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Hierarchy Problem
Scalars pick up the mass-scale of whatever they couple to


(probably the only accidentally well chosen name)
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Hierarchy Problem

• Say I ignore the Planck corrections (claiming some quantum gravity magic/
ignorance), I am forced into either of three scenarios:


A. There are no particles that couple to Higgs between the weak scale and 
Planck scale (at any appreciable loop level)


B. I fine-tune the theory: at some UV scale I set the Higgs bare mass as to 
precisely cancel all the contributions from all the loops.


C. If there any particles that couple to Higgs, they do so in a very peculiar way 
as to cancel/suppress the contribution to its mass: symmetries


D. Let dynamics determine the Higgs mass : The Relaxion[1504.07551]
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Relaxion — a fun toy model
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Relaxion — a fun toy model
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mh = 125GeV
<latexit sha1_base64="Z6VALjX6Cl8LhhLfcQHj5yNSfG8=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIroakdLQboehClxVsK7RlyKSZNjSZGZKMUMYu/BU3LhRx62+4829MH4KKHggczrmXe3KCRHBtEPpwcguLS8sr+dXC2vrG5lZxe6ep41RR1qCxiNVNQDQTPGINw41gN4liRAaCtYLh+cRv3TKleRxdm1HCupL0Ix5ySoyV/OKe9AfwFOKyBzuSmIGS2QVrjv1iCbno2KvgKkSuh3AVe5aUPYxQGWIXTVECc9T94nunF9NUsshQQbRuY5SYbkaU4VSwcaGTapYQOiR91rY0IpLpbjbNP4aHVunBMFb2RQZO1e8bGZFaj2RgJycZ9W9vIv7ltVMTVrsZj5LUsIjODoWpgCaGkzJgjytGjRhZQqjiNiukA6IINbaygi3h66fwf9Isuxi5+KpSqp3N68iDfXAAjgAGJ6AGLkEdNAAFd+ABPIFn5955dF6c19lozpnv7IIfcN4+AU7PlQU=</latexit><latexit sha1_base64="Z6VALjX6Cl8LhhLfcQHj5yNSfG8=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIroakdLQboehClxVsK7RlyKSZNjSZGZKMUMYu/BU3LhRx62+4829MH4KKHggczrmXe3KCRHBtEPpwcguLS8sr+dXC2vrG5lZxe6ep41RR1qCxiNVNQDQTPGINw41gN4liRAaCtYLh+cRv3TKleRxdm1HCupL0Ix5ySoyV/OKe9AfwFOKyBzuSmIGS2QVrjv1iCbno2KvgKkSuh3AVe5aUPYxQGWIXTVECc9T94nunF9NUsshQQbRuY5SYbkaU4VSwcaGTapYQOiR91rY0IpLpbjbNP4aHVunBMFb2RQZO1e8bGZFaj2RgJycZ9W9vIv7ltVMTVrsZj5LUsIjODoWpgCaGkzJgjytGjRhZQqjiNiukA6IINbaygi3h66fwf9Isuxi5+KpSqp3N68iDfXAAjgAGJ6AGLkEdNAAFd+ABPIFn5955dF6c19lozpnv7IIfcN4+AU7PlQU=</latexit><latexit sha1_base64="Z6VALjX6Cl8LhhLfcQHj5yNSfG8=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIroakdLQboehClxVsK7RlyKSZNjSZGZKMUMYu/BU3LhRx62+4829MH4KKHggczrmXe3KCRHBtEPpwcguLS8sr+dXC2vrG5lZxe6ep41RR1qCxiNVNQDQTPGINw41gN4liRAaCtYLh+cRv3TKleRxdm1HCupL0Ix5ySoyV/OKe9AfwFOKyBzuSmIGS2QVrjv1iCbno2KvgKkSuh3AVe5aUPYxQGWIXTVECc9T94nunF9NUsshQQbRuY5SYbkaU4VSwcaGTapYQOiR91rY0IpLpbjbNP4aHVunBMFb2RQZO1e8bGZFaj2RgJycZ9W9vIv7ltVMTVrsZj5LUsIjODoWpgCaGkzJgjytGjRhZQqjiNiukA6IINbaygi3h66fwf9Isuxi5+KpSqp3N68iDfXAAjgAGJ6AGLkEdNAAFd+ABPIFn5955dF6c19lozpnv7IIfcN4+AU7PlQU=</latexit><latexit sha1_base64="Z6VALjX6Cl8LhhLfcQHj5yNSfG8=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIroakdLQboehClxVsK7RlyKSZNjSZGZKMUMYu/BU3LhRx62+4829MH4KKHggczrmXe3KCRHBtEPpwcguLS8sr+dXC2vrG5lZxe6ep41RR1qCxiNVNQDQTPGINw41gN4liRAaCtYLh+cRv3TKleRxdm1HCupL0Ix5ySoyV/OKe9AfwFOKyBzuSmIGS2QVrjv1iCbno2KvgKkSuh3AVe5aUPYxQGWIXTVECc9T94nunF9NUsshQQbRuY5SYbkaU4VSwcaGTapYQOiR91rY0IpLpbjbNP4aHVunBMFb2RQZO1e8bGZFaj2RgJycZ9W9vIv7ltVMTVrsZj5LUsIjODoWpgCaGkzJgjytGjRhZQqjiNiukA6IINbaygi3h66fwf9Isuxi5+KpSqp3N68iDfXAAjgAGJ6AGLkEdNAAFd+ABPIFn5955dF6c19lozpnv7IIfcN4+AU7PlQU=</latexit>



Relaxion — a fun toy model

Whew!!

�
<latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit>

V (�)
<latexit sha1_base64="+/MdcPKpt+eCFUtZbxK9sWAbSEI=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJeyKoMegF48RzAOSJcxOJsmQ2dlhplcISz7CiwdFvPo93vwbJ8keNLGgoajqprsr0lJY9P1vb219Y3Nru7BT3N3bPzgsHR03bZIaxhsskYlpR9RyKRRvoEDJ29pwGkeSt6Lx3cxvPXFjRaIecaJ5GNOhEgPBKDqp1ax09Uhc9Eplv+rPQVZJkJMy5Kj3Sl/dfsLSmCtkklrbCXyNYUYNCib5tNhNLdeUjemQdxxVNOY2zObnTsm5U/pkkBhXCslc/T2R0djaSRy5zpjiyC57M/E/r5Pi4CbMhNIpcsUWiwapJJiQ2e+kLwxnKCeOUGaEu5WwETWUoUuo6EIIll9eJc3LauBXg4ercu02j6MAp3AGFQjgGmpwD3VoAIMxPMMrvHnae/HevY9F65qXz5zAH3ifP4PgjwQ=</latexit><latexit sha1_base64="+/MdcPKpt+eCFUtZbxK9sWAbSEI=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJeyKoMegF48RzAOSJcxOJsmQ2dlhplcISz7CiwdFvPo93vwbJ8keNLGgoajqprsr0lJY9P1vb219Y3Nru7BT3N3bPzgsHR03bZIaxhsskYlpR9RyKRRvoEDJ29pwGkeSt6Lx3cxvPXFjRaIecaJ5GNOhEgPBKDqp1ax09Uhc9Eplv+rPQVZJkJMy5Kj3Sl/dfsLSmCtkklrbCXyNYUYNCib5tNhNLdeUjemQdxxVNOY2zObnTsm5U/pkkBhXCslc/T2R0djaSRy5zpjiyC57M/E/r5Pi4CbMhNIpcsUWiwapJJiQ2e+kLwxnKCeOUGaEu5WwETWUoUuo6EIIll9eJc3LauBXg4ercu02j6MAp3AGFQjgGmpwD3VoAIMxPMMrvHnae/HevY9F65qXz5zAH3ifP4PgjwQ=</latexit><latexit sha1_base64="+/MdcPKpt+eCFUtZbxK9sWAbSEI=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJeyKoMegF48RzAOSJcxOJsmQ2dlhplcISz7CiwdFvPo93vwbJ8keNLGgoajqprsr0lJY9P1vb219Y3Nru7BT3N3bPzgsHR03bZIaxhsskYlpR9RyKRRvoEDJ29pwGkeSt6Lx3cxvPXFjRaIecaJ5GNOhEgPBKDqp1ax09Uhc9Eplv+rPQVZJkJMy5Kj3Sl/dfsLSmCtkklrbCXyNYUYNCib5tNhNLdeUjemQdxxVNOY2zObnTsm5U/pkkBhXCslc/T2R0djaSRy5zpjiyC57M/E/r5Pi4CbMhNIpcsUWiwapJJiQ2e+kLwxnKCeOUGaEu5WwETWUoUuo6EIIll9eJc3LauBXg4ercu02j6MAp3AGFQjgGmpwD3VoAIMxPMMrvHnae/HevY9F65qXz5zAH3ifP4PgjwQ=</latexit><latexit sha1_base64="+/MdcPKpt+eCFUtZbxK9sWAbSEI=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJeyKoMegF48RzAOSJcxOJsmQ2dlhplcISz7CiwdFvPo93vwbJ8keNLGgoajqprsr0lJY9P1vb219Y3Nru7BT3N3bPzgsHR03bZIaxhsskYlpR9RyKRRvoEDJ29pwGkeSt6Lx3cxvPXFjRaIecaJ5GNOhEgPBKDqp1ax09Uhc9Eplv+rPQVZJkJMy5Kj3Sl/dfsLSmCtkklrbCXyNYUYNCib5tNhNLdeUjemQdxxVNOY2zObnTsm5U/pkkBhXCslc/T2R0djaSRy5zpjiyC57M/E/r5Pi4CbMhNIpcsUWiwapJJiQ2e+kLwxnKCeOUGaEu5WwETWUoUuo6EIIll9eJc3LauBXg4ercu02j6MAp3AGFQjgGmpwD3VoAIMxPMMrvHnae/HevY9F65qXz5zAH3ifP4PgjwQ=</latexit>

