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Cosmological Neutrinos
• The Big Bang is a prodigious 

neutrino factory: thermal 
production of all flavors and 
both neutrino and anti-neutrino. 

• Neutrinos contribute significantly 
to the mean density at early 
times, and thus to the expansion 
rate (since it is proportional to 
the square root of the density). 

• Almost all observable 
consequences, and therefore 
cosmological constraints, come 
from these contributions to the 
expansion rate.

Credit: The Cosmic Perspective
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BBN

CMB



Neff in a nutshell (the expected)
• Definition: Neff is a measure of the energy density in dark and light 

particles, in units of the contribution from a single fully-thermalized neutrino 
species. 

• Both BBN and CMB signals are sensitive to the neutrino contribution to the 
expansion rate when this is a dominant contribution. It’s not a subtle effect. 

• We get light element abundances and CMB signals consistent with the 
expansion rate expected for 3 neutrino species (e.g., Camphuis + SPT 2025). 

• We can even see a subtle effect due to neutrinos free streaming, long 
before photons can (actual faster-than-light neutrinos!). It’s also consistent 
with 3 neutrino species (Follin, LK et al. 2015, Baumann et al. 2016, Montefalcone et al. 2025). 

• By the way: the transfer of entropy from electrons and positrons to 
photons, after neutrino decoupling, leads to a big reduction in neutrino 
energy density relative to photon energy density. If it were absent, we 
would expect Neff = 11!
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Neutrino mass in a nutshell 
(the surprising)

• LCDM (by my definition) includes a sum of neutrino masses of 0.058 eV — the 
minimum expected given NO and neutrino oscillation observations. 

• Increasing the sum of neutrino masses beyond that exacerbates three 
‘anomalies’: 

• The Hubble anomaly: It decreases the prediction of H0 from CMB data, slightly 
worsening the discrepancy with more direct measurements of H0 — a highly 
significant discrepancy (Casertano et al. 2026; see also Freedman et al. 2025). 

• The matter density deficit anomaly: Baryon + CDM density today (                                
) inferred from CMB data is less than the total non-relativistic matter density 
today (       ), inferred from BAO data.. (2 to 3 sigma) 

• The CMB lensing excess anomaly: LCDM predictions for CMB lensing, given 
CMB and BAO data, are for less lensing than observed — again, the opposite 
of what we’d expect from neutrinos. (2 to 3 sigma) 

• We don’t know why.
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ωcb → ωc + ωb
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Probing the expansion rate history H(z)

<latexit sha1_base64="hyWy5HYdnIVSdrPizQPl9svMjts="></latexit>

1 + z =
ωobserved

ωemitted
=

atoday
aemitted

Redshift, z, tells us how 
much Universe 
expanded since light 
left the object.

Distance is sensitive to 
history of expansion rate:
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DA(z) =

∫ emitted

today
dz

→
/H(z→)



A standard ruler for measuring 
distances: the sound horizon

1) In the LCDM 
model we can 
use CMB data 
to calibrate this 

ruler. 

Here/Now ‘Last scattering’ 
(of CMB 
photons)



A standard ruler for measuring 
distances: the sound horizon

1) In the LCDM 
model we can 
use CMB data 
to calibrate this 

ruler. 

2) We can 
measure the 
subtended 

angle.

Simulated CMB map



A standard ruler for measuring 
distances: the sound horizon

1) In the LCDM 
model we can 
use CMB data 
to calibrate this 

ruler. 

2) We can 
measure the 
subtended 

angle.

3) and thereby determine 
the distance DA(z=1100). Simulated CMB map



Impact of increased neutrino 
mass on the expansion rate



Impact of increased neutrino 
mass on the expansion rate
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DA(z→) =
∫ z→

0
dz/H(z)
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ωs = rs/DA(z→)
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z→ ↑ 1100



Baryon Acoustic Oscillations (BAO)

The sound horizon at last scattering 
also imprints itself in the galaxy 
distribution. From galaxy surveys we 
can measure the angle it subtends 
from different redshifts (for example, 
z=1 and z=0.5).

