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Two milestones 

in high energy physics

during past 10 years



The discovery of the Higgs boson

(Image: ATLAS Collaboration/CERN)

July 2012



The first observation of gravitational waves
2015

Abbott et al (16)



Two milestones 

in high energy physics

during past 10 years



Two milestones 

in high energy physics

during past 10 years

confirming the standard model (SM) physics
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Two milestones 

in high energy physics

during past 10 years

while leaving no clear sign of beyond SM physics …  

confirming the standard model (SM) physics
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<latexit sha1_base64="J3pJm/kEMvC2WuY3fUaGm83P7xI="></latexit>



and yet
we know there are something more than just SM



NGC 6503

Credit: NASA/ESA



stars

gas

DM

Begeman et al (91)



X-ray: NASA/CXC/CfA/M.Markevitch 
Optical and lensing map: NASA/STScI, Magellan/U.Arizona/D.Clowe 
Lensing map: ESO WFI



certainly
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<latexit sha1_base64="p5gveXY8K0D6GCwTg+Vbp92fXxk="></latexit>

where should we look for ?



without any guiding principle
searching for new physics could be challenging

m

<latexit sha1_base64="iSZGNrkAwNKxCHDf+1pNqbc/ops=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gw0zYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcRdDUTHPoJBKI8Dm0/dHj3G+PQSoWR896koAnyCBiIaNEG6kh+qWyU3EWwJvEzUkZ5aj3Sz+9IKapgEhTTpTquk6ivYxIzSiHqd1LFSSEjsgAuoZGRIDyskXQKb4ySoDDWJoXabxQ/25kRCg1Eb6ZFEQP1bo3F//zusGYJSq/9bI8tppEh/dexqIk1RDRZZAw5VjHeN4KDpgEqvnEEEIlM3/BdEgkodp0Z9umJXe9k03Suqm41cpto1quPeR9FdEFukTXyEV3qIaeUB01EUWAZugVvVkz6936sD6XowUr3zlHK7C+fgGdtJrJ</latexit>

g

<latexit sha1_base64="Flq+OHvFG6a5oyHs7bC+rkC4pA0=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdQY9Etlp+IsgDeJm5MyylHvl356QUzTCISmnCjVdZ1EexmRmlEOU7uXKkgIHZEBdA0VJALlZYugU3xllACHsTRPaLxQ/25kJFJqEvlmMiJ6qNa9ufif1w3GLFH5rZflsdUkOrz3MiaSVIOgyyBhyrGO8bwVHDAJVPOJIYRKZv6C6ZBIQrXpzrZNS+56J5ukdVNxq5XbRrVce8j7KqILdImukYvuUA09oTpqIooAzdArerNm1rv1YX0uRwtWvnOOVmB9/QKT1prD</latexit>

10�22 eV

<latexit sha1_base64="uD22Vzu6oE3ktAsm/p0VC80qZ9U=">AAACHHicbVDLSsNAFJ34rPEV69LNYBFcaElKRZdFNy4r2Ac0sUwmk3boTBJmJqUl9Fe61Q9xJ24Fv8MfcNpmYVsPDBzOuZd75vgJo1LZ9rexsbm1vbNb2DP3Dw6Pjq2TYlPGqcCkgWMWi7aPJGE0Ig1FFSPtRBDEfUZa/uBh5reGREgaR89qnBCPo15EQ4qR0lLXKjr2S3ZdqUzcq8wVHJLmpGuV7LI9B1wnTk5KIEe9a/24QYxTTiKFGZKy49iJ8jIkFMWMTEw3lSRBeIB6pKNphDiRXjbPPoEXWglgGAv9IgXn6t+NDHEpx9zXkxypvlz1ZuJ/XicY0kTmt0aLY8tJVHjnZTRKUkUivAgSpgyqGM6KggEVBCs21gRhQfVfIO4jgbDSdZqmbslZ7WSdNCtlp1q+eaqWavd5XwVwBs7BJXDALaiBR1AHDYDBCEzBK3gzpsa78WF8LkY3jHznFCzB+PoFsWihFQ==</latexit>

for dark matter

1057 GeV

<latexit sha1_base64="jLIpKrsFBgxiqPMbdmVRpbYc2Zw=">AAACHHicbVDLSsNAFJ3UV42vWJduBovgQkoiLXVZdKHLCvYBTSyTyaQdOnkwMyktIb/SrX6IO3Er+B3+gNM2C9t6YOBwzr3cM8eNGRXSNL+1wtb2zu5ecV8/ODw6PjFOS20RJRyTFo5YxLsuEoTRkLQklYx0Y05Q4DLScUf3c78zJlzQKHyW05g4ARqE1KcYSSX1jZJlvqS1emZfpzYP4ANpZ32jbFbMBeAmsXJSBjmafePH9iKcBCSUmCEhepYZSydFXFLMSKbbiSAxwiM0ID1FQxQQ4aSL7Bm8VIoH/YirF0q4UP9upCgQYhq4ajJAcijWvbn4n9fzxjQW+a3J8thqEunfOikN40SSEC+D+AmDMoLzoqBHOcGSTRVBmFP1F4iHiCMsVZ26rlqy1jvZJO2bilWt1J6q5cZd3lcRnIMLcAUsUAcN8AiaoAUwmIAZeAVv2kx71z60z+VoQct3zsAKtK9f64ChNw==</latexit>

?

<latexit sha1_base64="rYdAI1zEixWpTRMCP5aFzejFLw8=">AAACCXicbVDLSsNAFL2prxpfVZduBovgqiSi6M6iG5ct2Ae0oUwmk3boZBJmJsUS+gXd6oe4E7d+hd/hDzhts7CtBwYO59zLPXP8hDOlHefbKmxsbm3vFHftvf2Dw6PS8UlTxakktEFiHsu2jxXlTNCGZprTdiIpjnxOW/7wcea3RlQqFotnPU6oF+G+YCEjWBupft8rlZ2KMwdaJ25OypCj1iv9dIOYpBEVmnCsVMd1Eu1lWGpGOJ3Y3VTRBJMh7tOOoQJHVHnZPOgEXRglQGEszRMazdW/GxmOlBpHvpmMsB6oVW8m/ud1ghFLVH7rZXFsOYkO77yMiSTVVJBFkDDlSMdo1goKmKRE87EhmEhm/oLIAEtMtOnOtk1L7mon66R5VXGvKzf163L1Ie+rCGdwDpfgwi1U4Qlq0AACFKbwCm/W1Hq3PqzPxWjByndOYQnW1y9SDpqb</latexit>

fuzzy DM primordial BH

weakly interacting massive particle (WIMP)

self-interaction DM

axions

relaxions



without any guiding principle
searching for new physics could be challenging

m

<latexit sha1_base64="iSZGNrkAwNKxCHDf+1pNqbc/ops=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gw0zYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcRdDUTHPoJBKI8Dm0/dHj3G+PQSoWR896koAnyCBiIaNEG6kh+qWyU3EWwJvEzUkZ5aj3Sz+9IKapgEhTTpTquk6ivYxIzSiHqd1LFSSEjsgAuoZGRIDyskXQKb4ySoDDWJoXabxQ/25kRCg1Eb6ZFEQP1bo3F//zusGYJSq/9bI8tppEh/dexqIk1RDRZZAw5VjHeN4KDpgEqvnEEEIlM3/BdEgkodp0Z9umJXe9k03Suqm41cpto1quPeR9FdEFukTXyEV3qIaeUB01EUWAZugVvVkz6936sD6XowUr3zlHK7C+fgGdtJrJ</latexit>

g

<latexit sha1_base64="Flq+OHvFG6a5oyHs7bC+rkC4pA0=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdQY9Etlp+IsgDeJm5MyylHvl356QUzTCISmnCjVdZ1EexmRmlEOU7uXKkgIHZEBdA0VJALlZYugU3xllACHsTRPaLxQ/25kJFJqEvlmMiJ6qNa9ufif1w3GLFH5rZflsdUkOrz3MiaSVIOgyyBhyrGO8bwVHDAJVPOJIYRKZv6C6ZBIQrXpzrZNS+56J5ukdVNxq5XbRrVce8j7KqILdImukYvuUA09oTpqIooAzdArerNm1rv1YX0uRwtWvnOOVmB9/QKT1prD</latexit>

10�22 eV

<latexit sha1_base64="uD22Vzu6oE3ktAsm/p0VC80qZ9U=">AAACHHicbVDLSsNAFJ34rPEV69LNYBFcaElKRZdFNy4r2Ac0sUwmk3boTBJmJqUl9Fe61Q9xJ24Fv8MfcNpmYVsPDBzOuZd75vgJo1LZ9rexsbm1vbNb2DP3Dw6Pjq2TYlPGqcCkgWMWi7aPJGE0Ig1FFSPtRBDEfUZa/uBh5reGREgaR89qnBCPo15EQ4qR0lLXKjr2S3ZdqUzcq8wVHJLmpGuV7LI9B1wnTk5KIEe9a/24QYxTTiKFGZKy49iJ8jIkFMWMTEw3lSRBeIB6pKNphDiRXjbPPoEXWglgGAv9IgXn6t+NDHEpx9zXkxypvlz1ZuJ/XicY0kTmt0aLY8tJVHjnZTRKUkUivAgSpgyqGM6KggEVBCs21gRhQfVfIO4jgbDSdZqmbslZ7WSdNCtlp1q+eaqWavd5XwVwBs7BJXDALaiBR1AHDYDBCEzBK3gzpsa78WF8LkY3jHznFCzB+PoFsWihFQ==</latexit>

infinitely larger number of possibilities in theory space

with a finite number of experiments/observations

1057 GeV

<latexit sha1_base64="jLIpKrsFBgxiqPMbdmVRpbYc2Zw=">AAACHHicbVDLSsNAFJ3UV42vWJduBovgQkoiLXVZdKHLCvYBTSyTyaQdOnkwMyktIb/SrX6IO3Er+B3+gNM2C9t6YOBwzr3cM8eNGRXSNL+1wtb2zu5ecV8/ODw6PjFOS20RJRyTFo5YxLsuEoTRkLQklYx0Y05Q4DLScUf3c78zJlzQKHyW05g4ARqE1KcYSSX1jZJlvqS1emZfpzYP4ANpZ32jbFbMBeAmsXJSBjmafePH9iKcBCSUmCEhepYZSydFXFLMSKbbiSAxwiM0ID1FQxQQ4aSL7Bm8VIoH/YirF0q4UP9upCgQYhq4ajJAcijWvbn4n9fzxjQW+a3J8thqEunfOikN40SSEC+D+AmDMoLzoqBHOcGSTRVBmFP1F4iHiCMsVZ26rlqy1jvZJO2bilWt1J6q5cZd3lcRnIMLcAUsUAcN8AiaoAUwmIAZeAVv2kx71z60z+VoQct3zsAKtK9f64ChNw==</latexit>

how do we prioritize a certain theory space?

what’s our strategies?



naturalness reasoning
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<latexit sha1_base64="WAuwuiciFYsPxVwCc/paoXXqqfQ="></latexit>

canonical approaches based on symmetry

introduce TeV scale new dynamics 


to soften UV sensitivities of the Higgs mass

e.g. supersymmetry, technicolor, compositness, etc.



with naturalness reasoning

m

<latexit sha1_base64="iSZGNrkAwNKxCHDf+1pNqbc/ops=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gw0zYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcRdDUTHPoJBKI8Dm0/dHj3G+PQSoWR896koAnyCBiIaNEG6kh+qWyU3EWwJvEzUkZ5aj3Sz+9IKapgEhTTpTquk6ivYxIzSiHqd1LFSSEjsgAuoZGRIDyskXQKb4ySoDDWJoXabxQ/25kRCg1Eb6ZFEQP1bo3F//zusGYJSq/9bI8tppEh/dexqIk1RDRZZAw5VjHeN4KDpgEqvnEEEIlM3/BdEgkodp0Z9umJXe9k03Suqm41cpto1quPeR9FdEFukTXyEV3qIaeUB01EUWAZugVvVkz6936sD6XowUr3zlHK7C+fgGdtJrJ</latexit>

g

<latexit sha1_base64="Flq+OHvFG6a5oyHs7bC+rkC4pA0=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdQY9Etlp+IsgDeJm5MyylHvl356QUzTCISmnCjVdZ1EexmRmlEOU7uXKkgIHZEBdA0VJALlZYugU3xllACHsTRPaLxQ/25kJFJqEvlmMiJ6qNa9ufif1w3GLFH5rZflsdUkOrz3MiaSVIOgyyBhyrGO8bwVHDAJVPOJIYRKZv6C6ZBIQrXpzrZNS+56J5ukdVNxq5XbRrVce8j7KqILdImukYvuUA09oTpqIooAzdArerNm1rv1YX0uRwtWvnOOVmB9/QKT1prD</latexit>

