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102 GeV
<latexit sha1_base64="+0sK4ddmSqU8pqp7UvUHcuJVKLg=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8SJgJgh6DHvQYwSyQjKGnU5M06VnorhHjMPgrXjwo4tX/8Obf2FkOmvig4PFeFVX1vFgKjbb9bS0sLi2vrObW8usbm1vbhZ3duo4SxaHGIxmppsc0SBFCDQVKaMYKWOBJaHiDy5HfuAelRRTe4jAGN2C9UPiCMzRSp7Dv2HdpOaPtE9pGeMD0CupZp1C0S/YYdJ44U1IkU1Q7ha92N+JJACFyybRuOXaMbsoUCi4hy7cTDTHjA9aDlqEhC0C76fj6jB4ZpUv9SJkKkY7V3xMpC7QeBp7pDBj29aw3Ev/zWgn6524qwjhBCPlkkZ9IihEdRUG7QgFHOTSEcSXMrZT3mWIcTWB5E4Iz+/I8qZdLjl1ybk6LlYtpHDlyQA7JMXHIGamQa1IlNcLJI3kmr+TNerJerHfrY9K6YE1n9sgfWJ8/7zuUPw==</latexit><latexit sha1_base64="+0sK4ddmSqU8pqp7UvUHcuJVKLg=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8SJgJgh6DHvQYwSyQjKGnU5M06VnorhHjMPgrXjwo4tX/8Obf2FkOmvig4PFeFVX1vFgKjbb9bS0sLi2vrObW8usbm1vbhZ3duo4SxaHGIxmppsc0SBFCDQVKaMYKWOBJaHiDy5HfuAelRRTe4jAGN2C9UPiCMzRSp7Dv2HdpOaPtE9pGeMD0CupZp1C0S/YYdJ44U1IkU1Q7ha92N+JJACFyybRuOXaMbsoUCi4hy7cTDTHjA9aDlqEhC0C76fj6jB4ZpUv9SJkKkY7V3xMpC7QeBp7pDBj29aw3Ev/zWgn6524qwjhBCPlkkZ9IihEdRUG7QgFHOTSEcSXMrZT3mWIcTWB5E4Iz+/I8qZdLjl1ybk6LlYtpHDlyQA7JMXHIGamQa1IlNcLJI3kmr+TNerJerHfrY9K6YE1n9sgfWJ8/7zuUPw==</latexit><latexit sha1_base64="+0sK4ddmSqU8pqp7UvUHcuJVKLg=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8SJgJgh6DHvQYwSyQjKGnU5M06VnorhHjMPgrXjwo4tX/8Obf2FkOmvig4PFeFVX1vFgKjbb9bS0sLi2vrObW8usbm1vbhZ3duo4SxaHGIxmppsc0SBFCDQVKaMYKWOBJaHiDy5HfuAelRRTe4jAGN2C9UPiCMzRSp7Dv2HdpOaPtE9pGeMD0CupZp1C0S/YYdJ44U1IkU1Q7ha92N+JJACFyybRuOXaMbsoUCi4hy7cTDTHjA9aDlqEhC0C76fj6jB4ZpUv9SJkKkY7V3xMpC7QeBp7pDBj29aw3Ev/zWgn6524qwjhBCPlkkZ9IihEdRUG7QgFHOTSEcSXMrZT3mWIcTWB5E4Iz+/I8qZdLjl1ybk6LlYtpHDlyQA7JMXHIGamQa1IlNcLJI3kmr+TNerJerHfrY9K6YE1n9sgfWJ8/7zuUPw==</latexit><latexit sha1_base64="+0sK4ddmSqU8pqp7UvUHcuJVKLg=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8SJgJgh6DHvQYwSyQjKGnU5M06VnorhHjMPgrXjwo4tX/8Obf2FkOmvig4PFeFVX1vFgKjbb9bS0sLi2vrObW8usbm1vbhZ3duo4SxaHGIxmppsc0SBFCDQVKaMYKWOBJaHiDy5HfuAelRRTe4jAGN2C9UPiCMzRSp7Dv2HdpOaPtE9pGeMD0CupZp1C0S/YYdJ44U1IkU1Q7ha92N+JJACFyybRuOXaMbsoUCi4hy7cTDTHjA9aDlqEhC0C76fj6jB4ZpUv9SJkKkY7V3xMpC7QeBp7pDBj29aw3Ev/zWgn6524qwjhBCPlkkZ9IihEdRUG7QgFHOTSEcSXMrZT3mWIcTWB5E4Iz+/I8qZdLjl1ybk6LlYtpHDlyQA7JMXHIGamQa1IlNcLJI3kmr+TNerJerHfrY9K6YE1n9sgfWJ8/7zuUPw==</latexit>

10�2 eV
<latexit sha1_base64="xYCmWoz3Q53oUT1/pewIPtioCRM=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8aJgJgh6DXjxGMAskY+jpVJImPQvdNWIcBn/FiwdFvPof3vwbO8kcNPFBweO9KqrqeZEUGm3721pYXFpeWc2t5dc3Nre2Czu7dR3GikONhzJUTY9pkCKAGgqU0IwUMN+T0PCGV2O/cQ9KizC4xVEErs/6gegJztBIncK+Y98lp+WUtk9oG+EBE6innULRLtkT0HniZKRIMlQ7ha92N+SxDwFyybRuOXaEbsIUCi4hzbdjDRHjQ9aHlqEB80G7yeT6lB4ZpUt7oTIVIJ2ovycS5ms98j3T6TMc6FlvLP7ntWLsXbiJCKIYIeDTRb1YUgzpOAraFQo4ypEhjCthbqV8wBTjaALLmxCc2ZfnSb1ccuySc3NWrFxmceTIATkkx8Qh56RCrkmV1Agnj+SZvJI368l6sd6tj2nrgpXN7JE/sD5/AMWOlCU=</latexit><latexit sha1_base64="xYCmWoz3Q53oUT1/pewIPtioCRM=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8aJgJgh6DXjxGMAskY+jpVJImPQvdNWIcBn/FiwdFvPof3vwbO8kcNPFBweO9KqrqeZEUGm3721pYXFpeWc2t5dc3Nre2Czu7dR3GikONhzJUTY9pkCKAGgqU0IwUMN+T0PCGV2O/cQ9KizC4xVEErs/6gegJztBIncK+Y98lp+WUtk9oG+EBE6innULRLtkT0HniZKRIMlQ7ha92N+SxDwFyybRuOXaEbsIUCi4hzbdjDRHjQ9aHlqEB80G7yeT6lB4ZpUt7oTIVIJ2ovycS5ms98j3T6TMc6FlvLP7ntWLsXbiJCKIYIeDTRb1YUgzpOAraFQo4ypEhjCthbqV8wBTjaALLmxCc2ZfnSb1ccuySc3NWrFxmceTIATkkx8Qh56RCrkmV1Agnj+SZvJI368l6sd6tj2nrgpXN7JE/sD5/AMWOlCU=</latexit><latexit sha1_base64="xYCmWoz3Q53oUT1/pewIPtioCRM=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8aJgJgh6DXjxGMAskY+jpVJImPQvdNWIcBn/FiwdFvPof3vwbO8kcNPFBweO9KqrqeZEUGm3721pYXFpeWc2t5dc3Nre2Czu7dR3GikONhzJUTY9pkCKAGgqU0IwUMN+T0PCGV2O/cQ9KizC4xVEErs/6gegJztBIncK+Y98lp+WUtk9oG+EBE6innULRLtkT0HniZKRIMlQ7ha92N+SxDwFyybRuOXaEbsIUCi4hzbdjDRHjQ9aHlqEB80G7yeT6lB4ZpUt7oTIVIJ2ovycS5ms98j3T6TMc6FlvLP7ntWLsXbiJCKIYIeDTRb1YUgzpOAraFQo4ypEhjCthbqV8wBTjaALLmxCc2ZfnSb1ccuySc3NWrFxmceTIATkkx8Qh56RCrkmV1Agnj+SZvJI368l6sd6tj2nrgpXN7JE/sD5/AMWOlCU=</latexit><latexit sha1_base64="xYCmWoz3Q53oUT1/pewIPtioCRM=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8aJgJgh6DXjxGMAskY+jpVJImPQvdNWIcBn/FiwdFvPof3vwbO8kcNPFBweO9KqrqeZEUGm3721pYXFpeWc2t5dc3Nre2Czu7dR3GikONhzJUTY9pkCKAGgqU0IwUMN+T0PCGV2O/cQ9KizC4xVEErs/6gegJztBIncK+Y98lp+WUtk9oG+EBE6innULRLtkT0HniZKRIMlQ7ha92N+SxDwFyybRuOXaEbsIUCi4hzbdjDRHjQ9aHlqEB80G7yeT6lB4ZpUt7oTIVIJ2ovycS5ms98j3T6TMc6FlvLP7ntWLsXbiJCKIYIeDTRb1YUgzpOAraFQo4ypEhjCthbqV8wBTjaALLmxCc2ZfnSb1ccuySc3NWrFxmceTIATkkx8Qh56RCrkmV1Agnj+SZvJI368l6sd6tj2nrgpXN7JE/sD5/AMWOlCU=</latexit>

10�22 eV
<latexit sha1_base64="Hl8nUPRa0C4XwH2hUlCX4g66PFY=">AAAB/nicbVDJSgNBEO2JW4zbqHjy0hgEDxpmgqDHoBePEcwCmRh6OpWkSc9Cd40YhgF/xYsHRbz6Hd78GzvLQRMfFDzeq6Kqnh9LodFxvq3c0vLK6lp+vbCxubW9Y+/u1XWUKA41HslINX2mQYoQaihQQjNWwAJfQsMfXo/9xgMoLaLwDkcxtAPWD0VPcIZG6tgHrnOfnpXLGfVOqYfwiCnUs45ddErOBHSRuDNSJDNUO/aX1414EkCIXDKtW64TYztlCgWXkBW8REPM+JD1oWVoyALQ7XRyfkaPjdKlvUiZCpFO1N8TKQu0HgW+6QwYDvS8Nxb/81oJ9i7bqQjjBCHk00W9RFKM6DgL2hUKOMqRIYwrYW6lfMAU42gSK5gQ3PmXF0m9XHKdknt7XqxczeLIk0NyRE6ISy5IhdyQKqkRTlLyTF7Jm/VkvVjv1se0NWfNZvbJH1ifPzrjlGE=</latexit><latexit sha1_base64="Hl8nUPRa0C4XwH2hUlCX4g66PFY=">AAAB/nicbVDJSgNBEO2JW4zbqHjy0hgEDxpmgqDHoBePEcwCmRh6OpWkSc9Cd40YhgF/xYsHRbz6Hd78GzvLQRMfFDzeq6Kqnh9LodFxvq3c0vLK6lp+vbCxubW9Y+/u1XWUKA41HslINX2mQYoQaihQQjNWwAJfQsMfXo/9xgMoLaLwDkcxtAPWD0VPcIZG6tgHrnOfnpXLGfVOqYfwiCnUs45ddErOBHSRuDNSJDNUO/aX1414EkCIXDKtW64TYztlCgWXkBW8REPM+JD1oWVoyALQ7XRyfkaPjdKlvUiZCpFO1N8TKQu0HgW+6QwYDvS8Nxb/81oJ9i7bqQjjBCHk00W9RFKM6DgL2hUKOMqRIYwrYW6lfMAU42gSK5gQ3PmXF0m9XHKdknt7XqxczeLIk0NyRE6ISy5IhdyQKqkRTlLyTF7Jm/VkvVjv1se0NWfNZvbJH1ifPzrjlGE=</latexit><latexit sha1_base64="Hl8nUPRa0C4XwH2hUlCX4g66PFY=">AAAB/nicbVDJSgNBEO2JW4zbqHjy0hgEDxpmgqDHoBePEcwCmRh6OpWkSc9Cd40YhgF/xYsHRbz6Hd78GzvLQRMfFDzeq6Kqnh9LodFxvq3c0vLK6lp+vbCxubW9Y+/u1XWUKA41HslINX2mQYoQaihQQjNWwAJfQsMfXo/9xgMoLaLwDkcxtAPWD0VPcIZG6tgHrnOfnpXLGfVOqYfwiCnUs45ddErOBHSRuDNSJDNUO/aX1414EkCIXDKtW64TYztlCgWXkBW8REPM+JD1oWVoyALQ7XRyfkaPjdKlvUiZCpFO1N8TKQu0HgW+6QwYDvS8Nxb/81oJ9i7bqQjjBCHk00W9RFKM6DgL2hUKOMqRIYwrYW6lfMAU42gSK5gQ3PmXF0m9XHKdknt7XqxczeLIk0NyRE6ISy5IhdyQKqkRTlLyTF7Jm/VkvVjv1se0NWfNZvbJH1ifPzrjlGE=</latexit><latexit sha1_base64="Hl8nUPRa0C4XwH2hUlCX4g66PFY=">AAAB/nicbVDJSgNBEO2JW4zbqHjy0hgEDxpmgqDHoBePEcwCmRh6OpWkSc9Cd40YhgF/xYsHRbz6Hd78GzvLQRMfFDzeq6Kqnh9LodFxvq3c0vLK6lp+vbCxubW9Y+/u1XWUKA41HslINX2mQYoQaihQQjNWwAJfQsMfXo/9xgMoLaLwDkcxtAPWD0VPcIZG6tgHrnOfnpXLGfVOqYfwiCnUs45ddErOBHSRuDNSJDNUO/aX1414EkCIXDKtW64TYztlCgWXkBW8REPM+JD1oWVoyALQ7XRyfkaPjdKlvUiZCpFO1N8TKQu0HgW+6QwYDvS8Nxb/81oJ9i7bqQjjBCHk00W9RFKM6DgL2hUKOMqRIYwrYW6lfMAU42gSK5gQ3PmXF0m9XHKdknt7XqxczeLIk0NyRE6ISy5IhdyQKqkRTlLyTF7Jm/VkvVjv1se0NWfNZvbJH1ifPzrjlGE=</latexit>

