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Regular Colliders

Colliders produce particles and then 
we observe the decay products



Regular Colliders

Location of bump gives 
mass of particle

Size of bump gives 
coupling constant



Cosmological Colliders

Cosmological Collider produce particles and 
then we observe the decay products
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Cosmological Colliders
• Power spectrum : 

• Density correlation function:
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Cosmological Colliders

Just like at regular colliders
What if there is a new particle?



Cosmological Colliders

Just like at regular colliders
What if there is a new particle?



Cosmological Colliders : Mass
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How do we get the mass?k3
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Cosmological Colliders : Mass
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How do we get the mass?

Measure at different values of t and see oscillation!
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Cosmological Colliders : WKB
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What determines the time
of the events?

k3
<latexit sha1_base64="Bj1Pi2bfBzBB3jqIxib2cdg4GF8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh3H/sl+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmldVD236t3XKvWbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gD6242V</latexit><latexit sha1_base64="Bj1Pi2bfBzBB3jqIxib2cdg4GF8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh3H/sl+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmldVD236t3XKvWbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gD6242V</latexit><latexit sha1_base64="Bj1Pi2bfBzBB3jqIxib2cdg4GF8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh3H/sl+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmldVD236t3XKvWbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gD6242V</latexit><latexit sha1_base64="Bj1Pi2bfBzBB3jqIxib2cdg4GF8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh3H/sl+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmldVD236t3XKvWbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gD6242V</latexit>



Cosmological Colliders : WKB

Particle production in De-Sitter Space

Non-Adiabatic production of 
particles from time dependence

Probability of creating/destroying a 
particle maximized when 
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Need mass around Hubble



Cosmological Colliders : WKB
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<latexit sha1_base64="Bj1Pi2bfBzBB3jqIxib2cdg4GF8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh3H/sl+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmldVD236t3XKvWbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gD6242V</latexit><latexit sha1_base64="Bj1Pi2bfBzBB3jqIxib2cdg4GF8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh3H/sl+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmldVD236t3XKvWbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gD6242V</latexit><latexit sha1_base64="Bj1Pi2bfBzBB3jqIxib2cdg4GF8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh3H/sl+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmldVD236t3XKvWbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gD6242V</latexit><latexit sha1_base64="Bj1Pi2bfBzBB3jqIxib2cdg4GF8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh3H/sl+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmldVD236t3XKvWbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gD6242V</latexit>
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<latexit sha1_base64="Bj1Pi2bfBzBB3jqIxib2cdg4GF8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh3H/sl+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmldVD236t3XKvWbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gD6242V</latexit><latexit sha1_base64="Bj1Pi2bfBzBB3jqIxib2cdg4GF8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh3H/sl+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmldVD236t3XKvWbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gD6242V</latexit><latexit sha1_base64="Bj1Pi2bfBzBB3jqIxib2cdg4GF8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh3H/sl+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmldVD236t3XKvWbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gD6242V</latexit><latexit sha1_base64="Bj1Pi2bfBzBB3jqIxib2cdg4GF8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh3H/sl+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmldVD236t3XKvWbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gD6242V</latexit>

Cosmological Colliders

Squeezed limit of non-gaussianities

Oscillations give mass of particle

Magnitude gives the coupling



Issues of the Cosmological Colliders

1. Mass and coupling can be explained by 
any number of theories

2. Non-Gaussianities tend to be small
3. Only probes masses ~ H



Issues of the Cosmological Colliders

1. Mass and coupling can be explained by 
any number of theories

2. Non-Gaussianities tend to be small
3. Only probes masses ~ H

Minimally coupled SM actually does a 
remarkable job addressing all of these problems!



Minimal Signatures of the SM

New particle : SM particle

Mass and coupling : Determined by a 
single interaction

The single interaction is the most relevant 
operator allowed by symmetries connecting 

a shift symmetric inflaton to the SM



Minimal Coupling

Most relevant operators connecting a shift 
symmetric inflaton to the SM
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<latexit sha1_base64="ht3qrOYyLXxcgfvu8nOB29i8qGs=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiKCLotCceGign1AE8JkctMOnTyYmQglZO3GX3HjQhG3foE7/8Zpm4W2Hhg4nHMPd+7xU86ksqxvY2l5ZXVtvbJR3dza3tk19/Y7MskEhTZNeCJ6PpHAWQxtxRSHXiqARD6Hrj+6nvjdBxCSJfG9GqfgRmQQs5BRorTkmUdOKAjNnXTIity51cGAeM0CN7GjGA8ANz2zZtWtKfAisUtSQyVanvnlBAnNIogV5UTKvm2lys2JUIxyKKpOJiEldEQG0Nc0JhFIN5+eUuATrQQ4TIR+scJT9XciJ5GU48jXkxFRQznvTcT/vH6mwks3Z3GaKYjpbFGYcawSPOkFB0wAVXysCaGC6b9iOiS6G6Xbq+oS7PmTF0nnrG5bdfvuvNa4KuuooEN0jE6RjS5QA92gFmojih7RM3pFb8aT8WK8Gx+z0SWjzBygPzA+fwB7wJoW</latexit><latexit sha1_base64="ht3qrOYyLXxcgfvu8nOB29i8qGs=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiKCLotCceGign1AE8JkctMOnTyYmQglZO3GX3HjQhG3foE7/8Zpm4W2Hhg4nHMPd+7xU86ksqxvY2l5ZXVtvbJR3dza3tk19/Y7MskEhTZNeCJ6PpHAWQxtxRSHXiqARD6Hrj+6nvjdBxCSJfG9GqfgRmQQs5BRorTkmUdOKAjNnXTIity51cGAeM0CN7GjGA8ANz2zZtWtKfAisUtSQyVanvnlBAnNIogV5UTKvm2lys2JUIxyKKpOJiEldEQG0Nc0JhFIN5+eUuATrQQ4TIR+scJT9XciJ5GU48jXkxFRQznvTcT/vH6mwks3Z3GaKYjpbFGYcawSPOkFB0wAVXysCaGC6b9iOiS6G6Xbq+oS7PmTF0nnrG5bdfvuvNa4KuuooEN0jE6RjS5QA92gFmojih7RM3pFb8aT8WK8Gx+z0SWjzBygPzA+fwB7wJoW</latexit><latexit sha1_base64="ht3qrOYyLXxcgfvu8nOB29i8qGs=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiKCLotCceGign1AE8JkctMOnTyYmQglZO3GX3HjQhG3foE7/8Zpm4W2Hhg4nHMPd+7xU86ksqxvY2l5ZXVtvbJR3dza3tk19/Y7MskEhTZNeCJ6PpHAWQxtxRSHXiqARD6Hrj+6nvjdBxCSJfG9GqfgRmQQs5BRorTkmUdOKAjNnXTIity51cGAeM0CN7GjGA8ANz2zZtWtKfAisUtSQyVanvnlBAnNIogV5UTKvm2lys2JUIxyKKpOJiEldEQG0Nc0JhFIN5+eUuATrQQ4TIR+scJT9XciJ5GU48jXkxFRQznvTcT/vH6mwks3Z3GaKYjpbFGYcawSPOkFB0wAVXysCaGC6b9iOiS6G6Xbq+oS7PmTF0nnrG5bdfvuvNa4KuuooEN0jE6RjS5QA92gFmojih7RM3pFb8aT8WK8Gx+z0SWjzBygPzA+fwB7wJoW</latexit><latexit sha1_base64="ht3qrOYyLXxcgfvu8nOB29i8qGs=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiKCLotCceGign1AE8JkctMOnTyYmQglZO3GX3HjQhG3foE7/8Zpm4W2Hhg4nHMPd+7xU86ksqxvY2l5ZXVtvbJR3dza3tk19/Y7MskEhTZNeCJ6PpHAWQxtxRSHXiqARD6Hrj+6nvjdBxCSJfG9GqfgRmQQs5BRorTkmUdOKAjNnXTIity51cGAeM0CN7GjGA8ANz2zZtWtKfAisUtSQyVanvnlBAnNIogV5UTKvm2lys2JUIxyKKpOJiEldEQG0Nc0JhFIN5+eUuATrQQ4TIR+scJT9XciJ5GU48jXkxFRQznvTcT/vH6mwks3Z3GaKYjpbFGYcawSPOkFB0wAVXysCaGC6b9iOiS6G6Xbq+oS7PmTF0nnrG5bdfvuvNa4KuuooEN0jE6RjS5QA92gFmojih7RM3pFb8aT8WK8Gx+z0SWjzBygPzA+fwB7wJoW</latexit>
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Most relevant operators connecting a shift 
symmetric inflaton to the SM
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<latexit sha1_base64="ht3qrOYyLXxcgfvu8nOB29i8qGs=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiKCLotCceGign1AE8JkctMOnTyYmQglZO3GX3HjQhG3foE7/8Zpm4W2Hhg4nHMPd+7xU86ksqxvY2l5ZXVtvbJR3dza3tk19/Y7MskEhTZNeCJ6PpHAWQxtxRSHXiqARD6Hrj+6nvjdBxCSJfG9GqfgRmQQs5BRorTkmUdOKAjNnXTIity51cGAeM0CN7GjGA8ANz2zZtWtKfAisUtSQyVanvnlBAnNIogV5UTKvm2lys2JUIxyKKpOJiEldEQG0Nc0JhFIN5+eUuATrQQ4TIR+scJT9XciJ5GU48jXkxFRQznvTcT/vH6mwks3Z3GaKYjpbFGYcawSPOkFB0wAVXysCaGC6b9iOiS6G6Xbq+oS7PmTF0nnrG5bdfvuvNa4KuuooEN0jE6RjS5QA92gFmojih7RM3pFb8aT8WK8Gx+z0SWjzBygPzA+fwB7wJoW</latexit><latexit sha1_base64="ht3qrOYyLXxcgfvu8nOB29i8qGs=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiKCLotCceGign1AE8JkctMOnTyYmQglZO3GX3HjQhG3foE7/8Zpm4W2Hhg4nHMPd+7xU86ksqxvY2l5ZXVtvbJR3dza3tk19/Y7MskEhTZNeCJ6PpHAWQxtxRSHXiqARD6Hrj+6nvjdBxCSJfG9GqfgRmQQs5BRorTkmUdOKAjNnXTIity51cGAeM0CN7GjGA8ANz2zZtWtKfAisUtSQyVanvnlBAnNIogV5UTKvm2lys2JUIxyKKpOJiEldEQG0Nc0JhFIN5+eUuATrQQ4TIR+scJT9XciJ5GU48jXkxFRQznvTcT/vH6mwks3Z3GaKYjpbFGYcawSPOkFB0wAVXysCaGC6b9iOiS6G6Xbq+oS7PmTF0nnrG5bdfvuvNa4KuuooEN0jE6RjS5QA92gFmojih7RM3pFb8aT8WK8Gx+z0SWjzBygPzA+fwB7wJoW</latexit><latexit sha1_base64="ht3qrOYyLXxcgfvu8nOB29i8qGs=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiKCLotCceGign1AE8JkctMOnTyYmQglZO3GX3HjQhG3foE7/8Zpm4W2Hhg4nHMPd+7xU86ksqxvY2l5ZXVtvbJR3dza3tk19/Y7MskEhTZNeCJ6PpHAWQxtxRSHXiqARD6Hrj+6nvjdBxCSJfG9GqfgRmQQs5BRorTkmUdOKAjNnXTIity51cGAeM0CN7GjGA8ANz2zZtWtKfAisUtSQyVanvnlBAnNIogV5UTKvm2lys2JUIxyKKpOJiEldEQG0Nc0JhFIN5+eUuATrQQ4TIR+scJT9XciJ5GU48jXkxFRQznvTcT/vH6mwks3Z3GaKYjpbFGYcawSPOkFB0wAVXysCaGC6b9iOiS6G6Xbq+oS7PmTF0nnrG5bdfvuvNa4KuuooEN0jE6RjS5QA92gFmojih7RM3pFb8aT8WK8Gx+z0SWjzBygPzA+fwB7wJoW</latexit><latexit sha1_base64="ht3qrOYyLXxcgfvu8nOB29i8qGs=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiKCLotCceGign1AE8JkctMOnTyYmQglZO3GX3HjQhG3foE7/8Zpm4W2Hhg4nHMPd+7xU86ksqxvY2l5ZXVtvbJR3dza3tk19/Y7MskEhTZNeCJ6PpHAWQxtxRSHXiqARD6Hrj+6nvjdBxCSJfG9GqfgRmQQs5BRorTkmUdOKAjNnXTIity51cGAeM0CN7GjGA8ANz2zZtWtKfAisUtSQyVanvnlBAnNIogV5UTKvm2lys2JUIxyKKpOJiEldEQG0Nc0JhFIN5+eUuATrQQ4TIR+scJT9XciJ5GU48jXkxFRQznvTcT/vH6mwks3Z3GaKYjpbFGYcawSPOkFB0wAVXysCaGC6b9iOiS6G6Xbq+oS7PmTF0nnrG5bdfvuvNa4KuuooEN0jE6RjS5QA92gFmojih7RM3pFb8aT8WK8Gx+z0SWjzBygPzA+fwB7wJoW</latexit>
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Already exist tight constraints on this 
coupling

