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“The” Dark Matter Slide
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Vera Rubin

V.C. Rubin, N. Thonnard, W.K. Ford, Jr. Astrophys. J. 238 (1980) 471



Oops?



Blasphemer!



Credit: NASA, ESA, and T. Brown and J. Tumlinson (STScI)
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So…what do we know?



So…what do we know?

there’s lots of it

<latexit sha1_base64="iPqHrEJdOofljLdSUmLLm6RYYsU=">AAACE3icbVDJSgNBEO1xjXGLevTSGATxEGbEqMegHryIEcwCmRB6OpWkSc9Cd40kDPkHL/6KFw+KePXizb+xsxxM4oOCx3tVVNXzIik02vaPtbC4tLyymlpLr29sbm1ndnbLOowVhxIPZaiqHtMgRQAlFCihGilgvieh4nWvhn7lEZQWYfCA/QjqPmsHoiU4QyM1MsfunQ9t1nARephc3w6oy6JIhT2ap1OWN2hksnbOHoHOE2dCsmSCYiPz7TZDHvsQIJdM65pjR1hPmELBJQzSbqwhYrzL2lAzNGA+6Hoy+mlAD43SpK1QmQqQjtS/Ewnzte77nun0GXb0rDcU//NqMbYu6okIohgh4ONFrVhSDOkwINoUCjjKviGMK2FupbzDFONoYkybEJzZl+dJ+STnnOXy96fZwuUkjhTZJwfkiDjknBTIDSmSEuHkibyQN/JuPVuv1of1OW5dsCYze2QK1tcvFmaeUQ==</latexit>

⌦DM ⇡ 5⌦b



So…what do we know?

there’s lots of it it’s in galaxies, including ours

<latexit sha1_base64="iPqHrEJdOofljLdSUmLLm6RYYsU=">AAACE3icbVDJSgNBEO1xjXGLevTSGATxEGbEqMegHryIEcwCmRB6OpWkSc9Cd40kDPkHL/6KFw+KePXizb+xsxxM4oOCx3tVVNXzIik02vaPtbC4tLyymlpLr29sbm1ndnbLOowVhxIPZaiqHtMgRQAlFCihGilgvieh4nWvhn7lEZQWYfCA/QjqPmsHoiU4QyM1MsfunQ9t1nARephc3w6oy6JIhT2ap1OWN2hksnbOHoHOE2dCsmSCYiPz7TZDHvsQIJdM65pjR1hPmELBJQzSbqwhYrzL2lAzNGA+6Hoy+mlAD43SpK1QmQqQjtS/Ewnzte77nun0GXb0rDcU//NqMbYu6okIohgh4ONFrVhSDOkwINoUCjjKviGMK2FupbzDFONoYkybEJzZl+dJ+STnnOXy96fZwuUkjhTZJwfkiDjknBTIDSmSEuHkibyQN/JuPVuv1of1OW5dsCYze2QK1tcvFmaeUQ==</latexit>

⌦DM ⇡ 5⌦b



So…what do we know?

there’s lots of it it’s in galaxies, including ours

maybe it (very rarely) bumps into stuff on Earth

<latexit sha1_base64="iPqHrEJdOofljLdSUmLLm6RYYsU=">AAACE3icbVDJSgNBEO1xjXGLevTSGATxEGbEqMegHryIEcwCmRB6OpWkSc9Cd40kDPkHL/6KFw+KePXizb+xsxxM4oOCx3tVVNXzIik02vaPtbC4tLyymlpLr29sbm1ndnbLOowVhxIPZaiqHtMgRQAlFCihGilgvieh4nWvhn7lEZQWYfCA/QjqPmsHoiU4QyM1MsfunQ9t1nARephc3w6oy6JIhT2ap1OWN2hksnbOHoHOE2dCsmSCYiPz7TZDHvsQIJdM65pjR1hPmELBJQzSbqwhYrzL2lAzNGA+6Hoy+mlAD43SpK1QmQqQjtS/Ewnzte77nun0GXb0rDcU//NqMbYu6okIohgh4ONFrVhSDOkwINoUCjjKviGMK2FupbzDFONoYkybEJzZl+dJ+STnnOXy96fZwuUkjhTZJwfkiDjknBTIDSmSEuHkibyQN/JuPVuv1of1OW5dsCYze2QK1tcvFmaeUQ==</latexit>

⌦DM ⇡ 5⌦b



Direct Detection Today

XENON Collaboration [1805.12562]
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Go lighter
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[1805.12562]

2018



Direct Detection Future
Full Steam Ahead!

