VsKGVFOGNqKCDcFbfHmZNCplzy17d+el6nUWRx6O4BhOwYNLqMIt1KAODCQ8wyu8OY/Oi/PufMxbc042cwh/4Hz+ALQAjxU=</latexit>
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Figure 2: Electron EDMpredictions in the standard model and beyond standard model – “generic BSM” and supersym-
metry variants. Recent and (a sampling of) projected measurements, along with the experimentally-excluded region,
are shown. Note the gap of 6 orders of magnitude on the axis separating SM and BSM predictions.

To connect EDM measurements to particle physics, we urgently need to improve the precision of
theoretical calculations that span multiple length scales. Our team will putAustralia at the forefront
of the field by combining the expertise of fiveARCFuture Fellows from areas that do not traditionally
work together.

Connecting exquisitely precise EDM measurements to the underlying particle physics parameters requires accu-
rate calculations at all length scales–molecular, atomic, nuclear, hadronic, and particle [1]; see Figure 4. The present
uncertainties in these calculations severely limit our ability to extract knowledge about particle physics. For example,
uncertainties as large as 500% persist at the nuclear level (connecting the nucleon and nuclear CP-violating parameters)
and as large as 100% for the hadronic uncertainties (relating quark and nucleon parameters) [2]. These areas of special-
isation are typically funded independently, but theARC Discovery Program provides an excellent opportunity to bring
together a team of scientists with expertise in these different areas. In the Special Research Group, we are uniquely
placed to make a breakthrough in the accuracy of calculations at all scales, which will lead to a major impact in the
particle physics implications from ongoing and future EDMmeasurements. In addition, high-energy experiments such
as at the Large Hadron Collider (LHC) in Switzerland continue to make progress in the search for new particles and/or
interactions at the multi-TeV scale, and we can exploit the complementary nature of the EDM measurements in both
testing new-physics hypotheses and optimising the next-generation search strategies.

Our multi-disciplinary team of theoretical physicists, hand-in-hand with precision table-top EDM
experiments, is able to make an impact in particle physics that rivals the discoveries at the multi-
billion dollar Large Hadron Collider.

INVESTIGATORS/CAPABILITY

The interdisciplinary Special Research Group that will be created through this project is composed of a team of spe-
cialists from fields which previously had little overlap who came together following the excitement that was generated
during a workshop on EDMs at ANU, organised by CI Ginges in November, 2019. The high profile of the team and
timeliness of the project will ensure that we attract highly talented and skilled Early Career Researchers (ECRs). Our
aim is to place Australia at the forefront of this field which is expected, in the near future, to lead to major discoveries,
of similar importance to those of the Higgs boson and of gravitational waves.

Introducing the investigators: ROPE, time and capacity

As detailed in Section F, all CIs are former Future Fellows with outstanding track records, and are internationally-
renowned experts within their respective fields. Here we summarise the key points as relevant to this proposal.

• CI Zanotti [0.3 FTE] is a former ARC Future Fellow (2011–2015) and has significant experience and expertise in
performing lattice simulations of hadronic observables relevant for the proposed studies of EDMs on the lattice. CI
Zanotti’s calculation of the neutron EDM from a fully dynamical simulation of QCD at non-zero ✓ has been pub-
lished in Physical Review Letters [3] and has received over 80 citations.
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Electric dipole moments

➤ Search for CP-violation beyond standard model

➤ Next big particle physics discovery?

➤ Could shed light on matter-antimatter asymmetry of Universe



➤ Parity- and time-reversal-violating nuclear moments, 
e.g., Schiff, magnetic quadrupole, electric octupole

PROJECT QUALITYAND INNOVATION

Amulti-scale strategy

The atoms under experimental investigation include the radioactive elements with octupole-deformed nuclei Ra (Ar-
gonne) and Rn (TRIUMF), as well as Hg (Seattle), Xe (HeXeEDM Collaboration, US-Germany; JEDI Collaboration,
Germany; Tokyo), Cs (Penn State), and Fr (Tohoku) [2]. Huge gains in sensitivity have been achieved with molecules
and molecular ions, and experiments are in progress with ThO (ACME Collaboration, USA), HfF+ (JILA), YbF (Im-
perial), ThF (JILA), BaF (Nikhef), and TlF (Yale).