mh = 125GeV
<latexit sha1_base64="Z6VALjX6Cl8LhhLfcQHj5yNSfG8=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIroakdLQboehClxVsK7RlyKSZNjSZGZKMUMYu/BU3LhRx62+4829MH4KKHggczrmXe3KCRHBtEPpwcguLS8sr+dXC2vrG5lZxe6ep41RR1qCxiNVNQDQTPGINw41gN4liRAaCtYLh+cRv3TKleRxdm1HCupL0Ix5ySoyV/OKe9AfwFOKyBzuSmIGS2QVrjv1iCbno2KvgKkSuh3AVe5aUPYxQGWIXTVECc9T94nunF9NUsshQQbRuY5SYbkaU4VSwcaGTapYQOiR91rY0IpLpbjbNP4aHVunBMFb2RQZO1e8bGZFaj2RgJycZ9W9vIv7ltVMTVrsZj5LUsIjODoWpgCaGkzJgjytGjRhZQqjiNiukA6IINbaygi3h66fwf9Isuxi5+KpSqp3N68iDfXAAjgAGJ6AGLkEdNAAFd+ABPIFn5955dF6c19lozpnv7IIfcN4+AU7PlQU=</latexit><latexit sha1_base64="Z6VALjX6Cl8LhhLfcQHj5yNSfG8=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIroakdLQboehClxVsK7RlyKSZNjSZGZKMUMYu/BU3LhRx62+4829MH4KKHggczrmXe3KCRHBtEPpwcguLS8sr+dXC2vrG5lZxe6ep41RR1qCxiNVNQDQTPGINw41gN4liRAaCtYLh+cRv3TKleRxdm1HCupL0Ix5ySoyV/OKe9AfwFOKyBzuSmIGS2QVrjv1iCbno2KvgKkSuh3AVe5aUPYxQGWIXTVECc9T94nunF9NUsshQQbRuY5SYbkaU4VSwcaGTapYQOiR91rY0IpLpbjbNP4aHVunBMFb2RQZO1e8bGZFaj2RgJycZ9W9vIv7ltVMTVrsZj5LUsIjODoWpgCaGkzJgjytGjRhZQqjiNiukA6IINbaygi3h66fwf9Isuxi5+KpSqp3N68iDfXAAjgAGJ6AGLkEdNAAFd+ABPIFn5955dF6c19lozpnv7IIfcN4+AU7PlQU=</latexit><latexit sha1_base64="Z6VALjX6Cl8LhhLfcQHj5yNSfG8=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIroakdLQboehClxVsK7RlyKSZNjSZGZKMUMYu/BU3LhRx62+4829MH4KKHggczrmXe3KCRHBtEPpwcguLS8sr+dXC2vrG5lZxe6ep41RR1qCxiNVNQDQTPGINw41gN4liRAaCtYLh+cRv3TKleRxdm1HCupL0Ix5ySoyV/OKe9AfwFOKyBzuSmIGS2QVrjv1iCbno2KvgKkSuh3AVe5aUPYxQGWIXTVECc9T94nunF9NUsshQQbRuY5SYbkaU4VSwcaGTapYQOiR91rY0IpLpbjbNP4aHVunBMFb2RQZO1e8bGZFaj2RgJycZ9W9vIv7ltVMTVrsZj5LUsIjODoWpgCaGkzJgjytGjRhZQqjiNiukA6IINbaygi3h66fwf9Isuxi5+KpSqp3N68iDfXAAjgAGJ6AGLkEdNAAFd+ABPIFn5955dF6c19lozpnv7IIfcN4+AU7PlQU=</latexit><latexit sha1_base64="Z6VALjX6Cl8LhhLfcQHj5yNSfG8=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIroakdLQboehClxVsK7RlyKSZNjSZGZKMUMYu/BU3LhRx62+4829MH4KKHggczrmXe3KCRHBtEPpwcguLS8sr+dXC2vrG5lZxe6ep41RR1qCxiNVNQDQTPGINw41gN4liRAaCtYLh+cRv3TKleRxdm1HCupL0Ix5ySoyV/OKe9AfwFOKyBzuSmIGS2QVrjv1iCbno2KvgKkSuh3AVe5aUPYxQGWIXTVECc9T94nunF9NUsshQQbRuY5SYbkaU4VSwcaGTapYQOiR91rY0IpLpbjbNP4aHVunBMFb2RQZO1e8bGZFaj2RgJycZ9W9vIv7ltVMTVrsZj5LUsIjODoWpgCaGkzJgjytGjRhZQqjiNiukA6IINbaygi3h66fwf9Isuxi5+KpSqp3N68iDfXAAjgAGJ6AGLkEdNAAFd+ABPIFn5955dF6c19lozpnv7IIfcN4+AU7PlQU=</latexit>

L = ⇤3
�+ (⇤2 � �

2)H2 + ⇤QCD(hHi) cos(�/f)
<latexit sha1_base64="IkK0LEsEnOPgK89JCyzpqiOSUgs="></latexit><latexit sha1_base64="IkK0LEsEnOPgK89JCyzpqiOSUgs="></latexit><latexit sha1_base64="IkK0LEsEnOPgK89JCyzpqiOSUgs="></latexit><latexit sha1_base64="IkK0LEsEnOPgK89JCyzpqiOSUgs="></latexit>



Relaxion — a fun toy model

Hot, hot, hot

�
<latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit>

V (�)
<latexit sha1_base64="+/MdcPKpt+eCFUtZbxK9sWAbSEI=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJeyKoMegF48RzAOSJcxOJsmQ2dlhplcISz7CiwdFvPo93vwbJ8keNLGgoajqprsr0lJY9P1vb219Y3Nru7BT3N3bPzgsHR03bZIaxhsskYlpR9RyKRRvoEDJ29pwGkeSt6Lx3cxvPXFjRaIecaJ5GNOhEgPBKDqp1ax09Uhc9Eplv+rPQVZJkJMy5Kj3Sl/dfsLSmCtkklrbCXyNYUYNCib5tNhNLdeUjemQdxxVNOY2zObnTsm5U/pkkBhXCslc/T2R0djaSRy5zpjiyC57M/E/r5Pi4CbMhNIpcsUWiwapJJiQ2e+kLwxnKCeOUGaEu5WwETWUoUuo6EIIll9eJc3LauBXg4ercu02j6MAp3AGFQjgGmpwD3VoAIMxPMMrvHnae/HevY9F65qXz5zAH3ifP4PgjwQ=</latexit><latexit sha1_base64="+/MdcPKpt+eCFUtZbxK9sWAbSEI=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJeyKoMegF48RzAOSJcxOJsmQ2dlhplcISz7CiwdFvPo93vwbJ8keNLGgoajqprsr0lJY9P1vb219Y3Nru7BT3N3bPzgsHR03bZIaxhsskYlpR9RyKRRvoEDJ29pwGkeSt6Lx3cxvPXFjRaIecaJ5GNOhEgPBKDqp1ax09Uhc9Eplv+rPQVZJkJMy5Kj3Sl/dfsLSmCtkklrbCXyNYUYNCib5tNhNLdeUjemQdxxVNOY2zObnTsm5U/pkkBhXCslc/T2R0djaSRy5zpjiyC57M/E/r5Pi4CbMhNIpcsUWiwapJJiQ2e+kLwxnKCeOUGaEu5WwETWUoUuo6EIIll9eJc3LauBXg4ercu02j6MAp3AGFQjgGmpwD3VoAIMxPMMrvHnae/HevY9F65qXz5zAH3ifP4PgjwQ=</latexit><latexit sha1_base64="+/MdcPKpt+eCFUtZbxK9sWAbSEI=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJeyKoMegF48RzAOSJcxOJsmQ2dlhplcISz7CiwdFvPo93vwbJ8keNLGgoajqprsr0lJY9P1vb219Y3Nru7BT3N3bPzgsHR03bZIaxhsskYlpR9RyKRRvoEDJ29pwGkeSt6Lx3cxvPXFjRaIecaJ5GNOhEgPBKDqp1ax09Uhc9Eplv+rPQVZJkJMy5Kj3Sl/dfsLSmCtkklrbCXyNYUYNCib5tNhNLdeUjemQdxxVNOY2zObnTsm5U/pkkBhXCslc/T2R0djaSRy5zpjiyC57M/E/r5Pi4CbMhNIpcsUWiwapJJiQ2e+kLwxnKCeOUGaEu5WwETWUoUuo6EIIll9eJc3LauBXg4ercu02j6MAp3AGFQjgGmpwD3VoAIMxPMMrvHnae/HevY9F65qXz5zAH3ifP4PgjwQ=</latexit><latexit sha1_base64="+/MdcPKpt+eCFUtZbxK9sWAbSEI=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJeyKoMegF48RzAOSJcxOJsmQ2dlhplcISz7CiwdFvPo93vwbJ8keNLGgoajqprsr0lJY9P1vb219Y3Nru7BT3N3bPzgsHR03bZIaxhsskYlpR9RyKRRvoEDJ29pwGkeSt6Lx3cxvPXFjRaIecaJ5GNOhEgPBKDqp1ax09Uhc9Eplv+rPQVZJkJMy5Kj3Sl/dfsLSmCtkklrbCXyNYUYNCib5tNhNLdeUjemQdxxVNOY2zObnTsm5U/pkkBhXCslc/T2R0djaSRy5zpjiyC57M/E/r5Pi4CbMhNIpcsUWiwapJJiQ2e+kLwxnKCeOUGaEu5WwETWUoUuo6EIIll9eJc3LauBXg4ercu02j6MAp3AGFQjgGmpwD3VoAIMxPMMrvHnae/HevY9F65qXz5zAH3ifP4PgjwQ=</latexit>

mh = 125GeV
<latexit sha1_base64="Z6VALjX6Cl8LhhLfcQHj5yNSfG8=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIroakdLQboehClxVsK7RlyKSZNjSZGZKMUMYu/BU3LhRx62+4829MH4KKHggczrmXe3KCRHBtEPpwcguLS8sr+dXC2vrG5lZxe6ep41RR1qCxiNVNQDQTPGINw41gN4liRAaCtYLh+cRv3TKleRxdm1HCupL0Ix5ySoyV/OKe9AfwFOKyBzuSmIGS2QVrjv1iCbno2KvgKkSuh3AVe5aUPYxQGWIXTVECc9T94nunF9NUsshQQbRuY5SYbkaU4VSwcaGTapYQOiR91rY0IpLpbjbNP4aHVunBMFb2RQZO1e8bGZFaj2RgJycZ9W9vIv7ltVMTVrsZj5LUsIjODoWpgCaGkzJgjytGjRhZQqjiNiukA6IINbaygi3h66fwf9Isuxi5+KpSqp3N68iDfXAAjgAGJ6AGLkEdNAAFd+ABPIFn5955dF6c19lozpnv7IIfcN4+AU7PlQU=</latexit><latexit sha1_base64="Z6VALjX6Cl8LhhLfcQHj5yNSfG8=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIroakdLQboehClxVsK7RlyKSZNjSZGZKMUMYu/BU3LhRx62+4829MH4KKHggczrmXe3KCRHBtEPpwcguLS8sr+dXC2vrG5lZxe6ep41RR1qCxiNVNQDQTPGINw41gN4liRAaCtYLh+cRv3TKleRxdm1HCupL0Ix5ySoyV/OKe9AfwFOKyBzuSmIGS2QVrjv1iCbno2KvgKkSuh3AVe5aUPYxQGWIXTVECc9T94nunF9NUsshQQbRuY5SYbkaU4VSwcaGTapYQOiR91rY0IpLpbjbNP4aHVunBMFb2RQZO1e8bGZFaj2RgJycZ9W9vIv7ltVMTVrsZj5LUsIjODoWpgCaGkzJgjytGjRhZQqjiNiukA6IINbaygi3h66fwf9Isuxi5+KpSqp3N68iDfXAAjgAGJ6AGLkEdNAAFd+ABPIFn5955dF6c19lozpnv7IIfcN4+AU7PlQU=</latexit><latexit sha1_base64="Z6VALjX6Cl8LhhLfcQHj5yNSfG8=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIroakdLQboehClxVsK7RlyKSZNjSZGZKMUMYu/BU3LhRx62+4829MH4KKHggczrmXe3KCRHBtEPpwcguLS8sr+dXC2vrG5lZxe6ep41RR1qCxiNVNQDQTPGINw41gN4liRAaCtYLh+cRv3TKleRxdm1HCupL0Ix5ySoyV/OKe9AfwFOKyBzuSmIGS2QVrjv1iCbno2KvgKkSuh3AVe5aUPYxQGWIXTVECc9T94nunF9NUsshQQbRuY5SYbkaU4VSwcaGTapYQOiR91rY0IpLpbjbNP4aHVunBMFb2RQZO1e8bGZFaj2RgJycZ9W9vIv7ltVMTVrsZj5LUsIjODoWpgCaGkzJgjytGjRhZQqjiNiukA6IINbaygi3h66fwf9Isuxi5+KpSqp3N68iDfXAAjgAGJ6AGLkEdNAAFd+ABPIFn5955dF6c19lozpnv7IIfcN4+AU7PlQU=</latexit><latexit sha1_base64="Z6VALjX6Cl8LhhLfcQHj5yNSfG8=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIroakdLQboehClxVsK7RlyKSZNjSZGZKMUMYu/BU3LhRx62+4829MH4KKHggczrmXe3KCRHBtEPpwcguLS8sr+dXC2vrG5lZxe6ep41RR1qCxiNVNQDQTPGINw41gN4liRAaCtYLh+cRv3TKleRxdm1HCupL0Ix5ySoyV/OKe9AfwFOKyBzuSmIGS2QVrjv1iCbno2KvgKkSuh3AVe5aUPYxQGWIXTVECc9T94nunF9NUsshQQbRuY5SYbkaU4VSwcaGTapYQOiR91rY0IpLpbjbNP4aHVunBMFb2RQZO1e8bGZFaj2RgJycZ9W9vIv7ltVMTVrsZj5LUsIjODoWpgCaGkzJgjytGjRhZQqjiNiukA6IINbaygi3h66fwf9Isuxi5+KpSqp3N68iDfXAAjgAGJ6AGLkEdNAAFd+ABPIFn5955dF6c19lozpnv7IIfcN4+AU7PlQU=</latexit>

