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Using LHC to look at
the dark universe
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Big open problems

We don’t see  
anti-matter in the universe

Galaxies have more matter  
than what we see

The universe accelerates

Dark Energy Dark Matter Baryon asymmetry

➡ Can the LHC tell us anything about these problems?
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Outline
Introduction 

• cosmology & dark energy 
• theory & experiment landscape 
• why to search for DE at colliders 

The DE model 
• details of the model 
• relation to other benchmark models 

The ATLAS search for DE 
• experimental analysis 
• results 
• interpretation 

Next steps 

The Higgs connection 
• DE, DM and baryogenesis
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Cosmology = metric + General Relativity
Cosmology

assumptions 
cosmological principle: universe is 

everywhere isotropic (homogeneous)

Metric

observations 
the universe is 
isotropic (CMB)

gµ⌫ = a2(d⌧2) diag


�1,

1

1�Kr2
, r2, r2 sin2 ✓

�

<latexit sha1_base64="WKd4bgXGYg0NpxCenbLi/GSE/8k="></latexit><latexit sha1_base64="WKd4bgXGYg0NpxCenbLi/GSE/8k="></latexit><latexit sha1_base64="WKd4bgXGYg0NpxCenbLi/GSE/8k="></latexit><latexit sha1_base64="WKd4bgXGYg0NpxCenbLi/GSE/8k="></latexit>

Three important quantities: 
• scale factor a: size of universe relative to a0=1 
• Hubble parameter:  
• curvature: shape (closed K>0, flat K=0, open K<0) 

H(t) ⌘ ȧ(t)/a(t)
<latexit sha1_base64="Zt76rtT1XcHe8Z40zyzc9Dy6zlk=">AAACAnicdVDLSgMxFM3UV62vUVfiJliEuqkzoujCRcFNlxXsA9qhZNJMG8xkxuROoQzFjb/ixoUibv0Kd/6NaTsFFT2QcHLOvUnu8WPBNTjOp5VbWFxaXsmvFtbWNza37O2dho4SRVmdRiJSLZ9oJrhkdeAgWCtWjIS+YE3/9mriN4dMaR7JGxjFzAtJX/KAUwJG6tp71RIcddhdwoedXgQpGZvzMTFb1y465TNnAuyUnTnJFDdTiihDrWt/mBtoEjIJVBCt264Tg5cSBZwKNi50Es1iQm9Jn7UNlSRk2kunI4zxoVF6OIiUWRLwVP3ekZJQ61Hom8qQwED/9ibiX147geDCS7mME2CSzh4KEoEhwpM8cI8rRkGMDCFUcfNXTAdEEQomtYIJYT4p/p80Tsqu4denxcplFkce7aMDVEIuOkcVVEU1VEcU3aNH9IxerAfryXq13malOSvr2UU/YL1/AbntllI=</latexit><latexit sha1_base64="Zt76rtT1XcHe8Z40zyzc9Dy6zlk=">AAACAnicdVDLSgMxFM3UV62vUVfiJliEuqkzoujCRcFNlxXsA9qhZNJMG8xkxuROoQzFjb/ixoUibv0Kd/6NaTsFFT2QcHLOvUnu8WPBNTjOp5VbWFxaXsmvFtbWNza37O2dho4SRVmdRiJSLZ9oJrhkdeAgWCtWjIS+YE3/9mriN4dMaR7JGxjFzAtJX/KAUwJG6tp71RIcddhdwoedXgQpGZvzMTFb1y465TNnAuyUnTnJFDdTiihDrWt/mBtoEjIJVBCt264Tg5cSBZwKNi50Es1iQm9Jn7UNlSRk2kunI4zxoVF6OIiUWRLwVP3ekZJQ61Hom8qQwED/9ibiX147geDCS7mME2CSzh4KEoEhwpM8cI8rRkGMDCFUcfNXTAdEEQomtYIJYT4p/p80Tsqu4denxcplFkce7aMDVEIuOkcVVEU1VEcU3aNH9IxerAfryXq13malOSvr2UU/YL1/AbntllI=</latexit><latexit sha1_base64="Zt76rtT1XcHe8Z40zyzc9Dy6zlk=">AAACAnicdVDLSgMxFM3UV62vUVfiJliEuqkzoujCRcFNlxXsA9qhZNJMG8xkxuROoQzFjb/ixoUibv0Kd/6NaTsFFT2QcHLOvUnu8WPBNTjOp5VbWFxaXsmvFtbWNza37O2dho4SRVmdRiJSLZ9oJrhkdeAgWCtWjIS+YE3/9mriN4dMaR7JGxjFzAtJX/KAUwJG6tp71RIcddhdwoedXgQpGZvzMTFb1y465TNnAuyUnTnJFDdTiihDrWt/mBtoEjIJVBCt264Tg5cSBZwKNi50Es1iQm9Jn7UNlSRk2kunI4zxoVF6OIiUWRLwVP3ekZJQ61Hom8qQwED/9ibiX147geDCS7mME2CSzh4KEoEhwpM8cI8rRkGMDCFUcfNXTAdEEQomtYIJYT4p/p80Tsqu4denxcplFkce7aMDVEIuOkcVVEU1VEcU3aNH9IxerAfryXq13malOSvr2UU/YL1/AbntllI=</latexit><latexit sha1_base64="Zt76rtT1XcHe8Z40zyzc9Dy6zlk=">AAACAnicdVDLSgMxFM3UV62vUVfiJliEuqkzoujCRcFNlxXsA9qhZNJMG8xkxuROoQzFjb/ixoUibv0Kd/6NaTsFFT2QcHLOvUnu8WPBNTjOp5VbWFxaXsmvFtbWNza37O2dho4SRVmdRiJSLZ9oJrhkdeAgWCtWjIS+YE3/9mriN4dMaR7JGxjFzAtJX/KAUwJG6tp71RIcddhdwoedXgQpGZvzMTFb1y465TNnAuyUnTnJFDdTiihDrWt/mBtoEjIJVBCt264Tg5cSBZwKNi50Es1iQm9Jn7UNlSRk2kunI4zxoVF6OIiUWRLwVP3ekZJQ61Hom8qQwED/9ibiX147geDCS7mME2CSzh4KEoEhwpM8cI8rRkGMDCFUcfNXTAdEEQomtYIJYT4p/p80Tsqu4denxcplFkce7aMDVEIuOkcVVEU1VEcU3aNH9IxerAfryXq13malOSvr2UU/YL1/AbntllI=</latexit>