Standard Model



Ultra-Light Waves

Planck ScaleUltra-Light

1019 GeV
<latexit sha1_base64="u4MqIltKmBGMwyPMDApTBTncrYE=">AAAB/nicbVDJSgNBEO2JW4zbqHjy0hgEDxJmRFBvQQ96jGAWyMTQ06kkTXoWumvEMAz4K148KOLV7/Dm39hZDpr4oODxXhVV9fxYCo2O823lFhaXllfyq4W19Y3NLXt7p6ajRHGo8khGquEzDVKEUEWBEhqxAhb4Eur+4Grk1x9AaRGFdziMoRWwXii6gjM0Utvec5371L3IqHdMPYRHTK+hlrXtolNyxqDzxJ2SIpmi0ra/vE7EkwBC5JJp3XSdGFspUyi4hKzgJRpixgesB01DQxaAbqXj8zN6aJQO7UbKVIh0rP6eSFmg9TDwTWfAsK9nvZH4n9dMsHveSkUYJwghnyzqJpJiREdZ0I5QwFEODWFcCXMr5X2mGEeTWMGE4M6+PE9qJyXXKbm3p8Xy5TSOPNknB+SIuOSMlMkNqZAq4SQlz+SVvFlP1ov1bn1MWnPWdGaX/IH1+QNuBpSB</latexit><latexit sha1_base64="u4MqIltKmBGMwyPMDApTBTncrYE=">AAAB/nicbVDJSgNBEO2JW4zbqHjy0hgEDxJmRFBvQQ96jGAWyMTQ06kkTXoWumvEMAz4K148KOLV7/Dm39hZDpr4oODxXhVV9fxYCo2O823lFhaXllfyq4W19Y3NLXt7p6ajRHGo8khGquEzDVKEUEWBEhqxAhb4Eur+4Grk1x9AaRGFdziMoRWwXii6gjM0Utvec5371L3IqHdMPYRHTK+hlrXtolNyxqDzxJ2SIpmi0ra/vE7EkwBC5JJp3XSdGFspUyi4hKzgJRpixgesB01DQxaAbqXj8zN6aJQO7UbKVIh0rP6eSFmg9TDwTWfAsK9nvZH4n9dMsHveSkUYJwghnyzqJpJiREdZ0I5QwFEODWFcCXMr5X2mGEeTWMGE4M6+PE9qJyXXKbm3p8Xy5TSOPNknB+SIuOSMlMkNqZAq4SQlz+SVvFlP1ov1bn1MWnPWdGaX/IH1+QNuBpSB</latexit><latexit sha1_base64="u4MqIltKmBGMwyPMDApTBTncrYE=">AAAB/nicbVDJSgNBEO2JW4zbqHjy0hgEDxJmRFBvQQ96jGAWyMTQ06kkTXoWumvEMAz4K148KOLV7/Dm39hZDpr4oODxXhVV9fxYCo2O823lFhaXllfyq4W19Y3NLXt7p6ajRHGo8khGquEzDVKEUEWBEhqxAhb4Eur+4Grk1x9AaRGFdziMoRWwXii6gjM0Utvec5371L3IqHdMPYRHTK+hlrXtolNyxqDzxJ2SIpmi0ra/vE7EkwBC5JJp3XSdGFspUyi4hKzgJRpixgesB01DQxaAbqXj8zN6aJQO7UbKVIh0rP6eSFmg9TDwTWfAsK9nvZH4n9dMsHveSkUYJwghnyzqJpJiREdZ0I5QwFEODWFcCXMr5X2mGEeTWMGE4M6+PE9qJyXXKbm3p8Xy5TSOPNknB+SIuOSMlMkNqZAq4SQlz+SVvFlP1ov1bn1MWnPWdGaX/IH1+QNuBpSB</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="IoAqCqZk83oebzgq3RT/z3bGLSE=">AAAB83icbZBLSwMxFIXv1FetVavgyk2wCC6kzLhRd4ILXVawD2jHkklv29DMg+SOWIaCf8WNC0X8L+78N6aPhbYeCHyck3BvTpAoach1v53cyura+kZ+s7BV3N7ZLe0V6yZOtcCaiFWsmwE3qGSENZKksJlo5GGgsBEMryd54xG1kXF0T6ME/ZD3I9mTgpO1OqUDz33IvMsxa5+yNuETZTdYH3dKZbfiTsWWwZtDGeaqdkpf7W4s0hAjEoob0/LchPyMa5JC4bjQTg0mXAx5H1sWIx6i8bPp+mN2bJ0u68XanojY1P39IuOhMaMwsDdDTgOzmE3M/7JWSr0LP5NRkhJGYjaolypGMZt0wbpSoyA1ssCFlnZXJgZcc0G2sYItwVv88jLUzyqeW/HuXMjDIRzBCXhwDldwC1WogYAMXuAN3p1n59X5mNWVc+a97cMfOZ8/Cp2TGA==</latexit><latexit sha1_base64="IoAqCqZk83oebzgq3RT/z3bGLSE=">AAAB83icbZBLSwMxFIXv1FetVavgyk2wCC6kzLhRd4ILXVawD2jHkklv29DMg+SOWIaCf8WNC0X8L+78N6aPhbYeCHyck3BvTpAoach1v53cyura+kZ+s7BV3N7ZLe0V6yZOtcCaiFWsmwE3qGSENZKksJlo5GGgsBEMryd54xG1kXF0T6ME/ZD3I9mTgpO1OqUDz33IvMsxa5+yNuETZTdYH3dKZbfiTsWWwZtDGeaqdkpf7W4s0hAjEoob0/LchPyMa5JC4bjQTg0mXAx5H1sWIx6i8bPp+mN2bJ0u68XanojY1P39IuOhMaMwsDdDTgOzmE3M/7JWSr0LP5NRkhJGYjaolypGMZt0wbpSoyA1ssCFlnZXJgZcc0G2sYItwVv88jLUzyqeW/HuXMjDIRzBCXhwDldwC1WogYAMXuAN3p1n59X5mNWVc+a97cMfOZ8/Cp2TGA==</latexit><latexit sha1_base64="XdojTXC1mBfxKjoe0oxryqKq1vY=">AAAB/nicbVDLSgNBEJz1GeNrVTx5GQyCBwm7XtRb0IMeI5gHZNcwO+kkQ2YfzPSKYQn4K148KOLV7/Dm3zhJ9qCJBQ1FVTfdXUEihUbH+bYWFpeWV1YLa8X1jc2tbXtnt67jVHGo8VjGqhkwDVJEUEOBEpqJAhYGEhrB4GrsNx5AaRFHdzhMwA9ZLxJdwRkaqW3vu8595l6MqHdCPYRHzK6hPmrbJafsTEDniZuTEslRbdtfXifmaQgRcsm0brlOgn7GFAouYVT0Ug0J4wPWg5ahEQtB+9nk/BE9MkqHdmNlKkI6UX9PZCzUehgGpjNk2Nez3lj8z2ul2D33MxElKULEp4u6qaQY03EWtCMUcJRDQxhXwtxKeZ8pxtEkVjQhuLMvz5P6adl1yu6tU6pc5nEUyAE5JMfEJWekQm5IldQIJxl5Jq/kzXqyXqx362PaumDlM3vkD6zPH2zGlH0=</latexit><latexit sha1_base64="u4MqIltKmBGMwyPMDApTBTncrYE=">AAAB/nicbVDJSgNBEO2JW4zbqHjy0hgEDxJmRFBvQQ96jGAWyMTQ06kkTXoWumvEMAz4K148KOLV7/Dm39hZDpr4oODxXhVV9fxYCo2O823lFhaXllfyq4W19Y3NLXt7p6ajRHGo8khGquEzDVKEUEWBEhqxAhb4Eur+4Grk1x9AaRGFdziMoRWwXii6gjM0Utvec5371L3IqHdMPYRHTK+hlrXtolNyxqDzxJ2SIpmi0ra/vE7EkwBC5JJp3XSdGFspUyi4hKzgJRpixgesB01DQxaAbqXj8zN6aJQO7UbKVIh0rP6eSFmg9TDwTWfAsK9nvZH4n9dMsHveSkUYJwghnyzqJpJiREdZ0I5QwFEODWFcCXMr5X2mGEeTWMGE4M6+PE9qJyXXKbm3p8Xy5TSOPNknB+SIuOSMlMkNqZAq4SQlz+SVvFlP1ov1bn1MWnPWdGaX/IH1+QNuBpSB</latexit><latexit sha1_base64="u4MqIltKmBGMwyPMDApTBTncrYE=">AAAB/nicbVDJSgNBEO2JW4zbqHjy0hgEDxJmRFBvQQ96jGAWyMTQ06kkTXoWumvEMAz4K148KOLV7/Dm39hZDpr4oODxXhVV9fxYCo2O823lFhaXllfyq4W19Y3NLXt7p6ajRHGo8khGquEzDVKEUEWBEhqxAhb4Eur+4Grk1x9AaRGFdziMoRWwXii6gjM0Utvec5371L3IqHdMPYRHTK+hlrXtolNyxqDzxJ2SIpmi0ra/vE7EkwBC5JJp3XSdGFspUyi4hKzgJRpixgesB01DQxaAbqXj8zN6aJQO7UbKVIh0rP6eSFmg9TDwTWfAsK9nvZH4n9dMsHveSkUYJwghnyzqJpJiREdZ0I5QwFEODWFcCXMr5X2mGEeTWMGE4M6+PE9qJyXXKbm3p8Xy5TSOPNknB+SIuOSMlMkNqZAq4SQlz+SVvFlP1ov1bn1MWnPWdGaX/IH1+QNuBpSB</latexit><latexit sha1_base64="u4MqIltKmBGMwyPMDApTBTncrYE=">AAAB/nicbVDJSgNBEO2JW4zbqHjy0hgEDxJmRFBvQQ96jGAWyMTQ06kkTXoWumvEMAz4K148KOLV7/Dm39hZDpr4oODxXhVV9fxYCo2O823lFhaXllfyq4W19Y3NLXt7p6ajRHGo8khGquEzDVKEUEWBEhqxAhb4Eur+4Grk1x9AaRGFdziMoRWwXii6gjM0Utvec5371L3IqHdMPYRHTK+hlrXtolNyxqDzxJ2SIpmi0ra/vE7EkwBC5JJp3XSdGFspUyi4hKzgJRpixgesB01DQxaAbqXj8zN6aJQO7UbKVIh0rP6eSFmg9TDwTWfAsK9nvZH4n9dMsHveSkUYJwghnyzqJpJiREdZ0I5QwFEODWFcCXMr5X2mGEeTWMGE4M6+PE9qJyXXKbm3p8Xy5TSOPNknB+SIuOSMlMkNqZAq4SQlz+SVvFlP1ov1bn1MWnPWdGaX/IH1+QNuBpSB</latexit><latexit sha1_base64="u4MqIltKmBGMwyPMDApTBTncrYE=">AAAB/nicbVDJSgNBEO2JW4zbqHjy0hgEDxJmRFBvQQ96jGAWyMTQ06kkTXoWumvEMAz4K148KOLV7/Dm39hZDpr4oODxXhVV9fxYCo2O823lFhaXllfyq4W19Y3NLXt7p6ajRHGo8khGquEzDVKEUEWBEhqxAhb4Eur+4Grk1x9AaRGFdziMoRWwXii6gjM0Utvec5371L3IqHdMPYRHTK+hlrXtolNyxqDzxJ2SIpmi0ra/vE7EkwBC5JJp3XSdGFspUyi4hKzgJRpixgesB01DQxaAbqXj8zN6aJQO7UbKVIh0rP6eSFmg9TDwTWfAsK9nvZH4n9dMsHveSkUYJwghnyzqJpJiREdZ0I5QwFEODWFcCXMr5X2mGEeTWMGE4M6+PE9qJyXXKbm3p8Xy5TSOPNknB+SIuOSMlMkNqZAq4SQlz+SVvFlP1ov1bn1MWnPWdGaX/IH1+QNuBpSB</latexit><latexit