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Dark matter candidates: overview
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<latexit sha1_base64="F4Rji6RUEhw9fYGMJW6eEKhHPrk=">AAAB/nicdVDLSgNBEJz1bXxFxZOXwSB40GU2bkxyE714VDBRSGKYnXR0cPbBTK8YloC/4sWDIl79Dm/+jZMYQUULGoqqbrq7gkRJg4y9O2PjE5NT0zOzubn5hcWl/PJK3cSpFlATsYr1ecANKBlBDSUqOE808DBQcBZcHw78sxvQRsbRKfYSaIX8MpJdKThaqZ1f89hFtlMs9pvbTYRb1GEG9X47X2AuK1X9cpEyt8S8qr9rSbVa8fdK1HPZEAUywnE7/9bsxCINIUKhuDENjyXYyrhGKRT0c83UQMLFNb+EhqURD8G0suH5fbpplQ7txtpWhHSofp/IeGhMLwxsZ8jxyvz2BuJfXiPFbqWVyShJESLxuaibKooxHWRBO1KDQNWzhAst7a1UXHHNBdrEcjaEr0/p/6RedL091z/xC/sHozhmyDrZIFvEI2WyT47IMakRQTJyTx7Jk3PnPDjPzstn65gzmlklP+C8fgC2vZVj</latexit>

10�22 eV
<latexit sha1_base64="XEASVM60WDr7PVPS1GjQFNQiaQ0=">AAAB+nicdVDLSgNBEJz1GeMr6tHLYBA8yDKrm2huohePEcwDkhBmJx0dnH0w06uGNZ/ixYMiXv0Sb/6NkxhBRQsaiqpuuruCREmDjL07U9Mzs3PzuYX84tLyymphbb1u4lQLqIlYxboZcANKRlBDiQqaiQYeBgoawdXJyG9cgzYyjs5xkEAn5BeR7EvB0UrdwprHWHu3jXCLOszOoT7sForMZaWKf7BHmVtiXsXft6RSOfTLJeq5bIwimaDaLby1e7FIQ4hQKG5My2MJdjKuUQoFw3w7NZBwccUvoGVpxEMwnWx8+pBuW6VH+7G2FSEdq98nMh4aMwgD2xlyvDS/vZH4l9dKsX/YyWSUpAiR+FzUTxXFmI5yoD2pQaAaWMKFlvZWKi655gJtWnkbwten9H9S33O9suuf+cWj40kcObJJtsgO8cgBOSKnpEpqRJAbck8eyZNz5zw4z87LZ+uUM5nZID/gvH4A8G2T2A==</latexit>

100TeV
<latexit sha1_base64="B0ApLhwibUGSKDsWGsXbHcPgjDE=">AAAB+HicdVDLSgNBEJz1bXxk1aOXwSB4kGVXN5rcgl48KphEyIYwO+nokNkHM71iXPIlXjwo4tVP8ebfOHkIKlrQUFR1090VplJodN0Pa2Z2bn5hcWm5sLK6tl60NzYbOskUhzpPZKKuQqZBihjqKFDCVaqARaGEZtg/HfnNW1BaJPElDlJoR+w6Fj3BGRqpYxe9YD9AuEMV5X1oDDt2yXXcctU/PqCuU3a9qn9oSLVa8Y/K1HPcMUpkivOO/R50E55FECOXTOuW56bYzplCwSUMC0GmIWW8z66hZWjMItDtfHz4kO4apUt7iTIVIx2r3ydyFmk9iELTGTG80b+9kfiX18qwV2nnIk4zhJhPFvUySTGhoxRoVyjgKAeGMK6EuZXyG6YYR5NVwYTw9Sn9nzQOHO/I8S/8Uu1kGscS2SY7ZI945JjUyBk5J3XCSUYeyBN5tu6tR+vFep20zljTmS3yA9bbJzH8k3s=</latexit>

1 keV
<latexit sha1_base64="0VZC0T4/NpAljfI/WbxFmaoOQKc=">AAAB+HicdVDLSgNBEJyNrxhfqx69DAbBgyy7ujHJLehBjwomBpIQZicdHTL7YKZXjEu+xIsHRbz6Kd78GycxgooWNBRV3XR3BYkUGl333crNzM7NL+QXC0vLK6tr9vpGQ8ep4lDnsYxVM2AapIigjgIlNBMFLAwkXAaD47F/eQNKizi6wGECnZBdRaIvOEMjde01r73XRrhFFWYn0Bh17aLruKWqX96nrlNyvap/YEi1WvEPS9Rz3AmKZIqzrv3W7sU8DSFCLpnWLc9NsJMxhYJLGBXaqYaE8QG7gpahEQtBd7LJ4SO6Y5Qe7cfKVIR0on6fyFio9TAMTGfI8Fr/9sbiX14rxX6lk4koSREi/rmon0qKMR2nQHtCAUc5NIRxJcytlF8zxTiarAomhK9P6f+kse94h45/7hdrR9M48mSLbJNd4pEyqZFTckbqhJOU3JNH8mTdWQ/Ws/Xy2ZqzpjOb5Aes1w/68ZNX</latexit>

1GeV
<latexit sha1_base64="CixZn/z+P7eEMMQKxUq6cqJVaYU=">AAAB+HicdVDJSgNBEO1xjXFJ1KOXxiB4GmbiZLsFvXgRIpgFkmHo6XSSJj0L3TViHPIlXjwo4tVP8ebf2FkEFX1Q8Hiviqp6fiy4Asv6MFZW19Y3NjNb2e2d3b1cfv+gpaJEUtakkYhkxyeKCR6yJnAQrBNLRgJfsLY/vpj57VsmFY/CG5jEzA3IMOQDTgloycvnrry0B+wOZJDGYjr18gXLtEo1p1LEllmy7JpzpkmtVnXKJWyb1hwFtETDy7/3+hFNAhYCFUSprm3F4KZEAqeCTbO9RLGY0DEZsq6mIQmYctP54VN8opU+HkRSVwh4rn6fSEmg1CTwdWdAYKR+ezPxL6+bwKDqpjyME2AhXSwaJAJDhGcp4D6XjIKYaEKo5PpWTEdEEgo6q6wO4etT/D9pFU27bDrXTqF+vowjg47QMTpFNqqgOrpEDdREFCXoAT2hZ+PeeDRejNdF64qxnDlEP2C8fQIrtpQc</latexit>

Mpl
<latexit sha1_base64="16fyyUslx5ROmBKqyc3owfe7wlk=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4kCFTp4/ZFd24ESrYWmiHkknTNjQzGZNMoQz9DjcuFHHrx7jzb0wfgooeuHA4517uvSeIOVMaoQ8rs7K6tr6R3cxtbe/s7uX3D5pKJJLQBhFcyFaAFeUsog3NNKetWFIcBpzeBaPLmX83plIxEd3qSUz9EA8i1mcEayP5DuqcXXfTjugJPe3mC8hGJc+tFCGyS8jx3HNDPK/qlkvQsdEcBbBEvZt/7/QESUIaacKxUm0HxdpPsdSMcDrNdRJFY0xGeEDbhkY4pMpP50dP4YlRerAvpKlIw7n6fSLFoVKTMDCdIdZD9dubiX957UT3q37KojjRNCKLRf2EQy3gLAHYY5ISzSeGYCKZuRWSIZaYaJNTzoTw9Sn8nzSLtlO23Ru3ULtYxpEFR+AYnAIHVEANXIE6aAAC7sEDeALP1th6tF6s10VrxlrOHIIfsN4+AYkwkf4=</latexit>
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Ultra-light DM Light DM WIMP Composite DM PBHs

QCD axion

bosonic fields dark sector Q-balls, dark atoms, 
dark mesons etc

Structures on the 
scale of dwarf 
galaxies can form: 

λ =
2π
mv

∼ kpc
Credit: ESA/Hubble & NASA

weak scale dark matter 

Lectures: Laura Covi 

Lectures: Joerg Jaeckel, Igor Istaroza 



Direct detection: overview
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q  10sMeV� �

Standard 
Model states

Standard 
Model states

+ collisions with 
electrons in the 
atomic shell,  

+ absorption of light 
bosons via, e.g., the 
axio-electric effect

DM-SM 
mediator

e-

e-
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<latexit sha1_base64="tDaImxpio8jFWQcn09vDxLOzSpo=">AAAB63icdVDLSgMxFM34rPVVdekmWARXQ0Y72NkV3bisYB/QDiWTZtrQJDMkGaEM/QU3LhRx6w+582/MtBVU9MCFwzn3cu89UcqZNgh9OCura+sbm6Wt8vbO7t5+5eCwrZNMEdoiCU9UN8KaciZpyzDDaTdVFIuI0040uS78zj1VmiXyzkxTGgo8kixmBJtC6pMxG1SqyEV+4HsIItdHXnBRkCCo13wfei6aowqWaA4q7/1hQjJBpSEca93zUGrCHCvDCKezcj/TNMVkgke0Z6nEguown986g6dWGcI4UbakgXP1+0SOhdZTEdlOgc1Y//YK8S+vl5m4HuZMppmhkiwWxRmHJoHF43DIFCWGTy3BRDF7KyRjrDAxNp6yDeHrU/g/aZ+7Xs2t39aqjatlHCVwDE7AGfDAJWiAG9AELUDAGDyAJ/DsCOfReXFeF60rznLmCPyA8/YJc5WOiw==</latexit>
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<latexit sha1_base64="tDaImxpio8jFWQcn09vDxLOzSpo=">AAAB63icdVDLSgMxFM34rPVVdekmWARXQ0Y72NkV3bisYB/QDiWTZtrQJDMkGaEM/QU3LhRx6w+582/MtBVU9MCFwzn3cu89UcqZNgh9OCura+sbm6Wt8vbO7t5+5eCwrZNMEdoiCU9UN8KaciZpyzDDaTdVFIuI0040uS78zj1VmiXyzkxTGgo8kixmBJtC6pMxG1SqyEV+4HsIItdHXnBRkCCo13wfei6aowqWaA4q7/1hQjJBpSEca93zUGrCHCvDCKezcj/TNMVkgke0Z6nEguown986g6dWGcI4UbakgXP1+0SOhdZTEdlOgc1Y//YK8S+vl5m4HuZMppmhkiwWxRmHJoHF43DIFCWGTy3BRDF7KyRjrDAxNp6yDeHrU/g/aZ+7Xs2t39aqjatlHCVwDE7AGfDAJWiAG9AELUDAGDyAJ/DsCOfReXFeF60rznLmCPyA8/YJc5WOiw==</latexit>

�

<latexit sha1_base64="tDaImxpio8jFWQcn09vDxLOzSpo=">AAAB63icdVDLSgMxFM34rPVVdekmWARXQ0Y72NkV3bisYB/QDiWTZtrQJDMkGaEM/QU3LhRx6w+582/MtBVU9MCFwzn3cu89UcqZNgh9OCura+sbm6Wt8vbO7t5+5eCwrZNMEdoiCU9UN8KaciZpyzDDaTdVFIuI0040uS78zj1VmiXyzkxTGgo8kixmBJtC6pMxG1SqyEV+4HsIItdHXnBRkCCo13wfei6aowqWaA4q7/1hQjJBpSEca93zUGrCHCvDCKezcj/TNMVkgke0Z6nEguown986g6dWGcI4UbakgXP1+0SOhdZTEdlOgc1Y//YK8S+vl5m4HuZMppmhkiwWxRmHJoHF43DIFCWGTy3BRDF7KyRjrDAxNp6yDeHrU/g/aZ+7Xs2t39aqjatlHCVwDE7AGfDAJWiAG9AELUDAGDyAJ/DsCOfReXFeF60rznLmCPyA8/YJc5WOiw==</latexit>

