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From (My Physics) Early Universe
• Inflation, reheating, cooling, phase transitions, BBN, CMB, …


• 2000: I arrive at U Chicago for grad school with little detailed knowledge of 
 
particle physics. I try out experimental cosmology and condensed matter. 

• 2002: Getting interested in particle theory, I connect with Carlos. 
 
He agrees to give me a chance as his first grad student.


• 2002-2005: We have lots of fun studying beautiful mirrors, electroweak  
 
baryogenesis, and more. I also get to work with Marcela.


• 2005-present: Carlos and Marcela continue to support and inspire me. 



3

To (Community) Colliders
• Marcela and Carlos have fostered and connected a remarkable community.


• As a young graduate student, they helped me connect with many people:

• Csaba Balázs


• Ed Berger


• John Campbell


• Cheng-Wei Chiang


• Paddy Fox


• Graham Kribs


• Irina Mocioiu


• Brandon Murakami


• Eduardo Pontón


• Géraldine Servant


• Jing Shu


• Tim Tait


• and many more …



Evidence for Dark Matter
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What is Dark Matter?
• We don’t know! 

All evidence comes from gravitational effects on visible matter.

[E.K. Park, HEPAP DMSAG, 2007]
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What is Dark Matter?
• We don’t know! 

All evidence comes from gravitational effects on visible matter.

[E.K. Park, HEPAP DMSAG, 2007]

Thermal DM 
⇒ 

was once in 
 thermodynamic 

 equilibrium  
with visible matter 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Thermal Dark Matter: Freeze Out
• Thermal DM can produce the observed abundance by Freeze Out! 

• Requirement: 

• This is determined by particle physics:  e.g.            

• Can work for masses                                              ,                          .

<latexit sha1_base64="TTFB5tAp+yIITmC/YcFRTzbv5X4="></latexit>

h�annvi ' 3⇥ 10�26cm3/s

DM

DM

SM

SM

<latexit sha1_base64="nJSYnWJDhITc+bbnaqkq21HL/3E="></latexit>

m� ⇠ 10MeV� 50TeV

<latexit sha1_base64="KPo0+xCsZeQwdViywI7llLN8Rus="></latexit>

h�annvi '
g4�
m2

�

<latexit sha1_base64="vNurZHe3dpj2S8+3PVHZ0oCIUp8=">AAAB7nicdVDLSsNAFL2pr1pfVZduBovgKiS2Seuu4MaFiwr2AW0ok+mkHTqZhJmJUEo/wo0LRdz6Pe78G6cPQUUPXDiccy/33hOmnCntOB9Wbm19Y3Mrv13Y2d3bPygeHrVUkklCmyThieyEWFHOBG1qpjntpJLiOOS0HY6v5n77nkrFEnGnJykNYjwULGIEayO1h/0eGTHUL5Yc2/Grvn+JHNur1Mpl35BaxfU8H7m2s0AJVmj0i++9QUKymApNOFaq6zqpDqZYakY4nRV6maIpJmM8pF1DBY6pCqaLc2fozCgDFCXSlNBooX6fmOJYqUkcms4Y65H67c3Fv7xupqNaMGUizTQVZLkoyjjSCZr/jgZMUqL5xBBMJDO3IjLCEhNtEiqYEL4+Rf+T1oXt+rZ3WynVb1Zx5OEETuEcXKhCHa6hAU0gMIYHeIJnK7UerRfrddmas1Yzx/AD1tsnXIuPpg==</latexit>g�

<latexit sha1_base64="vNurZHe3dpj2S8+3PVHZ0oCIUp8=">AAAB7nicdVDLSsNAFL2pr1pfVZduBovgKiS2Seuu4MaFiwr2AW0ok+mkHTqZhJmJUEo/wo0LRdz6Pe78G6cPQUUPXDiccy/33hOmnCntOB9Wbm19Y3Mrv13Y2d3bPygeHrVUkklCmyThieyEWFHOBG1qpjntpJLiOOS0HY6v5n77nkrFEnGnJykNYjwULGIEayO1h/0eGTHUL5Yc2/Grvn+JHNur1Mpl35BaxfU8H7m2s0AJVmj0i++9QUKymApNOFaq6zqpDqZYakY4nRV6maIpJmM8pF1DBY6pCqaLc2fozCgDFCXSlNBooX6fmOJYqUkcms4Y65H67c3Fv7xupqNaMGUizTQVZLkoyjjSCZr/jgZMUqL5xBBMJDO3IjLCEhNtEiqYEL4+Rf+T1oXt+rZ3WynVb1Zx5OEETuEcXKhCHa6hAU0gMIYHeIJnK7UerRfrddmas1Yzx/AD1tsnXIuPpg==</latexit>g�

<latexit sha1_base64="sKKOy9Nw4lpcj8ecbwQuoVaZz5g=">AAACAnicdVDJSgNBEO1xjXGLehIvjUHwNMyYZBJvAS8ePEQwC2RC6Ol0Jk16FrprgmEIXvwVLx4U8epXePNv7CyCij4oeLxXRVU9LxZcgWV9GEvLK6tr65mN7ObW9s5ubm+/oaJEUlankYhkyyOKCR6yOnAQrBVLRgJPsKY3vJj6zRGTikfhDYxj1gmIH/I+pwS01M0d+l2XDjh2fR+7wG4h9SUZcRhPurm8ZVpO2XHOsWWWipVCwdGkUrRLJQfbpjVDHi1Q6+be3V5Ek4CFQAVRqm1bMXRSIoFTwSZZN1EsJnRIfNbWNCQBU5109sIEn2ilh/uR1BUCnqnfJ1ISKDUOPN0ZEBio395U/MtrJ9CvdFIexgmwkM4X9ROBIcLTPHCPS0ZBjDUhVHJ9K6YDIgkFnVpWh/D1Kf6fNM5M2zFL18V89WoRRwYdoWN0imxURlV0iWqojii6Qw/oCT0b98aj8WK8zluXjMXMAfoB4+0TExOX9A==</latexit>

g� � gravity
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Dark Matter Detection in the Lab
• If DM is all around us and interacts with the SM, it might be detectable!


• The most common detection strategy is to look for nuclear recoils.

DM

Nucleus 
(A,Z)

scintillation, heat, ionization, …

<latexit sha1_base64="7ehI4ZEx8MvrzJy9ZwnLZZ8Ixqw="></latexit>

ER = EDM � E0
DM

~q = ~pDM � ~p 0
DM
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DM-Nucleus Kinematics
• Typical local DM velocity is 

<latexit sha1_base64="n3mJ5Um04uI9pvF624zBJTcJ7Dk=">AAAB/XicbVDLSgMxFL1TX7W+xsfOTbAIbqwzKuqy4EZcVbAP6Iwlk6ZtaDIzJJlCHYq/4saFIm79D3f+jWk7C209cLmHc+4lNyeIOVPacb6t3MLi0vJKfrWwtr6xuWVv79RUlEhCqyTikWwEWFHOQlrVTHPaiCXFIuC0HvSvx359QKViUXivhzH1Be6GrMMI1kZq2XuDE4I85CkmTHOdh/T4bNSyi07JmQDNEzcjRchQadlfXjsiiaChJhwr1XSdWPsplpoRTkcFL1E0xqSPu7RpaIgFVX46uX6EDo3SRp1Imgo1mqi/N1IslBqKwEwKrHtq1huL/3nNRHeu/JSFcaJpSKYPdRKOdITGUaA2k5RoPjQEE8nMrYj0sMREm8AKJgR39svzpHZaci9Kzt15sXybxZGHfTiAI3DhEspwAxWoAoFHeIZXeLOerBfr3fqYjuasbGcX/sD6/AG2pZN8</latexit>

v/c ⇠ 10�3

<latexit sha1_base64="NlExdHqbCBDNCssGg6Q/QaDVHBk=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1DJgY2ERwXxAcoS9zVyyZG/v3N0LhCM/wsZCEVt/j53/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mb41RaR7LRzNJ0I/oQPKQM2qs1OqOkWVP01654lbdOcgq8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFrqphoTykZ0gB1LJY1Q+9n83Ck5s0qfhLGyJQ2Zq78nMhppPYkC2xlRM9TL3kz8z+ukJrzxMy6T1KBki0VhKoiJyex30ucKmRETSyhT3N5K2JAqyoxNqGRD8JZfXiXNi6p3VXUfLiu1+zyOIpzAKZyDB9dQgzuoQwMYjOAZXuHNSZwX5935WLQWnHzmGP7A+fwBq+iP0g==</latexit>

~q

<latexit sha1_base64="aQCA+/CIO5PdXknEqyfuEtv/Woc=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuKm66kgn1gOy2ZNG1Dk8yQZJQy9D/cuFDErf/izr8x085CWw8EDufcyz05QcSZNq777eRWVtfWN/Kbha3tnd294v5BQ4exIrROQh6qVoA15UzSumGG01akKBYBp81gfJP6zUeqNAvlvZlE1Bd4KNmAEWys1O1e9x46ApuREsnttFcsuWV3BrRMvIyUIEOtV/zq9EMSCyoN4VjrtudGxk+wMoxwOi10Yk0jTMZ4SNuWSiyo9pNZ6ik6sUofDUJlnzRopv7eSLDQeiICO5km1IteKv7ntWMzuPITJqPYUEnmhwYxRyZEaQWozxQlhk8swUQxmxWREVaYGFtUwZbgLX55mTTOyt5F2b07L1WqWR15OIJjOAUPLqECVahBHQgoeIZXeHOenBfn3fmYj+acbOcQ/sD5/AGQ6JKU</latexit>

A
ZN

<latexit sha1_base64="aQCA+/CIO5PdXknEqyfuEtv/Woc=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuKm66kgn1gOy2ZNG1Dk8yQZJQy9D/cuFDErf/izr8x085CWw8EDufcyz05QcSZNq777eRWVtfWN/Kbha3tnd294v5BQ4exIrROQh6qVoA15UzSumGG01akKBYBp81gfJP6zUeqNAvlvZlE1Bd4KNmAEWys1O1e9x46ApuREsnttFcsuWV3BrRMvIyUIEOtV/zq9EMSCyoN4VjrtudGxk+wMoxwOi10Yk0jTMZ4SNuWSiyo9pNZ6ik6sUofDUJlnzRopv7eSLDQeiICO5km1IteKv7ntWMzuPITJqPYUEnmhwYxRyZEaQWozxQlhk8swUQxmxWREVaYGFtUwZbgLX55mTTOyt5F2b07L1WqWR15OIJjOAUPLqECVahBHQgoeIZXeHOenBfn3fmYj+acbOcQ/sD5/AGQ6JKU</latexit>

A
ZN

<latexit sha1_base64="aAaJk/pkkO9xF1IhwAWgYgRNi4k="></latexit>

q = 2µNv cos ✓ , µN = m�MN/(m� +MN )

ER =
q2

2MN
. (200 keV)

✓
MN

100GeV

◆⇣ µN

100GeV

⌘

<latexit sha1_base64="UglRsoZjwzYjWqCxq8JfjcfntUU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48VTFtoQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5YcqZNq777VQ2Nre2d6q7tb39g8Oj+vFJVyeZItQnCU9UP8Saciapb5jhtJ8qikXIaS+c3hd+74kqzRL5aGYpDQSeSBYxgk0hDUnMRvWG23QXQOvEK0kDSnRG9a/hOCGZoNIQjrUeeG5qghwrwwin89ow0zTFZIondGCpxILqIF/cOkcXVhmjKFG2pEEL9fdEjoXWMxHaToFNrFe9QvzPG2QmugtyJtPMUEmWi6KMI5Og4nE0ZooSw2eWYKKYvRWRGCtMjI2nZkPwVl9eJ92rpnfTdB+uG612GUcVzuAcLsGDW2hBGzrgA4EYnuEV3hzhvDjvzseyteKUM6fwB87nDwMujj0=</latexit>�

<latexit sha1_base64="UglRsoZjwzYjWqCxq8JfjcfntUU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBS48VTFtoQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5YcqZNq777VQ2Nre2d6q7tb39g8Oj+vFJVyeZItQnCU9UP8Saciapb5jhtJ8qikXIaS+c3hd+74kqzRL5aGYpDQSeSBYxgk0hDUnMRvWG23QXQOvEK0kDSnRG9a/hOCGZoNIQjrUeeG5qghwrwwin89ow0zTFZIondGCpxILqIF/cOkcXVhmjKFG2pEEL9fdEjoXWMxHaToFNrFe9QvzPG2QmugtyJtPMUEmWi6KMI5Og4nE0ZooSw2eWYKKYvRWRGCtMjI2nZkPwVl9eJ92rpnfTdB+uG612GUcVzuAcLsGDW2hBGzrgA4EYnuEV3hzhvDjvzseyteKUM6fwB87nDwMujj0=</latexit>�

<latexit sha1_base64="olWaFQo3mlW9Suqb5ECiLpvLnls=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9SIEvHiMYB6QLGF2MpuMmZ1ZZnqFEPIPXjwo4tX/8ebfOEn2oIkFDUVVN91dUSqFRd//9lZW19Y3Ngtbxe2d3b390sFhw+rMMF5nWmrTiqjlUiheR4GSt1LDaRJJ3oyGt1O/+cSNFVo94CjlYUL7SsSCUXRS44Z02EB0S2W/4s9AlkmQkzLkqHVLX52eZlnCFTJJrW0HforhmBoUTPJJsZNZnlI2pH3edlTRhNtwPLt2Qk6d0iOxNq4Ukpn6e2JME2tHSeQ6E4oDu+hNxf+8dobxdTgWKs2QKzZfFGeSoCbT10lPGM5QjhyhzAh3K2EDaihDF1DRhRAsvrxMGueV4LLi31+Uq7U8jgIcwwmcQQBXUIU7qEEdGDzCM7zCm6e9F+/d+5i3rnj5zBH8gff5A94RjrY=</latexit>= �DM
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DM-Nucleus Interactions
• DM-quark interaction → DM-nucleon interaction → DM-nucleus interaction


• In many theories, get a leading DM-nucleon potential of: 
 
 

• For SI scattering, the cross section on nucleus        has the form

spin-independent (SI)
<latexit sha1_base64="LeR5khKkALmLXccN1YPiLaTjYXU=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY8VLz1JBbcttmvJptk2NJssSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hZXVtfaO4Wdra3tndK+8fNLVMFaE+kVyqdog15UxQ3zDDaTtRFMchp61wdDP1W09UaSbFvRknNIjxQLCIEWys5D9e9x5ue+WKW3VnQMvEy0kFcjR65a9uX5I0psIQjrXueG5iggwrwwink1I31TTBZIQHtGOpwDHVQTY7doJOrNJHkVS2hEEz9fdEhmOtx3FoO2NshnrRm4r/eZ3URFdBxkSSGirIfFGUcmQkmn6O+kxRYvjYEkwUs7ciMsQKE2PzKdkQvMWXl0nzrOpdVN2780qtnsdRhCM4hlPw4BJqUIcG+ECAwTO8wpsjnBfn3fmYtxacfOYQ/sD5/AFKgY5d</latexit>

A
ZN

nuclear response
DM-nucleon 

effective cross section

<latexit sha1_base64="ViuJlBl9Dderr96vEb4uQVLBKJ0=">AAACGXicbVBNS8NAEN34WeNX1aOXxSK0ICXx+yIUvHjwoGCr0NSw2U7apZtN2N0US+jf8OJf8eJBEY968t+4rQW19cHA470ZZuYFCWdKO86nNTU9Mzs3n1uwF5eWV1bza+s1FaeSQpXGPJY3AVHAmYCqZprDTSKBRAGH66BzOvCvuyAVi8WV7iXQiEhLsJBRoo3k552anwmPtlm/6HWBZnf9Ej7BdugLb8drAtfkNivulX5cP19wys4QeJK4I1JAI1z4+XevGdM0AqEpJ0rVXSfRjYxIzSiHvu2lChJCO6QFdUMFiUA1suFnfbxtlCYOY2lKaDxUf09kJFKqFwWmMyK6rca9gfifV091eNzImEhSDYJ+LwpTjnWMBzHhJpNANe8ZQqhk5lZM20QSqk2YtgnBHX95ktR2y+5h+eByv1A5H8WRQ5toCxWRi45QBZ2hC1RFFN2jR/SMXqwH68l6td6+W6es0cwG+gPr4wusj5+C</latexit>

Vn�(~x) = fn �
(3)(~x)

<latexit sha1_base64="U6kKr9Z5WcKSZ2+R1Fr1wSXWLNg="></latexit>

d�N

dER
=

A2

v2

✓
µN

µn

◆2

�n |FN (ER)|2
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Dark Matter Direct Detection (SI)
• Existing searches have put strong bounds on thermal DM candidates:

[Cooley et al. Snowmass DM, 
 hep-ph/2209.07426]

<latexit sha1_base64="5+sr1etpZ822kqrKLkTzYBrHquk=">AAAB73icbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx4yTGCWSAZQk+nJ2nSy9jdI4QhP+HFgyJe/R1v/o2dZA6a+KDg8V4VVfWihDNjff/bK6ytb2xuFbdLO7t7+wflw6OWUakmtEkUV7oTYUM5k7RpmeW0k2iKRcRpOxrfzfz2E9WGKflgJwkNBR5KFjOCrZM6PcOGAvdlv1zxq/4caJUEOalAjka//NUbKJIKKi3h2Jhu4Cc2zLC2jHA6LfVSQxNMxnhIu45KLKgJs/m9U3TmlAGKlXYlLZqrvycyLIyZiMh1CmxHZtmbif953dTGt2HGZJJaKsliUZxyZBWaPY8GTFNi+cQRTDRztyIywhoT6yIquRCC5ZdXSeuiGlxXr+4vK7V6HkcRTuAUziGAG6hBHRrQBAIcnuEV3rxH78V79z4WrQUvnzmGP/A+fwAnVpAU</latexit>�n

<latexit sha1_base64="PnXlE58LEU+7208xfrVyw5VcIAo=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx4yTGCWSAZQk+nJ2nTy9DdI4Qh/+DFgyJe/R9v/o2dZA6a+KDg8V4VVfWihDNjff/bK6ytb2xuFbdLO7t7+wflw6OWUakmtEkUV7oTYUM5k7RpmeW0k2iKRcRpOxrfzfz2E9WGKflgJwkNBR5KFjOCrZNaot8jI9YvV/yqPwdaJUFOKpCj0S9/9QaKpIJKSzg2phv4iQ0zrC0jnE5LvdTQBJMxHtKuoxILasJsfu0UnTllgGKlXUmL5urviQwLYyYicp0C25FZ9mbif143tfFtmDGZpJZKslgUpxxZhWavowHTlFg+cQQTzdytiIywxsS6gEouhGD55VXSuqgG19Wr+8tKrZ7HUYQTOIVzCOAGalCHBjSBwCM8wyu8ecp78d69j0VrwctnjuEPvM8fh3qPIg==</latexit>m�
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Dark Matter Direct Detection (SI)
• Near future searches for WIMP (                       ) spin-independent DM:


• XENONnT: 8.3 tonnes of liquid Xe at Gran Sasso (LNGS)


• LZ: 7 tonnes of liquid Xe at Sanford (SURF)


• PandaX-4T: 4 tonnes of liquid Xe at Jinping (CJPL)


• DarkSide20k: 20 tonnes of liquid Ar at Gran Sasso (LNGS)


• And beyond:


• DARWIN: 40 tonnes of liquid Xe at (?)


• ARGO: 300 tonnes of liquid Ar at SNOLAB (?)


• SuperCDMS, SBC, NEWS-G, SENSEI, … at lower masses (                       )

<latexit sha1_base64="uxSaRMV33qsTaoJadH/O7zCENXI=">AAACBnicbVDLSsNAFL3xWesr6lKEwSK4kJKIqMuCC7usYB/QhDCZTtqhM0mYmQgldOXGX3HjQhG3foM7/8Zpm4W2Hhg4nHMud+4JU86Udpxva2l5ZXVtvbRR3tza3tm19/ZbKskkoU2S8ER2QqwoZzFtaqY57aSSYhFy2g6HNxO//UClYkl8r0cp9QXuxyxiBGsjBfaRCHKPDNgYeX1tYgK5jnfmSZHf0tY4sCtO1ZkCLRK3IBUo0AjsL6+XkEzQWBOOleq6Tqr9HEvNCKfjspcpmmIyxH3aNTTGgio/n54xRidG6aEokebFGk3V3xM5FkqNRGiSAuuBmvcm4n9eN9PRtZ+zOM00jclsUZRxpBM06QT1mKRE85EhmEhm/orIAEtMtGmubEpw509eJK3zqntZde4uKrV6UUcJDuEYTsGFK6hBHRrQBAKP8Ayv8GY9WS/Wu/Uxiy5ZxcwB/IH1+QNy6Jh8</latexit>

m� & 10GeV

<latexit sha1_base64="0VbPzsLiOO/U2JDeD0KEVZlLbmo=">AAACB3icbVBNS8NAEN34WetX1KMgi0XwICURUY8FD/ZYwX5AE8JmO2mX7iZhdyOU0JsX/4oXD4p49S9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1tLyyuraemmjvLm1vbNr7+23VJJJCk2a8ER2QqKAsxiammkOnVQCESGHdji8mfjtB5CKJfG9HqXgC9KPWcQo0UYK7CMR5B4dsDH2OCilmMCu4515UuS30BoHdsWpOlPgReIWpIIKNAL7y+slNBMQa8qJUl3XSbWfE6kZ5TAue5mClNAh6UPX0JgIUH4+/WOMT4zSw1EiTcUaT9XfEzkRSo1EaDoF0QM1703E/7xupqNrP2dxmmmI6WxRlHGsEzwJBfeYBKr5yBBCJTO3YjogklBtoiubENz5lxdJ67zqXladu4tKrV7EUUKH6BidIhddoRqqowZqIooe0TN6RW/Wk/VivVsfs9Ylq5g5QH9gff4ARImY8A==</latexit>

m� . 10GeV
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DM Detection and Neutrinos
• These experiments aim for near zero instrumental/radiation background.


• But they are getting big enough that they will start to detect neutrinos 
 
from the sun, supernova, and atmospheric cosmic rays. 
 
 
 
 
 
 
 
 
 

• How big is this background? How can it be reduced or mitigated? 
 