Minimal Coupling



Most relevant operators connecting a shift 
symmetric inflaton to the SM
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<latexit sha1_base64="ht3qrOYyLXxcgfvu8nOB29i8qGs=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiKCLotCceGign1AE8JkctMOnTyYmQglZO3GX3HjQhG3foE7/8Zpm4W2Hhg4nHMPd+7xU86ksqxvY2l5ZXVtvbJR3dza3tk19/Y7MskEhTZNeCJ6PpHAWQxtxRSHXiqARD6Hrj+6nvjdBxCSJfG9GqfgRmQQs5BRorTkmUdOKAjNnXTIity51cGAeM0CN7GjGA8ANz2zZtWtKfAisUtSQyVanvnlBAnNIogV5UTKvm2lys2JUIxyKKpOJiEldEQG0Nc0JhFIN5+eUuATrQQ4TIR+scJT9XciJ5GU48jXkxFRQznvTcT/vH6mwks3Z3GaKYjpbFGYcawSPOkFB0wAVXysCaGC6b9iOiS6G6Xbq+oS7PmTF0nnrG5bdfvuvNa4KuuooEN0jE6RjS5QA92gFmojih7RM3pFb8aT8WK8Gx+z0SWjzBygPzA+fwB7wJoW</latexit><latexit sha1_base64="ht3qrOYyLXxcgfvu8nOB29i8qGs=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiKCLotCceGign1AE8JkctMOnTyYmQglZO3GX3HjQhG3foE7/8Zpm4W2Hhg4nHMPd+7xU86ksqxvY2l5ZXVtvbJR3dza3tk19/Y7MskEhTZNeCJ6PpHAWQxtxRSHXiqARD6Hrj+6nvjdBxCSJfG9GqfgRmQQs5BRorTkmUdOKAjNnXTIity51cGAeM0CN7GjGA8ANz2zZtWtKfAisUtSQyVanvnlBAnNIogV5UTKvm2lys2JUIxyKKpOJiEldEQG0Nc0JhFIN5+eUuATrQQ4TIR+scJT9XciJ5GU48jXkxFRQznvTcT/vH6mwks3Z3GaKYjpbFGYcawSPOkFB0wAVXysCaGC6b9iOiS6G6Xbq+oS7PmTF0nnrG5bdfvuvNa4KuuooEN0jE6RjS5QA92gFmojih7RM3pFb8aT8WK8Gx+z0SWjzBygPzA+fwB7wJoW</latexit><latexit sha1_base64="ht3qrOYyLXxcgfvu8nOB29i8qGs=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiKCLotCceGign1AE8JkctMOnTyYmQglZO3GX3HjQhG3foE7/8Zpm4W2Hhg4nHMPd+7xU86ksqxvY2l5ZXVtvbJR3dza3tk19/Y7MskEhTZNeCJ6PpHAWQxtxRSHXiqARD6Hrj+6nvjdBxCSJfG9GqfgRmQQs5BRorTkmUdOKAjNnXTIity51cGAeM0CN7GjGA8ANz2zZtWtKfAisUtSQyVanvnlBAnNIogV5UTKvm2lys2JUIxyKKpOJiEldEQG0Nc0JhFIN5+eUuATrQQ4TIR+scJT9XciJ5GU48jXkxFRQznvTcT/vH6mwks3Z3GaKYjpbFGYcawSPOkFB0wAVXysCaGC6b9iOiS6G6Xbq+oS7PmTF0nnrG5bdfvuvNa4KuuooEN0jE6RjS5QA92gFmojih7RM3pFb8aT8WK8Gx+z0SWjzBygPzA+fwB7wJoW</latexit><latexit sha1_base64="ht3qrOYyLXxcgfvu8nOB29i8qGs=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiKCLotCceGign1AE8JkctMOnTyYmQglZO3GX3HjQhG3foE7/8Zpm4W2Hhg4nHMPd+7xU86ksqxvY2l5ZXVtvbJR3dza3tk19/Y7MskEhTZNeCJ6PpHAWQxtxRSHXiqARD6Hrj+6nvjdBxCSJfG9GqfgRmQQs5BRorTkmUdOKAjNnXTIity51cGAeM0CN7GjGA8ANz2zZtWtKfAisUtSQyVanvnlBAnNIogV5UTKvm2lys2JUIxyKKpOJiEldEQG0Nc0JhFIN5+eUuATrQQ4TIR+scJT9XciJ5GU48jXkxFRQznvTcT/vH6mwks3Z3GaKYjpbFGYcawSPOkFB0wAVXysCaGC6b9iOiS6G6Xbq+oS7PmTF0nnrG5bdfvuvNa4KuuooEN0jE6RjS5QA92gFmojih7RM3pFb8aT8WK8Gx+z0SWjzBygPzA+fwB7wJoW</latexit>

c 
⇤f

@µ� �
µ�5 

<latexit sha1_base64="j6+PMxaoEK4o2lSFNamkQ+IwlWQ="></latexit><latexit sha1_base64="j6+PMxaoEK4o2lSFNamkQ+IwlWQ="></latexit><latexit sha1_base64="j6+PMxaoEK4o2lSFNamkQ+IwlWQ="></latexit><latexit sha1_base64="j6+PMxaoEK4o2lSFNamkQ+IwlWQ="></latexit>

