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In Search of Lost Naturalness

Plot from: 1207.4434
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In Search of Lost Naturalness

Plot from: 1207.4434

Today we are  
past this  

arbitrary line 
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Naturalness and Spherical Cows 
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Naturalness and Spherical Cows 
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Dark Matter Scenario Space 
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Thermal Production
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WIMP �DM = h�vrel.inDM > H(T )

⌦DM h2 ⇡ 0.12

h�vrel.i [25TeV]2
Zeldovich, Lee, Weinberg, Steigman, Turner,… 

Types of Freezeout
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Co-SIMP Scattering off Nucleons

arXiv: 2302.00008; Parikh, Smirnov, Xu, Zhou
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Cartoon of Interaction Space 

<latexit sha1_base64="1sCoOmZxK1zMwUjjj9t+jp/yEls=">AAACAnicdVDJSgNBEO2JW4xb1JN4aQyCpzAjicst4EEvQgSzQBJDT6eSNOlZ6K4RwzB48Ve8eFDEq1/hzb+xsyCuDwoe71VRVc8NpdBo2+9WamZ2bn4hvZhZWl5ZXcuub1R1ECkOFR7IQNVdpkEKHyooUEI9VMA8V0LNHZyM/No1KC0C/xKHIbQ81vNFV3CGRmpnt85pUwuPOvZVXCgmtIlwg/EpVJN2Nmfnj0coUidvj/Gb5MgU5Xb2rdkJeOSBj1wyrRuOHWIrZgoFl5BkmpGGkPEB60HDUJ95oFvx+IWE7hqlQ7uBMuUjHatfJ2LmaT30XNPpMezrn95I/MtrRNg9asXCDyMEn08WdSNJMaCjPGhHKOAoh4YwroS5lfI+U4yjSS1jQvj/909S3c87B/niRSFXsqdxpMk22SF7xCGHpETOSJlUCCe35J48kifrznqwnq2XSWvKms5skm+wXj8AwS2WXg==</latexit>

M ⇠ 1045GeV

<latexit sha1_base64="b1IOvX4I4chV/7xBtijqNRJjAZs=">AAACJHicdVDJSgNBEO1xN25Rj14ag+DFMBMSF7wIHvQiKJgFkhh6OpXYpHtm6K4Rw5CP8eKvePHgggcvfoudGHd9UPB4r4qqen4khUHXfXZGRsfGJyanplMzs3PzC+nFpZIJY82hyEMZ6orPDEgRQBEFSqhEGpjyJZT9zn7fL1+ANiIMTrEbQV2xdiBagjO0UiO9u3ZEa0Yo6rlnSb7QozWES0wOoNRLWb2t2Ke94eXefa56Z7lGOuNmd/ooUC/rDvCbZMgQx430Q60Z8lhBgFwyY6qeG2E9YRoFl2AXxgYixjusDVVLA6bA1JPBkz26ZpUmbYXaVoB0oH6dSJgypqt826kYnpufXl/8y6vG2NquJyKIYoSAvy1qxZJiSPuJ0abQwFF2LWFcC3sr5edMM44215QN4f/fP0gpl/U2s4WTfGbPHcYxRVbIKlknHtkie+SQHJMi4eSK3JA7cu9cO7fOo/P01jriDGeWyTc4L6/FqqMT</latexit>