�

<latexit sha1_base64="tDaImxpio8jFWQcn09vDxLOzSpo=">AAAB63icdVDLSgMxFM34rPVVdekmWARXQ0Y72NkV3bisYB/QDiWTZtrQJDMkGaEM/QU3LhRx6w+582/MtBVU9MCFwzn3cu89UcqZNgh9OCura+sbm6Wt8vbO7t5+5eCwrZNMEdoiCU9UN8KaciZpyzDDaTdVFIuI0040uS78zj1VmiXyzkxTGgo8kixmBJtC6pMxG1SqyEV+4HsIItdHXnBRkCCo13wfei6aowqWaA4q7/1hQjJBpSEca93zUGrCHCvDCKezcj/TNMVkgke0Z6nEguown986g6dWGcI4UbakgXP1+0SOhdZTEdlOgc1Y//YK8S+vl5m4HuZMppmhkiwWxRmHJoHF43DIFCWGTy3BRDF7KyRjrDAxNp6yDeHrU/g/aZ+7Xs2t39aqjatlHCVwDE7AGfDAJWiAG9AELUDAGDyAJ/DsCOfReXFeF60rznLmCPyA8/YJc5WOiw==</latexit>

Nucleus

NRs

ERs

time



Direct detection: overview
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<latexit sha1_base64="F4Rji6RUEhw9fYGMJW6eEKhHPrk=">AAAB/nicdVDLSgNBEJz1bXxFxZOXwSB40GU2bkxyE714VDBRSGKYnXR0cPbBTK8YloC/4sWDIl79Dm/+jZMYQUULGoqqbrq7gkRJg4y9O2PjE5NT0zOzubn5hcWl/PJK3cSpFlATsYr1ecANKBlBDSUqOE808DBQcBZcHw78sxvQRsbRKfYSaIX8MpJdKThaqZ1f89hFtlMs9pvbTYRb1GEG9X47X2AuK1X9cpEyt8S8qr9rSbVa8fdK1HPZEAUywnE7/9bsxCINIUKhuDENjyXYyrhGKRT0c83UQMLFNb+EhqURD8G0suH5fbpplQ7txtpWhHSofp/IeGhMLwxsZ8jxyvz2BuJfXiPFbqWVyShJESLxuaibKooxHWRBO1KDQNWzhAst7a1UXHHNBdrEcjaEr0/p/6RedL091z/xC/sHozhmyDrZIFvEI2WyT47IMakRQTJyTx7Jk3PnPDjPzstn65gzmlklP+C8fgC2vZVj</latexit>

10�22 eV
<latexit sha1_base64="XEASVM60WDr7PVPS1GjQFNQiaQ0=">AAAB+nicdVDLSgNBEJz1GeMr6tHLYBA8yDKrm2huohePEcwDkhBmJx0dnH0w06uGNZ/ixYMiXv0Sb/6NkxhBRQsaiqpuuruCREmDjL07U9Mzs3PzuYX84tLyymphbb1u4lQLqIlYxboZcANKRlBDiQqaiQYeBgoawdXJyG9cgzYyjs5xkEAn5BeR7EvB0UrdwprHWHu3jXCLOszOoT7sForMZaWKf7BHmVtiXsXft6RSOfTLJeq5bIwimaDaLby1e7FIQ4hQKG5My2MJdjKuUQoFw3w7NZBwccUvoGVpxEMwnWx8+pBuW6VH+7G2FSEdq98nMh4aMwgD2xlyvDS/vZH4l9dKsX/YyWSUpAiR+FzUTxXFmI5yoD2pQaAaWMKFlvZWKi655gJtWnkbwten9H9S33O9suuf+cWj40kcObJJtsgO8cgBOSKnpEpqRJAbck8eyZNz5zw4z87LZ+uUM5nZID/gvH4A8G2T2A==</latexit>

100TeV
<latexit sha1_base64="B0ApLhwibUGSKDsWGsXbHcPgjDE=">AAAB+HicdVDLSgNBEJz1bXxk1aOXwSB4kGVXN5rcgl48KphEyIYwO+nokNkHM71iXPIlXjwo4tVP8ebfOHkIKlrQUFR1090VplJodN0Pa2Z2bn5hcWm5sLK6tl60NzYbOskUhzpPZKKuQqZBihjqKFDCVaqARaGEZtg/HfnNW1BaJPElDlJoR+w6Fj3BGRqpYxe9YD9AuEMV5X1oDDt2yXXcctU/PqCuU3a9qn9oSLVa8Y/K1HPcMUpkivOO/R50E55FECOXTOuW56bYzplCwSUMC0GmIWW8z66hZWjMItDtfHz4kO4apUt7iTIVIx2r3ydyFmk9iELTGTG80b+9kfiX18qwV2nnIk4zhJhPFvUySTGhoxRoVyjgKAeGMK6EuZXyG6YYR5NVwYTw9Sn9nzQOHO/I8S/8Uu1kGscS2SY7ZI945JjUyBk5J3XCSUYeyBN5tu6tR+vFep20zljTmS3yA9bbJzH8k3s=</latexit>

1 keV
<latexit sha1_base64="0VZC0T4/NpAljfI/WbxFmaoOQKc=">AAAB+HicdVDLSgNBEJyNrxhfqx69DAbBgyy7ujHJLehBjwomBpIQZicdHTL7YKZXjEu+xIsHRbz6Kd78GycxgooWNBRV3XR3BYkUGl333crNzM7NL+QXC0vLK6tr9vpGQ8ep4lDnsYxVM2AapIigjgIlNBMFLAwkXAaD47F/eQNKizi6wGECnZBdRaIvOEMjde01r73XRrhFFWYn0Bh17aLruKWqX96nrlNyvap/YEi1WvEPS9Rz3AmKZIqzrv3W7sU8DSFCLpnWLc9NsJMxhYJLGBXaqYaE8QG7gpahEQtBd7LJ4SO6Y5Qe7cfKVIR0on6fyFio9TAMTGfI8Fr/9sbiX14rxX6lk4koSREi/rmon0qKMR2nQHtCAUc5NIRxJcytlF8zxTiarAomhK9P6f+kse94h45/7hdrR9M48mSLbJNd4pEyqZFTckbqhJOU3JNH8mTdWQ/Ws/Xy2ZqzpjOb5Aes1w/68ZNX</latexit>

1GeV
<latexit sha1_base64="CixZn/z+P7eEMMQKxUq6cqJVaYU=">AAAB+HicdVDJSgNBEO1xjXFJ1KOXxiB4GmbiZLsFvXgRIpgFkmHo6XSSJj0L3TViHPIlXjwo4tVP8ebf2FkEFX1Q8Hiviqp6fiy4Asv6MFZW19Y3NjNb2e2d3b1cfv+gpaJEUtakkYhkxyeKCR6yJnAQrBNLRgJfsLY/vpj57VsmFY/CG5jEzA3IMOQDTgloycvnrry0B+wOZJDGYjr18gXLtEo1p1LEllmy7JpzpkmtVnXKJWyb1hwFtETDy7/3+hFNAhYCFUSprm3F4KZEAqeCTbO9RLGY0DEZsq6mIQmYctP54VN8opU+HkRSVwh4rn6fSEmg1CTwdWdAYKR+ezPxL6+bwKDqpjyME2AhXSwaJAJDhGcp4D6XjIKYaEKo5PpWTEdEEgo6q6wO4etT/D9pFU27bDrXTqF+vowjg47QMTpFNqqgOrpEDdREFCXoAT2hZ+PeeDRejNdF64qxnDlEP2C8fQIrtpQc</latexit>

Mpl
<latexit sha1_base64="16fyyUslx5ROmBKqyc3owfe7wlk=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4kCFTp4/ZFd24ESrYWmiHkknTNjQzGZNMoQz9DjcuFHHrx7jzb0wfgooeuHA4517uvSeIOVMaoQ8rs7K6tr6R3cxtbe/s7uX3D5pKJJLQBhFcyFaAFeUsog3NNKetWFIcBpzeBaPLmX83plIxEd3qSUz9EA8i1mcEayP5DuqcXXfTjugJPe3mC8hGJc+tFCGyS8jx3HNDPK/qlkvQsdEcBbBEvZt/7/QESUIaacKxUm0HxdpPsdSMcDrNdRJFY0xGeEDbhkY4pMpP50dP4YlRerAvpKlIw7n6fSLFoVKTMDCdIdZD9dubiX957UT3q37KojjRNCKLRf2EQy3gLAHYY5ISzSeGYCKZuRWSIZaYaJNTzoTw9Sn8nzSLtlO23Ru3ULtYxpEFR+AYnAIHVEANXIE6aAAC7sEDeALP1th6tF6s10VrxlrOHIIfsN4+AYkwkf4=</latexit>
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SM

SM

SM SM

DM DM

Absorption
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<latexit sha1_base64="tDaImxpio8jFWQcn09vDxLOzSpo=">AAAB63icdVDLSgMxFM34rPVVdekmWARXQ0Y72NkV3bisYB/QDiWTZtrQJDMkGaEM/QU3LhRx6w+582/MtBVU9MCFwzn3cu89UcqZNgh9OCura+sbm6Wt8vbO7t5+5eCwrZNMEdoiCU9UN8KaciZpyzDDaTdVFIuI0040uS78zj1VmiXyzkxTGgo8kixmBJtC6pMxG1SqyEV+4HsIItdHXnBRkCCo13wfei6aowqWaA4q7/1hQjJBpSEca93zUGrCHCvDCKezcj/TNMVkgke0Z6nEguown986g6dWGcI4UbakgXP1+0SOhdZTEdlOgc1Y//YK8S+vl5m4HuZMppmhkiwWxRmHJoHF43DIFCWGTy3BRDF7KyRjrDAxNp6yDeHrU/g/aZ+7Xs2t39aqjatlHCVwDE7AGfDAJWiAG9AELUDAGDyAJ/DsCOfReXFeF60rznLmCPyA8/YJc5WOiw==</latexit>

e-

e-

�

<latexit sha1_base64="tDaImxpio8jFWQcn09vDxLOzSpo=">AAAB63icdVDLSgMxFM34rPVVdekmWARXQ0Y72NkV3bisYB/QDiWTZtrQJDMkGaEM/QU3LhRx6w+582/MtBVU9MCFwzn3cu89UcqZNgh9OCura+sbm6Wt8vbO7t5+5eCwrZNMEdoiCU9UN8KaciZpyzDDaTdVFIuI0040uS78zj1VmiXyzkxTGgo8kixmBJtC6pMxG1SqyEV+4HsIItdHXnBRkCCo13wfei6aowqWaA4q7/1hQjJBpSEca93zUGrCHCvDCKezcj/TNMVkgke0Z6nEguown986g6dWGcI4UbakgXP1+0SOhdZTEdlOgc1Y//YK8S+vl5m4HuZMppmhkiwWxRmHJoHF43DIFCWGTy3BRDF7KyRjrDAxNp6yDeHrU/g/aZ+7Xs2t39aqjatlHCVwDE7AGfDAJWiAG9AELUDAGDyAJ/DsCOfReXFeF60rznLmCPyA8/YJc5WOiw==</latexit>
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<latexit sha1_base64="tDaImxpio8jFWQcn09vDxLOzSpo=">AAAB63icdVDLSgMxFM34rPVVdekmWARXQ0Y72NkV3bisYB/QDiWTZtrQJDMkGaEM/QU3LhRx6w+582/MtBVU9MCFwzn3cu89UcqZNgh9OCura+sbm6Wt8vbO7t5+5eCwrZNMEdoiCU9UN8KaciZpyzDDaTdVFIuI0040uS78zj1VmiXyzkxTGgo8kixmBJtC6pMxG1SqyEV+4HsIItdHXnBRkCCo13wfei6aowqWaA4q7/1hQjJBpSEca93zUGrCHCvDCKezcj/TNMVkgke0Z6nEguown986g6dWGcI4UbakgXP1+0SOhdZTEdlOgc1Y//YK8S+vl5m4HuZMppmhkiwWxRmHJoHF43DIFCWGTy3BRDF7KyRjrDAxNp6yDeHrU/g/aZ+7Xs2t39aqjatlHCVwDE7AGfDAJWiAG9AELUDAGDyAJ/DsCOfReXFeF60rznLmCPyA8/YJc5WOiw==</latexit>
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<latexit sha1_base64="tDaImxpio8jFWQcn09vDxLOzSpo=">AAAB63icdVDLSgMxFM34rPVVdekmWARXQ0Y72NkV3bisYB/QDiWTZtrQJDMkGaEM/QU3LhRx6w+582/MtBVU9MCFwzn3cu89UcqZNgh9OCura+sbm6Wt8vbO7t5+5eCwrZNMEdoiCU9UN8KaciZpyzDDaTdVFIuI0040uS78zj1VmiXyzkxTGgo8kixmBJtC6pMxG1SqyEV+4HsIItdHXnBRkCCo13wfei6aowqWaA4q7/1hQjJBpSEca93zUGrCHCvDCKezcj/TNMVkgke0Z6nEguown986g6dWGcI4UbakgXP1+0SOhdZTEdlOgc1Y//YK8S+vl5m4HuZMppmhkiwWxRmHJoHF43DIFCWGTy3BRDF7KyRjrDAxNp6yDeHrU/g/aZ+7Xs2t39aqjatlHCVwDE7AGfDAJWiAG9AELUDAGDyAJ/DsCOfReXFeF60rznLmCPyA8/YJc5WOiw==</latexit>
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Direct detection: general remarks

6

▸ Search for scatters of galactic dark matter particles in terrestrial, deep 
underground detectors
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Direct detection: general remarks

7

▸ Main physical observable: a differential recoil spectrum 

▸ Its modelling relies on inputs/tools from several fields!

