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ΛCDM Cosmology
• Expanding, flat universe that began in a hot, dense state
• Dominated by dark energy and dark matter

• ΛCDM model describes our universe incredibly well… BUT it 
leaves many fundamental questions unanswered
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The Cosmic Microwave Background 
(CMB) is the afterglow of the Big Bang

• Formed ~400,000 years after the Big Bangà oldest 
light in the universe

1. Snapshot of the early universe
• Picture of the earliest moments in the universe
• ~10 trillion times the energies of particle accelerators

2. Backlight to the formation and evolution of structure 
in the universe (galaxies, galaxy clusters, etc.)

• Information about dark matter, dark energy, information 
about particles and their interactions, astrophysics
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The CMB answers fundamental questions 

• CMB can measure the energy scale of inflation (r)
• One of the few ways to probe early universe ~10-36 s after its beginning



Inflation is currently the leading theory of 
the early universe

• Universe underwent exponential expansion 
shortly after its beginning

• Offers explanations for several unexplained 
phenomena

• Flatness and uniformity of the universe
• Source of structure in the universe

• If inflation occurred, it would have left a 
signature pattern in the CMB polarization

• “B-mode” polarization
• Size of this signal would directly measure the energy 

scale of inflation
• One of the few ways to probe early universe ~10-36 s 

after its beginning
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The CMB answers fundamental questions 

• CMB can measure the energy scale of inflation (r)
• One of the few ways to probe early universe ~10-36 s after its beginning

• CMB measures the number of relativistic species (Neff)
• Constrain/probe theories that predict new light particles



Particles Beyond the Standard Model 
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�Neff � 0.047