L = ⇤3
�+ (⇤2 � �

2)H2 + ⇤QCD(hHi) cos(�/f)
<latexit sha1_base64="IkK0LEsEnOPgK89JCyzpqiOSUgs="></latexit><latexit sha1_base64="IkK0LEsEnOPgK89JCyzpqiOSUgs="></latexit><latexit sha1_base64="IkK0LEsEnOPgK89JCyzpqiOSUgs="></latexit><latexit sha1_base64="IkK0LEsEnOPgK89JCyzpqiOSUgs="></latexit>

After Reheat



Relaxion — a fun toy model

Whew!!

�
<latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit>

V (�)
<latexit sha1_base64="+/MdcPKpt+eCFUtZbxK9sWAbSEI=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJeyKoMegF48RzAOSJcxOJsmQ2dlhplcISz7CiwdFvPo93vwbJ8keNLGgoajqprsr0lJY9P1vb219Y3Nru7BT3N3bPzgsHR03bZIaxhsskYlpR9RyKRRvoEDJ29pwGkeSt6Lx3cxvPXFjRaIecaJ5GNOhEgPBKDqp1ax09Uhc9Eplv+rPQVZJkJMy5Kj3Sl/dfsLSmCtkklrbCXyNYUYNCib5tNhNLdeUjemQdxxVNOY2zObnTsm5U/pkkBhXCslc/T2R0djaSRy5zpjiyC57M/E/r5Pi4CbMhNIpcsUWiwapJJiQ2e+kLwxnKCeOUGaEu5WwETWUoUuo6EIIll9eJc3LauBXg4ercu02j6MAp3AGFQjgGmpwD3VoAIMxPMMrvHnae/HevY9F65qXz5zAH3ifP4PgjwQ=</latexit><latexit sha1_base64="+/MdcPKpt+eCFUtZbxK9sWAbSEI=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJeyKoMegF48RzAOSJcxOJsmQ2dlhplcISz7CiwdFvPo93vwbJ8keNLGgoajqprsr0lJY9P1vb219Y3Nru7BT3N3bPzgsHR03bZIaxhsskYlpR9RyKRRvoEDJ29pwGkeSt6Lx3cxvPXFjRaIecaJ5GNOhEgPBKDqp1ax09Uhc9Eplv+rPQVZJkJMy5Kj3Sl/dfsLSmCtkklrbCXyNYUYNCib5tNhNLdeUjemQdxxVNOY2zObnTsm5U/pkkBhXCslc/T2R0djaSRy5zpjiyC57M/E/r5Pi4CbMhNIpcsUWiwapJJiQ2e+kLwxnKCeOUGaEu5WwETWUoUuo6EIIll9eJc3LauBXg4ercu02j6MAp3AGFQjgGmpwD3VoAIMxPMMrvHnae/HevY9F65qXz5zAH3ifP4PgjwQ=</latexit><latexit sha1_base64="+/MdcPKpt+eCFUtZbxK9sWAbSEI=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJeyKoMegF48RzAOSJcxOJsmQ2dlhplcISz7CiwdFvPo93vwbJ8keNLGgoajqprsr0lJY9P1vb219Y3Nru7BT3N3bPzgsHR03bZIaxhsskYlpR9RyKRRvoEDJ29pwGkeSt6Lx3cxvPXFjRaIecaJ5GNOhEgPBKDqp1ax09Uhc9Eplv+rPQVZJkJMy5Kj3Sl/dfsLSmCtkklrbCXyNYUYNCib5tNhNLdeUjemQdxxVNOY2zObnTsm5U/pkkBhXCslc/T2R0djaSRy5zpjiyC57M/E/r5Pi4CbMhNIpcsUWiwapJJiQ2e+kLwxnKCeOUGaEu5WwETWUoUuo6EIIll9eJc3LauBXg4ercu02j6MAp3AGFQjgGmpwD3VoAIMxPMMrvHnae/HevY9F65qXz5zAH3ifP4PgjwQ=</latexit><latexit sha1_base64="+/MdcPKpt+eCFUtZbxK9sWAbSEI=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJeyKoMegF48RzAOSJcxOJsmQ2dlhplcISz7CiwdFvPo93vwbJ8keNLGgoajqprsr0lJY9P1vb219Y3Nru7BT3N3bPzgsHR03bZIaxhsskYlpR9RyKRRvoEDJ29pwGkeSt6Lx3cxvPXFjRaIecaJ5GNOhEgPBKDqp1ax09Uhc9Eplv+rPQVZJkJMy5Kj3Sl/dfsLSmCtkklrbCXyNYUYNCib5tNhNLdeUjemQdxxVNOY2zObnTsm5U/pkkBhXCslc/T2R0djaSRy5zpjiyC57M/E/r5Pi4CbMhNIpcsUWiwapJJiQ2e+kLwxnKCeOUGaEu5WwETWUoUuo6EIIll9eJc3LauBXg4ercu02j6MAp3AGFQjgGmpwD3VoAIMxPMMrvHnae/HevY9F65qXz5zAH3ifP4PgjwQ=</latexit>

mh = 125GeV
<latexit sha1_base64="Z6VALjX6Cl8LhhLfcQHj5yNSfG8=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIroakdLQboehClxVsK7RlyKSZNjSZGZKMUMYu/BU3LhRx62+4829MH4KKHggczrmXe3KCRHBtEPpwcguLS8sr+dXC2vrG5lZxe6ep41RR1qCxiNVNQDQTPGINw41gN4liRAaCtYLh+cRv3TKleRxdm1HCupL0Ix5ySoyV/OKe9AfwFOKyBzuSmIGS2QVrjv1iCbno2KvgKkSuh3AVe5aUPYxQGWIXTVECc9T94nunF9NUsshQQbRuY5SYbkaU4VSwcaGTapYQOiR91rY0IpLpbjbNP4aHVunBMFb2RQZO1e8bGZFaj2RgJycZ9W9vIv7ltVMTVrsZj5LUsIjODoWpgCaGkzJgjytGjRhZQqjiNiukA6IINbaygi3h66fwf9Isuxi5+KpSqp3N68iDfXAAjgAGJ6AGLkEdNAAFd+ABPIFn5955dF6c19lozpnv7IIfcN4+AU7PlQU=</latexit><latexit sha1_base64="Z6VALjX6Cl8LhhLfcQHj5yNSfG8=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIroakdLQboehClxVsK7RlyKSZNjSZGZKMUMYu/BU3LhRx62+4829MH4KKHggczrmXe3KCRHBtEPpwcguLS8sr+dXC2vrG5lZxe6ep41RR1qCxiNVNQDQTPGINw41gN4liRAaCtYLh+cRv3TKleRxdm1HCupL0Ix5ySoyV/OKe9AfwFOKyBzuSmIGS2QVrjv1iCbno2KvgKkSuh3AVe5aUPYxQGWIXTVECc9T94nunF9NUsshQQbRuY5SYbkaU4VSwcaGTapYQOiR91rY0IpLpbjbNP4aHVunBMFb2RQZO1e8bGZFaj2RgJycZ9W9vIv7ltVMTVrsZj5LUsIjODoWpgCaGkzJgjytGjRhZQqjiNiukA6IINbaygi3h66fwf9Isuxi5+KpSqp3N68iDfXAAjgAGJ6AGLkEdNAAFd+ABPIFn5955dF6c19lozpnv7IIfcN4+AU7PlQU=</latexit><latexit sha1_base64="Z6VALjX6Cl8LhhLfcQHj5yNSfG8=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIroakdLQboehClxVsK7RlyKSZNjSZGZKMUMYu/BU3LhRx62+4829MH4KKHggczrmXe3KCRHBtEPpwcguLS8sr+dXC2vrG5lZxe6ep41RR1qCxiNVNQDQTPGINw41gN4liRAaCtYLh+cRv3TKleRxdm1HCupL0Ix5ySoyV/OKe9AfwFOKyBzuSmIGS2QVrjv1iCbno2KvgKkSuh3AVe5aUPYxQGWIXTVECc9T94nunF9NUsshQQbRuY5SYbkaU4VSwcaGTapYQOiR91rY0IpLpbjbNP4aHVunBMFb2RQZO1e8bGZFaj2RgJycZ9W9vIv7ltVMTVrsZj5LUsIjODoWpgCaGkzJgjytGjRhZQqjiNiukA6IINbaygi3h66fwf9Isuxi5+KpSqp3N68iDfXAAjgAGJ6AGLkEdNAAFd+ABPIFn5955dF6c19lozpnv7IIfcN4+AU7PlQU=</latexit><latexit sha1_base64="Z6VALjX6Cl8LhhLfcQHj5yNSfG8=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIroakdLQboehClxVsK7RlyKSZNjSZGZKMUMYu/BU3LhRx62+4829MH4KKHggczrmXe3KCRHBtEPpwcguLS8sr+dXC2vrG5lZxe6ep41RR1qCxiNVNQDQTPGINw41gN4liRAaCtYLh+cRv3TKleRxdm1HCupL0Ix5ySoyV/OKe9AfwFOKyBzuSmIGS2QVrjv1iCbno2KvgKkSuh3AVe5aUPYxQGWIXTVECc9T94nunF9NUsshQQbRuY5SYbkaU4VSwcaGTapYQOiR91rY0IpLpbjbNP4aHVunBMFb2RQZO1e8bGZFaj2RgJycZ9W9vIv7ltVMTVrsZj5LUsIjODoWpgCaGkzJgjytGjRhZQqjiNiukA6IINbaygi3h66fwf9Isuxi5+KpSqp3N68iDfXAAjgAGJ6AGLkEdNAAFd+ABPIFn5955dF6c19lozpnv7IIfcN4+AU7PlQU=</latexit>