Focus here on spin-independent scattering in Argon and Xenon.

Nucleus 
(A,Z)

<latexit sha1_base64="E3J5UuPwDpw9Dfn0PiDW5WI9IVI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCCB4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2Z++4lrI2L1iJOE+xEdKhEKRtFKDz2V9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2LqleruveXlfptHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBhcI3f</latexit>⌫
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Kinematics: Scattering on Nuclei
• Dark Matter: 

 
 
 

• Neutrino: 
 
 
 

• So need to worry about neutrinos with energies in the 10-1000 MeV range.

<latexit sha1_base64="Fw4I0lQ+T6R9B3ujbSPbiKie4pg="></latexit>

ER  2
µ2
N

mN
v2

' (200 keV)

✓
100GeV

mN

◆⇣ µN

100GeV

⌘2 ⇣ v

10�3

⌘2

<latexit sha1_base64="jfx88wTm/HkhVYYZqfl5JzbpLao="></latexit>

ER  2E2
⌫

mN + 2E⌫

' (200 keV)

✓
E⌫

100MeV

◆2 ✓100GeV

mN

◆
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Neutrino Sources
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Neutrino Scattering on Nuclei
• Mediated by Z-boson exchange: 

 
 
 
 
 
 
 

• This coherent neutrino-nucleus scattering was first observed recently with 
accelerator neutrinos by the COHERENT experiment in Ar, Cs, and I.

<latexit sha1_base64="o7cc98Ookd1QgihoYqR5aENKr90=">AAACDHicbVC7SgNBFJ2NrxhfUUubIUFIioTdENBGiNikTMC4IQ+X2ckkGTI7u8zcFUJIb+Ov2FgoiK0fYOffOHkUmnjgwuGce7n3Hj8SXINtf1uJjc2t7Z3kbmpv/+DwKH18cqfDWFHWoKEIVdMnmgkuWQM4CNaMFCOBL5jrj25mvvvAlOahvIVxxLoBGUje55SAkbx0pu65+ArnrgutPC7gVs4plDuay/tSB4YMiOfmvXTWLtpz4HXiLEkWLVHz0l+dXkjjgEmggmjdduwIuhOigFPBpqlOrFlE6IgMWNtQSQKmu5P5L1N8bpQe7ofKlAQ8V39PTEig9TjwTWdAYKhXvZn4n9eOoX/ZnXAZxcAkXSzqxwJDiGfB4B5XjIIYG0Ko4uZWTIdEEQomvpQJwVl9eZ24paJTLjpOvZytVJd5JNEZyqAcctAFqqAqqqEGougRPaNX9GY9WS/Wu/WxaE1Yy5lT9AfW5w8+z5fj</latexit>

QW = (A� Z)� Z(1� 4 sin2 ✓W ) nuclear response

<latexit sha1_base64="pVUSY/yc9JycUj+bUpR21auvQx0="></latexit>

d�⌫N

dER
= mN

G2
F

4⇡
Q2

W


1�

✓
mNER

2E2
⌫

◆�
|FN (ER)|2
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Scattering per Recoil Energy

DM:

<latexit sha1_base64="DJ/DoyR/1wfZN4gQ639ufgERXO0=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqHgKePEYwTwgWcLsZDYZMjO7zEMIS37BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlHKmje9/e6W19Y3NrfJ2ZWd3b/+genjU1olVhLZIwhPVjbCmnEnaMsxw2k0VxSLitBNN7nK/80SVZol8NNOUhgKPJIsZwSaX+tLeDqo1v+7PgVZJUJAaFGgOql/9YUKsoNIQjrXuBX5qwgwrwwins0rfappiMsEj2nNUYkF1mM1vnaEzpwxRnChX0qC5+nsiw0LrqYhcp8BmrJe9XPzP61kT34QZk6k1VJLFothyZBKUP46GTFFi+NQRTBRztyIyxgoT4+KpuBCC5ZdXSfuiHlzV/YfLWqNZxFGGEziFcwjgGhpwD01oAYExPMMrvHnCe/HevY9Fa8krZo7hD7zPH+LOji4=</latexit>⌫ :

<latexit sha1_base64="vv+mV4IFCke/fMot2/xN74gBzjQ="></latexit>

�⌫(E⌫) = di↵erential neutrino flux on target

<latexit sha1_base64="9Ic0aknBHEzcOS1mVOHGW9u1qok=">AAACG3icbVC7SgNBFJ2N7/iKWtoMBkGbsBtEbYSAFhYKCiYK2RBmJ3fNkNkHM3cXw7L/YeOv2FgoYiVY+DfOJil8HRg4nHMvc8/xYik02vanVZqanpmdm18oLy4tr6xW1tZbOkoUhyaPZKRuPKZBihCaKFDCTayABZ6Ea29wXPjXKSgtovAKhzF0AnYbCl9whkbqVup+N5PMy3fcFHiW5rv0iLoId5idnNMUZMQFDmnPHKKElxQ7ebdStWv2CPQvcSakSia46Fbe3V7EkwBC5JJp3XbsGDsZUyi4hLzsJhpixgfsFtqGhiwA3clG2XK6bZQe9SNlXoh0pH7fyFig9TDwzGTAsK9/e4X4n9dO0D/sZCKME4SQjz/yE0kxokVRJrMCjrIIz7gS5lbK+0wxjqbOsinB+R35L2nVa85+zb7cqzbOJnXMk02yRXaIQw5Ig5ySC9IknNyTR/JMXqwH68l6td7GoyVrsrNBfsD6+AK8JKHp</latexit>

flab(~v) = DM velocity distribution

<latexit sha1_base64="zHvQthAGM23IV4kSzNd2cnF33S4=">AAACHnicbVDJSgNBFOyJW4xb1KOXxiB4kDAjbhdB8OJBIUI2yAyhp/OiTXoWut+IYZgv8eKvePGgiOBJ/8aeJIhbQUNR9ZZ+5cdSaLTtD6swNT0zO1ecLy0sLi2vlFfXmjpKFIcGj2Sk2j7TIEUIDRQooR0rYIEvoeUPTnO/dQNKiyis4zAGL2BXoegLztBI3fL+hbtTp8fURbjFFG7jSCcKsi8lYFpnLooA9FjIadYtV+yqPQL9S5wJqZAJat3ym9uLeBJAiFyakR3HjtFLmULBJWQlN9EQMz5gV9AxNGRmn5eOzsvollF6tB8p80KkI/V7R8oCrYeBbyoDhtf6t5eL/3mdBPtHXirCOEEI+XhRP5EUI5pnRXtCAUc5NIRxJcxfKb9minE0iZZMCM7vk/+S5m7VOajal3uVk/NJHEWyQTbJNnHIITkhZ6RGGoSTO/JAnsizdW89Wi/W67i0YE161skPWO+fuZ6jlg==</latexit>

M T = exposure = mass⇥ time

<latexit sha1_base64="k5nNLp1reQT4GGywHIXhbqu1eLg=">AAAB+HicdVBNSwMxEM3W7/rRqkcvwSJ4WrK2tj0KInhUsLXQlpJNs20wm12SibQu/SVePCji1Z/izX9jWiuo6IOBx3szzMwLUykMEPLu5RYWl5ZXVtfy6xubW4Xi9k7TJFYz3mCJTHQrpIZLoXgDBEjeSjWncSj5dXhzOvWvb7k2IlFXME55N6YDJSLBKDipVyx0lO0AH0GGI2lHk16xRHxSrdVIGRP/uFIvH1UcqVcCx3HgkxlKaI6LXvGt00+YjbkCJqkx7YCk0M2oBsEkn+Q71vCUshs64G1HFY256Wazwyf4wCl9HCXalQI8U79PZDQ2ZhyHrjOmMDS/van4l9e2ENW7mVCpBa7Y56LISgwJnqaA+0JzBnLsCGVauFsxG1JNGbis8i6Er0/x/6R55AdVn1xWSidn8zhW0R7aR4coQDV0gs7RBWoghiy6R4/oybvzHrxn7+WzNefNZ3bRD3ivH7jGk88=</latexit>

⌫ flux

<latexit sha1_base64="g35fTdl0eDTAznm5Tsu4ONbY+sY=">AAAB9XicdVDLSgNBEJz1bXxFPXoZDIKnZXYVd3MLqOBFUDAPSNYwO5nVIbMPZnrVsOQ/vHhQxKv/4s2/cRIjqGhBQ1HVTXdXmEmhgZB3a2p6ZnZufmGxtLS8srpWXt9o6DRXjNdZKlPVCqnmUiS8DgIkb2WK0ziUvBn2D0d+84YrLdLkAgYZD2J6lYhIMApGuuwAv4Pi6BRHMr8bdssVYu9Vie95mNie4/pV3xCX7Hmugx2bjFFBE5x1y2+dXsrymCfAJNW67ZAMgoIqEEzyYamTa55R1qdXvG1oQmOug2J89RDvGKWHo1SZSgCP1e8TBY21HsSh6YwpXOvf3kj8y2vnEPlBIZIsB56wz0VRLjGkeBQB7gnFGciBIZQpYW7F7JoqysAEVTIhfH2K/ycN13YObHK+X6kdT+JYQFtoG+0iB3mohk7QGaojhhS6R4/oybq1Hqxn6+WzdcqazGyiH7BePwAVFJLr</latexit>

DM flux

<latexit sha1_base64="+6tk3qKTh/CWDH4bd0IT8o/Xs/8="></latexit>

dN�

dER
=

M T

mN

Z
d3v n� flab(~v) v

d�N

dER

<latexit sha1_base64="v7hG6gbIbBQAQtuOXbVJktXpf5k="></latexit>

dN⌫

dER
=

M T

mN

Z
dE⌫ �⌫(E⌫)

d�⌫N

dER
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Recoil Energy Spectra (Xe)
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<latexit sha1_base64="Ij8ERgsYYrHgpxd1C10E84JzEZ0=">AAACC3icbVC7SgNBFJ2Nrxhfq5Y2Q4JgoWE3RE0jBGxSRjAPyG7C7GSSDJmZXWZmhbCkt/FXbCwUsfUH7PwbJ8kWmnjgwuGce7n3niBiVGnH+bYya+sbm1vZ7dzO7t7+gX141FRhLDFp4JCFsh0gRRgVpKGpZqQdSYJ4wEgrGN/O/NYDkYqG4l5PIuJzNBR0QDHSRurZeU/RIUc9AW+g63STi3Jl6p17HOmR5Anm026pZxecojMHXCVuSgogRb1nf3n9EMecCI0ZUqrjOpH2EyQ1xYxMc16sSITwGA1Jx1CBOFF+Mv9lCk+N0oeDUJoSGs7V3xMJ4kpNeGA6Z0eqZW8m/ud1Yj2o+AkVUayJwItFg5hBHcJZMLBPJcGaTQxBWFJzK8QjJBHWJr6cCcFdfnmVNEtF96p4eVcuVGtpHFlwAvLgDLjgGlRBDdRBA2DwCJ7BK3iznqwX6936WLRmrHTmGPyB9fkDFBeZ2w==</latexit>

�n = 10�48 cm2}
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DM Signal vs. Neutrino Background
• Given total exposure         , what is the maximum sensitivity to      ? 


• Define         to be the smallest      for which background only can be excluded.


• Rules of thumb for simple counting:


• background free:


• statistics dominated:


• systematics dominated:


• But more information is available in the recoil spectrum — profile likelihood. 
e.g. [Monroe + Fisher 2007, Billard et al 2013, O’Hare 2016, …]

<latexit sha1_base64="A0kiXat8xqroPtLSxmYuxkFoHJ4=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBg5RdKeqx4EUEoUK/oF1KNs22oUl2SbJCWfoXvHhQxKt/yJv/xmy7B219MPB4b4aZeUHMmTau++0U1tY3NreK26Wd3b39g/LhUVtHiSK0RSIeqW6ANeVM0pZhhtNurCgWAaedYHKb+Z0nqjSLZNNMY+oLPJIsZASbTHroXzQH5YpbdedAq8TLSQVyNAblr/4wIomg0hCOte55bmz8FCvDCKezUj/RNMZkgke0Z6nEgmo/nd86Q2dWGaIwUrakQXP190SKhdZTEdhOgc1YL3uZ+J/XS0x446dMxomhkiwWhQlHJkLZ42jIFCWGTy3BRDF7KyJjrDAxNp6SDcFbfnmVtC+r3lXVfaxV6vd5HEU4gVM4Bw+uoQ530IAWEBjDM7zCmyOcF+fd+Vi0Fpx85hj+wPn8AWcmjdg=</latexit>

M T
<latexit sha1_base64="GmE/rhQx+B1mkRlLDDnF93hLw6g=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1DJgI1YRTAwkR9jb7CVLdvfO3TkhhPwJGwtFbP07dv4bN8kVmvhg4PHeDDPzolQKi77/7RVWVtfWN4qbpa3tnd298v5B0yaZYbzBEpmYVkQtl0LzBgqUvJUaTlUk+UM0vJ76D0/cWJHoexylPFS0r0UsGEUntTpW9BXt6m654lf9GcgyCXJSgRz1bvmr00tYprhGJqm17cBPMRxTg4JJPil1MstTyoa0z9uOaqq4DcezeyfkxCk9EifGlUYyU39PjKmydqQi16koDuyiNxX/89oZxlfhWOg0Q67ZfFGcSYIJmT5PesJwhnLkCGVGuFsJG1BDGbqISi6EYPHlZdI8qwYXVf/uvFK7zeMowhEcwykEcAk1uIE6NICBhGd4hTfv0Xvx3r2PeWvBy2cO4Q+8zx8mVpAR</latexit>�n

<latexit sha1_base64="oB3RQr8lInavh56lyAQ4tCQbs+s=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAF/EUwTwgu4TZyWwyZGZ2mYcQlvyGFw+KePVnvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6W19Y3NrfJ2ZWd3b/+genjU1qlVhLZIylPVjbGmnEnaMsxw2s0UxSLmtBOPb2d+54kqzVL5aCYZjQQeSpYwgo2TwlCzocD9nDMx7Vdrft2fA62SoCA1KNDsV7/CQUqsoNIQjrXuBX5mohwrwwin00poNc0wGeMh7TkqsaA6yuc3T9GZUwYoSZUradBc/T2RY6H1RMSuU2Az0sveTPzP61mT3EQ5k5k1VJLFosRyZFI0CwANmKLE8IkjmCjmbkVkhBUmxsVUcSEEyy+vkvZFPbiq+w+XtcZ9EUcZTuAUziGAa2jAHTShBQQyeIZXePOs9+K9ex+L1pJXzBzDH3ifP4MmkgU=</latexit>�lim
<latexit sha1_base64="GmE/rhQx+B1mkRlLDDnF93hLw6g=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1DJgI1YRTAwkR9jb7CVLdvfO3TkhhPwJGwtFbP07dv4bN8kVmvhg4PHeDDPzolQKi77/7RVWVtfWN4qbpa3tnd298v5B0yaZYbzBEpmYVkQtl0LzBgqUvJUaTlUk+UM0vJ76D0/cWJHoexylPFS0r0UsGEUntTpW9BXt6m654lf9GcgyCXJSgRz1bvmr00tYprhGJqm17cBPMRxTg4JJPil1MstTyoa0z9uOaqq4DcezeyfkxCk9EifGlUYyU39PjKmydqQi16koDuyiNxX/89oZxlfhWOg0Q67ZfFGcSYIJmT5PesJwhnLkCGVGuFsJG1BDGbqISi6EYPHlZdI8qwYXVf/uvFK7zeMowhEcwykEcAk1uIE6NICBhGd4hTfv0Xvx3r2PeWvBy2cO4Q+8zx8mVpAR</latexit>�n

<latexit sha1_base64="I6mSA5KXb4ovSagY/nTX8GvZbYM="></latexit>

�lim /
p
M T

<latexit sha1_base64="wfGABodA+10iL7Oh1EgO4bYIwjM="></latexit>

�lim / M T

<latexit sha1_base64="QZBxuWuYTqs9DCjGJMKzjcedpN4="></latexit>

�lim / constant

https://inspirehep.net/literature/753651
https://inspirehep.net/literature/1243804
https://inspirehep.net/literature/1781290
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DM Signal vs. Neutrino Background
• Updated sensitivities in Xe and Ar based on projected future detector 

properties with neutrino-electron scattering and improved flux uncertainties:

<latexit sha1_base64="EbH4XBOa+M6UmpEAsguvbIovuYo=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBA8hV0R9Rjw4jGCeUiyhNlJJxkyM7vM9IphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNG6eGQ53HMjatiFmQQkMdBUpoJQaYiiQ0o9HN1G8+grEi1vc4TiBUbKBFX3CGTnroIDxh1oJJt1T2K/4MdJkEOSmTHLVu6avTi3mqQCOXzNp24CcYZsyg4BImxU5qIWF8xAbQdlQzBTbMZgdP6KlTerQfG1ca6Uz9PZExZe1YRa5TMRzaRW8q/ue1U+xfh5nQSYqg+XxRP5UUYzr9nvaEAY5y7AjjRrhbKR8ywzi6jIouhGDx5WXSOK8ElxX/7qJcreVxFMgxOSFnJCBXpEpuSY3UCSeKPJNX8uYZ78V79z7mrStePnNE/sD7/AE9ZpC9</latexit>

Xe

<latexit sha1_base64="6HEHCjyA812H9xP4rvGCcDv6w44=">AAACAXicbVDLSgNBEJz1GeMr6kXwshgEDxJmRdSLEPSgxwjmAdmwzE46yZDZBzO9YljixV/x4kERr/6FN//GSbIHTSxoKKq66e7yYyk0Uvptzc0vLC4t51byq2vrG5uFre2ajhLFocojGamGzzRIEUIVBUpoxApY4Euo+/2rkV+/B6VFFN7hIIZWwLqh6AjO0EheYTfwUpf3xPDCodQ9chEeML2G2tArFGmJjmHPEicjRZKh4hW+3HbEkwBC5JJp3XRojK2UKRRcwjDvJhpixvusC01DQxaAbqXjD4b2gVHadidSpkK0x+rviZQFWg8C33QGDHt62huJ/3nNBDvnrVSEcYIQ8smiTiJtjOxRHHZbKOAoB4YwroS51eY9phhHE1rehOBMvzxLascl57REb0+K5cssjhzZI/vkkDjkjJTJDamQKuHkkTyTV/JmPVkv1rv1MWmds7KZHfIH1ucPrLOWZQ==</latexit>

m� = 100GeV

<latexit sha1_base64="+jArFpxKuYCsx1dIoB+YaRh0D64=">AAAB9HicbVDJSgNBEK2JW4xb1KOXxiB4CjMi6jEuB71IFLNAMoSeTk/SpGexuyYYhnyHFw+KePVjvPk3dpaDJj4oeLxXRVU9L5ZCo21/W5mFxaXllexqbm19Y3Mrv71T1VGiGK+wSEaq7lHNpQh5BQVKXo8Vp4Enec3rXY78Wp8rLaLwAQcxdwPaCYUvGEUjuU3kT5hend/Xbm6HrXzBLtpjkHniTEkBpii38l/NdsSSgIfIJNW64dgxuilVKJjkw1wz0TymrEc7vGFoSAOu3XR89JAcGKVN/EiZCpGM1d8TKQ20HgSe6QwodvWsNxL/8xoJ+mduKsI4QR6yySI/kQQjMkqAtIXiDOXAEMqUMLcS1qWKMjQ55UwIzuzL86R6VHROivbdcaF0MY0jC3uwD4fgwCmU4BrKUAEGj/AMr/Bm9a0X6936mLRmrOnMLvyB9fkDbK+R3w==</latexit>

DARWIN

<latexit sha1_base64="oTjIXv+QGW59M5eju9ZaURvwu/8=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBE8lUREPVb0oBepYj+gDWWz3bRLN5u4OymW0N/hxYMiXv0x3vw3btsctPXBwOO9GWbm+bHgGh3n21pYXFpeWc2t5dc3Nre2Czu7NR0lirIqjUSkGj7RTHDJqshRsEasGAl9wep+/3Ls1wdMaR7JBxzGzAtJV/KAU4JG8lrInjC9uriv39yO2oWiU3ImsOeJm5EiZKi0C1+tTkSTkEmkgmjddJ0YvZQo5FSwUb6VaBYT2idd1jRUkpBpL50cPbIPjdKxg0iZkmhP1N8TKQm1Hoa+6QwJ9vSsNxb/85oJBudeymWcIJN0uihIhI2RPU7A7nDFKIqhIYQqbm61aY8oQtHklDchuLMvz5Pacck9LTl3J8Wyk8WRg304gCNw4QzKcA0VqAKFR3iGV3izBtaL9W59TFsXrGxmD/7A+vwBZ0WRzQ==</latexit>

DAR
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��atm = 40%

<latexit sha1_base64="qtJgk9JMqJBVvqFYaa900lQaAzE=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiZSVBCh4MaNUKEvaEKZTCft0MmDmRs1xH6KGxeKuPVL3Pk3TtsstHrgwuGce7n3Hi8WXIFlfRmFpeWV1bXiemljc2t7xyzvtlWUSMpaNBKR7HpEMcFD1gIOgnVjyUjgCdbxxldTv3PHpOJR2IQ0Zm5AhiH3OSWgpb5ZvmkeO8AeIAPnIpUTfNk3K1bVmgH/JXZOKihHo29+OoOIJgELgQqiVM+2YnAzIoFTwSYlJ1EsJnRMhqynaUgCptxsdvoEH2plgP1I6goBz9SfExkJlEoDT3cGBEZq0ZuK/3m9BPxzN+NhnAAL6XyRnwgMEZ7mgAdcMgoi1YRQyfWtmI6IJBR0WiUdgr348l/SPqnap9Xaba1Sr+dxFNE+OkBHyEZnqI6uUQO1EEX36Am9oFfj0Xg23oz3eWvByGf20C8YH9+foJOY</latexit>