<latexit sha1_base64="TNMZVhEprfLA9cvNr2N2zvF8K6U=">AAACAXicdVDJSgNBEO1xjXGLehG8NAbBU+iRxExuQT14kghmgUwIPZ2apEnPQnePEIZ48Ve8eFDEq3/hzb+xswgq+qDg8V4VVfW8WHClCfmwFhaXlldWM2vZ9Y3Nre3czm5DRYlkUGeRiGTLowoED6GuuRbQiiXQwBPQ9IbnE795C1LxKLzRoxg6Ae2H3OeMaiN1c/vuBQhN8VU3Bd8fY7cPmBRIsdzN5UmhUiQVxzZC5bREnN KUFEsOwXaBTJFHc9S6uXe3F7EkgFAzQZVq2yTWnZRKzZmAcdZNFMSUDWkf2oaGNADVSacfjPGRUXrYj6SpUOOp+n0ipYFSo8AznQHVA/Xbm4h/ee1E+04n5WGcaAjZbJGfCKwjPIkD97gEpsXIEMokN7diNqCSMm1Cy5oQvj7F/5PGScE2/LqYr57N48igA3SIjpGNyqiKLlEN1RFDd+gBPaFn6956tF6s11nrgjWf2UM/YL19AnH2lZg=</latexit><latexit sha1_base64="TNMZVhEprfLA9cvNr2N2zvF8K6U=">AAACAXicdVDJSgNBEO1xjXGLehG8NAbBU+iRxExuQT14kghmgUwIPZ2apEnPQnePEIZ48Ve8eFDEq3/hzb+xswgq+qDg8V4VVfW8WHClCfmwFhaXlldWM2vZ9Y3Nre3czm5DRYlkUGeRiGTLowoED6GuuRbQiiXQwBPQ9IbnE795C1LxKLzRoxg6Ae2H3OeMaiN1c/vuBQhN8VU3Bd8fY7cPmBRIsdzN5UmhUiQVxzZC5bREnN KUFEsOwXaBTJFHc9S6uXe3F7EkgFAzQZVq2yTWnZRKzZmAcdZNFMSUDWkf2oaGNADVSacfjPGRUXrYj6SpUOOp+n0ipYFSo8AznQHVA/Xbm4h/ee1E+04n5WGcaAjZbJGfCKwjPIkD97gEpsXIEMokN7diNqCSMm1Cy5oQvj7F/5PGScE2/LqYr57N48igA3SIjpGNyqiKLlEN1RFDd+gBPaFn6956tF6s11nrgjWf2UM/YL19AnH2lZg=</latexit><latexit sha1_base64="TNMZVhEprfLA9cvNr2N2zvF8K6U=">AAACAXicdVDJSgNBEO1xjXGLehG8NAbBU+iRxExuQT14kghmgUwIPZ2apEnPQnePEIZ48Ve8eFDEq3/hzb+xswgq+qDg8V4VVfW8WHClCfmwFhaXlldWM2vZ9Y3Nre3czm5DRYlkUGeRiGTLowoED6GuuRbQiiXQwBPQ9IbnE795C1LxKLzRoxg6Ae2H3OeMaiN1c/vuBQhN8VU3Bd8fY7cPmBRIsdzN5UmhUiQVxzZC5bREnN KUFEsOwXaBTJFHc9S6uXe3F7EkgFAzQZVq2yTWnZRKzZmAcdZNFMSUDWkf2oaGNADVSacfjPGRUXrYj6SpUOOp+n0ipYFSo8AznQHVA/Xbm4h/ee1E+04n5WGcaAjZbJGfCKwjPIkD97gEpsXIEMokN7diNqCSMm1Cy5oQvj7F/5PGScE2/LqYr57N48igA3SIjpGNyqiKLlEN1RFDd+gBPaFn6956tF6s11nrgjWf2UM/YL19AnH2lZg=</latexit><latexit sha1_base64="TNMZVhEprfLA9cvNr2N2zvF8K6U=">AAACAXicdVDJSgNBEO1xjXGLehG8NAbBU+iRxExuQT14kghmgUwIPZ2apEnPQnePEIZ48Ve8eFDEq3/hzb+xswgq+qDg8V4VVfW8WHClCfmwFhaXlldWM2vZ9Y3Nre3czm5DRYlkUGeRiGTLowoED6GuuRbQiiXQwBPQ9IbnE795C1LxKLzRoxg6Ae2H3OeMaiN1c/vuBQhN8VU3Bd8fY7cPmBRIsdzN5UmhUiQVxzZC5bREnN KUFEsOwXaBTJFHc9S6uXe3F7EkgFAzQZVq2yTWnZRKzZmAcdZNFMSUDWkf2oaGNADVSacfjPGRUXrYj6SpUOOp+n0ipYFSo8AznQHVA/Xbm4h/ee1E+04n5WGcaAjZbJGfCKwjPIkD97gEpsXIEMokN7diNqCSMm1Cy5oQvj7F/5PGScE2/LqYr57N48igA3SIjpGNyqiKLlEN1RFDd+gBPaFn6956tF6s11nrgjWf2UM/YL19AnH2lZg=</latexit>

