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• Ample evidence for new physics, but internal dynamics unknown  

Portals to New Physics
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• If we add extra U(1), gauge invariance and renormalizability 
allow for the kinetic mixing portal term. 

• Bringing kinetic terms into canonical form:
[Holdom; PLB 166, 196]
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Secluded              - current statusU(1)X
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Secluded              - future sensitivityU(1)X
<latexit sha1_base64="+uEk8OHEMkIIdJIXOgPe4uwFEm0=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrSNQb0YtHTFwggQ3pli5Uuu2m7ZqQDf/Biwc1Xv1B3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWlqmilCfSC5VJ8Saciaob5jhtJMoiuOQ03Y4vp357SeqNJPiwUwSGsR4KFjECDZWavlV77zf6Zcrbs2dA60SLycVyNHsl796A0nSmApDONa667mJCTKsDCOcTku9VNMEkzEe0q6lAsdUB9n82ik6s8oARVLZEgbN1d8TGY61nsSh7YyxGellbyb+53VTE10FGRNJaqggi0VRypGRaPY6GjBFieETSzBRzN6KyAgrTIwNqGRD8JZfXiX+Re265t3XK42bPI0inMApVMGDS2jAHTTBBwKP8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwC1D44Y</latexit><latexit sha1_base64="+uEk8OHEMkIIdJIXOgPe4uwFEm0=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrSNQb0YtHTFwggQ3pli5Uuu2m7ZqQDf/Biwc1Xv1B3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWlqmilCfSC5VJ8Saciaob5jhtJMoiuOQ03Y4vp357SeqNJPiwUwSGsR4KFjECDZWavlV77zf6Zcrbs2dA60SLycVyNHsl796A0nSmApDONa667mJCTKsDCOcTku9VNMEkzEe0q6lAsdUB9n82ik6s8oARVLZEgbN1d8TGY61nsSh7YyxGellbyb+53VTE10FGRNJaqggi0VRypGRaPY6GjBFieETSzBRzN6KyAgrTIwNqGRD8JZfXiX+Re265t3XK42bPI0inMApVMGDS2jAHTTBBwKP8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwC1D44Y</latexit><latexit sha1_base64="+uEk8OHEMkIIdJIXOgPe4uwFEm0=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrSNQb0YtHTFwggQ3pli5Uuu2m7ZqQDf/Biwc1Xv1B3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWlqmilCfSC5VJ8Saciaob5jhtJMoiuOQ03Y4vp357SeqNJPiwUwSGsR4KFjECDZWavlV77zf6Zcrbs2dA60SLycVyNHsl796A0nSmApDONa667mJCTKsDCOcTku9VNMEkzEe0q6lAsdUB9n82ik6s8oARVLZEgbN1d8TGY61nsSh7YyxGellbyb+53VTE10FGRNJaqggi0VRypGRaPY6GjBFieETSzBRzN6KyAgrTIwNqGRD8JZfXiX+Re265t3XK42bPI0inMApVMGDS2jAHTTBBwKP8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwC1D44Y</latexit><latexit sha1_base64="+uEk8OHEMkIIdJIXOgPe4uwFEm0=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrSNQb0YtHTFwggQ3pli5Uuu2m7ZqQDf/Biwc1Xv1B3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWlqmilCfSC5VJ8Saciaob5jhtJMoiuOQ03Y4vp357SeqNJPiwUwSGsR4KFjECDZWavlV77zf6Zcrbs2dA60SLycVyNHsl796A0nSmApDONa667mJCTKsDCOcTku9VNMEkzEe0q6lAsdUB9n82ik6s8oARVLZEgbN1d8TGY61nsSh7YyxGellbyb+53VTE10FGRNJaqggi0VRypGRaPY6GjBFieETSzBRzN6KyAgrTIwNqGRD8JZfXiX+Re265t3XK42bPI0inMApVMGDS2jAHTTBBwKP8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwC1D44Y</latexit>

��-� ��-� � ��

��-�

��-�

��-�

��-�

��-�

��-�

��-��

��-��

��-��

��-��

��-��

��-��

��-��

��-�

��-�

��-�

��-�

��-�

APEX
Belle-II

DarkLight

FASER

ATLAS, CMS

LHCbD* LHCbμμ

LHCbμμ

MAMI
MESA

Mu3e

SeaQuest
SHiP

VEPP3

g - 2μ

[Bauer, PF, Jaeckel; arXiv:1803.05466]



Anomaly-free gauge groups
Certain SM fields are charged under the new U(1) symmetry.
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Charging SM fields under extra U(1)
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• Four extra anomaly-free groups within the SM:



 
 
 
 
 

• Loop-induced mixing is unavoidable!  
However, it is finite and calculable for             :

Charging SM fields under extra U(1)
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• Four extra anomaly-free groups within the SM:



• Large coupling hierarchy of loop-induced kinetic mixing to gauge 
coupling: 

• Couplings to electrons and hadrons strongly suppressed 
     Typical collider and beam dump searches become insensitive 

• Neutrinos and muons become important! 

Example: searches for 
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                - current statusLµ � L⌧
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                - future sensitivityLµ � L⌧
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 Fermionic                 DM
Augment field content by light vector-like fermion charged under                   .
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• DM can inject energy into 
primordial plasma via  
cascade decays into 
secondary      , photons  
and neutrinos  

• Secondary particles heat and ionize IGM and alter post-
recombination ionization fraction     of hydrogen  
 
 

DM annihilation in the early Universe
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• Extra ionization leads to broadening of last scattering surface of 
CMB photons             modification of TT, TE and EE power 
spectra 

• Precise Planck measurement 
puts strong constraint on        @  

DM annihilation in the early Universe

�12h�vi
<latexit sha1_base64="488C+Qa5ncLbPQx5zREoVZjySao=">AAACAnicbZDLSsNAFIZPvNZ6i7oSN0OLIAglcaPLohuXFewFmlAm00k6dDIJM5NCCcWND+LGjQtF3PoU7nwbp00X2vrDwMd/zuHM+YOUM6Ud59taWV1b39gsbZW3d3b39u2Dw5ZKMklokyQ8kZ0AK8qZoE3NNKedVFIcB5y2g+HNtN4eUalYIu71OKV+jCPBQkawNlbPPvY4FhGnyFMsijEaIU8WRs+uOjVnJrQM7hyq9Yp3/gQAjZ795fUTksVUaMKxUl3XSbWfY6kZ4XRS9jJFU0yGOKJdgwLHVPn57IQJOjVOH4WJNE9oNHN/T+Q4VmocB6YzxnqgFmtT879aN9PhlZ8zkWaaClIsCjOOdIKmeaA+k5RoPjaAiWTmr4gMsMREm9TKJgR38eRlaF3UXMN3brV+DYVKcAIVOAMXLqEOt9CAJhB4gGd4hTfr0Xqx3q2PonXFms8cwR9Znz9RY5gy</latexit><latexit sha1_base64="PMonqTzWYXYTrjHdXuu1Mt4qIwY=">AAACAnicbZDLSsNAFIYn9VbrLepK3AwtgiCUxI0ug25cVrAXaEKZTCfp0JlJmJkUQihufARfwY0LRdz6FO76Nk4vC239YeDjP+dw5vxhyqjSjjOxSmvrG5tb5e3Kzu7e/oF9eNRSSSYxaeKEJbITIkUYFaSpqWakk0qCeMhIOxzeTuvtEZGKJuJB5ykJOIoFjShG2lg9+8RnSMSMQF/RmCM4gr6cGz275tSdmeAquAuoeVX/4nni5Y2e/e33E5xxIjRmSKmu66Q6KJDUFDMyrviZIinCQxSTrkGBOFFBMTthDM+M04dRIs0TGs7c3xMF4krlPDSdHOmBWq5Nzf9q3UxH10FBRZppIvB8UZQxqBM4zQP2qSRYs9wAwpKav0I8QBJhbVKrmBDc5ZNXoXVZdw3fuzXvBsxVBqegCs6BC66AB+5AAzQBBo/gBbyBd+vJerU+rM95a8lazByDP7K+fgBazZm4</latexit><latexit sha1_base64="PMonqTzWYXYTrjHdXuu1Mt4qIwY=">AAACAnicbZDLSsNAFIYn9VbrLepK3AwtgiCUxI0ug25cVrAXaEKZTCfp0JlJmJkUQihufARfwY0LRdz6FO76Nk4vC239YeDjP+dw5vxhyqjSjjOxSmvrG5tb5e3Kzu7e/oF9eNRSSSYxaeKEJbITIkUYFaSpqWakk0qCeMhIOxzeTuvtEZGKJuJB5ykJOIoFjShG2lg9+8RnSMSMQF/RmCM4gr6cGz275tSdmeAquAuoeVX/4nni5Y2e/e33E5xxIjRmSKmu66Q6KJDUFDMyrviZIinCQxSTrkGBOFFBMTthDM+M04dRIs0TGs7c3xMF4krlPDSdHOmBWq5Nzf9q3UxH10FBRZppIvB8UZQxqBM4zQP2qSRYs9wAwpKav0I8QBJhbVKrmBDc5ZNXoXVZdw3fuzXvBsxVBqegCs6BC66AB+5AAzQBBo/gBbyBd+vJerU+rM95a8lazByDP7K+fgBazZm4</latexit><latexit sha1_base64="+a80S2plpKdWutG8eNEk8ezuuu0=">AAACAnicbZDLSgMxFIYz9VbrrepK3ASL4KrMuNFl0Y3LCvYCnaGcSTPT0CQzJJlCGYobX8WNC0Xc+hTufBvTdhba+kPg4z/ncHL+MOVMG9f9dkpr6xubW+Xtys7u3v5B9fCorZNMEdoiCU9UNwRNOZO0ZZjhtJsqCiLktBOObmf1zpgqzRL5YCYpDQTEkkWMgLFWv3ric5Axp9jXLBaAx9hXC6Nfrbl1dy68Cl4BNVSo2a9++YOEZIJKQzho3fPc1AQ5KMMIp9OKn2maAhlBTHsWJQiqg3x+whSfW2eAo0TZJw2eu78nchBaT0RoOwWYoV6uzcz/ar3MRNdBzmSaGSrJYlGUcWwSPMsDD5iixPCJBSCK2b9iMgQFxNjUKjYEb/nkVWhf1j3L916tcVPEUUan6AxdIA9doQa6Q03UQgQ9omf0it6cJ+fFeXc+Fq0lp5g5Rn/kfP4APuSWqQ==</latexit>