Particle 
physics: mass, 
cross section

Astrophysics: 
local density, 
v-distribution

Atomic and/or 
nuclear physics: 
form factors



Overview: local DM density

8

▸ Local measures: vertical kinematics of stars near Sun 
as ‘tracers’ (smaller error bars, stronger assumptions 
about the halo shape) 

▸ Global measures: extrapolate the density from Milky 
Way’s rotation curve derived from kinematic 
measurements of gas, stars… (larger errors, fewer 
assumptions)

Gaia: positions, parallaxes, and proper 
motions for 2.5 x 109 stars M. Cautun et al, MNRAS 494 (2020) 3, using Gaia DR2

Major source of uncertainty: 
contribution of baryons (stars, 
gas, stellar remnants, …) to the 
local dynamical mass

8



Overview: local DM density

9

▸ Local measures: vertical kinematics of stars near Sun 
as ‘tracers’ (smaller error bars, stronger assumptions 
about the halo shape) 

▸ Global measures: extrapolate the density from Milky 
Way’s rotation curve derived from kinematic 
measurements of gas, stars… (larger errors, fewer 
assumptions)

Major source of uncertainty: 
contribution of baryons (stars, 
gas, stellar remnants, …) to the 
local dynamical mass

9

Sven Poder, Tartu Observatoorium; Talk at EuCAPPT, CERN, May 31, 2023



Overview: DM velocity distribution

10

▸ Standard halo model: Maxwellian distribution 
(isotropic velocities) 

▸ Goal: determine f(v) from observation (e.g.,  
motion of stars that share kinematics with DM) 

▸ Recent studies: some deviations from SHM, 
due to  anisotropies in the local stellar 
distribution (in Gaia data) 

▸ These arise from accretion events, where the 
“Gaia-sausage” seems to be a dominant 
merger in the solar neighbourhood   

▸ Effects for direct detection experiments: 
relevant mostly at low dark matter masses 

Necib, Lissanti, Belorukov 2018, Evans, O’Hare, McCabe, 
PRD99, 2019; Buch, Fan, Leung, PRD101, 2020; and others

⇢(r) / r�2
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Milky Way: fits to the observed rotation curve

(Klypin, Zhao & Somerville 2002)

Dark matter halo

Bulge

Disk

Disk + Bulge

Sum of halo + disk + bulge

Mtot,lum ⇡ 9⇥ 1010M� M25 kpc ⇡ 2.8⇥ 1011M�

M230 kpc ⇡ 1.3⇥ 1012M�

vr(r � R0) ⇠ const.

vr / 1p
r

=) Mr / r

11



Rotation curve for different MV mass models
6
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FIG. 2: The break-down of the rotation curve vc(r) for di↵erent Milky Way mass models. The lower solid, dotted and dashed
lines correspond to the individual contributions of bulge/bar, disk and halo, respectively. In all frames the adopted Dark Matter
halo follows a spherical NFW profile with rs = 20 kpc, ↵ = 1 and ⇢0 = 0.4 GeV/cm3. The rotation curve for model 2 has been
omitted since it is very similar to the one featured in model 1. The upper blue solid line with error bars indicates the expected
total rotation curve, while the red (dark) boxes show the compilation of data in [30] rescaled to R0 = 8 kpc and v0 = 230 km/s.
The leftmost shaded area shows the cut r � 2.5 kpc used throughout the analysis. The red long-dashed line in the bottom
right frame shows the adiabatic compression of an initial NFW profile with rs = 20 kpc, ↵ = 1 and ⇢0 = 0.4 GeV/cm3 and
assuming model 5 for the baryonic mass distribution. In these plots all uncertainties are 1�.

A. Theoretical framework

Regardless of their nature, all forms of matter con-
tribute to the rotation curve of our Galaxy, unlike the
case of microlensing, where only compact bodies along
the line of sight play a role. This is basically what allows
us to extract information about the DM and gas com-
ponents. In full generality, the circular velocity vc at a
given galactocentric distance r reads

v
2
c (r) =

X

i

v
2
c,i(r) =

X

i

r
d�i

dr
(r, ✓ = ⇡/2,') , (14)

where i runs over all the mass components (bulge/bar,
disk and Dark Matter halo), �i is the gravitational poten-
tial associated to component i and (r, ✓,') are galactic
spherical coordinates (✓ = ⇡/2 defines the plane of the
galactic disk). For the spherical Dark Matter halos in
equations (6) and (7) one recovers the well-known ex-
pression v

2
c,DM (r) = GMDM (< r)/r, where MDM (< r)

is the DM mass enclosed in a sphere of radius r around
the galactic centre. The case of an oblate halo referred to

at the end of Section II can also be treated analytically
with a slightly more complicated expression (cf. equa-
tion (2-91) in [67]). As for the baryonic contribution,
let us notice that all components of model 5 are speci-
fied through their gravitational potential, which renders
trivial the computation of the corresponding circular ve-
locity with equation (14). Finally, since the mass dis-
tributions of models 1–4 are rather complicated and tri-
axial in general, there is no simple expression for vc; in
this case we compute the gravitational potential due to
an arbitrary mass distribution by expressing the solution
of the Poisson equation as a series of multipoles up to
order lmax = 2 (cf. equation (2-122) in [67]) and then
apply equation (14). All theoretical expectations for vc

presented in the following have been averaged over ' in
order to ease comparison with experimental data (which
refer to di↵erent positions across the galactic plane).

With this formalism at hand we can finally compute
the rotation curve associated to the di↵erent models spec-
ified in Section II and whose bulge/bar components were
appropriately normalised to microlensing data (see Sec-
tion III and Figure 1 for details). Figure 2 displays the

bulge

halo

disk

Iocco, Pato, Bertone, Jetzer, JCAP11, 2011

halo

halo halo

disk

disk

disk

bulge

bulge

bulge



Galactic Rotation Curve

• Expectations: from centrifugal force = gravitational attraction


• Observations: 

 a non-visible mass component, which increases linearly with radius, must exist⇒

(Mr = total mass interior to r)

vr / 1p
r

vr(r � R0) ⇠ const.

=) Mr / r

v2r = G
Mr

r

vr =

r
GMr

r

vr(r � R0) ⇡ const.

13
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Galactic Rotation Curve

• The rotation curve depends on the distribution of mass  one can thus use the measured rotation 
curve to learn about the dark matter distribution


“Rigid body” rotation: the mass must be ~ spherically distributed and the density ρ ~ constant


Flat rotation curve: most of the matter in the outer parts of the galaxy is spherically distributed, and the 
density is


• To see this, we assume a constant rotation velocity V. The force, acting on a star of mass m by the 
mass Mr of the galaxy inside the star’s position r is: 

• if we assume spherical symmetry. We solve for Mr:


• and then differentiate with respect to the radius r of the distribution:

⇒

⇢(r) / r�2

mV 2

r
= G

Mrm

r2

Mr =
V 2r

G

dMr

dr
=

V 2

G 14



Galactic Rotation Curve

• We then use the equation for the conservation of mass in a spherically symmetric system:


• and obtain for the mass density in the outer parts of the Milky Way: 


• The 1/r2-dependency is in strong contrast to the number density of stars in the visible, stellar halo, 
which varies with 1/r3.5, thus decays much more rapidly as one would expect from the galactic 
rotation curve


• this discrepancy came as a big surprise to astronomers 

 the main component of the Milky Way’s mass is in a form non-luminous, or dark matter 


[so far, the dark matter has been observed only indirectly, through its gravitational influence on 
visible matter]


⇒

dMr
dr = 4⇡r2⇢(r)

⇢(r) =
V 2

4⇡r2G

15



Galactic Rotation Curve

• One needs however to modify the previous equation:


• in order to force the density function to approach a constant value near the centre (rather than to 
diverge!), to be consistent with the observational evidence of a rigid-body rotation 

• Thus, a better form for the density distribution is given by: 


• where the parameters (C0, a) are obtained from fits to the overall measured rotation curve, e.g.:

We note that:


for r  a  ρ(r) ∝ r-2


for r  a  ρ(r) ∝ const.

≫ ⇒

≪ ⇒

⇢(r) =
V 2

4⇡r2G

⇢(r) =
C0

a2 + r2

C0 = 4.6⇥ 108M�kpc
�1

a = 2.8 kpc
16



The Standard Halo Model

• The standard halo model (SHM) is an isotropic, isothermal sphere with density profile r-2. In this 
case, the solution of the collisionless Boltzmann equation is a so-called Maxwellian velocity 
distribution, given by:


• where N is a normalisation constant. The velocity dispersion is related to the asymptotic value of the 
circular speed, which is the speed at which objects on circular orbits orbit the Galactic centre:


• Usually it is assumed that the rotation curve has already reached its asymptotic value at the solar 
radius r = R0, such that:


• where

f(v) = N exp
⇣
� 3|v|2

2�2

⌘

vc,1 =
p

2/3�

� =
p

3/2 vc

vc ⌘ vc(R0)
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The Standard Halo Model

• The density distribution in the SHM is formally infinite and hence the velocity distribution also 
extends to infinity. In reality however, the Milky Way halo is finite, and particles with speeds greater 
than the escape speed:


    will not be gravitationally bound to the Milky Way.


• This is addressed by truncating the velocity distribution at the measured local escape speed:


• such that 


• or (to make the truncation smooth):

vesc(r) =
p

2|�(r)| �(r) is the potential

vesc ⌘ vesc(R0)

f(v) = 0 for |v| � vesc

f(v) =

(
N

h
exp

⇣
� 3|v|2

2�2

⌘
exp

⇣
� 3v2

esc
2�2

⌘i
, |v| < vesc ,

0 , |v| � vesc . 18

see, e.g. Anne M Green  
JoPG, 44 084001, 2017 



498 km s�1 < vesc < 608 km s�1

The Standard Halo Model

• The standard parameter values used for the SHM are the following: 

• local density


• local circular speed


• local escape speed


• The escape speed is the speed required to escape the local gravitational field of the MW, and the 
local escape speed is estimated from the speeds of high velocity stars 


• The RAVE survey had measured (later improved with SDSS and Gaia data):

⇢0 ⌘ ⇢(R0) = 0.3GeV cm�3

vc = 220 km s�1

vesc = 544 km s�1

⇢0 = 0.008M�pc�3 = 5⇥ 10�25g cm�3

19



Recommendations for DD experiments

• Community effort towards using the same astrophysical parameters in the analysis of direct 
detection experiments' data

20

See EPJ-C 81 (2021) 10, 907



Milky Way rotation curve

• A more recent compilation of all existing data
LETTERS NATURE PHYSICS DOI: 10.1038/NPHYS3237
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Figure 1 | The rotation curve of the MilkyWay. In the top panel we show our compilation of rotation curve measurements as a function of Galactocentric
radius, including data from gas kinematics (blue dots; HI terminal velocities, CO terminal velocities, HI thickness, HII regions, giant molecular clouds), star
kinematics (open green squares; open clusters, planetary nebulae, classical cepheids, carbon stars) and masers (open black circles). Error bars correspond
to 1� uncertainties. The bottom panel shows the contribution to the rotation curve as predicted from di�erent models for the stellar bulge (blue), stellar
disk (green) and gas (black). We assume a distance to the Galactic Centre R0 =8 kpc in both panels, and a local circular velocity v0 =230 km s�1 in the
top panel.

on the local total stellar surface density24 ⌃⇤ = 38 ± 4 M� pc�2,
and for the gas we adopted a CO-to-H2 conversion factor of 25,35
(0.5� 3.0)⇥ 1020 cm�2 (K km s�1)�1 for R> 2 kpc. This procedure
ensures that all baryonic models comply with the existing
observational constraints and moreover it assigns a realistic
uncertainty to the contribution of each model to the rotation curve.
Note that we do not attempt to account for the poorly understood
systematics of each single baryonic model, but instead use the
spread due to all morphological configurations as an estimate of
the systematics on the baryonic contribution.