�Neff � 0.027
<latexit sha1_base64="KF4KlhypO1EcufKZ6WXw42LroGU=">AAACAXicdVDJSgNBEO2JW4zbqBfBS2MQPIWekJjkFtSDJ4lgFkhC6OnUJE16Frp7hDDEi7/ixYMiXv0Lb/6NnUVQ0QcFj/eqqKrnRoIrTciHlVpaXlldS69nNja3tnfs3b2GCmPJoM5CEcqWSxUIHkBdcy2gFUmgviug6Y7Op37zFqTiYXCjxxF0fToIuMcZ1Ubq2QedCxCa4qteAp43wZ0BYJIj+VLPzpJcpUAqZccIldMiKR dnpFAsE+zkyAxZtECtZ793+iGLfQg0E1SptkMi3U2o1JwJmGQ6sYKIshEdQNvQgPqgusnsgwk+Nkofe6E0FWg8U79PJNRXauy7ptOneqh+e1PxL68da6/cTXgQxRoCNl/kxQLrEE/jwH0ugWkxNoQyyc2tmA2ppEyb0DImhK9P8f+kkc85hl8XstWzRRxpdIiO0AlyUAlV0SWqoTpi6A49oCf0bN1bj9aL9TpvTVmLmX30A9bbJ27slZY=</latexit><latexit sha1_base64="KF4KlhypO1EcufKZ6WXw42LroGU=">AAACAXicdVDJSgNBEO2JW4zbqBfBS2MQPIWekJjkFtSDJ4lgFkhC6OnUJE16Frp7hDDEi7/ixYMiXv0Lb/6NnUVQ0QcFj/eqqKrnRoIrTciHlVpaXlldS69nNja3tnfs3b2GCmPJoM5CEcqWSxUIHkBdcy2gFUmgviug6Y7Op37zFqTiYXCjxxF0fToIuMcZ1Ubq2QedCxCa4qteAp43wZ0BYJIj+VLPzpJcpUAqZccIldMiKR dnpFAsE+zkyAxZtECtZ793+iGLfQg0E1SptkMi3U2o1JwJmGQ6sYKIshEdQNvQgPqgusnsgwk+Nkofe6E0FWg8U79PJNRXauy7ptOneqh+e1PxL68da6/cTXgQxRoCNl/kxQLrEE/jwH0ugWkxNoQyyc2tmA2ppEyb0DImhK9P8f+kkc85hl8XstWzRRxpdIiO0AlyUAlV0SWqoTpi6A49oCf0bN1bj9aL9TpvTVmLmX30A9bbJ27slZY=</latexit><latexit sha1_base64="KF4KlhypO1EcufKZ6WXw42LroGU=">AAACAXicdVDJSgNBEO2JW4zbqBfBS2MQPIWekJjkFtSDJ4lgFkhC6OnUJE16Frp7hDDEi7/ixYMiXv0Lb/6NnUVQ0QcFj/eqqKrnRoIrTciHlVpaXlldS69nNja3tnfs3b2GCmPJoM5CEcqWSxUIHkBdcy2gFUmgviug6Y7Op37zFqTiYXCjxxF0fToIuMcZ1Ubq2QedCxCa4qteAp43wZ0BYJIj+VLPzpJcpUAqZccIldMiKR dnpFAsE+zkyAxZtECtZ793+iGLfQg0E1SptkMi3U2o1JwJmGQ6sYKIshEdQNvQgPqgusnsgwk+Nkofe6E0FWg8U79PJNRXauy7ptOneqh+e1PxL68da6/cTXgQxRoCNl/kxQLrEE/jwH0ugWkxNoQyyc2tmA2ppEyb0DImhK9P8f+kkc85hl8XstWzRRxpdIiO0AlyUAlV0SWqoTpi6A49oCf0bN1bj9aL9TpvTVmLmX30A9bbJ27slZY=</latexit><latexit sha1_base64="KF4KlhypO1EcufKZ6WXw42LroGU=">AAACAXicdVDJSgNBEO2JW4zbqBfBS2MQPIWekJjkFtSDJ4lgFkhC6OnUJE16Frp7hDDEi7/ixYMiXv0Lb/6NnUVQ0QcFj/eqqKrnRoIrTciHlVpaXlldS69nNja3tnfs3b2GCmPJoM5CEcqWSxUIHkBdcy2gFUmgviug6Y7Op37zFqTiYXCjxxF0fToIuMcZ1Ubq2QedCxCa4qteAp43wZ0BYJIj+VLPzpJcpUAqZccIldMiKR dnpFAsE+zkyAxZtECtZ793+iGLfQg0E1SptkMi3U2o1JwJmGQ6sYKIshEdQNvQgPqgusnsgwk+Nkofe6E0FWg8U79PJNRXauy7ptOneqh+e1PxL68da6/cTXgQxRoCNl/kxQLrEE/jwH0ugWkxNoQyyc2tmA2ppEyb0DImhK9P8f+kkc85hl8XstWzRRxpdIiO0AlyUAlV0SWqoTpi6A49oCf0bN1bj9aL9TpvTVmLmX30A9bbJ27slZY=</latexit>