L = ⇤3
�+ (⇤2 � �

2)H2 + ⇤QCD(hHi) cos(�/f)
<latexit sha1_base64="IkK0LEsEnOPgK89JCyzpqiOSUgs="></latexit><latexit sha1_base64="IkK0LEsEnOPgK89JCyzpqiOSUgs="></latexit><latexit sha1_base64="IkK0LEsEnOPgK89JCyzpqiOSUgs="></latexit><latexit sha1_base64="IkK0LEsEnOPgK89JCyzpqiOSUgs="></latexit>

After Reheat, cool of below Tc

mh = (125 + ✏) GeV
<latexit sha1_base64="Kn2vLH5KdFYtjhdmWVNAU4ClDvs="></latexit><latexit sha1_base64="Kn2vLH5KdFYtjhdmWVNAU4ClDvs="></latexit><latexit sha1_base64="Kn2vLH5KdFYtjhdmWVNAU4ClDvs="></latexit><latexit sha1_base64="Kn2vLH5KdFYtjhdmWVNAU4ClDvs="></latexit>



Relaxion — a fun toy model
There are issues:


• There is a large hierarchy between the linear term and the relaxion scale. (Though 
there are clockwork solutions)


• If the strongly coupled dynamics is SM QCD, then we generate too large 
theta_QCD, because of the additional slope. This implies we require a new 
strongly coupled sector.


• In order to relax the EW scale, the relaxion has to perform a huge field excursion 
>> Mpl.


• The relaxion naturally scans the CC, how is the EW vacuum so lucky to give the 
right CC?


And some solutions:


• There are other ways to stop the relaxion: by particle production.


• The clockwork mechanism relieves the hierarchies.

This is why it is best to think of these as toy models for proof of concept…



We live in an asymmetric 
world…

• The Standard Model sector is dominated by baryons (and not anti-
baryons), at least by energy density.


• However, by particle count the Standard Model is barely asymmetric:


• There are no pockets of anti-baryons (the boundaries would be very 
bright).


• The Standard Model prediction (as is), is significantly lower:

⌘ =
nb � nb̄

n�
⇡ 10�9

<latexit sha1_base64="Jf97M56oQZfUU3Bcsv1obnRPf8s="></latexit><latexit sha1_base64="Jf97M56oQZfUU3Bcsv1obnRPf8s="></latexit><latexit sha1_base64="Jf97M56oQZfUU3Bcsv1obnRPf8s="></latexit><latexit sha1_base64="Jf97M56oQZfUU3Bcsv1obnRPf8s="></latexit>

⌘SM =
nb + nb̄

n�
< 10�20

<latexit sha1_base64="+pdpVLUiNGgseVzSdLqI2Gy2j80="></latexit><latexit sha1_base64="+pdpVLUiNGgseVzSdLqI2Gy2j80="></latexit><latexit sha1_base64="+pdpVLUiNGgseVzSdLqI2Gy2j80="></latexit><latexit sha1_base64="+pdpVLUiNGgseVzSdLqI2Gy2j80="></latexit>



Sakharov Conditions

Condition 1: You need Baryon number violation.


If baryon number is conserved, then you cannot change baryon number, 
duh.


Condition 2: You need CP violation.


Condition 3: Must be out of equilibrium.


nB = nB̄
<latexit sha1_base64="yh8GIMLYUdfl65L6Mtoc7vlHIjc=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KIoBeh1IvHCvYD2hA22027dLMJuxulxPwULx4U8eov8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq3S2vrG5lZ5u7Kzu7d/YFcPOypOJaFtEvNY9gKsKGeCtjXTnPYSSXEUcNoNJjczv/tApWKxuNfThHoRHgkWMoK1kXy7KvwmukbCzwYBllkzz3275tSdOdAqcQtSgwIt3/4aDGOSRlRowrFSfddJtJdhqRnhNK8MUkUTTCZ4RPuGChxR5WXz03N0apQhCmNpSmg0V39PZDhSahoFpjPCeqyWvZn4n9dPdXjlZUwkqaaCLBaFKUc6RrMc0JBJSjSfGoKJZOZWRMZYYqJNWhUTgrv88irpnNddp+7eXdQazSKOMhzDCZyBC5fQgFtoQRsIPMIzvMKb9WS9WO/Wx6K1ZBUzR/AH1ucPZvOTcQ==</latexit><latexit sha1_base64="yh8GIMLYUdfl65L6Mtoc7vlHIjc=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KIoBeh1IvHCvYD2hA22027dLMJuxulxPwULx4U8eov8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq3S2vrG5lZ5u7Kzu7d/YFcPOypOJaFtEvNY9gKsKGeCtjXTnPYSSXEUcNoNJjczv/tApWKxuNfThHoRHgkWMoK1kXy7KvwmukbCzwYBllkzz3275tSdOdAqcQtSgwIt3/4aDGOSRlRowrFSfddJtJdhqRnhNK8MUkUTTCZ4RPuGChxR5WXz03N0apQhCmNpSmg0V39PZDhSahoFpjPCeqyWvZn4n9dPdXjlZUwkqaaCLBaFKUc6RrMc0JBJSjSfGoKJZOZWRMZYYqJNWhUTgrv88irpnNddp+7eXdQazSKOMhzDCZyBC5fQgFtoQRsIPMIzvMKb9WS9WO/Wx6K1ZBUzR/AH1ucPZvOTcQ==</latexit><latexit sha1_base64="yh8GIMLYUdfl65L6Mtoc7vlHIjc=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KIoBeh1IvHCvYD2hA22027dLMJuxulxPwULx4U8eov8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq3S2vrG5lZ5u7Kzu7d/YFcPOypOJaFtEvNY9gKsKGeCtjXTnPYSSXEUcNoNJjczv/tApWKxuNfThHoRHgkWMoK1kXy7KvwmukbCzwYBllkzz3275tSdOdAqcQtSgwIt3/4aDGOSRlRowrFSfddJtJdhqRnhNK8MUkUTTCZ4RPuGChxR5WXz03N0apQhCmNpSmg0V39PZDhSahoFpjPCeqyWvZn4n9dPdXjlZUwkqaaCLBaFKUc6RrMc0JBJSjSfGoKJZOZWRMZYYqJNWhUTgrv88irpnNddp+7eXdQazSKOMhzDCZyBC5fQgFtoQRsIPMIzvMKb9WS9WO/Wx6K1ZBUzR/AH1ucPZvOTcQ==</latexit><latexit sha1_base64="yh8GIMLYUdfl65L6Mtoc7vlHIjc=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KIoBeh1IvHCvYD2hA22027dLMJuxulxPwULx4U8eov8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq3S2vrG5lZ5u7Kzu7d/YFcPOypOJaFtEvNY9gKsKGeCtjXTnPYSSXEUcNoNJjczv/tApWKxuNfThHoRHgkWMoK1kXy7KvwmukbCzwYBllkzz3275tSdOdAqcQtSgwIt3/4aDGOSRlRowrFSfddJtJdhqRnhNK8MUkUTTCZ4RPuGChxR5WXz03N0apQhCmNpSmg0V39PZDhSahoFpjPCeqyWvZn4n9dPdXjlZUwkqaaCLBaFKUc6RrMc0JBJSjSfGoKJZOZWRMZYYqJNWhUTgrv88irpnNddp+7eXdQazSKOMhzDCZyBC5fQgFtoQRsIPMIzvMKb9WS9WO/Wx6K1ZBUzR/AH1ucPZvOTcQ==</latexit>

hB|H|ii = hB̄|H|i⇤i
<latexit sha1_base64="3Trvn6TbYR39W9Dhtc7xRdR/aek=">AAACJnicbVDLSgMxFL1TX7W+qi7dBIsgLsqMCLoplLrpsoJ9QGcsmTTThmYyQ5IRytivceOvuHFREXHnp5i+QFsPXDiccy7JPX7MmdK2/WVl1tY3Nrey27md3b39g/zhUUNFiSS0TiIeyZaPFeVM0LpmmtNWLCkOfU6b/uB24jcfqVQsEvd6GFMvxD3BAkawNlInX3I5Fj1OUQU9oaoZhlw5U0po4bk+lmlltEg8XCwynXzBLtpToFXizEkB5qh18mO3G5EkpEITjpVqO3asvRRLzQino5ybKBpjMsA92jZU4JAqL52eOUJnRumiIJJmhEZT9fdGikOlhqFvkiHWfbXsTcT/vHaigxsvZSJONBVk9lCQcKQjNOkMdZmkRPOhIZhIZv6KSB9LTLRpNmdKcJZPXiWNy6JjF527q0K5Mq8jCydwCufgwDWUoQo1qAOBZ3iFMbxbL9ab9WF9zqIZa75zDH9gff8ATcqjOQ==</latexit><latexit sha1_base64="3Trvn6TbYR39W9Dhtc7xRdR/aek=">AAACJnicbVDLSgMxFL1TX7W+qi7dBIsgLsqMCLoplLrpsoJ9QGcsmTTThmYyQ5IRytivceOvuHFREXHnp5i+QFsPXDiccy7JPX7MmdK2/WVl1tY3Nrey27md3b39g/zhUUNFiSS0TiIeyZaPFeVM0LpmmtNWLCkOfU6b/uB24jcfqVQsEvd6GFMvxD3BAkawNlInX3I5Fj1OUQU9oaoZhlw5U0po4bk+lmlltEg8XCwynXzBLtpToFXizEkB5qh18mO3G5EkpEITjpVqO3asvRRLzQino5ybKBpjMsA92jZU4JAqL52eOUJnRumiIJJmhEZT9fdGikOlhqFvkiHWfbXsTcT/vHaigxsvZSJONBVk9lCQcKQjNOkMdZmkRPOhIZhIZv6KSB9LTLRpNmdKcJZPXiWNy6JjF527q0K5Mq8jCydwCufgwDWUoQo1qAOBZ3iFMbxbL9ab9WF9zqIZa75zDH9gff8ATcqjOQ==</latexit><latexit sha1_base64="3Trvn6TbYR39W9Dhtc7xRdR/aek=">AAACJnicbVDLSgMxFL1TX7W+qi7dBIsgLsqMCLoplLrpsoJ9QGcsmTTThmYyQ5IRytivceOvuHFREXHnp5i+QFsPXDiccy7JPX7MmdK2/WVl1tY3Nrey27md3b39g/zhUUNFiSS0TiIeyZaPFeVM0LpmmtNWLCkOfU6b/uB24jcfqVQsEvd6GFMvxD3BAkawNlInX3I5Fj1OUQU9oaoZhlw5U0po4bk+lmlltEg8XCwynXzBLtpToFXizEkB5qh18mO3G5EkpEITjpVqO3asvRRLzQino5ybKBpjMsA92jZU4JAqL52eOUJnRumiIJJmhEZT9fdGikOlhqFvkiHWfbXsTcT/vHaigxsvZSJONBVk9lCQcKQjNOkMdZmkRPOhIZhIZv6KSB9LTLRpNmdKcJZPXiWNy6JjF527q0K5Mq8jCydwCufgwDWUoQo1qAOBZ3iFMbxbL9ab9WF9zqIZa75zDH9gff8ATcqjOQ==</latexit><latexit sha1_base64="3Trvn6TbYR39W9Dhtc7xRdR/aek=">AAACJnicbVDLSgMxFL1TX7W+qi7dBIsgLsqMCLoplLrpsoJ9QGcsmTTThmYyQ5IRytivceOvuHFREXHnp5i+QFsPXDiccy7JPX7MmdK2/WVl1tY3Nrey27md3b39g/zhUUNFiSS0TiIeyZaPFeVM0LpmmtNWLCkOfU6b/uB24jcfqVQsEvd6GFMvxD3BAkawNlInX3I5Fj1OUQU9oaoZhlw5U0po4bk+lmlltEg8XCwynXzBLtpToFXizEkB5qh18mO3G5EkpEITjpVqO3asvRRLzQino5ybKBpjMsA92jZU4JAqL52eOUJnRumiIJJmhEZT9fdGikOlhqFvkiHWfbXsTcT/vHaigxsvZSJONBVk9lCQcKQjNOkMdZmkRPOhIZhIZv6KSB9LTLRpNmdKcJZPXiWNy6JjF527q0K5Mq8jCydwCufgwDWUoQo1qAOBZ3iFMbxbL9ab9WF9zqIZa75zDH9gff8ATcqjOQ==</latexit>

