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Storage Rings

<latexit sha1_base64="hbTXaPqXgmyNzR+3rx78TpViSSs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiCB4rWFtoQ9lsJ+3SzSbsbgol9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uHRk45TxbDJYhGrdkA1Ci6xabgR2E4U0igQ2ApGtzO/NUaleSwfzSRBP6IDyUPOqLFSqztGlt1Ne+WKW3XnIKvEy0kFcjR65a9uP2ZphNIwQbXueG5i/Iwqw5nAaambakwoG9EBdiyVNELtZ/Nzp+TMKn0SxsqWNGSu/p7IaKT1JApsZ0TNUC97M/E/r5Oa8NrPuExSg5ItFoWpICYms99JnytkRkwsoUxxeythQ6ooMzahkg3BW355lTxdVL1atfZwWanf5HEU4QRO4Rw8uII63EMDmsBgBM/wCm9O4rw4787HorXg5DPH8AfO5w9n9o+i</latexit>

~E

<latexit sha1_base64="5jrgw9NGaB5ZAbpehyuXu4EH1Bk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ac0oWy203bpZhN2N4US+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1KNgktsGm4EdhKFNAoFtsPx/dxvT1BpHssnM00wiOhQ8gFn1FjJ9yfIMl/zYURnvXLFrboLkHXi5aQCORq98pffj1kaoTRMUK27npuYIKPKcCZwVvJTjQllYzrErqWSRqiDbHHzjFxYpU8GsbIlDVmovycyGmk9jULbGVEz0qveXPzP66ZmcBtkXCapQcmWiwapICYm8wBInytkRkwtoUxxeythI6ooMzamkg3BW315nbSuql6tWnu8rtTv8jiKcAbncAke3EAdHqABTWCQwDO8wpuTOi/Ou/OxbC04+cwp/IHz+QN4NZH8</latexit>

~�
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Storage Rings
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~�

Relativistic beam of protons 

Suitably orient spins 

Look for precession of spin from 
new physics 

Technology developed to look for 
electric dipole moments 

What else can we look for?
Spin Couplings - “new” magnetic fields



Spin Couplings

Pseudoscalars
<latexit sha1_base64="IxBEaAGSS28FUksF8a57zU4p28A="></latexit>

@µ�

fa
 ̄�µ�5 
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HN � r�

fa
.�N

Axions
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Axions
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r�

Vectors
<latexit sha1_base64="BASoCMHW80O32VzQ4DkJDHFeLXA="></latexit>

F 0
µ⌫

⇤
 ̄�µ⌫ ,

F 0
µ⌫

⇤
 ̄�µ⌫�5 

Axions Dark Electric and Magnetic 
Moments



Spin Couplings

Pseudoscalars
<latexit sha1_base64="IxBEaAGSS28FUksF8a57zU4p28A="></latexit>

@µ�

fa
 ̄�µ�5 
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HN � r�

fa
.�N
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r�

Vectors
<latexit sha1_base64="BASoCMHW80O32VzQ4DkJDHFeLXA="></latexit>

F 0
µ⌫

⇤
 ̄�µ⌫ ,

F 0
µ⌫

⇤
 ̄�µ⌫�5 

Axions Dark Electric and Magnetic 
Moments

<latexit sha1_base64="aLX2Wc/Y0jmnyFjHJ1SLGAHNghk=">AAAB+3icbZDLSsNAFIZPvNZ6i3XpZrBIXUhJRKrLUhFcVrAXaEOZTCft0MmFmUmxhLyKGxeKuPVF3Pk2TtMstPWHgY//nMM587sRZ1JZ1rextr6xubVd2Cnu7u0fHJpHpbYMY0Foi4Q8FF0XS8pZQFuKKU67kaDYdzntuJPbeb0zpUKyMHhUs4g6Ph4FzGMEK20NzFJ/SklyV0kvUEaNSjowy1bVyoRWwc6hDLmaA/OrPwxJ7NNAEY6l7NlWpJwEC8UIp2mxH0saYTLBI9rTGGCfSifJbk/RmXaGyAuFfoFCmft7IsG+lDPf1Z0+VmO5XJub/9V6sfJunIQFUaxoQBaLvJgjFaJ5EGjIBCWKzzRgIpi+FZExFpgoHVdRh2Avf3kV2pdVu1atPVyV6408jgKcwCmcgw3XUId7aEILCDzBM7zCm5EaL8a78bFoXTPymWP4I+PzB9fJk68=</latexit>

~E0, ~B0



Spin Couplings

Pseudoscalars
<latexit sha1_base64="IxBEaAGSS28FUksF8a57zU4p28A="></latexit>

@µ�

fa
 ̄�µ�5 

<latexit sha1_base64="41cxyLFeSBg+BtFfU1qcfc0qaiE=">AAACFXicbVDLSsNAFJ34rPVVdelmsAgupCQi1WXRTVelgn1AE8LNdNIOnUzCzEQoIT/hxl9x40IRt4I7/8bpY6GtBy4czrmXe+8JEs6Utu1va2V1bX1js7BV3N7Z3dsvHRy2VZxKQlsk5rHsBqAoZ4K2NNOcdhNJIQo47QSj24nfeaBSsVjc63FCvQgGgoWMgDaSXzqv+w3sqjRRVGM3lEAyV0DAAbvJkOVZ6ENecRUbROA3/FLZrthT4GXizEkZzdH0S19uPyZpRIUmHJTqOXaivQykZoTTvOimiiZARjCgPUMFRFR52fSrHJ8apY/DWJoSGk/V3xMZREqNo8B0RqCHatGbiP95vVSH117GRJJqKshsUZhyrGM8iQj3maRE87EhQCQzt2IyBBONNkEWTQjO4svLpH1RcaqV6t1luXYzj6OAjtEJOkMOukI1VEdN1EIEPaJn9IrerCfrxXq3PmatK9Z85gj9gfX5A38pnxA=</latexit>

HN � r�

fa
.�N

<latexit sha1_base64="Ed1TrPeI4C4hd/LbbHLKasomITU=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiF48V7AckoUy2m3bpZhN2J0Ip/RlePCji1V/jzX/jts1Bqw8GHu/NMDMvyqQw6LpfTmltfWNzq7xd2dnd2z+oHh51TJprxtsslanuRWC4FIq3UaDkvUxzSCLJu9H4du53H7k2IlUPOMl4mMBQiVgwQCv5gYJIAg2ykehXa27dXYD+JV5BaqRAq1/9DAYpyxOukEkwxvfcDMMpaBRM8lklyA3PgI1hyH1LFSTchNPFyTN6ZpUBjVNtSyFdqD8nppAYM0ki25kAjsyqNxf/8/wc4+twKlSWI1dsuSjOJcWUzv+nA6E5QzmxBJgW9lbKRqCBoU2pYkPwVl/+SzoXda9Rb9xf1po3RRxlckJOyTnxyBVpkjvSIm3CSEqeyAt5ddB5dt6c92VrySlmjskvOB/f7OeRCg==</latexit>

r�

Vectors
<latexit sha1_base64="BASoCMHW80O32VzQ4DkJDHFeLXA="></latexit>

F 0
µ⌫

⇤
 ̄�µ⌫ ,

F 0
µ⌫

⇤
 ̄�µ⌫�5 

Axions Dark Electric and Magnetic 
Moments

<latexit sha1_base64="aLX2Wc/Y0jmnyFjHJ1SLGAHNghk=">AAAB+3icbZDLSsNAFIZPvNZ6i3XpZrBIXUhJRKrLUhFcVrAXaEOZTCft0MmFmUmxhLyKGxeKuPVF3Pk2TtMstPWHgY//nMM587sRZ1JZ1rextr6xubVd2Cnu7u0fHJpHpbYMY0Foi4Q8FF0XS8pZQFuKKU67kaDYdzntuJPbeb0zpUKyMHhUs4g6Ph4FzGMEK20NzFJ/SklyV0kvUEaNSjowy1bVyoRWwc6hDLmaA/OrPwxJ7NNAEY6l7NlWpJwEC8UIp2mxH0saYTLBI9rTGGCfSifJbk/RmXaGyAuFfoFCmft7IsG+lDPf1Z0+VmO5XJub/9V6sfJunIQFUaxoQBaLvJgjFaJ5EGjIBCWKzzRgIpi+FZExFpgoHVdRh2Avf3kV2pdVu1atPVyV6408jgKcwCmcgw3XUId7aEILCDzBM7zCm5EaL8a78bFoXTPymWP4I+PzB9fJk68=</latexit>

~E0, ~B0



Spin Couplings

Pseudoscalars
<latexit sha1_base64="IxBEaAGSS28FUksF8a57zU4p28A="></latexit>

@µ�

fa
 ̄�µ�5 

<latexit sha1_base64="41cxyLFeSBg+BtFfU1qcfc0qaiE=">AAACFXicbVDLSsNAFJ34rPVVdelmsAgupCQi1WXRTVelgn1AE8LNdNIOnUzCzEQoIT/hxl9x40IRt4I7/8bpY6GtBy4czrmXe+8JEs6Utu1va2V1bX1js7BV3N7Z3dsvHRy2VZxKQlsk5rHsBqAoZ4K2NNOcdhNJIQo47QSj24nfeaBSsVjc63FCvQgGgoWMgDaSXzqv+w3sqjRRVGM3lEAyV0DAAbvJkOVZ6ENecRUbROA3/FLZrthT4GXizEkZzdH0S19uPyZpRIUmHJTqOXaivQykZoTTvOimiiZARjCgPUMFRFR52fSrHJ8apY/DWJoSGk/V3xMZREqNo8B0RqCHatGbiP95vVSH117GRJJqKshsUZhyrGM8iQj3maRE87EhQCQzt2IyBBONNkEWTQjO4svLpH1RcaqV6t1luXYzj6OAjtEJOkMOukI1VEdN1EIEPaJn9IrerCfrxXq3PmatK9Z85gj9gfX5A38pnxA=</latexit>