Focus instead on this guy

Minimal Coupling



Inflaton has exponentially small spatial 
gradients but decent sized time derivatives

c 
⇤
@µ� �

µ�5 = @µ�J
µ

<latexit sha1_base64="iKb0CRxGtjadq+1diOvzk6vYGlo="></latexit><latexit sha1_base64="iKb0CRxGtjadq+1diOvzk6vYGlo="></latexit><latexit sha1_base64="iKb0CRxGtjadq+1diOvzk6vYGlo="></latexit><latexit sha1_base64="iKb0CRxGtjadq+1diOvzk6vYGlo="></latexit>

@µ�J
µ ! �̇J0 = µQ

<latexit sha1_base64="KhZ0vzRN30VBNaQwNIcbA8wB1fM=">AAACInicbVDLSgMxFM3UV62vUZdugkVwVWZEUBdC0Y24asE+oFNLJs10QjOTIbmjlNJvceOvuHGhqCvBjzHTVtDWA4HDOfeRe/xEcA2O82nlFhaXllfyq4W19Y3NLXt7p65lqiirUSmkavpEM8FjVgMOgjUTxUjkC9bw+5eZ37hjSnMZ38AgYe2I9GIecErASB37zEuIAk5Ex4tS7CUhx9e3Y6p4LwSilLzHXlfCj+fgc5z51Y5ddErOGHieuFNSRFNUOva7mUPTiMVABdG65ToJtIfZeirYqOClmiWE9kmPtQyNScR0ezg+cYQPjNLFgVTmxYDH6u+OIYm0HkS+qYwIhHrWy8T/vFYKwWl7yOMkBRbTyaIgFRgkzvLCXa4YBTEwhFDFzV8xDYkiFEyqBROCO3vyPKkflVyn5FaPi+WLaRx5tIf20SFy0QkqoytUQTVE0QN6Qi/o1Xq0nq0362NSmrOmPbvoD6yvb4o/ovc=</latexit><latexit sha1_base64="KhZ0vzRN30VBNaQwNIcbA8wB1fM=">AAACInicbVDLSgMxFM3UV62vUZdugkVwVWZEUBdC0Y24asE+oFNLJs10QjOTIbmjlNJvceOvuHGhqCvBjzHTVtDWA4HDOfeRe/xEcA2O82nlFhaXllfyq4W19Y3NLXt7p65lqiirUSmkavpEM8FjVgMOgjUTxUjkC9bw+5eZ37hjSnMZ38AgYe2I9GIecErASB37zEuIAk5Ex4tS7CUhx9e3Y6p4LwSilLzHXlfCj+fgc5z51Y5ddErOGHieuFNSRFNUOva7mUPTiMVABdG65ToJtIfZeirYqOClmiWE9kmPtQyNScR0ezg+cYQPjNLFgVTmxYDH6u+OIYm0HkS+qYwIhHrWy8T/vFYKwWl7yOMkBRbTyaIgFRgkzvLCXa4YBTEwhFDFzV8xDYkiFEyqBROCO3vyPKkflVyn5FaPi+WLaRx5tIf20SFy0QkqoytUQTVE0QN6Qi/o1Xq0nq0362NSmrOmPbvoD6yvb4o/ovc=</latexit><latexit sha1_base64="KhZ0vzRN30VBNaQwNIcbA8wB1fM=">AAACInicbVDLSgMxFM3UV62vUZdugkVwVWZEUBdC0Y24asE+oFNLJs10QjOTIbmjlNJvceOvuHGhqCvBjzHTVtDWA4HDOfeRe/xEcA2O82nlFhaXllfyq4W19Y3NLXt7p65lqiirUSmkavpEM8FjVgMOgjUTxUjkC9bw+5eZ37hjSnMZ38AgYe2I9GIecErASB37zEuIAk5Ex4tS7CUhx9e3Y6p4LwSilLzHXlfCj+fgc5z51Y5ddErOGHieuFNSRFNUOva7mUPTiMVABdG65ToJtIfZeirYqOClmiWE9kmPtQyNScR0ezg+cYQPjNLFgVTmxYDH6u+OIYm0HkS+qYwIhHrWy8T/vFYKwWl7yOMkBRbTyaIgFRgkzvLCXa4YBTEwhFDFzV8xDYkiFEyqBROCO3vyPKkflVyn5FaPi+WLaRx5tIf20SFy0QkqoytUQTVE0QN6Qi/o1Xq0nq0362NSmrOmPbvoD6yvb4o/ovc=</latexit><latexit sha1_base64="KhZ0vzRN30VBNaQwNIcbA8wB1fM=">AAACInicbVDLSgMxFM3UV62vUZdugkVwVWZEUBdC0Y24asE+oFNLJs10QjOTIbmjlNJvceOvuHGhqCvBjzHTVtDWA4HDOfeRe/xEcA2O82nlFhaXllfyq4W19Y3NLXt7p65lqiirUSmkavpEM8FjVgMOgjUTxUjkC9bw+5eZ37hjSnMZ38AgYe2I9GIecErASB37zEuIAk5Ex4tS7CUhx9e3Y6p4LwSilLzHXlfCj+fgc5z51Y5ddErOGHieuFNSRFNUOva7mUPTiMVABdG65ToJtIfZeirYqOClmiWE9kmPtQyNScR0ezg+cYQPjNLFgVTmxYDH6u+OIYm0HkS+qYwIhHrWy8T/vFYKwWl7yOMkBRbTyaIgFRgkzvLCXa4YBTEwhFDFzV8xDYkiFEyqBROCO3vyPKkflVyn5FaPi+WLaRx5tIf20SFy0QkqoytUQTVE0QN6Qi/o1Xq0nq0362NSmrOmPbvoD6yvb4o/ovc=</latexit>

Leading order coupling of inflaton to SM is a 
chemical potential for spin

Minimal Coupling



How large of a chemical potential can we have?

Minimal Coupling : Size

�̇ < ⇤2
<latexit sha1_base64="SC5MG/5xfW9CUVPy1KswohQIC1k=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvgqswUQRcuim5cuKhgH9AZSyaTaUMzmSG5I5Sh4K+4caGIW7/DnX9j2s5CWw8EDufck9ycIBVcg+N8W0vLK6tr66WN8ubW9s6uvbff0kmmKGvSRCSqExDNBJesCRwE66SKkTgQrB0Mryd++5EpzRN5D6OU+THpSx5xSsBIPfvQCxPAXjrg+BJ7tyYYkodaz644VWcKvEjcglRQgUbP/jL30CxmEqggWnddJwU/Jwo4FWxc9jLNUkKHpM+6hkoSM+3n0/XH+MQoIY4SZY4EPFV/J3ISaz2KAzMZExjoeW8i/ud1M4gu/JzLNAMm6eyhKBMYEjzpAodcMQpiZAihiptdMR0QRSiYxsqmBHf+y4ukVau6TtW9O6vUr4o6SugIHaNT5KJzVEc3qIGaiKIcPaNX9GY9WS/Wu/UxG12yiswB+gPr8wd+Z5SG</latexit><latexit sha1_base64="SC5MG/5xfW9CUVPy1KswohQIC1k=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvgqswUQRcuim5cuKhgH9AZSyaTaUMzmSG5I5Sh4K+4caGIW7/DnX9j2s5CWw8EDufck9ycIBVcg+N8W0vLK6tr66WN8ubW9s6uvbff0kmmKGvSRCSqExDNBJesCRwE66SKkTgQrB0Mryd++5EpzRN5D6OU+THpSx5xSsBIPfvQCxPAXjrg+BJ7tyYYkodaz644VWcKvEjcglRQgUbP/jL30CxmEqggWnddJwU/Jwo4FWxc9jLNUkKHpM+6hkoSM+3n0/XH+MQoIY4SZY4EPFV/J3ISaz2KAzMZExjoeW8i/ud1M4gu/JzLNAMm6eyhKBMYEjzpAodcMQpiZAihiptdMR0QRSiYxsqmBHf+y4ukVau6TtW9O6vUr4o6SugIHaNT5KJzVEc3qIGaiKIcPaNX9GY9WS/Wu/UxG12yiswB+gPr8wd+Z5SG</latexit><latexit sha1_base64="SC5MG/5xfW9CUVPy1KswohQIC1k=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvgqswUQRcuim5cuKhgH9AZSyaTaUMzmSG5I5Sh4K+4caGIW7/DnX9j2s5CWw8EDufck9ycIBVcg+N8W0vLK6tr66WN8ubW9s6uvbff0kmmKGvSRCSqExDNBJesCRwE66SKkTgQrB0Mryd++5EpzRN5D6OU+THpSx5xSsBIPfvQCxPAXjrg+BJ7tyYYkodaz644VWcKvEjcglRQgUbP/jL30CxmEqggWnddJwU/Jwo4FWxc9jLNUkKHpM+6hkoSM+3n0/XH+MQoIY4SZY4EPFV/J3ISaz2KAzMZExjoeW8i/ud1M4gu/JzLNAMm6eyhKBMYEjzpAodcMQpiZAihiptdMR0QRSiYxsqmBHf+y4ukVau6TtW9O6vUr4o6SugIHaNT5KJzVEc3qIGaiKIcPaNX9GY9WS/Wu/UxG12yiswB+gPr8wd+Z5SG</latexit><latexit sha1_base64="SC5MG/5xfW9CUVPy1KswohQIC1k=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvgqswUQRcuim5cuKhgH9AZSyaTaUMzmSG5I5Sh4K+4caGIW7/DnX9j2s5CWw8EDufck9ycIBVcg+N8W0vLK6tr66WN8ubW9s6uvbff0kmmKGvSRCSqExDNBJesCRwE66SKkTgQrB0Mryd++5EpzRN5D6OU+THpSx5xSsBIPfvQCxPAXjrg+BJ7tyYYkodaz644VWcKvEjcglRQgUbP/jL30CxmEqggWnddJwU/Jwo4FWxc9jLNUkKHpM+6hkoSM+3n0/XH+MQoIY4SZY4EPFV/J3ISaz2KAzMZExjoeW8i/ud1M4gu/JzLNAMm6eyhKBMYEjzpAodcMQpiZAihiptdMR0QRSiYxsqmBHf+y4ukVau6TtW9O6vUr4o6SugIHaNT5KJzVEc3qIGaiKIcPaNX9GY9WS/Wu/UxG12yiswB+gPr8wd+Z5SG</latexit>