The atoms and molecules under study may be broadly divided into two groups–paramagnetic and diamagnetic
systems. Paramagnetic systems, such as Cs andThO, have unpaired electrons, and an applied electric field (required for
the measurement) couples to the electronic spin, making such systems sensitive to leptonic and semi-leptonic sources of
CP-violation, such as the electron EDM and CP-violating interactions between electrons and nucleons. Diamagnetic
systems, such as Hg and TlF, have closed electron shells, and the applied electric field couples to the nuclear spin,
making such systems sensitive to hadronic sources of CP-violation. Strictly, intrinsic EDMs violate the fundamental
symmetry of time-reversal (T), though through the so-called CPT theorem, this is equivalent to CP-violation.1 Figure 4
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Figure 4: Precision theory at different length scales (I, II, III) is required to translate measurements to effective op-
erators (dark blue boxes) at the particle-physics scale. Solid (dashed) lines denote dominant (weaker) CP-violating
mechanisms. Scale IV links the effective operators and BSM scenarios, with constraints from collider and astrophysi-
cal observations.

illustrates how the measurements in different systems are translated into information on fundamental CP-violating
parameters and new physics models. It should be emphasised that calculations spanning the full range of scales are
required to translate a measurement into fundamental CP-violating parameters.

In the Special Research Group, CI Ginges will push forward the theoretical frontier of EDMs in atoms and CP-
violating effects in molecules that will be essential for extracting themaximum possible insight from these experiments.
CI Simenel will use his expertise in nuclear structure theory to study octupole-deformed nuclei and calculate nuclear
Schiff moments for systems of interest. CIsYoung and Zanotti will develop capabilities in lattice QCD to determine val-
ues for nucleon EDMs and CP-violating nucleon-nucleon parameters arising from different fundamental CP-violating
sources. Finally, CI White will relate these measurements to the BSM physics theories that are capable of generating
CP-violating effects.

This Discovery Project is much more than a collection of independent state of the art studies at different scales.
Each field is strongly connected to each other through the transfer of CP-violating mechanisms from one scale to
another: results of one study serve as inputs to others. Cross-fertilisation also occurs through sharing theoretical and
computational techniques for solving the quantum many-body problem as well as visualisation of complex data. The
necessity for physicists from different fields to work together to address such a fundamental question as the origin of
matter/antimatter asymmetry makes this project unique.

Scale I: Atoms & molecules [CI Ginges, RA2]

Atomic and molecular structure calculations are required to connect the results of EDM measurements in atoms and
molecules with the underlying CP-violating mechanisms at the nuclear level (nuclear Schiff moment), with the electron
EDM, and with CP-violating electron-nucleon interactions.

State-of-the-art atomic and molecular structure calculations for the multi-valence electron systems are typically
accurate to ⇠ 10%, and are generally better for the simpler systems. Compared to the nuclear and hadronic scales,

1Note that the CP-violating effects sought in molecules appear as CP-violating correlations, rather than as the EDM
of a molecule, though as a shorthand we refer to this simply as “molecular EDM” or similar in parts of this proposal.
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➤ probe of hadronic parity violation
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➤ results from Cs and Tl anapole moments not considered reliable due to 
complex nuclear polarizability corrections



Superheavy elements

The quest for "SuperHeavy Elements" (SHE)

Ch.E. Düllmann   – Quest for Superheavy Elements    – Ecole Joliot Curie 12 – Fréjus, France   – September 30 – October 05, 2012

from Ch. Duellmann (GSI) slides

➤ synthesis of new elements @ GSI Darmstadt and RIKEN
➤ Hinde and Dasgupta — nuclear fusion reactions DP

➤ superheavy atomic physics and chemistry — experiment and theory
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TABLE I. Literature values for the root-mean-square charge
radii (rrms), magnetic moments (µ), spin (I) and parity (⇧)
designations, and configurations for the unpaired proton (⇡)
and neutron (⌫) for Fr nuclei. The final columns show the
relative BW corrections (✏) determined in this work.

A rrms [36] µ [33] Config. [33] ✏ (%)

(fm) (µN ) I⇧ ⇡ ⌫ 7s 7p1/2
207 5.5720(18) 3.89(8) 9/2� h9/2 �1.26 �0.37
208 5.5729(18) 4.75(10) 7+ h9/2 f5/2 �1.66 �0.50
209 5.5799(18) 3.95(8) 9/2� h9/2 �1.29 �0.38
210 5.5818(18) 4.40(9) 6+ h9/2 f5/2 �1.67 �0.50
211 5.5882(18) 4.00(8) 9/2� h9/2 �1.32 �0.39
212 5.5915(18) 4.62(9) 5+ h9/2 p1/2 �1.77 �0.53
213 5.5977(18) 4.02(8) 9/2� h9/2 �1.33 �0.40

the hyperfine constant assuming a pointlike nucleus (for
both the magnetization and charge distributions) with gI
factored out. Importantly, a0 is the same for all isotopes
of a given atom [37]. (The QED e↵ect, essentially the
same for each isotope, is absorbed here into a0.)

We form ratios using the 7s and 7p1/2 states for each
of the considered Fr isotopes [16] (see also [18, 38, 39]):

Rsp ⌘ As

Ap
⇡ a0s

a0p
(1 + ✏s � ✏p + �s � �p). (12)

The term in the parenthesis (less 1) is the sp hyperfine
anomaly [18]. Rsp is independent of the nuclear mo-
ments, which for most Fr isotopes are only known to
2% [40]. A comparison between our calculations and the
experimental ratios is presented in Fig. 2. The isotope
dependence of Rsp is dominated by ✏s (for Fr, ✏s > 3✏p).