We assess the evidence for an unseen (dark) component
of the gravitational potential of our Galaxy in the form of a
discrepancy between the observed rotation curve, !c, and that
expected from the set of baryonic models described above, !b.
We stress that we do not make any assumption about the nature
or distribution of dark matter: our analysis therefore provides
a model-independent estimate of the amount of dark matter in
the Galaxy. For each baryonic model, the two-dimensional chi-
square3 is computed and used to assess the goodness-of-fit. We
have explicitly checked through Monte Carlo calculations that this
statistic has an approximate � 2 distribution for the case at hand.
The analysis is restricted to Galactocentric radii R>Rcut =2.5 kpc,
belowwhich the orbits of the kinematic tracers are significantly non-
circular. We adopt a distance to the Galactic Centre R0 = 8 kpc, a
local circular velocity v0 =230 km s�1, and a peculiar solar motion36

(U ,V ,W )� =(11.10,12.24,7.25) km s�1.
The upper panel of Fig. 2 shows the angular velocity as a function

of the Galactocentric radius. Observational data are shown with red
dots, and the grey band shows the envelope of all baryonic models
discussed above, which we interpret here as bracketing the possible

contribution of baryons to the rotation curve. The discrepancy
between observations and the expected contribution from baryons
is evident above Galactocentric radii of 6–7 kpc. The residuals
(!2

c �!2
b)

1/2 are plotted in the middle panel of Fig. 2 for a fiducial
baryonic model14,24,25 (the one shown by the black solid line in the
upper panel), and they can be readily interpreted as the contribution
of an extra component to the Newtonian gravitational potential
of our Galaxy. Interestingly, the gravitational potential from a
dark matter distribution such as those suggested by numerical
simulations (Navarro–Frenk–White or Einasto profiles) smoothly
fills the gap without fine tuning. We stress that we do not perform
a fit of the dark matter profile parameters to the data, but simply
superimpose the residuals expected from a standard Navarro–
Frenk–White profile as typically implemented in the literature.

Themain conclusion of our analysis is summarized in the bottom
panel of Fig. 2, where we plot the � 2 per degree of freedom for
each baryonic model and for all data up to a given radius R (but
above Rcut). The evidence for a dark component rises above 5�
(thick red line) well inside the solar circle for all baryonic models.
Indeed,whereas the relative discrepancy between observational data
and baryonic models is higher at larger Galactocentric radii, it is
at lower radii that uncertainties are smallest. Hence, the evidence
grows swiftly at relatively small radii and saturates above R0. We
have tested the robustness of our results against variations of R0,
v0, peculiar solar motion and data selection as well as against
systematics due to spiral arms7. The results change only mildly for
all cases, and the conclusions drawn from Fig. 2 remain unchanged
(see Supplementary Text).

The comparison of the Milky Way observed rotation curve with
the predictions of a wide array of baryonic models points strongly

2 NATURE PHYSICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephysics

Rotation curve measurements 
(circular velocity as a function 
of galactocentric radius) 
including data from gas 
kinematics (HI, CO, HII 
regions, molecular clouds); star 
kinematics and masers

Contribution to the rotation 
curve as predicted from 
different models for the stellar 
bulge, stellar disk, and gas

F. Iocco, M. Pato, G. Bertone, Nature Physics, DOI 10.1038
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• For a typical WIMP mass of 100 GeV/c2, the expected WIMP flux on 
Earth (for the ‘standard local density’ value) is:


• This flux is sufficiently large that, even though WIMPs are weakly 
interacting, a small but potentially measurable fraction will 
elastically scatter off nuclei in an Earth-bound detector


• Assuming a scattering cross section of 10-38 cm2, the expected rate 
(for a nucleus with atomic mass A = 100) would be:

Direct detection: DM flux on Earth

WIMP

WIMP

ERER

WIMP

nucleus

�� =
⇢�
m�

⇥ hvi = 6.6⇥ 104 cm�2s�1

R =
NA

A
⇥ �� ⇥ � ⇠ 0.13 events kg�1yr�1
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Direct detection: kinematics

• Elastic collision between WIMPs and target nuclei

• The recoil energy of the nucleus can be expressed (in the COM frame) as:


• q = momentum transfer


• µ = WIMP-nucleus reduced mass


• v = mean WIMP-velocity relative to the target (as we saw, of the order of 100 km s-1, hence we are 
in the extreme NR limit)


• θ = scattering angle in the center of mass system

θ
θ

q2 = 2µ2v2(1� cos ✓)

ER =
q2

2mN
=

µ2v2

mN
(1� cos ✓)

µ =
m�mN

m� +mN
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Direct detection: kinematics

• Hence, WIMPs with velocity v and incident kinetic energy                      which are scattered under an 

angle θ in the center of mass system, will yield a recoil energy ER in the laboratory system:
Ei =

1
2
mχv

2

ER = Eir
(1− cosθ)

2

r = 4µ2

mχmN

=
4mχmN

(mχ + mN )
2

WIMP nucleus reduced mass

θ
θ

24

µ =
m�mN

m� +mN



A simple numerical example

• Let us assume that the WIMP mass and the nucleus mass are identical:

remember: r = kinematic factor

v = mean WIMP velocity relative to target 
(assumption: halo is stationary, Sun moves through halo)

 mean recoil energy deposited in a detector⇒
25
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hERi = Ei =
1

2
m�v

2

hERi =
1

2
100

GeV

c2
(0.75⇥ 10�3)2

hERi ⇡ 30 keV
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) r =
4m�mN

(m� +mN )2
= 1
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v ⇡ 220 km s�1 = 0.75⇥ 10�3c



Direct detection: momentum transfer

• With the WIMP-nucleus speed being of the order of 100 km s-1, the average momentum transfer


• will be in the range between 3 MeV/c - 30 MeV/c for WIMP and nuclear masses in the range            
10 GeV/c2 - 100 GeV/c2. Thus the elastic scattering occurs in the extreme non-relativistic limit and 
the scattering will be isotropic in the center of mass frame.


• The de Broglie wavelength corresponding to a momentum transfer of q = 10 MeV/c


• is larger than the size of most nuclei, thus the scattering amplitudes on individual nucleons will add 
coherently (coherence loss will be important for heavy nuclei and/or WIMPs, and WIMPs in the tail of 
the velocity distribution)

hqi ' µhvi

� =
h

q
' 20 fm > r0A

1/3 = 1.25 fmA1/3

26



ER

dR
/d

E R

higher 

WIMP mass

lower WIMP mass

v [km/s]
2000 600

f(v)

Astrophysics
⇢0, f(v)

Particle/nuclear physics

mW , d�/dER

Detector physics
NN , Eth

Expected rates in a detector: overview

27

Velocity 
distribution of 
WIMPs in the 
galaxy

dR

dER
= NN

⇢0
mW

Z vmax

p
(mNEth)/(2µ2)

dvf(v)v
d�

dER



vmin =

s
2ER

r ·m�
=

s
ERmN

2µ2
=

m� +mN

m�

r
ER

2mN

Minimum velocity

• Minimum velocity = the velocity that is required to produce a recoil energy ER 

Kinematics

dN

dER

(t) =
ρχ

mχ

σp|F (q)|2A2

2µ2
p

∫

v>vmin(ER)

d3v
f⊕(v⃗, t)

v

vmin = mχ+M

mχ

√

ER

2M

minimal v required
to produce recoil ER

0 200 400 600 800
v [km/s]

ve
lo

ci
ty

 d
ist

rib
ut

io
n 

[a
rb

. u
ni

ts]

0 200 400 600 800
1

10

100

D
M

 m
as

s [
G

eV
]

vmin

June 2nd

Dec. 2nd

M = 21.4 GeV (Na), E
rec  = 3 keV

M = 67.5 GeV (Ge), E
rec  = 10 keVM = 118 GeV (I), E

rec = 3 keV

vm
ean

T. Schwetz, TEXAS 2010, 9 Dec 2010 – p. 7

Example for vmin for 
different nuclei and ER

28



WIMP-nucleus differential cross section

• The WIMP-nucleus cross section encodes the particle physics inputs including the WIMP 
interaction properties 

๏ It depends fundamentally on the WIMP-quark interaction strength, which is calculated from the 
microscopic description of the model, in terms of an effective Lagrangian describing the interaction 
of the WIMP candidate with quarks and gluons


๏ In a next step, the WIMP-nucleon cross section, using hadronic matrix elements that describe the 
nucleon contents in the quarks, is calculated


๏ In a third step, using nuclear wave functions, the spin and the scalar components of nucleons are 
added to obtain the matrix element of WIMP-nucleus cross section as a function of momentum 
transfer. This step introduces a form factor suppression which reduces the cross section for heavy 
WIMPs and/or nuclei (analogous to low-energy electromagnetic scattering of electrons from nuclei)


• Important simplification: the elastic scattering takes place in the extreme NR limit, 2 cases are 
mostly considered: 

๏ spin-spin interactions (coupling to the nuclear spin)


๏ scalar interactions (coupling to the mass of the nucleus)



WIMP-nucleus differential cross section

• The WIMP-nucleus cross section encodes the particle physics inputs including the WIMP 
interaction properties 

๏ It depends fundamentally on the WIMP-quark interaction strength, which is calculated from the 
microscopic description of the model, in terms of an effective Lagrangian describing the interaction 
of the WIMP candidate with quarks and gluons


๏ In a next step, the WIMP-nucleon cross section, using hadronic matrix elements that describe the 
nucleon contents in the quarks, is calculated


๏ In a third step, using nuclear wave functions, the spin and the scalar components of nucleons are 
added to obtain the matrix element of WIMP-nucleus cross section as a function of momentum 
transfer. This step introduces a form factor suppression which reduces the cross section for heavy 
WIMPs and/or nuclei (analogous to low-energy electromagnetic scattering of electrons from nuclei)


• In recent years:  efforts to treat WIMP interactions more generally, using the tools of EFT 

๏ one writes down all WIMP-nucleon operators consistent with general symmetry arguments


๏ then the interactions are imbedded in the nucleus  nuclear operators  response functions that 
describe the WIMP-nucleus elastic scattering

→ →

see, e.g, Fitzpatrick et al., JCAP 1302 (2013) “The effective field theory of  dark matter direct detection” 
M. Hoferichter et al., PRD 94 (2016) 6  “Analysis strategies for general spin-independent WIMP-nucleus scattering”



Scattering cross sections and effective operators

• Use effective operators to describe WIMP-quark interactions


• Example: vector mediator


• The effective operator arises from “integrating out” the mediator with mass M and 
couplings gq and gX to the quark and the WIMP
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p
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Scattering cross sections and effective operators

• Use effective operators to describe WIMP-quark 
interactions (also called NREFT approach):


๏ after adding a dark matter particle to the SM, 
choosing a spin and EW representation, add 
interactions with quarks and gluons, consistent 
with the exact symmetries of the SM: write 
down all possible operators


๏ certain operators will contribute to SI or to SD 
WIMP scattering at zero velocity


๏ many operators have very weak direct 
detection bounds  due to the velocity 
suppression of the scattering

Effective operator approach

Name Operator Coefficient

D1 χ̄χq̄q mq/M3
∗

D2 χ̄γ5χq̄q imq/M3
∗

D3 χ̄χq̄γ5q imq/M3
∗

D4 χ̄γ5χq̄γ5q mq/M3
∗

D5 χ̄γµχq̄γµq 1/M2
∗

D6 χ̄γµγ5χq̄γµq 1/M2
∗

D7 χ̄γµχq̄γµγ5q 1/M2
∗

D8 χ̄γµγ5χq̄γµγ5q 1/M2
∗

D9 χ̄σµνχq̄σµνq 1/M2
∗

D10 χ̄σµνγ5χq̄σαβq i/M2
∗

D11 χ̄χGµνGµν αs/4M3
∗

D12 χ̄γ5χGµνGµν iαs/4M3
∗

D13 χ̄χGµνG̃µν iαs/4M3
∗

D14 χ̄γ5χGµνG̃µν αs/4M3
∗

Name Operator Coefficient

C1 χ†χq̄q mq/M2
∗

C2 χ†χq̄γ5q imq/M2
∗

C3 χ†∂µχq̄γµq 1/M2
∗

C4 χ†∂µχq̄γµγ5q 1/M2
∗

C5 χ†χGµνGµν αs/4M2
∗

C6 χ†χGµνG̃µν iαs/4M2
∗

R1 χ2q̄q mq/2M2
∗

R2 χ2q̄γ5q imq/2M2
∗

R3 χ2GµνGµν αs/8M2
∗

R4 χ2GµνG̃µν iαs/8M2
∗

TABLE I: Operators coupling WIMPs to SM particles. The operator names beginning with D, C,

R apply to WIMPS that are Dirac fermions, complex scalars or real scalars respectively.

