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Overview
From inspirehep.net, keyword: quantum sensing

D. Budker

Quantum sensing for fundamental physics 

Efforts in nuclear magnetic resonance (e.g. CASPEr)

What can spin experiments 
tell us about cosmic relics?



1. Basics of Nuclear Magnetic Resonance (NMR) 

2. Cosmic relics  
Cosmic neutrino background (C B) 
Axion dark matter 
"Superradiant" interactions 

3. Open Quantum System framework 
Lindblad master equation  
Numerical solutions  
Comments on Non-Markovian regime 

4. Recent results 
Forecast for C B using CASPEr experiment 
Recent squeezing protocols 
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Basics of NMR

 Spin-1/2 into an external magnetic field,  
 splitting is  

 Polarize spins (thermal or optical) in a 
sample 
 (e.g. 129Xe, 3He) 

 RF resonance condition  

 Pulsed NMR 
 Continuous wave NMR  

 Magnetometer detects the flux created by 
this precessing magnetization

γB0

ω0 = γB0
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ω1 = εB1

Larmor frequency 
Rabi frequency 

<latexit sha1_base64="eymwR45bzN/cKfNk+drc03uqnbM=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExlaRChQWpKgtjkehDaqLIcZ3Wqp1EtoNURZlZ+BUWBhBi5QvY+BucNgO0HOlKx+fcK997/JhRqSzr2yitrK6tb5Q3K1vbO7t75v5BV0aJwKSDIxaJvo8kYTQkHUUVI/1YEMR9Rnr+5Cb3ew9ESBqF92oaE5ejUUgDipHSkmceKy91Ynpez66dQCCcP7K07owQ5wi2PDvzzKpVs2aAy8QuSBUUaHvmlzOMcMJJqDBDUg5sK1ZuioSimJGs4iSSxAhP0IgMNA0RJ9JNZ6dk8FQrQxhEQleo4Ez9PZEiLuWU+7qTIzWWi14u/ucNEhVcuSkN40SREM8/ChIGVQTzXOCQCoIVm2qCsKB6V4jHSCeidHoVHYK9ePIy6dZrdqPWuLuoNltFHGVwBE7AGbDBJWiCW9AGHYDBI3gGr+DNeDJejHfjY95aMoqZQ/AHxucPpkiaPg==</latexit>

tω/2 =
ω

2εB1
e.g.  pulse in time π/2



Basics of NMR

 Spin-1/2 into an external magnetic field,  
 splitting is  

 Polarize spins (thermal or optical) in a 
sample 
 (e.g. 129Xe, 3He) 

 RF resonance condition  

 Pulsed NMR (e.g. MRI) 
 Continuous wave NMR (e.g. CASPEr) 

 Magnetometer detects the flux created by 
this precessing magnetization

γB0

ω0 = γB0

<latexit sha1_base64="B1rHgVV2cBwzZT0/Wq4cbEPTISc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqsdSLx4rWltoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoUcepYthisYhVJ6AaBZfYMtwI7CQKaRQIbAfjm5nffkKleSwfzCRBP6JDyUPOqLHSfaPv9ssVt+rOQVaJl5MK5Gj2y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKnm8qHq1au3uslJv5HEU4QRO4Rw8uII63EITWsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8we7a410</latexit>

B0

<latexit sha1_base64="SeV4ixZbGYvtPR6fp0JdLgidYLY=">AAAB9XicbVBNS8NAEN34WetX1aOXxSJ4KolI9Vj04rGC/YA2ls120i7dbMLuRCmh/8OLB0W8+l+8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk41hwaPZazbATMghYIGCpTQTjSwKJDQCkY3U7/1CNqIWN3jOAE/YgMlQsEZWumhaz2kblczNZDQK5XdijsDXSZeTsokR71X+ur2Y55GoJBLZkzHcxP0M6ZRcAmTYjc1kDA+YgPoWKpYBMbPZldP6KlV+jSMtS2FdKb+nshYZMw4CmxnxHBoFr2p+J/XSTG88jOhkhRB8fmiMJUUYzqNgPaFBo5ybAnjWthbKR8yzTjaoIo2BG/x5WXSPK941Ur17qJcu87jKJBjckLOiEcuSY3ckjppEE40eSav5M15cl6cd+dj3rri5DNH5A+czx8uhpJT</latexit>

|0→

<latexit sha1_base64="5+QxdoTmV+Stfc+w+q3lmCN5ROE=">AAAB9XicbVBNS8NAEN34WetX1aOXxSJ4KolI9Vj04rGC/YA2ls120i7dbMLuRCmh/8OLB0W8+l+8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk41hwaPZazbATMghYIGCpTQTjSwKJDQCkY3U7/1CNqIWN3jOAE/YgMlQsEZWumhaz2kXlczNZDQK5XdijsDXSZeTsokR71X+ur2Y55GoJBLZkzHcxP0M6ZRcAmTYjc1kDA+YgPoWKpYBMbPZldP6KlV+jSMtS2FdKb+nshYZMw4CmxnxHBoFr2p+J/XSTG88jOhkhRB8fmiMJUUYzqNgPaFBo5ybAnjWthbKR8yzTjaoIo2BG/x5WXSPK941Ur17qJcu87jKJBjckLOiEcuSY3ckjppEE40eSav5M15cl6cd+dj3rri5DNH5A+czx8wEZJU</latexit>

|1→

Frequency 
spectrum

γB0

Sample

<latexit sha1_base64="rHQm+IYI0E8Zt6tBg0PNxgGOw9s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiFy9CRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewsrq2vlHcLG1t7+zulfcPWjpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsYX8/89iMqzWP5YCYJ+hEdSh5yRo2V7m/7br9ccavuHOQv8XJSgRyNfvmzN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n81Ck5scqAhLGyJQ2Zqz8nMhppPYkC2xlRM9LL3kz8z+umJrz0My6T1KBki0VhKoiJyexvMuAKmRETSyhT3N5K2IgqyoxNp2RD8JZf/ktaZ1WvVq3dnVfqV3kcRTiCYzgFDy6gDjfQgCYwGMITvMCrI5xn5815X7QWnHzmEH7B+fgGzC2Nfw==</latexit>

M0

Pulsed NMR, Bloch sphere visualisation 
(  pointing down)B0

<latexit sha1_base64="6ZIn4InOq+AxlJBs5uHLtgyDwwc=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1ekrQIe77/XLFr/pzoFUS5KQCORr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOb3TtGZUwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jwaME2J5RNHMNHM3YrICGtMrIuo5EIIll9eJa2LalCr1u4vK/WbPI4inMApnEMAV1CHO2hAEwhweIZXePMevRfv3ftYtBa8fOYY/sD7/AG7lY/J</latexit>ω0
<latexit sha1_base64="kFswQtXZX42eby8CiFHDySR6DPE=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVBKR6kUo9eKxgv2AJoTJdtsu3U3C7kYIof4VLx4U8eoP8ea/cdvmoK0PBh7vzTAzL0w4U9pxvq219Y3Nre3STnl3b//g0D467qg4lYS2Scxj2QtBUc4i2tZMc9pLJAURctoNJ7czv/tIpWJx9KCzhPoCRhEbMgLaSIFd8WJBRxC4N94IhADcDNzArjo1Zw68StyCVFGBVmB/eYOYpIJGmnBQqu86ifZzkJoRTqdlL1U0ATKBEe0bGoGgys/nx0/xmVEGeBhLU5HGc/X3RA5CqUyEplOAHqtlbyb+5/VTPbz2cxYlqaYRWSwaphzrGM+SwAMmKdE8MwSIZOZWTMYggWiTV9mE4C6/vEo6FzW3XqvfX1YbzSKOEjpBp+gcuegKNdAdaqE2IihDz+gVvVlP1ov1bn0sWtesYqaC/sD6/AFjSJP3</latexit>

ω1 = εB1

Larmor frequency 
Rabi frequency 

<latexit sha1_base64="eymwR45bzN/cKfNk+drc03uqnbM=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExlaRChQWpKgtjkehDaqLIcZ3Wqp1EtoNURZlZ+BUWBhBi5QvY+BucNgO0HOlKx+fcK997/JhRqSzr2yitrK6tb5Q3K1vbO7t75v5BV0aJwKSDIxaJvo8kYTQkHUUVI/1YEMR9Rnr+5Cb3ew9ESBqF92oaE5ejUUgDipHSkmceKy91Ynpez66dQCCcP7K07owQ5wi2PDvzzKpVs2aAy8QuSBUUaHvmlzOMcMJJqDBDUg5sK1ZuioSimJGs4iSSxAhP0IgMNA0RJ9JNZ6dk8FQrQxhEQleo4Ez9PZEiLuWU+7qTIzWWi14u/ucNEhVcuSkN40SREM8/ChIGVQTzXOCQCoIVm2qCsKB6V4jHSCeidHoVHYK9ePIy6dZrdqPWuLuoNltFHGVwBE7AGbDBJWiCW9AGHYDBI3gGr+DNeDJejHfjY95aMoqZQ/AHxucPpkiaPg==</latexit>

tω/2 =
ω

2εB1
e.g.  pulse in time π/2



Sample

Basics of NMR

 Spin-1/2 into an external magnetic field,  
 splitting is  

 Polarize spins (thermal or optical) in a 
sample 
 (e.g. 129Xe, 3He) 

 RF resonance condition  

 Pulsed NMR (e.g. MRI) 
 Continuous wave NMR (e.g. CASPEr) 

 Magnetometer detects the flux created by 
this precessing magnetization

γB0

ω0 = γB0

<latexit sha1_base64="B1rHgVV2cBwzZT0/Wq4cbEPTISc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqsdSLx4rWltoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoUcepYthisYhVJ6AaBZfYMtwI7CQKaRQIbAfjm5nffkKleSwfzCRBP6JDyUPOqLHSfaPv9ssVt+rOQVaJl5MK5Gj2y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKnm8qHq1au3uslJv5HEU4QRO4Rw8uII63EITWsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8we7a410</latexit>

B0

<latexit sha1_base64="SeV4ixZbGYvtPR6fp0JdLgidYLY=">AAAB9XicbVBNS8NAEN34WetX1aOXxSJ4KolI9Vj04rGC/YA2ls120i7dbMLuRCmh/8OLB0W8+l+8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk41hwaPZazbATMghYIGCpTQTjSwKJDQCkY3U7/1CNqIWN3jOAE/YgMlQsEZWumhaz2kblczNZDQK5XdijsDXSZeTsokR71X+ur2Y55GoJBLZkzHcxP0M6ZRcAmTYjc1kDA+YgPoWKpYBMbPZldP6KlV+jSMtS2FdKb+nshYZMw4CmxnxHBoFr2p+J/XSTG88jOhkhRB8fmiMJUUYzqNgPaFBo5ybAnjWthbKR8yzTjaoIo2BG/x5WXSPK941Ur17qJcu87jKJBjckLOiEcuSY3ckjppEE40eSav5M15cl6cd+dj3rri5DNH5A+czx8uhpJT</latexit>

|0→

<latexit sha1_base64="5+QxdoTmV+Stfc+w+q3lmCN5ROE=">AAAB9XicbVBNS8NAEN34WetX1aOXxSJ4KolI9Vj04rGC/YA2ls120i7dbMLuRCmh/8OLB0W8+l+8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk41hwaPZazbATMghYIGCpTQTjSwKJDQCkY3U7/1CNqIWN3jOAE/YgMlQsEZWumhaz2kXlczNZDQK5XdijsDXSZeTsokR71X+ur2Y55GoJBLZkzHcxP0M6ZRcAmTYjc1kDA+YgPoWKpYBMbPZldP6KlV+jSMtS2FdKb+nshYZMw4CmxnxHBoFr2p+J/XSTG88jOhkhRB8fmiMJUUYzqNgPaFBo5ybAnjWthbKR8yzTjaoIo2BG/x5WXSPK941Ur17qJcu87jKJBjckLOiEcuSY3ckjppEE40eSav5M15cl6cd+dj3rri5DNH5A+czx8wEZJU</latexit>

|1→

<latexit sha1_base64="rHQm+IYI0E8Zt6tBg0PNxgGOw9s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiFy9CRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewsrq2vlHcLG1t7+zulfcPWjpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsYX8/89iMqzWP5YCYJ+hEdSh5yRo2V7m/7br9ccavuHOQv8XJSgRyNfvmzN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n81Ck5scqAhLGyJQ2Zqz8nMhppPYkC2xlRM9LL3kz8z+umJrz0My6T1KBki0VhKoiJyexvMuAKmRETSyhT3N5K2IgqyoxNp2RD8JZf/ktaZ1WvVq3dnVfqV3kcRTiCYzgFDy6gDjfQgCYwGMITvMCrI5xn5815X7QWnHzmEH7B+fgGzC2Nfw==</latexit>

M0

Frequency 
spectrum

γB0

Pulsed NMR, Bloch sphere visualisation 
(  pointing down)B0

<latexit sha1_base64="oelhACDL9MI/nzmdwahiASUNsA0=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQNyURqS5L3bisYB/QhDCZTtuh8wgzE7GE/oobF4q49Ufc+TdO2yy09cCFwzn3cu89ccKoNp737RQ2Nre2d4q7pb39g8Mj97jc0TJVmLSxZFL1YqQJo4K0DTWM9BJFEI8Z6caT27nffSRKUykezDQhIUcjQYcUI2OlyC03Iz/AUlcDyckIRZ65iNyKV/MWgOvEz0kF5GhF7lcwkDjlRBjMkNZ930tMmCFlKGZkVgpSTRKEJ2hE+pYKxIkOs8XtM3hulQEcSmVLGLhQf09kiGs95bHt5MiM9ao3F//z+qkZ3oQZFUlqiMDLRcOUQSPhPAg4oIpgw6aWIKyovRXiMVIIGxtXyYbgr768TjqXNb9eq99fVRrNPI4iOAVnoAp8cA0a4A60QBtg8ASewSt4c2bOi/PufCxbC04+cwL+wPn8AbAPk5Y=</latexit>

B1 cos(ω0t)

<latexit sha1_base64="6ZIn4InOq+AxlJBs5uHLtgyDwwc=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1ekrQIe77/XLFr/pzoFUS5KQCORr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOb3TtGZUwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jwaME2J5RNHMNHM3YrICGtMrIuo5EIIll9eJa2LalCr1u4vK/WbPI4inMApnEMAV1CHO2hAEwhweIZXePMevRfv3ftYtBa8fOYY/sD7/AG7lY/J</latexit>ω0
<latexit sha1_base64="kFswQtXZX42eby8CiFHDySR6DPE=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVBKR6kUo9eKxgv2AJoTJdtsu3U3C7kYIof4VLx4U8eoP8ea/cdvmoK0PBh7vzTAzL0w4U9pxvq219Y3Nre3STnl3b//g0D467qg4lYS2Scxj2QtBUc4i2tZMc9pLJAURctoNJ7czv/tIpWJx9KCzhPoCRhEbMgLaSIFd8WJBRxC4N94IhADcDNzArjo1Zw68StyCVFGBVmB/eYOYpIJGmnBQqu86ifZzkJoRTqdlL1U0ATKBEe0bGoGgys/nx0/xmVEGeBhLU5HGc/X3RA5CqUyEplOAHqtlbyb+5/VTPbz2cxYlqaYRWSwaphzrGM+SwAMmKdE8MwSIZOZWTMYggWiTV9mE4C6/vEo6FzW3XqvfX1YbzSKOEjpBp+gcuegKNdAdaqE2IihDz+gVvVlP1ov1bn0sWtesYqaC/sD6/AFjSJP3</latexit>

ω1 = εB1

Larmor frequency 
Rabi frequency 

<latexit sha1_base64="eymwR45bzN/cKfNk+drc03uqnbM=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExlaRChQWpKgtjkehDaqLIcZ3Wqp1EtoNURZlZ+BUWBhBi5QvY+BucNgO0HOlKx+fcK997/JhRqSzr2yitrK6tb5Q3K1vbO7t75v5BV0aJwKSDIxaJvo8kYTQkHUUVI/1YEMR9Rnr+5Cb3ew9ESBqF92oaE5ejUUgDipHSkmceKy91Ynpez66dQCCcP7K07owQ5wi2PDvzzKpVs2aAy8QuSBUUaHvmlzOMcMJJqDBDUg5sK1ZuioSimJGs4iSSxAhP0IgMNA0RJ9JNZ6dk8FQrQxhEQleo4Ez9PZEiLuWU+7qTIzWWi14u/ucNEhVcuSkN40SREM8/ChIGVQTzXOCQCoIVm2qCsKB6V4jHSCeidHoVHYK9ePIy6dZrdqPWuLuoNltFHGVwBE7AGbDBJWiCW9AGHYDBI3gGr+DNeDJejHfjY95aMoqZQ/AHxucPpkiaPg==</latexit>

tω/2 =
ω

2εB1
e.g.  pulse in time π/2



Sample

Basics of NMR

 Spin-1/2 into an external magnetic field,  
 splitting is  

 Polarize spins (thermal or optical) in a 
sample 
 (e.g. 129Xe, 3He) 

 RF resonance condition  

 Pulsed NMR (e.g. MRI) 
 Continuous wave NMR (e.g. CASPEr) 

 Magnetometer detects the flux created by 
this precessing magnetization

γB0

ω0 = γB0

<latexit sha1_base64="B1rHgVV2cBwzZT0/Wq4cbEPTISc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqsdSLx4rWltoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoUcepYthisYhVJ6AaBZfYMtwI7CQKaRQIbAfjm5nffkKleSwfzCRBP6JDyUPOqLHSfaPv9ssVt+rOQVaJl5MK5Gj2y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKnm8qHq1au3uslJv5HEU4QRO4Rw8uII63EITWsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8we7a410</latexit>

B0

<latexit sha1_base64="SeV4ixZbGYvtPR6fp0JdLgidYLY=">AAAB9XicbVBNS8NAEN34WetX1aOXxSJ4KolI9Vj04rGC/YA2ls120i7dbMLuRCmh/8OLB0W8+l+8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk41hwaPZazbATMghYIGCpTQTjSwKJDQCkY3U7/1CNqIWN3jOAE/YgMlQsEZWumhaz2kblczNZDQK5XdijsDXSZeTsokR71X+ur2Y55GoJBLZkzHcxP0M6ZRcAmTYjc1kDA+YgPoWKpYBMbPZldP6KlV+jSMtS2FdKb+nshYZMw4CmxnxHBoFr2p+J/XSTG88jOhkhRB8fmiMJUUYzqNgPaFBo5ybAnjWthbKR8yzTjaoIo2BG/x5WXSPK941Ur17qJcu87jKJBjckLOiEcuSY3ckjppEE40eSav5M15cl6cd+dj3rri5DNH5A+czx8uhpJT</latexit>

|0→

<latexit sha1_base64="5+QxdoTmV+Stfc+w+q3lmCN5ROE=">AAAB9XicbVBNS8NAEN34WetX1aOXxSJ4KolI9Vj04rGC/YA2ls120i7dbMLuRCmh/8OLB0W8+l+8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk41hwaPZazbATMghYIGCpTQTjSwKJDQCkY3U7/1CNqIWN3jOAE/YgMlQsEZWumhaz2kXlczNZDQK5XdijsDXSZeTsokR71X+ur2Y55GoJBLZkzHcxP0M6ZRcAmTYjc1kDA+YgPoWKpYBMbPZldP6KlV+jSMtS2FdKb+nshYZMw4CmxnxHBoFr2p+J/XSTG88jOhkhRB8fmiMJUUYzqNgPaFBo5ybAnjWthbKR8yzTjaoIo2BG/x5WXSPK941Ur17qJcu87jKJBjckLOiEcuSY3ckjppEE40eSav5M15cl6cd+dj3rri5DNH5A+czx8wEZJU</latexit>

|1→

<latexit sha1_base64="rHQm+IYI0E8Zt6tBg0PNxgGOw9s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiFy9CRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewsrq2vlHcLG1t7+zulfcPWjpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsYX8/89iMqzWP5YCYJ+hEdSh5yRo2V7m/7br9ccavuHOQv8XJSgRyNfvmzN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n81Ck5scqAhLGyJQ2Zqz8nMhppPYkC2xlRM9LL3kz8z+umJrz0My6T1KBki0VhKoiJyexvMuAKmRETSyhT3N5K2IgqyoxNp2RD8JZf/ktaZ1WvVq3dnVfqV3kcRTiCYzgFDy6gDjfQgCYwGMITvMCrI5xn5815X7QWnHzmEH7B+fgGzC2Nfw==</latexit>

M0

Frequency 
spectrum

γB0

Pulsed NMR, Bloch sphere visualisation 
(  pointing down)B0

<latexit sha1_base64="6ZIn4InOq+AxlJBs5uHLtgyDwwc=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1ekrQIe77/XLFr/pzoFUS5KQCORr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOb3TtGZUwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jwaME2J5RNHMNHM3YrICGtMrIuo5EIIll9eJa2LalCr1u4vK/WbPI4inMApnEMAV1CHO2hAEwhweIZXePMevRfv3ftYtBa8fOYY/sD7/AG7lY/J</latexit>ω0
<latexit sha1_base64="kFswQtXZX42eby8CiFHDySR6DPE=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVBKR6kUo9eKxgv2AJoTJdtsu3U3C7kYIof4VLx4U8eoP8ea/cdvmoK0PBh7vzTAzL0w4U9pxvq219Y3Nre3STnl3b//g0D467qg4lYS2Scxj2QtBUc4i2tZMc9pLJAURctoNJ7czv/tIpWJx9KCzhPoCRhEbMgLaSIFd8WJBRxC4N94IhADcDNzArjo1Zw68StyCVFGBVmB/eYOYpIJGmnBQqu86ifZzkJoRTqdlL1U0ATKBEe0bGoGgys/nx0/xmVEGeBhLU5HGc/X3RA5CqUyEplOAHqtlbyb+5/VTPbz2cxYlqaYRWSwaphzrGM+SwAMmKdE8MwSIZOZWTMYggWiTV9mE4C6/vEo6FzW3XqvfX1YbzSKOEjpBp+gcuegKNdAdaqE2IihDz+gVvVlP1ov1bn0sWtesYqaC/sD6/AFjSJP3</latexit>

ω1 = εB1

Larmor frequency 
Rabi frequency 

<latexit sha1_base64="oelhACDL9MI/nzmdwahiASUNsA0=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQNyURqS5L3bisYB/QhDCZTtuh8wgzE7GE/oobF4q49Ufc+TdO2yy09cCFwzn3cu89ccKoNp737RQ2Nre2d4q7pb39g8Mj97jc0TJVmLSxZFL1YqQJo4K0DTWM9BJFEI8Z6caT27nffSRKUykezDQhIUcjQYcUI2OlyC03Iz/AUlcDyckIRZ65iNyKV/MWgOvEz0kF5GhF7lcwkDjlRBjMkNZ930tMmCFlKGZkVgpSTRKEJ2hE+pYKxIkOs8XtM3hulQEcSmVLGLhQf09kiGs95bHt5MiM9ao3F//z+qkZ3oQZFUlqiMDLRcOUQSPhPAg4oIpgw6aWIKyovRXiMVIIGxtXyYbgr768TjqXNb9eq99fVRrNPI4iOAVnoAp8cA0a4A60QBtg8ASewSt4c2bOi/PufCxbC04+cwL+wPn8AbAPk5Y=</latexit>

B1 cos(ω0t)

Magnetometer: 
Pickup coil + SQUID

<latexit sha1_base64="eymwR45bzN/cKfNk+drc03uqnbM=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExlaRChQWpKgtjkehDaqLIcZ3Wqp1EtoNURZlZ+BUWBhBi5QvY+BucNgO0HOlKx+fcK997/JhRqSzr2yitrK6tb5Q3K1vbO7t75v5BV0aJwKSDIxaJvo8kYTQkHUUVI/1YEMR9Rnr+5Cb3ew9ESBqF92oaE5ejUUgDipHSkmceKy91Ynpez66dQCCcP7K07owQ5wi2PDvzzKpVs2aAy8QuSBUUaHvmlzOMcMJJqDBDUg5sK1ZuioSimJGs4iSSxAhP0IgMNA0RJ9JNZ6dk8FQrQxhEQleo4Ez9PZEiLuWU+7qTIzWWi14u/ucNEhVcuSkN40SREM8/ChIGVQTzXOCQCoIVm2qCsKB6V4jHSCeidHoVHYK9ePIy6dZrdqPWuLuoNltFHGVwBE7AGbDBJWiCW9AGHYDBI3gGr+DNeDJejHfjY95aMoqZQ/AHxucPpkiaPg==</latexit>

tω/2 =
ω

2εB1
e.g.  pulse in time π/2



Spin projection noise

<latexit sha1_base64="udAFE0ww0OQATxC20PF2t0tF7hE=">AAAB9HicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRC9C0EvwFME8IFmW2UlvMmQe68xsIIZ8hxcPinj1Y7z5N06SPWi0oKGo6qa7K0oY1cbzvpzcyura+kZ+s7C1vbO7V9w/aGqZKgINIplU7QhrYFRAw1DDoJ0owDxi0IqGNzO/NQKlqRT3ZpxAwHFf0JgSbKwU1K66kkMfh95t+BgWS17Zm8P9S/yMlFCGelj87PYkSTkIQxjWuuN7iQkmWBlKGEwL3VRDgskQ96FjqcAcdDCZHz11T6zSc2OpbAnjztWfExPMtR7zyHZybAZ62ZuJ/3md1MSXwYSKJDUgyGJRnDLXSHeWgNujCohhY0swUdTe6pIBVpgYm1PBhuAvv/yXNM/KfqVcuTsvVa+zOPLoCB2jU+SjC1RFNVRHDUTQA3pCL+jVGTnPzpvzvmjNOdnMIfoF5+MbBw2Row==</latexit>

H = ω0JzSpin-1/2 in magnetic field
<latexit sha1_base64="kcW0ZhjD6qmXCa6h3HzmhglSpGk=">AAACDXicbVC7TsMwFHV4lvIKMLJYFCSmklSosCBVsCCmItGH1ESV4zitVTuJbAepivIDLPwKCwMIsbKz8Tc4bYbSciTLx+fcK997vJhRqSzrx1haXlldWy9tlDe3tnd2zb39towSgUkLRywSXQ9JwmhIWooqRrqxIIh7jHS80U3udx6JkDQKH9Q4Ji5Hg5AGFCOlpb557HgR8+WY6yu9y65mn46kA46ys1rfrFhVawK4SOyCVECBZt/8dvwIJ5yECjMkZc+2YuWmSCiKGcnKTiJJjPAIDUhP0xBxIt10sk0GT7TiwyAS+oQKTtTZjhRxmU+oKzlSQznv5eJ/Xi9RwaWb0jBOFAnx9KMgYVBFMI8G+lQQrNhYE4QF1bNCPEQCYaUDLOsQ7PmVF0m7VrXr1fr9eaVxXcRRAofgCJwCG1yABrgFTdACGDyBF/AG3o1n49X4MD6npUtG0XMA/sD4+gWbepyJ</latexit>

J = ω/2



Spin projection noise

<latexit sha1_base64="udAFE0ww0OQATxC20PF2t0tF7hE=">AAAB9HicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRC9C0EvwFME8IFmW2UlvMmQe68xsIIZ8hxcPinj1Y7z5N06SPWi0oKGo6qa7K0oY1cbzvpzcyura+kZ+s7C1vbO7V9w/aGqZKgINIplU7QhrYFRAw1DDoJ0owDxi0IqGNzO/NQKlqRT3ZpxAwHFf0JgSbKwU1K66kkMfh95t+BgWS17Zm8P9S/yMlFCGelj87PYkSTkIQxjWuuN7iQkmWBlKGEwL3VRDgskQ96FjqcAcdDCZHz11T6zSc2OpbAnjztWfExPMtR7zyHZybAZ62ZuJ/3md1MSXwYSKJDUgyGJRnDLXSHeWgNujCohhY0swUdTe6pIBVpgYm1PBhuAvv/yXNM/KfqVcuTsvVa+zOPLoCB2jU+SjC1RFNVRHDUTQA3pCL+jVGTnPzpvzvmjNOdnMIfoF5+MbBw2Row==</latexit>

H = ω0JzSpin-1/2 in magnetic field

<latexit sha1_base64="E9WG0mynaHcSx1xqDYucnfdGjug=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgQkoiUt0IRTfSVQX7gDSEyXTSDp08mJmIaemXuHGhiFs/xZ1/47TNQlsPXDiccy/33uMnnEllWd/Gyura+sZmYau4vbO7VzL3D1oyTgWhTRLzWHR8LClnEW0qpjjtJILi0Oe07Q9vp377kQrJ4uhBZQl1Q9yPWMAIVlryzJJT90ZnqO49udes7mWeWbYq1gxomdg5KUOOhmd+dXsxSUMaKcKxlI5tJcodY6EY4XRS7KaSJpgMcZ86mkY4pNIdzw6foBOt9FAQC12RQjP198QYh1Jmoa87Q6wGctGbiv95TqqCK3fMoiRVNCLzRUHKkYrRNAXUY4ISxTNNMBFM34rIAAtMlM6qqEOwF19eJq3zil2tVO8vyrWbPI4CHMExnIINl1CDO2hAEwik8Ayv8GaMjBfj3fiYt64Y+cwh/IHx+QN/lpJc</latexit>

[Jz, Jx] = iJy

<latexit sha1_base64="kcW0ZhjD6qmXCa6h3HzmhglSpGk=">AAACDXicbVC7TsMwFHV4lvIKMLJYFCSmklSosCBVsCCmItGH1ESV4zitVTuJbAepivIDLPwKCwMIsbKz8Tc4bYbSciTLx+fcK997vJhRqSzrx1haXlldWy9tlDe3tnd2zb39towSgUkLRywSXQ9JwmhIWooqRrqxIIh7jHS80U3udx6JkDQKH9Q4Ji5Hg5AGFCOlpb557HgR8+WY6yu9y65mn46kA46ys1rfrFhVawK4SOyCVECBZt/8dvwIJ5yECjMkZc+2YuWmSCiKGcnKTiJJjPAIDUhP0xBxIt10sk0GT7TiwyAS+oQKTtTZjhRxmU+oKzlSQznv5eJ/Xi9RwaWb0jBOFAnx9KMgYVBFMI8G+lQQrNhYE4QF1bNCPEQCYaUDLOsQ7PmVF0m7VrXr1fr9eaVxXcRRAofgCJwCG1yABrgFTdACGDyBF/AG3o1n49X4MD6npUtG0XMA/sD4+gWbepyJ</latexit>

J = ω/2
<latexit sha1_base64="n7pDV2uSbm1bsv74z2TVeA9/bTU=">AAACB3icbVBNS8NAEN3Ur1q/oh4FCRbBU0mKVC9C0YvHCvYDmhAm2027dDcJuxtpCb158a948aCIV/+CN/+N2zYHbX0w8Hhvhpl5QcKoVLb9bRRWVtfWN4qbpa3tnd09c/+gJeNUYNLEMYtFJwBJGI1IU1HFSCcRBHjASDsY3kz99gMRksbRvRonxOPQj2hIMSgt+eaxy1N/dOWGAnDm9oFzmGTViStpn4M/8s2yXbFnsJaJk5MyytHwzS+3F+OUk0hhBlJ2HTtRXgZCUczIpOSmkiSAh9AnXU0j4ER62eyPiXWqlZ4VxkJXpKyZ+nsiAy7lmAe6k4MayEVvKv7ndVMVXnoZjZJUkQjPF4Ups1RsTUOxelQQrNhYE8CC6lstPAAdidLRlXQIzuLLy6RVrTi1Su3uvFy/zuMooiN0gs6Qgy5QHd2iBmoijB7RM3pFb8aT8WK8Gx/z1oKRzxyiPzA+fwDTpJnx</latexit>

µx =
ω

2
εx

<latexit sha1_base64="1qRHAG3KYXXZfP6O71Zax17ZU4Y=">AAAB/nicbVBNSwMxEJ2tX7V+rYonL8EieCq7ItVj0YvHCvYDukvJpmkbmk2WJKuUpeBf8eJBEa/+Dm/+G9N2D9r6YODx3gwz86KEM20879sprKyurW8UN0tb2zu7e+7+QVPLVBHaIJJL1Y6wppwJ2jDMcNpOFMVxxGkrGt1M/dYDVZpJcW/GCQ1jPBCszwg2Vuq6R4F1DQrSBCslHwOFxYDTrlv2Kt4MaJn4OSlDjnrX/Qp6kqQxFYZwrHXH9xITZlgZRjidlIJU0wSTER7QjqUCx1SH2ez8CTq1Sg/1pbIlDJqpvycyHGs9jiPbGWMz1IveVPzP66SmfxVmTCSpoYLMF/VTjoxE0yxQjylKDB9bgoli9lZEhlhhYmxiJRuCv/jyMmmeV/xqpXp3Ua5d53EU4RhO4Ax8uIQa3EIdGkAgg2d4hTfnyXlx3p2PeWvByWcO4Q+czx/DSZYG</latexit>

| →↑

<latexit sha1_base64="QJc9KkHfi31jnJm3TQ+6xz5n4zo=">AAACAHicbVBNTwIxEO3iF+LXqgcPXhqJiSeyawx6JHrxiIkgCbshs6ULDd1203YlhHDxr3jxoDFe/Rne/DcW2IOCL5nk5b2ZduZFKWfaeN63U1hZXVvfKG6WtrZ3dvfc/YOmlpkitEEkl6oVgaacCdowzHDaShWFJOL0IRrcTP2HR6o0k+LejFIaJtATLGYEjJU67lFgXYODrhwKUEoOAwWix2nHLXsVbwa8TPyclFGOesf9sm+QLKHCEA5at30vNeEYlGGE00kpyDRNgQygR9uWCkioDsezAyb41CpdHEtlSxg8U39PjCHRepREtjMB09eL3lT8z2tnJr4Kx0ykmaGCzD+KM46NxNM0cJcpSgwfWQJEMbsrJn1QQIzNrGRD8BdPXibN84pfrVTvLsq16zyOIjpGJ+gM+egS1dAtqqMGImiCntErenOenBfn3fmYtxacfOYQ/YHz+QNerZbt</latexit>

| →↑

The spin has non-zero 
projection along the -axisx



Spin projection noise

<latexit sha1_base64="udAFE0ww0OQATxC20PF2t0tF7hE=">AAAB9HicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRC9C0EvwFME8IFmW2UlvMmQe68xsIIZ8hxcPinj1Y7z5N06SPWi0oKGo6qa7K0oY1cbzvpzcyura+kZ+s7C1vbO7V9w/aGqZKgINIplU7QhrYFRAw1DDoJ0owDxi0IqGNzO/NQKlqRT3ZpxAwHFf0JgSbKwU1K66kkMfh95t+BgWS17Zm8P9S/yMlFCGelj87PYkSTkIQxjWuuN7iQkmWBlKGEwL3VRDgskQ96FjqcAcdDCZHz11T6zSc2OpbAnjztWfExPMtR7zyHZybAZ62ZuJ/3md1MSXwYSKJDUgyGJRnDLXSHeWgNujCohhY0swUdTe6pIBVpgYm1PBhuAvv/yXNM/KfqVcuTsvVa+zOPLoCB2jU+SjC1RFNVRHDUTQA3pCL+jVGTnPzpvzvmjNOdnMIfoF5+MbBw2Row==</latexit>

H = ω0JzSpin-1/2 in magnetic field

<latexit sha1_base64="E9WG0mynaHcSx1xqDYucnfdGjug=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgQkoiUt0IRTfSVQX7gDSEyXTSDp08mJmIaemXuHGhiFs/xZ1/47TNQlsPXDiccy/33uMnnEllWd/Gyura+sZmYau4vbO7VzL3D1oyTgWhTRLzWHR8LClnEW0qpjjtJILi0Oe07Q9vp377kQrJ4uhBZQl1Q9yPWMAIVlryzJJT90ZnqO49udes7mWeWbYq1gxomdg5KUOOhmd+dXsxSUMaKcKxlI5tJcodY6EY4XRS7KaSJpgMcZ86mkY4pNIdzw6foBOt9FAQC12RQjP198QYh1Jmoa87Q6wGctGbiv95TqqCK3fMoiRVNCLzRUHKkYrRNAXUY4ISxTNNMBFM34rIAAtMlM6qqEOwF19eJq3zil2tVO8vyrWbPI4CHMExnIINl1CDO2hAEwik8Ayv8GaMjBfj3fiYt64Y+cwh/IHx+QN/lpJc</latexit>

[Jz, Jx] = iJy

<latexit sha1_base64="kcW0ZhjD6qmXCa6h3HzmhglSpGk=">AAACDXicbVC7TsMwFHV4lvIKMLJYFCSmklSosCBVsCCmItGH1ESV4zitVTuJbAepivIDLPwKCwMIsbKz8Tc4bYbSciTLx+fcK997vJhRqSzrx1haXlldWy9tlDe3tnd2zb39towSgUkLRywSXQ9JwmhIWooqRrqxIIh7jHS80U3udx6JkDQKH9Q4Ji5Hg5AGFCOlpb557HgR8+WY6yu9y65mn46kA46ys1rfrFhVawK4SOyCVECBZt/8dvwIJ5yECjMkZc+2YuWmSCiKGcnKTiJJjPAIDUhP0xBxIt10sk0GT7TiwyAS+oQKTtTZjhRxmU+oKzlSQznv5eJ/Xi9RwaWb0jBOFAnx9KMgYVBFMI8G+lQQrNhYE4QF1bNCPEQCYaUDLOsQ7PmVF0m7VrXr1fr9eaVxXcRRAofgCJwCG1yABrgFTdACGDyBF/AG3o1n49X4MD6npUtG0XMA/sD4+gWbepyJ</latexit>

J = ω/2

In a macroscopic setup, we can perform a 
macroscopic measurement of the total 

magnetic moment 

<latexit sha1_base64="n7pDV2uSbm1bsv74z2TVeA9/bTU=">AAACB3icbVBNS8NAEN3Ur1q/oh4FCRbBU0mKVC9C0YvHCvYDmhAm2027dDcJuxtpCb158a948aCIV/+CN/+N2zYHbX0w8Hhvhpl5QcKoVLb9bRRWVtfWN4qbpa3tnd09c/+gJeNUYNLEMYtFJwBJGI1IU1HFSCcRBHjASDsY3kz99gMRksbRvRonxOPQj2hIMSgt+eaxy1N/dOWGAnDm9oFzmGTViStpn4M/8s2yXbFnsJaJk5MyytHwzS+3F+OUk0hhBlJ2HTtRXgZCUczIpOSmkiSAh9AnXU0j4ER62eyPiXWqlZ4VxkJXpKyZ+nsiAy7lmAe6k4MayEVvKv7ndVMVXnoZjZJUkQjPF4Ups1RsTUOxelQQrNhYE8CC6lstPAAdidLRlXQIzuLLy6RVrTi1Su3uvFy/zuMooiN0gs6Qgy5QHd2iBmoijB7RM3pFb8aT8WK8Gx/z1oKRzxyiPzA+fwDTpJnx</latexit>

µx =
ω

2
εx

<latexit sha1_base64="khKIVAzUtX50yIyOvlDA/8tLXKA=">AAACE3icbVDLSsNAFJ34rPVVdekmWITqoiRFqhuh6MZlBfuApoab6SQdOpOEmYm0hPyDG3/FjQtF3Lpx5984fSy09cCFwzn3cu89XsyoVJb1bSwtr6yurec28ptb2zu7hb39powSgUkDRywSbQ8kYTQkDUUVI+1YEOAeIy1vcD32Ww9ESBqFd2oUky6HIKQ+xaC05BZOHZ64w0vHF4BTJwDOIUsrmSMT7lJH0oDDfVqiJ5k7dAtFq2xNYC4Se0aKaIa6W/hyehFOOAkVZiBlx7Zi1U1BKIoZyfJOIkkMeAAB6WgaAieym05+ysxjrfRMPxK6QmVO1N8TKXApR9zTnRxUX857Y/E/r5Mo/6Kb0jBOFAnxdJGfMFNF5jggs0cFwYqNNAEsqL7VxH3Q8SgdY16HYM+/vEialbJdLVdvz4q1q1kcOXSIjlAJ2egc1dANqqMGwugRPaNX9GY8GS/Gu/ExbV0yZjMH6A+Mzx8dc57y</latexit>