Though |�|> |✏|, � is modeled accurately by the charge
distribution (3), and changes only slightly between
nearby isotopes. We quantify possible errors in � by mak-
ing adjustments to the c and t values in Eq. (3), and find
the resulting uncertainties to be negligible.

Since the proton configuration remains unchanged, the
di↵erences in R along the isotope chain are due to the
contribution of the unpaired neutron to the BW e↵ect,
✏(⌫) (see Fig. 2). Thus, we can cleanly extract ✏(⌫) from
the ratio of R between neighboring isotopes. Comparing
our values to experimental ratios [16, 17], we find that
we reproduce ✏(⌫) to between 5 and 35%. The neutron
contributes about 30% to the total ✏, see Table I.

To gauge the accuracy of the calculated proton contri-
bution to ✏, we examine R for the odd isotopes. While R
does not depend on the nuclear moments, it does depend
on the electron wavefunctions, and the di↵erence between
the theory and experiment is likely dominated by errors
in the electron correlations. We therefore re-scale R for
Fr by the factor ⇠ = RExpt.

sp (133Cs)/RTh.
sp (133Cs), which

corrects the Cs R value, and amounts to a shift of smaller
than 1%. The relative correlation corrections between Cs
and Fr are similar [25], so this is expected to roughly ac-
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FIG. 2. Calculated ratios of the 7s to 7p1/2 hyperfine con-
stants for 207�213Fr using the ball and single-particle (SP)
nuclear magnetization models, and comparison with experi-
ment [17]. The odd-even staggering is due to the addition of
neutrons; the slight negative slope is due to the changing nu-
clear radius. The dashed blue line shows the calculated (SP)
ratios corrected by the factor ⇠(133Cs); see text for details.

count for correlation errors in R(Fr). After re-scaling, we
find agreement with experiment to 0.1% (dashed line in
Fig. 2). Since the relative s-state BW e↵ect is an order
of magnitude larger for Fr than for Cs [41], this provides
a good method for testing the accuracy of the Fr BW
correction. The BW e↵ect contributes about 1% to R,
implying we accurately reproduce the proton contribu-
tion to the BW e↵ect to about 10%. A similar result is
reached if we instead re-scale by the Rb ⇠ factor. We
therefore conclude that the BW e↵ect is calculated accu-
rately, and take the uncertainty to be 20%.

Results and discussion— In Table II, we present our
calculated hyperfine constants for 87Rb, 133Cs, and 211Fr,
along with experimental values for comparison. Note
that for Fr the uncertainty in the calculated A is dom-
inated by that of the literature value for µ. The ratio
ATh./µ, however, is independent of this uncertainty.

To estimate the theoretical uncertainty, we assigned
errors individually for each of the important contribu-
tions, which are presented separately in Table II. These
are taken as twice the di↵erence between the fitted and
unfitted correlation potentials (‘�⌃’ row), and 20% for
each of the combined structure radiation and normaliza-
tion of states (SR+NS), Breit, and BW contributions.
We take QED uncertainties of 15–20% from Ref. [28].
This leads to theoretical uncertainties of approximately
0.6%, 0.5%, and 0.5%, for Rb, Cs, and Fr, respectively.
We believe these are conservative estimates, justified by
the very good agreement between theory and experiment
for Rb and Cs (0.4% and 0.2%, respectively). Further,
recent calculations using the same method for the 135Ba+

and 225Ra+ ions also have excellent agreement with ex-
periment, both with discrepancies of about 0.2% [28].

A(7s)/A(7p1/2) vs atomic mass for francium

Aexpt  ! Ath(µth)(µ/µth)
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Hyperfine anomaly

A(1)/A(2) = g(1)I /g(2)I (1 +1 �2)
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smaller than for the lower levels [22,26]. To overcome lim-
itations due to modeling of the BW effect in heavy atoms,
it has been proposed to replace the effect with a ratio of
measured and calculated values of the hyperfine structure [22]
in a similar vein to the specific difference method used to test
QED [21] (see also discussion of the methods in Ref. [27]).

In the current paper, we consider extraction of the
Bohr-Weisskopf effect from hydrogenlike ions for use in
many-electron atoms. Indeed, the cleanest way to probe the
magnetization distribution is through measurements with H-
like ions, due to the high precision of both measurements and
theory. Note that while in muonic atoms the size of the BW
effect may be an overwhelming ∼100% of the size of the total
hyperfine interval, uncertainties connected to the experiments
and theory hinder the high-precision determination of the ef-
fect [28,29]. Measurements have been performed for several
H-like ions of interest for tests of QED, including 209Bi82+

[30], 207Pb81+ [31], and 203,205Tl80+ [9]. The Bohr-Weisskopf
effects for these systems have been extracted with uncertain-
ties at the level of 1% (see, e.g., Ref. [11], and Refs. [5,15]
with updated nuclear magnetic moment values for 209Bi [3]
and 207Pb [32]).