TCMB
<latexit sha1_base64="C9BEwdYU6R1DZMAMdre6gf5A95Y=">AAAB9XicbVDLSgMxFL1TX7W+qoIbN8EiuCozbnRZ2o0boYW+oK01k2ba0CQzJBmlDP0PNy4Uceu/uHPjt5hpu9DWA4HDOfdyT44fcaaN6345mbX1jc2t7HZuZ3dv/yB/eNTUYawIbZCQh6rtY005k7RhmOG0HSmKhc9pyx9XUr/1QJVmoaybSUR7Ag8lCxjBxkp39X5XYDNSIqnclqf9fMEtujOgVeItSKF0Uvu+B4BqP//ZHYQkFlQawrHWHc+NTC/ByjDC6TTXjTWNMBnjIe1YKrGgupfMUk/RuVUGKAiVfdKgmfp7I8FC64nw7WSaUS97qfif14lNcN1LmIxiQyWZHwpijkyI0grQgClKDJ9YgoliNisiI6wwMbaonC3BW/7yKmleFj3La16hVIY5snAKZ3ABHlxBCW6gCg0goOAJXuDVeXSenTfnfT6acRY7x/AHzscP6n6USg==</latexit><latexit sha1_base64="bHSYpLGyAQ12HllyI5hAyTjxCCg=">AAAB9XicbVDLSgMxFL3js9ZXVXDjJlgEV2XGjS5Lu3EjtNAXtLVk0kwbmmSGJKOUof/hxoUi7sSf8AvcufFbzLRdaOuBwOGce7knx48408Z1v5yV1bX1jc3MVnZ7Z3dvP3dw2NBhrAitk5CHquVjTTmTtG6Y4bQVKYqFz2nTH5VTv3lHlWahrJlxRLsCDyQLGMHGSre1XkdgM1QiKd+UJr1c3i24U6Bl4s1Jvnhc/WZvpY9KL/fZ6YckFlQawrHWbc+NTDfByjDC6STbiTWNMBnhAW1bKrGguptMU0/QmVX6KAiVfdKgqfp7I8FC67Hw7WSaUS96qfif145NcNVNmIxiQyWZHQpijkyI0gpQnylKDB9bgoliNisiQ6wwMbaorC3BW/zyMmlcFDzLq16+WIIZMnACp3AOHlxCEa6hAnUgoOABnuDZuXcenRfndTa64sx3juAPnPcfO86WBg==</latexit><latexit sha1_base64="bHSYpLGyAQ12HllyI5hAyTjxCCg=">AAAB9XicbVDLSgMxFL3js9ZXVXDjJlgEV2XGjS5Lu3EjtNAXtLVk0kwbmmSGJKOUof/hxoUi7sSf8AvcufFbzLRdaOuBwOGce7knx48408Z1v5yV1bX1jc3MVnZ7Z3dvP3dw2NBhrAitk5CHquVjTTmTtG6Y4bQVKYqFz2nTH5VTv3lHlWahrJlxRLsCDyQLGMHGSre1XkdgM1QiKd+UJr1c3i24U6Bl4s1Jvnhc/WZvpY9KL/fZ6YckFlQawrHWbc+NTDfByjDC6STbiTWNMBnhAW1bKrGguptMU0/QmVX6KAiVfdKgqfp7I8FC67Hw7WSaUS96qfif145NcNVNmIxiQyWZHQpijkyI0gpQnylKDB9bgoliNisiQ6wwMbaorC3BW/zyMmlcFDzLq16+WIIZMnACp3AOHlxCEa6hAnUgoOABnuDZuXcenRfndTa64sx3juAPnPcfO86WBg==</latexit><latexit sha1_base64="UveaaHzeshMHagPw9R8Zt/rZj2Y=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsy40WVpN26ECn1BO5ZMmmlDk8yQZJQy9D/cuFDErf/izr8x085CWw8EDufcyz05QcyZNq777RQ2Nre2d4q7pb39g8Oj8vFJR0eJIrRNIh6pXoA15UzStmGG016sKBYBp91g2sj87iNVmkWyZWYx9QUeSxYygo2VHlrDgcBmokTauKvPh+WKW3UXQOvEy0kFcjSH5a/BKCKJoNIQjrXue25s/BQrwwin89Ig0TTGZIrHtG+pxIJqP12knqMLq4xQGCn7pEEL9fdGioXWMxHYySyjXvUy8T+vn5jwxk+ZjBNDJVkeChOOTISyCtCIKUoMn1mCiWI2KyITrDAxtqiSLcFb/fI66VxVPcvvvUqtntdRhDM4h0vw4BpqcAtNaAMBBc/wCm/Ok/PivDsfy9GCk++cwh84nz9b5pJl</latexit>

[Padmanabahn, Finkbeiner; astro-ph/0503486]

[Planck; 1807.06209]



• Freeze-out of weak 
interactions  
determines 
primordial neutron  
concentration  
in early universe 

• Freeze-out  
happens 
when  

        @ BBN

�13

Ne↵
<latexit sha1_base64="+DU32u3GZ3FKltoGp2hXvhqmNqI=">AAAB9XicbVC7SgNBFL3rM8ZXVLCxGQyCVdi10TJoYyUJmAckMc5O7iZDZmeXmVklLPkPGwtFbP0XOxu/xdkkhSYeGDiccy/3zPFjwbVx3S9naXlldW09t5Hf3Nre2S3s7dd1lCiGNRaJSDV9qlFwiTXDjcBmrJCGvsCGP7zK/MYDKs0jeWtGMXZC2pc84IwaK93ddNshNQMVphgE426h6JbcCcgi8WakWD6sft8DQKVb+Gz3IpaEKA0TVOuW58amk1JlOBM4zrcTjTFlQ9rHlqWShqg76ST1mJxYpUeCSNknDZmovzdSGmo9Cn07mWXU814m/ue1EhNcdFIu48SgZNNDQSKIiUhWAelxhcyIkSWUKW6zEjagijJji8rbErz5Ly+S+lnJs7zqFcuXMEUOjuAYTsGDcyjDNVSgBgwUPMELvDqPzrPz5rxPR5ec2c4B/IHz8QNx35Sj</latexit><latexit sha1_base64="voQhCo0Pphma+I/8yr8lqM99LM4=">AAAB9XicbVDLSgMxFM34rPVVFdy4CRbBVZlxo8tSN66kBfuAdiyZ9E4bmmSGJKOUof/hxoUi7sSf8AvcufFbzLRdaOuBwOGce7knJ4g508Z1v5yl5ZXVtfXcRn5za3tnt7C339BRoijUacQj1QqIBs4k1A0zHFqxAiICDs1geJn5zTtQmkXyxoxi8AXpSxYySoyVbq+7HUHMQIkUwnDcLRTdkjsBXiTejBTLh7Vv9lb5qHYLn51eRBMB0lBOtG57bmz8lCjDKIdxvpNoiAkdkj60LZVEgPbTSeoxPrFKD4eRsk8aPFF/b6REaD0SgZ3MMup5LxP/89qJCS/8lMk4MSDp9FCYcGwinFWAe0wBNXxkCaGK2ayYDogi1Nii8rYEb/7Li6RxVvIsr3nFcgVNkUNH6BidIg+dozK6QlVURxQp9ICe0LNz7zw6L87rdHTJme0coD9w3n8AwyCWXw==</latexit><latexit sha1_base64="voQhCo0Pphma+I/8yr8lqM99LM4=">AAAB9XicbVDLSgMxFM34rPVVFdy4CRbBVZlxo8tSN66kBfuAdiyZ9E4bmmSGJKOUof/hxoUi7sSf8AvcufFbzLRdaOuBwOGce7knJ4g508Z1v5yl5ZXVtfXcRn5za3tnt7C339BRoijUacQj1QqIBs4k1A0zHFqxAiICDs1geJn5zTtQmkXyxoxi8AXpSxYySoyVbq+7HUHMQIkUwnDcLRTdkjsBXiTejBTLh7Vv9lb5qHYLn51eRBMB0lBOtG57bmz8lCjDKIdxvpNoiAkdkj60LZVEgPbTSeoxPrFKD4eRsk8aPFF/b6REaD0SgZ3MMup5LxP/89qJCS/8lMk4MSDp9FCYcGwinFWAe0wBNXxkCaGK2ayYDogi1Nii8rYEb/7Li6RxVvIsr3nFcgVNkUNH6BidIg+dozK6QlVURxQp9ICe0LNz7zw6L87rdHTJme0coD9w3n8AwyCWXw==</latexit><latexit sha1_base64="Th/VGTgR0ud86Ea8UiDr6V9/QXE=">AAAB9XicbVDLSsNAFL3xWeur6tLNYBFclcSNLotuXEkF+4A2lsn0ph06mYSZiVJC/8ONC0Xc+i/u/BsnbRbaemDgcM693DMnSATXxnW/nZXVtfWNzdJWeXtnd2+/cnDY0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Ovfbj6g0j+W9mSToR3QoecgZNVZ6uO33ImpGKsowDKf9StWtuTOQZeIVpAoFGv3KV28QszRCaZigWnc9NzF+RpXhTOC03Es1JpSN6RC7lkoaofazWeopObXKgISxsk8aMlN/b2Q00noSBXYyz6gXvVz8z+umJrz0My6T1KBk80NhKoiJSV4BGXCFzIiJJZQpbrMSNqKKMmOLKtsSvMUvL5PWec2z/M6r1q+KOkpwDCdwBh5cQB1uoAFNYKDgGV7hzXlyXpx352M+uuIUO0fwB87nD+M4kr4=</latexit>

Xn
<latexit sha1_base64="PFsTLYTYRYxt3e/n97j89aIjoXQ=">AAAB6nicbZC7SgNBFIbPxluMt6hgYzMYBKuwaxPLoI1lguYCyRJnJ2eTIbOzy8ysEJY8go2FIrY+kZ2Nz+LkUmjiDwMf/38Oc84JEsG1cd0vJ7e2vrG5ld8u7Ozu7R8UD4+aOk4VwwaLRazaAdUouMSG4UZgO1FIo0BgKxjdTPPWIyrNY3lvxgn6ER1IHnJGjbXu2j3ZK5bcsjsTWQVvAaXqSf37AQBqveJntx+zNEJpmKBadzw3MX5GleFM4KTQTTUmlI3oADsWJY1Q+9ls1Ak5t06fhLGyTxoyc393ZDTSehwFtjKiZqiXs6n5X9ZJTXjlZ1wmqUHJ5h+FqSAmJtO9SZ8rZEaMLVCmuJ2VsCFVlBl7nYI9gre88io0L8ue5bpXql7DXHk4hTO4AA8qUIVbqEEDGAzgCV7g1RHOs/PmvM9Lc86i5xj+yPn4AcUOj58=</latexit><latexit sha1_base64="JTkffD9hlOluxRP5afk1v1gMHT4=">AAAB6nicbZC7SgNBFIbPeo3xFhVsbAaDYBV2bbQMsbFM0FwgWcLsZDYZMju7zJwVwpJHsLFQxNbWt/AJ7Gx8FieXQhN/GPj4/3OYc06QSGHQdb+cldW19Y3N3FZ+e2d3b79wcNgwcaoZr7NYxroVUMOlULyOAiVvJZrTKJC8GQyvJ3nznmsjYnWHo4T7Ee0rEQpG0Vq3ra7qFopuyZ2KLIM3h2L5uPYt3isf1W7hs9OLWRpxhUxSY9qem6CfUY2CST7Od1LDE8qGtM/bFhWNuPGz6ahjcmadHgljbZ9CMnV/d2Q0MmYUBbYyojgwi9nE/C9rpxhe+ZlQSYpcsdlHYSoJxmSyN+kJzRnKkQXKtLCzEjagmjK018nbI3iLKy9D46LkWa55xXIFZsrBCZzCOXhwCWW4gSrUgUEfHuAJnh3pPDovzuusdMWZ9xzBHzlvPxZekVs=</latexit><latexit sha1_base64="JTkffD9hlOluxRP5afk1v1gMHT4=">AAAB6nicbZC7SgNBFIbPeo3xFhVsbAaDYBV2bbQMsbFM0FwgWcLsZDYZMju7zJwVwpJHsLFQxNbWt/AJ7Gx8FieXQhN/GPj4/3OYc06QSGHQdb+cldW19Y3N3FZ+e2d3b79wcNgwcaoZr7NYxroVUMOlULyOAiVvJZrTKJC8GQyvJ3nznmsjYnWHo4T7Ee0rEQpG0Vq3ra7qFopuyZ2KLIM3h2L5uPYt3isf1W7hs9OLWRpxhUxSY9qem6CfUY2CST7Od1LDE8qGtM/bFhWNuPGz6ahjcmadHgljbZ9CMnV/d2Q0MmYUBbYyojgwi9nE/C9rpxhe+ZlQSYpcsdlHYSoJxmSyN+kJzRnKkQXKtLCzEjagmjK018nbI3iLKy9D46LkWa55xXIFZsrBCZzCOXhwCWW4gSrUgUEfHuAJnh3pPDovzuusdMWZ9xzBHzlvPxZekVs=</latexit><latexit sha1_base64="nOEVIum9Mo8kUR14pfmnTP5wvRk=">AAAB6nicbZBNTwIxEIan+IX4hXr00khMPJFdL3okevGIUZAENqRbutDQ7W7aWROy4Sd48aAxXv1F3vw3FtiDgm/S5Mk7M+nMG6ZKWvS8b1JaW9/Y3CpvV3Z29/YPqodHbZtkhosWT1RiOiGzQkktWihRiU5qBItDJR7D8c2s/vgkjJWJfsBJKoKYDbWMJGforPtOX/erNa/uzUVXwS+gBoWa/epXb5DwLBYauWLWdn0vxSBnBiVXYlrpZVakjI/ZUHQdahYLG+TzVaf0zDkDGiXGPY107v6eyFls7SQOXWfMcGSXazPzv1o3w+gqyKVOMxSaLz6KMkUxobO76UAawVFNHDBupNuV8hEzjKNLp+JC8JdPXoX2Rd13fOfXGtdFHGU4gVM4Bx8uoQG30IQWcBjCM7zCG1HkhbyTj0VriRQzx/BH5PMHNnaNug==</latexit>

