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Motivation

Fundamental constants: show up in every discipline of science
We know them to precisions given units of parts per 109 1

Some theories predict changes in these constants over cosmological time
scales

How fine-tuned is our universe?2

How can we test this? ⇒ Laboratory: Big Bang Nucleosynthesis (BBN)3

1 PDG: Workman et al., 2022, 2 Dirac, 1973 and many others, 3 Olive, Steigman, and Walker, 2000; Iocco et al., 2009; Cyburt et al.,

2016; Pitrou et al., 2018a
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This talk

In this work: studied BBN under variation of
the electromagnetic coupling constant α 1

� also using results from Halo EFT
calculations2

the Higgs vacuum expectation value
(VEV) v 3

Goal: find a bound on these variations through
comparing calculations with experimental
values for light element abundances

: Source: ChatGPT

1 Meißner, Metsch, HM 2023; Bergström, Iguri, Rubenstein, 1999; Nollett, Lopez, 2002; Dent,Stern,Wetterich, 2007; Coc et al., 2007;
2 Meißner, Metsch , HM 2024; Hammer, Ji, Phillips, 2017; 3 Meißner, HM 2024; Burns et al., 2024
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Introducing BBN – Evolution of Abundances

abundance Yi = ni /nb, with ni
density of nucleus i and nb total
baryon density
Need to solve system of rate
equations

Ẏi ⊃ −Yi Γi→... + YjΓj→i+...

+ YkYlΓkl→ij − Yi YjΓij→kl

Used five different codes1 to get
an estimate of systematical errors

1 PRIMAT : Pitrou et al., 2018b, AlterBBN : Arbey et al., 2020,

PArthENoPE : Gariazzo et al., 2022, NUC123 : Kawano, 1992 and

PRyMordial : Burns, Tait, and Valli, 2023

Z

N

: Taken from Pitrou et al., 2018a
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Introducing BBN – The Timescales
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Variation of α – What to consider

Nuclear reaction rates: Coulomb
barrier → energy-dependent
penetration factor in cross section1

Radiative capture

n ↔ p and β-decay rates: final (initial) state interactions between charged
particles
Indirect effects: binding energies2 and Qn (QED contribution)3

∆Qn = QQED
n · δα = −0.58(16) MeV · δα

1 Blatt and Weisskopf, 1979; 2 Elhatisari et al., 2024; 3 Gasser, Leutwyler, and Rusetsky, 2021
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Experimental constraints

PDG1: reliable measurements for 4He, d and 7Li (But: Lithium problem2)
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5 codes give similar results
Only α-variation of |δα| < 1.8% is consistent with experiment

1 Workman et al., 2022; 2 Fields, 2011
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Halo Effective Field Theory (EFT)

Biggest source of uncertainty: reaction rates and cross sections

⇒ Need theoretical predictions

So far: only pionless EFT for
n + p → d + γ 1

Now: include Halo EFT2 rates for
� n + 7Li → 8Li + γ 3

� p + 7Be → 8B + γ 4

� 3H + 4He → 7Li + γ and
3He + 4He → 7Be + γ 5

1 Rupak, 2000; 2 review: Hammer, Ji, Phillips, 2017; 3 Fernando,
Higa, Rupak 2012; Higa, Premarathna, Rupak, 2021; 4 Higa,
Premarathna, Rupak, 2022;
5 Higa, Rupak, Vaghani, 2018; Premarathna, Rupak, 2020
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: Meißner, Metsch, HM 2024: in print (EPJA)

7Li + 7Be abundance diverges?
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Higgs VEV Variation – What to consider

QCD scale ΛQCD ∝ (1 + δv)0.251

Fermi constant GF ∝ (1 + δv)−2

Change of electron and quark masses ⇒ Mπ through
Gell-Mann-Oakes-Renner relation

→ Qn (QCD part)2

→ Deuteron binding energy
(right)

→ nucleon mass and
axial-vector coupling (from
Lattice QCD or ChPT)

→ nucleon-nucleon scattering
parameters (low energy
theorems)3

1 Burns et al., 2024, 2 Gasser, Leutwyler, and

Rusetsky, 2021, 3 Baru et al., 2015, 2016
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n + p → d + γ

n + p → d + γ rate1

depends heavily on
� deuteron binding

energy
� nucleon mass
� nucleon-nucleon

scattering parameters
v -dependence much
stronger than expected
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1 Rupak, 2000; 2 Burns et al., 2024
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Experimental constraints
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: PDG: Workman et al., 2022 ; EMPRESS: Matsumoto et al., 2022

found more stringent 2σ-bound from deuterium abundance:

−0.5% ≤ δv ≤ −0.1%
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To summarize...

simulated Big Bang Nucleosynthesis with
5 different codes as laboratory
considered variation of fundamental
physical constants and found

for the fine-structure constant (1σ)

|δα| < 1.8%

for the Higgs VEV (2σ)

−0.5% ≤ δv ≤ −0.1%

to be consistent with measurements
Now: How fine-tuned is our universe?

: Source : ChatGPT
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Outlook

Combined analysis of α- and v - or α- and quark mass variations
Quantitative and detailed error estimations
Main source of uncertainty: reaction cross sections and rates

⇒ need more theoretical predictions

" Halo EFT
� new: Nuclear Lattice Effective Field Theory → Dean Lee’s

talk

→ contributions to nuclear binding energies (already
used for α-variation)

→ ab initio calculation of scattering parameters and
rates: deuteron-deuteron reactions in the making

→ can directly vary fundamental parameters: no
need for approximation

: Source : ChatGPT

Thank you for your attention!
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