Consistent EFT

µ =
�̇

⇤
= H

 
2⇡�̇

H2

!1/2
s

�̇

2⇡⇤2
. 60H

<latexit sha1_base64="rCmbXh0pJka1/+on47EvqKoCxJ8="></latexit><latexit sha1_base64="rCmbXh0pJka1/+on47EvqKoCxJ8="></latexit><latexit sha1_base64="rCmbXh0pJka1/+on47EvqKoCxJ8="></latexit><latexit sha1_base64="rCmbXh0pJka1/+on47EvqKoCxJ8="></latexit>



What are the effects of a chemical potential 
for spin? 

!2 = (|k| ± �)2 +m2
<latexit sha1_base64="fetSocAQv80AhZS4pMgx4KYrDmI=">AAACHnicbVDLSgNBEJz1bXxFPXoZDIIihN2g6EUIevEYwSRCdg2zk95kyMzuMtMrhNUv8eKvePGgiOBJ/8bJ4+CroKGo6u6ZrjCVwqDrfjpT0zOzc/MLi4Wl5ZXVteL6RsMkmeZQ54lM9FXIDEgRQx0FSrhKNTAVSmiG/bOh37wBbUQSX+IghUCxbiwiwRlaqV089BMFXXZdoSfUlxAh3aW3tG/LT5VV7KYOo74W3R7SPdu2T9V1pV0suWV3BPqXeBNSIhPU2sV3v5PwTEGMXDJjWp6bYpAzjYJLuCv4mYGU8T7rQsvSmCkwQT46747uWKVDo0TbipGO1O8TOVPGDFRoOxXDnvntDcX/vFaG0XGQizjNEGI+fijKJMWEDrOiHaGBoxxYwrgW9q+U95hmHG2iBRuC9/vkv6RRKXtu2bs4KFVPJ3EskC2yTXaJR45IlZyTGqkTTu7JI3kmL86D8+S8Om/j1ilnMrNJfsD5+AIVGZ9S</latexit><latexit sha1_base64="fetSocAQv80AhZS4pMgx4KYrDmI=">AAACHnicbVDLSgNBEJz1bXxFPXoZDIIihN2g6EUIevEYwSRCdg2zk95kyMzuMtMrhNUv8eKvePGgiOBJ/8bJ4+CroKGo6u6ZrjCVwqDrfjpT0zOzc/MLi4Wl5ZXVteL6RsMkmeZQ54lM9FXIDEgRQx0FSrhKNTAVSmiG/bOh37wBbUQSX+IghUCxbiwiwRlaqV089BMFXXZdoSfUlxAh3aW3tG/LT5VV7KYOo74W3R7SPdu2T9V1pV0suWV3BPqXeBNSIhPU2sV3v5PwTEGMXDJjWp6bYpAzjYJLuCv4mYGU8T7rQsvSmCkwQT46747uWKVDo0TbipGO1O8TOVPGDFRoOxXDnvntDcX/vFaG0XGQizjNEGI+fijKJMWEDrOiHaGBoxxYwrgW9q+U95hmHG2iBRuC9/vkv6RRKXtu2bs4KFVPJ3EskC2yTXaJR45IlZyTGqkTTu7JI3kmL86D8+S8Om/j1ilnMrNJfsD5+AIVGZ9S</latexit><latexit sha1_base64="fetSocAQv80AhZS4pMgx4KYrDmI=">AAACHnicbVDLSgNBEJz1bXxFPXoZDIIihN2g6EUIevEYwSRCdg2zk95kyMzuMtMrhNUv8eKvePGgiOBJ/8bJ4+CroKGo6u6ZrjCVwqDrfjpT0zOzc/MLi4Wl5ZXVteL6RsMkmeZQ54lM9FXIDEgRQx0FSrhKNTAVSmiG/bOh37wBbUQSX+IghUCxbiwiwRlaqV089BMFXXZdoSfUlxAh3aW3tG/LT5VV7KYOo74W3R7SPdu2T9V1pV0suWV3BPqXeBNSIhPU2sV3v5PwTEGMXDJjWp6bYpAzjYJLuCv4mYGU8T7rQsvSmCkwQT46747uWKVDo0TbipGO1O8TOVPGDFRoOxXDnvntDcX/vFaG0XGQizjNEGI+fijKJMWEDrOiHaGBoxxYwrgW9q+U95hmHG2iBRuC9/vkv6RRKXtu2bs4KFVPJ3EskC2yTXaJR45IlZyTGqkTTu7JI3kmL86D8+S8Om/j1ilnMrNJfsD5+AIVGZ9S</latexit><latexit sha1_base64="fetSocAQv80AhZS4pMgx4KYrDmI=">AAACHnicbVDLSgNBEJz1bXxFPXoZDIIihN2g6EUIevEYwSRCdg2zk95kyMzuMtMrhNUv8eKvePGgiOBJ/8bJ4+CroKGo6u6ZrjCVwqDrfjpT0zOzc/MLi4Wl5ZXVteL6RsMkmeZQ54lM9FXIDEgRQx0FSrhKNTAVSmiG/bOh37wBbUQSX+IghUCxbiwiwRlaqV089BMFXXZdoSfUlxAh3aW3tG/LT5VV7KYOo74W3R7SPdu2T9V1pV0suWV3BPqXeBNSIhPU2sV3v5PwTEGMXDJjWp6bYpAzjYJLuCv4mYGU8T7rQsvSmCkwQT46747uWKVDo0TbipGO1O8TOVPGDFRoOxXDnvntDcX/vFaG0XGQizjNEGI+fijKJMWEDrOiHaGBoxxYwrgW9q+U95hmHG2iBRuC9/vkv6RRKXtu2bs4KFVPJ3EskC2yTXaJR45IlZyTGqkTTu7JI3kmL86D8+S8Om/j1ilnMrNJfsD5+AIVGZ9S</latexit>

ct
⇤t

@µ�t�
µ�5t

<latexit sha1_base64="Hmzj7FbPPn0WJIKkLHiNU+rrC6E="></latexit><latexit sha1_base64="Hmzj7FbPPn0WJIKkLHiNU+rrC6E="></latexit><latexit sha1_base64="Hmzj7FbPPn0WJIKkLHiNU+rrC6E="></latexit><latexit sha1_base64="Hmzj7FbPPn0WJIKkLHiNU+rrC6E="></latexit>