µx =
ω

2

∑

i

ε(i)
x

<latexit sha1_base64="Y+pBmxZXJk5g2AOLt+3Yjf4+gk0=">AAAB/XicbZDLSsNAFIYnXmu9xcvOzWARXJVEpLoRim7EVQV7gSaUyfS0HTqZhJmJWEPxVdy4UMSt7+HOt3GaZqGtPwx8/Occzpk/iDlT2nG+rYXFpeWV1cJacX1jc2vb3tltqCiRFOo04pFsBUQBZwLqmmkOrVgCCQMOzWB4Nak370EqFok7PYrBD0lfsB6jRBurY+97nIg+B3zTefBkhhdOxy45ZScTngc3hxLKVevYX143okkIQlNOlGq7Tqz9lEjNKIdx0UsUxIQOSR/aBgUJQflpdv0YHxmni3uRNE9onLm/J1ISKjUKA9MZEj1Qs7WJ+V+tnejeuZ8yEScaBJ0u6iUc6whPosBdJoFqPjJAqGTmVkwHRBKqTWBFE4I7++V5aJyU3Uq5cntaql7mcRTQATpEx8hFZ6iKrlEN1RFFj+gZvaI368l6sd6tj2nrgpXP7KE/sj5/AMtTlNA=</latexit>

→Jx↑ = 0
<latexit sha1_base64="wJCfgXY2w6uBTQxCDbaNUOlWehU="></latexit>

!2Jx = →J2
x↑ ↓ →Jx↑2 =

N

4

<latexit sha1_base64="1qRHAG3KYXXZfP6O71Zax17ZU4Y=">AAAB/nicbVBNSwMxEJ2tX7V+rYonL8EieCq7ItVj0YvHCvYDukvJpmkbmk2WJKuUpeBf8eJBEa/+Dm/+G9N2D9r6YODx3gwz86KEM20879sprKyurW8UN0tb2zu7e+7+QVPLVBHaIJJL1Y6wppwJ2jDMcNpOFMVxxGkrGt1M/dYDVZpJcW/GCQ1jPBCszwg2Vuq6R4F1DQrSBCslHwOFxYDTrlv2Kt4MaJn4OSlDjnrX/Qp6kqQxFYZwrHXH9xITZlgZRjidlIJU0wSTER7QjqUCx1SH2ez8CTq1Sg/1pbIlDJqpvycyHGs9jiPbGWMz1IveVPzP66SmfxVmTCSpoYLMF/VTjoxE0yxQjylKDB9bgoli9lZEhlhhYmxiJRuCv/jyMmmeV/xqpXp3Ua5d53EU4RhO4Ax8uIQa3EIdGkAgg2d4hTfnyXlx3p2PeWvByWcO4Q+czx/DSZYG</latexit>

| →↑

<latexit sha1_base64="QJc9KkHfi31jnJm3TQ+6xz5n4zo=">AAACAHicbVBNTwIxEO3iF+LXqgcPXhqJiSeyawx6JHrxiIkgCbshs6ULDd1203YlhHDxr3jxoDFe/Rne/DcW2IOCL5nk5b2ZduZFKWfaeN63U1hZXVvfKG6WtrZ3dvfc/YOmlpkitEEkl6oVgaacCdowzHDaShWFJOL0IRrcTP2HR6o0k+LejFIaJtATLGYEjJU67lFgXYODrhwKUEoOAwWix2nHLXsVbwa8TPyclFGOesf9sm+QLKHCEA5at30vNeEYlGGE00kpyDRNgQygR9uWCkioDsezAyb41CpdHEtlSxg8U39PjCHRepREtjMB09eL3lT8z2tnJr4Kx0ykmaGCzD+KM46NxNM0cJcpSgwfWQJEMbsrJn1QQIzNrGRD8BdPXibN84pfrVTvLsq16zyOIjpGJ+gM+egS1dAtqqMGImiCntErenOenBfn3fmYtxacfOYQ/YHz+QNerZbt</latexit>

| →↑

The spin has non-zero 
projection along the -axisx



Spin projection noise

<latexit sha1_base64="udAFE0ww0OQATxC20PF2t0tF7hE=">AAAB9HicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRC9C0EvwFME8IFmW2UlvMmQe68xsIIZ8hxcPinj1Y7z5N06SPWi0oKGo6qa7K0oY1cbzvpzcyura+kZ+s7C1vbO7V9w/aGqZKgINIplU7QhrYFRAw1DDoJ0owDxi0IqGNzO/NQKlqRT3ZpxAwHFf0JgSbKwU1K66kkMfh95t+BgWS17Zm8P9S/yMlFCGelj87PYkSTkIQxjWuuN7iQkmWBlKGEwL3VRDgskQ96FjqcAcdDCZHz11T6zSc2OpbAnjztWfExPMtR7zyHZybAZ62ZuJ/3md1MSXwYSKJDUgyGJRnDLXSHeWgNujCohhY0swUdTe6pIBVpgYm1PBhuAvv/yXNM/KfqVcuTsvVa+zOPLoCB2jU+SjC1RFNVRHDUTQA3pCL+jVGTnPzpvzvmjNOdnMIfoF5+MbBw2Row==</latexit>

H = ω0JzSpin-1/2 in magnetic field

<latexit sha1_base64="E9WG0mynaHcSx1xqDYucnfdGjug=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgQkoiUt0IRTfSVQX7gDSEyXTSDp08mJmIaemXuHGhiFs/xZ1/47TNQlsPXDiccy/33uMnnEllWd/Gyura+sZmYau4vbO7VzL3D1oyTgWhTRLzWHR8LClnEW0qpjjtJILi0Oe07Q9vp377kQrJ4uhBZQl1Q9yPWMAIVlryzJJT90ZnqO49udes7mWeWbYq1gxomdg5KUOOhmd+dXsxSUMaKcKxlI5tJcodY6EY4XRS7KaSJpgMcZ86mkY4pNIdzw6foBOt9FAQC12RQjP198QYh1Jmoa87Q6wGctGbiv95TqqCK3fMoiRVNCLzRUHKkYrRNAXUY4ISxTNNMBFM34rIAAtMlM6qqEOwF19eJq3zil2tVO8vyrWbPI4CHMExnIINl1CDO2hAEwik8Ayv8GaMjBfj3fiYt64Y+cwh/IHx+QN/lpJc</latexit>

[Jz, Jx] = iJy

<latexit sha1_base64="kcW0ZhjD6qmXCa6h3HzmhglSpGk=">AAACDXicbVC7TsMwFHV4lvIKMLJYFCSmklSosCBVsCCmItGH1ESV4zitVTuJbAepivIDLPwKCwMIsbKz8Tc4bYbSciTLx+fcK997vJhRqSzrx1haXlldWy9tlDe3tnd2zb39towSgUkLRywSXQ9JwmhIWooqRrqxIIh7jHS80U3udx6JkDQKH9Q4Ji5Hg5AGFCOlpb557HgR8+WY6yu9y65mn46kA46ys1rfrFhVawK4SOyCVECBZt/8dvwIJ5yECjMkZc+2YuWmSCiKGcnKTiJJjPAIDUhP0xBxIt10sk0GT7TiwyAS+oQKTtTZjhRxmU+oKzlSQznv5eJ/Xi9RwaWb0jBOFAnx9KMgYVBFMI8G+lQQrNhYE4QF1bNCPEQCYaUDLOsQ7PmVF0m7VrXr1fr9eaVxXcRRAofgCJwCG1yABrgFTdACGDyBF/AG3o1n49X4MD6npUtG0XMA/sD4+gWbepyJ</latexit>

J = ω/2

In a macroscopic setup, we can perform a 
macroscopic measurement of the total 

magnetic moment 

<latexit sha1_base64="n7pDV2uSbm1bsv74z2TVeA9/bTU=">AAACB3icbVBNS8NAEN3Ur1q/oh4FCRbBU0mKVC9C0YvHCvYDmhAm2027dDcJuxtpCb158a948aCIV/+CN/+N2zYHbX0w8Hhvhpl5QcKoVLb9bRRWVtfWN4qbpa3tnd09c/+gJeNUYNLEMYtFJwBJGI1IU1HFSCcRBHjASDsY3kz99gMRksbRvRonxOPQj2hIMSgt+eaxy1N/dOWGAnDm9oFzmGTViStpn4M/8s2yXbFnsJaJk5MyytHwzS+3F+OUk0hhBlJ2HTtRXgZCUczIpOSmkiSAh9AnXU0j4ER62eyPiXWqlZ4VxkJXpKyZ+nsiAy7lmAe6k4MayEVvKv7ndVMVXnoZjZJUkQjPF4Ups1RsTUOxelQQrNhYE8CC6lstPAAdidLRlXQIzuLLy6RVrTi1Su3uvFy/zuMooiN0gs6Qgy5QHd2iBmoijB7RM3pFb8aT8WK8Gx/z1oKRzxyiPzA+fwDTpJnx</latexit>

µx =
ω

2
εx

<latexit sha1_base64="khKIVAzUtX50yIyOvlDA/8tLXKA=">AAACE3icbVDLSsNAFJ34rPVVdekmWITqoiRFqhuh6MZlBfuApoab6SQdOpOEmYm0hPyDG3/FjQtF3Lpx5984fSy09cCFwzn3cu89XsyoVJb1bSwtr6yurec28ptb2zu7hb39powSgUkDRywSbQ8kYTQkDUUVI+1YEOAeIy1vcD32Ww9ESBqFd2oUky6HIKQ+xaC05BZOHZ64w0vHF4BTJwDOIUsrmSMT7lJH0oDDfVqiJ5k7dAtFq2xNYC4Se0aKaIa6W/hyehFOOAkVZiBlx7Zi1U1BKIoZyfJOIkkMeAAB6WgaAieym05+ysxjrfRMPxK6QmVO1N8TKXApR9zTnRxUX857Y/E/r5Mo/6Kb0jBOFAnxdJGfMFNF5jggs0cFwYqNNAEsqL7VxH3Q8SgdY16HYM+/vEialbJdLVdvz4q1q1kcOXSIjlAJ2egc1dANqqMGwugRPaNX9GY8GS/Gu/ExbV0yZjMH6A+Mzx8dc57y</latexit>

µx =
ω

2

∑

i

ε(i)
x

<latexit sha1_base64="Y+pBmxZXJk5g2AOLt+3Yjf4+gk0=">AAAB/XicbZDLSsNAFIYnXmu9xcvOzWARXJVEpLoRim7EVQV7gSaUyfS0HTqZhJmJWEPxVdy4UMSt7+HOt3GaZqGtPwx8/Occzpk/iDlT2nG+rYXFpeWV1cJacX1jc2vb3tltqCiRFOo04pFsBUQBZwLqmmkOrVgCCQMOzWB4Nak370EqFok7PYrBD0lfsB6jRBurY+97nIg+B3zTefBkhhdOxy45ZScTngc3hxLKVevYX143okkIQlNOlGq7Tqz9lEjNKIdx0UsUxIQOSR/aBgUJQflpdv0YHxmni3uRNE9onLm/J1ISKjUKA9MZEj1Qs7WJ+V+tnejeuZ8yEScaBJ0u6iUc6whPosBdJoFqPjJAqGTmVkwHRBKqTWBFE4I7++V5aJyU3Uq5cntaql7mcRTQATpEx8hFZ6iKrlEN1RFFj+gZvaI368l6sd6tj2nrgpXP7KE/sj5/AMtTlNA=</latexit>

→Jx↑ = 0
<latexit sha1_base64="wJCfgXY2w6uBTQxCDbaNUOlWehU="></latexit>

!2Jx = →J2
x↑ ↓ →Jx↑2 =

N

4

<latexit sha1_base64="1qRHAG3KYXXZfP6O71Zax17ZU4Y=">AAAB/nicbVBNSwMxEJ2tX7V+rYonL8EieCq7ItVj0YvHCvYDukvJpmkbmk2WJKuUpeBf8eJBEa/+Dm/+G9N2D9r6YODx3gwz86KEM20879sprKyurW8UN0tb2zu7e+7+QVPLVBHaIJJL1Y6wppwJ2jDMcNpOFMVxxGkrGt1M/dYDVZpJcW/GCQ1jPBCszwg2Vuq6R4F1DQrSBCslHwOFxYDTrlv2Kt4MaJn4OSlDjnrX/Qp6kqQxFYZwrHXH9xITZlgZRjidlIJU0wSTER7QjqUCx1SH2ez8CTq1Sg/1pbIlDJqpvycyHGs9jiPbGWMz1IveVPzP66SmfxVmTCSpoYLMF/VTjoxE0yxQjylKDB9bgoli9lZEhlhhYmxiJRuCv/jyMmmeV/xqpXp3Ua5d53EU4RhO4Ax8uIQa3EIdGkAgg2d4hTfnyXlx3p2PeWvByWcO4Q+czx/DSZYG</latexit>

| →↑

<latexit sha1_base64="QJc9KkHfi31jnJm3TQ+6xz5n4zo=">AAACAHicbVBNTwIxEO3iF+LXqgcPXhqJiSeyawx6JHrxiIkgCbshs6ULDd1203YlhHDxr3jxoDFe/Rne/DcW2IOCL5nk5b2ZduZFKWfaeN63U1hZXVvfKG6WtrZ3dvfc/YOmlpkitEEkl6oVgaacCdowzHDaShWFJOL0IRrcTP2HR6o0k+LejFIaJtATLGYEjJU67lFgXYODrhwKUEoOAwWix2nHLXsVbwa8TPyclFGOesf9sm+QLKHCEA5at30vNeEYlGGE00kpyDRNgQygR9uWCkioDsezAyb41CpdHEtlSxg8U39PjCHRepREtjMB09eL3lT8z2tnJr4Kx0ykmaGCzD+KM46NxNM0cJcpSgwfWQJEMbsrJn1QQIzNrGRD8BdPXibN84pfrVTvLsq16zyOIjpGJ+gM+egS1dAtqqMGImiCntErenOenBfn3fmYtxacfOYQ/YHz+QNerZbt</latexit>

| →↑

The spin has non-zero 
projection along the -axisx

<latexit sha1_base64="8M9rHPIQfYSZtAgL8Zeu8LbWNQY="></latexit>

|ω,ε→CSS = ↑N

(
cos

ω

2
| ↓→+ eiω sin

ω

2
| ↔→

)
Coherent spin states (CSS) 



Spin projection noise

<latexit sha1_base64="udAFE0ww0OQATxC20PF2t0tF7hE=">AAAB9HicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRC9C0EvwFME8IFmW2UlvMmQe68xsIIZ8hxcPinj1Y7z5N06SPWi0oKGo6qa7K0oY1cbzvpzcyura+kZ+s7C1vbO7V9w/aGqZKgINIplU7QhrYFRAw1DDoJ0owDxi0IqGNzO/NQKlqRT3ZpxAwHFf0JgSbKwU1K66kkMfh95t+BgWS17Zm8P9S/yMlFCGelj87PYkSTkIQxjWuuN7iQkmWBlKGEwL3VRDgskQ96FjqcAcdDCZHz11T6zSc2OpbAnjztWfExPMtR7zyHZybAZ62ZuJ/3md1MSXwYSKJDUgyGJRnDLXSHeWgNujCohhY0swUdTe6pIBVpgYm1PBhuAvv/yXNM/KfqVcuTsvVa+zOPLoCB2jU+SjC1RFNVRHDUTQA3pCL+jVGTnPzpvzvmjNOdnMIfoF5+MbBw2Row==</latexit>

H = ω0JzSpin-1/2 in magnetic field

<latexit sha1_base64="E9WG0mynaHcSx1xqDYucnfdGjug=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgQkoiUt0IRTfSVQX7gDSEyXTSDp08mJmIaemXuHGhiFs/xZ1/47TNQlsPXDiccy/33uMnnEllWd/Gyura+sZmYau4vbO7VzL3D1oyTgWhTRLzWHR8LClnEW0qpjjtJILi0Oe07Q9vp377kQrJ4uhBZQl1Q9yPWMAIVlryzJJT90ZnqO49udes7mWeWbYq1gxomdg5KUOOhmd+dXsxSUMaKcKxlI5tJcodY6EY4XRS7KaSJpgMcZ86mkY4pNIdzw6foBOt9FAQC12RQjP198QYh1Jmoa87Q6wGctGbiv95TqqCK3fMoiRVNCLzRUHKkYrRNAXUY4ISxTNNMBFM34rIAAtMlM6qqEOwF19eJq3zil2tVO8vyrWbPI4CHMExnIINl1CDO2hAEwik8Ayv8GaMjBfj3fiYt64Y+cwh/IHx+QN/lpJc</latexit>

[Jz, Jx] = iJy

<latexit sha1_base64="kcW0ZhjD6qmXCa6h3HzmhglSpGk=">AAACDXicbVC7TsMwFHV4lvIKMLJYFCSmklSosCBVsCCmItGH1ESV4zitVTuJbAepivIDLPwKCwMIsbKz8Tc4bYbSciTLx+fcK997vJhRqSzrx1haXlldWy9tlDe3tnd2zb39towSgUkLRywSXQ9JwmhIWooqRrqxIIh7jHS80U3udx6JkDQKH9Q4Ji5Hg5AGFCOlpb557HgR8+WY6yu9y65mn46kA46ys1rfrFhVawK4SOyCVECBZt/8dvwIJ5yECjMkZc+2YuWmSCiKGcnKTiJJjPAIDUhP0xBxIt10sk0GT7TiwyAS+oQKTtTZjhRxmU+oKzlSQznv5eJ/Xi9RwaWb0jBOFAnx9KMgYVBFMI8G+lQQrNhYE4QF1bNCPEQCYaUDLOsQ7PmVF0m7VrXr1fr9eaVxXcRRAofgCJwCG1yABrgFTdACGDyBF/AG3o1n49X4MD6npUtG0XMA/sD4+gWbepyJ</latexit>

J = ω/2

In a macroscopic setup, we can perform a 
macroscopic measurement of the total 

magnetic moment 

<latexit sha1_base64="n7pDV2uSbm1bsv74z2TVeA9/bTU=">AAACB3icbVBNS8NAEN3Ur1q/oh4FCRbBU0mKVC9C0YvHCvYDmhAm2027dDcJuxtpCb158a948aCIV/+CN/+N2zYHbX0w8Hhvhpl5QcKoVLb9bRRWVtfWN4qbpa3tnd09c/+gJeNUYNLEMYtFJwBJGI1IU1HFSCcRBHjASDsY3kz99gMRksbRvRonxOPQj2hIMSgt+eaxy1N/dOWGAnDm9oFzmGTViStpn4M/8s2yXbFnsJaJk5MyytHwzS+3F+OUk0hhBlJ2HTtRXgZCUczIpOSmkiSAh9AnXU0j4ER62eyPiXWqlZ4VxkJXpKyZ+nsiAy7lmAe6k4MayEVvKv7ndVMVXnoZjZJUkQjPF4Ups1RsTUOxelQQrNhYE8CC6lstPAAdidLRlXQIzuLLy6RVrTi1Su3uvFy/zuMooiN0gs6Qgy5QHd2iBmoijB7RM3pFb8aT8WK8Gx/z1oKRzxyiPzA+fwDTpJnx</latexit>

µx =
ω

2
εx

<latexit sha1_base64="khKIVAzUtX50yIyOvlDA/8tLXKA=">AAACE3icbVDLSsNAFJ34rPVVdekmWITqoiRFqhuh6MZlBfuApoab6SQdOpOEmYm0hPyDG3/FjQtF3Lpx5984fSy09cCFwzn3cu89XsyoVJb1bSwtr6yurec28ptb2zu7hb39powSgUkDRywSbQ8kYTQkDUUVI+1YEOAeIy1vcD32Ww9ESBqFd2oUky6HIKQ+xaC05BZOHZ64w0vHF4BTJwDOIUsrmSMT7lJH0oDDfVqiJ5k7dAtFq2xNYC4Se0aKaIa6W/hyehFOOAkVZiBlx7Zi1U1BKIoZyfJOIkkMeAAB6WgaAieym05+ysxjrfRMPxK6QmVO1N8TKXApR9zTnRxUX857Y/E/r5Mo/6Kb0jBOFAnxdJGfMFNF5jggs0cFwYqNNAEsqL7VxH3Q8SgdY16HYM+/vEialbJdLVdvz4q1q1kcOXSIjlAJ2egc1dANqqMGwugRPaNX9GY8GS/Gu/ExbV0yZjMH6A+Mzx8dc57y</latexit>

µx =
ω

2

∑

i

ε(i)
x

<latexit sha1_base64="Y+pBmxZXJk5g2AOLt+3Yjf4+gk0=">AAAB/XicbZDLSsNAFIYnXmu9xcvOzWARXJVEpLoRim7EVQV7gSaUyfS0HTqZhJmJWEPxVdy4UMSt7+HOt3GaZqGtPwx8/Occzpk/iDlT2nG+rYXFpeWV1cJacX1jc2vb3tltqCiRFOo04pFsBUQBZwLqmmkOrVgCCQMOzWB4Nak370EqFok7PYrBD0lfsB6jRBurY+97nIg+B3zTefBkhhdOxy45ZScTngc3hxLKVevYX143okkIQlNOlGq7Tqz9lEjNKIdx0UsUxIQOSR/aBgUJQflpdv0YHxmni3uRNE9onLm/J1ISKjUKA9MZEj1Qs7WJ+V+tnejeuZ8yEScaBJ0u6iUc6whPosBdJoFqPjJAqGTmVkwHRBKqTWBFE4I7++V5aJyU3Uq5cntaql7mcRTQATpEx8hFZ6iKrlEN1RFFj+gZvaI368l6sd6tj2nrgpXP7KE/sj5/AMtTlNA=</latexit>

→Jx↑ = 0
<latexit sha1_base64="wJCfgXY2w6uBTQxCDbaNUOlWehU="></latexit>

!2Jx = →J2
x↑ ↓ →Jx↑2 =

N

4

<latexit sha1_base64="1qRHAG3KYXXZfP6O71Zax17ZU4Y=">AAAB/nicbVBNSwMxEJ2tX7V+rYonL8EieCq7ItVj0YvHCvYDukvJpmkbmk2WJKuUpeBf8eJBEa/+Dm/+G9N2D9r6YODx3gwz86KEM20879sprKyurW8UN0tb2zu7e+7+QVPLVBHaIJJL1Y6wppwJ2jDMcNpOFMVxxGkrGt1M/dYDVZpJcW/GCQ1jPBCszwg2Vuq6R4F1DQrSBCslHwOFxYDTrlv2Kt4MaJn4OSlDjnrX/Qp6kqQxFYZwrHXH9xITZlgZRjidlIJU0wSTER7QjqUCx1SH2ez8CTq1Sg/1pbIlDJqpvycyHGs9jiPbGWMz1IveVPzP66SmfxVmTCSpoYLMF/VTjoxE0yxQjylKDB9bgoli9lZEhlhhYmxiJRuCv/jyMmmeV/xqpXp3Ua5d53EU4RhO4Ax8uIQa3EIdGkAgg2d4hTfnyXlx3p2PeWvByWcO4Q+czx/DSZYG</latexit>

| →↑

<latexit sha1_base64="QJc9KkHfi31jnJm3TQ+6xz5n4zo=">AAACAHicbVBNTwIxEO3iF+LXqgcPXhqJiSeyawx6JHrxiIkgCbshs6ULDd1203YlhHDxr3jxoDFe/Rne/DcW2IOCL5nk5b2ZduZFKWfaeN63U1hZXVvfKG6WtrZ3dvfc/YOmlpkitEEkl6oVgaacCdowzHDaShWFJOL0IRrcTP2HR6o0k+LejFIaJtATLGYEjJU67lFgXYODrhwKUEoOAwWix2nHLXsVbwa8TPyclFGOesf9sm+QLKHCEA5at30vNeEYlGGE00kpyDRNgQygR9uWCkioDsezAyb41CpdHEtlSxg8U39PjCHRepREtjMB09eL3lT8z2tnJr4Kx0ykmaGCzD+KM46NxNM0cJcpSgwfWQJEMbsrJn1QQIzNrGRD8BdPXibN84pfrVTvLsq16zyOIjpGJ+gM+egS1dAtqqMGImiCntErenOenBfn3fmYtxacfOYQ/YHz+QNerZbt</latexit>

| →↑

The spin has non-zero 
projection along the -axisx

Transverse magnetisation 
error

Net magnetisation

Standard Quantum 
Limit (SQL)

<latexit sha1_base64="8M9rHPIQfYSZtAgL8Zeu8LbWNQY="></latexit>

|ω,ε→CSS = ↑N

(
cos

ω

2
| ↓→+ eiω sin

ω

2
| ↔→

)
Coherent spin states (CSS) 



<latexit sha1_base64="jo4rIBkeM4soF7FtmIteGUMvhDA="></latexit>

p = tanh

(
⊋ωB
2kBT

)
→ ⊋ωB

2kBT

↑ 10→3

(
B

10 T

)(
4K

T

)

Polarisation



<latexit sha1_base64="jo4rIBkeM4soF7FtmIteGUMvhDA="></latexit>

p = tanh

(
⊋ωB
2kBT

)
→ ⊋ωB

2kBT

↑ 10→3

(
B

10 T

)(
4K

T

)
Thermal polarisation is too weak,  
even at cryogenic temperate and 

high field 

Polarisation



<latexit sha1_base64="jo4rIBkeM4soF7FtmIteGUMvhDA="></latexit>

p = tanh

(
⊋ωB
2kBT

)
→ ⊋ωB

2kBT

↑ 10→3

(
B

10 T

)(
4K

T

)
Thermal polarisation is too weak,  
even at cryogenic temperate and 

high field 

Spin exchange optical pumping 
(SEOP) 

1. Optically polarise alkali metal atoms (e.g., Rb) with 
circularly polarized light 

2. Transfer polarization to the noble gas nuclei 
(Xenon-129) via spin-exchange collisions between 

atoms

<latexit sha1_base64="vDg9gV7AgaXPGNs8rGXHSphIX18=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0Wol5KIVI9FL96sYD+gCWWz3bRLN5uwu1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgoQzpR3n21pZXVvf2CxsFbd3dvf27dJBS8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB6Hrqtx+oVCwW93qcUD/CA8FCRrA2Us8uJZ5iEco8gjm6nVTc055ddqrODGiZuDkpQ45Gz/7y+jFJIyo04Viprusk2s+w1IxwOil6qaIJJiM8oF1DBY6o8rPZ6RN0YpQ+CmNpSmg0U39PZDhSahwFpjPCeqgWvan4n9dNdXjpZ0wkqaaCzBeFKUc6RtMcUJ9JSjQfG4KJZOZWRIZYYqJNWkUTgrv48jJpnVXdWrV2d16uX+VxFOAIjqECLlxAHW6gAU0g8AjP8Apv1pP1Yr1bH/PWFSufOYQ/sD5/AMP/kwo=</latexit>

p → O(1)

Hyperpolarisation

Polarisation



1. Basics of Nuclear Magnetic Resonance (NMR) 

2. Cosmic relics  
Cosmic neutrino background (C B) 
Axion dark matter 
"Superradiant" interactions 

3. Open Quantum System framework 
Lindblad master equation  
Numerical solutions  
Comments on Non-Markovian regime 

4. Recent results 
Forecast for C B using CASPEr experiment 
Recent squeezing protocols 

ν

ν

Outline



Cosmic neutrino background (C B)ν

Number density per flavour  
Only source which is non-relativistic

nν ≃ 56 cm−3, λν ≃ 2 mmProduced at neutrino decoupling  
Fermi-Dirac with    
Cluster via gravity 

τ ∼ 1 s
1.95 K ∼ 10−4 eV
δν ∼ 𝒪(1)



Cosmic neutrino background (C B)ν

Number density per flavour  
Only source which is non-relativistic

nν ≃ 56 cm−3, λν ≃ 2 mm

Bauer, Shergold, 2023

Produced at neutrino decoupling  
Fermi-Dirac with    
Cluster via gravity 

τ ∼ 1 s
1.95 K ∼ 10−4 eV
δν ∼ 𝒪(1)



C B detection and limitsν

<latexit sha1_base64="7YI//xfPC3b1uDYf2n5g1+joKSo=">AAACEnicbVDLSgNBEJz1GeNr1aOXwSAowbCrEj0GveQYwTwgm4TZSScZMju7zMwqYck3ePFXvHhQxKsnb/6Nk4egiQUNRVU33V1+xJnSjvNlLSwuLa+sptbS6xubW9v2zm5FhbGkUKYhD2XNJwo4E1DWTHOoRRJI4HOo+v3rkV+9A6lYKG71IIJGQLqCdRgl2kgt+7h5lngywMVh1hNxCzzJuj1NpAzv8Y8Fwyw0T1p2xsk5Y+B54k5JBk1RatmfXjukcQBCU06UqrtOpBsJkZpRDsO0FyuICO2TLtQNFSQA1UjGLw3xoVHauBNKU0Ljsfp7IiGBUoPAN50B0T01643E/7x6rDuXjYSJKNYg6GRRJ+ZYh3iUD24zCVTzgSGESmZuxbRHJKHapJg2IbizL8+TymnOzefyN+eZwtU0jhTaRwfoCLnoAhVQEZVQGVH0gJ7QC3q1Hq1n6816n7QuWNOZPfQH1sc3EyadGw==</latexit>

3
H+ ωe →3

He + e→

PTOLEMY: detect neutrinos by capturing electron 
neutrinos on a tritium target (no energy threshold) 
 
 
 
 

COHERENT ELASTIC SCATTERING 
 
 
 
 
 
 
 

COHERENT INELASTIC SCATTERING 

1. Thresholdless probes or very small energies 
2. Enhance interaction rates 

Weinberg, 1962

KATRIN: neutrino mass measurement 

<latexit sha1_base64="296uUgn4MDI40T1g6ZoLyL4erVA=">AAACD3icbVDLSsNAFJ34rPVVHzs3g0Wom5JIrS5cFN24rGAf0IQymd60Q2cmYWai1FD/wT9wqz/gTtz6Ce79ENPHQlsPXDiccy73cvyIM21s+8taWFxaXlnNrGXXNza3tnM7u3UdxopCjYY8VE2faOBMQs0ww6EZKSDC59Dw+1cjv3EHSrNQ3ppBBJ4gXckCRolJpXZuX7RdGV/YxdIpfkxcJTDUh+1c3i7aY+B54kxJHk1Rbee+3U5IYwHSUE60bjl2ZLyEKMMoh2HWjTVEhPZJF1oplUSA9pLx90N8lCodHIQqHWnwWP29kRCh9UD4aVIQ09Oz3kj8z2vFJjj3Eiaj2ICkk0NBzLEJ8agK3GEKqOEDnHUl3NNQCCI7iRsRBcOW4yUuh8AU8o6rWLdnjke1OLMlzJP6SdEpF8s3pXzlclpQBh2gQ1RADjpDFXSNqqiGKHpAz+gFvVpP1pv1bn1MogvWdGcP/YH1+QOq3ZtA</latexit>

mω < 0.45 eV
<latexit sha1_base64="eqc8vEue3O2wADyi7RfXVgxs+Ho=">AAACFXicbZDNSgMxFIUz/tb6V3Wnm2ARdFMmIupSdOOyglWhM5ZM5k4NJpkhuaOUoeBb+AZu9QXciVvX7n0Qp7UL/w4EDufcyyVflCnp0PffvbHxicmp6cpMdXZufmGxtrR85tLcCmiJVKX2IuIOlDTQQokKLjILXEcKzqPro0F/fgPWydScYi+DUPOukYkUHMuoU1sNYlDIO4HJAwXOOakp8y8LxvqdWt1v+EPRv4aNTJ2M1OzUPoI4FbkGg0Jx59rMzzAsuEUpFPSrQe4g4+Kad6FdWsM1uLAY/qFPN8okpklqy2eQDtPvGwXXzvV0VE5qjlfudzcI/+vaOSb7YSFNliMY8XUoyRXFlA6A0FhaEKh6tBoYuBWp1tzERZBxC/02C4sSS4KbdRZY2b3CrQEW9hvCX3O23WC7jd2TnfrB4QhQhayRdbJJGNkjB+SYNEmLCHJHHsgjefLuvWfvxXv9Gh3zRjsr5Ie8t09YUZ5b</latexit>

ωω ↭ 1011

<latexit sha1_base64="bQE/aUKOfme9fRz9236Bkq2Zd+I=">AAACEHicbZDLSsNAGIUn9VbrLSqu3ASLUBFKIlJdFt24rGAv0IQymf5ph84lzEwsJfQlfAO3+gLuxK1v4N4HMb0stPXAwJlz/p8ZvjBmVBvX/bJyK6tr6xv5zcLW9s7unr1/0NAyUQTqRDKpWiHWwKiAuqGGQStWgHnIoBkObid98xGUplI8mFEMAcc9QSNKsMmijn3ki+S85Sva6xuslBxO7x276JbdqZxl481NEc1V69jffleShIMwhGGt254bmyDFylDCYFzwEw0xJgPcg3ZmBeagg3T6/bFzmiVdJ5IqO8I40/T3Roq51iMeZpMcm75e7Cbhf107MdF1kFIRJwYEmT0UJcwx0pmwcLpUATFs5BR8AUMiOceim/oxVjBue0HqM4hMqejN8JyNMyzeIoRl07goe5Vy5f6yWL2ZA8qjY3SCSshDV6iK7lAN1RFBKXpGL+jVerLerHfrYzaas+Y7h+iPrM8fKQ2cuQ==</latexit>

ω +X → ω +X

Opher, 1974
<latexit sha1_base64="X5r1LJz+p4l5WMgpYRQYquzN5i8=">AAACB3icbZDLSgMxFIYz9VbrrerSTbAIdVNmilSXRRe6kgr2Ap1pyaRn2tAkMyQZpQx9AN/Arb6AO3HrY7j3QZxeFtr6Q+Dn/8/hhM+PONPGtr+szMrq2vpGdjO3tb2zu5ffP2joMFYU6jTkoWr5RANnEuqGGQ6tSAERPoemP7ya9M0HUJqF8t6MIvAE6UsWMEpMGnXcayIEcTUT+LZT7uYLdsmeCi8bZ24KaK5aN//t9kIaC5CGcqJ127Ej4yVEGUY5jHNurCEidEj60E6tJAK0l0x/PcYnadLDQajSJw2epr83EiK0Hgk/nRTEDPRiNwn/69qxCS68hMkoNiDp7FAQc2xCPEGAe0wBNXyEc66ERxqmBGQvcSOiYNx2vMTlEJhiwXEV6w/M6TjF4ixCWDaNcsmplCp3Z4Xq5RxQFh2hY1REDjpHVXSDaqiOKFLoGb2gV+vJerPerY/ZaMaa7xyiP7I+fwBH45j7</latexit>

! → N2

<latexit sha1_base64="iC+s8hFyEZEgNmQR+WwI7D0L/Ow="></latexit>

aω → 10→28
( mω

0.1 eV

)2
cm/s2

<latexit sha1_base64="eE9xHZeiWV4nlcMl30rwqVni3y4="></latexit>

alab → 10→15 cm/s2

Arvanitaki, Dimopoulos, Galanis, 2024

<latexit sha1_base64="yFjPMd/i4iNkeJfJA7WMXBUtZkc=">AAACKXicbZDLSsNAFIYnXmu9VV26GSyCIpRERF2KblxWsBdIYplMT+rgXMLMxFJC38K38A3c6gu4U7f6IKZtBG8/DPz8/zkc5osSzox13Vdnanpmdm6+tFBeXFpeWa2srTeNSjWFBlVc6XZEDHAmoWGZ5dBONBARcWhFN2ejvnUL2jAlL+0ggVCQnmQxo8TmUadSC2S6177KgjQhWqv+MNCsd23HHn91XdWXk7ZTqbo1dyz813iFqaJC9U7lI9+mqQBpKSfG+J6b2DAj2jLKYVgOUgMJoTekB35uJRFgwmz8ryHezpMujpXOn7R4nH7fyIgwZiCifFIQe21+d6Pwv85PbXwcZkwmqQVJJ4filGOr8AgS7jIN1PIBLgcS+lQJQWQ3C3JEMPS9MAs4xHan6k1g7Y6weL8h/DXN/Zp3WDu8OKienBaASmgTbaEd5KEjdILOUR01EEV36AE9oifn3nl2Xpy3yeiUU+xsoB9y3j8BtJmoKg==</latexit>

ω +X→ → ω +X↑ <latexit sha1_base64="X5r1LJz+p4l5WMgpYRQYquzN5i8=">AAACB3icbZDLSgMxFIYz9VbrrerSTbAIdVNmilSXRRe6kgr2Ap1pyaRn2tAkMyQZpQx9AN/Arb6AO3HrY7j3QZxeFtr6Q+Dn/8/hhM+PONPGtr+szMrq2vpGdjO3tb2zu5ffP2joMFYU6jTkoWr5RANnEuqGGQ6tSAERPoemP7ya9M0HUJqF8t6MIvAE6UsWMEpMGnXcayIEcTUT+LZT7uYLdsmeCi8bZ24KaK5aN//t9kIaC5CGcqJ127Ej4yVEGUY5jHNurCEidEj60E6tJAK0l0x/PcYnadLDQajSJw2epr83EiK0Hgk/nRTEDPRiNwn/69qxCS68hMkoNiDp7FAQc2xCPEGAe0wBNXyEc66ERxqmBGQvcSOiYNx2vMTlEJhiwXEV6w/M6TjF4ixCWDaNcsmplCp3Z4Xq5RxQFh2hY1REDjpHVXSDaqiOKFLoGb2gV+vJerPerY/ZaMaa7xyiP7I+fwBH45j7</latexit>

! → N2

<latexit sha1_base64="80d6fSbdbhl5bo97bMqOuFNFUjI=">AAACEXicbVDLThtBEJzlERyHBANSLlxGsSKRi7UDCDha5MIRJAyWPBtrdrbXjJiZXc30gqzFX8EfcCU/wA1x5Qu450OyNj4ApqSWSlXV6lbFuVYew/A5mJtfWPy0VPtc/7L89dtKY3Xt1GeFk9CRmc5cNxYetLLQQYUaurkDYWINZ/HF77F/dgnOq8ye4DCHyIiBVamSAiup3/jOE9Ao+twW3CtDWfinZNujfqMZtsIJ6CxhU9IkUxz1G/94ksnCgEWphfc9FuYYlcKhkhpGdV54yIW8EAPoVdQKAz4qJ/+P6M9KSWiauWos0on6eqMUxvuhiaukEXju33tj8SOvV2C6H5XK5gWClS+H0kJTzOi4DJooBxL1kNa5hSuZGSNsUvJcOBj1WFRyDSluNhl3anCOv8a1sPclzJLTrRbbbe0e7zTbB9OCamSD/CCbhJE90iaH5Ih0iCTX5Jbckb/BTXAfPASPL9G5YLqzTt4gePoP5yOcfg==</latexit>

ωω → 1013



C B detection and limitsν

<latexit sha1_base64="7YI//xfPC3b1uDYf2n5g1+joKSo=">AAACEnicbVDLSgNBEJz1GeNr1aOXwSAowbCrEj0GveQYwTwgm4TZSScZMju7zMwqYck3ePFXvHhQxKsnb/6Nk4egiQUNRVU33V1+xJnSjvNlLSwuLa+sptbS6xubW9v2zm5FhbGkUKYhD2XNJwo4E1DWTHOoRRJI4HOo+v3rkV+9A6lYKG71IIJGQLqCdRgl2kgt+7h5lngywMVh1hNxCzzJuj1NpAzv8Y8Fwyw0T1p2xsk5Y+B54k5JBk1RatmfXjukcQBCU06UqrtOpBsJkZpRDsO0FyuICO2TLtQNFSQA1UjGLw3xoVHauBNKU0Ljsfp7IiGBUoPAN50B0T01643E/7x6rDuXjYSJKNYg6GRRJ+ZYh3iUD24zCVTzgSGESmZuxbRHJKHapJg2IbizL8+TymnOzefyN+eZwtU0jhTaRwfoCLnoAhVQEZVQGVH0gJ7QC3q1Hq1n6816n7QuWNOZPfQH1sc3EyadGw==</latexit>