HN � r�

fa
.�N

<latexit sha1_base64="Ed1TrPeI4C4hd/LbbHLKasomITU=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiF48V7AckoUy2m3bpZhN2J0Ip/RlePCji1V/jzX/jts1Bqw8GHu/NMDMvyqQw6LpfTmltfWNzq7xd2dnd2z+oHh51TJprxtsslanuRWC4FIq3UaDkvUxzSCLJu9H4du53H7k2IlUPOMl4mMBQiVgwQCv5gYJIAg2ykehXa27dXYD+JV5BaqRAq1/9DAYpyxOukEkwxvfcDMMpaBRM8lklyA3PgI1hyH1LFSTchNPFyTN6ZpUBjVNtSyFdqD8nppAYM0ki25kAjsyqNxf/8/wc4+twKlSWI1dsuSjOJcWUzv+nA6E5QzmxBJgW9lbKRqCBoU2pYkPwVl/+SzoXda9Rb9xf1po3RRxlckJOyTnxyBVpkjvSIm3CSEqeyAt5ddB5dt6c92VrySlmjskvOB/f7OeRCg==</latexit>

r�

Vectors
<latexit sha1_base64="BASoCMHW80O32VzQ4DkJDHFeLXA="></latexit>

F 0
µ⌫

⇤
 ̄�µ⌫ ,

F 0
µ⌫

⇤
 ̄�µ⌫�5 

Axions Dark Electric and Magnetic 
Moments

<latexit sha1_base64="aLX2Wc/Y0jmnyFjHJ1SLGAHNghk=">AAAB+3icbZDLSsNAFIZPvNZ6i3XpZrBIXUhJRKrLUhFcVrAXaEOZTCft0MmFmUmxhLyKGxeKuPVF3Pk2TtMstPWHgY//nMM587sRZ1JZ1rextr6xubVd2Cnu7u0fHJpHpbYMY0Foi4Q8FF0XS8pZQFuKKU67kaDYdzntuJPbeb0zpUKyMHhUs4g6Ph4FzGMEK20NzFJ/SklyV0kvUEaNSjowy1bVyoRWwc6hDLmaA/OrPwxJ7NNAEY6l7NlWpJwEC8UIp2mxH0saYTLBI9rTGGCfSifJbk/RmXaGyAuFfoFCmft7IsG+lDPf1Z0+VmO5XJub/9V6sfJunIQFUaxoQBaLvJgjFaJ5EGjIBCWKzzRgIpi+FZExFpgoHVdRh2Avf3kV2pdVu1atPVyV6408jgKcwCmcgw3XUId7aEILCDzBM7zCm5EaL8a78bFoXTPymWP4I+PzB9fJk68=</latexit>

~E0, ~B0

Common phenomenology, focus on axions
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Dark Matter



Axion Dark Matter at Storage Rings
<latexit sha1_base64="41cxyLFeSBg+BtFfU1qcfc0qaiE=">AAACFXicbVDLSsNAFJ34rPVVdelmsAgupCQi1WXRTVelgn1AE8LNdNIOnUzCzEQoIT/hxl9x40IRt4I7/8bpY6GtBy4czrmXe+8JEs6Utu1va2V1bX1js7BV3N7Z3dsvHRy2VZxKQlsk5rHsBqAoZ4K2NNOcdhNJIQo47QSj24nfeaBSsVjc63FCvQgGgoWMgDaSXzqv+w3sqjRRVGM3lEAyV0DAAbvJkOVZ6ENecRUbROA3/FLZrthT4GXizEkZzdH0S19uPyZpRIUmHJTqOXaivQykZoTTvOimiiZARjCgPUMFRFR52fSrHJ8apY/DWJoSGk/V3xMZREqNo8B0RqCHatGbiP95vVSH117GRJJqKshsUZhyrGM8iQj3maRE87EhQCQzt2IyBBONNkEWTQjO4svLpH1RcaqV6t1luXYzj6OAjtEJOkMOukI1VEdN1EIEPaJn9IrerCfrxXq3PmatK9Z85gj9gfX5A38pnxA=</latexit>

HN � r�

fa
.�N

<latexit sha1_base64="0YywCtuay7kacqo5EVE9i3WVXUQ=">AAACJ3icbVDLSgMxFM3UV62vqks3F4tQQcuMiLpRim5cVrAP6JSSSTNtMPMguVNaSv/Gjb/iRlARXfonpg9BqwcSDuecS3KPF0uh0bY/rNTc/MLiUno5s7K6tr6R3dyq6ChRjJdZJCNV86jmUoS8jAIlr8WK08CTvOrdXY38apcrLaLwFvsxbwS0HQpfMIpGamYv3LgjXMl9zOMB9Fwl2h3ch3MY6U0bXBbpiQ0BIByauws9+M41szm7YI8Bf4kzJTkyRamZfXZbEUsCHiKTVOu6Y8fYGFCFgkk+zLiJ5jFld7TN64aGNOC6MRjvOYQ9o7TAj5Q5IcJY/TkxoIHW/cAzyYBiR896I/E/r56gf9YYiDBOkIds8pCfSMAIRqVBSyjOUPYNoUwJ81dgHaooQ1NtxpTgzK78l1SOCs5J4eTmOFe8nNaRJjtkl+SJQ05JkVyTEikTRu7JI3khr9aD9WS9We+TaMqazmyTX7A+vwDU96Nu</latexit>

� (t, x) = �0 cos (mt�mvx)



Axion Dark Matter at Storage Rings
<latexit sha1_base64="41cxyLFeSBg+BtFfU1qcfc0qaiE=">AAACFXicbVDLSsNAFJ34rPVVdelmsAgupCQi1WXRTVelgn1AE8LNdNIOnUzCzEQoIT/hxl9x40IRt4I7/8bpY6GtBy4czrmXe+8JEs6Utu1va2V1bX1js7BV3N7Z3dsvHRy2VZxKQlsk5rHsBqAoZ4K2NNOcdhNJIQo47QSj24nfeaBSsVjc63FCvQgGgoWMgDaSXzqv+w3sqjRRVGM3lEAyV0DAAbvJkOVZ6ENecRUbROA3/FLZrthT4GXizEkZzdH0S19uPyZpRIUmHJTqOXaivQykZoTTvOimiiZARjCgPUMFRFR52fSrHJ8apY/DWJoSGk/V3xMZREqNo8B0RqCHatGbiP95vVSH117GRJJqKshsUZhyrGM8iQj3maRE87EhQCQzt2IyBBONNkEWTQjO4svLpH1RcaqV6t1luXYzj6OAjtEJOkMOukI1VEdN1EIEPaJn9IrerCfrxXq3PmatK9Z85gj9gfX5A38pnxA=</latexit>

HN � r�

fa
.�N

<latexit sha1_base64="0YywCtuay7kacqo5EVE9i3WVXUQ=">AAACJ3icbVDLSgMxFM3UV62vqks3F4tQQcuMiLpRim5cVrAP6JSSSTNtMPMguVNaSv/Gjb/iRlARXfonpg9BqwcSDuecS3KPF0uh0bY/rNTc/MLiUno5s7K6tr6R3dyq6ChRjJdZJCNV86jmUoS8jAIlr8WK08CTvOrdXY38apcrLaLwFvsxbwS0HQpfMIpGamYv3LgjXMl9zOMB9Fwl2h3ch3MY6U0bXBbpiQ0BIByauws9+M41szm7YI8Bf4kzJTkyRamZfXZbEUsCHiKTVOu6Y8fYGFCFgkk+zLiJ5jFld7TN64aGNOC6MRjvOYQ9o7TAj5Q5IcJY/TkxoIHW/cAzyYBiR896I/E/r56gf9YYiDBOkIds8pCfSMAIRqVBSyjOUPYNoUwJ81dgHaooQ1NtxpTgzK78l1SOCs5J4eTmOFe8nNaRJjtkl+SJQ05JkVyTEikTRu7JI3khr9aD9WS9We+TaMqazmyTX7A+vwDU96Nu</latexit>

� (t, x) = �0 cos (mt�mvx) Lab Frame

Relativistic 
Boost 
vr = 1

<latexit sha1_base64="+yq6wzh6PFOBDEhLCVRXZkTF0e8="></latexit>

HN � m�0

fa
~vr.�N cos (mt)



Axion Dark Matter at Storage Rings
<latexit sha1_base64="41cxyLFeSBg+BtFfU1qcfc0qaiE=">AAACFXicbVDLSsNAFJ34rPVVdelmsAgupCQi1WXRTVelgn1AE8LNdNIOnUzCzEQoIT/hxl9x40IRt4I7/8bpY6GtBy4czrmXe+8JEs6Utu1va2V1bX1js7BV3N7Z3dsvHRy2VZxKQlsk5rHsBqAoZ4K2NNOcdhNJIQo47QSj24nfeaBSsVjc63FCvQgGgoWMgDaSXzqv+w3sqjRRVGM3lEAyV0DAAbvJkOVZ6ENecRUbROA3/FLZrthT4GXizEkZzdH0S19uPyZpRIUmHJTqOXaivQykZoTTvOimiiZARjCgPUMFRFR52fSrHJ8apY/DWJoSGk/V3xMZREqNo8B0RqCHatGbiP95vVSH117GRJJqKshsUZhyrGM8iQj3maRE87EhQCQzt2IyBBONNkEWTQjO4svLpH1RcaqV6t1luXYzj6OAjtEJOkMOukI1VEdN1EIEPaJn9IrerCfrxXq3PmatK9Z85gj9gfX5A38pnxA=</latexit>