III. COLLIDER CONSTRAINTS

A. Overview

We can constrain M∗ for each operator in the table above by considering the pair pro-

duction of WIMPs at a hadron collider:

pp̄ (pp) → χχ+X. (2)

Since the WIMPs escape undetected, this leads to events with missing transverse energy,

recoiling against additional hadronic radiation present in the reaction.

The most significant Standard Model backgrounds to this process are events where a Z

boson decays into neutrinos, together with the associated production of jets. This back-

ground is irreducible. There are also backgrounds from events where a particle is either

missed or has a mismeasured energy. The most important of these comes from events pro-

7

Table of effective operators relevant for 
the collider/direct detection connection

Goodman, Ibe, Rajaraman, Shepherd, Tait, Yu 2010
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More recently: chiral effective field theory ChEFT (in NREFT, 
the operators are not independent of one another due to 
QCD effects), see, e.g. M. Hoferichter et al., PRD 99, 2019



Spin independent cross section

• The differential cross section can be written as:


• where σ0 = total cross section for F(q) = 1.


• From Fermi’s Golden Rule it follows:


• One can then identify the total cross section σ0 for F(q)=1 as: 

dσ (q)
dq2

=
σ 0F

2 (q)
4µ2v2

dσ (q)
dq2

=
1
πv2

M 2
=
1
πv2

fn
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π
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2 A

2}

σ n
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• Putting now everything together:

Spin independent cross section

dσ (q)
dq2

=
1

4mn
2v2

σ nA
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dR
dER

=
R0
E0r

e
−
ER
E0r F2 (q)

σ 0 = σ n
A2

mn
2

mχmN

mχ + mN

#

$
%

&

'
(

2

detector

particle physics
dark matter halo

R0 =
2
π

NA

A
ρχ
mχ

σ 0  v0

differential cross section

differential recoil energy spectrum

34



• As we saw, interactions leading to WIMP-nucleus scattering are parameterised: 

• scalar interactions (coupling to WIMP mass, from scalar, vector, tensor part of L)

�SI ⇠ µ2

m2
�

[Zfp + (A� Z)fn]
2 fp, fn: scalar 4-fermion 

couplings to p and n

 nuclei with large A favourable  (but see nuclear form factor corrections)⇒

Spin independent cross section

35
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above step in a nuclear state. This step introduces a form-factor suppression (or “coherence loss”) 

analogous to that in low-energy electromagnetic scattering of electrons from nuclei, which reduces 

the cross section for heavy WIMPS and heavy nuclei. It also means that results can depend upon 

complicated calculations of nuclear wave functions, another source of uncertainty. For a more 

complete discussion of the nuclear physics of dark-matter detection, see Ref. [23]. 

An important simplification in these calculations occurs because the elastic scattering of 

dark-matter WIMPS takes place in the extreme nonrelativistic limit. In particular, the axial-vector 

current becomes an interaction between the quark spin and the WIMP spin, while the vector and 

tensor currents assume the same form as the scalar interaction. Furthermore, neutralinos do not 

have vector interactions since they are Majorana fermions. So generically, only two cases need to 

be considered: the spin-spin interaction and the scalar interaction. In the case of the spin-spin 

interaction, the WIMP couples to the spin of the nucleus; in the case of the scalar interaction, the 

WIMP couples to the mass of the nucleus. This division was recognized early by Goodman and 

Witten [9] in their seminal paper on direct detection. Since then, much work has been done, and 

several new contributions to the cross section have been found, but it is still only these two cases 

which are important. For the neutralino, both scalar and spin interactions contribute and the two 

cases will be considered separately. The complete elastic-scattering cross section is the sum of these 

two pieces. 

In the following, we will examine each type of interaction, noting the results of the microscopic 

calculations and the results of the translation to an interaction with nuclei. 

7.2. Axial-vector (spin) interaction 

The Feynman diagrams which give rise to the WIMP-nucleus axial-vector interaction are 

shown in Fig. 19. The microscopic axial-vector interaction of a neutralino with a quark q is given 

by 

-%A = d,XY%xaww > (7.1) 

where d, is a coupling which can be written in terms of the fundamental couplings of the theory as 

[9, 23, 130, 131,268, 2691 

(7.2) 

Fig. 19. Feynman diagrams contributing to the spin-dependent elastic scattering of neutralinos from quarks. addition of the KK quark coannihilation processes is more
than compensated by the associated increase in the effec-
tive number of degrees of freedom geff . As a result, in this
case aeff decreases and !h2 increases, as shown in Figs. 3
(a) and 3(b).

In conclusion, we should mention that the KK Higgs
boson H1, in principle, can also be a potential dark matter
candidate. The calculation of its relic density is somewhat
more model dependent and we do not consider it here.

C. Elastic scattering cross sections

The elastic scattering of the LKP on a nucleon is de-
scribed by the diagrams depicted in Fig. 4. For the !1 LKP,
the corresponding results can be found in [26,34]. We
follow the computation done in [26].7 The spin-
independent cross section is given by

"scalar ¼
m2

T

4#ðm!1
þmTÞ2

½Zfp þ ðA& ZÞfn'2; (15)

where mT is the mass of the target nucleus, Z and A are,
respectively, the nuclear charge and atomic number, while

fp¼
X

u;d;s

ð$qþ!qÞhpj "qqjpi¼
X

u;d;s

$qþ!q

mq
mpf

p
Tq
; (16)

and similarly for fn. In Eq. (16) mp (mn) stands for the
proton (neutron) mass. For the nucleon matrix elements we
take fpTu

¼ 0:020( 0:004, fpTd
¼ 0:026( 0:005, fnTu

¼
0:014( 0:003, fnTd

¼ 0:036( 0:008, and fp;nTs
¼ 0:118(

0:062 [61]. The numerical coefficients $q and !q in
Eq. (16) are defined as8

$q ¼
e2

cos2%W

!
EqðY2

qLcos
2&þ Y2

qRsin
2&Þ

m2
q1L

þm2
!1

ðm2
q1L

&m2
!1
Þ2

þ
YqLYqRmq1L
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&m2
q1L

þ ðL ! RÞ
"

(17)

) Eq
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þm2
q1L

ðm2
q1L

&m2
!1
Þ2 þ ðL ! RÞ

"

for & ¼ 0;

(18)

!q ¼ mq
e2

2cos2%W

1

m2
h

; (19)

where e is the electric charge, %W is the Weinberg angle,
mq1L

(mq1R
) is the mass of an SUð2ÞW-doublet

[SUð2ÞW-singlet] KK quark, and & is the mixing angle in
the KK quark mass matrix given by sin2& ¼ 2mq=ðmq1L

þ
mq1R

Þ. Equation (17) includes the mixing effect between

two KK quarks, and Eq. (18) is obtained in the limit when
& ¼ 0. This mixing effect gives a minor correction to the
cross section (at a few percent level) and we do not include
it in our figures for 5D. However, it is important to keep it
in the 6D case, as shown in Ref. [25]. Our convention for
the SM hypercharge is Yi ¼ Qi & I3i, where Qi (I3i) is the
electric charge (weak isospin) of particle i. Eq in Eq. (18) is
the energy of a bound quark and is rather ill defined. In
evaluating Eq. (16), we conservatively replace Eq by the
current9 massmq. As alluded to earlier, in Eq. (18) we only
sum over light quark flavors, thus neglecting couplings to
gluons mediated by heavy quark loops. Note that the two
contributions (18) and (19) to the scalar interactions inter-
fere constructively: even with extremely heavy KK quark
masses (large #q1), there is an inescapable lower bound on
the scalar cross section for a given Higgs mass, since the
Higgs contribution from Eq. (19) scales with the SM Higgs
mass mh and not the KK quark masses.
The analogous results for the case of the Z1 LKP can

now be obtained from the above formulas by simple re-
placements: m!1

! mZ1
, YqL ! 1

2 , and YqR ! 0, since Z1

is mostly the neutral SUð2ÞW gauge boson, which has no
interactions with the SUð2ÞW-singlet KK quarks (or equiv-
alently, the right-handed SM quarks). In addition, one
should replace e

cos%W
! e

sin%W
to account for the different

gauge coupling constant.
Theoretical predictions for the spin-independent LKP-

nucleon elastic scattering cross sections are shown in Fig. 5
for different fixed values of the KK quark–LKP mass
splitting #q1 , and for two different LKPs: (a) !1 and

FIG. 4. Tree-level diagrams for the elastic scattering of the !1 LKP with quarks. The diagrams for the case of the Z1 LKP are similar.

7The precise calculation of the heavy quark contribution to the
processes of Fig. 4 is rather involved—the heavy flavors con-
tribute only at the loop level, through the gluon content of the
nucleon. In the absence of an exact calculation of these effects in
the literature, we choose to conservatively ignore the heavy
flavor contributions altogether, as was done in [26].

8Reference [34] contains a typo in the overall sign of the
coefficient $q, which was denoted there as Sq.

9The actual choice of the value for mq is inconsequential since
the mq factor in Eqs. (18) and (19) cancels against the mq factor
in the denominator of Eq. (16).

KALUZA-KLEIN DARK MATTER: DIRECT DETECTION . . . PHYSICAL REVIEW D 78, 056002 (2008)

056002-9



• As we saw, interactions leading to WIMP-nucleus scattering are parameterised: 

• spin-spin interactions (coupling to the nuclear spin JN, from axial-vector part of L)

 nuclei with non-zero angular momentum (corrections due to spin structure functions)⇒

ap, an: effective couplings to p 
and n;〈Sp〉and〈Sn〉

expectation values of the p and n 
spins within the nucleus

�SD ⇠ µ2 JN + 1

JN
(aphSpi+ anhSni)2

Spin dependent cross section
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Fig. 20. Feynman diagrams contributing to the scalar elastic-scattering amplitude of a neutralino from quarks. 

Fig. 21. Feynman diagrams contributing to the gluonic interaction with neutralinos, which contributes to the scalar 

elastic-scattering amplitude for neutralinos from nuclei. 

contribution accurately. After we present the complete results, we will list the simpler large-squark- 

mass results for readers interested in obtaining quick estimates of the cross sections. 

In the notation of Ref. [282], the microscopic effective Lagrangian for scalar and tensor 

neutralino-quark and neutralino-gluon interactions is 

(7.17) 



Cross sections on nucleons: examples

๏ Predictions from supersymmetry for the neutralino  [10-8 pb = 10-44 cm2]: 
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Figure 14. The 68% and 95% CL contours (red and blue, respectively) in the CMSSM (left) and the
NUHM1 (right). The solid lines are for fits including the XENON100 [25] and LHC1/fb data, whereas
the dotted lines include only the pre-LHC data [5].

larger value of tanβ, but this may eventually
lead to subsidiary tension with the LHC H/A
constraints and the tightening experimental vise
on BR(Bs → µ+µ−). In any case, it will be
important to subject the (g − 2)µ constraint to
closer scrutiny, and the upcoming Fermilab and
J-PARC experiments on (g − 2)µ [66] are most
welcome and timely in this regard. In parallel, re-
finements of the experimental inputs for the pre-
diction of (g − 2)µ from both low-energy e+e−

and τ decay data would also be welcome. It will
be also necessary to subject the theoretical cal-
culations within the SM and the corresponding
estimates of the remaining theoretical uncertain-
ties to further scrutiny.

