PHYSICAL REVIEW D 114, L021305 (2026)

2% determination of N from primordial element abundance, cosmic
microwave background, and baryon acoustic oscillation measurements
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We present a new constraint on the effective number of relativistic species in the early universe, N, by
combining recent primordial helium abundance measurements from the Large Binocular Telescope Y,
Project with primordial deuterium abundance data, CMB observations from Planck, the Atacama
Cosmology Telescope, and the South Pole Telescope, and baryon acoustic oscillation (BAO) data from
the Dark Energy Spectroscopic Instrument, yielding N = 2.990 £ 0.070 (68% CL). This is the tightest
constraint on N to date, and is in excellent agreement with the standard model prediction of N = 3.044.
Furthermore, we constrain excess contributions to N¢ beyond the three neutrino species, finding AN <
0.107 (95% CL). This bound nearly approaches the minimum contribution to AN from a light spin-3/2
particle that decoupled at any time after inflation ended. Our baseline analysis does not include large-scale
Planck polarization information, enabling a fully consistent combination of state-of-the-art CMB and BAO
measurements. As a byproduct, we show that current N bounds are essentially insensitive to the inclusion
or exclusion of optical depth constraints inferred from large-scale CMB polarization data, making N
highly robust in this regard. Our constraints place stringent limits on light particles in the early Universe
and on a broad range of models aimed at increasing the CMB-inferred value of the Hubble constant.

DOI: 10.1103/5vk8-v1rb

Introduction. The effective number of relativistic species,
N, quantifies contributions from particles other than
photons to the radiation energy density in the early
Universe. It is defined by (see, e.g., Ref. [1])

7 [ 4\43
Prad=[1+§<ﬁ> Neff:|py’ (1)

where py,q and p, define the total radiation energy density and
photon energy density, respectively. In the Standard Model,
the three neutrino species contribute N = 3.044, where the
small excess over 3 arises primarily from noninstantaneous
neutrino decoupling and the near-contemporaneous annihi-
lation of electrons and positrons [2—18]. However, many
beyond-Standard Model (BSM) scenarios predict new light
degrees of freedom that would contribute to N g, including
axions, dark photons, sterile neutrinos, and high-frequency
gravitational waves [19-37]; alternatively, finding N4 <
3.044 may indicate photon heating after neutrino decoupling
[38,39] or a low postinflationary reheating temperature
[40-42]. In general, N is a powerful, wide-ranging probe
of new physics in the early Universe.

The presence of additional radiation directly affects the
expansion history and perturbation evolution in the early
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Universe, hence N4 modifies the CMB [43,44] and alters
the abundances of light elements forged during big bang
nucleosynthesis (BBN) [45]. Consequently, primordial
element abundance measurements and CMB observations
can be used to place stringent constraints on N. Recently,
by combining a new measurement of the primordial helium
abundance with Planck CMB observations, the Large
Binocular Telescope (LBT) Y project reported the tightest
constraint on Nz in the literature: Ny = 2.968 £+ 0.083
[46-50]." Meanwhile, new high-resolution CMB temper-
ature and polarization observations from the Atacama
Cosmology Telescope (ACT) [51,52] and the South Pole
Telescope (SPT) [53] have been used to derive constraints
on N, improving the bound from Planck alone by nearly
a factor of two [53,54]. Including baryon acoustic oscil-
lation (BAO) data from the Dark Energy Spectroscopic
Instrument (DESI) slightly tightens the constraint further
due to breaking of parameter degeneracies, yielding N =
2.86 + 0.13 from Planck + ACT + DESI DR1 [54].

In this brief paper, we assess the consistency of the N
constraints from these various datasets and, ultimately,
combine them to derive the most precise constraint on N

'"The LBT result is reported in terms of the effective number of
neutrino species, N, = 2.925 4+ 0.082, which we rescale to N
by multiplying by 3.044/3. Unless otherwise stated, all con-
straints are reported in terms of the posterior mean and the 68%
two-tailed CL.
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to date, N = 2.990 £ 0.070, improving upon the LBT +
Planck constraint by x~15%.