� =
�̇

⇤t
<latexit sha1_base64="GBrF9jEG9el4+Y62eZI5/vDp+6Q=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiQi6EYounHhooJ9QBPCZDJph04ezNwIJfQL3Pgrblwo4ta1O//GaZqFth4YOJxz7szc46eCK7Csb6Oysrq2vlHdrG1t7+zumfsHXZVkkrIOTUQi+z5RTPCYdYCDYP1UMhL5gvX88fXM7z0wqXgS38MkZW5EhjEPOSWgJc9sOEKHA4IvsRNKQnMnSAA76YhPc+e2sDyYembdaloF8DKxS1JHJdqe+aXvoVnEYqCCKDWwrRTcnEjgVLBpzckUSwkdkyEbaBqTiCk3L9aZ4oZWAhwmUp8YcKH+nshJpNQk8nUyIjBSi95M/M8bZBBeuDmP0wxYTOcPhZnAkOBZNzjgklEQE00IlVz/FdMR0a2AbrCmS7AXV14m3dOmbTXtu7N666qso4qO0DE6QTY6Ry10g9qogyh6RM/oFb0ZT8aL8W58zKMVo5w5RH9gfP4A9gucDw==</latexit><latexit sha1_base64="GBrF9jEG9el4+Y62eZI5/vDp+6Q=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiQi6EYounHhooJ9QBPCZDJph04ezNwIJfQL3Pgrblwo4ta1O//GaZqFth4YOJxz7szc46eCK7Csb6Oysrq2vlHdrG1t7+zumfsHXZVkkrIOTUQi+z5RTPCYdYCDYP1UMhL5gvX88fXM7z0wqXgS38MkZW5EhjEPOSWgJc9sOEKHA4IvsRNKQnMnSAA76YhPc+e2sDyYembdaloF8DKxS1JHJdqe+aXvoVnEYqCCKDWwrRTcnEjgVLBpzckUSwkdkyEbaBqTiCk3L9aZ4oZWAhwmUp8YcKH+nshJpNQk8nUyIjBSi95M/M8bZBBeuDmP0wxYTOcPhZnAkOBZNzjgklEQE00IlVz/FdMR0a2AbrCmS7AXV14m3dOmbTXtu7N666qso4qO0DE6QTY6Ry10g9qogyh6RM/oFb0ZT8aL8W58zKMVo5w5RH9gfP4A9gucDw==</latexit><latexit sha1_base64="GBrF9jEG9el4+Y62eZI5/vDp+6Q=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiQi6EYounHhooJ9QBPCZDJph04ezNwIJfQL3Pgrblwo4ta1O//GaZqFth4YOJxz7szc46eCK7Csb6Oysrq2vlHdrG1t7+zumfsHXZVkkrIOTUQi+z5RTPCYdYCDYP1UMhL5gvX88fXM7z0wqXgS38MkZW5EhjEPOSWgJc9sOEKHA4IvsRNKQnMnSAA76YhPc+e2sDyYembdaloF8DKxS1JHJdqe+aXvoVnEYqCCKDWwrRTcnEjgVLBpzckUSwkdkyEbaBqTiCk3L9aZ4oZWAhwmUp8YcKH+nshJpNQk8nUyIjBSi95M/M8bZBBeuDmP0wxYTOcPhZnAkOBZNzjgklEQE00IlVz/FdMR0a2AbrCmS7AXV14m3dOmbTXtu7N666qso4qO0DE6QTY6Ry10g9qogyh6RM/oFb0ZT8aL8W58zKMVo5w5RH9gfP4A9gucDw==</latexit><latexit sha1_base64="GBrF9jEG9el4+Y62eZI5/vDp+6Q=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiQi6EYounHhooJ9QBPCZDJph04ezNwIJfQL3Pgrblwo4ta1O//GaZqFth4YOJxz7szc46eCK7Csb6Oysrq2vlHdrG1t7+zumfsHXZVkkrIOTUQi+z5RTPCYdYCDYP1UMhL5gvX88fXM7z0wqXgS38MkZW5EhjEPOSWgJc9sOEKHA4IvsRNKQnMnSAA76YhPc+e2sDyYembdaloF8DKxS1JHJdqe+aXvoVnEYqCCKDWwrRTcnEjgVLBpzckUSwkdkyEbaBqTiCk3L9aZ4oZWAhwmUp8YcKH+nshJpNQk8nUyIjBSi95M/M8bZBBeuDmP0wxYTOcPhZnAkOBZNzjgklEQE00IlVz/FdMR0a2AbrCmS7AXV14m3dOmbTXtu7N666qso4qO0DE6QTY6Ry10g9qogyh6RM/oFb0ZT8aL8W58zKMVo5w5RH9gfP4A9gucDw==</latexit>

Modified Dispersion

Minimal Coupling



! Minimal Coupling : WKB

!2 = (|k| ± �)2 +m2
<latexit sha1_base64="fetSocAQv80AhZS4pMgx4KYrDmI=">AAACHnicbVDLSgNBEJz1bXxFPXoZDIIihN2g6EUIevEYwSRCdg2zk95kyMzuMtMrhNUv8eKvePGgiOBJ/8bJ4+CroKGo6u6ZrjCVwqDrfjpT0zOzc/MLi4Wl5ZXVteL6RsMkmeZQ54lM9FXIDEgRQx0FSrhKNTAVSmiG/bOh37wBbUQSX+IghUCxbiwiwRlaqV089BMFXXZdoSfUlxAh3aW3tG/LT5VV7KYOo74W3R7SPdu2T9V1pV0suWV3BPqXeBNSIhPU2sV3v5PwTEGMXDJjWp6bYpAzjYJLuCv4mYGU8T7rQsvSmCkwQT46747uWKVDo0TbipGO1O8TOVPGDFRoOxXDnvntDcX/vFaG0XGQizjNEGI+fijKJMWEDrOiHaGBoxxYwrgW9q+U95hmHG2iBRuC9/vkv6RRKXtu2bs4KFVPJ3EskC2yTXaJR45IlZyTGqkTTu7JI3kmL86D8+S8Om/j1ilnMrNJfsD5+AIVGZ9S</latexit><latexit sha1_base64="fetSocAQv80AhZS4pMgx4KYrDmI=">AAACHnicbVDLSgNBEJz1bXxFPXoZDIIihN2g6EUIevEYwSRCdg2zk95kyMzuMtMrhNUv8eKvePGgiOBJ/8bJ4+CroKGo6u6ZrjCVwqDrfjpT0zOzc/MLi4Wl5ZXVteL6RsMkmeZQ54lM9FXIDEgRQx0FSrhKNTAVSmiG/bOh37wBbUQSX+IghUCxbiwiwRlaqV089BMFXXZdoSfUlxAh3aW3tG/LT5VV7KYOo74W3R7SPdu2T9V1pV0suWV3BPqXeBNSIhPU2sV3v5PwTEGMXDJjWp6bYpAzjYJLuCv4mYGU8T7rQsvSmCkwQT46747uWKVDo0TbipGO1O8TOVPGDFRoOxXDnvntDcX/vFaG0XGQizjNEGI+fijKJMWEDrOiHaGBoxxYwrgW9q+U95hmHG2iBRuC9/vkv6RRKXtu2bs4KFVPJ3EskC2yTXaJR45IlZyTGqkTTu7JI3kmL86D8+S8Om/j1ilnMrNJfsD5+AIVGZ9S</latexit><latexit sha1_base64="fetSocAQv80AhZS4pMgx4KYrDmI=">AAACHnicbVDLSgNBEJz1bXxFPXoZDIIihN2g6EUIevEYwSRCdg2zk95kyMzuMtMrhNUv8eKvePGgiOBJ/8bJ4+CroKGo6u6ZrjCVwqDrfjpT0zOzc/MLi4Wl5ZXVteL6RsMkmeZQ54lM9FXIDEgRQx0FSrhKNTAVSmiG/bOh37wBbUQSX+IghUCxbiwiwRlaqV089BMFXXZdoSfUlxAh3aW3tG/LT5VV7KYOo74W3R7SPdu2T9V1pV0suWV3BPqXeBNSIhPU2sV3v5PwTEGMXDJjWp6bYpAzjYJLuCv4mYGU8T7rQsvSmCkwQT46747uWKVDo0TbipGO1O8TOVPGDFRoOxXDnvntDcX/vFaG0XGQizjNEGI+fijKJMWEDrOiHaGBoxxYwrgW9q+U95hmHG2iBRuC9/vkv6RRKXtu2bs4KFVPJ3EskC2yTXaJR45IlZyTGqkTTu7JI3kmL86D8+S8Om/j1ilnMrNJfsD5+AIVGZ9S</latexit><latexit sha1_base64="fetSocAQv80AhZS4pMgx4KYrDmI=">AAACHnicbVDLSgNBEJz1bXxFPXoZDIIihN2g6EUIevEYwSRCdg2zk95kyMzuMtMrhNUv8eKvePGgiOBJ/8bJ4+CroKGo6u6ZrjCVwqDrfjpT0zOzc/MLi4Wl5ZXVteL6RsMkmeZQ54lM9FXIDEgRQx0FSrhKNTAVSmiG/bOh37wBbUQSX+IghUCxbiwiwRlaqV089BMFXXZdoSfUlxAh3aW3tG/LT5VV7KYOo74W3R7SPdu2T9V1pV0suWV3BPqXeBNSIhPU2sV3v5PwTEGMXDJjWp6bYpAzjYJLuCv4mYGU8T7rQsvSmCkwQT46747uWKVDo0TbipGO1O8TOVPGDFRoOxXDnvntDcX/vFaG0XGQizjNEGI+fijKJMWEDrOiHaGBoxxYwrgW9q+U95hmHG2iBRuC9/vkv6RRKXtu2bs4KFVPJ3EskC2yTXaJR45IlZyTGqkTTu7JI3kmL86D8+S8Om/j1ilnMrNJfsD5+AIVGZ9S</latexit>