�(bath ! bath +B) = �(bath +B ! bath)
<latexit sha1_base64="MEb+WozD2CHp71L0Q5eWX9KpOWo=">AAACNHicZVDLSsNAFJ3UV62vqEs3g0VoKZREBN0IpS4U3FSwD2hCmUwn7dCZJMxMhBL6UW78EDciuFDErd/gNA2ozYGBM/eey73neBGjUlnWq1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9ydW8330gQtIwuFfTiLgcjQLqU4yULg3MW+cacY4qiSM49JAaz6CjQvj7rcFmFV7CvKzWXFJWB2bZqlspYJ7YGSmDDK2B+ewMQxxzEijMkJR924qUmyChKGZkVnJiSSKEJ2hE+poGiBPpJqnpGTzRlSH0Q6FfoGBa/TuRIC7llHtayfV5crnHUxf5Xj9W/oWb0CCKFQnwYpEfM6jNzhOEQyoIVmyqCcKC6lshHiOBsNI5l3QI9rLlPOmc1m2rbt+dlRvNLI4iOALHoAJscA4a4Aa0QBtg8AhewDv4MJ6MN+PT+FpIC0Y2cwj+wfj+Acv1qRY=</latexit><latexit sha1_base64="MEb+WozD2CHp71L0Q5eWX9KpOWo=">AAACNHicZVDLSsNAFJ3UV62vqEs3g0VoKZREBN0IpS4U3FSwD2hCmUwn7dCZJMxMhBL6UW78EDciuFDErd/gNA2ozYGBM/eey73neBGjUlnWq1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9ydW8330gQtIwuFfTiLgcjQLqU4yULg3MW+cacY4qiSM49JAaz6CjQvj7rcFmFV7CvKzWXFJWB2bZqlspYJ7YGSmDDK2B+ewMQxxzEijMkJR924qUmyChKGZkVnJiSSKEJ2hE+poGiBPpJqnpGTzRlSH0Q6FfoGBa/TuRIC7llHtayfV5crnHUxf5Xj9W/oWb0CCKFQnwYpEfM6jNzhOEQyoIVmyqCcKC6lshHiOBsNI5l3QI9rLlPOmc1m2rbt+dlRvNLI4iOALHoAJscA4a4Aa0QBtg8AhewDv4MJ6MN+PT+FpIC0Y2cwj+wfj+Acv1qRY=</latexit><latexit sha1_base64="MEb+WozD2CHp71L0Q5eWX9KpOWo=">AAACNHicZVDLSsNAFJ3UV62vqEs3g0VoKZREBN0IpS4U3FSwD2hCmUwn7dCZJMxMhBL6UW78EDciuFDErd/gNA2ozYGBM/eey73neBGjUlnWq1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9ydW8330gQtIwuFfTiLgcjQLqU4yULg3MW+cacY4qiSM49JAaz6CjQvj7rcFmFV7CvKzWXFJWB2bZqlspYJ7YGSmDDK2B+ewMQxxzEijMkJR924qUmyChKGZkVnJiSSKEJ2hE+poGiBPpJqnpGTzRlSH0Q6FfoGBa/TuRIC7llHtayfV5crnHUxf5Xj9W/oWb0CCKFQnwYpEfM6jNzhOEQyoIVmyqCcKC6lshHiOBsNI5l3QI9rLlPOmc1m2rbt+dlRvNLI4iOALHoAJscA4a4Aa0QBtg8AhewDv4MJ6MN+PT+FpIC0Y2cwj+wfj+Acv1qRY=</latexit><latexit sha1_base64="MEb+WozD2CHp71L0Q5eWX9KpOWo=">AAACNHicZVDLSsNAFJ3UV62vqEs3g0VoKZREBN0IpS4U3FSwD2hCmUwn7dCZJMxMhBL6UW78EDciuFDErd/gNA2ozYGBM/eey73neBGjUlnWq1FYWV1b3yhulra2d3b3zP2DjgxjgUkbhywUPQ9JwmhA2ooqRnqRIIh7jHS9ydW8330gQtIwuFfTiLgcjQLqU4yULg3MW+cacY4qiSM49JAaz6CjQvj7rcFmFV7CvKzWXFJWB2bZqlspYJ7YGSmDDK2B+ewMQxxzEijMkJR924qUmyChKGZkVnJiSSKEJ2hE+poGiBPpJqnpGTzRlSH0Q6FfoGBa/TuRIC7llHtayfV5crnHUxf5Xj9W/oWb0CCKFQnwYpEfM6jNzhOEQyoIVmyqCcKC6lshHiOBsNI5l3QI9rLlPOmc1m2rbt+dlRvNLI4iOALHoAJscA4a4Aa0QBtg8AhewDv4MJ6MN+PT+FpIC0Y2cwj+wfj+Acv1qRY=</latexit>



Spontaneous Baryogenesis

L = V (�) +
@µ�

f
Jµ

<latexit sha1_base64="jHI2QUv2ksrHS6dh4WrZ4TPPvrY="></latexit><latexit sha1_base64="jHI2QUv2ksrHS6dh4WrZ4TPPvrY="></latexit><latexit sha1_base64="jHI2QUv2ksrHS6dh4WrZ4TPPvrY="></latexit><latexit sha1_base64="jHI2QUv2ksrHS6dh4WrZ4TPPvrY="></latexit>

[Cohen, Kaplan, Nelson]



Spontaneous Baryogenesis

L = V (�) +
@µ�

f
Jµ

<latexit sha1_base64="jHI2QUv2ksrHS6dh4WrZ4TPPvrY="></latexit><latexit sha1_base64="jHI2QUv2ksrHS6dh4WrZ4TPPvrY="></latexit><latexit sha1_base64="jHI2QUv2ksrHS6dh4WrZ4TPPvrY="></latexit><latexit sha1_base64="jHI2QUv2ksrHS6dh4WrZ4TPPvrY="></latexit>

@t� = ⇤2 6= 0, but @i� = 0
<latexit sha1_base64="leWGYJXF1x24y1iqtQEF8VAaeo8="></latexit><latexit sha1_base64="leWGYJXF1x24y1iqtQEF8VAaeo8="></latexit><latexit sha1_base64="leWGYJXF1x24y1iqtQEF8VAaeo8="></latexit><latexit sha1_base64="leWGYJXF1x24y1iqtQEF8VAaeo8="></latexit>

�H =
⇤2

f
J0 = µQ

<latexit sha1_base64="fc1AGvHV5jwBVCB89SLvEiDvxJ4=">AAACHHicbVDLSgMxFM34rPU16tJNsAiuykwVdCMUdVHERQv2AZ223EkzbWjmQZIRyjAf4sZfceNCETcuBP/GTNuFth4IHM65N8k5bsSZVJb1bSwtr6yurec28ptb2zu75t5+Q4axILROQh6KlguSchbQumKK01YkKPgup013dJ35zQcqJAuDezWOaMeHQcA8RkBpqWeeOjeUK3B8UEMCPKmk+BI7ngCSOHf6mj50S2nipfi2a2WOH+NazyxYRWsCvEjsGSmgGao989PphyT2aaAIBynbthWpTgJCMcJpmndiSSMgIxjQtqYB+FR2kkm4FB9rpY+9UOgTKDxRf28k4Es59l09mYWQ814m/ue1Y+VddBIWRLGiAZk+5MUcqxBnTeE+E5QoPtYEiGD6r5gMQTejdJ95XYI9H3mRNEpF2yratbNC+WpWRw4doiN0gmx0jsqogqqojgh6RM/oFb0ZT8aL8W58TEeXjNnOAfoD4+sHzOiggQ==</latexit><latexit sha1_base64="fc1AGvHV5jwBVCB89SLvEiDvxJ4=">AAACHHicbVDLSgMxFM34rPU16tJNsAiuykwVdCMUdVHERQv2AZ223EkzbWjmQZIRyjAf4sZfceNCETcuBP/GTNuFth4IHM65N8k5bsSZVJb1bSwtr6yurec28ptb2zu75t5+Q4axILROQh6KlguSchbQumKK01YkKPgup013dJ35zQcqJAuDezWOaMeHQcA8RkBpqWeeOjeUK3B8UEMCPKmk+BI7ngCSOHf6mj50S2nipfi2a2WOH+NazyxYRWsCvEjsGSmgGao989PphyT2aaAIBynbthWpTgJCMcJpmndiSSMgIxjQtqYB+FR2kkm4FB9rpY+9UOgTKDxRf28k4Es59l09mYWQ814m/ue1Y+VddBIWRLGiAZk+5MUcqxBnTeE+E5QoPtYEiGD6r5gMQTejdJ95XYI9H3mRNEpF2yratbNC+WpWRw4doiN0gmx0jsqogqqojgh6RM/oFb0ZT8aL8W58TEeXjNnOAfoD4+sHzOiggQ==</latexit><latexit sha1_base64="fc1AGvHV5jwBVCB89SLvEiDvxJ4=">AAACHHicbVDLSgMxFM34rPU16tJNsAiuykwVdCMUdVHERQv2AZ223EkzbWjmQZIRyjAf4sZfceNCETcuBP/GTNuFth4IHM65N8k5bsSZVJb1bSwtr6yurec28ptb2zu75t5+Q4axILROQh6KlguSchbQumKK01YkKPgup013dJ35zQcqJAuDezWOaMeHQcA8RkBpqWeeOjeUK3B8UEMCPKmk+BI7ngCSOHf6mj50S2nipfi2a2WOH+NazyxYRWsCvEjsGSmgGao989PphyT2aaAIBynbthWpTgJCMcJpmndiSSMgIxjQtqYB+FR2kkm4FB9rpY+9UOgTKDxRf28k4Es59l09mYWQ814m/ue1Y+VddBIWRLGiAZk+5MUcqxBnTeE+E5QoPtYEiGD6r5gMQTejdJ95XYI9H3mRNEpF2yratbNC+WpWRw4doiN0gmx0jsqogqqojgh6RM/oFb0ZT8aL8W58TEeXjNnOAfoD4+sHzOiggQ==</latexit><latexit sha1_base64="fc1AGvHV5jwBVCB89SLvEiDvxJ4=">AAACHHicbVDLSgMxFM34rPU16tJNsAiuykwVdCMUdVHERQv2AZ223EkzbWjmQZIRyjAf4sZfceNCETcuBP/GTNuFth4IHM65N8k5bsSZVJb1bSwtr6yurec28ptb2zu75t5+Q4axILROQh6KlguSchbQumKK01YkKPgup013dJ35zQcqJAuDezWOaMeHQcA8RkBpqWeeOjeUK3B8UEMCPKmk+BI7ngCSOHf6mj50S2nipfi2a2WOH+NazyxYRWsCvEjsGSmgGao989PphyT2aaAIBynbthWpTgJCMcJpmndiSSMgIxjQtqYB+FR2kkm4FB9rpY+9UOgTKDxRf28k4Es59l09mYWQ814m/ue1Y+VddBIWRLGiAZk+5MUcqxBnTeE+E5QoPtYEiGD6r5gMQTejdJ95XYI9H3mRNEpF2yratbNC+WpWRw4doiN0gmx0jsqogqqojgh6RM/oFb0ZT8aL8W58TEeXjNnOAfoD4+sHzOiggQ==</latexit>