3
H+ ωe →3

He + e→

PTOLEMY: detect neutrinos by capturing electron 
neutrinos on a tritium target (no energy threshold) 
 
 
 
 

COHERENT ELASTIC SCATTERING 
 
 
 
 
 
 
 

COHERENT INELASTIC SCATTERING 

1. Thresholdless probes or very small energies 
2. Enhance interaction rates 

Weinberg, 1962

KATRIN: neutrino mass measurement 

<latexit sha1_base64="296uUgn4MDI40T1g6ZoLyL4erVA=">AAACD3icbVDLSsNAFJ34rPVVHzs3g0Wom5JIrS5cFN24rGAf0IQymd60Q2cmYWai1FD/wT9wqz/gTtz6Ce79ENPHQlsPXDiccy73cvyIM21s+8taWFxaXlnNrGXXNza3tnM7u3UdxopCjYY8VE2faOBMQs0ww6EZKSDC59Dw+1cjv3EHSrNQ3ppBBJ4gXckCRolJpXZuX7RdGV/YxdIpfkxcJTDUh+1c3i7aY+B54kxJHk1Rbee+3U5IYwHSUE60bjl2ZLyEKMMoh2HWjTVEhPZJF1oplUSA9pLx90N8lCodHIQqHWnwWP29kRCh9UD4aVIQ09Oz3kj8z2vFJjj3Eiaj2ICkk0NBzLEJ8agK3GEKqOEDnHUl3NNQCCI7iRsRBcOW4yUuh8AU8o6rWLdnjke1OLMlzJP6SdEpF8s3pXzlclpQBh2gQ1RADjpDFXSNqqiGKHpAz+gFvVpP1pv1bn1MogvWdGcP/YH1+QOq3ZtA</latexit>

mω < 0.45 eV
<latexit sha1_base64="eqc8vEue3O2wADyi7RfXVgxs+Ho=">AAACFXicbZDNSgMxFIUz/tb6V3Wnm2ARdFMmIupSdOOyglWhM5ZM5k4NJpkhuaOUoeBb+AZu9QXciVvX7n0Qp7UL/w4EDufcyyVflCnp0PffvbHxicmp6cpMdXZufmGxtrR85tLcCmiJVKX2IuIOlDTQQokKLjILXEcKzqPro0F/fgPWydScYi+DUPOukYkUHMuoU1sNYlDIO4HJAwXOOakp8y8LxvqdWt1v+EPRv4aNTJ2M1OzUPoI4FbkGg0Jx59rMzzAsuEUpFPSrQe4g4+Kad6FdWsM1uLAY/qFPN8okpklqy2eQDtPvGwXXzvV0VE5qjlfudzcI/+vaOSb7YSFNliMY8XUoyRXFlA6A0FhaEKh6tBoYuBWp1tzERZBxC/02C4sSS4KbdRZY2b3CrQEW9hvCX3O23WC7jd2TnfrB4QhQhayRdbJJGNkjB+SYNEmLCHJHHsgjefLuvWfvxXv9Gh3zRjsr5Ie8t09YUZ5b</latexit>

ωω ↭ 1011

<latexit sha1_base64="bQE/aUKOfme9fRz9236Bkq2Zd+I=">AAACEHicbZDLSsNAGIUn9VbrLSqu3ASLUBFKIlJdFt24rGAv0IQymf5ph84lzEwsJfQlfAO3+gLuxK1v4N4HMb0stPXAwJlz/p8ZvjBmVBvX/bJyK6tr6xv5zcLW9s7unr1/0NAyUQTqRDKpWiHWwKiAuqGGQStWgHnIoBkObid98xGUplI8mFEMAcc9QSNKsMmijn3ki+S85Sva6xuslBxO7x276JbdqZxl481NEc1V69jffleShIMwhGGt254bmyDFylDCYFzwEw0xJgPcg3ZmBeagg3T6/bFzmiVdJ5IqO8I40/T3Roq51iMeZpMcm75e7Cbhf107MdF1kFIRJwYEmT0UJcwx0pmwcLpUATFs5BR8AUMiOceim/oxVjBue0HqM4hMqejN8JyNMyzeIoRl07goe5Vy5f6yWL2ZA8qjY3SCSshDV6iK7lAN1RFBKXpGL+jVerLerHfrYzaas+Y7h+iPrM8fKQ2cuQ==</latexit>

ω +X → ω +X

Opher, 1974
<latexit sha1_base64="X5r1LJz+p4l5WMgpYRQYquzN5i8=">AAACB3icbZDLSgMxFIYz9VbrrerSTbAIdVNmilSXRRe6kgr2Ap1pyaRn2tAkMyQZpQx9AN/Arb6AO3HrY7j3QZxeFtr6Q+Dn/8/hhM+PONPGtr+szMrq2vpGdjO3tb2zu5ffP2joMFYU6jTkoWr5RANnEuqGGQ6tSAERPoemP7ya9M0HUJqF8t6MIvAE6UsWMEpMGnXcayIEcTUT+LZT7uYLdsmeCi8bZ24KaK5aN//t9kIaC5CGcqJ127Ej4yVEGUY5jHNurCEidEj60E6tJAK0l0x/PcYnadLDQajSJw2epr83EiK0Hgk/nRTEDPRiNwn/69qxCS68hMkoNiDp7FAQc2xCPEGAe0wBNXyEc66ERxqmBGQvcSOiYNx2vMTlEJhiwXEV6w/M6TjF4ixCWDaNcsmplCp3Z4Xq5RxQFh2hY1REDjpHVXSDaqiOKFLoGb2gV+vJerPerY/ZaMaa7xyiP7I+fwBH45j7</latexit>

! → N2

<latexit sha1_base64="iC+s8hFyEZEgNmQR+WwI7D0L/Ow="></latexit>

aω → 10→28
( mω

0.1 eV

)2
cm/s2

<latexit sha1_base64="eE9xHZeiWV4nlcMl30rwqVni3y4="></latexit>

alab → 10→15 cm/s2

Arvanitaki, Dimopoulos, Galanis, 2024

<latexit sha1_base64="yFjPMd/i4iNkeJfJA7WMXBUtZkc=">AAACKXicbZDLSsNAFIYnXmu9VV26GSyCIpRERF2KblxWsBdIYplMT+rgXMLMxFJC38K38A3c6gu4U7f6IKZtBG8/DPz8/zkc5osSzox13Vdnanpmdm6+tFBeXFpeWa2srTeNSjWFBlVc6XZEDHAmoWGZ5dBONBARcWhFN2ejvnUL2jAlL+0ggVCQnmQxo8TmUadSC2S6177KgjQhWqv+MNCsd23HHn91XdWXk7ZTqbo1dyz813iFqaJC9U7lI9+mqQBpKSfG+J6b2DAj2jLKYVgOUgMJoTekB35uJRFgwmz8ryHezpMujpXOn7R4nH7fyIgwZiCifFIQe21+d6Pwv85PbXwcZkwmqQVJJ4filGOr8AgS7jIN1PIBLgcS+lQJQWQ3C3JEMPS9MAs4xHan6k1g7Y6weL8h/DXN/Zp3WDu8OKienBaASmgTbaEd5KEjdILOUR01EEV36AE9oifn3nl2Xpy3yeiUU+xsoB9y3j8BtJmoKg==</latexit>

ω +X→ → ω +X↑ <latexit sha1_base64="X5r1LJz+p4l5WMgpYRQYquzN5i8=">AAACB3icbZDLSgMxFIYz9VbrrerSTbAIdVNmilSXRRe6kgr2Ap1pyaRn2tAkMyQZpQx9AN/Arb6AO3HrY7j3QZxeFtr6Q+Dn/8/hhM+PONPGtr+szMrq2vpGdjO3tb2zu5ffP2joMFYU6jTkoWr5RANnEuqGGQ6tSAERPoemP7ya9M0HUJqF8t6MIvAE6UsWMEpMGnXcayIEcTUT+LZT7uYLdsmeCi8bZ24KaK5aN//t9kIaC5CGcqJ127Ej4yVEGUY5jHNurCEidEj60E6tJAK0l0x/PcYnadLDQajSJw2epr83EiK0Hgk/nRTEDPRiNwn/69qxCS68hMkoNiDp7FAQc2xCPEGAe0wBNXyEc66ERxqmBGQvcSOiYNx2vMTlEJhiwXEV6w/M6TjF4ixCWDaNcsmplCp3Z4Xq5RxQFh2hY1REDjpHVXSDaqiOKFLoGb2gV+vJerPerY/ZaMaa7xyiP7I+fwBH45j7</latexit>

! → N2

<latexit sha1_base64="80d6fSbdbhl5bo97bMqOuFNFUjI=">AAACEXicbVDLThtBEJzlERyHBANSLlxGsSKRi7UDCDha5MIRJAyWPBtrdrbXjJiZXc30gqzFX8EfcCU/wA1x5Qu450OyNj4ApqSWSlXV6lbFuVYew/A5mJtfWPy0VPtc/7L89dtKY3Xt1GeFk9CRmc5cNxYetLLQQYUaurkDYWINZ/HF77F/dgnOq8ye4DCHyIiBVamSAiup3/jOE9Ao+twW3CtDWfinZNujfqMZtsIJ6CxhU9IkUxz1G/94ksnCgEWphfc9FuYYlcKhkhpGdV54yIW8EAPoVdQKAz4qJ/+P6M9KSWiauWos0on6eqMUxvuhiaukEXju33tj8SOvV2C6H5XK5gWClS+H0kJTzOi4DJooBxL1kNa5hSuZGSNsUvJcOBj1WFRyDSluNhl3anCOv8a1sPclzJLTrRbbbe0e7zTbB9OCamSD/CCbhJE90iaH5Ih0iCTX5Jbckb/BTXAfPASPL9G5YLqzTt4gePoP5yOcfg==</latexit>

ωω → 1013



C B detection and limitsν

<latexit sha1_base64="7YI//xfPC3b1uDYf2n5g1+joKSo=">AAACEnicbVDLSgNBEJz1GeNr1aOXwSAowbCrEj0GveQYwTwgm4TZSScZMju7zMwqYck3ePFXvHhQxKsnb/6Nk4egiQUNRVU33V1+xJnSjvNlLSwuLa+sptbS6xubW9v2zm5FhbGkUKYhD2XNJwo4E1DWTHOoRRJI4HOo+v3rkV+9A6lYKG71IIJGQLqCdRgl2kgt+7h5lngywMVh1hNxCzzJuj1NpAzv8Y8Fwyw0T1p2xsk5Y+B54k5JBk1RatmfXjukcQBCU06UqrtOpBsJkZpRDsO0FyuICO2TLtQNFSQA1UjGLw3xoVHauBNKU0Ljsfp7IiGBUoPAN50B0T01643E/7x6rDuXjYSJKNYg6GRRJ+ZYh3iUD24zCVTzgSGESmZuxbRHJKHapJg2IbizL8+TymnOzefyN+eZwtU0jhTaRwfoCLnoAhVQEZVQGVH0gJ7QC3q1Hq1n6816n7QuWNOZPfQH1sc3EyadGw==</latexit>

3
H+ ωe →3

He + e→

PTOLEMY: detect neutrinos by capturing electron 
neutrinos on a tritium target (no energy threshold) 
 
 
 
 

COHERENT ELASTIC SCATTERING 
 
 
 
 
 
 
 

COHERENT INELASTIC SCATTERING 

1. Thresholdless probes or very small energies 
2. Enhance interaction rates 

Weinberg, 1962

KATRIN: neutrino mass measurement 

<latexit sha1_base64="296uUgn4MDI40T1g6ZoLyL4erVA=">AAACD3icbVDLSsNAFJ34rPVVHzs3g0Wom5JIrS5cFN24rGAf0IQymd60Q2cmYWai1FD/wT9wqz/gTtz6Ce79ENPHQlsPXDiccy73cvyIM21s+8taWFxaXlnNrGXXNza3tnM7u3UdxopCjYY8VE2faOBMQs0ww6EZKSDC59Dw+1cjv3EHSrNQ3ppBBJ4gXckCRolJpXZuX7RdGV/YxdIpfkxcJTDUh+1c3i7aY+B54kxJHk1Rbee+3U5IYwHSUE60bjl2ZLyEKMMoh2HWjTVEhPZJF1oplUSA9pLx90N8lCodHIQqHWnwWP29kRCh9UD4aVIQ09Oz3kj8z2vFJjj3Eiaj2ICkk0NBzLEJ8agK3GEKqOEDnHUl3NNQCCI7iRsRBcOW4yUuh8AU8o6rWLdnjke1OLMlzJP6SdEpF8s3pXzlclpQBh2gQ1RADjpDFXSNqqiGKHpAz+gFvVpP1pv1bn1MogvWdGcP/YH1+QOq3ZtA</latexit>

mω < 0.45 eV
<latexit sha1_base64="eqc8vEue3O2wADyi7RfXVgxs+Ho=">AAACFXicbZDNSgMxFIUz/tb6V3Wnm2ARdFMmIupSdOOyglWhM5ZM5k4NJpkhuaOUoeBb+AZu9QXciVvX7n0Qp7UL/w4EDufcyyVflCnp0PffvbHxicmp6cpMdXZufmGxtrR85tLcCmiJVKX2IuIOlDTQQokKLjILXEcKzqPro0F/fgPWydScYi+DUPOukYkUHMuoU1sNYlDIO4HJAwXOOakp8y8LxvqdWt1v+EPRv4aNTJ2M1OzUPoI4FbkGg0Jx59rMzzAsuEUpFPSrQe4g4+Kad6FdWsM1uLAY/qFPN8okpklqy2eQDtPvGwXXzvV0VE5qjlfudzcI/+vaOSb7YSFNliMY8XUoyRXFlA6A0FhaEKh6tBoYuBWp1tzERZBxC/02C4sSS4KbdRZY2b3CrQEW9hvCX3O23WC7jd2TnfrB4QhQhayRdbJJGNkjB+SYNEmLCHJHHsgjefLuvWfvxXv9Gh3zRjsr5Ie8t09YUZ5b</latexit>

ωω ↭ 1011

<latexit sha1_base64="bQE/aUKOfme9fRz9236Bkq2Zd+I=">AAACEHicbZDLSsNAGIUn9VbrLSqu3ASLUBFKIlJdFt24rGAv0IQymf5ph84lzEwsJfQlfAO3+gLuxK1v4N4HMb0stPXAwJlz/p8ZvjBmVBvX/bJyK6tr6xv5zcLW9s7unr1/0NAyUQTqRDKpWiHWwKiAuqGGQStWgHnIoBkObid98xGUplI8mFEMAcc9QSNKsMmijn3ki+S85Sva6xuslBxO7x276JbdqZxl481NEc1V69jffleShIMwhGGt254bmyDFylDCYFzwEw0xJgPcg3ZmBeagg3T6/bFzmiVdJ5IqO8I40/T3Roq51iMeZpMcm75e7Cbhf107MdF1kFIRJwYEmT0UJcwx0pmwcLpUATFs5BR8AUMiOceim/oxVjBue0HqM4hMqejN8JyNMyzeIoRl07goe5Vy5f6yWL2ZA8qjY3SCSshDV6iK7lAN1RFBKXpGL+jVerLerHfrYzaas+Y7h+iPrM8fKQ2cuQ==</latexit>

ω +X → ω +X

Opher, 1974
<latexit sha1_base64="X5r1LJz+p4l5WMgpYRQYquzN5i8=">AAACB3icbZDLSgMxFIYz9VbrrerSTbAIdVNmilSXRRe6kgr2Ap1pyaRn2tAkMyQZpQx9AN/Arb6AO3HrY7j3QZxeFtr6Q+Dn/8/hhM+PONPGtr+szMrq2vpGdjO3tb2zu5ffP2joMFYU6jTkoWr5RANnEuqGGQ6tSAERPoemP7ya9M0HUJqF8t6MIvAE6UsWMEpMGnXcayIEcTUT+LZT7uYLdsmeCi8bZ24KaK5aN//t9kIaC5CGcqJ127Ej4yVEGUY5jHNurCEidEj60E6tJAK0l0x/PcYnadLDQajSJw2epr83EiK0Hgk/nRTEDPRiNwn/69qxCS68hMkoNiDp7FAQc2xCPEGAe0wBNXyEc66ERxqmBGQvcSOiYNx2vMTlEJhiwXEV6w/M6TjF4ixCWDaNcsmplCp3Z4Xq5RxQFh2hY1REDjpHVXSDaqiOKFLoGb2gV+vJerPerY/ZaMaa7xyiP7I+fwBH45j7</latexit>

! → N2

<latexit sha1_base64="iC+s8hFyEZEgNmQR+WwI7D0L/Ow="></latexit>

aω → 10→28
( mω

0.1 eV

)2
cm/s2

<latexit sha1_base64="eE9xHZeiWV4nlcMl30rwqVni3y4="></latexit>

alab → 10→15 cm/s2

Arvanitaki, Dimopoulos, Galanis, 2024

<latexit sha1_base64="yFjPMd/i4iNkeJfJA7WMXBUtZkc=">AAACKXicbZDLSsNAFIYnXmu9VV26GSyCIpRERF2KblxWsBdIYplMT+rgXMLMxFJC38K38A3c6gu4U7f6IKZtBG8/DPz8/zkc5osSzox13Vdnanpmdm6+tFBeXFpeWa2srTeNSjWFBlVc6XZEDHAmoWGZ5dBONBARcWhFN2ejvnUL2jAlL+0ggVCQnmQxo8TmUadSC2S6177KgjQhWqv+MNCsd23HHn91XdWXk7ZTqbo1dyz813iFqaJC9U7lI9+mqQBpKSfG+J6b2DAj2jLKYVgOUgMJoTekB35uJRFgwmz8ryHezpMujpXOn7R4nH7fyIgwZiCifFIQe21+d6Pwv85PbXwcZkwmqQVJJ4filGOr8AgS7jIN1PIBLgcS+lQJQWQ3C3JEMPS9MAs4xHan6k1g7Y6weL8h/DXN/Zp3WDu8OKienBaASmgTbaEd5KEjdILOUR01EEV36AE9oifn3nl2Xpy3yeiUU+xsoB9y3j8BtJmoKg==</latexit>

ω +X→ → ω +X↑ <latexit sha1_base64="X5r1LJz+p4l5WMgpYRQYquzN5i8=">AAACB3icbZDLSgMxFIYz9VbrrerSTbAIdVNmilSXRRe6kgr2Ap1pyaRn2tAkMyQZpQx9AN/Arb6AO3HrY7j3QZxeFtr6Q+Dn/8/hhM+PONPGtr+szMrq2vpGdjO3tb2zu5ffP2joMFYU6jTkoWr5RANnEuqGGQ6tSAERPoemP7ya9M0HUJqF8t6MIvAE6UsWMEpMGnXcayIEcTUT+LZT7uYLdsmeCi8bZ24KaK5aN//t9kIaC5CGcqJ127Ej4yVEGUY5jHNurCEidEj60E6tJAK0l0x/PcYnadLDQajSJw2epr83EiK0Hgk/nRTEDPRiNwn/69qxCS68hMkoNiDp7FAQc2xCPEGAe0wBNXyEc66ERxqmBGQvcSOiYNx2vMTlEJhiwXEV6w/M6TjF4ixCWDaNcsmplCp3Z4Xq5RxQFh2hY1REDjpHVXSDaqiOKFLoGb2gV+vJerPerY/ZaMaa7xyiP7I+fwBH45j7</latexit>

! → N2

<latexit sha1_base64="80d6fSbdbhl5bo97bMqOuFNFUjI=">AAACEXicbVDLThtBEJzlERyHBANSLlxGsSKRi7UDCDha5MIRJAyWPBtrdrbXjJiZXc30gqzFX8EfcCU/wA1x5Qu450OyNj4ApqSWSlXV6lbFuVYew/A5mJtfWPy0VPtc/7L89dtKY3Xt1GeFk9CRmc5cNxYetLLQQYUaurkDYWINZ/HF77F/dgnOq8ye4DCHyIiBVamSAiup3/jOE9Ao+twW3CtDWfinZNujfqMZtsIJ6CxhU9IkUxz1G/94ksnCgEWphfc9FuYYlcKhkhpGdV54yIW8EAPoVdQKAz4qJ/+P6M9KSWiauWos0on6eqMUxvuhiaukEXju33tj8SOvV2C6H5XK5gWClS+H0kJTzOi4DJooBxL1kNa5hSuZGSNsUvJcOBj1WFRyDSluNhl3anCOv8a1sPclzJLTrRbbbe0e7zTbB9OCamSD/CCbhJE90iaH5Ih0iCTX5Jbckb/BTXAfPASPL9G5YLqzTt4gePoP5yOcfg==</latexit>

ωω → 1013

Coupling known ( ) GF

<latexit sha1_base64="zewqRbuiOmaD9XsoiQJkaREl8Rc=">AAACA3icbVBNS8NAEN3U7/pV9eglWIR6KYlI9Vj04lHB2mITymYzaZfubsLuRCkhR/+BV/0D3sSrP8S7P8S09qCtDwYe780wMy9IBDfoOJ9WaWFxaXllda28vrG5tV3Z2b01caoZtFgsYt0JqAHBFbSQo4BOooHKQEA7GF6M/fY9aMNjdYOjBHxJ+4pHnFEspDsvBIG056m0V6k6dWcCe564U1IlU1z1Kl9eGLNUgkImqDFd10nQz6hGzgTkZS81kFA2pH3oFlRRCcbPJhfn9mGhhHYU66IU2hP190RGpTEjGRSdkuLAzHpj8T+vm2J05mdcJSmCYj+LolTYGNvj9+2Qa2AoRnbZU/DAYimpCjMvoRryrutnnoAIa1XX07w/wKO8iMWdDWGe3B7X3Ua9cX1SbZ5PA1ol++SA1IhLTkmTXJIr0iKMKPJEnsmL9Wi9Wm/W+09ryZrO7JE/sD6+AUOcl/U=</latexit>

ωω

<latexit sha1_base64="26EEOW0oZRJR2pt2om46g+DgfYc=">AAAB/nicbVBNS8NAEN34WetX1aOXYBDqpSQi1WPRi8cKpi00oWw2k3bp7ibsbpQSAv4Dr/oHvIlX/4p3f4hpm4O2Phh4vDfDzLwgYVRp2/4yVlbX1jc2K1vV7Z3dvf3awWFHxakk4JKYxbIXYAWMCnA11Qx6iQTMAwbdYHwz9bsPIBWNxb2eJOBzPBQ0ogTrQnL5wBPpoGbZDXsGc5k4JbFQifag9u2FMUk5CE0YVqrv2In2Myw1JQzyqpcqSDAZ4yH0CyowB+Vns2Nz87RQQjOKZVFCmzP190SGuVITHhSdHOuRWvSm4n9eP9XRlZ9RkaQaBJkvilJm6ticfm6GVALRbGJWPQGPJOYcizDzEiwh7zt+5jGIdN1yPEmHI32WF7E4iyEsk855w2k2mncXVuu6DKiCjtEJqiMHXaIWukVt5CKCKHpGL+jVeDLejHfjY966YpQzR+gPjM8fW7WVyg==</latexit>mω



C B detection and limitsν

<latexit sha1_base64="7YI//xfPC3b1uDYf2n5g1+joKSo=">AAACEnicbVDLSgNBEJz1GeNr1aOXwSAowbCrEj0GveQYwTwgm4TZSScZMju7zMwqYck3ePFXvHhQxKsnb/6Nk4egiQUNRVU33V1+xJnSjvNlLSwuLa+sptbS6xubW9v2zm5FhbGkUKYhD2XNJwo4E1DWTHOoRRJI4HOo+v3rkV+9A6lYKG71IIJGQLqCdRgl2kgt+7h5lngywMVh1hNxCzzJuj1NpAzv8Y8Fwyw0T1p2xsk5Y+B54k5JBk1RatmfXjukcQBCU06UqrtOpBsJkZpRDsO0FyuICO2TLtQNFSQA1UjGLw3xoVHauBNKU0Ljsfp7IiGBUoPAN50B0T01643E/7x6rDuXjYSJKNYg6GRRJ+ZYh3iUD24zCVTzgSGESmZuxbRHJKHapJg2IbizL8+TymnOzefyN+eZwtU0jhTaRwfoCLnoAhVQEZVQGVH0gJ7QC3q1Hq1n6816n7QuWNOZPfQH1sc3EyadGw==</latexit>

3
H+ ωe →3

He + e→

PTOLEMY: detect neutrinos by capturing electron 
neutrinos on a tritium target (no energy threshold) 
 
 
 
 

COHERENT ELASTIC SCATTERING 
 
 
 
 
 
 
 

COHERENT INELASTIC SCATTERING 

1. Thresholdless probes or very small energies 
2. Enhance interaction rates 

Weinberg, 1962

KATRIN: neutrino mass measurement 

<latexit sha1_base64="296uUgn4MDI40T1g6ZoLyL4erVA=">AAACD3icbVDLSsNAFJ34rPVVHzs3g0Wom5JIrS5cFN24rGAf0IQymd60Q2cmYWai1FD/wT9wqz/gTtz6Ce79ENPHQlsPXDiccy73cvyIM21s+8taWFxaXlnNrGXXNza3tnM7u3UdxopCjYY8VE2faOBMQs0ww6EZKSDC59Dw+1cjv3EHSrNQ3ppBBJ4gXckCRolJpXZuX7RdGV/YxdIpfkxcJTDUh+1c3i7aY+B54kxJHk1Rbee+3U5IYwHSUE60bjl2ZLyEKMMoh2HWjTVEhPZJF1oplUSA9pLx90N8lCodHIQqHWnwWP29kRCh9UD4aVIQ09Oz3kj8z2vFJjj3Eiaj2ICkk0NBzLEJ8agK3GEKqOEDnHUl3NNQCCI7iRsRBcOW4yUuh8AU8o6rWLdnjke1OLMlzJP6SdEpF8s3pXzlclpQBh2gQ1RADjpDFXSNqqiGKHpAz+gFvVpP1pv1bn1MogvWdGcP/YH1+QOq3ZtA</latexit>

mω < 0.45 eV
<latexit sha1_base64="eqc8vEue3O2wADyi7RfXVgxs+Ho=">AAACFXicbZDNSgMxFIUz/tb6V3Wnm2ARdFMmIupSdOOyglWhM5ZM5k4NJpkhuaOUoeBb+AZu9QXciVvX7n0Qp7UL/w4EDufcyyVflCnp0PffvbHxicmp6cpMdXZufmGxtrR85tLcCmiJVKX2IuIOlDTQQokKLjILXEcKzqPro0F/fgPWydScYi+DUPOukYkUHMuoU1sNYlDIO4HJAwXOOakp8y8LxvqdWt1v+EPRv4aNTJ2M1OzUPoI4FbkGg0Jx59rMzzAsuEUpFPSrQe4g4+Kad6FdWsM1uLAY/qFPN8okpklqy2eQDtPvGwXXzvV0VE5qjlfudzcI/+vaOSb7YSFNliMY8XUoyRXFlA6A0FhaEKh6tBoYuBWp1tzERZBxC/02C4sSS4KbdRZY2b3CrQEW9hvCX3O23WC7jd2TnfrB4QhQhayRdbJJGNkjB+SYNEmLCHJHHsgjefLuvWfvxXv9Gh3zRjsr5Ie8t09YUZ5b</latexit>

ωω ↭ 1011

<latexit sha1_base64="bQE/aUKOfme9fRz9236Bkq2Zd+I=">AAACEHicbZDLSsNAGIUn9VbrLSqu3ASLUBFKIlJdFt24rGAv0IQymf5ph84lzEwsJfQlfAO3+gLuxK1v4N4HMb0stPXAwJlz/p8ZvjBmVBvX/bJyK6tr6xv5zcLW9s7unr1/0NAyUQTqRDKpWiHWwKiAuqGGQStWgHnIoBkObid98xGUplI8mFEMAcc9QSNKsMmijn3ki+S85Sva6xuslBxO7x276JbdqZxl481NEc1V69jffleShIMwhGGt254bmyDFylDCYFzwEw0xJgPcg3ZmBeagg3T6/bFzmiVdJ5IqO8I40/T3Roq51iMeZpMcm75e7Cbhf107MdF1kFIRJwYEmT0UJcwx0pmwcLpUATFs5BR8AUMiOceim/oxVjBue0HqM4hMqejN8JyNMyzeIoRl07goe5Vy5f6yWL2ZA8qjY3SCSshDV6iK7lAN1RFBKXpGL+jVerLerHfrYzaas+Y7h+iPrM8fKQ2cuQ==</latexit>

ω +X → ω +X

Opher, 1974
<latexit sha1_base64="X5r1LJz+p4l5WMgpYRQYquzN5i8=">AAACB3icbZDLSgMxFIYz9VbrrerSTbAIdVNmilSXRRe6kgr2Ap1pyaRn2tAkMyQZpQx9AN/Arb6AO3HrY7j3QZxeFtr6Q+Dn/8/hhM+PONPGtr+szMrq2vpGdjO3tb2zu5ffP2joMFYU6jTkoWr5RANnEuqGGQ6tSAERPoemP7ya9M0HUJqF8t6MIvAE6UsWMEpMGnXcayIEcTUT+LZT7uYLdsmeCi8bZ24KaK5aN//t9kIaC5CGcqJ127Ej4yVEGUY5jHNurCEidEj60E6tJAK0l0x/PcYnadLDQajSJw2epr83EiK0Hgk/nRTEDPRiNwn/69qxCS68hMkoNiDp7FAQc2xCPEGAe0wBNXyEc66ERxqmBGQvcSOiYNx2vMTlEJhiwXEV6w/M6TjF4ixCWDaNcsmplCp3Z4Xq5RxQFh2hY1REDjpHVXSDaqiOKFLoGb2gV+vJerPerY/ZaMaa7xyiP7I+fwBH45j7</latexit>

! → N2

<latexit sha1_base64="iC+s8hFyEZEgNmQR+WwI7D0L/Ow="></latexit>

aω → 10→28
( mω

0.1 eV

)2
cm/s2

<latexit sha1_base64="eE9xHZeiWV4nlcMl30rwqVni3y4="></latexit>

alab → 10→15 cm/s2

Arvanitaki, Dimopoulos, Galanis, 2024

<latexit sha1_base64="yFjPMd/i4iNkeJfJA7WMXBUtZkc=">AAACKXicbZDLSsNAFIYnXmu9VV26GSyCIpRERF2KblxWsBdIYplMT+rgXMLMxFJC38K38A3c6gu4U7f6IKZtBG8/DPz8/zkc5osSzox13Vdnanpmdm6+tFBeXFpeWa2srTeNSjWFBlVc6XZEDHAmoWGZ5dBONBARcWhFN2ejvnUL2jAlL+0ggVCQnmQxo8TmUadSC2S6177KgjQhWqv+MNCsd23HHn91XdWXk7ZTqbo1dyz813iFqaJC9U7lI9+mqQBpKSfG+J6b2DAj2jLKYVgOUgMJoTekB35uJRFgwmz8ryHezpMujpXOn7R4nH7fyIgwZiCifFIQe21+d6Pwv85PbXwcZkwmqQVJJ4filGOr8AgS7jIN1PIBLgcS+lQJQWQ3C3JEMPS9MAs4xHan6k1g7Y6weL8h/DXN/Zp3WDu8OKienBaASmgTbaEd5KEjdILOUR01EEV36AE9oifn3nl2Xpy3yeiUU+xsoB9y3j8BtJmoKg==</latexit>

ω +X→ → ω +X↑ <latexit sha1_base64="X5r1LJz+p4l5WMgpYRQYquzN5i8=">AAACB3icbZDLSgMxFIYz9VbrrerSTbAIdVNmilSXRRe6kgr2Ap1pyaRn2tAkMyQZpQx9AN/Arb6AO3HrY7j3QZxeFtr6Q+Dn/8/hhM+PONPGtr+szMrq2vpGdjO3tb2zu5ffP2joMFYU6jTkoWr5RANnEuqGGQ6tSAERPoemP7ya9M0HUJqF8t6MIvAE6UsWMEpMGnXcayIEcTUT+LZT7uYLdsmeCi8bZ24KaK5aN//t9kIaC5CGcqJ127Ej4yVEGUY5jHNurCEidEj60E6tJAK0l0x/PcYnadLDQajSJw2epr83EiK0Hgk/nRTEDPRiNwn/69qxCS68hMkoNiDp7FAQc2xCPEGAe0wBNXyEc66ERxqmBGQvcSOiYNx2vMTlEJhiwXEV6w/M6TjF4ixCWDaNcsmplCp3Z4Xq5RxQFh2hY1REDjpHVXSDaqiOKFLoGb2gV+vJerPerY/ZaMaa7xyiP7I+fwBH45j7</latexit>

! → N2

<latexit sha1_base64="80d6fSbdbhl5bo97bMqOuFNFUjI=">AAACEXicbVDLThtBEJzlERyHBANSLlxGsSKRi7UDCDha5MIRJAyWPBtrdrbXjJiZXc30gqzFX8EfcCU/wA1x5Qu450OyNj4ApqSWSlXV6lbFuVYew/A5mJtfWPy0VPtc/7L89dtKY3Xt1GeFk9CRmc5cNxYetLLQQYUaurkDYWINZ/HF77F/dgnOq8ye4DCHyIiBVamSAiup3/jOE9Ao+twW3CtDWfinZNujfqMZtsIJ6CxhU9IkUxz1G/94ksnCgEWphfc9FuYYlcKhkhpGdV54yIW8EAPoVdQKAz4qJ/+P6M9KSWiauWos0on6eqMUxvuhiaukEXju33tj8SOvV2C6H5XK5gWClS+H0kJTzOi4DJooBxL1kNa5hSuZGSNsUvJcOBj1WFRyDSluNhl3anCOv8a1sPclzJLTrRbbbe0e7zTbB9OCamSD/CCbhJE90iaH5Ih0iCTX5Jbckb/BTXAfPASPL9G5YLqzTt4gePoP5yOcfg==</latexit>

ωω → 1013

Coupling known ( ) GF

<latexit sha1_base64="zewqRbuiOmaD9XsoiQJkaREl8Rc=">AAACA3icbVBNS8NAEN3U7/pV9eglWIR6KYlI9Vj04lHB2mITymYzaZfubsLuRCkhR/+BV/0D3sSrP8S7P8S09qCtDwYe780wMy9IBDfoOJ9WaWFxaXllda28vrG5tV3Z2b01caoZtFgsYt0JqAHBFbSQo4BOooHKQEA7GF6M/fY9aMNjdYOjBHxJ+4pHnFEspDsvBIG056m0V6k6dWcCe564U1IlU1z1Kl9eGLNUgkImqDFd10nQz6hGzgTkZS81kFA2pH3oFlRRCcbPJhfn9mGhhHYU66IU2hP190RGpTEjGRSdkuLAzHpj8T+vm2J05mdcJSmCYj+LolTYGNvj9+2Qa2AoRnbZU/DAYimpCjMvoRryrutnnoAIa1XX07w/wKO8iMWdDWGe3B7X3Ua9cX1SbZ5PA1ol++SA1IhLTkmTXJIr0iKMKPJEnsmL9Wi9Wm/W+09ryZrO7JE/sD6+AUOcl/U=</latexit>

ωω

<latexit sha1_base64="26EEOW0oZRJR2pt2om46g+DgfYc=">AAAB/nicbVBNS8NAEN34WetX1aOXYBDqpSQi1WPRi8cKpi00oWw2k3bp7ibsbpQSAv4Dr/oHvIlX/4p3f4hpm4O2Phh4vDfDzLwgYVRp2/4yVlbX1jc2K1vV7Z3dvf3awWFHxakk4JKYxbIXYAWMCnA11Qx6iQTMAwbdYHwz9bsPIBWNxb2eJOBzPBQ0ogTrQnL5wBPpoGbZDXsGc5k4JbFQifag9u2FMUk5CE0YVqrv2In2Myw1JQzyqpcqSDAZ4yH0CyowB+Vns2Nz87RQQjOKZVFCmzP190SGuVITHhSdHOuRWvSm4n9eP9XRlZ9RkaQaBJkvilJm6ticfm6GVALRbGJWPQGPJOYcizDzEiwh7zt+5jGIdN1yPEmHI32WF7E4iyEsk855w2k2mncXVuu6DKiCjtEJqiMHXaIWukVt5CKCKHpGL+jVeDLejHfjY966YpQzR+gPjM8fW7WVyg==</latexit>mω



C B detection and limitsν

<latexit sha1_base64="7YI//xfPC3b1uDYf2n5g1+joKSo=">AAACEnicbVDLSgNBEJz1GeNr1aOXwSAowbCrEj0GveQYwTwgm4TZSScZMju7zMwqYck3ePFXvHhQxKsnb/6Nk4egiQUNRVU33V1+xJnSjvNlLSwuLa+sptbS6xubW9v2zm5FhbGkUKYhD2XNJwo4E1DWTHOoRRJI4HOo+v3rkV+9A6lYKG71IIJGQLqCdRgl2kgt+7h5lngywMVh1hNxCzzJuj1NpAzv8Y8Fwyw0T1p2xsk5Y+B54k5JBk1RatmfXjukcQBCU06UqrtOpBsJkZpRDsO0FyuICO2TLtQNFSQA1UjGLw3xoVHauBNKU0Ljsfp7IiGBUoPAN50B0T01643E/7x6rDuXjYSJKNYg6GRRJ+ZYh3iUD24zCVTzgSGESmZuxbRHJKHapJg2IbizL8+TymnOzefyN+eZwtU0jhTaRwfoCLnoAhVQEZVQGVH0gJ7QC3q1Hq1n6816n7QuWNOZPfQH1sc3EyadGw==</latexit>

3
H+ ωe →3

He + e→

PTOLEMY: detect neutrinos by capturing electron 
neutrinos on a tritium target (no energy threshold) 
 
 
 
 

COHERENT ELASTIC SCATTERING 
 
 
 
 
 
 
 

COHERENT INELASTIC SCATTERING 

1. Thresholdless probes or very small energies 
2. Enhance interaction rates 

Weinberg, 1962

KATRIN: neutrino mass measurement 

<latexit sha1_base64="296uUgn4MDI40T1g6ZoLyL4erVA=">AAACD3icbVDLSsNAFJ34rPVVHzs3g0Wom5JIrS5cFN24rGAf0IQymd60Q2cmYWai1FD/wT9wqz/gTtz6Ce79ENPHQlsPXDiccy73cvyIM21s+8taWFxaXlnNrGXXNza3tnM7u3UdxopCjYY8VE2faOBMQs0ww6EZKSDC59Dw+1cjv3EHSrNQ3ppBBJ4gXckCRolJpXZuX7RdGV/YxdIpfkxcJTDUh+1c3i7aY+B54kxJHk1Rbee+3U5IYwHSUE60bjl2ZLyEKMMoh2HWjTVEhPZJF1oplUSA9pLx90N8lCodHIQqHWnwWP29kRCh9UD4aVIQ09Oz3kj8z2vFJjj3Eiaj2ICkk0NBzLEJ8agK3GEKqOEDnHUl3NNQCCI7iRsRBcOW4yUuh8AU8o6rWLdnjke1OLMlzJP6SdEpF8s3pXzlclpQBh2gQ1RADjpDFXSNqqiGKHpAz+gFvVpP1pv1bn1MogvWdGcP/YH1+QOq3ZtA</latexit>

mω < 0.45 eV
<latexit sha1_base64="eqc8vEue3O2wADyi7RfXVgxs+Ho=">AAACFXicbZDNSgMxFIUz/tb6V3Wnm2ARdFMmIupSdOOyglWhM5ZM5k4NJpkhuaOUoeBb+AZu9QXciVvX7n0Qp7UL/w4EDufcyyVflCnp0PffvbHxicmp6cpMdXZufmGxtrR85tLcCmiJVKX2IuIOlDTQQokKLjILXEcKzqPro0F/fgPWydScYi+DUPOukYkUHMuoU1sNYlDIO4HJAwXOOakp8y8LxvqdWt1v+EPRv4aNTJ2M1OzUPoI4FbkGg0Jx59rMzzAsuEUpFPSrQe4g4+Kad6FdWsM1uLAY/qFPN8okpklqy2eQDtPvGwXXzvV0VE5qjlfudzcI/+vaOSb7YSFNliMY8XUoyRXFlA6A0FhaEKh6tBoYuBWp1tzERZBxC/02C4sSS4KbdRZY2b3CrQEW9hvCX3O23WC7jd2TnfrB4QhQhayRdbJJGNkjB+SYNEmLCHJHHsgjefLuvWfvxXv9Gh3zRjsr5Ie8t09YUZ5b</latexit>