sha1_base64="u4MqIltKmBGMwyPMDApTBTncrYE=">AAAB/nicbVDJSgNBEO2JW4zbqHjy0hgEDxJmRFBvQQ96jGAWyMTQ06kkTXoWumvEMAz4K148KOLV7/Dm39hZDpr4oODxXhVV9fxYCo2O823lFhaXllfyq4W19Y3NLXt7p6ajRHGo8khGquEzDVKEUEWBEhqxAhb4Eur+4Grk1x9AaRGFdziMoRWwXii6gjM0Utvec5371L3IqHdMPYRHTK+hlrXtolNyxqDzxJ2SIpmi0ra/vE7EkwBC5JJp3XSdGFspUyi4hKzgJRpixgesB01DQxaAbqXj8zN6aJQO7UbKVIh0rP6eSFmg9TDwTWfAsK9nvZH4n9dMsHveSkUYJwghnyzqJpJiREdZ0I5QwFEODWFcCXMr5X2mGEeTWMGE4M6+PE9qJyXXKbm3p8Xy5TSOPNknB+SIuOSMlMkNqZAq4SQlz+SVvFlP1ov1bn1MWnPWdGaX/IH1+QNuBpSB</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="IoAqCqZk83oebzgq3RT/z3bGLSE=">AAAB83icbZBLSwMxFIXv1FetVavgyk2wCC6kzLhRd4ILXVawD2jHkklv29DMg+SOWIaCf8WNC0X8L+78N6aPhbYeCHyck3BvTpAoach1v53cyura+kZ+s7BV3N7ZLe0V6yZOtcCaiFWsmwE3qGSENZKksJlo5GGgsBEMryd54xG1kXF0T6ME/ZD3I9mTgpO1OqUDz33IvMsxa5+yNuETZTdYH3dKZbfiTsWWwZtDGeaqdkpf7W4s0hAjEoob0/LchPyMa5JC4bjQTg0mXAx5H1sWIx6i8bPp+mN2bJ0u68XanojY1P39IuOhMaMwsDdDTgOzmE3M/7JWSr0LP5NRkhJGYjaolypGMZt0wbpSoyA1ssCFlnZXJgZcc0G2sYItwVv88jLUzyqeW/HuXMjDIRzBCXhwDldwC1WogYAMXuAN3p1n59X5mNWVc+a97cMfOZ8/Cp2TGA==</latexit><latexit sha1_base64="IoAqCqZk83oebzgq3RT/z3bGLSE=">AAAB83icbZBLSwMxFIXv1FetVavgyk2wCC6kzLhRd4ILXVawD2jHkklv29DMg+SOWIaCf8WNC0X8L+78N6aPhbYeCHyck3BvTpAoach1v53cyura+kZ+s7BV3N7ZLe0V6yZOtcCaiFWsmwE3qGSENZKksJlo5GGgsBEMryd54xG1kXF0T6ME/ZD3I9mTgpO1OqUDz33IvMsxa5+yNuETZTdYH3dKZbfiTsWWwZtDGeaqdkpf7W4s0hAjEoob0/LchPyMa5JC4bjQTg0mXAx5H1sWIx6i8bPp+mN2bJ0u68XanojY1P39IuOhMaMwsDdDTgOzmE3M/7JWSr0LP5NRkhJGYjaolypGMZt0wbpSoyA1ssCFlnZXJgZcc0G2sYItwVv88jLUzyqeW/HuXMjDIRzBCXhwDldwC1WogYAMXuAN3p1n59X5mNWVc+a97cMfOZ8/Cp2TGA==</latexit><latexit sha1_base64="XdojTXC1mBfxKjoe0oxryqKq1vY=">AAAB/nicbVDLSgNBEJz1GeNrVTx5GQyCBwm7XtRb0IMeI5gHZNcwO+kkQ2YfzPSKYQn4K148KOLV7/Dm3zhJ9qCJBQ1FVTfdXUEihUbH+bYWFpeWV1YLa8X1jc2tbXtnt67jVHGo8VjGqhkwDVJEUEOBEpqJAhYGEhrB4GrsNx5AaRFHdzhMwA9ZLxJdwRkaqW3vu8595l6MqHdCPYRHzK6hPmrbJafsTEDniZuTEslRbdtfXifmaQgRcsm0brlOgn7GFAouYVT0Ug0J4wPWg5ahEQtB+9nk/BE9MkqHdmNlKkI6UX9PZCzUehgGpjNk2Nez3lj8z2ul2D33MxElKULEp4u6qaQY03EWtCMUcJRDQxhXwtxKeZ8pxtEkVjQhuLMvz5P6adl1yu6tU6pc5nEUyAE5JMfEJWekQm5IldQIJxl5Jq/kzXqyXqx362PaumDlM3vkD6zPH2zGlH0=</latexit><latexit sha1_base64="u4MqIltKmBGMwyPMDApTBTncrYE=">AAAB/nicbVDJSgNBEO2JW4zbqHjy0hgEDxJmRFBvQQ96jGAWyMTQ06kkTXoWumvEMAz4K148KOLV7/Dm39hZDpr4oODxXhVV9fxYCo2O823lFhaXllfyq4W19Y3NLXt7p6ajRHGo8khGquEzDVKEUEWBEhqxAhb4Eur+4Grk1x9AaRGFdziMoRWwXii6gjM0Utvec5371L3IqHdMPYRHTK+hlrXtolNyxqDzxJ2SIpmi0ra/vE7EkwBC5JJp3XSdGFspUyi4hKzgJRpixgesB01DQxaAbqXj8zN6aJQO7UbKVIh0rP6eSFmg9TDwTWfAsK9nvZH4n9dMsHveSkUYJwghnyzqJpJiREdZ0I5QwFEODWFcCXMr5X2mGEeTWMGE4M6+PE9qJyXXKbm3p8Xy5TSOPNknB+SIuOSMlMkNqZAq4SQlz+SVvFlP1ov1bn1MWnPWdGaX/IH1+QNuBpSB</latexit><latexit sha1_base64="u4MqIltKmBGMwyPMDApTBTncrYE=">AAAB/nicbVDJSgNBEO2JW4zbqHjy0hgEDxJmRFBvQQ96jGAWyMTQ06kkTXoWumvEMAz4K148KOLV7/Dm39hZDpr4oODxXhVV9fxYCo2O823lFhaXllfyq4W19Y3NLXt7p6ajRHGo8khGquEzDVKEUEWBEhqxAhb4Eur+4Grk1x9AaRGFdziMoRWwXii6gjM0Utvec5371L3IqHdMPYRHTK+hlrXtolNyxqDzxJ2SIpmi0ra/vE7EkwBC5JJp3XSdGFspUyi4hKzgJRpixgesB01DQxaAbqXj8zN6aJQO7UbKVIh0rP6eSFmg9TDwTWfAsK9nvZH4n9dMsHveSkUYJwghnyzqJpJiREdZ0I5QwFEODWFcCXMr5X2mGEeTWMGE4M6+PE9qJyXXKbm3p8Xy5TSOPNknB+SIuOSMlMkNqZAq4SQlz+SVvFlP1ov1bn1MWnPWdGaX/IH1+QNuBpSB</latexit><latexit sha1_base64="u4MqIltKmBGMwyPMDApTBTncrYE=">AAAB/nicbVDJSgNBEO2JW4zbqHjy0hgEDxJmRFBvQQ96jGAWyMTQ06kkTXoWumvEMAz4K148KOLV7/Dm39hZDpr4oODxXhVV9fxYCo2O823lFhaXllfyq4W19Y3NLXt7p6ajRHGo8khGquEzDVKEUEWBEhqxAhb4Eur+4Grk1x9AaRGFdziMoRWwXii6gjM0Utvec5371L3IqHdMPYRHTK+hlrXtolNyxqDzxJ2SIpmi0ra/vE7EkwBC5JJp3XSdGFspUyi4hKzgJRpixgesB01DQxaAbqXj8zN6aJQO7UbKVIh0rP6eSFmg9TDwTWfAsK9nvZH4n9dMsHveSkUYJwghnyzqJpJiREdZ0I5QwFEODWFcCXMr5X2mGEeTWMGE4M6+PE9qJyXXKbm3p8Xy5TSOPNknB+SIuOSMlMkNqZAq4SQlz+SVvFlP1ov1bn1MWnPWdGaX/IH1+QNuBpSB</latexit><latexit sha1_base64="u4MqIltKmBGMwyPMDApTBTncrYE=">AAAB/nicbVDJSgNBEO2JW4zbqHjy0hgEDxJmRFBvQQ96jGAWyMTQ06kkTXoWumvEMAz4K148KOLV7/Dm39hZDpr4oODxXhVV9fxYCo2O823lFhaXllfyq4W19Y3NLXt7p6ajRHGo8khGquEzDVKEUEWBEhqxAhb4Eur+4Grk1x9AaRGFdziMoRWwXii6gjM0Utvec5371L3IqHdMPYRHTK+hlrXtolNyxqDzxJ2SIpmi0ra/vE7EkwBC5JJp3XSdGFspUyi4hKzgJRpixgesB01DQxaAbqXj8zN6aJQO7UbKVIh0rP6eSFmg9TDwTWfAsK9nvZH4n9dMsHveSkUYJwghnyzqJpJiREdZ0I5QwFEODWFcCXMr5X2mGEeTWMGE4M6+PE9qJyXXKbm3p8Xy5TSOPNknB+SIuOSMlMkNqZAq4SQlz+SVvFlP1ov1bn1MWnPWdGaX/IH1+QNuBpSB</latexit><latexit sha1_base64="u4MqIltKmBGMwyPMDApTBTncrYE=">AAAB/nicbVDJSgNBEO2JW4zbqHjy0hgEDxJmRFBvQQ96jGAWyMTQ06kkTXoWumvEMAz4K148KOLV7/Dm39hZDpr4oODxXhVV9fxYCo2O823lFhaXllfyq4W19Y3NLXt7p6ajRHGo8khGquEzDVKEUEWBEhqxAhb4Eur+4Grk1x9AaRGFdziMoRWwXii6gjM0Utvec5371L3IqHdMPYRHTK+hlrXtolNyxqDzxJ2SIpmi0ra/vE7EkwBC5JJp3XSdGFspUyi4hKzgJRpixgesB01DQxaAbqXj8zN6aJQO7UbKVIh0rP6eSFmg9TDwTWfAsK9nvZH4n9dMsHveSkUYJwghnyzqJpJiREdZ0I5QwFEODWFcCXMr5X2mGEeTWMGE4M6+PE9qJyXXKbm3p8Xy5TSOPNknB+SIuOSMlMkNqZAq4SQlz+SVvFlP1ov1bn1MWnPWdGaX/IH1+QNuBpSB</latexit><latexit sha1_base64="u4MqIltKmBGMwyPMDApTBTncrYE=">AAAB/nicbVDJSgNBEO2JW4zbqHjy0hgEDxJmRFBvQQ96jGAWyMTQ06kkTXoWumvEMAz4K148KOLV7/Dm39hZDpr4oODxXhVV9fxYCo2O823lFhaXllfyq4W19Y3NLXt7p6ajRHGo8khGquEzDVKEUEWBEhqxAhb4Eur+4Grk1x9AaRGFdziMoRWwXii6gjM0Utvec5371L3IqHdMPYRHTK+hlrXtolNyxqDzxJ2SIpmi0ra/vE7EkwBC5JJp3XSdGFspUyi4hKzgJRpixgesB01DQxaAbqXj8zN6aJQO7UbKVIh0rP6eSFmg9TDwTWfAsK9nvZH4n9dMsHveSkUYJwghnyzqJpJiREdZ0I5QwFEODWFcCXMr5X2mGEeTWMGE4M6+PE9qJyXXKbm3p8Xy5TSOPNknB+SIuOSMlMkNqZAq4SQlz+SVvFlP1ov1bn1MWnPWdGaX/IH1+QNuBpSB</latexit>