Datasets and methodology. In this Section, we describe the
datasets and computational codes used in this work. We use
the recent measurement of the primordial helium nucleon
fraction by the LBT Y project [50],2

YLBT26 — (02458 + 0.0013. (2)

The LBT measurement is over a factor of two more con-
straining than previous constraints (see, e.g., Refs. [56-61]),
including the 2024 Particle Data Group (PDG) value [62]
that was employed as an external constraint in the recent
ACT Data Release 6 (DR6) CMB power spectrum
analysis [54]. We implement Eq. (2) as a Gaussian like-
lihood on Yp in our analysis. Additionally, following
Ref. [54], we include measurements of the primordial
deuterium abundance as an external Gaussian likelihood
with

D/H|p x 10° = 2.547 £ 0.104, (3)

which is based on the consensus value in the 2024 PDG
report, accounting for both observational and theoretical
uncertainties [63—67]. Given the current uncertainties, the
deuterium abundance has a negligible impact on constraints
on N.; when CMB data are included; however, both the
primordial helium and deuterium abundances are essential
for constraining N¢ using BBN alone, due to the differing
sensitivities of the element abundances to N.; and the
baryon density Q,/4°. We refer to the helium and deuterium
abundance datasets as Y5BT26 and D, respectively.

We include measurements of the CMB temperature and
polarization power spectra, as well as the CMB lensing
potential power spectrum. For reference, we use the Planck
2018 high-# (TT + TE + EE) and low-Z (TT + EE) like-
lihoods together with the Planck CMB 2018 lensing
likelihood [68,69]. In our baseline analysis, we conserva-
tively exclude Planck low-£ EE measurements because of
the mild inconsistency between the CMB and BAO
inferences of €, and Hgyry, in A cold dark matter
(ACDM) (and N.) cosmologies. As shown in
Refs. [70-73], this inconsistency can be significantly
alleviated by relaxing the constraint on the optical depth
to reionization, 7, which is set by the Planck large-scale
polarization data. Thus, by excluding low-£ EE measure-
ments, we can robustly combine CMB and BAO observa-
tions. For comparison, we include results using the Sroli2

*Throughout, we follow the CAMB convention and define Yp
(Yye) as the primordial helium nucleon (mass) fraction. These
differ by ~0.5%, due to the binding energy of helium. We note
that astrophysical measurements of the primordial helium “mass
fraction” typically correspond to the nucleon fraction (see, e.g.,
Appendix A of [55]).

low-Z EE likelihood [74]. As we shall see, the low-ZEE data
have a negligible impact on our final Ny constraint. We
discuss the impact of low-Z polarization information on N
constraints in more detail in Supplemental Material [75].

We also include high-resolution temperature and polari-
zation data from ACT DR6 [51,52,54,76] and the SPT-3G
D1 [53]. Following the ACT DR6 analysis, we combine
the Planck and ACT primary CMB likelihoods using the
“P-ACT” combination, which restricts the Planck primary
spectrato # < 1000 for TT and # < 600 for TE and EE. For
CMB lensing, with the exception of our Planck-only
analysis, which we include to reproduce the results from
Refs. [50,77], we use the combined Planck, ACT, and SPT
CMB lensing likelihood developed in Ref. [78]. We denote
our combined Planck, ACT, and SPT CMB likelihood as
CMB-Planck ACT SPT (PAS).’

Finally, we include the latest BAO distance measure-
ments from the second data release (DR2) of the DESI
survey [80,81]. Specifically, we use the combined DESI
DR2 BAO sample, which includes transverse and line-of-
sight BAO measurements from galaxies, quasars, and the
Lyman-a forest, spanning redshifts 0.295 < z < 2.33.

We compute theoretical predictions using the CAMB [82]
Einstein-Boltzmann code, the CosmoRec recombination
code [83], and the PRyMordial BBN code [84]. We fix the
total neutrino mass to »_ m, = 0.06 eV, assuming a single
massive eigenstate. We list our CAMB settings in the SM. We
use the CANDL implementation of the SPT-3G DI
likelihood [85]." We sample from the parameter posterior
distributions using Cobaya [86],” adopting the following uni-
form priors: 0.017 < Q,h* < 0.027, 0.09 < Q k%> <0.15,
0.01038 < Oyc < 0.01044,2.6 < In(10'°A;) <3.5,0.85 <
ny < 1.1,and 0.0 < 7 < 0.15. For our fiducial constraints on
Ngr, we impose a uniform prior of 0.1 < N < 6.0. When
placing constraints on the excess number of relativistic
degrees of freedom AN ¢ = N — 3.044, we impose a prior
of 3.044 < Nz <6.0. In addition to the cosmological
parameters, we vary all recommended nuisance parameters
for each dataset using the priors from Refs. [52,53]. We
analyze chains using the GETDIST package [87], and assess
convergence using the Gelman-Rubin statistic [88], requir-
ing |R — 1| < 0.02.