XENON Collaboration 
[1805.12562]

2018 2021

PandaX Collaboration 
[2107.13438]



Direct Detection Future
Full Steam Ahead!

XENON Collaboration 
[1805.12562]

2018 2021

PandaX Collaboration 
[2107.13438]

LZ Collaboration
[2207.03764]

2022



Direct Detection Future
Full Steam Ahead!

XENON Collaboration 
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Direct Detection Future
Full Steam Ahead!

XENON Collaboration 
[1805.12562]

2018 2021

PandaX Collaboration 
[2107.13438]

LZ Collaboration
[2207.03764]

2022

XENON Collaboration 
[2303.14729]

2023
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Direct Detection Future

Go lower

Go lighter



Directly Detecting Light Dark Matter

How?



Directly Detecting Light Dark Matter

How?
<latexit sha1_base64="mV6QX66gUIgQ5yU9IB696ezrw/s=">AAACCHicbVDJSgNBEO2JW4xb1KMHG4PgKcyI2zEogscIZoHMEHo6laRJz0J3jRiGHL34K148KOLVT/Dm39hJ5qCJDwoe71VRVc+PpdBo299WbmFxaXklv1pYW9/Y3Cpu79R1lCgONR7JSDV9pkGKEGooUEIzVsACX0LDH1yN/cY9KC2i8A6HMXgB64WiKzhDI7WL+9dtF+EBU+wr0P0RdbUI6FQaQH3ULpbssj0BnSdORkokQ7Vd/HI7EU8CCJFLpnXLsWP0UqZQcAmjgptoiBkfsB60DA1ZANpLJ4+M6KFROrQbKVMh0on6eyJlgdbDwDedAcO+nvXG4n9eK8HuhZeKME4QQj5d1E0kxYiOU6EdoYCjHBrCuBLmVsr7TDGOJruCCcGZfXme1I/Lzln59PakVLnM4siTPXJAjohDzkmF3JAqqRFOHskzeSVv1pP1Yr1bH9PWnJXN7JI/sD5/AJZbmlo=</latexit>

Ethresh ⇠ keV



Directly Detecting Light Dark Matter

How?
<latexit sha1_base64="mV6QX66gUIgQ5yU9IB696ezrw/s=">AAACCHicbVDJSgNBEO2JW4xb1KMHG4PgKcyI2zEogscIZoHMEHo6laRJz0J3jRiGHL34K148KOLVT/Dm39hJ5qCJDwoe71VRVc+PpdBo299WbmFxaXklv1pYW9/Y3Cpu79R1lCgONR7JSDV9pkGKEGooUEIzVsACX0LDH1yN/cY9KC2i8A6HMXgB64WiKzhDI7WL+9dtF+EBU+wr0P0RdbUI6FQaQH3ULpbssj0BnSdORkokQ7Vd/HI7EU8CCJFLpnXLsWP0UqZQcAmjgptoiBkfsB60DA1ZANpLJ4+M6KFROrQbKVMh0on6eyJlgdbDwDedAcO+nvXG4n9eK8HuhZeKME4QQj5d1E0kxYiOU6EdoYCjHBrCuBLmVsr7TDGOJruCCcGZfXme1I/Lzln59PakVLnM4siTPXJAjohDzkmF3JAqqRFOHskzeSVv1pP1Yr1bH9PWnJXN7JI/sD5/AJZbmlo=</latexit>

Ethresh ⇠ keV
<latexit sha1_base64="5amqWbtc1FexP50mwb9pE3jy2q4="></latexit>

ENR ⇠ (mDMv)2

mN
⇠ keV



Directly Detecting Light Dark Matter

How?
<latexit sha1_base64="mV6QX66gUIgQ5yU9IB696ezrw/s=">AAACCHicbVDJSgNBEO2JW4xb1KMHG4PgKcyI2zEogscIZoHMEHo6laRJz0J3jRiGHL34K148KOLVT/Dm39hJ5qCJDwoe71VRVc+PpdBo299WbmFxaXklv1pYW9/Y3Cpu79R1lCgONR7JSDV9pkGKEGooUEIzVsACX0LDH1yN/cY9KC2i8A6HMXgB64WiKzhDI7WL+9dtF+EBU+wr0P0RdbUI6FQaQH3ULpbssj0BnSdORkokQ7Vd/HI7EU8CCJFLpnXLsWP0UqZQcAmjgptoiBkfsB60DA1ZANpLJ4+M6KFROrQbKVMh0on6eyJlgdbDwDedAcO+nvXG4n9eK8HuhZeKME4QQj5d1E0kxYiOU6EdoYCjHBrCuBLmVsr7TDGOJruCCcGZfXme1I/Lzln59PakVLnM4siTPXJAjohDzkmF3JAqqRFOHskzeSVv1pP1Yr1bH9PWnJXN7JI/sD5/AJZbmlo=</latexit>

