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Concept not limited to QCD → What about other theories, like SM?
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Nontrivial changes:

❖ Scalar sector

❖Mixed terms from multiple gauge groups
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[JB, Harlander, Kohnen 2025]

arXiv:2501.07150 
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Flowed scalar renormalization

How do we calculate 𝑑 𝑡 ?

General SFTX:

[JB, Harlander, Kohnen 2025]

?Method of Projectors
[Gorishnii, Larin, Tkachov 1983; Gorishnii, Larin 1987]

Higher orders
for t > 0

𝜙

Only tree-level 
contributions at t = 0
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[JB, Harlander, Kohnen 2025]

Check: SFTX of scalar bilinear

❖ NNLO results:  𝑐1 𝑡 (2-loop), 𝑐0 𝑡 (3-loop)

❖ Renormalized by 𝑍𝜑

❖ Corrected 𝑍𝜙†𝜙 from literature [Gorishnii, Kataev, Larin 1987]
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see also [JB, Harlander, Kohnen, Lange 2023]

Flowed fermion renormalization

❖ Vector currents ത𝜓𝛾𝜇𝜓 finite

❖ Singlet diagrams require 𝛾5-scheme

❖ Solution: Off-diagonal currents (non-singlet diagrams)

❖ Obtained         through NNLO (2-loop)



Fermionic Sector

13

see also [JB, Harlander, Kohnen 2025]

Check: VEVs of fermion FKOs

❖ QCD: FKO used for ringed scheme

❖ Checked          through NNLO (3-loop)
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GF scheme for gauge couplings

❖ QCD:

[Lüscher 2010; Lüscher 2014; Harlander, Neumann 2016]

𝑬(𝒕)

see also [JB, Harlander, Kohnen 2025]
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GF scheme for gauge couplings

❖ SM: 

❖ 𝐸𝑖(𝑡) obtained through NNLO (3-loop)

❖ Check: 𝑍𝑖  agree with SM values (NLO)

see also [JB, Harlander, Kohnen 2025]
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GF scheme for gauge couplings

❖ Example result (preliminary):

see also [JB, Harlander, Kohnen 2025]
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Additional Checks
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❖We actually use  U 1 × SU 𝑁1 × SU(𝑁2)

❖We reproduced earlier flowed QCD results

❖ Except for VEVs, we use general 𝑅𝜉-gauge



Automation
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≤ 4125 diagrams

6 master integrals

Generate IBP relations

Reduction with kira+FireFly

3-loop: Numerical evaluation using ftint & pySecDec

[Tkachov 1981; Chetyrkin, Tkachov 1981; 
Artz, Harlander, Lange, Neumann, Prausa 2019]
[Maierhöfer, Usovitsch, Uwer 2018; Klappert et al. 2021; 
Klappert, Lange 2020; Klappert, Klein, Lange 2021]

208 flowed integrals

tapir          exp

[Harlander et al. 2024;
Borowka et al. 2015, 2018, 2019; 
Heinrich et al. 2024]



Conclusion & Outlook

✓ 𝑍𝜑 & 𝑍𝜒 through NNLO for all fermions & Higgs

✓ Flowed Noether currents and ringed scheme

✓ Flowed bosonic action densities

✓ Agreement with SM & flowed QCD results

✓ All results independent of 𝑅ξ gauge

SM Results (unbroken phase, vanishing Yukawa couplings)

Next steps: Yukawas, calculate higher-dimensional operators ...
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