102 GeV
<latexit sha1_base64="+0sK4ddmSqU8pqp7UvUHcuJVKLg=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8SJgJgh6DHvQYwSyQjKGnU5M06VnorhHjMPgrXjwo4tX/8Obf2FkOmvig4PFeFVX1vFgKjbb9bS0sLi2vrObW8usbm1vbhZ3duo4SxaHGIxmppsc0SBFCDQVKaMYKWOBJaHiDy5HfuAelRRTe4jAGN2C9UPiCMzRSp7Dv2HdpOaPtE9pGeMD0CupZp1C0S/YYdJ44U1IkU1Q7ha92N+JJACFyybRuOXaMbsoUCi4hy7cTDTHjA9aDlqEhC0C76fj6jB4ZpUv9SJkKkY7V3xMpC7QeBp7pDBj29aw3Ev/zWgn6524qwjhBCPlkkZ9IihEdRUG7QgFHOTSEcSXMrZT3mWIcTWB5E4Iz+/I8qZdLjl1ybk6LlYtpHDlyQA7JMXHIGamQa1IlNcLJI3kmr+TNerJerHfrY9K6YE1n9sgfWJ8/7zuUPw==</latexit><latexit sha1_base64="+0sK4ddmSqU8pqp7UvUHcuJVKLg=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8SJgJgh6DHvQYwSyQjKGnU5M06VnorhHjMPgrXjwo4tX/8Obf2FkOmvig4PFeFVX1vFgKjbb9bS0sLi2vrObW8usbm1vbhZ3duo4SxaHGIxmppsc0SBFCDQVKaMYKWOBJaHiDy5HfuAelRRTe4jAGN2C9UPiCMzRSp7Dv2HdpOaPtE9pGeMD0CupZp1C0S/YYdJ44U1IkU1Q7ha92N+JJACFyybRuOXaMbsoUCi4hy7cTDTHjA9aDlqEhC0C76fj6jB4ZpUv9SJkKkY7V3xMpC7QeBp7pDBj29aw3Ev/zWgn6524qwjhBCPlkkZ9IihEdRUG7QgFHOTSEcSXMrZT3mWIcTWB5E4Iz+/I8qZdLjl1ybk6LlYtpHDlyQA7JMXHIGamQa1IlNcLJI3kmr+TNerJerHfrY9K6YE1n9sgfWJ8/7zuUPw==</latexit><latexit sha1_base64="+0sK4ddmSqU8pqp7UvUHcuJVKLg=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8SJgJgh6DHvQYwSyQjKGnU5M06VnorhHjMPgrXjwo4tX/8Obf2FkOmvig4PFeFVX1vFgKjbb9bS0sLi2vrObW8usbm1vbhZ3duo4SxaHGIxmppsc0SBFCDQVKaMYKWOBJaHiDy5HfuAelRRTe4jAGN2C9UPiCMzRSp7Dv2HdpOaPtE9pGeMD0CupZp1C0S/YYdJ44U1IkU1Q7ha92N+JJACFyybRuOXaMbsoUCi4hy7cTDTHjA9aDlqEhC0C76fj6jB4ZpUv9SJkKkY7V3xMpC7QeBp7pDBj29aw3Ev/zWgn6524qwjhBCPlkkZ9IihEdRUG7QgFHOTSEcSXMrZT3mWIcTWB5E4Iz+/I8qZdLjl1ybk6LlYtpHDlyQA7JMXHIGamQa1IlNcLJI3kmr+TNerJerHfrY9K6YE1n9sgfWJ8/7zuUPw==</latexit><latexit sha1_base64="+0sK4ddmSqU8pqp7UvUHcuJVKLg=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8SJgJgh6DHvQYwSyQjKGnU5M06VnorhHjMPgrXjwo4tX/8Obf2FkOmvig4PFeFVX1vFgKjbb9bS0sLi2vrObW8usbm1vbhZ3duo4SxaHGIxmppsc0SBFCDQVKaMYKWOBJaHiDy5HfuAelRRTe4jAGN2C9UPiCMzRSp7Dv2HdpOaPtE9pGeMD0CupZp1C0S/YYdJ44U1IkU1Q7ha92N+JJACFyybRuOXaMbsoUCi4hy7cTDTHjA9aDlqEhC0C76fj6jB4ZpUv9SJkKkY7V3xMpC7QeBp7pDBj29aw3Ev/zWgn6524qwjhBCPlkkZ9IihEdRUG7QgFHOTSEcSXMrZT3mWIcTWB5E4Iz+/I8qZdLjl1ybk6LlYtpHDlyQA7JMXHIGamQa1IlNcLJI3kmr+TNerJerHfrY9K6YE1n9sgfWJ8/7zuUPw==</latexit>

10�2 eV
<latexit sha1_base64="xYCmWoz3Q53oUT1/pewIPtioCRM=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8aJgJgh6DXjxGMAskY+jpVJImPQvdNWIcBn/FiwdFvPof3vwbO8kcNPFBweO9KqrqeZEUGm3721pYXFpeWc2t5dc3Nre2Czu7dR3GikONhzJUTY9pkCKAGgqU0IwUMN+T0PCGV2O/cQ9KizC4xVEErs/6gegJztBIncK+Y98lp+WUtk9oG+EBE6innULRLtkT0HniZKRIMlQ7ha92N+SxDwFyybRuOXaEbsIUCi4hzbdjDRHjQ9aHlqEB80G7yeT6lB4ZpUt7oTIVIJ2ovycS5ms98j3T6TMc6FlvLP7ntWLsXbiJCKIYIeDTRb1YUgzpOAraFQo4ypEhjCthbqV8wBTjaALLmxCc2ZfnSb1ccuySc3NWrFxmceTIATkkx8Qh56RCrkmV1Agnj+SZvJI368l6sd6tj2nrgpXN7JE/sD5/AMWOlCU=</latexit><latexit sha1_base64="xYCmWoz3Q53oUT1/pewIPtioCRM=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8aJgJgh6DXjxGMAskY+jpVJImPQvdNWIcBn/FiwdFvPof3vwbO8kcNPFBweO9KqrqeZEUGm3721pYXFpeWc2t5dc3Nre2Czu7dR3GikONhzJUTY9pkCKAGgqU0IwUMN+T0PCGV2O/cQ9KizC4xVEErs/6gegJztBIncK+Y98lp+WUtk9oG+EBE6innULRLtkT0HniZKRIMlQ7ha92N+SxDwFyybRuOXaEbsIUCi4hzbdjDRHjQ9aHlqEB80G7yeT6lB4ZpUt7oTIVIJ2ovycS5ms98j3T6TMc6FlvLP7ntWLsXbiJCKIYIeDTRb1YUgzpOAraFQo4ypEhjCthbqV8wBTjaALLmxCc2ZfnSb1ccuySc3NWrFxmceTIATkkx8Qh56RCrkmV1Agnj+SZvJI368l6sd6tj2nrgpXN7JE/sD5/AMWOlCU=</latexit><latexit sha1_base64="xYCmWoz3Q53oUT1/pewIPtioCRM=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8aJgJgh6DXjxGMAskY+jpVJImPQvdNWIcBn/FiwdFvPof3vwbO8kcNPFBweO9KqrqeZEUGm3721pYXFpeWc2t5dc3Nre2Czu7dR3GikONhzJUTY9pkCKAGgqU0IwUMN+T0PCGV2O/cQ9KizC4xVEErs/6gegJztBIncK+Y98lp+WUtk9oG+EBE6innULRLtkT0HniZKRIMlQ7ha92N+SxDwFyybRuOXaEbsIUCi4hzbdjDRHjQ9aHlqEB80G7yeT6lB4ZpUt7oTIVIJ2ovycS5ms98j3T6TMc6FlvLP7ntWLsXbiJCKIYIeDTRb1YUgzpOAraFQo4ypEhjCthbqV8wBTjaALLmxCc2ZfnSb1ccuySc3NWrFxmceTIATkkx8Qh56RCrkmV1Agnj+SZvJI368l6sd6tj2nrgpXN7JE/sD5/AMWOlCU=</latexit><latexit sha1_base64="xYCmWoz3Q53oUT1/pewIPtioCRM=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8aJgJgh6DXjxGMAskY+jpVJImPQvdNWIcBn/FiwdFvPof3vwbO8kcNPFBweO9KqrqeZEUGm3721pYXFpeWc2t5dc3Nre2Czu7dR3GikONhzJUTY9pkCKAGgqU0IwUMN+T0PCGV2O/cQ9KizC4xVEErs/6gegJztBIncK+Y98lp+WUtk9oG+EBE6innULRLtkT0HniZKRIMlQ7ha92N+SxDwFyybRuOXaEbsIUCi4hzbdjDRHjQ9aHlqEB80G7yeT6lB4ZpUt7oTIVIJ2ovycS5ms98j3T6TMc6FlvLP7ntWLsXbiJCKIYIeDTRb1YUgzpOAraFQo4ypEhjCthbqV8wBTjaALLmxCc2ZfnSb1ccuySc3NWrFxmceTIATkkx8Qh56RCrkmV1Agnj+SZvJI368l6sd6tj2nrgpXN7JE/sD5/AMWOlCU=</latexit>