Neff = 3.046
<latexit sha1_base64="vj5tjUvyMbjtgRNzwiiZXUAnkOI=">AAAB+HicdZDLSgMxFIYz9VbrpaMu3QSL4KpkdFqnC6HoxpVUsLXQDkMmzbShmQtJRqhDn8SNC0Xc+ijufBvTaQUV/SHw8Z9zOCe/n3AmFUIfRmFpeWV1rbhe2tjc2i6bO7sdGaeC0DaJeSy6PpaUs4i2FVOcdhNBcehzeuuPL2b12zsqJIujGzVJqBviYcQCRrDSlmeWr7yMBsEUnsGTKrLrnllB1YaNGo4FNdRryKnlYNccBK0qylUBC7U8870/iEka0kgRjqXsWShRboaFYoTTaamfSppgMsZD2tMY4ZBKN8sPn8JD7QxgEAv9IgVz9/tEhkMpJ6GvO0OsRvJ3bWb+VeulKnDcjEVJqmhE5ouClEMVw1kKcMAEJYpPNGAimL4VkhEWmCidVUmH8PVT+D90jquW5mu70jxfxFEE++AAHAELnIImuAQt0AYEpOABPIFn4954NF6M13lrwVjM7IEfMt4+AeKOke8=</latexit><latexit sha1_base64="vj5tjUvyMbjtgRNzwiiZXUAnkOI=">AAAB+HicdZDLSgMxFIYz9VbrpaMu3QSL4KpkdFqnC6HoxpVUsLXQDkMmzbShmQtJRqhDn8SNC0Xc+ijufBvTaQUV/SHw8Z9zOCe/n3AmFUIfRmFpeWV1rbhe2tjc2i6bO7sdGaeC0DaJeSy6PpaUs4i2FVOcdhNBcehzeuuPL2b12zsqJIujGzVJqBviYcQCRrDSlmeWr7yMBsEUnsGTKrLrnllB1YaNGo4FNdRryKnlYNccBK0qylUBC7U8870/iEka0kgRjqXsWShRboaFYoTTaamfSppgMsZD2tMY4ZBKN8sPn8JD7QxgEAv9IgVz9/tEhkMpJ6GvO0OsRvJ3bWb+VeulKnDcjEVJqmhE5ouClEMVw1kKcMAEJYpPNGAimL4VkhEWmCidVUmH8PVT+D90jquW5mu70jxfxFEE++AAHAELnIImuAQt0AYEpOABPIFn4954NF6M13lrwVjM7IEfMt4+AeKOke8=</latexit><latexit sha1_base64="vj5tjUvyMbjtgRNzwiiZXUAnkOI=">AAAB+HicdZDLSgMxFIYz9VbrpaMu3QSL4KpkdFqnC6HoxpVUsLXQDkMmzbShmQtJRqhDn8SNC0Xc+ijufBvTaQUV/SHw8Z9zOCe/n3AmFUIfRmFpeWV1rbhe2tjc2i6bO7sdGaeC0DaJeSy6PpaUs4i2FVOcdhNBcehzeuuPL2b12zsqJIujGzVJqBviYcQCRrDSlmeWr7yMBsEUnsGTKrLrnllB1YaNGo4FNdRryKnlYNccBK0qylUBC7U8870/iEka0kgRjqXsWShRboaFYoTTaamfSppgMsZD2tMY4ZBKN8sPn8JD7QxgEAv9IgVz9/tEhkMpJ6GvO0OsRvJ3bWb+VeulKnDcjEVJqmhE5ouClEMVw1kKcMAEJYpPNGAimL4VkhEWmCidVUmH8PVT+D90jquW5mu70jxfxFEE++AAHAELnIImuAQt0AYEpOABPIFn4954NF6M13lrwVjM7IEfMt4+AeKOke8=</latexit><latexit sha1_base64="vj5tjUvyMbjtgRNzwiiZXUAnkOI=">AAAB+HicdZDLSgMxFIYz9VbrpaMu3QSL4KpkdFqnC6HoxpVUsLXQDkMmzbShmQtJRqhDn8SNC0Xc+ijufBvTaQUV/SHw8Z9zOCe/n3AmFUIfRmFpeWV1rbhe2tjc2i6bO7sdGaeC0DaJeSy6PpaUs4i2FVOcdhNBcehzeuuPL2b12zsqJIujGzVJqBviYcQCRrDSlmeWr7yMBsEUnsGTKrLrnllB1YaNGo4FNdRryKnlYNccBK0qylUBC7U8870/iEka0kgRjqXsWShRboaFYoTTaamfSppgMsZD2tMY4ZBKN8sPn8JD7QxgEAv9IgVz9/tEhkMpJ6GvO0OsRvJ3bWb+VeulKnDcjEVJqmhE5ouClEMVw1kKcMAEJYpPNGAimL4VkhEWmCidVUmH8PVT+D90jquW5mu70jxfxFEE++AAHAELnIImuAQt0AYEpOABPIFn4954NF6M13lrwVjM7IEfMt4+AeKOke8=</latexit>

