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Abstract:

The cosmic microwave background (CMB) serves as a unique backlight for tracing the growth of cosmic structures. By
measuring arc-minute-scale deflections experienced by CMB photons due to gravitational lensing, we can map matter
distributions at high redshifts. This lensing signal provides a powerful probe of fundamental physics, including the sum of
neutrino masses, and enables critical tests of the standard cosmological model, particularly in light of the persistent Ss tension
and the puzzling preference for negative neutrino masses emerging from recent cosmological data combinations.

In this talk, | will discuss how recent CMB lensing measurements have become one of our most robust probes for assessing
cosmological tensions, focusing on the joint ACT, SPT, and Planck lensing analysis that delivered one of the most precise
measurements of cosmic structure growth to date. | will also preview preliminary results from an upcoming updated analysis of
ACT's final data release (DR6+), and discuss how these measurements, together with the Simons Observatory, can play a
decisive role in probing new physics and resolving current cosmological tensions.
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Confronting cosmological

tensions through precision
CMB lensing

Frank J Qu KIPAC / NASA Hubble Fellow (incoming)
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Insights from the large-scale distribution of matter
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Is something wrong with large scale structure growth?
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Og or Sg tension

Direct low-z
measurements from
galaxy imaging surveys:
2-3 sigma low

CMB based predictions
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CMB: Planck CMB aniso.

CMB: Planck CMB aniso. (+Ajens Mmarg.)
CMB: WMAP+ACT CMB aniso.

WL: DES-Y3 galaxy lensing

WL: DES-Y3 3x2

WL: HSC-Y3 galaxy lensing (Real)
WL: HSC-Y3 galaxy lensing (Fourier)
WL: HSC-Y3 3x2

WL: KiDS-1000 galaxy lensing

WL: KiDS-1000 3x2

GC: BOSS EFT 2-pt + 3-pt

GC: eBOSS BAO+RSD

CX: SPT/Planck CMB lensing x DES
CX: Planck CMB lensing x DESI LRG
CX: Planck CMB lensing x unWISE
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Measuring the sum of the neutrino masses

Neutrinos affect structure growth: the more massive the
neutrinos, the more the small scale growth are suppressed.

h CMB + BAO
o - = CMB (A,) + BAO

N DESI DR2 + CMB

\ constraints without
b CMB lensing:

\ degraded

0.0 0.1 0.2 0.3

Probes approaching the 60meV lower limit using AdvACT, SPTPOL, SO, S4
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How to test for cosmological tensions 101

” “Direct og”

“Predicted, indirect oy |
1. Fit LCDM model to \ —— ‘& 1 Measure matter
CMB at z~-1100 = e = il . amplitude directly

2 Predict structure with lensing.

growth to z~1-2 2.Compare with

prediction

Assumptions:

* Standard GR

* Dominated by Cold
Dark Matter

* Constant Dark Energy
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Testing for tensions 101
Step 1: Pick your observable — CMB lensing deflections

r'ensed — 704 4+ V)
d=V¢

w4
Yo , ,
v Small arc minute deflections
e Coherent over degree scales

Ideal Source for lensing

. Known redshift origin

- CMB statistics are known very well

- Probing all the mass (dark matter)
distribution
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Testing for tensions 101
Step 2: Make the measurement — ACT DR6 lensing
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¢ ACT DR6 lensing data.
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18 + framework
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Qu, Sherwin ++ ACT ApJ 2304.05202
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Testing for tensions 101

Step 3: Contrast measurement with primary-CMB prediction
%1070

1.21

—— Planck 2018 CMB aniso. ACDM prediction
‘ ¢  ACT DR6 lensing data

e Exccllent agreement of our
measurement (with no free
parameters) with the LCDM
theory predictions based on
Planck 2018 CMB power
spectra. APTE of 0.17

e Amplitude of lensing (relative to

L212(L+1)2CP% f(2)

theory amplitude) determined

to 2.3%
w 025 + + e SNRof43
é 0.00 + 4 - U $ ' — a ? s ; 4
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101 ]_O2 103