MT/t yr =
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DM Signal vs. Neutrino Background
• Updated sensitivities in Xe and Ar based on projected future detector 

properties with neutrino-electron scattering and improved flux uncertainties:
<latexit sha1_base64="6HEHCjyA812H9xP4rvGCcDv6w44=">AAACAXicbVDLSgNBEJz1GeMr6kXwshgEDxJmRdSLEPSgxwjmAdmwzE46yZDZBzO9YljixV/x4kERr/6FN//GSbIHTSxoKKq66e7yYyk0Uvptzc0vLC4t51byq2vrG5uFre2ajhLFocojGamGzzRIEUIVBUpoxApY4Euo+/2rkV+/B6VFFN7hIIZWwLqh6AjO0EheYTfwUpf3xPDCodQ9chEeML2G2tArFGmJjmHPEicjRZKh4hW+3HbEkwBC5JJp3XRojK2UKRRcwjDvJhpixvusC01DQxaAbqXjD4b2gVHadidSpkK0x+rviZQFWg8C33QGDHt62huJ/3nNBDvnrVSEcYIQ8smiTiJtjOxRHHZbKOAoB4YwroS51eY9phhHE1rehOBMvzxLascl57REb0+K5cssjhzZI/vkkDjkjJTJDamQKuHkkTyTV/JmPVkv1rv1MWmds7KZHfIH1ucPrLOWZQ==</latexit>

m� = 100GeV

<latexit sha1_base64="+jArFpxKuYCsx1dIoB+YaRh0D64=">AAAB9HicbVDJSgNBEK2JW4xb1KOXxiB4CjMi6jEuB71IFLNAMoSeTk/SpGexuyYYhnyHFw+KePVjvPk3dpaDJj4oeLxXRVU9L5ZCo21/W5mFxaXllexqbm19Y3Mrv71T1VGiGK+wSEaq7lHNpQh5BQVKXo8Vp4Enec3rXY78Wp8rLaLwAQcxdwPaCYUvGEUjuU3kT5hend/Xbm6HrXzBLtpjkHniTEkBpii38l/NdsSSgIfIJNW64dgxuilVKJjkw1wz0TymrEc7vGFoSAOu3XR89JAcGKVN/EiZCpGM1d8TKQ20HgSe6QwodvWsNxL/8xoJ+mduKsI4QR6yySI/kQQjMkqAtIXiDOXAEMqUMLcS1qWKMjQ55UwIzuzL86R6VHROivbdcaF0MY0jC3uwD4fgwCmU4BrKUAEGj/AMr/Bm9a0X6936mLRmrOnMLvyB9fkDbK+R3w==</latexit>

DARWIN

<latexit sha1_base64="EbH4XBOa+M6UmpEAsguvbIovuYo=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBA8hV0R9Rjw4jGCeUiyhNlJJxkyM7vM9IphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNG6eGQ53HMjatiFmQQkMdBUpoJQaYiiQ0o9HN1G8+grEi1vc4TiBUbKBFX3CGTnroIDxh1oJJt1T2K/4MdJkEOSmTHLVu6avTi3mqQCOXzNp24CcYZsyg4BImxU5qIWF8xAbQdlQzBTbMZgdP6KlTerQfG1ca6Uz9PZExZe1YRa5TMRzaRW8q/ue1U+xfh5nQSYqg+XxRP5UUYzr9nvaEAY5y7AjjRrhbKR8ywzi6jIouhGDx5WXSOK8ElxX/7qJcreVxFMgxOSFnJCBXpEpuSY3UCSeKPJNX8uYZ78V79z7mrStePnNE/sD7/AE9ZpC9</latexit>
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“neutrino floor”<latexit sha1_base64="oTjIXv+QGW59M5eju9ZaURvwu/8=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBE8lUREPVb0oBepYj+gDWWz3bRLN5u4OymW0N/hxYMiXv0x3vw3btsctPXBwOO9GWbm+bHgGh3n21pYXFpeWc2t5dc3Nre2Czu7NR0lirIqjUSkGj7RTHDJqshRsEasGAl9wep+/3Ls1wdMaR7JBxzGzAtJV/KAU4JG8lrInjC9uriv39yO2oWiU3ImsOeJm5EiZKi0C1+tTkSTkEmkgmjddJ0YvZQo5FSwUb6VaBYT2idd1jRUkpBpL50cPbIPjdKxg0iZkmhP1N8TKQm1Hoa+6QwJ9vSsNxb/85oJBudeymWcIJN0uihIhI2RPU7A7nDFKIqhIYQqbm61aY8oQtHklDchuLMvz5Pacck9LTl3J8Wyk8WRg304gCNw4QzKcA0VqAKFR3iGV3izBtaL9W59TFsXrGxmD/7A+vwBZ0WRzQ==</latexit>
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<latexit sha1_base64="qtJgk9JMqJBVvqFYaa900lQaAzE=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiZSVBCh4MaNUKEvaEKZTCft0MmDmRs1xH6KGxeKuPVL3Pk3TtsstHrgwuGce7n3Hi8WXIFlfRmFpeWV1bXiemljc2t7xyzvtlWUSMpaNBKR7HpEMcFD1gIOgnVjyUjgCdbxxldTv3PHpOJR2IQ0Zm5AhiH3OSWgpb5ZvmkeO8AeIAPnIpUTfNk3K1bVmgH/JXZOKihHo29+OoOIJgELgQqiVM+2YnAzIoFTwSYlJ1EsJnRMhqynaUgCptxsdvoEH2plgP1I6goBz9SfExkJlEoDT3cGBEZq0ZuK/3m9BPxzN+NhnAAL6XyRnwgMEZ7mgAdcMgoi1YRQyfWtmI6IJBR0WiUdgr348l/SPqnap9Xaba1Sr+dxFNE+OkBHyEZnqI6uUQO1EEX36Am9oFfj0Xg23oz3eWvByGf20C8YH9+foJOY</latexit>

MT/t yr =

annual Xe production in tonnes
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DM Signal vs. Neutrino Background
• Updated sensitivities in Xe and Ar based on projected future detector 

properties with neutrino-electron scattering and improved flux uncertainties:
<latexit sha1_base64="6HEHCjyA812H9xP4rvGCcDv6w44=">AAACAXicbVDLSgNBEJz1GeMr6kXwshgEDxJmRdSLEPSgxwjmAdmwzE46yZDZBzO9YljixV/x4kERr/6FN//GSbIHTSxoKKq66e7yYyk0Uvptzc0vLC4t51byq2vrG5uFre2ajhLFocojGamGzzRIEUIVBUpoxApY4Euo+/2rkV+/B6VFFN7hIIZWwLqh6AjO0EheYTfwUpf3xPDCodQ9chEeML2G2tArFGmJjmHPEicjRZKh4hW+3HbEkwBC5JJp3XRojK2UKRRcwjDvJhpixvusC01DQxaAbqXjD4b2gVHadidSpkK0x+rviZQFWg8C33QGDHt62huJ/3nNBDvnrVSEcYIQ8smiTiJtjOxRHHZbKOAoB4YwroS51eY9phhHE1rehOBMvzxLascl57REb0+K5cssjhzZI/vkkDjkjJTJDamQKuHkkTyTV/JmPVkv1rv1MWmds7KZHfIH1ucPrLOWZQ==</latexit>

m� = 100GeV

<latexit sha1_base64="F5/Gddtq/Uj7NlEeXWKksJ1BBLE=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqeyKqMeqB71ZxX7AdinZNNuGZpMlmRXL0p/hxYMiXv013vw3pu0etPpg4PHeDDPzwkRwA6775RQWFpeWV4qrpbX1jc2t8vZO06hUU9agSijdDolhgkvWAA6CtRPNSBwK1gqHlxO/9cC04UrewyhhQUz6kkecErCS3wH2CNn53dXNuFuuuFV3CvyXeDmpoBz1bvmz01M0jZkEKogxvucmEGREA6eCjUud1LCE0CHpM99SSWJmgmx68hgfWKWHI6VtScBT9edERmJjRnFoO2MCAzPvTcT/PD+F6CzIuExSYJLOFkWpwKDw5H/c45pRECNLCNXc3orpgGhCwaZUsiF48y//Jc2jqndSdW+PK7WLPI4i2kP76BB56BTV0DWqowaiSKEn9IJeHXCenTfnfdZacPKZXfQLzsc3LdORLw==</latexit>

ARGO

<latexit sha1_base64="ujb/fXzzI2GpOrslNyBE7IOlr6M=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHixWMF+yFtKJvtpl26uwm7E7GE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvTAQ36HnfTmFldW19o7hZ2tre2d0r7x80TZxqyho0FrFuh8QwwRVrIEfB2olmRIaCtcLRzdRvPTJteKzucZywQJKB4hGnBK300EX2hNm1nvTKFa/qzeAuEz8nFchR75W/uv2YppIppIIY0/G9BIOMaORUsEmpmxqWEDoiA9axVBHJTJDNDp64J1bpu1GsbSl0Z+rviYxIY8YytJ2S4NAselPxP6+TYnQVZFwlKTJF54uiVLgYu9Pv3T7XjKIYW0Ko5vZWlw6JJhRtRiUbgr/48jJpnlX9i6p3d16p1fM4inAEx3AKPlxCDW6hDg2gIOEZXuHN0c6L8+58zFsLTj5zCH/gfP4ALh2Qsw==</latexit>
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<latexit sha1_base64="XkQEc3QswNTBHQ7yEfNxjkrZ3K0=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqeyKqMeKB71ZxX7AdinZNNuGZpMlmRXL0p/hxYMiXv013vw3pu0etPXBwOO9GWbmhYngBlz32yksLa+srhXXSxubW9s75d29plGppqxBlVC6HRLDBJesARwEayeakTgUrBUOryZ+65Fpw5V8gFHCgpj0JY84JWAlvwPsCbLL++vbcbdccavuFHiReDmpoBz1bvmr01M0jZkEKogxvucmEGREA6eCjUud1LCE0CHpM99SSWJmgmx68hgfWaWHI6VtScBT9fdERmJjRnFoO2MCAzPvTcT/PD+F6CLIuExSYJLOFkWpwKDw5H/c45pRECNLCNXc3orpgGhCwaZUsiF48y8vkuZJ1TurunenlZqbx1FEB+gQHSMPnaMaukF11EAUKfSMXtGbA86L8+58zFoLTj6zj/7A+fwBKGmRHQ==</latexit>
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<latexit sha1_base64="qtJgk9JMqJBVvqFYaa900lQaAzE=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiZSVBCh4MaNUKEvaEKZTCft0MmDmRs1xH6KGxeKuPVL3Pk3TtsstHrgwuGce7n3Hi8WXIFlfRmFpeWV1bXiemljc2t7xyzvtlWUSMpaNBKR7HpEMcFD1gIOgnVjyUjgCdbxxldTv3PHpOJR2IQ0Zm5AhiH3OSWgpb5ZvmkeO8AeIAPnIpUTfNk3K1bVmgH/JXZOKihHo29+OoOIJgELgQqiVM+2YnAzIoFTwSYlJ1EsJnRMhqynaUgCptxsdvoEH2plgP1I6goBz9SfExkJlEoDT3cGBEZq0ZuK/3m9BPxzN+NhnAAL6XyRnwgMEZ7mgAdcMgoi1YRQyfWtmI6IJBR0WiUdgr348l/SPqnap9Xaba1Sr+dxFNE+OkBHyEZnqI6uUQO1EEX36Am9oFfj0Xg23oz3eWvByGf20C8YH9+foJOY</latexit>

MT/t yr =
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DM Signal vs. Neutrino Background
• Updated sensitivities in Xe and Ar based on projected future detector 

properties with neutrino-electron scattering and improved flux uncertainties:
<latexit sha1_base64="6HEHCjyA812H9xP4rvGCcDv6w44=">AAACAXicbVDLSgNBEJz1GeMr6kXwshgEDxJmRdSLEPSgxwjmAdmwzE46yZDZBzO9YljixV/x4kERr/6FN//GSbIHTSxoKKq66e7yYyk0Uvptzc0vLC4t51byq2vrG5uFre2ajhLFocojGamGzzRIEUIVBUpoxApY4Euo+/2rkV+/B6VFFN7hIIZWwLqh6AjO0EheYTfwUpf3xPDCodQ9chEeML2G2tArFGmJjmHPEicjRZKh4hW+3HbEkwBC5JJp3XRojK2UKRRcwjDvJhpixvusC01DQxaAbqXjD4b2gVHadidSpkK0x+rviZQFWg8C33QGDHt62huJ/3nNBDvnrVSEcYIQ8smiTiJtjOxRHHZbKOAoB4YwroS51eY9phhHE1rehOBMvzxLascl57REb0+K5cssjhzZI/vkkDjkjJTJDamQKuHkkTyTV/JmPVkv1rv1MWmds7KZHfIH1ucPrLOWZQ==</latexit>

m� = 100GeV

<latexit sha1_base64="F5/Gddtq/Uj7NlEeXWKksJ1BBLE=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqeyKqMeqB71ZxX7AdinZNNuGZpMlmRXL0p/hxYMiXv013vw3pu0etPpg4PHeDDPzwkRwA6775RQWFpeWV4qrpbX1jc2t8vZO06hUU9agSijdDolhgkvWAA6CtRPNSBwK1gqHlxO/9cC04UrewyhhQUz6kkecErCS3wH2CNn53dXNuFuuuFV3CvyXeDmpoBz1bvmz01M0jZkEKogxvucmEGREA6eCjUud1LCE0CHpM99SSWJmgmx68hgfWKWHI6VtScBT9edERmJjRnFoO2MCAzPvTcT/PD+F6CzIuExSYJLOFkWpwKDw5H/c45pRECNLCNXc3orpgGhCwaZUsiF48y//Jc2jqndSdW+PK7WLPI4i2kP76BB56BTV0DWqowaiSKEn9IJeHXCenTfnfdZacPKZXfQLzsc3LdORLw==</latexit>

ARGO

<latexit sha1_base64="ujb/fXzzI2GpOrslNyBE7IOlr6M=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHixWMF+yFtKJvtpl26uwm7E7GE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvTAQ36HnfTmFldW19o7hZ2tre2d0r7x80TZxqyho0FrFuh8QwwRVrIEfB2olmRIaCtcLRzdRvPTJteKzucZywQJKB4hGnBK300EX2hNm1nvTKFa/qzeAuEz8nFchR75W/uv2YppIppIIY0/G9BIOMaORUsEmpmxqWEDoiA9axVBHJTJDNDp64J1bpu1GsbSl0Z+rviYxIY8YytJ2S4NAselPxP6+TYnQVZFwlKTJF54uiVLgYu9Pv3T7XjKIYW0Ko5vZWlw6JJhRtRiUbgr/48jJpnlX9i6p3d16p1fM4inAEx3AKPlxCDW6hDg2gIOEZXuHN0c6L8+58zFsLTj5zCH/gfP4ALh2Qsw==</latexit>
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“neutrino floor”
<latexit sha1_base64="XkQEc3QswNTBHQ7yEfNxjkrZ3K0=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqeyKqMeKB71ZxX7AdinZNNuGZpMlmRXL0p/hxYMiXv013vw3pu0etPXBwOO9GWbmhYngBlz32yksLa+srhXXSxubW9s75d29plGppqxBlVC6HRLDBJesARwEayeakTgUrBUOryZ+65Fpw5V8gFHCgpj0JY84JWAlvwPsCbLL++vbcbdccavuFHiReDmpoBz1bvmr01M0jZkEKogxvucmEGREA6eCjUud1LCE0CHpM99SSWJmgmx68hgfWaWHI6VtScBT9fdERmJjRnFoO2MCAzPvTcT/PD+F6CLIuExSYJLOFkWpwKDw5H/c45pRECNLCNXc3orpgGhCwaZUsiF48y8vkuZJ1TurunenlZqbx1FEB+gQHSMPnaMaukF11EAUKfSMXtGbA86L8+58zFoLTj6zj/7A+fwBKGmRHQ==</latexit>
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<latexit sha1_base64="qtJgk9JMqJBVvqFYaa900lQaAzE=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiZSVBCh4MaNUKEvaEKZTCft0MmDmRs1xH6KGxeKuPVL3Pk3TtsstHrgwuGce7n3Hi8WXIFlfRmFpeWV1bXiemljc2t7xyzvtlWUSMpaNBKR7HpEMcFD1gIOgnVjyUjgCdbxxldTv3PHpOJR2IQ0Zm5AhiH3OSWgpb5ZvmkeO8AeIAPnIpUTfNk3K1bVmgH/JXZOKihHo29+OoOIJgELgQqiVM+2YnAzIoFTwSYlJ1EsJnRMhqynaUgCptxsdvoEH2plgP1I6goBz9SfExkJlEoDT3cGBEZq0ZuK/3m9BPxzN+NhnAAL6XyRnwgMEZ7mgAdcMgoi1YRQyfWtmI6IJBR0WiUdgr348l/SPqnap9Xaba1Sr+dxFNE+OkBHyEZnqI6uUQO1EEX36Am9oFfj0Xg23oz3eWvByGf20C8YH9+foJOY</latexit>

MT/t yr =

annual atm Ar production in tonnes
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Neutrino Floor or Fog?
• The neutrino floor in these analyses is not completely impenetrable: 

at very large exposures, we can “learn” the shape of the background and 
use spectral information to distinguish it from the DM signal.


• neutrino floor → neutrino fog 
[O’Hare 2021, Snowmass 2022]
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<latexit sha1_base64="lXmlk+dpQiyT1eUbV/e9/Q0oIZA=">AAACDXicbVDLSsNAFJ34rPUVdelmsArtwpKIr41QcONCoUJf0IQwmUzaoZNJmJkIJeQH3Pgrblwo4ta9O//G6WOhrQcunDnnXube4yeMSmVZ38bC4tLyymphrbi+sbm1be7stmScCkyaOGax6PhIEkY5aSqqGOkkgqDIZ6TtD65HfvuBCElj3lDDhLgR6nEaUoyUljzzkMMreOyEAuEscBgvO5L2IuTxSj553zUquWeWrKo1Bpwn9pSUwBR1z/xyghinEeEKMyRl17YS5WZIKIoZyYtOKkmC8AD1SFdTjiIi3Wx8TQ6PtBLAMBa6uIJj9fdEhiIph5GvOyOk+nLWG4n/ed1UhZduRnmSKsLx5KMwZVDFcBQNDKggWLGhJggLqneFuI90MkoHWNQh2LMnz5PWSdU+r57dn5Zqt9M4CmAfHIAysMEFqIEbUAdNgMEjeAav4M14Ml6Md+Nj0rpgTGf2wB8Ynz/Wz5rY</latexit>

n = � d ln(�n)

d ln(MT )

https://inspirehep.net/literature/1918102
https://inspirehep.net/literature/2052588
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Neutrino Floor or Fog?
• But most analyses so far fix the detector response and neutrino spectral 

shape and only float the overall normalization in the profile likelihood: 
 
e.g. Neutrino Spectra 
 
 
 

• Uncertainties in the neutrino spectral shape or the detector response 
make it much more difficult to separate signal from background using the 
recoil energy spectral shape information when S/B << 1. 

<latexit sha1_base64="7GrFk3/UAIqIkip5kIZbJr/7aCY="></latexit>

d�⌫,j

dE⌫
= �j fj(E⌫)

allowed to fluctuate

held fixed
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Neutrino Floor or Fog?
e.g. shape uncertainty in electron recoil rejection      (                        ) <latexit sha1_base64="l4m3hq/2eq2e6g3uSgmN8dwhw5E=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi8cI5gHJEmYnvcmQ2dl1ZjYQlnyHFw+KePVjvPk3TpI9aGJBQ1HVTXdXkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3xqg0j+WjmSToR3QgecgZNVbyu2OqMNFcxLKHvXLFrbpzkFXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgtNRNNSaUjegAO5ZKGqH2s/nRU3JmlT4JY2VLGjJXf09kNNJ6EgW2M6JmqJe9mfif10lNeOtnXCapQckWi8JUEBOTWQKkzxUyIyaWUKa4vZWwIVWUGZtTyYbgLb+8SpoXVe+6evVwWanV8ziKcAKncA4e3EAN7qEODWDwBM/wCm/O2Hlx3p2PRWvByWeO4Q+czx8+ApJ3</latexit>"e

= no electron rejection (ER) uncertainty 

= 20% overall ER uncertainty 

= 10% ER uncertainty in each recoil bin 
    (toy model)

<latexit sha1_base64="w4xRH47FnAeHGdH13k+4/Rs8yBk=">AAAB/3icbVDJSgNBEO1xjXGLCl68NAYhXsJMcDsGvOQYwSyQjKGn05M06e4ZumvEMObgr3jxoIhXf8Obf2NnOWjig4LHe1VU1QtiwQ247reztLyyurae2chubm3v7Ob29usmSjRlNRqJSDcDYpjgitWAg2DNWDMiA8EaweB67DfumTY8UrcwjJkvSU/xkFMCVurkDtuG9yTpKFxoA3uAlMrRXem0k8u7RXcCvEi8GcmjGaqd3Fe7G9FEMgVUEGNanhuDnxINnAo2yrYTw2JCB6THWpYqIpnx08n9I3xilS4OI21LAZ6ovydSIo0ZysB2SgJ9M++Nxf+8VgLhlZ9yFSfAFJ0uChOBIcLjMHCXa0ZBDC0hVHN7K6Z9ogkFG1nWhuDNv7xI6qWid1E8vznLlyuzODLoCB2jAvLQJSqjCqqiGqLoET2jV/TmPDkvzrvzMW1dcmYzB+gPnM8fZZ+Vuw==</latexit> �
n
(c
m

2
)

10�50

10�49

10�48

10�47

10�46

101 102 103 104 105 106 107 108

Xe DARWIN-like

�
n
(c
m

2
)

MT (t yr)

m� = 30GeV
m� = 100GeV
m� = 300GeV

<latexit sha1_base64="b3zwlJnwMbtkw1AFLKEoa8GABTg=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4sSSlPjZCwY0LFxXsA9pYJtNJO3QyCTMTpcR+ihsXirj1S9z5N07bLLT1wIXDOfdy7z1+zJnSjvNtLS2vrK6t5zbym1vbO7t2Ya+hokQSWicRj2TLx4pyJmhdM81pK5YUhz6nTX94NfGbD1QqFok7PYqpF+K+YAEjWBupaxcuUbmjWUgVcp379KQy7tpFp+RMgRaJm5EiZKh17a9OLyJJSIUmHCvVdp1YeymWmhFOx/lOomiMyRD3adtQgc0yL52ePkZHRumhIJKmhEZT9fdEikOlRqFvOkOsB2rem4j/ee1EBxdeykScaCrIbFGQcKQjNMkB9ZikRPORIZhIZm5FZIAlJtqklTchuPMvL5JGueSelU5vK8XqTRZHDg7gEI7BhXOowjXUoA4EHuEZXuHNerJerHfrY9a6ZGUz+/AH1ucPI9aSrg==</latexit>