� ⇠ 10�12cm2

Primordial  
Black 
Holes

+SIMPs 
+CoSIMPs 
+DM from PTs 
+Inflation 
+… 

mailto:juri.smirnov@liverpool.ac.uk


Juri Smirnov,  juri.smirnov@liverpool.ac.uk; 10/10/24 8

Cartoon of Interaction Space 

<latexit sha1_base64="1sCoOmZxK1zMwUjjj9t+jp/yEls=">AAACAnicdVDJSgNBEO2JW4xb1JN4aQyCpzAjicst4EEvQgSzQBJDT6eSNOlZ6K4RwzB48Ve8eFDEq1/hzb+xsyCuDwoe71VRVc8NpdBo2+9WamZ2bn4hvZhZWl5ZXcuub1R1ECkOFR7IQNVdpkEKHyooUEI9VMA8V0LNHZyM/No1KC0C/xKHIbQ81vNFV3CGRmpnt85pUwuPOvZVXCgmtIlwg/EpVJN2Nmfnj0coUidvj/Gb5MgU5Xb2rdkJeOSBj1wyrRuOHWIrZgoFl5BkmpGGkPEB60HDUJ95oFvx+IWE7hqlQ7uBMuUjHatfJ2LmaT30XNPpMezrn95I/MtrRNg9asXCDyMEn08WdSNJMaCjPGhHKOAoh4YwroS5lfI+U4yjSS1jQvj/909S3c87B/niRSFXsqdxpMk22SF7xCGHpETOSJlUCCe35J48kifrznqwnq2XSWvKms5skm+wXj8AwS2WXg==</latexit>

M ⇠ 1045GeV

<latexit sha1_base64="b1IOvX4I4chV/7xBtijqNRJjAZs=">AAACJHicdVDJSgNBEO1xN25Rj14ag+DFMBMSF7wIHvQiKJgFkhh6OpXYpHtm6K4Rw5CP8eKvePHgggcvfoudGHd9UPB4r4qqen4khUHXfXZGRsfGJyanplMzs3PzC+nFpZIJY82hyEMZ6orPDEgRQBEFSqhEGpjyJZT9zn7fL1+ANiIMTrEbQV2xdiBagjO0UiO9u3ZEa0Yo6rlnSb7QozWES0wOoNRLWb2t2Ke94eXefa56Z7lGOuNmd/ooUC/rDvCbZMgQx430Q60Z8lhBgFwyY6qeG2E9YRoFl2AXxgYixjusDVVLA6bA1JPBkz26ZpUmbYXaVoB0oH6dSJgypqt826kYnpufXl/8y6vG2NquJyKIYoSAvy1qxZJiSPuJ0abQwFF2LWFcC3sr5edMM44215QN4f/fP0gpl/U2s4WTfGbPHcYxRVbIKlknHtkie+SQHJMi4eSK3JA7cu9cO7fOo/P01jriDGeWyTc4L6/FqqMT</latexit>

� ⇠ 10�12cm2

Primordial  
Black 
Holes

+SIMPs 
+CoSIMPs 
+DM from PTs 
+Inflation 
+… 
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Cartoon of Interaction Space 

<latexit sha1_base64="1sCoOmZxK1zMwUjjj9t+jp/yEls=">AAACAnicdVDJSgNBEO2JW4xb1JN4aQyCpzAjicst4EEvQgSzQBJDT6eSNOlZ6K4RwzB48Ve8eFDEq1/hzb+xsyCuDwoe71VRVc8NpdBo2+9WamZ2bn4hvZhZWl5ZXcuub1R1ECkOFR7IQNVdpkEKHyooUEI9VMA8V0LNHZyM/No1KC0C/xKHIbQ81vNFV3CGRmpnt85pUwuPOvZVXCgmtIlwg/EpVJN2Nmfnj0coUidvj/Gb5MgU5Xb2rdkJeOSBj1wyrRuOHWIrZgoFl5BkmpGGkPEB60HDUJ95oFvx+IWE7hqlQ7uBMuUjHatfJ2LmaT30XNPpMezrn95I/MtrRNg9asXCDyMEn08WdSNJMaCjPGhHKOAoh4YwroS5lfI+U4yjSS1jQvj/909S3c87B/niRSFXsqdxpMk22SF7xCGHpETOSJlUCCe35J48kifrznqwnq2XSWvKms5skm+wXj8AwS2WXg==</latexit>