In this paper, we study the effects of electron screening on
the BW effect and calculate screening factors that relate the
ground-state BW effect in H-like ions to the effect in s and
p1/2 states of neutral and near neutral atoms for systems of
interest for precision atomic searches for new physics. This
approach is based on the same principle highlighted in a recent
work [23] on the theory of the BW effect in molecules—
that the BW effect in atoms (and molecules) is determined
fundamentally by the BW matrix element for the 1s state of
the H-like system. The uncertainty of the screening factors
for s states of many-electron atoms is negligibly small. We
demonstrate the validity of the approach with Tl, for which
there are both H-like and neutral-atom precision hyperfine
data available. It is hoped that this paper will stimulate new
experiments with H-like ions for the considered systems.

II. THE BOHR-WEISSKOPF EFFECT

The relativistic electron Hamiltonian for the interaction
with the nuclear magnetic dipole moment is

hhfs = α µ · (n × α) F (r)/r2, (1)

where α is a Dirac matrix, n = r/r is the radial unit vec-
tor, µ = µI/I with I the nuclear spin and µ the magnetic
moment, α ≈ 1/137 is the fine-structure constant, and F (r)
describes the nuclear magnetization distribution [F (r) = 1
for the pointlike case]. We use atomic units (h̄=|e|=me=1,
c=1/α) unless stated otherwise. Matrix elements of the oper-
ator (1) may be expressed as A〈I · J〉, where J is the total
electron angular momentum, and A is the magnetic dipole
hyperfine constant.

The contribution to the hyperfine structure arising from
account of the finite nuclear magnetization distribution is
known as the Bohr-Weisskopf effect [20]. This is a sizable
effect for heavy nuclei and typically enters at the percent level.
In this paper we use two nuclear magnetization models—
the uniform distribution (“ball” model) and a simple nuclear
single-particle model. Until recently it has been standard

practice in the heavy-atom community to use the ball model
or to use the same (Fermi) model that describes the nuclear
charge distribution. In the ball model,

FBall(r) = (r/rm)3 for r < rm, (2)

and FBall(r) = 1 for r > rm. A value for the nuclear magnetic
radius, rm, is usually found from the root-mean-square (rms)
charge radius rrms, rm =

√
5/3 rrms. It has been shown re-

cently [5,16,22,24] that for a number of systems of particular
interest in studies of fundamental symmetries violations the
ball model leads to sizable errors in the calculated hyper-
fine constants by as much as several percent. A model that
has been shown [5,15,16] to be substantially more accurate
for such systems is the simple nuclear single-particle model
[20,33,34]. Indeed, recent studies of the differential hyper-
fine anomaly [5,15,16] (see also Refs. [12,13]) support the
single-particle model for isotopes of Rb, Cs, Ba+, Fr, and
Tl. The results for Fr are also supported from measurements
in 207Pb81+ and 209Bi82+ (see, e.g., supplemental material in
Ref. [5]) and those for Tl from measurements in 203,205Tl

80+

(as discussed below). Further, the BW effect for 225Ra
+

has
been directly extracted [23] from atomic measurements, in
good agreement with the single-particle model. The mag-
netization distribution in the single-particle model may be
included in many-electron atomic calculations in a straight-
forward way [35]:

FSP(r) = FBall(r)[1 + "F (I, L, r/rm)]. (3)

Expressions for the term "F , which depends on the nuclear
spin, configuration, and magnetic moment, may be found in
Refs. [35,36]. The simplest version of the model [36]—which
we use in this paper—takes the nucleon wave function to be
constant across the nucleus, and excludes nuclear spin-orbit
effects. More sophisticated modeling, in the Woods-Saxon
potential and with spin-orbit interaction included [8,37], leads
to relatively small corrections for 87Rb, 133Cs, 211Fr [24], and
isotopes of Tl [15] (see also Refs. [8,38]).

It is convenient to express the hyperfine constant in the
following form (see, e.g., Ref. [34]):

A = A0(1 + ε) + δAQED, (4)

with the Bohr-Weisskopf effect given as a relative contribution
ε. Here, A0 corresponds to the hyperfine constant found with
a pointlike nuclear magnetization distribution (F = 1) and
with a finite nuclear charge distribution. We model the latter
using a Fermi distribution, with the rms charge radii from
Ref. [39] and the thickness parameter taken to be 2.3 fm. It is
particularly useful to parametrize the BW effect as a relative
rather than an absolute correction, as for heavy alkali-metal-
like atoms and ions ε is, to a high degree, independent of
(i) electron correlation effects beyond core polarization, (ii)
principal quantum number, and (iii) ionization degree (for s
states), as we explore further below. All of this is a conse-
quence of the short-range nature of the BW effect; see, e.g.,
Ref. [21], and discussion below. The QED contribution to
the hyperfine structure, δAQED, must also be considered, as
it enters with comparable size to the Bohr-Weisskopf effect
[8] (see also, e.g., Refs [11,24,36,40–43]).
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smaller than for the lower levels [22,26]. To overcome lim-
itations due to modeling of the BW effect in heavy atoms,
it has been proposed to replace the effect with a ratio of
measured and calculated values of the hyperfine structure [22]
in a similar vein to the specific difference method used to test
QED [21] (see also discussion of the methods in Ref. [27]).