Results. In Fig. 1, we show the one-dimensional margin-
alized posteriors for N.; obtained from various dataset
combinations considered in this work. The markers denote
the posterior mean and the error bars indicate the 68%

30ur CMB-PAS dataset combination is similar to the CMB-
SPA combination used in Ref. [53], with the key difference that,
when including large-scale polarization measurements, we use
the sroll2 low-Z EE likelihood, whereas the CMB-SPA combi-
nation imposes a Gaussian prior on the optical depth to
reionization, 7 ~ N'(0.051,0.006), based on Ref. [79].

4https://github.com/SouthPoleTelescope/spt_candl_data

5https://cobaya.readthedocs.io/en/latest/

L021305-2


https://github.com/SouthPoleTelescope/spt_candl_data
https://github.com/SouthPoleTelescope/spt_candl_data
https://cobaya.readthedocs.io/en/latest/
https://cobaya.readthedocs.io/en/latest/
https://cobaya.readthedocs.io/en/latest/

2% DETERMINATION OF N FROM ...

PHYS. REV. D 114, L021305 (2026)

=== | With low-£ EE
—8— With YEBT26 4D

F——— Without low-¢ EE
F——>¢— Without Y352 + D

YFI;BTZ() + D |
—
I
!
I
1
i
|
I
|
CMB-PAS :
F ----- X ----- * 1 i
L] 1 i
F---r4 |
—a—
i
CMB-PAS+DESI i
A
I—
|
-t
2.6 2{8 BTO 312 3.4
Netr

FIG. 1. Comparison of N constraints from dataset combina-
tions considered here. For each dataset, we show the one-
dimensional marginalized posterior mean and the 68% two-tailed
confidence limits. The gray constraint uses only primordial
helium and deuterium abundance measurements. For the remain-
ing datasets, the x and the square denote constraints excluding
and including primordial helium and deuterium abundance
measurements, respectively. The measurements with solid
(dashed) error bars exclude (include) Planck low-£EE measure-
ments. The vertical dot-dashed line shows the Standard Model
prediction, N = 3.044.

two-tailed CL. The solid (dashed) error bars exclude
(include) large-scale Planck polarization data. Using only
primordial helium and deuterium abundance measure-
ments, we find N = 2.976 £ 0.093 (gray region), fully
consistent with the “BBN+Y,+D” constraint in
Ref. [50]. Using only Planck CMB data (including low-
¢ EE), we find N4 = 2.89 £ 0.19 (orange x), matching
Ref. [77]. Combining the LBT measurement and deuterium
abundance priors with Planck 2018 CMB observations, we
find Ny = 2.961 £ 0.082, again consistent with Ref. [50].

Having reproduced the tightest Ny constraint currently
in the literature, we now turn to the main purpose of this
brief paper: combining the new helium abundance mea-
surements with the latest CMB and BAO observations.
Using primary CMB and lensing measurements from
Planck, ACT, and SPT, we find Ny = 2.85+0.12 and

N = 2.89 £ 0.12 with and without low-£ EE measure-
ments, respectively (dark pink Xx), consistent with
Refs. [53,54].6 Thus, low-#Z EE data have little impact
on current CMB-derived N bounds.

The CMB-only constraints are entirely consistent with
the primordial abundance constraint; there is no evidence
for a change in the number of relativistic species between
BBN at redshift z~ 103-10° and CMB decoupling at
7z = 1100. Moreover, the CMB constraints are competitive
with that derived from the light element abundance data.
Therefore, we combine these datasets to obtain an even
tighter joint constraint, yielding N4 = 2.930 + 0.072 and
2.943 +0.072 with and without low-£ EE data, respec-
tively (dark pink squares).