= 2⇥ 10�4

<latexit sha1_base64="j2iDmghtnrZot/+K7CdxUjsGe14=">AAACCHicbVC7SgNBFJ2Nrxhfq5YWDgbBxrAb4qMRAjYpI5gHZNcwO7mbDJl9MDMbCEtKG3/FxkIRWz/Bzr9xkmyhiQcGzj3nXu7c48WcSWVZ30ZuZXVtfSO/Wdja3tndM/cPmjJKBIUGjXgk2h6RwFkIDcUUh3YsgAQeh5Y3vJ36rREIyaLwXo1jcAPSD5nPKFFa6prHzogIiCXjugJ8g8uOYgFIbFsP6Xll0jWLVsmaAS8TOyNFlKHeNb+cXkSTAEJFOZGyY1uxclMiFKMcJgUnkRATOiR96GgaEr3MTWeHTPCpVnrYj4R+ocIz9fdESgIpx4GnOwOiBnLRm4r/eZ1E+dduysI4URDS+SI/4VhFeJoK7jEBVPGxJoQKpv+K6YAIQpXOrqBDsBdPXibNcsm+LF3cVYrVWhZHHh2hE3SGbHSFqqiG6qiBKHpEz+gVvRlPxovxbnzMW3NGNnOI/sD4/AEJ5pi5</latexit>

"e = 2⇥ 10�4
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Below the Neutrino Floor
• Several well-motivated DM candidates lie below the neutrino floor/fog.   e.g. Thermal Higgsino in the Supersymmetric Standard Model (MSSM)


• correct thermal relic density for 


• nucleon scattering mainly via Higgs exchange,


<latexit sha1_base64="3jzM81+Qwd5pRB+Ad6QbvMxIdqY=">AAACEXicbZA9SwNBEIb3/DZ+nVraLAYhhYQ78asUbCwsIiRRyB1hbzMxi7t35+6cGI78BRv/io2FIrZ2dv4bN/EEjb6w8PDODLPzRqkUBj3vw5mYnJqemZ2bLy0sLi2vuKtrTZNkmkODJzLRFxEzIEUMDRQo4SLVwFQk4Ty6Oh7Wz29AG5HEdeynECp2GYuu4Ayt1XYrqh3wnqCBEQquaaCyb/SrfrAdINxiXofmoO2Wvao3Ev0LfgFlUqjWdt+DTsIzBTFyyYxp+V6KYc40Ci5hUAoyAynjV+wSWhZjpsCE+eiiAd2yTod2E21fjHTk/pzImTKmryLbqRj2zHhtaP5Xa2XYPQxzEacZQsy/FnUzSTGhw3hoR2jgKPsWGNfC/pXyHtOMow2xZEPwx0/+C82dqr9f3TvbLR+dFnHMkQ2ySSrEJwfkiJyQGmkQTu7IA3kiz8698+i8OK9frRNOMbNOfsl5+wQfIpyf</latexit>

m� ' µ ' 1.1TeV

doublet

triplet
had
pert

110 115 120 125 130 13510-51

10-50

10-49

10-48

10-47

0-0.2 0.210-47

10-45

10-43

pure singlet pure doublet
pert
had

0.01

0.1 1

0.1
0.01

-4 -2 0 2 4 6 8 1010-50

10-49

10-48

10-47

10-46

10-45

<latexit sha1_base64="0YDekayhVwm49uHOljJ0NBCS4Qg=">AAACEHicbVA9SwNBEN3zM8avqKXNYhAtNNxJ1JQBGwsLBRMDuRj2NpO4uLt37M6J4chPsPGv2FgoYmtp579xE1P49WDg8d4MM/OiRAqLvv/hTUxOTc/M5uby8wuLS8uFldW6jVPDocZjGZtGxCxIoaGGAiU0EgNMRRIuouujoX9xA8aKWJ9jP4GWYj0tuoIzdFK7sBVa0VOsrWkowVorFA38y2y3XBmEOyHCLWZcDS732oWiX/JHoH9JMCZFMsZpu/AedmKeKtDIJbO2GfgJtjJmUHAJg3yYWkgYv2Y9aDqqmQLbykYPDeimUzq0GxtXGulI/T6RMWVtX0WuUzG8sr+9ofif10yxW2llQicpguZfi7qppBjTYTq0IwxwlH1HGDfC3Ur5FTOMo8sw70IIfr/8l9T3SsFBaf+sXKyejOPIkXWyQbZJQA5JlRyTU1IjnNyRB/JEnr1779F78V6/Wie88cwa+QHv7ROzZpxs</latexit>

�n . 10�48 cm2

<latexit sha1_base64="jgGAfbeRBQl6mpewFM0YWudnyIU=">AAAB/3icbVDJSgNBEO1xjXGLCl68NAYhXsJMcDsGRPAYwSyQGUNPp5M06e4ZumvEMObgr3jxoIhXf8Obf2NnOWjig4LHe1VU1QtjwQ247rezsLi0vLKaWcuub2xubed2dmsmSjRlVRqJSDdCYpjgilWBg2CNWDMiQ8HqYf9y5NfvmTY8UrcwiFkgSVfxDqcErNTK7fuGdyVpKVzwgT1ASuXwrnTcyuXdojsGnifelOTRFJVW7stvRzSRTAEVxJim58YQpEQDp4INs35iWExon3RZ01JFJDNBOr5/iI+s0sadSNtSgMfq74mUSGMGMrSdkkDPzHoj8T+vmUDnIki5ihNgik4WdRKBIcKjMHCba0ZBDCwhVHN7K6Y9ogkFG1nWhuDNvjxPaqWid1Y8vTnJl6+mcWTQATpEBeShc1RG16iCqoiiR/SMXtGb8+S8OO/Ox6R1wZnO7KE/cD5/AGS4lbg=</latexit> �
n
(c
m

2
)

<latexit sha1_base64="UZgFdNWBOMgX0A+nDzykvmWiyag=">AAAB+XicbVDJSgNBEO2JW4zbqEcvjUGIlzAjbseAiB4jmAWSMPR0apImPQvdNcEw5E+8eFDEq3/izb+xsxw08UHB470qqur5iRQaHefbyq2srq1v5DcLW9s7u3v2/kFdx6niUOOxjFXTZxqkiKCGAiU0EwUs9CU0/MHNxG8MQWkRR484SqATsl4kAsEZGsmz7dDr01Ib4QmzO6iPTz276JSdKegyceekSOaoevZXuxvzNIQIuWRat1wnwU7GFAouYVxopxoSxgesBy1DIxaC7mTTy8f0xChdGsTKVIR0qv6eyFio9Sj0TWfIsK8XvYn4n9dKMbjuZCJKUoSIzxYFqaQY00kMtCsUcJQjQxhXwtxKeZ8pxtGEVTAhuIsvL5P6Wdm9LF88nBcrt/M48uSIHJMScckVqZB7UiU1wsmQPJNX8mZl1ov1bn3MWnPWfOaQ/IH1+QO465MY</latexit>

mh(GeV)
<latexit sha1_base64="Z6qa6OwaSu9Z58yGTVTFQG5boww=">AAACA3icbVDLSsNAFJ3UV62vqDvdBItQNzUp9bEsqOCygn1AEsPNdFqHTpJhZiKUUnDjr7hxoYhbf8Kdf+O0zUJbD1w4nHMv994Tckalsu1vI7ewuLS8kl8trK1vbG6Z2ztNmaQCkwZOWCLaIUjCaEwaiipG2lwQiEJGWmH/Yuy3HoiQNIlv1YATP4JeTLsUg9JSYO55l4QpOHZLVY9Trw+cw9FdJQpafmAW7bI9gTVPnIwUUYZ6YH55nQSnEYkVZiCl69hc+UMQimJGRgUvlYQD7kOPuJrGEBHpDyc/jKxDrXSsbiJ0xcqaqL8nhhBJOYhC3RmBupez3lj8z3NT1T33hzTmqSIxni7qpsxSiTUOxOpQQbBiA00AC6pvtfA9CMBKx1bQITizL8+TZqXsnJZPbqrF2lUWRx7towNUQg46QzV0jeqogTB6RM/oFb0ZT8aL8W58TFtzRjazi/7A+PwBY+2Wvw==</latexit>

�/[(4⇡)2mW ]

<latexit sha1_base64="jgGAfbeRBQl6mpewFM0YWudnyIU=">AAAB/3icbVDJSgNBEO1xjXGLCl68NAYhXsJMcDsGRPAYwSyQGUNPp5M06e4ZumvEMObgr3jxoIhXf8Obf2NnOWjig4LHe1VU1QtjwQ247rezsLi0vLKaWcuub2xubed2dmsmSjRlVRqJSDdCYpjgilWBg2CNWDMiQ8HqYf9y5NfvmTY8UrcwiFkgSVfxDqcErNTK7fuGdyVpKVzwgT1ASuXwrnTcyuXdojsGnifelOTRFJVW7stvRzSRTAEVxJim58YQpEQDp4INs35iWExon3RZ01JFJDNBOr5/iI+s0sadSNtSgMfq74mUSGMGMrSdkkDPzHoj8T+vmUDnIki5ihNgik4WdRKBIcKjMHCba0ZBDCwhVHN7K6Y9ogkFG1nWhuDNvjxPaqWid1Y8vTnJl6+mcWTQATpEBeShc1RG16iCqoiiR/SMXtGb8+S8OO/Ox6R1wZnO7KE/cD5/AGS4lbg=</latexit> �
n
(c
m

2
)

[Hill + Solon 2013]

https://inspirehep.net/literature/1254351
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Below the Neutrino Floor
• Several well-motivated DM candidates lie below the neutrino floor/fog.


• Ideas for going beyond it: 


• detectors with directional sensitivity


• combining data from different detector materials


• (unrealistically?) large detector volumes  

• Another idea: DM direct detection on the Moon.   J. Siegrist, “NASA is going back to the moon. How could physicists   collaborate?”, in Remarks from Funding Agencies to the Snowmass  Process: DOE,”  Snowmass Community Planning Meeting, October 2020.
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Atmospheric Neutrino Production
• Atmospheric neutrinos are the dominant neutrino background for


• Neutrinos are produced by cosmic rays hitting the atmosphere. 
 
 
 
 
 
 
 
 

<latexit sha1_base64="M2EGx9Q5myx+qXzpVKenJtkzuEs=">AAACBnicbVC7SgNBFJ31GeMrainCYBAsJOxKUMuAhSkjmAdkQ5id3CRDZnaXmbtiWFLZ+Cs2ForY+g12/o2TR6GJBwYO55zLnXuCWAqDrvvtLC2vrK6tZzaym1vbO7u5vf2aiRLNocojGelGwAxIEUIVBUpoxBqYCiTUg8H12K/fgzYiCu9wGENLsV4ouoIztFI7d6TaPu8L6vfQhhT1XP/MR3jA9AZqo3Yu7xbcCegi8WYkT2aotHNffifiiYIQuWTGND03xlbKNAouYZT1EwMx4wPWg6alIVNgWunkjBE9sUqHdiNtX4h0ov6eSJkyZqgCm1QM+2beG4v/ec0Eu1etVIRxghDy6aJuIilGdNwJ7QgNHOXQEsa1sH+lvM8042iby9oSvPmTF0ntvOBdFIq3xXypPKsjQw7JMTklHrkkJVImFVIlnDySZ/JK3pwn58V5dz6m0SVnNnNA/sD5/AFTUZhu</latexit>

m� & 10GeV

Nucleus 
(A,Z)

CR 
 proton

<latexit sha1_base64="muQMmk77QgxDmteGh0iFxKsj1D0=">AAACBHicbZDLSsNAFIYn9VbrLeqym2BRXJSSSFGXBTcFNxXsBZpYJpNpO3QuYWYilNCFG1/FjQtF3PoQ7nwbp20Ebf1h4OM/53Dm/GFMidKu+2XlVlbX1jfym4Wt7Z3dPXv/oKVEIhFuIkGF7IRQYUo4bmqiKe7EEkMWUtwOR1fTevseS0UEv9XjGAcMDjjpEwS1sXp28cSPyV3qx2xS9svXP0QjoVXPLrkVdyZnGbwMSiBTo2d/+pFACcNcIwqV6npurIMUSk0QxZOCnygcQzSCA9w1yCHDKkhnR0ycY+NETl9I87h2Zu7viRQypcYsNJ0M6qFarE3N/2rdRPcvg5TwONGYo/mifkIdLZxpIk5EJEaajg1AJIn5q4OGUEKkTW4FE4K3ePIytM4q3nmlelMt1epZHHlQBEfgFHjgAtRAHTRAEyDwAJ7AC3i1Hq1n6816n7fmrGzmEPyR9fENUoaX7g==</latexit>

⇡±, K±, . . .

<latexit sha1_base64="LJ+QjgdRdg9jCueBpw6NwvzAoGg=">AAACAnicbVDLSsNAFJ34rPUVdSVuBosiFEoiRV0W3HRZwT6gScNkOmmHTiZhHkIJxY2/4saFIm79Cnf+jdM2C209MHA4517unBOmjErlON/Wyura+sZmYau4vbO7t28fHLZkogUmTZywRHRCJAmjnDQVVYx0UkFQHDLSDke3U7/9QISkCb9X45T4MRpwGlGMlJEC+/jcS2kvK0+gpxLoxbpX9rgODAnsklNxZoDLxM1JCeRoBPaX10+wjglXmCEpu66TKj9DQlHMyKToaUlShEdoQLqGchQT6WezCBN4ZpQ+jBJhHldwpv7eyFAs5TgOzWSM1FAuelPxP6+rVXTjZ5SnWhGO54cizaBJO+0D9qkgWLGxIQgLav4K8RAJhJVprWhKcBcjL5PWZcW9qlTvqqVaPa+jAE7AKbgALrgGNVAHDdAEGDyCZ/AK3qwn68V6tz7moytWvnME/sD6/AEvHpay</latexit>

⇡+ ! µ+⌫µ

<latexit sha1_base64="FSdql0J/ZK5N+0G9sMtU/hc5SMs=">AAAB/3icbZDLSgMxFIYzXmu9jQpu3ASLIBTKjBR1WXBTcFPBXqAzHTJppg1NMkOSEcrYha/ixoUibn0Nd76NaTsLbf0h8PGfc8g5f5gwqrTjfFsrq2vrG5uFreL2zu7evn1w2FJxKjFp4pjFshMiRRgVpKmpZqSTSIJ4yEg7HN1M6+0HIhWNxb0eJ8TnaCBoRDHSxgrs49teVp5AT8fQ42mv7Ik0MBDYJafizASXwc2hBHI1AvvL68c45URozJBSXddJtJ8hqSlmZFL0UkUShEdoQLoGBeJE+dls/wk8M04fRrE0T2g4c39PZIgrNeah6eRID9VibWr+V+umOrr2MyqSVBOB5x9FKYPm2mkYsE8lwZqNDSAsqdkV4iGSCGsTWdGE4C6evAyti4p7WaneVUu1eh5HAZyAU3AOXHAFaqAOGqAJMHgEz+AVvFlP1ov1bn3MW1esfOYI/JH1+QMLSZWE</latexit>

K+ ! µ+⌫µ

primary collision secondaries decays in flight

<latexit sha1_base64="/ZMZsBDK2pA5asWMTMG8d/K9t3k=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkUQhJJIUZcFN11WsA9oYphMb9qhk0mYh1BCd278FTcuFHHrL7jzb5w+Ftp6YLiHc+7lzj1RxqhUrvttFVZW19Y3ipulre2d3T17/6AlUy0INEnKUtGJsARGOTQVVQw6mQCcRAza0fBm4rcfQEia8js1yiBIcJ/TmBKsjBTax36i7899lTpgSoRF7nM9Do1qagihXXYr7hTOMvHmpIzmaIT2l99LiU6AK8KwlF3PzVSQY6EoYTAu+VpChskQ96FrKMcJyCCf3jF2To3Sc+JUmMeVM1V/T+Q4kXKURKYzwWogF72J+J/X1Sq+DnLKM62Ak9miWDPHnD0JxelRAUSxkSGYCGr+6pABFpgoE13JhOAtnrxMWhcV77JSva2Wa/V5HEV0hE7QGfLQFaqhOmqgJiLoET2jV/RmPVkv1rv1MWstWPOZQ/QH1ucP6RqZYg==</latexit>

µ+ ! e+⌫̄µ⌫e
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Moon CR Neutrino Production
• The Moon has almost no atmosphere.


• Neutrinos are produced by cosmic rays hitting the planetary surface.


• Secondaries are nearly all stopped by the medium before decaying.


 
 
 
 
 

Nucleus 
(A,Z)

CR 
 proton

<latexit sha1_base64="muQMmk77QgxDmteGh0iFxKsj1D0=">AAACBHicbZDLSsNAFIYn9VbrLeqym2BRXJSSSFGXBTcFNxXsBZpYJpNpO3QuYWYilNCFG1/FjQtF3PoQ7nwbp20Ebf1h4OM/53Dm/GFMidKu+2XlVlbX1jfym4Wt7Z3dPXv/oKVEIhFuIkGF7IRQYUo4bmqiKe7EEkMWUtwOR1fTevseS0UEv9XjGAcMDjjpEwS1sXp28cSPyV3qx2xS9svXP0QjoVXPLrkVdyZnGbwMSiBTo2d/+pFACcNcIwqV6npurIMUSk0QxZOCnygcQzSCA9w1yCHDKkhnR0ycY+NETl9I87h2Zu7viRQypcYsNJ0M6qFarE3N/2rdRPcvg5TwONGYo/mifkIdLZxpIk5EJEaajg1AJIn5q4OGUEKkTW4FE4K3ePIytM4q3nmlelMt1epZHHlQBEfgFHjgAtRAHTRAEyDwAJ7AC3i1Hq1n6816n7fmrGzmEPyR9fENUoaX7g==</latexit>

⇡±, K±, . . .

<latexit sha1_base64="LJ+QjgdRdg9jCueBpw6NwvzAoGg=">AAACAnicbVDLSsNAFJ34rPUVdSVuBosiFEoiRV0W3HRZwT6gScNkOmmHTiZhHkIJxY2/4saFIm79Cnf+jdM2C209MHA4517unBOmjErlON/Wyura+sZmYau4vbO7t28fHLZkogUmTZywRHRCJAmjnDQVVYx0UkFQHDLSDke3U7/9QISkCb9X45T4MRpwGlGMlJEC+/jcS2kvK0+gpxLoxbpX9rgODAnsklNxZoDLxM1JCeRoBPaX10+wjglXmCEpu66TKj9DQlHMyKToaUlShEdoQLqGchQT6WezCBN4ZpQ+jBJhHldwpv7eyFAs5TgOzWSM1FAuelPxP6+rVXTjZ5SnWhGO54cizaBJO+0D9qkgWLGxIQgLav4K8RAJhJVprWhKcBcjL5PWZcW9qlTvqqVaPa+jAE7AKbgALrgGNVAHDdAEGDyCZ/AK3qwn68V6tz7moytWvnME/sD6/AEvHpay</latexit>

⇡+ ! µ+⌫µ

<latexit sha1_base64="FSdql0J/ZK5N+0G9sMtU/hc5SMs=">AAAB/3icbZDLSgMxFIYzXmu9jQpu3ASLIBTKjBR1WXBTcFPBXqAzHTJppg1NMkOSEcrYha/ixoUibn0Nd76NaTsLbf0h8PGfc8g5f5gwqrTjfFsrq2vrG5uFreL2zu7evn1w2FJxKjFp4pjFshMiRRgVpKmpZqSTSIJ4yEg7HN1M6+0HIhWNxb0eJ8TnaCBoRDHSxgrs49teVp5AT8fQ42mv7Ik0MBDYJafizASXwc2hBHI1AvvL68c45URozJBSXddJtJ8hqSlmZFL0UkUShEdoQLoGBeJE+dls/wk8M04fRrE0T2g4c39PZIgrNeah6eRID9VibWr+V+umOrr2MyqSVBOB5x9FKYPm2mkYsE8lwZqNDSAsqdkV4iGSCGsTWdGE4C6evAyti4p7WaneVUu1eh5HAZyAU3AOXHAFaqAOGqAJMHgEz+AVvFlP1ov1bn3MW1esfOYI/JH1+QMLSZWE</latexit>

K+ ! µ+⌫µ

primary collision secondaries decays at REST

<latexit sha1_base64="/ZMZsBDK2pA5asWMTMG8d/K9t3k=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkUQhJJIUZcFN11WsA9oYphMb9qhk0mYh1BCd278FTcuFHHrL7jzb5w+Ftp6YLiHc+7lzj1RxqhUrvttFVZW19Y3ipulre2d3T17/6AlUy0INEnKUtGJsARGOTQVVQw6mQCcRAza0fBm4rcfQEia8js1yiBIcJ/TmBKsjBTax36i7899lTpgSoRF7nM9Do1qagihXXYr7hTOMvHmpIzmaIT2l99LiU6AK8KwlF3PzVSQY6EoYTAu+VpChskQ96FrKMcJyCCf3jF2To3Sc+JUmMeVM1V/T+Q4kXKURKYzwWogF72J+J/X1Sq+DnLKM62Ak9miWDPHnD0JxelRAUSxkSGYCGr+6pABFpgoE13JhOAtnrxMWhcV77JSva2Wa/V5HEV0hE7QGfLQFaqhOmqgJiLoET2jV/RmPVkv1rv1MWstWPOZQ/QH1ucP6RqZYg==</latexit>