Ethresh ⇠ keV
<latexit sha1_base64="5amqWbtc1FexP50mwb9pE3jy2q4="></latexit>

ENR ⇠ (mDMv)2

mN
⇠ keV

<latexit sha1_base64="0v4LHelNPaw+Dfyt1DLJfuaKt6o=">AAACOXicbVDLSgMxFM34tr6qLt0Ei+LGMuN7KSroRqlgq9CpJZPe1mAyMyR3xDL0t9z4F+4ENy4UcesPmLaD+DoQOJxzLjf3BLEUBl330RkYHBoeGR0bz01MTk3P5GfnKiZKNIcyj2SkLwJmQIoQyihQwkWsgalAwnlwvd/1z29AGxGFZ9iOoaZYKxRNwRlaqZ4v3dBl3whFPfcyXV3vUN/PqbqPcIvpwXHny6R9iR5CJcucfHk/zHq+4BbdHuhf4mWkQDKU6vkHvxHxREGIXDJjqp4bYy1lGgWX0Mn5iYGY8WvWgqqlIVNgamnv8g5dskqDNiNtX4i0p36fSJkypq0Cm1QMr8xvryv+51UTbO7UUhHGCULI+4uaiaQY0W6NtCE0cJRtSxjXwv6V8iumGUdbds6W4P0++S+prBW9reLm6UZhdy+rY4wskEWyQjyyTXbJESmRMuHkjjyRF/Lq3DvPzpvz3o8OONnMPPkB5+MTA76pfw==</latexit>

v ⇠ 10�3

mDM ⇠ 10 GeV

mN ⇠ 100 GeV



Directly Detecting Light Dark Matter

How?
<latexit sha1_base64="mV6QX66gUIgQ5yU9IB696ezrw/s=">AAACCHicbVDJSgNBEO2JW4xb1KMHG4PgKcyI2zEogscIZoHMEHo6laRJz0J3jRiGHL34K148KOLVT/Dm39hJ5qCJDwoe71VRVc+PpdBo299WbmFxaXklv1pYW9/Y3Cpu79R1lCgONR7JSDV9pkGKEGooUEIzVsACX0LDH1yN/cY9KC2i8A6HMXgB64WiKzhDI7WL+9dtF+EBU+wr0P0RdbUI6FQaQH3ULpbssj0BnSdORkokQ7Vd/HI7EU8CCJFLpnXLsWP0UqZQcAmjgptoiBkfsB60DA1ZANpLJ4+M6KFROrQbKVMh0on6eyJlgdbDwDedAcO+nvXG4n9eK8HuhZeKME4QQj5d1E0kxYiOU6EdoYCjHBrCuBLmVsr7TDGOJruCCcGZfXme1I/Lzln59PakVLnM4siTPXJAjohDzkmF3JAqqRFOHskzeSVv1pP1Yr1bH9PWnJXN7JI/sD5/AJZbmlo=</latexit>

Ethresh ⇠ keV
<latexit sha1_base64="5amqWbtc1FexP50mwb9pE3jy2q4="></latexit>

ENR ⇠ (mDMv)2

mN
⇠ keV

<latexit sha1_base64="0v4LHelNPaw+Dfyt1DLJfuaKt6o=">AAACOXicbVDLSgMxFM34tr6qLt0Ei+LGMuN7KSroRqlgq9CpJZPe1mAyMyR3xDL0t9z4F+4ENy4UcesPmLaD+DoQOJxzLjf3BLEUBl330RkYHBoeGR0bz01MTk3P5GfnKiZKNIcyj2SkLwJmQIoQyihQwkWsgalAwnlwvd/1z29AGxGFZ9iOoaZYKxRNwRlaqZ4v3dBl3whFPfcyXV3vUN/PqbqPcIvpwXHny6R9iR5CJcucfHk/zHq+4BbdHuhf4mWkQDKU6vkHvxHxREGIXDJjqp4bYy1lGgWX0Mn5iYGY8WvWgqqlIVNgamnv8g5dskqDNiNtX4i0p36fSJkypq0Cm1QMr8xvryv+51UTbO7UUhHGCULI+4uaiaQY0W6NtCE0cJRtSxjXwv6V8iumGUdbds6W4P0++S+prBW9reLm6UZhdy+rY4wskEWyQjyyTXbJESmRMuHkjjyRF/Lq3DvPzpvz3o8OONnMPPkB5+MTA76pfw==</latexit>

v ⇠ 10�3

mDM ⇠ 10 GeV

mN ⇠ 100 GeV



Directly Detecting Light Dark Matter

How?

requires new ideas!