The dark matter upper limit on the sparticle
mass scale remains unchanged, and is respon-
sible for the disfavoured region above m1/2 ∼
2500 GeV visible in our figures for the CMSSM
and the NUHM1. On the other hand, the dark
matter constraint on m0 is not so strong, as also
seen in the figures, extending well beyond the
range displayed. Considering the impact of di-
rect jets + /ET searches only, the regions of the
CMSSM and NUHM1 (m0,m1/2) planes in Fig. 2
with p-values significantly non-zero extend be-
yond the likely reach even of the full-energy LHC

in its high-luminosity incarnation. A fortiori, the
same is true for the regions of these planes allowed
at the current 95% CL (∆χ2 = 5.99 relative to the
global minima, bounded by the blue contours in
Fig. 1). This is even more true of the full regions
of the CMSSM and NUHM1 (m0,m1/2) planes
that are allowed by the dark matter constraint.
In light of this discussion, under what circum-

stances could one conclude that the CMSSM or
NUHM1 is excluded? Currently, our best fits in
both these models have p-values above 10%, com-
parable to that of SM fits to precision electroweak
data from LEP and SLD, and the F-test shows
that both the CMSSM and NUHM1 are war-
ranted extensions of the SM, in the sense that in-
troducing their parameters provides an improve-
ment in χ2 that is valuable in both cases. More-
over, it seems unlikely that the LHC will soon be
able to explore all the region of the (m0,m1/2)
planes in Fig. 2 where the models’ p-values ex-
ceed 5%, nor does the LHC seem likely soon to
push Fχ (see Fig. 3) to uninterestingly low lev-
els. This is not surprising, as in the high-mass
limit the superpartners decouple and one is left
essentially with the SM with a light Higgs.
One way for the LHC to invalidate the mod-

els studied here would be to discover an SM-like

~ 1 event kg-1 year-1

~ 1 event ton-1 year-1

CMSSM 
Buchmueller et al;

arXiv:1110.3568v1 [hep-ph]
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Cross sections on nucleons: examples
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Figure 7. (a) Marginalized 2D posterior distribution for the CMSSM with µ > 0 in the (mχ, σSI
p )

plane. The red solid line shows the 90% C.L. upper bound as given by LUX, here included in the
likelihood function. The gray dot-dashed line shows the 2012 XENON100 90% C.L. bound [70] and
the magenta dashed line shows projected sensitivity for 2017 at XENON-1T [103]. (b) Marginalized
2D posterior distribution for the CMSSM with µ > 0 in the (mχ, σv) plane. The magenta dashed
line shows the expected sensitivity of CTA under the assumptions of [36] for a NFW halo profile.
The magenta dot-dashed line shows the corresponding sensitivity with Einasto profile. The dotted
black line shows the projected sensitivity of the CTA expansion considered in [104].

region have the potential to be probed in the next few years, encompassing about 70% of

the points in the scan. This makes dark matter direct detection searches the predominant

tool for exploration of the CMSSM.

In the CMSSM the largest cross section values, σSIp ! 10−8 pb, are obtained in the focus

point region. One can see the beginning of the horizontal branch joining the higgsino and

focus point regions, at mχ ≃ 0.7 − 0.8TeV. The effect of the LUX limit in the likelihood

is visible, as the credibility region is cut off rapidly after crossing the 90% C.L. bound,

shown in red. In contrast to [16], this causes the focus point region to be disfavored by

the scan. In the µ < 0 scenario we obtain the same results albeit with the absence of the

A-resonance region. The sign of the µ parameter has little impact on σSIp for the neutralino

and the ∼ 1TeV higgsino region with µ < 0 can also be entirely probed by XENON-1T.

In figure 7(b) we show the 2D posterior distribution in the (mχ, σv) plane. The

node at σv " 10−28 cm3/s is the stau-coannihilation region, which has a much reduced

σv in the present day due to the absence of co-annihilations with the stau NLSP, which

are instead only present in the early Universe. The A-resonance and ∼ 1TeV higgsino

regions are visible at larger σv, from left to right, respectively. The A-resonance region is

characterized by a broad range of cross section values, with a deep funnel at 95% credibility

that extends down to σv ≃ 10−28 cm3/s. This corresponds to a large resonant effect in the

– 16 –

CMSSM pMSSM

M. Cahill-Rowley, Phys.Rev. D91 (2015) 055011L. Rozkowski, Stockholm 2015 38

๏ Predictions from supersymmetry for the neutralino  [10-8 pb = 10-44 cm2]: 



Cross sections on nucleons: examples

๏SI scattering cross sections for various "visible sector" models

https://lss.fnal.gov/archive/2022/conf/fermilab-conf-22-180-v.pdf
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Nuclear form factors: SI couplings

• Scattering amplitude: Born approximation


• Spin-independent scattering is coherent


• with rn = nuclear radius, rn ≈ 1.2 A1/3 fm, s = 1fm (skin thickness)

⇤q = � (⇤k� � ⇤k)

� = �/q � few fm

M(⌦q) = fn A

�
d3x �(⌦x) ei ⌃q·⌃x

⌅ ⇤⇥ ⇧
F (⌃q)

� ⇥ ⇥ |M |2 ⇥ A2

F (qrn) =
3[sin(qrn)� qrn cos(qrn)]

(qrn)3⇤ ⇥� ⌅
j1(qrn)

e�(qs)2/2

Woods-Saxon Potential“Helm” form factor

fundamental 
couplings to 

nucleons

mass 
number

Fourier-transform of the 

density of scattering 
centres  

few fm q = √2mNER
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• Important for heavy WIMPs and/or nuclei and for WIMPs in the tail of f(v)


• Helm form factor: Fourier-transform of the density of scattering centres
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FIG. 12. (color online). Same as Fig. 6 but for 134Xe.
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FIG. 13. (color online). Same as Fig. 6 but for 136Xe.

butions only from the L = 0 multipole and is model-
independent:

SS(0) = A2 c2
0

2J + 1

4⇡
. (9)

This reflects the well-known coherence of the contribu-
tions of all A nucleons in SI scattering. Consequently,
near u = 0 the spin-averaged structure factors are essen-
tially identical for all xenon isotopes, apart from small
variations in A2.

Because of angular momentum coupling, only L = 0
multipoles contribute to the structure factors of the even-
mass isotopes. As discussed in Sec. II, parity and time
reversal constrain the multipoles to even L for elastic
scattering, so that for 129Xe only L = 0, and for 131Xe
only L = 0, 2 contribute. For the latter isotope, we show
in Fig. 10 the separate contributions from L = 0 and
L = 2 multipoles. At low momentum transfers, which
is the most important region for experiment, the L =
0 multipole is dominant, because coherence is lost for
L > 0 multipoles. Only near the minima of the L = 0
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FIG. 14. (color online). Structure factor SS(u) for
128Xe (this

work, black dots) in comparison to the Helm form factor (solid
red line) [25] and to the structure factor from Fitzpatrick et
al. (dashed green line) [15].
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FIG. 15. (color online). Same as Fig. 14 but for 129Xe.

multipole at u ⇠ 1.7 and u ⇠ 4.4 is the L = 2 multipole
relevant, but the structure factor at these u values is
suppressed with respect to SS(0) by over four and six
orders of magnitude, respectively.
Finally, we list in Table II the coe�cients of the fits

performed to reproduce the calculated structure factors
for each isotope.

V. COMPARISON TO HELM FORM FACTORS
AND OTHER CALCULATIONS

In experimental SI WIMP scattering analyses the stan-
dard structure factor used to set limits on WIMP-nucleon
cross sections is based on the Helm form factor [25]. This
phenomenological form factor is not obtained from a de-
tailed nuclear structure calculation, but is based on the
Fourier transform of a nuclear density model, assumed to

L. Vietze et  al., Phys.Rev. D91 (2015) 4, 043520 
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FIG. 18. (color online). Same as Fig. 14 but for 132Xe.
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FIG. 19. (color online). Same as Fig. 14 but for 134Xe.
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FIG. 20. (color online). Same as Fig. 14 but for 136Xe.

A. Comparison for spin-dependent WIMP
scattering

The interaction of WIMPs with nuclei can be also SD
reflecting the coupling of the spin of the WIMP to nu-
cleons. The even-mass xenon isotopes are practically in-
sensitive to SD scattering due to their J = 0 ground
state, so that only the odd-mass xenon isotopes 129Xe
and 131Xe are relevant. In previous work [11, 12], we
have calculated SD structure factors for xenon, also in-
cluding two-body currents in chiral e↵ective field theory.
To complete the study of WIMP scattering o↵ xenon, we
also compare these calculations to the results obtained
by Fitzpatrick et al. in Ref. [15]. This provides a test of
the calculations and explores the sensitivity of SD WIMP
scattering to nuclear structure.
The SD structure factor is naturally decomposed in

terms of the isospin couplings (a0 + a1⌧3)/2. However,
experimental results are commonly presented in terms
of “neutron-only” (a0 = �a1 = 1) and “proton-only”
(a0 = a1 = 1) structure factors Sn(u) and Sp(u), because
these coupling combinations are more sensitive to neu-
trons and protons, respectively. For vanishing momen-
tum transfer, q = 0 (u = 0), and considering only one-
body currents, the SD “neutron-only” and “proton-only”
structure factors are proportional to the square of the
expectation values of the neutron and proton spins [14].
These are given for both calculations in Table III. Be-
cause xenon has an even proton number, hSni � hSpi,
the “neutron-only” structure factor dominates over the
“proton-only” one.
This hierarchy of “neutron-only” versus “proton-only”

structure factors manifests itself in Figs. 21 and 22, where
we show the calculated SD structure factors for 129Xe and
131Xe. Note that the absolute scale of the SD structure
factors is ⇠ 10�4 smaller than for SI scattering, because
in the SD case, due to pairing, the contributions from
di↵erent nucleons do not add coherently.
In Refs. [11, 12], we included one- and two-body

currents in the WIMP-nucleon interaction Lagrangian.
However, for a direct comparison, Figs. 21 and 22 restrict
the results to the one-body level, even though two-body
currents are important because they reduce the “neutron-
only” structure factors by about 20% for xenon, and sig-
nificantly enhance the “proton-only” structure factors at

TABLE III. Proton/neutron spin expectation values hSp/ni
for 129Xe and 131Xe. Results are shown for the calculations of
Klos et al. [12], which use the same valence space and nuclear
interactions as in this work, and of Fitzpatrick et al. [15].

129Xe 131Xe

hSpi hSni hSpi hSni
Klos et al. [12] 0.010 0.329 �0.009 �0.272

Fitzpatrick et al. [15] 0.007 0.248 �0.005 �0.199

d�SI

dq2
= �0,SI ⇥ Ss(q)

u = q2b2/2 b =
q

h̄/m! b = harmonic oscillator size parameter

Nuclear form factors: SI couplings

41



Nuclear form factors: SD couplings

• For spin-dependent couplings the scattering amplitude is dominated by the unpaired nucleon: the 
coupling is to the total nuclear spin J (paired nucleons ↑↓ tend to cancel):


• with: GF = Fermi constant, J = nuclear spin, F2(q) = form factor for spin dependent interactions


• and 


• ap, an: effective coupling of the WIMPs to protons and neutrons


• and the expectation values of the proton and neutron spins in the nucleus

dσ (q)
dq2

=
8
πv2

Λ2GF
2 J(J +1)F2 (q)

Λ =
1
J
ap Sp + an Sn"
#

$
%

Sp,n = N Sp,n N
measure the amount of spin carried by 
the p- and n-groups inside the nucleus
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Nuclear form factors: SD couplings

• Form factor example: simplified, based on model with valence nucleons in a thin shell:


• Better: detailed calculations based on 

realistic nuclear models

-for instance, the conventional nuclear 

shell model using reasonable nuclear 

Hamiltonians

- cross check by agreement of predicted 

versus measured magnetic moment of 

the nucleus (since the matrix element for 

χN scattering is similar to the magnetic

moment operator)

Lewin & Smith; Engel et al

131Xe

F (qrn) = j0(qrn) =
sin(qrn)

qrn

131Xe 
single  
particle  
model

e−(qrn )
2/3 /3

sin(qrn )
qrn

!