M ⇠ 1045GeV

<latexit sha1_base64="b1IOvX4I4chV/7xBtijqNRJjAZs=">AAACJHicdVDJSgNBEO1xN25Rj14ag+DFMBMSF7wIHvQiKJgFkhh6OpXYpHtm6K4Rw5CP8eKvePHgggcvfoudGHd9UPB4r4qqen4khUHXfXZGRsfGJyanplMzs3PzC+nFpZIJY82hyEMZ6orPDEgRQBEFSqhEGpjyJZT9zn7fL1+ANiIMTrEbQV2xdiBagjO0UiO9u3ZEa0Yo6rlnSb7QozWES0wOoNRLWb2t2Ke94eXefa56Z7lGOuNmd/ooUC/rDvCbZMgQx430Q60Z8lhBgFwyY6qeG2E9YRoFl2AXxgYixjusDVVLA6bA1JPBkz26ZpUmbYXaVoB0oH6dSJgypqt826kYnpufXl/8y6vG2NquJyKIYoSAvy1qxZJiSPuJ0abQwFF2LWFcC3sr5edMM44215QN4f/fP0gpl/U2s4WTfGbPHcYxRVbIKlknHtkie+SQHJMi4eSK3JA7cu9cO7fOo/P01jriDGeWyTc4L6/FqqMT</latexit>

� ⇠ 10�12cm2

Primordial  
Black 
Holes

+SIMPs 
+CoSIMPs 
+DM from PTs 
+Inflation 
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Old Objects / New Searches
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Stuff in Space

<latexit sha1_base64="IXZTF92kGVZ5jtT7JRhSR2nE/mE=">AAACDHicdVDLSgMxFM34rPVVdekmWAQ3DjNqq+4KbtwUKtoHdMaSSdM2NMkMSUYow3yAG3/FjQtF3PoB7vwbM20RnwcCh3PO5eaeIGJUacd5t2Zm5+YXFnNL+eWV1bX1wsZmQ4WxxKSOQxbKVoAUYVSQuqaakVYkCeIBI81geJb5zRsiFQ3FlR5FxOeoL2iPYqSN1CkUq9BTlMND6GnKiYKuc53sl1NY7SSe5PAyZKlJOfZphhJ0bWeM36QIpqh1Cm9eN8QxJ0JjhpRqu06k/QRJTTEjad6LFYkQHqI+aRsqkFnsJ+NjUrhrlC7shdI8oeFY/TqRIK7UiAcmyZEeqJ9eJv7ltWPdO/ETKqJYE4Eni3oxgzqEWTOwSyXBmo0MQVhS81eIB0girE1/eVPC/7d/ksaB7Zbt0sVRseJM68iBbbAD9oALjkEFnIMaqAMMbsE9eARP1p31YD1bL5PojDWd2QLfYL1+ABnhmb8=</latexit>

M ⇠ 3⇥ 10�6MSol

<latexit sha1_base64="FLmaZ8ZDpmLLUd1SOFhDZYiOdq8=">AAACIXicdZDLSgMxFIYzXmu9jbp0EyyCmw4zxWrdFdy4KVS0F+jUkkkzbWiSGZKMUIa+ihtfxY0LRboTX8b0glgvPwR+vnMOOecPYkaVdt13a2l5ZXVtPbOR3dza3tm19/brKkokJjUcsUg2A6QIo4LUNNWMNGNJEA8YaQSDy0m9cU+kopG41cOYtDnqCRpSjLRBHbtUgb6iHPqacqKg596leW8EK53UlxzeRGwE8zNaWKQdO+c6FxMVoee4U/02OTBXtWOP/W6EE06Exgwp1fLcWLdTJDXFjIyyfqJIjPAA9UjLWIHMPu10euEIHhvShWEkzRMaTun3iRRxpYY8MJ0c6b76WZvAv2qtRIeldkpFnGgi8OyjMGFQR3ASF+xSSbBmQ2MQltTsCnEfSYS1CTVrQvj/9i9TLzjemVO8Ps2V3XkcGXAIjsAJ8MA5KIMrUAU1gMEDeAIv4NV6tJ6tN2s8a12y5jMHYEHWxydhTqEp</latexit>