10�22 eV

<latexit sha1_base64="uD22Vzu6oE3ktAsm/p0VC80qZ9U=">AAACHHicbVDLSsNAFJ34rPEV69LNYBFcaElKRZdFNy4r2Ac0sUwmk3boTBJmJqUl9Fe61Q9xJ24Fv8MfcNpmYVsPDBzOuZd75vgJo1LZ9rexsbm1vbNb2DP3Dw6Pjq2TYlPGqcCkgWMWi7aPJGE0Ig1FFSPtRBDEfUZa/uBh5reGREgaR89qnBCPo15EQ4qR0lLXKjr2S3ZdqUzcq8wVHJLmpGuV7LI9B1wnTk5KIEe9a/24QYxTTiKFGZKy49iJ8jIkFMWMTEw3lSRBeIB6pKNphDiRXjbPPoEXWglgGAv9IgXn6t+NDHEpx9zXkxypvlz1ZuJ/XicY0kTmt0aLY8tJVHjnZTRKUkUivAgSpgyqGM6KggEVBCs21gRhQfVfIO4jgbDSdZqmbslZ7WSdNCtlp1q+eaqWavd5XwVwBs7BJXDALaiBR1AHDYDBCEzBK3gzpsa78WF8LkY3jHznFCzB+PoFsWihFQ==</latexit>

for dark matter

1057 GeV

<latexit sha1_base64="jLIpKrsFBgxiqPMbdmVRpbYc2Zw=">AAACHHicbVDLSsNAFJ3UV42vWJduBovgQkoiLXVZdKHLCvYBTSyTyaQdOnkwMyktIb/SrX6IO3Er+B3+gNM2C9t6YOBwzr3cM8eNGRXSNL+1wtb2zu5ecV8/ODw6PjFOS20RJRyTFo5YxLsuEoTRkLQklYx0Y05Q4DLScUf3c78zJlzQKHyW05g4ARqE1KcYSSX1jZJlvqS1emZfpzYP4ANpZ32jbFbMBeAmsXJSBjmafePH9iKcBCSUmCEhepYZSydFXFLMSKbbiSAxwiM0ID1FQxQQ4aSL7Bm8VIoH/YirF0q4UP9upCgQYhq4ajJAcijWvbn4n9fzxjQW+a3J8thqEunfOikN40SSEC+D+AmDMoLzoqBHOcGSTRVBmFP1F4iHiCMsVZ26rlqy1jvZJO2bilWt1J6q5cZd3lcRnIMLcAUsUAcN8AiaoAUwmIAZeAVv2kx71z60z+VoQct3zsAKtK9f64ChNw==</latexit>

fuzzy DM primordial BH

weakly interacting massive particle (WIMP)

self-interaction DM

axions

relaxions
with TeV scale new physics

TeV

<latexit sha1_base64="sLmjyciab0vWOmhxNJml9w7MRaA=">AAACEXicbVDLSsNAFJ3UV42vqks3g0VwVRJRdFl047JCX9KGMpnctENnkjAzKZbQr+hWP8SduPUL/A5/wGmbhW09MHA4517umeMnnCntON9WYWNza3unuGvv7R8cHpWOT5oqTiWFBo15LNs+UcBZBA3NNId2IoEIn0PLHz7M/NYIpGJxVNfjBDxB+hELGSXaSM9ZVwpch+akVyo7FWcOvE7cnJRRjlqv9NMNYpoKiDTlRKmO6yTay4jUjHKY2N1UQULokPShY2hEBCgvmwee4AujBDiMpXmRxnP170ZGhFJj4ZtJQfRArXoz8T+vE4xYovJbL4tjy0l0eOdlLEpSDRFdBAlTjnWMZ+3ggEmgmo8NIVQy8xdMB0QSqk2Htm1aclc7WSfNq4p7Xbl5ui5X7/O+iugMnaNL5KJbVEWPqIYaiCKBpugVvVlT6936sD4XowUr3zlFS7C+fgGxHJ4O</latexit>



with naturalness reasoning

m

<latexit sha1_base64="iSZGNrkAwNKxCHDf+1pNqbc/ops=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gw0zYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcRdDUTHPoJBKI8Dm0/dHj3G+PQSoWR896koAnyCBiIaNEG6kh+qWyU3EWwJvEzUkZ5aj3Sz+9IKapgEhTTpTquk6ivYxIzSiHqd1LFSSEjsgAuoZGRIDyskXQKb4ySoDDWJoXabxQ/25kRCg1Eb6ZFEQP1bo3F//zusGYJSq/9bI8tppEh/dexqIk1RDRZZAw5VjHeN4KDpgEqvnEEEIlM3/BdEgkodp0Z9umJXe9k03Suqm41cpto1quPeR9FdEFukTXyEV3qIaeUB01EUWAZugVvVkz6936sD6XowUr3zlHK7C+fgGdtJrJ</latexit>

g

<latexit sha1_base64="Flq+OHvFG6a5oyHs7bC+rkC4pA0=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdQY9Etlp+IsgDeJm5MyylHvl356QUzTCISmnCjVdZ1EexmRmlEOU7uXKkgIHZEBdA0VJALlZYugU3xllACHsTRPaLxQ/25kJFJqEvlmMiJ6qNa9ufif1w3GLFH5rZflsdUkOrz3MiaSVIOgyyBhyrGO8bwVHDAJVPOJIYRKZv6C6ZBIQrXpzrZNS+56J5ukdVNxq5XbRrVce8j7KqILdImukYvuUA09oTpqIooAzdArerNm1rv1YX0uRwtWvnOOVmB9/QKT1prD</latexit>

10�22 eV

<latexit sha1_base64="uD22Vzu6oE3ktAsm/p0VC80qZ9U=">AAACHHicbVDLSsNAFJ34rPEV69LNYBFcaElKRZdFNy4r2Ac0sUwmk3boTBJmJqUl9Fe61Q9xJ24Fv8MfcNpmYVsPDBzOuZd75vgJo1LZ9rexsbm1vbNb2DP3Dw6Pjq2TYlPGqcCkgWMWi7aPJGE0Ig1FFSPtRBDEfUZa/uBh5reGREgaR89qnBCPo15EQ4qR0lLXKjr2S3ZdqUzcq8wVHJLmpGuV7LI9B1wnTk5KIEe9a/24QYxTTiKFGZKy49iJ8jIkFMWMTEw3lSRBeIB6pKNphDiRXjbPPoEXWglgGAv9IgXn6t+NDHEpx9zXkxypvlz1ZuJ/XicY0kTmt0aLY8tJVHjnZTRKUkUivAgSpgyqGM6KggEVBCs21gRhQfVfIO4jgbDSdZqmbslZ7WSdNCtlp1q+eaqWavd5XwVwBs7BJXDALaiBR1AHDYDBCEzBK3gzpsa78WF8LkY3jHznFCzB+PoFsWihFQ==</latexit>

for dark matter

1057 GeV

<latexit sha1_base64="jLIpKrsFBgxiqPMbdmVRpbYc2Zw=">AAACHHicbVDLSsNAFJ3UV42vWJduBovgQkoiLXVZdKHLCvYBTSyTyaQdOnkwMyktIb/SrX6IO3Er+B3+gNM2C9t6YOBwzr3cM8eNGRXSNL+1wtb2zu5ecV8/ODw6PjFOS20RJRyTFo5YxLsuEoTRkLQklYx0Y05Q4DLScUf3c78zJlzQKHyW05g4ARqE1KcYSSX1jZJlvqS1emZfpzYP4ANpZ32jbFbMBeAmsXJSBjmafePH9iKcBCSUmCEhepYZSydFXFLMSKbbiSAxwiM0ID1FQxQQ4aSL7Bm8VIoH/YirF0q4UP9upCgQYhq4ajJAcijWvbn4n9fzxjQW+a3J8thqEunfOikN40SSEC+D+AmDMoLzoqBHOcGSTRVBmFP1F4iHiCMsVZ26rlqy1jvZJO2bilWt1J6q5cZd3lcRnIMLcAUsUAcN8AiaoAUwmIAZeAVv2kx71z60z+VoQct3zsAKtK9f64ChNw==</latexit>

fuzzy DM primordial BH

weakly interacting massive particle (WIMP)

self-interaction DM

axions

relaxions
with TeV scale new physics

Particle Data Group 2021



with naturalness reasoning

m

<latexit sha1_base64="iSZGNrkAwNKxCHDf+1pNqbc/ops=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gw0zYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcRdDUTHPoJBKI8Dm0/dHj3G+PQSoWR896koAnyCBiIaNEG6kh+qWyU3EWwJvEzUkZ5aj3Sz+9IKapgEhTTpTquk6ivYxIzSiHqd1LFSSEjsgAuoZGRIDyskXQKb4ySoDDWJoXabxQ/25kRCg1Eb6ZFEQP1bo3F//zusGYJSq/9bI8tppEh/dexqIk1RDRZZAw5VjHeN4KDpgEqvnEEEIlM3/BdEgkodp0Z9umJXe9k03Suqm41cpto1quPeR9FdEFukTXyEV3qIaeUB01EUWAZugVvVkz6936sD6XowUr3zlHK7C+fgGdtJrJ</latexit>

g

<latexit sha1_base64="Flq+OHvFG6a5oyHs7bC+rkC4pA0=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdQY9Etlp+IsgDeJm5MyylHvl356QUzTCISmnCjVdZ1EexmRmlEOU7uXKkgIHZEBdA0VJALlZYugU3xllACHsTRPaLxQ/25kJFJqEvlmMiJ6qNa9ufif1w3GLFH5rZflsdUkOrz3MiaSVIOgyyBhyrGO8bwVHDAJVPOJIYRKZv6C6ZBIQrXpzrZNS+56J5ukdVNxq5XbRrVce8j7KqILdImukYvuUA09oTpqIooAzdArerNm1rv1YX0uRwtWvnOOVmB9/QKT1prD</latexit>

10�22 eV

<latexit sha1_base64="uD22Vzu6oE3ktAsm/p0VC80qZ9U=">AAACHHicbVDLSsNAFJ34rPEV69LNYBFcaElKRZdFNy4r2Ac0sUwmk3boTBJmJqUl9Fe61Q9xJ24Fv8MfcNpmYVsPDBzOuZd75vgJo1LZ9rexsbm1vbNb2DP3Dw6Pjq2TYlPGqcCkgWMWi7aPJGE0Ig1FFSPtRBDEfUZa/uBh5reGREgaR89qnBCPo15EQ4qR0lLXKjr2S3ZdqUzcq8wVHJLmpGuV7LI9B1wnTk5KIEe9a/24QYxTTiKFGZKy49iJ8jIkFMWMTEw3lSRBeIB6pKNphDiRXjbPPoEXWglgGAv9IgXn6t+NDHEpx9zXkxypvlz1ZuJ/XicY0kTmt0aLY8tJVHjnZTRKUkUivAgSpgyqGM6KggEVBCs21gRhQfVfIO4jgbDSdZqmbslZ7WSdNCtlp1q+eaqWavd5XwVwBs7BJXDALaiBR1AHDYDBCEzBK3gzpsa78WF8LkY3jHznFCzB+PoFsWihFQ==</latexit>

for dark matter

1057 GeV

<latexit sha1_base64="jLIpKrsFBgxiqPMbdmVRpbYc2Zw=">AAACHHicbVDLSsNAFJ3UV42vWJduBovgQkoiLXVZdKHLCvYBTSyTyaQdOnkwMyktIb/SrX6IO3Er+B3+gNM2C9t6YOBwzr3cM8eNGRXSNL+1wtb2zu5ecV8/ODw6PjFOS20RJRyTFo5YxLsuEoTRkLQklYx0Y05Q4DLScUf3c78zJlzQKHyW05g4ARqE1KcYSSX1jZJlvqS1emZfpzYP4ANpZ32jbFbMBeAmsXJSBjmafePH9iKcBCSUmCEhepYZSydFXFLMSKbbiSAxwiM0ID1FQxQQ4aSL7Bm8VIoH/YirF0q4UP9upCgQYhq4ajJAcijWvbn4n9fzxjQW+a3J8thqEunfOikN40SSEC+D+AmDMoLzoqBHOcGSTRVBmFP1F4iHiCMsVZ26rlqy1jvZJO2bilWt1J6q5cZd3lcRnIMLcAUsUAcN8AiaoAUwmIAZeAVv2kx71z60z+VoQct3zsAKtK9f64ChNw==</latexit>

fuzzy DM primordial BH

weakly interacting massive particle (WIMP)

self-interaction DM

axions

relaxions
with TeV scale new physics

Particle Data Group 2021



with naturalness reasoning

m

<latexit sha1_base64="iSZGNrkAwNKxCHDf+1pNqbc/ops=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gw0zYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcRdDUTHPoJBKI8Dm0/dHj3G+PQSoWR896koAnyCBiIaNEG6kh+qWyU3EWwJvEzUkZ5aj3Sz+9IKapgEhTTpTquk6ivYxIzSiHqd1LFSSEjsgAuoZGRIDyskXQKb4ySoDDWJoXabxQ/25kRCg1Eb6ZFEQP1bo3F//zusGYJSq/9bI8tppEh/dexqIk1RDRZZAw5VjHeN4KDpgEqvnEEEIlM3/BdEgkodp0Z9umJXe9k03Suqm41cpto1quPeR9FdEFukTXyEV3qIaeUB01EUWAZugVvVkz6936sD6XowUr3zlHK7C+fgGdtJrJ</latexit>

g

<latexit sha1_base64="Flq+OHvFG6a5oyHs7bC+rkC4pA0=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdQY9Etlp+IsgDeJm5MyylHvl356QUzTCISmnCjVdZ1EexmRmlEOU7uXKkgIHZEBdA0VJALlZYugU3xllACHsTRPaLxQ/25kJFJqEvlmMiJ6qNa9ufif1w3GLFH5rZflsdUkOrz3MiaSVIOgyyBhyrGO8bwVHDAJVPOJIYRKZv6C6ZBIQrXpzrZNS+56J5ukdVNxq5XbRrVce8j7KqILdImukYvuUA09oTpqIooAzdArerNm1rv1YX0uRwtWvnOOVmB9/QKT1prD</latexit>

10�22 eV

<latexit sha1_base64="uD22Vzu6oE3ktAsm/p0VC80qZ9U=">AAACHHicbVDLSsNAFJ34rPEV69LNYBFcaElKRZdFNy4r2Ac0sUwmk3boTBJmJqUl9Fe61Q9xJ24Fv8MfcNpmYVsPDBzOuZd75vgJo1LZ9rexsbm1vbNb2DP3Dw6Pjq2TYlPGqcCkgWMWi7aPJGE0Ig1FFSPtRBDEfUZa/uBh5reGREgaR89qnBCPo15EQ4qR0lLXKjr2S3ZdqUzcq8wVHJLmpGuV7LI9B1wnTk5KIEe9a/24QYxTTiKFGZKy49iJ8jIkFMWMTEw3lSRBeIB6pKNphDiRXjbPPoEXWglgGAv9IgXn6t+NDHEpx9zXkxypvlz1ZuJ/XicY0kTmt0aLY8tJVHjnZTRKUkUivAgSpgyqGM6KggEVBCs21gRhQfVfIO4jgbDSdZqmbslZ7WSdNCtlp1q+eaqWavd5XwVwBs7BJXDALaiBR1AHDYDBCEzBK3gzpsa78WF8LkY3jHznFCzB+PoFsWihFQ==</latexit>

for dark matter

1057 GeV

<latexit sha1_base64="jLIpKrsFBgxiqPMbdmVRpbYc2Zw=">AAACHHicbVDLSsNAFJ3UV42vWJduBovgQkoiLXVZdKHLCvYBTSyTyaQdOnkwMyktIb/SrX6IO3Er+B3+gNM2C9t6YOBwzr3cM8eNGRXSNL+1wtb2zu5ecV8/ODw6PjFOS20RJRyTFo5YxLsuEoTRkLQklYx0Y05Q4DLScUf3c78zJlzQKHyW05g4ARqE1KcYSSX1jZJlvqS1emZfpzYP4ANpZ32jbFbMBeAmsXJSBjmafePH9iKcBCSUmCEhepYZSydFXFLMSKbbiSAxwiM0ID1FQxQQ4aSL7Bm8VIoH/YirF0q4UP9upCgQYhq4ajJAcijWvbn4n9fzxjQW+a3J8thqEunfOikN40SSEC+D+AmDMoLzoqBHOcGSTRVBmFP1F4iHiCMsVZ26rlqy1jvZJO2bilWt1J6q5cZd3lcRnIMLcAUsUAcN8AiaoAUwmIAZeAVv2kx71z60z+VoQct3zsAKtK9f64ChNw==</latexit>

fuzzy DM primordial BH

weakly interacting massive particle (WIMP)

self-interaction DM

axions

relaxions
with TeV scale new physics

Particle Data Group 2021

Planck collaboration(15)