HN � r�

fa
.�N

<latexit sha1_base64="0YywCtuay7kacqo5EVE9i3WVXUQ=">AAACJ3icbVDLSgMxFM3UV62vqks3F4tQQcuMiLpRim5cVrAP6JSSSTNtMPMguVNaSv/Gjb/iRlARXfonpg9BqwcSDuecS3KPF0uh0bY/rNTc/MLiUno5s7K6tr6R3dyq6ChRjJdZJCNV86jmUoS8jAIlr8WK08CTvOrdXY38apcrLaLwFvsxbwS0HQpfMIpGamYv3LgjXMl9zOMB9Fwl2h3ch3MY6U0bXBbpiQ0BIByauws9+M41szm7YI8Bf4kzJTkyRamZfXZbEUsCHiKTVOu6Y8fYGFCFgkk+zLiJ5jFld7TN64aGNOC6MRjvOYQ9o7TAj5Q5IcJY/TkxoIHW/cAzyYBiR896I/E/r56gf9YYiDBOkIds8pCfSMAIRqVBSyjOUPYNoUwJ81dgHaooQ1NtxpTgzK78l1SOCs5J4eTmOFe8nNaRJjtkl+SJQ05JkVyTEikTRu7JI3khr9aD9WS9We+TaMqazmyTX7A+vwDU96Nu</latexit>

� (t, x) = �0 cos (mt�mvx) Lab Frame

Relativistic 
Boost 
vr = 1

Signal: 
<latexit sha1_base64="Eh279Gp8GvqaW6HQzPt/zr9LMZc=">AAACEHicbVDLSsNAFJ3UV62vqks3g0V0VRKR6kYo6sJlhb6gCWEymbRDJw9nboQS8glu/BU3LhRx69Kdf+P0sdDWAxcO59zLvfd4ieAKTPPbKCwtr6yuFddLG5tb2zvl3b22ilNJWYvGIpZdjygmeMRawEGwbiIZCT3BOt7weux3HphUPI6aMEqYE5J+xANOCWjJLR/bN0wAwZfYDiShma3uJWS2HMRu5od5nmeBS3LcdMsVs2pOgBeJNSMVNEPDLX/ZfkzTkEVABVGqZ5kJOBmRwKlgeclOFUsIHZI+62kakZApJ5s8lOMjrfg4iKWuCPBE/T2RkVCpUejpzpDAQM17Y/E/r5dCcOFkPEpSYBGdLgpSgSHG43SwzyWjIEaaECq5vhXTAdHBgM6wpEOw5l9eJO3TqlWr1u7OKvWrWRxFdIAO0Qmy0Dmqo1vUQC1E0SN6Rq/ozXgyXox342PaWjBmM/voD4zPH0r4nWw=</latexit>

� =

p
⇢dm
fa

T

<latexit sha1_base64="+yq6wzh6PFOBDEhLCVRXZkTF0e8="></latexit>

HN � m�0

fa
~vr.�N cos (mt)

<latexit sha1_base64="+sWhTWsmwLq3Wc2699DEoWjF0Ng=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclaRIdVl047KCfUCThslk0g6dyYSZiVBCF278FTcuFHHrR7jzb5y2WWjrgQuHc+7l3nvClFGlHefbWlvf2NzaLu2Ud/f2Dw7to+OOEpnEpI0FE7IXIkUYTUhbU81IL5UE8ZCRbji+mfndByIVFcm9nqTE52iY0JhipI0U2BVPjkSQR3wKPUU55IM69NIRDZxBPbCrTs2ZA64StyBVUKAV2F9eJHDGSaIxQ0r1XSfVfo6kppiRadnLFEkRHqMh6RuaIE6Un8+fmMIzo0QwFtJUouFc/T2RI67UhIemkyM9UsveTPzP62c6vvJzmqSZJgleLIozBrWAs0RgRCXBmk0MQVhScyvEIyQR1ia3sgnBXX55lXTqNbdRa9xdVJvXRRwlUAGn4By44BI0wS1ogTbA4BE8g1fwZj1ZL9a79bFoXbOKmRPwB9bnD2rgl08=</latexit>

⇢dm ⇠ m2�2
0



Axion Dark Matter at Storage Rings
<latexit sha1_base64="41cxyLFeSBg+BtFfU1qcfc0qaiE=">AAACFXicbVDLSsNAFJ34rPVVdelmsAgupCQi1WXRTVelgn1AE8LNdNIOnUzCzEQoIT/hxl9x40IRt4I7/8bpY6GtBy4czrmXe+8JEs6Utu1va2V1bX1js7BV3N7Z3dsvHRy2VZxKQlsk5rHsBqAoZ4K2NNOcdhNJIQo47QSj24nfeaBSsVjc63FCvQgGgoWMgDaSXzqv+w3sqjRRVGM3lEAyV0DAAbvJkOVZ6ENecRUbROA3/FLZrthT4GXizEkZzdH0S19uPyZpRIUmHJTqOXaivQykZoTTvOimiiZARjCgPUMFRFR52fSrHJ8apY/DWJoSGk/V3xMZREqNo8B0RqCHatGbiP95vVSH117GRJJqKshsUZhyrGM8iQj3maRE87EhQCQzt2IyBBONNkEWTQjO4svLpH1RcaqV6t1luXYzj6OAjtEJOkMOukI1VEdN1EIEPaJn9IrerCfrxXq3PmatK9Z85gj9gfX5A38pnxA=</latexit>

HN � r�

fa
.�N

<latexit sha1_base64="0YywCtuay7kacqo5EVE9i3WVXUQ=">AAACJ3icbVDLSgMxFM3UV62vqks3F4tQQcuMiLpRim5cVrAP6JSSSTNtMPMguVNaSv/Gjb/iRlARXfonpg9BqwcSDuecS3KPF0uh0bY/rNTc/MLiUno5s7K6tr6R3dyq6ChRjJdZJCNV86jmUoS8jAIlr8WK08CTvOrdXY38apcrLaLwFvsxbwS0HQpfMIpGamYv3LgjXMl9zOMB9Fwl2h3ch3MY6U0bXBbpiQ0BIByauws9+M41szm7YI8Bf4kzJTkyRamZfXZbEUsCHiKTVOu6Y8fYGFCFgkk+zLiJ5jFld7TN64aGNOC6MRjvOYQ9o7TAj5Q5IcJY/TkxoIHW/cAzyYBiR896I/E/r56gf9YYiDBOkIds8pCfSMAIRqVBSyjOUPYNoUwJ81dgHaooQ1NtxpTgzK78l1SOCs5J4eTmOFe8nNaRJjtkl+SJQ05JkVyTEikTRu7JI3khr9aD9WS9We+TaMqazmyTX7A+vwDU96Nu</latexit>

� (t, x) = �0 cos (mt�mvx) Lab Frame

Relativistic 
Boost 
vr = 1

Signal: 
<latexit sha1_base64="Eh279Gp8GvqaW6HQzPt/zr9LMZc=">AAACEHicbVDLSsNAFJ3UV62vqks3g0V0VRKR6kYo6sJlhb6gCWEymbRDJw9nboQS8glu/BU3LhRx69Kdf+P0sdDWAxcO59zLvfd4ieAKTPPbKCwtr6yuFddLG5tb2zvl3b22ilNJWYvGIpZdjygmeMRawEGwbiIZCT3BOt7weux3HphUPI6aMEqYE5J+xANOCWjJLR/bN0wAwZfYDiShma3uJWS2HMRu5od5nmeBS3LcdMsVs2pOgBeJNSMVNEPDLX/ZfkzTkEVABVGqZ5kJOBmRwKlgeclOFUsIHZI+62kakZApJ5s8lOMjrfg4iKWuCPBE/T2RkVCpUejpzpDAQM17Y/E/r5dCcOFkPEpSYBGdLgpSgSHG43SwzyWjIEaaECq5vhXTAdHBgM6wpEOw5l9eJO3TqlWr1u7OKvWrWRxFdIAO0Qmy0Dmqo1vUQC1E0SN6Rq/ozXgyXox342PaWjBmM/voD4zPH0r4nWw=</latexit>

� =

p
⇢dm
fa

T

Comparison with NMR 
Searches

SQUID 
pickup 
loop

<latexit sha1_base64="+yq6wzh6PFOBDEhLCVRXZkTF0e8="></latexit>

HN � m�0

fa
~vr.�N cos (mt)



Axion Dark Matter at Storage Rings
<latexit sha1_base64="41cxyLFeSBg+BtFfU1qcfc0qaiE=">AAACFXicbVDLSsNAFJ34rPVVdelmsAgupCQi1WXRTVelgn1AE8LNdNIOnUzCzEQoIT/hxl9x40IRt4I7/8bpY6GtBy4czrmXe+8JEs6Utu1va2V1bX1js7BV3N7Z3dsvHRy2VZxKQlsk5rHsBqAoZ4K2NNOcdhNJIQo47QSj24nfeaBSsVjc63FCvQgGgoWMgDaSXzqv+w3sqjRRVGM3lEAyV0DAAbvJkOVZ6ENecRUbROA3/FLZrthT4GXizEkZzdH0S19uPyZpRIUmHJTqOXaivQykZoTTvOimiiZARjCgPUMFRFR52fSrHJ8apY/DWJoSGk/V3xMZREqNo8B0RqCHatGbiP95vVSH117GRJJqKshsUZhyrGM8iQj3maRE87EhQCQzt2IyBBONNkEWTQjO4svLpH1RcaqV6t1luXYzj6OAjtEJOkMOukI1VEdN1EIEPaJn9IrerCfrxXq3PmatK9Z85gj9gfX5A38pnxA=</latexit>

