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Nefs in the Standard Model

* Negis the “effective number of neutrino species”; parameterises expansion rate
during BBN and CMB decoupling

¢ In the SM it is defined as = 3 11 eff

& L 7( 4 )4/3NSM
P~ T/me—0 3

e Nef=3 in the SM if
i) primordial plasma is ideal gas,
ii) neutrinos decouple instantaneously,
iii) neutrinos decoupled at temperature T >> me
None of this is really true, leading to deviations from Neg= 3

* BSM phenomena also lead to deviations from Neg= 3 (extra light particles,
modified expansion history, non-standard neutrino interactions...),
making Nef a powerful probe of BSM physics

* One can measure Nef with percent accuracy



Observational Perspectives

Big Bang Nucleosynthesis

e Recently the primordial Helium abundance has been
measured with unprecedented precision

® This has — combined with various CMB and LSS
measurement — yielded the currently strongest
bound on Neff=2.990 + 0.070

Cosmic Microwave Background

* Planck alone imposes Ney=2.99 +0.17

e Simons Observatory is foreseen to
achieve + 0.045
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( )
e Status 2020 (current state-of-the-art value): Akita/Yamaguchi al 2005.07047
M Froustey/Pitrou 2008.01074
Ng" = 3.0440x=0.0002 Bennett et al 2012.02726

k(used by PDG, in CAMB and CLASS codes, major collaborations like DES, DESI...)



https://arxiv.org/abs/2005.07047
https://arxiv.org/abs/2008.01074

Experimental Uncertainties
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e Largest uncertainty from experiment: mixing angles
* Uncertainty from neutrino oscillation data is sub-dominant compared to
numerical error (Gauss-Laguerre vs Newton-Cotes quadrature)
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e Largest uncertainty from experiment: mixing angles
* Uncertainty from neutrino oscillation data is sub-dominant compared to
numerical error (Gauss-Laguerre vs Newton-Cotes quadrature)



Impact of NLO QED Corrections

* Nein the SM is found by solving
(d/dt)ptOt SH(ptOt Ptot) =0, 8tQ_pHa — _ll[Ha Q] +I[Q]7

e O(e?) correction to equation of state is more important than neutrino oscillations!

Standard-model corrections to NV :Eff’l Leading-digit contribution
me /T,y correction +0.04

O(e?) FTQED correction to the QED EoS +0.01
Non-instantaneous decoupling + spectral distortion —0.005

O(e?) FTQED correction to the QED EoS E —0.001 3
Flavour oscillations +0.0005

Type (a) FTQED corrections to the weak rates <101




Impact of NLO QED Corrections

* Nein the SM is found by solving
(d/dt)prot+3H (prot + Prot) =0, Oro—pHI), = —i[H, o] +Z[g],

* O(e?®) correction to equation of state is more important than neutrino oscillations!

Standard-model corrections to NV :ﬁ}’[ Leading-digit contribution
me /T,y correction +0.04
O(e?) FTQED correction to the QED EoS +0.01
Non-instantaneous decoupling + spectral distortion —0.005
O(e?) FTQED correction to the QED EoS E —0.001 3
Flavour oscillations +0.0005
Type (a) FTQED corrections to the weak rates <104
® The result Ney=3.0440 + 0.0002 obtained in consistently

included finite temperature QED corrections to the equation of state at NLO...

e ...but only roughly estimates NLO corrections to the collision term
° found that NLO corrections to collision term lead to N.s= 3.043

N L



NLO Corrections
to Collision Term



QED Corrections to Collision Term

Bennett et al
2012.02726

Cielo et al
2306.05460

Jackson/Laine
2312.07015, 2412.03958
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(a) roughly | partially no yes no partially | no

estimated (fermions)

(a)-(c) partially no no partially | no no

partially

all yes partially | no no yes yes

(d) yes no no yes yes yes



https://arxiv.org/abs/2312.07015
https://arxiv.org/abs/2412.03958
https://arxiv.org/abs/2306.05460
https://arxiv.org/abs/2402.18481

QED Corrections to Collision Term
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e t-channel version of diagram (d) is IR divergent in the t-channel,
 Hence we focussed on (d) in MaD et al 240218481
* In Closed-Time-Path formalism appears as a cut of

* But: annihilation channels transfer more energy than scatterings, see
Jackson/Laine 2412.03958

-

k * requires usage of resumed finite temperature photon propagator




Resummed Photon Propagator
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For Peshier/Schertler/Thoma et 9708434 Thoma/Carrington 9708363 MaD et al 2402.18481



https://arxiv.org/abs/hep-ph/9708434
https://arxiv.org/abs/hep-ph/9708363
https://arxiv.org/abs/2402.18481