Note: also measure it in the z direction, 
<latexit sha1_base64="Ms0bnFI/VVvsF234oayTjfnEgoU=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQ4iXsSlAvQlAPOUYwD0iWZXbSmwyZfTAzKyRLwF/x4kERr36HN//GSbIHTSxoKKq66e7yYs6ksqxvI7eyura+kd8sbG3v7O6Z+wdNGSWCQoNGPBJtj0jgLISGYopDOxZAAo9DyxveTv3WIwjJovBBjWJwAtIPmc8oUVpyzaPuHXBF8NiV+BrXSuMzLFzpmkWrbM2Al4mdkSLKUHfNr24vokkAoaKcSNmxrVg5KRGKUQ6TQjeREBM6JH3oaBqSAKSTzs6f4FOt9LAfCV2hwjP190RKAilHgac7A6IGctGbiv95nUT5V07KwjhRENL5Ij/hWEV4mgXuMQFU8ZEmhAqmb8V0QAShSidW0CHYiy8vk+Z52b4oV+4rxepNFkceHaMTVEI2ukRVVEN11EAUpegZvaI348l4Md6Nj3lrzshmDtEfGJ8/6BuULA==</latexit>

!zs = H(z)rs



CMB-BAO Tension
• BAO alone is well-fit by LCDM. 

• CMB alone is well-fit by LCDM. 

• There are two distinct but related tensions, when 
these data are jointly analyzed assuming LCDM  

• Together they are statistically weak: 2 to 3 sigma 

• We are calling these a “matter density deficit” and 
a “CMB lensing excess.” (Lynch and LK 2025)



BAO data well-fit by LCDM
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ω2/(d.o.f.) = 10.2/11

Karim + DESI (2025)



Can losslessly compress BAO data in LCDM to 

Karim + DESI (2025)

Note: rd and rs 
are 

interchangeable 
for our 

purposes
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!m and H0rd



Current CMB Measurements Srinivasan Raghunathan



Camphuis + SPT 2025

CMB-BAO Tension

<latexit sha1_base64="arpyrRoapXpsPKp2yhzGXc+nuxE=">AAACE3icbVC7SgNBFJ2NrxhfUUubwSCIRbIrQS2DNmmECOYB2RBmJ3eTITO768xsICz7Dzb+io2FIrY2dv6Nk0ehiQcuHM65l3vv8SLOlLbtbyuzsrq2vpHdzG1t7+zu5fcPGiqMJYU6DXkoWx5RwFkAdc00h1YkgQiPQ9Mb3kz85gikYmFwr8cRdATpB8xnlGgjdfNnA+zCQ8xG2PUloUm1a6eJY9suTlwp8FCUFNDSbUTTtJsv2EV7CrxMnDkpoDlq3fyX2wtpLCDQlBOl2o4d6U5CpGaUQ5pzYwURoUPSh7ahARGgOsn0pxSfGKWH/VCaCjSeqr8nEiKUGgvPdAqiB2rRm4j/ee1Y+1edhAVRrCGgs0V+zLEO8SQg3GMSqOZjQwiVzNyK6YCYbLSJMWdCcBZfXiaN86JzUSzflQuV63kcWXSEjtEpctAlqqAqqqE6ougRPaNX9GY9WS/Wu/Uxa81Y85lD9AfW5w9WDJ02</latexit>

h → H0

100 km/sec/Mpc

BAO data losslessly 
compress to 

<latexit sha1_base64="79ygN/B5K1qpkskHBnHhHOVltk4=">AAACEnicbZC7TsMwFIadcivlFmBksaiQYKkSVAFjBUs3ikQvUlNFjuO2Vm0nsh2kKsozsPAqLAwgxMrExtvgphmg5UiWPv3/OTo+fxAzqrTjfFulldW19Y3yZmVre2d3z94/6KgokZi0ccQi2QuQIowK0tZUM9KLJUE8YKQbTG5mfveBSEUjca+nMRlwNBJ0SDHSRvLtM++WkxHyU09yyDPowZyQCDMPNn0HyrkVZr5ddWpOXnAZ3AKqoKiWb395YYQTToTGDCnVd51YD1IkNcWMZBUvUSRGeIJGpG9QIE7UIM1PyuCJUUI4jKR5QsNc/T2RIq7UlAemkyM9VoveTPzP6yd6eDVIqYgTTQSeLxomDOoIzvKBIZUEazY1gLCk5q8Qj5FEWJsUKyYEd/HkZeic19yLWv2uXm1cF3GUwRE4BqfABZegAZqgBdoAg0fwDF7Bm/VkvVjv1se8tWQVM4fgT1mfP5sRnM8=</latexit>