FLRW:
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Cosmology

Metric

gµ⌫ = a2(d⌧2) diag


�1,

1

1�Kr2
, r2, r2 sin2 ✓

�

<latexit sha1_base64="WKd4bgXGYg0NpxCenbLi/GSE/8k="></latexit><latexit sha1_base64="WKd4bgXGYg0NpxCenbLi/GSE/8k="></latexit><latexit sha1_base64="WKd4bgXGYg0NpxCenbLi/GSE/8k="></latexit><latexit sha1_base64="WKd4bgXGYg0NpxCenbLi/GSE/8k="></latexit>

General Relativity+

Tµ⌫ = � 2p
�g

�S

�gµ⌫
= diag[⇢, p, p, p]

<latexit sha1_base64="iqqmJuyFdxQgCDElCvd90G2pCp0="></latexit><latexit sha1_base64="iqqmJuyFdxQgCDElCvd90G2pCp0="></latexit><latexit sha1_base64="iqqmJuyFdxQgCDElCvd90G2pCp0="></latexit><latexit sha1_base64="iqqmJuyFdxQgCDElCvd90G2pCp0="></latexit>

Gµ⌫ = G(g, g0, g00)
<latexit sha1_base64="P8tVR4FWriDIV6ESh0zfuybqogQ="></latexit><latexit sha1_base64="P8tVR4FWriDIV6ESh0zfuybqogQ="></latexit><latexit sha1_base64="P8tVR4FWriDIV6ESh0zfuybqogQ="></latexit><latexit sha1_base64="P8tVR4FWriDIV6ESh0zfuybqogQ="></latexit>Gµ⌫ = 8⇡G Tµ⌫

<latexit sha1_base64="y38WJgrlUuuO3SMXuWI5TnVNxOw="></latexit><latexit sha1_base64="y38WJgrlUuuO3SMXuWI5TnVNxOw="></latexit><latexit sha1_base64="y38WJgrlUuuO3SMXuWI5TnVNxOw="></latexit><latexit sha1_base64="y38WJgrlUuuO3SMXuWI5TnVNxOw="></latexit>

➡ How does the universe evolve with time?  
• matter determines expansion of universe 
• important quantity: w=p/ρ

Friedmann equation: H2 =
8⇡G

3
⇢

<latexit sha1_base64="0SxiCFAdafd+S3LVLGLoRqoWbvk="></latexit><latexit sha1_base64="0SxiCFAdafd+S3LVLGLoRqoWbvk="></latexit><latexit sha1_base64="0SxiCFAdafd+S3LVLGLoRqoWbvk="></latexit><latexit sha1_base64="0SxiCFAdafd+S3LVLGLoRqoWbvk="></latexit>

Cosmology = metric + General Relativity
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Cosmic expansion