� ⇡ H
<latexit sha1_base64="9JDfiVLA2jMzcF1rvKemCr4X/Gw=">AAAB+XicbZC7SgNBFIbPxluMt1VLm8EgWIVdG23EoIUpI5gLJCGcnUySITO7y8xsMCwBH8TGQhFbH8Lezrdxcik08YeBj/+cwznzB7Hg2njet5NZWV1b38hu5ra2d3b33P2Dqo4SRVmFRiJS9QA1EzxkFcONYPVYMZSBYLVgcDOp14ZMaR6F92YUs5bEXsi7nKKxVtt1m7coJZImxrGKHkip7ea9gjcVWQZ/Dvmrz9zlIwCU2+5XsxPRRLLQUIFaN3wvNq0UleFUsHGumWgWIx1gjzUshiiZbqXTy8fkxDod0o2UfaEhU/f3RIpS65EMbKdE09eLtYn5X62RmO5FK+VhnBgW0tmibiKIicgkBtLhilEjRhaQKm5vJbSPCqmxYeVsCP7il5ehelbwLd/5+eI1zJSFIziGU/DhHIpQgjJUgMIQnuAFXp3UeXbenPdZa8aZzxzCHzkfPx8xlNI=</latexit><latexit sha1_base64="G0hSltM2hBuy9JAFTFjFvxiYNYI=">AAAB+XicbZDLSgMxFIYzXut4G3XpJlgEV2XGjW7Eogu7rGAv0A7lTJq2oclMSDLFMvRN3Igo4taHcO9GfBvTy0Jbfwh8/OcczskfSc608f1vZ2l5ZXVtPbfhbm5t7+x6e/tVnaSK0ApJeKLqEWjKWUwrhhlO61JREBGntah/Pa7XBlRplsR3ZihpKKAbsw4jYKzV8rzmDQgBuAlSquQel1pe3i/4E+FFCGaQv/xwL+TTl1tueZ/NdkJSQWNDOGjdCHxpwgyUYYTTkdtMNZVA+tClDYsxCKrDbHL5CB9bp407ibIvNnji/p7IQGg9FJHtFGB6er42Nv+rNVLTOQ8zFsvU0JhMF3VSjk2CxzHgNlOUGD60AEQxeysmPVBAjA3LtSEE819ehOppIbB8G+SLV2iqHDpER+gEBegMFVEJlVEFETRAD+gZvTiZ8+i8Om/T1iVnNnOA/sh5/wEQwJZG</latexit><latexit sha1_base64="G0hSltM2hBuy9JAFTFjFvxiYNYI=">AAAB+XicbZDLSgMxFIYzXut4G3XpJlgEV2XGjW7Eogu7rGAv0A7lTJq2oclMSDLFMvRN3Igo4taHcO9GfBvTy0Jbfwh8/OcczskfSc608f1vZ2l5ZXVtPbfhbm5t7+x6e/tVnaSK0ApJeKLqEWjKWUwrhhlO61JREBGntah/Pa7XBlRplsR3ZihpKKAbsw4jYKzV8rzmDQgBuAlSquQel1pe3i/4E+FFCGaQv/xwL+TTl1tueZ/NdkJSQWNDOGjdCHxpwgyUYYTTkdtMNZVA+tClDYsxCKrDbHL5CB9bp407ibIvNnji/p7IQGg9FJHtFGB6er42Nv+rNVLTOQ8zFsvU0JhMF3VSjk2CxzHgNlOUGD60AEQxeysmPVBAjA3LtSEE819ehOppIbB8G+SLV2iqHDpER+gEBegMFVEJlVEFETRAD+gZvTiZ8+i8Om/T1iVnNnOA/sh5/wEQwJZG</latexit><latexit sha1_base64="Qbt7ilCnUdYhmW0an6VZc9hRq80=">AAAB+XicbZC7TsMwFIadcivlFmBksaiQmKqEBcYKBjoWiV6kJqpOXKe1aseR7VRUUd+EhQGEWHkTNt4Gt80ALb9k6dN/ztE5/qOUM20879spbWxube+Udyt7+weHR+7xSVvLTBHaIpJL1Y1AU84S2jLMcNpNFQURcdqJxnfzemdClWYyeTTTlIYChgmLGQFjrb7rBvcgBOAA0lTJJ9zou1Wv5i2E18EvoIoKNfvuVzCQJBM0MYSD1j3fS02YgzKMcDqrBJmmKZAxDGnPYgKC6jBfXD7DF9YZ4Fgq+xKDF+7viRyE1lMR2U4BZqRXa3Pzv1ovM/FNmLMkzQxNyHJRnHFsJJ7HgAdMUWL41AIQxeytmIxAATE2rIoNwV/98jq0r2q+5Qe/Wr8t4iijM3SOLpGPrlEdNVATtRBBE/SMXtGbkzsvzrvzsWwtOcXMKfoj5/MHr+qTBQ==</latexit>

n+ ⌫ ⌧ p+ e�

n+ e+ ⌧ p+ ⌫̄
<latexit sha1_base64="UFO47cQWlmVRMB+AlEhXAqTEzOI=">AAACM3icdZDLSgMxFIYzXut4q7p0EyyKIMqMCLosuhFXFWwrdMaSSc+0wUxmSM4opfSd3PgiLgRxoYhb38H0svB6IPDx/+ckOX+USWHQ856cicmp6ZnZwpw7v7C4tFxcWa2ZNNccqjyVqb6MmAEpFFRRoITLTANLIgn16Ppk4NdvQBuRqgvsZhAmrK1ELDhDKzWLZ4ru0EDldCuQEKMW7Q4yrdNbQzPrwNUuDQJXDXHnn6YgYtpe0SyWvD1vWPQ3+GMokXFVmsWHoJXyPAGFXDJjGr6XYdhjGgWX0HeD3EDG+DVrQ8OiYgmYsDfcuU83rdKicartUUiH6teJHkuM6SaR7UwYdsxPbyD+5TVyjI/CnlBZjqD46KE4lxRTOgiQtoQGjrJrgXEt7F8p7zDNONqYXRuC/3Pl31Db3/Mtnx+UysfjOApknWyQbeKTQ1Imp6RCqoSTO/JIXsirc+88O2/O+6h1whnPrJFv5Xx8AukaqBg=</latexit><latexit sha1_base64="UFO47cQWlmVRMB+AlEhXAqTEzOI=">AAACM3icdZDLSgMxFIYzXut4q7p0EyyKIMqMCLosuhFXFWwrdMaSSc+0wUxmSM4opfSd3PgiLgRxoYhb38H0svB6IPDx/+ckOX+USWHQ856cicmp6ZnZwpw7v7C4tFxcWa2ZNNccqjyVqb6MmAEpFFRRoITLTANLIgn16Ppk4NdvQBuRqgvsZhAmrK1ELDhDKzWLZ4ru0EDldCuQEKMW7Q4yrdNbQzPrwNUuDQJXDXHnn6YgYtpe0SyWvD1vWPQ3+GMokXFVmsWHoJXyPAGFXDJjGr6XYdhjGgWX0HeD3EDG+DVrQ8OiYgmYsDfcuU83rdKicartUUiH6teJHkuM6SaR7UwYdsxPbyD+5TVyjI/CnlBZjqD46KE4lxRTOgiQtoQGjrJrgXEt7F8p7zDNONqYXRuC/3Pl31Db3/Mtnx+UysfjOApknWyQbeKTQ1Imp6RCqoSTO/JIXsirc+88O2/O+6h1whnPrJFv5Xx8AukaqBg=</latexit><latexit sha1_base64="UFO47cQWlmVRMB+AlEhXAqTEzOI=">AAACM3icdZDLSgMxFIYzXut4q7p0EyyKIMqMCLosuhFXFWwrdMaSSc+0wUxmSM4opfSd3PgiLgRxoYhb38H0svB6IPDx/+ckOX+USWHQ856cicmp6ZnZwpw7v7C4tFxcWa2ZNNccqjyVqb6MmAEpFFRRoITLTANLIgn16Ppk4NdvQBuRqgvsZhAmrK1ELDhDKzWLZ4ru0EDldCuQEKMW7Q4yrdNbQzPrwNUuDQJXDXHnn6YgYtpe0SyWvD1vWPQ3+GMokXFVmsWHoJXyPAGFXDJjGr6XYdhjGgWX0HeD3EDG+DVrQ8OiYgmYsDfcuU83rdKicartUUiH6teJHkuM6SaR7UwYdsxPbyD+5TVyjI/CnlBZjqD46KE4lxRTOgiQtoQGjrJrgXEt7F8p7zDNONqYXRuC/3Pl31Db3/Mtnx+UysfjOApknWyQbeKTQ1Imp6RCqoSTO/JIXsirc+88O2/O+6h1whnPrJFv5Xx8AukaqBg=</latexit><latexit sha1_base64="UFO47cQWlmVRMB+AlEhXAqTEzOI=">AAACM3icdZDLSgMxFIYzXut4q7p0EyyKIMqMCLosuhFXFWwrdMaSSc+0wUxmSM4opfSd3PgiLgRxoYhb38H0svB6IPDx/+ckOX+USWHQ856cicmp6ZnZwpw7v7C4tFxcWa2ZNNccqjyVqb6MmAEpFFRRoITLTANLIgn16Ppk4NdvQBuRqgvsZhAmrK1ELDhDKzWLZ4ru0EDldCuQEKMW7Q4yrdNbQzPrwNUuDQJXDXHnn6YgYtpe0SyWvD1vWPQ3+GMokXFVmsWHoJXyPAGFXDJjGr6XYdhjGgWX0HeD3EDG+DVrQ8OiYgmYsDfcuU83rdKicartUUiH6teJHkuM6SaR7UwYdsxPbyD+5TVyjI/CnlBZjqD46KE4lxRTOgiQtoQGjrJrgXEt7F8p7zDNONqYXRuC/3Pl31Db3/Mtnx+UysfjOApknWyQbeKTQ1Imp6RCqoSTO/JIXsirc+88O2/O+6h1whnPrJFv5Xx8AukaqBg=</latexit>

[Baumann, Cosmology - Part III]



• Freeze-out of weak 
interactions  
determines 
primordial neutron  
concentration  
in early universe 

