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Measuring CMB Lensing

Lensing induces mode coupling

Smidt et al. 2009

1.) Smooths CMB power spectrum        

(2-pt function)

2.) Creates non-zero CMB 4-pt function

hT (l+ L)T ⇤(l)iCMB / �(L)

�̂(L) /
Z

l
T (l+ L)T ⇤(l)⇥ filter
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L /

Z
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All quadrilaterals whose diagonal has length L
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Measurements of CMB Lensing 
on Large Scales
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Blanchard & Schneider 1987
(first idea of detectability)

Zaldarriaga & Seljak 1997
(first lensing estimators)

Hu 2001
Hu & Okamoto 2002

(optimal lensing estimators)

Smith, Zahn, Dore 2007
(first indirect detection)

Das et al. 2011 - ACT
(first direct detection)

van Engelen et al. 2012 - SPT
(second direct detection)

Planck Collaboration 2018
(detection with S/N = 40)

ACT Collaboration 2024
(detection with S/N = 43)

Planck 2018 Results 
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Cosmological Parameters 
from Planck 2018 Results

6 parameters fit to the CMB power 
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Data Release 6: S8 constraint (2024)

Power of CMB Lensing

Madhavacheril, Qu, Sherwin, MacCrann et al., ApJ, (2024), 2304.05203
Qu, Sherwin, Madhavacheril, Han et al., ApJ (2024), 2304.05202

I co-lead the ACT lensing working group
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Power
Control Vehicles

•	Merger	of	ACT	and	Polarbear/Simons	Array	teams

•	Privately	funded	by	Simons	Founda<on	and	
Heising-Simons	Founda<on	for	$150	million,	plus	
addi<onal	$50	million	from	NSF

•	First	light	in	2024
•	I	co-lead	the	CMB	
lensing	working	
group	for	the	Simons	
Observatory		-	the	
main	science	of		this	
group	is	to	measure	
the	mass	of	the	
neutrinos
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Neutrinos Have Mass

Neelima Sehgal, Stony Brook
Intensity Frontier Report (1205.2671)

= 2.5⇥ 10�3eV2

= 7.6⇥ 10�5eV2

=)
X

⌫

m⌫ � 60 meV
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Larger neutrino mass      less cold dark matter 
less dark matter structure 

Energy Density in the Universe

Copyright © 2013 wordlessTech



CMB Lensing Power Spectrum 
Sensitive to Neutrino Mass

Figure credit:  Alexander van Engelen

Neelima Sehgal, Stony Brook
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Near Future of CMB: CMB-S4

Slide credit: Jeff McMahon



P5 Report - U.S. Particle Physics Roadmap



CMB is the highest P5 priority
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P5 20-Year Vision for Cosmology

CMB-HD is the only 
high-resolution 

CMB concept that 
currently exists 
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Each telescope holds 800,000 detectors (200,000 pixels);              

Survey is over half the sky;  Survey duration = 7.5 years

Cost = 1 billion dollars (but could be much cheaper and easier to build with MKIDS) 

PI: Neelima Sehgal

MKIDS are easier to fabricate, readout, and multiplex than traditional TES bolometers



Motivation of CMB-HD
Rich Science from CMB-HD:                              
Dark Matter Properties from Small-Scale

     Matter Power Spectrum                
Number of Relativistic Species  
Delensing for Primordial Gravitational Waves 
Primordial Non-Gausianity

Inflationary Magnetic Fields 

Neutrino Mass                                                                                 
Dark Energy 
Galaxy Cluster Astrophysics                                                                                   
Galaxy Formation                            
Reionization                                                       
Solar and Extrasolar Planetary Studies                                       

Synergy with Optical Lensing Surveys        
Mapping the Transient Sky                                                  
Novel Ideas and Searches for New Physics

{
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I originated the concept 
of CMB-HD in 2018 
during my sabbatical

The concept was 
submitted to the 

Astro2020 decadal in 
2019 and 

Snowmass2021 in 2022: 
both highly ranked CMB 

Currently the CMB-HD 
collaboration has 65 
members and there 
are over 100 papers 
from the community 
discussing science 

from CMB-HD
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• Minimum change to Neff from 
any new light (< 0.1 eV) 
species in thermal equilibrium 
with standard model particles 
is 0.027

• CMB-HD can probe the 
existence of any new light 
particles back to about 10-30 
seconds after the Big Bang 
(assuming no significant dilution by 
other new particles beyond the 
standard model particle content)

Science Motivation: Light Relics

• Combining CMB-HD 
measurement with 3D large-
scale structure probes such as 
Spec-S5 can yield �(Ne↵) ⇡ 0.01
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• Key inflationary magnetic field (IMF) target:                                                           
σ(BSI) = 0.036 nG

• Can detect inflationary IMFs at about 3σ

• Constraint from anisotropic 
birefringence; IMF signal is frequency 
dependent

• Key primordial non-Gaussianity target: 
σ( f local

NL ) = 0.26

• Can detect or exclude  at 4f local
NL = 1 σ

• Achieved with combination of CMB-HD 
and Rubin Obs; limited by Rubin Obs, 
so can improve with future LSS surveys

Science Motivation: Inflation

Snowmass2021 CMB-HD White Paper: 2203.05728

Mandal & Sehgal, PRD, (2022), 2201.02204



Science Motivation: Dark Matter



Science Motivation: Dark Matter
Extreme CMB lensing measurements to probe the nature of 
dark matter; unique to CMB-HD

From MacInnis & Sehgal (2024), arXiv:2405.12220
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• Dark Energy: σ(w) = 0.005

• Sub-percent precision 
on dark energy equation 
of state

• Neutrino mass: 
 σ(∑ mν) = 13 meV

• Almost 5  detection of 
neutrino mass possible 
with just Planck  prior in 
minimal mass case

σ

τ
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From MacInnis et al, PRD, (2024), 2309.03021
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• Website: https://cmb-hd.org


• Collaboration about 65 scientists so far (open membership)


• Snowmass2021 CMB Measurements White Paper (2203.07638)


• Snowmass2021 CMB-HD White Paper (2203.05728)


• Astro2020 CMB-HD RFI (2002.12714)


• Astro2020 CMB-HD APC (1906.10134)


• Astro2020 Science White Paper (1903.03263)

More information

https://cmb-hd.org
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• Future of CMB is very bright in next decades

• CMB-HD will be a big leap beyond precursor ground-
based CMB surveys in terms of resolution and noise

• Will open a new regime of millimeter-wave science

• Compelling fundamental physics: dark matter, light 
relics, inflation, ….

• Compelling astrophysics: planetary studies, galaxy 
evolution, transient sky, …

• Hopefully on-sky in next decade 

Summary