If I were to also turn on some Q-violating operator

 then I would start producing net Q number.


This is happening in equilibrium. (You might be worried)
should

[Cohen, Kaplan, Nelson]

Imagine that Cosmology gives me:
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<latexit sha1_base64="jHI2QUv2ksrHS6dh4WrZ4TPPvrY="></latexit><latexit sha1_base64="jHI2QUv2ksrHS6dh4WrZ4TPPvrY="></latexit><latexit sha1_base64="jHI2QUv2ksrHS6dh4WrZ4TPPvrY="></latexit><latexit sha1_base64="jHI2QUv2ksrHS6dh4WrZ4TPPvrY="></latexit>
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Spontaneous Breaking of CPT by the background:


Sakharov Conditions don’t apply.

[Cohen, Kaplan, Nelson]



Digression: Chemical Potential 
and net charge…
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Spontaneous Baryogenesis
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and O�B
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If           decouples before the field stops rolling,

this asymmetry is ‘locked in’ at that temperature.   
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Digression: Sphalerons
• They are non-perturbative diffuse 

configurations of Electroweak fields. 
By definition they couple to all the 
left-handed quarks and leptons at 
once.


• One can think of them as a blob that 
can trade quarks for leptons. 


• As a result, they conserve B-L, but 
violate B+L


• Below EW scale, they are very 
difficult to excite. But above EW 
temperatures, they are ever-present.


• Normally, they erase baryon number, 
here they help!
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FIG. 2: The Higgs expectation value as a function of tem-
perature, compared with the perturbative result [2].

sphaleron barrier (∼ sphaleron energy), and special real-
time runs are performed to calculate the dynamical pref-
actors of the tunneling process. The physical rate is then
obtained by reweighting the measurements. For details
of this intricate technique, we refer to [12, 27]. As we will
observe, in the temperature range where both methods
work, these overlap smoothly.
Simulation results: We perform the simulations using lat-
tice spacing a = 4/(9g23) (i.e. βG = 4/(g23a) = 9 in
conventional lattice units), and volume V = 323a3. In
ref. [12] we observed that the rate measured with this
lattice spacing in the symmetric phase is in practice in-
distinguishable from the continuum rate, and deep in the
broken phase it is within a factor of two of our estimate
for the continuum value, well within our accuracy goals.
In fact, algorithmic inefficiencies in multicanonical simu-
lations become severe at significantly smaller lattice spac-
ing, making simulations there very costly in the broken
phase. The simulation volume is large enough for the
finite-volume effects to be negligible [12].
The expectation value of the square of the Higgs field,

v2/T 2 = 2〈φ†φ〉/T (here φ is in 3d units), measures the
“turning on” of the Higgs mechanism, see Fig. 2. As
mentioned above, there is no proper phase transition and
v2(T ) behaves smoothly as a function of the tempera-
ture. Nevertheless, the cross-over is rather sharp, and
the pseudocritical temperature can be estimated to be
Tc = 159± 1GeV. If the temperature is below Tc, v2(T )
is approximately linear in T , and at T > Tc, it is close to
zero. The observable 〈φ†φ〉 is ultraviolet divergent and
is additively renormalized; because of additive renormal-
ization, v2(T ) can become negative.
We also show the two-loop RG-improved perturbative
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FIG. 3: The measured sphaleron rate and the fit to the broken
phase rate, Eq. (7), shown with a shaded error band. The
perturbative result is from Burnier et al. [11] with the non-
perturbative correction used there removed; see main text.
Pure gauge refers to the rate in hot SU(2) gauge theory [19].
The freeze-out temperature T∗ is solved from the crossing of
Γ and the appropriately scaled Hubble rate, shown with the
almost horizontal line.

result [2] for v2(T ) in the broken phase. Perturbation
theory reproduces Tc perfectly, and v2 is slightly larger
than the lattice measurement. In the continuum limit we
expect this difference to decrease for this observable; in
ref. [12] we extrapolated v2(T ) to the continuum at a few
temperature values and with Higgs mass 115GeV. The
continuum limit in the broken phase was observed to be
about 6% larger than the result at βG = 9. Thus, for
v2(T ) perturbation theory and lattice results match very
well.
Finally, in Fig. 3 we show the sphaleron rate as a func-

tion of temperature. The straightforward Langevin re-
sults cover the high-temperature phase, where the rate
is not too strongly suppressed by the sphaleron barrier.
In fact, we were able to extend the range of the method
through the cross-over and into the broken phase, down
to relative suppression of 10−3.
Using the multicanonical simulation methods we are

able to compute the rate 4 orders of magnitude further
down into the broken low-temperature phase. The results
nicely interpolate with the canonical simulations in the
range where both exist. In the interval 140<∼T<∼155GeV
the broken phase rate is very close to a pure exponential,
and can be parametrized as

log
ΓBroken

T 4
= (0.83± 0.01)

T

GeV
− (147.7± 1.9). (7)

The error in the second constant is completely dominated

uu —> u ccc ttt ddd e τ μ



Lagrangian Description
3

Now we show the operator O1 generates a baryon
asymmetry. In the presence of the operator O1, the back-
ground value of �̇ shifts the energy of particles and an-
tiparticles differently (implying a spontaneous breaking
of CPT symmetry). This is equivalent to

µi = �µ̄i = qi�̇/f + (Bi � Li)µB�L +QiµQ , (10)

where (µ̄i) µi is the chemical potential for (anti-) parti-
cles i, Qi is the electromagnetic charge and µQ,B�L are
Lagrange multipliers introduced to enforce conservation
of Q and B�L. Any source of B+L violation generates
an asymmetry in the species i of:

ni � n̄i = f(T, µ)� f(T, µ̄) (11)

= gi

⇣
qi�̇/f + (Bi � Li)µB�L +QiµQ

⌘
T

2

6
,

where f(T, µ) is the Fermi-Dirac distribution, we have
assumed µ ⌧ T and the factor gi incorporates colour, as
well as two spin degrees of freedom for each Weyl fermion,
a factor of two for complex scalars, and three for massive
gauge bosons. The chemical potentials µQ and µB�L are
determined by solving nQ = nB�L = 0. This gives a
baryon number density
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s
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f
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6
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45

2⇡2g⇤T 3
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15

4⇡2

gSB

g⇤

�̇

fT
. (12)

where the particular linear combination of currents in Jµ

determines the value of gSB ⇠ O(1). For instance, in the
flavour degenerate example with n + 1 Higgs doublets,
considered in the supplementary section,

gSB =
3 ((33 + 4n)q�e + 9q�u)

(111 + 13n)
, (13)

where q�e,µ are the effective global charges of the Yukawa
couplings.

C. Baryogenesis from the relaxion

Having collected the components, we now proceed to
see how they fit together in a generic relaxion scenario
[1], and derive constraints. Typically the relaxion stops
its slow-roll much before inflation ends (we would need
extreme fine-tuning in order to guarantee that the relax-
ion travels far in field space but stops at a time close to
the end of inflation). Therefore the first slow roll of the
relaxion is not suitable for baryogenesis as any baryon
asymmetry generated would be diluted away. As dis-
cussed above however, there is a generic scenario in which
the reheat temperature Tr at the end of the inflation is
high enough to restore the chiral symmetry breaking that
is the source of the oscillatory potential for the relaxion.
Consequently the relaxion undergoes a second stage of
rolling, this time in a radiation dominated phase. It is

in this secondary period of rolling that the time deriva-
tive of the relaxion can drive baryogenesis. The oper-
ative source of baryon number violation is provided by
electroweak sphalerons transitions which are faster than
Hubble rate for temperatures T > Tsph ⇠ 130 GeV.

Using Eq. (12) and �̇ ⇠ V
0(�)/(5H) (see Sec. II A),

the generated baryon number asymmetry is

⌘ =
15

4⇡2

gSB

g
3/2
⇤

m
2
�mpl

T
3
sph

fw

f
, (14)

where the experimentally measured value of ⌘ = 8.7 ⇥

10�11 [18] and the relaxion mass is

m
2
� = ⇤4

c/f
2
w . (15)

From the first of these expressions one can conclude that
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(16)
Therefore successful baryogenesis requires a large scale
separation between f and fw. This is acceptable be-
cause the relaxion dynamics is already driven by the
much larger scale separation, F/fw ⇠ (M/⇤c)4 where
F ⇠ M

2
/g is the total field excursion. The hierarchy

f ⌧ fw ⌧ F can easily be obtained from the clockwork
mechanism [3, 19, 20] with the operator in Eq. (1) aris-
ing from the first site of the clockwork, the backreaction
potential from an intermediate site and the rolling po-
tential from the last site. In such a setup f would be
the only fundamental physical scale, while fw, F would
be fictitious scales.