Finally, we combine the CMB-PAS likelihoods with
DESI DR2 BAO observations. As described in
Supplemental Material of this work [75], if low-£ EE data
are included, the CMB and BAO data are inconsistent at
~30 in the (Hyry, Q,,, Nosr) parameter space. However,
without low-£ EE data, the CMB and BAO data are fully
consistent, and, hence, can be combined. Combining CMB-
PAS (without low-Z EE) with DESI DR2 BAO observa-
tions, we find Ny = 3.01 £ 0.11 (dark purple x), again
consistent with the abundance-inferred N constraint from
BBN. We thus combine all of these datasets (except low-£
EE), yielding’

N = 2.990 £ 0.070. (4)

This is the main result of this brief paper: a 2% determi-
nation of Ny that is in excellent agreement with the
Standard Model prediction, N = 3.044. This is the
tightest bound on N.; obtained to date, improving by
~15% over the LBT+Planck bound [50].

We now make several comments regarding this result.
First, in the absence of primordial abundance information,
including DESI data shifts the central value of N ¢ upward
by AN ~ 0.1 (when abundances are included, the shift is
reduced to ~0.05). Quantitatively, this is a slightly surpris-
ing shift given that the error bar is not reduced significantly
by DESI (see, e.g., [89] for metrics to quantify such
parameter shifts). Ultimately, this shift in Ny is related

®Our CMB-PAS constraint including low-Z EE data is slightly
higher than the CMB-SPA result, N =2.81+0.12, in
Ref. [53], as we use the sroll2 likelihood rather than a prior of
7= 0.051 £ 0.006.

"For completeness, we also analyze DESI DR2 BAO with
CMB-PAS including low-#Z EE measurements, yielding Ny =
3.004 £0.071 and Nz = 3.04 £0.11 with and without abun-
dance information, respectively. While these constraints are
completely consistent with our results that exclude the low-£
EE data, we note that there is a mild inconsistency between CMB
and BAO data when the low-£ EE measurements are included.
Nevertheless, the inclusion or exclusion of low-Z EE data has
essentially no impact on the N constraint, even from CMB-PAS
data alone.
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to the mild inconsistency between the matter fraction Q,,
values inferred by DESI and the primary CMB, as
discussed in, e.g., Ref. [54] and Supplemental Material
of this work [75].

Second, our results illustrate that low-Z polarization data
have negligible impact on current CMB-derived constraints
on N (see also, e.g., Ref. [90] for an earlier analysis).
Thus, we can construct a near-optimal and completely
consistent combination of CMB and BAO data for N
constraints by simply removing low-Z EE data. Looking
ahead, this result suggests that, unlike constraints on the
neutrino mass, constraints on N from high-resolution
CMB observations will not be limited by uncertainties in ,
which is predominately constrained by low-£#CMB polari-
zation measurements.

We now turn to the physical implications of our results.
First, we can convert our excess AN.; bounds into
constraints on any additional relativistic species in the
early Universe that were in thermal equilibrium with the
Standard Model. Combining the primordial abundance
measurements with CMB (without low-Z EE) and BAO
observations, and imposing a prior of AN > 0, we find

AN, < 0.107 (95% CL), (5)

which is the tightest constraint on ANy to date. If we
exclude the DESI BAO observations, the constraint slightly
tightens to AN < 0.0913.3

In Fig. 2, we compare our 95% exclusion regions with
theoretical predictions for AN as a function of the particle
decoupling temperature, T',, and the number of internal
degrees of freedom, g, from Ref. [91]. For either dataset
combination shown, we exclude any type of new light
particle that decoupled after the QCD phase transition at
over 50. The constraints are even tighter at the later epoch
of neutrino decoupling. Furthermore, since the number of
internal degrees of freedom is directly related to the spin of
a particle (g=2s-+ 1), the limit without DESI data
excludes any light spin-3/2 particle that was ever in
thermal equilibrium with the primordial plasma all the
way back to reheating at just over 2c.

Second, we emphasize that the consistency between the
N values inferred from BBN and from the CMB (and
BAO) places strong constraints on BSM scenarios that
affect cosmic evolution between BBN and recombination,
such as the presence of a BSM particle that becomes
nonrelativistic after BBN but before recombination (see
Ref. [93] for a detailed discussion of scenarios where
NBBN £ NOMB) In the future, it would be interesting to
perform a joint analysis of N52N and NGM® in the context
of such models using the datasets considered here.