• Freeze-out  
happens 
when  

        @ BBN

�13

Ne↵
<latexit sha1_base64="+DU32u3GZ3FKltoGp2hXvhqmNqI=">AAAB9XicbVC7SgNBFL3rM8ZXVLCxGQyCVdi10TJoYyUJmAckMc5O7iZDZmeXmVklLPkPGwtFbP0XOxu/xdkkhSYeGDiccy/3zPFjwbVx3S9naXlldW09t5Hf3Nre2S3s7dd1lCiGNRaJSDV9qlFwiTXDjcBmrJCGvsCGP7zK/MYDKs0jeWtGMXZC2pc84IwaK93ddNshNQMVphgE426h6JbcCcgi8WakWD6sft8DQKVb+Gz3IpaEKA0TVOuW58amk1JlOBM4zrcTjTFlQ9rHlqWShqg76ST1mJxYpUeCSNknDZmovzdSGmo9Cn07mWXU814m/ue1EhNcdFIu48SgZNNDQSKIiUhWAelxhcyIkSWUKW6zEjagijJji8rbErz5Ly+S+lnJs7zqFcuXMEUOjuAYTsGDcyjDNVSgBgwUPMELvDqPzrPz5rxPR5ec2c4B/IHz8QNx35Sj</latexit><latexit sha1_base64="voQhCo0Pphma+I/8yr8lqM99LM4=">AAAB9XicbVDLSgMxFM34rPVVFdy4CRbBVZlxo8tSN66kBfuAdiyZ9E4bmmSGJKOUof/hxoUi7sSf8AvcufFbzLRdaOuBwOGce7knJ4g508Z1v5yl5ZXVtfXcRn5za3tnt7C339BRoijUacQj1QqIBs4k1A0zHFqxAiICDs1geJn5zTtQmkXyxoxi8AXpSxYySoyVbq+7HUHMQIkUwnDcLRTdkjsBXiTejBTLh7Vv9lb5qHYLn51eRBMB0lBOtG57bmz8lCjDKIdxvpNoiAkdkj60LZVEgPbTSeoxPrFKD4eRsk8aPFF/b6REaD0SgZ3MMup5LxP/89qJCS/8lMk4MSDp9FCYcGwinFWAe0wBNXxkCaGK2ayYDogi1Nii8rYEb/7Li6RxVvIsr3nFcgVNkUNH6BidIg+dozK6QlVURxQp9ICe0LNz7zw6L87rdHTJme0coD9w3n8AwyCWXw==</latexit><latexit sha1_base64="voQhCo0Pphma+I/8yr8lqM99LM4=">AAAB9XicbVDLSgMxFM34rPVVFdy4CRbBVZlxo8tSN66kBfuAdiyZ9E4bmmSGJKOUof/hxoUi7sSf8AvcufFbzLRdaOuBwOGce7knJ4g508Z1v5yl5ZXVtfXcRn5za3tnt7C339BRoijUacQj1QqIBs4k1A0zHFqxAiICDs1geJn5zTtQmkXyxoxi8AXpSxYySoyVbq+7HUHMQIkUwnDcLRTdkjsBXiTejBTLh7Vv9lb5qHYLn51eRBMB0lBOtG57bmz8lCjDKIdxvpNoiAkdkj60LZVEgPbTSeoxPrFKD4eRsk8aPFF/b6REaD0SgZ3MMup5LxP/89qJCS/8lMk4MSDp9FCYcGwinFWAe0wBNXxkCaGK2ayYDogi1Nii8rYEb/7Li6RxVvIsr3nFcgVNkUNH6BidIg+dozK6QlVURxQp9ICe0LNz7zw6L87rdHTJme0coD9w3n8AwyCWXw==</latexit><latexit sha1_base64="Th/VGTgR0ud86Ea8UiDr6V9/QXE=">AAAB9XicbVDLSsNAFL3xWeur6tLNYBFclcSNLotuXEkF+4A2lsn0ph06mYSZiVJC/8ONC0Xc+i/u/BsnbRbaemDgcM693DMnSATXxnW/nZXVtfWNzdJWeXtnd2+/cnDY0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Ovfbj6g0j+W9mSToR3QoecgZNVZ6uO33ImpGKsowDKf9StWtuTOQZeIVpAoFGv3KV28QszRCaZigWnc9NzF+RpXhTOC03Es1JpSN6RC7lkoaofazWeopObXKgISxsk8aMlN/b2Q00noSBXYyz6gXvVz8z+umJrz0My6T1KBk80NhKoiJSV4BGXCFzIiJJZQpbrMSNqKKMmOLKtsSvMUvL5PWec2z/M6r1q+KOkpwDCdwBh5cQB1uoAFNYKDgGV7hzXlyXpx352M+uuIUO0fwB87nD+M4kr4=</latexit>

H
2 = 8⇡

3M2
Pl
⇢R

<latexit sha1_base64="qJV+Zu/OM4+q6HXQuyLo4ZKuYfU="></latexit><latexit sha1_base64="UgN7kZWLgf55s+WKy/Id/3z9APs="></latexit><latexit sha1_base64="UgN7kZWLgf55s+WKy/Id/3z9APs="></latexit><latexit sha1_base64="ail21YeIa53MGjXYMIcvDeNJXxI=">AAACFXicbZC7SgNBFIZn4y3GW9TSZjAIFiHsxsI0QtAmjRDFXCCbLLOT2WTI7IWZs2JY9iVsfBUbC0VsBTvfxsml0MQfBj7+cw5nzu9GgiswzW8js7K6tr6R3cxtbe/s7uX3D5oqjCVlDRqKULZdopjgAWsAB8HakWTEdwVruaOrSb11z6TiYXAH44h1fTIIuMcpAW05+WKtV8YX2PYkoUnFjnianOFrxwb2AEldpL1yiu0ituUwdG6dfMEsmVPhZbDmUEBz1Z38l90PaeyzAKggSnUsM4JuQiRwKlias2PFIkJHZMA6GgPiM9VNplel+EQ7feyFUr8A8NT9PZEQX6mx7+pOn8BQLdYm5n+1TgxepZvwIIqBBXS2yIsFhhBPIsJ9LhkFMdZAqOT6r5gOiQ4IdJA5HYK1ePIyNMslS/ONVahezuPIoiN0jE6Rhc5RFdVQHTUQRY/oGb2iN+PJeDHejY9Za8aYzxyiPzI+fwAiFJ2M</latexit>

⇢R = ⇢�
h
1 + 7

8

⇣
T 0
⌫

T�

⌘
Ne↵

i

<latexit sha1_base64="YKtYHa0qMoIN4q/99J2pIT0tcrA="></latexit><latexit sha1_base64="4W7S/ARwUm7/SIftTKHaDVnmz/Q="></latexit><latexit sha1_base64="4W7S/ARwUm7/SIftTKHaDVnmz/Q="></latexit><latexit sha1_base64="nOcY4Imd3VJNKLzvJtmuRZxxu78="></latexit>

Xn
<latexit sha1_base64="PFsTLYTYRYxt3e/n97j89aIjoXQ=">AAAB6nicbZC7SgNBFIbPxluMt6hgYzMYBKuwaxPLoI1lguYCyRJnJ2eTIbOzy8ysEJY8go2FIrY+kZ2Nz+LkUmjiDwMf/38Oc84JEsG1cd0vJ7e2vrG5ld8u7Ozu7R8UD4+aOk4VwwaLRazaAdUouMSG4UZgO1FIo0BgKxjdTPPWIyrNY3lvxgn6ER1IHnJGjbXu2j3ZK5bcsjsTWQVvAaXqSf37AQBqveJntx+zNEJpmKBadzw3MX5GleFM4KTQTTUmlI3oADsWJY1Q+9ls1Ak5t06fhLGyTxoyc393ZDTSehwFtjKiZqiXs6n5X9ZJTXjlZ1wmqUHJ5h+FqSAmJtO9SZ8rZEaMLVCmuJ2VsCFVlBl7nYI9gre88io0L8ue5bpXql7DXHk4hTO4AA8qUIVbqEEDGAzgCV7g1RHOs/PmvM9Lc86i5xj+yPn4AcUOj58=</latexit><latexit sha1_base64="JTkffD9hlOluxRP5afk1v1gMHT4=">AAAB6nicbZC7SgNBFIbPeo3xFhVsbAaDYBV2bbQMsbFM0FwgWcLsZDYZMju7zJwVwpJHsLFQxNbWt/AJ7Gx8FieXQhN/GPj4/3OYc06QSGHQdb+cldW19Y3N3FZ+e2d3b79wcNgwcaoZr7NYxroVUMOlULyOAiVvJZrTKJC8GQyvJ3nznmsjYnWHo4T7Ee0rEQpG0Vq3ra7qFopuyZ2KLIM3h2L5uPYt3isf1W7hs9OLWRpxhUxSY9qem6CfUY2CST7Od1LDE8qGtM/bFhWNuPGz6ahjcmadHgljbZ9CMnV/d2Q0MmYUBbYyojgwi9nE/C9rpxhe+ZlQSYpcsdlHYSoJxmSyN+kJzRnKkQXKtLCzEjagmjK018nbI3iLKy9D46LkWa55xXIFZsrBCZzCOXhwCWW4gSrUgUEfHuAJnh3pPDovzuusdMWZ9xzBHzlvPxZekVs=</latexit><latexit sha1_base64="JTkffD9hlOluxRP5afk1v1gMHT4=">AAAB6nicbZC7SgNBFIbPeo3xFhVsbAaDYBV2bbQMsbFM0FwgWcLsZDYZMju7zJwVwpJHsLFQxNbWt/AJ7Gx8FieXQhN/GPj4/3OYc06QSGHQdb+cldW19Y3N3FZ+e2d3b79wcNgwcaoZr7NYxroVUMOlULyOAiVvJZrTKJC8GQyvJ3nznmsjYnWHo4T7Ee0rEQpG0Vq3ra7qFopuyZ2KLIM3h2L5uPYt3isf1W7hs9OLWRpxhUxSY9qem6CfUY2CST7Od1LDE8qGtM/bFhWNuPGz6ahjcmadHgljbZ9CMnV/d2Q0MmYUBbYyojgwi9nE/C9rpxhe+ZlQSYpcsdlHYSoJxmSyN+kJzRnKkQXKtLCzEjagmjK018nbI3iLKy9D46LkWa55xXIFZsrBCZzCOXhwCWW4gSrUgUEfHuAJnh3pPDovzuusdMWZ9xzBHzlvPxZekVs=</latexit><latexit sha1_base64="nOEVIum9Mo8kUR14pfmnTP5wvRk=">AAAB6nicbZBNTwIxEIan+IX4hXr00khMPJFdL3okevGIUZAENqRbutDQ7W7aWROy4Sd48aAxXv1F3vw3FtiDgm/S5Mk7M+nMG6ZKWvS8b1JaW9/Y3CpvV3Z29/YPqodHbZtkhosWT1RiOiGzQkktWihRiU5qBItDJR7D8c2s/vgkjJWJfsBJKoKYDbWMJGforPtOX/erNa/uzUVXwS+gBoWa/epXb5DwLBYauWLWdn0vxSBnBiVXYlrpZVakjI/ZUHQdahYLG+TzVaf0zDkDGiXGPY107v6eyFls7SQOXWfMcGSXazPzv1o3w+gqyKVOMxSaLz6KMkUxobO76UAawVFNHDBupNuV8hEzjKNLp+JC8JdPXoX2Rd13fOfXGtdFHGU4gVM4Bx8uoQG30IQWcBjCM7zCG1HkhbyTj0VriRQzx/BH5PMHNnaNug==</latexit>