The prospects for baryogenesis are determined by five
unknown parameters (fw, f , fc, ⇤c, m�) which, due to
the two relations in Eqs. (14) and (15), represent three
independent variables. Since the sphalerons must de-
couple before the back-reaction potential re-emerges at
temperature Tc, we need Tsph

>
⇠ Tc, and so we choose

fc = Tsph/
p
4⇡ to saturate this bound. As we will see,

the bounds for smaller fc can easily be determined by
rescaling. Hence we can display the results in the plane
of m� and f . The other two variables are then related
by:
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 p
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Now, for a region in the m�, f -plane to successfully
produce the baryon asymmetry, it must satisfy the fol-
lowing constraints:

a. Relaxion Constraints: In order to realise the re-
laxion mechanism successfully, the loop consistency con-
dition in Eq. (5) requires ⇤4

c < 16⇡2
v
4, which translates

L = ⇤3
�+ (⇤2

� �
2)H2 + ⇤c(|H|) cos(�/fw) +

@µ�

f
J
µ +Osph
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Now we show the operator O1 generates a baryon
asymmetry. In the presence of the operator O1, the back-
ground value of �̇ shifts the energy of particles and an-
tiparticles differently (implying a spontaneous breaking
of CPT symmetry). This is equivalent to

µi = �µ̄i = qi�̇/f + (Bi � Li)µB�L +QiµQ , (10)

where (µ̄i) µi is the chemical potential for (anti-) parti-
cles i, Qi is the electromagnetic charge and µQ,B�L are
Lagrange multipliers introduced to enforce conservation
of Q and B�L. Any source of B+L violation generates
an asymmetry in the species i of:

ni � n̄i = f(T, µ)� f(T, µ̄) (11)

= gi

⇣
qi�̇/f + (Bi � Li)µB�L +QiµQ

⌘
T

2
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,

where f(T, µ) is the Fermi-Dirac distribution, we have
assumed µ ⌧ T and the factor gi incorporates colour, as
well as two spin degrees of freedom for each Weyl fermion,
a factor of two for complex scalars, and three for massive
gauge bosons. The chemical potentials µQ and µB�L are
determined by solving nQ = nB�L = 0. This gives a
baryon number density

⌘ ⌘
nB

s
= gSB

�̇

f

T
2

6
⇥

45

2⇡2g⇤T 3
=

15

4⇡2

gSB

g⇤

�̇

fT
. (12)

where the particular linear combination of currents in Jµ

determines the value of gSB ⇠ O(1). For instance, in the
flavour degenerate example with n + 1 Higgs doublets,
considered in the supplementary section,

gSB =
3 ((33 + 4n)q�e + 9q�u)

(111 + 13n)
, (13)

where q�e,µ are the effective global charges of the Yukawa
couplings.

C. Baryogenesis from the relaxion

Having collected the components, we now proceed to
see how they fit together in a generic relaxion scenario
[1], and derive constraints. Typically the relaxion stops
its slow-roll much before inflation ends (we would need
extreme fine-tuning in order to guarantee that the relax-
ion travels far in field space but stops at a time close to
the end of inflation). Therefore the first slow roll of the
relaxion is not suitable for baryogenesis as any baryon
asymmetry generated would be diluted away. As dis-
cussed above however, there is a generic scenario in which
the reheat temperature Tr at the end of the inflation is
high enough to restore the chiral symmetry breaking that
is the source of the oscillatory potential for the relaxion.
Consequently the relaxion undergoes a second stage of
rolling, this time in a radiation dominated phase. It is

in this secondary period of rolling that the time deriva-
tive of the relaxion can drive baryogenesis. The oper-
ative source of baryon number violation is provided by
electroweak sphalerons transitions which are faster than
Hubble rate for temperatures T > Tsph ⇠ 130 GeV.

Using Eq. (12) and �̇ ⇠ V
0(�)/(5H) (see Sec. II A),

the generated baryon number asymmetry is
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where the experimentally measured value of ⌘ = 8.7 ⇥

10�11 [18] and the relaxion mass is
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From the first of these expressions one can conclude that
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Therefore successful baryogenesis requires a large scale
separation between f and fw. This is acceptable be-
cause the relaxion dynamics is already driven by the
much larger scale separation, F/fw ⇠ (M/⇤c)4 where
F ⇠ M

2
/g is the total field excursion. The hierarchy

f ⌧ fw ⌧ F can easily be obtained from the clockwork
mechanism [3, 19, 20] with the operator in Eq. (1) aris-
ing from the first site of the clockwork, the backreaction
potential from an intermediate site and the rolling po-
tential from the last site. In such a setup f would be
the only fundamental physical scale, while fw, F would
be fictitious scales.

The prospects for baryogenesis are determined by five
unknown parameters (fw, f , fc, ⇤c, m�) which, due to
the two relations in Eqs. (14) and (15), represent three
independent variables. Since the sphalerons must de-
couple before the back-reaction potential re-emerges at
temperature Tc, we need Tsph

>
⇠ Tc, and so we choose

fc = Tsph/
p
4⇡ to saturate this bound. As we will see,

the bounds for smaller fc can easily be determined by
rescaling. Hence we can display the results in the plane
of m� and f . The other two variables are then related
by:
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Now, for a region in the m�, f -plane to successfully
produce the baryon asymmetry, it must satisfy the fol-
lowing constraints:

a. Relaxion Constraints: In order to realise the re-
laxion mechanism successfully, the loop consistency con-
dition in Eq. (5) requires ⇤4

c < 16⇡2
v
4, which translates

⇤c(|H|) cos(�/fw) ! µ
2
h�
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Coupling the Relaxion to 
the Standard Model

• Fields redefinitions allow us to trade between the operators. Typically 
two are always present.


• “Clever” choice of charges can remove the anomaly coupling.


• But, the couplings run…
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“Froggatt-Nielsen-like”



Running couplings

• This is a well known two-loop effect for quarks


• It applies to leptonic couplings as well through the loops of Ws. Funnily 
enough, partly because there are four SU(2) fundamentals per 
generation, this effect is not as small.


• For example: if we couple to just tau at some high scale we still 
generate significant-ish couplings to all other fermions.

• The anomalous current can have a non-zero anomalous dimension 
[hep-ph/9302240]

d logZ

d logµ
= �A =

3nFCF

8

⇣↵i

⇡

⌘2
+ . . .
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Constraints
• Overshooting —> if the relaxion is too heavy, the barrier might not stop 

it. [1611.08569]


• Loop Consistency —> we need to make sure that the dominant 
contribution to the wiggly potential comes after the Higgs vev is turned 
on. [1504.07551] 


• Mixing with the Higgs —> produces fifth force between leptons, 
baryons. For light relaxion, this fifth force is severely constrained by 
torsion pendulum experiments like EotWash. [1610.02025]


• Coupling to matter in general —> allows hot SM particles to radiate a 
light relaxion away, and cool down. This could affect star evolution. 
[Raffelt]



Relaxion Dark Matter 
[1810.01889]

• The relaxion rolls with a certain 
speed and then ends up inside a 
minimum of a wiggle


• Oscillations around this minimum 
can be interpreted as a density of 
particles in a coherent state (like a 
BEC)


• There are regimes of parameter 
space, in which this density is the 
same as the necessary Dark Matter 
density.


• Coherently oscillating field acts as 
matter.

�̈+ 3H�̇+m
2
� = 0
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where (µ̄i) µi is the chemical potential for (anti-) parti-
cles i, Qi is the electromagnetic charge and µQ,B�L are
Lagrange multipliers introduced to enforce conservation
of Q and B�L. Any source of B+L violation generates
an asymmetry in the species i of:

ni � n̄i = f(T, µ)� f(T, µ̄) (11)

= gi

⇣
qi�̇/f + (Bi � Li)µB�L +QiµQ

⌘
T

2

6
,

where f(T, µ) is the Fermi-Dirac distribution, we have
assumed µ ⌧ T and the factor gi incorporates colour, as
well as two spin degrees of freedom for each Weyl fermion,
a factor of two for complex scalars, and three for massive
gauge bosons. The chemical potentials µQ and µB�L are
determined by solving nQ = nB�L = 0. This gives a
baryon number density

⌘ ⌘
nB

s
= gSB

�̇

f

T
2

6
⇥

45

2⇡2g⇤T 3
=

15

4⇡2

gSB

g⇤

�̇

fT
. (12)

where the particular linear combination of currents in Jµ

determines the value of gSB ⇠ O(1). For instance, in the
flavour degenerate example with n + 1 Higgs doublets,
considered in the supplementary section,

gSB =
3 ((33 + 4n)q�e + 9q�u)

(111 + 13n)
, (13)

where q�e,µ are the effective global charges of the Yukawa
couplings.

C. Baryogenesis from the relaxion

Having collected the components, we now proceed to
see how they fit together in a generic relaxion scenario
[1], and derive constraints. Typically the relaxion stops
its slow-roll much before inflation ends (we would need
extreme fine-tuning in order to guarantee that the relax-
ion travels far in field space but stops at a time close to
the end of inflation). Therefore the first slow roll of the
relaxion is not suitable for baryogenesis as any baryon
asymmetry generated would be diluted away. As dis-
cussed above however, there is a generic scenario in which
the reheat temperature Tr at the end of the inflation is
high enough to restore the chiral symmetry breaking that
is the source of the oscillatory potential for the relaxion.
Consequently the relaxion undergoes a second stage of
rolling, this time in a radiation dominated phase. It is
in this secondary period of rolling that the time deriva-
tive of the relaxion can drive baryogenesis. The oper-
ative source of baryon number violation is provided by
electroweak sphalerons transitions which are faster than
Hubble rate for temperatures T > Tsph ⇠ 130 GeV.

Using Eq. (12) and �̇ ⇠ V
0(�)/(5H) (see Sec. II A),

the generated baryon number asymmetry is

⌘ =
15

4⇡2

gSB

g
3/2
⇤

m
2
�mpl

T
3
sph

fw

f
, (14)

where the experimentally measured value of ⌘ = 8.7 ⇥

10�11 [18] and the relaxion mass is

m
2
� = ⇤4

c/f
2
w . (15)

From the first of these expressions one can conclude that

fw

f
= ⌘

 
15
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�mpl

T
3
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!�1

⇠ 109
⇣

m�

10�5 eV

⌘�2
.

(16)
Therefore successful baryogenesis requires a large scale
separation between f and fw. This is acceptable be-
cause the relaxion dynamics is already driven by the
much larger scale separation, F/fw ⇠ (M/⇤c)4 where
F ⇠ M

2
/g is the total field excursion. The hierarchy

f ⌧ fw ⌧ F can easily be obtained from the clockwork
mechanism [3, 19, 20] with the operator in Eq. (1) aris-
ing from the first site of the clockwork, the backreaction
potential from an intermediate site and the rolling po-
tential from the last site. In such a setup f would be
the only fundamental physical scale, while fw, F would
be fictitious scales.