M ⇠ ⇥10�1MSol � 10�2MSol

<latexit sha1_base64="aSu06g4gkngSYk+Q8P9JBRLbcHY=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKqRifewKbtwUKtpWaEKYTCft0JlMmJmIJeRX3LhQxK0/4s6/cdIW8XngwuGce7n3njBhVGnXfbdKC4tLyyvl1cra+sbmlr1d7SqRSkw6WDAhb0KkCKMx6WiqGblJJEE8ZKQXjs8Lv3dLpKIivtaThPgcDWMaUYy0kQK72oKeohy2gsyTHF4Jlgd2zXXOCjRg3XGn+E1qYI52YL95A4FTTmKNGVKqX3cT7WdIaooZySteqkiC8BgNSd/QGHGi/Gx6ew73jTKAkZCmYg2n6teJDHGlJjw0nRzpkfrpFeJfXj/V0amf0ThJNYnxbFGUMqgFLIKAAyoJ1mxiCMKSmlshHiGJsDZxVUwI///+SbqHTv3YaVwe1ZruPI4y2AV74ADUwQloggvQBh2AwR24B4/gycqtB+vZepm1lqz5zA74Buv1A0Mjk+o=</latexit>

M ⇠ MSol

<latexit sha1_base64="Q0NY8yzmrAJlXB1CJ4bSKjeebv8=">AAACBHicdVDLSsNAFJ34rPUVddnNYBHcGBK1PnYFN24KFe0Dmhgm02k7dCYJMxOhhCzc+CtuXCji1o9w5984aYv4PHDhcM693HtPEDMqlW2/GzOzc/MLi4Wl4vLK6tq6ubHZlFEiMGngiEWiHSBJGA1JQ1HFSDsWBPGAkVYwPMv91g0RkkbhlRrFxOOoH9IexUhpyTdLNehKyqFjX6d7Bxms+akrOLyMWAZ9s2xbpzkq0LHsMX6TMpii7ptvbjfCCSehwgxJ2XHsWHkpEopiRrKim0gSIzxEfdLRNEScSC8dP5HBHa10YS8SukIFx+rXiRRxKUc80J0cqYH86eXiX14nUb0TL6VhnCgS4smiXsKgimCeCOxSQbBiI00QFlTfCvEACYSVzq2oQ/j/90/S3LecI6tycViu2tM4CqAEtsEucMAxqIJzUAcNgMEtuAeP4Mm4Mx6MZ+Nl0jpjTGe2wDcYrx9YBZab</latexit>

M ⇠ 10�3MSol

<latexit sha1_base64="W52RTXfv5GQgTcd//rvwVNJTeYI=">AAACB3icdVDLSgMxFM34rPU16lKQYBFcDVNpfewKbtwUKtoHdIYhk2ba0GQyJBmhDN258VfcuFDErb/gzr8x0xbxeSBwOOdcbu4JE0aVdt13a25+YXFpubBSXF1b39i0t7ZbSqQSkyYWTMhOiBRhNCZNTTUjnUQSxENG2uHwPPfbN0QqKuJrPUqIz1E/phHFSBspsPfq0FOUw7JTgZ6mnChYDzJPcngl2BgGdsl1znJUTcSd4DcpgRkagf3m9QROOYk1ZkipbtlNtJ8hqSlmZFz0UkUShIeoT7qGxshs9LPJHWN4YJQejIQ0L9Zwon6dyBBXasRDk+RID9RPLxf/8rqpjk79jMZJqkmMp4uilEEtYF4K7FFJsGYjQxCW1PwV4gGSCGtTXdGU8P/tn6R15JSPneplpVRzZ3UUwC7YB4egDE5ADVyABmgCDG7BPXgET9ad9WA9Wy/T6Jw1m9kB32C9fgCN/ZfT</latexit>

M ⇠ 1.4⇥MSol

A
cc

es
si

bi
lit

y

Efficient Capture
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Stuff in Space