Spin !" , 1, #"

Spin 0 �(Neff ) ⇠ 0.07
<latexit sha1_base64="GM7jTLzNtD5SeqNQV0neRqWTcBw=">AAACBXicdVDLSgMxFM3UV62vUZe6CBahboZMbW27K7pxJRXsA9pSMmmmDU1mhiQjlKEbN/6KGxeKuPUf3Pk3pg9BRQ9cODnnXnLv8SLOlEbow0otLa+srqXXMxubW9s79u5eQ4WxJLROQh7KlocV5Sygdc00p61IUiw8Tpve6GLqN2+pVCwMbvQ4ol2BBwHzGcHaSD37sKPYQGCYg1e9hPr+BJ5AIwmIHFTq2VnkVAqoUnbNu3JWROXijBSKZQRdB82QBQvUevZ7px+SWNBAE46Varso0t0ES80Ip5NMJ1Y0wmSEB7RtaIAFVd1kdsUEHhulD/1Qmgo0nKnfJxIslBoLz3QKrIfqtzcV//LasfbL3YQFUaxpQOYf+TGHOoTTSGCfSUo0HxuCiWRmV0iGWGKiTXAZE8LXpfB/0sg77qmTvy5kq+eLONLgAByBHHBBCVTBJaiBOiDgDjyAJ/Bs3VuP1ov1Om9NWYuZffAD1tsnqy6WxQ==</latexit>

�(Neff ) ⇠ 0.027
<latexit sha1_base64="Gw7NkRiwuZsLQku6+yuz+xYdabU=">AAACBnicdZDLSgMxFIYz9VbrbdSlCMEi1M2Qqa1td0U3rqSCvUBbSibNtKHJzJBkhDJ05cZXceNCEbc+gzvfxvQiqOgPgZ/vnMPJ+b2IM6UR+rBSS8srq2vp9czG5tb2jr2711BhLAmtk5CHsuVhRTkLaF0zzWkrkhQLj9OmN7qY1pu3VCoWBjd6HNGuwIOA+YxgbVDPPuwoNhAY5uBVL6G+P4En0CABkYPypZ6dRU6lgCpl14DKWRGVizNTKJYRdB00UxYsVOvZ751+SGJBA004Vqrtokh3Eyw1I5xOMp1Y0QiTER7QtrEBFlR1k9kZE3hsSB/6oTQv0HBGv08kWCg1Fp7pFFgP1e/aFP5Va8faL3cTFkSxpgGZL/JjDnUIp5nAPpOUaD42BhPJzF8hGWKJiTbJZUwIX5fC/00j77inTv66kK2eL+JIgwNwBHLABSVQBZegBuqAgDvwAJ7As3VvPVov1uu8NWUtZvbBD1lvnyTXlwE=</latexit>

�(Neff ) ⇠ 0.2
<latexit sha1_base64="sLcrwZ6pOXY2AtkvFliJXIqUxZ4=">AAACBHicdVDLTgIxFO3gC/GFumTTSExwM+kgKOyIblwZTARMYEI6pQMN7cyk7ZiQCQs3/oobFxrj1o9w599YBkzU6ElucnrOvem9x4s4UxqhDyuztLyyupZdz21sbm3v5Hf32iqMJaEtEvJQ3nhYUc4C2tJMc3oTSYqFx2nHG5/P/M4tlYqFwbWeRNQVeBgwnxGsjdTPF3qKDQWGJXjZT6jvT+ERNJKAyC7380Vk1yuoXnPMs35SRbVqSirVGoKOjVIUwQLNfv69NwhJLGigCcdKdR0UaTfBUjPC6TTXixWNMBnjIe0aGmBBlZukR0zhoVEG0A+lqUDDVP0+kWCh1ER4plNgPVK/vZn4l9eNtV9zExZEsaYBmX/kxxzqEM4SgQMmKdF8YggmkpldIRlhiYk2ueVMCF+Xwv9Ju2w7x3b5qlJsnC3iyIICOAAl4IBT0AAXoAlagIA78ACewLN1bz1aL9brvDVjLWb2wQ9Yb58tPJaG</latexit>

Planck (current):

Simons Observatory:

CMB-S4:

• Relativistic particles contribute to the radiation density of the 
universe

• Changes in radiation density change the expansion rate and 
primordial oscillations à change characteristics of the 
temperature and polarization of the CMB

• Standard Model: 
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The CMB answers fundamental questions 

• CMB can measure the energy scale of inflation (r)
• One of the few ways to probe early universe ~10-36 s after its beginning

• CMB measures the number of relativistic species (Neff)
• Constrain/probe theories that predict new light particles

• CMB measures the sum of the neutrino masses (∑mν)
• Compliment to neutrino oscillation experiments that measure Δmij

2
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• CMB constrains dark matter and dark energy through the 
growth of structure (!8), the expansion rate (H0), and the 
amounts of dark matter and dark energy