� ⇡ H
<latexit sha1_base64="9JDfiVLA2jMzcF1rvKemCr4X/Gw=">AAAB+XicbZC7SgNBFIbPxluMt1VLm8EgWIVdG23EoIUpI5gLJCGcnUySITO7y8xsMCwBH8TGQhFbH8Lezrdxcik08YeBj/+cwznzB7Hg2njet5NZWV1b38hu5ra2d3b33P2Dqo4SRVmFRiJS9QA1EzxkFcONYPVYMZSBYLVgcDOp14ZMaR6F92YUs5bEXsi7nKKxVtt1m7coJZImxrGKHkip7ea9gjcVWQZ/Dvmrz9zlIwCU2+5XsxPRRLLQUIFaN3wvNq0UleFUsHGumWgWIx1gjzUshiiZbqXTy8fkxDod0o2UfaEhU/f3RIpS65EMbKdE09eLtYn5X62RmO5FK+VhnBgW0tmibiKIicgkBtLhilEjRhaQKm5vJbSPCqmxYeVsCP7il5ehelbwLd/5+eI1zJSFIziGU/DhHIpQgjJUgMIQnuAFXp3UeXbenPdZa8aZzxzCHzkfPx8xlNI=</latexit><latexit sha1_base64="G0hSltM2hBuy9JAFTFjFvxiYNYI=">AAAB+XicbZDLSgMxFIYzXut4G3XpJlgEV2XGjW7Eogu7rGAv0A7lTJq2oclMSDLFMvRN3Igo4taHcO9GfBvTy0Jbfwh8/OcczskfSc608f1vZ2l5ZXVtPbfhbm5t7+x6e/tVnaSK0ApJeKLqEWjKWUwrhhlO61JREBGntah/Pa7XBlRplsR3ZihpKKAbsw4jYKzV8rzmDQgBuAlSquQel1pe3i/4E+FFCGaQv/xwL+TTl1tueZ/NdkJSQWNDOGjdCHxpwgyUYYTTkdtMNZVA+tClDYsxCKrDbHL5CB9bp407ibIvNnji/p7IQGg9FJHtFGB6er42Nv+rNVLTOQ8zFsvU0JhMF3VSjk2CxzHgNlOUGD60AEQxeysmPVBAjA3LtSEE819ehOppIbB8G+SLV2iqHDpER+gEBegMFVEJlVEFETRAD+gZvTiZ8+i8Om/T1iVnNnOA/sh5/wEQwJZG</latexit><latexit sha1_base64="G0hSltM2hBuy9JAFTFjFvxiYNYI=">AAAB+XicbZDLSgMxFIYzXut4G3XpJlgEV2XGjW7Eogu7rGAv0A7lTJq2oclMSDLFMvRN3Igo4taHcO9GfBvTy0Jbfwh8/OcczskfSc608f1vZ2l5ZXVtPbfhbm5t7+x6e/tVnaSK0ApJeKLqEWjKWUwrhhlO61JREBGntah/Pa7XBlRplsR3ZihpKKAbsw4jYKzV8rzmDQgBuAlSquQel1pe3i/4E+FFCGaQv/xwL+TTl1tueZ/NdkJSQWNDOGjdCHxpwgyUYYTTkdtMNZVA+tClDYsxCKrDbHL5CB9bp407ibIvNnji/p7IQGg9FJHtFGB6er42Nv+rNVLTOQ8zFsvU0JhMF3VSjk2CxzHgNlOUGD60AEQxeysmPVBAjA3LtSEE819ehOppIbB8G+SLV2iqHDpER+gEBegMFVEJlVEFETRAD+gZvTiZ8+i8Om/T1iVnNnOA/sh5/wEQwJZG</latexit><latexit sha1_base64="Qbt7ilCnUdYhmW0an6VZc9hRq80=">AAAB+XicbZC7TsMwFIadcivlFmBksaiQmKqEBcYKBjoWiV6kJqpOXKe1aseR7VRUUd+EhQGEWHkTNt4Gt80ALb9k6dN/ztE5/qOUM20879spbWxube+Udyt7+weHR+7xSVvLTBHaIpJL1Y1AU84S2jLMcNpNFQURcdqJxnfzemdClWYyeTTTlIYChgmLGQFjrb7rBvcgBOAA0lTJJ9zou1Wv5i2E18EvoIoKNfvuVzCQJBM0MYSD1j3fS02YgzKMcDqrBJmmKZAxDGnPYgKC6jBfXD7DF9YZ4Fgq+xKDF+7viRyE1lMR2U4BZqRXa3Pzv1ovM/FNmLMkzQxNyHJRnHFsJJ7HgAdMUWL41AIQxeytmIxAATE2rIoNwV/98jq0r2q+5Qe/Wr8t4iijM3SOLpGPrlEdNVATtRBBE/SMXtGbkzsvzrvzsWwtOcXMKfoj5/MHr+qTBQ==</latexit>

n+ ⌫ ⌧ p+ e�

n+ e+ ⌧ p+ ⌫̄
<latexit sha1_base64="UFO47cQWlmVRMB+AlEhXAqTEzOI=">AAACM3icdZDLSgMxFIYzXut4q7p0EyyKIMqMCLosuhFXFWwrdMaSSc+0wUxmSM4opfSd3PgiLgRxoYhb38H0svB6IPDx/+ckOX+USWHQ856cicmp6ZnZwpw7v7C4tFxcWa2ZNNccqjyVqb6MmAEpFFRRoITLTANLIgn16Ppk4NdvQBuRqgvsZhAmrK1ELDhDKzWLZ4ru0EDldCuQEKMW7Q4yrdNbQzPrwNUuDQJXDXHnn6YgYtpe0SyWvD1vWPQ3+GMokXFVmsWHoJXyPAGFXDJjGr6XYdhjGgWX0HeD3EDG+DVrQ8OiYgmYsDfcuU83rdKicartUUiH6teJHkuM6SaR7UwYdsxPbyD+5TVyjI/CnlBZjqD46KE4lxRTOgiQtoQGjrJrgXEt7F8p7zDNONqYXRuC/3Pl31Db3/Mtnx+UysfjOApknWyQbeKTQ1Imp6RCqoSTO/JIXsirc+88O2/O+6h1whnPrJFv5Xx8AukaqBg=</latexit><latexit sha1_base64="UFO47cQWlmVRMB+AlEhXAqTEzOI=">AAACM3icdZDLSgMxFIYzXut4q7p0EyyKIMqMCLosuhFXFWwrdMaSSc+0wUxmSM4opfSd3PgiLgRxoYhb38H0svB6IPDx/+ckOX+USWHQ856cicmp6ZnZwpw7v7C4tFxcWa2ZNNccqjyVqb6MmAEpFFRRoITLTANLIgn16Ppk4NdvQBuRqgvsZhAmrK1ELDhDKzWLZ4ru0EDldCuQEKMW7Q4yrdNbQzPrwNUuDQJXDXHnn6YgYtpe0SyWvD1vWPQ3+GMokXFVmsWHoJXyPAGFXDJjGr6XYdhjGgWX0HeD3EDG+DVrQ8OiYgmYsDfcuU83rdKicartUUiH6teJHkuM6SaR7UwYdsxPbyD+5TVyjI/CnlBZjqD46KE4lxRTOgiQtoQGjrJrgXEt7F8p7zDNONqYXRuC/3Pl31Db3/Mtnx+UysfjOApknWyQbeKTQ1Imp6RCqoSTO/JIXsirc+88O2/O+6h1whnPrJFv5Xx8AukaqBg=</latexit><latexit sha1_base64="UFO47cQWlmVRMB+AlEhXAqTEzOI=">AAACM3icdZDLSgMxFIYzXut4q7p0EyyKIMqMCLosuhFXFWwrdMaSSc+0wUxmSM4opfSd3PgiLgRxoYhb38H0svB6IPDx/+ckOX+USWHQ856cicmp6ZnZwpw7v7C4tFxcWa2ZNNccqjyVqb6MmAEpFFRRoITLTANLIgn16Ppk4NdvQBuRqgvsZhAmrK1ELDhDKzWLZ4ru0EDldCuQEKMW7Q4yrdNbQzPrwNUuDQJXDXHnn6YgYtpe0SyWvD1vWPQ3+GMokXFVmsWHoJXyPAGFXDJjGr6XYdhjGgWX0HeD3EDG+DVrQ8OiYgmYsDfcuU83rdKicartUUiH6teJHkuM6SaR7UwYdsxPbyD+5TVyjI/CnlBZjqD46KE4lxRTOgiQtoQGjrJrgXEt7F8p7zDNONqYXRuC/3Pl31Db3/Mtnx+UysfjOApknWyQbeKTQ1Imp6RCqoSTO/JIXsirc+88O2/O+6h1whnPrJFv5Xx8AukaqBg=</latexit><latexit sha1_base64="UFO47cQWlmVRMB+AlEhXAqTEzOI=">AAACM3icdZDLSgMxFIYzXut4q7p0EyyKIMqMCLosuhFXFWwrdMaSSc+0wUxmSM4opfSd3PgiLgRxoYhb38H0svB6IPDx/+ckOX+USWHQ856cicmp6ZnZwpw7v7C4tFxcWa2ZNNccqjyVqb6MmAEpFFRRoITLTANLIgn16Ppk4NdvQBuRqgvsZhAmrK1ELDhDKzWLZ4ru0EDldCuQEKMW7Q4yrdNbQzPrwNUuDQJXDXHnn6YgYtpe0SyWvD1vWPQ3+GMokXFVmsWHoJXyPAGFXDJjGr6XYdhjGgWX0HeD3EDG+DVrQ8OiYgmYsDfcuU83rdKicartUUiH6teJHkuM6SaR7UwYdsxPbyD+5TVyjI/CnlBZjqD46KE4lxRTOgiQtoQGjrJrgXEt7F8p7zDNONqYXRuC/3Pl31Db3/Mtnx+UysfjOApknWyQbeKTQ1Imp6RCqoSTO/JIXsirc+88O2/O+6h1whnPrJFv5Xx8AukaqBg=</latexit>

[Baumann, Cosmology - Part III]
• In radiation  

domination era



DM in equilibrium with neutrinos transfers entropy to   ’s once it 
becomes non-rel at                and reheats neutrino gas  
        increase of 
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        @ BBNNe↵
<latexit sha1_base64="+DU32u3GZ3FKltoGp2hXvhqmNqI=">AAAB9XicbVC7SgNBFL3rM8ZXVLCxGQyCVdi10TJoYyUJmAckMc5O7iZDZmeXmVklLPkPGwtFbP0XOxu/xdkkhSYeGDiccy/3zPFjwbVx3S9naXlldW09t5Hf3Nre2S3s7dd1lCiGNRaJSDV9qlFwiTXDjcBmrJCGvsCGP7zK/MYDKs0jeWtGMXZC2pc84IwaK93ddNshNQMVphgE426h6JbcCcgi8WakWD6sft8DQKVb+Gz3IpaEKA0TVOuW58amk1JlOBM4zrcTjTFlQ9rHlqWShqg76ST1mJxYpUeCSNknDZmovzdSGmo9Cn07mWXU814m/ue1EhNcdFIu48SgZNNDQSKIiUhWAelxhcyIkSWUKW6zEjagijJji8rbErz5Ly+S+lnJs7zqFcuXMEUOjuAYTsGDcyjDNVSgBgwUPMELvDqPzrPz5rxPR5ec2c4B/IHz8QNx35Sj</latexit><latexit sha1_base64="voQhCo0Pphma+I/8yr8lqM99LM4=">AAAB9XicbVDLSgMxFM34rPVVFdy4CRbBVZlxo8tSN66kBfuAdiyZ9E4bmmSGJKOUof/hxoUi7sSf8AvcufFbzLRdaOuBwOGce7knJ4g508Z1v5yl5ZXVtfXcRn5za3tnt7C339BRoijUacQj1QqIBs4k1A0zHFqxAiICDs1geJn5zTtQmkXyxoxi8AXpSxYySoyVbq+7HUHMQIkUwnDcLRTdkjsBXiTejBTLh7Vv9lb5qHYLn51eRBMB0lBOtG57bmz8lCjDKIdxvpNoiAkdkj60LZVEgPbTSeoxPrFKD4eRsk8aPFF/b6REaD0SgZ3MMup5LxP/89qJCS/8lMk4MSDp9FCYcGwinFWAe0wBNXxkCaGK2ayYDogi1Nii8rYEb/7Li6RxVvIsr3nFcgVNkUNH6BidIg+dozK6QlVURxQp9ICe0LNz7zw6L87rdHTJme0coD9w3n8AwyCWXw==</latexit><latexit sha1_base64="voQhCo0Pphma+I/8yr8lqM99LM4=">AAAB9XicbVDLSgMxFM34rPVVFdy4CRbBVZlxo8tSN66kBfuAdiyZ9E4bmmSGJKOUof/hxoUi7sSf8AvcufFbzLRdaOuBwOGce7knJ4g508Z1v5yl5ZXVtfXcRn5za3tnt7C339BRoijUacQj1QqIBs4k1A0zHFqxAiICDs1geJn5zTtQmkXyxoxi8AXpSxYySoyVbq+7HUHMQIkUwnDcLRTdkjsBXiTejBTLh7Vv9lb5qHYLn51eRBMB0lBOtG57bmz8lCjDKIdxvpNoiAkdkj60LZVEgPbTSeoxPrFKD4eRsk8aPFF/b6REaD0SgZ3MMup5LxP/89qJCS/8lMk4MSDp9FCYcGwinFWAe0wBNXxkCaGK2ayYDogi1Nii8rYEb/7Li6RxVvIsr3nFcgVNkUNH6BidIg+dozK6QlVURxQp9ICe0LNz7zw6L87rdHTJme0coD9w3n8AwyCWXw==</latexit><latexit sha1_base64="Th/VGTgR0ud86Ea8UiDr6V9/QXE=">AAAB9XicbVDLSsNAFL3xWeur6tLNYBFclcSNLotuXEkF+4A2lsn0ph06mYSZiVJC/8ONC0Xc+i/u/BsnbRbaemDgcM693DMnSATXxnW/nZXVtfWNzdJWeXtnd2+/cnDY0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Ovfbj6g0j+W9mSToR3QoecgZNVZ6uO33ImpGKsowDKf9StWtuTOQZeIVpAoFGv3KV28QszRCaZigWnc9NzF+RpXhTOC03Es1JpSN6RC7lkoaofazWeopObXKgISxsk8aMlN/b2Q00noSBXYyz6gXvVz8z+umJrz0My6T1KBk80NhKoiJSV4BGXCFzIiJJZQpbrMSNqKKMmOLKtsSvMUvL5PWec2z/M6r1q+KOkpwDCdwBh5cQB1uoAFNYKDgGV7hzXlyXpx352M+uuIUO0fwB87nD+M4kr4=</latexit>