<latexit sha1_base64="IXZTF92kGVZ5jtT7JRhSR2nE/mE=">AAACDHicdVDLSgMxFM34rPVVdekmWAQ3DjNqq+4KbtwUKtoHdMaSSdM2NMkMSUYow3yAG3/FjQtF3PoB7vwbM20RnwcCh3PO5eaeIGJUacd5t2Zm5+YXFnNL+eWV1bX1wsZmQ4WxxKSOQxbKVoAUYVSQuqaakVYkCeIBI81geJb5zRsiFQ3FlR5FxOeoL2iPYqSN1CkUq9BTlMND6GnKiYKuc53sl1NY7SSe5PAyZKlJOfZphhJ0bWeM36QIpqh1Cm9eN8QxJ0JjhpRqu06k/QRJTTEjad6LFYkQHqI+aRsqkFnsJ+NjUrhrlC7shdI8oeFY/TqRIK7UiAcmyZEeqJ9eJv7ltWPdO/ETKqJYE4Eni3oxgzqEWTOwSyXBmo0MQVhS81eIB0girE1/eVPC/7d/ksaB7Zbt0sVRseJM68iBbbAD9oALjkEFnIMaqAMMbsE9eARP1p31YD1bL5PojDWd2QLfYL1+ABnhmb8=</latexit>

M ⇠ 3⇥ 10�6MSol

<latexit sha1_base64="FLmaZ8ZDpmLLUd1SOFhDZYiOdq8=">AAACIXicdZDLSgMxFIYzXmu9jbp0EyyCmw4zxWrdFdy4KVS0F+jUkkkzbWiSGZKMUIa+ihtfxY0LRboTX8b0glgvPwR+vnMOOecPYkaVdt13a2l5ZXVtPbOR3dza3tm19/brKkokJjUcsUg2A6QIo4LUNNWMNGNJEA8YaQSDy0m9cU+kopG41cOYtDnqCRpSjLRBHbtUgb6iHPqacqKg596leW8EK53UlxzeRGwE8zNaWKQdO+c6FxMVoee4U/02OTBXtWOP/W6EE06Exgwp1fLcWLdTJDXFjIyyfqJIjPAA9UjLWIHMPu10euEIHhvShWEkzRMaTun3iRRxpYY8MJ0c6b76WZvAv2qtRIeldkpFnGgi8OyjMGFQR3ASF+xSSbBmQ2MQltTsCnEfSYS1CTVrQvj/9i9TLzjemVO8Ps2V3XkcGXAIjsAJ8MA5KIMrUAU1gMEDeAIv4NV6tJ6tN2s8a12y5jMHYEHWxydhTqEp</latexit>

M ⇠ ⇥10�1MSol � 10�2MSol

<latexit sha1_base64="aSu06g4gkngSYk+Q8P9JBRLbcHY=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKqRifewKbtwUKtpWaEKYTCft0JlMmJmIJeRX3LhQxK0/4s6/cdIW8XngwuGce7n3njBhVGnXfbdKC4tLyyvl1cra+sbmlr1d7SqRSkw6WDAhb0KkCKMx6WiqGblJJEE8ZKQXjs8Lv3dLpKIivtaThPgcDWMaUYy0kQK72oKeohy2gsyTHF4Jlgd2zXXOCjRg3XGn+E1qYI52YL95A4FTTmKNGVKqX3cT7WdIaooZySteqkiC8BgNSd/QGHGi/Gx6ew73jTKAkZCmYg2n6teJDHGlJjw0nRzpkfrpFeJfXj/V0amf0ThJNYnxbFGUMqgFLIKAAyoJ1mxiCMKSmlshHiGJsDZxVUwI///+SbqHTv3YaVwe1ZruPI4y2AV74ADUwQloggvQBh2AwR24B4/gycqtB+vZepm1lqz5zA74Buv1A0Mjk+o=</latexit>

M ⇠ MSol

<latexit sha1_base64="Q0NY8yzmrAJlXB1CJ4bSKjeebv8=">AAACBHicdVDLSsNAFJ34rPUVddnNYBHcGBK1PnYFN24KFe0Dmhgm02k7dCYJMxOhhCzc+CtuXCji1o9w5984aYv4PHDhcM693HtPEDMqlW2/GzOzc/MLi4Wl4vLK6tq6ubHZlFEiMGngiEWiHSBJGA1JQ1HFSDsWBPGAkVYwPMv91g0RkkbhlRrFxOOoH9IexUhpyTdLNehKyqFjX6d7Bxms+akrOLyMWAZ9s2xbpzkq0LHsMX6TMpii7ptvbjfCCSehwgxJ2XHsWHkpEopiRrKim0gSIzxEfdLRNEScSC8dP5HBHa10YS8SukIFx+rXiRRxKUc80J0cqYH86eXiX14nUb0TL6VhnCgS4smiXsKgimCeCOxSQbBiI00QFlTfCvEACYSVzq2oQ/j/90/S3LecI6tycViu2tM4CqAEtsEucMAxqIJzUAcNgMEtuAeP4Mm4Mx6MZ+Nl0jpjTGe2wDcYrx9YBZab</latexit>