ωω ↭ 1011

<latexit sha1_base64="bQE/aUKOfme9fRz9236Bkq2Zd+I=">AAACEHicbZDLSsNAGIUn9VbrLSqu3ASLUBFKIlJdFt24rGAv0IQymf5ph84lzEwsJfQlfAO3+gLuxK1v4N4HMb0stPXAwJlz/p8ZvjBmVBvX/bJyK6tr6xv5zcLW9s7unr1/0NAyUQTqRDKpWiHWwKiAuqGGQStWgHnIoBkObid98xGUplI8mFEMAcc9QSNKsMmijn3ki+S85Sva6xuslBxO7x276JbdqZxl481NEc1V69jffleShIMwhGGt254bmyDFylDCYFzwEw0xJgPcg3ZmBeagg3T6/bFzmiVdJ5IqO8I40/T3Roq51iMeZpMcm75e7Cbhf107MdF1kFIRJwYEmT0UJcwx0pmwcLpUATFs5BR8AUMiOceim/oxVjBue0HqM4hMqejN8JyNMyzeIoRl07goe5Vy5f6yWL2ZA8qjY3SCSshDV6iK7lAN1RFBKXpGL+jVerLerHfrYzaas+Y7h+iPrM8fKQ2cuQ==</latexit>

ω +X → ω +X

Opher, 1974
<latexit sha1_base64="X5r1LJz+p4l5WMgpYRQYquzN5i8=">AAACB3icbZDLSgMxFIYz9VbrrerSTbAIdVNmilSXRRe6kgr2Ap1pyaRn2tAkMyQZpQx9AN/Arb6AO3HrY7j3QZxeFtr6Q+Dn/8/hhM+PONPGtr+szMrq2vpGdjO3tb2zu5ffP2joMFYU6jTkoWr5RANnEuqGGQ6tSAERPoemP7ya9M0HUJqF8t6MIvAE6UsWMEpMGnXcayIEcTUT+LZT7uYLdsmeCi8bZ24KaK5aN//t9kIaC5CGcqJ127Ej4yVEGUY5jHNurCEidEj60E6tJAK0l0x/PcYnadLDQajSJw2epr83EiK0Hgk/nRTEDPRiNwn/69qxCS68hMkoNiDp7FAQc2xCPEGAe0wBNXyEc66ERxqmBGQvcSOiYNx2vMTlEJhiwXEV6w/M6TjF4ixCWDaNcsmplCp3Z4Xq5RxQFh2hY1REDjpHVXSDaqiOKFLoGb2gV+vJerPerY/ZaMaa7xyiP7I+fwBH45j7</latexit>

! → N2

<latexit sha1_base64="iC+s8hFyEZEgNmQR+WwI7D0L/Ow="></latexit>

aω → 10→28
( mω

0.1 eV

)2
cm/s2

<latexit sha1_base64="eE9xHZeiWV4nlcMl30rwqVni3y4="></latexit>

alab → 10→15 cm/s2

Arvanitaki, Dimopoulos, Galanis, 2024

<latexit sha1_base64="yFjPMd/i4iNkeJfJA7WMXBUtZkc=">AAACKXicbZDLSsNAFIYnXmu9VV26GSyCIpRERF2KblxWsBdIYplMT+rgXMLMxFJC38K38A3c6gu4U7f6IKZtBG8/DPz8/zkc5osSzox13Vdnanpmdm6+tFBeXFpeWa2srTeNSjWFBlVc6XZEDHAmoWGZ5dBONBARcWhFN2ejvnUL2jAlL+0ggVCQnmQxo8TmUadSC2S6177KgjQhWqv+MNCsd23HHn91XdWXk7ZTqbo1dyz813iFqaJC9U7lI9+mqQBpKSfG+J6b2DAj2jLKYVgOUgMJoTekB35uJRFgwmz8ryHezpMujpXOn7R4nH7fyIgwZiCifFIQe21+d6Pwv85PbXwcZkwmqQVJJ4filGOr8AgS7jIN1PIBLgcS+lQJQWQ3C3JEMPS9MAs4xHan6k1g7Y6weL8h/DXN/Zp3WDu8OKienBaASmgTbaEd5KEjdILOUR01EEV36AE9oifn3nl2Xpy3yeiUU+xsoB9y3j8BtJmoKg==</latexit>

ω +X→ → ω +X↑ <latexit sha1_base64="X5r1LJz+p4l5WMgpYRQYquzN5i8=">AAACB3icbZDLSgMxFIYz9VbrrerSTbAIdVNmilSXRRe6kgr2Ap1pyaRn2tAkMyQZpQx9AN/Arb6AO3HrY7j3QZxeFtr6Q+Dn/8/hhM+PONPGtr+szMrq2vpGdjO3tb2zu5ffP2joMFYU6jTkoWr5RANnEuqGGQ6tSAERPoemP7ya9M0HUJqF8t6MIvAE6UsWMEpMGnXcayIEcTUT+LZT7uYLdsmeCi8bZ24KaK5aN//t9kIaC5CGcqJ127Ej4yVEGUY5jHNurCEidEj60E6tJAK0l0x/PcYnadLDQajSJw2epr83EiK0Hgk/nRTEDPRiNwn/69qxCS68hMkoNiDp7FAQc2xCPEGAe0wBNXyEc66ERxqmBGQvcSOiYNx2vMTlEJhiwXEV6w/M6TjF4ixCWDaNcsmplCp3Z4Xq5RxQFh2hY1REDjpHVXSDaqiOKFLoGb2gV+vJerPerY/ZaMaa7xyiP7I+fwBH45j7</latexit>

! → N2

<latexit sha1_base64="80d6fSbdbhl5bo97bMqOuFNFUjI=">AAACEXicbVDLThtBEJzlERyHBANSLlxGsSKRi7UDCDha5MIRJAyWPBtrdrbXjJiZXc30gqzFX8EfcCU/wA1x5Qu450OyNj4ApqSWSlXV6lbFuVYew/A5mJtfWPy0VPtc/7L89dtKY3Xt1GeFk9CRmc5cNxYetLLQQYUaurkDYWINZ/HF77F/dgnOq8ye4DCHyIiBVamSAiup3/jOE9Ao+twW3CtDWfinZNujfqMZtsIJ6CxhU9IkUxz1G/94ksnCgEWphfc9FuYYlcKhkhpGdV54yIW8EAPoVdQKAz4qJ/+P6M9KSWiauWos0on6eqMUxvuhiaukEXju33tj8SOvV2C6H5XK5gWClS+H0kJTzOi4DJooBxL1kNa5hSuZGSNsUvJcOBj1WFRyDSluNhl3anCOv8a1sPclzJLTrRbbbe0e7zTbB9OCamSD/CCbhJE90iaH5Ih0iCTX5Jbckb/BTXAfPASPL9G5YLqzTt4gePoP5yOcfg==</latexit>

ωω → 1013

Coupling known ( ) GF

<latexit sha1_base64="zewqRbuiOmaD9XsoiQJkaREl8Rc=">AAACA3icbVBNS8NAEN3U7/pV9eglWIR6KYlI9Vj04lHB2mITymYzaZfubsLuRCkhR/+BV/0D3sSrP8S7P8S09qCtDwYe780wMy9IBDfoOJ9WaWFxaXllda28vrG5tV3Z2b01caoZtFgsYt0JqAHBFbSQo4BOooHKQEA7GF6M/fY9aMNjdYOjBHxJ+4pHnFEspDsvBIG056m0V6k6dWcCe564U1IlU1z1Kl9eGLNUgkImqDFd10nQz6hGzgTkZS81kFA2pH3oFlRRCcbPJhfn9mGhhHYU66IU2hP190RGpTEjGRSdkuLAzHpj8T+vm2J05mdcJSmCYj+LolTYGNvj9+2Qa2AoRnbZU/DAYimpCjMvoRryrutnnoAIa1XX07w/wKO8iMWdDWGe3B7X3Ua9cX1SbZ5PA1ol++SA1IhLTkmTXJIr0iKMKPJEnsmL9Wi9Wm/W+09ryZrO7JE/sD6+AUOcl/U=</latexit>

ωω

<latexit sha1_base64="26EEOW0oZRJR2pt2om46g+DgfYc=">AAAB/nicbVBNS8NAEN34WetX1aOXYBDqpSQi1WPRi8cKpi00oWw2k3bp7ibsbpQSAv4Dr/oHvIlX/4p3f4hpm4O2Phh4vDfDzLwgYVRp2/4yVlbX1jc2K1vV7Z3dvf3awWFHxakk4JKYxbIXYAWMCnA11Qx6iQTMAwbdYHwz9bsPIBWNxb2eJOBzPBQ0ogTrQnL5wBPpoGbZDXsGc5k4JbFQifag9u2FMUk5CE0YVqrv2In2Myw1JQzyqpcqSDAZ4yH0CyowB+Vns2Nz87RQQjOKZVFCmzP190SGuVITHhSdHOuRWvSm4n9eP9XRlZ9RkaQaBJkvilJm6ticfm6GVALRbGJWPQGPJOYcizDzEiwh7zt+5jGIdN1yPEmHI32WF7E4iyEsk855w2k2mncXVuu6DKiCjtEJqiMHXaIWukVt5CKCKHpGL+jVeDLejHfjY966YpQzR+gPjM8fW7WVyg==</latexit>mω



C B detection and limitsν

<latexit sha1_base64="7YI//xfPC3b1uDYf2n5g1+joKSo=">AAACEnicbVDLSgNBEJz1GeNr1aOXwSAowbCrEj0GveQYwTwgm4TZSScZMju7zMwqYck3ePFXvHhQxKsnb/6Nk4egiQUNRVU33V1+xJnSjvNlLSwuLa+sptbS6xubW9v2zm5FhbGkUKYhD2XNJwo4E1DWTHOoRRJI4HOo+v3rkV+9A6lYKG71IIJGQLqCdRgl2kgt+7h5lngywMVh1hNxCzzJuj1NpAzv8Y8Fwyw0T1p2xsk5Y+B54k5JBk1RatmfXjukcQBCU06UqrtOpBsJkZpRDsO0FyuICO2TLtQNFSQA1UjGLw3xoVHauBNKU0Ljsfp7IiGBUoPAN50B0T01643E/7x6rDuXjYSJKNYg6GRRJ+ZYh3iUD24zCVTzgSGESmZuxbRHJKHapJg2IbizL8+TymnOzefyN+eZwtU0jhTaRwfoCLnoAhVQEZVQGVH0gJ7QC3q1Hq1n6816n7QuWNOZPfQH1sc3EyadGw==</latexit>

3
H+ ωe →3

He + e→

PTOLEMY: detect neutrinos by capturing electron 
neutrinos on a tritium target (no energy threshold) 
 
 
 
 

COHERENT ELASTIC SCATTERING 
 
 
 
 
 
 
 

COHERENT INELASTIC SCATTERING 

Coupling known ( ) GF

1. Thresholdless probes or very small energies 
2. Enhance interaction rates 

Weinberg, 1962

<latexit sha1_base64="zewqRbuiOmaD9XsoiQJkaREl8Rc=">AAACA3icbVBNS8NAEN3U7/pV9eglWIR6KYlI9Vj04lHB2mITymYzaZfubsLuRCkhR/+BV/0D3sSrP8S7P8S09qCtDwYe780wMy9IBDfoOJ9WaWFxaXllda28vrG5tV3Z2b01caoZtFgsYt0JqAHBFbSQo4BOooHKQEA7GF6M/fY9aMNjdYOjBHxJ+4pHnFEspDsvBIG056m0V6k6dWcCe564U1IlU1z1Kl9eGLNUgkImqDFd10nQz6hGzgTkZS81kFA2pH3oFlRRCcbPJhfn9mGhhHYU66IU2hP190RGpTEjGRSdkuLAzHpj8T+vm2J05mdcJSmCYj+LolTYGNvj9+2Qa2AoRnbZU/DAYimpCjMvoRryrutnnoAIa1XX07w/wKO8iMWdDWGe3B7X3Ua9cX1SbZ5PA1ol++SA1IhLTkmTXJIr0iKMKPJEnsmL9Wi9Wm/W+09ryZrO7JE/sD6+AUOcl/U=</latexit>

ωω

<latexit sha1_base64="26EEOW0oZRJR2pt2om46g+DgfYc=">AAAB/nicbVBNS8NAEN34WetX1aOXYBDqpSQi1WPRi8cKpi00oWw2k3bp7ibsbpQSAv4Dr/oHvIlX/4p3f4hpm4O2Phh4vDfDzLwgYVRp2/4yVlbX1jc2K1vV7Z3dvf3awWFHxakk4JKYxbIXYAWMCnA11Qx6iQTMAwbdYHwz9bsPIBWNxb2eJOBzPBQ0ogTrQnL5wBPpoGbZDXsGc5k4JbFQifag9u2FMUk5CE0YVqrv2In2Myw1JQzyqpcqSDAZ4yH0CyowB+Vns2Nz87RQQjOKZVFCmzP190SGuVITHhSdHOuRWvSm4n9eP9XRlZ9RkaQaBJkvilJm6ticfm6GVALRbGJWPQGPJOYcizDzEiwh7zt+5jGIdN1yPEmHI32WF7E4iyEsk855w2k2mncXVuu6DKiCjtEJqiMHXaIWukVt5CKCKHpGL+jVeDLejHfjY966YpQzR+gPjM8fW7WVyg==</latexit>mω

KATRIN: neutrino mass measurement 

<latexit sha1_base64="296uUgn4MDI40T1g6ZoLyL4erVA=">AAACD3icbVDLSsNAFJ34rPVVHzs3g0Wom5JIrS5cFN24rGAf0IQymd60Q2cmYWai1FD/wT9wqz/gTtz6Ce79ENPHQlsPXDiccy73cvyIM21s+8taWFxaXlnNrGXXNza3tnM7u3UdxopCjYY8VE2faOBMQs0ww6EZKSDC59Dw+1cjv3EHSrNQ3ppBBJ4gXckCRolJpXZuX7RdGV/YxdIpfkxcJTDUh+1c3i7aY+B54kxJHk1Rbee+3U5IYwHSUE60bjl2ZLyEKMMoh2HWjTVEhPZJF1oplUSA9pLx90N8lCodHIQqHWnwWP29kRCh9UD4aVIQ09Oz3kj8z2vFJjj3Eiaj2ICkk0NBzLEJ8agK3GEKqOEDnHUl3NNQCCI7iRsRBcOW4yUuh8AU8o6rWLdnjke1OLMlzJP6SdEpF8s3pXzlclpQBh2gQ1RADjpDFXSNqqiGKHpAz+gFvVpP1pv1bn1MogvWdGcP/YH1+QOq3ZtA</latexit>

mω < 0.45 eV
<latexit sha1_base64="eqc8vEue3O2wADyi7RfXVgxs+Ho=">AAACFXicbZDNSgMxFIUz/tb6V3Wnm2ARdFMmIupSdOOyglWhM5ZM5k4NJpkhuaOUoeBb+AZu9QXciVvX7n0Qp7UL/w4EDufcyyVflCnp0PffvbHxicmp6cpMdXZufmGxtrR85tLcCmiJVKX2IuIOlDTQQokKLjILXEcKzqPro0F/fgPWydScYi+DUPOukYkUHMuoU1sNYlDIO4HJAwXOOakp8y8LxvqdWt1v+EPRv4aNTJ2M1OzUPoI4FbkGg0Jx59rMzzAsuEUpFPSrQe4g4+Kad6FdWsM1uLAY/qFPN8okpklqy2eQDtPvGwXXzvV0VE5qjlfudzcI/+vaOSb7YSFNliMY8XUoyRXFlA6A0FhaEKh6tBoYuBWp1tzERZBxC/02C4sSS4KbdRZY2b3CrQEW9hvCX3O23WC7jd2TnfrB4QhQhayRdbJJGNkjB+SYNEmLCHJHHsgjefLuvWfvxXv9Gh3zRjsr5Ie8t09YUZ5b</latexit>

ωω ↭ 1011

<latexit sha1_base64="bQE/aUKOfme9fRz9236Bkq2Zd+I=">AAACEHicbZDLSsNAGIUn9VbrLSqu3ASLUBFKIlJdFt24rGAv0IQymf5ph84lzEwsJfQlfAO3+gLuxK1v4N4HMb0stPXAwJlz/p8ZvjBmVBvX/bJyK6tr6xv5zcLW9s7unr1/0NAyUQTqRDKpWiHWwKiAuqGGQStWgHnIoBkObid98xGUplI8mFEMAcc9QSNKsMmijn3ki+S85Sva6xuslBxO7x276JbdqZxl481NEc1V69jffleShIMwhGGt254bmyDFylDCYFzwEw0xJgPcg3ZmBeagg3T6/bFzmiVdJ5IqO8I40/T3Roq51iMeZpMcm75e7Cbhf107MdF1kFIRJwYEmT0UJcwx0pmwcLpUATFs5BR8AUMiOceim/oxVjBue0HqM4hMqejN8JyNMyzeIoRl07goe5Vy5f6yWL2ZA8qjY3SCSshDV6iK7lAN1RFBKXpGL+jVerLerHfrYzaas+Y7h+iPrM8fKQ2cuQ==</latexit>

ω +X → ω +X

Opher, 1974
<latexit sha1_base64="X5r1LJz+p4l5WMgpYRQYquzN5i8=">AAACB3icbZDLSgMxFIYz9VbrrerSTbAIdVNmilSXRRe6kgr2Ap1pyaRn2tAkMyQZpQx9AN/Arb6AO3HrY7j3QZxeFtr6Q+Dn/8/hhM+PONPGtr+szMrq2vpGdjO3tb2zu5ffP2joMFYU6jTkoWr5RANnEuqGGQ6tSAERPoemP7ya9M0HUJqF8t6MIvAE6UsWMEpMGnXcayIEcTUT+LZT7uYLdsmeCi8bZ24KaK5aN//t9kIaC5CGcqJ127Ej4yVEGUY5jHNurCEidEj60E6tJAK0l0x/PcYnadLDQajSJw2epr83EiK0Hgk/nRTEDPRiNwn/69qxCS68hMkoNiDp7FAQc2xCPEGAe0wBNXyEc66ERxqmBGQvcSOiYNx2vMTlEJhiwXEV6w/M6TjF4ixCWDaNcsmplCp3Z4Xq5RxQFh2hY1REDjpHVXSDaqiOKFLoGb2gV+vJerPerY/ZaMaa7xyiP7I+fwBH45j7</latexit>

! → N2

<latexit sha1_base64="iC+s8hFyEZEgNmQR+WwI7D0L/Ow="></latexit>

aω → 10→28
( mω

0.1 eV

)2
cm/s2

<latexit sha1_base64="eE9xHZeiWV4nlcMl30rwqVni3y4="></latexit>

alab → 10→15 cm/s2

Arvanitaki, Dimopoulos, Galanis, 2024

<latexit sha1_base64="yFjPMd/i4iNkeJfJA7WMXBUtZkc=">AAACKXicbZDLSsNAFIYnXmu9VV26GSyCIpRERF2KblxWsBdIYplMT+rgXMLMxFJC38K38A3c6gu4U7f6IKZtBG8/DPz8/zkc5osSzox13Vdnanpmdm6+tFBeXFpeWa2srTeNSjWFBlVc6XZEDHAmoWGZ5dBONBARcWhFN2ejvnUL2jAlL+0ggVCQnmQxo8TmUadSC2S6177KgjQhWqv+MNCsd23HHn91XdWXk7ZTqbo1dyz813iFqaJC9U7lI9+mqQBpKSfG+J6b2DAj2jLKYVgOUgMJoTekB35uJRFgwmz8ryHezpMujpXOn7R4nH7fyIgwZiCifFIQe21+d6Pwv85PbXwcZkwmqQVJJ4filGOr8AgS7jIN1PIBLgcS+lQJQWQ3C3JEMPS9MAs4xHan6k1g7Y6weL8h/DXN/Zp3WDu8OKienBaASmgTbaEd5KEjdILOUR01EEV36AE9oifn3nl2Xpy3yeiUU+xsoB9y3j8BtJmoKg==</latexit>

ω +X→ → ω +X↑ <latexit sha1_base64="X5r1LJz+p4l5WMgpYRQYquzN5i8=">AAACB3icbZDLSgMxFIYz9VbrrerSTbAIdVNmilSXRRe6kgr2Ap1pyaRn2tAkMyQZpQx9AN/Arb6AO3HrY7j3QZxeFtr6Q+Dn/8/hhM+PONPGtr+szMrq2vpGdjO3tb2zu5ffP2joMFYU6jTkoWr5RANnEuqGGQ6tSAERPoemP7ya9M0HUJqF8t6MIvAE6UsWMEpMGnXcayIEcTUT+LZT7uYLdsmeCi8bZ24KaK5aN//t9kIaC5CGcqJ127Ej4yVEGUY5jHNurCEidEj60E6tJAK0l0x/PcYnadLDQajSJw2epr83EiK0Hgk/nRTEDPRiNwn/69qxCS68hMkoNiDp7FAQc2xCPEGAe0wBNXyEc66ERxqmBGQvcSOiYNx2vMTlEJhiwXEV6w/M6TjF4ixCWDaNcsmplCp3Z4Xq5RxQFh2hY1REDjpHVXSDaqiOKFLoGb2gV+vJerPerY/ZaMaa7xyiP7I+fwBH45j7</latexit>

! → N2

<latexit sha1_base64="80d6fSbdbhl5bo97bMqOuFNFUjI=">AAACEXicbVDLThtBEJzlERyHBANSLlxGsSKRi7UDCDha5MIRJAyWPBtrdrbXjJiZXc30gqzFX8EfcCU/wA1x5Qu450OyNj4ApqSWSlXV6lbFuVYew/A5mJtfWPy0VPtc/7L89dtKY3Xt1GeFk9CRmc5cNxYetLLQQYUaurkDYWINZ/HF77F/dgnOq8ye4DCHyIiBVamSAiup3/jOE9Ao+twW3CtDWfinZNujfqMZtsIJ6CxhU9IkUxz1G/94ksnCgEWphfc9FuYYlcKhkhpGdV54yIW8EAPoVdQKAz4qJ/+P6M9KSWiauWos0on6eqMUxvuhiaukEXju33tj8SOvV2C6H5XK5gWClS+H0kJTzOi4DJooBxL1kNa5hSuZGSNsUvJcOBj1WFRyDSluNhl3anCOv8a1sPclzJLTrRbbbe0e7zTbB9OCamSD/CCbhJE90iaH5Ih0iCTX5Jbckb/BTXAfPASPL9G5YLqzTt4gePoP5yOcfg==</latexit>

ωω → 1013



Cosmic neutrino background (C B)ν

Bauer, Shergold, 2023



Cosmic neutrino background (C B)ν

Bauer, Shergold, 2023

NMR ESR

NMR: Nuclear spin splittings have low energies 10−8 − 10−6eV
ESR: Electron spin splittings 10−6 − 10−4eV



C B and NMRν

Strategy: pulsed NMR in hyper polarised samples 



C Bν

C B and NMRν

Strategy: pulsed NMR in hyper polarised samples 

<latexit sha1_base64="hnAxxpjW6fx3v/9tky8yTh/mwb4=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkmR6rHoxWMF+wFtKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WjmSToR3QoecgZNVZq9hJ+We2Xym7FnYOsEi8nZcjR6Je+eoOYpRFKwwTVuuu5ifEzqgxnAqfFXqoxoWxMh9i1VNIItZ/Nj52Sc6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMw+JwOukBkxsYQyxe2thI2ooszYfIo2BG/55VXSqla8WqX2cFWu3+ZxFOAUzuACPLiGOtxDA5rAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDMs2OTQ==</latexit>

ω/2



Axions

Well motivated in some cases (strong CP) 
 
 

 

Natural dark matter candidates (very cold) 
 
 
 
 
 
 

Couplings to photons and matter  

Competitive searches need to “scan” 

1-parameter 
model

ma / 1/fa
<latexit sha1_base64="Rhpx60Uk21UApeL/PjqVT/b0+tI=">AAAB+XicbVDLSgNBEJz1GeNr1aOXwSB4irtR0GPQi8cI5gHJssxOZpMh82JmNhCW/IkXD4p49U+8+TdOkj1oYkFDUdVNd1eiGDU2CL69tfWNza3t0k55d2//4NA/Om4ZmWlMmlgyqTsJMoRRQZqWWkY6ShPEE0bayeh+5rfHRBsqxZOdKBJxNBA0pRhZJ8W+z2PUU1oqK2F4mcYo9itBNZgDrpKwIBVQoBH7X72+xBknwmKGjOmGgbJRjrSlmJFpuZcZohAeoQHpOioQJybK55dP4blT+jCV2pWwcK7+nsgRN2bCE9fJkR2aZW8m/ud1M5veRjkVKrNE4MWiNGPQvTmLAfapJtiyiSMIa+puhXiINMLWhVV2IYTLL6+SVq0aXlVrj9eV+l0RRwmcgjNwAUJwA+rgATRAE2AwBs/gFbx5uffivXsfi9Y1r5g5AX/gff4A1nmTIg==</latexit>

g / 1/fa
<latexit sha1_base64="Nr/3m4zClPWbFaMU5bgLkZgZxHI=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU92tgh6LXjxWsB/Q1pJNs21oNglJVilL/4cXD4p49b9489+YtnvQ1gcDj/dmmJkXKs6M9f1vL7eyura+kd8sbG3v7O4V9w8aRiaa0DqRXOpWiA3lTNC6ZZbTltIUxyGnzXB0M/Wbj1QbJsW9HSvajfFAsIgRbJ30MOgoLZWVKDiLerhXLPllfwa0TIKMlCBDrVf86vQlSWIqLOHYmHbgK9tNsbaMcDopdBJDFSYjPKBtRwWOqemms6sn6MQpfRRJ7UpYNFN/T6Q4NmYch64zxnZoFr2p+J/XTmx01U2ZUImlgswXRQlH7s1pBKjPNCWWjx3BRDN3KyJDrDGxLqiCCyFYfHmZNCrl4LxcubsoVa+zOPJwBMdwCgFcQhVuoQZ1IKDhGV7hzXvyXrx372PemvOymUP4A+/zB90qkhc=</latexit>

10°1 100 101

mat

0

1a(t)
fa

<latexit sha1_base64="Ea84k7nwz7v69Ljnda0N1YwfU4M=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVwY5lRqS6LblxWsA/ojEMmzbShmSQkGaEOxV9x40IRt/6HO//G9LHQ1gMXDufcy733xJJRbTzv21lYXFpeWS2sFdc3Nre23Z3dhhaZwqSOBROqFSNNGOWkbqhhpCUVQWnMSDPuX4/85gNRmgp+ZwaShCnqcppQjIyVInc/UD0RoUAqIY2A6D4/ORtGbskre2PAeeJPSQlMUYvcr6AjcJYSbjBDWrd9T5owR8pQzMiwGGSaSIT7qEvalnKUEh3m4+uH8MgqHZgIZYsbOFZ/T+Qo1XqQxrYzRaanZ72R+J/XzkxyGeaUy8wQjieLkoxB++coCtihimDDBpYgrKi9FeIeUggbG1jRhuDPvjxPGqdlv1Ku3J6XqlfTOArgAByCY+CDC1AFN6AG6gCDR/AMXsGb8+S8OO/Ox6R1wZnO7IE/cD5/AD85lRo=</latexit>

ωa → a→3

e.g., misalignment mechanism

dn = (2.4± 1.0) ✓̄ ⇥ 10�16e cm

' 1.8⇥ 10�26e cm
<latexit sha1_base64="RVuHJiatHds9uz/53rw8NYAiWKs="></latexit>

✓̄ . 10�10
<latexit sha1_base64="JfouO0Nv8FtRH4S6YxlFGIQQ0/g=">AAACBnicbVDJSgNBEO2JW4xb1KMIjUHwYpiJgh6DXjxGMAtkxtDTqSRNeha6a4QwzMmLv+LFgyJe/QZv/o2d5aCJDwoe71VRVc+PpdBo299Wbml5ZXUtv17Y2Nza3inu7jV0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH16P/eYDKC2i8A5HMXgB64eiJzhDI3WKh67PVOriAJBlrgSttQioY9+np46ddYolu2xPQBeJMyMlMkOtU/xyuxFPAgiRS6Z127Fj9FKmUHAJWcFNNMSMD1kf2oaGLADtpZM3MnpslC7tRcpUiHSi/p5IWaD1KPBNZ8BwoOe9sfif106wd+mlIowThJBPF/USSTGi40xoVyjgKEeGMK6EuZXyAVOMo0muYEJw5l9eJI1K2TkrV27PS9WrWRx5ckCOyAlxyAWpkhtSI3XCySN5Jq/kzXqyXqx362PamrNmM/vkD6zPH55xmI0=</latexit>



Axions

Well motivated in some cases (strong CP) 
 
 

 

Natural dark matter candidates (very cold) 
 
 
 
 
 
 

Couplings to photons and matter  

Competitive searches need to “scan” 

1-parameter 
model

ma / 1/fa
<latexit sha1_base64="Rhpx60Uk21UApeL/PjqVT/b0+tI=">AAAB+XicbVDLSgNBEJz1GeNr1aOXwSB4irtR0GPQi8cI5gHJssxOZpMh82JmNhCW/IkXD4p49U+8+TdOkj1oYkFDUdVNd1eiGDU2CL69tfWNza3t0k55d2//4NA/Om4ZmWlMmlgyqTsJMoRRQZqWWkY6ShPEE0bayeh+5rfHRBsqxZOdKBJxNBA0pRhZJ8W+z2PUU1oqK2F4mcYo9itBNZgDrpKwIBVQoBH7X72+xBknwmKGjOmGgbJRjrSlmJFpuZcZohAeoQHpOioQJybK55dP4blT+jCV2pWwcK7+nsgRN2bCE9fJkR2aZW8m/ud1M5veRjkVKrNE4MWiNGPQvTmLAfapJtiyiSMIa+puhXiINMLWhVV2IYTLL6+SVq0aXlVrj9eV+l0RRwmcgjNwAUJwA+rgATRAE2AwBs/gFbx5uffivXsfi9Y1r5g5AX/gff4A1nmTIg==</latexit>

g / 1/fa
<latexit sha1_base64="Nr/3m4zClPWbFaMU5bgLkZgZxHI=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU92tgh6LXjxWsB/Q1pJNs21oNglJVilL/4cXD4p49b9489+YtnvQ1gcDj/dmmJkXKs6M9f1vL7eyura+kd8sbG3v7O4V9w8aRiaa0DqRXOpWiA3lTNC6ZZbTltIUxyGnzXB0M/Wbj1QbJsW9HSvajfFAsIgRbJ30MOgoLZWVKDiLerhXLPllfwa0TIKMlCBDrVf86vQlSWIqLOHYmHbgK9tNsbaMcDopdBJDFSYjPKBtRwWOqemms6sn6MQpfRRJ7UpYNFN/T6Q4NmYch64zxnZoFr2p+J/XTmx01U2ZUImlgswXRQlH7s1pBKjPNCWWjx3BRDN3KyJDrDGxLqiCCyFYfHmZNCrl4LxcubsoVa+zOPJwBMdwCgFcQhVuoQZ1IKDhGV7hzXvyXrx372PemvOymUP4A+/zB90qkhc=</latexit>

10°1 100 101

mat

0

1a(t)
fa

<latexit sha1_base64="Ea84k7nwz7v69Ljnda0N1YwfU4M=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVwY5lRqS6LblxWsA/ojEMmzbShmSQkGaEOxV9x40IRt/6HO//G9LHQ1gMXDufcy733xJJRbTzv21lYXFpeWS2sFdc3Nre23Z3dhhaZwqSOBROqFSNNGOWkbqhhpCUVQWnMSDPuX4/85gNRmgp+ZwaShCnqcppQjIyVInc/UD0RoUAqIY2A6D4/ORtGbskre2PAeeJPSQlMUYvcr6AjcJYSbjBDWrd9T5owR8pQzMiwGGSaSIT7qEvalnKUEh3m4+uH8MgqHZgIZYsbOFZ/T+Qo1XqQxrYzRaanZ72R+J/XzkxyGeaUy8wQjieLkoxB++coCtihimDDBpYgrKi9FeIeUggbG1jRhuDPvjxPGqdlv1Ku3J6XqlfTOArgAByCY+CDC1AFN6AG6gCDR/AMXsGb8+S8OO/Ox6R1wZnO7IE/cD5/AD85lRo=</latexit>

ωa → a→3

e.g., misalignment mechanism

dn = (2.4± 1.0) ✓̄ ⇥ 10�16e cm

' 1.8⇥ 10�26e cm
<latexit sha1_base64="RVuHJiatHds9uz/53rw8NYAiWKs="></latexit>

✓̄ . 10�10
<latexit sha1_base64="JfouO0Nv8FtRH4S6YxlFGIQQ0/g=">AAACBnicbVDJSgNBEO2JW4xb1KMIjUHwYpiJgh6DXjxGMAtkxtDTqSRNeha6a4QwzMmLv+LFgyJe/QZv/o2d5aCJDwoe71VRVc+PpdBo299Wbml5ZXUtv17Y2Nza3inu7jV0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH16P/eYDKC2i8A5HMXgB64eiJzhDI3WKh67PVOriAJBlrgSttQioY9+np46ddYolu2xPQBeJMyMlMkOtU/xyuxFPAgiRS6Z127Fj9FKmUHAJWcFNNMSMD1kf2oaGLADtpZM3MnpslC7tRcpUiHSi/p5IWaD1KPBNZ8BwoOe9sfif106wd+mlIowThJBPF/USSTGi40xoVyjgKEeGMK6EuZXyAVOMo0muYEJw5l9eJI1K2TkrV27PS9WrWRx5ckCOyAlxyAWpkhtSI3XCySN5Jq/kzXqyXqx362PamrNmM/vkD6zPH55xmI0=</latexit>



Axions

Well motivated in some cases (strong CP) 
 
 

 

Natural dark matter candidates (very cold) 
 
 
 
 
 
 

Couplings to photons and matter  

Competitive searches need to “scan” 

1-parameter 
model

ma / 1/fa
<latexit sha1_base64="Rhpx60Uk21UApeL/PjqVT/b0+tI=">AAAB+XicbVDLSgNBEJz1GeNr1aOXwSB4irtR0GPQi8cI5gHJssxOZpMh82JmNhCW/IkXD4p49U+8+TdOkj1oYkFDUdVNd1eiGDU2CL69tfWNza3t0k55d2//4NA/Om4ZmWlMmlgyqTsJMoRRQZqWWkY6ShPEE0bayeh+5rfHRBsqxZOdKBJxNBA0pRhZJ8W+z2PUU1oqK2F4mcYo9itBNZgDrpKwIBVQoBH7X72+xBknwmKGjOmGgbJRjrSlmJFpuZcZohAeoQHpOioQJybK55dP4blT+jCV2pWwcK7+nsgRN2bCE9fJkR2aZW8m/ud1M5veRjkVKrNE4MWiNGPQvTmLAfapJtiyiSMIa+puhXiINMLWhVV2IYTLL6+SVq0aXlVrj9eV+l0RRwmcgjNwAUJwA+rgATRAE2AwBs/gFbx5uffivXsfi9Y1r5g5AX/gff4A1nmTIg==</latexit>

g / 1/fa
<latexit sha1_base64="Nr/3m4zClPWbFaMU5bgLkZgZxHI=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU92tgh6LXjxWsB/Q1pJNs21oNglJVilL/4cXD4p49b9489+YtnvQ1gcDj/dmmJkXKs6M9f1vL7eyura+kd8sbG3v7O4V9w8aRiaa0DqRXOpWiA3lTNC6ZZbTltIUxyGnzXB0M/Wbj1QbJsW9HSvajfFAsIgRbJ30MOgoLZWVKDiLerhXLPllfwa0TIKMlCBDrVf86vQlSWIqLOHYmHbgK9tNsbaMcDopdBJDFSYjPKBtRwWOqemms6sn6MQpfRRJ7UpYNFN/T6Q4NmYch64zxnZoFr2p+J/XTmx01U2ZUImlgswXRQlH7s1pBKjPNCWWjx3BRDN3KyJDrDGxLqiCCyFYfHmZNCrl4LxcubsoVa+zOPJwBMdwCgFcQhVuoQZ1IKDhGV7hzXvyXrx372PemvOymUP4A+/zB90qkhc=</latexit>

10°1 100 101

mat

0

1a(t)
fa

<latexit sha1_base64="Ea84k7nwz7v69Ljnda0N1YwfU4M=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVwY5lRqS6LblxWsA/ojEMmzbShmSQkGaEOxV9x40IRt/6HO//G9LHQ1gMXDufcy733xJJRbTzv21lYXFpeWS2sFdc3Nre23Z3dhhaZwqSOBROqFSNNGOWkbqhhpCUVQWnMSDPuX4/85gNRmgp+ZwaShCnqcppQjIyVInc/UD0RoUAqIY2A6D4/ORtGbskre2PAeeJPSQlMUYvcr6AjcJYSbjBDWrd9T5owR8pQzMiwGGSaSIT7qEvalnKUEh3m4+uH8MgqHZgIZYsbOFZ/T+Qo1XqQxrYzRaanZ72R+J/XzkxyGeaUy8wQjieLkoxB++coCtihimDDBpYgrKi9FeIeUggbG1jRhuDPvjxPGqdlv1Ku3J6XqlfTOArgAByCY+CDC1AFN6AG6gCDR/AMXsGb8+S8OO/Ox6R1wZnO7IE/cD5/AD85lRo=</latexit>

ωa → a→3

e.g., misalignment mechanism

dn = (2.4± 1.0) ✓̄ ⇥ 10�16e cm

' 1.8⇥ 10�26e cm
<latexit sha1_base64="RVuHJiatHds9uz/53rw8NYAiWKs="></latexit>

✓̄ . 10�10
<latexit sha1_base64="JfouO0Nv8FtRH4S6YxlFGIQQ0/g=">AAACBnicbVDJSgNBEO2JW4xb1KMIjUHwYpiJgh6DXjxGMAtkxtDTqSRNeha6a4QwzMmLv+LFgyJe/QZv/o2d5aCJDwoe71VRVc+PpdBo299Wbml5ZXUtv17Y2Nza3inu7jV0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH16P/eYDKC2i8A5HMXgB64eiJzhDI3WKh67PVOriAJBlrgSttQioY9+np46ddYolu2xPQBeJMyMlMkOtU/xyuxFPAgiRS6Z127Fj9FKmUHAJWcFNNMSMD1kf2oaGLADtpZM3MnpslC7tRcpUiHSi/p5IWaD1KPBNZ8BwoOe9sfif106wd+mlIowThJBPF/USSTGi40xoVyjgKEeGMK6EuZXyAVOMo0muYEJw5l9eJI1K2TkrV27PS9WrWRx5ckCOyAlxyAWpkhtSI3XCySN5Jq/kzXqyXqx362PamrNmM/vkD6zPH55xmI0=</latexit>



Axions

Well motivated in some cases (strong CP) 
 
 

 

Natural dark matter candidates (very cold) 
 
 
 
 
 
 

Couplings to photons and matter  

Competitive searches need to “scan” 

AxionLimits (Ciaran O’Hare)