⌫
<latexit sha1_base64="g/r2zRJl77BgkBCl/QQ42PcXWuE=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5gKro3nfTultfWNza3ydmVnd2//wD08aukkUwybLBGJ6oRUo+ASm4YbgZ1UIY1Dge1wfDurt59QaZ7IRzNJMYjpUPKIM2qs9dCTWd+tejVvLrIKfgFVKNTou1+9QcKyGKVhgmrd9b3UBDlVhjOB00ov05hSNqZD7FqUNEYd5PNVp+TMOgMSJco+acjc/T2R01jrSRzazpiakV6uzcz/at3MRNdBzmWaGZRs8VGUCWISMrubDLhCZsTEAmWK210JG1FFmbHpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzRHOi/PufCxaS04xcwx/5Hz+AF7ljdc=</latexit><latexit sha1_base64="g/r2zRJl77BgkBCl/QQ42PcXWuE=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5gKro3nfTultfWNza3ydmVnd2//wD08aukkUwybLBGJ6oRUo+ASm4YbgZ1UIY1Dge1wfDurt59QaZ7IRzNJMYjpUPKIM2qs9dCTWd+tejVvLrIKfgFVKNTou1+9QcKyGKVhgmrd9b3UBDlVhjOB00ov05hSNqZD7FqUNEYd5PNVp+TMOgMSJco+acjc/T2R01jrSRzazpiakV6uzcz/at3MRNdBzmWaGZRs8VGUCWISMrubDLhCZsTEAmWK210JG1FFmbHpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzRHOi/PufCxaS04xcwx/5Hz+AF7ljdc=</latexit><latexit sha1_base64="g/r2zRJl77BgkBCl/QQ42PcXWuE=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5gKro3nfTultfWNza3ydmVnd2//wD08aukkUwybLBGJ6oRUo+ASm4YbgZ1UIY1Dge1wfDurt59QaZ7IRzNJMYjpUPKIM2qs9dCTWd+tejVvLrIKfgFVKNTou1+9QcKyGKVhgmrd9b3UBDlVhjOB00ov05hSNqZD7FqUNEYd5PNVp+TMOgMSJco+acjc/T2R01jrSRzazpiakV6uzcz/at3MRNdBzmWaGZRs8VGUCWISMrubDLhCZsTEAmWK210JG1FFmbHpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzRHOi/PufCxaS04xcwx/5Hz+AF7ljdc=</latexit><latexit sha1_base64="g/r2zRJl77BgkBCl/QQ42PcXWuE=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5gKro3nfTultfWNza3ydmVnd2//wD08aukkUwybLBGJ6oRUo+ASm4YbgZ1UIY1Dge1wfDurt59QaZ7IRzNJMYjpUPKIM2qs9dCTWd+tejVvLrIKfgFVKNTou1+9QcKyGKVhgmrd9b3UBDlVhjOB00ov05hSNqZD7FqUNEYd5PNVp+TMOgMSJco+acjc/T2R01jrSRzazpiakV6uzcz/at3MRNdBzmWaGZRs8VGUCWISMrubDLhCZsTEAmWK210JG1FFmbHpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzRHOi/PufCxaS04xcwx/5Hz+AF7ljdc=</latexit>

Ne↵
<latexit sha1_base64="+DU32u3GZ3FKltoGp2hXvhqmNqI=">AAAB9XicbVC7SgNBFL3rM8ZXVLCxGQyCVdi10TJoYyUJmAckMc5O7iZDZmeXmVklLPkPGwtFbP0XOxu/xdkkhSYeGDiccy/3zPFjwbVx3S9naXlldW09t5Hf3Nre2S3s7dd1lCiGNRaJSDV9qlFwiTXDjcBmrJCGvsCGP7zK/MYDKs0jeWtGMXZC2pc84IwaK93ddNshNQMVphgE426h6JbcCcgi8WakWD6sft8DQKVb+Gz3IpaEKA0TVOuW58amk1JlOBM4zrcTjTFlQ9rHlqWShqg76ST1mJxYpUeCSNknDZmovzdSGmo9Cn07mWXU814m/ue1EhNcdFIu48SgZNNDQSKIiUhWAelxhcyIkSWUKW6zEjagijJji8rbErz5Ly+S+lnJs7zqFcuXMEUOjuAYTsGDcyjDNVSgBgwUPMELvDqPzrPz5rxPR5ec2c4B/IHz8QNx35Sj</latexit><latexit sha1_base64="voQhCo0Pphma+I/8yr8lqM99LM4=">AAAB9XicbVDLSgMxFM34rPVVFdy4CRbBVZlxo8tSN66kBfuAdiyZ9E4bmmSGJKOUof/hxoUi7sSf8AvcufFbzLRdaOuBwOGce7knJ4g508Z1v5yl5ZXVtfXcRn5za3tnt7C339BRoijUacQj1QqIBs4k1A0zHFqxAiICDs1geJn5zTtQmkXyxoxi8AXpSxYySoyVbq+7HUHMQIkUwnDcLRTdkjsBXiTejBTLh7Vv9lb5qHYLn51eRBMB0lBOtG57bmz8lCjDKIdxvpNoiAkdkj60LZVEgPbTSeoxPrFKD4eRsk8aPFF/b6REaD0SgZ3MMup5LxP/89qJCS/8lMk4MSDp9FCYcGwinFWAe0wBNXxkCaGK2ayYDogi1Nii8rYEb/7Li6RxVvIsr3nFcgVNkUNH6BidIg+dozK6QlVURxQp9ICe0LNz7zw6L87rdHTJme0coD9w3n8AwyCWXw==</latexit><latexit sha1_base64="voQhCo0Pphma+I/8yr8lqM99LM4=">AAAB9XicbVDLSgMxFM34rPVVFdy4CRbBVZlxo8tSN66kBfuAdiyZ9E4bmmSGJKOUof/hxoUi7sSf8AvcufFbzLRdaOuBwOGce7knJ4g508Z1v5yl5ZXVtfXcRn5za3tnt7C339BRoijUacQj1QqIBs4k1A0zHFqxAiICDs1geJn5zTtQmkXyxoxi8AXpSxYySoyVbq+7HUHMQIkUwnDcLRTdkjsBXiTejBTLh7Vv9lb5qHYLn51eRBMB0lBOtG57bmz8lCjDKIdxvpNoiAkdkj60LZVEgPbTSeoxPrFKD4eRsk8aPFF/b6REaD0SgZ3MMup5LxP/89qJCS/8lMk4MSDp9FCYcGwinFWAe0wBNXxkCaGK2ayYDogi1Nii8rYEb/7Li6RxVvIsr3nFcgVNkUNH6BidIg+dozK6QlVURxQp9ICe0LNz7zw6L87rdHTJme0coD9w3n8AwyCWXw==</latexit><latexit sha1_base64="Th/VGTgR0ud86Ea8UiDr6V9/QXE=">AAAB9XicbVDLSsNAFL3xWeur6tLNYBFclcSNLotuXEkF+4A2lsn0ph06mYSZiVJC/8ONC0Xc+i/u/BsnbRbaemDgcM693DMnSATXxnW/nZXVtfWNzdJWeXtnd2+/cnDY0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Ovfbj6g0j+W9mSToR3QoecgZNVZ6uO33ImpGKsowDKf9StWtuTOQZeIVpAoFGv3KV28QszRCaZigWnc9NzF+RpXhTOC03Es1JpSN6RC7lkoaofazWeopObXKgISxsk8aMlN/b2Q00noSBXYyz6gXvVz8z+umJrz0My6T1KBk80NhKoiJSV4BGXCFzIiJJZQpbrMSNqKKMmOLKtsSvMUvL5PWec2z/M6r1q+KOkpwDCdwBh5cQB1uoAFNYKDgGV7hzXlyXpx352M+uuIUO0fwB87nD+M4kr4=</latexit>

T ⇠ m�
<latexit sha1_base64="/zuFgnGdl/uMYlgFqV3Hecpgseg=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlhd6gM5RMmmlDk8yYZApl6HO4caGIWx/GnW9jpp2Ftv4Q+PjPOZyTP0w408Z1v53SxubW9k55t7K3f3B4VD0+6eg4VYS2Scxj1QuxppxJ2jbMcNpLFMUi5LQbTu7zendKlWaxbJlZQgOBR5JFjGBjraCFfM0EEgOfjNmgWnPr7kJoHbwCalCoOah++cOYpIJKQzjWuu+5iQkyrAwjnM4rfqppgskEj2jfosSC6iBbHD1HF9YZoihW9kmDFu7viQwLrWcitJ0Cm7FereXmf7V+aqLbIGMySQ2VZLkoSjkyMcoTQEOmKDF8ZgETxeytiIyxwsTYnCo2BG/1y+vQuap7lh+va427Io4ynME5XIIHN9CAB2hCGwg8wTO8wpszdV6cd+dj2VpyiplT+CPn8wf3sJGR</latexit><latexit sha1_base64="/zuFgnGdl/uMYlgFqV3Hecpgseg=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlhd6gM5RMmmlDk8yYZApl6HO4caGIWx/GnW9jpp2Ftv4Q+PjPOZyTP0w408Z1v53SxubW9k55t7K3f3B4VD0+6eg4VYS2Scxj1QuxppxJ2jbMcNpLFMUi5LQbTu7zendKlWaxbJlZQgOBR5JFjGBjraCFfM0EEgOfjNmgWnPr7kJoHbwCalCoOah++cOYpIJKQzjWuu+5iQkyrAwjnM4rfqppgskEj2jfosSC6iBbHD1HF9YZoihW9kmDFu7viQwLrWcitJ0Cm7FereXmf7V+aqLbIGMySQ2VZLkoSjkyMcoTQEOmKDF8ZgETxeytiIyxwsTYnCo2BG/1y+vQuap7lh+va427Io4ynME5XIIHN9CAB2hCGwg8wTO8wpszdV6cd+dj2VpyiplT+CPn8wf3sJGR</latexit><latexit sha1_base64="/zuFgnGdl/uMYlgFqV3Hecpgseg=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlhd6gM5RMmmlDk8yYZApl6HO4caGIWx/GnW9jpp2Ftv4Q+PjPOZyTP0w408Z1v53SxubW9k55t7K3f3B4VD0+6eg4VYS2Scxj1QuxppxJ2jbMcNpLFMUi5LQbTu7zendKlWaxbJlZQgOBR5JFjGBjraCFfM0EEgOfjNmgWnPr7kJoHbwCalCoOah++cOYpIJKQzjWuu+5iQkyrAwjnM4rfqppgskEj2jfosSC6iBbHD1HF9YZoihW9kmDFu7viQwLrWcitJ0Cm7FereXmf7V+aqLbIGMySQ2VZLkoSjkyMcoTQEOmKDF8ZgETxeytiIyxwsTYnCo2BG/1y+vQuap7lh+va427Io4ynME5XIIHN9CAB2hCGwg8wTO8wpszdV6cd+dj2VpyiplT+CPn8wf3sJGR</latexit><latexit sha1_base64="/zuFgnGdl/uMYlgFqV3Hecpgseg=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlhd6gM5RMmmlDk8yYZApl6HO4caGIWx/GnW9jpp2Ftv4Q+PjPOZyTP0w408Z1v53SxubW9k55t7K3f3B4VD0+6eg4VYS2Scxj1QuxppxJ2jbMcNpLFMUi5LQbTu7zendKlWaxbJlZQgOBR5JFjGBjraCFfM0EEgOfjNmgWnPr7kJoHbwCalCoOah++cOYpIJKQzjWuu+5iQkyrAwjnM4rfqppgskEj2jfosSC6iBbHD1HF9YZoihW9kmDFu7viQwLrWcitJ0Cm7FereXmf7V+aqLbIGMySQ2VZLkoSjkyMcoTQEOmKDF8ZgETxeytiIyxwsTYnCo2BG/1y+vQuap7lh+va427Io4ynME5XIIHN9CAB2hCGwg8wTO8wpszdV6cd+dj2VpyiplT+CPn8wf3sJGR</latexit>

[Bœhm, Dolan, McCabe; arXiv:1303.6270]
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                DM — Near ResonanceLµ � L⌧

[PF; arXiv:1808.03647]
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                DM — future sensitivity
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[PF; arXiv:1808.03647]



• Portal models are consistent way to incorporate NP into the SM. 