M ⇠ 10�3MSol
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Efficient Capture

2211.00013 : JS, Goobar,  
Linden, Mörtsell 
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Dark Matter Heating 
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1) Capture Rates

<latexit sha1_base64="2A7VVV1lHeRle+6hAUd5/ZZ21nQ="></latexit>
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Asteria Package 

2309.00669 
 R. K. Leane, JS
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Reflection Correction Possible

mailto:juri.smirnov@liverpool.ac.uk


Juri Smirnov,  juri.smirnov@liverpool.ac.uk; 10/10/24 13

Reflection Correction Possible
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2) Annihilation Equilibrium

h�annvreli �
V 2!2
e↵

Ccap⌧2

h�3!2v
2
reli �

V 2!2
e↵

nSMCcap⌧2

Co-SIMP process 
Phys.Rev.Lett. 125 (2020) 13; JS, J. Beacom (OSU)
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Limits from the Earth Heat Flow

 τmed. < 0. 01 s
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Limits from the Earth Heat Flow

J. Beacom (OSU) et al. 2007

 τmed. < 0. 01 s
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What about Jupiter?
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What about Jupiter?

Previous:F = 5.4± 0.4 Watt/m2

New:F = 7.5± 0.2 Watt/m2
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What about Jupiter?

Previous:F = 5.4± 0.4 Watt/m2

New:F = 7.5± 0.2 Watt/m2

Expected w/o heating:F ⇡ 4 Watt/m2

Expected with heating:F ⇡ 8 Watt/m2

�F ⇡ 1� 1.5 Watt/m2
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Go to Large Numbers
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A Position Dependent Signal

arXiv: 2010.00015; R. K. Leane, JS
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Modeling Our Galaxy

+ Old population in the Bulge:  

t > few Gyr  

+ E2 Bulge Profile (astro-ph/

9605162) 

+ Power law Mass function 

dNBD

dM
=

1

M↵

↵ ⇡ 0.62405.09578: M. Benito, K. Karchev, R. K. Leane, S. Podar, JS, R. Trotta
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Modeling Our Galaxy

+ Old population in the Bulge:  

t > few Gyr  

+ E2 Bulge Profile (astro-ph/
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+ Power law Mass function 
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M↵

↵ ⇡ 0.62405.09578: M. Benito, K. Karchev, R. K. Leane, S. Podar, JS, R. Trotta
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More Effects

Extreme…

2309.02495:  D. Croon, JS
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More Effects

Extreme… Or subtle…

2309.02495:  D. Croon, JS 2408.00822:  D. Croon, J. Sackstein, JS, J. Streeter
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Reach in Target Space

arXiv: 2010.00015; R. K. Leane, J. Smirnov

arXiv: 2303:01516;  
J. Acevedo, R. K. Leane, J.S.

Model dependence of  
evaporation 
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Complementary Program

https://inspirehep.net/jobs/2834057

2 Post Doc openings 
in my group
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Backup
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Sensitivity to Elastic Scattering

arXiv: 2309.02495; D. Croon (IPPP), J. Smirnov
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Simulation and Analytic Result

<latexit sha1_base64="2iQZBir7kdoZU/ymf0V6vkst+LI="></latexit>
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Simulation Analytic

Be
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fit

Asteria Package 
2309.00669 

 R. K. Leane (SLAC), 
J.Smirnov
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Co-SIMPs and Double Electron Capture
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Co-SIMPs and Double Electron Capture
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arXiv: 2002.04038; J. Smirnov, J. Beacom

Co-SIMPs and Double Electron Capture
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