Modified Dispersion

In large chemical potential limit, no exponential 
suppression of particle production

P ⇠ e�!2/!̇ ⇠ e�
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2

�H
<latexit sha1_base64="EjV8JQLZ9NxsUW+GVz9T1s6/2SQ=">AAACKnicbVDLSgMxFM34rPVVdekmWAQ31pki6LLqpssK9gGdtmTSO21oMjMkGaEM8z1u/BU3XSjFrR9i2g6orQcCJ+fcm5t7vIgzpW17aq2tb2xubed28rt7+weHhaPjhgpjSaFOQx7KlkcUcBZAXTPNoRVJIMLj0PRGDzO/+QxSsTB40uMIOoIMAuYzSrSReoW7GnYVExi6ySV2QwED0i1fuf1QZ7f0x3d9SWgiuuU0cbkZ0Se4mqa9QtEu2XPgVeJkpIgy1HqFiXmexgICTTlRqu3Yke4kRGpGOaR5N1YQEToiA2gbGhABqpPMV03xuVH62A+lOYHGc/V3R0KEUmPhmUpB9FAtezPxP68da/+2k7AgijUEdDHIjznWIZ7lhvtMAtV8bAihkpm/YjokJhBt0s2bEJzllVdJo1xy7JLzeF2s3Gdx5NApOkMXyEE3qIKqqIbqiKIX9Ibe0Yf1ak2sqfW5KF2zsp4T9AfW1zc7QqaV</latexit><latexit sha1_base64="EjV8JQLZ9NxsUW+GVz9T1s6/2SQ=">AAACKnicbVDLSgMxFM34rPVVdekmWAQ31pki6LLqpssK9gGdtmTSO21oMjMkGaEM8z1u/BU3XSjFrR9i2g6orQcCJ+fcm5t7vIgzpW17aq2tb2xubed28rt7+weHhaPjhgpjSaFOQx7KlkcUcBZAXTPNoRVJIMLj0PRGDzO/+QxSsTB40uMIOoIMAuYzSrSReoW7GnYVExi6ySV2QwED0i1fuf1QZ7f0x3d9SWgiuuU0cbkZ0Se4mqa9QtEu2XPgVeJkpIgy1HqFiXmexgICTTlRqu3Yke4kRGpGOaR5N1YQEToiA2gbGhABqpPMV03xuVH62A+lOYHGc/V3R0KEUmPhmUpB9FAtezPxP68da/+2k7AgijUEdDHIjznWIZ7lhvtMAtV8bAihkpm/YjokJhBt0s2bEJzllVdJo1xy7JLzeF2s3Gdx5NApOkMXyEE3qIKqqIbqiKIX9Ibe0Yf1ak2sqfW5KF2zsp4T9AfW1zc7QqaV</latexit><latexit sha1_base64="EjV8JQLZ9NxsUW+GVz9T1s6/2SQ=">AAACKnicbVDLSgMxFM34rPVVdekmWAQ31pki6LLqpssK9gGdtmTSO21oMjMkGaEM8z1u/BU3XSjFrR9i2g6orQcCJ+fcm5t7vIgzpW17aq2tb2xubed28rt7+weHhaPjhgpjSaFOQx7KlkcUcBZAXTPNoRVJIMLj0PRGDzO/+QxSsTB40uMIOoIMAuYzSrSReoW7GnYVExi6ySV2QwED0i1fuf1QZ7f0x3d9SWgiuuU0cbkZ0Se4mqa9QtEu2XPgVeJkpIgy1HqFiXmexgICTTlRqu3Yke4kRGpGOaR5N1YQEToiA2gbGhABqpPMV03xuVH62A+lOYHGc/V3R0KEUmPhmUpB9FAtezPxP68da/+2k7AgijUEdDHIjznWIZ7lhvtMAtV8bAihkpm/YjokJhBt0s2bEJzllVdJo1xy7JLzeF2s3Gdx5NApOkMXyEE3qIKqqIbqiKIX9Ibe0Yf1ak2sqfW5KF2zsp4T9AfW1zc7QqaV</latexit><latexit sha1_base64="EjV8JQLZ9NxsUW+GVz9T1s6/2SQ=">AAACKnicbVDLSgMxFM34rPVVdekmWAQ31pki6LLqpssK9gGdtmTSO21oMjMkGaEM8z1u/BU3XSjFrR9i2g6orQcCJ+fcm5t7vIgzpW17aq2tb2xubed28rt7+weHhaPjhgpjSaFOQx7KlkcUcBZAXTPNoRVJIMLj0PRGDzO/+QxSsTB40uMIOoIMAuYzSrSReoW7GnYVExi6ySV2QwED0i1fuf1QZ7f0x3d9SWgiuuU0cbkZ0Se4mqa9QtEu2XPgVeJkpIgy1HqFiXmexgICTTlRqu3Yke4kRGpGOaR5N1YQEToiA2gbGhABqpPMV03xuVH62A+lOYHGc/V3R0KEUmPhmUpB9FAtezPxP68da/+2k7AgijUEdDHIjznWIZ7lhvtMAtV8bAihkpm/YjokJhBt0s2bEJzllVdJo1xy7JLzeF2s3Gdx5NApOkMXyEE3qIKqqIbqiKIX9Ibe0Yf1ak2sqfW5KF2zsp4T9AfW1zc7QqaV</latexit>

k⌧ ⇠ �
<latexit sha1_base64="7kv6GEX/HZ/Hw2BR0juEeXWDhAk=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFclRkRdFl047KCfUBnKHcymTY0yQxJRhhK/RU3LhRx64e4829M21lo64HA4Zx7uDcnyjjTxvO+nbX1jc2t7cpOdXdv/+DQPTru6DRXhLZJylPVi0BTziRtG2Y47WWKgog47Ubj25nffaRKs1Q+mCKjoYChZAkjYKw0cGtjHBjIcaCZwAG3wRgGbt1reHPgVeKXpI5KtAbuVxCnJBdUGsJB677vZSacgDKMcDqtBrmmGZAxDGnfUgmC6nAyP36Kz6wS4yRV9kmD5+rvxASE1oWI7KQAM9LL3kz8z+vnJrkOJ0xmuaGSLBYlOccmxbMmcMwUJYYXlgBRzN6KyQgUEGP7qtoS/OUvr5LORcP3Gv79Zb15U9ZRQSfoFJ0jH12hJrpDLdRGBBXoGb2iN+fJeXHenY/F6JpTZmroD5zPH9XmlDw=</latexit><latexit sha1_base64="7kv6GEX/HZ/Hw2BR0juEeXWDhAk=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFclRkRdFl047KCfUBnKHcymTY0yQxJRhhK/RU3LhRx64e4829M21lo64HA4Zx7uDcnyjjTxvO+nbX1jc2t7cpOdXdv/+DQPTru6DRXhLZJylPVi0BTziRtG2Y47WWKgog47Ubj25nffaRKs1Q+mCKjoYChZAkjYKw0cGtjHBjIcaCZwAG3wRgGbt1reHPgVeKXpI5KtAbuVxCnJBdUGsJB677vZSacgDKMcDqtBrmmGZAxDGnfUgmC6nAyP36Kz6wS4yRV9kmD5+rvxASE1oWI7KQAM9LL3kz8z+vnJrkOJ0xmuaGSLBYlOccmxbMmcMwUJYYXlgBRzN6KyQgUEGP7qtoS/OUvr5LORcP3Gv79Zb15U9ZRQSfoFJ0jH12hJrpDLdRGBBXoGb2iN+fJeXHenY/F6JpTZmroD5zPH9XmlDw=</latexit><latexit sha1_base64="7kv6GEX/HZ/Hw2BR0juEeXWDhAk=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFclRkRdFl047KCfUBnKHcymTY0yQxJRhhK/RU3LhRx64e4829M21lo64HA4Zx7uDcnyjjTxvO+nbX1jc2t7cpOdXdv/+DQPTru6DRXhLZJylPVi0BTziRtG2Y47WWKgog47Ubj25nffaRKs1Q+mCKjoYChZAkjYKw0cGtjHBjIcaCZwAG3wRgGbt1reHPgVeKXpI5KtAbuVxCnJBdUGsJB677vZSacgDKMcDqtBrmmGZAxDGnfUgmC6nAyP36Kz6wS4yRV9kmD5+rvxASE1oWI7KQAM9LL3kz8z+vnJrkOJ0xmuaGSLBYlOccmxbMmcMwUJYYXlgBRzN6KyQgUEGP7qtoS/OUvr5LORcP3Gv79Zb15U9ZRQSfoFJ0jH12hJrpDLdRGBBXoGb2iN+fJeXHenY/F6JpTZmroD5zPH9XmlDw=</latexit><latexit sha1_base64="7kv6GEX/HZ/Hw2BR0juEeXWDhAk=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFclRkRdFl047KCfUBnKHcymTY0yQxJRhhK/RU3LhRx64e4829M21lo64HA4Zx7uDcnyjjTxvO+nbX1jc2t7cpOdXdv/+DQPTru6DRXhLZJylPVi0BTziRtG2Y47WWKgog47Ubj25nffaRKs1Q+mCKjoYChZAkjYKw0cGtjHBjIcaCZwAG3wRgGbt1reHPgVeKXpI5KtAbuVxCnJBdUGsJB677vZSacgDKMcDqtBrmmGZAxDGnfUgmC6nAyP36Kz6wS4yRV9kmD5+rvxASE1oWI7KQAM9LL3kz8z+vnJrkOJ0xmuaGSLBYlOccmxbMmcMwUJYYXlgBRzN6KyQgUEGP7qtoS/OUvr5LORcP3Gv79Zb15U9ZRQSfoFJ0jH12hJrpDLdRGBBXoGb2iN+fJeXHenY/F6JpTZmroD5zPH9XmlDw=</latexit> n ⇠ k2�k ⇠ m�2