HN � r�

fa
.�N

<latexit sha1_base64="0YywCtuay7kacqo5EVE9i3WVXUQ=">AAACJ3icbVDLSgMxFM3UV62vqks3F4tQQcuMiLpRim5cVrAP6JSSSTNtMPMguVNaSv/Gjb/iRlARXfonpg9BqwcSDuecS3KPF0uh0bY/rNTc/MLiUno5s7K6tr6R3dyq6ChRjJdZJCNV86jmUoS8jAIlr8WK08CTvOrdXY38apcrLaLwFvsxbwS0HQpfMIpGamYv3LgjXMl9zOMB9Fwl2h3ch3MY6U0bXBbpiQ0BIByauws9+M41szm7YI8Bf4kzJTkyRamZfXZbEUsCHiKTVOu6Y8fYGFCFgkk+zLiJ5jFld7TN64aGNOC6MRjvOYQ9o7TAj5Q5IcJY/TkxoIHW/cAzyYBiR896I/E/r56gf9YYiDBOkIds8pCfSMAIRqVBSyjOUPYNoUwJ81dgHaooQ1NtxpTgzK78l1SOCs5J4eTmOFe8nNaRJjtkl+SJQ05JkVyTEikTRu7JI3khr9aD9WS9We+TaMqazmyTX7A+vwDU96Nu</latexit>

� (t, x) = �0 cos (mt�mvx) Lab Frame

Relativistic 
Boost 
vr = 1

Signal: 
<latexit sha1_base64="Eh279Gp8GvqaW6HQzPt/zr9LMZc=">AAACEHicbVDLSsNAFJ3UV62vqks3g0V0VRKR6kYo6sJlhb6gCWEymbRDJw9nboQS8glu/BU3LhRx69Kdf+P0sdDWAxcO59zLvfd4ieAKTPPbKCwtr6yuFddLG5tb2zvl3b22ilNJWYvGIpZdjygmeMRawEGwbiIZCT3BOt7weux3HphUPI6aMEqYE5J+xANOCWjJLR/bN0wAwZfYDiShma3uJWS2HMRu5od5nmeBS3LcdMsVs2pOgBeJNSMVNEPDLX/ZfkzTkEVABVGqZ5kJOBmRwKlgeclOFUsIHZI+62kakZApJ5s8lOMjrfg4iKWuCPBE/T2RkVCpUejpzpDAQM17Y/E/r5dCcOFkPEpSYBGdLgpSgSHG43SwzyWjIEaaECq5vhXTAdHBgM6wpEOw5l9eJO3TqlWr1u7OKvWrWRxFdIAO0Qmy0Dmqo1vUQC1E0SN6Rq/ozXgyXox342PaWjBmM/voD4zPH0r4nWw=</latexit>

� =

p
⇢dm
fa

T

Comparison with NMR 
Searches

Relativistic boost, long 
coherence time (~ 1000 s), but 

lower phase resolution

SQUID 
pickup 
loop

<latexit sha1_base64="+yq6wzh6PFOBDEhLCVRXZkTF0e8="></latexit>

HN � m�0

fa
~vr.�N cos (mt)



Axion Dark Matter at Storage Rings

<latexit sha1_base64="hbTXaPqXgmyNzR+3rx78TpViSSs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiCB4rWFtoQ9lsJ+3SzSbsbgol9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uHRk45TxbDJYhGrdkA1Ci6xabgR2E4U0igQ2ApGtzO/NUaleSwfzSRBP6IDyUPOqLFSqztGlt1Ne+WKW3XnIKvEy0kFcjR65a9uP2ZphNIwQbXueG5i/Iwqw5nAaambakwoG9EBdiyVNELtZ/Nzp+TMKn0SxsqWNGSu/p7IaKT1JApsZ0TNUC97M/E/r5Oa8NrPuExSg5ItFoWpICYms99JnytkRkwsoUxxeythQ6ooMzahkg3BW355lTxdVL1atfZwWanf5HEU4QRO4Rw8uII63EMDmsBgBM/wCm9O4rw4787HorXg5DPH8AfO5w9n9o+i</latexit>

~E

<latexit sha1_base64="5jrgw9NGaB5ZAbpehyuXu4EH1Bk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ac0oWy203bpZhN2N4US+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1KNgktsGm4EdhKFNAoFtsPx/dxvT1BpHssnM00wiOhQ8gFn1FjJ9yfIMl/zYURnvXLFrboLkHXi5aQCORq98pffj1kaoTRMUK27npuYIKPKcCZwVvJTjQllYzrErqWSRqiDbHHzjFxYpU8GsbIlDVmovycyGmk9jULbGVEz0qveXPzP66ZmcBtkXCapQcmWiwapICYm8wBInytkRkwtoUxxeythI6ooMzamkg3BW315nbSuql6tWnu8rtTv8jiKcAbncAke3EAdHqABTWCQwDO8wpuTOi/Ou/OxbC04+cwp/IHz+QN4NZH8</latexit>

~�

Orient spins radially 

Spin precession axis - 
tangential, along 

velocity

Spin precesses 
out of the plane

Proton @ magic 
momentum, spin “frozen”

<latexit sha1_base64="hbTXaPqXgmyNzR+3rx78TpViSSs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiCB4rWFtoQ9lsJ+3SzSbsbgol9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uHRk45TxbDJYhGrdkA1Ci6xabgR2E4U0igQ2ApGtzO/NUaleSwfzSRBP6IDyUPOqLFSqztGlt1Ne+WKW3XnIKvEy0kFcjR65a9uP2ZphNIwQbXueG5i/Iwqw5nAaambakwoG9EBdiyVNELtZ/Nzp+TMKn0SxsqWNGSu/p7IaKT1JApsZ0TNUC97M/E/r5Oa8NrPuExSg5ItFoWpICYms99JnytkRkwsoUxxeythQ6ooMzahkg3BW355lTxdVL1atfZwWanf5HEU4QRO4Rw8uII63EMDmsBgBM/wCm9O4rw4787HorXg5DPH8AfO5w9n9o+i</latexit>

~E

<latexit sha1_base64="5jrgw9NGaB5ZAbpehyuXu4EH1Bk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ac0oWy203bpZhN2N4US+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1KNgktsGm4EdhKFNAoFtsPx/dxvT1BpHssnM00wiOhQ8gFn1FjJ9yfIMl/zYURnvXLFrboLkHXi5aQCORq98pffj1kaoTRMUK27npuYIKPKcCZwVvJTjQllYzrErqWSRqiDbHHzjFxYpU8GsbIlDVmovycyGmk9jULbGVEz0qveXPzP66ZmcBtkXCapQcmWiwapICYm8wBInytkRkwtoUxxeythI6ooMzamkg3BW315nbSuql6tWnu8rtTv8jiKcAbncAke3EAdHqABTWCQwDO8wpuTOi/Ou/OxbC04+cwp/IHz+QN4NZH8</latexit>

~�



Axion Dark Matter at Storage Rings

<latexit sha1_base64="hbTXaPqXgmyNzR+3rx78TpViSSs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiCB4rWFtoQ9lsJ+3SzSbsbgol9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uHRk45TxbDJYhGrdkA1Ci6xabgR2E4U0igQ2ApGtzO/NUaleSwfzSRBP6IDyUPOqLFSqztGlt1Ne+WKW3XnIKvEy0kFcjR65a9uP2ZphNIwQbXueG5i/Iwqw5nAaambakwoG9EBdiyVNELtZ/Nzp+TMKn0SxsqWNGSu/p7IaKT1JApsZ0TNUC97M/E/r5Oa8NrPuExSg5ItFoWpICYms99JnytkRkwsoUxxeythQ6ooMzahkg3BW355lTxdVL1atfZwWanf5HEU4QRO4Rw8uII63EMDmsBgBM/wCm9O4rw4787HorXg5DPH8AfO5w9n9o+i</latexit>

~E

<latexit sha1_base64="5jrgw9NGaB5ZAbpehyuXu4EH1Bk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ac0oWy203bpZhN2N4US+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1KNgktsGm4EdhKFNAoFtsPx/dxvT1BpHssnM00wiOhQ8gFn1FjJ9yfIMl/zYURnvXLFrboLkHXi5aQCORq98pffj1kaoTRMUK27npuYIKPKcCZwVvJTjQllYzrErqWSRqiDbHHzjFxYpU8GsbIlDVmovycyGmk9jULbGVEz0qveXPzP66ZmcBtkXCapQcmWiwapICYm8wBInytkRkwtoUxxeythI6ooMzamkg3BW315nbSuql6tWnu8rtTv8jiKcAbncAke3EAdHqABTWCQwDO8wpuTOi/Ou/OxbC04+cwp/IHz+QN4NZH8</latexit>

~�

Orient spins radially 

Spin precession axis - 
tangential, along 

velocity

Spin precesses 
out of the plane

Proton @ magic 
momentum, spin “frozen”