µ+ ! e+⌫̄µ⌫e
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Neutrino Fluxes on the Moon
• Calculated by leveraging GEANT Simulations by [Demidov+Gorbunov 2020]
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https://inspirehep.net/literature/1838090
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Neutrino Fluxes on the Moon
• Calculated by leveraging GEANT Simulations by [Demidov+Gorbunov 2020]
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<latexit sha1_base64="LJ+QjgdRdg9jCueBpw6NwvzAoGg=">AAACAnicbVDLSsNAFJ34rPUVdSVuBosiFEoiRV0W3HRZwT6gScNkOmmHTiZhHkIJxY2/4saFIm79Cnf+jdM2C209MHA4517unBOmjErlON/Wyura+sZmYau4vbO7t28fHLZkogUmTZywRHRCJAmjnDQVVYx0UkFQHDLSDke3U7/9QISkCb9X45T4MRpwGlGMlJEC+/jcS2kvK0+gpxLoxbpX9rgODAnsklNxZoDLxM1JCeRoBPaX10+wjglXmCEpu66TKj9DQlHMyKToaUlShEdoQLqGchQT6WezCBN4ZpQ+jBJhHldwpv7eyFAs5TgOzWSM1FAuelPxP6+rVXTjZ5SnWhGO54cizaBJO+0D9qkgWLGxIQgLav4K8RAJhJVprWhKcBcjL5PWZcW9qlTvqqVaPa+jAE7AKbgALrgGNVAHDdAEGDyCZ/AK3qwn68V6tz7moytWvnME/sD6/AEvHpay</latexit>

⇡+ ! µ+⌫µ

<latexit sha1_base64="FSdql0J/ZK5N+0G9sMtU/hc5SMs=">AAAB/3icbZDLSgMxFIYzXmu9jQpu3ASLIBTKjBR1WXBTcFPBXqAzHTJppg1NMkOSEcrYha/ixoUibn0Nd76NaTsLbf0h8PGfc8g5f5gwqrTjfFsrq2vrG5uFreL2zu7evn1w2FJxKjFp4pjFshMiRRgVpKmpZqSTSIJ4yEg7HN1M6+0HIhWNxb0eJ8TnaCBoRDHSxgrs49teVp5AT8fQ42mv7Ik0MBDYJafizASXwc2hBHI1AvvL68c45URozJBSXddJtJ8hqSlmZFL0UkUShEdoQLoGBeJE+dls/wk8M04fRrE0T2g4c39PZIgrNeah6eRID9VibWr+V+umOrr2MyqSVBOB5x9FKYPm2mkYsE8lwZqNDSAsqdkV4iGSCGsTWdGE4C6evAyti4p7WaneVUu1eh5HAZyAU3AOXHAFaqAOGqAJMHgEz+AVvFlP1ov1bn3MW1esfOYI/JH1+QMLSZWE</latexit>

K+ ! µ+⌫µ

<latexit sha1_base64="/ZMZsBDK2pA5asWMTMG8d/K9t3k=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkUQhJJIUZcFN11WsA9oYphMb9qhk0mYh1BCd278FTcuFHHrL7jzb5w+Ftp6YLiHc+7lzj1RxqhUrvttFVZW19Y3ipulre2d3T17/6AlUy0INEnKUtGJsARGOTQVVQw6mQCcRAza0fBm4rcfQEia8js1yiBIcJ/TmBKsjBTax36i7899lTpgSoRF7nM9Do1qagihXXYr7hTOMvHmpIzmaIT2l99LiU6AK8KwlF3PzVSQY6EoYTAu+VpChskQ96FrKMcJyCCf3jF2To3Sc+JUmMeVM1V/T+Q4kXKURKYzwWogF72J+J/X1Sq+DnLKM62Ak9miWDPHnD0JxelRAUSxkSGYCGr+6pABFpgoE13JhOAtnrxMWhcV77JSva2Wa/V5HEV0hE7QGfLQFaqhOmqgJiLoET2jV/RmPVkv1rv1MWstWPOZQ/QH1ucP6RqZYg==</latexit>

µ+ ! e+⌫̄µ⌫e

https://inspirehep.net/literature/1838090
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DM+ Neutrino Scattering on the Moon 
• Effective scattering rates in xenon and argon are reduced relative to Earth.
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Dark Matter Sensitivities
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Dark Matter Sensitivities
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Summary
• Evidence for dark matter comes from many observations. 

We don’t know what it is!


• Thermal DM arises naturally through freeze out. 
Non-gravitational interactions with matter motivate direct searches.


• Direct detection searches for DM have made amazing progress.


• They will soon face a new challenge from neutrino backgrounds. 


• We are looking at ways to reduce them…



Thank you

Merci		

www.triumf.ca 
Follow us @TRIUMFLab
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http://www.triumf.ca


Extra Slides
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Extrapolating the SM

mediators
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Does this …

… explain that?
+  

General Relativity
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No, apparently
• Energy content of the Universe now: 

 
 
 
 
 
 
 

• Only 5% of matter seems to come from stuff in the Standard Model!


• Missing matter = “Dark Matter”

[Ben Finney 2012]
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DM Evidence #1: Galaxy Rotation
• Many galaxies look like rotating pancakes of stars. 

Compare rotation velocity to visible matter enclosed: 
 
 
 
 
 
 
 
 
 

• More matter is needed!   (Vera Rubin 1970)

30 kpc
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DM Evidence #2: Galaxy Clusters
• Galaxies are often found within self-gravitating galaxy clusters.


• Virial Theorem: 
 
 
 
 
 
 
 

• More matter is needed to explain the observed velocities! (Fritz Zwicky 1933)

few Mpc

<latexit sha1_base64="u+5X6G2w+hWGndAOh5m+epXBSrM="></latexit>

hEkini ⇠ h|V |i

hv2gali ⇠ GMtot

hRi
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DM Evidence #3: CMB
• CMB = Cosmic Microwave Background = 2.725 K photons left from Big Bang


• Temperature fluctuations in the CMB depend on energy content of Universe. 
 
 
 
 
 
 
 

• Data fits to 30% of energy in matter, but only 5% in regular matter (baryons)!
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[Planck 2013] [Wayne Hu]
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DM Evidence #4: Cosmic Structure
• Visible matter in the cosmos has a structure of “filaments and voids”.


• New (pressureless) dark matter seems to be needed to explain this: 
 
DM collapses gravitationally and pulls visible matter in with it. 

[2dF GRS 2003]

1025m
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DM Evidence #5: Gravitational Lens
• Distant galaxy images are distorted by gravitational lensing.


• The degree of distortion correlates with the amount of matter in between. 
 
 
 
 
 
 
 
 
 
 
 
 

• More (matter is needed to explain the lensing seen! 

1025 m



Evidence for Dark Matter
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Dark Matter
• We don’t know how to explain these observations with only 

the Standard Model and General Relativity.


• Dark Matter: 


• there is a new, massive particle with a large density. 


• can account for the data at all distances! 

• Modified Gravity:


• there are deviations from GR at large distances


• very challenging (?) to explain the data over all the distances observed 

• Focus on the dark matter explanation today.
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What is Dark Matter?
• We don’t know! 

 
All evidence comes from gravitational effects on visible matter. 

• But:


• must not interact too strongly with ordinary matter (“dark”)


• must be non-relativistic today and in the early Universe (“matter”)


• must develop the correct cosmological density (determined from CMB+)


• must not interact too strongly with itself (for gravitational clumping) 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Thermal Dark Matter
• Early Universe = hot soup of relativistic particles   As it expanded it cooled off, and some things happened:                   

• “Thermal” ⇒ DM that was once in thermodynamic equilibrium with the SM

Higgs Boson

Symmetry 
 Breaking

Formation of 
Light Nuclei

Formation of  
Neutral Atoms Now

<latexit sha1_base64="OttoY5qBHcv3hNpjM8FMo7rOXX0=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix48dhKv6ANZbOdtGs3m7C7EUroL/DiQRGv/iRv/hu3bQ7a+mDg8d4MM/OCRHBtXPfbWVvf2NzaLuwUd/f2Dw5LR8ctHaeKYZPFIladgGoUXGLTcCOwkyikUSCwHYzvZn77CZXmsWyYSYJ+RIeSh5xRY6V6o18quxV3DrJKvJyUIUetX/rqDWKWRigNE1Trrucmxs+oMpwJnBZ7qcaEsjEdYtdSSSPUfjY/dErOrTIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCW/9jMskNSjZYlGYCmJiMvuaDLhCZsTEEsoUt7cSNqKKMmOzKdoQvOWXV0nrsuJdV9z6Vbn6kMdRgFM4gwvw4AaqcA81aAIDhGd4hTfn0Xlx3p2PReuak8+cwB84nz+1y4zs</latexit>

T
<latexit sha1_base64="xebtD5oQ/RkL94vGa8W6pRwSHyA=">AAAB+nicbVDLSgMxFM34rPU11aWbYBFclYwoCm4KLuyygn1AZyiZNNOGJpkhyShl7Ke4caGIW7/EnX9jpp2Fth4IHM65l3tywoQzbRD6dlZW19Y3Nktb5e2d3b19t3LQ1nGqCG2RmMeqG2JNOZO0ZZjhtJsoikXIaScc3+R+54EqzWJ5byYJDQQeShYxgo2V+m7FQ8i/9gU2IyWyW9qe9t0qqqEZ4DLxClIFBZp998sfxCQVVBrCsdY9DyUmyLAyjHA6LfuppgkmYzykPUslFlQH2Sz6FJ5YZQCjWNknDZypvzcyLLSeiNBO5hn1opeL/3m91ERXQcZkkhoqyfxQlHJoYpj3AAdMUWL4xBJMFLNZIRlhhYmxbZVtCd7il5dJ+6zmXdTQ3Xm13ijqKIEjcAxOgQcuQR00QBO0AAGP4Bm8gjfnyXlx3p2P+eiKU+wcgj9wPn8ASKGTZg==</latexit>

100 GeV
<latexit sha1_base64="lFa/ToeVp9TpMR1N5UvEHTM/1y8=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0V0Y0nEouCm4KYboYJ9QBPKZDpph85MwsxEKKGf4MZfceNCEbcu3fk3TtqA2nrgwuGce7n3niBmVGnH+bIKS8srq2vF9dLG5tb2jr2711JRIjFp4ohFshMgRRgVpKmpZqQTS4J4wEg7GF1nfvueSEUjcafHMfE5GggaUoy0kXr2setdeRzpoeTpDWlNoAdPTVWdH3mUyT277FScKeAicXNSBjkaPfvT60c44URozJBSXdeJtZ8iqSlmZFLyEkVihEdoQLqGCsSJ8tPpQxN4ZJQ+DCNpSmg4VX9PpIgrNeaB6cyOVPNeJv7ndRMdXvopFXGiicCzRWHCoI5glg7sU0mwZmNDEJbU3ArxEEmEtcmwZEJw519eJK2zilutOLfn5Vo9j6MIDsAhOAEuuAA1UAcN0AQYPIAn8AJerUfr2Xqz3metBSuf2Qd/YH18AySxm2w=</latexit>

1 MeV � 50 keV
<latexit sha1_base64="+nU4ezy1+7A47FHExhhvkkktrW0=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAiuQuIDBTcFN11WsA9oQplMb9qhM0mYmRRK6J+4caGIW//EnX/jpM1CWw8MHM65l3vmhClnSrvut7W2vrG5tV3Zqe7u7R8c2kfHbZVkkkKLJjyR3ZAo4CyGlmaaQzeVQETIoROOHwq/MwGpWBI/6WkKgSDDmEWMEm2kvm27zpV/7wuiR1Lk0J717ZrruHPgVeKVpIZKNPv2lz9IaCYg1pQTpXqem+ogJ1IzymFW9TMFKaFjMoSeoTERoIJ8nnyGz40ywFEizYs1nqu/N3IilJqK0EwWEdWyV4j/eb1MR3dBzuI00xDTxaEo41gnuKgBD5gEqvnUEEIlM1kxHRFJqDZlVU0J3vKXV0n70vFuHPfxulZvlHVU0Ck6QxfIQ7eojhqoiVqIogl6Rq/ozcqtF+vd+liMrlnlzgn6A+vzB7J0kxU=</latexit>

0.3 eV
<latexit sha1_base64="hG8o3NYBDd5EwP/XQ6Ig6djpZu4=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgqmSKouCm4KbLCvYBnaFk0rQNTTJDkhGGof6KGxeKuPVD3Pk3ZtpZaOuBwOGce7knJ4w50wahb6e0sbm1vVPereztHxweuccnXR0litAOiXik+iHWlDNJO4YZTvuxoliEnPbC2V3u9x6p0iySDyaNaSDwRLIxI9hYaehWGwj5t75IfIHNVImMdudDt4bqaAG4TryC1ECB9tD98kcRSQSVhnCs9cBDsQkyrAwjnM4rfqJpjMkMT+jAUokF1UG2CD+H51YZwXGk7JMGLtTfGxkWWqcitJN5RL3q5eJ/3iAx45sgYzJODJVkeWiccGgimDcBR0xRYnhqCSaK2ayQTLHCxNi+KrYEb/XL66TbqHtXdXR/WWu2ijrK4BScgQvggWvQBC3QBh1AQAqewSt4c56cF+fd+ViOlpxipwr+wPn8ARfjlHI=</latexit>

200 µeV
Inflation 

and  
Reheating

DM dominatesSM dominates
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Thermal Dark Matter: Equilibration
• “Thermal” ⇒ DM that was once in thermodynamic equilibrium with the SM


• Equilibrium needs non-gravitational interactions between DM and the SM:


                   

<latexit sha1_base64="fazRgOZoPOuXufj79ov2Uo4Vf5o="></latexit>

DM+ SM $ DM+ SM
<latexit sha1_base64="YNZBvQlDEkALxL2fN+ZPhMvkN54="></latexit>

DM+DM $ SM+ SM

kinetic equilibrium chemical equilibrium

DM DM DM

SM SM

SM

SMDM

time
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Thermal Dark Matter: Equilibration
• “Thermal” ⇒ DM that was once in thermodynamic equilibrium with the SM


• Kinetic equilibrium - DM and SM have the same temperature T. 

• Chemical equilibrium - number density of DM species of mass      is          

<latexit sha1_base64="T1A/Oz8hI8mssMqfQdGssF448rM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi3hqwX5AG8pmO2nX7iZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFDzCpuFGYCdRSGUgsB2Mb2d++wmV5nH0YCYJ+pIOIx5yRo2VGrJfrrhVdw6ySrycVCBHvV/+6g1ilkqMDBNU667nJsbPqDKcCZyWeqnGhLIxHWLX0ohK1H42P3RKzqwyIGGsbEWGzNXfExmVWk9kYDslNSO97M3E/7xuasIbP+NRkhqM2GJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LqXVXdxmWldp/HUYQTOIVz8OAaanAHdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8f2ZuM/g==</latexit>m
<latexit sha1_base64="07fnsiZWPq/bxBoB4p5nMpCwVQo="></latexit>

neq
DM ⇠

Z
d3p

(2⇡)3
1

eE/T ⌥ 1
, (E =

p
m2 + p2, ~ = c = kB = 1)

⇠

8
<

:

T 3 ; T � m

(mT )3/2e�m/T ; T ⌧ m
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Thermal Dark Matter: Freeze Out
• Chemical equilibrium of DM is lost as the Universe cools.


• Reaction rate for DM annihilation  DM + DM → SM + SM :                   

• Equilibrium requires 

(scattering probability) x (target density)
<latexit sha1_base64="eOO1BYA8cWsCqFS9g/68PswqjLI="></latexit>

Rann = h�annvinDM ⇠

<latexit sha1_base64="ZV5SPk5wF/tssaMWbYExC4mn4pg="></latexit>

Rann > H ' 1/⌧universe

<latexit sha1_base64="Pi4b+X5CxC27kZu/eKTqK+hl+bo="></latexit>

T ⌧ m ) nDM/T 3 ⇠ e�m/T
<latexit sha1_base64="iI4PywYl5ZUb0mFWAqEfvLSLYj4=">AAACFXicbVDLSgMxFM34rPVVdekmWAQXUmdU1GVBFy4UqvQFnXHIpOk0NMkMSUYpQ3/Cjb/ixoUibgV3/o1pOwttPXDhcM693HtPEDOqtG1/WzOzc/MLi7ml/PLK6tp6YWOzrqJEYlLDEYtkM0CKMCpITVPNSDOWBPGAkUbQOx/6jXsiFY1EVfdj4nEUCtqhGGkj+YX9KnTDEHI/HUD3loZdjaSMHqDwU1dyeHE9OKjeHUFXUQ4dv1C0S/YIcJo4GSmCDBW/8OW2I5xwIjRmSKmWY8faS5HUFDMyyLuJIjHCPRSSlqECcaK8dPTVAO4apQ07kTQlNBypvydSxJXq88B0cqS7atIbiv95rUR3zryUijjRRODxok7CoI7gMCLYppJgzfqGICypuRXiLpIIaxNk3oTgTL48TeqHJeekZN8cF8tXWRw5sA12wB5wwCkog0tQATWAwSN4Bq/gzXqyXqx362PcOmNlM1vgD6zPHyl8nZQ=</latexit>

T � m ) nDM/T 3 ⇠ 1



53

Thermal Dark Matter: Freeze Out
• For moderate DM-SM interaction strength:

Rann � H

Rann ⌧ H

<latexit sha1_base64="9bBbPO3F7a6pAfyVzxBFVVhELjI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKe6KqMeAFw8eIpoHJEuYncwmQ+axzMwKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3RQlnxvr+t1dYWV1b3yhulra2d3b3yvsHTaNSTWiDKK50O8KGciZpwzLLaTvRFIuI01Y0upn6rSeqDVPy0Y4TGgo8kCxmBFsnPQRnoleu+FV/BrRMgpxUIEe9V/7q9hVJBZWWcGxMJ/ATG2ZYW0Y4nZS6qaEJJiM8oB1HJRbUhNns1Ak6cUofxUq7khbN1N8TGRbGjEXkOgW2Q7PoTcX/vE5q4+swYzJJLZVkvihOObIKTf9GfaYpsXzsCCaauVsRGWKNiXXplFwIweLLy6R5Xg0uq/79RaV2l8dRhCM4hlMI4ApqcAt1aACBATzDK7x53Hvx3r2PeWvBy2cO4Q+8zx+2H410</latexit>

1/m
<latexit sha1_base64="OD7PhvRY7isCsIVXbGGRnjht5DY=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E1DJgY2ERMV+QHGFvs5cs2ds7dueEcOQn2FgoYusvsvPfuEmu0OiDgcd7M8zMCxIpDLrul1NYWV1b3yhulra2d3b3yvsHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+Gbmtx+5NiJWDZwk3I/oUIlQMIpWevDOGv1yxa26c5C/xMtJBXLU++XP3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/NT52SE6sMSBhrWwrJXP05kdHImEkU2M6I4sgsezPxP6+bYnjtZ0IlKXLFFovCVBKMyexvMhCaM5QTSyjTwt5K2IhqytCmU7IheMsv/yWt86p3WXXvLyq1uzyOIhzBMZyCB1dQg1uoQxMYDOEJXuDVkc6z8+a8L1oLTj5zCL/gfHwDkDuNWw==</latexit>

1/T

Freeze Out

time

<latexit sha1_base64="n9Ds/cQnPE5JRcdMcOGuguGDPL8=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU91VUY8FPXhQqNAvaLclm6ZtaJJdkqxSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzL4g408Z1v53M0vLK6lp2PbexubW9k9/dq+kwVoRWSchD1QiwppxJWjXMcNqIFMUi4LQeDK8nfv2RKs1CWTGjiPoC9yXrMYKNldqyk7SUQDf345NK+6yTL7hFdwq0SLyUFCBFuZP/anVDEgsqDeFY66bnRsZPsDKMcDrOtWJNI0yGuE+blkosqPaT6dVjdGSVLuqFypY0aKr+nkiw0HokAtspsBnoeW8i/uc1Y9O78hMmo9hQSWaLejFHJkSTCFCXKUoMH1mCiWL2VkQGWGFibFA5G4I3//IiqZ0WvYui+3BeKN2lcWThAA7hGDy4hBLcQhmqQEDBM7zCm/PkvDjvzsesNeOkM/vwB87nD3Ihkdo=</latexit>

nDM/T 3
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Thermal Dark Matter: Freeze Out
• Dark Matter “relic density from freeze out:

<latexit sha1_base64="9bBbPO3F7a6pAfyVzxBFVVhELjI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKe6KqMeAFw8eIpoHJEuYncwmQ+axzMwKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3RQlnxvr+t1dYWV1b3yhulra2d3b3yvsHTaNSTWiDKK50O8KGciZpwzLLaTvRFIuI01Y0upn6rSeqDVPy0Y4TGgo8kCxmBFsnPQRnoleu+FV/BrRMgpxUIEe9V/7q9hVJBZWWcGxMJ/ATG2ZYW0Y4nZS6qaEJJiM8oB1HJRbUhNns1Ak6cUofxUq7khbN1N8TGRbGjEXkOgW2Q7PoTcX/vE5q4+swYzJJLZVkvihOObIKTf9GfaYpsXzsCCaauVsRGWKNiXXplFwIweLLy6R5Xg0uq/79RaV2l8dRhCM4hlMI4ApqcAt1aACBATzDK7x53Hvx3r2PeWvBy2cO4Q+8zx+2H410</latexit>

1/m

Freeze Out

time

<latexit sha1_base64="n9Ds/cQnPE5JRcdMcOGuguGDPL8=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU91VUY8FPXhQqNAvaLclm6ZtaJJdkqxSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzL4g408Z1v53M0vLK6lp2PbexubW9k9/dq+kwVoRWSchD1QiwppxJWjXMcNqIFMUi4LQeDK8nfv2RKs1CWTGjiPoC9yXrMYKNldqyk7SUQDf345NK+6yTL7hFdwq0SLyUFCBFuZP/anVDEgsqDeFY66bnRsZPsDKMcDrOtWJNI0yGuE+blkosqPaT6dVjdGSVLuqFypY0aKr+nkiw0HokAtspsBnoeW8i/uc1Y9O78hMmo9hQSWaLejFHJkSTCFCXKUoMH1mCiWL2VkQGWGFibFA5G4I3//IiqZ0WvYui+3BeKN2lcWThAA7hGDy4hBLcQhmqQEDBM7zCm/PkvDjvzsesNeOkM/vwB87nD3Ihkdo=</latexit>

nDM/T 3

1/T

h�viann

<latexit sha1_base64="ZN9sj4e+oe3YUy6ynMN22l8pSpk="></latexit>

nDM

nobs
' 3⇥ 10�26cm3/s

h�annvi
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Thermal Dark Matter: WIMPs
• Special case: WIMP = Weakly Interacting Massive Particle


• weak interactions between DM and SM predict


• correct density then follows for  

• New particles in this mass range are motivated by Higgs quantum stability!      ⇒ “WIMP Miracle” 
 

• More generally, thermal freeze out works for 
“WIMP-like Dark Matter” 

<latexit sha1_base64="oGkx30+cstVOFk6HmFr1w8SH6Jc=">AAAB/HicdVDLSgMxFM34rPU12qWbYBFcDZl2bLss6EIEoYJ9QKeUTJq2ocnMkGSEYai/4saFIm79EHf+jelDUNEDF07OuZfce4KYM6UR+rBWVtfWNzZzW/ntnd29ffvgsKWiRBLaJBGPZCfAinIW0qZmmtNOLCkWAaftYHI+89t3VCoWhbc6jWlP4FHIhoxgbaS+XRj1M18KeHE9hb5iAiKn3LeLyEGVahWVzfPMq5VLniE1zzUcug6aowiWaPTtd38QkUTQUBOOleq6KNa9DEvNCKfTvJ8oGmMywSPaNTTEgqpeNl9+Ck+MMoDDSJoKNZyr3ycyLJRKRWA6BdZj9dubiX953UQPa72MhXGiaUgWHw0TDnUEZ0nAAZOUaJ4agolkZldIxlhiok1eeRPC16Xwf9IqOW7FQTdesX61jCMHjsAxOAUuqII6uAQN0AQEpOABPIFn6956tF6s10XrirWcKYAfsN4+AT5Rk+U=</latexit>

gDM ⇠ 0.3
<latexit sha1_base64="1b46B2G4V5dCo+dLkuPwL+l9jnE="></latexit>

mDM ⇠ 100 � 3000GeV

<latexit sha1_base64="0Mg9fSRuocAwLXvzU50YNms+XHw="></latexit>

10MeV . mDM . 100TeV
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(Thermal) Dark Matter Detection
• We want non-gravitational evidence for dark matter! 