!m and H0rd



If you can compress to 
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!m and hrd
You can also compress to 

<latexit sha1_base64="d3n4RuNbQTmqvQDMNcVbcZ2L/MU=">AAACInicbZDLSgMxFIYz9VbrrerSTbAIdVNmSvGyEIpu3FnBXqDTDplM2oYmmSHJCGXos7jxVdy4UNSV4MOYtoNo6w+Bn++cw8n5/YhRpW3708osLa+srmXXcxubW9s7+d29hgpjiUkdhyyULR8pwqggdU01I61IEsR9Rpr+8GpSb94TqWgo7vQoIh2O+oL2KEbaIC9/7t5w0kceh4krOXQhEoELx/AHFwfSC467ZXgB3TBlhnTLXr5gl+yp4KJxUlMAqWpe/t0NQhxzIjRmSKm2Y0e6kyCpKWZknHNjRSKEh6hP2sYKxInqJNMTx/DIkAD2Qmme0HBKf08kiCs14r7p5EgP1HxtAv+rtWPdO+skVESxJgLPFvViBnUIJ3nBgEqCNRsZg7Ck5q8QD5BEWJtUcyYEZ/7kRdMol5yTUuW2UqhepnFkwQE4BEXggFNQBdegBuoAgwfwBF7Aq/VoPVtv1sesNWOlM/vgj6yvb9UZof8=</latexit>

!m and !m(hrd)
2 = ωmr2d

<latexit sha1_base64="MCDtJQwargrx0j1EBDl2rTHUA+o="></latexit>

One can determine ωmr
2
d very precisely from BAO + εs(z→)

<latexit sha1_base64="7kychpRxabz1aLY85g/S7ipxBB4="></latexit>

One can determine ωcbr
2
d and r2d from CMB data

<latexit sha1_base64="Mb3tSHziD9gOYbppAO+ErD/0i3c=">AAACL3icbZDNSgMxFIUz9b/+jbp0EyyCIJQZKepGEAXRXQVbhU4pmfROG0wyQ5IRyjBv5MZX6UZEEbe+hem0glUPBA7fzeXee8KEM20878UpzczOzS8sLpWXV1bX1t2NzaaOU0WhQWMeq7uQaOBMQsMww+EuUUBEyOE2vD8f1W8fQGkWyxszSKAtSE+yiFFiLOq4F1mgBL6KApzjIBbQI52CiByfTAEa5nj/mwQyDXCBTR9kjnHHrXhVrxD+a/yJqaCJ6h13GHRjmgqQhnKidcv3EtPOiDKMcsjLQaohIfSe9KBlrSQCdDsr7s3xriVdHMXKPmlwQX92ZERoPRB2411BTF//ro3gf7VWaqLjdsZkkhqQdDwoSjk2MR6Fh7tMATV8YA2hitldMe0TRaixEZdtCP7vk/+a5kHVP6zWrmuV07NJHItoG+2gPeSjI3SKLlEdNRBFj2iIXtGb8+Q8O+/Ox/hryZn0bKEpOZ9fbLCoFw==</latexit>

If ωm = ωcb + ωω then
<latexit sha1_base64="VSV4xKjOg6BgZqVuOIh5Fq35Q6Q="></latexit>

one can estimate ωω =
[
ωmr

2
d → ωcbr

2
d

]
/r2d

Loverde & Weiner (2024), Lynch & LK (2025)

<latexit sha1_base64="5Z5VN2aMVjcMWrVBRj8smHRotSg=">AAACJHicbVDJSgNBFOyJe9yiHr00BsFTmJHgggiiF48RzQKZEN50XpLG7p6hu0cIQz7Gi7/ixYMLHrz4LXaWg1tBQ1FVj9evokRwY33/w8vNzM7NLywu5ZdXVtfWCxubNROnmmGVxSLWjQgMCq6warkV2Eg0gowE1qPbi5Ffv0NteKxu7CDBloSe4l3OwDqpXTjJQi0pqE5IhzS85j0JVLZDldJTehyUyiEdB7DmXMslGhrGEnswirQLRb/kj0H/kmBKimSKSrvwGnZilkpUlgkwphn4iW1loC1nAof5MDWYALuFHjYdVeD2tbLxkUO665QO7cbaPWXpWP0+kYE0ZiAjl5Rg++a3NxL/85qp7R61Mq6S1KJik0XdVFAb01FjtMM1MisGjgDT3P2Vsj5oYNb1mnclBL9P/ktq+6XgoFS+KhfPzqd1LJJtskP2SEAOyRm5JBVSJYzck0fyTF68B+/Je/PeJ9GcN53ZIj/gfX4B7dSjMA==</latexit>

and !mω = 91.4 eV → ωω



Matter density deficit
Constraints from 

Planck (PR3) and DESI 
BAO (DR2) in a model 
space with a neutrino-
mass-like parameter 
that can be negative.