In the current paper, we consider extraction of the
Bohr-Weisskopf effect from hydrogenlike ions for use in
many-electron atoms. Indeed, the cleanest way to probe the
magnetization distribution is through measurements with H-
like ions, due to the high precision of both measurements and
theory. Note that while in muonic atoms the size of the BW
effect may be an overwhelming ∼100% of the size of the total
hyperfine interval, uncertainties connected to the experiments
and theory hinder the high-precision determination of the ef-
fect [28,29]. Measurements have been performed for several
H-like ions of interest for tests of QED, including 209Bi82+

[30], 207Pb81+ [31], and 203,205Tl80+ [9]. The Bohr-Weisskopf
effects for these systems have been extracted with uncertain-
ties at the level of 1% (see, e.g., Ref. [11], and Refs. [5,15]
with updated nuclear magnetic moment values for 209Bi [3]
and 207Pb [32]).

In this paper, we study the effects of electron screening on
the BW effect and calculate screening factors that relate the
ground-state BW effect in H-like ions to the effect in s and
p1/2 states of neutral and near neutral atoms for systems of
interest for precision atomic searches for new physics. This
approach is based on the same principle highlighted in a recent
work [23] on the theory of the BW effect in molecules—
that the BW effect in atoms (and molecules) is determined
fundamentally by the BW matrix element for the 1s state of
the H-like system. The uncertainty of the screening factors
for s states of many-electron atoms is negligibly small. We
demonstrate the validity of the approach with Tl, for which
there are both H-like and neutral-atom precision hyperfine
data available. It is hoped that this paper will stimulate new
experiments with H-like ions for the considered systems.

II. THE BOHR-WEISSKOPF EFFECT

The relativistic electron Hamiltonian for the interaction
with the nuclear magnetic dipole moment is

hhfs = α µ · (n × α) F (r)/r2, (1)

where α is a Dirac matrix, n = r/r is the radial unit vec-
tor, µ = µI/I with I the nuclear spin and µ the magnetic
moment, α ≈ 1/137 is the fine-structure constant, and F (r)
describes the nuclear magnetization distribution [F (r) = 1
for the pointlike case]. We use atomic units (h̄=|e|=me=1,
c=1/α) unless stated otherwise. Matrix elements of the oper-
ator (1) may be expressed as A〈I · J〉, where J is the total
electron angular momentum, and A is the magnetic dipole
hyperfine constant.

The contribution to the hyperfine structure arising from
account of the finite nuclear magnetization distribution is
known as the Bohr-Weisskopf effect [20]. This is a sizable
effect for heavy nuclei and typically enters at the percent level.
In this paper we use two nuclear magnetization models—
the uniform distribution (“ball” model) and a simple nuclear
single-particle model. Until recently it has been standard

practice in the heavy-atom community to use the ball model
or to use the same (Fermi) model that describes the nuclear
charge distribution. In the ball model,

FBall(r) = (r/rm)3 for r < rm, (2)

and FBall(r) = 1 for r > rm. A value for the nuclear magnetic
radius, rm, is usually found from the root-mean-square (rms)
charge radius rrms, rm =

√
5/3 rrms. It has been shown re-

cently [5,16,22,24] that for a number of systems of particular
interest in studies of fundamental symmetries violations the
ball model leads to sizable errors in the calculated hyper-
fine constants by as much as several percent. A model that
has been shown [5,15,16] to be substantially more accurate
for such systems is the simple nuclear single-particle model
[20,33,34]. Indeed, recent studies of the differential hyper-
fine anomaly [5,15,16] (see also Refs. [12,13]) support the
single-particle model for isotopes of Rb, Cs, Ba+, Fr, and
Tl. The results for Fr are also supported from measurements
in 207Pb81+ and 209Bi82+ (see, e.g., supplemental material in
Ref. [5]) and those for Tl from measurements in 203,205Tl

80+

(as discussed below). Further, the BW effect for 225Ra
+

has
been directly extracted [23] from atomic measurements, in
good agreement with the single-particle model. The mag-
netization distribution in the single-particle model may be
included in many-electron atomic calculations in a straight-
forward way [35]:

FSP(r) = FBall(r)[1 + "F (I, L, r/rm)]. (3)

Expressions for the term "F , which depends on the nuclear
spin, configuration, and magnetic moment, may be found in
Refs. [35,36]. The simplest version of the model [36]—which
we use in this paper—takes the nucleon wave function to be
constant across the nucleus, and excludes nuclear spin-orbit
effects. More sophisticated modeling, in the Woods-Saxon
potential and with spin-orbit interaction included [8,37], leads
to relatively small corrections for 87Rb, 133Cs, 211Fr [24], and
isotopes of Tl [15] (see also Refs. [8,38]).