"
#

$

%
&

2
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• WIMP-nucleus response based on detailed nuclear structure calculations

and 127I, we have performed calculations in the largest
spaces to date and with tested interactions. For 129;131Xe,
the comparison to previous results is discussed in detail
in Ref. [15]. For the dominant hSni values for 129;131Xe,
and the dominant hSpi value for 127I, the difference to
previous calculations of Refs. [13,20,22,23] is about 25%
(and 55% for 131Xe). We attribute these differences to the
sizable truncations of the valence spaces in those calcu-
lations and because the interactions used have not been
as well tested.

C. Structure factors

1. Isoscalar/isovector versus proton/neutron

The structure factor SAðpÞ can be decomposed in terms
of its isoscalar and isovector parts SijðpÞ, characterized by
the isoscalar and isovector couplings a0 and a1:

SAðpÞ ¼ a20S00ðpÞ þ a0a1S01ðpÞ þ a21S11ðpÞ: (32)

However, it is common in the literature to use the struc-
ture factors SpðpÞ and SnðpÞ, which are referred to as
‘‘proton-only’’ and ‘‘neutron-only,’’ respectively. They
are defined by the couplings a0 ¼ a1 ¼ 1 (‘‘proton-
only’’) and a0 ¼ %a1 ¼ 1 (‘‘neutron-only’’) and are thus
related to the isoscalar and isovector structure factors by

SpðpÞ ¼ S00ðpÞ þ S01ðpÞ þ S11ðpÞ; (33)

SnðpÞ ¼ S00ðpÞ % S01ðpÞ þ S11ðpÞ: (34)

The origin of the ‘‘proton/neutron-only’’ structure factors
can be understood from Eq. (31). When 2b currents are
neglected, at p ¼ 0 the ‘‘proton/neutron-only’’ structure
factors are determined entirely by the proton/neutron spin
expectation values. Moreover, when the higher-order iso-
vector parts in 1b currents are neglected, this separation
also holds for p > 0. Because for odd-mass nuclei there is
a clear hierarchy of the spin expectation values (with either
jhSnij & jhSpij or jhSpij & jhSnij), the proton/neutron
decomposition is useful to capture the dominant parts of
SAðpÞ. For this reason, and because it is common experi-
mentally, we will also largely consider the proton/neutron
decomposition here. This is merely a convenient choice of
a0, a1 couplings, but the notation ‘‘proton/neutron-only’’ is
misleading, because it does not imply that the coupling is
to protons/neutrons only. Strong interactions between nu-
cleons in 2b currents, as well as the isovector nature of
pseudoscalar and other Q2 1b currents, mean that WIMPs
effectively couple to protons and neutrons in nuclei. In fact,
with 2b currents, both SpðpÞ and SnðpÞ are determined by
the spin distribution of the odd species.

In the following, we present structure factors as a
function of u ¼ p2b2=2 with harmonic-oscillator length
b ¼ ðℏ=m!Þ1=2 and ℏ! ¼ ð45A%1=3 % 25A%2=3Þ MeV.
When 2b currents are included, we provide theoretical error

bands due to the uncertainties in WIMP currents in nuclei;
see Table II. This takes into account the uncertainties in
the low-energy couplings c3, c4 and in the density range
! ¼ 0:10 . . . 0:12 fm%3.
For 129Xe and 131Xe the predicted isoscalar/isovector

structure factors S00ðuÞ, S01ðuÞ, and S11ðuÞ were discus-
sed in detail in Ref. [15], and they were compared to the
previous calculations of Refs. [20,23] (see also Sec. IVB).
Here, we present in Fig. 6 the proton/neutron structure
factors SpðuÞ. At the 1b current level, the results at

p ¼ 0 are determined by the spin expectation values.
Chiral 2b currents provide important contributions to the
structure factors, especially for p & 100 MeV, where we
find in Fig. 6 a significant increase of SpðuÞ. This is because
with 2b currents, neutrons can contribute to the ‘‘proton-
only’’ (a0 ¼ a1 ¼ 1) coupling due to the axial "a1ðpÞ
contribution in Eq. (31). For SnðuÞ, 2b currents lead to a
small reduction in the structure factor, depending on the
momentum transfer. This is caused by the combined
effect of the axial "a1ðpÞ and the pseudoscalar "aP1 ðpÞ
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FIG. 6 (color online). Structure factors SpðuÞ (solid lines) and
SnðuÞ (dashed) for 129Xe (top panel) and 131Xe (bottom panel) as
a function of u ¼ p2b2=2. The harmonic-oscillator lengths are
b ¼ 2:2853 fm and b ¼ 2:2905 fm for 129Xe and 131Xe, respec-
tively. Results are shown at the 1b current level, and also include
2b currents. The estimated theoretical uncertainty is given by the
red [SpðuÞ] and blue [SnðuÞ] bands.
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FIG. 11. (Color online) Structure factors Sp(u) (solid lines)
and Sn(u) (dashed) for

127I as a function of u = p2b2/2 with
b = 2.2801 fm. Results are shown at the 1b current level, and
also including 2b currents. The estimated theoretical uncer-
tainty is given by the red (Sp(u)) and blue (Sn(u)) bands.

4. 127I, 19F, 23Na, 27Al, 29Si

In Figs. 11, 12, and 13, we show the structure fac-
tors Sn(u) and Sp(u) for 127I, 19F, 23Na, 27Al, and 29Si
at the 1b current level and including 2b currents. The
dominant structure factor is the one for the odd species.
Therefore, for 29Si Sn(u) dominates, while for the other
isotopes Sp(u) is the main component. All the features
discussed for 131Xe in Sec. IVC2 translate to these iso-
topes as well: The structure factors for the nondominant
“proton/neutron-only” couplings are strongly increased
when 2b currents are included. For the dominant struc-
ture factor, 2b currents produce a reduction, by about
10%− 30% at low momentum transfers, which at large u
can turn into a weak enhancement due to the 2b current
contribution to the pseudo-scalar currents. This is most
clearly seen for 19F in the top panel of Fig. 12, where we
also show the isoscalar/isovector structure factors S00(u),
S01(u), and S11(u). Note that the structure factor S01(u)
vanishes at the point where Sp(u) and Sn(u) cross.

V. CONCLUSIONS AND OUTLOOK

This work presents a comprehensive derivation of SD
WIMP scattering off nuclei based on chiral EFT, includ-
ing one-body currents to order Q2 and the long-range
Q3 two-body currents due to pion exchange, which are
predicted in chiral EFT. Two-body currents are the lead-
ing corrections to the couplings of WIMPs to single nu-
cleons, assumed in all previous studies. Combined with
detailed Appendixes, we have presented the general for-
malism necessary to describe both elastic and inelastic
WIMP-nucleus scattering.
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FIG. 12. (Color online) Structure factors for 19F as a
function of u = p2b2/2 with b = 1.7608 fm. Top panel:
Isoscalar/isovector S00(u) (solid line), S01(u) (dashed), and
S11(u) (dot-dashed) decomposition. Bottom panel: Pro-
ton/neutron Sp(u) (solid line) and Sn(u) (dashed) decom-
position. In both panels results are shown at the 1b current
level, and also including 2b currents. The estimated theoret-
ical uncertainty is given by the red (S11(u), Sp(u)) and blue
(S01(u), Sn(u)) bands.

We have performed state-of-the-art large-scale shell-
model calculations for all nonzero-spin nuclei relevant to
direct dark matter detection, using the largest valence
spaces accessible with nuclear interactions that have been
tested in nuclear structure and decay studies. The com-
parison of theoretical and experimental spectra demon-
strate a good description of these isotopes. We have cal-
culated the structure factors for elastic SD WIMP scat-
tering for all cases using chiral EFT currents, including
theoretical error bands due to the nuclear uncertainties
of WIMP currents in nuclei. Fits for the structure factors
are given in Appendix D.
We have studied in detail the role of two-body currents,

the contributions of different multipole operators, and
the issue of proton/neutron versus isoscalar/isovector de-
compositions of the structure factors. The long-range
two-body currents reduce the isovector parts of the struc-
ture factor at low momentum transfer, while they can
lead to a weak enhancement at higher momentum trans-

d�SD

dq2
= �0,SD ⇥ SA(q)

u = q2b2/2 b =
q

h̄/m! b = harmonic oscillator size parameter

Nuclear form factors: SD couplings
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Nuclear form factors: SD couplings

B.S. Hu et al, PRL 128, 2022
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• WIMP-nucleus response based on detailed nuclear structure calculations

d�SD

dq2
= �0,SD ⇥ SA(q)
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Dependance on the WIMP mass

• Recoil spectrum gets shifted to low energies for low WIMP masses


• One needs a light target and/or a low energy threshold to see light WIMPs

Kinematics

dN

dER

(t) =
ρχ

mχ

σp|F (q)|2A2

2µ2
p

∫

v>vmin(ER)

d3v
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Summary on expected rates in a detector

• One has to take into account following facts:

๏ the WIMPs have a certain velocity distribution f(v)


๏ the detector is on Earth, which moves around the Sun, which moves around the Galactic Center


๏ the cross section depends on whether the interaction is spin-independent (SI), or spin-dependent (SD)


๏ the WIMPs scatter on nuclei, which have a finite size; we had to consider form-factor corrections < 1 
(different for SI and SD interactions)


๏ the nuclear recoil energy is not necessarily the observed energy, since in general the detection 
efficiency is < 1


๏ detectors have a certain energy resolution and energy threshold

spectral function
(masses and kinematics) form factor correction type of interaction

⇒
dR
dER

= R0S(ER )F
2 (ER )I

observed  diff. rate
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Cross section versus DM particle mass: limit plot
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Cross section versus DM particle mass: evidence
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• In case of a detection: one aims to reconstruct the DM mass and cross section (here shown 
for various DM masses, 25, 50, 250 GeV/c2, and one cross sections

!0 ¼ 0:4" 0:1 GeV=cm3 ð1"Þ: (16)

There are several other recent results that determine !0,
both consistent [60] and somewhat discrepant [61] with our
adopted value. Even in light of these uncertainties, we take
Eq. (16) to represent a conservative range for the purposes
of our study.

For completeness Table II summarizes the information
on the parameters used in our analysis.

VI. RESULTS

A. Complementarity of targets

We start by assuming the three dark matter benchmark
models described in Sec. II (m# ¼ 25; 50; 250 GeV with
"p

SI ¼ 10%9 pb) and fix the Galactic model parameters to
their fiducial values, !0 ¼ 0:4 GeV=cm3, v0 ¼ 230 km=s,
vesc ¼ 544 km=s, k ¼ 1. With the experimental capabil-
ities outlined in Sec. III, we generate mock data that, in
turn, are used to reconstruct the posterior for the DM
parameters m# and "p

SI. The left frame of Fig. 1 presents
the results for the three benchmarks and for Xe, Ge, and Ar

separately. Contours in the figure delimit regions of joint
68% and 95% posterior probability. Several comments are
in order here. First, it is evident that the Ar configuration is
less constraining than Xe or Ge ones, which can be traced
back to its smaller A and larger Ethr. Moreover, it is also
apparent that, while Ge is the most effective target for the
benchmarks with m# ¼ 25; 250 GeV, Xe appears the best
for a WIMP with m# ¼ 50 GeV (see below for a detailed
discussion). Let us stress as well that the 250 GeV WIMP
proves very difficult to constrain in terms of mass and cross
section due to the high-mass degeneracy explained in
Sec. II. Taking into account the differences in adopted
values and procedures, our results are in qualitative agree-
ment with Ref. [27], where a study on the supersymmet-
rical framework was performed. However, it is worth
noticing that the contours in Ref. [27] do not extend to
high masses as ours for the 250 GeV benchmark—this is
likely because the volume at high masses in a supersym-
metrical parameter space is small.
In the right frame of Fig. 1 we show the reconstruction

capabilities attained if one combines Xe and Ge data, or
Xe, Ge, and Ar together, again for when the Galactic
model parameters are kept fixed. In this case, for m# ¼
25; 50 GeV, the configuration Xeþ Arþ Ge allows the
extraction of the correct mass to better than Oð10Þ GeV
accuracy. For reference, the (marginalized) mass accuracy
for different mock data sets is listed in Table III. For m# ¼
250 GeV, it is only possible to obtain a lower limit on m#.
Figure 2 shows the results of a more realistic analysis,

that keeps into account the large uncertainties associated
with Galactic model parameters, as discussed in Sec. V.
The left frame of Fig. 2 shows the effect of varying only !0

(dashed lines, blue surfaces), only v0 (solid lines, red
surfaces), and all Galactic model parameters (dotted lines,
yellow surfaces) for Xe and m# ¼ 50 GeV. The Galactic

TABLE II. The parameters used in our analysis, with their
prior range (middle column) and the prior constraint adopted
(rightmost column) are shown. See Secs. IV and V for further
details.