Adapted from Lynch & LK (2025)

<latexit sha1_base64="XLex0pK4g4D6vo86VvuA80BzK2A=">AAACKHicbZDNSgMxFIUz/lv/qi7dBEvBjXVGRN0punGpYG2hMw6Z9E4bTGaG5I5Qhj6OG1/FjYgibn0S0zoLrV4InHwnl9x7okwKg6774UxNz8zOzS8sVpaWV1bXqusbNybNNYcmT2Wq2xEzIEUCTRQooZ1pYCqS0Iruzkd+6x60EWlyjYMMAsV6iYgFZ2hRWD3xJcTY8VMFPRYWvlZUDakOu7f7dJf+xDwqua9Fr4/B3vgSVmtuwx0X/Su8UtRIWZdh9cXvpjxXkCCXzJiO52YYFEyj4BKGFT83kDF+x3rQsTJhCkxQjBcd0rolXRqn2p4E6Zj+7CiYMmag7KR1xbBvJr0R/M/r5BgfB4VIshwh4d8fxbmkmNJRarQrNHCUAysY18LOSnmfacbRZluxIXiTK/8VN/sN77BxcHVQOz0r41ggW2Sb7BCPHJFTckEuSZNw8kCeyCt5cx6dZ+fd+fh+OuWUPZvkVzmfX//qpe4=</latexit>[
ωmr

2
d → ωcbr

2
d

]
/r2d



That’s the matter density 
deficit. Now for the CMB 

lensing excess.



Gravitational Lensing

•ACT detects lensing at 4s.
•SPT detects lensing at 6s.
•Planck detects lensing at 25s.

(Artificially Large Distortion)



Gravitational Lensing

•ACT detects lensing at 4s.
•SPT detects lensing at 6s.
•Planck detects lensing at 25s.



Gravitational Lensing
• Creates detectable 

departures from statistical 
isotropy that can be 
exploited to ‘reconstruct’ 
maps of lensing 
deflections. 

• Smears out peaks and 
troughs of the CMB power 
spectra

CMB Lensing Power Spectrum

Qu + Ge + ACT + SPT 2025
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<latexit sha1_base64="FG+VFxLbHqHBWEab58ni8e3JwsE=">AAACCXicbVDNS8MwHE39nPOr6tFLcAiCMFoZ6nE6Dx4UJrgPWEtJ03QLS9OSpMIovXrxX/HiQRGv/gfe/G/Muh1080Hg5b33I/k9P2FUKsv6NhYWl5ZXVktr5fWNza1tc2e3LeNUYNLCMYtF10eSMMpJS1HFSDcRBEU+Ix1/2Bj7nQciJI35vRolxI1Qn9OQYqS05JnQudHhAMHMERFsXN3m8BheeMWNES5zz6xYVasAnCf2lFTAFE3P/HKCGKcR4QozJGXPthLlZkgoihnJy04qSYLwEPVJT1OOIiLdrNgkh4daCWAYC324goX6eyJDkZSjyNfJCKmBnPXG4n9eL1XhuZtRnqSKcDx5KEwZVDEc1wIDKghWbKQJwoLqv0I8QAJhpcsr6xLs2ZXnSfukap9Wa3e1Sv1yWkcJ7IMDcARscAbq4Bo0QQtg8AiewSt4M56MF+Pd+JhEF4zpzB74A+PzB2l8mOg=</latexit>