It is convenient to express the hyperfine constant in the
following form (see, e.g., Ref. [34]):

A = A0(1 + ε) + δAQED, (4)

with the Bohr-Weisskopf effect given as a relative contribution
ε. Here, A0 corresponds to the hyperfine constant found with
a pointlike nuclear magnetization distribution (F = 1) and
with a finite nuclear charge distribution. We model the latter
using a Fermi distribution, with the rms charge radii from
Ref. [39] and the thickness parameter taken to be 2.3 fm. It is
particularly useful to parametrize the BW effect as a relative
rather than an absolute correction, as for heavy alkali-metal-
like atoms and ions ε is, to a high degree, independent of
(i) electron correlation effects beyond core polarization, (ii)
principal quantum number, and (iii) ionization degree (for s
states), as we explore further below. All of this is a conse-
quence of the short-range nature of the BW effect; see, e.g.,
Ref. [21], and discussion below. The QED contribution to
the hyperfine structure, δAQED, must also be considered, as
it enters with comparable size to the Bohr-Weisskopf effect
[8] (see also, e.g., Refs [11,24,36,40–43]).
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Typically for nuclei of different spin, 
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➤ magnetic hyperfine anomaly for a single isotope may be determined in 
H-like ions and muonic atoms
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smaller than for the lower levels [22,26]. To overcome lim-
itations due to modeling of the BW effect in heavy atoms,
it has been proposed to replace the effect with a ratio of
measured and calculated values of the hyperfine structure [22]
in a similar vein to the specific difference method used to test
QED [21] (see also discussion of the methods in Ref. [27]).

In the current paper, we consider extraction of the
Bohr-Weisskopf effect from hydrogenlike ions for use in
many-electron atoms. Indeed, the cleanest way to probe the
magnetization distribution is through measurements with H-
like ions, due to the high precision of both measurements and
theory. Note that while in muonic atoms the size of the BW
effect may be an overwhelming ∼100% of the size of the total
hyperfine interval, uncertainties connected to the experiments
and theory hinder the high-precision determination of the ef-
fect [28,29]. Measurements have been performed for several
H-like ions of interest for tests of QED, including 209Bi82+

[30], 207Pb81+ [31], and 203,205Tl80+ [9]. The Bohr-Weisskopf
effects for these systems have been extracted with uncertain-
ties at the level of 1% (see, e.g., Ref. [11], and Refs. [5,15]
with updated nuclear magnetic moment values for 209Bi [3]
and 207Pb [32]).

In this paper, we study the effects of electron screening on
the BW effect and calculate screening factors that relate the
ground-state BW effect in H-like ions to the effect in s and
p1/2 states of neutral and near neutral atoms for systems of
interest for precision atomic searches for new physics. This
approach is based on the same principle highlighted in a recent
work [23] on the theory of the BW effect in molecules—
that the BW effect in atoms (and molecules) is determined
fundamentally by the BW matrix element for the 1s state of
the H-like system. The uncertainty of the screening factors
for s states of many-electron atoms is negligibly small. We
demonstrate the validity of the approach with Tl, for which
there are both H-like and neutral-atom precision hyperfine
data available. It is hoped that this paper will stimulate new
experiments with H-like ions for the considered systems.

II. THE BOHR-WEISSKOPF EFFECT

The relativistic electron Hamiltonian for the interaction
with the nuclear magnetic dipole moment is

hhfs = α µ · (n × α) F (r)/r2, (1)

where α is a Dirac matrix, n = r/r is the radial unit vec-
tor, µ = µI/I with I the nuclear spin and µ the magnetic
moment, α ≈ 1/137 is the fine-structure constant, and F (r)
describes the nuclear magnetization distribution [F (r) = 1
for the pointlike case]. We use atomic units (h̄=|e|=me=1,
c=1/α) unless stated otherwise. Matrix elements of the oper-
ator (1) may be expressed as A〈I · J〉, where J is the total
electron angular momentum, and A is the magnetic dipole
hyperfine constant.