Parameter Prior range Prior constraint

log10ðm#=GeVÞ (0.1, 3.0) Uniform prior
log10ð"p

SI=pbÞ ð%10;%6Þ Uniform prior
!0=ðGeV=cm3Þ (0.001, 0.9) Gaussian: 0:4" 0:1
v0=ðkm=sÞ (80, 380) Gaussian: 230" 30
vesc=ðkm=sÞ (379, 709) Gaussian: 544" 33
k (0.5, 3.5) Uniform prior
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FIG. 1 (color online). The joint 68% and 95% posterior probability contours in the m# % "p
SI plane for the three DM benchmarks

(m# ¼ 25; 50; 250 GeV) with fixed Galactic model, i.e., fixed astrophysical parameters, are shown. In the left frame we show the

reconstruction capabilities of Xe, Ge, and Ar configurations separately, whereas in the right frame the combined data sets Xeþ Ge and
Xeþ Geþ Ar are shown.
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reconstructed probabilities  
for Xe, Xe + Ge, Xe + Ge + Ar

model uncertainties are dominated by !0 and v0, and, once
marginalized over, they blow up the constraints obtained
with fixed Galactic model parameters. This amounts to a
very significant degradation of mass (cf. Table III) and
scattering cross-section reconstruction. Inevitably, the
complementarity between different targets is affected—
see the right frame of Fig. 2. Still, for the 50 GeV bench-
mark, combining Xe, Ge, and Ar data improves the mass
reconstruction accuracy with respect to the Xe only case,
essentially by constraining the high-mass tail.

In order to be more quantitative in assessing the useful-
ness of different targets and their complementarity, we use
as figure of merit the inverse area enclosed by the 95%
marginalized contour in the log10ðm"Þ # log10ð#p

SIÞ plane
inside the prior range. Notice that for the 250 GeV bench-
mark the degeneracy between mass and cross section is not
broken—this does not lead to a vanishing figure of merit
(i.e. infinite area under the contour) because we are re-
stricting ourselves to the prior range. Figure 3 displays this
figure of merit for several cases, where we have normalized

to the Ar target at m" ¼ 250 GeV with the fixed Galactic
model. Analyses with fixed Galactic model parameters
are represented by empty bars, while the cases where all
Galactic model parameters are marginalized over with
priors as in Table II are represented by filled bars. First,
one can see that all three targets perform better for WIMP
masses around 50 GeV than 25 or 250 GeV if the Galactic
model is fixed. When astrophysical uncertainties are
marginalized over, the constraining power of the experi-
ments becomes very similar for benchmark WIMP masses
of 25 and 50 GeV. Second, Fig. 3 also confirms what
was already apparent from Fig. 1: Ge is the best target

 [GeV]χm

 [p
b]

p S
I

σ

210

-910

50

Xe

fixed astrophysics
30.1 GeV/cm±=0.4

0
ρ

30 km/s±=2300v
all
DM benchmark

 [GeV]χm

 [p
b]

p S
I

σ

210 310

-910

50

Xe
Xe+Ge
Xe+Ge+Ar
DM benchmarks

30 km/s, k=0.5-3.5±=230
0

33 km/s, v±=544esc, v30.1 GeV/cm±=0.4
0

ρ

FIG. 2 (color online). The joint 68% and 95% posterior probability contours in the m" # #p
SI plane for the case in which

astrophysical uncertainties are taken into account. In the left frame, the effect of marginalizing over !0, v0 and all four (!0, v0,
vesc, k) astrophysical parameters is displayed for a Xe detector and the 50 GeV benchmark WIMP. In the right frame, the combined
data sets Xeþ Ge and Xeþ Geþ Ar are used for the three DM benchmarks (m" ¼ 25; 50; 250 GeV).

TABLE III. The marginalized percent 1# accuracy of the DM
mass reconstruction for the benchmarks m" ¼ 25; 50 GeV is

shown. The figures between brackets refer to scans where the
astrophysical parameters were marginalized over (with priors as
in Table II), while the other figures refer to scans with the
fiducial astrophysical setup.

Percent 1# accuracy
m" ¼ 25 GeV m" ¼ 50 GeV

Xe 6.5% (14.3%) 8.1% (20.4%)
Ge 5.5% (16.0%) 7.0% (29.6%)
Ar 12.3% (23.4%) 14.7% (86.5%)
Xeþ Ge 3.9% (10.9%) 5.2% (15.2%)
Xeþ Geþ Ar 3.6% (9.0%) 4.5% (10.7%)
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FIG. 3 (color online). The figure of merit quantifying the
relative information gain on dark matter parameters for different
targets and combinations thereof is shown. The values of the
figure of merit are normalized to the Ar case at m" ¼ 250 GeV
with fixed astrophysical parameters. Empty (filled) bars are for
fixed astrophysical parameters (including astrophysical uncer-
tainties).
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fixed galactic model including galactic uncertainties

Pato, Baudis, Bertone, Ruiz de Austri, Strigari, Trotta: Phys. Rev. D 83, 2011

Xenon + Germanium + Argon



Low-mass dark matter detection

• Using the same targets as for WIMP searches, one can also search for MeV-scale and keV-
scale DM


๏ Interactions with electrons


๏Absorption (in the case of ALPs and dark photons)
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51See also Tonyang Lin, Sub-GeV dark matter models and direct detection, SciPost Phys. Lect. Notes 43 (2022)  
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Kinematics again

• Light DM: nuclear recoil energy - well below the threshold of most experiments


• Total energy in scattering: larger, and can induce inelastic atomic processes  visible signals→{Electron recoils

Nuclear recoils

1 MeV 1 GeV10 keV

mDM

ENR =
q2

2mN
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US Cosmic Visions, 
arXiv:1707.04591
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Kinematics again

53
Figure: Tongyan Lin, TASI lectures on DM 
models and direct detection, arXiv:1904.07915 

DM

e-

DM

e-

Eki
n
=
1
2
mD

M
v
2

<latexit sha1_base64="HYYlQdFgRA2devG8cBgzcDt8i3M=">AAACEnicdZBLSwMxFIUzvq2vqks3wSLopsxURTeC+AA3goJVoa1DJs1oaJIZkjtiCfMb3PhX3LhQxK0rd/4b04dQRQ8EDufcS5IvSgU34Puf3tDwyOjY+MRkYWp6ZnauOL9wbpJMU1aliUj0ZUQME1yxKnAQ7DLVjMhIsIuotd/pL26ZNjxRZ9BOWUOSa8VjTgm4KCyuHYa2DuwOtLQtrvIc7+B6rAm1QW4rOZahPTjO8e1VJSyWgrLfFfbLG9+mn3xXJdTXSVj8qDcTmkmmgApiTC3wU2hYooFTwfJCPTMsJbRFrlnNWUUkMw3b/VKOV1zSxHGi3VGAu+nghiXSmLaM3KQkcGN+d53wr66WQbzdsFylGTBFexfFmcCQ4A4f3OSaURBtZwjV3L0V0xvigICjWBiE8L85r5SD9fLm6UZpd6+PYwItoWW0igK0hXbRETpBVUTRPXpEz+jFe/CevFfvrTc65PV3FtEPee9f0Iudig==</latexit>

NR

ER

D
ep

os
ite

d 
en

er
gy

Dark matter particle mass



Interaction rates for DM-electron scattering
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show the expected daily modulation of the signal rate due to
the Earth’s rotation.

1. Theoretical rates

We first quote additional formulas that are required for
the rate calculation (see also [2,5]). The velocity-averaged
differential ionization cross section for electrons in the
ðn; lÞ shell is given in Eq. (1). The full expression for vmin is

vmin ¼
ðjEnl

bindingjþ EerÞ
q

þ q
2mχ

; ðA1Þ

where Enl
binding is the binding energy of the shell and q is the

momentum transfer from the DM to the electron. The form

factor for ionization of an electron in the ðn; lÞ shell with
final momentum k0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2meEer

p
is given by

jfnlionðk0; qÞj2

¼ 4k03

ð2πÞ3
X

l0L

ð2lþ 1Þð2l0 þ 1Þð2Lþ 1Þ

×
"
l l0 L

0 0 0

#
2
$$$$
Z

r2drRk0l0ðrÞRnlðrÞjLðqrÞ
$$$$
2

; ðA2Þ

where ½& & &' is the Wigner 3-j symbol and jL are the
spherical Bessel functions. We solve for the radial wave-
functions Rk0l0ðrÞ of the outgoing unbound electrons taking
the radial Schrödinger equation with a central potential
ZeffðrÞ=r. This central potential is determined from the
initial electron wavefunction by assuming that it is a bound
state of the same potential. We include the shells listed in
Table II.

2. Electron and photoelectron yields

We provide additional details to convert the recoiling
electron’s recoil energy into a specific number of electrons.
The relevant quantities are

Eer ¼ ðnγ þ neÞW;

nγ ¼ Nex þ fRNi;

ne ¼ ð1 − fRÞNi: ðA3Þ

TABLE II. Xenon shells and energies. “Photon energy” refers
to energy of deexcitation photons for outer-shell electrons
deexciting to lower shells. This photon can subsequently photo-
ionize, creating additional quanta. The range of additional quanta
takes into account that the higher energy shell may have more
than one available lower energy shell to deexcite into. For our
limits, we take the minimum of this range.

Shell 5p6 5s2 4d10 4p6 4s2

Binding energy [eV] 12.4 25.7 75.6 163.5 213.8
Photon energy [eV] – 13.3 63.2 87.9 201.4
Additional quanta 0 0 4 6–10 3–15

FIG. 6. Expected number of events as a function of number of electrons observed for 1000 kg yr of xenon. The left axis sets σ̄e to the
maximum allowed value by current constraints while the right axis sets σ̄e to the predicted value for a freeze-out (freeze-in) model for
FDM ¼ 1ðα2m2

e=q2Þ, respectively. The different colored lines show the contributions from the various xenon shells while the gray band
encodes the uncertainties associated with the secondary ionization processes.

ESSIG, VOLANSKY, and YU PHYSICAL REVIEW D 96, 043017 (2017)

043017-6

See, e.g., Essig, Volanski, Yu, PRD 96, 2017
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Heavy dark photon A’ mediator Ultra-light dark photon A’ mediator

Expected number of events for a xenon detector with 1 tonne year exposure, for 500 MeV DM mass



Interaction rates for DM absorption

๏ ALPs: absorption via axio-electric effect results in peak at boson mass 

๏ Rate ∝ ϕ × σ = ρ ×
v
m

× σ
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 An, Pospelov, Pradler, Ritz PLB 747, 2015

๏ for ρ = 0.3 GeV/cm3
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Interaction rates for DM absorption
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๏ Dark photons: absorption results in peak at boson mass 

๏ Rates  ∝ ϕ × σ = ρ ×
v
m

× σ
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 strength of 
kinetic mixing 
between photon 
and dark photon

๏ for ρ = 0.3 GeV/cm3

 An, Pospelov, Pradler, Ritz PLB 747, 2015



Examples: constraints on LDM interactions
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XENON, PRD 106, 022001 (2022) 

 DM-electron scatters Dark photons and ALPs absorption

 DM-mass: 1 MeV - 1 GeV  DM-mass: few eV - 100 keV



End of Lecture 1