<latexit sha1_base64="mV6QX66gUIgQ5yU9IB696ezrw/s=">AAACCHicbVDJSgNBEO2JW4xb1KMHG4PgKcyI2zEogscIZoHMEHo6laRJz0J3jRiGHL34K148KOLVT/Dm39hJ5qCJDwoe71VRVc+PpdBo299WbmFxaXklv1pYW9/Y3Cpu79R1lCgONR7JSDV9pkGKEGooUEIzVsACX0LDH1yN/cY9KC2i8A6HMXgB64WiKzhDI7WL+9dtF+EBU+wr0P0RdbUI6FQaQH3ULpbssj0BnSdORkokQ7Vd/HI7EU8CCJFLpnXLsWP0UqZQcAmjgptoiBkfsB60DA1ZANpLJ4+M6KFROrQbKVMh0on6eyJlgdbDwDedAcO+nvXG4n9eK8HuhZeKME4QQj5d1E0kxYiOU6EdoYCjHBrCuBLmVsr7TDGOJruCCcGZfXme1I/Lzln59PakVLnM4siTPXJAjohDzkmF3JAqqRFOHskzeSVv1pP1Yr1bH9PWnJXN7JI/sD5/AJZbmlo=</latexit>

Ethresh ⇠ keV
<latexit sha1_base64="5amqWbtc1FexP50mwb9pE3jy2q4="></latexit>

ENR ⇠ (mDMv)2

mN
⇠ keV

<latexit sha1_base64="0v4LHelNPaw+Dfyt1DLJfuaKt6o=">AAACOXicbVDLSgMxFM34tr6qLt0Ei+LGMuN7KSroRqlgq9CpJZPe1mAyMyR3xDL0t9z4F+4ENy4UcesPmLaD+DoQOJxzLjf3BLEUBl330RkYHBoeGR0bz01MTk3P5GfnKiZKNIcyj2SkLwJmQIoQyihQwkWsgalAwnlwvd/1z29AGxGFZ9iOoaZYKxRNwRlaqZ4v3dBl3whFPfcyXV3vUN/PqbqPcIvpwXHny6R9iR5CJcucfHk/zHq+4BbdHuhf4mWkQDKU6vkHvxHxREGIXDJjqp4bYy1lGgWX0Mn5iYGY8WvWgqqlIVNgamnv8g5dskqDNiNtX4i0p36fSJkypq0Cm1QMr8xvryv+51UTbO7UUhHGCULI+4uaiaQY0W6NtCE0cJRtSxjXwv6V8iumGUdbds6W4P0++S+prBW9reLm6UZhdy+rY4wskEWyQjyyTXbJESmRMuHkjjyRF/Lq3DvPzpvz3o8OONnMPPkB5+MTA76pfw==</latexit>

v ⇠ 10�3

mDM ⇠ 10 GeV

mN ⇠ 100 GeV

<latexit sha1_base64="tgU7lUydldGflDAQgbwxc1gmnyQ=">AAACDXicbVDJSgNBEO2JW4xb1KOXxih4CjPidgwq6EWIYBZIQujpVJIm3TNDd40YhvyAF3/FiwdFvHr35t/YWQ6a+KDg8V4VVfX8SAqDrvvtpObmFxaX0suZldW19Y3s5lbZhLHmUOKhDHXVZwakCKCEAiVUIw1M+RIqfu9i6FfuQRsRBnfYj6ChWCcQbcEZWqmZ3VPNOsIDJpc3A1qXYIwRinouHav0CsoD2szm3Lw7Ap0l3oTkyATFZvar3gp5rCBALpkxNc+NsJEwjYJLGGTqsYGI8R7rQM3SgCkwjWT0zYDuW6VF26G2FSAdqb8nEqaM6SvfdiqGXTPtDcX/vFqM7bNGIoIoRgj4eFE7lhRDOoyGtoQGjrJvCeNa2Fsp7zLNONoAMzYEb/rlWVI+zHsn+ePbo1zhfBJHmuyQXXJAPHJKCuSaFEmJcPJInskreXOenBfn3fkYt6acycw2+QPn8wdEgpsL</latexit>

mDM . 10 GeV



Direct Detection Future

Go lower

Go lighter



Direct Detection Future

Go lower

Go lighter

Today!