This is expected for thermal dark matter.


• Three main approaches:


1. Direct Detection 
→ scattering of DM in detectors


2. Indirect Detection 
→ cosmic rays and more from DM


3. Colliders 
→ create DM in energetic collisions

DM DM

SM SM

Direct

C
ol

lid
er

Indirect

“shake it, break it, make it”
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(Thermal) Dark Matter Detection
• We want non-gravitational evidence for dark matter! 

This is expected for thermal (WIMP) dark matter.


• Three main approaches:


1. Direct Detection 
→ scattering of DM in detectors


2. Indirect Detection 
→ cosmic rays and more from DM


3. Colliders 
→ create DM in energetic collisions

DM DM

SM SM

Direct

C
ol

lid
er

Indirect

“shake it, break it, make it”
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Dark Matter Near Us
• If DM exists, we should be surrounded by it. 

 
 
 
 
 
 
 
 
 

• In our local region:

Galactic Disc

DM Halo

100 pc

8.5 kpc

20 kpc

Us

<latexit sha1_base64="+D0dOkV9B0/6AFmFMNodX8A2Ymk="></latexit>

⇢DM ' 0.3GeV/cm�3

hvDMi ' 300 km/s ' 10�3 c
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Dark Matter Detection in the Lab
• If DM is all around us and interacts with the SM, it might be detectable!


• Direct Detection: scattering in a detector.

DM

Response:

Detector

<latexit sha1_base64="aFjjcFL0wrsRUZ7HKC/xb2rYZ0M="></latexit>

T = EDM � E0
DM

~q = ~pDM � ~p 0
DM

<latexit sha1_base64="ZuHv/qSY6/nGocTKwDkzoyZr+V4=">AAAB83icdVDLSgMxFM34rPVVdekmWIQKMmTase2y4MZlxb6gM5RMmrahmcyYZApl6G+4caGIW3/GnX9j+hBU9MCFwzn3cu89QcyZ0gh9WGvrG5tb25md7O7e/sFh7ui4paJEEtokEY9kJ8CKciZoUzPNaSeWFIcBp+1gfD332xMqFYtEQ09j6od4KNiAEayN5N0VGpfehJL0fnbRy+WRjcqVCipBZF+51VLRNaTqOoZDx0YL5MEK9V7u3etHJAmp0IRjpboOirWfYqkZ4XSW9RJFY0zGeEi7hgocUuWni5tn8NwofTiIpCmh4UL9PpHiUKlpGJjOEOuR+u3Nxb+8bqIHVT9lIk40FWS5aJBwqCM4DwD2maRE86khmEhmboVkhCUm2sSUNSF8fQr/J62i7ZRtdOvma/VVHBlwCs5AATigAmrgBtRBExAQgwfwBJ6txHq0XqzXZeuatZo5AT9gvX0CnzORew==</latexit>

S(T, ~q)
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DM-Nucleus Interactions
• DM-quark interaction → DM-nucleon interaction → DM-nucleus interaction


• In many theories, get a leading DM-nucleon potential of: 
 
 
 

• For SI scattering, the cross section on nucleus        has the form

spin-independent (SI)

spin-dependent (SD)

<latexit sha1_base64="E6EymT6E2uS25/973cm3Gu5Q5uA="></latexit>

d�N

dER
=

A2

v2

✓
µN

µn

◆2

�n |FN (ER)|2

<latexit sha1_base64="LeR5khKkALmLXccN1YPiLaTjYXU=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY8VLz1JBbcttmvJptk2NJssSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hZXVtfaO4Wdra3tndK+8fNLVMFaE+kVyqdog15UxQ3zDDaTtRFMchp61wdDP1W09UaSbFvRknNIjxQLCIEWys5D9e9x5ue+WKW3VnQMvEy0kFcjR65a9uX5I0psIQjrXueG5iggwrwwink1I31TTBZIQHtGOpwDHVQTY7doJOrNJHkVS2hEEz9fdEhmOtx3FoO2NshnrRm4r/eZ3URFdBxkSSGirIfFGUcmQkmn6O+kxRYvjYEkwUs7ciMsQKE2PzKdkQvMWXl0nzrOpdVN2780qtnsdRhCM4hlPw4BJqUIcG+ECAwTO8wpsjnBfn3fmYtxacfOYQ/sD5/AFKgY5d</latexit>

A
ZN

Nuclear ResponseDM-nucleon 
effective cross section

<latexit sha1_base64="Ps3Z8zYPt5Px9EotC1RGEhGrv/A="></latexit>

Vn�(~x) =

8
<

:

fn �(3)(~x) ;

an �(3)(~x) (~S� · ~Sn) ;
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Dark Matter Direct Detection
• Searches for DM-nuclear scattering have not seen anything yet.


• For spin-independent elastic scattering:

DM [Schumann, 1903.03026]

neutrino background
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Dark Matter Direct Detection
• Searches for DM-nuclear scattering have not seen anything yet.


• For spin-independent elastic scattering:

DM [Schumann, 1903.03026]

neutrino background

WIMP region
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Dark Matter Direct Detection
• Searches for DM-nuclear scattering have not seen anything yet.


• For spin-dependent elastic scattering:

[Schumann, 1903.03026]

DM DM
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Dark Matter Direct Detection
• Future projections:

neutrino background



Solar Neutrinos
65

[Doroytya Szam] [Borb]
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Atmospheric Neutrinos
• Atmospheric neutrinos are the dominant neutrino background for


• Neutrinos are produced by cosmic rays hitting the atmosphere. 
 
 
 
 
 
 
 
 

<latexit sha1_base64="M2EGx9Q5myx+qXzpVKenJtkzuEs=">AAACBnicbVC7SgNBFJ31GeMrainCYBAsJOxKUMuAhSkjmAdkQ5id3CRDZnaXmbtiWFLZ+Cs2ForY+g12/o2TR6GJBwYO55zLnXuCWAqDrvvtLC2vrK6tZzaym1vbO7u5vf2aiRLNocojGelGwAxIEUIVBUpoxBqYCiTUg8H12K/fgzYiCu9wGENLsV4ouoIztFI7d6TaPu8L6vfQhhT1XP/MR3jA9AZqo3Yu7xbcCegi8WYkT2aotHNffifiiYIQuWTGND03xlbKNAouYZT1EwMx4wPWg6alIVNgWunkjBE9sUqHdiNtX4h0ov6eSJkyZqgCm1QM+2beG4v/ec0Eu1etVIRxghDy6aJuIilGdNwJ7QgNHOXQEsa1sH+lvM8042iby9oSvPmTF0ntvOBdFIq3xXypPKsjQw7JMTklHrkkJVImFVIlnDySZ/JK3pwn58V5dz6m0SVnNnNA/sD5/AFTUZhu</latexit>

m� & 10GeV

Nucleus 
(A,Z)

CR 
 proton

<latexit sha1_base64="muQMmk77QgxDmteGh0iFxKsj1D0=">AAACBHicbZDLSsNAFIYn9VbrLeqym2BRXJSSSFGXBTcFNxXsBZpYJpNpO3QuYWYilNCFG1/FjQtF3PoQ7nwbp20Ebf1h4OM/53Dm/GFMidKu+2XlVlbX1jfym4Wt7Z3dPXv/oKVEIhFuIkGF7IRQYUo4bmqiKe7EEkMWUtwOR1fTevseS0UEv9XjGAcMDjjpEwS1sXp28cSPyV3qx2xS9svXP0QjoVXPLrkVdyZnGbwMSiBTo2d/+pFACcNcIwqV6npurIMUSk0QxZOCnygcQzSCA9w1yCHDKkhnR0ycY+NETl9I87h2Zu7viRQypcYsNJ0M6qFarE3N/2rdRPcvg5TwONGYo/mifkIdLZxpIk5EJEaajg1AJIn5q4OGUEKkTW4FE4K3ePIytM4q3nmlelMt1epZHHlQBEfgFHjgAtRAHTRAEyDwAJ7AC3i1Hq1n6816n7fmrGzmEPyR9fENUoaX7g==</latexit>

⇡±, K±, . . .

<latexit sha1_base64="LJ+QjgdRdg9jCueBpw6NwvzAoGg=">AAACAnicbVDLSsNAFJ34rPUVdSVuBosiFEoiRV0W3HRZwT6gScNkOmmHTiZhHkIJxY2/4saFIm79Cnf+jdM2C209MHA4517unBOmjErlON/Wyura+sZmYau4vbO7t28fHLZkogUmTZywRHRCJAmjnDQVVYx0UkFQHDLSDke3U7/9QISkCb9X45T4MRpwGlGMlJEC+/jcS2kvK0+gpxLoxbpX9rgODAnsklNxZoDLxM1JCeRoBPaX10+wjglXmCEpu66TKj9DQlHMyKToaUlShEdoQLqGchQT6WezCBN4ZpQ+jBJhHldwpv7eyFAs5TgOzWSM1FAuelPxP6+rVXTjZ5SnWhGO54cizaBJO+0D9qkgWLGxIQgLav4K8RAJhJVprWhKcBcjL5PWZcW9qlTvqqVaPa+jAE7AKbgALrgGNVAHDdAEGDyCZ/AK3qwn68V6tz7moytWvnME/sD6/AEvHpay</latexit>

⇡+ ! µ+⌫µ

<latexit sha1_base64="FSdql0J/ZK5N+0G9sMtU/hc5SMs=">AAAB/3icbZDLSgMxFIYzXmu9jQpu3ASLIBTKjBR1WXBTcFPBXqAzHTJppg1NMkOSEcrYha/ixoUibn0Nd76NaTsLbf0h8PGfc8g5f5gwqrTjfFsrq2vrG5uFreL2zu7evn1w2FJxKjFp4pjFshMiRRgVpKmpZqSTSIJ4yEg7HN1M6+0HIhWNxb0eJ8TnaCBoRDHSxgrs49teVp5AT8fQ42mv7Ik0MBDYJafizASXwc2hBHI1AvvL68c45URozJBSXddJtJ8hqSlmZFL0UkUShEdoQLoGBeJE+dls/wk8M04fRrE0T2g4c39PZIgrNeah6eRID9VibWr+V+umOrr2MyqSVBOB5x9FKYPm2mkYsE8lwZqNDSAsqdkV4iGSCGsTWdGE4C6evAyti4p7WaneVUu1eh5HAZyAU3AOXHAFaqAOGqAJMHgEz+AVvFlP1ov1bn3MW1esfOYI/JH1+QMLSZWE</latexit>

K+ ! µ+⌫µ

primary collision secondaries decays in flight

<latexit sha1_base64="/ZMZsBDK2pA5asWMTMG8d/K9t3k=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkUQhJJIUZcFN11WsA9oYphMb9qhk0mYh1BCd278FTcuFHHrL7jzb5w+Ftp6YLiHc+7lzj1RxqhUrvttFVZW19Y3ipulre2d3T17/6AlUy0INEnKUtGJsARGOTQVVQw6mQCcRAza0fBm4rcfQEia8js1yiBIcJ/TmBKsjBTax36i7899lTpgSoRF7nM9Do1qagihXXYr7hTOMvHmpIzmaIT2l99LiU6AK8KwlF3PzVSQY6EoYTAu+VpChskQ96FrKMcJyCCf3jF2To3Sc+JUmMeVM1V/T+Q4kXKURKYzwWogF72J+J/X1Sq+DnLKM62Ak9miWDPHnD0JxelRAUSxkSGYCGr+6pABFpgoE13JhOAtnrxMWhcV77JSva2Wa/V5HEV0hE7QGfLQFaqhOmqgJiLoET2jV/RmPVkv1rv1MWstWPOZQ/QH1ucP6RqZYg==</latexit>

µ+ ! e+⌫̄µ⌫e
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Neutrino Sources
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Neutrino Sources
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Neutrino Sources
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Neutrino Sources
<latexit sha1_base64="RFsGmRFPRK1tO++CQJNlxt53SDA=">AAACCHicbVDLSgNBEJz1GeMr6lGQwSB4CGFXAnoMiOAxinlAdllmJ51kyMzsMjMrhCWevPgrXjwoiFc/wZt/4+Rx0MSChqKqm+6uKOFMG9f9dpaWV1bX1nMb+c2t7Z3dwt5+Q8epolCnMY9VKyIaOJNQN8xwaCUKiIg4NKPB5dhv3oPSLJZ3ZphAIEhPsi6jxFgpLBz5MvVLUMIPV+Et9jUT2HP9kq9ENoDGKCwU3bI7AV4k3owU0Qy1sPDld2KaCpCGcqJ123MTE2REGUY5jPJ+qiEhdEB60LZUEgE6yCZ/jPCJVTq4Gytb0uCJ+nsiI0LroYhspyCmr+e9sfif105N9yLImExSA5JOF3VTjk2Mx6HgDlNADR9aQqhi9lZM+0QRamx0eRuCN//yImmelb1K2fNuKsVqdZZHDh2iY3SKPHSOquga1VAdUfSIntErenOenBfn3fmYti45s5kD9AfO5w9M85gh</latexit>

⌫ e, ER ⇠ 10 keV

<latexit sha1_base64="yaVG3UWyVJbXk1QgSixZRK9mq7Y=">AAACDXicbVBLSwMxGMz6rPVV9eglWAQPpWykoMeCCJ6kin1AdynZNNuGJtklyQplWe9e/CtePCiIV+/e/Dem7R60dSAwzMzHl2+CmDNtXPfbWVpeWV1bL2wUN7e2d3ZLe/stHSWK0CaJeKQ6AdaUM0mbhhlOO7GiWASctoPRxcRv31OlWSTvzDimvsADyUJGsLFSr1T2ZOJVPCXS66wCHy57t9DTTEDkztQRbWU25VbdKeAiQTkpgxyNXunL60ckEVQawrHWXeTGxk+xMoxwmhW9RNMYkxEe0K6lEguq/XR6TAaPrdKHYaTskwZO1d8TKRZaj0VgkwKboZ73JuJ/Xjcx4bmfMhknhkoyWxQmHJoITpqBfaYoMXxsCSaK2b9CMsQKE2P7K9oS0PzJi6R9WkW1KkI3tXK9nvdRAIfgCJwABM5AHVyBBmgCAh7BM3gFb86T8+K8Ox+z6JKTzxyAP3A+fwB9p5pv</latexit>

⌫ N, ER ⇠ 10 keV

10
�4

10
�2

10
0

10
2

10
4

10
6

10
8

10
10

10
12

10
�1

10
0

10
1

10
2

10
3

�
⌫
(
c
m

�
2
s
�
1
M
e
V

�
1
)

E⌫ (MeV)

pp
13
N

15
O

17
F

8
B

hep

DSNB (sum)

Atm (sum)



71

Recoil Energy Spectra (Xe)
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Recoil Energy Spectra (Xe)
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<latexit sha1_base64="PpGXKISaFI65s9uPsMEtBhJCRGc=">AAACIXicbVDLSgMxFM34tr6qLt0Ei+LGMqNFCyKIgrhUsSp0asmktzWayQzJHbEM46e48VfcuFDEnfgzpnUWvg4EDuecy809QSyFQdd9dwYGh4ZHRsfGCxOTU9Mzxdm5UxMlmkONRzLS5wEzIIWCGgqUcB5rYGEg4Sy43uv5ZzegjYjUCXZjaISso0RbcIZWaharyz7CLaYggaOOFNVwZZn1Mt8vLN9Z+Ft55Hg/o9vUcy/S1fWsWSy5ZbcP+pd4OSmRHIfN4pvfingSgkIumTF1z42xkTKNgkvICn5iIGb8mnWgbqliIZhG2r8wo0tWadF2pO1TSPvq94mUhcZ0w8AmQ4aX5rfXE//z6gm2q41UqDhBUPxrUTuRFCPaq4u2hLZ1yK4ljGth/0r5JdOMoy21YEvwfp/8l5yulb2NcuWoUtrZzesYIwtkkawQj2ySHXJADkmNcHJPHskzeXEenCfn1Xn7ig44+cw8+QHn4xM/eaOD</latexit>

electron rejection

eRF = 10�3
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Recoil Energy Spectra (Xe)
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Neutrino Floor Calculations
• Previous neutrino floor e.g. [Monroe + Fisher 2007, Billard et al 2013, O’Hare 2016, …]


• New results:


• more realistic detector parameters and neutrino fluxes


• impact of variations in electron rejection power, flux uncertainties


• sensitivity improvement by combining data from xenon and argon


• impact of variations in the neutrino spectrum or detector response 

• Note: the neutrino floor has been renamed the neutrino fog.   We find that spectral shape uncertainties can make it almost impenetrable!

[O’Hare 2021, 
 Snowmass 2022]

https://inspirehep.net/literature/753651
https://inspirehep.net/literature/1243804
https://inspirehep.net/literature/1781290
https://inspirehep.net/literature/1918102
https://inspirehep.net/literature/2052588
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DM Signal vs. Neutrino Background
• Profile Likelihood:


• Compute (energy binned) likelihood for neutrino fluxes       and DM    : 
 
 
 

• Find best fit       for           hypothesis, compute test statistic:

L(�, {�}) =
"
NbinY

i=1

P
⇣
Ni|µ�(�) + µ⌫({�})

⌘#
⇥ L⌫({�})

<latexit sha1_base64="z+OirCqYN9AD1e5WK98wQJkihXI="></latexit>

{�}
<latexit sha1_base64="A3ghqwvTaNHtEhWbZQQ4lhKur/Y=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokKeix46bGC/YAmlM120y7dbOLuRCihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecJLyIKZDJSLBKFqp6+d+OhL+tF+pujV3DrJKvIJUoUCzX/nyBwnLYq6QSWpMz3NTDHKqUTDJp2U/MzylbEyHvGepojE3QT6/d0rOrTIgUaJtKSRz9fdETmNjJnFoO2OKI7PszcT/vF6G0W2QC5VmyBVbLIoySTAhs+fJQGjOUE4soUwLeythI6opQxtR2YbgLb+8StqXNe+q5t5fV+uNIo4SnMIZXIAHN1CHBjShBQwkPMMrvDmPzovz7nwsWtecYuYE/sD5/AFBnZAf</latexit>

�
<latexit sha1_base64="S6SBGcaQ6MDvfgFv/7DhWtt0ieA=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexqQI8BLzlGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7CxubW9U9wt7e0fHB6Vj0/aRqWa0BZRXOluhA3lTNKWZZbTbqIpFhGnnWhyN/c7T1QbpuSDnSY0FHgkWcwItk5q9w0bCTwoV/yqvwBaJ0FOKpCjOSh/9YeKpIJKSzg2phf4iQ0zrC0jnM5K/dTQBJMJHtGeoxILasJsce0MXThliGKlXUmLFurviQwLY6Yicp0C27FZ9ebif14vtfFtmDGZpJZKslwUpxxZheavoyHTlFg+dQQTzdytiIyxxsS6gEouhGD15XXSvqoG11X/vlapN/I4inAG53AJAdxAHRrQhBYQeIRneIU3T3kv3rv3sWwtePnMKfyB9/kDntePKw==</latexit>

� = 0
<latexit sha1_base64="ueMcht+D05BdsluVzOVQ0yCkft0=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU8mqoBeh4KXHCvYD26Vk02wbmmSXJCuUpf/CiwdFvPpvvPlvTNs9aOuDgcd7M8zMCxPBjcX42yusrW9sbhW3Szu7e/sH5cOjlolTTVmTxiLWnZAYJrhiTcutYJ1EMyJDwdrh+G7mt5+YNjxWD3aSsECSoeIRp8Q66bFn+FASdItwv1zBVTwHWiV+TiqQo9Evf/UGMU0lU5YKYkzXx4kNMqItp4JNS73UsITQMRmyrqOKSGaCbH7xFJ05ZYCiWLtSFs3V3xMZkcZMZOg6JbEjs+zNxP+8bmqjmyDjKkktU3SxKEoFsjGavY8GXDNqxcQRQjV3tyI6IppQ60IquRD85ZdXSeui6l9W8f1VpVbP4yjCCZzCOfhwDTWoQwOaQEHBM7zCm2e8F+/d+1i0Frx85hj+wPv8AUObkAA=</latexit>

{�̂}
<latexit sha1_base64="lR/39oSK8aqUxKlMXxkD8lHeSZk=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQq6LHgpccK9gOaWDbbTbt0swm7E6WE/A8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvSATX6DjfVmltfWNzq7xd2dnd2z+oHh51dJwqyto0FrHqBUQzwSVrI0fBeoliJAoE6waT25nffWRK81je4zRhfkRGkoecEjTSg5d5Y4KZl4x57uWDas2pO3PYq8QtSA0KtAbVL28Y0zRiEqkgWvddJ0E/Iwo5FSyveKlmCaETMmJ9QyWJmPaz+dW5fWaUoR3GypREe67+nshIpPU0CkxnRHCsl72Z+J/XTzG88TMukxSZpItFYSpsjO1ZBPaQK0ZRTA0hVHFzq03HRBGKJqiKCcFdfnmVdC7q7mXdubuqNZpFHGU4gVM4BxeuoQFNaEEbKCh4hld4s56sF+vd+li0lqxi5hj+wPr8AR2Bkuw=</latexit>

statistics flux uncertainties

<latexit sha1_base64="sDyJVFJE5YTLShZK6FgU5fE7aZM="></latexit>

q0 = �2 ln

"
L(� = 0, {�̂})

L(�, { ˆ̂�}
)

#
⇠ “discovery significance”
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Binning in Recoil Energy
• We use (nuclear equivalent) recoil energy bins set by the size of the   estimated local detector energy resolution over the region of interest.