10�22 eV
<latexit sha1_base64="Hl8nUPRa0C4XwH2hUlCX4g66PFY=">AAAB/nicbVDJSgNBEO2JW4zbqHjy0hgEDxpmgqDHoBePEcwCmRh6OpWkSc9Cd40YhgF/xYsHRbz6Hd78GzvLQRMfFDzeq6Kqnh9LodFxvq3c0vLK6lp+vbCxubW9Y+/u1XWUKA41HslINX2mQYoQaihQQjNWwAJfQsMfXo/9xgMoLaLwDkcxtAPWD0VPcIZG6tgHrnOfnpXLGfVOqYfwiCnUs45ddErOBHSRuDNSJDNUO/aX1414EkCIXDKtW64TYztlCgWXkBW8REPM+JD1oWVoyALQ7XRyfkaPjdKlvUiZCpFO1N8TKQu0HgW+6QwYDvS8Nxb/81oJ9i7bqQjjBCHk00W9RFKM6DgL2hUKOMqRIYwrYW6lfMAU42gSK5gQ3PmXF0m9XHKdknt7XqxczeLIk0NyRE6ISy5IhdyQKqkRTlLyTF7Jm/VkvVjv1se0NWfNZvbJH1ifPzrjlGE=</latexit><latexit sha1_base64="Hl8nUPRa0C4XwH2hUlCX4g66PFY=">AAAB/nicbVDJSgNBEO2JW4zbqHjy0hgEDxpmgqDHoBePEcwCmRh6OpWkSc9Cd40YhgF/xYsHRbz6Hd78GzvLQRMfFDzeq6Kqnh9LodFxvq3c0vLK6lp+vbCxubW9Y+/u1XWUKA41HslINX2mQYoQaihQQjNWwAJfQsMfXo/9xgMoLaLwDkcxtAPWD0VPcIZG6tgHrnOfnpXLGfVOqYfwiCnUs45ddErOBHSRuDNSJDNUO/aX1414EkCIXDKtW64TYztlCgWXkBW8REPM+JD1oWVoyALQ7XRyfkaPjdKlvUiZCpFO1N8TKQu0HgW+6QwYDvS8Nxb/81oJ9i7bqQjjBCHk00W9RFKM6DgL2hUKOMqRIYwrYW6lfMAU42gSK5gQ3PmXF0m9XHKdknt7XqxczeLIk0NyRE6ISy5IhdyQKqkRTlLyTF7Jm/VkvVjv1se0NWfNZvbJH1ifPzrjlGE=</latexit><latexit sha1_base64="Hl8nUPRa0C4XwH2hUlCX4g66PFY=">AAAB/nicbVDJSgNBEO2JW4zbqHjy0hgEDxpmgqDHoBePEcwCmRh6OpWkSc9Cd40YhgF/xYsHRbz6Hd78GzvLQRMfFDzeq6Kqnh9LodFxvq3c0vLK6lp+vbCxubW9Y+/u1XWUKA41HslINX2mQYoQaihQQjNWwAJfQsMfXo/9xgMoLaLwDkcxtAPWD0VPcIZG6tgHrnOfnpXLGfVOqYfwiCnUs45ddErOBHSRuDNSJDNUO/aX1414EkCIXDKtW64TYztlCgWXkBW8REPM+JD1oWVoyALQ7XRyfkaPjdKlvUiZCpFO1N8TKQu0HgW+6QwYDvS8Nxb/81oJ9i7bqQjjBCHk00W9RFKM6DgL2hUKOMqRIYwrYW6lfMAU42gSK5gQ3PmXF0m9XHKdknt7XqxczeLIk0NyRE6ISy5IhdyQKqkRTlLyTF7Jm/VkvVjv1se0NWfNZvbJH1ifPzrjlGE=</latexit><latexit sha1_base64="Hl8nUPRa0C4XwH2hUlCX4g66PFY=">AAAB/nicbVDJSgNBEO2JW4zbqHjy0hgEDxpmgqDHoBePEcwCmRh6OpWkSc9Cd40YhgF/xYsHRbz6Hd78GzvLQRMfFDzeq6Kqnh9LodFxvq3c0vLK6lp+vbCxubW9Y+/u1XWUKA41HslINX2mQYoQaihQQjNWwAJfQsMfXo/9xgMoLaLwDkcxtAPWD0VPcIZG6tgHrnOfnpXLGfVOqYfwiCnUs45ddErOBHSRuDNSJDNUO/aX1414EkCIXDKtW64TYztlCgWXkBW8REPM+JD1oWVoyALQ7XRyfkaPjdKlvUiZCpFO1N8TKQu0HgW+6QwYDvS8Nxb/81oJ9i7bqQjjBCHk00W9RFKM6DgL2hUKOMqRIYwrYW6lfMAU42gSK5gQ3PmXF0m9XHKdknt7XqxczeLIk0NyRE6ISy5IhdyQKqkRTlLyTF7Jm/VkvVjv1se0NWfNZvbJH1ifPzrjlGE=</latexit>

Standard Model

ParticlesWaves



Wave - Particle duality

• Particles
• Heavy
• Can see individual quantua
• Produce few

• Waves
• Light
• Cannot see/distinguish individual quanta
• Produce many
• Ultra-light : Human time/length scales



Why new ultra-light states?

We have seen ultra-light fields before, why not again?

String theory/extra dimensions generically predicts 
many many light particles that are exponentially light

Experimentally

Theoretically



Theory of ultra-light scalars

Misalignment and string production

Production Mechanism

Model Building

Theory of mass and coupling
non derivative scalar interactions



Theory of ultra-light scalars

Strong coupling

Theoretically : ultra-light scalars are 
characterized by two competing effects

low mass

Strong coupling implies large potential energy
Large potential energy implies a large mass E = mc2

<latexit sha1_base64="was+mSbSq46P3R2ZI/oGY1FZZfQ=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9ktgl6EoggeK9gPadeSTbNtaJJdkqxQlv4KLx4U8erP8ea/Md3uQVsfDDzem2FmXhBzpo3rfjuFldW19Y3iZmlre2d3r7x/0NJRoghtkohHqhNgTTmTtGmY4bQTK4pFwGk7GF/P/PYTVZpF8t5MYuoLPJQsZAQbKz3coEskEHms9csVt+pmQMvEy0kFcjT65a/eICKJoNIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupxIJqP80OnqITqwxQGClb0qBM/T2RYqH1RAS2U2Az0oveTPzP6yYmvPBTJuPEUEnmi8KEIxOh2fdowBQlhk8swUQxeysiI6wwMTajkg3BW3x5mbRqVc+tendnlfpVHkcRjuAYTsGDc6jDLTSgCQQEPMMrvDnKeXHenY95a8HJZw7hD5zPH8xDjxY=</latexit><latexit sha1_base64="was+mSbSq46P3R2ZI/oGY1FZZfQ=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9ktgl6EoggeK9gPadeSTbNtaJJdkqxQlv4KLx4U8erP8ea/Md3uQVsfDDzem2FmXhBzpo3rfjuFldW19Y3iZmlre2d3r7x/0NJRoghtkohHqhNgTTmTtGmY4bQTK4pFwGk7GF/P/PYTVZpF8t5MYuoLPJQsZAQbKz3coEskEHms9csVt+pmQMvEy0kFcjT65a/eICKJoNIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupxIJqP80OnqITqwxQGClb0qBM/T2RYqH1RAS2U2Az0oveTPzP6yYmvPBTJuPEUEnmi8KEIxOh2fdowBQlhk8swUQxeysiI6wwMTajkg3BW3x5mbRqVc+tendnlfpVHkcRjuAYTsGDc6jDLTSgCQQEPMMrvDnKeXHenY95a8HJZw7hD5zPH8xDjxY=</latexit><latexit sha1_base64="was+mSbSq46P3R2ZI/oGY1FZZfQ=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9ktgl6EoggeK9gPadeSTbNtaJJdkqxQlv4KLx4U8erP8ea/Md3uQVsfDDzem2FmXhBzpo3rfjuFldW19Y3iZmlre2d3r7x/0NJRoghtkohHqhNgTTmTtGmY4bQTK4pFwGk7GF/P/PYTVZpF8t5MYuoLPJQsZAQbKz3coEskEHms9csVt+pmQMvEy0kFcjT65a/eICKJoNIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupxIJqP80OnqITqwxQGClb0qBM/T2RYqH1RAS2U2Az0oveTPzP6yYmvPBTJuPEUEnmi8KEIxOh2fdowBQlhk8swUQxeysiI6wwMTajkg3BW3x5mbRqVc+tendnlfpVHkcRjuAYTsGDc6jDLTSgCQQEPMMrvDnKeXHenY95a8HJZw7hD5zPH8xDjxY=</latexit><latexit sha1_base64="was+mSbSq46P3R2ZI/oGY1FZZfQ=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9ktgl6EoggeK9gPadeSTbNtaJJdkqxQlv4KLx4U8erP8ea/Md3uQVsfDDzem2FmXhBzpo3rfjuFldW19Y3iZmlre2d3r7x/0NJRoghtkohHqhNgTTmTtGmY4bQTK4pFwGk7GF/P/PYTVZpF8t5MYuoLPJQsZAQbKz3coEskEHms9csVt+pmQMvEy0kFcjT65a/eICKJoNIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupxIJqP80OnqITqwxQGClb0qBM/T2RYqH1RAS2U2Az0oveTPzP6yYmvPBTJuPEUEnmi8KEIxOh2fdowBQlhk8swUQxeysiI6wwMTajkg3BW3x5mbRqVc+tendnlfpVHkcRjuAYTsGDc6jDLTSgCQQEPMMrvDnKeXHenY95a8HJZw7hD5zPH8xDjxY=</latexit>

m2
obs = m2

bare + V
<latexit sha1_base64="opoDTX8B6YnKHQX8JHdpE8J3hHs=">AAACDXicbVDLSgNBEJyNrxhfUY9eBqMgCGE3CHoRgl48RjAPSNYwO+kkQ2YfzPSKYckPePFXvHhQxKt3b/6Nk2RBTSxoKKq66e7yIik02vaXlVlYXFpeya7m1tY3Nrfy2zs1HcaKQ5WHMlQNj2mQIoAqCpTQiBQw35NQ9waXY79+B0qLMLjBYQSuz3qB6ArO0Ejt/IF/W2q3EO4xCT09ouf0R/CYghE9prV2vmAX7QnoPHFSUiApKu38Z6sT8tiHALlkWjcdO0I3YQoFlzDKtWINEeMD1oOmoQHzQbvJ5JsRPTRKh3ZDZSpAOlF/TyTM13roe6bTZ9jXs95Y/M9rxtg9cxMRRDFCwKeLurGkGNJxNLQjFHCUQ0MYV8LcSnmfKcbRBJgzITizL8+TWqno2EXn+qRQvkjjyJI9sk+OiENOSZlckQqpEk4eyBN5Ia/Wo/VsvVnv09aMlc7skj+wPr4BZQ2bGQ==</latexit><latexit sha1_base64="opoDTX8B6YnKHQX8JHdpE8J3hHs=">AAACDXicbVDLSgNBEJyNrxhfUY9eBqMgCGE3CHoRgl48RjAPSNYwO+kkQ2YfzPSKYckPePFXvHhQxKt3b/6Nk2RBTSxoKKq66e7yIik02vaXlVlYXFpeya7m1tY3Nrfy2zs1HcaKQ5WHMlQNj2mQIoAqCpTQiBQw35NQ9waXY79+B0qLMLjBYQSuz3qB6ArO0Ejt/IF/W2q3EO4xCT09ouf0R/CYghE9prV2vmAX7QnoPHFSUiApKu38Z6sT8tiHALlkWjcdO0I3YQoFlzDKtWINEeMD1oOmoQHzQbvJ5JsRPTRKh3ZDZSpAOlF/TyTM13roe6bTZ9jXs95Y/M9rxtg9cxMRRDFCwKeLurGkGNJxNLQjFHCUQ0MYV8LcSnmfKcbRBJgzITizL8+TWqno2EXn+qRQvkjjyJI9sk+OiENOSZlckQqpEk4eyBN5Ia/Wo/VsvVnv09aMlc7skj+wPr4BZQ2bGQ==</latexit><latexit sha1_base64="opoDTX8B6YnKHQX8JHdpE8J3hHs=">AAACDXicbVDLSgNBEJyNrxhfUY9eBqMgCGE3CHoRgl48RjAPSNYwO+kkQ2YfzPSKYckPePFXvHhQxKt3b/6Nk2RBTSxoKKq66e7yIik02vaXlVlYXFpeya7m1tY3Nrfy2zs1HcaKQ5WHMlQNj2mQIoAqCpTQiBQw35NQ9waXY79+B0qLMLjBYQSuz3qB6ArO0Ejt/IF/W2q3EO4xCT09ouf0R/CYghE9prV2vmAX7QnoPHFSUiApKu38Z6sT8tiHALlkWjcdO0I3YQoFlzDKtWINEeMD1oOmoQHzQbvJ5JsRPTRKh3ZDZSpAOlF/TyTM13roe6bTZ9jXs95Y/M9rxtg9cxMRRDFCwKeLurGkGNJxNLQjFHCUQ0MYV8LcSnmfKcbRBJgzITizL8+TWqno2EXn+qRQvkjjyJI9sk+OiENOSZlckQqpEk4eyBN5Ia/Wo/VsvVnv09aMlc7skj+wPr4BZQ2bGQ==</latexit><latexit sha1_base64="opoDTX8B6YnKHQX8JHdpE8J3hHs=">AAACDXicbVDLSgNBEJyNrxhfUY9eBqMgCGE3CHoRgl48RjAPSNYwO+kkQ2YfzPSKYckPePFXvHhQxKt3b/6Nk2RBTSxoKKq66e7yIik02vaXlVlYXFpeya7m1tY3Nrfy2zs1HcaKQ5WHMlQNj2mQIoAqCpTQiBQw35NQ9waXY79+B0qLMLjBYQSuz3qB6ArO0Ejt/IF/W2q3EO4xCT09ouf0R/CYghE9prV2vmAX7QnoPHFSUiApKu38Z6sT8tiHALlkWjcdO0I3YQoFlzDKtWINEeMD1oOmoQHzQbvJ5JsRPTRKh3ZDZSpAOlF/TyTM13roe6bTZ9jXs95Y/M9rxtg9cxMRRDFCwKeLurGkGNJxNLQjFHCUQ0MYV8LcSnmfKcbRBJgzITizL8+TWqno2EXn+qRQvkjjyJI9sk+OiENOSZlckQqpEk4eyBN5Ia/Wo/VsvVnv09aMlc7skj+wPr4BZQ2bGQ==</latexit>

