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Highlights:
● We perform a joint estimate of CMB 

lensing bandpowers and unlensed EE 
bandpowers using MUSE†.

● With signals only from CMB polarization, 
we are able to achieve constraints on H0 
and S8 comparable to Planck results.

● Assuming LCDM, SPT results are 
consistent with Planck and ACT.

● Our analysis observes weak preference of 
an excess lensing power relative to LCDM 
prediction.

● We also detect >3σ effects from non-linear 
evolution in CMB lensing.
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Polarization only*

† Likelihoods can be found at 
   https://pole.uchicago.edu/public/data/ge25/index.html *ACT lensing is from polarization-only signal 

and has no calibration uncertainty..

https://pole.uchicago.edu/public/data/ge25/index.html


The South Pole Telescope (SPT)

Photo: Aman Chokshi, SPT winterover4

3 bands:      95, 150, 220 GHz
Resolution: 1.6, 1.2,  1.0  armin

SPT-SZ (2007)
~1,000 detectors

SPT-pol (2012)
~1,500 detectors

SPT-3G (2017)
~16,000 detectors

CMB-S4 depths on ~3.5% of the full sky



Marginal Unbiased Score Expansion (MUSE)
● A Bayesian method jointly estimates 

○ the CMB lensing potential bandpowers 
○ unlensed EE bandpowers
○ systematic parameters.

● A map-level inference effectively uses all N-point statistics

(Millea & Seljak 2022)
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Observed CMB maps

https://arxiv.org/abs/2112.09354
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Observed CMB maps

Unlensed CMB polarization maps

Lensing potential (ϕ) map

https://arxiv.org/abs/2112.09354


7

Marginal Unbiased Score Expansion (MUSE)(Millea & Seljak 2022)

● MUSE equations to get bandpower estimate 

https://arxiv.org/abs/2112.09354
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Marginal Unbiased Score Expansion (MUSE)(Millea & Seljak 2022)

● MUSE equations to get bandpower estimate 

Observed CMB Maps/
Mock CMB Maps

Simulated CMB Maps 
via the simulation model

https://arxiv.org/abs/2112.09354
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Marginal Unbiased Score Expansion (MUSE)(Millea & Seljak 2022)

● MUSE equations to get bandpower estimate 

Accurate simulation 
model is the key to get 
unbiased bandpower 
estimates from MUSE.

https://arxiv.org/abs/2112.09354


Validation Test – bandpowers on mocks

*All means joint analysis of 95+150+220 GHz.
*Colored lines show mean bandpowers over 100 mock sims.
*Gray bands show 1σ and 2σ error of 95+150+220 results. 10

● No bias on the mean bandpowers estimated on a set of 100 mocks larger than 3σ.
● The scatter of mean bandpowers are within 10% of the statistical uncertainty.
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*reconstruction procedure imprints complex anisotropic filtering on these images
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*reconstruction procedure imprints complex anisotropic filtering on these images
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Results – bandpowers
● LCDM model fits SPT data well and in agreement with Planck.
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Results – bandpowers
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Results – H0* 

5.4σ

6.2σ

*Assuming LCDM model
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Results – S8*

*Assuming LCDM model
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Results – amplitude of nonlinear structure growth

● Our results yields 3σ detection of non-linear structure growth in CMB lensing
● The A_mod from CMB lensing is consistent with 1 within 1.5σ.

*DES-Y3+KiDS is from Preston et al 2023

https://arxiv.org/pdf/2305.09827
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Results – amplitude of nonlinear structure growth
● If the solution to S8 tension is due to unknown physics of non-linear structure 

growth, our result suggests it to happen at a later time or at smaller scales.



Negative neutrino mass?

(Craig et al 2405.00836)

● Negative neutrino mass is found when the CMB lensing power spectrum is 
rescaled based on neutrino mass.

https://arxiv.org/abs/2405.00836
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Results – excess lensing power

● A_2pt scales the LCDM lensing 
power used to compute lensed 
TT/TE/EE spectra

● A_recon scales the LCDM lensing 
power used to predict 
reconstructed lensing power

● SPT result shows the mild excess lensing power relative to LCDM prediction 
when using Planck Plik PR3 likelihood.



Joint ACT+Planck+SPT Lensing Analysis

Frank Qu
KIPAC(2504.20038)

See also Frank’s talk on Friday for more 
cosmological constraints with APS lensing.

● The joint lensing likelihood produces a measurement of the CMB lensing 
amplitude with a SNR at 61 sigma. 

https://arxiv.org/abs/2504.20038
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Results – excess lensing power

● A_2pt scales the LCDM lensing 
power used to compute lensed 
TT/TE/EE spectra

● A_recon scales the LCDM lensing 
power used to predict 
reconstructed lensing power

*BAO refers to data before DESI DR2.

● Mild excess lensing power relative to LCDM prediction persists with updated 
primary CMB and BAO data.



Results – constraints on LCDM extensions

*ACT refers to ACT DR4 T&E + ACT DR6 lensing.
*BAO refers to data before DESI DR2.
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Summary
● Using MUSE method for optimal inference, this analysis yields the most precise 

measurement of ϕϕ at L>350 and EE at ℓ>2200 from SPT-3G polarization maps.

● The SPT results using polarization signal are comparable to Planck at H0 and S8.

● Assuming LCDM, SPT results are consistent with Planck and ACT, passing a 
powerful test of the standard cosmological model.

● SPT results also shows the mild excess lensing power relative to LCDM prediction.

● We first see >3σ detection of non-linear structure growth in CMB lensing, and 
consistent with A_mod=1.

● For the LCDM extension models, we find no preference for significant deviations of 
the standard cosmology values using Planck, ACT and SPT data.

● Soon-to-come SPT likelihood release with 2019/20 Main TT/TE/EE results will 
provide powerful tests on LCDM model.



Backup Slides
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Validation Test – data test
● Good overall agreement between bandpowers from single frequency results.
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Post-Unblinding Changes
● Polarized Beam models

○ The sidelobes are only partially polarized.

● The impact is mainly on inferred EE bandpowers and shifts in ωb and ns.
sidelobes



Excess lensing power
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● A_2pt scales the LCDM lensing power used to compute lensed TT/TE/EE spectra
● A_recon scales the LCDM lensing power used to predict reconstructed lensing 

power



Excess lensing power
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● A_2pt scales the LCDM lensing power used to compute lensed TT/TE/EE spectra
● A_recon scales the LCDM lensing power used to predict reconstructed lensing 

power
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Results – excess lensing power



Survey Area [deg^2] Year Coadd Noise [muK-arcmin]

Main 1500
2019-2020 3.3

2019-2023, 2025-2026 1.6

Summer 2600 2019-2023 6.5

Wide 6000 2019-2024 8.8

Other SPT-3G Surveys