1-parameter 
model

ma / 1/fa
<latexit sha1_base64="Rhpx60Uk21UApeL/PjqVT/b0+tI=">AAAB+XicbVDLSgNBEJz1GeNr1aOXwSB4irtR0GPQi8cI5gHJssxOZpMh82JmNhCW/IkXD4p49U+8+TdOkj1oYkFDUdVNd1eiGDU2CL69tfWNza3t0k55d2//4NA/Om4ZmWlMmlgyqTsJMoRRQZqWWkY6ShPEE0bayeh+5rfHRBsqxZOdKBJxNBA0pRhZJ8W+z2PUU1oqK2F4mcYo9itBNZgDrpKwIBVQoBH7X72+xBknwmKGjOmGgbJRjrSlmJFpuZcZohAeoQHpOioQJybK55dP4blT+jCV2pWwcK7+nsgRN2bCE9fJkR2aZW8m/ud1M5veRjkVKrNE4MWiNGPQvTmLAfapJtiyiSMIa+puhXiINMLWhVV2IYTLL6+SVq0aXlVrj9eV+l0RRwmcgjNwAUJwA+rgATRAE2AwBs/gFbx5uffivXsfi9Y1r5g5AX/gff4A1nmTIg==</latexit>

g / 1/fa
<latexit sha1_base64="Nr/3m4zClPWbFaMU5bgLkZgZxHI=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU92tgh6LXjxWsB/Q1pJNs21oNglJVilL/4cXD4p49b9489+YtnvQ1gcDj/dmmJkXKs6M9f1vL7eyura+kd8sbG3v7O4V9w8aRiaa0DqRXOpWiA3lTNC6ZZbTltIUxyGnzXB0M/Wbj1QbJsW9HSvajfFAsIgRbJ30MOgoLZWVKDiLerhXLPllfwa0TIKMlCBDrVf86vQlSWIqLOHYmHbgK9tNsbaMcDopdBJDFSYjPKBtRwWOqemms6sn6MQpfRRJ7UpYNFN/T6Q4NmYch64zxnZoFr2p+J/XTmx01U2ZUImlgswXRQlH7s1pBKjPNCWWjx3BRDN3KyJDrDGxLqiCCyFYfHmZNCrl4LxcubsoVa+zOPJwBMdwCgFcQhVuoQZ1IKDhGV7hzXvyXrx372PemvOymUP4A+/zB90qkhc=</latexit>

10°1 100 101

mat

0

1a(t)
fa

<latexit sha1_base64="Ea84k7nwz7v69Ljnda0N1YwfU4M=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVwY5lRqS6LblxWsA/ojEMmzbShmSQkGaEOxV9x40IRt/6HO//G9LHQ1gMXDufcy733xJJRbTzv21lYXFpeWS2sFdc3Nre23Z3dhhaZwqSOBROqFSNNGOWkbqhhpCUVQWnMSDPuX4/85gNRmgp+ZwaShCnqcppQjIyVInc/UD0RoUAqIY2A6D4/ORtGbskre2PAeeJPSQlMUYvcr6AjcJYSbjBDWrd9T5owR8pQzMiwGGSaSIT7qEvalnKUEh3m4+uH8MgqHZgIZYsbOFZ/T+Qo1XqQxrYzRaanZ72R+J/XzkxyGeaUy8wQjieLkoxB++coCtihimDDBpYgrKi9FeIeUggbG1jRhuDPvjxPGqdlv1Ku3J6XqlfTOArgAByCY+CDC1AFN6AG6gCDR/AMXsGb8+S8OO/Ox6R1wZnO7IE/cD5/AD85lRo=</latexit>

ωa → a→3

e.g., misalignment mechanism

dn = (2.4± 1.0) ✓̄ ⇥ 10�16e cm

' 1.8⇥ 10�26e cm
<latexit sha1_base64="RVuHJiatHds9uz/53rw8NYAiWKs="></latexit>

✓̄ . 10�10
<latexit sha1_base64="JfouO0Nv8FtRH4S6YxlFGIQQ0/g=">AAACBnicbVDJSgNBEO2JW4xb1KMIjUHwYpiJgh6DXjxGMAtkxtDTqSRNeha6a4QwzMmLv+LFgyJe/QZv/o2d5aCJDwoe71VRVc+PpdBo299Wbml5ZXUtv17Y2Nza3inu7jV0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH16P/eYDKC2i8A5HMXgB64eiJzhDI3WKh67PVOriAJBlrgSttQioY9+np46ddYolu2xPQBeJMyMlMkOtU/xyuxFPAgiRS6Z127Fj9FKmUHAJWcFNNMSMD1kf2oaGLADtpZM3MnpslC7tRcpUiHSi/p5IWaD1KPBNZ8BwoOe9sfif106wd+mlIowThJBPF/USSTGi40xoVyjgKEeGMK6EuZXyAVOMo0muYEJw5l9eJI1K2TkrV27PS9WrWRx5ckCOyAlxyAWpkhtSI3XCySN5Jq/kzXqyXqx362PamrNmM/vkD6zPH55xmI0=</latexit>

yeV zeV aeV feV peV neV µeV meV eV keV MeV GeV TeV

Axion mass [eV]
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Axions

Well motivated in some cases (strong CP) 
 
 

 

Natural dark matter candidates (very cold) 
 
 
 
 
 
 

Couplings to photons and matter  

Competitive searches need to “scan” 

AxionLimits (Ciaran O’Hare)

1-parameter 
model

ma / 1/fa
<latexit sha1_base64="Rhpx60Uk21UApeL/PjqVT/b0+tI=">AAAB+XicbVDLSgNBEJz1GeNr1aOXwSB4irtR0GPQi8cI5gHJssxOZpMh82JmNhCW/IkXD4p49U+8+TdOkj1oYkFDUdVNd1eiGDU2CL69tfWNza3t0k55d2//4NA/Om4ZmWlMmlgyqTsJMoRRQZqWWkY6ShPEE0bayeh+5rfHRBsqxZOdKBJxNBA0pRhZJ8W+z2PUU1oqK2F4mcYo9itBNZgDrpKwIBVQoBH7X72+xBknwmKGjOmGgbJRjrSlmJFpuZcZohAeoQHpOioQJybK55dP4blT+jCV2pWwcK7+nsgRN2bCE9fJkR2aZW8m/ud1M5veRjkVKrNE4MWiNGPQvTmLAfapJtiyiSMIa+puhXiINMLWhVV2IYTLL6+SVq0aXlVrj9eV+l0RRwmcgjNwAUJwA+rgATRAE2AwBs/gFbx5uffivXsfi9Y1r5g5AX/gff4A1nmTIg==</latexit>

g / 1/fa
<latexit sha1_base64="Nr/3m4zClPWbFaMU5bgLkZgZxHI=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU92tgh6LXjxWsB/Q1pJNs21oNglJVilL/4cXD4p49b9489+YtnvQ1gcDj/dmmJkXKs6M9f1vL7eyura+kd8sbG3v7O4V9w8aRiaa0DqRXOpWiA3lTNC6ZZbTltIUxyGnzXB0M/Wbj1QbJsW9HSvajfFAsIgRbJ30MOgoLZWVKDiLerhXLPllfwa0TIKMlCBDrVf86vQlSWIqLOHYmHbgK9tNsbaMcDopdBJDFSYjPKBtRwWOqemms6sn6MQpfRRJ7UpYNFN/T6Q4NmYch64zxnZoFr2p+J/XTmx01U2ZUImlgswXRQlH7s1pBKjPNCWWjx3BRDN3KyJDrDGxLqiCCyFYfHmZNCrl4LxcubsoVa+zOPJwBMdwCgFcQhVuoQZ1IKDhGV7hzXvyXrx372PemvOymUP4A+/zB90qkhc=</latexit>

10°1 100 101

mat

0

1a(t)
fa

<latexit sha1_base64="Ea84k7nwz7v69Ljnda0N1YwfU4M=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVwY5lRqS6LblxWsA/ojEMmzbShmSQkGaEOxV9x40IRt/6HO//G9LHQ1gMXDufcy733xJJRbTzv21lYXFpeWS2sFdc3Nre23Z3dhhaZwqSOBROqFSNNGOWkbqhhpCUVQWnMSDPuX4/85gNRmgp+ZwaShCnqcppQjIyVInc/UD0RoUAqIY2A6D4/ORtGbskre2PAeeJPSQlMUYvcr6AjcJYSbjBDWrd9T5owR8pQzMiwGGSaSIT7qEvalnKUEh3m4+uH8MgqHZgIZYsbOFZ/T+Qo1XqQxrYzRaanZ72R+J/XzkxyGeaUy8wQjieLkoxB++coCtihimDDBpYgrKi9FeIeUggbG1jRhuDPvjxPGqdlv1Ku3J6XqlfTOArgAByCY+CDC1AFN6AG6gCDR/AMXsGb8+S8OO/Ox6R1wZnO7IE/cD5/AD85lRo=</latexit>

ωa → a→3

e.g., misalignment mechanism

dn = (2.4± 1.0) ✓̄ ⇥ 10�16e cm

' 1.8⇥ 10�26e cm
<latexit sha1_base64="RVuHJiatHds9uz/53rw8NYAiWKs="></latexit>

✓̄ . 10�10
<latexit sha1_base64="JfouO0Nv8FtRH4S6YxlFGIQQ0/g=">AAACBnicbVDJSgNBEO2JW4xb1KMIjUHwYpiJgh6DXjxGMAtkxtDTqSRNeha6a4QwzMmLv+LFgyJe/QZv/o2d5aCJDwoe71VRVc+PpdBo299Wbml5ZXUtv17Y2Nza3inu7jV0lCgOdR7JSLV8pkGKEOooUEIrVsACX0LTH16P/eYDKC2i8A5HMXgB64eiJzhDI3WKh67PVOriAJBlrgSttQioY9+np46ddYolu2xPQBeJMyMlMkOtU/xyuxFPAgiRS6Z127Fj9FKmUHAJWcFNNMSMD1kf2oaGLADtpZM3MnpslC7tRcpUiHSi/p5IWaD1KPBNZ8BwoOe9sfif106wd+mlIowThJBPF/USSTGi40xoVyjgKEeGMK6EuZXyAVOMo0muYEJw5l9eJI1K2TkrV27PS9WrWRx5ckCOyAlxyAWpkhtSI3XCySN5Jq/kzXqyXqx362PamrNmM/vkD6zPH55xmI0=</latexit>

yeV zeV aeV feV peV neV µeV meV eV keV MeV GeV TeV

Axion mass [eV]

10°20
10°19
10°18
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10°14
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<latexit sha1_base64="rHQm+IYI0E8Zt6tBg0PNxgGOw9s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiFy9CRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewsrq2vlHcLG1t7+zulfcPWjpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsYX8/89iMqzWP5YCYJ+hEdSh5yRo2V7m/7br9ccavuHOQv8XJSgRyNfvmzN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n81Ck5scqAhLGyJQ2Zqz8nMhppPYkC2xlRM9LL3kz8z+umJrz0My6T1KBki0VhKoiJyexvMuAKmRETSyhT3N5K2IgqyoxNp2RD8JZf/ktaZ1WvVq3dnVfqV3kcRTiCYzgFDy6gDjfQgCYwGMITvMCrI5xn5815X7QWnHzmEH7B+fgGzC2Nfw==</latexit>

M0

<latexit sha1_base64="oelhACDL9MI/nzmdwahiASUNsA0=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQNyURqS5L3bisYB/QhDCZTtuh8wgzE7GE/oobF4q49Ufc+TdO2yy09cCFwzn3cu89ccKoNp737RQ2Nre2d4q7pb39g8Mj97jc0TJVmLSxZFL1YqQJo4K0DTWM9BJFEI8Z6caT27nffSRKUykezDQhIUcjQYcUI2OlyC03Iz/AUlcDyckIRZ65iNyKV/MWgOvEz0kF5GhF7lcwkDjlRBjMkNZ930tMmCFlKGZkVgpSTRKEJ2hE+pYKxIkOs8XtM3hulQEcSmVLGLhQf09kiGs95bHt5MiM9ao3F//z+qkZ3oQZFUlqiMDLRcOUQSPhPAg4oIpgw6aWIKyovRXiMVIIGxtXyYbgr768TjqXNb9eq99fVRrNPI4iOAVnoAp8cA0a4A60QBtg8ASewSt4c2bOi/PufCxbC04+cwL+wPn8AbAPk5Y=</latexit>

B1 cos(ω0t)

Axions and NMR

Strategy: resonant continuous NMR in hyper polarised samples 



<latexit sha1_base64="rHQm+IYI0E8Zt6tBg0PNxgGOw9s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiFy9CRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewsrq2vlHcLG1t7+zulfcPWjpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsYX8/89iMqzWP5YCYJ+hEdSh5yRo2V7m/7br9ccavuHOQv8XJSgRyNfvmzN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n81Ck5scqAhLGyJQ2Zqz8nMhppPYkC2xlRM9LL3kz8z+umJrz0My6T1KBki0VhKoiJyexvMuAKmRETSyhT3N5K2IgqyoxNp2RD8JZf/ktaZ1WvVq3dnVfqV3kcRTiCYzgFDy6gDjfQgCYwGMITvMCrI5xn5815X7QWnHzmEH7B+fgGzC2Nfw==</latexit>

M0

Axions and NMR

Strategy: resonant continuous NMR in hyper polarised samples 

<latexit sha1_base64="j6BeKyX7iDf4OT8OWaQgHUtdS3A=">AAACAnicbVDJSgNBEO1xjXEb9SReGoPgxTATJHoM8eIxQjbIjKGn05M06VnorhHDMHrxV7x4UMSrX+HNv7GzHDTxQcHjvSqq6nmx4Aos69tYWl5ZXVvPbeQ3t7Z3ds29/aaKEklZg0Yikm2PKCZ4yBrAQbB2LBkJPMFa3vBq7LfumFQ8CuswipkbkH7IfU4JaKlrHla7tqN4gG3rNj0rWdmDA+we0nrWNQtW0ZoALxJ7RgpohlrX/HJ6EU0CFgIVRKmObcXgpkQCp4JleSdRLCZ0SPqso2lIAqbcdPJChk+00sN+JHWFgCfq74mUBEqNAk93BgQGat4bi/95nQT8SzflYZwAC+l0kZ8IDBEe54F7XDIKYqQJoZLrWzEdEEko6NTyOgR7/uVF0iwV7XKxfHNeqFRnceTQETpGp8hGF6iCrlENNRBFj+gZvaI348l4Md6Nj2nrkjGbOUB/YHz+ANT+lng=</latexit>

B1 → 10→20 T
<latexit sha1_base64="pYjUy1aRHxMwFXAyZhYjxqZJjdc="></latexit>

ω1 = εB1 → 10→13 rad/s

<latexit sha1_base64="oelhACDL9MI/nzmdwahiASUNsA0=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQNyURqS5L3bisYB/QhDCZTtuh8wgzE7GE/oobF4q49Ufc+TdO2yy09cCFwzn3cu89ccKoNp737RQ2Nre2d4q7pb39g8Mj97jc0TJVmLSxZFL1YqQJo4K0DTWM9BJFEI8Z6caT27nffSRKUykezDQhIUcjQYcUI2OlyC03Iz/AUlcDyckIRZ65iNyKV/MWgOvEz0kF5GhF7lcwkDjlRBjMkNZ930tMmCFlKGZkVgpSTRKEJ2hE+pYKxIkOs8XtM3hulQEcSmVLGLhQf09kiGs95bHt5MiM9ao3F//z+qkZ3oQZFUlqiMDLRcOUQSPhPAg4oIpgw6aWIKyovRXiMVIIGxtXyYbgr768TjqXNb9eq99fVRrNPI4iOAVnoAp8cA0a4A60QBtg8ASewSt4c2bOi/PufCxbC04+cwL+wPn8AbAPk5Y=</latexit>

B1 cos(ω0t)

<latexit sha1_base64="XZzNNxUPiTMGgfSdrt20mCQKXPY="></latexit>

Hgrad = →g →a · ωω



Superradiant interactions

We can enhance scattering coherently 
<latexit sha1_base64="l/KvZT/pNCgOzLEOdmxKXzBdyjo=">AAACEHicbVDLTgIxFO3gC/E16tJNIzG6MGSGGHRJdKErg0QeCQPkTinQ0M5M2o4JIfAHbvwVNy40xq1Ld/6N5bFQ8CRNT845N+09fsSZ0o7zbSWWlldW15LrqY3Nre0de3evrMJYEloiIQ9l1QdFOQtoSTPNaTWSFITPacXvXY39ygOVioXBve5HtC6gE7A2I6CN1LSPPW7CLcBep4OLp3g08q5BCPAUE/i2kZ3cxUauaaedjDMBXiTujKTRDIWm/eW1QhILGmjCQama60S6PgCpGeF0mPJiRSMgPejQmqEBCKrqg8lCQ3xklBZuh9KcQOOJ+ntiAEKpvvBNUoDuqnlvLP7n1WLdvqgPWBDFmgZk+lA75liHeNwObjFJieZ9Q4BIZv6KSRckEG06TJkS3PmVF0k5m3FzmdzdWTp/OasjiQ7QITpBLjpHeXSDCqiECHpEz+gVvVlP1ov1bn1MowlrNrOP/sD6/AFbQ5uK</latexit>

ω → R, ! ↑ N2 ↑ R6



Superradiant interactions

e.g., liquid He densities 

2408.04021

C B (scatterings) ν

We can enhance scattering coherently 
<latexit sha1_base64="l/KvZT/pNCgOzLEOdmxKXzBdyjo=">AAACEHicbVDLTgIxFO3gC/E16tJNIzG6MGSGGHRJdKErg0QeCQPkTinQ0M5M2o4JIfAHbvwVNy40xq1Ld/6N5bFQ8CRNT845N+09fsSZ0o7zbSWWlldW15LrqY3Nre0de3evrMJYEloiIQ9l1QdFOQtoSTPNaTWSFITPacXvXY39ygOVioXBve5HtC6gE7A2I6CN1LSPPW7CLcBep4OLp3g08q5BCPAUE/i2kZ3cxUauaaedjDMBXiTujKTRDIWm/eW1QhILGmjCQama60S6PgCpGeF0mPJiRSMgPejQmqEBCKrqg8lCQ3xklBZuh9KcQOOJ+ntiAEKpvvBNUoDuqnlvLP7n1WLdvqgPWBDFmgZk+lA75liHeNwObjFJieZ9Q4BIZv6KSRckEG06TJkS3PmVF0k5m3FzmdzdWTp/OasjiQ7QITpBLjpHeXSDCqiECHpEz+gVvVlP1ov1bn1MowlrNrOP/sD6/AFbQ5uK</latexit>

ω → R, ! ↑ N2 ↑ R6



Superradiant interactions

e.g., liquid He densities 

2408.04021

C B (scatterings) ν
<latexit sha1_base64="Km3sADugpCWZk4GoBbDXFP2DkGI="></latexit>
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Axions (absorption/emission) 

2408.04021

We can enhance scattering coherently 
<latexit sha1_base64="l/KvZT/pNCgOzLEOdmxKXzBdyjo=">AAACEHicbVDLTgIxFO3gC/E16tJNIzG6MGSGGHRJdKErg0QeCQPkTinQ0M5M2o4JIfAHbvwVNy40xq1Ld/6N5bFQ8CRNT845N+09fsSZ0o7zbSWWlldW15LrqY3Nre0de3evrMJYEloiIQ9l1QdFOQtoSTPNaTWSFITPacXvXY39ygOVioXBve5HtC6gE7A2I6CN1LSPPW7CLcBep4OLp3g08q5BCPAUE/i2kZ3cxUauaaedjDMBXiTujKTRDIWm/eW1QhILGmjCQama60S6PgCpGeF0mPJiRSMgPejQmqEBCKrqg8lCQ3xklBZuh9KcQOOJ+ntiAEKpvvBNUoDuqnlvLP7n1WLdvqgPWBDFmgZk+lA75liHeNwObjFJieZ9Q4BIZv6KSRckEG06TJkS3PmVF0k5m3FzmdzdWTp/OasjiQ7QITpBLjpHeXSDCqiECHpEz+gVvVlP1ov1bn1MowlrNrOP/sD6/AFbQ5uK</latexit>

ω → R, ! ↑ N2 ↑ R6



Superradiant interactions

e.g., liquid He densities 

2408.04021

C B (scatterings) ν
<latexit sha1_base64="Km3sADugpCWZk4GoBbDXFP2DkGI="></latexit>
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→ 1Hz
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Axions (absorption/emission) 

2408.04021

Net effect  γnet = γ− − γ+ > 0
No net effect  γ− = γ+

We can enhance scattering coherently 
<latexit sha1_base64="l/KvZT/pNCgOzLEOdmxKXzBdyjo=">AAACEHicbVDLTgIxFO3gC/E16tJNIzG6MGSGGHRJdKErg0QeCQPkTinQ0M5M2o4JIfAHbvwVNy40xq1Ld/6N5bFQ8CRNT845N+09fsSZ0o7zbSWWlldW15LrqY3Nre0de3evrMJYEloiIQ9l1QdFOQtoSTPNaTWSFITPacXvXY39ygOVioXBve5HtC6gE7A2I6CN1LSPPW7CLcBep4OLp3g08q5BCPAUE/i2kZ3cxUauaaedjDMBXiTujKTRDIWm/eW1QhILGmjCQama60S6PgCpGeF0mPJiRSMgPejQmqEBCKrqg8lCQ3xklBZuh9KcQOOJ+ntiAEKpvvBNUoDuqnlvLP7n1WLdvqgPWBDFmgZk+lA75liHeNwObjFJieZ9Q4BIZv6KSRckEG06TJkS3PmVF0k5m3FzmdzdWTp/OasjiQ7QITpBLjpHeXSDCqiECHpEz+gVvVlP1ov1bn1MowlrNrOP/sD6/AFbQ5uK</latexit>

ω → R, ! ↑ N2 ↑ R6



Superradiant interactions

e.g., liquid He densities 

2408.04021

1. “Quantum coherence” needed 
2. Coherence is only partial if   

Caveats 

C B (scatterings) ν

<latexit sha1_base64="PUhkgoYASumu7S90kqQsBMEISTI=">AAACA3icbVDLSgMxFM34rPVVdaebYBFclRmR6rLoxmUV+4DOMGTS2zY0yQxJRihDwY2/4saFIm79CXf+jWk7C209EDiccy4390QJZ9q47reztLyyurZe2Chubm3v7Jb29ps6ThWFBo15rNoR0cCZhIZhhkM7UUBExKEVDa8nfusBlGaxvDejBAJB+pL1GCXGSmHp0Oc23CVh5iuBmRz7HLTWTOC7sFR2K+4UeJF4OSmjHPWw9OV3Y5oKkIZyonXHcxMTZEQZRjmMi36qISF0SPrQsVQSATrIpjeM8YlVurgXK/ukwVP190RGhNYjEdmkIGag572J+J/XSU3vMsiYTFIDks4W9VKOTYwnheAuU0ANH1lCqGL2r5gOiCLU2NqKtgRv/uRF0jyreNVK9fa8XLvK6yigI3SMTpGHLlAN3aA6aiCKHtEzekVvzpPz4rw7H7PokpPPHKA/cD5/ABEBl84=</latexit>

ωin ↭ R

<latexit sha1_base64="Km3sADugpCWZk4GoBbDXFP2DkGI="></latexit>
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Axions (absorption/emission) 

2408.04021

Net effect  γnet = γ− − γ+ > 0
No net effect  γ− = γ+

We can enhance scattering coherently 
<latexit sha1_base64="l/KvZT/pNCgOzLEOdmxKXzBdyjo=">AAACEHicbVDLTgIxFO3gC/E16tJNIzG6MGSGGHRJdKErg0QeCQPkTinQ0M5M2o4JIfAHbvwVNy40xq1Ld/6N5bFQ8CRNT845N+09fsSZ0o7zbSWWlldW15LrqY3Nre0de3evrMJYEloiIQ9l1QdFOQtoSTPNaTWSFITPacXvXY39ygOVioXBve5HtC6gE7A2I6CN1LSPPW7CLcBep4OLp3g08q5BCPAUE/i2kZ3cxUauaaedjDMBXiTujKTRDIWm/eW1QhILGmjCQama60S6PgCpGeF0mPJiRSMgPejQmqEBCKrqg8lCQ3xklBZuh9KcQOOJ+ntiAEKpvvBNUoDuqnlvLP7n1WLdvqgPWBDFmgZk+lA75liHeNwObjFJieZ9Q4BIZv6KSRckEG06TJkS3PmVF0k5m3FzmdzdWTp/OasjiQ7QITpBLjpHeXSDCqiECHpEz+gVvVlP1ov1bn1MowlrNrOP/sD6/AFbQ5uK</latexit>

ω → R, ! ↑ N2 ↑ R6



Relic neutrino interaction

<latexit sha1_base64="HqcjCEDIN3riF4miFoBK9W6/fhY=">AAACHXicbZDLSgMxFIYz9VbrbdSlm2ARhNIyI6W6EYpuSlcV7QU6ZcikaRuazAxJRmiHvogbX8WNC0VcuBHfxrQdQVt/CHz5zzkk5/dCRqWyrC8jtbK6tr6R3sxsbe/s7pn7Bw0ZRAKTOg5YIFoekoRRn9QVVYy0QkEQ9xhpesPrab15T4SkgX+nRiHpcNT3aY9ipLTlmsUKvHQCTvrItaruOAehc0v7HLnj6S3hfNXN/3Cu6uZcM2sVrJngMtgJZEGimmt+ON0AR5z4CjMkZdu2QtWJkVAUMzLJOJEkIcJD1CdtjT7iRHbi2XYTeKKdLuwFQh9fwZn7eyJGXMoR93QnR2ogF2tT879aO1K9i05M/TBSxMfzh3oRgyqA06hglwqCFRtpQFhQ/VeIB0ggrHSgGR2CvbjyMjTOCnapULopZstXSRxpcASOwSmwwTkogwqogTrA4AE8gRfwajwaz8ab8T5vTRnJzCH4I+PzG796n94=</latexit>

H = ω0Jz + !zJz + !→J→ + !+J+

ω

X→

ω

X↑

ω̄

X→

ω̄

X↑

ω

ω̄

X→ X↑

1

4-Fermi vertex

Spin raising and 
lowering operators Inelastic

<latexit sha1_base64="DAYSyZ7vFIAfxGRkF5wVUBgBHRs="></latexit>

!± =
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i

GF→
2
gAω̄i(ε

1 ↑ iε2)(1↓ ε5)ωi



Relic neutrino interaction

<latexit sha1_base64="HqcjCEDIN3riF4miFoBK9W6/fhY=">AAACHXicbZDLSgMxFIYz9VbrbdSlm2ARhNIyI6W6EYpuSlcV7QU6ZcikaRuazAxJRmiHvogbX8WNC0VcuBHfxrQdQVt/CHz5zzkk5/dCRqWyrC8jtbK6tr6R3sxsbe/s7pn7Bw0ZRAKTOg5YIFoekoRRn9QVVYy0QkEQ9xhpesPrab15T4SkgX+nRiHpcNT3aY9ipLTlmsUKvHQCTvrItaruOAehc0v7HLnj6S3hfNXN/3Cu6uZcM2sVrJngMtgJZEGimmt+ON0AR5z4CjMkZdu2QtWJkVAUMzLJOJEkIcJD1CdtjT7iRHbi2XYTeKKdLuwFQh9fwZn7eyJGXMoR93QnR2ogF2tT879aO1K9i05M/TBSxMfzh3oRgyqA06hglwqCFRtpQFhQ/VeIB0ggrHSgGR2CvbjyMjTOCnapULopZstXSRxpcASOwSmwwTkogwqogTrA4AE8gRfwajwaz8ab8T5vTRnJzCH4I+PzG796n94=</latexit>

H = ω0Jz + !zJz + !→J→ + !+J+

ω

X→

ω

X↑

ω̄

X→

ω̄

X↑

ω

ω̄

X→ X↑

1

4-Fermi vertex

Spin raising and 
lowering operators Inelastic

<latexit sha1_base64="DAYSyZ7vFIAfxGRkF5wVUBgBHRs="></latexit>

!± =
∑

i

GF→
2
gAω̄i(ε

1 ↑ iε2)(1↓ ε5)ωi

ν

Single spin
<latexit sha1_base64="HpYYO5nl84TzSCxDv/H/sJzXwpY=">AAACFHicbZDLSsNAFIYnXmu9RV26GSyCIA2JlNpl0U2XFewFmhom00k7dCaJMxOhhvoObnwVNy4UcevCnW/jtM1CW38Y+PjPOZw5vx8zKpVtfxtLyyura+u5jfzm1vbOrrm335RRIjBp4IhFou0jSRgNSUNRxUg7FgRxn5GWP7yc1Ft3REgahddqFJMuR/2QBhQjpS3PPHX7iHPkFaErKSe30LEcV2mS0LFv0mKpMn5IXcFh7X7smQXbsqeCi+BkUACZ6p755fYinHASKsyQlB3HjlU3RUJRzMg47yaSxAgPUZ90NIZIr+2m06PG8Fg7PRhEQr9Qwan7eyJFXMoR93UnR2og52sT879aJ1FBpZvSME4UCfFsUZAwqCI4SQj2qCBYsZEGhAXVf4V4gATCSueY1yE48ycvQvPMcspW+apUqF5kceTAITgCJ8AB56AKaqAOGgCDR/AMXsGb8WS8GO/Gx6x1ychmDsAfGZ8/RJmdGw==</latexit>

ω→ → 1.1↑ 10
→48

Hz

<latexit sha1_base64="jAyWw0Zg5X5FQazdsJ7k1jVNtJo="></latexit>

ωnet = ω→ → ω+ ↑ 6↓ 10
→51

Hz
<latexit sha1_base64="IaF+g0smg1ZW0F+NybSariW0obA="></latexit>ωnet → ε0



Relic neutrino interaction

<latexit sha1_base64="HqcjCEDIN3riF4miFoBK9W6/fhY=">AAACHXicbZDLSgMxFIYz9VbrbdSlm2ARhNIyI6W6EYpuSlcV7QU6ZcikaRuazAxJRmiHvogbX8WNC0VcuBHfxrQdQVt/CHz5zzkk5/dCRqWyrC8jtbK6tr6R3sxsbe/s7pn7Bw0ZRAKTOg5YIFoekoRRn9QVVYy0QkEQ9xhpesPrab15T4SkgX+nRiHpcNT3aY9ipLTlmsUKvHQCTvrItaruOAehc0v7HLnj6S3hfNXN/3Cu6uZcM2sVrJngMtgJZEGimmt+ON0AR5z4CjMkZdu2QtWJkVAUMzLJOJEkIcJD1CdtjT7iRHbi2XYTeKKdLuwFQh9fwZn7eyJGXMoR93QnR2ogF2tT879aO1K9i05M/TBSxMfzh3oRgyqA06hglwqCFRtpQFhQ/VeIB0ggrHSgGR2CvbjyMjTOCnapULopZstXSRxpcASOwSmwwTkogwqogTrA4AE8gRfwajwaz8ab8T5vTRnJzCH4I+PzG796n94=</latexit>

H = ω0Jz + !zJz + !→J→ + !+J+

ω

X→

ω

X↑

ω̄

X→

ω̄

X↑

ω

ω̄

X→ X↑

1

4-Fermi vertex

Spin raising and 
lowering operators

<latexit sha1_base64="bUyGzNmeG90kMkPF7iPiG9WYS1Q="></latexit>

HS = ω0

∑

ω

J
ω
z ,

H
I
I (t) =

∑

ω

!ω
z J

ω
z + e

→iε0t
∑

ω

!ω
→J

ω
→ + e

iε0t
∑

ω

!ω
+J

ω
+

Inelastic

<latexit sha1_base64="DAYSyZ7vFIAfxGRkF5wVUBgBHRs="></latexit>

!± =
∑

i

GF→
2
gAω̄i(ε

1 ↑ iε2)(1↓ ε5)ωi

ν

Single spin
<latexit sha1_base64="HpYYO5nl84TzSCxDv/H/sJzXwpY=">AAACFHicbZDLSsNAFIYnXmu9RV26GSyCIA2JlNpl0U2XFewFmhom00k7dCaJMxOhhvoObnwVNy4UcevCnW/jtM1CW38Y+PjPOZw5vx8zKpVtfxtLyyura+u5jfzm1vbOrrm335RRIjBp4IhFou0jSRgNSUNRxUg7FgRxn5GWP7yc1Ft3REgahddqFJMuR/2QBhQjpS3PPHX7iHPkFaErKSe30LEcV2mS0LFv0mKpMn5IXcFh7X7smQXbsqeCi+BkUACZ6p755fYinHASKsyQlB3HjlU3RUJRzMg47yaSxAgPUZ90NIZIr+2m06PG8Fg7PRhEQr9Qwan7eyJFXMoR93UnR2og52sT879aJ1FBpZvSME4UCfFsUZAwqCI4SQj2qCBYsZEGhAXVf4V4gATCSueY1yE48ycvQvPMcspW+apUqF5kceTAITgCJ8AB56AKaqAOGgCDR/AMXsGb8WS8GO/Gx6x1ychmDsAfGZ8/RJmdGw==</latexit>

ω→ → 1.1↑ 10
→48

Hz

<latexit sha1_base64="jAyWw0Zg5X5FQazdsJ7k1jVNtJo="></latexit>

ωnet = ω→ → ω+ ↑ 6↓ 10
→51

Hz
<latexit sha1_base64="IaF+g0smg1ZW0F+NybSariW0obA="></latexit>ωnet → ε0

 spinsN

…
ν

<latexit sha1_base64="PIR59gFh9XiRXmULTxfOKf52WBU="></latexit>

!± → G2
F

∫ 1

→1
dµ F±(q)

Form factor, including 
cross terms 



Coherence requirements 
<latexit sha1_base64="KdEliP4gwBlBwx5qLWoU9ssjyjI="></latexit>

F±(ωp
→ → ωp) ↑

∑

fspin

∣∣∣↓fspin|
∑

ω

Jω
±e

↑i(εp →↑εp)·εxω |ispin↔
∣∣∣
2

Form factor 



Coherence requirements 
<latexit sha1_base64="KdEliP4gwBlBwx5qLWoU9ssjyjI="></latexit>

F±(ωp
→ → ωp) ↑

∑

fspin

∣∣∣↓fspin|
∑

ω

Jω
±e

↑i(εp →↑εp)·εxω |ispin↔
∣∣∣
2

<latexit sha1_base64="i115lH7JhhZIeT+ATYXpOYQqCTw="></latexit>

|ispin→ = | ↑1, ↑2, · · · , ↑ω , · · · , ↑N →1)

Form factor 



Coherence requirements 
<latexit sha1_base64="KdEliP4gwBlBwx5qLWoU9ssjyjI="></latexit>

F±(ωp
→ → ωp) ↑

∑

fspin

∣∣∣↓fspin|
∑

ω

Jω
±e

↑i(εp →↑εp)·εxω |ispin↔
∣∣∣
2

<latexit sha1_base64="i115lH7JhhZIeT+ATYXpOYQqCTw="></latexit>

|ispin→ = | ↑1, ↑2, · · · , ↑ω , · · · , ↑N →
<latexit sha1_base64="WoqyHr4ZLQspEKguZ5q8x87Gz2c=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiVtSSiFQ3QlFQV1LBXqCJYTKdtEMnF2YmhRK6cuOruHGhiFufwZ1v47TNQlt/GPj4zzmcOb8bMSqkYXxrmZnZufmF7GJuaXlldU1f36iJMOaYVHHIQt5wkSCMBqQqqWSkEXGCfJeRutu9HNbrPcIFDYN72Y+I7aN2QD2KkVSWo2/Dq4dr56Bg9QhOooF1uHeU4j48v3X0vFE0RoLTYKaQB6kqjv5ltUIc+ySQmCEhmqYRSTtBXFLMyCBnxYJECHdRmzQVBsgnwk5GZwzgrnJa0Au5eoGEI/f3RIJ8Ifq+qzp9JDtisjY0/6s1Y+md2QkNoliSAI8XeTGDMoTDTGCLcoIl6ytAmFP1V4g7iCMsVXI5FYI5efI01I6LZqlYujvJly/SOLJgC+yAAjDBKSiDG1ABVYDBI3gGr+BNe9JetHftY9ya0dKZTfBH2ucPi4CXSQ==</latexit>

FG
+ (ωp → → ωp) = N

+ +

2

Γ =1)

Form factor 



Coherence requirements 
<latexit sha1_base64="KdEliP4gwBlBwx5qLWoU9ssjyjI="></latexit>

F±(ωp
→ → ωp) ↑

∑

fspin

∣∣∣↓fspin|
∑

ω

Jω
±e

↑i(εp →↑εp)·εxω |ispin↔
∣∣∣
2

<latexit sha1_base64="i115lH7JhhZIeT+ATYXpOYQqCTw="></latexit>

|ispin→ = | ↑1, ↑2, · · · , ↑ω , · · · , ↑N →
<latexit sha1_base64="WoqyHr4ZLQspEKguZ5q8x87Gz2c=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiVtSSiFQ3QlFQV1LBXqCJYTKdtEMnF2YmhRK6cuOruHGhiFufwZ1v47TNQlt/GPj4zzmcOb8bMSqkYXxrmZnZufmF7GJuaXlldU1f36iJMOaYVHHIQt5wkSCMBqQqqWSkEXGCfJeRutu9HNbrPcIFDYN72Y+I7aN2QD2KkVSWo2/Dq4dr56Bg9QhOooF1uHeU4j48v3X0vFE0RoLTYKaQB6kqjv5ltUIc+ySQmCEhmqYRSTtBXFLMyCBnxYJECHdRmzQVBsgnwk5GZwzgrnJa0Au5eoGEI/f3RIJ8Ifq+qzp9JDtisjY0/6s1Y+md2QkNoliSAI8XeTGDMoTDTGCLcoIl6ytAmFP1V4g7iCMsVXI5FYI5efI01I6LZqlYujvJly/SOLJgC+yAAjDBKSiDG1ABVYDBI3gGr+BNe9JetHftY9ya0dKZTfBH2ucPi4CXSQ==</latexit>

FG
+ (ωp → → ωp) = N

+ +

2

Γ =

⟨ ⟩ ⟨= ⟩ = 0

1)

Form factor 



Coherence requirements 
<latexit sha1_base64="KdEliP4gwBlBwx5qLWoU9ssjyjI="></latexit>

F±(ωp
→ → ωp) ↑

∑

fspin

∣∣∣↓fspin|
∑

ω

Jω
±e

↑i(εp →↑εp)·εxω |ispin↔
∣∣∣
2

<latexit sha1_base64="i115lH7JhhZIeT+ATYXpOYQqCTw="></latexit>

|ispin→ = | ↑1, ↑2, · · · , ↑ω , · · · , ↑N →
<latexit sha1_base64="WoqyHr4ZLQspEKguZ5q8x87Gz2c=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiVtSSiFQ3QlFQV1LBXqCJYTKdtEMnF2YmhRK6cuOruHGhiFufwZ1v47TNQlt/GPj4zzmcOb8bMSqkYXxrmZnZufmF7GJuaXlldU1f36iJMOaYVHHIQt5wkSCMBqQqqWSkEXGCfJeRutu9HNbrPcIFDYN72Y+I7aN2QD2KkVSWo2/Dq4dr56Bg9QhOooF1uHeU4j48v3X0vFE0RoLTYKaQB6kqjv5ltUIc+ySQmCEhmqYRSTtBXFLMyCBnxYJECHdRmzQVBsgnwk5GZwzgrnJa0Au5eoGEI/f3RIJ8Ifq+qzp9JDtisjY0/6s1Y+md2QkNoliSAI8XeTGDMoTDTGCLcoIl6ytAmFP1V4g7iCMsVXI5FYI5efI01I6LZqlYujvJly/SOLJgC+yAAjDBKSiDG1ABVYDBI3gGr+BNe9JetHftY9ya0dKZTfBH2ucPi4CXSQ==</latexit>

FG
+ (ωp → → ωp) = N

+ +

2

Γ =

⟨ ⟩ ⟨= ⟩ = 0

1)

Incoherent, irrespective of the 
momentum transfer

Form factor 



Coherence requirements 
<latexit sha1_base64="KdEliP4gwBlBwx5qLWoU9ssjyjI="></latexit>