The contribution to the hyperfine structure arising from
account of the finite nuclear magnetization distribution is
known as the Bohr-Weisskopf effect [20]. This is a sizable
effect for heavy nuclei and typically enters at the percent level.
In this paper we use two nuclear magnetization models—
the uniform distribution (“ball” model) and a simple nuclear
single-particle model. Until recently it has been standard

practice in the heavy-atom community to use the ball model
or to use the same (Fermi) model that describes the nuclear
charge distribution. In the ball model,

FBall(r) = (r/rm)3 for r < rm, (2)

and FBall(r) = 1 for r > rm. A value for the nuclear magnetic
radius, rm, is usually found from the root-mean-square (rms)
charge radius rrms, rm =

√
5/3 rrms. It has been shown re-

cently [5,16,22,24] that for a number of systems of particular
interest in studies of fundamental symmetries violations the
ball model leads to sizable errors in the calculated hyper-
fine constants by as much as several percent. A model that
has been shown [5,15,16] to be substantially more accurate
for such systems is the simple nuclear single-particle model
[20,33,34]. Indeed, recent studies of the differential hyper-
fine anomaly [5,15,16] (see also Refs. [12,13]) support the
single-particle model for isotopes of Rb, Cs, Ba+, Fr, and
Tl. The results for Fr are also supported from measurements
in 207Pb81+ and 209Bi82+ (see, e.g., supplemental material in
Ref. [5]) and those for Tl from measurements in 203,205Tl

80+

(as discussed below). Further, the BW effect for 225Ra
+

has
been directly extracted [23] from atomic measurements, in
good agreement with the single-particle model. The mag-
netization distribution in the single-particle model may be
included in many-electron atomic calculations in a straight-
forward way [35]:

FSP(r) = FBall(r)[1 + "F (I, L, r/rm)]. (3)

Expressions for the term "F , which depends on the nuclear
spin, configuration, and magnetic moment, may be found in
Refs. [35,36]. The simplest version of the model [36]—which
we use in this paper—takes the nucleon wave function to be
constant across the nucleus, and excludes nuclear spin-orbit
effects. More sophisticated modeling, in the Woods-Saxon
potential and with spin-orbit interaction included [8,37], leads
to relatively small corrections for 87Rb, 133Cs, 211Fr [24], and
isotopes of Tl [15] (see also Refs. [8,38]).

It is convenient to express the hyperfine constant in the
following form (see, e.g., Ref. [34]):

A = A0(1 + ε) + δAQED, (4)

with the Bohr-Weisskopf effect given as a relative contribution
ε. Here, A0 corresponds to the hyperfine constant found with
a pointlike nuclear magnetization distribution (F = 1) and
with a finite nuclear charge distribution. We model the latter
using a Fermi distribution, with the rms charge radii from
Ref. [39] and the thickness parameter taken to be 2.3 fm. It is
particularly useful to parametrize the BW effect as a relative
rather than an absolute correction, as for heavy alkali-metal-
like atoms and ions ε is, to a high degree, independent of
(i) electron correlation effects beyond core polarization, (ii)
principal quantum number, and (iii) ionization degree (for s
states), as we explore further below. All of this is a conse-
quence of the short-range nature of the BW effect; see, e.g.,
Ref. [21], and discussion below. The QED contribution to
the hyperfine structure, δAQED, must also be considered, as
it enters with comparable size to the Bohr-Weisskopf effect
[8] (see also, e.g., Refs [11,24,36,40–43]).
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smaller than for the lower levels [22,26]. To overcome lim-
itations due to modeling of the BW effect in heavy atoms,
it has been proposed to replace the effect with a ratio of
measured and calculated values of the hyperfine structure [22]
in a similar vein to the specific difference method used to test
QED [21] (see also discussion of the methods in Ref. [27]).

In the current paper, we consider extraction of the
Bohr-Weisskopf effect from hydrogenlike ions for use in
many-electron atoms. Indeed, the cleanest way to probe the
magnetization distribution is through measurements with H-
like ions, due to the high precision of both measurements and
theory. Note that while in muonic atoms the size of the BW
effect may be an overwhelming ∼100% of the size of the total
hyperfine interval, uncertainties connected to the experiments
and theory hinder the high-precision determination of the ef-
fect [28,29]. Measurements have been performed for several
H-like ions of interest for tests of QED, including 209Bi82+

[30], 207Pb81+ [31], and 203,205Tl80+ [9]. The Bohr-Weisskopf
effects for these systems have been extracted with uncertain-
ties at the level of 1% (see, e.g., Ref. [11], and Refs. [5,15]
with updated nuclear magnetic moment values for 209Bi [3]
and 207Pb [32]).

In this paper, we study the effects of electron screening on
the BW effect and calculate screening factors that relate the
ground-state BW effect in H-like ions to the effect in s and
p1/2 states of neutral and near neutral atoms for systems of
interest for precision atomic searches for new physics. This
approach is based on the same principle highlighted in a recent
work [23] on the theory of the BW effect in molecules—
that the BW effect in atoms (and molecules) is determined
fundamentally by the BW matrix element for the 1s state of
the H-like system. The uncertainty of the screening factors
for s states of many-electron atoms is negligibly small. We
demonstrate the validity of the approach with Tl, for which
there are both H-like and neutral-atom precision hyperfine
data available. It is hoped that this paper will stimulate new
experiments with H-like ions for the considered systems.