• Extremely accurate probe of these mysterious dark components
• Highly complementary to supernovae and large-scale structure studies
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CMB as a Backlight

• Photons from the CMB are gravitationally deflected by structure

• Can reconstruct maps of the dark matter distribution

• Lensing probes the growth of structure à
dark energy, ∑mν

• Need improved
temperature + polarization
measurements on small
angular scales across 
large areas of the sky

Planck Collaboration
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• Photons from the CMB are gravitationally deflected by structure

• Can reconstruct maps of the dark matter distribution

• Lensing probes the growth of structure à
dark energy, ∑mν

• Need improved
temperature + polarization
measurements on small
angular scales across 
large areas of the sky

CMB as a Backlight



Galaxy Clusters

• Galaxy clusters are largest structures in the universe à
formation is highly sensitive to effects of dark matter 
and dark energy
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Hubble Chandra

Optical X-ray



CMB as a backlight to galaxy clusters

• CMB photons collide with high energy gas in galaxy 
clustersà Boosts their energy (increases their frequency)

• Signal does not dim with distance à picture of evolution
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Measurement Challenges

• The amplitude of the 

inflationary signal is small à
Need high sensitivity

• Polarized foreground 

contamination from 

synchrotron and dust 

emission à Need wide 

frequency coverage

• Fluctuations in the 

unpolarized atmosphere, 

especially on large angular 

scales (ground-based) à
Need to lower atmospheric 

noise

The Simons Observatory Collaboration, 2018



Future Progress in CMB Science

• Progress is now driven by instrumental advancements

• Multichroic pixels à increased sensitivity and frequency coverage

• Polarization modulators à lower atmospheric noise

• Increased detector count à increased sensitivity

• Increased number of detectors/array

• Increased number of arrays
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Next Decade: More Detectors = More Sensitivity
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AdvACT
(Current)

Simons 
Observatory (~2023)

CMB-S4
(~2030)

~5000 detectors

~50,000 detectors ~500,000 detectors



Science Forecasts

Parameter Current 
Best

SO 
Baseline

CMB-S4 
Baseline

Method

!(r) 0.03 0.003 0.0005 BB + ext delens

!(Neff) 0.2 0.07 0.027 TT/TE/EE + ""
!(∑mν) 0.1 eV 0.04 eV 0.015 eV "" + DESI-BAO

!(H0) 0.5 0.4 0.24 TT/TE/EE + ""
!(!8) (%) 7% 2% 0.1% "" + LSST-LSS 

+ DESI-BAO
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The Simons Observatory Collaboration, 2018
The CMB-S4 Collaboration, 2016

Plus:
SO: 20,000+ galaxy clusters
CMB-S4: 100,000+ galaxy clusters



CMB-S4
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• CMB-S4 is a joint project between 
the DOE and NSF

• CMB-S4 Collaboration has 317+ 
members from 96 institutions 
(universities + national labs); 16 
countries



08/03/21 Sara M. Simon 19

• 100 mK Detector Module 
Assembly and Testing

• Microwave coupling
• Module design and assembly
• Module characterization
• >2024: Mass production and 

testing of modules

• Detector group leadership 
and project leadership

• Data simulation + Site 
computing infrastructure

• Cryostat design and 
commissioning receiver for 
high resolution telescopes

• Calibration for inflationary 
signal telescopes

Fermilab Roles on CMB-S4
RF coupling

100mK Detector
Module

R&D Dilution Fridge
(DR) test cryostat



Beyond CMB-S4

• CMB-S4 will nominally operate until ~2037

• Data analysis will be richà inform new directions

• Many opportunities for combining with surveys at 
other wavelengths

• Large millimeter surveys of the sky à much 
like optical (LSST)

• More sensitivity à time + detectors

• Opportunities for combining data sets + multi-
messenger astronomy (especially with transient 
sources)

• Higher resolution: ~arcminute to ~few arcsec 
(e.g. TolTEC, CMB-HD)

• Improved measurements and constraints of core 
CMB science

• Detailed galaxy cluster measurementsà resolve 
substructure

• Higher resolution transient detections
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Summary

• The next generation of CMB observations are poised to 
make tremendous discoveries

• r : Observe gravity operating on quantum scales
• Neff : Probe for particles beyond the standard model
• ∑mν : Constrain the masses of neutrinos
• New insights into dark energy, dark matter, structure formation

• CMB-S4 will be on the forefront of these next-
generation observations
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