F±(ωp
→ → ωp) ↑

∑

fspin

∣∣∣↓fspin|
∑

ω

Jω
±e

↑i(εp →↑εp)·εxω |ispin↔
∣∣∣
2

<latexit sha1_base64="i115lH7JhhZIeT+ATYXpOYQqCTw="></latexit>

|ispin→ = | ↑1, ↑2, · · · , ↑ω , · · · , ↑N →
<latexit sha1_base64="WoqyHr4ZLQspEKguZ5q8x87Gz2c=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiVtSSiFQ3QlFQV1LBXqCJYTKdtEMnF2YmhRK6cuOruHGhiFufwZ1v47TNQlt/GPj4zzmcOb8bMSqkYXxrmZnZufmF7GJuaXlldU1f36iJMOaYVHHIQt5wkSCMBqQqqWSkEXGCfJeRutu9HNbrPcIFDYN72Y+I7aN2QD2KkVSWo2/Dq4dr56Bg9QhOooF1uHeU4j48v3X0vFE0RoLTYKaQB6kqjv5ltUIc+ySQmCEhmqYRSTtBXFLMyCBnxYJECHdRmzQVBsgnwk5GZwzgrnJa0Au5eoGEI/f3RIJ8Ifq+qzp9JDtisjY0/6s1Y+md2QkNoliSAI8XeTGDMoTDTGCLcoIl6ytAmFP1V4g7iCMsVXI5FYI5efI01I6LZqlYujvJly/SOLJgC+yAAjDBKSiDG1ABVYDBI3gGr+BNe9JetHftY9ya0dKZTfBH2ucPi4CXSQ==</latexit>

FG
+ (ωp → → ωp) = N

+ +

2

Γ =

⟨ ⟩ ⟨= ⟩ = 0

<latexit sha1_base64="BUu9UnSlZrYa4K6lI+JuOFcEhzU="></latexit>

|ispin→ = | ↑1,↑2, · · · ,↑ω , · · · ,↑N →
<latexit sha1_base64="+HwK4LZA3YCMU6JcUGzBGRBle9M="></latexit>

| →↑ ↓ (| ↔↑+ | ↗↑)/
↘
2

1)

2)

Incoherent, irrespective of the 
momentum transfer

Form factor 



Coherence requirements 
<latexit sha1_base64="KdEliP4gwBlBwx5qLWoU9ssjyjI="></latexit>

F±(ωp
→ → ωp) ↑

∑

fspin

∣∣∣↓fspin|
∑

ω

Jω
±e

↑i(εp →↑εp)·εxω |ispin↔
∣∣∣
2

<latexit sha1_base64="i115lH7JhhZIeT+ATYXpOYQqCTw="></latexit>

|ispin→ = | ↑1, ↑2, · · · , ↑ω , · · · , ↑N →
<latexit sha1_base64="WoqyHr4ZLQspEKguZ5q8x87Gz2c=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiVtSSiFQ3QlFQV1LBXqCJYTKdtEMnF2YmhRK6cuOruHGhiFufwZ1v47TNQlt/GPj4zzmcOb8bMSqkYXxrmZnZufmF7GJuaXlldU1f36iJMOaYVHHIQt5wkSCMBqQqqWSkEXGCfJeRutu9HNbrPcIFDYN72Y+I7aN2QD2KkVSWo2/Dq4dr56Bg9QhOooF1uHeU4j48v3X0vFE0RoLTYKaQB6kqjv5ltUIc+ySQmCEhmqYRSTtBXFLMyCBnxYJECHdRmzQVBsgnwk5GZwzgrnJa0Au5eoGEI/f3RIJ8Ifq+qzp9JDtisjY0/6s1Y+md2QkNoliSAI8XeTGDMoTDTGCLcoIl6ytAmFP1V4g7iCMsVXI5FYI5efI01I6LZqlYujvJly/SOLJgC+yAAjDBKSiDG1ABVYDBI3gGr+BNe9JetHftY9ya0dKZTfBH2ucPi4CXSQ==</latexit>

FG
+ (ωp → → ωp) = N

+ +

2

Γ =

⟨ ⟩ ⟨= ⟩ = 0

<latexit sha1_base64="BUu9UnSlZrYa4K6lI+JuOFcEhzU="></latexit>

|ispin→ = | ↑1,↑2, · · · ,↑ω , · · · ,↑N →
<latexit sha1_base64="+HwK4LZA3YCMU6JcUGzBGRBle9M="></latexit>

| →↑ ↓ (| ↔↑+ | ↗↑)/
↘
2

<latexit sha1_base64="K9UWT8Ix6hMULAo0zyLLkHGcCnM="></latexit>

FP
± (ωp → → ωp) =

N

2
+

1

4

∑

ω,ε ↑=ω

e↓i(ϑp →↓ϑp)·(ϑxω↓ϑxε)

⟨ ⟩ =
1
2

1)

2)

Incoherent, irrespective of the 
momentum transfer

Form factor 



Coherence requirements 
<latexit sha1_base64="KdEliP4gwBlBwx5qLWoU9ssjyjI="></latexit>

F±(ωp
→ → ωp) ↑

∑

fspin

∣∣∣↓fspin|
∑

ω

Jω
±e

↑i(εp →↑εp)·εxω |ispin↔
∣∣∣
2

<latexit sha1_base64="i115lH7JhhZIeT+ATYXpOYQqCTw="></latexit>

|ispin→ = | ↑1, ↑2, · · · , ↑ω , · · · , ↑N →
<latexit sha1_base64="WoqyHr4ZLQspEKguZ5q8x87Gz2c=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiVtSSiFQ3QlFQV1LBXqCJYTKdtEMnF2YmhRK6cuOruHGhiFufwZ1v47TNQlt/GPj4zzmcOb8bMSqkYXxrmZnZufmF7GJuaXlldU1f36iJMOaYVHHIQt5wkSCMBqQqqWSkEXGCfJeRutu9HNbrPcIFDYN72Y+I7aN2QD2KkVSWo2/Dq4dr56Bg9QhOooF1uHeU4j48v3X0vFE0RoLTYKaQB6kqjv5ltUIc+ySQmCEhmqYRSTtBXFLMyCBnxYJECHdRmzQVBsgnwk5GZwzgrnJa0Au5eoGEI/f3RIJ8Ifq+qzp9JDtisjY0/6s1Y+md2QkNoliSAI8XeTGDMoTDTGCLcoIl6ytAmFP1V4g7iCMsVXI5FYI5efI01I6LZqlYujvJly/SOLJgC+yAAjDBKSiDG1ABVYDBI3gGr+BNe9JetHftY9ya0dKZTfBH2ucPi4CXSQ==</latexit>

FG
+ (ωp → → ωp) = N

+ +

2

Γ =

⟨ ⟩ ⟨= ⟩ = 0

<latexit sha1_base64="BUu9UnSlZrYa4K6lI+JuOFcEhzU="></latexit>

|ispin→ = | ↑1,↑2, · · · ,↑ω , · · · ,↑N →
<latexit sha1_base64="+HwK4LZA3YCMU6JcUGzBGRBle9M="></latexit>

| →↑ ↓ (| ↔↑+ | ↗↑)/
↘
2

<latexit sha1_base64="K9UWT8Ix6hMULAo0zyLLkHGcCnM="></latexit>

FP
± (ωp → → ωp) =

N

2
+

1

4

∑

ω,ε ↑=ω

e↓i(ϑp →↓ϑp)·(ϑxω↓ϑxε)

⟨ ⟩ =
1
2

1)

2)

Incoherent, irrespective of the 
momentum transfer

Form factor 

<latexit sha1_base64="T0GFmgO5hFJjNSzaiAgKHOrFsOQ="></latexit>

=
N

2
+

N2

4

9

|ωp → → ωp|2R2
|j1 (|ωp → → ωp|R)|2

<latexit sha1_base64="fflT8DIRgZ1NzRM/p9XN3nEVhs4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7Ow6M2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tgrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AN8vjQA=</latexit>q



Coherence requirements 
<latexit sha1_base64="KdEliP4gwBlBwx5qLWoU9ssjyjI="></latexit>

F±(ωp
→ → ωp) ↑

∑

fspin

∣∣∣↓fspin|
∑

ω

Jω
±e

↑i(εp →↑εp)·εxω |ispin↔
∣∣∣
2

<latexit sha1_base64="i115lH7JhhZIeT+ATYXpOYQqCTw="></latexit>

|ispin→ = | ↑1, ↑2, · · · , ↑ω , · · · , ↑N →
<latexit sha1_base64="WoqyHr4ZLQspEKguZ5q8x87Gz2c=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiVtSSiFQ3QlFQV1LBXqCJYTKdtEMnF2YmhRK6cuOruHGhiFufwZ1v47TNQlt/GPj4zzmcOb8bMSqkYXxrmZnZufmF7GJuaXlldU1f36iJMOaYVHHIQt5wkSCMBqQqqWSkEXGCfJeRutu9HNbrPcIFDYN72Y+I7aN2QD2KkVSWo2/Dq4dr56Bg9QhOooF1uHeU4j48v3X0vFE0RoLTYKaQB6kqjv5ltUIc+ySQmCEhmqYRSTtBXFLMyCBnxYJECHdRmzQVBsgnwk5GZwzgrnJa0Au5eoGEI/f3RIJ8Ifq+qzp9JDtisjY0/6s1Y+md2QkNoliSAI8XeTGDMoTDTGCLcoIl6ytAmFP1V4g7iCMsVXI5FYI5efI01I6LZqlYujvJly/SOLJgC+yAAjDBKSiDG1ABVYDBI3gGr+BNe9JetHftY9ya0dKZTfBH2ucPi4CXSQ==</latexit>

FG
+ (ωp → → ωp) = N

+ +

2

Γ =

⟨ ⟩ ⟨= ⟩ = 0

<latexit sha1_base64="BUu9UnSlZrYa4K6lI+JuOFcEhzU="></latexit>

|ispin→ = | ↑1,↑2, · · · ,↑ω , · · · ,↑N →
<latexit sha1_base64="+HwK4LZA3YCMU6JcUGzBGRBle9M="></latexit>

| →↑ ↓ (| ↔↑+ | ↗↑)/
↘
2

<latexit sha1_base64="K9UWT8Ix6hMULAo0zyLLkHGcCnM="></latexit>

FP
± (ωp → → ωp) =

N

2
+

1

4

∑

ω,ε ↑=ω

e↓i(ϑp →↓ϑp)·(ϑxω↓ϑxε)

⟨ ⟩ =
1
2

1)

2)

Incoherent, irrespective of the 
momentum transfer

Coherent, provided the small 
momentum transfer

Form factor 

<latexit sha1_base64="T0GFmgO5hFJjNSzaiAgKHOrFsOQ="></latexit>

=
N

2
+

N2

4

9

|ωp → → ωp|2R2
|j1 (|ωp → → ωp|R)|2

<latexit sha1_base64="fflT8DIRgZ1NzRM/p9XN3nEVhs4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7Ow6M2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tgrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AN8vjQA=</latexit>q



Coherence requirements 
<latexit sha1_base64="KdEliP4gwBlBwx5qLWoU9ssjyjI="></latexit>

F±(ωp
→ → ωp) ↑

∑

fspin

∣∣∣↓fspin|
∑

ω

Jω
±e

↑i(εp →↑εp)·εxω |ispin↔
∣∣∣
2

<latexit sha1_base64="i115lH7JhhZIeT+ATYXpOYQqCTw="></latexit>

|ispin→ = | ↑1, ↑2, · · · , ↑ω , · · · , ↑N →
<latexit sha1_base64="WoqyHr4ZLQspEKguZ5q8x87Gz2c=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiVtSSiFQ3QlFQV1LBXqCJYTKdtEMnF2YmhRK6cuOruHGhiFufwZ1v47TNQlt/GPj4zzmcOb8bMSqkYXxrmZnZufmF7GJuaXlldU1f36iJMOaYVHHIQt5wkSCMBqQqqWSkEXGCfJeRutu9HNbrPcIFDYN72Y+I7aN2QD2KkVSWo2/Dq4dr56Bg9QhOooF1uHeU4j48v3X0vFE0RoLTYKaQB6kqjv5ltUIc+ySQmCEhmqYRSTtBXFLMyCBnxYJECHdRmzQVBsgnwk5GZwzgrnJa0Au5eoGEI/f3RIJ8Ifq+qzp9JDtisjY0/6s1Y+md2QkNoliSAI8XeTGDMoTDTGCLcoIl6ytAmFP1V4g7iCMsVXI5FYI5efI01I6LZqlYujvJly/SOLJgC+yAAjDBKSiDG1ABVYDBI3gGr+BNe9JetHftY9ya0dKZTfBH2ucPi4CXSQ==</latexit>

FG
+ (ωp → → ωp) = N

+ +

2

Γ =

⟨ ⟩ ⟨= ⟩ = 0

<latexit sha1_base64="BUu9UnSlZrYa4K6lI+JuOFcEhzU="></latexit>

|ispin→ = | ↑1,↑2, · · · ,↑ω , · · · ,↑N →
<latexit sha1_base64="+HwK4LZA3YCMU6JcUGzBGRBle9M="></latexit>

| →↑ ↓ (| ↔↑+ | ↗↑)/
↘
2

<latexit sha1_base64="K9UWT8Ix6hMULAo0zyLLkHGcCnM="></latexit>

FP
± (ωp → → ωp) =

N

2
+

1

4

∑

ω,ε ↑=ω

e↓i(ϑp →↓ϑp)·(ϑxω↓ϑxε)

⟨ ⟩ =
1
2

1. Non-orthogonal initial and final states 

2. Small momentum transfer, qR ≪ 1

Conditions for coherence 
in inelastic scatterings

1)

2)

Incoherent, irrespective of the 
momentum transfer

Coherent, provided the small 
momentum transfer

Form factor 

<latexit sha1_base64="T0GFmgO5hFJjNSzaiAgKHOrFsOQ="></latexit>

=
N

2
+

N2

4

9

|ωp → → ωp|2R2
|j1 (|ωp → → ωp|R)|2

<latexit sha1_base64="fflT8DIRgZ1NzRM/p9XN3nEVhs4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7Ow6M2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tgrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AN8vjQA=</latexit>q
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Gross, Haroche, 1982

Dicke superradiance
Spontaneous emission: probability of 

detecting the emitted photon decreases 
exponentially with time passed since its 

excitation

In 1954, Dicke considered the situation in 
which emitters decay in close proximity to 

each other

Dicke basis 
 

 Eigenstates of the collective operators 

<latexit sha1_base64="GzNcTiMecNIAwgPGNGpCTbh4EeE=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCBymJSPVY9OKxgv2AJpTNdtOu3WzC7kQpsT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zMCxLBNTjOt1VYWV1b3yhulra2d3b37PJ+S8epoqxJYxGrTkA0E1yyJnAQrJMoRqJAsHYwup767QemNI/lHYwT5kdkIHnIKQEj9eyyZ1zA96c48hSRA8F6dsWpOjPgZeLmpIJyNHr2l9ePaRoxCVQQrbuuk4CfEQWcCjYpealmCaEjMmBdQyWJmPaz2ekTfGyUPg5jZUoCnqm/JzISaT2OAtMZERjqRW8q/ud1Uwgv/YzLJAUm6XxRmAoMMZ7mgPtcMQpibAihiptbMR0SRSiYtEomBHfx5WXSOqu6tWrt9rxSv8rjKKJDdIROkIsuUB3doAZqIooe0TN6RW/Wk/VivVsf89aClc8coD+wPn8AlPWTlQ==</latexit>

|j,m→

<latexit sha1_base64="D8TKpZQQKygiwvrJranGnxBKFm8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBg5SkSPVY9CI9VbAf0May2W7apZtN3N0INfRPePGgiFf/jjf/jZs2B219MPB4b4aZeV7EmdK2/W3lVlbX1jfym4Wt7Z3dveL+QUuFsSS0SUIeyo6HFeVM0KZmmtNOJCkOPE7b3vg69duPVCoWijs9iagb4KFgPiNYG6lTv6+coXr/qV8s2WV7BrRMnIyUIEOjX/zqDUISB1RowrFSXceOtJtgqRnhdFroxYpGmIzxkHYNFTigyk1m907RiVEGyA+lKaHRTP09keBAqUngmc4A65Fa9FLxP68ba//STZiIYk0FmS/yY450iNLn0YBJSjSfGIKJZOZWREZYYqJNRAUTgrP48jJpVcpOtVy9PS/VrrI48nAEx3AKDlxADW6gAU0gwOEZXuHNerBerHfrY96as7KZQ/gD6/MHtGiPHg==</latexit>

J2, Jz

<latexit sha1_base64="YH+nbYMaKd4A+O5axkmx32XQS3E=">AAACDXicbVA7T8MwGHTKq5RXgJHFoiAxoJJUqDBWsDChItGH1ESV4zitW8dJbQepqvoHWPgrLAwgxMrOxr/BTTNAy0mWT3f3yf7OixmVyrK+jdzS8srqWn69sLG5tb1j7u41ZJQITOo4YpFoeUgSRjmpK6oYacWCoNBjpOkNrqd+84EISSN+r0YxcUPU5TSgGCktdcyjvsPIEN6elU+hM0yQDx0dVzCcXanZ75hFq2SlgIvEzkgRZKh1zC/Hj3ASEq4wQ1K2bStW7hgJRTEjk4KTSBIjPEBd0taUo5BId5xuM4HHWvFhEAl9uIKp+ntijEIpR6GnkyFSPTnvTcX/vHaigkt3THmcKMLx7KEgYVBFcFoN9KkgWLGRJggLqv8KcQ8JhJUusKBLsOdXXiSNcsmulCp358XqVVZHHhyAQ3ACbHABquAG1EAdYPAInsEreDOejBfj3fiYRXNGNrMP/sD4/AFIgZp3</latexit>

j → N/2, |m| → j

Cooperative spontaneous 
emission of radiation 
from an ensemble of 
identical two-level 
quantum systems

<latexit sha1_base64="eAVYJJNUlvXfiwdBdTWsL5ypQkI="></latexit>

!em = ωem→J+J→↑ = ωem(j +m)(j ↓m+ 1)

<latexit sha1_base64="geMzGfEJiCUBxlLkzm2PEfiS34g=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRKR6kYoutCVVLAPaEK4mU7boTNJmJkIJXTrxl9x40IRt/6BO//GaZuFrR64cOace5l7T5hwprTjfFuFpeWV1bXiemljc2t7x97da6o4lYQ2SMxj2Q5BUc4i2tBMc9pOJAURctoKh1cTv/VApWJxdK9HCfUF9CPWYwS0kQIbe9cgBASZJwWmYnzh9efet4FddirOFPgvcXNSRjnqgf3ldWOSChppwkGpjusk2s9AakY4HZe8VNEEyBD6tGNoBIIqP5teMsZHRuniXixNRRpP1d8TGQilRiI0nQL0QC16E/E/r5Pq3rmfsShJNY3I7KNeyrGO8SQW3GWSEs1HhgCRzOyKyQAkEG3CK5kQ3MWT/5LmScWtVqp3p+XaZR5HER2gQ3SMXHSGaugG1VEDEfSIntErerOerBfr3fqYtRasfGYfzcH6/AFg9Zon</latexit>

!em = ωemN
<latexit sha1_base64="HROTqlBkrSI2/I0RGvrF2puGyOg=">AAACLXicbVBNSwMxEM36WetX1aOXYBEqQtkVUS+CqKAnUbAqdEvJprNtMNldklmhLPuHvPhXRPBQEa/+DdPaQ219MPDy3gyZeUEihUHX7TlT0zOzc/OFheLi0vLKamlt/c7EqeZQ47GM9UPADEgRQQ0FSnhINDAVSLgPHs/6/v0TaCPi6Ba7CTQUa0ciFJyhlZqlc/+CKcWama8VBZUf++0/bz/UjGdXebaX+xJCrIwIu56vRbuDO81S2a26A9BJ4g1JmQxx3Sy9+a2Ypwoi5JIZU/fcBBsZ0yi4hLzopwYSxh9ZG+qWRkyBaWSDa3O6bZUWDWNtK0I6UEcnMqaM6arAdiqGHTPu9cX/vHqK4VEjE1GSIkT896MwlRRj2o+OtoQGjrJrCeNa2F0p7zAbB9qAizYEb/zkSXK3V/UOqgc3++WT02EcBbJJtkiFeOSQnJBLck1qhJNn8kp65MN5cd6dT+frt3XKGc5skD9wvn8AEkupPw==</latexit>

!em = ωem
N

2

(
N

2
+ 1

)

<latexit sha1_base64="xvSEuvhHUxvTnDHgAEz5zZwjwHc=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgQspMkepGKLpxJRXsA9qhZNJMG5tkhiQjlKFdufFX3LhQxK2/4M6/MW1nUVsPXDiccy/33uNHjCrtOD9WZml5ZXUtu57b2Nza3rF392oqjCUmVRyyUDZ8pAijglQ11Yw0IkkQ9xmp+/3rsV9/JFLRUNzrQUQ8jrqCBhQjbaS2ffhw2QokwsntMCkOT+FoxGeFtp13Cs4EcJG4KcmDFJW2/d3qhDjmRGjMkFJN14m0lyCpKWZkmGvFikQI91GXNA0ViBPlJZM/hvDYKB0YhNKU0HCizk4kiCs14L7p5Ej31Lw3Fv/zmrEOLryEiijWRODpoiBmUIdwHArsUEmwZgNDEJbU3ApxD5kUtIkuZ0Jw519eJLViwS0VSndn+fJVGkcWHIAjcAJccA7K4AZUQBVg8ARewBt4t56tV+vD+py2Zqx0Zh/8gfX1C84EmUs=</latexit>

j =
N

2
, m =

N

2
<latexit sha1_base64="rz9ELBTWtBHr3V8P2AzkkJ4UF+Q=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCCykzRaqbQtGNK6lgH9CWkkkzbWySGZKMUIepv+LGhSJu/Q93/o1pOwttPXDhcM693HuPFzKqtON8W5ml5ZXVtex6bmNza3vH3t2rqyCSmNRwwALZ9JAijApS01Qz0gwlQdxjpOENryZ+44FIRQNxp0ch6XDUF9SnGGkjde2D+3LblwjHN0lcTE7heMzLTtfOOwVnCrhI3JTkQYpq1/5q9wIccSI0ZkipluuEuhMjqSlmJMm1I0VChIeoT1qGCsSJ6sTT6xN4bJQe9ANpSmg4VX9PxIgrNeKe6eRID9S8NxH/81qR9i86MRVhpInAs0V+xKAO4CQK2KOSYM1GhiAsqbkV4gEyYWgTWM6E4M6/vEjqxYJbKpRuz/KVyzSOLDgER+AEuOAcVMA1qIIawOARPINX8GY9WS/Wu/Uxa81Y6cw++APr8weYuZSv</latexit>

j =
N

2
, m = 0 Superposition  

Fully excited state 
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Dicke superradiance

x

y

z

|Gi

|Ei

|Pi
p/2

Spontaneous emission: probability of 
detecting the emitted photon decreases 
exponentially with time passed since its 

excitation

In 1954, Dicke considered the situation in 
which emitters decay in close proximity to 

each other

Fully excited state 

Ground state 

Coherent spin 
state (equatorial)

Bloch sphere representation 
of the collective system 

Dicke basis 
 

 Eigenstates of the collective operators 

<latexit sha1_base64="GzNcTiMecNIAwgPGNGpCTbh4EeE=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCBymJSPVY9OKxgv2AJpTNdtOu3WzC7kQpsT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zMCxLBNTjOt1VYWV1b3yhulra2d3b37PJ+S8epoqxJYxGrTkA0E1yyJnAQrJMoRqJAsHYwup767QemNI/lHYwT5kdkIHnIKQEj9eyyZ1zA96c48hSRA8F6dsWpOjPgZeLmpIJyNHr2l9ePaRoxCVQQrbuuk4CfEQWcCjYpealmCaEjMmBdQyWJmPaz2ekTfGyUPg5jZUoCnqm/JzISaT2OAtMZERjqRW8q/ud1Uwgv/YzLJAUm6XxRmAoMMZ7mgPtcMQpibAihiptbMR0SRSiYtEomBHfx5WXSOqu6tWrt9rxSv8rjKKJDdIROkIsuUB3doAZqIooe0TN6RW/Wk/VivVsf89aClc8coD+wPn8AlPWTlQ==</latexit>

|j,m→

<latexit sha1_base64="D8TKpZQQKygiwvrJranGnxBKFm8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBg5SkSPVY9CI9VbAf0May2W7apZtN3N0INfRPePGgiFf/jjf/jZs2B219MPB4b4aZeV7EmdK2/W3lVlbX1jfym4Wt7Z3dveL+QUuFsSS0SUIeyo6HFeVM0KZmmtNOJCkOPE7b3vg69duPVCoWijs9iagb4KFgPiNYG6lTv6+coXr/qV8s2WV7BrRMnIyUIEOjX/zqDUISB1RowrFSXceOtJtgqRnhdFroxYpGmIzxkHYNFTigyk1m907RiVEGyA+lKaHRTP09keBAqUngmc4A65Fa9FLxP68ba//STZiIYk0FmS/yY450iNLn0YBJSjSfGIKJZOZWREZYYqJNRAUTgrP48jJpVcpOtVy9PS/VrrI48nAEx3AKDlxADW6gAU0gwOEZXuHNerBerHfrY96as7KZQ/gD6/MHtGiPHg==</latexit>

J2, Jz

<latexit sha1_base64="YH+nbYMaKd4A+O5axkmx32XQS3E=">AAACDXicbVA7T8MwGHTKq5RXgJHFoiAxoJJUqDBWsDChItGH1ESV4zitW8dJbQepqvoHWPgrLAwgxMrOxr/BTTNAy0mWT3f3yf7OixmVyrK+jdzS8srqWn69sLG5tb1j7u41ZJQITOo4YpFoeUgSRjmpK6oYacWCoNBjpOkNrqd+84EISSN+r0YxcUPU5TSgGCktdcyjvsPIEN6elU+hM0yQDx0dVzCcXanZ75hFq2SlgIvEzkgRZKh1zC/Hj3ASEq4wQ1K2bStW7hgJRTEjk4KTSBIjPEBd0taUo5BId5xuM4HHWvFhEAl9uIKp+ntijEIpR6GnkyFSPTnvTcX/vHaigkt3THmcKMLx7KEgYVBFcFoN9KkgWLGRJggLqv8KcQ8JhJUusKBLsOdXXiSNcsmulCp358XqVVZHHhyAQ3ACbHABquAG1EAdYPAInsEreDOejBfj3fiYRXNGNrMP/sD4/AFIgZp3</latexit>

j → N/2, |m| → j

<latexit sha1_base64="eAVYJJNUlvXfiwdBdTWsL5ypQkI="></latexit>

!em = ωem→J+J→↑ = ωem(j +m)(j ↓m+ 1)

<latexit sha1_base64="geMzGfEJiCUBxlLkzm2PEfiS34g=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRKR6kYoutCVVLAPaEK4mU7boTNJmJkIJXTrxl9x40IRt/6BO//GaZuFrR64cOace5l7T5hwprTjfFuFpeWV1bXiemljc2t7x97da6o4lYQ2SMxj2Q5BUc4i2tBMc9pOJAURctoKh1cTv/VApWJxdK9HCfUF9CPWYwS0kQIbe9cgBASZJwWmYnzh9efet4FddirOFPgvcXNSRjnqgf3ldWOSChppwkGpjusk2s9AakY4HZe8VNEEyBD6tGNoBIIqP5teMsZHRuniXixNRRpP1d8TGQilRiI0nQL0QC16E/E/r5Pq3rmfsShJNY3I7KNeyrGO8SQW3GWSEs1HhgCRzOyKyQAkEG3CK5kQ3MWT/5LmScWtVqp3p+XaZR5HER2gQ3SMXHSGaugG1VEDEfSIntErerOerBfr3fqYtRasfGYfzcH6/AFg9Zon</latexit>

!em = ωemN
<latexit sha1_base64="HROTqlBkrSI2/I0RGvrF2puGyOg=">AAACLXicbVBNSwMxEM36WetX1aOXYBEqQtkVUS+CqKAnUbAqdEvJprNtMNldklmhLPuHvPhXRPBQEa/+DdPaQ219MPDy3gyZeUEihUHX7TlT0zOzc/OFheLi0vLKamlt/c7EqeZQ47GM9UPADEgRQQ0FSnhINDAVSLgPHs/6/v0TaCPi6Ba7CTQUa0ciFJyhlZqlc/+CKcWama8VBZUf++0/bz/UjGdXebaX+xJCrIwIu56vRbuDO81S2a26A9BJ4g1JmQxx3Sy9+a2Ypwoi5JIZU/fcBBsZ0yi4hLzopwYSxh9ZG+qWRkyBaWSDa3O6bZUWDWNtK0I6UEcnMqaM6arAdiqGHTPu9cX/vHqK4VEjE1GSIkT896MwlRRj2o+OtoQGjrJrCeNa2F0p7zAbB9qAizYEb/zkSXK3V/UOqgc3++WT02EcBbJJtkiFeOSQnJBLck1qhJNn8kp65MN5cd6dT+frt3XKGc5skD9wvn8AEkupPw==</latexit>

!em = ωem
N

2

(
N

2
+ 1

)

<latexit sha1_base64="xvSEuvhHUxvTnDHgAEz5zZwjwHc=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgQspMkepGKLpxJRXsA9qhZNJMG5tkhiQjlKFdufFX3LhQxK2/4M6/MW1nUVsPXDiccy/33uNHjCrtOD9WZml5ZXUtu57b2Nza3rF392oqjCUmVRyyUDZ8pAijglQ11Yw0IkkQ9xmp+/3rsV9/JFLRUNzrQUQ8jrqCBhQjbaS2ffhw2QokwsntMCkOT+FoxGeFtp13Cs4EcJG4KcmDFJW2/d3qhDjmRGjMkFJN14m0lyCpKWZkmGvFikQI91GXNA0ViBPlJZM/hvDYKB0YhNKU0HCizk4kiCs14L7p5Ej31Lw3Fv/zmrEOLryEiijWRODpoiBmUIdwHArsUEmwZgNDEJbU3ApxD5kUtIkuZ0Jw519eJLViwS0VSndn+fJVGkcWHIAjcAJccA7K4AZUQBVg8ARewBt4t56tV+vD+py2Zqx0Zh/8gfX1C84EmUs=</latexit>

j =
N

2
, m =

N

2
<latexit sha1_base64="rz9ELBTWtBHr3V8P2AzkkJ4UF+Q=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCCykzRaqbQtGNK6lgH9CWkkkzbWySGZKMUIepv+LGhSJu/Q93/o1pOwttPXDhcM693HuPFzKqtON8W5ml5ZXVtex6bmNza3vH3t2rqyCSmNRwwALZ9JAijApS01Qz0gwlQdxjpOENryZ+44FIRQNxp0ch6XDUF9SnGGkjde2D+3LblwjHN0lcTE7heMzLTtfOOwVnCrhI3JTkQYpq1/5q9wIccSI0ZkipluuEuhMjqSlmJMm1I0VChIeoT1qGCsSJ6sTT6xN4bJQe9ANpSmg4VX9PxIgrNeKe6eRID9S8NxH/81qR9i86MRVhpInAs0V+xKAO4CQK2KOSYM1GhiAsqbkV4gEyYWgTWM6E4M6/vEjqxYJbKpRuz/KVyzSOLDgER+AEuOAcVMA1qIIawOARPINX8GY9WS/Wu/Uxa81Y6cw++APr8weYuZSv</latexit>

j =
N

2
, m = 0

Cooperative spontaneous 
emission of radiation 
from an ensemble of 
identical two-level 
quantum systems

Superposition  

Fully excited state 



Dicke superradiance
Emission rate

<latexit sha1_base64="eAVYJJNUlvXfiwdBdTWsL5ypQkI="></latexit>

!em = ωem→J+J→↑ = ωem(j +m)(j ↓m+ 1)

<latexit sha1_base64="geMzGfEJiCUBxlLkzm2PEfiS34g=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRKR6kYoutCVVLAPaEK4mU7boTNJmJkIJXTrxl9x40IRt/6BO//GaZuFrR64cOace5l7T5hwprTjfFuFpeWV1bXiemljc2t7x97da6o4lYQ2SMxj2Q5BUc4i2tBMc9pOJAURctoKh1cTv/VApWJxdK9HCfUF9CPWYwS0kQIbe9cgBASZJwWmYnzh9efet4FddirOFPgvcXNSRjnqgf3ldWOSChppwkGpjusk2s9AakY4HZe8VNEEyBD6tGNoBIIqP5teMsZHRuniXixNRRpP1d8TGQilRiI0nQL0QC16E/E/r5Pq3rmfsShJNY3I7KNeyrGO8SQW3GWSEs1HhgCRzOyKyQAkEG3CK5kQ3MWT/5LmScWtVqp3p+XaZR5HER2gQ3SMXHSGaugG1VEDEfSIntErerOerBfr3fqYtRasfGYfzcH6/AFg9Zon</latexit>

!em = ωemN
<latexit sha1_base64="HROTqlBkrSI2/I0RGvrF2puGyOg=">AAACLXicbVBNSwMxEM36WetX1aOXYBEqQtkVUS+CqKAnUbAqdEvJprNtMNldklmhLPuHvPhXRPBQEa/+DdPaQ219MPDy3gyZeUEihUHX7TlT0zOzc/OFheLi0vLKamlt/c7EqeZQ47GM9UPADEgRQQ0FSnhINDAVSLgPHs/6/v0TaCPi6Ba7CTQUa0ciFJyhlZqlc/+CKcWama8VBZUf++0/bz/UjGdXebaX+xJCrIwIu56vRbuDO81S2a26A9BJ4g1JmQxx3Sy9+a2Ypwoi5JIZU/fcBBsZ0yi4hLzopwYSxh9ZG+qWRkyBaWSDa3O6bZUWDWNtK0I6UEcnMqaM6arAdiqGHTPu9cX/vHqK4VEjE1GSIkT896MwlRRj2o+OtoQGjrJrCeNa2F0p7zAbB9qAizYEb/zkSXK3V/UOqgc3++WT02EcBbJJtkiFeOSQnJBLck1qhJNn8kp65MN5cd6dT+frt3XKGc5skD9wvn8AEkupPw==</latexit>

!em = ωem
N

2

(
N

2
+ 1

)

<latexit sha1_base64="xvSEuvhHUxvTnDHgAEz5zZwjwHc=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgQspMkepGKLpxJRXsA9qhZNJMG5tkhiQjlKFdufFX3LhQxK2/4M6/MW1nUVsPXDiccy/33uNHjCrtOD9WZml5ZXUtu57b2Nza3rF392oqjCUmVRyyUDZ8pAijglQ11Yw0IkkQ9xmp+/3rsV9/JFLRUNzrQUQ8jrqCBhQjbaS2ffhw2QokwsntMCkOT+FoxGeFtp13Cs4EcJG4KcmDFJW2/d3qhDjmRGjMkFJN14m0lyCpKWZkmGvFikQI91GXNA0ViBPlJZM/hvDYKB0YhNKU0HCizk4kiCs14L7p5Ej31Lw3Fv/zmrEOLryEiijWRODpoiBmUIdwHArsUEmwZgNDEJbU3ApxD5kUtIkuZ0Jw519eJLViwS0VSndn+fJVGkcWHIAjcAJccA7K4AZUQBVg8ARewBt4t56tV+vD+py2Zqx0Zh/8gfX1C84EmUs=</latexit>

j =
N

2
, m =

N

2
<latexit sha1_base64="rz9ELBTWtBHr3V8P2AzkkJ4UF+Q=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCCykzRaqbQtGNK6lgH9CWkkkzbWySGZKMUIepv+LGhSJu/Q93/o1pOwttPXDhcM693HuPFzKqtON8W5ml5ZXVtex6bmNza3vH3t2rqyCSmNRwwALZ9JAijApS01Qz0gwlQdxjpOENryZ+44FIRQNxp0ch6XDUF9SnGGkjde2D+3LblwjHN0lcTE7heMzLTtfOOwVnCrhI3JTkQYpq1/5q9wIccSI0ZkipluuEuhMjqSlmJMm1I0VChIeoT1qGCsSJ6sTT6xN4bJQe9ANpSmg4VX9PxIgrNeKe6eRID9S8NxH/81qR9i86MRVhpInAs0V+xKAO4CQK2KOSYM1GhiAsqbkV4gEyYWgTWM6E4M6/vEjqxYJbKpRuz/KVyzSOLDgER+AEuOAcVMA1qIIawOARPINX8GY9WS/Wu/Uxa81Y6cw++APr8weYuZSv</latexit>

j =
N

2
, m = 0 Superposition  

Fully excited state 



Dicke superradiance

Maximal cooperativity

Emission rate

Superradiant 
burst

<latexit sha1_base64="eAVYJJNUlvXfiwdBdTWsL5ypQkI="></latexit>

!em = ωem→J+J→↑ = ωem(j +m)(j ↓m+ 1)

<latexit sha1_base64="geMzGfEJiCUBxlLkzm2PEfiS34g=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRKR6kYoutCVVLAPaEK4mU7boTNJmJkIJXTrxl9x40IRt/6BO//GaZuFrR64cOace5l7T5hwprTjfFuFpeWV1bXiemljc2t7x97da6o4lYQ2SMxj2Q5BUc4i2tBMc9pOJAURctoKh1cTv/VApWJxdK9HCfUF9CPWYwS0kQIbe9cgBASZJwWmYnzh9efet4FddirOFPgvcXNSRjnqgf3ldWOSChppwkGpjusk2s9AakY4HZe8VNEEyBD6tGNoBIIqP5teMsZHRuniXixNRRpP1d8TGQilRiI0nQL0QC16E/E/r5Pq3rmfsShJNY3I7KNeyrGO8SQW3GWSEs1HhgCRzOyKyQAkEG3CK5kQ3MWT/5LmScWtVqp3p+XaZR5HER2gQ3SMXHSGaugG1VEDEfSIntErerOerBfr3fqYtRasfGYfzcH6/AFg9Zon</latexit>

!em = ωemN
<latexit sha1_base64="HROTqlBkrSI2/I0RGvrF2puGyOg=">AAACLXicbVBNSwMxEM36WetX1aOXYBEqQtkVUS+CqKAnUbAqdEvJprNtMNldklmhLPuHvPhXRPBQEa/+DdPaQ219MPDy3gyZeUEihUHX7TlT0zOzc/OFheLi0vLKamlt/c7EqeZQ47GM9UPADEgRQQ0FSnhINDAVSLgPHs/6/v0TaCPi6Ba7CTQUa0ciFJyhlZqlc/+CKcWama8VBZUf++0/bz/UjGdXebaX+xJCrIwIu56vRbuDO81S2a26A9BJ4g1JmQxx3Sy9+a2Ypwoi5JIZU/fcBBsZ0yi4hLzopwYSxh9ZG+qWRkyBaWSDa3O6bZUWDWNtK0I6UEcnMqaM6arAdiqGHTPu9cX/vHqK4VEjE1GSIkT896MwlRRj2o+OtoQGjrJrCeNa2F0p7zAbB9qAizYEb/zkSXK3V/UOqgc3++WT02EcBbJJtkiFeOSQnJBLck1qhJNn8kp65MN5cd6dT+frt3XKGc5skD9wvn8AEkupPw==</latexit>

!em = ωem
N

2

(
N

2
+ 1

)