WIMP and TeV scale new physics 

guided by naturalness reasoning


are under intense pressure

from DM (in)direct detection exps. and LHC



A recent development in naturalness reasoning

provide interesting new insights

a particularly interesting proposal is

cosmological relaxation of EW scale Graham, Kaplan, Rajendran (15)

V (�) =
⇣
⇤2 � ⇤2 �

fe↵

⌘
|h|2 � ⇤4

fe↵
�� µ2

b |h|2 cos(�/f)
<latexit sha1_base64="23igk2ScBQwOyrBxJEJmviI9BDE="></latexit><latexit sha1_base64="23igk2ScBQwOyrBxJEJmviI9BDE="></latexit><latexit sha1_base64="23igk2ScBQwOyrBxJEJmviI9BDE="></latexit><latexit sha1_base64="23igk2ScBQwOyrBxJEJmviI9BDE="></latexit><latexit sha1_base64="23igk2ScBQwOyrBxJEJmviI9BDE="></latexit>



A recent development in naturalness reasoning

provide interesting new insights

a particularly interesting proposal is

cosmological relaxation of EW scale Graham, Kaplan, Rajendran (15)

m2
h(�0) ⇠ �(90GeV)2

V (�) =
⇣
⇤2 � ⇤2 �

fe↵

⌘
|h|2 � ⇤4

fe↵
�� µ2

b |h|2 cos(�/f)
<latexit sha1_base64="23igk2ScBQwOyrBxJEJmviI9BDE="></latexit><latexit sha1_base64="23igk2ScBQwOyrBxJEJmviI9BDE="></latexit><latexit sha1_base64="23igk2ScBQwOyrBxJEJmviI9BDE="></latexit><latexit sha1_base64="23igk2ScBQwOyrBxJEJmviI9BDE="></latexit><latexit sha1_base64="23igk2ScBQwOyrBxJEJmviI9BDE="></latexit>



this solution is distinctive to canonical approaches

as it resolves the hierarchy problem in a dynamical way

predictions/signatures are also quite different: 

unlike symmetry-based approahces predicting TeV scale new physics


this dynamical solution predicts an IR d.o.f — an axion-like particle



not only cosmological relaxation scenario

but also many other dynamical solutions 

predicts axion-like particles

at the same time this axion-like particles

can also be dark matter in the universe!

Svrcek, Witten (08); Arvanitaki et al (09);
Graham, Kaplan, Rajendran (15); Arvanitaki et al (16);
Banerjee, HK, Perez (18); Arkani-Hamed et al (20);
Tito D’Agnolo, Teresi (21); Chatrchyan, Servant (22);
many others …



m

<latexit sha1_base64="iSZGNrkAwNKxCHDf+1pNqbc/ops=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gw0zYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcRdDUTHPoJBKI8Dm0/dHj3G+PQSoWR896koAnyCBiIaNEG6kh+qWyU3EWwJvEzUkZ5aj3Sz+9IKapgEhTTpTquk6ivYxIzSiHqd1LFSSEjsgAuoZGRIDyskXQKb4ySoDDWJoXabxQ/25kRCg1Eb6ZFEQP1bo3F//zusGYJSq/9bI8tppEh/dexqIk1RDRZZAw5VjHeN4KDpgEqvnEEEIlM3/BdEgkodp0Z9umJXe9k03Suqm41cpto1quPeR9FdEFukTXyEV3qIaeUB01EUWAZugVvVkz6936sD6XowUr3zlHK7C+fgGdtJrJ</latexit>

g

<latexit sha1_base64="Flq+OHvFG6a5oyHs7bC+rkC4pA0=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdQY9Etlp+IsgDeJm5MyylHvl356QUzTCISmnCjVdZ1EexmRmlEOU7uXKkgIHZEBdA0VJALlZYugU3xllACHsTRPaLxQ/25kJFJqEvlmMiJ6qNa9ufif1w3GLFH5rZflsdUkOrz3MiaSVIOgyyBhyrGO8bwVHDAJVPOJIYRKZv6C6ZBIQrXpzrZNS+56J5ukdVNxq5XbRrVce8j7KqILdImukYvuUA09oTpqIooAzdArerNm1rv1YX0uRwtWvnOOVmB9/QKT1prD</latexit>

10�22 eV

<latexit sha1_base64="uD22Vzu6oE3ktAsm/p0VC80qZ9U=">AAACHHicbVDLSsNAFJ34rPEV69LNYBFcaElKRZdFNy4r2Ac0sUwmk3boTBJmJqUl9Fe61Q9xJ24Fv8MfcNpmYVsPDBzOuZd75vgJo1LZ9rexsbm1vbNb2DP3Dw6Pjq2TYlPGqcCkgWMWi7aPJGE0Ig1FFSPtRBDEfUZa/uBh5reGREgaR89qnBCPo15EQ4qR0lLXKjr2S3ZdqUzcq8wVHJLmpGuV7LI9B1wnTk5KIEe9a/24QYxTTiKFGZKy49iJ8jIkFMWMTEw3lSRBeIB6pKNphDiRXjbPPoEXWglgGAv9IgXn6t+NDHEpx9zXkxypvlz1ZuJ/XicY0kTmt0aLY8tJVHjnZTRKUkUivAgSpgyqGM6KggEVBCs21gRhQfVfIO4jgbDSdZqmbslZ7WSdNCtlp1q+eaqWavd5XwVwBs7BJXDALaiBR1AHDYDBCEzBK3gzpsa78WF8LkY3jHznFCzB+PoFsWihFQ==</latexit>

1057 GeV

<latexit sha1_base64="jLIpKrsFBgxiqPMbdmVRpbYc2Zw=">AAACHHicbVDLSsNAFJ3UV42vWJduBovgQkoiLXVZdKHLCvYBTSyTyaQdOnkwMyktIb/SrX6IO3Er+B3+gNM2C9t6YOBwzr3cM8eNGRXSNL+1wtb2zu5ecV8/ODw6PjFOS20RJRyTFo5YxLsuEoTRkLQklYx0Y05Q4DLScUf3c78zJlzQKHyW05g4ARqE1KcYSSX1jZJlvqS1emZfpzYP4ANpZ32jbFbMBeAmsXJSBjmafePH9iKcBCSUmCEhepYZSydFXFLMSKbbiSAxwiM0ID1FQxQQ4aSL7Bm8VIoH/YirF0q4UP9upCgQYhq4ajJAcijWvbn4n9fzxjQW+a3J8thqEunfOikN40SSEC+D+AmDMoLzoqBHOcGSTRVBmFP1F4iHiCMsVZ26rlqy1jvZJO2bilWt1J6q5cZd3lcRnIMLcAUsUAcN8AiaoAUwmIAZeAVv2kx71z60z+VoQct3zsAKtK9f64ChNw==</latexit>

fuzzy DM primordial BH

weakly interacting massive particle (WIMP)

self-interaction DM

axions

relaxions
with TeV scale new physics

TeV

<latexit sha1_base64="sLmjyciab0vWOmhxNJml9w7MRaA=">AAACEXicbVDLSsNAFJ3UV42vqks3g0VwVRJRdFl047JCX9KGMpnctENnkjAzKZbQr+hWP8SduPUL/A5/wGmbhW09MHA4517umeMnnCntON9WYWNza3unuGvv7R8cHpWOT5oqTiWFBo15LNs+UcBZBA3NNId2IoEIn0PLHz7M/NYIpGJxVNfjBDxB+hELGSXaSM9ZVwpch+akVyo7FWcOvE7cnJRRjlqv9NMNYpoKiDTlRKmO6yTay4jUjHKY2N1UQULokPShY2hEBCgvmwee4AujBDiMpXmRxnP170ZGhFJj4ZtJQfRArXoz8T+vE4xYovJbL4tjy0l0eOdlLEpSDRFdBAlTjnWMZ+3ggEmgmo8NIVQy8xdMB0QSqk2Htm1aclc7WSfNq4p7Xbl5ui5X7/O+iugMnaNL5KJbVEWPqIYaiCKBpugVvVlT6936sD4XowUr3zlFS7C+fgGxHJ4O</latexit>



m

<latexit sha1_base64="iSZGNrkAwNKxCHDf+1pNqbc/ops=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gw0zYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcRdDUTHPoJBKI8Dm0/dHj3G+PQSoWR896koAnyCBiIaNEG6kh+qWyU3EWwJvEzUkZ5aj3Sz+9IKapgEhTTpTquk6ivYxIzSiHqd1LFSSEjsgAuoZGRIDyskXQKb4ySoDDWJoXabxQ/25kRCg1Eb6ZFEQP1bo3F//zusGYJSq/9bI8tppEh/dexqIk1RDRZZAw5VjHeN4KDpgEqvnEEEIlM3/BdEgkodp0Z9umJXe9k03Suqm41cpto1quPeR9FdEFukTXyEV3qIaeUB01EUWAZugVvVkz6936sD6XowUr3zlHK7C+fgGdtJrJ</latexit>

g

<latexit sha1_base64="Flq+OHvFG6a5oyHs7bC+rkC4pA0=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdQY9Etlp+IsgDeJm5MyylHvl356QUzTCISmnCjVdZ1EexmRmlEOU7uXKkgIHZEBdA0VJALlZYugU3xllACHsTRPaLxQ/25kJFJqEvlmMiJ6qNa9ufif1w3GLFH5rZflsdUkOrz3MiaSVIOgyyBhyrGO8bwVHDAJVPOJIYRKZv6C6ZBIQrXpzrZNS+56J5ukdVNxq5XbRrVce8j7KqILdImukYvuUA09oTpqIooAzdArerNm1rv1YX0uRwtWvnOOVmB9/QKT1prD</latexit>

10�22 eV

<latexit sha1_base64="uD22Vzu6oE3ktAsm/p0VC80qZ9U=">AAACHHicbVDLSsNAFJ34rPEV69LNYBFcaElKRZdFNy4r2Ac0sUwmk3boTBJmJqUl9Fe61Q9xJ24Fv8MfcNpmYVsPDBzOuZd75vgJo1LZ9rexsbm1vbNb2DP3Dw6Pjq2TYlPGqcCkgWMWi7aPJGE0Ig1FFSPtRBDEfUZa/uBh5reGREgaR89qnBCPo15EQ4qR0lLXKjr2S3ZdqUzcq8wVHJLmpGuV7LI9B1wnTk5KIEe9a/24QYxTTiKFGZKy49iJ8jIkFMWMTEw3lSRBeIB6pKNphDiRXjbPPoEXWglgGAv9IgXn6t+NDHEpx9zXkxypvlz1ZuJ/XicY0kTmt0aLY8tJVHjnZTRKUkUivAgSpgyqGM6KggEVBCs21gRhQfVfIO4jgbDSdZqmbslZ7WSdNCtlp1q+eaqWavd5XwVwBs7BJXDALaiBR1AHDYDBCEzBK3gzpsa78WF8LkY3jHznFCzB+PoFsWihFQ==</latexit>

1057 GeV

<latexit sha1_base64="jLIpKrsFBgxiqPMbdmVRpbYc2Zw=">AAACHHicbVDLSsNAFJ3UV42vWJduBovgQkoiLXVZdKHLCvYBTSyTyaQdOnkwMyktIb/SrX6IO3Er+B3+gNM2C9t6YOBwzr3cM8eNGRXSNL+1wtb2zu5ecV8/ODw6PjFOS20RJRyTFo5YxLsuEoTRkLQklYx0Y05Q4DLScUf3c78zJlzQKHyW05g4ARqE1KcYSSX1jZJlvqS1emZfpzYP4ANpZ32jbFbMBeAmsXJSBjmafePH9iKcBCSUmCEhepYZSydFXFLMSKbbiSAxwiM0ID1FQxQQ4aSL7Bm8VIoH/YirF0q4UP9upCgQYhq4ajJAcijWvbn4n9fzxjQW+a3J8thqEunfOikN40SSEC+D+AmDMoLzoqBHOcGSTRVBmFP1F4iHiCMsVZ26rlqy1jvZJO2bilWt1J6q5cZd3lcRnIMLcAUsUAcN8AiaoAUwmIAZeAVv2kx71z60z+VoQct3zsAKtK9f64ChNw==</latexit>

fuzzy DM primordial BH

weakly interacting massive particle (WIMP)

self-interaction DM

axions

relaxions
with TeV scale new physics

TeV

<latexit sha1_base64="sLmjyciab0vWOmhxNJml9w7MRaA=">AAACEXicbVDLSsNAFJ3UV42vqks3g0VwVRJRdFl047JCX9KGMpnctENnkjAzKZbQr+hWP8SduPUL/A5/wGmbhW09MHA4517umeMnnCntON9WYWNza3unuGvv7R8cHpWOT5oqTiWFBo15LNs+UcBZBA3NNId2IoEIn0PLHz7M/NYIpGJxVNfjBDxB+hELGSXaSM9ZVwpch+akVyo7FWcOvE7cnJRRjlqv9NMNYpoKiDTlRKmO6yTay4jUjHKY2N1UQULokPShY2hEBCgvmwee4AujBDiMpXmRxnP170ZGhFJj4ZtJQfRArXoz8T+vE4xYovJbL4tjy0l0eOdlLEpSDRFdBAlTjnWMZ+3ggEmgmo8NIVQy8xdMB0QSqk2Htm1aclc7WSfNq4p7Xbl5ui5X7/O+iugMnaNL5KJbVEWPqIYaiCKBpugVvVlT6936sD4XowUr3zlFS7C+fgGxHJ4O</latexit>

axion-like particles



Banerjee, HK, Matsedonskyi, Perez, Safronova (20)
see also Chatrchyan and Servant (22)



as this type of solution predicts a light degree of freedom

strategies for new physics search must be adapted accordingly

since the mass of axion-like particle is less restricted

it introduces new challenges:


where / how should we search for this new physics?



axions

astrophysics

frontier

precision

frontier

intensity/energy

frontier



axions

astrophysics

frontier

precision

frontier

intensity/energy

frontier

‘Table’

‘Sky’

in past 10 years

interesting progress has been made 


for searching for axion-like particle (DM)  
in the ‘sky’ and on ‘tables’



Kim and Carosi (08)

axion searches on ‘tables’ 

looked like this 14 years ago …



credit: Ciaran O’Hare

now it looks like … 



credit: Ciaran O’Hare



in addition to this

axion DM can also be searched 


with atomic/molecular spectroscopy, interferometry, and accelerometry
HK, Perez (22)



