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why NNLO & massive?

phenomenological reasons

• Low-energy precision experiments: MEG, Mu3e, MUSE, MUonE

• SM background has to be known precisely

• NNLO with me 6= 0 for µ→ eνν, µp→ µp, ep→ ep, µe→ µe

• e.g. µ− e scattering at 10ppm: NNLO α2 log2me � 10−5

technical reasons

• simplifies real corrections

• initial state logarithms explicit
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NNLO basics: IR divergences

∫
dΦγ ∼

∫
0

dEγ

∫
0

dθ
1

Eγ(1− βe cos θ)

Two types of IR singularities

• soft: Eγ → 0

• collinear: θ → 0 (if βe = 1 ↔ me = 0)

KLN theorem

• IR divergences from final state real emissions cancel the ones from the loops
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conflict

• phase space harder if massless

• loop integrals harder if massive

⇒ ‘massification’ & FKS2
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‘massification’

simple process (µ→ eνν)

• Aµ(m) = S × Z ×Aµ(0) +O(m logm)

• Z ⊃ log(m):
process indep. jet fct.

• S ⊃ log(m):
process dep. soft fct. (easy)

[Becher, Melnikov 07; TE, Gnendiger, Signer, Ulrich 18]
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complex process (µe→ µe)

• Aµe(m) = S ′×Z×Z×Aµe(0)+O(m logm)
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FKS2 subtraction scheme
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FKS2 subtraction scheme
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results: muon decay

Electron energy spectrum (xe ∼ Ee):
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[Arbuzov, Czarnecki, Gaponenko; Arbuzov, Melnikov 02, Anastasiou, Melnikov, Petriello 05]
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conclusion

• NNLO corrections in massive QED phenomenologically relevant

• ‘massification’ & FKS2 applied to muon decay (proof of concept)

• work in progress: µe→ µe, µp→ µp and ep→ ep

questions?