• Gauge couplings to SM particles can dramatically reshape the 
landscape of HP constraints. 
         Need to use full complementarity of experimental searches! 

• Simultaneous explanation of                   and            in 
extended                     . 

• Future experiments like LDMX, SHiP and a dedicated muon 
run of NA64 can rule out large part of                    parameter 
space. 

Conclusions

�17
Thank you for your attention!

(g � 2)µ
<latexit sha1_base64="g5bvreq3XMf3VoDE6vjWiKonblQ=">AAAB/3icbVC7TsMwFL0pr1JeASQWloiCVAaqpAuMFSyMRaIPqY0ix3Faq44T2Q5SFTrwKywMIMSExMY3sPEh7DhtBygcyfLROffKx8dPGJXKtj+NwsLi0vJKcbW0tr6xuWVu77RknApMmjhmsej4SBJGOWkqqhjpJIKgyGek7Q8vcr99Q4SkMb9Wo4S4EepzGlKMlJY8c6/nxyyQo0hfWaV/Ujv2elE69syyXbUnsP4SZ0bK9cOv13cAaHjmRy+IcRoRrjBDUnYdO1FuhoSimJFxqZdKkiA8RH3S1ZSjiEg3m+QfW0daCawwFvpwZU3UnxsZimQeUU9GSA3kvJeL/3ndVIVnbkZ5kirC8fShMGWWiq28DCuggmDFRpogLKjOauEBEggrXVlJl+DMf/kvadWqjuZXTrl+DlMUYR8OoAIOnEIdLqEBTcBwC/fwCE/GnfFgPBsv09GCMdvZhV8w3r4BVGqYkg==</latexit><latexit sha1_base64="7FFNjwD81KXy7qVL2P/622H4ubE=">AAAB/3icbVA7T8MwGHTKq7Q8AkgsLBEFqQxUSRcYK1gYi0QfUhNFjuO0Vm0nsp1KVejAX2FhACEmJGb+ARs/BGbcxwAtJ1k+3X2ffL4goUQq2/40ckvLK6tr+fVCcWNza9vc2W3KOBUIN1BMY9EOoMSUcNxQRFHcTgSGLKC4FfQvx35rgIUkMb9RwwR7DHY5iQiCSku+ue8GMQ3lkOkrK3dPqye+y9KRb5bsij2BtUicGSnVjr5e3wfF77pvfrhhjFKGuUIUStlx7ER5GRSKIIpHBTeVOIGoD7u4oymHDEsvm+QfWcdaCa0oFvpwZU3U3xsZZHIcUU8yqHpy3huL/3mdVEXnXkZ4kirM0fShKKWWiq1xGVZIBEaKDjWBSBCd1UI9KCBSurKCLsGZ//IiaVYrjubXTql2AabIgwNwCMrAAWegBq5AHTQAArfgHjyCJ+POeDCejZfpaM6Y7eyBPzDefgBNCpoM</latexit><latexit sha1_base64="7FFNjwD81KXy7qVL2P/622H4ubE=">AAAB/3icbVA7T8MwGHTKq7Q8AkgsLBEFqQxUSRcYK1gYi0QfUhNFjuO0Vm0nsp1KVejAX2FhACEmJGb+ARs/BGbcxwAtJ1k+3X2ffL4goUQq2/40ckvLK6tr+fVCcWNza9vc2W3KOBUIN1BMY9EOoMSUcNxQRFHcTgSGLKC4FfQvx35rgIUkMb9RwwR7DHY5iQiCSku+ue8GMQ3lkOkrK3dPqye+y9KRb5bsij2BtUicGSnVjr5e3wfF77pvfrhhjFKGuUIUStlx7ER5GRSKIIpHBTeVOIGoD7u4oymHDEsvm+QfWcdaCa0oFvpwZU3U3xsZZHIcUU8yqHpy3huL/3mdVEXnXkZ4kirM0fShKKWWiq1xGVZIBEaKDjWBSBCd1UI9KCBSurKCLsGZ//IiaVYrjubXTql2AabIgwNwCMrAAWegBq5AHTQAArfgHjyCJ+POeDCejZfpaM6Y7eyBPzDefgBNCpoM</latexit><latexit sha1_base64="Nn+g19Dvv8PThyvsB3QmK+Arz2c=">AAAB/3icbVC9TsMwGHTKXyl/ASQWFosKqQxUSRcYK1gYi0RLpSaKHMdprdpOZDtIVejAq7AwgBArr8HG2+C0GaDlJMunu++TzxemjCrtON9WZWV1bX2julnb2t7Z3bP3D3oqySQmXZywRPZDpAijgnQ11Yz0U0kQDxm5D8fXhX//QKSiibjTk5T4HA0FjSlG2kiBfeSFCYvUhJsrbwzPW2eBx7NpYNedpjMDXCZuSeqgRCewv7wowRknQmOGlBq4Tqr9HElNMSPTmpcpkiI8RkMyMFQgTpSfz/JP4alRIhgn0hyh4Uz9vZEjroqIZpIjPVKLXiH+5w0yHV/6ORVpponA84fijEGdwKIMGFFJsGYTQxCW1GSFeIQkwtpUVjMluItfXia9VtM1/Natt6/KOqrgGJyABnDBBWiDG9ABXYDBI3gGr+DNerJerHfrYz5ascqdQ/AH1ucPifqVww==</latexit>

⌦DM
<latexit sha1_base64="mZ2auad9WeOWRoDoPPTM7WaRLVg=">AAACBnicbVA9SwNBEJ3zM8avU8FGhMMgWMmdjZZBLWzEBEwUcse5t5nExb0PdufEcKSy8a/YWChi62+ws/G3uEks/Hqw7OO9GWbmRZkUmlz33Robn5icmi7NlGfn5hcW7aXlpk5zxbHBU5mq84hplCLBBgmSeJ4pZHEk8Sy6Ohj4Z9eotEiTU+plGMSsm4iO4IyMFNrrfpTKtu7F5iv8kxi7LPQJb6g4PO73Q7vibrtDOH+J90Uq1dX6xwUA1EL7zW+nPI8xIS6Z1i3PzSgomCLBJfbLfq4xY/yKdbFlaMJi1EExPKPvbBql7XRSZV5CzlD93lGwWA82NZUxo0v92xuI/3mtnDp7QSGSLCdM+GhQJ5cOpc4gE6ctFHKSPUMYV8Ls6vBLphgnk1zZhOD9Pvkvae5se4bXvUp1H0YowRpswBZ4sAtVOIIaNIDDLdzDIzxZd9aD9Wy9jErHrK+eFfgB6/UT3yabiA==</latexit><latexit sha1_base64="melQYkzP+e8kwhyOvriyCzjNmqc=">AAACBnicbVC7SgNBFJ31GeMrKtiIsBgEq7Bro2WIFjZiAuYB2WWZndwkQ2YfzNwVw5LKxl+x0EIRWwu/wM7Gb3HyKDTxwDCHc+7l3nv8WHCFlvVlzM0vLC4tZ1ayq2vrG5u5re2aihLJoMoiEcmGTxUIHkIVOQpoxBJo4Auo+72zoV+/Aal4FF5jPwY3oJ2QtzmjqCUvt+/4kWipfqC/1LkKoEM9B+EW0/PLwcDL5a2CNYI5S+wJyRd3K9/8sfRR9nKfTitiSQAhMkGVatpWjG5KJXImYJB1EgUxZT3agaamIQ1AuenojIF5qJWW2Y6kfiGaI/V3R0oDNdxUVwYUu2raG4r/ec0E26duysM4QQjZeFA7ESZG5jATs8UlMBR9TSiTXO9qsi6VlKFOLqtDsKdPniW144KtecXOF0tkjAzZIwfkiNjkhBTJBSmTKmHkjjyQZ/Ji3BtPxqvxNi6dMyY9O+QPjPcfMHadRA==</latexit><latexit sha1_base64="melQYkzP+e8kwhyOvriyCzjNmqc=">AAACBnicbVC7SgNBFJ31GeMrKtiIsBgEq7Bro2WIFjZiAuYB2WWZndwkQ2YfzNwVw5LKxl+x0EIRWwu/wM7Gb3HyKDTxwDCHc+7l3nv8WHCFlvVlzM0vLC4tZ1ayq2vrG5u5re2aihLJoMoiEcmGTxUIHkIVOQpoxBJo4Auo+72zoV+/Aal4FF5jPwY3oJ2QtzmjqCUvt+/4kWipfqC/1LkKoEM9B+EW0/PLwcDL5a2CNYI5S+wJyRd3K9/8sfRR9nKfTitiSQAhMkGVatpWjG5KJXImYJB1EgUxZT3agaamIQ1AuenojIF5qJWW2Y6kfiGaI/V3R0oDNdxUVwYUu2raG4r/ec0E26duysM4QQjZeFA7ESZG5jATs8UlMBR9TSiTXO9qsi6VlKFOLqtDsKdPniW144KtecXOF0tkjAzZIwfkiNjkhBTJBSmTKmHkjjyQZ/Ji3BtPxqvxNi6dMyY9O+QPjPcfMHadRA==</latexit><latexit sha1_base64="LLNTby//Kd5SeUOzMRwMugOA8Ss=">AAACBnicbVBNS8NAEN34WetX1aMIwSJ4KokXPRb14EWsYD+gKWGzmbZLN5uwOxFL6MmLf8WLB0W8+hu8+W/ctjlo64NlH+/NMDMvSATX6Djf1sLi0vLKamGtuL6xubVd2tlt6DhVDOosFrFqBVSD4BLqyFFAK1FAo0BAMxhcjP3mPSjNY3mHwwQ6Ee1J3uWMopH80oEXxCLUw8h8mXcTQY/6HsIDZpfXo5FfKjsVZwJ7nrg5KZMcNb/05YUxSyOQyATVuu06CXYyqpAzAaOil2pIKBvQHrQNlTQC3ckmZ4zsI6OEdjdW5km0J+rvjoxGerypqYwo9vWsNxb/89opds86GZdJiiDZdFA3FTbG9jgTO+QKGIqhIZQpbna1WZ8qytAkVzQhuLMnz5PGScU1/NYtV8/zOApknxySY+KSU1IlV6RG6oSRR/JMXsmb9WS9WO/Wx7R0wcp79sgfWJ8/UI6Zow==</latexit>