<latexit sha1_base64="0IceNXiP3Y9Ub4J2QFOAyQSW2oI=">AAACDXicbVDLSgMxFL3js9bXqEs3wSq4KjNF0GXRjcsK9gGdaclkMm1okhmSjFBKf8CNv+LGhSJu3bvzb0wfC209cOFwzr3JvSfKONPG876dldW19Y3NwlZxe2d3b989OGzoNFeE1knKU9WKsKacSVo3zHDayhTFIuK0GQ1uJn7zgSrNUnlvhhkNBe5JljCCjZW67qlEgWYCDToVFMSUG4wGM0WggNt3YtypdN2SV/amQMvEn5MSzFHrul9BnJJcUGkIx1q3fS8z4Qgrwwin42KQa5phMsA92rZUYkF1OJpeM0ZnVolRkipb0qCp+ntihIXWQxHZToFNXy96E/E/r52b5CocMZnlhkoy+yjJOTIpmkSDYqYoMXxoCSaK2V0R6WOFibEBFm0I/uLJy6RRKfte2b+7KFWv53EU4BhO4Bx8uIQq3EIN6kDgEZ7hFd6cJ+fFeXc+Zq0rznzmCP7A+fwB63SaMQ==</latexit><latexit sha1_base64="0IceNXiP3Y9Ub4J2QFOAyQSW2oI=">AAACDXicbVDLSgMxFL3js9bXqEs3wSq4KjNF0GXRjcsK9gGdaclkMm1okhmSjFBKf8CNv+LGhSJu3bvzb0wfC209cOFwzr3JvSfKONPG876dldW19Y3NwlZxe2d3b989OGzoNFeE1knKU9WKsKacSVo3zHDayhTFIuK0GQ1uJn7zgSrNUnlvhhkNBe5JljCCjZW67qlEgWYCDToVFMSUG4wGM0WggNt3YtypdN2SV/amQMvEn5MSzFHrul9BnJJcUGkIx1q3fS8z4Qgrwwin42KQa5phMsA92rZUYkF1OJpeM0ZnVolRkipb0qCp+ntihIXWQxHZToFNXy96E/E/r52b5CocMZnlhkoy+yjJOTIpmkSDYqYoMXxoCSaK2V0R6WOFibEBFm0I/uLJy6RRKfte2b+7KFWv53EU4BhO4Bx8uIQq3EIN6kDgEZ7hFd6cJ+fFeXc+Zq0rznzmCP7A+fwB63SaMQ==</latexit><latexit sha1_base64="0IceNXiP3Y9Ub4J2QFOAyQSW2oI=">AAACDXicbVDLSgMxFL3js9bXqEs3wSq4KjNF0GXRjcsK9gGdaclkMm1okhmSjFBKf8CNv+LGhSJu3bvzb0wfC209cOFwzr3JvSfKONPG876dldW19Y3NwlZxe2d3b989OGzoNFeE1knKU9WKsKacSVo3zHDayhTFIuK0GQ1uJn7zgSrNUnlvhhkNBe5JljCCjZW67qlEgWYCDToVFMSUG4wGM0WggNt3YtypdN2SV/amQMvEn5MSzFHrul9BnJJcUGkIx1q3fS8z4Qgrwwin42KQa5phMsA92rZUYkF1OJpeM0ZnVolRkipb0qCp+ntihIXWQxHZToFNXy96E/E/r52b5CocMZnlhkoy+yjJOTIpmkSDYqYoMXxoCSaK2V0R6WOFibEBFm0I/uLJy6RRKfte2b+7KFWv53EU4BhO4Bx8uIQq3EIN6kDgEZ7hFd6cJ+fFeXc+Zq0rznzmCP7A+fwB63SaMQ==</latexit><latexit sha1_base64="0IceNXiP3Y9Ub4J2QFOAyQSW2oI=">AAACDXicbVDLSgMxFL3js9bXqEs3wSq4KjNF0GXRjcsK9gGdaclkMm1okhmSjFBKf8CNv+LGhSJu3bvzb0wfC209cOFwzr3JvSfKONPG876dldW19Y3NwlZxe2d3b989OGzoNFeE1knKU9WKsKacSVo3zHDayhTFIuK0GQ1uJn7zgSrNUnlvhhkNBe5JljCCjZW67qlEgWYCDToVFMSUG4wGM0WggNt3YtypdN2SV/amQMvEn5MSzFHrul9BnJJcUGkIx1q3fS8z4Qgrwwin42KQa5phMsA92rZUYkF1OJpeM0ZnVolRkipb0qCp+ntihIXWQxHZToFNXy96E/E/r52b5CocMZnlhkoy+yjJOTIpmkSDYqYoMXxoCSaK2V0R6WOFibEBFm0I/uLJy6RRKfte2b+7KFWv53EU4BhO4Bx8uIQq3EIN6kDgEZ7hFd6cJ+fFeXc+Zq0rznzmCP7A+fwB63SaMQ==</latexit>



n ⇠ k2�k ⇠ m�2
<latexit sha1_base64="0IceNXiP3Y9Ub4J2QFOAyQSW2oI=">AAACDXicbVDLSgMxFL3js9bXqEs3wSq4KjNF0GXRjcsK9gGdaclkMm1okhmSjFBKf8CNv+LGhSJu3bvzb0wfC209cOFwzr3JvSfKONPG876dldW19Y3NwlZxe2d3b989OGzoNFeE1knKU9WKsKacSVo3zHDayhTFIuK0GQ1uJn7zgSrNUnlvhhkNBe5JljCCjZW67qlEgWYCDToVFMSUG4wGM0WggNt3YtypdN2SV/amQMvEn5MSzFHrul9BnJJcUGkIx1q3fS8z4Qgrwwin42KQa5phMsA92rZUYkF1OJpeM0ZnVolRkipb0qCp+ntihIXWQxHZToFNXy96E/E/r52b5CocMZnlhkoy+yjJOTIpmkSDYqYoMXxoCSaK2V0R6WOFibEBFm0I/uLJy6RRKfte2b+7KFWv53EU4BhO4Bx8uIQq3EIN6kDgEZ7hFd6cJ+fFeXc+Zq0rznzmCP7A+fwB63SaMQ==</latexit><latexit sha1_base64="0IceNXiP3Y9Ub4J2QFOAyQSW2oI=">AAACDXicbVDLSgMxFL3js9bXqEs3wSq4KjNF0GXRjcsK9gGdaclkMm1okhmSjFBKf8CNv+LGhSJu3bvzb0wfC209cOFwzr3JvSfKONPG876dldW19Y3NwlZxe2d3b989OGzoNFeE1knKU9WKsKacSVo3zHDayhTFIuK0GQ1uJn7zgSrNUnlvhhkNBe5JljCCjZW67qlEgWYCDToVFMSUG4wGM0WggNt3YtypdN2SV/amQMvEn5MSzFHrul9BnJJcUGkIx1q3fS8z4Qgrwwin42KQa5phMsA92rZUYkF1OJpeM0ZnVolRkipb0qCp+ntihIXWQxHZToFNXy96E/E/r52b5CocMZnlhkoy+yjJOTIpmkSDYqYoMXxoCSaK2V0R6WOFibEBFm0I/uLJy6RRKfte2b+7KFWv53EU4BhO4Bx8uIQq3EIN6kDgEZ7hFd6cJ+fFeXc+Zq0rznzmCP7A+fwB63SaMQ==</latexit><latexit sha1_base64="0IceNXiP3Y9Ub4J2QFOAyQSW2oI=">AAACDXicbVDLSgMxFL3js9bXqEs3wSq4KjNF0GXRjcsK9gGdaclkMm1okhmSjFBKf8CNv+LGhSJu3bvzb0wfC209cOFwzr3JvSfKONPG876dldW19Y3NwlZxe2d3b989OGzoNFeE1knKU9WKsKacSVo3zHDayhTFIuK0GQ1uJn7zgSrNUnlvhhkNBe5JljCCjZW67qlEgWYCDToVFMSUG4wGM0WggNt3YtypdN2SV/amQMvEn5MSzFHrul9BnJJcUGkIx1q3fS8z4Qgrwwin42KQa5phMsA92rZUYkF1OJpeM0ZnVolRkipb0qCp+ntihIXWQxHZToFNXy96E/E/r52b5CocMZnlhkoy+yjJOTIpmkSDYqYoMXxoCSaK2V0R6WOFibEBFm0I/uLJy6RRKfte2b+7KFWv53EU4BhO4Bx8uIQq3EIN6kDgEZ7hFd6cJ+fFeXc+Zq0rznzmCP7A+fwB63SaMQ==</latexit><latexit sha1_base64="0IceNXiP3Y9Ub4J2QFOAyQSW2oI=">AAACDXicbVDLSgMxFL3js9bXqEs3wSq4KjNF0GXRjcsK9gGdaclkMm1okhmSjFBKf8CNv+LGhSJu3bvzb0wfC209cOFwzr3JvSfKONPG876dldW19Y3NwlZxe2d3b989OGzoNFeE1knKU9WKsKacSVo3zHDayhTFIuK0GQ1uJn7zgSrNUnlvhhkNBe5JljCCjZW67qlEgWYCDToVFMSUG4wGM0WggNt3YtypdN2SV/amQMvEn5MSzFHrul9BnJJcUGkIx1q3fS8z4Qgrwwin42KQa5phMsA92rZUYkF1OJpeM0ZnVolRkipb0qCp+ntihIXWQxHZToFNXy96E/E/r52b5CocMZnlhkoy+yjJOTIpmkSDYqYoMXxoCSaK2V0R6WOFibEBFm0I/uLJy6RRKfte2b+7KFWv53EU4BhO4Bx8uIQq3EIN6kDgEZ7hFd6cJ+fFeXc+Zq0rznzmCP7A+fwB63SaMQ==</latexit>