The prospects for baryogenesis are determined by five
unknown parameters (fw, f , fc, ⇤c, m�) which, due to
the two relations in Eqs. (14) and (15), represent three
independent variables. Since the sphalerons must de-
couple before the back-reaction potential re-emerges at
temperature Tc, we need Tsph

>
⇠ Tc, and so we choose

fc = Tsph/
p
4⇡ to saturate this bound. As we will see,

the bounds for smaller fc can easily be determined by
rescaling. Hence we can display the results in the plane
of m� and f . The other two variables are then related
by:

fw =

 p
8⇡2

9
p
5
⌘g

3/2
⇤

T
3
sph

mpl

!
f

m
2
�

, (17)
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5
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2

m
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�

. (18)

Now, for a region in the m�, f -plane to successfully
produce the baryon asymmetry, it must satisfy the fol-
lowing constraints:

a. Relaxion Constraints: In order to realise the re-
laxion mechanism successfully, the loop consistency con-
dition in Eq. (5) requires ⇤4

c < 16⇡2
v
4, which translates

into

⇡
2

810
⌘
2
g
3
⇤
T

6
sph

v4m2
pl

<
m

2
�

f2
. (19)

In addition the slow roll requirement in Eq. (6) provides
an upper a bound on m�:

m� < 5

s
g⇤T 4

c

90m2
pl

⇠ 3.8⇥ 10�5 eV

✓
Tc

Tsph

◆2

. (20)

One can verify that this is the only bound that depends
on fc = Tc/

p
4⇡. Therefore, changing fc effects only the

4

Figure 2: The parameter space in which spontaneous baryoge-
nesis happens during second roll of the relaxion. The orange
shows a region where the relaxion does not get trapped by
the back-reaction potential. The quantum corrections spoil
the backreaction potential in the blue region. The region
that leads to rapid star cooling in globular clusters is below
the purple dashed line, however, this bound can be relaxed
by a suitable choice of current. The purple region shows the
clockwork requirement M <

⇠ f for M >
⇠ 100 TeV. Finally,

the fifth force constraints form mixing with the Higgs par-
ticle rule out region in red. We have added contours of the
value of tan(�0/f) required to obtain the correct relic density
as per [13]. Finally, the grey line indicates the region where
fw = mpl.

upper bound on m�. Finally for a successful clockwork
implementation of the relaxion mechanism, it is essen-
tial that the explicit/anomalous breaking at the first and
last site are much smaller than the decay constant which
implies for the cutoff, M <

⇠ f . All these constraints are
shown in our master plot in Fig. 1.

b. Cosmological constraints: The Universe must re-
heat to sufficient temperature in order to activate
sphalerons, Tr > Tsph. Furthermore, the sphalerons must
decouple before the relaxion stops again, Tsph > Tc, oth-
erwise CPT is restored while sphalerons are active and
they erase any net baryon number. This is satisfied by
our aforementioned choice of fc. The combination of
these two conditions gives the required second period of
relaxion roll. Finally, [11] shows that the back-reaction
of Jµ on �̇ is sufficiently small if f > Tsph ⇠ 130 GeV.

c. Experimental constraints: The coupling of � to
SM fields must not be detectable. There are two types
of constraint: the first type arises from the mixing of �
with the Higgs boson which results in an emergent fifth
force for the relaxion mass range relevant here. This ef-
fect does not depend on the choice of J

µ, so it can be

treated independently. The mixing angle between the
relaxion and the Higgs comes from the back-reaction po-
tential in Eq. (3) and is of order sin ✓ ⇠

⇤4
c

fwvm2
h
. The

constraints on this angle as function of m� have been
presented in [21] and are reinterpreted in our master plot
as the red exclusion area.

The second type of constraint is from the coupling of
the relaxion to SM particles via the operator in Eq. (1).
In our region of interest, the most important bounds on
the coupling of the relaxion to electrons, photons and nu-
cleons arise from the fact that such a coupling allows for a
more efficient cooling of stars and supernovae (see [22]).
While most of these bounds can be evaded if Jµ does
not contain first generation fermionic currents [33] (recall
that a coupling to GG̃ must be absent in any case as dis-
cussed in Sec. II B), a coupling to photons, E ↵

8⇡
�
f Fµ⌫ F̃

µ⌫ ,
would still be induced, where E is the electromagnetic
anomaly coefficient for the relaxion shift symmetry and
we have ignored terms with a further m

2
�/m

2
f suppres-

sion (mf being the mass of the fermions in the loop).
The best experimental constraint on the operator comes
from bounds on the rate of cooling of globular cluster
stars, f/E > 2⇥ 107 GeV [22]. The constraints from the
contribution of � to the number of relativistic degrees
of freedom �Ne↵ [23] are always subdominant. In our
master plot we show this bound for E = 1 as a purple-
dashed line, which will to currents such as J

µ = ⌧̄R�
µ
⌧R

or J
µ = t̄R�

µ
tR � b̄R�

µ
bR.

Clever choices for the global charges can, however, sup-
press or even lead to a vanishing E. Consider for example
the charge assignments where the only non-zero charges
are (1) qtR = �qcR = 1 or (2) qL3 = q⌧R = 1 where L3

is the second generation lepton doublet. For both cases,
E = 0 and the bound can be entirely evaded. For the
first charge assignment, it might seem that any baryon
number generation would cancel between the two terms
but, as shown in the supplementary section, the mass
difference between the top and charm can become im-
portant once one takes into account finite temperature
effects. Indeed an analysis following that in the supple-
mentary section readily leads to factor proportional to
⇤t � ⇤c in the baryon asymmetry corresponding to this
current, which is not particularly suppressed.

Note that the above charge assignments have no colour
anomaly and are thus consistent with the requirement of
no strong CP phase being generated when the relaxion
stops (see Sec. II B). The constraints from �Ne↵ can be
avoided if the relaxion does not couple to the first gener-
ation. Similarly, once we turn of the coupling to the first
generation of quarks the mixing between pion and relax-
ion are negligible due to absence of the colour anomaly.
Finally we should remark that for a full flavour model
(see [24]), the relaxion can induce flavour violation once
the operator in Eq. (1) is rotated to the mass basis.

d. Dark Matter: Ref [13] points out that the relax-
ion oscillations can explain the observed dark matter
abundance. At any point in the plane of Fig. 2, the

2

Figure 1: The pattern of evolution required for successful
baryogenesis during cosmological relaxation.

will consider the following typical potential [31],

Vroll = (g��M
2+ · · · )H†

H +�(H†
H)2+ gM

2
�+ · · · ,

(2)
where M is a cut-off scale. Initially the relaxion field has
a value � >

⇠ M
2
/g such that µ

2
> 0, and electroweak

symmetry is unbroken. During inflation, the relaxion
field rolls due to the linear term and scans the value of µ2.
As the relaxion crosses � = M

2
/g, µ2 becomes negative

triggering electroweak symmetry breaking, the Higgs gets
a vev and turns on a crucial ingredient of relaxion models,
the backreaction potential:

Vbr = ⇤4
c cos

�

fw
= m̃

2
hHi

2 cos
�

fw
. (3)

The relaxion halts at �0 satisfying,

V
0
roll(�) + V

0
br(�) = 0 ) gM

2 =
⇤4
c

fw
sin

�0

fw
. (4)

At this point, it has a quantum spread across multiple
weak-scale vacua. Generally the phase at these minima
�0

fw
⇠ 1, but it can be arbitrarily close to 0 or ⇡/2 in a

small fraction of these vacua [14]. Hence, a large hier-
archy between the Higgs vev and the cutoff scale can be
achieved if g is very small [32].

The backreaction can arise as in the non-QCD model
of [1], in which � is the axion of a new strong sector. The
axion potential gets a Higgs dependent contribution be-
cause the lightest fermion mass of the strong sector gets
a contribution from the Higgs vev. The radiatively gen-
erated, Higgs independent, contributions to the potential
are subdominant when,

fc
<
⇠ v, ⇤4

c
<
⇠ (16⇡2)v4, (5)

where fc is the analog of the ‘pion decay constant’ in
the strong sector. ⇤c depends on fc but also on the
Higgs contribution to the lightest fermion mass, making
a separation of scales ⇤c ⌧ fc ⇠ Tc technically natural.

Assuming that the reheat temperature after inflation
Tr > v, one can conclude that Tr > Tc ⇠

p
4⇡fc, where

Tc is the critical temperature corresponding to the chiral
phase transition of the new strong group. Therefore, the
backreaction vanishes after reaheating and the relaxion
enters a second period of rolling. As the universe cools
and the temperature drops below Tc again, the back-
reaction reappears. During the second phase of rolling
the relaxion obeys V

0
' 5H�̇ [15] and the relaxion gets

trapped again [13, 16] provided

m�
<
⇠ 5H(Tc) . (6)

In the second phase of rolling the relaxion is displaced
from its original stopping point by a misalignment an-
gle [13],

�✓ =
��

f
'

1

20

✓
m�

H(Tc)

◆2

tan
�0

f
. (7)

Once H(T ) < m�/3, the relaxion starts oscillating about
the local minimum. These oscillations give rise to a relic
abundance [13], given by

⌦h2
' 3�✓2

✓
⇤d

1 GeV

◆4 ✓100 GeV

Tosc

◆3

. (8)

See [17] for an alternative way of explaining dark matter
in relaxion models.

B. Spontaneous Baryogenesis

We now show baryogenesis is a generic consequence
of the relaxion mechanism. First we note that if SM
fermions  i are charged under the relaxion shift symme-
try, O1 is generated (by field redefinitions) with a current
of the form,

J
µ =

X

i

qi ̄i�
µ
 i + other spin particles. (9)

Such field redefinitions also generically result in terms like
�F2F̃2 and �GG̃, where F2 and G are the SM SU(2)L and
SU(3)C gauge field strengths. Following the treatment
of [7–9] the �F2F̃2 term can be removed by a B + L

transformation (that will also modify the composition of
the current above). We must ensure that a �GG̃ term is
not generated (otherwise it will lead to an O(1) strong
CP phase once the relaxion stops) by demanding that
the relaxion shift symmetry has no triangle anomaly with
SU(3)C.

Now we show the operator O1 generates a baryon
asymmetry. In the presence of the operator O1, the back-
ground value of �̇ shifts the energy of particles and an-
tiparticles differently (implying a spontaneous breaking
of CPT symmetry). This is equivalent to

µi = �µ̄i = qi�̇/f + (Bi � Li)µB�L +QiµQ , (10)
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DM fraction

[1610.02025]

[1611.08569]

[1810.01889]

[Raffelt]



Conclusions
• If you couple the Relaxion to a SM model current that carries lepton/baryon 

number you get a pretty natural baryogensis scenario.


• This may be dangerous: this coupling allows for cooling of stars. However, not 
insurmountable.


• This does come at a cost: You need an additional hierarchy between the 
relaxion scale and the scale that suppresses this new operator. But this 
hierarchy was already present…


• It is consistent with axion being a DM candidate.


• Interesting extension into neutrino sector already exists [1902.08633]


• We should keep playing with the relaxion scenario and see if we can make it 
work better…


• Ask me about Planet 9 being a Black Hole (about as speculative) or about CP 
violations in D—>ππ and D—>KK and BSM