• different evolution for different types of matter

w = 1/3 ) a / t1/2 ) ä < 0
<latexit sha1_base64="MQubdfNHQy2ntf4yQQMj3Zzs4fM=">AAACIHicbVBNSwMxFMz6WetX1aOXYBE8tbsq1INCwYvHKrYK3VreZtM2mN0syVulLP0pXvwrXjwoojf9Naa1B20dCAwz7/EyEyRSGHTdT2dmdm5+YTG3lF9eWV1bL2xsNoxKNeN1pqTS1wEYLkXM6yhQ8utEc4gCya+C29Ohf3XHtREqvsR+wlsRdGPREQzQSu1C5f7EKx/4F6LbQ9Ba3VPwE60SVBRvMq+8P/jt+WGoMIPBsdsuFN2SOwKdJt6YFMkYtXbhww8VSyMeI5NgTNNzE2xloFEwyQd5PzU8AXYLXd60NIaIm1Y2Cjigu1YJaUdp+2KkI/X3RgaRMf0osJMRYM9MekPxP6+ZYueolYk4SZHH7OdQJ5V0GN+2RUOhOUPZtwSYFvavlPVAA0Pbad6W4E1GniaN/ZJn+flhsXo8riNHtskO2SMeqZAqOSM1UieMPJAn8kJenUfn2Xlz3n9GZ5zxzhb5A+frG0C5owU=</latexit><latexit sha1_base64="MQubdfNHQy2ntf4yQQMj3Zzs4fM=">AAACIHicbVBNSwMxFMz6WetX1aOXYBE8tbsq1INCwYvHKrYK3VreZtM2mN0syVulLP0pXvwrXjwoojf9Naa1B20dCAwz7/EyEyRSGHTdT2dmdm5+YTG3lF9eWV1bL2xsNoxKNeN1pqTS1wEYLkXM6yhQ8utEc4gCya+C29Ohf3XHtREqvsR+wlsRdGPREQzQSu1C5f7EKx/4F6LbQ9Ba3VPwE60SVBRvMq+8P/jt+WGoMIPBsdsuFN2SOwKdJt6YFMkYtXbhww8VSyMeI5NgTNNzE2xloFEwyQd5PzU8AXYLXd60NIaIm1Y2Cjigu1YJaUdp+2KkI/X3RgaRMf0osJMRYM9MekPxP6+ZYueolYk4SZHH7OdQJ5V0GN+2RUOhOUPZtwSYFvavlPVAA0Pbad6W4E1GniaN/ZJn+flhsXo8riNHtskO2SMeqZAqOSM1UieMPJAn8kJenUfn2Xlz3n9GZ5zxzhb5A+frG0C5owU=</latexit><latexit sha1_base64="MQubdfNHQy2ntf4yQQMj3Zzs4fM=">AAACIHicbVBNSwMxFMz6WetX1aOXYBE8tbsq1INCwYvHKrYK3VreZtM2mN0syVulLP0pXvwrXjwoojf9Naa1B20dCAwz7/EyEyRSGHTdT2dmdm5+YTG3lF9eWV1bL2xsNoxKNeN1pqTS1wEYLkXM6yhQ8utEc4gCya+C29Ohf3XHtREqvsR+wlsRdGPREQzQSu1C5f7EKx/4F6LbQ9Ba3VPwE60SVBRvMq+8P/jt+WGoMIPBsdsuFN2SOwKdJt6YFMkYtXbhww8VSyMeI5NgTNNzE2xloFEwyQd5PzU8AXYLXd60NIaIm1Y2Cjigu1YJaUdp+2KkI/X3RgaRMf0osJMRYM9MekPxP6+ZYueolYk4SZHH7OdQJ5V0GN+2RUOhOUPZtwSYFvavlPVAA0Pbad6W4E1GniaN/ZJn+flhsXo8riNHtskO2SMeqZAqOSM1UieMPJAn8kJenUfn2Xlz3n9GZ5zxzhb5A+frG0C5owU=</latexit><latexit sha1_base64="MQubdfNHQy2ntf4yQQMj3Zzs4fM=">AAACIHicbVBNSwMxFMz6WetX1aOXYBE8tbsq1INCwYvHKrYK3VreZtM2mN0syVulLP0pXvwrXjwoojf9Naa1B20dCAwz7/EyEyRSGHTdT2dmdm5+YTG3lF9eWV1bL2xsNoxKNeN1pqTS1wEYLkXM6yhQ8utEc4gCya+C29Ohf3XHtREqvsR+wlsRdGPREQzQSu1C5f7EKx/4F6LbQ9Ba3VPwE60SVBRvMq+8P/jt+WGoMIPBsdsuFN2SOwKdJt6YFMkYtXbhww8VSyMeI5NgTNNzE2xloFEwyQd5PzU8AXYLXd60NIaIm1Y2Cjigu1YJaUdp+2KkI/X3RgaRMf0osJMRYM9MekPxP6+ZYueolYk4SZHH7OdQJ5V0GN+2RUOhOUPZtwSYFvavlPVAA0Pbad6W4E1GniaN/ZJn+flhsXo8riNHtskO2SMeqZAqOSM1UieMPJAn8kJenUfn2Xlz3n9GZ5zxzhb5A+frG0C5owU=</latexit>