Caveat : non-derivative scalar interactions



Theory of ultra-light scalars

Unless there is fine-tuning involved, need a 
theory for this cancelation

m2
obs = m2

bare + V
<latexit sha1_base64="opoDTX8B6YnKHQX8JHdpE8J3hHs=">AAACDXicbVDLSgNBEJyNrxhfUY9eBqMgCGE3CHoRgl48RjAPSNYwO+kkQ2YfzPSKYckPePFXvHhQxKt3b/6Nk2RBTSxoKKq66e7yIik02vaXlVlYXFpeya7m1tY3Nrfy2zs1HcaKQ5WHMlQNj2mQIoAqCpTQiBQw35NQ9waXY79+B0qLMLjBYQSuz3qB6ArO0Ejt/IF/W2q3EO4xCT09ouf0R/CYghE9prV2vmAX7QnoPHFSUiApKu38Z6sT8tiHALlkWjcdO0I3YQoFlzDKtWINEeMD1oOmoQHzQbvJ5JsRPTRKh3ZDZSpAOlF/TyTM13roe6bTZ9jXs95Y/M9rxtg9cxMRRDFCwKeLurGkGNJxNLQjFHCUQ0MYV8LcSnmfKcbRBJgzITizL8+TWqno2EXn+qRQvkjjyJI9sk+OiENOSZlckQqpEk4eyBN5Ia/Wo/VsvVnv09aMlc7skj+wPr4BZQ2bGQ==</latexit><latexit sha1_base64="opoDTX8B6YnKHQX8JHdpE8J3hHs=">AAACDXicbVDLSgNBEJyNrxhfUY9eBqMgCGE3CHoRgl48RjAPSNYwO+kkQ2YfzPSKYckPePFXvHhQxKt3b/6Nk2RBTSxoKKq66e7yIik02vaXlVlYXFpeya7m1tY3Nrfy2zs1HcaKQ5WHMlQNj2mQIoAqCpTQiBQw35NQ9waXY79+B0qLMLjBYQSuz3qB6ArO0Ejt/IF/W2q3EO4xCT09ouf0R/CYghE9prV2vmAX7QnoPHFSUiApKu38Z6sT8tiHALlkWjcdO0I3YQoFlzDKtWINEeMD1oOmoQHzQbvJ5JsRPTRKh3ZDZSpAOlF/TyTM13roe6bTZ9jXs95Y/M9rxtg9cxMRRDFCwKeLurGkGNJxNLQjFHCUQ0MYV8LcSnmfKcbRBJgzITizL8+TWqno2EXn+qRQvkjjyJI9sk+OiENOSZlckQqpEk4eyBN5Ia/Wo/VsvVnv09aMlc7skj+wPr4BZQ2bGQ==</latexit><latexit sha1_base64="opoDTX8B6YnKHQX8JHdpE8J3hHs=">AAACDXicbVDLSgNBEJyNrxhfUY9eBqMgCGE3CHoRgl48RjAPSNYwO+kkQ2YfzPSKYckPePFXvHhQxKt3b/6Nk2RBTSxoKKq66e7yIik02vaXlVlYXFpeya7m1tY3Nrfy2zs1HcaKQ5WHMlQNj2mQIoAqCpTQiBQw35NQ9waXY79+B0qLMLjBYQSuz3qB6ArO0Ejt/IF/W2q3EO4xCT09ouf0R/CYghE9prV2vmAX7QnoPHFSUiApKu38Z6sT8tiHALlkWjcdO0I3YQoFlzDKtWINEeMD1oOmoQHzQbvJ5JsRPTRKh3ZDZSpAOlF/TyTM13roe6bTZ9jXs95Y/M9rxtg9cxMRRDFCwKeLurGkGNJxNLQjFHCUQ0MYV8LcSnmfKcbRBJgzITizL8+TWqno2EXn+qRQvkjjyJI9sk+OiENOSZlckQqpEk4eyBN5Ia/Wo/VsvVnv09aMlc7skj+wPr4BZQ2bGQ==</latexit><latexit sha1_base64="opoDTX8B6YnKHQX8JHdpE8J3hHs=">AAACDXicbVDLSgNBEJyNrxhfUY9eBqMgCGE3CHoRgl48RjAPSNYwO+kkQ2YfzPSKYckPePFXvHhQxKt3b/6Nk2RBTSxoKKq66e7yIik02vaXlVlYXFpeya7m1tY3Nrfy2zs1HcaKQ5WHMlQNj2mQIoAqCpTQiBQw35NQ9waXY79+B0qLMLjBYQSuz3qB6ArO0Ejt/IF/W2q3EO4xCT09ouf0R/CYghE9prV2vmAX7QnoPHFSUiApKu38Z6sT8tiHALlkWjcdO0I3YQoFlzDKtWINEeMD1oOmoQHzQbvJ5JsRPTRKh3ZDZSpAOlF/TyTM13roe6bTZ9jXs95Y/M9rxtg9cxMRRDFCwKeLurGkGNJxNLQjFHCUQ0MYV8LcSnmfKcbRBJgzITizL8+TWqno2EXn+qRQvkjjyJI9sk+OiENOSZlckQqpEk4eyBN5Ia/Wo/VsvVnv09aMlc7skj+wPr4BZQ2bGQ==</latexit>

Why are cancelations 
bad?

Experiment : 
dimensional analysis

Fun Fact : Perpetual 
Motion machines



Unfortunately, only one model of light scalars

Theory of ultra-light scalars

ZN discrete symmetry



PNGBs of ZN

Make it non-linearly realize a ZN symmetry

�

f
= 2⇡ +

�

f
<latexit sha1_base64="Gnv0nZAMAA8jNiXiDoZsBYOPeTs=">AAACEHicbVBNS8NAEJ3Ur1q/oh69LBZREEpSBL0IRS8eK9gPaELZbDft0s0m7G6EEvoTvPhXvHhQxKtHb/4bt20OtvXBwOO9GWbmBQlnSjvOj1VYWV1b3yhulra2d3b37P2DpopTSWiDxDyW7QArypmgDc00p+1EUhwFnLaC4e3Ebz1SqVgsHvQooX6E+4KFjGBtpK596oUSk8xLBmychWN0jarISxg6R/NG1y47FWcKtEzcnJQhR71rf3u9mKQRFZpwrFTHdRLtZ1hqRjgdl7xU0QSTIe7TjqECR1T52fShMToxSg+FsTQlNJqqfycyHCk1igLTGWE9UIveRPzP66Q6vPIzJpJUU0Fmi8KUIx2jSTqoxyQlmo8MwUQycysiA2yC0CbDkgnBXXx5mTSrFdepuPcX5dpNHkcRjuAYzsCFS6jBHdShAQSe4AXe4N16tl6tD+tz1lqw8plDmIP19QvYcpx2</latexit><latexit sha1_base64="Gnv0nZAMAA8jNiXiDoZsBYOPeTs=">AAACEHicbVBNS8NAEJ3Ur1q/oh69LBZREEpSBL0IRS8eK9gPaELZbDft0s0m7G6EEvoTvPhXvHhQxKtHb/4bt20OtvXBwOO9GWbmBQlnSjvOj1VYWV1b3yhulra2d3b37P2DpopTSWiDxDyW7QArypmgDc00p+1EUhwFnLaC4e3Ebz1SqVgsHvQooX6E+4KFjGBtpK596oUSk8xLBmychWN0jarISxg6R/NG1y47FWcKtEzcnJQhR71rf3u9mKQRFZpwrFTHdRLtZ1hqRjgdl7xU0QSTIe7TjqECR1T52fShMToxSg+FsTQlNJqqfycyHCk1igLTGWE9UIveRPzP66Q6vPIzJpJUU0Fmi8KUIx2jSTqoxyQlmo8MwUQycysiA2yC0CbDkgnBXXx5mTSrFdepuPcX5dpNHkcRjuAYzsCFS6jBHdShAQSe4AXe4N16tl6tD+tz1lqw8plDmIP19QvYcpx2</latexit><latexit sha1_base64="Gnv0nZAMAA8jNiXiDoZsBYOPeTs=">AAACEHicbVBNS8NAEJ3Ur1q/oh69LBZREEpSBL0IRS8eK9gPaELZbDft0s0m7G6EEvoTvPhXvHhQxKtHb/4bt20OtvXBwOO9GWbmBQlnSjvOj1VYWV1b3yhulra2d3b37P2DpopTSWiDxDyW7QArypmgDc00p+1EUhwFnLaC4e3Ebz1SqVgsHvQooX6E+4KFjGBtpK596oUSk8xLBmychWN0jarISxg6R/NG1y47FWcKtEzcnJQhR71rf3u9mKQRFZpwrFTHdRLtZ1hqRjgdl7xU0QSTIe7TjqECR1T52fShMToxSg+FsTQlNJqqfycyHCk1igLTGWE9UIveRPzP66Q6vPIzJpJUU0Fmi8KUIx2jSTqoxyQlmo8MwUQycysiA2yC0CbDkgnBXXx5mTSrFdepuPcX5dpNHkcRjuAYzsCFS6jBHdShAQSe4AXe4N16tl6tD+tz1lqw8plDmIP19QvYcpx2</latexit><latexit sha1_base64="Gnv0nZAMAA8jNiXiDoZsBYOPeTs=">AAACEHicbVBNS8NAEJ3Ur1q/oh69LBZREEpSBL0IRS8eK9gPaELZbDft0s0m7G6EEvoTvPhXvHhQxKtHb/4bt20OtvXBwOO9GWbmBQlnSjvOj1VYWV1b3yhulra2d3b37P2DpopTSWiDxDyW7QArypmgDc00p+1EUhwFnLaC4e3Ebz1SqVgsHvQooX6E+4KFjGBtpK596oUSk8xLBmychWN0jarISxg6R/NG1y47FWcKtEzcnJQhR71rf3u9mKQRFZpwrFTHdRLtZ1hqRjgdl7xU0QSTIe7TjqECR1T52fShMToxSg+FsTQlNJqqfycyHCk1igLTGWE9UIveRPzP66Q6vPIzJpJUU0Fmi8KUIx2jSTqoxyQlmo8MwUQycysiA2yC0CbDkgnBXXx5mTSrFdepuPcX5dpNHkcRjuAYzsCFS6jBHdShAQSe4AXe4N16tl6tD+tz1lqw8plDmIP19QvYcpx2</latexit>
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PNGBs of ZN

Any potential for this PNGB can be written as

2

and is exponentially suppressed in N .
To get an intuitive understanding of why the potential

is so suppressed, we analyze the potential for � from a
symmetry perspective. Due to the ZN symmetry, the
potential for � must be 2⇡f/N periodic so that we can
express it as

V (�) =
X
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ck sin

✓
Nk�

f
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◆
. (10)

We will see below that under a broad set of assumptions,

ck ⇠ ✏
Nk

. (11)

so that by taking ✏ small and N large, we can parametri-
cally separate the mass of the scalar from the UV cuto↵.