Use electrons!



Direct Detection Future

Go lighter

Today!

Use electrons!

New technology

SENSEI



SENSEI Collaboration
Phys. Rev. Lett. 125 (2020) 171802 

[2004.11378]



Why is dark matter here?







Freeze-In
L. J. Hall, K. Jedamzik, 
J. March-Russell, & S. M. West 
JHEP 03 (2010) 080
[0911.1120]



Freeze-In
<latexit sha1_base64="/dwtRIc2ZY5gnsQltu1Hli9P3nY="></latexit>

L � � ✏

2
F 0
µ⌫F

µ⌫



Freeze-In
<latexit sha1_base64="/dwtRIc2ZY5gnsQltu1Hli9P3nY="></latexit>

L � � ✏

2
F 0
µ⌫F

µ⌫

<latexit sha1_base64="XfwCK5zZDdPU0ydowFOpTzy/11w=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVw16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDzjGM9A==</latexit>

f

<latexit sha1_base64="aEPZ13Kx6kog+IPf0bAISEUkVns=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzU7gVUZeG0X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj93Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJb/yMyyQ1KNliUZgKYmIy+50MuEJmxMQSyhS3txI2oooyYxMq2RC85ZdXSeui6l1Vaw+XlfptHkcRTuAUzsGDa6jDPTSgCQzG8Ayv8OYkzovz7nwsWgtOPnMMf+B8/gCL3o+5</latexit>

f̄

<latexit sha1_base64="x29VsCNfOUbraRlW42GqC8iCkUg=">AAAB8XicbVDJSgNBEK2JW4xb1KOXxiB4ijPidgx68RjBLGQh1HQ6SZPunqG7RwhD/sKLB0W8+jfe/Bs7y0ETHxQ83quiql4YC26s7397mZXVtfWN7GZua3tndy+/f1A1UaIpq9BIRLoeomGCK1ax3ApWjzVDGQpWC4d3E7/2xLThkXq0o5i1JfYV73GK1kmNVh+lRHJGGp18wS/6U5BlEsxJAeYod/JfrW5EE8mUpQKNaQZ+bNspasupYONcKzEsRjrEPms6qlAy006nF4/JiVO6pBdpV8qSqfp7IkVpzEiGrlOiHZhFbyL+5zUT27tpp1zFiWWKzhb1EkFsRCbvky7XjFoxcgSp5u5WQgeokVoXUs6FECy+vEyq58Xgqnj5cFEo3c7jyMIRHMMpBHANJbiHMlSAgoJneIU3z3gv3rv3MWvNePOZQ/gD7/MHWQuQEA==</latexit>

�/Z

<latexit sha1_base64="ZyxxTorfuzL222ppHuZB15MiI+g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGpCIDas1t+7OgVaJV5AaFGgNq1+DUUxSQaUhHGvd99zE+BlWhhFOZ5VBqmmCyQSPad9SiQXVfja/dYbOrDJCYaxsSYPm6u+JDAutpyKwnQKbSC97ufif109NeONnTCapoZIsFoUpRyZG+eNoxBQlhk8twUQxeysiEVaYGBtPxYbgLb+8SjoXde+q3ni4rDVvizjKcAKncA4eXEMT7qEFbSAQwTO8wpsjnBfn3flYtJacYuYY/sD5/AEC+o48</latexit>�

<latexit sha1_base64="RYr/E8If5vdZkuatA/XE2YV2Z5E=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5oHZJcxOJsmQ2dllplcIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrTKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuh9RwKRRvoEDJ24nmNAolb4Wj26nfeuLaiFg94DjhQUQHSvQFo2ilRz+kOvPZUEy65YpbdWcgy8TLSQVy1LvlL78XszTiCpmkxnQ8N8EgoxoFk3xS8lPDE8pGdMA7lioacRNks4sn5MQqPdKPtS2FZKb+nshoZMw4Cm1nRHFoFr2p+J/XSbF/HWRCJSlyxeaL+qkkGJPp+6QnNGcox5ZQpoW9lbAh1ZShDalkQ/AWX14mzbOqd1m9uD+v1G7yOIpwBMdwCh5cQQ3uoA4NYKDgGV7hzTHOi/PufMxbC04+cwh/4Hz+AMgKkQE=</latexit>