w = 0 ) a / t2/3 ) ä < 0
<latexit sha1_base64="Hlu0JR4Wb2o738tMqsd29p0WaUA=">AAACHnicbVDLSgMxFM3Ud31VXboJFsGVzlRFFxUKblyq2Cp0armTSdvQzGRI7ljK0C9x46+4caGI4Er/xvSx8HUgcDjnXm7OCRIpDLrup5Obmp6ZnZtfyC8uLa+sFtbWa0almvEqU1LpmwAMlyLmVRQo+U2iOUSB5NdB93ToX99xbYSKr7Cf8EYE7Vi0BAO0UrNw2Dtx/UvR7iBorXoU/ESrBBXF26y0tz/47vlhqDCDQdltForurjsC/Uu8CSmSCc6bhXc/VCyNeIxMgjF1z02wkYFGwSQf5P3U8ARYF9q8bmkMETeNbBRvQLetEtKW0vbFSEfq940MImP6UWAnI8CO+e0Nxf+8eoqt40Ym4iRFHrPxoVYq6TC+7YqGQnOGsm8JMC3sXynrgAaGttG8LcH7HfkvqZV2PcsvDoqV8qSOebJJtsgO8cgRqZAzck6qhJF78kieyYvz4Dw5r87beDTnTHY2yA84H19Nr6KQ</latexit><latexit sha1_base64="Hlu0JR4Wb2o738tMqsd29p0WaUA=">AAACHnicbVDLSgMxFM3Ud31VXboJFsGVzlRFFxUKblyq2Cp0armTSdvQzGRI7ljK0C9x46+4caGI4Er/xvSx8HUgcDjnXm7OCRIpDLrup5Obmp6ZnZtfyC8uLa+sFtbWa0almvEqU1LpmwAMlyLmVRQo+U2iOUSB5NdB93ToX99xbYSKr7Cf8EYE7Vi0BAO0UrNw2Dtx/UvR7iBorXoU/ESrBBXF26y0tz/47vlhqDCDQdltForurjsC/Uu8CSmSCc6bhXc/VCyNeIxMgjF1z02wkYFGwSQf5P3U8ARYF9q8bmkMETeNbBRvQLetEtKW0vbFSEfq940MImP6UWAnI8CO+e0Nxf+8eoqt40Ym4iRFHrPxoVYq6TC+7YqGQnOGsm8JMC3sXynrgAaGttG8LcH7HfkvqZV2PcsvDoqV8qSOebJJtsgO8cgRqZAzck6qhJF78kieyYvz4Dw5r87beDTnTHY2yA84H19Nr6KQ</latexit><latexit sha1_base64="Hlu0JR4Wb2o738tMqsd29p0WaUA=">AAACHnicbVDLSgMxFM3Ud31VXboJFsGVzlRFFxUKblyq2Cp0armTSdvQzGRI7ljK0C9x46+4caGI4Er/xvSx8HUgcDjnXm7OCRIpDLrup5Obmp6ZnZtfyC8uLa+sFtbWa0almvEqU1LpmwAMlyLmVRQo+U2iOUSB5NdB93ToX99xbYSKr7Cf8EYE7Vi0BAO0UrNw2Dtx/UvR7iBorXoU/ESrBBXF26y0tz/47vlhqDCDQdltForurjsC/Uu8CSmSCc6bhXc/VCyNeIxMgjF1z02wkYFGwSQf5P3U8ARYF9q8bmkMETeNbBRvQLetEtKW0vbFSEfq940MImP6UWAnI8CO+e0Nxf+8eoqt40Ym4iRFHrPxoVYq6TC+7YqGQnOGsm8JMC3sXynrgAaGttG8LcH7HfkvqZV2PcsvDoqV8qSOebJJtsgO8cgRqZAzck6qhJF78kieyYvz4Dw5r87beDTnTHY2yA84H19Nr6KQ</latexit><latexit sha1_base64="Hlu0JR4Wb2o738tMqsd29p0WaUA=">AAACHnicbVDLSgMxFM3Ud31VXboJFsGVzlRFFxUKblyq2Cp0armTSdvQzGRI7ljK0C9x46+4caGI4Er/xvSx8HUgcDjnXm7OCRIpDLrup5Obmp6ZnZtfyC8uLa+sFtbWa0almvEqU1LpmwAMlyLmVRQo+U2iOUSB5NdB93ToX99xbYSKr7Cf8EYE7Vi0BAO0UrNw2Dtx/UvR7iBorXoU/ESrBBXF26y0tz/47vlhqDCDQdltForurjsC/Uu8CSmSCc6bhXc/VCyNeIxMgjF1z02wkYFGwSQf5P3U8ARYF9q8bmkMETeNbBRvQLetEtKW0vbFSEfq940MImP6UWAnI8CO+e0Nxf+8eoqt40Ym4iRFHrPxoVYq6TC+7YqGQnOGsm8JMC3sXynrgAaGttG8LcH7HfkvqZV2PcsvDoqV8qSOebJJtsgO8cgRqZAzck6qhJF78kieyYvz4Dw5r87beDTnTHY2yA84H19Nr6KQ</latexit>