Large number of top quarks effects
Higgs Potential which in turn effects

top quark mass which effects
number of top quarks

! Minimal Coupling : WKB



Top quark back reaction
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Top quark back reaction
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Top quark back reaction

Mass and coupling determined by a single parameter!



What about the signature in non-Gaussianities?
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Non-gaussian signature

Mass and coupling determined by a single parameter!

promising region is the one around H ⇠ 1013GeV and vuv ⇠ 1014� 1015 GeV (corresponding

to ⇤H ⇠ 1015 � 1016GeV), for which H is close to the masses of the b and ⌧ fermions.

3 Cosmological collider signature

In this Section, we present the calculation, together with a more physical interpretation, of

the non-Gaussianity coming from SM fermions coupled to the inflaton. We focus on the main

steps of the calculation and move most of the details to Appendix A. In Section 3.3, we discuss

the e↵ect of some other operators coupling the inflaton to the SM. Readers who are mainly

interested in the implications of the e↵ect can skip Section 3.2.

3.1 How to estimate fNL

In this subsection, we briefly outline how one estimates non-Gaussianity in the context of

cosmological collider physics. As with many things, a good starting point is the definition.
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We will be interested in the non-analytic part of the squeezed limit (k1 ⇠ k2 � k3)

S = S(k1, k2, k3)
non-analytic
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k3⌧k1⇠k2

. (3.4)

We want to estimate the diagram shown in Fig. 4.

The first point to assess is what is the exponential suppression. Particle production occurs

when the adiabatic approximation fails. The exponential suppression associated with adia-

batic processes is
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Non-gaussian signature
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Fermion loop = number density



Non-gaussian signature
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to ⇤H ⇠ 1015 � 1016GeV), for which H is close to the masses of the b and ⌧ fermions.
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steps of the calculation and move most of the details to Appendix A. In Section 3.3, we discuss

the e↵ect of some other operators coupling the inflaton to the SM. Readers who are mainly
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The first point to assess is what is the exponential suppression. Particle production occurs

when the adiabatic approximation fails. The exponential suppression associated with adia-

batic processes is

e
�!2

!̇ ⇠ e
� !2

⌧ d!/d⌧ . (3.5)

– 9 –

⇠ m2

⇤3
t

m�2

✓
k3
k1

◆2�2i!

e�
m

2

�H

<latexit sha1_base64="QpjTRc/H/ZFEYlx1/KsCdJSy34Y="></latexit><latexit sha1_base64="QpjTRc/H/ZFEYlx1/KsCdJSy34Y="></latexit><latexit sha1_base64="QpjTRc/H/ZFEYlx1/KsCdJSy34Y="></latexit><latexit sha1_base64="QpjTRc/H/ZFEYlx1/KsCdJSy34Y="></latexit>

Coupling Cubed



Non-gaussian signature

promising region is the one around H ⇠ 1013GeV and vuv ⇠ 1014� 1015 GeV (corresponding

to ⇤H ⇠ 1015 � 1016GeV), for which H is close to the masses of the b and ⌧ fermions.

3 Cosmological collider signature

In this Section, we present the calculation, together with a more physical interpretation, of

the non-Gaussianity coming from SM fermions coupled to the inflaton. We focus on the main

steps of the calculation and move most of the details to Appendix A. In Section 3.3, we discuss

the e↵ect of some other operators coupling the inflaton to the SM. Readers who are mainly

interested in the implications of the e↵ect can skip Section 3.2.

3.1 How to estimate fNL

In this subsection, we briefly outline how one estimates non-Gaussianity in the context of

cosmological collider physics. As with many things, a good starting point is the definition.
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���/�̇), the two point function is

D
⇣(k)⇣(�k)

E0
=

2⇡2

k3
P⇣ =

1

�̇2

1

2k3
, (3.1)

where we denote by a dot the derivatives with respect to cosmic time. We also denote by ⌧

the conformal time defined as usual by d⌧ = dt/a. We adopt the primed notation, defined as

D
��(k1) · · · ��(kn)

E
= (2⇡)3�

⇣X

i

ki

⌘D
��(k1) · · · ��(kn)

E0
. (3.2)

One of the dimensionless functions which characterizes non-Gaussianities is the dimensionless

shape S(k1, k2, k3),

h⇣(k1)⇣(k2)⇣(k3)i0 =
(2⇡)4P2

⇣

k
2

1
k
2

2
k
2

3

S(k1, k2, k3). (3.3)

We will be interested in the non-analytic part of the squeezed limit (k1 ⇠ k2 � k3)
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Coupling of Inflaton is to mass due 
to integration by parts



Non-gaussian signature

promising region is the one around H ⇠ 1013GeV and vuv ⇠ 1014� 1015 GeV (corresponding

to ⇤H ⇠ 1015 � 1016GeV), for which H is close to the masses of the b and ⌧ fermions.

3 Cosmological collider signature

In this Section, we present the calculation, together with a more physical interpretation, of

the non-Gaussianity coming from SM fermions coupled to the inflaton. We focus on the main

steps of the calculation and move most of the details to Appendix A. In Section 3.3, we discuss

the e↵ect of some other operators coupling the inflaton to the SM. Readers who are mainly

interested in the implications of the e↵ect can skip Section 3.2.

3.1 How to estimate fNL

In this subsection, we briefly outline how one estimates non-Gaussianity in the context of

cosmological collider physics. As with many things, a good starting point is the definition.
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Oscillation due to eimtNumber density dilutes away
as a3 so inflaton 3 point function 
has (k3/k1)3 but definition of S

removes a k3/k1



General Fermion @ Cosmological 
Collider
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Minimal SM @ Cosmological Collider
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Issues of the Cosmological Colliders

1. Mass and coupling can be explained by 
any number of theories

2. Non-Gaussianities tend to be small
3. Only probes masses ~ H

All issues mitigated by fermion coupling!



What about the Higgs?



SM Higgs Instability

h

V (h)

vew
vλ=0

vuv

T = 0

• Higgs quartic goes negative at ~ 1011 GeV

• True minimum of the Higgs is at very high scales

• Inflation occurs at these high scales, maybe the 

Higgs is in the true minimum?



SM Higgs During Inflation

H

h

V (h)

vew
vλ=0

vuv

T = 0

Light fields can be kicked around 
with step sizes of order Hubble

Higgs random walk itself 
into the new minima!

Planck Slop stabilization

Higgs heavy in new minima 
doesn’t random walk out



SM Higgs After Inflation

Thermal effects rescue the 
Higgs after inflation
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T = 0

T = Tmax

T
4 ⇠ M
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Possible only because



How do we see this?

SM has many fermions that scan many decades of energy

Natural to expect one or more of them is 
accidentally close to the Hubble scale



Signal
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Take home:
1. SM fermions scan Hubble
2. Multiple SM fermions can 

be observed together



Signal Interpretation

Utilize amplitude of fNL and oscillation 
to give mass and coupling

Ratio of fermion masses to discover that 
it is the SM all over again

Could be an observational discovery of 
another minimum where the Higgs 

mass is very different!



Conclusion

The Cosmological Collider is a new exciting
collider that will give us access to super high energies

Gives the mass and coupling of new particles

The most minimal situation is actually very 
predictive

Can probe alternative minima where the Higgs 
mass is very large