⇤CDM+Alens

<latexit sha1_base64="53Zsm1GQYAp/rESUFTm7ogF7YtQ=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4GtJh7GNXdOOygn1gO5RMmmlDk8yQZIQy9C/cuFDErX/jzr8xfQgqeuDC4Zx7ufeeMOFMG4Q+nNza+sbmVn67sLO7t39QPDxq6zhVhLZIzGPVDbGmnEnaMsxw2k0UxSLktBNOruZ+554qzWJ5a6YJDQQeSRYxgo2V7jy3CvuajQQeFEvI9by6f+FB5Pp15NV8S6rIsgosu2iBElihOSi+94cxSQWVhnCsda+MEhNkWBlGOJ0V+qmmCSYTPKI9SyUWVAfZ4uIZPLPKEEaxsiUNXKjfJzIstJ6K0HYKbMb6tzcX//J6qYlqQcZkkhoqyXJRlHJoYjh/Hw6ZosTwqSWYKGZvhWSMFSbGhlSwIXx9Cv8nbc8tV1z/xi81Lldx5MEJOAXnoAyqoAGuQRO0AAESPIAn8Oxo59F5cV6XrTlnNXMMfsB5+wS6jJBW</latexit>

2.7�

Ge + SPT (2025)

Excess lensing power



Impact of increased neutrino 
mass on the expansion rate

But this increased expansion rate suppresses 
structure growth, and therefore CMB lensing.



Matter density deficit
Constraints from 

Planck (PR3) and DESI 
BAO (DR2) in a model 
space with a neutrino-
mass-like parameter 
that can be negative

Adapted from Lynch & LK (2025)

<latexit sha1_base64="XLex0pK4g4D6vo86VvuA80BzK2A=">AAACKHicbZDNSgMxFIUz/lv/qi7dBEvBjXVGRN0punGpYG2hMw6Z9E4bTGaG5I5Qhj6OG1/FjYgibn0S0zoLrV4InHwnl9x7okwKg6774UxNz8zOzS8sVpaWV1bXqusbNybNNYcmT2Wq2xEzIEUCTRQooZ1pYCqS0Iruzkd+6x60EWlyjYMMAsV6iYgFZ2hRWD3xJcTY8VMFPRYWvlZUDakOu7f7dJf+xDwqua9Fr4/B3vgSVmtuwx0X/Su8UtRIWZdh9cXvpjxXkCCXzJiO52YYFEyj4BKGFT83kDF+x3rQsTJhCkxQjBcd0rolXRqn2p4E6Zj+7CiYMmag7KR1xbBvJr0R/M/r5BgfB4VIshwh4d8fxbmkmNJRarQrNHCUAysY18LOSnmfacbRZluxIXiTK/8VN/sN77BxcHVQOz0r41ggW2Sb7BCPHJFTckEuSZNw8kCeyCt5cx6dZ+fd+fh+OuWUPZvkVzmfX//qpe4=</latexit>[
ωmr

2
d → ωcbr

2
d

]
/r2d



Matter density deficit

With CMB lensing 
information removed.

Adapted from Lynch & LK (2025)

Constraints from 
Planck (PR3) and DESI 
BAO (DR2) in a model 
space with a neutrino-
mass-like parameter 
that can be negative

<latexit sha1_base64="XLex0pK4g4D6vo86VvuA80BzK2A=">AAACKHicbZDNSgMxFIUz/lv/qi7dBEvBjXVGRN0punGpYG2hMw6Z9E4bTGaG5I5Qhj6OG1/FjYgibn0S0zoLrV4InHwnl9x7okwKg6774UxNz8zOzS8sVpaWV1bXqusbNybNNYcmT2Wq2xEzIEUCTRQooZ1pYCqS0Iruzkd+6x60EWlyjYMMAsV6iYgFZ2hRWD3xJcTY8VMFPRYWvlZUDakOu7f7dJf+xDwqua9Fr4/B3vgSVmtuwx0X/Su8UtRIWZdh9cXvpjxXkCCXzJiO52YYFEyj4BKGFT83kDF+x3rQsTJhCkxQjBcd0rolXRqn2p4E6Zj+7CiYMmag7KR1xbBvJr0R/M/r5BgfB4VIshwh4d8fxbmkmNJRarQrNHCUAysY18LOSnmfacbRZluxIXiTK/8VN/sN77BxcHVQOz0r41ggW2Sb7BCPHJFTckEuSZNw8kCeyCt5cx6dZ+fd+fh+OuWUPZvkVzmfX//qpe4=</latexit>[
ωmr

2
d → ωcbr

2
d

]
/r2d



Possible sources of these (mild) 
discrepancies:

1. Alter late time evolution 
1. Dark energy is not a cosmological constant. 
2. Dark matter and dark energy interact with each 
other. 