L = ✓G eG

<latexit sha1_base64="0+YlxI2os3r+L/nQ4SqBZhvtHks=">AAACK3icbVDLSgNBEJz1GeMr6tHLaBA8hV1R9CIEPcSDhwjmAdkQZmc7yeDsg5leNSw5+zW56od4Urz6Bf6Ak2QPRi1oKKq66e7yYik02vabNTe/sLi0nFvJr66tb2wWtrbrOkoUhxqPZKSaHtMgRQg1FCihGStggSeh4d1djv3GPSgtovAWBzG0A9YLRVdwhkbqFPZSlzNJr4f0nFIX+4CMVtwH4QMK6UNaGXYKRbtkT0D/EicjRZKh2il8uX7EkwBC5JJp3XLsGNspUyi4hGHeTTTEjN+xHrQMDVkAup1OXhnSA6P4tBspUyHSifpzImWB1oPAM50Bw77+7Y3F/7yWfy9ine16nC6bvQS7Z+1UhHGCEPLpId1EUozoODfqCwUc5cAQxpUwv1DeZ4pxNOnm8yYl53cmf0n9qOQcl05ujovliyyvHNkl++SQOOSUlMkVqZIa4eSJjMgzebFG1qv1bn1MW+esbGaHzMD6/AYMk6eJ</latexit>

In the standard model

the following is allowed



L = ✓G eG

<latexit sha1_base64="0+YlxI2os3r+L/nQ4SqBZhvtHks=">AAACK3icbVDLSgNBEJz1GeMr6tHLaBA8hV1R9CIEPcSDhwjmAdkQZmc7yeDsg5leNSw5+zW56od4Urz6Bf6Ak2QPRi1oKKq66e7yYik02vabNTe/sLi0nFvJr66tb2wWtrbrOkoUhxqPZKSaHtMgRQg1FCihGStggSeh4d1djv3GPSgtovAWBzG0A9YLRVdwhkbqFPZSlzNJr4f0nFIX+4CMVtwH4QMK6UNaGXYKRbtkT0D/EicjRZKh2il8uX7EkwBC5JJp3XLsGNspUyi4hGHeTTTEjN+xHrQMDVkAup1OXhnSA6P4tBspUyHSifpzImWB1oPAM50Bw77+7Y3F/7yWfy9ine16nC6bvQS7Z+1UhHGCEPLpId1EUozoODfqCwUc5cAQxpUwv1DeZ4pxNOnm8yYl53cmf0n9qOQcl05ujovliyyvHNkl++SQOOSUlMkVqZIa4eSJjMgzebFG1qv1bn1MW+esbGaHzMD6/AYMk6eJ</latexit>

𝜃 is physical

QCD vacuum energy depends on 𝜃 

E(✓)

<latexit sha1_base64="BwhVmS0EkfqnErifX3Ixx4M96XA=">AAACEXicbVDLSgMxFM34rOOr6tJNsAh1U2akosuiCC4r2Ie0Q8lk0jY0mRmSO8Uy9Cu61Q9xJ279Ar/DHzBtZ2FbDwQO59zLPTl+LLgGx/m21tY3Nre2czv27t7+wWH+6Liuo0RRVqORiFTTJ5oJHrIacBCsGStGpC9Ywx/cTf3GkCnNo/AJRjHzJOmFvMspASM93xfb0GdALjr5glNyZsCrxM1IAWWodvI/7SCiiWQhUEG0brlODF5KFHAq2NhuJ5rFhA5Ij7UMDYlk2ktngcf43CgB7kbKvBDwTP27kRKp9Uj6ZlIS6Otlbyr+57WCIY91dutlfmwxCXRvvJSHcQIspPMg3URgiPC0HRxwxSiIkSGEKm7+gmmfKELBdGjbpiV3uZNVUr8sueXS1WO5ULnN+sqhU3SGishF16iCHlAV1RBFEk3QK3qzJta79WF9zkfXrGznBC3A+voFGxmdtA==</latexit>

In the standard model

the following is allowed



L = ✓G eG

<latexit sha1_base64="0+YlxI2os3r+L/nQ4SqBZhvtHks=">AAACK3icbVDLSgNBEJz1GeMr6tHLaBA8hV1R9CIEPcSDhwjmAdkQZmc7yeDsg5leNSw5+zW56od4Urz6Bf6Ak2QPRi1oKKq66e7yYik02vabNTe/sLi0nFvJr66tb2wWtrbrOkoUhxqPZKSaHtMgRQg1FCihGStggSeh4d1djv3GPSgtovAWBzG0A9YLRVdwhkbqFPZSlzNJr4f0nFIX+4CMVtwH4QMK6UNaGXYKRbtkT0D/EicjRZKh2il8uX7EkwBC5JJp3XLsGNspUyi4hGHeTTTEjN+xHrQMDVkAup1OXhnSA6P4tBspUyHSifpzImWB1oPAM50Bw77+7Y3F/7yWfy9ine16nC6bvQS7Z+1UhHGCEPLpId1EUozoODfqCwUc5cAQxpUwv1DeZ4pxNOnm8yYl53cmf0n9qOQcl05ujovliyyvHNkl++SQOOSUlMkVqZIa4eSJjMgzebFG1qv1bn1MW+esbGaHzMD6/AYMk6eJ</latexit>

𝜃 is physical

m2
⇡(✓) = m2

⇡(0)

s

1� 4mumd

(mu +md)2
sin2(✓/2)

<latexit sha1_base64="dVAlTwBHT7GHXAW0pEkB6rxacs4="></latexit>

pion mass also depends on 𝜃 

In the standard model

the following is allowed



L = ✓G eG

<latexit sha1_base64="0+YlxI2os3r+L/nQ4SqBZhvtHks=">AAACK3icbVDLSgNBEJz1GeMr6tHLaBA8hV1R9CIEPcSDhwjmAdkQZmc7yeDsg5leNSw5+zW56od4Urz6Bf6Ak2QPRi1oKKq66e7yYik02vabNTe/sLi0nFvJr66tb2wWtrbrOkoUhxqPZKSaHtMgRQg1FCihGStggSeh4d1djv3GPSgtovAWBzG0A9YLRVdwhkbqFPZSlzNJr4f0nFIX+4CMVtwH4QMK6UNaGXYKRbtkT0D/EicjRZKh2il8uX7EkwBC5JJp3XLsGNspUyi4hGHeTTTEjN+xHrQMDVkAup1OXhnSA6P4tBspUyHSifpzImWB1oPAM50Bw77+7Y3F/7yWfy9ine16nC6bvQS7Z+1UhHGCEPLpId1EUozoODfqCwUc5cAQxpUwv1DeZ4pxNOnm8yYl53cmf0n9qOQcl05ujovliyyvHNkl++SQOOSUlMkVqZIa4eSJjMgzebFG1qv1bn1MW+esbGaHzMD6/AYMk6eJ</latexit>

𝜃 is physical

m2
⇡(✓) = m2

⇡(0)

s

1� 4mumd

(mu +md)2
sin2(✓/2)

<latexit sha1_base64="dVAlTwBHT7GHXAW0pEkB6rxacs4="></latexit>

pion mass also depends on 𝜃 

Different choice of 𝜃 leads to different spectrum

In the standard model

the following is allowed



In the standard model

the following is allowed

L = ✓G eG

<latexit sha1_base64="0+YlxI2os3r+L/nQ4SqBZhvtHks=">AAACK3icbVDLSgNBEJz1GeMr6tHLaBA8hV1R9CIEPcSDhwjmAdkQZmc7yeDsg5leNSw5+zW56od4Urz6Bf6Ak2QPRi1oKKq66e7yYik02vabNTe/sLi0nFvJr66tb2wWtrbrOkoUhxqPZKSaHtMgRQg1FCihGStggSeh4d1djv3GPSgtovAWBzG0A9YLRVdwhkbqFPZSlzNJr4f0nFIX+4CMVtwH4QMK6UNaGXYKRbtkT0D/EicjRZKh2il8uX7EkwBC5JJp3XLsGNspUyi4hGHeTTTEjN+xHrQMDVkAup1OXhnSA6P4tBspUyHSifpzImWB1oPAM50Bw77+7Y3F/7yWfy9ine16nC6bvQS7Z+1UhHGCEPLpId1EUozoODfqCwUc5cAQxpUwv1DeZ4pxNOnm8yYl53cmf0n9qOQcl05ujovliyyvHNkl++SQOOSUlMkVqZIa4eSJjMgzebFG1qv1bn1MW+esbGaHzMD6/AYMk6eJ</latexit>

𝜃 is physical

u

<latexit sha1_base64="szpb5KTH65GaGO9dgdQUWMgHBYo=">AAACCXicbVDLTsJAFL3FF9YX6tLNRGLiirQGo0uiG5eQyCOBhkynU5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lQS2iQxj2XHx4pyJmhTM81pJ5EURz6nbX/0OPfbYyoVi8WzniTUi/BAsJARrI3USPulslNxFkCbxM1JGXLU+6WfXhCTNKJCE46V6rpOor0MS80Ip1O7lyqaYDLCA9o1VOCIKi9bBJ2iK6MEKIyleUKjhfp3I8ORUpPIN5MR1kO17s3F/7xuMGaJym+9LI+tJtHhvZcxkaSaCrIMEqYc6RjNW0EBk5RoPjEEE8nMXxAZYomJNt3ZtmnJXe9kk7RuKm61ctuolmsPeV9FuIBLuAYX7qAGT1CHJhCgMINXeLNm1rv1YX0uRwtWvnMOK7C+fgGq3JrR</latexit>

d

<latexit sha1_base64="R/ZYJIuQA2DAx0s+YM5kovk0y5Q=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdQI+qWyU3EWwJvEzUkZ5aj3Sz+9IKZpBEJTTpTquk6ivYxIzSiHqd1LFSSEjsgAuoYKEoHyskXQKb4ySoDDWJonNF6ofzcyEik1iXwzGRE9VOveXPzP6wZjlqj81svy2GoSHd57GRNJqkHQZZAw5VjHeN4KDpgEqvnEEEIlM3/BdEgkodp0Z9umJXe9k03Suqm41cpto1quPeR9FdEFukTXyEV3qIaeUB01EUWAZugVvVkz6936sD6XowUr3zlHK7C+fgGO55rA</latexit>

d

<latexit sha1_base64="R/ZYJIuQA2DAx0s+YM5kovk0y5Q=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdQI+qWyU3EWwJvEzUkZ5aj3Sz+9IKZpBEJTTpTquk6ivYxIzSiHqd1LFSSEjsgAuoYKEoHyskXQKb4ySoDDWJonNF6ofzcyEik1iXwzGRE9VOveXPzP6wZjlqj81svy2GoSHd57GRNJqkHQZZAw5VjHeN4KDpgEqvnEEEIlM3/BdEgkodp0Z9umJXe9k03Suqm41cpto1quPeR9FdEFukTXyEV3qIaeUB01EUWAZugVvVkz6936sD6XowUr3zlHK7C+fgGO55rA</latexit>

neutron electric dipole moment

dn ⇠ 10�16✓ e · cm

<latexit sha1_base64="/Qnlmo0s7BIVjq0SfjuD9bdBHSQ="></latexit>

|dn|exp . 10�26 e · cm

<latexit sha1_base64="p92imql0xG5lu+LgucZy5o3g+BA="></latexit>

Abel et al (20)



Consider

L = ✓G eG

<latexit sha1_base64="0+YlxI2os3r+L/nQ4SqBZhvtHks=">AAACK3icbVDLSgNBEJz1GeMr6tHLaBA8hV1R9CIEPcSDhwjmAdkQZmc7yeDsg5leNSw5+zW56od4Urz6Bf6Ak2QPRi1oKKq66e7yYik02vabNTe/sLi0nFvJr66tb2wWtrbrOkoUhxqPZKSaHtMgRQg1FCihGStggSeh4d1djv3GPSgtovAWBzG0A9YLRVdwhkbqFPZSlzNJr4f0nFIX+4CMVtwH4QMK6UNaGXYKRbtkT0D/EicjRZKh2il8uX7EkwBC5JJp3XLsGNspUyi4hGHeTTTEjN+xHrQMDVkAup1OXhnSA6P4tBspUyHSifpzImWB1oPAM50Bw77+7Y3F/7yWfy9ine16nC6bvQS7Z+1UhHGCEPLpId1EUozoODfqCwUc5cAQxpUwv1DeZ4pxNOnm8yYl53cmf0n9qOQcl05ujovliyyvHNkl++SQOOSUlMkVqZIa4eSJjMgzebFG1qv1bn1MW+esbGaHzMD6/AYMk6eJ</latexit>

Now imagine 𝜃=a/f as dynamical degrees of freedom

E(✓)

<latexit sha1_base64="BwhVmS0EkfqnErifX3Ixx4M96XA=">AAACEXicbVDLSgMxFM34rOOr6tJNsAh1U2akosuiCC4r2Ie0Q8lk0jY0mRmSO8Uy9Cu61Q9xJ279Ar/DHzBtZ2FbDwQO59zLPTl+LLgGx/m21tY3Nre2czv27t7+wWH+6Liuo0RRVqORiFTTJ5oJHrIacBCsGStGpC9Ywx/cTf3GkCnNo/AJRjHzJOmFvMspASM93xfb0GdALjr5glNyZsCrxM1IAWWodvI/7SCiiWQhUEG0brlODF5KFHAq2NhuJ5rFhA5Ij7UMDYlk2ktngcf43CgB7kbKvBDwTP27kRKp9Uj6ZlIS6Otlbyr+57WCIY91dutlfmwxCXRvvJSHcQIspPMg3URgiPC0HRxwxSiIkSGEKm7+gmmfKELBdGjbpiV3uZNVUr8sueXS1WO5ULnN+sqhU3SGishF16iCHlAV1RBFEk3QK3qzJta79WF9zkfXrGznBC3A+voFGxmdtA==</latexit>



Consider

L = ✓G eG

<latexit sha1_base64="0+YlxI2os3r+L/nQ4SqBZhvtHks=">AAACK3icbVDLSgNBEJz1GeMr6tHLaBA8hV1R9CIEPcSDhwjmAdkQZmc7yeDsg5leNSw5+zW56od4Urz6Bf6Ak2QPRi1oKKq66e7yYik02vabNTe/sLi0nFvJr66tb2wWtrbrOkoUhxqPZKSaHtMgRQg1FCihGStggSeh4d1djv3GPSgtovAWBzG0A9YLRVdwhkbqFPZSlzNJr4f0nFIX+4CMVtwH4QMK6UNaGXYKRbtkT0D/EicjRZKh2il8uX7EkwBC5JJp3XLsGNspUyi4hGHeTTTEjN+xHrQMDVkAup1OXhnSA6P4tBspUyHSifpzImWB1oPAM50Bw77+7Y3F/7yWfy9ine16nC6bvQS7Z+1UhHGCEPLpId1EUozoODfqCwUc5cAQxpUwv1DeZ4pxNOnm8yYl53cmf0n9qOQcl05ujovliyyvHNkl++SQOOSUlMkVqZIa4eSJjMgzebFG1qv1bn1MW+esbGaHzMD6/AYMk6eJ</latexit>