The quick and dirty way to derive that ck ⇠ ✏
Nk

is to note that e
iN�/f = (ei�/f )N so that N inser-

tions of the symmetry-breaking spurion ✏ei�/f are needed
to generate a potential for �. Alternatively, the rela-
tion can be obtained by considering the potential in fre-
quency space. The interaction frequency of � is ! = 1/f
(V ⇠ cos(!�)  c). The frequency associated with the
mass term and every other term in the potential for � is
N! = N/f due to the ZN symmetry. In order to con-
struct the high-frequency mass term, N contributions of
the lower frequency ! are needed. Each of these comes
with its own factor of ✏ giving the scaling shown in Eq. 11.

A critical assumption that was made implicitly in the
previous discussion is that there are no phase transitions
or massless particles as � varies in field space. Phase
transitions introduce discontinuities. By cutting up a
2⇡f symmetric potential, a 2⇡f/N symmetric potential
can be easily generated. This point will be exploited later
in the paper to obtain a light Higgs boson.

Since ✏ is a dimension-one number, we need to specify
what the dimensionless expansion parameter is. When
dealing with UV contributions to the potential, it is clear
that the expansion parameter is ✏/⇤. In this case,

ck ⇠ ⇤4
⇣
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⇤

⌘Nk

. (12)

In addition to UV contributions to the potential, there
will also be IR contributions. As an example of how
the IR contributions behave, consider the coupling to the
fermions discussed before in Eq. 4. The e↵ective potential
will depend on the fermion mass m in some manner,
e.g. m

4
 
logm . From this, one sees that the expansion

parameter for IR contributions to the potential is ✏/m 

and that
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Depending on other IR parameters in the Lagrangian, the
IR potential for � can be relatively unsuppressed. Thus
scalars of this type are sensitive to the IR but insensitive
to the UV.

II. ANALYTIC BOUNDS

In the example given in the Introduction, we saw that
a scalar could couple strongly to matter yet remain light.
In this section, we extend the previous result to more gen-
eral situations. We describe under what circumstances
the mass of a scalar � is exponentially suppressed in N

and under what circumstances it is only power-law sup-
pressed in N .
Due to the ZN symmetry, the potential for � is of the

form
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N�1X
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f
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N
). (14)

Unlike before, we do not assume the existence of a small
coupling ✏. The results presented in this section are valid
for any choice of the function F and for any value of N
but are most useful in the case where F does not depend
explicitly on N .
The large-N limit of Eq. 14 is easy to understand as

the sum is simply a Riemann sum that converges to an
integral :
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The leading-order piece is completely � independent so
that the mass of � is subleading in the large-N limit. Let
us denote the subleading piece that generates the mass
of � as
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The scaling of the mass of � with N is an issue of estimat-
ing the convergence rate of the Riemann sum of F 00. Rie-
mann sums of periodic functions are known to converge
extremely quickly, and we present two useful theorems
(the proofs can be found in Section 9.4 of Ref. [1]).
The first theorem is a special case of the Euler-

Maclaurin theorem. If the function F is 2⇡ periodic and
2m+ 1 times di↵erentiable, then
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Potentials where there are massless particles as � varies
will have discontinuities and are not infinitely di↵eren-
tiable. In these cases, the mass of � is only power-law
suppressed by N .
The second theorem can be shown via the residue the-

orem. Let F be a 2⇡-periodic function that is also an-
alytic. Then there exists an open strip, which includes

Written in this form, if F is independent of N, 
then this is a Riemann Sum!



PNGBs of ZN

V (�) /
N�1X

k=0

F (
�

f
+

2⇡k

N
) =

N

2⇡

Z 2⇡

0
F (✓)d✓ +O(N0)

Large N limit is independent of the PNGB

Expected since as N goes to infinity, you have a 
continuous shift symmetry



Convergence Theorems

Riemann sums have a lot of theorems associated with 
them

The potential for the PNGB comes entirely from the error 
in the Riemann sum in approximating an integral
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and is exponentially suppressed in N .
To get an intuitive understanding of why the potential

is so suppressed, we analyze the potential for � from a
symmetry perspective. Due to the ZN symmetry, the
potential for � must be 2⇡f/N periodic so that we can
express it as
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so that by taking ✏ small and N large, we can parametri-
cally separate the mass of the scalar from the UV cuto↵.

The quick and dirty way to derive that ck ⇠ ✏
Nk

is to note that e
iN�/f = (ei�/f )N so that N inser-

tions of the symmetry-breaking spurion ✏ei�/f are needed
to generate a potential for �. Alternatively, the rela-
tion can be obtained by considering the potential in fre-
quency space. The interaction frequency of � is ! = 1/f
(V ⇠ cos(!�)  c). The frequency associated with the
mass term and every other term in the potential for � is
N! = N/f due to the ZN symmetry. In order to con-
struct the high-frequency mass term, N contributions of
the lower frequency ! are needed. Each of these comes
with its own factor of ✏ giving the scaling shown in Eq. 11.

A critical assumption that was made implicitly in the
previous discussion is that there are no phase transitions
or massless particles as � varies in field space. Phase
transitions introduce discontinuities. By cutting up a
2⇡f symmetric potential, a 2⇡f/N symmetric potential
can be easily generated. This point will be exploited later
in the paper to obtain a light Higgs boson.

Since ✏ is a dimension-one number, we need to specify
what the dimensionless expansion parameter is. When
dealing with UV contributions to the potential, it is clear
that the expansion parameter is ✏/⇤. In this case,
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In addition to UV contributions to the potential, there
will also be IR contributions. As an example of how
the IR contributions behave, consider the coupling to the
fermions discussed before in Eq. 4. The e↵ective potential
will depend on the fermion mass m in some manner,
e.g. m
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logm . From this, one sees that the expansion

parameter for IR contributions to the potential is ✏/m 

and that
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Depending on other IR parameters in the Lagrangian, the
IR potential for � can be relatively unsuppressed. Thus
scalars of this type are sensitive to the IR but insensitive
to the UV.

II. ANALYTIC BOUNDS

In the example given in the Introduction, we saw that
a scalar could couple strongly to matter yet remain light.
In this section, we extend the previous result to more gen-
eral situations. We describe under what circumstances
the mass of a scalar � is exponentially suppressed in N

and under what circumstances it is only power-law sup-
pressed in N .
Due to the ZN symmetry, the potential for � is of the

form
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Unlike before, we do not assume the existence of a small
coupling ✏. The results presented in this section are valid
for any choice of the function F and for any value of N
but are most useful in the case where F does not depend
explicitly on N .
The large-N limit of Eq. 14 is easy to understand as

the sum is simply a Riemann sum that converges to an
integral :
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The leading-order piece is completely � independent so
that the mass of � is subleading in the large-N limit. Let
us denote the subleading piece that generates the mass
of � as
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The scaling of the mass of � with N is an issue of estimat-
ing the convergence rate of the Riemann sum of F 00. Rie-
mann sums of periodic functions are known to converge
extremely quickly, and we present two useful theorems
(the proofs can be found in Section 9.4 of Ref. [1]).
The first theorem is a special case of the Euler-

Maclaurin theorem. If the function F is 2⇡ periodic and
2m+ 1 times di↵erentiable, then
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Potentials where there are massless particles as � varies
will have discontinuities and are not infinitely di↵eren-
tiable. In these cases, the mass of � is only power-law
suppressed by N .
The second theorem can be shown via the residue the-

orem. Let F be a 2⇡-periodic function that is also an-
alytic. Then there exists an open strip, which includes



Euler-Maclaurin Theorem

If the function F is analytic

Unlike before, we do not assume the existence of a small coupling ✏. The results presented
in this section are valid for any choice of the function F but are most useful in the case
where it does not depend explicitly on N.

The large-N limit of Eq. 2.1 is easy to understand as the sum is simply a Riemann sum
that converges to an integral :
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The leading order piece is completely � independent so that the mass of � is subleading in
the large-N limit. Let us denote the subleading piece that generates the mass of � as
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Hence the scaling of the mass of � with N is an issue of estimating the convergence rate
of the Riemann sum of F

00. Riemann sums of periodic functions are known to converge
extremely quickly and we present two useful theorems (the proofs can be found in Section
9.4 of Ref. [1]).

The first theorem is a special case of the Euler-Maclaurin theorem. If the function F
is 2⇡ periodic and 2m+ 1 times differentiable, then
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Potentials where there are massless particles as � varies will have discontinuities and are
not infinitely differentiable. In these cases, the mass of � is only power law suppressed by
N.

The second theorem can be shown via the residue theorem. Let F be a 2⇡ periodic
function that is also analytic. Then there exists an open strip, which includes the real axis
axis and the complex axis from �ia to ia with a > 0, upon which F can be extended into
a holomorphic, 2⇡ periodic, bounded function with bound M. In this case,

|EN (F )| 
4⇡M

eNa � 1
. (2.5)

Potentials which are infinitely differentiable give an exponentially suppressed mass for �

even if there is no small parameter in the problem.
These two theorems demonstrate how much the mass of � can be suppressed for any

given potential. In the case where there are massless particles as � varies, the mass of � is
suppressed by how differentiable the potential is. In the case with no discontinuities, the
mass is exponentially suppressed even if there is no small number in the problem.

3 Examples

In the example given in the Introduction, we showed how a scalar (e.g. from a fifth force
or dark matter) Yukawa coupled to the SM, which naively looks tuned, can actually arise

– 4 –

Then there is a strip around the real axis from -i a to i a
where F is a holomorphic function with a bound M

Well behaved potentials where no particle becomes 
massless result in exponentially suppressed PNGB masses



Tuned axions

Consider N decoupled QCDs all coupled to the 
same PNGB axion

QCDs exchange under ZN

Axion non-linearly realizes the ZN
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Tuned axions

Leading order coupling between the various sectors

Each sector gives a potential of the form
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Tuned axions

Total potential is the sum

3

the real axis and the complex axis from �ia to ia with
a > 0, upon which F can be extended into a holomor-
phic, 2⇡-periodic, bounded function with bound M . In
this case,

|EN (F )| 
4⇡M

eNa � 1
. (17)

Potentials that are infinitely di↵erentiable give an expo-
nentially suppressed mass for � even if there is no small
parameter in the problem.

These two theorems demonstrate how much the mass
of � can be suppressed for any given potential. In the
case where there are massless particles as � varies, the
mass of � is suppressed by how di↵erentiable the poten-
tial is. In the case with no discontinuities, the mass is
exponentially suppressed even if there is no small number
in the problem.

III. EXAMPLES

In the example given in the Introduction, we showed
how a light scalar (e.g. from a fifth force or dark matter)
Yukawa coupled to the SM that naively looks tuned can
actually arise naturally. In this section, we provide two
more examples of how this new solution to the Hierarchy
Problem can be applied to theories of interest. The first
example is that of a light axion. This example serves
to highlight how di↵erent this solution is from other so-
lutions such as supersymmetry, which cannot make the
axion lighter than its QCD contributions. The second
example is a solution to the Little Hierarchy Problem.