w = �1/3 ) a / t ) ä = 0
<latexit sha1_base64="BieI5sydnqDkdIEYiUIt1tvIO0I=">AAACG3icbVC7SgNBFJ31GeNr1dJmMAg26m4UtFAI2FhGMSpkQ7g7O0kGZ3eWmbtKWPIfNv6KjYUiVoKFf+PkUWjigYHDOfdy55wwlcKg5307U9Mzs3PzhYXi4tLyyqq7tn5tVKYZrzEllb4NwXApEl5DgZLfpppDHEp+E96d9f2be66NUMkVdlPeiKGdiJZggFZquuWH011//yC4FO0OgtbqgUKQapWiovhbDaJIYQ69U6/plrw9bwA6SfwRKZERqk33M4gUy2KeIJNgTN33UmzkoFEwyXvFIDM8BXYHbV63NIGYm0Y+yNaj21aJaEtp+xKkA/X3Rg6xMd04tJMxYMeMe33xP6+eYeu4kYskzZAnbHiolUnaD26LopHQnKHsWgJMC/tXyjqggaGts2hL8McjT5Lr8p5v+cVhqXIyqqNANskW2SE+OSIVck6qpEYYeSTP5JW8OU/Oi/PufAxHp5zRzgb5A+frB4ZloRk=</latexit><latexit sha1_base64="BieI5sydnqDkdIEYiUIt1tvIO0I=">AAACG3icbVC7SgNBFJ31GeNr1dJmMAg26m4UtFAI2FhGMSpkQ7g7O0kGZ3eWmbtKWPIfNv6KjYUiVoKFf+PkUWjigYHDOfdy55wwlcKg5307U9Mzs3PzhYXi4tLyyqq7tn5tVKYZrzEllb4NwXApEl5DgZLfpppDHEp+E96d9f2be66NUMkVdlPeiKGdiJZggFZquuWH011//yC4FO0OgtbqgUKQapWiovhbDaJIYQ69U6/plrw9bwA6SfwRKZERqk33M4gUy2KeIJNgTN33UmzkoFEwyXvFIDM8BXYHbV63NIGYm0Y+yNaj21aJaEtp+xKkA/X3Rg6xMd04tJMxYMeMe33xP6+eYeu4kYskzZAnbHiolUnaD26LopHQnKHsWgJMC/tXyjqggaGts2hL8McjT5Lr8p5v+cVhqXIyqqNANskW2SE+OSIVck6qpEYYeSTP5JW8OU/Oi/PufAxHp5zRzgb5A+frB4ZloRk=</latexit><latexit sha1_base64="BieI5sydnqDkdIEYiUIt1tvIO0I=">AAACG3icbVC7SgNBFJ31GeNr1dJmMAg26m4UtFAI2FhGMSpkQ7g7O0kGZ3eWmbtKWPIfNv6KjYUiVoKFf+PkUWjigYHDOfdy55wwlcKg5307U9Mzs3PzhYXi4tLyyqq7tn5tVKYZrzEllb4NwXApEl5DgZLfpppDHEp+E96d9f2be66NUMkVdlPeiKGdiJZggFZquuWH011//yC4FO0OgtbqgUKQapWiovhbDaJIYQ69U6/plrw9bwA6SfwRKZERqk33M4gUy2KeIJNgTN33UmzkoFEwyXvFIDM8BXYHbV63NIGYm0Y+yNaj21aJaEtp+xKkA/X3Rg6xMd04tJMxYMeMe33xP6+eYeu4kYskzZAnbHiolUnaD26LopHQnKHsWgJMC/tXyjqggaGts2hL8McjT5Lr8p5v+cVhqXIyqqNANskW2SE+OSIVck6qpEYYeSTP5JW8OU/Oi/PufAxHp5zRzgb5A+frB4ZloRk=</latexit><latexit sha1_base64="BieI5sydnqDkdIEYiUIt1tvIO0I=">AAACG3icbVC7SgNBFJ31GeNr1dJmMAg26m4UtFAI2FhGMSpkQ7g7O0kGZ3eWmbtKWPIfNv6KjYUiVoKFf+PkUWjigYHDOfdy55wwlcKg5307U9Mzs3PzhYXi4tLyyqq7tn5tVKYZrzEllb4NwXApEl5DgZLfpppDHEp+E96d9f2be66NUMkVdlPeiKGdiJZggFZquuWH011//yC4FO0OgtbqgUKQapWiovhbDaJIYQ69U6/plrw9bwA6SfwRKZERqk33M4gUy2KeIJNgTN33UmzkoFEwyXvFIDM8BXYHbV63NIGYm0Y+yNaj21aJaEtp+xKkA/X3Rg6xMd04tJMxYMeMe33xP6+eYeu4kYskzZAnbHiolUnaD26LopHQnKHsWgJMC/tXyjqggaGts2hL8McjT5Lr8p5v+cVhqXIyqqNANskW2SE+OSIVck6qpEYYeSTP5JW8OU/Oi/PufAxHp5zRzgb5A+frB4ZloRk=</latexit>

w < �1/3 ) ä > 0
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Type of matter Behaviour of scale factor

Relativistic (e.g. photons)

Non-relativistic (e.g. DM, baryons)

Curvature

Violating SEC (e.g. scalar field)

) a(t) =
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➡ so what is dark energy?