<latexit sha1_base64="hbTXaPqXgmyNzR+3rx78TpViSSs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiCB4rWFtoQ9lsJ+3SzSbsbgol9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uHRk45TxbDJYhGrdkA1Ci6xabgR2E4U0igQ2ApGtzO/NUaleSwfzSRBP6IDyUPOqLFSqztGlt1Ne+WKW3XnIKvEy0kFcjR65a9uP2ZphNIwQbXueG5i/Iwqw5nAaambakwoG9EBdiyVNELtZ/Nzp+TMKn0SxsqWNGSu/p7IaKT1JApsZ0TNUC97M/E/r5Oa8NrPuExSg5ItFoWpICYms99JnytkRkwsoUxxeythQ6ooMzahkg3BW355lTxdVL1atfZwWanf5HEU4QRO4Rw8uII63EMDmsBgBM/wCm9O4rw4787HorXg5DPH8AfO5w9n9o+i</latexit>

~E

<latexit sha1_base64="5jrgw9NGaB5ZAbpehyuXu4EH1Bk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ac0oWy203bpZhN2N4US+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1KNgktsGm4EdhKFNAoFtsPx/dxvT1BpHssnM00wiOhQ8gFn1FjJ9yfIMl/zYURnvXLFrboLkHXi5aQCORq98pffj1kaoTRMUK27npuYIKPKcCZwVvJTjQllYzrErqWSRqiDbHHzjFxYpU8GsbIlDVmovycyGmk9jULbGVEz0qveXPzP66ZmcBtkXCapQcmWiwapICYm8wBInytkRkwtoUxxeythI6ooMzamkg3BW315nbSuql6tWnu8rtTv8jiKcAbncAke3EAdHqABTWCQwDO8wpuTOi/Ou/OxbC04+cwp/IHz+QN4NZH8</latexit>

~�

At magic momentum, spin locked to 
velocity - signal adds coherently for m < 1/T



Axion Dark Matter at Storage Rings

<latexit sha1_base64="hbTXaPqXgmyNzR+3rx78TpViSSs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiCB4rWFtoQ9lsJ+3SzSbsbgol9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uHRk45TxbDJYhGrdkA1Ci6xabgR2E4U0igQ2ApGtzO/NUaleSwfzSRBP6IDyUPOqLFSqztGlt1Ne+WKW3XnIKvEy0kFcjR65a9uP2ZphNIwQbXueG5i/Iwqw5nAaambakwoG9EBdiyVNELtZ/Nzp+TMKn0SxsqWNGSu/p7IaKT1JApsZ0TNUC97M/E/r5Oa8NrPuExSg5ItFoWpICYms99JnytkRkwsoUxxeythQ6ooMzahkg3BW355lTxdVL1atfZwWanf5HEU4QRO4Rw8uII63EMDmsBgBM/wCm9O4rw4787HorXg5DPH8AfO5w9n9o+i</latexit>

~E

<latexit sha1_base64="5jrgw9NGaB5ZAbpehyuXu4EH1Bk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ac0oWy203bpZhN2N4US+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1KNgktsGm4EdhKFNAoFtsPx/dxvT1BpHssnM00wiOhQ8gFn1FjJ9yfIMl/zYURnvXLFrboLkHXi5aQCORq98pffj1kaoTRMUK27npuYIKPKcCZwVvJTjQllYzrErqWSRqiDbHHzjFxYpU8GsbIlDVmovycyGmk9jULbGVEz0qveXPzP66ZmcBtkXCapQcmWiwapICYm8wBInytkRkwtoUxxeythI6ooMzamkg3BW315nbSuql6tWnu8rtTv8jiKcAbncAke3EAdHqABTWCQwDO8wpuTOi/Ou/OxbC04+cwp/IHz+QN4NZH8</latexit>

~�

Proton @ magic 
momentum, spin “frozen”

<latexit sha1_base64="hbTXaPqXgmyNzR+3rx78TpViSSs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiCB4rWFtoQ9lsJ+3SzSbsbgol9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uHRk45TxbDJYhGrdkA1Ci6xabgR2E4U0igQ2ApGtzO/NUaleSwfzSRBP6IDyUPOqLFSqztGlt1Ne+WKW3XnIKvEy0kFcjR65a9uP2ZphNIwQbXueG5i/Iwqw5nAaambakwoG9EBdiyVNELtZ/Nzp+TMKn0SxsqWNGSu/p7IaKT1JApsZ0TNUC97M/E/r5Oa8NrPuExSg5ItFoWpICYms99JnytkRkwsoUxxeythQ6ooMzahkg3BW355lTxdVL1atfZwWanf5HEU4QRO4Rw8uII63EMDmsBgBM/wCm9O4rw4787HorXg5DPH8AfO5w9n9o+i</latexit>

~E

<latexit sha1_base64="5jrgw9NGaB5ZAbpehyuXu4EH1Bk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ac0oWy203bpZhN2N4US+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1KNgktsGm4EdhKFNAoFtsPx/dxvT1BpHssnM00wiOhQ8gFn1FjJ9yfIMl/zYURnvXLFrboLkHXi5aQCORq98pffj1kaoTRMUK27npuYIKPKcCZwVvJTjQllYzrErqWSRqiDbHHzjFxYpU8GsbIlDVmovycyGmk9jULbGVEz0qveXPzP66ZmcBtkXCapQcmWiwapICYm8wBInytkRkwtoUxxeythI6ooMzamkg3BW315nbSuql6tWnu8rtTv8jiKcAbncAke3EAdHqABTWCQwDO8wpuTOi/Ou/OxbC04+cwp/IHz+QN4NZH8</latexit>

~�

At magic momentum, spin locked 
to velocity - signal adds 
coherently for m < 1/T

Cancellation for signals with m > 1/T 



Axion Dark Matter at Storage Rings

<latexit sha1_base64="hbTXaPqXgmyNzR+3rx78TpViSSs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiCB4rWFtoQ9lsJ+3SzSbsbgol9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uHRk45TxbDJYhGrdkA1Ci6xabgR2E4U0igQ2ApGtzO/NUaleSwfzSRBP6IDyUPOqLFSqztGlt1Ne+WKW3XnIKvEy0kFcjR65a9uP2ZphNIwQbXueG5i/Iwqw5nAaambakwoG9EBdiyVNELtZ/Nzp+TMKn0SxsqWNGSu/p7IaKT1JApsZ0TNUC97M/E/r5Oa8NrPuExSg5ItFoWpICYms99JnytkRkwsoUxxeythQ6ooMzahkg3BW355lTxdVL1atfZwWanf5HEU4QRO4Rw8uII63EMDmsBgBM/wCm9O4rw4787HorXg5DPH8AfO5w9n9o+i</latexit>

~E

<latexit sha1_base64="5jrgw9NGaB5ZAbpehyuXu4EH1Bk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ac0oWy203bpZhN2N4US+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1KNgktsGm4EdhKFNAoFtsPx/dxvT1BpHssnM00wiOhQ8gFn1FjJ9yfIMl/zYURnvXLFrboLkHXi5aQCORq98pffj1kaoTRMUK27npuYIKPKcCZwVvJTjQllYzrErqWSRqiDbHHzjFxYpU8GsbIlDVmovycyGmk9jULbGVEz0qveXPzP66ZmcBtkXCapQcmWiwapICYm8wBInytkRkwtoUxxeythI6ooMzamkg3BW315nbSuql6tWnu8rtTv8jiKcAbncAke3EAdHqABTWCQwDO8wpuTOi/Ou/OxbC04+cwp/IHz+QN4NZH8</latexit>

~�

Proton @ magic 
momentum, spin “frozen”

<latexit sha1_base64="hbTXaPqXgmyNzR+3rx78TpViSSs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiCB4rWFtoQ9lsJ+3SzSbsbgol9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uHRk45TxbDJYhGrdkA1Ci6xabgR2E4U0igQ2ApGtzO/NUaleSwfzSRBP6IDyUPOqLFSqztGlt1Ne+WKW3XnIKvEy0kFcjR65a9uP2ZphNIwQbXueG5i/Iwqw5nAaambakwoG9EBdiyVNELtZ/Nzp+TMKn0SxsqWNGSu/p7IaKT1JApsZ0TNUC97M/E/r5Oa8NrPuExSg5ItFoWpICYms99JnytkRkwsoUxxeythQ6ooMzahkg3BW355lTxdVL1atfZwWanf5HEU4QRO4Rw8uII63EMDmsBgBM/wCm9O4rw4787HorXg5DPH8AfO5w9n9o+i</latexit>

~E

<latexit sha1_base64="5jrgw9NGaB5ZAbpehyuXu4EH1Bk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ac0oWy203bpZhN2N4US+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1KNgktsGm4EdhKFNAoFtsPx/dxvT1BpHssnM00wiOhQ8gFn1FjJ9yfIMl/zYURnvXLFrboLkHXi5aQCORq98pffj1kaoTRMUK27npuYIKPKcCZwVvJTjQllYzrErqWSRqiDbHHzjFxYpU8GsbIlDVmovycyGmk9jULbGVEz0qveXPzP66ZmcBtkXCapQcmWiwapICYm8wBInytkRkwtoUxxeythI6ooMzamkg3BW315nbSuql6tWnu8rtTv8jiKcAbncAke3EAdHqABTWCQwDO8wpuTOi/Ou/OxbC04+cwp/IHz+QN4NZH8</latexit>

~�

At magic momentum, spin locked 
to velocity - signal adds 
coherently for m < 1/T