Qu, Sherwin ++ ACT ApJ 2304.05202
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Precision era of CMB lensing

o le—6 * ACTDR6(Qu-+):
' —— Theory lensing spectrum . SNR=43
ACT DR6
lanck PR4 = i 20 |-
1.2 g « 23% of the sky
& . TT+POL
é“ 1.07 - Quadratic estimator
U gal * SPT-3G (Ge 't 1):
= . SNR-38
j 0.6 1 « Polarization only.
~ « 3.5% of the sky
; W] + Fully bayesian framework MUSE
~ 5.
- SNR 42
c0_ - 70% of the sky
10! 102 103

[ « T IHPOL

« Quadratic estimator.
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One lensing to rule them all

1.4

Y Theory * Bandpower

e 4 APS CMB lensing . ]

5 ACT DR6 combination of the

~e.¥ + + Planck PR4 h I .

Doy 1O SPT-3G M2PM three lensing

Q i e

S likelihoods

+ * SNR-61

=~ 0.6

:q o * A = 1.025 £0.016

o * Excellent fit to CMB

S 0.2 predictions based on
0.0 LCDM fit PTE=16%

101 102 103

L Qu, Ge, Wu++ ACT+SPT (2025), PRL 2504.20038

Full likelihood available publicly at qujia7/spt_act_likelihood
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Structure growth

SEMBL _ 0.8251 2015 (68% C.L., APS)]

-

Inclusion of DESI DR2 BAO

{ag =0.829+0.009 (68% C.L., APS+ BAO)]I

0.75 - o | .
A APS - S+BAO
P — A+BAO HE APS+BAO
1 S P+BAO I CMB Consistent within 1.2sigma
0.70 T T T with ab initio predictions
0.20 0.25 0.30 0.35 0.40 using P-A CMB
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Qu, Ge, Wu++ ACT+SPT (2025), PRL
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Neutrino mass with CMB lensing

* Combined with DR2 BAO, APS lensing places one of the

—— CMB+APS+DESI DR2 BAO tightest bounds on neutrino mass sum.
- == CMB+APS+BOSS BAO
CMB+APS+DESI DR2 BAO (T free)
— CMB+APS+SNIla

Ym, < 0.062 eV (95% C.L., CMB + APS + BAO)

P/Pmax

Using different alternative datasets can relax
the constraints

"'...‘ B T T T s S S —— -
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>m, [eV] D s o e e S S S g e !

Qu, Ge, Wu++ ACT+SPT (2025), PRL
Ym, < 0.150 eV (95% C.L.,CMB+ APS+ BAO, free)
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DR6-+: New precision CMB lensing measurements

* Abril-Cabezas, Qu++ — A demonstration of CMB lensing
i measurement from daytime data 2511.10620
* Kim ++ (Including Qu) — CMB lensing power spectrum
{ E measurement from ACT+Planck (in prep, 2026)
‘S I e Abril-Cabezas, Qu++ — ACDM cosmological constraints
. '\(\a’ } Sfrom an ACT+Planck CMB lensing map (in prep, 2026)
] * Qu++ — Constraints on extensions to ACDM from an
[) 3 ACT+Planck CMB lensing map (in prep, 2026)

LY2I2(L +1)207°/ (27)

10! 10° 10° ' Karen Perez and Joshua Kim

Irene Abril Cabezas
13 .
L PhD at Cambridge Grad students at Penn
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sub-percent lensing measurements
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Multipole L

SO collaboration et al arXiv: 1808.07445

S/N ~ 140 with SO baseline

e Sub Percent level measurements of
matter density fluctuations for
consistency check of GR and LCDM.

e Constraints on neutrino mass sum and

hierarchy

o(Xm,)=31 meV SO Goal + DESI-BAO
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LAT lensing map from 144 hours of observations
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Conclusions

- Structure growth measurements from three
CMB lensing experiments fully consistent
with LCDM ab initio expectations.

GEMBL — (89510012 (8% G L; APS)
+BAO

(og =0.829£0.009 (68% C.L., APS+ BAO)

- Working towards even more
lensing measurements:
 ACT DR6+. Expecting

measuments.

- Simons Observatory online and taking data.

Towards sub-percentage CMB lensing.
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