A. A light axion

Unlike the example in the Introduction, the axion [2–
5] does not have a small parameter ✏ characterizing its
couplings. However, the axion potential is analytic so
that by the theorems presented before, its mass must be
exponentially suppressed in the large-N limit. As before,
we have a ZN symmetry with N copies of the SM that
are interchanged under the symmetry, and an axion that
non-linearly realizes the discrete symmetry. The axion
couples to the N di↵erent sectors via the coupling

L =
X

k

✓
a

f
+

2⇡k

N
+ ✓

◆
GkG̃k. (18)

Due to confinement of the N di↵erent QCD sectors,
there will be a potential for the axion whose leading order
contribution is

V (a) = � m
2
⇡
f
2
⇡

X

k

s

1� 4
mumd

(mu +md)2
sin2

✓
a

2f
+

⇡k

N

◆

+ O(m4
⇡
). (19)

As the theta angles are all identical, we have shifted them
away. With a bit of algebra, one can show that ✓ =
2⇡k/N for integer k is a minimum (maximum) for N

odd (even).
To use the results of the convergence theorems pre-

sented before, we define

F (z) =

r
1� 4

mumd

(mu +md)2
sin2

⇣
z

2

⌘
, (20)

which is holomorphic until the square root of a negative
number is taken. We are thus considering the open strip
(�ia, ia) where

a = log(c+
p

c2 � 1), c =
(mu +md)2

2mumd

� 1. (21)

Inserting the measured values of the quark masses, we
find that the mass of the axion is bounded to be ⇡ 1/2N/2

smaller than its natural value where we have neglected
the subleading terms proportional to powers of N .
Eq. 19 contains subleading terms suppressed by more

powers of the quark masses. These terms are also an-
alytic and thus also give exponentially suppressed con-
tributions to the axion mass. These contributions are
also suppressed by at least 2N/2. To understand this
scaling behavior, we note that if mu = md, there is a
first-order phase transition at ✓ = ⇡ [6]. If the quark
masses are equal, the axion potential is non-analytic and
thus not exponentially suppressed. Any non-zero mass
di↵erence results in an analytic potential, and the pa-
rameter governing the exponential suppression is neces-
sarily mu/md ⇠ 1/2. As the exponential suppression of
the mass is due to how far away the potential is from
discontinuities, a.k.a. phase transitions, the axion mass
is necessarily suppressed by at least 1/2N/2.
Aside from analytically bounding the mass of the axion

in the large-N limit, we also numerically fit the exponen-
tial dependence of the axion mass on N and find that

ma(N)

ma(N = 1)
⇠

4

2N/2
(22)

There is good agreement between the analytically-
derived limit on the mass and actual mass.
The price of obtaining an exponentially lighter axion

is the linear problem associated with the fact that only
one of the N copies of the SM has ✓ = 0. The rest have
✓ = 2⇡k/N . Thus one has traded an exponential fine
tuning in the mass for a linear tuning of why we are in
the sector with ✓ = 0. This secondary problem may be
solvable via other mechanisms.

B. A naturally light Higgs boson

Solving the Hierarchy Problem is fundamentally about
finding a reason that a Higgs mass of zero is special.
The scalars discussed in this article are sensitive to phase

Potential is analytic

Mass should be exponentially suppressed
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Axion mass can naturally be exponentially lighter 
than the normal QCD contribution!

V (a) ⇠
r
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Phenomenology of ultra-light scalars

Ultra light scalars have interesting 
phenomenology, most of it tied with its 
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FIG. 5. (Color online) Sensitivity to dme as a function
of the scalar dark matter mass m� = 2⇡f� with the
microwave-optical clock comparison experiment, assuming
dme � dmi , de, dg. Plot labels otherwise similar to Fig. 3.

(thin blue) and 108 s (thick blue), respectively, assum-
ing � is all of the dark matter (F = 1). The sensitivity
is better for lower masses because the amplitude �0 is
bigger in Eq. (7); at high masses, there is an additional
suppression due to short coherence times (leading to the
“kink” at f� ⇡ 10�2 Hz in all three figures)). We require
�⌧ <

2⇡
m�

< ⌧int, so the signal shows up as an isolated

peak within the range of the DFT of the measurement
time series. Of course, this experiment can still be sensi-
tive to masses for which 2⇡

m�
> ⌧int—via a drift in the fre-

quency ratio or a peak in the first mode of the DFT—but
any positive signal could not be ascribed unambiguously
to the e↵ects of oscillating dark matter. We denoted this
by the dotted, flat extension of our sensitivity curves in
Figs. 3, 4 & 5, as the expectation value of the drift over
the run time of the experiment is independent of m� in
this regime. We note that cosmological constraints (see
Sec. VII) imply that � cannot be all of the DM in the
universe for masses m� . 10�21 eV, and that the sensi-
tivity of our proposal scales as F�1/2 =

p
⇢DM/⇢� with

the fraction F of the local dark matter density in �.

B. Optical-optical clock comparison

As explained in Sec. III, a comparison of two electronic
optical transition lines is very sensitive to changes in ↵

alone, and thus the de coe�cient, without confounding
e↵ects due to dg, dm̂, or dme . We propose measuring
variations of the frequency ratio of two optical clocks,
one based on a single 171Yb+ ion, the other on a sin-
gle 27Al+ ion. Optical clocks based on these ions have
demonstrated excellent short-term stability, and behave
di↵erently under variations of ↵ because of their dissim-
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FIG. 6. (Color online) Sensitivity to de as a function of the
scalar dark matter mass m� = 2⇡f� with the optical-optical
clock comparison experiment described in the text, for ⌧int =
106, 108 s (thin blue, thick blue), assuming � makes up all
of the local dark matter. Regions excluded by composition-
dependent (CD EP) and -independent (CI EP) equivalence
principle tests are colored in red and orange, respectively,
assuming de � dmi , dg. The green region depicts allowed
scalar couplings of the QCD axion.

ilar electron structures and transition dynamics (see Ta-
ble I). Specifically, the short-term stability of these clocks
can be as good as 2.0·10�15 Hz�1/2 and 2.8·10�15 Hz�1/2

for Yb+ and Al+, respectively, and ⇠Yb
+ � ⇠Al

+ ⇡ �5.3.
With the same 1 Hz sampling rate of fYb

+/fAl
+ , we

plot in Fig. 6 the SNR = 1 sensitivity to the de coe�-
cient for integration times of ⌧int = 106 s (thin blue) and
⌧int = 108 s (thick blue), using the same assumptions as
in Sec. IVA. Because of the superior short-term stabil-
ity of optical clocks, the sensitivity to the de coupling
is strong. This is particularly exciting given the weaker
bounds on de from equivalence principle tests, to which
we turn in Sec. V.

C. Improvements in optical clocks

Optical clocks based on single ions are nearing their
ultimate fractional stability limit due to quantum pro-
jection noise (QPN). The path towards further stability
improvements thus naturally veers towards using optical
clocks based on a large number of neutral atoms trapped
in optical lattices, whose QPN scales like N�1/2 where N
is the number of interrogated atoms [31]. The most no-
table examples in this category are optical clocks based
on 171Yb0 [12] and 87Sr0 [13, 32], which have demon-
strated short-term stabilities of 3 · 10�16 Hz�1/2 and are
approaching long-term stabilities at the 10�18 level (see
Table I). Further progress in this area will require push-
ing the envelope in optical cavity technology for the clock

hep-ph/1405.2925
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FIG. 1. Constraints on the axion parameter space. ma is the
mass of the axion field and fa is the axion decay constant.
The blue dots show the masses of axion fields that are sam-
pled in this Letter, and the corresponding 3� constraints on
fa from GW170817. For fa & 1.6⇥ 1016GeV, the GW170817
data cannot distinguish waveforms with ma . 10�13eV, al-
lowing us to extrapolate the constraints on small ma to the
massless limit and to exclude the existence of axions in the
blue regime. Axions in the purple region could also be sig-
nificantly sourced by the Earth and the Sun, and hence are
excluded [39]. In addition, we show the 3� constraint from
the spin measurements of the stellar mass black holes (Cyg
X-1 and GRS 1915+105) [25] (in green), as well as the 1�
constraint on axion dark matter from the BBN [16] (in red).

potential receives finite density corrections [41]

V (a) = �m
2
⇡f

2
⇡

✓
✏�

�NnN

m2
⇡f

2
⇡

◆ ����cos
✓

a

2fa

◆����

+O

 ✓
�NnN

m2
⇡f

2
⇡

◆2
!#

, (2)

where nN is the number density of nucleons, and �N ⇡

59MeV [42]2. For ✏ < 1, the axion potential inside the
dense object can change sign while the perturbation the-
ory is still valid. If the radius of the dense object is larger
than the critical radius

Rcrit ⌘
2fap

�NnN � ✏m2
⇡f

2
⇡

, (3)

a phase transition occurs, shifting the vacuum expecta-
tion value of the axion field from 0 to ±⇡fa inside the
dense object. Assuming NSs have a radius on the order

2
Specific mechanisms that suppress the axion masses [37, 38]

might also change the period of this low energy e↵ective po-

tential. However, the axion profile and subsequent analysis is

determined exclusively by the finite density e↵ect inside the NS,

with period 2⇡fa. Therefore, our analysis applies to the light

axions in [37, 38].

of 10km, this phase transition generally happens inside
NSs for axions with fa . 1018GeV. As a result, the NS
develops an axion profile, interpolating from ±⇡fa near
the NS surface to 0 at spatial infinity.
In this case, the axion field mediates an additional force

between NSs, with strength that could in principle be as
strong as gravity. The axion force cannot be sourced
by nuclei (as nuclei are too small to trigger the phase
transition), and can therefore avoid fifth force constraints
in laboratories. At leading order, the axion force between
two NSs is

Fa = �
Q1Q2

4⇡r2
(1 +mar) exp[�mar] r̂ , (4)

where Q1,2 is the axion charge carried by each NS and is
related to the NS radius R1,2 through

Q1,2 = ±4⇡2
faR1,2 . (5)

The axion force can be either attractive or repulsive, de-
pending on whether the axion field values are of the same
or opposite sign on the surfaces of the two NSs. More-
over, the axion force is only “turned on” if the two NSs
are within the axion’s Compton wavelength �a ⌘ 1/ma.
If such NSs form binaries, the axion field might also ra-

diate axion waves during binary coalescence. For circular
orbits, the leading order radiation power is

Pa =
(Q1M2 �Q2M1)2

12⇡ (M1 +M2)
2 r

2⌦4

✓
1�

m
2
a

⌦2

◆3/2

, (6)

where ⌦ is the orbital frequency and r denotes the
separation between the two NSs of masses M1 and M2.
According to Eq. (6), the axion radiation is turned on
only when the orbital frequency is larger than the axion
mass. The axion force as well as the axion radiation
power are calculated to the next-to-leading order in
Ref. [40].

Waveform template.—Inspirals in the presence of a
generic massive scalar field have been studied in Refs. [40,
43–49], among which corrections of the scalar field on the
GR waveforms are calculated to the first post-Newtonian
(PN) order in [40]. The waveform template cannot be
written in a closed analytic form, and cannot be described
by the usual PN templates, e.g., the one used in Ref. [50].
In our analysis, the waveform is generated by a modified
TaylorF2 template, in which the frequency domain wave-
form is given by

h(f) ' H(f) exp [i (f)] . (7)

Since the existing analyses of GW170817 [35, 51] show
good agreement with GR, the axion charges, if nonzero,
must be very small, which allows us to expand  as

 =  GR + a +O(Q4
1,2) +O(Q2

1,2v
2). (8)

Here  GR is the phase in the usual TaylorF2 template in
the PyCBC package [52],  a is the leading order phase

hep-ph/2105.13963
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Figure 8: Variation of the Lunar-LAGEOS constraint for d “ 5 self-interactions with a

tree-level contribution c̃5{MPl to the Wilson coe�cient as we change c̃5 between 10´60 and

10´20. At first, the excluded region grows are large � but then starts to decrease when c̃5
is large enough. The non-monotonic scaling of the bound is explained in the text.

with �̄i defined as in Sec. 4. Once one is in the screening regime above ↵c, the scaling of

the parameters is �̄CpRCq „ p↵c,C{↵q0.5, and �̄CpRLq „ p↵c,C{↵q0.4. Therefore ⌘ grows

rapidly with ↵ above ↵c, so that the Earth-LAGEOS bound tracks ↵c,C as in Fig. 6.

6 Cubic Interactions

The cubic self-interaction is qualitatively di↵erent from the quartic and higher interactions

in that it is a relevant operator at low energies. Thus, it modifies the large distance

behaviour of ' and the force it mediates. We discuss these two aspects in greater detail in

Sections 6.1 and 6.2 below.

In this section we consider the potential

V “ 1

2
m2'2 ` 1

3
'3 ´ �⇢' , (6.1)

and assume that there is a small quartic term for stability as ' Ñ ˘8. Imagine a source

with charge Q that gives a standard ' “ Q{r potential close to the source. Relevant

operators modify the behavior of the potential after some characteristic cross-over distance.
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