Cancellation for signals with m > 1/T 

Could Resonate - choose momentum 
detune velocity precession rate from spin 

precession rate



Backgrounds



Backgrounds



Sensitivity

<latexit sha1_base64="2za3ufOhz+2MQ0vZ4jRxQSBfzmw=">AAACDXicbVC7SgNBFJ2Nrxhfq5Y2g1Gw0LArEm2EoBaWEfKCJIbZyU0yZPbBzF0xLPkBG3/FxkIRW3s7/8bJo9DogQtnzrmXufd4kRQaHefLSs3NLywupZczK6tr6xv25lZFh7HiUOahDFXNYxqkCKCMAiXUIgXM9yRUvf7lyK/egdIiDEo4iKDps24gOoIzNFLL3mtcgURGz6nr3CZH+eEhLY0fjkMbCPeYUD1s2Vkn54xB/xJ3SrJkimLL/my0Qx77ECCXTOu660TYTJhCwSUMM41YQ8R4n3WhbmjAfNDNZHzNkO4bpU07oTIVIB2rPycS5ms98D3T6TPs6VlvJP7n1WPsnDUTEUQxQsAnH3ViSTGko2hoWyjgKAeGMK6E2ZXyHlOMowkwY0JwZ0/+SyrHOTefy9+cZAsX0zjSZIfskgPiklNSINekSMqEkwfyRF7Iq/VoPVtv1vukNWVNZ7bJL1gf32WfmKU=</latexit>

� = 10�6, T = 1000 s



Dark Energy



Dark Energy
<latexit sha1_base64="8ymImlHAm122b9mOP9hkzysPuNo=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVw02FGLOqu6MZlBfuAdiiZ9E4bmsmMSUappfgrblwo4tb/cOffmLaz0NYDl3s4515yc4KEM6Vd99taWFxaXlnNreXXNza3tu2d3ZqKU0mhSmMey0ZAFHAmoKqZ5tBIJJAo4FAP+ldjv34PUrFY3OpBAn5EuoKFjBJtpLa9X/Rwi8Mdfpi2outclNp2wXXcCfA88TJSQBkqbfur1YlpGoHQlBOlmp6baH9IpGaUwyjfShUkhPZJF5qGChKB8oeT60f4yCgdHMbSlNB4ov7eGJJIqUEUmMmI6J6a9cbif14z1eG5P2QiSTUIOn0oTDnWMR5HgTtMAtV8YAihkplbMe0RSag2geVNCN7sl+dJ7cTxSo57c1ooX2Zx5NABOkTHyENnqIyuUQVVEUWP6Bm9ojfryXqx3q2P6eiCle3soT+wPn8ABLSTAQ==</latexit>�1  w  �0.95

Determine observationally. Test theory bias.



Dark Energy
<latexit sha1_base64="8ymImlHAm122b9mOP9hkzysPuNo=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVw02FGLOqu6MZlBfuAdiiZ9E4bmsmMSUappfgrblwo4tb/cOffmLaz0NYDl3s4515yc4KEM6Vd99taWFxaXlnNreXXNza3tu2d3ZqKU0mhSmMey0ZAFHAmoKqZ5tBIJJAo4FAP+ldjv34PUrFY3OpBAn5EuoKFjBJtpLa9X/Rwi8Mdfpi2outclNp2wXXcCfA88TJSQBkqbfur1YlpGoHQlBOlmp6baH9IpGaUwyjfShUkhPZJF5qGChKB8oeT60f4yCgdHMbSlNB4ov7eGJJIqUEUmMmI6J6a9cbif14z1eG5P2QiSTUIOn0oTDnWMR5HgTtMAtV8YAihkplbMe0RSag2geVNCN7sl+dJ7cTxSo57c1ooX2Zx5NABOkTHyENnqIyuUQVVEUWP6Bm9ojfryXqx3q2P6eiCle3soT+wPn8ABLSTAQ==</latexit>�1  w  �0.95

Determine observationally. Test theory bias.

Constant Λ: No known natural mechanism to explain observed value

Possibly explained via dynamical evolution - imply changing Λ



Dark Energy
<latexit sha1_base64="8ymImlHAm122b9mOP9hkzysPuNo=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVw02FGLOqu6MZlBfuAdiiZ9E4bmsmMSUappfgrblwo4tb/cOffmLaz0NYDl3s4515yc4KEM6Vd99taWFxaXlnNreXXNza3tu2d3ZqKU0mhSmMey0ZAFHAmoKqZ5tBIJJAo4FAP+ldjv34PUrFY3OpBAn5EuoKFjBJtpLa9X/Rwi8Mdfpi2outclNp2wXXcCfA88TJSQBkqbfur1YlpGoHQlBOlmp6baH9IpGaUwyjfShUkhPZJF5qGChKB8oeT60f4yCgdHMbSlNB4ov7eGJJIqUEUmMmI6J6a9cbif14z1eG5P2QiSTUIOn0oTDnWMR5HgTtMAtV8YAihkplbMe0RSag2geVNCN7sl+dJ7cTxSo57c1ooX2Zx5NABOkTHyENnqIyuUQVVEUWP6Bm9ojfryXqx3q2P6eiCle3soT+wPn8ABLSTAQ==</latexit>�1  w  �0.95

Determine observationally. Test theory bias.

Gravitational measurement. Can we do better in the lab?

Constant Λ: No known natural mechanism to explain observed value

Possibly explained via dynamical evolution - imply changing Λ



Dark Energy
<latexit sha1_base64="8ymImlHAm122b9mOP9hkzysPuNo=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVw02FGLOqu6MZlBfuAdiiZ9E4bmsmMSUappfgrblwo4tb/cOffmLaz0NYDl3s4515yc4KEM6Vd99taWFxaXlnNreXXNza3tu2d3ZqKU0mhSmMey0ZAFHAmoKqZ5tBIJJAo4FAP+ldjv34PUrFY3OpBAn5EuoKFjBJtpLa9X/Rwi8Mdfpi2outclNp2wXXcCfA88TJSQBkqbfur1YlpGoHQlBOlmp6baH9IpGaUwyjfShUkhPZJF5qGChKB8oeT60f4yCgdHMbSlNB4ov7eGJJIqUEUmMmI6J6a9cbif14z1eG5P2QiSTUIOn0oTDnWMR5HgTtMAtV8YAihkplbMe0RSag2geVNCN7sl+dJ7cTxSo57c1ooX2Zx5NABOkTHyENnqIyuUQVVEUWP6Bm9ojfryXqx3q2P6eiCle3soT+wPn8ABLSTAQ==</latexit>�1  w  �0.95

Determine observationally. Test theory bias.

Similar to laboratory detection of dark matter properties 

Gravitational Measurements: dark matter is a cold, pressure-
less gas.  

σ/m < cm2/gm 

Does not mean σ = 0. Can probe σ ~ 10-49 cm2 in the lab

Gravitational measurement. Can we do better in the lab?

Constant Λ: No known natural mechanism to explain observed value

Possibly explained via dynamical evolution - imply changing Λ



Dark Energy
<latexit sha1_base64="8ymImlHAm122b9mOP9hkzysPuNo=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVw02FGLOqu6MZlBfuAdiiZ9E4bmsmMSUappfgrblwo4tb/cOffmLaz0NYDl3s4515yc4KEM6Vd99taWFxaXlnNreXXNza3tu2d3ZqKU0mhSmMey0ZAFHAmoKqZ5tBIJJAo4FAP+ldjv34PUrFY3OpBAn5EuoKFjBJtpLa9X/Rwi8Mdfpi2outclNp2wXXcCfA88TJSQBkqbfur1YlpGoHQlBOlmp6baH9IpGaUwyjfShUkhPZJF5qGChKB8oeT60f4yCgdHMbSlNB4ov7eGJJIqUEUmMmI6J6a9cbif14z1eG5P2QiSTUIOn0oTDnWMR5HgTtMAtV8YAihkplbMe0RSag2geVNCN7sl+dJ7cTxSo57c1ooX2Zx5NABOkTHyENnqIyuUQVVEUWP6Bm9ojfryXqx3q2P6eiCle3soT+wPn8ABLSTAQ==</latexit>�1  w  �0.95

Determine observationally. Test theory bias.

Similar to laboratory detection of dark matter properties 

Gravitational Measurements: dark matter is a cold, pressure-
less gas.  

σ/m < cm2/gm 

Does not mean σ = 0. Can probe σ ~ 10-49 cm2 in the lab

Gravitational measurement. Can we do better in the lab?

Constant Λ: No known natural mechanism to explain observed value

Possibly explained via dynamical evolution - imply changing Λ

What are the signatures of dark energy?



What can the Dark Energy be?

w < -0.95 : Need fluid with free equation of state 
parameter.  

Isotropic and homogeneous



What can the Dark Energy be?

w < -0.95 : Need fluid with free equation of state 
parameter.  

Isotropic and homogeneous

Reasonable Possibility: Scalar Field 
(Quintessence)

<latexit sha1_base64="miG6K6vhU4UBmQwdudIL9HmfbnQ="></latexit>

w =
�̇2

2 � V
�̇2

2 + V

φ



What can the Dark Energy be?

w < -0.95 : Need fluid with free equation of state 
parameter.  

Isotropic and homogeneous

Reasonable Possibility: Scalar Field 
(Quintessence)

<latexit sha1_base64="miG6K6vhU4UBmQwdudIL9HmfbnQ="></latexit>

w =
�̇2

2 � V
�̇2

2 + V

φ

Lagrangian for this scalar field?
<latexit sha1_base64="s9IgACwzv64P/qQ4leG42HNohBw="></latexit>

m / H = 10�43 GeV



What can the Dark Energy be?

w < -0.95 : Need fluid with free equation of state 
parameter.  