H2 =
8⇡G

3
⇢
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What is “Dark Energy”?

”Dark Energy”: matter which leads to an accelerated expansion

⇢ / a�3(1+w) ) w = �1 ) ⇢⇤ ⌘ ⇤

8⇡G
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•Λ ⇒ exponentially accelerated expansion

• Two periods of accelerating expansion in the 
history of the universe: 

• early time: inflation (slowly rolling inflaton) 
• late time: “dark energy”

• Two prototypical models: 
• scalar field 
• cosmological constant Λ (constant 

energy density)
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How we know it exists

• distance measurements 
• SN farther than expected 

• age of globular clusters 
• without DE: tuniverse ~ 10 Gyr 

while age oldest clusters >11 Gyr

DE = higher distance at higher redshifts

Perlmutter et al, Astrophys.J.517:565-586,1999

• CMB 
• position of acoustic peaks 
• late-time ISW effect 

• BAO 
• angular distance vs redshift 

• Large Scale Structure 
• structure formation slows down

ISW

Hu, Dodeldson, Ann.Rev.Astron.Astrophys.40:171-216,2002

ΔT
(μ

K)

l

Effect of DE on CMB

https://arxiv.org/abs/astro-ph/9812133
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What DE really is

•We don’t really know! 
•Measurements point towards a cosmological constant w = -1.03 ± 0.03

[Planck 2018]

• The “cosmological constant problem” 
• from measurements: ρΛ ⋍ 10-48 GeV4 

• from QFT: ρvac ~ Λcut4 GeV4 ≳ 1012 GeV4
➡ 60 orders of magnitude off

•New physics: 
•Modified gravity: 

•higher order: e.g. f(R) 
•higher dimensions: e.g. brane-world models 

•Modified matter content: 
• scalar: e.g. Horndeski 
•vector: e.g. Proca 
• tensor: e.g. e.g. massive gravity

Gµ⌫ = 8⇡G Tµ⌫
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Theory & experiment landscape
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CLASSIFICATION

➤ Lovelock’s theorem (1971):
“The only second-order, local gravitational field equations 
derivable from an action containing solely the 4D metric tensor 
(plus related tensors) are the Einstein field equations with a 
cosmological constant.”

✦ > 2nd-order time derivatives.
✦ Non-local action ⇒ things like         .⇤�2

✦ Introduce new fields.
✦ Posit extra dimensions.
✦ Don’t derive field equations from an action.

UK Dark Energy Strategy 20201.Classification.

Modified Gravity

Add new field content

Higher dimensions Non-local

Scalar

Vector

Tensor

f

✓
R

⇤

◆

Some!
 degravitation 

scenarios

Scalar-tensor & Brans-Dicke

Galileons
Ghost condensates

the Fab Four

Coupled Quintessence
f(T)

Einstein-Cartan-Sciama-Kibble

Chern-Simons

Cuscuton

Chaplygin gases

Einstein-Aether

Massive gravity
Bigravity

EBI

Bimetric MOND

Horndeski theories Torsion theories

KGB

TeVeS

General RμνRμν, 
☐R,etc.f (R)

Hořava-Lifschitz

f (G)

Conformal gravity

Strings & Branes

Generalisations 
of SEH

Cascading gravity

Lovelock gravity

Einstein-Dilaton-
Gauss-Bonnet

Gauss-Bonnet

Randall-Sundrum Ⅰ & Ⅱ DGP

Kaluza-Klein

Lorentz violation

Lorentz violation

Emergent 
Approaches

Padmanabhan 
thermo. 

2T gravity

Rµ⌫⇤�1Rµ⌫

Higher-order

CDT

Tessa Baker

Lovelock’s theorem

Non-action 
Approaches

Entanglement 
entropy ht

tp
://

us
ers

.ox
.ac

.uk
/~

lad
y2

72
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Schematic from here

• The landscape of viable models is enormous! 
• Need multiple experiments to provide as much information as 

possible 
• BUT many questions remain open …

Laboratory: 
• torsion balance: Eöt-Wash [9,11] 
• Casimir forces [9,11] 
• Interferometry [9,11] 
• Coupling to photons: CAST, CHASE [12,13] 

Cosmology/Astro: 
• SN/BAO (distance/redshift relations) [14] 
• Structure growth [14] 
• Lensing [14] 
• Stellar burning [9] 
• Multi-messenger signals with GW (new!) [10]

http://users.ox.ac.uk/~lady2729/Research_files/landscape_TBaker.pdf
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• The biggest unanswered question 
in cosmology and particle physics 

• new particle or modified gravity? 
• constant or dynamic? 
• interacting or not? 
• microscopic nature? 