Now imagine 𝜃=a/f as dynamical degrees of freedom

E(✓)

<latexit sha1_base64="BwhVmS0EkfqnErifX3Ixx4M96XA=">AAACEXicbVDLSgMxFM34rOOr6tJNsAh1U2akosuiCC4r2Ie0Q8lk0jY0mRmSO8Uy9Cu61Q9xJ279Ar/DHzBtZ2FbDwQO59zLPTl+LLgGx/m21tY3Nre2czv27t7+wWH+6Liuo0RRVqORiFTTJ5oJHrIacBCsGStGpC9Ywx/cTf3GkCnNo/AJRjHzJOmFvMspASM93xfb0GdALjr5glNyZsCrxM1IAWWodvI/7SCiiWQhUEG0brlODF5KFHAq2NhuJ5rFhA5Ij7UMDYlk2ktngcf43CgB7kbKvBDwTP27kRKp9Uj6ZlIS6Otlbyr+57WCIY91dutlfmwxCXRvvJSHcQIspPMg3URgiPC0HRxwxSiIkSGEKm7+gmmfKELBdGjbpiV3uZNVUr8sueXS1WO5ULnN+sqhU3SGishF16iCHlAV1RBFEk3QK3qzJta79WF9zkfXrGznBC3A+voFGxmdtA==</latexit>

The strong CP angle dynamically relaxes to CP-conserving vacuum
solving the strong CP dynamically



E(✓)

<latexit sha1_base64="BwhVmS0EkfqnErifX3Ixx4M96XA=">AAACEXicbVDLSgMxFM34rOOr6tJNsAh1U2akosuiCC4r2Ie0Q8lk0jY0mRmSO8Uy9Cu61Q9xJ279Ar/DHzBtZ2FbDwQO59zLPTl+LLgGx/m21tY3Nre2czv27t7+wWH+6Liuo0RRVqORiFTTJ5oJHrIacBCsGStGpC9Ywx/cTf3GkCnNo/AJRjHzJOmFvMspASM93xfb0GdALjr5glNyZsCrxM1IAWWodvI/7SCiiWQhUEG0brlODF5KFHAq2NhuJ5rFhA5Ij7UMDYlk2ktngcf43CgB7kbKvBDwTP27kRKp9Uj6ZlIS6Otlbyr+57WCIY91dutlfmwxCXRvvJSHcQIspPMg3URgiPC0HRxwxSiIkSGEKm7+gmmfKELBdGjbpiV3uZNVUr8sueXS1WO5ULnN+sqhU3SGishF16iCHlAV1RBFEk3QK3qzJta79WF9zkfXrGznBC3A+voFGxmdtA==</latexit>

This axion could oscillate around minimum

Such a oscillating field behaves like matter

Axion oscillation around its minimum comprises DM in the present universe



Since QCD spectrum depends on 𝜃 

the presence of axion DM naturally imply 

oscillations of nuclear quantities

What are the implications?



Since QCD spectrum depends on 𝜃 

the presence of axion DM naturally imply 

oscillations of nuclear quantities

What are the implications?

m2
⇡(✓)

<latexit sha1_base64="12S/Qjnnaq+BRHE2HAhfWXwZM6M=">AAACGXicbVDLTsJAFJ3iC+uDqks3jcQEN6QlGF0S3bjERB4Jrc10OsCE6SMzt0TS8CVs9UPcGbeu/A5/wAG6EPAkk5ycc2/umeMnnEmwrG+tsLW9s7tX3NcPDo+OS8bJaVvGqSC0RWIei66PJeUsoi1gwGk3ERSHPqcdf3Q/9ztjKiSLoyeYJNQN8SBifUYwKMkzSqHnJOy5VnFgSAFfeUbZqloLmJvEzkkZ5Wh6xo8TxCQNaQSEYyl7tpWAm2EBjHA61Z1U0gSTER7QnqIRDql0s0XwqXmplMDsx0K9CMyF+ncjw6GUk9BXkyGGoVz35uJ/Xi8Ys0Tmt16Wx1aTQP/WzViUpEAjsgzST7kJsTlvyQyYoAT4RBFMBFN/MckQC0xAdanrqiV7vZNN0q5V7Xr1+rFebtzlfRXRObpAFWSjG9RAD6iJWoigFM3QK3rTZtq79qF9LkcLWr5zhlagff0CV2mgbQ==</latexit>

⇡

<latexit sha1_base64="ZPFeRHyJxWO/VcTnd4WkRVOtN/w=">AAACC3icbVDLTsJAFL3FF9YX6tJNIzFxRVqD0SXRjUuM8kigIdPpFCZMp5OZKZE0fAJb/RB3xq0f4Xf4Aw7QhYAnmeTknHtzz5xAMKq0635bhY3Nre2d4q69t39weFQ6PmmqJJWYNHDCEtkOkCKMctLQVDPSFpKgOGCkFQzvZ35rRKSiCX/WY0H8GPU5jShG2khPXUF7pbJbcedw1omXkzLkqPdKP90wwWlMuMYMKdXxXKH9DElNMSMTu5sqIhAeoj7pGMpRTJSfzaNOnAujhE6USPO4dubq340MxUqN48BMxkgP1Ko3E//zOuGICpXfelkcW06io1s/o1ykmnC8CBKlzNGJM+vFCakkWLOxIQhLav7i4AGSCGvTnm2blrzVTtZJ86riVSvXj9Vy7S7vqwhncA6X4MEN1OAB6tAADH2Ywiu8WVPr3fqwPhejBSvfOYUlWF+/Me6bpQ==</latexit>

⇡

<latexit sha1_base64="ZPFeRHyJxWO/VcTnd4WkRVOtN/w=">AAACC3icbVDLTsJAFL3FF9YX6tJNIzFxRVqD0SXRjUuM8kigIdPpFCZMp5OZKZE0fAJb/RB3xq0f4Xf4Aw7QhYAnmeTknHtzz5xAMKq0635bhY3Nre2d4q69t39weFQ6PmmqJJWYNHDCEtkOkCKMctLQVDPSFpKgOGCkFQzvZ35rRKSiCX/WY0H8GPU5jShG2khPXUF7pbJbcedw1omXkzLkqPdKP90wwWlMuMYMKdXxXKH9DElNMSMTu5sqIhAeoj7pGMpRTJSfzaNOnAujhE6USPO4dubq340MxUqN48BMxkgP1Ko3E//zOuGICpXfelkcW06io1s/o1ykmnC8CBKlzNGJM+vFCakkWLOxIQhLav7i4AGSCGvTnm2blrzVTtZJ86riVSvXj9Vy7S7vqwhncA6X4MEN1OAB6tAADH2Ywiu8WVPr3fqwPhejBSvfOYUlWF+/Me6bpQ==</latexit>

✓

<latexit sha1_base64="wYDM7gkfvAIy5LO4naYN03j4Qnc=">AAACDnicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtM5JFAQ6bTKYxMp83MLZE0/ANb/RB3xq2/4Hf4Aw7QhYAnmeTknHtzzxw/EVyD43xbhY3Nre2d4q69t39weFQ6PmnqOFWUNWgsYtX2iWaCS9YADoK1E8VI5AvW8of3M781YkrzWD7BOGFeRPqSh5wSMFKzCwMGpFcqOxVnDrxO3JyUUY56r/TTDWKaRkwCFUTrjusk4GVEAaeCTexuqllC6JD0WcdQSSKmvWyedoIvjBLgMFbmScBz9e9GRiKtx5FvJiMCA73qzcT/vE4w4onOb70sji0ngfDWy7hMUmCSLoKEqcAQ41k1OOCKURBjQwhV3PwF0wFRhIIp0LZNS+5qJ+ukeVVxq5Xrx2q5dpf3VURn6BxdIhfdoBp6QHXUQBQ9oyl6RW/W1Hq3PqzPxWjByndO0RKsr1+vaJ0A</latexit>

✓

<latexit sha1_base64="wYDM7gkfvAIy5LO4naYN03j4Qnc=">AAACDnicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtM5JFAQ6bTKYxMp83MLZE0/ANb/RB3xq2/4Hf4Aw7QhYAnmeTknHtzzxw/EVyD43xbhY3Nre2d4q69t39weFQ6PmnqOFWUNWgsYtX2iWaCS9YADoK1E8VI5AvW8of3M781YkrzWD7BOGFeRPqSh5wSMFKzCwMGpFcqOxVnDrxO3JyUUY56r/TTDWKaRkwCFUTrjusk4GVEAaeCTexuqllC6JD0WcdQSSKmvWyedoIvjBLgMFbmScBz9e9GRiKtx5FvJiMCA73qzcT/vE4w4onOb70sji0ngfDWy7hMUmCSLoKEqcAQ41k1OOCKURBjQwhV3PwF0wFRhIIp0LZNS+5qJ+ukeVVxq5Xrx2q5dpf3VURn6BxdIhfdoBp6QHXUQBQ9oyl6RW/W1Hq3PqzPxWjByndO0RKsr1+vaJ0A</latexit>



Since QCD spectrum depends on 𝜃 

the presence of axion DM naturally imply 

oscillations of nuclear quantities

m2
⇡(✓)

<latexit sha1_base64="12S/Qjnnaq+BRHE2HAhfWXwZM6M=">AAACGXicbVDLTsJAFJ3iC+uDqks3jcQEN6QlGF0S3bjERB4Jrc10OsCE6SMzt0TS8CVs9UPcGbeu/A5/wAG6EPAkk5ycc2/umeMnnEmwrG+tsLW9s7tX3NcPDo+OS8bJaVvGqSC0RWIei66PJeUsoi1gwGk3ERSHPqcdf3Q/9ztjKiSLoyeYJNQN8SBifUYwKMkzSqHnJOy5VnFgSAFfeUbZqloLmJvEzkkZ5Wh6xo8TxCQNaQSEYyl7tpWAm2EBjHA61Z1U0gSTER7QnqIRDql0s0XwqXmplMDsx0K9CMyF+ncjw6GUk9BXkyGGoVz35uJ/Xi8Ys0Tmt16Wx1aTQP/WzViUpEAjsgzST7kJsTlvyQyYoAT4RBFMBFN/MckQC0xAdanrqiV7vZNN0q5V7Xr1+rFebtzlfRXRObpAFWSjG9RAD6iJWoigFM3QK3rTZtq79qF9LkcLWr5zhlagff0CV2mgbQ==</latexit>

What are the implications?

mN (✓)

<latexit sha1_base64="t7Xpj08Yn8SDEWVA7ooI51RY9yI=">AAACE3icbVDLSsNAFJ3UV42vqks3g0Wom5JIRZdFN66kgn1AGspkMmmHTh7M3BRL6Gd0qx/iTtz6AX6HP+C0zcK2Hhg4nHMv98zxEsEVWNa3UdjY3NreKe6ae/sHh0el45OWilNJWZPGIpYdjygmeMSawEGwTiIZCT3B2t7wfua3R0wqHkfPME6YG5J+xANOCWjJCXuPlS4MGJDLXqlsVa058Dqxc1JGORq90k/Xj2kasgioIEo5tpWAmxEJnAo2MbupYgmhQ9JnjqYRCZlys3nkCb7Qio+DWOoXAZ6rfzcyEio1Dj09GRIYqFVvJv7nOf6IJyq/9bI4tpwEgls341GSAovoIkiQCgwxnvWDfS4ZBTHWhFDJ9V8wHRBJKOgWTVO3ZK92sk5aV1W7Vr1+qpXrd3lfRXSGzlEF2egG1dEDaqAmoihGU/SK3oyp8W58GJ+L0YKR75yiJRhfv8t+np0=</latexit>

�mN ' �4c1m
2
⇡(✓)�

3g2Am
3
⇡(✓)

32⇡f2
⇡

<latexit sha1_base64="Os2qRGDuESSm7s7XXbfFdRzPJ3k="></latexit>

+

<latexit sha1_base64="1FdYvUyZugSwySVR8ubwLFuCzRc=">AAACCXicbVDLSsNAFJ3UV42vqks3g0UQhJJIRZdFNy5bsLXQhjKZ3LRDJ5MwMymW0C/oVj/Enbj1K/wOf8Bpm4VtPTBwOOde7pnjJ5wp7TjfVmFjc2t7p7hr7+0fHB6Vjk9aKk4lhSaNeSzbPlHAmYCmZppDO5FAIp/Dsz98mPnPI5CKxeJJjxPwItIXLGSUaCM1rnqlslNx5sDrxM1JGeWo90o/3SCmaQRCU06U6rhOor2MSM0oh4ndTRUkhA5JHzqGChKB8rJ50Am+MEqAw1iaJzSeq383MhIpNY58MxkRPVCr3kz8z+sEI5ao/NbL4thyEh3eeRkTSapB0EWQMOVYx3jWCg6YBKr52BBCJTN/wXRAJKHadGfbpiV3tZN10rquuNXKTaNart3nfRXRGTpHl8hFt6iGHlEdNRFFgKboFb1ZU+vd+rA+F6MFK985RUuwvn4BMSqahw==</latexit>



Since QCD spectrum depends on 𝜃 

the presence of axion DM naturally imply 

oscillations of nuclear quantities

m2
⇡(✓)

<latexit sha1_base64="12S/Qjnnaq+BRHE2HAhfWXwZM6M=">AAACGXicbVDLTsJAFJ3iC+uDqks3jcQEN6QlGF0S3bjERB4Jrc10OsCE6SMzt0TS8CVs9UPcGbeu/A5/wAG6EPAkk5ycc2/umeMnnEmwrG+tsLW9s7tX3NcPDo+OS8bJaVvGqSC0RWIei66PJeUsoi1gwGk3ERSHPqcdf3Q/9ztjKiSLoyeYJNQN8SBifUYwKMkzSqHnJOy5VnFgSAFfeUbZqloLmJvEzkkZ5Wh6xo8TxCQNaQSEYyl7tpWAm2EBjHA61Z1U0gSTER7QnqIRDql0s0XwqXmplMDsx0K9CMyF+ncjw6GUk9BXkyGGoVz35uJ/Xi8Ys0Tmt16Wx1aTQP/WzViUpEAjsgzST7kJsTlvyQyYoAT4RBFMBFN/MckQC0xAdanrqiV7vZNN0q5V7Xr1+rFebtzlfRXRObpAFWSjG9RAD6iJWoigFM3QK3rTZtq79qF9LkcLWr5zhlagff0CV2mgbQ==</latexit>

mN (✓)