• Xenon: 


• ROI = [5,35] keV


• resolution based on LUX and XENON1T: 

• Argon


• ROI = [55,100] keV (single phase)


• resolution based on DEAP-3600:

<latexit sha1_base64="1psQekzy2zh3QPsiv6sNBlmcOnY="></latexit>

�ER

ER
= 0.80

✓
keV

ER

◆0.54

<latexit sha1_base64="PAgdwXeGiwlJ4qSTUgL0IEo3FKo="></latexit>

�ER

ER
= 1.09

✓
keV

ER

◆0.55
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DM Signal vs. Neutrino Background
• Use profile likelihood that uses the spectrum and includes flux uncertainties. 

Find smallest DM       that can’t be explained by background only.<latexit sha1_base64="GmE/rhQx+B1mkRlLDDnF93hLw6g=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1DJgI1YRTAwkR9jb7CVLdvfO3TkhhPwJGwtFbP07dv4bN8kVmvhg4PHeDDPzolQKi77/7RVWVtfWN4qbpa3tnd298v5B0yaZYbzBEpmYVkQtl0LzBgqUvJUaTlUk+UM0vJ76D0/cWJHoexylPFS0r0UsGEUntTpW9BXt6m654lf9GcgyCXJSgRz1bvmr00tYprhGJqm17cBPMRxTg4JJPil1MstTyoa0z9uOaqq4DcezeyfkxCk9EifGlUYyU39PjKmydqQi16koDuyiNxX/89oZxlfhWOg0Q67ZfFGcSYIJmT5PesJwhnLkCGVGuFsJG1BDGbqISi6EYPHlZdI8qwYXVf/uvFK7zeMowhEcwykEcAk1uIE6NICBhGd4hTfv0Xvx3r2PeWvBy2cO4Q+8zx8mVpAR</latexit>�n

<latexit sha1_base64="EbH4XBOa+M6UmpEAsguvbIovuYo=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBA8hV0R9Rjw4jGCeUiyhNlJJxkyM7vM9IphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNG6eGQ53HMjatiFmQQkMdBUpoJQaYiiQ0o9HN1G8+grEi1vc4TiBUbKBFX3CGTnroIDxh1oJJt1T2K/4MdJkEOSmTHLVu6avTi3mqQCOXzNp24CcYZsyg4BImxU5qIWF8xAbQdlQzBTbMZgdP6KlTerQfG1ca6Uz9PZExZe1YRa5TMRzaRW8q/ue1U+xfh5nQSYqg+XxRP5UUYzr9nvaEAY5y7AjjRrhbKR8ywzi6jIouhGDx5WXSOK8ElxX/7qJcreVxFMgxOSFnJCBXpEpuSY3UCSeKPJNX8uYZ78V79z7mrStePnNE/sD7/AE9ZpC9</latexit>

Xe

<latexit sha1_base64="+jArFpxKuYCsx1dIoB+YaRh0D64=">AAAB9HicbVDJSgNBEK2JW4xb1KOXxiB4CjMi6jEuB71IFLNAMoSeTk/SpGexuyYYhnyHFw+KePVjvPk3dpaDJj4oeLxXRVU9L5ZCo21/W5mFxaXllexqbm19Y3Mrv71T1VGiGK+wSEaq7lHNpQh5BQVKXo8Vp4Enec3rXY78Wp8rLaLwAQcxdwPaCYUvGEUjuU3kT5hend/Xbm6HrXzBLtpjkHniTEkBpii38l/NdsSSgIfIJNW64dgxuilVKJjkw1wz0TymrEc7vGFoSAOu3XR89JAcGKVN/EiZCpGM1d8TKQ20HgSe6QwodvWsNxL/8xoJ+mduKsI4QR6yySI/kQQjMkqAtIXiDOXAEMqUMLcS1qWKMjQ55UwIzuzL86R6VHROivbdcaF0MY0jC3uwD4fgwCmU4BrKUAEGj/AMr/Bm9a0X6936mLRmrOnMLvyB9fkDbK+R3w==</latexit>

DARWIN
<latexit sha1_base64="8za94UTci38HnP6V76Zf7oGr+T8=">AAAB+nicbVDJSgNBEO2JW4zbRI9eGoPgKc5IUEGEoBcvQoRskBlCT6cnadKz0F2jDmM+xYsHRbz6Jd78GzvLQRMfFDzeq6KqnhcLrsCyvo3c0vLK6lp+vbCxubW9YxZ3mypKJGUNGolItj2imOAhawAHwdqxZCTwBGt5w+ux37pnUvEorEMaMzcg/ZD7nBLQUtcs3taPHWCPkIFzkcoRvuyaJatsTYAXiT0jJTRDrWt+Ob2IJgELgQqiVMe2YnAzIoFTwUYFJ1EsJnRI+qyjaUgCptxscvoIH2qlh/1I6goBT9TfExkJlEoDT3cGBAZq3huL/3mdBPxzN+NhnAAL6XSRnwgMER7ngHtcMgoi1YRQyfWtmA6IJBR0WgUdgj3/8iJpnpTt03LlrlKqXs3iyKN9dICOkI3OUBXdoBpqIIoe0DN6RW/Gk/FivBsf09acMZvZQ39gfP4AoDqTmg==</latexit>

MT/t yr =

10�50
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10�47
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�
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2
)
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m� = 30GeV
m� = 100GeV
m� = 300GeV

<latexit sha1_base64="hKT3stWjGJ/0X9Ocy7+aRkereH4=">AAACKXicbZBNSwMxEIaz9bt+VT16CRbBg5ZdLSqIUBTEo4qthW4t2XRag9kPklmxLP07XvwrXhQU9eofMVv3YK0vBF6emWEyrxdJodG2P6zc2PjE5NT0TH52bn5hsbC0XNNhrDhUeShDVfeYBikCqKJACfVIAfM9CVfe7XFav7oDpUUYXGIvgqbPuoHoCM7QoFah4iLcYwIXJ316SLddFD5o6tjXyVa5v+keDJGdlDjDpFUo2iV7IDpqnMwUSaazVuHFbYc89iFALpnWDceOsJkwhYJL6OfdWEPE+C3rQsPYgJllzWRwaZ+uG9KmnVCZFyAd0N8TCfO17vme6fQZ3ui/tRT+V2vE2NlvJiKIYoSA/yzqxJJiSNPYaFso4Ch7xjCuhPkr5TdMMY4m3LwJwfl78qipbZec3VL5vFysHGVxTJNVskY2iEP2SIWckjNSJZw8kCfySt6sR+vZerc+f1pzVjazQoZkfX0DACikAg==</latexit>

eRF = 2⇥ 10�4, 2⇥ 10�3, 1⇥ 10�3
<latexit sha1_base64="hKT3stWjGJ/0X9Ocy7+aRkereH4=">AAACKXicbZBNSwMxEIaz9bt+VT16CRbBg5ZdLSqIUBTEo4qthW4t2XRag9kPklmxLP07XvwrXhQU9eofMVv3YK0vBF6emWEyrxdJodG2P6zc2PjE5NT0TH52bn5hsbC0XNNhrDhUeShDVfeYBikCqKJACfVIAfM9CVfe7XFav7oDpUUYXGIvgqbPuoHoCM7QoFah4iLcYwIXJ316SLddFD5o6tjXyVa5v+keDJGdlDjDpFUo2iV7IDpqnMwUSaazVuHFbYc89iFALpnWDceOsJkwhYJL6OfdWEPE+C3rQsPYgJllzWRwaZ+uG9KmnVCZFyAd0N8TCfO17vme6fQZ3ui/tRT+V2vE2NlvJiKIYoSA/yzqxJJiSNPYaFso4Ch7xjCuhPkr5TdMMY4m3LwJwfl78qipbZec3VL5vFysHGVxTJNVskY2iEP2SIWckjNSJZw8kCfySt6sR+vZerc+f1pzVjazQoZkfX0DACikAg==</latexit>

eRF = 2⇥ 10�4, 2⇥ 10�3, 1⇥ 10�3
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Nuclear Recoils vs. Electron Recoils
• DM scattering on electrons is unimportant for our analysis (                       ).


• But neutrino-electron scattering can be very significant!


• DM DD experiments work very hard to reject electron recoils:


• XENON1T:


• DEAP-3600 (Ar): 


• DARWIN (Xe):


• ARGO (Ar): 

<latexit sha1_base64="HWHLdnZqn79d+0LfPgb7UaUXSIA=">AAACBnicbVC7SgNBFJ31GeMrainCYBAsJOyKrzJgoYVFBPOAbAizk5tkyMzuMnNXDEsqG3/FxkIRW7/Bzr9x8ig08cDA4ZxzuXNPEEth0HW/nbn5hcWl5cxKdnVtfWMzt7VdMVGiOZR5JCNdC5gBKUIoo0AJtVgDU4GEatC7HPrVe9BGROEd9mNoKNYJRVtwhlZq5vZU0+ddQf0O2pCinusf+QgPmF5BZdDM5d2COwKdJd6E5MkEpWbuy29FPFEQIpfMmLrnxthImUbBJQyyfmIgZrzHOlC3NGQKTCMdnTGgB1Zp0Xak7QuRjtTfEylTxvRVYJOKYddMe0PxP6+eYPuikYowThBCPl7UTiTFiA47oS2hgaPsW8K4FvavlHeZZhxtc1lbgjd98iypHBe8s8Lp7Um+eDOpI0N2yT45JB45J0VyTUqkTDh5JM/klbw5T86L8+58jKNzzmRmh/yB8/kDVNeYcw==</latexit>

m� & 10GeV

<latexit sha1_base64="4awniwHsZilFMIGhCQ6zl4TzVgc=">AAACBHicbVBNS8NAEN34WetX1JteFovgxZKVghU8FATpsYq1hSaWzXbTLt1swu5GKCHgxb/ixYOCePVHePPfuG1z0NYHA4/3ZpiZ58ecKe0439bC4tLyymphrbi+sbm1be/s3qkokYQ2ScQj2faxopwJ2tRMc9qOJcWhz2nLH16O/dYDlYpF4laPYuqFuC9YwAjWRura+64MU3pzlcELWHU1C6mCyLlPT86zrl1yys4EcJ6gnJRAjkbX/nJ7EUlCKjThWKkOcmLtpVhqRjjNim6iaIzJEPdpx1CBzTIvnfyQwSOj9GAQSVNCw4n6eyLFoVKj0DedIdYDNeuNxf+8TqKDqpcyESeaCjJdFCQc6giOA4E9JinRfGQIJpKZWyEZYImJNrEVTQho9uV50joto0oZoetKqVbP8yiAA3AIjgECZ6AG6qABmoCAR/AMXsGb9WS9WO/Wx7R1wcpn9sAfWJ8/aEWWjQ==</latexit>

eRF < 8⇥ 10�9

<latexit sha1_base64="5ijkNXiMdhFwmORZdBz5VXxS9IM=">AAACB3icbVBNS8NAEN3Ur1q/oh5FWCxCPVgSKdSbBUF6rGJtoa1ls522S3eTsLsRSogXL/4VLx4UxKt/wZv/xm2bg1YfDDzem2FmnhdyprTjfFmZhcWl5ZXsam5tfWNzy97euVFBJCnUacAD2fSIAs58qGumOTRDCUR4HBre6HziN+5AKhb413ocQkeQgc/6jBJtpK6935YihquLBLc5KKWYwK5zGx+Xk/vC2VHXzjtFZwr8l7gpyaMUta792e4FNBLga8qJUi3XCXUnJlIzyiHJtSMFIaEjMoCWoT4RoDrx9I0EHxqlh/uBNOVrPFV/TsREKDUWnukURA/VvDcR//Nake6fdmLmh5EGn84W9SOOdYAnmeAek0A1HxtCqGTmVkyHRBKqTXI5E4I7//Jf0jgpuqWi616W8pVqmkcW7aEDVEAuKqMKqqIaqiOKHtATekGv1qP1bL1Z77PWjJXO7KJfsD6+AQW+mAE=</latexit>

eRF . 10�7 (?)

<latexit sha1_base64="/v56DKuXktvgdb6nrG81eMbZh7w=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0WoC0tSirqzIEiXVewDmlgm00k7dCYJMxOhhLh146+4caGIW7/AnX/jtM1CqwcuHM65l3vv8SJGpbKsLyO3sLi0vJJfLaytb2xumds7LRnGApMmDlkoOh6ShNGANBVVjHQiQRD3GGl7o4uJ374jQtIwuFHjiLgcDQLqU4yUlnrmviN4Qq4vU+hIymHFUZQTCW3rNjmupvel86OeWbTK1hTwL7EzUgQZGj3z0+mHOOYkUJghKbu2FSk3QUJRzEhacGJJIoRHaEC6mgZIL3ST6SspPNRKH/qh0BUoOFV/TiSISznmnu7kSA3lvDcR//O6sfLP3IQGUaxIgGeL/JhBFcJJLrBPBcGKjTVBWFB9K8RDJBBWOr2CDsGef/kvaVXK9km5elUt1upZHHmwBw5ACdjgFNRAHTRAE2DwAJ7AC3g1Ho1n4814n7XmjGxmF/yC8fENydOZDw==</latexit>

eRF ⇠ 2⇥ 10�4 (?)
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Neutrino-Electron Backgrounds
• DM scattering on electrons is unimportant for our analysis (                       ).


• But neutrino-electron scattering can be very significant!


• DM DD experiments work very hard to reject electron recoils:


• XENON1T:


• DEAP-3600 (Ar): 


• DARWIN (Xe):


• ARGO (Ar): 

electron rejection factor (eRF)
<latexit sha1_base64="hSzaOWBW3TfcPlZ5+UMPUxwDz6s=">AAACC3icbVC7SgNBFJ2Nrxhfq5Y2Q4JgY9g1vhohYJMygnlAdg2zk7vJkNkHM7OBsKS38VdsLBSx9Qfs/BsnyRaaeGDg3HPu5c49XsyZVJb1beRWVtfWN/Kbha3tnd09c/+gKaNEUGjQiEei7REJnIXQUExxaMcCSOBxaHnD26nfGoGQLArv1TgGNyD9kPmMEqWlrll0RkRALBnXFeAbXHEUC0Bi23pITysTrXTNklW2ZsDLxM5ICWWod80vpxfRJIBQUU6k7NhWrNyUCMUoh0nBSSTEhA5JHzqahkTvc9PZLRN8rJUe9iOhX6jwTP09kZJAynHg6c6AqIFc9Kbif14nUf61m7IwThSEdL7ITzhWEZ4Gg3tMAFV8rAmhgum/YjogglCl4yvoEOzFk5dJ86xsX5Yv7s5L1VoWRx4doSI6QTa6QlVUQ3XUQBQ9omf0it6MJ+PFeDc+5q05I5s5RH9gfP4AWA6ZVA==</latexit>

"e = 3⇥ 10�3 =
<latexit sha1_base64="RJOlmZuduYr0iB3H7AqsvYX/kts=">AAACCHicbVC7SgNBFJ2Nrxhfq5YWDgbBxrArPiJYBGxSRjAPyK5hdnI3GTL7YGY2EJaUNv6KjYUitn6CnX/jJNlCEw8MnHvOvdy5x4s5k8qyvo3c0vLK6lp+vbCxubW9Y+7uNWSUCAp1GvFItDwigbMQ6oopDq1YAAk8Dk1vcDvxm0MQkkXhvRrF4AakFzKfUaK01DEPnSEREEvGdQX4BpcdxQKQ2LYe0tPrcccsWiVrCrxI7IwUUYZax/xyuhFNAggV5UTKtm3Fyk2JUIxyGBecREJM6ID0oK1pSPQyN50eMsbHWuliPxL6hQpP1d8TKQmkHAWe7gyI6st5byL+57UT5ZfdlIVxoiCks0V+wrGK8CQV3GUCqOIjTQgVTP8V0z4RhCqdXUGHYM+fvEgaZyX7snRxd16sVLM48ugAHaETZKMrVEFVVEN1RNEjekav6M14Ml6Md+Nj1pozspl99AfG5w8ZV5jD</latexit>

"e < 8⇥ 10�9

<latexit sha1_base64="MP+/IpZQSIfRG5Wu6zeQ6pMT67w=">AAACD3icbVC7TgJBFJ3FF+Jr1dJmItFgIdkl+OgksaHERB4Ju5LZ4QITZh+ZmSUhG/wCG3/FxkJjbG3t/BsH2ELRk0xy7jn35s49XsSZVJb1ZWSWlldW17LruY3Nre0dc3evIcNYUKjTkIei5REJnAVQV0xxaEUCiO9xaHrD66nfHIGQLAxu1TgC1yf9gPUYJUpLHfPYGREBkWRcV4AdyXxcchTzQWLbuktOy5P7wtVJx8xbRWsG/JfYKcmjFLWO+el0Qxr7ECjKiZRt24qUmxChGOUwyTmxhIjQIelDW9OA6IVuMrtngo+00sW9UOgXKDxTf04kxJdy7Hu60ydqIBe9qfif145V79JNWBDFCgI6X9SLOVYhnoaDu0wAVXysCaGC6b9iOiCCUKUjzOkQ7MWT/5JGqWifF89uyvlKNY0jiw7QISogG12gCqqiGqojih7QE3pBr8aj8Wy8Ge/z1oyRzuyjXzA+vgEmIZt1</latexit>

"e ⇠ 2⇥ 10�4 (?)

<latexit sha1_base64="0L+nSQ0jZsIwgIzaBit0T6mrzdg=">AAACC3icbVC7SgNBFJ2Nrxhfq5Y2Q4IQC8OuqLEzYJMygnlAdg2zk7vJkNkHM7OBsMTaxl+xsVDE1h+w82+cPApNPHDhzDn3MvceL+ZMKsv6NjIrq2vrG9nN3Nb2zu6euX/QkFEiKNRpxCPR8ogEzkKoK6Y4tGIBJPA4NL3BzcRvDkFIFoV3ahSDG5BeyHxGidJSx8w7QyIglozrF2CHg5SSBdi27tPT8viheH3SMQtWyZoCLxN7TgpojlrH/HK6EU0CCBXlRMq2bcXKTYlQjHIY55xEQkzogPSgrWlIApBuOr1ljI+10sV+JHSFCk/V3xMpCaQcBZ7uDIjqy0VvIv7ntRPlX7kpC+NEQUhnH/kJxyrCk2Bwlwmgio80IVQwvSumfSIIVTq+nA7BXjx5mTTOSvZl6eL2vFCpzuPIoiOUR0VkozKqoCqqoTqi6BE9o1f0ZjwZL8a78TFrzRjzmUP0B8bnD7wfmjc=</latexit>

"e . 10�7 (?)

<latexit sha1_base64="HWHLdnZqn79d+0LfPgb7UaUXSIA=">AAACBnicbVC7SgNBFJ31GeMrainCYBAsJOyKrzJgoYVFBPOAbAizk5tkyMzuMnNXDEsqG3/FxkIRW7/Bzr9x8ig08cDA4ZxzuXNPEEth0HW/nbn5hcWl5cxKdnVtfWMzt7VdMVGiOZR5JCNdC5gBKUIoo0AJtVgDU4GEatC7HPrVe9BGROEd9mNoKNYJRVtwhlZq5vZU0+ddQf0O2pCinusf+QgPmF5BZdDM5d2COwKdJd6E5MkEpWbuy29FPFEQIpfMmLrnxthImUbBJQyyfmIgZrzHOlC3NGQKTCMdnTGgB1Zp0Xak7QuRjtTfEylTxvRVYJOKYddMe0PxP6+eYPuikYowThBCPl7UTiTFiA47oS2hgaPsW8K4FvavlHeZZhxtc1lbgjd98iypHBe8s8Lp7Um+eDOpI0N2yT45JB45J0VyTUqkTDh5JM/klbw5T86L8+58jKNzzmRmh/yB8/kDVNeYcw==</latexit>

m� & 10GeV
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Electron Recoil Energy Reconstruction
• For a given energy transfer in an electron recoil    , the amount of visible 

 
energy is typically larger than for a nuclear recoil with the same transfer. 

