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Figure 9.4: Summary of measurements of «, as a function of the energy scale Q. The respective
degree of QCD perturbation theory used in the extraction of ay is indicated in brackets (NLO:
next-to-leading order; NNLO: next-to-next-to-leading order; NNLO+res.: NNLO matched to a
resummed calculation; N*LO: next-to-NNLO).

R.L. Workman et al. (Particle Data Group) Prog. Theor. Exp. Phys. 2022, 083C01 (2022)



93.5 Gauge coupling unification

The quantitative unification of the three SM gauge couplings at the energy scale Mg is one
of the cornerstones of the GUT paradigm. It is obviously of direct phenomenological relevance.
Gauge coupling unification is well understood in the framework of effective field theory (EFT) [60].
In the simplest case, the relevant EFT at energies p1 > Mg has a unified gauge symmetry (say
SU(5) for definiteness) and a single running gauge coupling ag(u). At energies p < Mg, states
with mass ~ Mg (such as X bosons, GUT Higgs, color-triplet Higgs) have to be integrated out.
The EFT now has three independent couplings and SM (or SUSY SM) matter content. One-loop
renormalization group equations readily allow for an extrapolation to the weak scale,

bi M,
ai—l(mz) — aal(Mg) + ﬁ log (m—g) + di (93.3)

(i = 1,2,3). Here we defined §; to absorb all sub-leading effects, such as threshold corrections
at or near the weak scale (e.g. from superpartners and the additional Higgs bosons in the case
of the MSSM) and at the GUT scale, and also higher-order corrections. We will discuss them
momentarily.

It is apparent from Eq. (93.3) that the three low-scale couplings can be very different. This
is due to the large energy range myz < p < Mg and the non-universal S-function coefficients
(5™ = {41/10,-19/6, —7} or bMSSM = {33/5,1, —3}). Incomplete GUT multiplets, such as gauge
and Higgs bosons in the SM and also their superpartners and the additional Higgs bosons in the
MSSM, contribute to the differences between the § functions. Inverting the argument, one expects
that extrapolating the measured couplings to the high scale, we find quantitative unification at
i~ Mg. While this fails in the SM, it works intriguingly well in the MSSM (cf. Fig. 93.1).

R.L. Workman et al. (Particle Data Group) Prog. Theor. Exp. Phys. 2022, 083C01 (2022)
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Figure 93.1: Running couplings in SM and MSSM using two-loop RG evolution. The SUSY
threshold at 2 TeV is clearly visible on the MSSM side. (We thank Ben Allanach for providing the
plots created using SOFTSUSY [61].)

R.L. Workman et al. (Particle Data Group) Prog. Theor. Exp. Phys. 2022, 083C01 (2022)
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