U(1)Lµ�L⌧
<latexit sha1_base64="feX2boVdCDADEKZfai71z6yx+tA=">AAACJXicbZBLS8NAEMcn9VXrK+pRkGARWtCSeNGDh6IXDx4q2AckIWy223bp5sHuRigh4Gfx4lfx4sEigie/itu0grYO7PLj/5+ZnR0/ZlRI0/zUCkvLK6trxfXSxubW9o6+u9cSUcIxaeKIRbzjI0EYDUlTUslIJ+YEBT4jbX94PfHbD4QLGoX3chQTN0D9kPYoRlJJnn6ZOnkTm/d9NzVrZh4nC5A1K1bVS289J0hO1S1RkmWeXv7xjUWwZlCuV53DRwBoePrY6UY4CUgoMUNC2JYZSzdFXFLMSFZyEkFihIeoT2yFIQqIcNN8wMw4VkrX6EVcnVAaufq7IkWBEKPAV5kBkgMx703E/zw7kb0LN6VhnEgS4ulDvYQZMjImKzO6lBMs2UgBwpyqWQ08QBxhqRZbUkuw5r+8CK2zmqX4zirXr2AaRTiAI6iABedQhxtoQBMwPMELvMFYe9ZetXftY5pa0GY1+/AntK9vD3+iKA==</latexit><latexit sha1_base64="s95L6ZZESN9TocNbOYDiOtcIR3M=">AAACJXicbZDLSsNAFIYn9VbrLepSkGARWlBJ3OjCRdGNCxcVTFtIQphMJ+nQyYWZiRBCXsaNryKCC4sIrtz7FE7TCtp6YIaP/z/nzJnjJZRwoesfSmVhcWl5pbpaW1vf2NxSt3c6PE4ZwiaKacx6HuSYkgibggiKewnDMPQo7nrDq7HfvceMkzi6E1mCnRAGEfEJgkJKrnqR22UTiwWek+snehlHc1CYDaPp5jeuHabH8hYwLQpXrf/42jwYU6i3mvZ+Fjx/tV11ZPdjlIY4EohCzi1DT4STQyYIorio2SnHCURDGGBLYgRDzJ28HLDQDqXS1/yYyRMJrVR/V+Qw5DwLPZkZQjHgs95Y/M+zUuGfOzmJklTgCE0e8lOqiVgbr0zrE4aRoJkEiBiRs2poABlEQi62JpdgzH55HjqnJ4bkW6PeugSTqII9cAAawABnoAWuQRuYAIEH8ARewUh5VF6UN+V9klpRpjW74E8on9/VxKQ8</latexit><latexit sha1_base64="s95L6ZZESN9TocNbOYDiOtcIR3M=">AAACJXicbZDLSsNAFIYn9VbrLepSkGARWlBJ3OjCRdGNCxcVTFtIQphMJ+nQyYWZiRBCXsaNryKCC4sIrtz7FE7TCtp6YIaP/z/nzJnjJZRwoesfSmVhcWl5pbpaW1vf2NxSt3c6PE4ZwiaKacx6HuSYkgibggiKewnDMPQo7nrDq7HfvceMkzi6E1mCnRAGEfEJgkJKrnqR22UTiwWek+snehlHc1CYDaPp5jeuHabH8hYwLQpXrf/42jwYU6i3mvZ+Fjx/tV11ZPdjlIY4EohCzi1DT4STQyYIorio2SnHCURDGGBLYgRDzJ28HLDQDqXS1/yYyRMJrVR/V+Qw5DwLPZkZQjHgs95Y/M+zUuGfOzmJklTgCE0e8lOqiVgbr0zrE4aRoJkEiBiRs2poABlEQi62JpdgzH55HjqnJ4bkW6PeugSTqII9cAAawABnoAWuQRuYAIEH8ARewUh5VF6UN+V9klpRpjW74E8on9/VxKQ8</latexit><latexit sha1_base64="hnF8043h39e0LN9SE3Nuwsx/np0=">AAACJXicbZBPS8MwGMZT/875r+rRS3EIE3S0XvTgYejFg4cJdhu0paRZtoUlaUlSYZR+GS9+FS8eHCJ48quYdRV084WEH8+TN3nzRAklUtn2p7G0vLK6tl7ZqG5ube/smnv7bRmnAmEXxTQW3QhKTAnHriKK4m4iMGQRxZ1odDP1O49YSBLzBzVOcMDggJM+QVBpKTSvMr+4xBODKMjshl3U6QLkbt05CbO70Gfpmd4VTPM8NGs/vrUITgk1UFYrNCd+L0Ypw1whCqX0HDtRQQaFIojivOqnEicQjeAAexo5ZFgGWTFgbh1rpWf1Y6EXV1ah/u7IIJNyzCJ9kkE1lPPeVPzP81LVvwwywpNUYY5mD/VTaqnYmkZm9YjASNGxBogE0bNaaAgFREoHW9UhOPNfXoT2ecPRfO/UmtdlHBVwCI5AHTjgAjTBLWgBFyDwBF7AG5gYz8ar8W58zI4uGWXPAfhTxtc3MAigxQ==</latexit>

U(1)Lµ�L⌧
<latexit sha1_base64="feX2boVdCDADEKZfai71z6yx+tA=">AAACJXicbZBLS8NAEMcn9VXrK+pRkGARWtCSeNGDh6IXDx4q2AckIWy223bp5sHuRigh4Gfx4lfx4sEigie/itu0grYO7PLj/5+ZnR0/ZlRI0/zUCkvLK6trxfXSxubW9o6+u9cSUcIxaeKIRbzjI0EYDUlTUslIJ+YEBT4jbX94PfHbD4QLGoX3chQTN0D9kPYoRlJJnn6ZOnkTm/d9NzVrZh4nC5A1K1bVS289J0hO1S1RkmWeXv7xjUWwZlCuV53DRwBoePrY6UY4CUgoMUNC2JYZSzdFXFLMSFZyEkFihIeoT2yFIQqIcNN8wMw4VkrX6EVcnVAaufq7IkWBEKPAV5kBkgMx703E/zw7kb0LN6VhnEgS4ulDvYQZMjImKzO6lBMs2UgBwpyqWQ08QBxhqRZbUkuw5r+8CK2zmqX4zirXr2AaRTiAI6iABedQhxtoQBMwPMELvMFYe9ZetXftY5pa0GY1+/AntK9vD3+iKA==</latexit><latexit sha1_base64="s95L6ZZESN9TocNbOYDiOtcIR3M=">AAACJXicbZDLSsNAFIYn9VbrLepSkGARWlBJ3OjCRdGNCxcVTFtIQphMJ+nQyYWZiRBCXsaNryKCC4sIrtz7FE7TCtp6YIaP/z/nzJnjJZRwoesfSmVhcWl5pbpaW1vf2NxSt3c6PE4ZwiaKacx6HuSYkgibggiKewnDMPQo7nrDq7HfvceMkzi6E1mCnRAGEfEJgkJKrnqR22UTiwWek+snehlHc1CYDaPp5jeuHabH8hYwLQpXrf/42jwYU6i3mvZ+Fjx/tV11ZPdjlIY4EohCzi1DT4STQyYIorio2SnHCURDGGBLYgRDzJ28HLDQDqXS1/yYyRMJrVR/V+Qw5DwLPZkZQjHgs95Y/M+zUuGfOzmJklTgCE0e8lOqiVgbr0zrE4aRoJkEiBiRs2poABlEQi62JpdgzH55HjqnJ4bkW6PeugSTqII9cAAawABnoAWuQRuYAIEH8ARewUh5VF6UN+V9klpRpjW74E8on9/VxKQ8</latexit><latexit sha1_base64="s95L6ZZESN9TocNbOYDiOtcIR3M=">AAACJXicbZDLSsNAFIYn9VbrLepSkGARWlBJ3OjCRdGNCxcVTFtIQphMJ+nQyYWZiRBCXsaNryKCC4sIrtz7FE7TCtp6YIaP/z/nzJnjJZRwoesfSmVhcWl5pbpaW1vf2NxSt3c6PE4ZwiaKacx6HuSYkgibggiKewnDMPQo7nrDq7HfvceMkzi6E1mCnRAGEfEJgkJKrnqR22UTiwWek+snehlHc1CYDaPp5jeuHabH8hYwLQpXrf/42jwYU6i3mvZ+Fjx/tV11ZPdjlIY4EohCzi1DT4STQyYIorio2SnHCURDGGBLYgRDzJ28HLDQDqXS1/yYyRMJrVR/V+Qw5DwLPZkZQjHgs95Y/M+zUuGfOzmJklTgCE0e8lOqiVgbr0zrE4aRoJkEiBiRs2poABlEQi62JpdgzH55HjqnJ4bkW6PeugSTqII9cAAawABnoAWuQRuYAIEH8ARewUh5VF6UN+V9klpRpjW74E8on9/VxKQ8</latexit><latexit sha1_base64="hnF8043h39e0LN9SE3Nuwsx/np0=">AAACJXicbZBPS8MwGMZT/875r+rRS3EIE3S0XvTgYejFg4cJdhu0paRZtoUlaUlSYZR+GS9+FS8eHCJ48quYdRV084WEH8+TN3nzRAklUtn2p7G0vLK6tl7ZqG5ube/smnv7bRmnAmEXxTQW3QhKTAnHriKK4m4iMGQRxZ1odDP1O49YSBLzBzVOcMDggJM+QVBpKTSvMr+4xBODKMjshl3U6QLkbt05CbO70Gfpmd4VTPM8NGs/vrUITgk1UFYrNCd+L0Ypw1whCqX0HDtRQQaFIojivOqnEicQjeAAexo5ZFgGWTFgbh1rpWf1Y6EXV1ah/u7IIJNyzCJ9kkE1lPPeVPzP81LVvwwywpNUYY5mD/VTaqnYmkZm9YjASNGxBogE0bNaaAgFREoHW9UhOPNfXoT2ecPRfO/UmtdlHBVwCI5AHTjgAjTBLWgBFyDwBF7AG5gYz8ar8W58zI4uGWXPAfhTxtc3MAigxQ==</latexit>



Backup
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�19

                DM — Standard BenchmarkLµ � L⌧
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NTP

Neff

BaBar inv

Charm II
CMS4 μ

COHERENT

E137

NA64
g - 2e

g - 2μ
WD

ΩDM

Neff

Xenon1T

SuperK
FermiLAT

CMB
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Neff

NTP

Borexino

g - 2μ

ΩDM

WD

[PF; arXiv:1808.03647]



�20

                DM — Non-unit chargeLµ � L⌧

��-� ��-� � ��

��-�

��-�

��-�

��-�

��-�

��-�

��-��
��-��
��-��
��-��
��-��
��-�
��-�
��-�
��-�
��-�
��-�
��-�
��-�

Borexino

Neff

BaBar 4 μ

BaBar inv

Charm II

CMS4 μ

COHERENT

NA64
g - 2e

g - 2μWD
ΩDM

Neff

Xenon1TFermiLAT
SuperK

AMS

CMB
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CMS4 μ

ΩDM
Xenon1T

XenonNTDarwin

FermiLAT

AMS
CMB



Prototypical Hidden Photon Searches

�21

A′

A

e− e+

θ

L coll
⇡ O(10�1) ab�1yr�1

<latexit sha1_base64="OTuzxF4O67sZIH58k3GjQd4wa+U="></latexit>

L coll
⇡ O(1) ab�1d�1

<latexit sha1_base64="lRWJqWeRSqF0wdDjhL0sNpNbcEs="></latexit>

�coll
A0 / ↵2 ✏2

E2
CM

<latexit sha1_base64="V59gJYUErdw8dpFEG6ErOqT5SgY="></latexit>

�bd
A0 /

↵3 Z2 ✏2

M2
A0

<latexit sha1_base64="J+PrqN0gQElq9PWYiFqU/vECNlA="></latexit>

Pdec = e
�Lsh

`A0

✓
1� e

�Ldec
`A0

◆

<latexit sha1_base64="ZPvkwCbCfAMxLefzCGFeU+4AMpU="></latexit>

P, e

P, e

P
⇡A

A0 A

A0

A0

Z

H

g

g

A0

q

q̄

⇡
⇡

A0

D⇤

D
K

q

q̄

A0

⇡
⇡
⇡

�

⌘

e

e

A0

A

e

e

A0

Z

H

g

g

A0

q

q̄

⇡
⇡

A0

D⇤

D
K

q

q̄

A0

⇡
⇡
⇡

�

⌘

e

e

A0

A

e

e

Colliders: Beam dumps:

P, e

P, e

P
⇡A

A0 A

A0

• Production:


