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Mass scale of dark matter

1010-22 eV keV GeV

There are well-defined targets (lampposts) 
testable with current or planned searches,  

over an enormous mass range.
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Mass scale of dark matter

1010-22 eV keV GeV

WIMP

There are well-defined targets (lampposts) 
testable with current or planned searches,  

over an enormous mass range.

M�
<latexit sha1_base64="H9G0ITqUckkrviyce0/CNBVtY7I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxYtQwX5AG8pms2mXbnbD7kQooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMC1PBDXret1NaW9/Y3CpvV3Z29/YPqodHbaMyTVmLKqF0NySGCS5ZCzkK1k01I0koWCcc3878zhPThiv5iJOUBQkZSh5zStBKnftBX0UKB9WaV/fmcFeJX5AaFGgOql/9SNEsYRKpIMb0fC/FICcaORVsWulnhqWEjsmQ9SyVJGEmyOfnTt0zq0RurLQtie5c/T2Rk8SYSRLazoTgyCx7M/E/r5dhfB3kXKYZMkkXi+JMuKjc2e9uxDWjKCaWEKq5vdWlI6IJRZtQxYbgL7+8StoXdd+r+w+XtcZNEUcZTuAUzsGHK2jAHTShBRTG8Ayv8Oakzovz7nwsWktOMXMMf+B8/gA9r49+</latexit><latexit sha1_base64="H9G0ITqUckkrviyce0/CNBVtY7I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxYtQwX5AG8pms2mXbnbD7kQooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMC1PBDXret1NaW9/Y3CpvV3Z29/YPqodHbaMyTVmLKqF0NySGCS5ZCzkK1k01I0koWCcc3878zhPThiv5iJOUBQkZSh5zStBKnftBX0UKB9WaV/fmcFeJX5AaFGgOql/9SNEsYRKpIMb0fC/FICcaORVsWulnhqWEjsmQ9SyVJGEmyOfnTt0zq0RurLQtie5c/T2Rk8SYSRLazoTgyCx7M/E/r5dhfB3kXKYZMkkXi+JMuKjc2e9uxDWjKCaWEKq5vdWlI6IJRZtQxYbgL7+8StoXdd+r+w+XtcZNEUcZTuAUzsGHK2jAHTShBRTG8Ayv8Oakzovz7nwsWktOMXMMf+B8/gA9r49+</latexit><latexit sha1_base64="H9G0ITqUckkrviyce0/CNBVtY7I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxYtQwX5AG8pms2mXbnbD7kQooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMC1PBDXret1NaW9/Y3CpvV3Z29/YPqodHbaMyTVmLKqF0NySGCS5ZCzkK1k01I0koWCcc3878zhPThiv5iJOUBQkZSh5zStBKnftBX0UKB9WaV/fmcFeJX5AaFGgOql/9SNEsYRKpIMb0fC/FICcaORVsWulnhqWEjsmQ9SyVJGEmyOfnTt0zq0RurLQtie5c/T2Rk8SYSRLazoTgyCx7M/E/r5dhfB3kXKYZMkkXi+JMuKjc2e9uxDWjKCaWEKq5vdWlI6IJRZtQxYbgL7+8StoXdd+r+w+XtcZNEUcZTuAUzsGHK2jAHTShBRTG8Ayv8Oakzovz7nwsWktOMXMMf+B8/gA9r49+</latexit><latexit sha1_base64="H9G0ITqUckkrviyce0/CNBVtY7I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxYtQwX5AG8pms2mXbnbD7kQooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMC1PBDXret1NaW9/Y3CpvV3Z29/YPqodHbaMyTVmLKqF0NySGCS5ZCzkK1k01I0koWCcc3878zhPThiv5iJOUBQkZSh5zStBKnftBX0UKB9WaV/fmcFeJX5AaFGgOql/9SNEsYRKpIMb0fC/FICcaORVsWulnhqWEjsmQ9SyVJGEmyOfnTt0zq0RurLQtie5c/T2Rk8SYSRLazoTgyCx7M/E/r5dhfB3kXKYZMkkXi+JMuKjc2e9uxDWjKCaWEKq5vdWlI6IJRZtQxYbgL7+8StoXdd+r+w+XtcZNEUcZTuAUzsGHK2jAHTShBRTG8Ayv8Oakzovz7nwsWktOMXMMf+B8/gA9r49+</latexit>



2

Mass scale of dark matter

1010-22 eV keV GeV

WIMP Primordial 
black holes

There are well-defined targets (lampposts) 
testable with current or planned searches,  

over an enormous mass range.

M�
<latexit sha1_base64="H9G0ITqUckkrviyce0/CNBVtY7I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxYtQwX5AG8pms2mXbnbD7kQooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMC1PBDXret1NaW9/Y3CpvV3Z29/YPqodHbaMyTVmLKqF0NySGCS5ZCzkK1k01I0koWCcc3878zhPThiv5iJOUBQkZSh5zStBKnftBX0UKB9WaV/fmcFeJX5AaFGgOql/9SNEsYRKpIMb0fC/FICcaORVsWulnhqWEjsmQ9SyVJGEmyOfnTt0zq0RurLQtie5c/T2Rk8SYSRLazoTgyCx7M/E/r5dhfB3kXKYZMkkXi+JMuKjc2e9uxDWjKCaWEKq5vdWlI6IJRZtQxYbgL7+8StoXdd+r+w+XtcZNEUcZTuAUzsGHK2jAHTShBRTG8Ayv8Oakzovz7nwsWktOMXMMf+B8/gA9r49+</latexit><latexit sha1_base64="H9G0ITqUckkrviyce0/CNBVtY7I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxYtQwX5AG8pms2mXbnbD7kQooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMC1PBDXret1NaW9/Y3CpvV3Z29/YPqodHbaMyTVmLKqF0NySGCS5ZCzkK1k01I0koWCcc3878zhPThiv5iJOUBQkZSh5zStBKnftBX0UKB9WaV/fmcFeJX5AaFGgOql/9SNEsYRKpIMb0fC/FICcaORVsWulnhqWEjsmQ9SyVJGEmyOfnTt0zq0RurLQtie5c/T2Rk8SYSRLazoTgyCx7M/E/r5dhfB3kXKYZMkkXi+JMuKjc2e9uxDWjKCaWEKq5vdWlI6IJRZtQxYbgL7+8StoXdd+r+w+XtcZNEUcZTuAUzsGHK2jAHTShBRTG8Ayv8Oakzovz7nwsWktOMXMMf+B8/gA9r49+</latexit><latexit sha1_base64="H9G0ITqUckkrviyce0/CNBVtY7I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxYtQwX5AG8pms2mXbnbD7kQooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMC1PBDXret1NaW9/Y3CpvV3Z29/YPqodHbaMyTVmLKqF0NySGCS5ZCzkK1k01I0koWCcc3878zhPThiv5iJOUBQkZSh5zStBKnftBX0UKB9WaV/fmcFeJX5AaFGgOql/9SNEsYRKpIMb0fC/FICcaORVsWulnhqWEjsmQ9SyVJGEmyOfnTt0zq0RurLQtie5c/T2Rk8SYSRLazoTgyCx7M/E/r5dhfB3kXKYZMkkXi+JMuKjc2e9uxDWjKCaWEKq5vdWlI6IJRZtQxYbgL7+8StoXdd+r+w+XtcZNEUcZTuAUzsGHK2jAHTShBRTG8Ayv8Oakzovz7nwsWktOMXMMf+B8/gA9r49+</latexit><latexit sha1_base64="H9G0ITqUckkrviyce0/CNBVtY7I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxYtQwX5AG8pms2mXbnbD7kQooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMC1PBDXret1NaW9/Y3CpvV3Z29/YPqodHbaMyTVmLKqF0NySGCS5ZCzkK1k01I0koWCcc3878zhPThiv5iJOUBQkZSh5zStBKnftBX0UKB9WaV/fmcFeJX5AaFGgOql/9SNEsYRKpIMb0fC/FICcaORVsWulnhqWEjsmQ9SyVJGEmyOfnTt0zq0RurLQtie5c/T2Rk8SYSRLazoTgyCx7M/E/r5dhfB3kXKYZMkkXi+JMuKjc2e9uxDWjKCaWEKq5vdWlI6IJRZtQxYbgL7+8StoXdd+r+w+XtcZNEUcZTuAUzsGHK2jAHTShBRTG8Ayv8Oakzovz7nwsWktOMXMMf+B8/gA9r49+</latexit>



2

Mass scale of dark matter

1010-22 eV keV GeV
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particle DM 
sterile ν 
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Primordial 
black holes

There are well-defined targets (lampposts) 
testable with current or planned searches,  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Mass scale of dark matter

1010-22 eV keV GeV

WIMP``Ultralight” DM

bosonic field 
axions 

non-thermal

``Light” DM

particle DM 
sterile ν 

can be thermal

Primordial 
black holes

There are well-defined targets (lampposts) 
testable with current or planned searches,  

over an enormous mass range.
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Processes depleting the dark matter number density:

Heuristic arguments pointing towards weak scale change  
with the presence of new mass scales and interactions
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e.g. Boehm and Fayet 2003,  

Pospelov et al. 2007,  
Feng and Kumar 2008
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Processes depleting the dark matter number density:

Heuristic arguments pointing towards weak scale change  
with the presence of new mass scales and interactions

co-annihilation 
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e.g. Griest and Seckel 1991 
D’Agnolo et al. 2017 
Izaguirre et al. 2017
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Dark matter only populated by out-of-equilibrium 
annihilations of SM into dark sector
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annihilation

Relic abundance

Dodelson and Widrow 1993  
Hall et al. 2009  
Chu, Hambye, Tytgat 2011  
Essig, Mardon, Volansky 2011 
Bernal et al. 2017 (review)

DM

DM

Evolution of DM abundance may also be modified

See also: sterile neutrino
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Number changing processes in dark sector can 
also heat up dark sector thermal bath
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Carlson et al. 1992  
Bernal et al. 2015  
Kuflik et al. 2015  
Pappadopulo, Ruderman, Trevisan 2016  
Farina et al. 2016  

annihilation



Light dark matter

10

1. Thermal relic benchmarks for masses down to ~keV (warm DM)
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2. Excess entropy in the dark sector is deposited  
back into the Standard Model thermal bath

1. Thermal relic benchmarks for masses down to ~keV (warm DM)
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2. Excess entropy in the dark sector is deposited  
back into the Standard Model thermal bath

1. Thermal relic benchmarks for masses down to ~keV (warm DM)

Portals to the Standard Model

+ neutrino portal

vector portal

�

�

X
dark  

photon photon

kinetic mixing
✏
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Higgs or axion portal
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January 12, 2018    Searches for light new particles with BABAR data              Steven Robertson 3

BABAR measurements
Previous BABAR search for e+e-→ γA' with
 A' → l+

l
-
   (l = e, μ)  using 516 fb-1 of data

● Searched for A' decaying to light leptons in the mass range

0.02 GeV < mA' < 10.2 GeV

● Placed 90% C.L. upper limit on mixing strength ε : 

Phys.Rev.Lett. 113 (2014) no.20, 201801
arXiv:1406.2980 [hep-ex]

This talk:

Search for invisible decays of a dark photon 

produced in e+e- collisions at BABAR
Phys.Rev.Lett. 119 (2017) no.13, 131804
arXiv:1702.03327 [hep-ex] 

Search for a muonic dark force at BABAR
Phys.Rev. D94 (2016) no.1, 011102
 arXiv:1606.03501 [hep-ex]

l
+

l
-

e�
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<latexit sha1_base64="wcZKBtzNQxsk/ToaZLfpdSU3aBc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoignorevFY0dhCG8tmO22XbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RSWlldW14rrpY3Nre2d8u7eg45TxdBnsYhVM6QaBZfoG24ENhOFNAoFNsLh9cRvPKHSPJb3ZpRgENG+5D3OqLHSHT6edMoVt+pOQRaJl5MK5Kh3yl/tbszSCKVhgmrd8tzEBBlVhjOB41I71ZhQNqR9bFkqaYQ6yKanjsmRVbqkFytb0pCp+nsio5HWoyi0nRE1Az3vTcT/vFZqehdBxmWSGpRstqiXCmJiMvmbdLlCZsTIEsoUt7cSNqCKMmPTKdkQvPmXF4l/Wr2serdnldpVnkYRDuAQjsGDc6jBDdTBBwZ9eIZXeHOE8+K8Ox+z1oKTz+zDHzifP1IAjVo=</latexit><latexit sha1_base64="wcZKBtzNQxsk/ToaZLfpdSU3aBc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoignorevFY0dhCG8tmO22XbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RSWlldW14rrpY3Nre2d8u7eg45TxdBnsYhVM6QaBZfoG24ENhOFNAoFNsLh9cRvPKHSPJb3ZpRgENG+5D3OqLHSHT6edMoVt+pOQRaJl5MK5Kh3yl/tbszSCKVhgmrd8tzEBBlVhjOB41I71ZhQNqR9bFkqaYQ6yKanjsmRVbqkFytb0pCp+nsio5HWoyi0nRE1Az3vTcT/vFZqehdBxmWSGpRstqiXCmJiMvmbdLlCZsTIEsoUt7cSNqCKMmPTKdkQvPmXF4l/Wr2serdnldpVnkYRDuAQjsGDc6jBDdTBBwZ9eIZXeHOE8+K8Ox+z1oKTz+zDHzifP1IAjVo=</latexit><latexit sha1_base64="wcZKBtzNQxsk/ToaZLfpdSU3aBc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoignorevFY0dhCG8tmO22XbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RSWlldW14rrpY3Nre2d8u7eg45TxdBnsYhVM6QaBZfoG24ENhOFNAoFNsLh9cRvPKHSPJb3ZpRgENG+5D3OqLHSHT6edMoVt+pOQRaJl5MK5Kh3yl/tbszSCKVhgmrd8tzEBBlVhjOB41I71ZhQNqR9bFkqaYQ6yKanjsmRVbqkFytb0pCp+nsio5HWoyi0nRE1Az3vTcT/vFZqehdBxmWSGpRstqiXCmJiMvmbdLlCZsTIEsoUt7cSNqCKMmPTKdkQvPmXF4l/Wr2serdnldpVnkYRDuAQjsGDc6jBDdTBBwZ9eIZXeHOE8+K8Ox+z1oKTz+zDHzifP1IAjVo=</latexit><latexit sha1_base64="wcZKBtzNQxsk/ToaZLfpdSU3aBc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoignorevFY0dhCG8tmO22XbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RSWlldW14rrpY3Nre2d8u7eg45TxdBnsYhVM6QaBZfoG24ENhOFNAoFNsLh9cRvPKHSPJb3ZpRgENG+5D3OqLHSHT6edMoVt+pOQRaJl5MK5Kh3yl/tbszSCKVhgmrd8tzEBBlVhjOB41I71ZhQNqR9bFkqaYQ6yKanjsmRVbqkFytb0pCp+nsio5HWoyi0nRE1Az3vTcT/vFZqehdBxmWSGpRstqiXCmJiMvmbdLlCZsTIEsoUt7cSNqCKMmPTKdkQvPmXF4l/Wr2serdnldpVnkYRDuAQjsGDc6jBDdTBBwZ9eIZXeHOE8+K8Ox+z1oKTz+zDHzifP1IAjVo=</latexit>

�
<latexit sha1_base64="+03BdUB6TWqLjuCfwSU3OIMjF3A=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knN7gALgXuVql/zZ0DLJChIFQo0epWvbl+RTFBpCcfGdAI/tVGOtWWE00m5mxmaYjLCA9pxVGJBTZTPrp2gU6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmKcibTzFJJ5ouSjCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUNmFECy+vEzC89p1Lbi/qNZvijRKcAwncAYBXEId7qABIRB4hGd4hTdPeS/eu/cxb13xipkj+APv8wfzVo7p</latexit><latexit sha1_base64="+03BdUB6TWqLjuCfwSU3OIMjF3A=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knN7gALgXuVql/zZ0DLJChIFQo0epWvbl+RTFBpCcfGdAI/tVGOtWWE00m5mxmaYjLCA9pxVGJBTZTPrp2gU6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmKcibTzFJJ5ouSjCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUNmFECy+vEzC89p1Lbi/qNZvijRKcAwncAYBXEId7qABIRB4hGd4hTdPeS/eu/cxb13xipkj+APv8wfzVo7p</latexit><latexit sha1_base64="+03BdUB6TWqLjuCfwSU3OIMjF3A=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knN7gALgXuVql/zZ0DLJChIFQo0epWvbl+RTFBpCcfGdAI/tVGOtWWE00m5mxmaYjLCA9pxVGJBTZTPrp2gU6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmKcibTzFJJ5ouSjCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUNmFECy+vEzC89p1Lbi/qNZvijRKcAwncAYBXEId7qABIRB4hGd4hTdPeS/eu/cxb13xipkj+APv8wfzVo7p</latexit><latexit sha1_base64="+03BdUB6TWqLjuCfwSU3OIMjF3A=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knN7gALgXuVql/zZ0DLJChIFQo0epWvbl+RTFBpCcfGdAI/tVGOtWWE00m5mxmaYjLCA9pxVGJBTZTPrp2gU6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmKcibTzFJJ5ouSjCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUNmFECy+vEzC89p1Lbi/qNZvijRKcAwncAYBXEId7qABIRB4hGd4hTdPeS/eu/cxb13xipkj+APv8wfzVo7p</latexit>

"
<latexit sha1_base64="9aqFZHGOCSykKfjZc83jaLVMC+M=">AAAB/3icbVBNS8NAEN3Ur1q/qh48eFksgqeSiKDeil48VjC20ISy2U7bpZtN2N0USsjFv+LFg4pX/4Y3/42bNAdtfTDweG9mZ+cFMWdK2/a3VVlZXVvfqG7WtrZ3dvfq+wePKkokBZdGPJLdgCjgTICrmebQjSWQMODQCSa3ud+ZglQsEg96FoMfkpFgQ0aJNlK/fuQVb6QBTyDzpkRCrBjPnYbdtAvgZeKUpIFKtPv1L28Q0SQEoSknSvUcO9Z+SqRmlENW8xIFMaETMoKeoYKEoPy0WJ7hU6MM8DCSpoTGhfp7IiWhUrMwMJ0h0WO16OXif14v0cMrP2UiTjQIOl80TDjWEc7TwAMmgWo+M4RQycxfMR0TSag2mdVMCM7iycvEPW9eN537i0brpkyjio7RCTpDDrpELXSH2shFFGXoGb2iN+vJerHerY95a8UqZw7RH1ifP2SKlx8=</latexit><latexit sha1_base64="9aqFZHGOCSykKfjZc83jaLVMC+M=">AAAB/3icbVBNS8NAEN3Ur1q/qh48eFksgqeSiKDeil48VjC20ISy2U7bpZtN2N0USsjFv+LFg4pX/4Y3/42bNAdtfTDweG9mZ+cFMWdK2/a3VVlZXVvfqG7WtrZ3dvfq+wePKkokBZdGPJLdgCjgTICrmebQjSWQMODQCSa3ud+ZglQsEg96FoMfkpFgQ0aJNlK/fuQVb6QBTyDzpkRCrBjPnYbdtAvgZeKUpIFKtPv1L28Q0SQEoSknSvUcO9Z+SqRmlENW8xIFMaETMoKeoYKEoPy0WJ7hU6MM8DCSpoTGhfp7IiWhUrMwMJ0h0WO16OXif14v0cMrP2UiTjQIOl80TDjWEc7TwAMmgWo+M4RQycxfMR0TSag2mdVMCM7iycvEPW9eN537i0brpkyjio7RCTpDDrpELXSH2shFFGXoGb2iN+vJerHerY95a8UqZw7RH1ifP2SKlx8=</latexit><latexit sha1_base64="9aqFZHGOCSykKfjZc83jaLVMC+M=">AAAB/3icbVBNS8NAEN3Ur1q/qh48eFksgqeSiKDeil48VjC20ISy2U7bpZtN2N0USsjFv+LFg4pX/4Y3/42bNAdtfTDweG9mZ+cFMWdK2/a3VVlZXVvfqG7WtrZ3dvfq+wePKkokBZdGPJLdgCjgTICrmebQjSWQMODQCSa3ud+ZglQsEg96FoMfkpFgQ0aJNlK/fuQVb6QBTyDzpkRCrBjPnYbdtAvgZeKUpIFKtPv1L28Q0SQEoSknSvUcO9Z+SqRmlENW8xIFMaETMoKeoYKEoPy0WJ7hU6MM8DCSpoTGhfp7IiWhUrMwMJ0h0WO16OXif14v0cMrP2UiTjQIOl80TDjWEc7TwAMmgWo+M4RQycxfMR0TSag2mdVMCM7iycvEPW9eN537i0brpkyjio7RCTpDDrpELXSH2shFFGXoGb2iN+vJerHerY95a8UqZw7RH1ifP2SKlx8=</latexit><latexit sha1_base64="9aqFZHGOCSykKfjZc83jaLVMC+M=">AAAB/3icbVBNS8NAEN3Ur1q/qh48eFksgqeSiKDeil48VjC20ISy2U7bpZtN2N0USsjFv+LFg4pX/4Y3/42bNAdtfTDweG9mZ+cFMWdK2/a3VVlZXVvfqG7WtrZ3dvfq+wePKkokBZdGPJLdgCjgTICrmebQjSWQMODQCSa3ud+ZglQsEg96FoMfkpFgQ0aJNlK/fuQVb6QBTyDzpkRCrBjPnYbdtAvgZeKUpIFKtPv1L28Q0SQEoSknSvUcO9Z+SqRmlENW8xIFMaETMoKeoYKEoPy0WJ7hU6MM8DCSpoTGhfp7IiWhUrMwMJ0h0WO16OXif14v0cMrP2UiTjQIOl80TDjWEc7TwAMmgWo+M4RQycxfMR0TSag2mdVMCM7iycvEPW9eN537i0brpkyjio7RCTpDDrpELXSH2shFFGXoGb2iN+vJerHerY95a8UqZw7RH1ifP2SKlx8=</latexit>