Isotropic and homogeneous

Reasonable Possibility: Scalar Field 
(Quintessence)

<latexit sha1_base64="miG6K6vhU4UBmQwdudIL9HmfbnQ="></latexit>

w =
�̇2

2 � V
�̇2

2 + V

φ

Lagrangian for this scalar field?
<latexit sha1_base64="s9IgACwzv64P/qQ4leG42HNohBw="></latexit>

m / H = 10�43 GeV

Ultra-light field. Demand technical naturalness => axion-like, 
derivative interactions



What can the Dark Energy be?

w < -0.95 : Need fluid with free equation of state 
parameter.  

Isotropic and homogeneous

Reasonable Possibility: Scalar Field 
(Quintessence)

<latexit sha1_base64="miG6K6vhU4UBmQwdudIL9HmfbnQ="></latexit>

w =
�̇2

2 � V
�̇2

2 + V

φ

Lagrangian for this scalar field?
<latexit sha1_base64="s9IgACwzv64P/qQ4leG42HNohBw="></latexit>

m / H = 10�43 GeV

Ultra-light field. Demand technical naturalness => axion-like, 
derivative interactions

Kinetic Energy of Dark Energy < meV2 
Direct Detection 

<latexit sha1_base64="F3sbAAAp/Paxxl5K5+oE3/7uky0="></latexit>

L � C�+
@µ�

fa
 ̄�µ�5 +

�

fa
FF̃



What can the Dark Energy be?

w < -0.95 : Need fluid with free equation of state 
parameter.  

Isotropic and homogeneous

Reasonable Possibility: Scalar Field 
(Quintessence)

<latexit sha1_base64="miG6K6vhU4UBmQwdudIL9HmfbnQ="></latexit>

w =
�̇2

2 � V
�̇2

2 + V

φ

Lagrangian for this scalar field?
<latexit sha1_base64="s9IgACwzv64P/qQ4leG42HNohBw="></latexit>

m / H = 10�43 GeV

Ultra-light field. Demand technical naturalness => axion-like, 
derivative interactions

Kinetic Energy of Dark Energy < meV2 
Direct Detection 

<latexit sha1_base64="F3sbAAAp/Paxxl5K5+oE3/7uky0="></latexit>

L � C�+
@µ�

fa
 ̄�µ�5 +

�

fa
FF̃ Spin Precession

Signal is completely DC 
(Dark energy changes over 

Hubble time)



Dark Energy at Storage Rings

<latexit sha1_base64="hbTXaPqXgmyNzR+3rx78TpViSSs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiCB4rWFtoQ9lsJ+3SzSbsbgol9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uHRk45TxbDJYhGrdkA1Ci6xabgR2E4U0igQ2ApGtzO/NUaleSwfzSRBP6IDyUPOqLFSqztGlt1Ne+WKW3XnIKvEy0kFcjR65a9uP2ZphNIwQbXueG5i/Iwqw5nAaambakwoG9EBdiyVNELtZ/Nzp+TMKn0SxsqWNGSu/p7IaKT1JApsZ0TNUC97M/E/r5Oa8NrPuExSg5ItFoWpICYms99JnytkRkwsoUxxeythQ6ooMzahkg3BW355lTxdVL1atfZwWanf5HEU4QRO4Rw8uII63EMDmsBgBM/wCm9O4rw4787HorXg5DPH8AfO5w9n9o+i</latexit>

~E

<latexit sha1_base64="5jrgw9NGaB5ZAbpehyuXu4EH1Bk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ac0oWy203bpZhN2N4US+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1KNgktsGm4EdhKFNAoFtsPx/dxvT1BpHssnM00wiOhQ8gFn1FjJ9yfIMl/zYURnvXLFrboLkHXi5aQCORq98pffj1kaoTRMUK27npuYIKPKcCZwVvJTjQllYzrErqWSRqiDbHHzjFxYpU8GsbIlDVmovycyGmk9jULbGVEz0qveXPzP66ZmcBtkXCapQcmWiwapICYm8wBInytkRkwtoUxxeythI6ooMzamkg3BW315nbSuql6tWnu8rtTv8jiKcAbncAke3EAdHqABTWCQwDO8wpuTOi/Ou/OxbC04+cwp/IHz+QN4NZH8</latexit>

~�

Proton @ magic 
momentum, spin “frozen”

<latexit sha1_base64="hbTXaPqXgmyNzR+3rx78TpViSSs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiCB4rWFtoQ9lsJ+3SzSbsbgol9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uHRk45TxbDJYhGrdkA1Ci6xabgR2E4U0igQ2ApGtzO/NUaleSwfzSRBP6IDyUPOqLFSqztGlt1Ne+WKW3XnIKvEy0kFcjR65a9uP2ZphNIwQbXueG5i/Iwqw5nAaambakwoG9EBdiyVNELtZ/Nzp+TMKn0SxsqWNGSu/p7IaKT1JApsZ0TNUC97M/E/r5Oa8NrPuExSg5ItFoWpICYms99JnytkRkwsoUxxeythQ6ooMzahkg3BW355lTxdVL1atfZwWanf5HEU4QRO4Rw8uII63EMDmsBgBM/wCm9O4rw4787HorXg5DPH8AfO5w9n9o+i</latexit>

~E

<latexit sha1_base64="5jrgw9NGaB5ZAbpehyuXu4EH1Bk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ac0oWy203bpZhN2N4US+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1KNgktsGm4EdhKFNAoFtsPx/dxvT1BpHssnM00wiOhQ8gFn1FjJ9yfIMl/zYURnvXLFrboLkHXi5aQCORq98pffj1kaoTRMUK27npuYIKPKcCZwVvJTjQllYzrErqWSRqiDbHHzjFxYpU8GsbIlDVmovycyGmk9jULbGVEz0qveXPzP66ZmcBtkXCapQcmWiwapICYm8wBInytkRkwtoUxxeythI6ooMzamkg3BW315nbSuql6tWnu8rtTv8jiKcAbncAke3EAdHqABTWCQwDO8wpuTOi/Ou/OxbC04+cwp/IHz+QN4NZH8</latexit>

~� At magic momentum, spin 
locked to velocity - signal 

adds coherently

No cancellation since signal 
frequency is at least as low 

as Hubble



Projected Sensitivity

NS + SN 1987A

EOS

-1.00 -0.98 -0.96 -0.94 -0.92 -0.90 -0.88 -0.86
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10-9

10-8

w

g a
N
N

(G
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)

1000 s storage time (protons), 10-6 phase 
resolution

Lorentz Violation experiments also have 
comparable sensitivity



Spin Dependent Forces



Monopole Dipole Forces



Local Source

<latexit sha1_base64="CSyXaWxx6UzyxtLAdkiwM8Z5mag=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGiQRG1Zrbt2dA60SryA1KNAaVr8Go5ikgkpDONa677mJ8TOsDCOcziqDVNMEkwke076lEguq/Wx+6wydWWWEwljZkgbN1d8TGRZaT0VgOwU2kV72cvE/r5+a8MbPmExSQyVZLApTjkyM8sfRiClKDJ9agoli9lZEIqwwMTaeig3BW355lXQu6t5VvfFwWWveFnGU4QRO4Rw8uIYm3EML2kAggmd4hTdHOC/Ou/OxaC05xcwx/IHz+QMWyI5J</latexit>

�
<latexit sha1_base64="CSyXaWxx6UzyxtLAdkiwM8Z5mag=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGiQRG1Zrbt2dA60SryA1KNAaVr8Go5ikgkpDONa677mJ8TOsDCOcziqDVNMEkwke076lEguq/Wx+6wydWWWEwljZkgbN1d8TGRZaT0VgOwU2kV72cvE/r5+a8MbPmExSQyVZLApTjkyM8sfRiClKDJ9agoli9lZEIqwwMTaeig3BW355lXQu6t5VvfFwWWveFnGU4QRO4Rw8uIYm3EML2kAggmd4hTdHOC/Ou/OxaC05xcwx/IHz+QMWyI5J</latexit>

�

<latexit sha1_base64="1WLyYdu43OTcTquk6Qsx4H7O7fg=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJ+FoW3bisYB/QhDKZTtqhk0mYmQglduGvuHGhiFt/w51/46TNQlsP3MvhnHuZOydIOFPacb6t0tLyyupaeb2ysbm1vWPv7rVUnEpCmyTmsewEWFHOBG1qpjntJJLiKOC0HYxucr/9QKVisbjX44T6ER4IFjKCtZF69sEAecmQIS/AMvMaik1Q3nt21ak5U6BF4hakCgUaPfvL68ckjajQhGOluq6TaD/DUjPC6aTipYommIzwgHYNFTiiys+m90/QsVH6KIylKaHRVP29keFIqXEUmMkI66Ga93LxP6+b6vDKz5hIUk0FmT0UphzpGOVhoD6TlGg+NgQTycytiAyxxESbyComBHf+y4ukdVpzL2rnd2fV+nURRxkO4QhOwIVLqMMtNKAJBB7hGV7hzXqyXqx362M2WrKKnX34A+vzByKTlY4=</latexit>

g� ̄ 
<latexit sha1_base64="mi1DrnzlJDRwRfksmF1smXbbHdo="></latexit>

@µ�

fa
 ̄�µ�5 

Monopole Source Spin Sensor

Monopole Dipole Forces



Monopole Dipole Forces From Test Bodies

<latexit sha1_base64="hbTXaPqXgmyNzR+3rx78TpViSSs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiCB4rWFtoQ9lsJ+3SzSbsbgol9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uHRk45TxbDJYhGrdkA1Ci6xabgR2E4U0igQ2ApGtzO/NUaleSwfzSRBP6IDyUPOqLFSqztGlt1Ne+WKW3XnIKvEy0kFcjR65a9uP2ZphNIwQbXueG5i/Iwqw5nAaambakwoG9EBdiyVNELtZ/Nzp+TMKn0SxsqWNGSu/p7IaKT1JApsZ0TNUC97M/E/r5Oa8NrPuExSg5ItFoWpICYms99JnytkRkwsoUxxeythQ6ooMzahkg3BW355lTxdVL1atfZwWanf5HEU4QRO4Rw8uII63EMDmsBgBM/wCm9O4rw4787HorXg5DPH8AfO5w9n9o+i</latexit>