<latexit sha1_base64="t7Xpj08Yn8SDEWVA7ooI51RY9yI=">AAACE3icbVDLSsNAFJ3UV42vqks3g0Wom5JIRZdFN66kgn1AGspkMmmHTh7M3BRL6Gd0qx/iTtz6AX6HP+C0zcK2Hhg4nHMv98zxEsEVWNa3UdjY3NreKe6ae/sHh0el45OWilNJWZPGIpYdjygmeMSawEGwTiIZCT3B2t7wfua3R0wqHkfPME6YG5J+xANOCWjJCXuPlS4MGJDLXqlsVa058Dqxc1JGORq90k/Xj2kasgioIEo5tpWAmxEJnAo2MbupYgmhQ9JnjqYRCZlys3nkCb7Qio+DWOoXAZ6rfzcyEio1Dj09GRIYqFVvJv7nOf6IJyq/9bI4tpwEgls341GSAovoIkiQCgwxnvWDfS4ZBTHWhFDJ9V8wHRBJKOgWTVO3ZK92sk5aV1W7Vr1+qpXrd3lfRXSGzlEF2egG1dEDaqAmoihGU/SK3oyp8W58GJ+L0YKR75yiJRhfv8t+np0=</latexit>

What are the implications?

gn,p(✓)

<latexit sha1_base64="AMoqS5FSxu9KogigWa22LvmiRDA=">AAACGXicbVDLSsNAFJ34rPHRqEs3wSJUkJJIRZdFNy4r2Ae0IUwm03boZBJmbool9Eu61Q9xJ25d+R3+gNM2C9t6YOBwzr3cMydIOFPgON/GxubW9s5uYc/cPzg8KlrHJ00Vp5LQBol5LNsBVpQzQRvAgNN2IimOAk5bwfBh5rdGVCoWi2cYJ9SLcF+wHiMYtORbxb6fiatkUu7CgAK+9K2SU3HmsNeJm5MSylH3rZ9uGJM0ogIIx0p1XCcBL8MSGOF0YnZTRRNMhrhPO5oKHFHlZfPgE/tCK6Hdi6V+Auy5+ncjw5FS4yjQkxGGgVr1ZuJ/XiccsUTlt14Wx5aTQO/Oy5hIUqCCLIL0Um5DbM9askMmKQE+1gQTyfRfbDLAEhPQXZqmbsld7WSdNK8rbrVy81Qt1e7zvgroDJ2jMnLRLaqhR1RHDURQiqboFb0ZU+Pd+DA+F6MbRr5zipZgfP0Cs36gpA==</latexit>

+

<latexit sha1_base64="1FdYvUyZugSwySVR8ubwLFuCzRc=">AAACCXicbVDLSsNAFJ3UV42vqks3g0UQhJJIRZdFNy5bsLXQhjKZ3LRDJ5MwMymW0C/oVj/Enbj1K/wOf8Bpm4VtPTBwOOde7pnjJ5wp7TjfVmFjc2t7p7hr7+0fHB6Vjk9aKk4lhSaNeSzbPlHAmYCmZppDO5FAIp/Dsz98mPnPI5CKxeJJjxPwItIXLGSUaCM1rnqlslNx5sDrxM1JGeWo90o/3SCmaQRCU06U6rhOor2MSM0oh4ndTRUkhA5JHzqGChKB8rJ50Am+MEqAw1iaJzSeq383MhIpNY58MxkRPVCr3kz8z+sEI5ao/NbL4thyEh3eeRkTSapB0EWQMOVYx3jWCg6YBKr52BBCJTN/wXRAJKHadGfbpiV3tZN10rquuNXKTaNart3nfRXRGTpHl8hFt6iGHlEdNRFFgKboFb1ZU+vd+rA+F6MFK985RUuwvn4BMSqahw==</latexit>

+

<latexit sha1_base64="1FdYvUyZugSwySVR8ubwLFuCzRc=">AAACCXicbVDLSsNAFJ3UV42vqks3g0UQhJJIRZdFNy5bsLXQhjKZ3LRDJ5MwMymW0C/oVj/Enbj1K/wOf8Bpm4VtPTBwOOde7pnjJ5wp7TjfVmFjc2t7p7hr7+0fHB6Vjk9aKk4lhSaNeSzbPlHAmYCmZppDO5FAIp/Dsz98mPnPI5CKxeJJjxPwItIXLGSUaCM1rnqlslNx5sDrxM1JGeWo90o/3SCmaQRCU06U6rhOor2MSM0oh4ndTRUkhA5JHzqGChKB8rJ50Am+MEqAw1iaJzSeq383MhIpNY58MxkRPVCr3kz8z+sEI5ao/NbL4thyEh3eeRkTSapB0EWQMOVYx3jWCg6YBKr52BBCJTN/wXRAJKHadGfbpiV3tZN10rquuNXKTaNart3nfRXRGTpHl8hFt6iGHlEdNRFFgKboFb1ZU+vd+rA+F6MFK985RUuwvn4BMSqahw==</latexit>

… �gn,p(✓) ' ±g2AmNm⇡(✓)

4⇡f2
⇡

<latexit sha1_base64="sAkeec3YtwhcuBQH9ACqtVhP3JU="></latexit>



Are oscillations of atomic energy level observable in a lab?



Are oscillations of atomic energy level observable in a lab?

|0i

<latexit sha1_base64="JPSe+Ki642HnouUiGScxK428V94=">AAACEXicbVBLTsMwFHwpvxJ+BZZsLCokVlWCQLCsYMOySPSD2qhyHKe16jiR7VRUoafoFg7CDrHlBJyDC+C2WdCWkSyNZt7TG4+fcKa043xbhbX1jc2t4ra9s7u3f1A6PGqoOJWE1knMY9nysaKcCVrXTHPaSiTFkc9p0x/cTf3mkErFYvGoRwn1ItwTLGQEayM9vTgdiUWP026p7FScGdAqcXNShhy1bumnE8QkjajQhGOl2q6TaC/DUjPC6djupIommAxwj7YNFTiiystmgcfozCgBCmNpntBopv7dyHCk1CjyzWSEdV8te1PxP68dDFmi8lvP82OLSXR442VMJKmmgsyDhClHOkbTdlDAJCWajwzBRDLzF0T6WGKiTYe2bVpylztZJY2LintZuXq4LFdv876KcAKncA4uXEMV7qEGdSAQwQRe4c2aWO/Wh/U5Hy1Y+c4xLMD6+gXj7J4t</latexit>

|1i

<latexit sha1_base64="Co1xsm/zZZHVSu+I+wwppOZ1x5o=">AAACE3icbVDLTsJAFL3FF+ILdelmIjFxRVqD0SXRjUtM5JGUhkynU5gwnTYzUyKpfAZb/RB3xq0f4Hf4Aw7QhYAnmeTknHtzzxw/4Uxp2/62ChubW9s7xd3S3v7B4VH5+KSl4lQS2iQxj2XHx4pyJmhTM81pJ5EURz6nbX94P/PbIyoVi8WTHifUi3BfsJARrI3kviAHdSUWfU575YpdtedA68TJSQVyNHrln24QkzSiQhOOlXIdO9FehqVmhNNJqZsqmmAyxH3qGipwRJWXzSNP0IVRAhTG0jyh0Vz9u5HhSKlx5JvJCOuBWvVm4n+eG4xYovJbz4tjy0l0eOtlTCSppoIsgoQpRzpGs35QwCQlmo8NwUQy8xdEBlhiok2LpZJpyVntZJ20rqpOrXr9WKvU7/K+inAG53AJDtxAHR6gAU0gEMMUXuHNmlrv1of1uRgtWPnOKSzB+voFnDyegg==</latexit>

Imagine a situation where we interrogate atoms periodically
to measure the transition frequency



Are oscillations of atomic energy level observable in a lab?

|0i

<latexit sha1_base64="JPSe+Ki642HnouUiGScxK428V94=">AAACEXicbVBLTsMwFHwpvxJ+BZZsLCokVlWCQLCsYMOySPSD2qhyHKe16jiR7VRUoafoFg7CDrHlBJyDC+C2WdCWkSyNZt7TG4+fcKa043xbhbX1jc2t4ra9s7u3f1A6PGqoOJWE1knMY9nysaKcCVrXTHPaSiTFkc9p0x/cTf3mkErFYvGoRwn1ItwTLGQEayM9vTgdiUWP026p7FScGdAqcXNShhy1bumnE8QkjajQhGOl2q6TaC/DUjPC6djupIommAxwj7YNFTiiystmgcfozCgBCmNpntBopv7dyHCk1CjyzWSEdV8te1PxP68dDFmi8lvP82OLSXR442VMJKmmgsyDhClHOkbTdlDAJCWajwzBRDLzF0T6WGKiTYe2bVpylztZJY2LintZuXq4LFdv876KcAKncA4uXEMV7qEGdSAQwQRe4c2aWO/Wh/U5Hy1Y+c4xLMD6+gXj7J4t</latexit>

|1i

<latexit sha1_base64="Co1xsm/zZZHVSu+I+wwppOZ1x5o=">AAACE3icbVDLTsJAFL3FF+ILdelmIjFxRVqD0SXRjUtM5JGUhkynU5gwnTYzUyKpfAZb/RB3xq0f4Hf4Aw7QhYAnmeTknHtzzxw/4Uxp2/62ChubW9s7xd3S3v7B4VH5+KSl4lQS2iQxj2XHx4pyJmhTM81pJ5EURz6nbX94P/PbIyoVi8WTHifUi3BfsJARrI3kviAHdSUWfU575YpdtedA68TJSQVyNHrln24QkzSiQhOOlXIdO9FehqVmhNNJqZsqmmAyxH3qGipwRJWXzSNP0IVRAhTG0jyh0Vz9u5HhSKlx5JvJCOuBWvVm4n+eG4xYovJbz4tjy0l0eOtlTCSppoIsgoQpRzpGs35QwCQlmo8NwUQy8xdEBlhiok2LpZJpyVntZJ20rqpOrXr9WKvU7/K+inAG53AJDtxAHR6gAU0gEMMUXuHNmlrv1of1uRgtWPnOKSzB+voFnDyegg==</latexit>

Imagine a situation where we interrogate atoms periodically
to measure the transition frequency

In an ideal world without axion, this measurement would give us 

time

f



Now imagine the same exp. but with axion

|0i

<latexit sha1_base64="JPSe+Ki642HnouUiGScxK428V94=">AAACEXicbVBLTsMwFHwpvxJ+BZZsLCokVlWCQLCsYMOySPSD2qhyHKe16jiR7VRUoafoFg7CDrHlBJyDC+C2WdCWkSyNZt7TG4+fcKa043xbhbX1jc2t4ra9s7u3f1A6PGqoOJWE1knMY9nysaKcCVrXTHPaSiTFkc9p0x/cTf3mkErFYvGoRwn1ItwTLGQEayM9vTgdiUWP026p7FScGdAqcXNShhy1bumnE8QkjajQhGOl2q6TaC/DUjPC6djupIommAxwj7YNFTiiystmgcfozCgBCmNpntBopv7dyHCk1CjyzWSEdV8te1PxP68dDFmi8lvP82OLSXR442VMJKmmgsyDhClHOkbTdlDAJCWajwzBRDLzF0T6WGKiTYe2bVpylztZJY2LintZuXq4LFdv876KcAKncA4uXEMV7qEGdSAQwQRe4c2aWO/Wh/U5Hy1Y+c4xLMD6+gXj7J4t</latexit>

|1i

<latexit sha1_base64="Co1xsm/zZZHVSu+I+wwppOZ1x5o=">AAACE3icbVDLTsJAFL3FF+ILdelmIjFxRVqD0SXRjUtM5JGUhkynU5gwnTYzUyKpfAZb/RB3xq0f4Hf4Aw7QhYAnmeTknHtzzxw/4Uxp2/62ChubW9s7xd3S3v7B4VH5+KSl4lQS2iQxj2XHx4pyJmhTM81pJ5EURz6nbX94P/PbIyoVi8WTHifUi3BfsJARrI3kviAHdSUWfU575YpdtedA68TJSQVyNHrln24QkzSiQhOOlXIdO9FehqVmhNNJqZsqmmAyxH3qGipwRJWXzSNP0IVRAhTG0jyh0Vz9u5HhSKlx5JvJCOuBWvVm4n+eG4xYovJbz4tjy0l0eOtlTCSppoIsgoQpRzpGs35QwCQlmo8NwUQy8xdEBlhiok2LpZJpyVntZJ20rqpOrXr9WKvU7/K+inAG53AJDtxAHR6gAU0gEMMUXuHNmlrv1of1uRgtWPnOKSzB+voFnDyegg==</latexit>



Now imagine the same exp. but with axion

|0i

<latexit sha1_base64="JPSe+Ki642HnouUiGScxK428V94=">AAACEXicbVBLTsMwFHwpvxJ+BZZsLCokVlWCQLCsYMOySPSD2qhyHKe16jiR7VRUoafoFg7CDrHlBJyDC+C2WdCWkSyNZt7TG4+fcKa043xbhbX1jc2t4ra9s7u3f1A6PGqoOJWE1knMY9nysaKcCVrXTHPaSiTFkc9p0x/cTf3mkErFYvGoRwn1ItwTLGQEayM9vTgdiUWP026p7FScGdAqcXNShhy1bumnE8QkjajQhGOl2q6TaC/DUjPC6djupIommAxwj7YNFTiiystmgcfozCgBCmNpntBopv7dyHCk1CjyzWSEdV8te1PxP68dDFmi8lvP82OLSXR442VMJKmmgsyDhClHOkbTdlDAJCWajwzBRDLzF0T6WGKiTYe2bVpylztZJY2LintZuXq4LFdv876KcAKncA4uXEMV7qEGdSAQwQRe4c2aWO/Wh/U5Hy1Y+c4xLMD6+gXj7J4t</latexit>

|1i

<latexit sha1_base64="Co1xsm/zZZHVSu+I+wwppOZ1x5o=">AAACE3icbVDLTsJAFL3FF+ILdelmIjFxRVqD0SXRjUtM5JGUhkynU5gwnTYzUyKpfAZb/RB3xq0f4Hf4Aw7QhYAnmeTknHtzzxw/4Uxp2/62ChubW9s7xd3S3v7B4VH5+KSl4lQS2iQxj2XHx4pyJmhTM81pJ5EURz6nbX94P/PbIyoVi8WTHifUi3BfsJARrI3kviAHdSUWfU575YpdtedA68TJSQVyNHrln24QkzSiQhOOlXIdO9FehqVmhNNJqZsqmmAyxH3qGipwRJWXzSNP0IVRAhTG0jyh0Vz9u5HhSKlx5JvJCOuBWvVm4n+eG4xYovJbz4tjy0l0eOtlTCSppoIsgoQpRzpGs35QwCQlmo8NwUQy8xdEBlhiok2LpZJpyVntZJ20rqpOrXr9WKvU7/K+inAG53AJDtxAHR6gAU0gEMMUXuHNmlrv1of1uRgtWPnOKSzB+voFnDyegg==</latexit>

the same measurement would give us 

time

f



the same measurement would give us 

by looking for a harmonic signal

oscillations of energy level can be probed

time

f



the same measurement would give us 

by looking for a harmonic signal

oscillations of energy level can be probed

time

f

for dilaton-like (or scalar) DM searches

L = � ̄ + �FF + �GG

<latexit sha1_base64="GPe2PQUqqXv+1jpc9f6VqScEjtI="></latexit>

atomic clocks provide useful tools
[Arvanitaki, van Tilburg, Huang 14]