• Vast landscape of models with  
no leading candidate theory

Gravity

Dark Energy

Dark Energy = accelerated expansion of the universe



Why to search for DE at colliders
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• Interaction of DE with SM particles arises naturally in many models 
• Screening of 5th forces: escape detection at high density regions → DE 

must “feel” the density of SM matter → non-zero DE/SM interaction 
⇒ DE can be produced and constrained at colliders [1] 

• Dark degeneracy 
• modified gravity models can lead to same phenomenology as DE 

⇒ need particle physics to distinguish modified gravity from dark energy [2] 

• Complementarity with non-collider experiments  
⇒ collider experiments sensitive to multitude of signatures 

⇒ access different parts of parameter space 

⇒ investigate microscopic nature of DE

G̃µ⌫ = 8⇡G T̃µ⌫

So far no direct search by collider experiments



AN EFT MODEL OF  
SCALAR DE



The model
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• New model based on Effective Field Theory [Brax, Burrage, Englert, Spannowsky - 3] 

• Using framework of Horndeski theories  
(most general theories with scalar field with 2nd order eq. of motion) 
⇒ assumption: DE couples to matter 
⇒ independent of microscopic models - offers general framework to study DE

L = LSM +
X

i

ci
Md�4

O(d) +
1

2
m2�2

• Idea: extend SM Lagrangian with extra operators suppressed by 
new physics scale M 
⇒ measure M - translate to the parameters of UV models



EFT operators
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• 2 classes of operators: 
⇒ shift symmetry invariant 
⇒ shift symmetry breaking (φ can decay to SM fields - not considered here)

• 9 shift-symmetric operators: 
• kinetic conformal couplings 
• disformal couplings 
• kinetic term for DE field  
• Galileons

• Combination of these operators appear in cosmological/non-collider searches 
  

• Gravitational waves/CMB  [5] 

• Atom interferometers/Chameleon search [6] 

• Torsion pendulum search for symmetron DE [7]

⇒ studied here

L7,L8
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Conformal & disformal couplings - signatures
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(kinetic) conformal coupling  
⇒ enhanced for heavy final states

disformal coupling  
⇒ enhanced for high momentum

• Study two lowest-dimension operators:

• Top final states: enhanced sensitivity to L1  due to high top mass 
• Mono-jet final states: enhanced sensitivity to L2 due to high momentum transfers 
• DE particle φ stable ⇒ missing energy 
⇒ Signatures: tt+ ETmiss , jet+ ETmiss

L1 =
@µ�@µ�

M4
T ⌫
⌫

<latexit sha1_base64="i7IiD07zaYYX2aNi/8lfFfobNvs="></latexit><latexit sha1_base64="i7IiD07zaYYX2aNi/8lfFfobNvs="></latexit><latexit sha1_base64="i7IiD07zaYYX2aNi/8lfFfobNvs="></latexit><latexit sha1_base64="i7IiD07zaYYX2aNi/8lfFfobNvs="></latexit>

L2 =
@µ�@⌫�

M4
Tµ⌫

<latexit sha1_base64="hPD2YIq7uDxto+VvLCq9X754aHY="></latexit><latexit sha1_base64="hPD2YIq7uDxto+VvLCq9X754aHY="></latexit><latexit sha1_base64="hPD2YIq7uDxto+VvLCq9X754aHY="></latexit><latexit sha1_base64="hPD2YIq7uDxto+VvLCq9X754aHY="></latexit>

L1 L2



THE SEARCH
ATL-PHYS-PUB-2018-008

http://cds.cern.ch/record/2627837/files/ATL-PHYS-PUB-2018-008.pdf


DE signal simulation
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• Set ci=1 for one operator at a time  
⇒ express constraints only as a function of M 

• mφ must be small to get correct equation of state 
⇒ set mφ=0.1 GeV (negligible wrt LHC scales) 
⇒ kinematics and cross-section independent of mφ 

• LO approximation: single insertion of EFT operator 
⇒ kinematics independent of M 

⇒ M only affects normalisation 

L = LSM +
X

i

ci
Md�4

O(d) +
1

2
m2�2



How signal events look like
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• Much higher MET in general than DM  
• Re-interpret results of: 

• L1: stop search [ATLAS, JHEP 12 (2017) 085] 
• L2: mono-jet DM search [ATLAS, JHEP 01 (2018) 126]

tt+DE stop

~

~

tt+DM

jet+DMjet+DE

• Same signatures as DM 
searches (both DM and 
DE give MET signature) 

• tt+MET: also same 
signature as stop search 
- more sensitive than 
tt+DM

jet+MET

Brax et al., Phys. Rev. D 94, 084054 (2016)

https://link.springer.com/article/10.1007/JHEP12(2017)085
https://link.springer.com/article/10.1007/JHEP01(2018)126
https://arxiv.org/ct?url=http://dx.doi.org/10%252E1103/PhysRevD%252E94%252E084054&v=15305a4a


Analysis
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Stransverse mass in tt+ETmiss analysis ETmiss in mono-jet analysis

• Dataset: 36 fb-1 of pp collisions , √s = 13 TeV 
• tt+ ETmiss 

• 3 channels studied (0/1/2L) - 0L found to be the most sensitive 
• all hadronic top decays: b-jets, 0 leptons, high ETmiss - 3 signal regions 