• If an electron recoil is misidentified as a nuclear recoil the reconstructed  
 
“nuclear recoil energy”        is then 
 
 
 

• Model quenching based on NEST + data for Xe and Ar:

<latexit sha1_base64="SAT24NiOU7AugX/qdVLiuL7aaCw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAiwcPCeQFyRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupv5rSdUmseybsYJ+hEdSB5yRo2VavVeseSW3TnIKvEyUoIM1V7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhrT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwoe9flq9plqfKQxZGHEziFc/DgBipwD1VoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH7XrjOw=</latexit>

T

<latexit sha1_base64="a/VvrgnNZ6kKixZ46G8lUTcNlKQ=">AAAB/XicbVDJSgNBEK2JW4zbuNy8NAYhgoQZcbsIARE8eIiSDZIw9HR6kiY9i909QhyCv+LFgyJe/Q9v/o2dZA6a+KCKx3tVdPVzI86ksqxvIzM3v7C4lF3OrayurW+Ym1s1GcaC0CoJeSgaLpaUs4BWFVOcNiJBse9yWnf7lyO//kCFZGFQUYOItn3cDZjHCFZacsydCrq4dxLqecPClXN30DrU3THzVtEaA80SOyV5SFF2zK9WJySxTwNFOJayaVuRaidYKEY4HeZasaQRJn3cpU1NA+xT2U7G1w/RvlY6yAuFrkChsfp7I8G+lAPf1ZM+Vj057Y3E/7xmrLzzdsKCKFY0IJOHvJgjFaJRFKjDBCWKDzTBRDB9KyI9LDBROrCcDsGe/vIsqR0V7dPiye1xvnSTxpGFXdiDAthwBiW4hjJUgcAjPMMrvBlPxovxbnxMRjNGurMNf2B8/gBs/JP2</latexit>

T = qeff (ER)ER

<latexit sha1_base64="lkWuZZZ1T4emZ3A/K68CTQ2Ei3A=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgyI4MFDXLJAMoSeTidp0tMzdNcIYcgnePGgiFe/yJt/YyeZgyY+KHi8V0VVvSCWwqDrfju5peWV1bX8emFjc2t7p7i7VzdRohmvsUhGuhlQw6VQvIYCJW/GmtMwkLwRDK8mfuOJayMi9YijmPsh7SvRE4yilR6uO/edYsktu1OQReJlpAQZqp3iV7sbsSTkCpmkxrQ8N0Y/pRoFk3xcaCeGx5QNaZ+3LFU05MZPp6eOyZFVuqQXaVsKyVT9PZHS0JhRGNjOkOLAzHsT8T+vlWDv0k+FihPkis0W9RJJMCKTv0lXaM5QjiyhTAt7K2EDqilDm07BhuDNv7xI6idl77x8dndaqtxmceThAA7hGDy4gArcQBVqwKAPz/AKb450Xpx352PWmnOymX34A+fzB/Y1jaI=</latexit>

ER

<latexit sha1_base64="CJMT9n8YNtVh6wmFKqS0xdKw3X4=">AAACEXicbVDJSgNBEO1xN25Rj14agxBBxhlxOwoiePCgYqKQiUNPp8Y06VnsrhHDML/gxV/x4kERr968+Td2Yg5uDwoe71VRVS9IpdDoOB/W0PDI6Nj4xGRpanpmdq48v1DXSaY41HgiE3URMA1SxFBDgRIuUgUsCiScB539nn9+A0qLJD7DbgrNiF3FIhScoZH8cvXazyEMC+ppEVHH3vDWqgf+6bqHcIt5B+rF6mXu2G7hlyuO7fRB/xJ3QCpkgGO//O61Ep5FECOXTOuG66TYzJlCwSUUJS/TkDLeYVfQMDRmEehm3v+ooCtGadEwUaZipH31+0TOIq27UWA6I4Zt/dvrif95jQzD3WYu4jRDiPnXojCTFBPai4e2hAKOsmsI40qYWylvM8U4mhBLJgT398t/SX3DdrftrZPNyt7RII4JskSWSZW4ZIfskUNyTGqEkzvyQJ7Is3VvPVov1utX65A1mFkkP2C9fQLxrJvf</latexit>

qeff ⇠ 0.2 (ER/keV)0.1

https://inspirehep.net/literature/1847761
https://inspirehep.net/literature/1791141
https://inspirehep.net/literature/1649259
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Total Neutrino Scattering Rate

<latexit sha1_base64="hwSJVRjaU+SXDnOBMuLDHu2yD2g="></latexit>

�⌫(E⌫) = di↵erential neutrino flux on target

NT = # target nuclei
<latexit sha1_base64="nIKEjKmnk1KKEXK/3QwErSe9yYU=">AAACBnicbVDLSgNBEJyNrxhfqx5FGAyCp7Crgl6EgBdPEiEvSEKYnXSSIbOzy0yvGJacvPgrXjwo4tVv8ObfOHkcNLGgoajqnumuIJbCoOd9O5ml5ZXVtex6bmNza3vH3d2rmijRHCo8kpGuB8yAFAoqKFBCPdbAwkBCLRhcj/3aPWgjIlXGYQytkPWU6ArO0Ept9/C2XaZXtInwgGkzT5HpHiBVCZcgRm037xW8Cegi8WckT2Yotd2vZifiSQgKuWTGNHwvxlbKNAr74CjXTAzEjA9YDxqWKhaCaaWTM0b02Cod2o20LYV0ov6eSFlozDAMbGfIsG/mvbH4n9dIsHvZSoWKEwTFpx91E0kxouNMaEdo4CiHljCuhd2V8j7TjKNNLmdD8OdPXiTV04J/VvDuzvPF0iyOLDkgR+SE+OSCFMkNKZEK4eSRPJNX8uY8OS/Ou/Mxbc04s5l98gfO5w/30pg6</latexit>

<latexit sha1_base64="yeli0JZA5OVT8lX0nKliJlUnEnc="></latexit>

dR

dER
= NT

Z
dE⌫ �⌫

 
"n

d�⌫N

dER
+ "e

d�(Z)
⌫e

dER

!

<latexit sha1_base64="nOYGN9ZTh8L52UMGqjuKHK5QGx4="></latexit>

"n, "e = nuclear and electron recoil e�ciencies
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Neutrino Scattering on Electrons
• Neutrino scattering on electrons can also be important!


• Mediated by W and Z bosons for     , Z only for the rest.


• For a free electron (    = neutrino energy transfer): 
 
 
 

•         is much larger for      than for the others


• Visible recoil energies arise for smaller       than nuclear scattering.

<latexit sha1_base64="9wyuLhySpUyhXdeyt/tzm8+qpYI=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLz1WMLbQhrLZTtqlm03Y3Qgl9Dd48aAgXv0/3vw3btsctPXBwOO9GWbmhang2rjut1Pa2t7Z3SvvVw4Oj45PqqdnjzrJFEOfJSJRvZBqFFyib7gR2EsV0jgU2A2ndwu/+4RK80Q+mFmKQUzHkkecUWMlfyCzIQ6rNbfuLkE2iVeQGhToDKtfg1HCshilYYJq3ffc1AQ5VYYzgfPKINOYUjalY+xbKmmMOsiXx87JlVVGJEqULWnIUv09kdNY61kc2s6Ymole9xbif14/M9FtkHOZZgYlWy2KMkFMQhafkxFXyIyYWUKZ4vZWwiZUUWZsPhUbgrf+8ibp3tS9Rt3z7hu1VrvIowwXcAnX4EETWtCGDvjAgMMzvMKbI50X5935WLWWnGLmHP7A+fwBbi6O7g==</latexit>⌫e

<latexit sha1_base64="5MkngOP8KsEwBdr/hWp3Uhvo5QI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeClx5bsKbQhrLZTtqlm03Y3Qgl9Ed48aAgXv073vw3btsctPXBwOO9GWbmhang2rjut1Pa2t7Z3SvvVw4Oj45PqqdnjzrJFMMuS0SieiHVKLjEruFGYC9VSONQoB9O7xe+/4RK80Q+mFmKQUzHkkecUWMlvzPMMYrmw2rNrbtLkE3iFaQGBdrD6tdglLAsRmmYoFr3PTc1QU6V4UzgvDLINKaUTekY+5ZKGqMO8uW5c3JllRGJEmVLGrJUf0/kNNZ6Foe2M6Zmote9hfif189MdBfkXKaZQclWi6JMEJOQxe9kxBUyI2aWUKa4vZWwCVWUGZtQxYbgrb+8Sfybuteoe16nUWu2ijzKcAGXcA0e3EITWtCGLjCYwjO8wpuTOi/Ou/Oxai05xcw5/IHz+QMBYY/Y</latexit>

Qeff
<latexit sha1_base64="9wyuLhySpUyhXdeyt/tzm8+qpYI=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLz1WMLbQhrLZTtqlm03Y3Qgl9Dd48aAgXv0/3vw3btsctPXBwOO9GWbmhang2rjut1Pa2t7Z3SvvVw4Oj45PqqdnjzrJFEOfJSJRvZBqFFyib7gR2EsV0jgU2A2ndwu/+4RK80Q+mFmKQUzHkkecUWMlfyCzIQ6rNbfuLkE2iVeQGhToDKtfg1HCshilYYJq3ffc1AQ5VYYzgfPKINOYUjalY+xbKmmMOsiXx87JlVVGJEqULWnIUv09kdNY61kc2s6Ymole9xbif14/M9FtkHOZZgYlWy2KMkFMQhafkxFXyIyYWUKZ4vZWwiZUUWZsPhUbgrf+8ibp3tS9Rt3z7hu1VrvIowwXcAnX4EETWtCGDvjAgMMzvMKbI50X5935WLWWnGLmHP7A+fwBbi6O7g==</latexit>⌫e

<latexit sha1_base64="jCi2VGomtwwyH8IfR+YJO+CLKhs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBPFUwdhCG8pmu2mXbjZhdyKU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhakUBl332ymtrK6tb5Q3K1vbO7t71f2DR5NkmnGfJTLR7ZAaLoXiPgqUvJ1qTuNQ8lY4up76rSeujUjUA45THsR0oEQkGEUr+Te9rsp61Zpbd2cgy8QrSA0KNHvVr24/YVnMFTJJjel4bopBTjUKJvmk0s0MTykb0QHvWKpozE2Qz46dkBOr9EmUaFsKyUz9PZHT2JhxHNrOmOLQLHpT8T+vk2F0FeRCpRlyxeaLokwSTMj0c9IXmjOUY0so08LeStiQasrQ5lOxIXiLLy+Tx7O6d1F3789rjbsijjIcwTGcggeX0IBbaIIPDAQ8wyu8Ocp5cd6dj3lrySlmDuEPnM8fp5OOnA==</latexit>

E⌫

<latexit sha1_base64="HKeNN6xiuteRmDO9NB9WgnkrC58="></latexit>

d�⌫ae

dT
' me

2G2
F

⇡
Q2

eff,a , a = e, {ē, µ, µ̄, ⌧, ⌧̄}

<latexit sha1_base64="SAT24NiOU7AugX/qdVLiuL7aaCw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAiwcPCeQFyRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupv5rSdUmseybsYJ+hEdSB5yRo2VavVeseSW3TnIKvEyUoIM1V7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhrT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwoe9flq9plqfKQxZGHEziFc/DgBipwD1VoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH7XrjOw=</latexit>

T
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Kinematics: (Free) Electrons
• Dark Matter: 

 
 
 

• Neutrino: 
 
 
 

• Much more electron recoil energy is available from neutrinos!

<latexit sha1_base64="RKsXGIiEwpjfnzxEklx1BQCp4uA="></latexit>

q . 2me v (m� � me)

T = q2/2me  2me v
2/m�

<latexit sha1_base64="zbx4VvXk7XXFsO33kmtkAS4rqQo="></latexit>

q . 2E⌫

T = q2/2me  2E2
⌫/me
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Atomic Electrons
• Electrons in the target are bound within atoms.


• Free-electron approximation, for 
 
 
 

• Can be shown to hold asymptotically. [Voloshin 2010]


• But this approximation breaks down for Xe and Ar inner electrons!

<latexit sha1_base64="JU5hK+97vrzRlJa3Z6WpLQLJcuQ="></latexit>

d�(Z)
⌫ e

dT
' Z

d�(free)
⌫ e

dT
, T = ER

<latexit sha1_base64="DW1h1yT1LDHH0wqLV27EwdSWQMU=">AAACF3icbZBNTwIxEIa7+IX4hXr00khMPCjZJSR6JBoSjmhEiCxuumWAhnZ303ZNyIZf4cW/4sWDJsar3vw3FtiDgpO08+SdmbTz+hFnStv2t5VZWl5ZXcuu5zY2t7Z38rt7tyqMJYUGDXkoWz5RwFkADc00h1YkgQifQ9MfXk7qzQeQioXBjR5F0BGkH7Aeo0QbycufVr1r7GK33zd31buYMAelFBMG7+5LLuHRgJh8Ijzw8gW7aE8DL4KTQgGlUffyX243pLGAQFNOlGo7dqQ7CZGaUQ7jnBsriAgdkj60DQZEgOok07XG+MgoXdwLpTmBxlP190RChFIj4ZtOQfRAzdcm4n+1dqx7552EBVGsIaCzh3oxxzrEE49wl0mgmo8MECqZ+SumAyIJ1cbJnDHBmV95EZqlolMuOs5VuVCppX5k0QE6RMfIQWeogmqojhqIokf0jF7Rm/VkvVjv1sesNWOlM/voT1ifP7QOnRM=</latexit>

ER � EB . Z2↵2 me
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Atomic Electrons
• Electrons in the target are bound within atoms.


• Stepping approximation, for 
 
 
 
 
 
 

• Captures the most important atomic features. [Kouzakov, Studenikin, Voloshin 2014]

<latexit sha1_base64="Ab+hOsZ05wMwMt+LXEdOISgAxlc=">AAACF3icbVDLSgMxFM3UV62vUZdugkVwUcuMFHRZdNNlBWuLnWHIpLdtaDIzTTJCGfoVbvwVNy4UxK3u/BvTx0JbDwROzjmX5J4w4Uxpx/m2ciura+sb+c3C1vbO7p69f3Cn4lRSaNCYx7IVEgWcRdDQTHNoJRKICDk0w8H1xG8+gFQsjm71KAFfkF7EuowSbaTAPhtiD3s9bRLCsGFwNblzUGom3Hslj/CkT7ySCCCwi07ZmQIvE3dOimiOemB/eZ2YpgIiTTlRqu06ifYzIjWjHMYFL1WQEDogPWgbGhEBys+ma43xiVE6uBtLcyKNp+rviYwIpUYiNElBdF8tehPxP6+d6u6ln7EoSTVEdPZQN+VYx3jSEe4wCVTzkSGESmb+immfSEK1abJgSnAXV14mzfOyWym77k2lWK3N+8ijI3SMTpGLLlAV1VAdNRBFj+gZvaI368l6sd6tj1k0Z81nDtEfWJ8/Fted6g==</latexit>

q & qB . Z ↵me

<latexit sha1_base64="hODr9R1Vo9asA3ji6tRRLyA0I2g="></latexit>

d�(Z)
⌫ e

dT
' Zeff

d�(free)
⌫ e

dT

<latexit sha1_base64="UDuM1seQP+PN2HVWQIgCoq/BKhU=">AAACDXicbVDLSgMxFM34rPVVdekmWIQKtcxIQTdCUYQuK7S22BmGTHqnDc08SDJCGeYD3PgrblwoiFv37vwb08dCWw8EDuecy809XsyZVKb5bSwtr6yurec28ptb2zu7hb39OxklgkKLRjwSHY9I4CyElmKKQycWQAKPQ9sbXo/99gMIyaKwqUYxOAHph8xnlCgtuYXivZuC72f4EtsyCVxml+3mABQpNU9v3PSqzLITnTIr5gR4kVgzUkQzNNzCl92LaBJAqCgnUnYtM1ZOSoRilEOWtxMJMaFD0oeupiEJQDrp5JgMH2ulh/1I6BcqPFF/T6QkkHIUeDoZEDWQ895Y/M/rJsq/cFIWxomCkE4X+QnHKsLjZnCPCaCKjzQhVDD9V0wHRBCqdH95XYI1f/IiaZ9VrGrFsm6rxVp91kcOHaIjVEIWOkc1VEcN1EIUPaJn9IrejCfjxXg3PqbRJWM2c4D+wPj8AS82mj8=</latexit>

Zeff =
X

i

⇥(T � EB,i)
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Atomic Electrons
• Electrons in the target are bound within atoms.


• Full atomic calculation for Xe, averaged over main neutrino fluxes: 
 
 
 
 
 
 
 
 

0

1⇥ 10�31

2⇥ 10�31

3⇥ 10�31

4⇥ 10�31

5⇥ 10�31

6⇥ 10�31

0.1 1 10 100

d�
/d

T
(M

b
/e
V
)

T (keV)

7Be, FEA
pp, FEA

7Be, stepping
pp, stepping
7Be, atomic
pp, atomic

7Be, fit
pp, fit

[Chen et al, 2016]



Solar Neutrinos
87

[Borexino 2018]
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Electron Rejection in Xe
• Compare prompt photons (S1) to slow photons from drifted electrons (S2).


[XENON1T]
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Electron Rejection in Ar
• Use pulse shape discrimination variable Fprompt.


• DM DD experiments typically detect scintillation photons:


• Ionization/excitation in Ar leads to excited dimers, triplet or singlet.


• De-excitation produces 128 nm photons.


• Singlet de-excitation is slow, triplet is fast.


• Nuclear vs. electron recoils produce different numbers of singlets and triplets.


• Fprompt caputures the time-domain difference in pulse shapes.

[Amaudruz, Boulay, …]
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Electron Rejection in Ar
• Use pulse shape discrimination variable Fprompt.
 [Amaudruz, Boulay, …]

[DEAP-3600 2017]
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Neutrino Floor or Fog?
e.g. shape uncertainty in electron recoil rejection      (                        ) 

10�50

10�49

10�48

10�47

10�46

101 102 103 104 105 106 107 108

Xe DARWIN-like

�
n
(c
m

2
)

MT (t yr)

m� = 30GeV
m� = 100GeV
m� = 300GeV

<latexit sha1_base64="FQyH053tCCqjHJzSZZXjqJBW8uU=">AAACCHicbVC7SgNBFJ2Nrxhfq5YWDgbBxrAbn40QsEkZwTwgu4bZyd1kyOyDmdlAWFLa+Cs2ForY+gl2/o2TZAtNPDBw7jn3cuceL+ZMKsv6NnJLyyura/n1wsbm1vaOubvXkFEiKNRpxCPR8ogEzkKoK6Y4tGIBJPA4NL3B7cRvDkFIFoX3ahSDG5BeyHxGidJSxzx0hkRALBnXFeAbXHYUC0Bi23pIT8/GHbNolawp8CKxM1JEGWod88vpRjQJIFSUEynbthUrNyVCMcphXHASCTGhA9KDtqYh0cvcdHrIGB9rpYv9SOgXKjxVf0+kJJByFHi6MyCqL+e9ifif106Uf+2mLIwTBSGdLfITjlWEJ6ngLhNAFR9pQqhg+q+Y9okgVOnsCjoEe/7kRdIol+zL0sXdebFSzeLIowN0hE6Qja5QBVVRDdURRY/oGb2iN+PJeDHejY9Za87IZvbRHxifPwhhmLg=</latexit>

"e = 2⇥ 10�3

<latexit sha1_base64="l4m3hq/2eq2e6g3uSgmN8dwhw5E=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi8cI5gHJEmYnvcmQ2dl1ZjYQlnyHFw+KePVjvPk3TpI9aGJBQ1HVTXdXkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3xqg0j+WjmSToR3QgecgZNVbyu2OqMNFcxLKHvXLFrbpzkFXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgtNRNNSaUjegAO5ZKGqH2s/nRU3JmlT4JY2VLGjJXf09kNNJ6EgW2M6JmqJe9mfif10lNeOtnXCapQckWi8JUEBOTWQKkzxUyIyaWUKa4vZWwIVWUGZtTyYbgLb+8SpoXVe+6evVwWanV8ziKcAKncA4e3EAN7qEODWDwBM/wCm/O2Hlx3p2PRWvByWeO4Q+czx8+ApJ3</latexit>"e
<latexit sha1_base64="msLJmV3380rhWWIr15Cc4WjJeS8=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBjSWpz41QcOOygn1AG8tkOmmHTiZhZqKU2E9x40IRt36JO//GaZuFth64cDjnXu69x485U9pxvq3c0vLK6lp+vbCxubW9Yxd3GypKJKF1EvFItnysKGeC1jXTnLZiSXHoc9r0h9cTv/lApWKRuNOjmHoh7gsWMIK1kbp28QpVOpqFVCHXuU+PT8Zdu+SUnSnQInEzUoIMta791elFJAmp0IRjpdquE2svxVIzwum40EkUjTEZ4j5tGyqwWeal09PH6NAoPRRE0pTQaKr+nkhxqNQo9E1niPVAzXsT8T+vnejg0kuZiBNNBZktChKOdIQmOaAek5RoPjIEE8nMrYgMsMREm7QKJgR3/uVF0qiU3fPy2e1pqVrL4sjDPhzAEbhwAVW4gRrUgcAjPMMrvFlP1ov1bn3MWnNWNrMHf2B9/gAjhZKx</latexit>

= 2⇥ 10�3

= no electron rejection (ER) uncertainty 

= 20% overall ER uncertainty 

= 10% ER uncertainty in each recoil bin 

<latexit sha1_base64="w4xRH47FnAeHGdH13k+4/Rs8yBk=">AAAB/3icbVDJSgNBEO1xjXGLCl68NAYhXsJMcDsGvOQYwSyQjKGn05M06e4ZumvEMObgr3jxoIhXf8Obf2NnOWjig4LHe1VU1QtiwQ247reztLyyurae2chubm3v7Ob29usmSjRlNRqJSDcDYpjgitWAg2DNWDMiA8EaweB67DfumTY8UrcwjJkvSU/xkFMCVurkDtuG9yTpKFxoA3uAlMrRXem0k8u7RXcCvEi8GcmjGaqd3Fe7G9FEMgVUEGNanhuDnxINnAo2yrYTw2JCB6THWpYqIpnx08n9I3xilS4OI21LAZ6ovydSIo0ZysB2SgJ9M++Nxf+8VgLhlZ9yFSfAFJ0uChOBIcLjMHCXa0ZBDC0hVHN7K6Z9ogkFG1nWhuDNv7xI6qWid1E8vznLlyuzODLoCB2jAvLQJSqjCqqiGqLoET2jV/TmPDkvzrvzMW1dcmYzB+gPnM8fZZ+Vuw==</latexit> �
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Neutrino Production from CRs on the Moon

• GEANT4 simulation of # neutrinos per cosmic ray: [Demidov + Gorbunov 2020]
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Neutrino Production from CRs on the Moon

• Neutrinos are created mainly in the first few metres of the Moon surface.


• Treat production as coming from a spherical shell:
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SI DM Sensitivity Contours - Xe
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SI DM Sensitivity Contours - Ar
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Lunar CR Neutrino Flux Uncertainty
• Impact of fractional lunar CR flux uncertainty between 10-40%:
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Electron Rejection Factor in Xe
• Consider                                            :
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