II. THE BOHR-WEISSKOPF EFFECT

The relativistic electron Hamiltonian for the interaction
with the nuclear magnetic dipole moment is

hhfs = α µ · (n × α) F (r)/r2, (1)

where α is a Dirac matrix, n = r/r is the radial unit vec-
tor, µ = µI/I with I the nuclear spin and µ the magnetic
moment, α ≈ 1/137 is the fine-structure constant, and F (r)
describes the nuclear magnetization distribution [F (r) = 1
for the pointlike case]. We use atomic units (h̄=|e|=me=1,
c=1/α) unless stated otherwise. Matrix elements of the oper-
ator (1) may be expressed as A〈I · J〉, where J is the total
electron angular momentum, and A is the magnetic dipole
hyperfine constant.

The contribution to the hyperfine structure arising from
account of the finite nuclear magnetization distribution is
known as the Bohr-Weisskopf effect [20]. This is a sizable
effect for heavy nuclei and typically enters at the percent level.
In this paper we use two nuclear magnetization models—
the uniform distribution (“ball” model) and a simple nuclear
single-particle model. Until recently it has been standard

practice in the heavy-atom community to use the ball model
or to use the same (Fermi) model that describes the nuclear
charge distribution. In the ball model,

FBall(r) = (r/rm)3 for r < rm, (2)

and FBall(r) = 1 for r > rm. A value for the nuclear magnetic
radius, rm, is usually found from the root-mean-square (rms)
charge radius rrms, rm =

√
5/3 rrms. It has been shown re-

cently [5,16,22,24] that for a number of systems of particular
interest in studies of fundamental symmetries violations the
ball model leads to sizable errors in the calculated hyper-
fine constants by as much as several percent. A model that
has been shown [5,15,16] to be substantially more accurate
for such systems is the simple nuclear single-particle model
[20,33,34]. Indeed, recent studies of the differential hyper-
fine anomaly [5,15,16] (see also Refs. [12,13]) support the
single-particle model for isotopes of Rb, Cs, Ba+, Fr, and
Tl. The results for Fr are also supported from measurements
in 207Pb81+ and 209Bi82+ (see, e.g., supplemental material in
Ref. [5]) and those for Tl from measurements in 203,205Tl

80+

(as discussed below). Further, the BW effect for 225Ra
+

has
been directly extracted [23] from atomic measurements, in
good agreement with the single-particle model. The mag-
netization distribution in the single-particle model may be
included in many-electron atomic calculations in a straight-
forward way [35]:

FSP(r) = FBall(r)[1 + "F (I, L, r/rm)]. (3)

Expressions for the term "F , which depends on the nuclear
spin, configuration, and magnetic moment, may be found in
Refs. [35,36]. The simplest version of the model [36]—which
we use in this paper—takes the nucleon wave function to be
constant across the nucleus, and excludes nuclear spin-orbit
effects. More sophisticated modeling, in the Woods-Saxon
potential and with spin-orbit interaction included [8,37], leads
to relatively small corrections for 87Rb, 133Cs, 211Fr [24], and
isotopes of Tl [15] (see also Refs. [8,38]).

It is convenient to express the hyperfine constant in the
following form (see, e.g., Ref. [34]):

A = A0(1 + ε) + δAQED, (4)

with the Bohr-Weisskopf effect given as a relative contribution
ε. Here, A0 corresponds to the hyperfine constant found with
a pointlike nuclear magnetization distribution (F = 1) and
with a finite nuclear charge distribution. We model the latter
using a Fermi distribution, with the rms charge radii from
Ref. [39] and the thickness parameter taken to be 2.3 fm. It is
particularly useful to parametrize the BW effect as a relative
rather than an absolute correction, as for heavy alkali-metal-
like atoms and ions ε is, to a high degree, independent of
(i) electron correlation effects beyond core polarization, (ii)
principal quantum number, and (iii) ionization degree (for s
states), as we explore further below. All of this is a conse-
quence of the short-range nature of the BW effect; see, e.g.,
Ref. [21], and discussion below. The QED contribution to
the hyperfine structure, δAQED, must also be considered, as
it enters with comparable size to the Bohr-Weisskopf effect
[8] (see also, e.g., Refs [11,24,36,40–43]).
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Typically for nuclei of different spin, 

[Collaborating with M. Kowalska (CERN-ISOLDE) and J. Dobacewski (York)]

Hyperfine constant

magnetic hyperfine anomaly

➤ magnetic hyperfine anomaly for a single isotope may be determined in 
H-like ions and muonic atoms

Other

➤ isotope shift and searches for new physics,…