~E

<latexit sha1_base64="5jrgw9NGaB5ZAbpehyuXu4EH1Bk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ac0oWy203bpZhN2N4US+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1KNgktsGm4EdhKFNAoFtsPx/dxvT1BpHssnM00wiOhQ8gFn1FjJ9yfIMl/zYURnvXLFrboLkHXi5aQCORq98pffj1kaoTRMUK27npuYIKPKcCZwVvJTjQllYzrErqWSRqiDbHHzjFxYpU8GsbIlDVmovycyGmk9jULbGVEz0qveXPzP66ZmcBtkXCapQcmWiwapICYm8wBInytkRkwtoUxxeythI6ooMzamkg3BW315nbSuql6tWnu8rtTv8jiKcAbncAke3EAdHqABTWCQwDO8wpuTOi/Ou/OxbC04+cwp/IHz+QN4NZH8</latexit>

~�

<latexit sha1_base64="hbTXaPqXgmyNzR+3rx78TpViSSs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiCB4rWFtoQ9lsJ+3SzSbsbgol9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uHRk45TxbDJYhGrdkA1Ci6xabgR2E4U0igQ2ApGtzO/NUaleSwfzSRBP6IDyUPOqLFSqztGlt1Ne+WKW3XnIKvEy0kFcjR65a9uP2ZphNIwQbXueG5i/Iwqw5nAaambakwoG9EBdiyVNELtZ/Nzp+TMKn0SxsqWNGSu/p7IaKT1JApsZ0TNUC97M/E/r5Oa8NrPuExSg5ItFoWpICYms99JnytkRkwsoUxxeythQ6ooMzahkg3BW355lTxdVL1atfZwWanf5HEU4QRO4Rw8uII63EMDmsBgBM/wCm9O4rw4787HorXg5DPH8AfO5w9n9o+i</latexit>

~E

<latexit sha1_base64="5jrgw9NGaB5ZAbpehyuXu4EH1Bk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ac0oWy203bpZhN2N4US+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1KNgktsGm4EdhKFNAoFtsPx/dxvT1BpHssnM00wiOhQ8gFn1FjJ9yfIMl/zYURnvXLFrboLkHXi5aQCORq98pffj1kaoTRMUK27npuYIKPKcCZwVvJTjQllYzrErqWSRqiDbHHzjFxYpU8GsbIlDVmovycyGmk9jULbGVEz0qveXPzP66ZmcBtkXCapQcmWiwapICYm8wBInytkRkwtoUxxeythI6ooMzamkg3BW315nbSuql6tWnu8rtTv8jiKcAbncAke3EAdHqABTWCQwDO8wpuTOi/Ou/OxbC04+cwp/IHz+QN4NZH8</latexit>

~�

<latexit sha1_base64="1WLyYdu43OTcTquk6Qsx4H7O7fg=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJ+FoW3bisYB/QhDKZTtqhk0mYmQglduGvuHGhiFt/w51/46TNQlsP3MvhnHuZOydIOFPacb6t0tLyyupaeb2ysbm1vWPv7rVUnEpCmyTmsewEWFHOBG1qpjntJJLiKOC0HYxucr/9QKVisbjX44T6ER4IFjKCtZF69sEAecmQIS/AMvMaik1Q3nt21ak5U6BF4hakCgUaPfvL68ckjajQhGOluq6TaD/DUjPC6aTipYommIzwgHYNFTiiys+m90/QsVH6KIylKaHRVP29keFIqXEUmMkI66Ga93LxP6+b6vDKz5hIUk0FmT0UphzpGOVhoD6TlGg+NgQTycytiAyxxESbyComBHf+y4ukdVpzL2rnd2fV+nURRxkO4QhOwIVLqMMtNKAJBB7hGV7hzXqyXqx362M2WrKKnX34A+vzByKTlY4=</latexit>

g� ̄ 

<latexit sha1_base64="Ed1TrPeI4C4hd/LbbHLKasomITU=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiF48V7AckoUy2m3bpZhN2J0Ip/RlePCji1V/jzX/jts1Bqw8GHu/NMDMvyqQw6LpfTmltfWNzq7xd2dnd2z+oHh51TJprxtsslanuRWC4FIq3UaDkvUxzSCLJu9H4du53H7k2IlUPOMl4mMBQiVgwQCv5gYJIAg2ykehXa27dXYD+JV5BaqRAq1/9DAYpyxOukEkwxvfcDMMpaBRM8lklyA3PgI1hyH1LFSTchNPFyTN6ZpUBjVNtSyFdqD8nppAYM0ki25kAjsyqNxf/8/wc4+twKlSWI1dsuSjOJcWUzv+nA6E5QzmxBJgW9lbKRqCBoU2pYkPwVl/+SzoXda9Rb9xf1po3RRxlckJOyTnxyBVpkjvSIm3CSEqeyAt5ddB5dt6c92VrySlmjskvOB/f7OeRCg==</latexit>

r�

Precession Occurs near 
local test mass

Choice of gradient direction

Spin precess out of plane, 
in vertical direction



Interesting Handle: Fixed axion 
gradient, particle and anti-particle 
precess in same direction, unlike 

electromagnetic background 

Monopole Dipole Forces From Test Bodies

<latexit sha1_base64="hbTXaPqXgmyNzR+3rx78TpViSSs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiCB4rWFtoQ9lsJ+3SzSbsbgol9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uHRk45TxbDJYhGrdkA1Ci6xabgR2E4U0igQ2ApGtzO/NUaleSwfzSRBP6IDyUPOqLFSqztGlt1Ne+WKW3XnIKvEy0kFcjR65a9uP2ZphNIwQbXueG5i/Iwqw5nAaambakwoG9EBdiyVNELtZ/Nzp+TMKn0SxsqWNGSu/p7IaKT1JApsZ0TNUC97M/E/r5Oa8NrPuExSg5ItFoWpICYms99JnytkRkwsoUxxeythQ6ooMzahkg3BW355lTxdVL1atfZwWanf5HEU4QRO4Rw8uII63EMDmsBgBM/wCm9O4rw4787HorXg5DPH8AfO5w9n9o+i</latexit>

~E

<latexit sha1_base64="5jrgw9NGaB5ZAbpehyuXu4EH1Bk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ac0oWy203bpZhN2N4US+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1KNgktsGm4EdhKFNAoFtsPx/dxvT1BpHssnM00wiOhQ8gFn1FjJ9yfIMl/zYURnvXLFrboLkHXi5aQCORq98pffj1kaoTRMUK27npuYIKPKcCZwVvJTjQllYzrErqWSRqiDbHHzjFxYpU8GsbIlDVmovycyGmk9jULbGVEz0qveXPzP66ZmcBtkXCapQcmWiwapICYm8wBInytkRkwtoUxxeythI6ooMzamkg3BW315nbSuql6tWnu8rtTv8jiKcAbncAke3EAdHqABTWCQwDO8wpuTOi/Ou/OxbC04+cwp/IHz+QN4NZH8</latexit>
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Precession Occurs near 
local test mass

Choice of gradient direction

Spin precess out of plane, 
in vertical direction



Interesting Handle: Fixed axion 
gradient, particle and anti-particle 
precess in same direction, unlike 

electromagnetic background 

Monopole Dipole Forces From Test Bodies
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Precession Occurs near 
local test mass

Choice of gradient direction

Spin precess out of plane, 
in vertical direction

Could also look for vertical 
gradient from Earth



Sensitivity

Assuming ~ 10 tons of lead bricks spread over ~ 10% of ring



Conclusions



Conclusions
1. Storage Rings can be precision spin 

sensors 

2. Technology well developed for electric 
dipole moment searches 

3.  Synergistic searches possible for dark 
matter, dark energy and monopole-dipole 

forces 
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Axion Dark Matter

a

V

a(t) � a0 cos (mat)

Photons

~E = E0 cos (!t� !x)

Dark Bosons

Early Universe:
 Misalignment Mechanism

m2
aa

2
0 ⇠ ⇢DM

Detect Photon by 
measuring time varying 

field

Today:
Random Field 

Correlation length 
~ 1/(ma v) 

Coherence Time
~ 1/(ma v2) 

~ 1 s (MHz/ma)

Spatially uniform, oscillating field

Detect effects of oscillating dark matter field

Resonance possible. Q ~ 106 (set by v ~ 10-3)
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Larmor frequency = axion mass ➔ resonant enhancement

CASPEr

axion “wind” ~va
OR ~E⇤

Axion affects physics of  nucleus, NMR is sensitive probe



SQUID 
pickup 
loop

�Bext

�µ

Larmor frequency = axion mass ➔ resonant enhancement

CASPEr

axion “wind” ~va
OR ~E⇤

SQUID measures resulting transverse magnetization

NMR well established technology, noise understood, similar setup to previous experiments

Example materials: LXe, ferroelectric PbTiO3, many others

Axion affects physics of  nucleus, NMR is sensitive probe