• mono-jet 
• high pT jet + high ETmiss 

• Background + signal normalisation determined by a likelihood fit to data
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Limits on DE production
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• No signal excess ⇒ set upper limit on production cross-section for L1, L2

Upper limit on cross-section for L1 Upper limit on cross-section for L2
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INTERPRETATION
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Validity of EFT model
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valid

g*M

• EFT approximation valid when momentum transfer not enough to resolve 
the interaction: Qtr ≪ M 

• In practice use

g★ : effective coupling related to UV completion of EFT (g★ < 4π) 
M : lower limit on EFT suppression scale 

Momentum transfer

• UV completion unknown ⇒ use 
partonic c.o.m. energy 

• Scan g★ and evaluate R: fraction 
of events that satisfy validity 
criterion  

• Rescale limit using (dim-8 
operators) 

Mresc = R1/8M
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Exclusion limit vs coupling for L1 Exclusion limit vs coupling for L2

No sensitivity yet to weakly 
coupled models for L1: 

• very high momentum transfers 
due to high top mass 

• should improve with higher 
data/more sensitive search

Sensitivity extends to lower 
couplings for L2: 

• higher limit 
• lower momentum transfers 

wrt tt+ETmiss



Comparison with other experiments
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• Disformal coupling analysis already performed for non-collider probes [9] 
• supernovae, atom spectroscopy, fifth force experiments 

• Momentum transfers in these processes are small so we can assume that 
EFT limit is completely valid and compare the limits:

➡Colliders several orders of magnitude more sensitive to disformal couplings!

own compilation 
based on [9[



NEXT STEPS



Things for the future
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•optimise search strategy (e.g. adding dedicated selections) 
•probe more final states ⇒ stronger constraints / enlarged EFT validity

Brax et al., Phys. Rev. D 94, 084054 (2016)

Effect of additional operators
•more operators:  

• additional operators can alter ETmiss 
shape 

• complementary with non-collider 
searches? 

• theorists:  
- any signatures that we are missing? 
- translate constraints into specific 

benchmark models (?) 
- simplified UV models (?)

https://arxiv.org/ct?url=http://dx.doi.org/10%252E1103/PhysRevD%252E94%252E084054&v=15305a4a


THE HIGGS CONNECTION



Why final states with Higgs bosons are interesting
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• High mass ⇒ enhanced conformal coupling 

• Scalar - might play special role in 
cosmology (Higgs potential) [15] 

• Smoking gun signal for electroweak 
baryogenesis (Higgs potential) [16] 

• New particle - portal to hidden sector  
• Rich phenomenology in terms of DM/DE 

models [17]

One final state with many interpretations: 
Higgs + MET  (Z→νν, DM, DE)

Higgs portal

EW baryogenesis

Higgs + DM/DE



Colliders

Table-top 

experiments

Cosmology/ 

Astrophysics

Dark Energy might be more than 1 particle or more than 1 effect 
or even something completely unexpected 

The best approach to understand it is to have multiple approaches…

Y

X

✓ strong motivation for DE search @ colliders 
✓ first time experimental collaboration sets limits on DE using collider data 
✓ colliders more sensitive than other experiments for certain couplings

Final words
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Shift symmetric models [4]
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• Nearly massless field needed for cosmic acceleration 
• model with complex scalar field Φ with global U(1) symmetry 
• Goldstone mode φ below symmetry breaking scale f  (φ plays role of DE)

• Residual symmetry in the broken phase ⇒ shift symmetry 
• forbids Yukawa interactions of DE field with SM matter
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Event selection
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Iterative limit rescaling
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Example for L2 with g★=4
Min Qtrmax(i) Qtrmax(i-1) Ri Mout

1263 5052 13000 0.83 1234
1234 4937 5052 0.98 1231
1231 4924 4937 1 1231

• Taken from ATL-PHYS-PUB-2014-007 
• Start with nominal expected limit assuming 100% validity 
• Until Ri = 1 or 0 

• Calculate Qtrmax(i) = 4πMin(i) = 4π Mout(i-1) 
• Calculate Ri = N(Qtr< Qtrmax(i))/N(Qtr < Qtrmax(i-1)) 
• Evaluate Mout(i) = Rtot1/8 · Min(i) 

• Determine Mresc = (ΠRi)1/8 · Min

http://cds.cern.ch/record/1708859/files/ATL-COM-PHYS-2014-549.pdf
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Limits on disformal coupling from other sources

Brax, Burrage, Phys. Rev. D 90, 104009 (2014)

https://arxiv.org/ct?url=http://dx.doi.org/10%252E1103/PhysRevD%252E90%252E104009&v=56041d64
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Comparing limits

Burrage, Sakstein JCAP 11 (2016) 045
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• plot here shows constraints on 
chameleons:
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• does it make sense to have 
something similar for M1, M2 
including collider and non-collider 
experiments?

https://arxiv.org/ct?url=http://dx.doi.org/10%252E1088/1475-7516/2016/11/045&v=036adff5