Resummed Photon Propagator
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Resummation: momentum-dependent photon mass and longitudinal photon mode


https://arxiv.org/abs/hep-ph/9708434
https://arxiv.org/abs/hep-ph/9708363
https://arxiv.org/abs/2402.18481
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Neutrino Decay
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Impact on Neyis negligible


https://arxiv.org/abs/hep-ph/9302213
https://arxiv.org/abs/2402.18481
https://arxiv.org/abs/astro-ph/9309014
https://arxiv.org/abs/2109.06158

Correction to Neutrino
| Scattering
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https://arxiv.org/abs/2402.18481

Impact on Neff

o In principle: need to solve density matrix equation for all neutrino modes

« Large set of coupled equations, highly non-linear due to neutrino self-interactions (the I" are
functionals of Q)

« We use two simpler methods to estimate impact on Nett:
- entropy conservation
- solve density matrix equation in “damping approximation”

Method SNeg /NLO SNT2e=0 /NLO
Entropy conservation (common decoupling) —1.1x107° —12x107"°
Entropy conservation (flavour-dependent decoupling) —54x107%  —6.1x107°
Boltzmann damping approximation (mean momentum) —7.8x107°% —1.6x107°
Boltzmann damping approximation (full momentum) —79x107% —26x10°

o Ultimately: full density matrix needs to be solved with all contributions
o Our results indicate that NLO corrections to collision integral do not modify Neff
considerably , indicating that Neg= 3.044 in the SM

« Independent computations by Jackson and Laine including all annihilation channels come to
the same conclusion


https://arxiv.org/abs/2402.18481
https://arxiv.org/abs/2312.07015
https://arxiv.org/abs/2412.03958

Positronium Formation



Bound State Formation

e Transient population of positronium affects QED equation of state

Approach I: Estimate impact of entropy change from adding bound states
(assuming energy conservation)
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* Bound state properties: heuristic
description by finite T effective potential

V(r)=-amp - gfz"""”?""" —iaT¢(mpr)

b(y) = 2 f (u2 e (1 B sin(uy))

uy
e Formation occurs when Yukawa
potential accommodates bound states
that are separated from the continuum
by a gap exceeding their thermal width

0.5

* Magnitude of etfect strongly depends on when positronium forms


https://arxiv.org/abs/2411.14091

Bound State Formation

e Transient population of positronium affects QED equation of state

Approach II: Quantify deviation from ideal gas assuming equilibrium
(assuming energy and entropy conservation)

e For T >> me : system is perturbative, use results from
® For T << me : non-perturbative treatment with Beth-Uhlenbeck formula
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¢ If the system remains in local equilibrium, impact on N.sis below 10°


https://arxiv.org/abs/2411.14091

GW Contribution
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GWs as a Big Bang Thermometer

* Any plasma in thermal equilibrium emits a black body spectrum of GWs, the graviton
equivalent to the CMB and CvB

* This irreducible GW background contributes to Nefin the SM, but depends on T

GW energy density
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The Need for Speed
(if you wanna go BSM)



Speeding up Nes Computations

* Suppose the conclusions from and
are correct and NLO corrections from the collision

integral are negligible, so that Nefg= 3.044 in the SM... then, what next?

* Precision computation sampling the v-momentum distributions in the
non-linear collision term are numerically demanding... not suitable to scan
parameter spaces of BSM models

* Using moments (instead of sampling momenta) massively reduces the
computation time and only leads to errors around 0.04%, recovering Neg = 3.044;
a public code is provided in

* Direct Simulation Monte Carlo methods can further accelerate the computations,
recover Neff=3.0439 + 0.0006 in the SM
(compared to Neff=3.0440 + 0.0002 in )



Summary & Conclusions

e In 2020 a new benchmark value Nef = 3.044 in the SM was established that includes
neutrino oscillations and NLO corrections to the QED EoS

* NLO corrections to the collision term have been studied by different authors, suggesting
Neff=3.043 in
Nef=3.044 in and

The discrepancy has not (yet) been resolved, my personal working assumption remains
Neff=3.0440 + 0.0002 based on

* Bound state formation is unlikely to have a sizeable impact

* GW contribution to Nefin the SM is detectable for very high reheating temperature

* Beyond the SM increasing speed may be more important than increasing precision; e.g.
using moments instead of momenta
using Direct Simulation Monte Carlo
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