<latexit sha1_base64="xvSEuvhHUxvTnDHgAEz5zZwjwHc=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgQspMkepGKLpxJRXsA9qhZNJMG5tkhiQjlKFdufFX3LhQxK2/4M6/MW1nUVsPXDiccy/33uNHjCrtOD9WZml5ZXUtu57b2Nza3rF392oqjCUmVRyyUDZ8pAijglQ11Yw0IkkQ9xmp+/3rsV9/JFLRUNzrQUQ8jrqCBhQjbaS2ffhw2QokwsntMCkOT+FoxGeFtp13Cs4EcJG4KcmDFJW2/d3qhDjmRGjMkFJN14m0lyCpKWZkmGvFikQI91GXNA0ViBPlJZM/hvDYKB0YhNKU0HCizk4kiCs14L7p5Ej31Lw3Fv/zmrEOLryEiijWRODpoiBmUIdwHArsUEmwZgNDEJbU3ApxD5kUtIkuZ0Jw519eJLViwS0VSndn+fJVGkcWHIAjcAJccA7K4AZUQBVg8ARewBt4t56tV+vD+py2Zqx0Zh/8gfX1C84EmUs=</latexit>

j =
N

2
, m =

N

2
<latexit sha1_base64="rz9ELBTWtBHr3V8P2AzkkJ4UF+Q=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCCykzRaqbQtGNK6lgH9CWkkkzbWySGZKMUIepv+LGhSJu/Q93/o1pOwttPXDhcM693HuPFzKqtON8W5ml5ZXVtex6bmNza3vH3t2rqyCSmNRwwALZ9JAijApS01Qz0gwlQdxjpOENryZ+44FIRQNxp0ch6XDUF9SnGGkjde2D+3LblwjHN0lcTE7heMzLTtfOOwVnCrhI3JTkQYpq1/5q9wIccSI0ZkipluuEuhMjqSlmJMm1I0VChIeoT1qGCsSJ6sTT6xN4bJQe9ANpSmg4VX9PxIgrNeKe6eRID9S8NxH/81qR9i86MRVhpInAs0V+xKAO4CQK2KOSYM1GhiAsqbkV4gEyYWgTWM6E4M6/vEjqxYJbKpRuz/KVyzSOLDgER+AEuOAcVMA1qIIawOARPINX8GY9WS/Wu/Uxa81Y6cw++APr8weYuZSv</latexit>

j =
N

2
, m = 0 Superposition  

Fully excited state 



Dicke superradiance

Maximal cooperativity

Emission rate

Superradiant 
burst

Advantage by starting in the 
equatorial plane with respect 

to ground state

<latexit sha1_base64="eAVYJJNUlvXfiwdBdTWsL5ypQkI="></latexit>

!em = ωem→J+J→↑ = ωem(j +m)(j ↓m+ 1)

<latexit sha1_base64="geMzGfEJiCUBxlLkzm2PEfiS34g=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRKR6kYoutCVVLAPaEK4mU7boTNJmJkIJXTrxl9x40IRt/6BO//GaZuFrR64cOace5l7T5hwprTjfFuFpeWV1bXiemljc2t7x97da6o4lYQ2SMxj2Q5BUc4i2tBMc9pOJAURctoKh1cTv/VApWJxdK9HCfUF9CPWYwS0kQIbe9cgBASZJwWmYnzh9efet4FddirOFPgvcXNSRjnqgf3ldWOSChppwkGpjusk2s9AakY4HZe8VNEEyBD6tGNoBIIqP5teMsZHRuniXixNRRpP1d8TGQilRiI0nQL0QC16E/E/r5Pq3rmfsShJNY3I7KNeyrGO8SQW3GWSEs1HhgCRzOyKyQAkEG3CK5kQ3MWT/5LmScWtVqp3p+XaZR5HER2gQ3SMXHSGaugG1VEDEfSIntErerOerBfr3fqYtRasfGYfzcH6/AFg9Zon</latexit>

!em = ωemN
<latexit sha1_base64="HROTqlBkrSI2/I0RGvrF2puGyOg=">AAACLXicbVBNSwMxEM36WetX1aOXYBEqQtkVUS+CqKAnUbAqdEvJprNtMNldklmhLPuHvPhXRPBQEa/+DdPaQ219MPDy3gyZeUEihUHX7TlT0zOzc/OFheLi0vLKamlt/c7EqeZQ47GM9UPADEgRQQ0FSnhINDAVSLgPHs/6/v0TaCPi6Ba7CTQUa0ciFJyhlZqlc/+CKcWama8VBZUf++0/bz/UjGdXebaX+xJCrIwIu56vRbuDO81S2a26A9BJ4g1JmQxx3Sy9+a2Ypwoi5JIZU/fcBBsZ0yi4hLzopwYSxh9ZG+qWRkyBaWSDa3O6bZUWDWNtK0I6UEcnMqaM6arAdiqGHTPu9cX/vHqK4VEjE1GSIkT896MwlRRj2o+OtoQGjrJrCeNa2F0p7zAbB9qAizYEb/zkSXK3V/UOqgc3++WT02EcBbJJtkiFeOSQnJBLck1qhJNn8kp65MN5cd6dT+frt3XKGc5skD9wvn8AEkupPw==</latexit>

!em = ωem
N

2

(
N

2
+ 1

)

<latexit sha1_base64="xvSEuvhHUxvTnDHgAEz5zZwjwHc=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgQspMkepGKLpxJRXsA9qhZNJMG5tkhiQjlKFdufFX3LhQxK2/4M6/MW1nUVsPXDiccy/33uNHjCrtOD9WZml5ZXUtu57b2Nza3rF392oqjCUmVRyyUDZ8pAijglQ11Yw0IkkQ9xmp+/3rsV9/JFLRUNzrQUQ8jrqCBhQjbaS2ffhw2QokwsntMCkOT+FoxGeFtp13Cs4EcJG4KcmDFJW2/d3qhDjmRGjMkFJN14m0lyCpKWZkmGvFikQI91GXNA0ViBPlJZM/hvDYKB0YhNKU0HCizk4kiCs14L7p5Ej31Lw3Fv/zmrEOLryEiijWRODpoiBmUIdwHArsUEmwZgNDEJbU3ApxD5kUtIkuZ0Jw519eJLViwS0VSndn+fJVGkcWHIAjcAJccA7K4AZUQBVg8ARewBt4t56tV+vD+py2Zqx0Zh/8gfX1C84EmUs=</latexit>

j =
N

2
, m =

N

2
<latexit sha1_base64="rz9ELBTWtBHr3V8P2AzkkJ4UF+Q=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCCykzRaqbQtGNK6lgH9CWkkkzbWySGZKMUIepv+LGhSJu/Q93/o1pOwttPXDhcM693HuPFzKqtON8W5ml5ZXVtex6bmNza3vH3t2rqyCSmNRwwALZ9JAijApS01Qz0gwlQdxjpOENryZ+44FIRQNxp0ch6XDUF9SnGGkjde2D+3LblwjHN0lcTE7heMzLTtfOOwVnCrhI3JTkQYpq1/5q9wIccSI0ZkipluuEuhMjqSlmJMm1I0VChIeoT1qGCsSJ6sTT6xN4bJQe9ANpSmg4VX9PxIgrNeKe6eRID9S8NxH/81qR9i86MRVhpInAs0V+xKAO4CQK2KOSYM1GhiAsqbkV4gEyYWgTWM6E4M6/vEjqxYJbKpRuz/KVyzSOLDgER+AEuOAcVMA1qIIawOARPINX8GY9WS/Wu/Uxa81Y6cw++APr8weYuZSv</latexit>

j =
N

2
, m = 0 Superposition  

Fully excited state 



1. Basics of Nuclear Magnetic Resonance (NMR) 

2. Cosmic relics  
Cosmic neutrino background (C B) 
Axion dark matter 
"Superradiant" interactions 

3. Open Quantum System framework 
Lindblad master equation  
Numerical solutions  
Comments on Non-Markovian regime 

4. Recent results 
Forecast for C B using CASPEr experiment 
Recent squeezing protocols 

ν

ν

Outline



<latexit sha1_base64="LXQpso9Om5vowDw8fF4rnCT3kvM=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCIJREpLoRSt10WdE+oAlhMp20Q2cmYWYilNiFv+LGhSJu/Q13/o3TNgttPXDhcM693HtPmDCqtON8W0vLK6tr64WN4ubW9s6uvbffUnEqMWnimMWyEyJFGBWkqalmpJNIgnjISDsc3kz89gORisbiXo8S4nPUFzSiGGkjBfZh/boe3J3Vg5qpzJMcUqHHXmCXnLIzBVwkbk5KIEcjsL+8XoxTToTGDCnVdZ1E+xmSmmJGxkUvVSRBeIj6pGuoQJwoP5veP4YnRunBKJamhIZT9fdEhrhSIx6aTo70QM17E/E/r5vq6MrPqEhSTQSeLYpSBnUMJ2HAHpUEazYyBGFJza0QD5BEWJvIiiYEd/7lRdI6L7uVcuX2olSt5XEUwBE4BqfABZegCuqgAZoAg0fwDF7Bm/VkvVjv1sesdcnKZw7AH1ifPyf7lPE=</latexit>

H = HS +HB +Hint

An open quantum system

(sub) 
System, S

Bath, B

Total system, S + B

<latexit sha1_base64="bXScXWKDaEfltshzGuB9Xoq40ts=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCqzIjUt0IpW5cVrQP6AxDJs20oZlkSDJCKXXjr7hxoYhb/8Kdf2NmOgttPZBwcs693NwTJowq7Tjf1tLyyuraemmjvLm1vbNr7+23lUglJi0smJDdECnCKCctTTUj3UQSFIeMdMLRdeZ3HohUVPB7PU6IH6MBpxHFSBspsA89ORRX2RXceULTmKj80QjsilN1csBF4hakAgo0A/vL6wucxoRrzJBSPddJtD9BUlPMyLTspYokCI/QgPQM5ciM8if5BlN4YpQ+jIQ0h2uYq787JihWahyHpjJGeqjmvUz8z+ulOrr0J5QnqSYczwZFKYNawCwO2KeSYM3GhiAsqfkrxEMkEdYmtLIJwZ1feZG0z6purVq7Pa/UG0UcJXAEjsEpcMEFqIMb0AQtgMEjeAav4M16sl6sd+tjVrpkFT0H4A+szx+0XpcS</latexit>

ω = ωS → ωB

<latexit sha1_base64="HVm0Muj4YgQkvbNgVfwXNXmR2kU=">AAACIHicbVDLSsNAFJ3UV62vqks3g0VwUUsi0roRim66rGAfkIQymUzaoTNJmJkIJeRT3Pgrblwoojv9GidtF7X1wMDhnHOZe48XMyqVaX4bhbX1jc2t4nZpZ3dv/6B8eNSVUSIw6eCIRaLvIUkYDUlHUcVIPxYEcY+Rnje+y/3eIxGSRuGDmsTE5WgY0oBipLQ0KDecQCCcOhypkeCpn0FHjKJsQVDZzUXqCA5p5lSh3armAXdQrpg1cwq4Sqw5qYA52oPyl+NHOOEkVJghKW3LjJWbIqEoZiQrOYkkMcJjNCS2piHiRLrp9MAMnmnFh0Ek9AsVnKqLEyniUk64p5P53nLZy8X/PDtRwbWb0jBOFAnx7KMgYVBFMG8L+lQQrNhEE4QF1btCPEK6MaU7LekSrOWTV0n3smbVa/X7q0rzdl5HEZyAU3AOLNAATdACbdABGDyBF/AG3o1n49X4MD5n0YIxnzkGf2D8/AITvqQe</latexit>

dω

dt
= →i [H, ω]

The dynamics of the total  
neutrino-spin system is governed by 
the Liouville-von-Neumann equation

<latexit sha1_base64="LWHgb2GJhqA+gQ5+KYt7XoGRNUA="></latexit>

dωS
dt

= →i[HI
int, ωS ] +

∑

k

εkDOk [ωS(t)]

<latexit sha1_base64="D1KM8XvWdT3ZF0F25d80dJ7bxwU="></latexit>

DO[ωS(t)] = OωSO
†
→

1

2
{O

†
O, ωS}

<latexit sha1_base64="DUySkKRi7Y/EoO+uGo/E34bxFrQ=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR6qYkItWNUOrGZcW+oAlhMp20QyczYWYilFA3/oobF4q49S/c+TcmbRbaeuDC4Zx7ufceP2JUacv6Ngorq2vrG8XN0tb2zu6euX/QUSKWmLSxYEL2fKQIo5y0NdWM9CJJUOgz0vXHN5nffSBSUcFbehIRN0RDTgOKkU4lzzxy5Eh499eJI0PYklOvUcmUs5Jnlq2qNQNcJnZOyiBH0zO/nIHAcUi4xgwp1betSLsJkppiRqYlJ1YkQniMhqSfUo5Cotxk9sEUnqbKAAZCpsU1nKm/JxIUKjUJ/bQzRHqkFr1M/M/rxzq4chPKo1gTjueLgphBLWAWBxxQSbBmk5QgLGl6K8QjJBHWaWhZCPbiy8ukc161a9Xa3UW53sjjKIJjcAIqwAaXoA5uQRO0AQaP4Bm8gjfjyXgx3o2PeWvByGcOwR8Ynz/84JX0</latexit>

ωS = TrB(ω)

<latexit sha1_base64="jejHUE9K1BMAOCvw89FbdC+/XIc=">AAAB/3icbVC7TsMwFHXKq5RXAImFxaJCYqoShApjVRbGIuhDaqLIcZ3Wqu1EtoNUhQ78CgsDCLHyG2z8DW6aAVqOdKXjc+6V7z1hwqjSjvNtlVZW19Y3ypuVre2d3T17/6Cj4lRi0sYxi2UvRIowKkhbU81IL5EE8ZCRbji+nvndByIVjcW9niTE52goaEQx0kYK7CNPozTIPMlhc+oxBvP3XWBXnZqTAy4TtyBVUKAV2F/eIMYpJ0JjhpTqu06i/QxJTTEj04qXKpIgPEZD0jdUIE6Un+X7T+GpUQYwiqUpoWGu/p7IEFdqwkPTyZEeqUVvJv7n9VMdXfkZFUmqicDzj6KUQR3DWRhwQCXBmk0MQVhSsyvEIyQR1iayignBXTx5mXTOa269Vr+9qDaaRRxlcAxOwBlwwSVogBvQAm2AwSN4Bq/gzXqyXqx362PeWrKKmUPwB9bnD5ialdg=</latexit>

ωB → ωS Environment 
correlation time is 
smaller than the 

subsystem relaxation 
time

In the Markovian limit, the evolution of 
the subsystem is governed by the  
master Lindblad equation 



<latexit sha1_base64="LXQpso9Om5vowDw8fF4rnCT3kvM=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCIJREpLoRSt10WdE+oAlhMp20Q2cmYWYilNiFv+LGhSJu/Q13/o3TNgttPXDhcM693HtPmDCqtON8W0vLK6tr64WN4ubW9s6uvbffUnEqMWnimMWyEyJFGBWkqalmpJNIgnjISDsc3kz89gORisbiXo8S4nPUFzSiGGkjBfZh/boe3J3Vg5qpzJMcUqHHXmCXnLIzBVwkbk5KIEcjsL+8XoxTToTGDCnVdZ1E+xmSmmJGxkUvVSRBeIj6pGuoQJwoP5veP4YnRunBKJamhIZT9fdEhrhSIx6aTo70QM17E/E/r5vq6MrPqEhSTQSeLYpSBnUMJ2HAHpUEazYyBGFJza0QD5BEWJvIiiYEd/7lRdI6L7uVcuX2olSt5XEUwBE4BqfABZegCuqgAZoAg0fwDF7Bm/VkvVjv1sesdcnKZw7AH1ifPyf7lPE=</latexit>

H = HS +HB +Hint

(sub) 
System, S

Bath, B

Total system, S + B

<latexit sha1_base64="bXScXWKDaEfltshzGuB9Xoq40ts=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCqzIjUt0IpW5cVrQP6AxDJs20oZlkSDJCKXXjr7hxoYhb/8Kdf2NmOgttPZBwcs693NwTJowq7Tjf1tLyyuraemmjvLm1vbNr7+23lUglJi0smJDdECnCKCctTTUj3UQSFIeMdMLRdeZ3HohUVPB7PU6IH6MBpxHFSBspsA89ORRX2RXceULTmKj80QjsilN1csBF4hakAgo0A/vL6wucxoRrzJBSPddJtD9BUlPMyLTspYokCI/QgPQM5ciM8if5BlN4YpQ+jIQ0h2uYq787JihWahyHpjJGeqjmvUz8z+ulOrr0J5QnqSYczwZFKYNawCwO2KeSYM3GhiAsqfkrxEMkEdYmtLIJwZ1feZG0z6purVq7Pa/UG0UcJXAEjsEpcMEFqIMb0AQtgMEjeAav4M16sl6sd+tjVrpkFT0H4A+szx+0XpcS</latexit>

ω = ωS → ωB

<latexit sha1_base64="HVm0Muj4YgQkvbNgVfwXNXmR2kU=">AAACIHicbVDLSsNAFJ3UV62vqks3g0VwUUsi0roRim66rGAfkIQymUzaoTNJmJkIJeRT3Pgrblwoojv9GidtF7X1wMDhnHOZe48XMyqVaX4bhbX1jc2t4nZpZ3dv/6B8eNSVUSIw6eCIRaLvIUkYDUlHUcVIPxYEcY+Rnje+y/3eIxGSRuGDmsTE5WgY0oBipLQ0KDecQCCcOhypkeCpn0FHjKJsQVDZzUXqCA5p5lSh3armAXdQrpg1cwq4Sqw5qYA52oPyl+NHOOEkVJghKW3LjJWbIqEoZiQrOYkkMcJjNCS2piHiRLrp9MAMnmnFh0Ek9AsVnKqLEyniUk64p5P53nLZy8X/PDtRwbWb0jBOFAnx7KMgYVBFMG8L+lQQrNhEE4QF1btCPEK6MaU7LekSrOWTV0n3smbVa/X7q0rzdl5HEZyAU3AOLNAATdACbdABGDyBF/AG3o1n49X4MD5n0YIxnzkGf2D8/AITvqQe</latexit>

dω

dt
= →i [H, ω]

The dynamics of the total  
neutrino-spin system is governed by 
the Liouville-von-Neumann equation

<latexit sha1_base64="LWHgb2GJhqA+gQ5+KYt7XoGRNUA="></latexit>

dωS
dt

= →i[HI
int, ωS ] +

∑

k

εkDOk [ωS(t)]

<latexit sha1_base64="D1KM8XvWdT3ZF0F25d80dJ7bxwU="></latexit>

DO[ωS(t)] = OωSO
†
→

1

2
{O

†
O, ωS}

<latexit sha1_base64="DUySkKRi7Y/EoO+uGo/E34bxFrQ=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR6qYkItWNUOrGZcW+oAlhMp20QyczYWYilFA3/oobF4q49S/c+TcmbRbaeuDC4Zx7ufceP2JUacv6Ngorq2vrG8XN0tb2zu6euX/QUSKWmLSxYEL2fKQIo5y0NdWM9CJJUOgz0vXHN5nffSBSUcFbehIRN0RDTgOKkU4lzzxy5Eh499eJI0PYklOvUcmUs5Jnlq2qNQNcJnZOyiBH0zO/nIHAcUi4xgwp1betSLsJkppiRqYlJ1YkQniMhqSfUo5Cotxk9sEUnqbKAAZCpsU1nKm/JxIUKjUJ/bQzRHqkFr1M/M/rxzq4chPKo1gTjueLgphBLWAWBxxQSbBmk5QgLGl6K8QjJBHWaWhZCPbiy8ukc161a9Xa3UW53sjjKIJjcAIqwAaXoA5uQRO0AQaP4Bm8gjfjyXgx3o2PeWvByGcOwR8Ynz/84JX0</latexit>

ωS = TrB(ω)

<latexit sha1_base64="jejHUE9K1BMAOCvw89FbdC+/XIc=">AAAB/3icbVC7TsMwFHXKq5RXAImFxaJCYqoShApjVRbGIuhDaqLIcZ3Wqu1EtoNUhQ78CgsDCLHyG2z8DW6aAVqOdKXjc+6V7z1hwqjSjvNtlVZW19Y3ypuVre2d3T17/6Cj4lRi0sYxi2UvRIowKkhbU81IL5EE8ZCRbji+nvndByIVjcW9niTE52goaEQx0kYK7CNPozTIPMlhc+oxBvP3XWBXnZqTAy4TtyBVUKAV2F/eIMYpJ0JjhpTqu06i/QxJTTEj04qXKpIgPEZD0jdUIE6Un+X7T+GpUQYwiqUpoWGu/p7IEFdqwkPTyZEeqUVvJv7n9VMdXfkZFUmqicDzj6KUQR3DWRhwQCXBmk0MQVhSsyvEIyQR1iayignBXTx5mXTOa269Vr+9qDaaRRxlcAxOwBlwwSVogBvQAm2AwSN4Bq/gzXqyXqx362PeWrKKmUPwB9bnD5ialdg=</latexit>

ωB → ωS

• Born approximation: neutrinos have weak interactions 

• Markovian limit: relic background  

• Secular approximation: NMR frequencies very large

Environment 
correlation time is 
smaller than the 

subsystem relaxation 
time

In the Markovian limit, the evolution of 
the subsystem is governed by the  
master Lindblad equation 

An open quantum system



Dissipative channels 
<latexit sha1_base64="LWHgb2GJhqA+gQ5+KYt7XoGRNUA="></latexit>

dωS
dt

= →i[HI
int, ωS ] +

∑

k

εkDOk [ωS(t)]
<latexit sha1_base64="D1KM8XvWdT3ZF0F25d80dJ7bxwU="></latexit>

DO[ωS(t)] = OωSO
†
→

1

2
{O

†
O, ωS}

<latexit sha1_base64="INqgb3d/SS3uC2gwdyd/fETh7M4="></latexit>

Process Operator Rate

Neutrino emission D→ = J→ωJ+ → 1
2{J+J→, ω} ε→

Neutrino absorption D+ = J+ωJ→ → 1
2{J→J+, ω} ε+

Neutrino dephasing Dz = JzωJz → 1
2{J

2
z , ω} εz

Local emission Dloc
→ =

∑
ω

(
Jω
→ωJ

ω
+ → 1

2{J
ω
+J

ω
→, ω}

)
εloc
→

Local absorption Dloc
+ =

∑
ω

(
Jω
+ωJ

ω
→ → 1

2{J
ω
→J

ω
+, ω}

)
εloc
+

Local dephasing Dloc
ε =

∑
ω

(
Jω
z ωJ

ω
z → 1

2{(J
ω
z )

2, ω}
)

εloc
ε



Dissipative channels 
<latexit sha1_base64="LWHgb2GJhqA+gQ5+KYt7XoGRNUA="></latexit>

dωS
dt

= →i[HI
int, ωS ] +

∑

k

εkDOk [ωS(t)]
<latexit sha1_base64="D1KM8XvWdT3ZF0F25d80dJ7bxwU="></latexit>

DO[ωS(t)] = OωSO
†
→

1

2
{O

†
O, ωS}

<latexit sha1_base64="INqgb3d/SS3uC2gwdyd/fETh7M4="></latexit>

Process Operator Rate

Neutrino emission D→ = J→ωJ+ → 1
2{J+J→, ω} ε→

Neutrino absorption D+ = J+ωJ→ → 1
2{J→J+, ω} ε+

Neutrino dephasing Dz = JzωJz → 1
2{J

2
z , ω} εz

Local emission Dloc
→ =

∑
ω

(
Jω
→ωJ

ω
+ → 1

2{J
ω
+J

ω
→, ω}

)
εloc
→

Local absorption Dloc
+ =

∑
ω

(
Jω
+ωJ

ω
→ → 1

2{J
ω
→J

ω
+, ω}

)
εloc
+

Local dephasing Dloc
ε =

∑
ω

(
Jω
z ωJ

ω
z → 1

2{(J
ω
z )

2, ω}
)

εloc
ε

Collective  
effects 

N2



Dissipative channels 
<latexit sha1_base64="LWHgb2GJhqA+gQ5+KYt7XoGRNUA="></latexit>

dωS
dt

= →i[HI
int, ωS ] +

∑

k

εkDOk [ωS(t)]
<latexit sha1_base64="D1KM8XvWdT3ZF0F25d80dJ7bxwU="></latexit>

DO[ωS(t)] = OωSO
†
→

1

2
{O

†
O, ωS}

<latexit sha1_base64="INqgb3d/SS3uC2gwdyd/fETh7M4="></latexit>

Process Operator Rate

Neutrino emission D→ = J→ωJ+ → 1
2{J+J→, ω} ε→

Neutrino absorption D+ = J+ωJ→ → 1
2{J→J+, ω} ε+

Neutrino dephasing Dz = JzωJz → 1
2{J

2
z , ω} εz

Local emission Dloc
→ =

∑
ω

(
Jω
→ωJ

ω
+ → 1

2{J
ω
+J

ω
→, ω}

)
εloc
→

Local absorption Dloc
+ =

∑
ω

(
Jω
+ωJ

ω
→ → 1

2{J
ω
→J

ω
+, ω}

)
εloc
+

Local dephasing Dloc
ε =

∑
ω

(
Jω
z ωJ

ω
z → 1

2{(J
ω
z )

2, ω}
)

εloc
ε

Local  
effects 

N

Collective  
effects 

N2



Dissipative channels 
<latexit sha1_base64="LWHgb2GJhqA+gQ5+KYt7XoGRNUA="></latexit>

dωS
dt

= →i[HI
int, ωS ] +

∑

k

εkDOk [ωS(t)]
<latexit sha1_base64="D1KM8XvWdT3ZF0F25d80dJ7bxwU="></latexit>

DO[ωS(t)] = OωSO
†
→

1

2
{O

†
O, ωS}

<latexit sha1_base64="INqgb3d/SS3uC2gwdyd/fETh7M4="></latexit>

Process Operator Rate

Neutrino emission D→ = J→ωJ+ → 1
2{J+J→, ω} ε→

Neutrino absorption D+ = J+ωJ→ → 1
2{J→J+, ω} ε+

Neutrino dephasing Dz = JzωJz → 1
2{J

2
z , ω} εz

Local emission Dloc
→ =

∑
ω

(
Jω
→ωJ

ω
+ → 1

2{J
ω
+J

ω
→, ω}

)
εloc
→

Local absorption Dloc
+ =

∑
ω

(
Jω
+ωJ

ω
→ → 1

2{J
ω
→J

ω
+, ω}

)
εloc
+

Local dephasing Dloc
ε =

∑
ω

(
Jω
z ωJ

ω
z → 1

2{(J
ω
z )

2, ω}
)

εloc
ε

Local  
effects 

N

Collective  
effects 

N2



Dissipative dynamics

Total neutrino-induced collective effects
<latexit sha1_base64="+6NwcsyYgtXPr4JJvE/bEJLWw/4=">AAAB/nicbZDLSgMxFIYz9VbrbVRcuQkWQRDHGZGqC6HoxmUFe4F2GDJppg1NMkOSEcpQ8FXcuFDErc/hzrcxbWehrT8EPv5zDufkDxNGlXbdb6uwsLi0vFJcLa2tb2xu2ds7DRWnEpM6jlksWyFShFFB6ppqRlqJJIiHjDTDwe243nwkUtFYPOhhQnyOeoJGFCNtrMDe6/QQ5yg4Ps3h5Np1rgK77DruRHAevBzKIFctsL863RinnAiNGVKq7bmJ9jMkNcWMjEqdVJEE4QHqkbZBgThRfjY5fwQPjdOFUSzNExpO3N8TGeJKDXloOjnSfTVbG5v/1dqpji79jIok1UTg6aIoZVDHcJwF7FJJsGZDAwhLam6FuI8kwtokVjIheLNfnofGmeNVnMr9ebl6k8dRBPvgABwBD1yAKrgDNVAHGGTgGbyCN+vJerHerY9pa8HKZ3bBH1mfPzkslF8=</latexit>

ω+/ω→ = 0.9

<latexit sha1_base64="bBccf3PBwk0qISD8LtS8Jiil6d4=">AAACFHicbVDLSgMxFM3UV62vUZdugkUQSuuMSHVZdOOygn1AZxgyaaYNTTJDkhHK0I9w46+4caGIWxfu/BvTdhbaeiBwOOdebs4JE0aVdpxvq7Cyura+UdwsbW3v7O7Z+wdtFacSkxaOWSy7IVKEUUFammpGuokkiIeMdMLRzdTvPBCpaCzu9TghPkcDQSOKkTZSYFe8AeIcBZknORRET7xExomOoVvNncpZTqqBXXZqzgxwmbg5KYMczcD+8voxTjkRGjOkVM91Eu1nSGqKGZmUvFSRBOERGpCeoQJxovxsFmoCT4zSh1EszRMaztTfGxniSo15aCY50kO16E3F/7xeqqMrP6MiSTUReH4oShk0oacNwT6VBGs2NgRhSc1fIR4iibA2PZZMCe5i5GXSPq+59Vr97qLcuM7rKIIjcAxOgQsuQQPcgiZoAQwewTN4BW/Wk/VivVsf89GCle8cgj+wPn8AI1mePQ==</latexit>

ωnet → 1↑ ω+/ω→

<latexit sha1_base64="UvDvFfyPiKk7+2lsGkbRqlT+QfU=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gObUCbbTbt0dxN2N0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZelHKmjed9O4W19Y3NreJ2aWd3b/+gfHjU0kmmCG2ShCeqE6GmnEnaNMxw2kkVRRFx2o5GtzO//USVZol8MOOUhgIHksWMoLHSYzBAIbAXpKJXrnhVbw53lfg5qUCORq/8FfQTkgkqDeGoddf3UhNOUBlGOJ2WgkzTFMkIB7RrqURBdTiZXzx1z6zSd+NE2ZLGnau/JyYotB6LyHYKNEO97M3E/7xuZuLrcMJkmhkqyWJRnHHXJO7sfbfPFCWGjy1Bopi91SVDVEiMDalkQ/CXX14lrYuqX6vW7i8r9Zs8jiKcwCmcgw9XUIc7aEATCEh4hld4c7Tz4rw7H4vWgpPPHMMfOJ8/lI+Q4A==</latexit>ω±

Starting from the  

coherent state 



Dissipative dynamics

Total neutrino-induced collective effects
<latexit sha1_base64="UvDvFfyPiKk7+2lsGkbRqlT+QfU=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gObUCbbTbt0dxN2N0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZelHKmjed9O4W19Y3NreJ2aWd3b/+gfHjU0kmmCG2ShCeqE6GmnEnaNMxw2kkVRRFx2o5GtzO//USVZol8MOOUhgIHksWMoLHSYzBAIbAXpKJXrnhVbw53lfg5qUCORq/8FfQTkgkqDeGoddf3UhNOUBlGOJ2WgkzTFMkIB7RrqURBdTiZXzx1z6zSd+NE2ZLGnau/JyYotB6LyHYKNEO97M3E/7xuZuLrcMJkmhkqyWJRnHHXJO7sfbfPFCWGjy1Bopi91SVDVEiMDalkQ/CXX14lrYuqX6vW7i8r9Zs8jiKcwCmcgw9XUIc7aEATCEh4hld4c7Tz4rw7H4vWgpPPHMMfOJ8/lI+Q4A==</latexit>ω±

<latexit sha1_base64="+6NwcsyYgtXPr4JJvE/bEJLWw/4=">AAAB/nicbZDLSgMxFIYz9VbrbVRcuQkWQRDHGZGqC6HoxmUFe4F2GDJppg1NMkOSEcpQ8FXcuFDErc/hzrcxbWehrT8EPv5zDufkDxNGlXbdb6uwsLi0vFJcLa2tb2xu2ds7DRWnEpM6jlksWyFShFFB6ppqRlqJJIiHjDTDwe243nwkUtFYPOhhQnyOeoJGFCNtrMDe6/QQ5yg4Ps3h5Np1rgK77DruRHAevBzKIFctsL863RinnAiNGVKq7bmJ9jMkNcWMjEqdVJEE4QHqkbZBgThRfjY5fwQPjdOFUSzNExpO3N8TGeJKDXloOjnSfTVbG5v/1dqpji79jIok1UTg6aIoZVDHcJwF7FJJsGZDAwhLam6FuI8kwtokVjIheLNfnofGmeNVnMr9ebl6k8dRBPvgABwBD1yAKrgDNVAHGGTgGbyCN+vJerHerY9pa8HKZ3bBH1mfPzkslF8=</latexit>

ω+/ω→ = 0.9

Transverse coherence is only lost because system moves away from the equatorial plane 

Ratio between +/- sets decoherence timescale 
<latexit sha1_base64="bBccf3PBwk0qISD8LtS8Jiil6d4=">AAACFHicbVDLSgMxFM3UV62vUZdugkUQSuuMSHVZdOOygn1AZxgyaaYNTTJDkhHK0I9w46+4caGIWxfu/BvTdhbaeiBwOOdebs4JE0aVdpxvq7Cyura+UdwsbW3v7O7Z+wdtFacSkxaOWSy7IVKEUUFammpGuokkiIeMdMLRzdTvPBCpaCzu9TghPkcDQSOKkTZSYFe8AeIcBZknORRET7xExomOoVvNncpZTqqBXXZqzgxwmbg5KYMczcD+8voxTjkRGjOkVM91Eu1nSGqKGZmUvFSRBOERGpCeoQJxovxsFmoCT4zSh1EszRMaztTfGxniSo15aCY50kO16E3F/7xeqqMrP6MiSTUReH4oShk0oacNwT6VBGs2NgRhSc1fIR4iibA2PZZMCe5i5GXSPq+59Vr97qLcuM7rKIIjcAxOgQsuQQPcgiZoAQwewTN4BW/Wk/VivVsf89GCle8cgj+wPn8AI1mePQ==</latexit>

ωnet → 1↑ ω+/ω→

Starting from the  

coherent state 



Dissipative channels 
<latexit sha1_base64="LWHgb2GJhqA+gQ5+KYt7XoGRNUA="></latexit>

dωS
dt

= →i[HI
int, ωS ] +

∑

k

εkDOk [ωS(t)]
<latexit sha1_base64="D1KM8XvWdT3ZF0F25d80dJ7bxwU="></latexit>

DO[ωS(t)] = OωSO
†
→

1

2
{O

†
O, ωS}

<latexit sha1_base64="INqgb3d/SS3uC2gwdyd/fETh7M4="></latexit>

Process Operator Rate

Neutrino emission D→ = J→ωJ+ → 1
2{J+J→, ω} ε→

Neutrino absorption D+ = J+ωJ→ → 1
2{J→J+, ω} ε+

Neutrino dephasing Dz = JzωJz → 1
2{J

2
z , ω} εz

Local emission Dloc
→ =

∑
ω

(
Jω
→ωJ

ω
+ → 1

2{J
ω
+J

ω
→, ω}

)
εloc
→

Local absorption Dloc
+ =

∑
ω

(
Jω
+ωJ

ω
→ → 1

2{J
ω
→J

ω
+, ω}

)
εloc
+

Local dephasing Dloc
ε =

∑
ω

(
Jω
z ωJ

ω
z → 1

2{(J
ω
z )

2, ω}
)

εloc
ε

Local  
effects 

N

Collective  
effects 

N2



Dissipative dynamics
<latexit sha1_base64="F2XXoNV8Nd4Rg/tTZUh6LnxrSDE=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyURqS6LblxWsA9oYphMJ+3QeYSZiVBCwV9x40IRt36HO//GaZuFth64cDjnXu69J04Z1cbzvp3Syura+kZ5s7K1vbO75+4ftLXMFCYtLJlU3RhpwqggLUMNI91UEcRjRjrx6Gbqdx6J0lSKezNOScjRQNCEYmSsFLlHwQBxjh7yQHHIJJ5EQTqkkVv1at4McJn4BamCAs3I/Qr6EmecCIMZ0rrne6kJc6QMxYxMKkGmSYrwCA1Iz1KBONFhPjt/Ak+t0oeJVLaEgTP190SOuNZjHttOjsxQL3pT8T+vl5nkKsypSDNDBJ4vSjIGjYTTLGCfKoING1uCsKL2VoiHSCFsbGIVG4K/+PIyaZ/X/HqtfndRbVwXcZTBMTgBZ8AHl6ABbkETtAAGOXgGr+DNeXJenHfnY95acoqZQ/AHzucPcyCV0g==</latexit>

ωloc
ωEffects of local dephasing

Starting from the  

coherent state 



Dissipative dynamics
<latexit sha1_base64="F2XXoNV8Nd4Rg/tTZUh6LnxrSDE=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyURqS6LblxWsA9oYphMJ+3QeYSZiVBCwV9x40IRt36HO//GaZuFth64cDjnXu69J04Z1cbzvp3Syura+kZ5s7K1vbO75+4ftLXMFCYtLJlU3RhpwqggLUMNI91UEcRjRjrx6Gbqdx6J0lSKezNOScjRQNCEYmSsFLlHwQBxjh7yQHHIJJ5EQTqkkVv1at4McJn4BamCAs3I/Qr6EmecCIMZ0rrne6kJc6QMxYxMKkGmSYrwCA1Iz1KBONFhPjt/Ak+t0oeJVLaEgTP190SOuNZjHttOjsxQL3pT8T+vl5nkKsypSDNDBJ4vSjIGjYTTLGCfKoING1uCsKL2VoiHSCFsbGIVG4K/+PIyaZ/X/HqtfndRbVwXcZTBMTgBZ8AHl6ABbkETtAAGOXgGr+DNeXJenHfnY95acoqZQ/AHzucPcyCV0g==</latexit>

ωloc
ωEffects of local dephasing

Transverse coherence is lost because of incoherent effects  

No energy evolution 

Starting from the  

coherent state 



Dissipative channels 
<latexit sha1_base64="LWHgb2GJhqA+gQ5+KYt7XoGRNUA="></latexit>

dωS
dt

= →i[HI
int, ωS ] +

∑

k

εkDOk [ωS(t)]
<latexit sha1_base64="D1KM8XvWdT3ZF0F25d80dJ7bxwU="></latexit>

DO[ωS(t)] = OωSO
†
→

1

2
{O

†
O, ωS}

<latexit sha1_base64="INqgb3d/SS3uC2gwdyd/fETh7M4="></latexit>

Process Operator Rate

Neutrino emission D→ = J→ωJ+ → 1
2{J+J→, ω} ε→

Neutrino absorption D+ = J+ωJ→ → 1
2{J→J+, ω} ε+

Neutrino dephasing Dz = JzωJz → 1
2{J

2
z , ω} εz

Local emission Dloc
→ =

∑
ω

(
Jω
→ωJ

ω
+ → 1

2{J
ω
+J

ω
→, ω}

)
εloc
→

Local absorption Dloc
+ =

∑
ω

(
Jω
+ωJ

ω
→ → 1

2{J
ω
→J

ω
+, ω}

)
εloc
+

Local dephasing Dloc
ε =

∑
ω

(
Jω
z ωJ

ω
z → 1

2{(J
ω
z )

2, ω}
)

εloc
ε

Local  
effects 

N

Collective  
effects 

N2



Dissipative dynamics

Effects of local interactions (dephasing + relaxation)
<latexit sha1_base64="gqewzzsYap0+mPGOwCzZ62jALqs=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUhKR6rLoxmUF+4Amlsl00g6dR5iZCCX0I9z4K25cKOLWhTv/xmmbhbY9cOFwzr3ce0+UMKqN5/04S8srq2vrhY3i5tb2zq67t9/QMlWY1LFkUrUipAmjgtQNNYy0EkUQjxhpRoObsd98JEpTKe7NMCEhRz1BY4qRsVLHPQ16iHP0kAWKQybxqBMkfXoGF8i845a8sjcBnCd+TkogR63jfgddiVNOhMEMad32vcSEGVKGYkZGxSDVJEF4gHqkbalAnOgwmzw1gsdW6cJYKlvCwIn6dyJDXOshj2wnR6avZ72xuMhrpya+CjMqktQQgaeL4pRBI+E4IdilimDDhpYgrKi9FeI+Uggbm2PRhuDPvjxPGudlv1Ku3F2Uqtd5HAVwCI7ACfDBJaiCW1ADdYDBE3gBb+DdeXZenQ/nc9q65OQzB+AfnK9fGmCe4A==</latexit>

ωloc
ω , ωloc

±

Starting from the  

coherent state 



Dissipative dynamics

Effects of local interactions (dephasing + relaxation)
<latexit sha1_base64="gqewzzsYap0+mPGOwCzZ62jALqs=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUhKR6rLoxmUF+4Amlsl00g6dR5iZCCX0I9z4K25cKOLWhTv/xmmbhbY9cOFwzr3ce0+UMKqN5/04S8srq2vrhY3i5tb2zq67t9/QMlWY1LFkUrUipAmjgtQNNYy0EkUQjxhpRoObsd98JEpTKe7NMCEhRz1BY4qRsVLHPQ16iHP0kAWKQybxqBMkfXoGF8i845a8sjcBnCd+TkogR63jfgddiVNOhMEMad32vcSEGVKGYkZGxSDVJEF4gHqkbalAnOgwmzw1gsdW6cJYKlvCwIn6dyJDXOshj2wnR6avZ72xuMhrpya+CjMqktQQgaeL4pRBI+E4IdilimDDhpYgrKi9FeI+Uggbm2PRhuDPvjxPGudlv1Ku3F2Uqtd5HAVwCI7ACfDBJaiCW1ADdYDBE3gBb+DdeXZenQ/nc9q65OQzB+AfnK9fGmCe4A==</latexit>

ωloc
ω , ωloc

±

Transverse coherence is lost because of incoherent effects (both dephasing and relaxation) 

Energy evolution to the thermal steady-state 

Starting from the  

coherent state 



<latexit sha1_base64="ZszuOAALIglIbZO6BJnAzIyANQw=">AAACGXicbVDLSsNAFJ34rPUVdelmsAhCaUlEqhuh6MZlhb6gScNkOmmHziRhZiKUkN9w46+4caGIS135N07bLLT1wIXDOfdy7z1+zKhUlvVtrKyurW9sFraK2zu7e/vmwWFbRonApIUjFomujyRhNCQtRRUj3VgQxH1GOv74dup3HoiQNAqbahITl6NhSAOKkdKSZ1pNz+6nFTuD19AZIs5RP3UEhyzCmVcuL0kVzyxZVWsGuEzsnJRAjoZnfjqDCCechAozJGXPtmLlpkgoihnJik4iSYzwGA1JT9MQcSLddPZZBk+1MoBBJHSFCs7U3xMp4lJOuK87OVIjuehNxf+8XqKCKzelYZwoEuL5oiBhUEVwGhMcUEGwYhNNEBZU3wrxCAmElQ6zqEOwF19eJu3zql2r1u4vSvWbPI4COAYn4AzY4BLUwR1ogBbA4BE8g1fwZjwZL8a78TFvXTHymSPwB8bXD678n4g=</latexit>

T→1
1 = ωloc

+ + ωloc
→

Relaxation and dephasing

<latexit sha1_base64="m4ZesqjMeG+K1gefiWF7LEIdXnk="></latexit>

→Jz(t)↑ = →Jz↑eq ↓ [→Jz↑eq ↓ →Jz↑(0)] e→t(ωloc
+ +ωloc

→ )

<latexit sha1_base64="nLd84oAwVt0X5xPHx7tRiuztbIQ="></latexit>

→Jz↑eq =
N

2

ωloc
+ ↓ ωloc

→
ωloc
+ + ωloc

→

Longitudinal relaxation:

• Recovery of magnetisation along the magnetic field 
• Driven by energy exchange with the lattice 

 (spin-lattice relaxation) 
• In liquid-state NMR, e.g. 

