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Why massive?

Low-energy precision experiments with leptons such as MEG, Mu3e, MUSE

and MUonE require a precise knowledge of the Standard Model background.

For this reason we are developing a Monte Carlo code for muons and other

leptons (MCMULE). This includes the fully differential NNLO QED correc-

tions to µ→ eνν, µe→ µe and `p→ `p. At the level of the required precision

electron mass effects cannot be neglected. On the technical side this entails

advantages as well as disadvantages:

• no collinear singularties

→ simple subtraction scheme for numerical phase space integration (FKS`)

• multi-scale loop integrals

→ solution: ‘massification’ for analytical loop integration

The FKS` subtraction scheme

We use the simple exponentiating structure of soft singularities in QED
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where M(`)f
n are free from infrared (IR) poles and all singularities are con-

tained in the integrated eikonal Ê . The subtraction is performed in terms of

the distribution
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with the dimensionless photon energy ξ and the arbitrary cut parameter ξc.

Idea
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divergent & easy→ analytical
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Proof of concept: muon decay @ NNLO
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Results

After the successful application of FKS2 to the muon decay, we are using the

developed methodology for the other processes of interest. We show prelim-

inary results for the dominant emission-from-e-line-only for ep→ ep (MUSE)

and eµ→ eµ (MUonE).
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Outlook

As a next step we will take mixed emissions from the p/µ and e line into

account. Contrary to the emission-from-e-line-only (above results), the loop

integration with the full electron-mass dependence is not feasible. However,

since the electron mass m is small, it is sufficient to determine the logarith-

mically enhanced terms ∼ logm. These correspond to regularized collinear

divergences. We can therefore exploit the universal structure of IR singular-

ities with the ‘massification’ of the massless amplitudes:

Simple process (µ→ eνν):

Aµ(m) = S × Z ×Aµ(0) +O(m logm)

Z ⊃ logm: process indep. jet fct.
S ⊃ logm: process dep. soft fct. (easy)

Z

Complex process (µe→ µe):

Aµe(m) = S ′ × Z × Z ×Aµe(0) +O(m logm)
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