�
<latexit sha1_base64="A+jLU9NW7IXqpqGGdycCv1SedjM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQQeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3V822jdlGlU4gVM4Bw9a0IY76IAPBGJ4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bPaOBg==</latexit><latexit sha1_base64="A+jLU9NW7IXqpqGGdycCv1SedjM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQQeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3V822jdlGlU4gVM4Bw9a0IY76IAPBGJ4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bPaOBg==</latexit><latexit sha1_base64="A+jLU9NW7IXqpqGGdycCv1SedjM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQQeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3V822jdlGlU4gVM4Bw9a0IY76IAPBGJ4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bPaOBg==</latexit><latexit sha1_base64="A+jLU9NW7IXqpqGGdycCv1SedjM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQQeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3V822jdlGlU4gVM4Bw9a0IY76IAPBGJ4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bPaOBg==</latexit>

�̄
<latexit sha1_base64="G4Q3Jj207DSXW/F8rsXV8YIFq5A=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQplst+3SzSbuboQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvSgXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmKPNpIhLVjlAzwSXzDTeCtVPFMI4Ea0Wjm6nfemJK80Tem3HKwhgHkvc5RWOldhChCuiQd6s1t+7OQJaJV5AaFGh2q19BL6FZzKShArXueG5qwhyV4VSwSSXINEuRjnDAOpZKjJkO89m9E3JilR7pJ8qWNGSm/p7IMdZ6HEe2M0Yz1IveVPzP62SmfxnmXKaZYZLOF/UzQUxCps+THleMGjG2BKni9lZCh6iQGhtRxYbgLb68TPyz+lXduzuvNa6LNMpwBMdwCh5cQANuoQk+UBDwDK/w5jw6L8678zFvLTnFzCH8gfP5A2eDj78=</latexit><latexit sha1_base64="G4Q3Jj207DSXW/F8rsXV8YIFq5A=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQplst+3SzSbuboQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvSgXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmKPNpIhLVjlAzwSXzDTeCtVPFMI4Ea0Wjm6nfemJK80Tem3HKwhgHkvc5RWOldhChCuiQd6s1t+7OQJaJV5AaFGh2q19BL6FZzKShArXueG5qwhyV4VSwSSXINEuRjnDAOpZKjJkO89m9E3JilR7pJ8qWNGSm/p7IMdZ6HEe2M0Yz1IveVPzP62SmfxnmXKaZYZLOF/UzQUxCps+THleMGjG2BKni9lZCh6iQGhtRxYbgLb68TPyz+lXduzuvNa6LNMpwBMdwCh5cQANuoQk+UBDwDK/w5jw6L8678zFvLTnFzCH8gfP5A2eDj78=</latexit><latexit sha1_base64="G4Q3Jj207DSXW/F8rsXV8YIFq5A=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQplst+3SzSbuboQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvSgXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmKPNpIhLVjlAzwSXzDTeCtVPFMI4Ea0Wjm6nfemJK80Tem3HKwhgHkvc5RWOldhChCuiQd6s1t+7OQJaJV5AaFGh2q19BL6FZzKShArXueG5qwhyV4VSwSSXINEuRjnDAOpZKjJkO89m9E3JilR7pJ8qWNGSm/p7IMdZ6HEe2M0Yz1IveVPzP62SmfxnmXKaZYZLOF/UzQUxCps+THleMGjG2BKni9lZCh6iQGhtRxYbgLb68TPyz+lXduzuvNa6LNMpwBMdwCh5cQANuoQk+UBDwDK/w5jw6L8678zFvLTnFzCH8gfP5A2eDj78=</latexit><latexit sha1_base64="G4Q3Jj207DSXW/F8rsXV8YIFq5A=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQplst+3SzSbuboQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvSgXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmKPNpIhLVjlAzwSXzDTeCtVPFMI4Ea0Wjm6nfemJK80Tem3HKwhgHkvc5RWOldhChCuiQd6s1t+7OQJaJV5AaFGh2q19BL6FZzKShArXueG5qwhyV4VSwSSXINEuRjnDAOpZKjJkO89m9E3JilR7pJ8qWNGSm/p7IMdZ6HEe2M0Yz1IveVPzP62SmfxnmXKaZYZLOF/UzQUxCps+THleMGjG2BKni9lZCh6iQGhtRxYbgLb68TPyz+lXduzuvNa6LNMpwBMdwCh5cQANuoQk+UBDwDK/w5jw6L8678zFvLTnFzCH8gfP5A2eDj78=</latexit>

• If the dark photon decays into DM, 
we instead get a monophoton + 
invisible signature 

(↵D > "2↵)
<latexit sha1_base64="3nl70QzrkCjdRVbpptrvv/9oCYI=">AAACDHicbVDLSsNAFJ34rPUVdelmsAp1U5IiqBsp6sJlBWMLTSw302k7dDIJM5NCCf0BN/6KGxcqbv0Ad/6N08dCWw9cOJxzL/feEyacKe0439bC4tLyympuLb++sbm1be/s3qs4lYR6JOaxrIegKGeCepppTuuJpBCFnNbC3tXIr/WpVCwWd3qQ0CCCjmBtRkAbqWkfFn3gSReamS8jfD288PsgaaIYj8VDeeIdN+2CU3LGwPPEnZICmqLatL/8VkzSiApNOCjVcJ1EBxlIzQinw7yfKpoA6UGHNgwVEFEVZONvhvjIKC3cjqUpofFY/T2RQaTUIApNZwS6q2a9kfif10h1+yzImEhSTQWZLGqnHOsYj6LBLSYp0XxgCBDJzK2YdEEC0SbAvAnBnX15nnjl0nnJvT0pVC6naeTQPjpAReSiU1RBN6iKPETQI3pGr+jNerJerHfrY9K6YE1n9tAfWJ8/ciabXw==</latexit><latexit sha1_base64="3nl70QzrkCjdRVbpptrvv/9oCYI=">AAACDHicbVDLSsNAFJ34rPUVdelmsAp1U5IiqBsp6sJlBWMLTSw302k7dDIJM5NCCf0BN/6KGxcqbv0Ad/6N08dCWw9cOJxzL/feEyacKe0439bC4tLyympuLb++sbm1be/s3qs4lYR6JOaxrIegKGeCepppTuuJpBCFnNbC3tXIr/WpVCwWd3qQ0CCCjmBtRkAbqWkfFn3gSReamS8jfD288PsgaaIYj8VDeeIdN+2CU3LGwPPEnZICmqLatL/8VkzSiApNOCjVcJ1EBxlIzQinw7yfKpoA6UGHNgwVEFEVZONvhvjIKC3cjqUpofFY/T2RQaTUIApNZwS6q2a9kfif10h1+yzImEhSTQWZLGqnHOsYj6LBLSYp0XxgCBDJzK2YdEEC0SbAvAnBnX15nnjl0nnJvT0pVC6naeTQPjpAReSiU1RBN6iKPETQI3pGr+jNerJerHfrY9K6YE1n9tAfWJ8/ciabXw==</latexit><latexit sha1_base64="3nl70QzrkCjdRVbpptrvv/9oCYI=">AAACDHicbVDLSsNAFJ34rPUVdelmsAp1U5IiqBsp6sJlBWMLTSw302k7dDIJM5NCCf0BN/6KGxcqbv0Ad/6N08dCWw9cOJxzL/feEyacKe0439bC4tLyympuLb++sbm1be/s3qs4lYR6JOaxrIegKGeCepppTuuJpBCFnNbC3tXIr/WpVCwWd3qQ0CCCjmBtRkAbqWkfFn3gSReamS8jfD288PsgaaIYj8VDeeIdN+2CU3LGwPPEnZICmqLatL/8VkzSiApNOCjVcJ1EBxlIzQinw7yfKpoA6UGHNgwVEFEVZONvhvjIKC3cjqUpofFY/T2RQaTUIApNZwS6q2a9kfif10h1+yzImEhSTQWZLGqnHOsYj6LBLSYp0XxgCBDJzK2YdEEC0SbAvAnBnX15nnjl0nnJvT0pVC6naeTQPjpAReSiU1RBN6iKPETQI3pGr+jNerJerHfrY9K6YE1n9tAfWJ8/ciabXw==</latexit><latexit sha1_base64="3nl70QzrkCjdRVbpptrvv/9oCYI=">AAACDHicbVDLSsNAFJ34rPUVdelmsAp1U5IiqBsp6sJlBWMLTSw302k7dDIJM5NCCf0BN/6KGxcqbv0Ad/6N08dCWw9cOJxzL/feEyacKe0439bC4tLyympuLb++sbm1be/s3qs4lYR6JOaxrIegKGeCepppTuuJpBCFnNbC3tXIr/WpVCwWd3qQ0CCCjmBtRkAbqWkfFn3gSReamS8jfD288PsgaaIYj8VDeeIdN+2CU3LGwPPEnZICmqLatL/8VkzSiApNOCjVcJ1EBxlIzQinw7yfKpoA6UGHNgwVEFEVZONvhvjIKC3cjqUpofFY/T2RQaTUIApNZwS6q2a9kfif10h1+yzImEhSTQWZLGqnHOsYj6LBLSYp0XxgCBDJzK2YdEEC0SbAvAnBnX15nnjl0nnJvT0pVC6naeTQPjpAReSiU1RBN6iKPETQI3pGr+jNerJerHfrY9K6YE1n9tAfWJ8/ciabXw==</latexit>

PRL 119 (2017) no. 13, 131804 
arXiv:1702.0327

e+e- colliders 
fixed target
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BABAR measurements
Previous BABAR search for e+e-→ γA' with
 A' → l+

l
-
   (l = e, μ)  using 516 fb-1 of data

● Searched for A' decaying to light leptons in the mass range

0.02 GeV < mA' < 10.2 GeV

● Placed 90% C.L. upper limit on mixing strength ε : 

Phys.Rev.Lett. 113 (2014) no.20, 201801
arXiv:1406.2980 [hep-ex]

This talk:

Search for invisible decays of a dark photon 

produced in e+e- collisions at BABAR
Phys.Rev.Lett. 119 (2017) no.13, 131804
arXiv:1702.03327 [hep-ex] 

Search for a muonic dark force at BABAR
Phys.Rev. D94 (2016) no.1, 011102
 arXiv:1606.03501 [hep-ex]

l
+

l
-

e�
<latexit sha1_base64="gDFWQ5c9UJizFJT8KQCyYdb/c5Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQb0VvXisaGyhjWWznbZLN5uwuxFK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpLyyura8X10sbm1vZOeXfvQcepYuizWMSqGVKNgkv0DTcCm4lCGoUCG+HweuI3nlBpHst7M0owiGhf8h5n1FjpDh9POuWKW3WnIIvEy0kFctQ75a92N2ZphNIwQbVueW5igowqw5nAcamdakwoG9I+tiyVNEIdZNNTx+TIKl3Si5UtachU/T2R0UjrURTazoiagZ73JuJ/Xis1vYsg4zJJDUo2W9RLBTExmfxNulwhM2JkCWWK21sJG1BFmbHplGwI3vzLi8Q/rV5WvduzSu0qT6MIB3AIx+DBOdTgBurgA4M+PMMrvDnCeXHenY9Za8HJZ/bhD5zPH1UGjVw=</latexit><latexit sha1_base64="gDFWQ5c9UJizFJT8KQCyYdb/c5Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQb0VvXisaGyhjWWznbZLN5uwuxFK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpLyyura8X10sbm1vZOeXfvQcepYuizWMSqGVKNgkv0DTcCm4lCGoUCG+HweuI3nlBpHst7M0owiGhf8h5n1FjpDh9POuWKW3WnIIvEy0kFctQ75a92N2ZphNIwQbVueW5igowqw5nAcamdakwoG9I+tiyVNEIdZNNTx+TIKl3Si5UtachU/T2R0UjrURTazoiagZ73JuJ/Xis1vYsg4zJJDUo2W9RLBTExmfxNulwhM2JkCWWK21sJG1BFmbHplGwI3vzLi8Q/rV5WvduzSu0qT6MIB3AIx+DBOdTgBurgA4M+PMMrvDnCeXHenY9Za8HJZ/bhD5zPH1UGjVw=</latexit><latexit sha1_base64="gDFWQ5c9UJizFJT8KQCyYdb/c5Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQb0VvXisaGyhjWWznbZLN5uwuxFK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpLyyura8X10sbm1vZOeXfvQcepYuizWMSqGVKNgkv0DTcCm4lCGoUCG+HweuI3nlBpHst7M0owiGhf8h5n1FjpDh9POuWKW3WnIIvEy0kFctQ75a92N2ZphNIwQbVueW5igowqw5nAcamdakwoG9I+tiyVNEIdZNNTx+TIKl3Si5UtachU/T2R0UjrURTazoiagZ73JuJ/Xis1vYsg4zJJDUo2W9RLBTExmfxNulwhM2JkCWWK21sJG1BFmbHplGwI3vzLi8Q/rV5WvduzSu0qT6MIB3AIx+DBOdTgBurgA4M+PMMrvDnCeXHenY9Za8HJZ/bhD5zPH1UGjVw=</latexit><latexit sha1_base64="gDFWQ5c9UJizFJT8KQCyYdb/c5Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQb0VvXisaGyhjWWznbZLN5uwuxFK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpLyyura8X10sbm1vZOeXfvQcepYuizWMSqGVKNgkv0DTcCm4lCGoUCG+HweuI3nlBpHst7M0owiGhf8h5n1FjpDh9POuWKW3WnIIvEy0kFctQ75a92N2ZphNIwQbVueW5igowqw5nAcamdakwoG9I+tiyVNEIdZNNTx+TIKl3Si5UtachU/T2R0UjrURTazoiagZ73JuJ/Xis1vYsg4zJJDUo2W9RLBTExmfxNulwhM2JkCWWK21sJG1BFmbHplGwI3vzLi8Q/rV5WvduzSu0qT6MIB3AIx+DBOdTgBurgA4M+PMMrvDnCeXHenY9Za8HJZ/bhD5zPH1UGjVw=</latexit>

e+
<latexit sha1_base64="wcZKBtzNQxsk/ToaZLfpdSU3aBc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoignorevFY0dhCG8tmO22XbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RSWlldW14rrpY3Nre2d8u7eg45TxdBnsYhVM6QaBZfoG24ENhOFNAoFNsLh9cRvPKHSPJb3ZpRgENG+5D3OqLHSHT6edMoVt+pOQRaJl5MK5Kh3yl/tbszSCKVhgmrd8tzEBBlVhjOB41I71ZhQNqR9bFkqaYQ6yKanjsmRVbqkFytb0pCp+nsio5HWoyi0nRE1Az3vTcT/vFZqehdBxmWSGpRstqiXCmJiMvmbdLlCZsTIEsoUt7cSNqCKMmPTKdkQvPmXF4l/Wr2serdnldpVnkYRDuAQjsGDc6jBDdTBBwZ9eIZXeHOE8+K8Ox+z1oKTz+zDHzifP1IAjVo=</latexit><latexit sha1_base64="wcZKBtzNQxsk/ToaZLfpdSU3aBc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoignorevFY0dhCG8tmO22XbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RSWlldW14rrpY3Nre2d8u7eg45TxdBnsYhVM6QaBZfoG24ENhOFNAoFNsLh9cRvPKHSPJb3ZpRgENG+5D3OqLHSHT6edMoVt+pOQRaJl5MK5Kh3yl/tbszSCKVhgmrd8tzEBBlVhjOB41I71ZhQNqR9bFkqaYQ6yKanjsmRVbqkFytb0pCp+nsio5HWoyi0nRE1Az3vTcT/vFZqehdBxmWSGpRstqiXCmJiMvmbdLlCZsTIEsoUt7cSNqCKMmPTKdkQvPmXF4l/Wr2serdnldpVnkYRDuAQjsGDc6jBDdTBBwZ9eIZXeHOE8+K8Ox+z1oKTz+zDHzifP1IAjVo=</latexit><latexit sha1_base64="wcZKBtzNQxsk/ToaZLfpdSU3aBc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoignorevFY0dhCG8tmO22XbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RSWlldW14rrpY3Nre2d8u7eg45TxdBnsYhVM6QaBZfoG24ENhOFNAoFNsLh9cRvPKHSPJb3ZpRgENG+5D3OqLHSHT6edMoVt+pOQRaJl5MK5Kh3yl/tbszSCKVhgmrd8tzEBBlVhjOB41I71ZhQNqR9bFkqaYQ6yKanjsmRVbqkFytb0pCp+nsio5HWoyi0nRE1Az3vTcT/vFZqehdBxmWSGpRstqiXCmJiMvmbdLlCZsTIEsoUt7cSNqCKMmPTKdkQvPmXF4l/Wr2serdnldpVnkYRDuAQjsGDc6jBDdTBBwZ9eIZXeHOE8+K8Ox+z1oKTz+zDHzifP1IAjVo=</latexit><latexit sha1_base64="wcZKBtzNQxsk/ToaZLfpdSU3aBc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoignorevFY0dhCG8tmO22XbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RSWlldW14rrpY3Nre2d8u7eg45TxdBnsYhVM6QaBZfoG24ENhOFNAoFNsLh9cRvPKHSPJb3ZpRgENG+5D3OqLHSHT6edMoVt+pOQRaJl5MK5Kh3yl/tbszSCKVhgmrd8tzEBBlVhjOB41I71ZhQNqR9bFkqaYQ6yKanjsmRVbqkFytb0pCp+nsio5HWoyi0nRE1Az3vTcT/vFZqehdBxmWSGpRstqiXCmJiMvmbdLlCZsTIEsoUt7cSNqCKMmPTKdkQvPmXF4l/Wr2serdnldpVnkYRDuAQjsGDc6jBDdTBBwZ9eIZXeHOE8+K8Ox+z1oKTz+zDHzifP1IAjVo=</latexit>

�
<latexit sha1_base64="+03BdUB6TWqLjuCfwSU3OIMjF3A=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knN7gALgXuVql/zZ0DLJChIFQo0epWvbl+RTFBpCcfGdAI/tVGOtWWE00m5mxmaYjLCA9pxVGJBTZTPrp2gU6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmKcibTzFJJ5ouSjCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUNmFECy+vEzC89p1Lbi/qNZvijRKcAwncAYBXEId7qABIRB4hGd4hTdPeS/eu/cxb13xipkj+APv8wfzVo7p</latexit><latexit sha1_base64="+03BdUB6TWqLjuCfwSU3OIMjF3A=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knN7gALgXuVql/zZ0DLJChIFQo0epWvbl+RTFBpCcfGdAI/tVGOtWWE00m5mxmaYjLCA9pxVGJBTZTPrp2gU6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmKcibTzFJJ5ouSjCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUNmFECy+vEzC89p1Lbi/qNZvijRKcAwncAYBXEId7qABIRB4hGd4hTdPeS/eu/cxb13xipkj+APv8wfzVo7p</latexit><latexit sha1_base64="+03BdUB6TWqLjuCfwSU3OIMjF3A=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knN7gALgXuVql/zZ0DLJChIFQo0epWvbl+RTFBpCcfGdAI/tVGOtWWE00m5mxmaYjLCA9pxVGJBTZTPrp2gU6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmKcibTzFJJ5ouSjCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUNmFECy+vEzC89p1Lbi/qNZvijRKcAwncAYBXEId7qABIRB4hGd4hTdPeS/eu/cxb13xipkj+APv8wfzVo7p</latexit><latexit sha1_base64="+03BdUB6TWqLjuCfwSU3OIMjF3A=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knN7gALgXuVql/zZ0DLJChIFQo0epWvbl+RTFBpCcfGdAI/tVGOtWWE00m5mxmaYjLCA9pxVGJBTZTPrp2gU6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmKcibTzFJJ5ouSjCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUNmFECy+vEzC89p1Lbi/qNZvijRKcAwncAYBXEId7qABIRB4hGd4hTdPeS/eu/cxb13xipkj+APv8wfzVo7p</latexit>

"
<latexit sha1_base64="9aqFZHGOCSykKfjZc83jaLVMC+M=">AAAB/3icbVBNS8NAEN3Ur1q/qh48eFksgqeSiKDeil48VjC20ISy2U7bpZtN2N0USsjFv+LFg4pX/4Y3/42bNAdtfTDweG9mZ+cFMWdK2/a3VVlZXVvfqG7WtrZ3dvfq+wePKkokBZdGPJLdgCjgTICrmebQjSWQMODQCSa3ud+ZglQsEg96FoMfkpFgQ0aJNlK/fuQVb6QBTyDzpkRCrBjPnYbdtAvgZeKUpIFKtPv1L28Q0SQEoSknSvUcO9Z+SqRmlENW8xIFMaETMoKeoYKEoPy0WJ7hU6MM8DCSpoTGhfp7IiWhUrMwMJ0h0WO16OXif14v0cMrP2UiTjQIOl80TDjWEc7TwAMmgWo+M4RQycxfMR0TSag2mdVMCM7iycvEPW9eN537i0brpkyjio7RCTpDDrpELXSH2shFFGXoGb2iN+vJerHerY95a8UqZw7RH1ifP2SKlx8=</latexit><latexit sha1_base64="9aqFZHGOCSykKfjZc83jaLVMC+M=">AAAB/3icbVBNS8NAEN3Ur1q/qh48eFksgqeSiKDeil48VjC20ISy2U7bpZtN2N0USsjFv+LFg4pX/4Y3/42bNAdtfTDweG9mZ+cFMWdK2/a3VVlZXVvfqG7WtrZ3dvfq+wePKkokBZdGPJLdgCjgTICrmebQjSWQMODQCSa3ud+ZglQsEg96FoMfkpFgQ0aJNlK/fuQVb6QBTyDzpkRCrBjPnYbdtAvgZeKUpIFKtPv1L28Q0SQEoSknSvUcO9Z+SqRmlENW8xIFMaETMoKeoYKEoPy0WJ7hU6MM8DCSpoTGhfp7IiWhUrMwMJ0h0WO16OXif14v0cMrP2UiTjQIOl80TDjWEc7TwAMmgWo+M4RQycxfMR0TSag2mdVMCM7iycvEPW9eN537i0brpkyjio7RCTpDDrpELXSH2shFFGXoGb2iN+vJerHerY95a8UqZw7RH1ifP2SKlx8=</latexit><latexit sha1_base64="9aqFZHGOCSykKfjZc83jaLVMC+M=">AAAB/3icbVBNS8NAEN3Ur1q/qh48eFksgqeSiKDeil48VjC20ISy2U7bpZtN2N0USsjFv+LFg4pX/4Y3/42bNAdtfTDweG9mZ+cFMWdK2/a3VVlZXVvfqG7WtrZ3dvfq+wePKkokBZdGPJLdgCjgTICrmebQjSWQMODQCSa3ud+ZglQsEg96FoMfkpFgQ0aJNlK/fuQVb6QBTyDzpkRCrBjPnYbdtAvgZeKUpIFKtPv1L28Q0SQEoSknSvUcO9Z+SqRmlENW8xIFMaETMoKeoYKEoPy0WJ7hU6MM8DCSpoTGhfp7IiWhUrMwMJ0h0WO16OXif14v0cMrP2UiTjQIOl80TDjWEc7TwAMmgWo+M4RQycxfMR0TSag2mdVMCM7iycvEPW9eN537i0brpkyjio7RCTpDDrpELXSH2shFFGXoGb2iN+vJerHerY95a8UqZw7RH1ifP2SKlx8=</latexit><latexit sha1_base64="9aqFZHGOCSykKfjZc83jaLVMC+M=">AAAB/3icbVBNS8NAEN3Ur1q/qh48eFksgqeSiKDeil48VjC20ISy2U7bpZtN2N0USsjFv+LFg4pX/4Y3/42bNAdtfTDweG9mZ+cFMWdK2/a3VVlZXVvfqG7WtrZ3dvfq+wePKkokBZdGPJLdgCjgTICrmebQjSWQMODQCSa3ud+ZglQsEg96FoMfkpFgQ0aJNlK/fuQVb6QBTyDzpkRCrBjPnYbdtAvgZeKUpIFKtPv1L28Q0SQEoSknSvUcO9Z+SqRmlENW8xIFMaETMoKeoYKEoPy0WJ7hU6MM8DCSpoTGhfp7IiWhUrMwMJ0h0WO16OXif14v0cMrP2UiTjQIOl80TDjWEc7TwAMmgWo+M4RQycxfMR0TSag2mdVMCM7iycvEPW9eN537i0brpkyjio7RCTpDDrpELXSH2shFFGXoGb2iN+vJerHerY95a8UqZw7RH1ifP2SKlx8=</latexit>

�
<latexit sha1_base64="A+jLU9NW7IXqpqGGdycCv1SedjM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQQeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3V822jdlGlU4gVM4Bw9a0IY76IAPBGJ4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bPaOBg==</latexit><latexit sha1_base64="A+jLU9NW7IXqpqGGdycCv1SedjM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQQeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3V822jdlGlU4gVM4Bw9a0IY76IAPBGJ4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bPaOBg==</latexit><latexit sha1_base64="A+jLU9NW7IXqpqGGdycCv1SedjM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQQeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3V822jdlGlU4gVM4Bw9a0IY76IAPBGJ4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bPaOBg==</latexit><latexit sha1_base64="A+jLU9NW7IXqpqGGdycCv1SedjM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQQeSxYxgk0hDUjMhvWG23TnQKvEK0kDSnSG9a/BKCGZoNIQjrXue25qghwrwwins9og0zTFZILHtG+pxILqIJ/fOkNnVhmhKFG2pEFz9fdEjoXWUxHaToFNrJe9QvzP62cmugpyJtPMUEkWi6KMI5Og4nE0YooSw6eWYKKYvRWRGCtMjI2nZkPwll9eJf5F87rp3V822jdlGlU4gVM4Bw9a0IY76IAPBGJ4hld4c4Tz4rw7H4vWilPOHMMfOJ8/bPaOBg==</latexit>

�̄
<latexit sha1_base64="G4Q3Jj207DSXW/F8rsXV8YIFq5A=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQplst+3SzSbuboQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvSgXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmKPNpIhLVjlAzwSXzDTeCtVPFMI4Ea0Wjm6nfemJK80Tem3HKwhgHkvc5RWOldhChCuiQd6s1t+7OQJaJV5AaFGh2q19BL6FZzKShArXueG5qwhyV4VSwSSXINEuRjnDAOpZKjJkO89m9E3JilR7pJ8qWNGSm/p7IMdZ6HEe2M0Yz1IveVPzP62SmfxnmXKaZYZLOF/UzQUxCps+THleMGjG2BKni9lZCh6iQGhtRxYbgLb68TPyz+lXduzuvNa6LNMpwBMdwCh5cQANuoQk+UBDwDK/w5jw6L8678zFvLTnFzCH8gfP5A2eDj78=</latexit><latexit sha1_base64="G4Q3Jj207DSXW/F8rsXV8YIFq5A=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQplst+3SzSbuboQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvSgXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmKPNpIhLVjlAzwSXzDTeCtVPFMI4Ea0Wjm6nfemJK80Tem3HKwhgHkvc5RWOldhChCuiQd6s1t+7OQJaJV5AaFGh2q19BL6FZzKShArXueG5qwhyV4VSwSSXINEuRjnDAOpZKjJkO89m9E3JilR7pJ8qWNGSm/p7IMdZ6HEe2M0Yz1IveVPzP62SmfxnmXKaZYZLOF/UzQUxCps+THleMGjG2BKni9lZCh6iQGhtRxYbgLb68TPyz+lXduzuvNa6LNMpwBMdwCh5cQANuoQk+UBDwDK/w5jw6L8678zFvLTnFzCH8gfP5A2eDj78=</latexit><latexit sha1_base64="G4Q3Jj207DSXW/F8rsXV8YIFq5A=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQplst+3SzSbuboQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvSgXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmKPNpIhLVjlAzwSXzDTeCtVPFMI4Ea0Wjm6nfemJK80Tem3HKwhgHkvc5RWOldhChCuiQd6s1t+7OQJaJV5AaFGh2q19BL6FZzKShArXueG5qwhyV4VSwSSXINEuRjnDAOpZKjJkO89m9E3JilR7pJ8qWNGSm/p7IMdZ6HEe2M0Yz1IveVPzP62SmfxnmXKaZYZLOF/UzQUxCps+THleMGjG2BKni9lZCh6iQGhtRxYbgLb68TPyz+lXduzuvNa6LNMpwBMdwCh5cQANuoQk+UBDwDK/w5jw6L8678zFvLTnFzCH8gfP5A2eDj78=</latexit><latexit sha1_base64="G4Q3Jj207DSXW/F8rsXV8YIFq5A=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQplst+3SzSbuboQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvSgXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmKPNpIhLVjlAzwSXzDTeCtVPFMI4Ea0Wjm6nfemJK80Tem3HKwhgHkvc5RWOldhChCuiQd6s1t+7OQJaJV5AaFGh2q19BL6FZzKShArXueG5qwhyV4VSwSSXINEuRjnDAOpZKjJkO89m9E3JilR7pJ8qWNGSm/p7IMdZ6HEe2M0Yz1IveVPzP62SmfxnmXKaZYZLOF/UzQUxCps+THleMGjG2BKni9lZCh6iQGhtRxYbgLb68TPyz+lXduzuvNa6LNMpwBMdwCh5cQANuoQk+UBDwDK/w5jw6L8678zFvLTnFzCH8gfP5A2eDj78=</latexit>

• If the dark photon decays into DM, 
we instead get a monophoton + 
invisible signature 

(↵D > "2↵)
<latexit sha1_base64="3nl70QzrkCjdRVbpptrvv/9oCYI=">AAACDHicbVDLSsNAFJ34rPUVdelmsAp1U5IiqBsp6sJlBWMLTSw302k7dDIJM5NCCf0BN/6KGxcqbv0Ad/6N08dCWw9cOJxzL/feEyacKe0439bC4tLyympuLb++sbm1be/s3qs4lYR6JOaxrIegKGeCepppTuuJpBCFnNbC3tXIr/WpVCwWd3qQ0CCCjmBtRkAbqWkfFn3gSReamS8jfD288PsgaaIYj8VDeeIdN+2CU3LGwPPEnZICmqLatL/8VkzSiApNOCjVcJ1EBxlIzQinw7yfKpoA6UGHNgwVEFEVZONvhvjIKC3cjqUpofFY/T2RQaTUIApNZwS6q2a9kfif10h1+yzImEhSTQWZLGqnHOsYj6LBLSYp0XxgCBDJzK2YdEEC0SbAvAnBnX15nnjl0nnJvT0pVC6naeTQPjpAReSiU1RBN6iKPETQI3pGr+jNerJerHfrY9K6YE1n9tAfWJ8/ciabXw==</latexit><latexit sha1_base64="3nl70QzrkCjdRVbpptrvv/9oCYI=">AAACDHicbVDLSsNAFJ34rPUVdelmsAp1U5IiqBsp6sJlBWMLTSw302k7dDIJM5NCCf0BN/6KGxcqbv0Ad/6N08dCWw9cOJxzL/feEyacKe0439bC4tLyympuLb++sbm1be/s3qs4lYR6JOaxrIegKGeCepppTuuJpBCFnNbC3tXIr/WpVCwWd3qQ0CCCjmBtRkAbqWkfFn3gSReamS8jfD288PsgaaIYj8VDeeIdN+2CU3LGwPPEnZICmqLatL/8VkzSiApNOCjVcJ1EBxlIzQinw7yfKpoA6UGHNgwVEFEVZONvhvjIKC3cjqUpofFY/T2RQaTUIApNZwS6q2a9kfif10h1+yzImEhSTQWZLGqnHOsYj6LBLSYp0XxgCBDJzK2YdEEC0SbAvAnBnX15nnjl0nnJvT0pVC6naeTQPjpAReSiU1RBN6iKPETQI3pGr+jNerJerHfrY9K6YE1n9tAfWJ8/ciabXw==</latexit><latexit sha1_base64="3nl70QzrkCjdRVbpptrvv/9oCYI=">AAACDHicbVDLSsNAFJ34rPUVdelmsAp1U5IiqBsp6sJlBWMLTSw302k7dDIJM5NCCf0BN/6KGxcqbv0Ad/6N08dCWw9cOJxzL/feEyacKe0439bC4tLyympuLb++sbm1be/s3qs4lYR6JOaxrIegKGeCepppTuuJpBCFnNbC3tXIr/WpVCwWd3qQ0CCCjmBtRkAbqWkfFn3gSReamS8jfD288PsgaaIYj8VDeeIdN+2CU3LGwPPEnZICmqLatL/8VkzSiApNOCjVcJ1EBxlIzQinw7yfKpoA6UGHNgwVEFEVZONvhvjIKC3cjqUpofFY/T2RQaTUIApNZwS6q2a9kfif10h1+yzImEhSTQWZLGqnHOsYj6LBLSYp0XxgCBDJzK2YdEEC0SbAvAnBnX15nnjl0nnJvT0pVC6naeTQPjpAReSiU1RBN6iKPETQI3pGr+jNerJerHfrY9K6YE1n9tAfWJ8/ciabXw==</latexit><latexit sha1_base64="3nl70QzrkCjdRVbpptrvv/9oCYI=">AAACDHicbVDLSsNAFJ34rPUVdelmsAp1U5IiqBsp6sJlBWMLTSw302k7dDIJM5NCCf0BN/6KGxcqbv0Ad/6N08dCWw9cOJxzL/feEyacKe0439bC4tLyympuLb++sbm1be/s3qs4lYR6JOaxrIegKGeCepppTuuJpBCFnNbC3tXIr/WpVCwWd3qQ0CCCjmBtRkAbqWkfFn3gSReamS8jfD288PsgaaIYj8VDeeIdN+2CU3LGwPPEnZICmqLatL/8VkzSiApNOCjVcJ1EBxlIzQinw7yfKpoA6UGHNgwVEFEVZONvhvjIKC3cjqUpofFY/T2RQaTUIApNZwS6q2a9kfif10h1+yzImEhSTQWZLGqnHOsYj6LBLSYp0XxgCBDJzK2YdEEC0SbAvAnBnX15nnjl0nnJvT0pVC6naeTQPjpAReSiU1RBN6iKPETQI3pGr+jNerJerHfrY9K6YE1n9tAfWJ8/ciabXw==</latexit>

PRL 119 (2017) no. 13, 131804 
arXiv:1702.0327
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the presence of low-mass dark 
sectors; See many talks in DM 

& Cosmic Physics sessions

Direct detection

E
recoil

�

target 
nuclei

�

Astrophysics and Cosmology

�

�

�

�

self interactions 
stellar production  
DM annihilation 

baryon drag/cooling

AcceleratorsNEW SEARCHES

!4

January 12, 2018    Searches for light new particles with BABAR data              Steven Robertson 3

BABAR measurements
Previous BABAR search for e+e-→ γA' with
 A' → l+

l
-
   (l = e, μ)  using 516 fb-1 of data

● Searched for A' decaying to light leptons in the mass range

0.02 GeV < mA' < 10.2 GeV

● Placed 90% C.L. upper limit on mixing strength ε : 

Phys.Rev.Lett. 113 (2014) no.20, 201801
arXiv:1406.2980 [hep-ex]

This talk:

Search for invisible decays of a dark photon 

produced in e+e- collisions at BABAR
Phys.Rev.Lett. 119 (2017) no.13, 131804
arXiv:1702.03327 [hep-ex] 

Search for a muonic dark force at BABAR
Phys.Rev. D94 (2016) no.1, 011102
 arXiv:1606.03501 [hep-ex]

l
+

l
-

e�
<latexit sha1_base64="gDFWQ5c9UJizFJT8KQCyYdb/c5Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQb0VvXisaGyhjWWznbZLN5uwuxFK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpLyyura8X10sbm1vZOeXfvQcepYuizWMSqGVKNgkv0DTcCm4lCGoUCG+HweuI3nlBpHst7M0owiGhf8h5n1FjpDh9POuWKW3WnIIvEy0kFctQ75a92N2ZphNIwQbVueW5igowqw5nAcamdakwoG9I+tiyVNEIdZNNTx+TIKl3Si5UtachU/T2R0UjrURTazoiagZ73JuJ/Xis1vYsg4zJJDUo2W9RLBTExmfxNulwhM2JkCWWK21sJG1BFmbHplGwI3vzLi8Q/rV5WvduzSu0qT6MIB3AIx+DBOdTgBurgA4M+PMMrvDnCeXHenY9Za8HJZ/bhD5zPH1UGjVw=</latexit><latexit sha1_base64="gDFWQ5c9UJizFJT8KQCyYdb/c5Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQb0VvXisaGyhjWWznbZLN5uwuxFK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpLyyura8X10sbm1vZOeXfvQcepYuizWMSqGVKNgkv0DTcCm4lCGoUCG+HweuI3nlBpHst7M0owiGhf8h5n1FjpDh9POuWKW3WnIIvEy0kFctQ75a92N2ZphNIwQbVueW5igowqw5nAcamdakwoG9I+tiyVNEIdZNNTx+TIKl3Si5UtachU/T2R0UjrURTazoiagZ73JuJ/Xis1vYsg4zJJDUo2W9RLBTExmfxNulwhM2JkCWWK21sJG1BFmbHplGwI3vzLi8Q/rV5WvduzSu0qT6MIB3AIx+DBOdTgBurgA4M+PMMrvDnCeXHenY9Za8HJZ/bhD5zPH1UGjVw=</latexit><latexit sha1_base64="gDFWQ5c9UJizFJT8KQCyYdb/c5Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQb0VvXisaGyhjWWznbZLN5uwuxFK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpLyyura8X10sbm1vZOeXfvQcepYuizWMSqGVKNgkv0DTcCm4lCGoUCG+HweuI3nlBpHst7M0owiGhf8h5n1FjpDh9POuWKW3WnIIvEy0kFctQ75a92N2ZphNIwQbVueW5igowqw5nAcamdakwoG9I+tiyVNEIdZNNTx+TIKl3Si5UtachU/T2R0UjrURTazoiagZ73JuJ/Xis1vYsg4zJJDUo2W9RLBTExmfxNulwhM2JkCWWK21sJG1BFmbHplGwI3vzLi8Q/rV5WvduzSu0qT6MIB3AIx+DBOdTgBurgA4M+PMMrvDnCeXHenY9Za8HJZ/bhD5zPH1UGjVw=</latexit><latexit sha1_base64="gDFWQ5c9UJizFJT8KQCyYdb/c5Q=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQb0VvXisaGyhjWWznbZLN5uwuxFK6E/w4kHFq//Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpLyyura8X10sbm1vZOeXfvQcepYuizWMSqGVKNgkv0DTcCm4lCGoUCG+HweuI3nlBpHst7M0owiGhf8h5n1FjpDh9POuWKW3WnIIvEy0kFctQ75a92N2ZphNIwQbVueW5igowqw5nAcamdakwoG9I+tiyVNEIdZNNTx+TIKl3Si5UtachU/T2R0UjrURTazoiagZ73JuJ/Xis1vYsg4zJJDUo2W9RLBTExmfxNulwhM2JkCWWK21sJG1BFmbHplGwI3vzLi8Q/rV5WvduzSu0qT6MIB3AIx+DBOdTgBurgA4M+PMMrvDnCeXHenY9Za8HJZ/bhD5zPH1UGjVw=</latexit>

e+
<latexit sha1_base64="wcZKBtzNQxsk/ToaZLfpdSU3aBc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoignorevFY0dhCG8tmO22XbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RSWlldW14rrpY3Nre2d8u7eg45TxdBnsYhVM6QaBZfoG24ENhOFNAoFNsLh9cRvPKHSPJb3ZpRgENG+5D3OqLHSHT6edMoVt+pOQRaJl5MK5Kh3yl/tbszSCKVhgmrd8tzEBBlVhjOB41I71ZhQNqR9bFkqaYQ6yKanjsmRVbqkFytb0pCp+nsio5HWoyi0nRE1Az3vTcT/vFZqehdBxmWSGpRstqiXCmJiMvmbdLlCZsTIEsoUt7cSNqCKMmPTKdkQvPmXF4l/Wr2serdnldpVnkYRDuAQjsGDc6jBDdTBBwZ9eIZXeHOE8+K8Ox+z1oKTz+zDHzifP1IAjVo=</latexit><latexit sha1_base64="wcZKBtzNQxsk/ToaZLfpdSU3aBc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoignorevFY0dhCG8tmO22XbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RSWlldW14rrpY3Nre2d8u7eg45TxdBnsYhVM6QaBZfoG24ENhOFNAoFNsLh9cRvPKHSPJb3ZpRgENG+5D3OqLHSHT6edMoVt+pOQRaJl5MK5Kh3yl/tbszSCKVhgmrd8tzEBBlVhjOB41I71ZhQNqR9bFkqaYQ6yKanjsmRVbqkFytb0pCp+nsio5HWoyi0nRE1Az3vTcT/vFZqehdBxmWSGpRstqiXCmJiMvmbdLlCZsTIEsoUt7cSNqCKMmPTKdkQvPmXF4l/Wr2serdnldpVnkYRDuAQjsGDc6jBDdTBBwZ9eIZXeHOE8+K8Ox+z1oKTz+zDHzifP1IAjVo=</latexit><latexit sha1_base64="wcZKBtzNQxsk/ToaZLfpdSU3aBc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoignorevFY0dhCG8tmO22XbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RSWlldW14rrpY3Nre2d8u7eg45TxdBnsYhVM6QaBZfoG24ENhOFNAoFNsLh9cRvPKHSPJb3ZpRgENG+5D3OqLHSHT6edMoVt+pOQRaJl5MK5Kh3yl/tbszSCKVhgmrd8tzEBBlVhjOB41I71ZhQNqR9bFkqaYQ6yKanjsmRVbqkFytb0pCp+nsio5HWoyi0nRE1Az3vTcT/vFZqehdBxmWSGpRstqiXCmJiMvmbdLlCZsTIEsoUt7cSNqCKMmPTKdkQvPmXF4l/Wr2serdnldpVnkYRDuAQjsGDc6jBDdTBBwZ9eIZXeHOE8+K8Ox+z1oKTz+zDHzifP1IAjVo=</latexit><latexit sha1_base64="wcZKBtzNQxsk/ToaZLfpdSU3aBc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoignorevFY0dhCG8tmO22XbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RSWlldW14rrpY3Nre2d8u7eg45TxdBnsYhVM6QaBZfoG24ENhOFNAoFNsLh9cRvPKHSPJb3ZpRgENG+5D3OqLHSHT6edMoVt+pOQRaJl5MK5Kh3yl/tbszSCKVhgmrd8tzEBBlVhjOB41I71ZhQNqR9bFkqaYQ6yKanjsmRVbqkFytb0pCp+nsio5HWoyi0nRE1Az3vTcT/vFZqehdBxmWSGpRstqiXCmJiMvmbdLlCZsTIEsoUt7cSNqCKMmPTKdkQvPmXF4l/Wr2serdnldpVnkYRDuAQjsGDc6jBDdTBBwZ9eIZXeHOE8+K8Ox+z1oKTz+zDHzifP1IAjVo=</latexit>
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<latexit sha1_base64="+03BdUB6TWqLjuCfwSU3OIMjF3A=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knN7gALgXuVql/zZ0DLJChIFQo0epWvbl+RTFBpCcfGdAI/tVGOtWWE00m5mxmaYjLCA9pxVGJBTZTPrp2gU6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmKcibTzFJJ5ouSjCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUNmFECy+vEzC89p1Lbi/qNZvijRKcAwncAYBXEId7qABIRB4hGd4hTdPeS/eu/cxb13xipkj+APv8wfzVo7p</latexit><latexit sha1_base64="+03BdUB6TWqLjuCfwSU3OIMjF3A=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knN7gALgXuVql/zZ0DLJChIFQo0epWvbl+RTFBpCcfGdAI/tVGOtWWE00m5mxmaYjLCA9pxVGJBTZTPrp2gU6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmKcibTzFJJ5ouSjCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUNmFECy+vEzC89p1Lbi/qNZvijRKcAwncAYBXEId7qABIRB4hGd4hTdPeS/eu/cxb13xipkj+APv8wfzVo7p</latexit><latexit sha1_base64="+03BdUB6TWqLjuCfwSU3OIMjF3A=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knN7gALgXuVql/zZ0DLJChIFQo0epWvbl+RTFBpCcfGdAI/tVGOtWWE00m5mxmaYjLCA9pxVGJBTZTPrp2gU6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmKcibTzFJJ5ouSjCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUNmFECy+vEzC89p1Lbi/qNZvijRKcAwncAYBXEId7qABIRB4hGd4hTdPeS/eu/cxb13xipkj+APv8wfzVo7p</latexit><latexit sha1_base64="+03BdUB6TWqLjuCfwSU3OIMjF3A=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knN7gALgXuVql/zZ0DLJChIFQo0epWvbl+RTFBpCcfGdAI/tVGOtWWE00m5mxmaYjLCA9pxVGJBTZTPrp2gU6f0UaK0K2nRTP09kWNhzFjErlNgOzSL3lT8z+tkNrmKcibTzFJJ5ouSjCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUNmFECy+vEzC89p1Lbi/qNZvijRKcAwncAYBXEId7qABIRB4hGd4hTdPeS/eu/cxb13xipkj+APv8wfzVo7p</latexit>
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• If the dark photon decays into DM, 
we instead get a monophoton + 
invisible signature 
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DM-electron interactions
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• Ionization in atoms with  
 

• Excitations in 
semiconductors with  
 

•   Superconductors and Dirac materials have also  
been proposed, with threshold as low as
Hochberg et al. 2015; Hochberg et al. 2017!
Hochberg, TL, Zurek 2016a

Essig, Volansky, Yu 2017  
see also: DarkSide 2018
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FIG. 2. Observed number of events versus photoelectrons
(PE) in XENON10 (top) [22] and XENON100 (bottom) [23].
DM spectra are shown form� = 10 MeV (blue) & 1 GeV (red)
with a cross section fixed at our derived 90% C.L. limit (we
assume fiducial values for the secondary ionization model).
Insets show spectra in bins of 27PE (20PE), the mean number
of PE created by one electron in XENON10 (XENON100).

coil events at current and upcoming xenon experiments,
we have fixed �

e

to specific values that are allowed by
simple and predictive benchmark models [1, 5, 34–40] and
further below. We consider the DM (a Dirac fermion or
complex scalar �) to be charged under a broken U(1)

D

gauge force, mediated by a kinetically-mixed dark pho-
ton, A

0, with mass m

A

0 . The A

0 mediates DM-electron
scattering, and F

DM

(q) = 1 (↵2

m

2

e

/q

2) for a heavy (ul-
tralight) dark photon. The left axis for top (bottom) plot
of Fig. 1 shows the event rate for �

e

fixed to the maxi-
mum value allowed by current constraints for m

A

0 = 3m
�

(m
A

0 ⌧ keV), while the right axis of the top (bottom)
plot fixes �

e

so that scalar (fermion) DM obtains the cor-
rect relic abundance from thermal freeze-out (freeze-in).
Clearly, a large number of DM events could be seen in
upcoming detectors. These results are easily rescaled to
other DM models that predict DM-electron scattering.

New XENON10 and XENON100 bounds. We now
recalculate the bounds from XENON10 data [2] (15 kg-
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FIG. 3. 90% C.L. limit on the DM-electron scattering cross
section from XENON10 data (blue) and XENON100 data
(red) for FDM = 1 (top) & FDM = ↵2m2

e/q
2 (bottom). Dot-

ted black lines show XENON10 bounds from [2].

days), including for the first time events with n

e

& 4, as
well as from XENON100 data [23] (30 kg-years). Since
the experimental observable is the number of photoelec-
trons (PE) produced by an event, we convert n

e

to PE.
An event with n

e

electrons produces a gaussian dis-
tributed number of PE with mean n

e

µ and width
p

n

e

�,
where µ = 27 (19.7) and � = 6.7 (6.2) for XENON10
(XENON100). We multiply the signal with the trigger
and acceptance e�ciencies from [2, 23] and then bin both
the signal and data in steps of 27PE (20PE), starting
from 14PE (80PE) for XENON10 (XENON100). The
first bin for the XENON100 analysis is 80-90PE, corre-
sponding to roughly half an electron. We require that
the resulting signal is less than the data at 90% C.L. in
each bin. For XENON10, the 90% C.L. upper bounds
on the rates (after unfolding the e�ciencies) are r

1

<

15.18, r

2

< 3.37, r

3

< 0.95, r

4

< 0.35, r

5

< 0.35, r

6

<

0.15, r

7

< 0.35 counts kg�1 day�1, corresponding to
bins b

1

= [14, 41], b

2

= [41, 68] . . . , b
7

= [176 � 203] PE;
for XENON100, we find r

4

< 0.17, r

5

< 0.24, r

6

<

0.17 counts kg�1 day�1 corresponding to bins b

4

=
[80, 90], b

5

= [90, 110], b

6

= [110, 130] PE.

Fig. 2 shows the two data sets in PE and two sam-
ple DM spectra. Fig. 3 shows the strongest XENON10
and XENON100 limit combined across all bins, and a
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FIG. 2. Observed number of events versus photoelectrons
(PE) in XENON10 (top) [22] and XENON100 (bottom) [23].
DM spectra are shown form� = 10 MeV (blue) & 1 GeV (red)
with a cross section fixed at our derived 90% C.L. limit (we
assume fiducial values for the secondary ionization model).
Insets show spectra in bins of 27PE (20PE), the mean number
of PE created by one electron in XENON10 (XENON100).

coil events at current and upcoming xenon experiments,
we have fixed �

e

to specific values that are allowed by
simple and predictive benchmark models [1, 5, 34–40] and
further below. We consider the DM (a Dirac fermion or
complex scalar �) to be charged under a broken U(1)

D

gauge force, mediated by a kinetically-mixed dark pho-
ton, A

0, with mass m

A

0 . The A

0 mediates DM-electron
scattering, and F

DM

(q) = 1 (↵2

m

2

e

/q

2) for a heavy (ul-
tralight) dark photon. The left axis for top (bottom) plot
of Fig. 1 shows the event rate for �

e

fixed to the maxi-
mum value allowed by current constraints for m

A

0 = 3m
�

(m
A

0 ⌧ keV), while the right axis of the top (bottom)
plot fixes �

e

so that scalar (fermion) DM obtains the cor-
rect relic abundance from thermal freeze-out (freeze-in).
Clearly, a large number of DM events could be seen in
upcoming detectors. These results are easily rescaled to
other DM models that predict DM-electron scattering.

New XENON10 and XENON100 bounds. We now
recalculate the bounds from XENON10 data [2] (15 kg-
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FIG. 3. 90% C.L. limit on the DM-electron scattering cross
section from XENON10 data (blue) and XENON100 data
(red) for FDM = 1 (top) & FDM = ↵2m2

e/q
2 (bottom). Dot-

ted black lines show XENON10 bounds from [2].

days), including for the first time events with n

e

& 4, as
well as from XENON100 data [23] (30 kg-years). Since
the experimental observable is the number of photoelec-
trons (PE) produced by an event, we convert n

e

to PE.
An event with n

e

electrons produces a gaussian dis-
tributed number of PE with mean n

e

µ and width
p

n

e

�,
where µ = 27 (19.7) and � = 6.7 (6.2) for XENON10
(XENON100). We multiply the signal with the trigger
and acceptance e�ciencies from [2, 23] and then bin both
the signal and data in steps of 27PE (20PE), starting
from 14PE (80PE) for XENON10 (XENON100). The
first bin for the XENON100 analysis is 80-90PE, corre-
sponding to roughly half an electron. We require that
the resulting signal is less than the data at 90% C.L. in
each bin. For XENON10, the 90% C.L. upper bounds
on the rates (after unfolding the e�ciencies) are r

1

<

15.18, r

2

< 3.37, r

3

< 0.95, r

4

< 0.35, r
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< 0.35, r
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<

0.15, r

7

< 0.35 counts kg�1 day�1, corresponding to
bins b

1

= [14, 41], b

2

= [41, 68] . . . , b
7

= [176 � 203] PE;
for XENON100, we find r

4

< 0.17, r

5

< 0.24, r

6

<

0.17 counts kg�1 day�1 corresponding to bins b

4

=
[80, 90], b
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= [90, 110], b

6

= [110, 130] PE.

Fig. 2 shows the two data sets in PE and two sam-
ple DM spectra. Fig. 3 shows the strongest XENON10
and XENON100 limit combined across all bins, and a
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Promising progress towards thermal relic benchmarks!

DM-electron interactions
Results and projections for semiconductor targets 

with single electron (~eV) sensitivity

5

as described in Ref. [4], from which we also adopted the
nominal photoelectric cross sections [15].

In order to project an absorption event of known en-
ergy into our measured signal space, we adopted an ion-
ization production model that is consistent with experi-
mental measurements [16–18] and has the following mean
neh:

hneh(E�)i =

8
><

>:

0 E� < Egap

1 Egap < E� < ✏eh
E�/✏eh ✏eh < E�

(2)

where Egap = 1.12 eV and ✏eh = 3.8 eV [19]. The prob-
ability distributions in the first two cases are delta func-
tions. In the third case, we generated discrete distribu-
tions with an arbitrary Fano factor, F , by interpolating
between binomial distributions with the same hnehi, but
di↵erent integer number of trials. For the sensitivities
shown we use the measured high energy F of 0.155 [20].
We also vary the F used in the ionization model from
its lowest mathematically possible value to 1 to estimate
our sensitivity to the unmeasured ionization distribution
width at low energies. Finally, we convolved the pre-
dicted e�h+ pair spectrum with the experimental reso-
lution of 0.1 e�h+ pairs. An example of a dark photon
signal (mV = 9.4 eV, "e↵ = 5 · 10�13) with this ion-

ization model applied is superimposed on the measured
spectrum in Fig. 3.