2. Alter CMB inferences of  
1. Modifications to recombination (perhaps from 
primordial magnetic fields) 
2. Early dark energy 

3. Boost CMB lensing model expectations 
1. High optical depth (switching acoustic scale tension 
for ‘tau tension’) [Saylor et al. 2026, Jhaveri et al. 2026]

Type 2 solutions also boost H0. Let’s consider Type 3.

<latexit sha1_base64="Vs3ai6d7BPxv9FI68UagVkNw5tY=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgKrspMKeqy6MZlBfuAzjhkMpk2NJkMSUYoQ8FfceNCEbd+hzv/xrSdhbYeuHA4515ycsKUUaUd59sqra1vbG6Vtys7u3v7B/bhUVeJTGLSwYIJ2Q+RIowmpKOpZqSfSoJ4yEgvHN/M/N4jkYqK5F5PUuJzNExoTDHSRgrsE09wMkRB7kkOcTiFMogeGoFdderOHHCVuAWpggLtwP7yIoEzThKNGVJq4Dqp9nMkNcWMTCtepkiK8BgNycDQBHGi/HwefwprRolgLKSZRMO5+vsiR1ypCTfhahzpkVr2ZuJ/3iDT8ZWf0yTNNEnw4qE4Y1ALOOsCRlQSrNnEEIQlNVkhHiGJsDaNVUwJ7vKXV0m3UXcv6s27ZrV1XdRRBqfgDJwDF1yCFrgFbdABGOTgGbyCN+vJerHerY/Faskqbo7BH1ifP6G6lUc=</latexit>

ωcbr
2
d



The ionized intergalactic medium and 
CMB lensing model expectations

• About 6% of CMB photons that we 
see, last scatter off of free electrons, 
not out at z=1100 on the edge of the 
observable universe, but more 
recently. We say “tau (optical depth) 
= 0.06.” 

• Like a fog spreading out the light on 
a sunny day, this late-time scattering 
suppresses CMB anisotropies 

• It therefore impacts our estimate of 
the amplitude of primordial 
fluctuations, and therefore of the 
CMB lensing power spectrum. 



From Kaplinghat et al. (2003): constraints on tau (from low-ell 
polarization data) identified as a weak link in the inference chain:





Dropping large-scale (low-ell) 
polarization data restores consistency

Adapted from Qu+Ge+ACT+SPT 2025

Large-scale 
polarization data 

excluded







1 2 3 4 5

Planck

SPT-3G D1

ACT DR6

SPT+ACT

CMB-SPA NeÆ

1 2 3 4 5

NeÆ

0.15

0.2

0.25

0.3

0.35

Y
P

NeÆ + YP

Planck

SPT-3G D1

SPT+ACT

CMB-SPA

Neff

Neff from CMB

“SPA” = SPT+Planck+ACT



Neff from CMB, BAO, BBN



Complementary Probes of Nature

Neutrino Observatories

Cosmological Observables

Laboratory Experiments



Summary
• Big bang copiously produced neutrinos. They have a huge impact on observables while 

relativistic, and subtler (but measurable) influence when non-relativistic. 

• Neutrino mass: BAO + CMB sensitive to neutrino mass via H(z) and therefore D(z) and CMB 
lensing suppression.  

• Sensitivity is at the scale where we expect to detect the smallest mass total consistent with 
atmospheric and solar neutrino oscillation standard interpretations (0.058 eV), and 
possibly rule out IO in favor of NO. 

• Current data favor NO over IO. 

• In danger of ruling out 0.058 eV! (The surprise — moderate statistical significance) 

• Could be a breakdown of LCDM (e.g., evolving dark energy), or systematic errors 
(underestimated uncertainty in the optical depth to Thomson scattering).  

• Model dependence of inferences of neutrino properties from cosmology is on full display. 

• Light relics: CMB, BBN, BAO are all consistent under LCDM + Neff with joint constraint Neff 
= 3.004 +/- 0.071 (Goldstein & Hill 2026). (The expected) 

• Complementarity, or model dependence as a strength: You are doing neutrino physics for 
all the great reasons you are doing neutrino physics and via cosmology, you can contribute to 
discoveries that potentially have nothing to do with neutrino physics.
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