�̄



Freeze-In
<latexit sha1_base64="/dwtRIc2ZY5gnsQltu1Hli9P3nY="></latexit>

L � � ✏

2
F 0
µ⌫F

µ⌫

<latexit sha1_base64="1pPEAcAGtF8yfiJ0OGdMm6mJ4LI="></latexit>

 ⌘ ✏
p

↵0/↵ ⇡ O(10�11)

<latexit sha1_base64="XfwCK5zZDdPU0ydowFOpTzy/11w=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVw16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDzjGM9A==</latexit>

f

<latexit sha1_base64="aEPZ13Kx6kog+IPf0bAISEUkVns=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzU7gVUZeG0X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj93Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJb/yMyyQ1KNliUZgKYmIy+50MuEJmxMQSyhS3txI2oooyYxMq2RC85ZdXSeui6l1Vaw+XlfptHkcRTuAUzsGDa6jDPTSgCQzG8Ayv8OYkzovz7nwsWgtOPnMMf+B8/gCL3o+5</latexit>

f̄

<latexit sha1_base64="x29VsCNfOUbraRlW42GqC8iCkUg=">AAAB8XicbVDJSgNBEK2JW4xb1KOXxiB4ijPidgx68RjBLGQh1HQ6SZPunqG7RwhD/sKLB0W8+jfe/Bs7y0ETHxQ83quiql4YC26s7397mZXVtfWN7GZua3tndy+/f1A1UaIpq9BIRLoeomGCK1ax3ApWjzVDGQpWC4d3E7/2xLThkXq0o5i1JfYV73GK1kmNVh+lRHJGGp18wS/6U5BlEsxJAeYod/JfrW5EE8mUpQKNaQZ+bNspasupYONcKzEsRjrEPms6qlAy006nF4/JiVO6pBdpV8qSqfp7IkVpzEiGrlOiHZhFbyL+5zUT27tpp1zFiWWKzhb1EkFsRCbvky7XjFoxcgSp5u5WQgeokVoXUs6FECy+vEyq58Xgqnj5cFEo3c7jyMIRHMMpBHANJbiHMlSAgoJneIU3z3gv3rv3MWvNePOZQ/gD7/MHWQuQEA==</latexit>

�/Z

<latexit sha1_base64="ZyxxTorfuzL222ppHuZB15MiI+g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGpCIDas1t+7OgVaJV5AaFGgNq1+DUUxSQaUhHGvd99zE+BlWhhFOZ5VBqmmCyQSPad9SiQXVfja/dYbOrDJCYaxsSYPm6u+JDAutpyKwnQKbSC97ufif109NeONnTCapoZIsFoUpRyZG+eNoxBQlhk8twUQxeysiEVaYGBtPxYbgLb+8SjoXde+q3ni4rDVvizjKcAKncA4eXEMT7qEFbSAQwTO8wpsjnBfn3flYtJacYuYY/sD5/AEC+o48</latexit>�

<latexit sha1_base64="RYr/E8If5vdZkuatA/XE2YV2Z5E=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5oHZJcxOJsmQ2dllplcIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrTKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuh9RwKRRvoEDJ24nmNAolb4Wj26nfeuLaiFg94DjhQUQHSvQFo2ilRz+kOvPZUEy65YpbdWcgy8TLSQVy1LvlL78XszTiCpmkxnQ8N8EgoxoFk3xS8lPDE8pGdMA7lioacRNks4sn5MQqPdKPtS2FZKb+nshoZMw4Cm1nRHFoFr2p+J/XSbF/HWRCJSlyxeaL+qkkGJPp+6QnNGcox5ZQpoW9lbAh1ZShDalkQ/AWX14mzbOqd1m9uD+v1G7yOIpwBMdwCh5cQQ3uoA4NYKDgGV7hzTHOi/PufMxbC04+cwh/4Hz+AMgKkQE=</latexit>

�̄



Freeze-In
<latexit sha1_base64="/dwtRIc2ZY5gnsQltu1Hli9P3nY="></latexit>

L � � ✏

2
F 0
µ⌫F

µ⌫

<latexit sha1_base64="1pPEAcAGtF8yfiJ0OGdMm6mJ4LI="></latexit>

 ⌘ ✏
p

↵0/↵ ⇡ O(10�11)
<latexit sha1_base64="pOkb8ufgEmvm1ukcUJRvitjrLZo="></latexit>

�̄e ⇡
16⇡µ2

�e
2↵2

(↵me)4

<latexit sha1_base64="XfwCK5zZDdPU0ydowFOpTzy/11w=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVw16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDzjGM9A==</latexit>

f

<latexit sha1_base64="aEPZ13Kx6kog+IPf0bAISEUkVns=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzU7gVUZeG0X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj93Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJb/yMyyQ1KNliUZgKYmIy+50MuEJmxMQSyhS3txI2oooyYxMq2RC85ZdXSeui6l1Vaw+XlfptHkcRTuAUzsGDa6jDPTSgCQzG8Ayv8OYkzovz7nwsWgtOPnMMf+B8/gCL3o+5</latexit>

f̄

<latexit sha1_base64="x29VsCNfOUbraRlW42GqC8iCkUg=">AAAB8XicbVDJSgNBEK2JW4xb1KOXxiB4ijPidgx68RjBLGQh1HQ6SZPunqG7RwhD/sKLB0W8+jfe/Bs7y0ETHxQ83quiql4YC26s7397mZXVtfWN7GZua3tndy+/f1A1UaIpq9BIRLoeomGCK1ax3ApWjzVDGQpWC4d3E7/2xLThkXq0o5i1JfYV73GK1kmNVh+lRHJGGp18wS/6U5BlEsxJAeYod/JfrW5EE8mUpQKNaQZ+bNspasupYONcKzEsRjrEPms6qlAy006nF4/JiVO6pBdpV8qSqfp7IkVpzEiGrlOiHZhFbyL+5zUT27tpp1zFiWWKzhb1EkFsRCbvky7XjFoxcgSp5u5WQgeokVoXUs6FECy+vEyq58Xgqnj5cFEo3c7jyMIRHMMpBHANJbiHMlSAgoJneIU3z3gv3rv3MWvNePOZQ/gD7/MHWQuQEA==</latexit>

�/Z

<latexit sha1_base64="ZyxxTorfuzL222ppHuZB15MiI+g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGpCIDas1t+7OgVaJV5AaFGgNq1+DUUxSQaUhHGvd99zE+BlWhhFOZ5VBqmmCyQSPad9SiQXVfja/dYbOrDJCYaxsSYPm6u+JDAutpyKwnQKbSC97ufif109NeONnTCapoZIsFoUpRyZG+eNoxBQlhk8twUQxeysiEVaYGBtPxYbgLb+8SjoXde+q3ni4rDVvizjKcAKncA4eXEMT7qEFbSAQwTO8wpsjnBfn3flYtJacYuYY/sD5/AEC+o48</latexit>�

<latexit sha1_base64="RYr/E8If5vdZkuatA/XE2YV2Z5E=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5oHZJcxOJsmQ2dllplcIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrTKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuh9RwKRRvoEDJ24nmNAolb4Wj26nfeuLaiFg94DjhQUQHSvQFo2ilRz+kOvPZUEy65YpbdWcgy8TLSQVy1LvlL78XszTiCpmkxnQ8N8EgoxoFk3xS8lPDE8pGdMA7lioacRNks4sn5MQqPdKPtS2FZKb+nshoZMw4Cm1nRHFoFr2p+J/XSbF/HWRCJSlyxeaL+qkkGJPp+6QnNGcox5ZQpoW9lbAh1ZShDalkQ/AWX14mzbOqd1m9uD+v1G7yOIpwBMdwCh5cQQ3uoA4NYKDgGV7hzTHOi/PufMxbC04+cwh/4Hz+AMgKkQE=</latexit>

�̄ R. Essig, J. Mardon,T. Volansky 
Phys. Rev. D 85 (2012) 076007 

[1108.5383]
X. Chu, T. Hambye, M. H. G. Tytgat 

JCAP 05 034 (2012) 
[1112.0493]





What are we probing right now?



Is this the one benchmark?

What are we probing right now?



The Challenges of Model Building

Want a realistic model with a “large” cross section



The Challenges of Model Building

Want a realistic model with a “large” cross section

ØLight mediators coupled to SM are constrained



The Challenges of Model Building

Want a realistic model with a “large” cross section

ØLight mediators coupled to SM are constrained

ØLarge couplings to DM may mess up relic abundance



The Challenges of Model Building

Want a realistic model with a “large” cross section

ØLight mediators coupled to SM are constrained

ØLarge couplings to DM may mess up relic abundance

Big Bang Nucleosynthesis (BBN) 



The Real Challenge: BBN

BBN “measures” the energy density of the 
Universe



The Real Challenge: BBN

BBN “measures” the energy density of the 
Universe

if DM is light and interacts too much, it will have 
too much energy density



The Real Challenge: BBN

G. Krnjaic and S. McDermott [1908.00007]
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The Story

• SM produces dark matter

• Dark matter thermalizes with Dark Sink

• Dark Matter Annihilates away; SM continues to produce it

• Annihilations and SM freeze-in both lose to Hubble



10°8

10°7

10°6

10°5

Y
¬
+

¬

Y 0
eq

YQSE

Y 0
eq

YQSE

Fr
ee

ze
-in

Dark
Sink

freez
e-in

Dark
Sink

quasi
fre

eze
-ou

t
m¬ = 1 MeV

10
°2

10
°1

10
0

10
1

10
2

m¬/T

10°2

10°1

100

T
0 /

T

∑ = 2.5 £ 10°11

∑ = 2.5 £ 10°10

¢NeÆ

CMB-S4



R. Essig, J. 
Mardon,T. Volansky 

Phys. Rev. D 85 
(2012) 076007 

[1108.5383]
SENSEI Collaboration

[2312.13342]





K. Boddy et al
Phys. Rev. D 98 
(2018) 123506 

[1808.00001]

DarkSide Collaboration
Phys. Rev. Lett. 130 

(2023) 101002
[2207.11968]

DAMIC-M Collaboration
Phys. Rev. Lett.130
(2023) 171003
[2302.02372]
[2307.07251]

PandaX Collaboration
Phys. Rev. Lett.130
(2023) 261001
[2212.10067]

H. An et al
Phys. Rev. D 104 

(2021) 103026 
[2108.10332]





G. Belanger, A. 
Mjallal, A. Pukhov
Eur. Phys. J. C 81 

(2021) 239
[2003.08621]

T. Hambye et al
Phys. Rev. D 98 (2018) 075017

[1807.05022]





What are we probing right now?



What are we probing right now?
The Dark Sink







• Sub-MeV DM (plasmons start to matter)



• Sub-MeV DM (plasmons start to matter)

• How a Dark Sink could change other motivated freeze-in pheno:



• Sub-MeV DM (plasmons start to matter)

• How a Dark Sink could change other motivated freeze-in pheno:

• Long-lived searches for FIMPs

• Direct detection of UV freeze-in models



• Sub-MeV DM (plasmons start to matter)

• How a Dark Sink could change other motivated freeze-in pheno:

• Long-lived searches for FIMPs

• Direct detection of UV freeze-in models



H. An et al
Phys. Rev. D 104 
(2021) 103026 
[2108.10332]

P. Du et al
Phys. Rev. D 109 
(2024) 055009 
[2212.04504]
Y. Hochberg et al
Phys. Rev. D 97 
(2018) 015004 
[1708.08929]
Y. Hochberg et al
JHEP 08 
(2016) 057 
[1512.04533]

C. Dvorkin et al
Phys. Rev. D 99 
(2019) 115009 
[1902.08623]



Preliminary

To appear
w/ Prudhvi N. 
Bhattiprolu, 

Evan Petrosky, 
& Aaron Pierce







Preliminary



Backup Slides



10°8

10°7

10°6

10°5

Y
¬
+

¬

Y 0
eq

YQSE

Y 0
eq

YQSE

Fr
ee

ze
-in

Dark
Sink

freez
e-in

Dark
Sink

quasi
fre

eze
-ou

t
m¬ = 1 MeV

10
°2

10
°1

10
0

10
1

10
2

m¬/T

10°2

10°1

100

T
0 /

T

∑ = 2.5 £ 10°11

∑ = 2.5 £ 10°10

¢NeÆ

CMB-S4



10°14
10°13
10°12
10°11
10°10
10°9
10°8
10°7
10°6
10°5
10°4
10°3

Y
¬
+

¬

Y 0
eq

YQSE

Y 0
eq

YQSE

Y 0
eq

YQSE

Free
ze-i

n

Dark Sink
freeze-in

Dark Sink

quasi freeze-
out

Dark Sink

freeze-
out

m¬ = 10 GeV

10
°3

10
°2

10
°1

10
0

10
1

10
2

m¬/T

10°3

10°2

10°1

100

T
0 /

T

∑ = 1.5 £ 10°11

∑ = 10°9
∑ = 10°7

¢NeÆ

CMB-S4



10°10

10°9

10°8

10°7

Y
¬
+

¬

Y 0
eq

YQSE

Freeze
-in

Dark Sinkquasi freeze-out

m¬ = 100 MeV

10
°2

10
°1

10
0

10
1

10
2

m¬/T

10°2

10°1

100

T
0 /

T

∑ = 7.5 £ 10°11

¢NeÆ

CMB-S4