8Including low-Z EE data, we find AN < 0.116 and AN <
0.0876 with and without DEST DR2 BAO data, respectively.
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FIG.2. Constraints on additional relativistic degrees of freedom
in the early Universe. The light (dark) gray shaded region denotes
AN > 0.107 (0.0913), which is excluded at the 95% CL. using
primordial abundance, CMB, and BAO data (primordial abun-
dance and CMB data). In both cases, we omit low-Z EE data. The
solid curves show theoretical predictions for ANy as a function
of the particle decoupling temperature for bosons and fermions
with different numbers of internal degrees of freedom, g. The
vertical blue bands denote the approximate regions of neutrino
decoupling and the QCD phase transition. This figure is based on
Refs. [54,77,92].

Finally, our constraints have important implications for
the ongoing debate regarding the value of the Hubble
constant. Combining primordial abundances, CMB-PAS
(without low-Z EE), and DESI DR2 BAO measurements,
we find Hy = 68.16 + 0.50 km/s/Mpc in a ACDM + N
cosmology, far below the latest measurement from
the SHOES collaboration, Hy = 73.17 + 0.86 km/s/Mpc
[94,95] or the recent result from the Local Distance
Network, Hy = 73.50 4 0.81 km/s/Mpc [96].° Formally,
our H constraint for the ACDM + N scenario is in 5S¢
tension with the SHOES measurement, firmly excluding
free-streaming dark radiation as a solution to the Hubble
constant discrepancy. Moreover, the strength of this exclu-
sion suggests that the datasets considered here likely rule
out many related extensions to ACDM that aim to increase
H,, such as strongly interacting dark radiation and variants
thereof [98—107]. Models attempting to (partially) evade
our stringent bound likely must populate the dark radiation
sector after the BBN epoch in order to avoid the very strong

*We note that the CMB and BAO-inferred H o constraints
presented in this work are statistically consistent with the CCHP
measurement, Hy = 70.39 4+ 1.94 km/s/Mpc [97].
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LBT-derived NBBN constraint (see, e.g., [102,108-110] for
models of this sort). However, the CMB-PAS + BAO
constraint on NGMB is also very tight, thus leaving very
little wiggle room for the production of dark radiation
between the BBN and CMB epochs. Indeed, a dedicated
study of many such BSM models using ACT DR6, Planck,
and DESI DR1 BAO data was performed in Ref. [54],
yielding very stringent constraints and no hint of a higher
H, value. We leave a detailed study of such models using
joint BBN, CMB-PAS, and DESI DR2 BAO data to
future work.

Conclusions. In this brief paper, we have presented a new
constraint on the effective number of relativistic species,
N, by combining state-of-the-art measurements of the
primordial helium and deuterium abundances, the cosmic
microwave background, and baryon acoustic oscillations,
yielding N = 2.990 £ 0.070 [Eq. (4)].

Our 2% determination of N is the most precise
constraint to date, and in excellent agreement with the
Standard Model prediction. Moreover, we constrained
excess contributions to the effective number of relativistic
species, ANy < 0.107 (95% CL), excluding any new light
particle that decoupled from the thermal bath after the QCD
phase transition at over 5¢. We also found that the Hubble
constant discrepancy persists at over 5o for N cosmol-
ogies. While these results assume ACDM + N cosmol-
ogy, and could be relaxed in certain beyond-ACDM
scenarios (see, e.g., Refs. [54,102,108-112]), the excep-
tional precision and internal consistency of current BBN
and CMB determinations of N.; suggest that many
extended models may face strong constraints from the
datasets considered here.

Our stringent N constraint demonstrates the power of
combining modern astrophysical and cosmological mea-
surements. To reliably perform such a combination, we
assessed the consistency of N constraints from primordial
abundances, the CMB, and BAO, finding them to be in
excellent agreement, with the exception of a mild tension
between the CMB and BAO when low-£ EE data are
included, which we thus excluded from our baseline

analysis with a negligible loss in constraining power on
N We note that although we have held the neutrino mass
sum fixed to 0.06 eV in this analysis, our N constraint
should be highly insensitive to > m, because it is domi-
nated by the new LBT Yp measurement, which is insensi-
tive to ) . m,, and because current CMB-derived constraints
on N are largely independent of » m, [54]. In the near
future, improved astrophysical determinations of the pri-
mordial helium fraction, high-resolution CMB observa-
tions from the Simons Observatory [92,113], and next-
generation large-scale structure surveys such as DESI-
II [114] and Euclid [115] will increase our sensitivity to
N, potentially providing evidence for new light particles
in the early Universe.
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