To see how it works

let us consider hyperfine splitting in hydrogen atom

p

e

H = �~µe · ~Bp

<latexit sha1_base64="MaEKcZUziasgG4cUr7yS0TtrhMc=">AAACKXicbVDLSgNBEJz1GeMr6tGDg0HwYtiViF6EEC85RjAPyIZldrY3GTL7YGY2GJYc/Zpc9UO8qVc/wR9wkuzBJBY0FFXddHe5MWdSmeansba+sbm1ndvJ7+7tHxwWjo6bMkoEhQaNeCTaLpHAWQgNxRSHdiyABC6Hljt4mPqtIQjJovBJjWLoBqQXMp9RorTkFM5q+B5fYXsIFNtB4gC2qRepuVB1YqdQNEvmDHiVWBkpogx1p/BjexFNAggV5UTKjmXGqpsSoRjlMM7biYSY0AHpQUfTkAQgu+nskTG+0IqH/UjoChWeqX8nUhJIOQpc3RkQ1ZfL3lT8z+t4QxbLbNfzfNniJcq/66YsjBMFIZ0f4iccqwhPU8MeE0AVH2lCqGD6F0z7RBCqdLb5vE7JWs5klTSvS1a5dPNYLlaqWV45dIrO0SWy0C2qoBqqowai6AVN0Ct6MybGu/FhfM1b14xs5gQtwPj+BYhSpZg=</latexit>

|0i

<latexit sha1_base64="JPSe+Ki642HnouUiGScxK428V94=">AAACEXicbVBLTsMwFHwpvxJ+BZZsLCokVlWCQLCsYMOySPSD2qhyHKe16jiR7VRUoafoFg7CDrHlBJyDC+C2WdCWkSyNZt7TG4+fcKa043xbhbX1jc2t4ra9s7u3f1A6PGqoOJWE1knMY9nysaKcCVrXTHPaSiTFkc9p0x/cTf3mkErFYvGoRwn1ItwTLGQEayM9vTgdiUWP026p7FScGdAqcXNShhy1bumnE8QkjajQhGOl2q6TaC/DUjPC6djupIommAxwj7YNFTiiystmgcfozCgBCmNpntBopv7dyHCk1CjyzWSEdV8te1PxP68dDFmi8lvP82OLSXR442VMJKmmgsyDhClHOkbTdlDAJCWajwzBRDLzF0T6WGKiTYe2bVpylztZJY2LintZuXq4LFdv876KcAKncA4uXEMV7qEGdSAQwQRe4c2aWO/Wh/U5Hy1Y+c4xLMD6+gXj7J4t</latexit>

|1i

<latexit sha1_base64="Co1xsm/zZZHVSu+I+wwppOZ1x5o=">AAACE3icbVDLTsJAFL3FF+ILdelmIjFxRVqD0SXRjUtM5JGUhkynU5gwnTYzUyKpfAZb/RB3xq0f4Hf4Aw7QhYAnmeTknHtzzxw/4Uxp2/62ChubW9s7xd3S3v7B4VH5+KSl4lQS2iQxj2XHx4pyJmhTM81pJ5EURz6nbX94P/PbIyoVi8WTHifUi3BfsJARrI3kviAHdSUWfU575YpdtedA68TJSQVyNHrln24QkzSiQhOOlXIdO9FehqVmhNNJqZsqmmAyxH3qGipwRJWXzSNP0IVRAhTG0jyh0Vz9u5HhSKlx5JvJCOuBWvVm4n+eG4xYovJbz4tjy0l0eOtlTCSppoIsgoQpRzpGs35QwCQlmo8NwUQy8xdEBlhiok2LpZJpyVntZJ20rqpOrXr9WKvU7/K+inAG53AJDtxAHR6gAU0gEMMUXuHNmlrv1of1uRgtWPnOKSzB+voFnDyegg==</latexit>

f = 1420MHz

<latexit sha1_base64="hTQlpkwIIr8/aw0NBgXefy1elqs=">AAACHXicbVDLSsNAFJ3UV42vaJduBovgQkpSKroRim66ESrYBzShTCaTdujkwcykGEO/pVv9EHfiVvwOf8Bpm4VtPTBwOOde7pnjxowKaZrfWmFjc2t7p7ir7+0fHB4ZxydtESUckxaOWMS7LhKE0ZC0JJWMdGNOUOAy0nFH9zO/MyZc0Ch8kmlMnAANQupTjKSS+kbJh7fQqlVN+zKzeQAfGi+TvlE2K+YccJ1YOSmDHM2+8WN7EU4CEkrMkBA9y4ylkyEuKWZkotuJIDHCIzQgPUVDFBDhZPPwE3iuFA/6EVcvlHCu/t3IUCBEGrhqMkByKFa9mfif1/PGNBb5refFseUk0r9xMhrGiSQhXgTxEwZlBGdNQY9ygiVLFUGYU/UXiIeIIyxVn7quWrJWO1kn7WrFqlWuHmvl+l3eVxGcgjNwASxwDeqgAZqgBTBIwRS8gjdtqr1rH9rnYrSg5TslsATt6xdau6DV</latexit>

� = 21 cm

<latexit sha1_base64="AQYI+lCyJyIl0ZUjd0KArlDoRDM=">AAACIXicbVDLSsNAFJ34rPEVdeHCzWARXEhJSkU3QtGNywr2AU0ok8mkHTqThJlJsYR8Tbf6Ie7EnfgZ/oDTNgvbeuDC4Zx7ufceP2FUKtv+MtbWNza3tks75u7e/sGhdXTcknEqMGnimMWi4yNJGI1IU1HFSCcRBHGfkbY/fJj67RERksbRsxonxOOoH9GQYqS01LNOXaabAwTvqg50r2DmCg4xz3tW2a7YM8BV4hSkDAo0etaPG8Q45SRSmCEpu46dKC9DQlHMSG66qSQJwkPUJ11NI8SJ9LLZAzm80EoAw1joihScqX8nMsSlHHNfd3KkBnLZm4r/ed1gRBNZ7HqZL1u8RIW3XkajJFUkwvNDwpRBFcNpWjCggmDFxpogLKj+BeIBEggrnalp6pSc5UxWSatacWqV66dauX5f5FUCZ+AcXAIH3IA6eAQN0AQY5GACXsGbMTHejQ/jc966ZhQzJ2ABxvcvFvCi0Q==</latexit>



To see how it works

let us consider hyperfine splitting in hydrogen atom

p

e

|0i

<latexit sha1_base64="JPSe+Ki642HnouUiGScxK428V94=">AAACEXicbVBLTsMwFHwpvxJ+BZZsLCokVlWCQLCsYMOySPSD2qhyHKe16jiR7VRUoafoFg7CDrHlBJyDC+C2WdCWkSyNZt7TG4+fcKa043xbhbX1jc2t4ra9s7u3f1A6PGqoOJWE1knMY9nysaKcCVrXTHPaSiTFkc9p0x/cTf3mkErFYvGoRwn1ItwTLGQEayM9vTgdiUWP026p7FScGdAqcXNShhy1bumnE8QkjajQhGOl2q6TaC/DUjPC6djupIommAxwj7YNFTiiystmgcfozCgBCmNpntBopv7dyHCk1CjyzWSEdV8te1PxP68dDFmi8lvP82OLSXR442VMJKmmgsyDhClHOkbTdlDAJCWajwzBRDLzF0T6WGKiTYe2bVpylztZJY2LintZuXq4LFdv876KcAKncA4uXEMV7qEGdSAQwQRe4c2aWO/Wh/U5Hy1Y+c4xLMD6+gXj7J4t</latexit>

|1i

<latexit sha1_base64="Co1xsm/zZZHVSu+I+wwppOZ1x5o=">AAACE3icbVDLTsJAFL3FF+ILdelmIjFxRVqD0SXRjUtM5JGUhkynU5gwnTYzUyKpfAZb/RB3xq0f4Hf4Aw7QhYAnmeTknHtzzxw/4Uxp2/62ChubW9s7xd3S3v7B4VH5+KSl4lQS2iQxj2XHx4pyJmhTM81pJ5EURz6nbX94P/PbIyoVi8WTHifUi3BfsJARrI3kviAHdSUWfU575YpdtedA68TJSQVyNHrln24QkzSiQhOOlXIdO9FehqVmhNNJqZsqmmAyxH3qGipwRJWXzSNP0IVRAhTG0jyh0Vz9u5HhSKlx5JvJCOuBWvVm4n+eG4xYovJbz4tjy0l0eOtlTCSppoIsgoQpRzpGs35QwCQlmo8NwUQy8xdEBlhiok2LpZJpyVntZJ20rqpOrXr9WKvU7/K+inAG53AJDtxAHR6gAU0gEMMUXuHNmlrv1of1uRgtWPnOKSzB+voFnDyegg==</latexit>

f = 1420MHz

<latexit sha1_base64="hTQlpkwIIr8/aw0NBgXefy1elqs=">AAACHXicbVDLSsNAFJ3UV42vaJduBovgQkpSKroRim66ESrYBzShTCaTdujkwcykGEO/pVv9EHfiVvwOf8Bpm4VtPTBwOOde7pnjxowKaZrfWmFjc2t7p7ir7+0fHB4ZxydtESUckxaOWMS7LhKE0ZC0JJWMdGNOUOAy0nFH9zO/MyZc0Ch8kmlMnAANQupTjKSS+kbJh7fQqlVN+zKzeQAfGi+TvlE2K+YccJ1YOSmDHM2+8WN7EU4CEkrMkBA9y4ylkyEuKWZkotuJIDHCIzQgPUVDFBDhZPPwE3iuFA/6EVcvlHCu/t3IUCBEGrhqMkByKFa9mfif1/PGNBb5refFseUk0r9xMhrGiSQhXgTxEwZlBGdNQY9ygiVLFUGYU/UXiIeIIyxVn7quWrJWO1kn7WrFqlWuHmvl+l3eVxGcgjNwASxwDeqgAZqgBTBIwRS8gjdtqr1rH9rnYrSg5TslsATt6xdau6DV</latexit>

� = 21 cm

<latexit sha1_base64="AQYI+lCyJyIl0ZUjd0KArlDoRDM=">AAACIXicbVDLSsNAFJ34rPEVdeHCzWARXEhJSkU3QtGNywr2AU0ok8mkHTqThJlJsYR8Tbf6Ie7EnfgZ/oDTNgvbeuDC4Zx7ufceP2FUKtv+MtbWNza3tks75u7e/sGhdXTcknEqMGnimMWi4yNJGI1IU1HFSCcRBHGfkbY/fJj67RERksbRsxonxOOoH9GQYqS01LNOXaabAwTvqg50r2DmCg4xz3tW2a7YM8BV4hSkDAo0etaPG8Q45SRSmCEpu46dKC9DQlHMSG66qSQJwkPUJ11NI8SJ9LLZAzm80EoAw1joihScqX8nMsSlHHNfd3KkBnLZm4r/ed1gRBNZ7HqZL1u8RIW3XkajJFUkwvNDwpRBFcNpWjCggmDFxpogLKj+BeIBEggrnalp6pSc5UxWSatacWqV66dauX5f5FUCZ+AcXAIH3IA6eAQN0AQY5GACXsGbMTHejQ/jc966ZhQzJ2ABxvcvFvCi0Q==</latexit>

E =
4

3
(m2

e↵
4)

gp
mp

<latexit sha1_base64="5z+dQg2zoNSCUfMFVnsTUIqnWS0="></latexit>



In the presence of axion DM

E =
4

3
(m2

e↵
4)

gp
mp

<latexit sha1_base64="5z+dQg2zoNSCUfMFVnsTUIqnWS0="></latexit>

energy level slightly changes as

�E

E
⇠ 10�15 1

m2
15f

2
10

[1 + cos(2mt)]

<latexit sha1_base64="2LK+KxsEHIs6o9tTax44CKBdfDw="></latexit>



time

f
! = 2m

<latexit sha1_base64="YtiDqbkZBt5nuo1JKyI/SnJjl2Q=">AAACFHicbVDLSgMxFM34rPVVdekmWARXZaZUdCMU3bisYB/QGUomk2lDk0xIMsUy9De61Q9xJ27d+x3+gGk7C9t6IHA4517uyQklo9q47rezsbm1vbNb2CvuHxweHZdOTls6SRUmTZywRHVCpAmjgjQNNYx0pCKIh4y0w+HDzG+PiNI0Ec9mLEnAUV/QmGJkrOT7CSd9BO9gFfJeqexW3DngOvFyUgY5Gr3Sjx8lOOVEGMyQ1l3PlSbIkDIUMzIp+qkmEuEh6pOupQJxooNsnnkCL60SwThR9gkD5+rfjQxxrcc8tJMcmYFe9Wbif143GlGp81svi2PLSUx8G2RUyNQQgRdB4pRBk8BZQTCiimDDxpYgrKj9C8QDpBA2tsZi0bbkrXayTlrVilerXD/VyvX7vK8COAcX4Ap44AbUwSNogCbAQIIpeAVvztR5dz6cz8XohpPvnIElOF+/kRyeaw==</latexit>

harmonic signal @

Is it a realistic system or just a toy model?

Is this observable?