<latexit sha1_base64="ZVFuL/frNJY8X2Q2y99GZc4Lq+Y=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VW1toQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoUcepYthisYhVJ6AaBZfYMtwI7CQKaRQIbAfj25nffkKleSybZpKgH9Gh5CFn1Fjpodn3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lTxeVL1atXZ/Wanf5HEU4QRO4Rw8uII63EEDWsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wfYW42H</latexit>

T1

<latexit sha1_base64="XSU+5VCA4HX/A2avFWqA1u1uaxc=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4KlmR6rHoxWOFfkG7lmyabUOT7JJklVLq7/DiQRGv/hdv/hvTdg/a+mDg8d4MM/PCRHBjMf72VlbX1jc2c1v57Z3dvf3CwWHDxKmmrE5jEetWSAwTXLG65VawVqIZkaFgzXB4M/WbD0wbHquaHSUskKSveMQpsU66r3X9juES+RjjJ9MtFHEJz4CWiZ+RImSodgtfnV5MU8mUpYIY0/ZxYoMx0ZZTwSb5TmpYQuiQ9FnbUUUkM8F4dvUEnTqlh6JYu1IWzdTfE2MijRnJ0HVKYgdm0ZuK/3nt1EZXwZirJLVM0fmiKBXIxmgaAepxzagVI0cI1dzdiuiAaEKtCyrvQvAXX14mjfOSXy6V7y6KlessjhwcwwmcgQ+XUIFbqEIdKGh4hld48x69F+/d+5i3rnjZzBH8gff5A8sbkWw=</latexit>

T1 → 1000 s



<latexit sha1_base64="SJ520CTK/6n40A2AOq24eHi7qi4="></latexit>

T→1
2 =

1

2
(ωloc

+ + ωloc
→ + ωloc

ω )

<latexit sha1_base64="ZszuOAALIglIbZO6BJnAzIyANQw=">AAACGXicbVDLSsNAFJ34rPUVdelmsAhCaUlEqhuh6MZlhb6gScNkOmmHziRhZiKUkN9w46+4caGIS135N07bLLT1wIXDOfdy7z1+zKhUlvVtrKyurW9sFraK2zu7e/vmwWFbRonApIUjFomujyRhNCQtRRUj3VgQxH1GOv74dup3HoiQNAqbahITl6NhSAOKkdKSZ1pNz+6nFTuD19AZIs5RP3UEhyzCmVcuL0kVzyxZVWsGuEzsnJRAjoZnfjqDCCechAozJGXPtmLlpkgoihnJik4iSYzwGA1JT9MQcSLddPZZBk+1MoBBJHSFCs7U3xMp4lJOuK87OVIjuehNxf+8XqKCKzelYZwoEuL5oiBhUEVwGhMcUEGwYhNNEBZU3wrxCAmElQ6zqEOwF19eJu3zql2r1u4vSvWbPI4COAYn4AzY4BLUwR1ogBbA4BE8g1fwZjwZL8a78TFvXTHymSPwB8bXD678n4g=</latexit>

T→1
1 = ωloc

+ + ωloc
→

Relaxation and dephasing

• Loss of coherence in the -plane due to spin-spin interactions 
• Typically shorter than in  solid-state 

• Experimentally limited by local field inhomogeneities ( )  

xy
T1

T*2

<latexit sha1_base64="m4ZesqjMeG+K1gefiWF7LEIdXnk="></latexit>

→Jz(t)↑ = →Jz↑eq ↓ [→Jz↑eq ↓ →Jz↑(0)] e→t(ωloc
+ +ωloc

→ )

<latexit sha1_base64="nLd84oAwVt0X5xPHx7tRiuztbIQ="></latexit>

→Jz↑eq =
N

2

ωloc
+ ↓ ωloc

→
ωloc
+ + ωloc

→

<latexit sha1_base64="9sNXLadutJbLesApBdicdQ2kYY0="></latexit>

→Jx(t)↑ =
N

2
e→t(ωloc

+ +ωloc
→ +ωloc

ω )/2 ,

Longitudinal relaxation:

Transverse relaxation:

• Recovery of magnetisation along the magnetic field 
• Driven by energy exchange with the lattice 

 (spin-lattice relaxation) 
• In liquid-state NMR, e.g. 

<latexit sha1_base64="ZVFuL/frNJY8X2Q2y99GZc4Lq+Y=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VW1toQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoUcepYthisYhVJ6AaBZfYMtwI7CQKaRQIbAfj25nffkKleSybZpKgH9Gh5CFn1Fjpodn3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lTxeVL1atXZ/Wanf5HEU4QRO4Rw8uII63EEDWsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wfYW42H</latexit>

T1

<latexit sha1_base64="P5uTVhnDiNW6LSz/zb4pEApYqlI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DXjxGzAuSJcxOOsmQ2dllZlYISz7BiwdFvPpF3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByN/fbT6g0j2TDTGP0QzqSfMgZNVZ6bPQr/WLJLbsLkHXiZaQEGer94ldvELEkRGmYoFp3PTc2fkqV4UzgrNBLNMaUTegIu5ZKGqL208WpM3JhlQEZRsqWNGSh/p5Iaaj1NAxsZ0jNWK96c/E/r5uY4Y2fchknBiVbLhomgpiIzP8mA66QGTG1hDLF7a2EjamizNh0CjYEb/XlddKqlL1qufpwVardZnHk4QzO4RI8uIYa3EMdmsBgBM/wCm+OcF6cd+dj2ZpzsplT+APn8wfZ342I</latexit>

T2

<latexit sha1_base64="XSU+5VCA4HX/A2avFWqA1u1uaxc=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4KlmR6rHoxWOFfkG7lmyabUOT7JJklVLq7/DiQRGv/hdv/hvTdg/a+mDg8d4MM/PCRHBjMf72VlbX1jc2c1v57Z3dvf3CwWHDxKmmrE5jEetWSAwTXLG65VawVqIZkaFgzXB4M/WbD0wbHquaHSUskKSveMQpsU66r3X9juES+RjjJ9MtFHEJz4CWiZ+RImSodgtfnV5MU8mUpYIY0/ZxYoMx0ZZTwSb5TmpYQuiQ9FnbUUUkM8F4dvUEnTqlh6JYu1IWzdTfE2MijRnJ0HVKYgdm0ZuK/3nt1EZXwZirJLVM0fmiKBXIxmgaAepxzagVI0cI1dzdiuiAaEKtCyrvQvAXX14mjfOSXy6V7y6KlessjhwcwwmcgQ+XUIFbqEIdKGh4hld48x69F+/d+5i3rnjZzBH8gff5A8sbkWw=</latexit>

T1 → 1000 s

<latexit sha1_base64="DuJNYOOalDQAoAUq3RNayt0XtRc=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgqmSKVJdFNy4r9AXtMGTSTBuaZIYkI5ahfoobF4q49Ufc+Tem7Sy09cCFwzn3cu89YcKZNgh9O4WNza3tneJuaW//4PDIPS53dJwqQtsk5rHqhVhTziRtG2Y47SWKYhFy2g0nt3O/+0CVZrFsmWlCfYFHkkWMYGOlwC23gtqAU601E9BDCD3pwK2gKloArhMvJxWQoxm4X4NhTFJBpSEca933UGL8DCvDCKez0iDVNMFkgke0b6nEgmo/W9w+g+dWGcIoVrakgQv190SGhdZTEdpOgc1Yr3pz8T+vn5ro2s+YTFJDJVkuilIOTQznQcAhU5QYPrUEE8XsrZCMscLE2LhKNgRv9eV10qlVvXq1fn9ZadzkcRTBKTgDF8ADV6AB7kATtAEBj+AZvII3Z+a8OO/Ox7K14OQzJ+APnM8fiwOTfQ==</latexit>

T2 ↭ 1000 s



<latexit sha1_base64="SJ520CTK/6n40A2AOq24eHi7qi4="></latexit>

T→1
2 =

1

2
(ωloc

+ + ωloc
→ + ωloc

ω )

<latexit sha1_base64="ZszuOAALIglIbZO6BJnAzIyANQw=">AAACGXicbVDLSsNAFJ34rPUVdelmsAhCaUlEqhuh6MZlhb6gScNkOmmHziRhZiKUkN9w46+4caGIS135N07bLLT1wIXDOfdy7z1+zKhUlvVtrKyurW9sFraK2zu7e/vmwWFbRonApIUjFomujyRhNCQtRRUj3VgQxH1GOv74dup3HoiQNAqbahITl6NhSAOKkdKSZ1pNz+6nFTuD19AZIs5RP3UEhyzCmVcuL0kVzyxZVWsGuEzsnJRAjoZnfjqDCCechAozJGXPtmLlpkgoihnJik4iSYzwGA1JT9MQcSLddPZZBk+1MoBBJHSFCs7U3xMp4lJOuK87OVIjuehNxf+8XqKCKzelYZwoEuL5oiBhUEVwGhMcUEGwYhNNEBZU3wrxCAmElQ6zqEOwF19eJu3zql2r1u4vSvWbPI4COAYn4AzY4BLUwR1ogBbA4BE8g1fwZjwZL8a78TFvXTHymSPwB8bXD678n4g=</latexit>

T→1
1 = ωloc

+ + ωloc
→

Relaxation and dephasing

• Loss of coherence in the -plane due to spin-spin interactions 
• Typically shorter than in  solid-state 

• Experimentally limited by local field inhomogeneities ( )  

xy
T1

T*2

<latexit sha1_base64="m4ZesqjMeG+K1gefiWF7LEIdXnk="></latexit>

→Jz(t)↑ = →Jz↑eq ↓ [→Jz↑eq ↓ →Jz↑(0)] e→t(ωloc
+ +ωloc

→ )

<latexit sha1_base64="nLd84oAwVt0X5xPHx7tRiuztbIQ="></latexit>

→Jz↑eq =
N

2

ωloc
+ ↓ ωloc

→
ωloc
+ + ωloc

→

<latexit sha1_base64="9sNXLadutJbLesApBdicdQ2kYY0="></latexit>

→Jx(t)↑ =
N

2
e→t(ωloc

+ +ωloc
→ +ωloc

ω )/2 ,

Longitudinal relaxation:

Transverse relaxation:

• Recovery of magnetisation along the magnetic field 
• Driven by energy exchange with the lattice 

 (spin-lattice relaxation) 
• In liquid-state NMR, e.g. 

<latexit sha1_base64="ZVFuL/frNJY8X2Q2y99GZc4Lq+Y=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VW1toQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoUcepYthisYhVJ6AaBZfYMtwI7CQKaRQIbAfj25nffkKleSybZpKgH9Gh5CFn1Fjpodn3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lTxeVL1atXZ/Wanf5HEU4QRO4Rw8uII63EEDWsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wfYW42H</latexit>

T1

<latexit sha1_base64="P5uTVhnDiNW6LSz/zb4pEApYqlI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DXjxGzAuSJcxOOsmQ2dllZlYISz7BiwdFvPpF3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByN/fbT6g0j2TDTGP0QzqSfMgZNVZ6bPQr/WLJLbsLkHXiZaQEGer94ldvELEkRGmYoFp3PTc2fkqV4UzgrNBLNMaUTegIu5ZKGqL208WpM3JhlQEZRsqWNGSh/p5Iaaj1NAxsZ0jNWK96c/E/r5uY4Y2fchknBiVbLhomgpiIzP8mA66QGTG1hDLF7a2EjamizNh0CjYEb/XlddKqlL1qufpwVardZnHk4QzO4RI8uIYa3EMdmsBgBM/wCm+OcF6cd+dj2ZpzsplT+APn8wfZ342I</latexit>

T2

<latexit sha1_base64="XSU+5VCA4HX/A2avFWqA1u1uaxc=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4KlmR6rHoxWOFfkG7lmyabUOT7JJklVLq7/DiQRGv/hdv/hvTdg/a+mDg8d4MM/PCRHBjMf72VlbX1jc2c1v57Z3dvf3CwWHDxKmmrE5jEetWSAwTXLG65VawVqIZkaFgzXB4M/WbD0wbHquaHSUskKSveMQpsU66r3X9juES+RjjJ9MtFHEJz4CWiZ+RImSodgtfnV5MU8mUpYIY0/ZxYoMx0ZZTwSb5TmpYQuiQ9FnbUUUkM8F4dvUEnTqlh6JYu1IWzdTfE2MijRnJ0HVKYgdm0ZuK/3nt1EZXwZirJLVM0fmiKBXIxmgaAepxzagVI0cI1dzdiuiAaEKtCyrvQvAXX14mjfOSXy6V7y6KlessjhwcwwmcgQ+XUIFbqEIdKGh4hld48x69F+/d+5i3rnjZzBH8gff5A8sbkWw=</latexit>

T1 → 1000 s

<latexit sha1_base64="DuJNYOOalDQAoAUq3RNayt0XtRc=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgqmSKVJdFNy4r9AXtMGTSTBuaZIYkI5ahfoobF4q49Ufc+Tem7Sy09cCFwzn3cu89YcKZNgh9O4WNza3tneJuaW//4PDIPS53dJwqQtsk5rHqhVhTziRtG2Y47SWKYhFy2g0nt3O/+0CVZrFsmWlCfYFHkkWMYGOlwC23gtqAU601E9BDCD3pwK2gKloArhMvJxWQoxm4X4NhTFJBpSEca933UGL8DCvDCKez0iDVNMFkgke0b6nEgmo/W9w+g+dWGcIoVrakgQv190SGhdZTEdpOgc1Yr3pz8T+vn5ro2s+YTFJDJVkuilIOTQznQcAhU5QYPrUEE8XsrZCMscLE2LhKNgRv9eV10qlVvXq1fn9ZadzkcRTBKTgDF8ADV6AB7kATtAEBj+AZvII3Z+a8OO/Ox7K14OQzJ+APnM8fiwOTfQ==</latexit>

T2 ↭ 1000 s

Amplitude damping channel (ADC)

Phase damping channel (PDC)



One can consider all of the two-level 
systems as identical and identically 

prepared at an initial time: permutational 
invariant subspace of the full Hilbert 

space

Permutational invariance and Dicke basis

<latexit sha1_base64="K1LrQrI0cnAT9J8VvAH2o8tfZTg=">AAACFnicbVA9SwNBEN2LXzF+RS1tFoNgofEuSLQM2lhJBPMBuRD2NnvJkt29Y3dOCCG/wsa/YmOhiK3Y+W/cJFeY6IOBx3szzMwLYsENuO63k1laXlldy67nNja3tnfyu3t1EyWashqNRKSbATFMcMVqwEGwZqwZkYFgjWBwPfEbD0wbHql7GMasLUlP8ZBTAlbq5E996wK+PSudYOlronqC+RDNqbH0UqeTL7hFdwr8l3gpKaAU1U7+y+9GNJFMARXEmJbnxtAeEQ2cCjbO+YlhMaED0mMtSxWRzLRH07fG+MgqXRxG2pYCPFV/T4yINGYoA9spCfTNojcR//NaCYSX7RFXcQJM0dmiMBEYIjzJCHe5ZhTE0BJCNbe3YtonmlCwSeZsCN7iy39JvVT0ysXy3XmhcpXGkUUH6BAdIw9doAq6QVVUQxQ9omf0it6cJ+fFeXc+Zq0ZJ53ZR3NwPn8ADGqeFQ==</latexit>

|N/2,m→ ↑ |N/2,m± 1→Coherent interaction:

Energy 

Cooperativity 

Local interactions connect different energy ladders 
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!em = ωem(j +m)(j →m+ 1)
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∑
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∑

ω
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+
[ωS ]
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ε

∑

ω

DJω
z
[ωS ]

→ L{ωS(t)}

Solving the master equation
Full method 

Hilbert space dimension grows as  with the number of spins  
Liouvillian space grows as  

With permutational symmetry up to  entries in the density matrix

2N N
4N

N3
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∑
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N

2
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∑
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↓
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±
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]

Semiclassical approximation: higher moments of the 
operators are factorised. Truncate the hierarchy and close 
the system  

Effective mean-field theory that improves for large   

Cons: gives access to limited information about the 
system’s state (in our case only up to second moments)

N
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→J 3
z ↑ ↓ →Jz↑→J 2

z ↑
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2nd order method 

Full method 

Hilbert space dimension grows as  with the number of spins  
Liouvillian space grows as  

With permutational symmetry up to  entries in the density matrix

2N N
4N
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Numerical methods
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∑
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qutip.org

github.com/gpierobon/OpenNu 

github.com/gpierobon/pyOpenNu

github.com/qutip/qutip

Full density matrix solutions with collective dissipation for  
 

Full density matrix solutions with collective dissipation and local 
dissipative channels for  
 

Fast second-order approximate solutions for arbitrary 

N ≲ 104

N ≲ 70

N



Drift observable
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Ideal for C B searchesν
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Spin projection 
noise 



Energy evolution: including local effects
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1. Neutrinos-only with : steady 
state reached after the dissipative 
timescale  

2. Local dephasing: coherent effects 
suppressed 
 
Neutrino steady-state reached at the 
dissipative timescale 

3. All local effects: relaxation adds 
dissipation in the energy 
 
Thermal steady-state reached at the 
dissipative timescale 
 
  

4. Including all effects

δν ≫ 1
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Energy evolution: including local effects
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state reached after the dissipative 
timescale  
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suppressed 
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4. Including all effects

δν ≫ 1
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δν ≫ 1

<latexit sha1_base64="nLd84oAwVt0X5xPHx7tRiuztbIQ="></latexit>

→Jz↑eq =
N

2

ωloc
+ ↓ ωloc

→
ωloc
+ + ωloc

→



Diffusion observables
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Second-order observable 



Diffusion observables

10°6 10°5 10°4 10°3 10°2 10°1 100 101 102

tNgnet

104

105

106

s J
z

tdiss = (Ng±)°1

p
N/2

N = 108Numerical solution
Perturbative solution

<latexit sha1_base64="AD5J25ooc2ls8NrphPdrNoHqR3E="></latexit>

→J 2
z ↑|P → ↓

N

4
+ ωtotN(N + 1) t ,

→J 2
x ↑|G→ ↓

N

4
+ 2ω+N(N + 1) t ,

<latexit sha1_base64="bSW5Z2J0miIsh7NeFJC8chZbCzI="></latexit>

ω2
Jz

→ ↑J
2
z ↓|P → ↔ ↑Jz↓

2
|P →

↗
N

4
+ εtotN(N + 1)t+O(t2)

<latexit sha1_base64="qWjfvfxOCic5rsPF9fQ6J05mFWM="></latexit>

→Jz↑ ↓ ωtotN
2, εJ 2

z
↓ N, SNR ↓ ωtotN

Second-order observable 

Spin projection 
noise 
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Ideal for axion DM searches



Non-Markovian case: axion DM
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For  the axion field exhibits correlations τ ≤ τcoh

Non-Markovian behaviour  

For large  limit, correlations decay τ
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p(t) → N2!2t2

In the non-Markovian regime the system is 
influenced by a coherent drive 

If the axion is on resonance, phase and 
direction are measured and  

Lindblad prediction fails Rabi frequency 

Short coherence times

Long coherence times 
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In the non-Markovian regime the system is 
influenced by a coherent drive 

If the axion is on resonance, phase and 
direction are measured and  

Lindblad prediction fails Rabi frequency 

Short coherence times

Long coherence times 

Pre-discovery: SNR does not care about 
Markovian vs non-Markovian 

Post-discovery: Lindblad or coherent drive
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Experimental modeling

Idealised NMR experiment using polarised 129Xe nuclei, as 
envisioned in future stages of the CASPEr 

Readout chain 
<latexit sha1_base64="rHQm+IYI0E8Zt6tBg0PNxgGOw9s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiFy9CRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewsrq2vlHcLG1t7+zulfcPWjpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsYX8/89iMqzWP5YCYJ+hEdSh5yRo2V7m/7br9ccavuHOQv8XJSgRyNfvmzN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n81Ck5scqAhLGyJQ2Zqz8nMhppPYkC2xlRM9LL3kz8z+umJrz0My6T1KBki0VhKoiJyexvMuAKmRETSyhT3N5K2IgqyoxNp2RD8JZf/ktaZ1WvVq3dnVfqV3kcRTiCYzgFDy6gDjfQgCYwGMITvMCrI5xn5815X7QWnHzmEH7B+fgGzC2Nfw==</latexit>

M0

129Xe

<latexit sha1_base64="crq+GcuWyKQYVzY0VPCg7PWA7AY=">AAACG3icbVDLSgMxFM3UV62vqks3wSK4scy0Wl0W3bisYB/QmQ6ZNG1Dk8yYZIQyjN/hxl9x40IRV4IL/8b0sdDWA4HDOedyc08QMaq0bX9bmaXlldW17HpuY3Nreye/u9dQYSwxqeOQhbIVIEUYFaSuqWakFUmCeMBIMxhejf3mPZGKhuJWjyLicdQXtEcx0kby8yXhJ67ksEVSV1FO7qBTLJ9BVxuuoGN3klIpfZhEME87yUk59fMFu2hPABeJMyMFMEPNz3+63RDHnAiNGVKq7diR9hIkNcWMpDk3ViRCeIj6pG2oQGa1l0xuS+GRUbqwF0rzhIYT9fdEgrhSIx6YJEd6oOa9sfif145178JLqIhiTQSeLurFDOoQjouCXSoJ1mxkCMKSmr9CPEASYW3qzJkSnPmTF0mjVHQqxcrNaaF6OasjCw7AITgGDjgHVXANaqAOMHgEz+AVvFlP1ov1bn1MoxlrNrMP/sD6+gHkH6AZ</latexit>

nXe → 1.35↑ 1022 cm→3

<latexit sha1_base64="Z+OEmZnL0PolZqG4W2l3dgwJ5jk=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVwVTJFqsuiG5cV+oJ2GDJppg1NMkOSEepQ/RU3LhRx63+4829M21lo64ELh3Pu5d57woQzbRD6dlZW19Y3Ngtbxe2d3b199+CwpeNUEdokMY9VJ8SaciZp0zDDaSdRFIuQ03Y4upn67XuqNItlw4wT6gs8kCxiBBsrBe5xI6j0NBPQQwg9Zj0loJ4EbgmV0QxwmXg5KYEc9cD96vVjkgoqDeFY666HEuNnWBlGOJ0Ue6mmCSYjPKBdSyUWVPvZ7PoJPLNKH0axsiUNnKm/JzIstB6L0HYKbIZ60ZuK/3nd1ERXfsZkkhoqyXxRlHJoYjiNAvaZosTwsSWYKGZvhWSIFSbGBla0IXiLLy+TVqXsVcvVu4tS7TqPowBOwCk4Bx64BDVwC+qgCQh4AM/gFbw5T86L8+58zFtXnHzmCPyB8/kDyQmULQ==</latexit>

T2 → 1000 s
<latexit sha1_base64="imhvLlb4BJ61cxtmUE5MqIK7J4E=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWOFfkEawma7aZfubsLuRiihP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUs60cd1vZ2Nza3tnt7RX3j84PDqunJx2dZIpQjsk4YnqR1hTziTtGGY47aeKYhFx2osm93O/90SVZolsm2lKA4FHksWMYGMlvx16A80Eaof1sFJ1a+4CaJ14BalCgVZY+RoME5IJKg3hWGvfc1MT5FgZRjidlQeZpikmEzyivqUSC6qDfHHyDF1aZYjiRNmSBi3U3xM5FlpPRWQ7BTZjverNxf88PzPxbZAzmWaGSrJcFGccmQTN/0dDpigxfGoJJorZWxEZY4WJsSmVbQje6svrpFuveY1a4/G62rwr4ijBOVzAFXhwA014gBZ0gEACz/AKb45xXpx352PZuuEUM2fwB87nDxtTkIE=</latexit>

T1 → T2

<latexit sha1_base64="+1HP9s/0t97ONCrf4xPPy1NSc00=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4KjMi1Y1QdOOygn1AZxgyaaYNzSQhyQhl6MaNv+LGhSJu/Qd3/o1pOwttPXDhcM693HtPLBnVxvO+naXlldW19dJGeXNre2fX3dtvaZEpTJpYMKE6MdKEUU6ahhpGOlIRlMaMtOPhzcRvPxClqeD3ZiRJmKI+pwnFyFgpco9aUXIVEKkpExwGjQGN8kClUFI8HEduxat6U8BF4hekAgo0Ivcr6AmcpYQbzJDWXd+TJsyRMhQzMi4HmSYS4SHqk66lHKVEh/n0izE8sUoPJkLZ4gZO1d8TOUq1HqWx7UyRGeh5byL+53Uzk1yGOeUyM4Tj2aIkY9AIOIkE9qgi2LCRJQgram+FeIAUwsYGV7Yh+PMvL5LWWdWvVWt355X6dRFHCRyCY3AKfHAB6uAWNEATYPAInsEreHOenBfn3fmYtS45xcwB+APn8wdCqphy</latexit>

Vf = ω!pick
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T2 → 1000 s
<latexit sha1_base64="imhvLlb4BJ61cxtmUE5MqIK7J4E=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWOFfkEawma7aZfubsLuRiihP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUs60cd1vZ2Nza3tnt7RX3j84PDqunJx2dZIpQjsk4YnqR1hTziTtGGY47aeKYhFx2osm93O/90SVZolsm2lKA4FHksWMYGMlvx16A80Eaof1sFJ1a+4CaJ14BalCgVZY+RoME5IJKg3hWGvfc1MT5FgZRjidlQeZpikmEzyivqUSC6qDfHHyDF1aZYjiRNmSBi3U3xM5FlpPRWQ7BTZjverNxf88PzPxbZAzmWaGSrJcFGccmQTN/0dDpigxfGoJJorZWxEZY4WJsSmVbQje6svrpFuveY1a4/G62rwr4ijBOVzAFXhwA014gBZ0gEACz/AKb45xXpx352PZuuEUM2fwB87nDxtTkIE=</latexit>

T1 → T2

Noise sources 

Spin projection noise (shot-noise) 

Instrumental noise  
• SQUID noise 
• Electronic noise (e.g. amplifier noise)  
• Mechanical vibrations

<latexit sha1_base64="7ZDzap1na1Q6dqdUKm+QgRXFn+I="></latexit>

FSQUID → PSQUID

PSPN

<latexit sha1_base64="Hzo7LwWH9uO1jXc2v1y2ZvDcjK0="></latexit>

ω2
SQUID =

N

4
FSQUID

Walter et al. (CASPEr) 2504.16044 

<latexit sha1_base64="+1HP9s/0t97ONCrf4xPPy1NSc00=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4KjMi1Y1QdOOygn1AZxgyaaYNzSQhyQhl6MaNv+LGhSJu/Qd3/o1pOwttPXDhcM693HtPLBnVxvO+naXlldW19dJGeXNre2fX3dtvaZEpTJpYMKE6MdKEUU6ahhpGOlIRlMaMtOPhzcRvPxClqeD3ZiRJmKI+pwnFyFgpco9aUXIVEKkpExwGjQGN8kClUFI8HEduxat6U8BF4hekAgo0Ivcr6AmcpYQbzJDWXd+TJsyRMhQzMi4HmSYS4SHqk66lHKVEh/n0izE8sUoPJkLZ4gZO1d8TOUq1HqWx7UyRGeh5byL+53Uzk1yGOeUyM4Tj2aIkY9AIOIkE9qgi2LCRJQgram+FeIAUwsYGV7Yh+PMvL5LWWdWvVWt355X6dRFHCRyCY3AKfHAB6uAWNEATYPAInsEreHOenBfn3fmYtS45xcwB+APn8wdCqphy</latexit>

Vf = ω!pick



Statistical analysis 
<latexit sha1_base64="mXiNvsA3TDHZCT8gIICAaq4eE24="></latexit>

ω2(εω) = Nshots

nt∑

ij

di
[
C→1

]
ij
dj

<latexit sha1_base64="IGbI28OdsxmO6JTxi8PuyyXLuXc="></latexit>

di → ↑Jz(ti; ωω)↓|P → ↔ ↑Ĵz(ti)↓|P →

Fiducial model does not contain the neutrino signal 

The theoretical prediction includes neutrino effects 
tuned by the overdensity parameter  δν
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<latexit sha1_base64="mXiNvsA3TDHZCT8gIICAaq4eE24="></latexit>
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<latexit sha1_base64="IGbI28OdsxmO6JTxi8PuyyXLuXc="></latexit>

di → ↑Jz(ti; ωω)↓|P → ↔ ↑Ĵz(ti)↓|P →

<latexit sha1_base64="Qw832B4hJvGjUo7zXbJkr7Jt238="></latexit>

Cij = Cth
ij + ω2

SQUIDεij
<latexit sha1_base64="Di50YaxeV3voXhgXxIAyB/qyQ7E="></latexit>

Cth
ij =






ω2
Jz

(ti; εω) , i = j ,

ω2
Jz

(ti; εω) e
→(εloc

→ +εloc
+ )|(tj→ti) , i < j ,

ω2
Jz

(tj ; εω) e
→(εloc

→ +εloc
+ )|(ti→tj) , i > j ,

Fiducial model does not contain the neutrino signal 

The theoretical prediction includes neutrino effects 
tuned by the overdensity parameter  δν
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Fiducial model does not contain the neutrino signal 

The theoretical prediction includes neutrino effects 
tuned by the overdensity parameter  δν

<latexit sha1_base64="YAH3Zm/vagVs1DyJ7mGcvOFa/Kc="></latexit>

d

dω
ε2
Jz

=→ ϑnet
[
↑Jz(t)J 2(t+ ω)↓ → ↑Jz(t)↓↑J 2(t+ ω)↓

→ ↑Jz(t)J 2
z (t+ ω)↓+ ↑Jz(t)↓↑J 2

z (t+ ω)↓
]

→ (ϑtot + ϑloc
+ + ϑloc

→ )ε2
Jz

(t, t+ ω)

Two-time correlation functions



Forecast constraints
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Assuming optimal splitting, normal hierarchy, 129Xe 

<latexit sha1_base64="YZ2QjFEPf+dtIKXQmTR1pIPrOEw="></latexit>

ωω
0 = min

(
εBmax,

pε
mεR

)
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<latexit sha1_base64="YZ2QjFEPf+dtIKXQmTR1pIPrOEw="></latexit>

ωω
0 = min

(
εBmax,

pε
mεR

)

KATRIN mass and overdensity bounds

<latexit sha1_base64="FsnKBYEqlJFJ/pW2N05u6vJxG2Q=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KolIdVl047KCfUATw2Ry0w6dTMLMRCih4MZfceNCEbf+hDv/xuljoa0HLhzOuZd77wkzzpR2nG9raXlldW29tFHe3Nre2bX39lsqzSWFJk15KjshUcCZgKZmmkMnk0CSkEM7HFyP/fYDSMVScaeHGfgJ6QkWM0q0kQL70IuAaxJ4Ivc4KKVYgl3nvnDdUWBXnKozAV4k7oxU0AyNwP7yopTmCQhNOVGq6zqZ9gsiNaMcRmUvV5AROiA96BoqSALKLyY/jPCJUSIcp9KU0Hii/p4oSKLUMAlNZ0J0X817Y/E/r5vr+NIvmMhyDYJOF8U5xzrF40BwxCRQzYeGECqZuRXTPpGEahNb2YTgzr+8SFpnVbdWrd2eV+pXszhK6Agdo1PkogtURzeogZqIokf0jF7Rm/VkvVjv1se0dcmazRygP7A+fwBVT5dT</latexit>

ωω ↭ 1011
<latexit sha1_base64="dPH/OZzMDDf/jK2FvxtjLvjb15Q=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEFCWoFAaGChbGItGH1EaR4zqtVduJbAdUhfInLAwgxMqXsPE3uG0GaDnSlY7OuVf33hMmjCrtut9WYWV1bX2juFna2t7Z3bPL+y0VpxKTJo5ZLDshUoRRQZqaakY6iSSIh4y0w9H11G/fE6loLO70OCE+RwNBI4qRNlJgl3ngXbpO9ewp60kOSWsS2BXXcWeAy8TLSQXkaAT2V68f45QToTFDSnU9N9F+hqSmmJFJqZcqkiA8QgPSNVQgTpSfzU6fwGOj9GEUS1NCw5n6eyJDXKkxD00nR3qoFr2p+J/XTXV04WdUJKkmAs8XRSmDOobTHGCfSoI1GxuCsKTmVoiHSCKsTVolE4K3+PIyaZ06Xs2p3VYr9as8jiI4BEfgBHjgHNTBDWiAJsDgATyDV/BmPVov1rv1MW8tWPnMAfgD6/MHjQCS7A==</latexit>

m1 < 0.45 eV
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SPN-limited, T1/T2 = 1
SPN-limited, T1/T2 = 10
SPN-limited, T1/T2 = 100

Forecast constraints

<latexit sha1_base64="V1RxPYDaN8rDFd6qfl+Od+ZIgSs="></latexit>

ωωε ↭ 1.7→ 1012 , 90% C.L.

<latexit sha1_base64="VfTHz22nrggLcO8AOcRBe6bE/Uo="></latexit>

ωCASPEr
ω ↭ 5.3→ 1013

(
0.5

p

)2
Future CASPEr constraint using Xenon 

Larger sample and low instrumental noise 

KATRIN mass and overdensity bounds

<latexit sha1_base64="FsnKBYEqlJFJ/pW2N05u6vJxG2Q=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KolIdVl047KCfUATw2Ry0w6dTMLMRCih4MZfceNCEbf+hDv/xuljoa0HLhzOuZd77wkzzpR2nG9raXlldW29tFHe3Nre2bX39lsqzSWFJk15KjshUcCZgKZmmkMnk0CSkEM7HFyP/fYDSMVScaeHGfgJ6QkWM0q0kQL70IuAaxJ4Ivc4KKVYgl3nvnDdUWBXnKozAV4k7oxU0AyNwP7yopTmCQhNOVGq6zqZ9gsiNaMcRmUvV5AROiA96BoqSALKLyY/jPCJUSIcp9KU0Hii/p4oSKLUMAlNZ0J0X817Y/E/r5vr+NIvmMhyDYJOF8U5xzrF40BwxCRQzYeGECqZuRXTPpGEahNb2YTgzr+8SFpnVbdWrd2eV+pXszhK6Agdo1PkogtURzeogZqIokf0jF7Rm/VkvVjv1se0dcmazRygP7A+fwBVT5dT</latexit>

ωω ↭ 1011
<latexit sha1_base64="dPH/OZzMDDf/jK2FvxtjLvjb15Q=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEFCWoFAaGChbGItGH1EaR4zqtVduJbAdUhfInLAwgxMqXsPE3uG0GaDnSlY7OuVf33hMmjCrtut9WYWV1bX2juFna2t7Z3bPL+y0VpxKTJo5ZLDshUoRRQZqaakY6iSSIh4y0w9H11G/fE6loLO70OCE+RwNBI4qRNlJgl3ngXbpO9ewp60kOSWsS2BXXcWeAy8TLSQXkaAT2V68f45QToTFDSnU9N9F+hqSmmJFJqZcqkiA8QgPSNVQgTpSfzU6fwGOj9GEUS1NCw5n6eyJDXKkxD00nR3qoFr2p+J/XTXV04WdUJKkmAs8XRSmDOobTHGCfSoI1GxuCsKTmVoiHSCKsTVolE4K3+PIyaZ06Xs2p3VYr9as8jiI4BEfgBHjgHNTBDWiAJsDgATyDV/BmPVov1rv1MW8tWPnMAfgD6/MHjQCS7A==</latexit>

m1 < 0.45 eV

Assuming optimal splitting, normal hierarchy, 129Xe 

<latexit sha1_base64="YZ2QjFEPf+dtIKXQmTR1pIPrOEw="></latexit>

ωω
0 = min

(
εBmax,

pε
mεR

)

Worse by factor  compared to 
perturbative estimate 

𝒪(10)
2408.04021



Squeezing protocols 

Galanis, Hosten, Arvanitaki, Dimopoulos, 2508.20520 Boyers, Goldstein, Sushkov, 2502.14103

Collection of spins inside LC circuit coil 
System very far off-resonance  

Effective spin-spin interaction induces non-linear 
squeezing Hamiltonian 

ωLC ≫ ω0
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H = ωJ
2
z

Very weak 
coupling

Need very 
large !N

One-axis twisting (OAT) 
Hamiltonian



Squeezing evolution 



Axion DM and C B reach ν

<latexit sha1_base64="oOhbuy2nhEoAtbE1jgllx9TjCvc="></latexit>

ωω → 1010
(
0.1 eV

mω

)(
1026

N

)(
R

10 cm

)3/2

2508.20520

Axion DM C Bν

 Promising potential of table-top detectors

Observe anti-squeezing induced by axion DM 
dissipation

Observe drift in energy with reduced variance and 
improved SNR
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ωω ↭ 1011  KATRIN



Summary

While can have enhanced rates in inelastic 
scatterings, C B is still out of reach 

 

Protocols for dark matter (e.g. axions) can be 
viable and accelerate search for dark matter 

Identified experimental challenges to probe 
weakly interacting relics  

New framework for future works 

ν