The signal induced by ERDM was calculated accord-
ing to the formalism in Ref. [3] in which scattering rates
accounting for band structure in Si are tabulated for sig-
nal modeling. The di↵erential scattering rate is given by
the function

dR

d lnER
= Vdet

⇢DM

m�

⇢Si
2mSi

�̄e↵
m2

e

µ2
�

Icrystal(Ee;F�) (3)

where �̄e↵ encodes the e↵ective DM-SM coupling, µ� is
the reduced mass of the DM-electron system, and Icrystal
is the scattering integral over phase space in the crystal
(as defined in Ref. [3]). We integrated this di↵erential
spectrum with Eq. 2 to get the expected quantized spec-
trum, applying the same energy resolution smearing as
for the dark photon signal.

We determined 90% upper confidence limits from our
data without background subtraction using the optimum
interval method [21, 22], with the modification that we
removed regions of the data > 2� from the quantization
peaks. Given that both of the DM candidates studied in
this paper produced quantized signals, this ensured that
the optimum interval method considered only the data
likely to resemble the signals studied. Figure 4 shows
the optimum interval limits for dark photon absorption
and ERDM coupling via light and heavy mediators. The
salmon-colored band around the exclusion limit repre-
sents the sensitivity to details of the photoelectric cross-

FIG. 4. Limits on dark photon absorption compared to the
results from DAMIC, XENON10 and XENON100 [7, and
references therein] (top) and limits on ERDM compared to
the XENON10 results [8] for heavy (middle) and light medi-
ators (bottom). The red line is the limit curve with a Fano
factor of 0.155. The salmon colored region indicates the sys-
tematic uncertainties due to varying the Fano factor in the
ionization model between the lowest mathematically possible
value and 1, as well as from uncertainties in the photoelectric
cross section for dark photon absorption. For signal models
as well as additional astrophysical constraints, see Ref. [1].

section (below 3 eV, visible for dark photons only) and
the choice of Fano factor.

see SuperCDMS talk (F. Ponce)

SENSEI: reach of a 100g, zeroish-background experiment

Light Dark Photon

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

��-��
��-��
��-��
��-��
��-��
��-��

�� [���]
�
�
[�
�
� ]

���
���

���
�-�

�

���
�� �

��	

���
�� 
�

��	

���
�� �

���

������-
��

���
���

�

���
���

��

���=�/��

Rouven Essig, Tomer Volansky & Tien-Tien Yu.

27 Fermilab Research Techniques Seminar March 31, 2017

see SENSEI talk (G. Moroni)

Essig et al., 1509.01598, 
Essig, Volansky, Yu 2017



DM-nucleon scattering
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n n

For low mass dark matter, the 
possible momentum transfer is

Q ⇠ m�v ~ 1/Angstrom 

for mX = MeV

At these scales, DM no longer scatters 
off of single atoms —  the relevant 

degree of freedom is a phonon

DM-nucleus interactions
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DM-phonon interactions

DM-phonon scattering

�

⇢
Quasiparticle

For low mass dark matter, the 
possible momentum transfer is

Q ⇠ m�v ~ 1/Angstrom 

for mX = MeV

At these scales, DM no longer scatters 
off of single atoms —  the relevant 

degree of freedom is a phonon



DM-phonon scattering
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Phonons

DM scattering into single or few 
phonons has different kinematics

DM-phonon interactions
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Superfluid helium
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Long-lived quasiparticle excitations 
Possible ~meV thresholds
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4/29/16	 D.	McKinsey						CPAD	Workshop	

Concept	#3	

Signal	channels:		
	Phonons		
	Rotons	

	
	
Energies	down	to	~	few	meV	!!		
	
DiscriminaOon	using	roton/phonon	
signal	raOos	likely.	Electron	recoils,	
detector	effects,	nuclear	recoils	
likely	create	different	roton/
phonon	distribuOons.	
	
PosiOon	reconstrucOon	using	
signal	hit	pa/erns	
	
		

X

See Dan McKinsey’s talk

Schutz and Zurek 2016

Knapen, TL, Zurek 2016
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• Commonly used materials such as GaAs 
and sapphire  

• Optical phonons analogous to oscillating 
electric dipoles: dark photon interactions 

• Kinematics suited for sub-GeV DM 

• Potential directionality

Polar materials

� �

A’

✏

gD

e

p p

Dark 
photon

Kinetically mixed  
dark photon A’  

 
✏eA0

µJ
µ
EMKnapen, TL, Pyle, Zurek 2017  

+ work in progress with S. Griffin

Polar materials contain gapped optical phonons

Advantages:
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gD

e

Optical phonon 
E ≈ 30 - 100 meV

Polar materials

Dark 
photon

Knapen, TL, Pyle, Zurek 2017  
+ work in progress with S. Griffin

• Commonly used materials such as GaAs 
and sapphire  

• Optical phonons analogous to oscillating 
electric dipoles: dark photon interactions 

• Kinematics suited for sub-GeV DM 

• Potential directionality

Polar materials contain gapped optical phonons

Advantages:



Detector concept

5mm x 5mm x5 mm Polar Crystal 

 TES and QP collection antennas (W) 

Athermal Phonon Collection Fins (Al)

~gram of  
target material

TES with Eth ~ 10 meV

Surface instrumented 
with TES to collect  
deposited energy

�

Scattering of DM  
in bulk of detector 

creates optical phonon,  
which down-converts into  
many athermal phonons  

�

22



Dark photon interactions
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Dark photon interactions
• DM sensitivity from 

optical phonon 
production in GaAs 

• Polar materials can 
probe interesting new 
parameter space even 
with gram-scale target 

• Pure GaAs/sapphire 
crystals readily available
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DM mass
MeV10 keV

Nucleon coupling

Knapen, TL, Zurek 2017

Single phonon production 
can be used for sub-MeV 
DM-nucleon scattering, 
competitive with multi-

phonons in superfluid He



``Ultralight” DM  
(M < keV)
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Vector dark matter
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For massive vectors, correct relic 
abundance can be achieved via 

inflationary production:

mV ⇡ 10�5 eV⇥
✓
1014 GeV

Hinf

◆4

Hubble scale of inflation



Vector dark matter
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Figure 1: Illustration of the dark photon emission process by the electromagnetic current.

restrict the interaction terms in (1) to on-shell V
µ

, using @
µ

V µ = 0 and to leading order in
, @

µ

V µ⌫ = �m2
V

V ⌫ , so that

Lint = �

2
F
µ⌫

V µ⌫ + eJµ

emAµ

on�shell V������! Lint = �m2
V

A
µ

V µ + eJµ

emAµ

. (3)

This expression is of course explicitly gauge invariant under A
µ

! A
µ

+ @
µ

� due to the
current conservation and on-shellness of V

µ

conditions:

@
µ

Jµ

em = 0; @
µ

V µ = 0. (4)

The appearance of m2
V

in the coupling of V
µ

and A
µ

shows that two sectors are decoupled
in m

V

= 0 limit. The most important question in considering the production of V
µ

states
is the scaling of the production rate with m

V

, in vacuum and inside a medium. The exist-
ing literature on the subject [9] and its subsequent follow-up papers claim that in-medium
production decouples as Rate

SM!V

/ 2m4
V

in the small m
V

limit. This inference is wrong.

To demonstrate our point we consider a generic production process i ! f + V due to
(3), where i, f are any initial, final states of the SM particles. A schematic drawing of
such a process is shown in Fig. 1. Without loss of generality we assume that V is emitted
in z-direction, so that its four-momentum k

µ

is given by (!, 0, 0, |~k|), with !2 � ~k2 = m2
V

.
Moreover, we assume that the energy of the emitted V is much larger than its rest mass, ! �
m

V

. Three polarization states can be emitted: two transverse states V
T

with polarization
vectors ✏T = (0, 1, 0, 0, ) and (0, 0, 1, 0), and one longitudinal mode V

L

with polarization
vector ✏L = m�1

V

(|~k|, 0, 0,!). In all cases ✏2
µ

= �1 and ✏
µ

kµ = 0.

We include a boundary-free medium via some conducting plasma, characterized by the
plasma frequency !

p

. We consider two regimes, [almost] vacuum: !
p

⌧ m
V

⌧ !, and

in-medium: m
V

⌧ !
p

⌧ !. The choice of |~k|,! � !
p

is not essential, and we consider all
ranges of ! in the next section. The matrix element for the production process induced by
(3) is given by

M
i!f+VT (L)

= m2
V

[eJem
µ

]
fi

hAµ, A⌫i ✏T (L)
⌫

, (5)

where hAµ, A⌫i stands for the photon propagator with input momentum k
µ

, and [eJµ

em]fi is
the matrix element of the electromagnetic current. We disregard various m

V

-independent
phase factors and normalizations, as our goal in this section is to only consistently follow
the powers of m

V

.
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DM mass
An, Pospelov, Pradler 2013, 2014  

Hochberg, TL, Zurek 2017; Bloch et al. 2016

Knapen, TL, Pyle, Zurek 2017 
DAMIC: Chavarria et al. 2017



Getting down to 10-22 eV
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Observable Effects
What can the dark matter wind do?

Dark Matter

Oscillating Dark 
Matter Field 

(just like oscillating 
EM field from CMB)

Drive circuit

Spin Precession

Exert Force

What can a classical field do?

Change Fundamental Constants

SQUID 
pickup 
loop

Optical/atomic 
interferometry

L

C
Slide by Surjeet Rajendran;  
see Tuesday session talks
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Axions
Recent work has explored theory possibilities for 

axion beyond the usual “QCD axion” line
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Figure 1. Parameter space of the axion coupling with photons. The gray regions are existing
limits. Thin slanted lines represent the predictions in models of sections 2 (black), 3 (amber), and
4 (red) and appendix C (green, magenta) are shown explicitly. Regions bounded by colored lines
show sensitivity of upcoming experiments, ALPS II (orange), IAXO (teal), CASPEr-Wind (blue),
CASPEr-EDM (red), ABRACADABRA (green) and ADMX (purple). Further details for the plot
can be found in the text.

A number of future experiments will cover the unexplored parameter space for the QCD

axion and axion-like particles. ADMX will extend its reach to axion dark matter for a wider

mass range and to higher sensitivities [84]. The “light shining through walls” experiment

ALPS II [85], and the helioscope IAXO [86] will be sensitive to large axion photon couplings.

There are new experimental proposals such as CASPEr-EDM and CASPEr-Wind [13, 16,

87] which use NMR, and ABRACADABRA [18] which is a broadband/resonant search for

magnetic fluxes induced by axions in a background magnetic field. These experiments can

probe light axions down to the QCD line. We show projected sensitivities from future

experiments as regions bounded by colored solid lines in figure 1.

Overlaid on the experimental reach, we show the possible values of ga�� obtained in the

models in sections 2, 3 and 4, and in appendix C. The traditional axion-photon coupling

band (as discussed in [29]) is shown as the pale yellow shaded region. With black lines we

– 14 –

Figure from Agrawal, Fan, Reece, and Wang 2018 
see also: Agrawal and Howe 2017
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Conclusions
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Thanks!

• New directions explore many orders of magnitude in DM 
mass, generalizing WIMP and axion to a much broader 
theory landscape and phenomenology. 

• Only scratched the surface in methods for detection. 

• Exciting times in the search for low mass DM!

10-22 eV keV GeV

WIMP``Ultralight” DM ``Light” DM