�f ⇠ 10�15f

<latexit sha1_base64="CxxeKfs3Ft2rZz38Lk+99QUus54=">AAACMHicbVDLTgIxFO3gC/GFunTTSDRuJDMGokuiG5eYyCNhkHQ6d6Ch80jbIZLJ/IFfw1Y/RFfGrVt/wAKzEPAkTU7OfZ0eJ+JMKtP8MHJr6xubW/ntws7u3v5B8fCoKcNYUGjQkIei7RAJnAXQUExxaEcCiO9waDnDu2m9NQIhWRg8qnEEXZ/0A+YxSpSWesXzxJ4tSQS4KbZd4IpgD9uS+dgyn5JLq5piL+0VS2bZnAGvEisjJZSh3iv+2G5IYx8CRTmRsmOZkeomRChGOaQFO5YQETokfehoGhAfZDeZWUnxmVZc7IVCv0Dhmfp3IiG+lGPf0Z0+UQO5XJuK/9U67ohFMrv1PD+26ER5N92EBVGsIKBzI17MsQrxNDzsMgFU8bEmhAqm/4LpgAhClY64UNApWcuZrJLmVdmqlKsPlVLtNssrj07QKbpAFrpGNXSP6qiBKHpBE/SK3oyJ8W58Gl/z1pyRzRyjBRjfv94DqWY=</latexit>



[Kennedy et al 20]

�(fH/fSi)

(fH/fSi)

<latexit sha1_base64="MtLZH0vEFAaOF8UepuN5Yc0G1YE=">AAACPXicbVC5TsNAEF1zBnMZKGlWREihCTYEQRlBkzIIckixZa3X62SV9aHddURk5UP4mrTwCXwAHaKhoGWTuCDHk0Z6em9GM/O8hFEhTfNDW1vf2NzaLuzou3v7B4fG0XFTxCnHpIFjFvO2hwRhNCINSSUj7YQTFHqMtLz+w8RvDQgXNI6e5TAhToi6EQ0oRlJJrnFtBxzhzPYJk6gUuDV4CQM3s3kIn+joYpSt0FyjaJbNKeAysXJSBDnqrvFj+zFOQxJJzJAQHctMpJMhLilmZKTbqSAJwn3UJR1FIxQS4WTT50bwXCk+DGKuKpJwqv6fyFAoxDD0VGeIZE8sehNxldfxBzQR+a6X2bL5S2Rw52Q0SlJJIjw7JEgZlDGcJAl9ygmWbKgIwpyqXyDuIZWmVHnrukrJWsxkmTSvylalfPNYKVbv87wK4BScgRKwwC2oghqogwbA4BWMwRt418bap/alfc9a17R85gTMQfv9A1NNrhE=</latexit>

⇡ �fH
fH

<latexit sha1_base64="ST4EH2vkFVNDRM8XlODC4DjHRJQ=">AAACKHicbVDLSsNAFJ3UV62vqEtBBovgqiRS0WXRTZcVbC00IUwmk3boJBlmJqUldOfXdKsf4k669Rf8ASdtFrb1wAyHc+7l3nt8zqhUljU3SlvbO7t75f3KweHR8Yl5etaRSSowaeOEJaLrI0kYjUlbUcVIlwuCIp+RV3/4lPuvIyIkTeIXNeHEjVA/piHFSGnJMy8dxLlIxtAJBcKZExCmEAy95jTLP8+sWjVrAbhJ7IJUQYGWZ/44QYLTiMQKMyRlz7a4cjMkFMWMTCtOKglHeIj6pKdpjCIi3WxxxxReayWAYSL0ixVcqH87MhRJOYl8XRkhNZDrXi7+5/WCEeWymDVeDlvdRIUPbkZjnioS4+UiYcqgSmAeGgyoIFixiSYIC6pvgXiAdGBKR1up6JTs9Uw2See2Ztdrd8/1auOxyKsMLsAVuAE2uAcN0AQt0AYYvIEZeAcfxsz4NL6M+bK0ZBQ952AFxvcvYk2nTQ==</latexit>



[Kennedy et al 20]

With 33 days of observation

�f/f ⇠ 10�16

<latexit sha1_base64="yVGoFl8TE5edurwjwr7XYQbbmtY=">AAACI3icbVDLSsNAFJ3UV42vqCtxM1gEN9ZE6mNZdOOygn1AE8tkMmmHTiZhZlIsofg13eqHuBM3LvwKf8Bpm4WtHrhwOOde7r3HTxiVyrY/jcLS8srqWnHd3Njc2t6xdvcaMk4FJnUcs1i0fCQJo5zUFVWMtBJBUOQz0vT7txO/OSBC0pg/qGFCvAh1OQ0pRkpLHevADQhTCIZnMISupBF07Mfs1LkcdaySXbangH+Jk5MSyFHrWN9uEOM0IlxhhqRsO3aivAwJRTEjI9NNJUkQ7qMuaWvKUUSkl01fGMFjrQQwjIUuruBU/T2RoUjKYeTrzgipnlz0JuJ/XjsY0ETmu55my+YvUeG1l1GepIpwPDskTBlUMZzkBQMqCFZsqAnCgupfIO4hgbDSqZqmTslZzOQvaZyXnUr54r5Sqt7keRXBITgCJ8ABV6AK7kAN1AEGz2AMXsCrMTbejHfjY9ZaMPKZfTAH4+sHH6yjTg==</latexit>



[Kennedy et al 20]

With 33 days of observation

(�f/f) ⇠ 10�15 1

m2
15f

2
10

[1 + cos(2mt)]

<latexit sha1_base64="/vqRdqA0fTkQhMp2RqvgGW2ZR10="></latexit>

�f/f ⇠ 10�16

<latexit sha1_base64="yVGoFl8TE5edurwjwr7XYQbbmtY=">AAACI3icbVDLSsNAFJ3UV42vqCtxM1gEN9ZE6mNZdOOygn1AE8tkMmmHTiZhZlIsofg13eqHuBM3LvwKf8Bpm4WtHrhwOOde7r3HTxiVyrY/jcLS8srqWnHd3Njc2t6xdvcaMk4FJnUcs1i0fCQJo5zUFVWMtBJBUOQz0vT7txO/OSBC0pg/qGFCvAh1OQ0pRkpLHevADQhTCIZnMISupBF07Mfs1LkcdaySXbangH+Jk5MSyFHrWN9uEOM0IlxhhqRsO3aivAwJRTEjI9NNJUkQ7qMuaWvKUUSkl01fGMFjrQQwjIUuruBU/T2RoUjKYeTrzgipnlz0JuJ/XjsY0ETmu55my+YvUeG1l1GepIpwPDskTBlUMZzkBQMqCFZsqAnCgupfIO4hgbDSqZqmTslZzOQvaZyXnUr54r5Sqt7keRXBITgCJ8ABV6AK7kAN1AEGz2AMXsCrMTbejHfjY9ZaMPKZfTAH4+sHH6yjTg==</latexit>



HK, Perez (22)



axion DM searches in the ‘sky’ 

has also observed significant progress


during past 10 years



a characteristic feature of axion DM

is its wave nature

� =
2⇡

mv
' 0.6 kpc

⇣10�22 eV

m

⌘⇣200 km/sec

v

⌘

<latexit sha1_base64="0k9jnXeaSTn7uJtS+xsiycYNDCE="></latexit>

the size of wavelength could be astronomical !



Schive, Chiueh, Broadhurst (14)

* characteristic soliton at the center has been observed

* small scale structures are erased



Veltmaat, Niemeyer, Schwabe (18)

Mocz et al (17)



Many interesting astrophysical phenomena arises

from solitons and granule structure of axion DM 

• galaxy rotation curve

• interaction between quasiparticle and stars

Bar, Blas, Blum, Sibiryakov (18); Bar, Blum, Eby, Sato (19); Bar, Blum Chen (21)

Amorisco, Loeb (18) ; Church, Mocz, Ostriker (18);

Marsh, Niemeyer (19); Dalal et al (20); 

Dalal, Kravtsov (22)

• large scale structures Iršič et al (17); Hlozek et al (17); Kobayashi et al (17); Nori et al (18); 

Rogers, Peiris (20); Schutz (20); Laguë et al (21)

See also a recent review by Lam Hui (21)



Axion (wave) dark matter can also be tested by

gravitational waves

HK, Alessandro Lenoci, Isak Stomberg, Xiao Xue (in preparation)



gas
star (or dark matter)

let us consider a gas cloud and stars (DM) in a circular orbit



imagine gas could contracts via dissipation adiabatically

gas
star (or dark matter)L = rv =

p
GMenc(r)r

<latexit sha1_base64="XDagMlr/dMVgIkFJOV3/Eae8JE8="></latexit>



imagine gas could contracts via dissipation adiabatically

gas
star (or dark matter)L = rv =

p
GMenc(r)r

<latexit sha1_base64="XDagMlr/dMVgIkFJOV3/Eae8JE8="></latexit>



imagine gas could contracts via dissipation adiabatically

gas
star (or dark matter)L = rv =

p
GMenc(r)r

<latexit sha1_base64="XDagMlr/dMVgIkFJOV3/Eae8JE8="></latexit>



imagine gas could contracts via dissipation adiabatically

gas
star (or dark matter)L = rv =

p
GMenc(r)r

<latexit sha1_base64="XDagMlr/dMVgIkFJOV3/Eae8JE8="></latexit>

stellar (DM) distribution becomes steeper  
near the center of system







BH

Adiabatically compressed DM halo

GWs

fGW = 2forb

<latexit sha1_base64="xbOf2qqcsQXhA5EkihMrb1hjteo=">AAACJHicbVDLSsNAFJ3UV42vqDvdDBbBVUlKRTdC0YUuK9gHtCFMJpN26EwSZibFEgp+Tbf6Ie7EhRt/wh9w2mZhWw8MnDnnXu69x08Ylcq2v4zC2vrG5lZx29zZ3ds/sA6PmjJOBSYNHLNYtH0kCaMRaSiqGGkngiDuM9LyB3dTvzUkQtI4elKjhLgc9SIaUoyUljzrJPSyruDwvjWGN7AC828s/LFnleyyPQNcJU5OSiBH3bN+ukGMU04ihRmSsuPYiXIzJBTFjIzNbipJgvAA9UhH0whxIt1sdsMYnmslgGEs9IsUnKl/OzLEpRxxX1dypPpy2ZuK/3mdYEgTmc96ng9b3ESF125GoyRVJMLzRcKUQRXDaWAwoIJgxUaaICyovgXiPhIIKx2raeqUnOVMVkmzUnaq5cvHaql2m+dVBKfgDFwAB1yBGngAddAAGLyACXgFb8bEeDc+jM95acHIe47BAozvXw2RpGc=</latexit>

BH or NS

104M�

<latexit sha1_base64="KJ5pBeEXaCyiUtvzf3YEIEKloIM=">AAACFHicbVDLSgMxFM34rOOr6tJNsAiuyoxUdFl040aoYB/QGUsmk2lDM0lIMsVS+hvd6oe4E7fu/Q5/wLSdhW09EDiccy/35ESSUW0879tZW9/Y3Nou7Li7e/sHh8Wj44YWmcKkjgUTqhUhTRjlpG6oYaQlFUFpxEgz6t9N/eaAKE0FfzJDScIUdTlNKEbGSoHvPVfgQycQsTCdYskrezPAVeLnpARy1DrFnyAWOEsJN5ghrdu+J004QspQzMjYDTJNJMJ91CVtSzlKiQ5Hs8xjeG6VGCZC2ccNnKl/N0Yo1XqYRnYyRaanl72p+J/XjgdU6vzWy/zYYhKT3IQjymVmCMfzIEnGoBFwWhCMqSLYsKElCCtq/wJxDymEja3RdW1L/nInq6RxWfYr5avHSql6m/dVAKfgDFwAH1yDKrgHNVAHGEgwAa/gzZk4786H8zkfXXPynROwAOfrF9qcnps=</latexit>

M�

<latexit sha1_base64="AqLxTLAZDEvpZJo1XS+Fql7SuE4=">AAACIXicbVDLSgMxFM34rPVVdeHCTbAIrsqMVHRZdONGqGAf0A5DJpO2oZkkJJliGfo13eqHuBN34mf4A6bTWdjWC4HDOffec3NCyag2rvvlrK1vbG5tF3aKu3v7B4elo+OmFonCpIEFE6odIk0Y5aRhqGGkLRVBcchIKxzez/TWiChNBX82Y0n8GPU57VGMjKWC0mk325HKRElGJhA+Bl0RCROUym7FzQquAi8HZZBXPSj9dCOBk5hwgxnSuuO50vgpUoZiu7jYTTSRCA9Rn3Qs5Cgm2k8z8wm8sEwEe0LZxw3M2L8TKYq1Hseh7YyRGehlbUb+p3WiEZU693qZmy1eYnq3fkq5TAzheH5IL2HQCDhLC0ZUEWzY2AKEFbV/gXiAFMLGZlos2pS85UxWQfOq4lUr10/Vcu0uz6sAzsA5uAQeuAE18ADqoAEwmIApeAVvztR5dz6cz3nrmpPPnICFcr5/Adp1pHI=</latexit>



BH

Adiabatically compressed DM halo

BH or NS

GWs

fGW = 2forb

<latexit sha1_base64="xbOf2qqcsQXhA5EkihMrb1hjteo=">AAACJHicbVDLSsNAFJ3UV42vqDvdDBbBVUlKRTdC0YUuK9gHtCFMJpN26EwSZibFEgp+Tbf6Ie7EhRt/wh9w2mZhWw8MnDnnXu69x08Ylcq2v4zC2vrG5lZx29zZ3ds/sA6PmjJOBSYNHLNYtH0kCaMRaSiqGGkngiDuM9LyB3dTvzUkQtI4elKjhLgc9SIaUoyUljzrJPSyruDwvjWGN7AC828s/LFnleyyPQNcJU5OSiBH3bN+ukGMU04ihRmSsuPYiXIzJBTFjIzNbipJgvAA9UhH0whxIt1sdsMYnmslgGEs9IsUnKl/OzLEpRxxX1dypPpy2ZuK/3mdYEgTmc96ng9b3ESF125GoyRVJMLzRcKUQRXDaWAwoIJgxUaaICyovgXiPhIIKx2raeqUnOVMVkmzUnaq5cvHaql2m+dVBKfgDFwAB1yBGngAddAAGLyACXgFb8bEeDc+jM95acHIe47BAozvXw2RpGc=</latexit>



BH or NS
DM overdensity forms

behind the BH or NS


exerting additional frictional force

Ffric
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BH

In adiabatically compressed DM halo, the orbit of BH (or NS) decay faster 

BH or NS

GWs

fGW = 2forb
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In the absence of compressed halo 

gravitaitonal wave would look like



In the absence of compressed halo 

gravitaitonal wave would look like

But in the presence of compressed DM halo

it would instead look like

dephasing takes place here



Future gravitational wave detectors

such as Laser Interferometer Space Antenna (LISA)


will be sensitive to this kind of signal
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HK, Alessandro Lenoci, Isak Stomberg, Xiao Xue (in preparation)

m ⇠ 10�14 eV
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Summary

• A fresh look at hierarchy problem has revealed an interesting direction for new physics 
search in the context of axion and axion-like particles

• Axion (DM) search could be challenging as its mass is less restricted

• To maximize the discovery potential, probing axions from multiple physics frontier, e.g. 
precision/astro/intensity, is needed

• Over past ~ 10 years, interesting progress has been made in terms of terrestrial axion 
detection as well as astrophysical probes of axion


