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The main building blocks of any model in a quantum field theory are postulated gauge symmetries and the phe-
nomenological parameters such as masses and couplings. The observables, however, are not directly the masses or the
couplings, but decay rates and cross sections constructed from amplitudes. The amplitudes then have to be independent of
the gauge choice, since they are directly related to the observables of the model. The amplitudes depend on the parameters
of the theory, hence from the information of the measured decay rates and cross sections we can indirectly “measure”
those phenomenological parameters. From the theoretical point of view these parameters need not be gauge parameter
independent: the dependence just has to cancel when calculating the amplitude. Despite that, it is desirable to have gauge
independent masses and couplings, as they would more directly correspond to our physical intuition of what a mass and
a coupling should be. This, however, is not always an easy task, if one goes to a higher accuracy than the tree level
approximation.

To calculate amplitudes with higher accuracy than at tree level, one needs to renormalize the theory. This means that
the renormalized parameters of the theory are now determined from the renormalization conditions at a given order of
accuracy. So now we are the ones that determines what our parameters mean and if we are not careful enough, we might
accidentally introduce unwanted gauge dependent terms into the parameters.

We study the mass renormalization of the neutrinos in a two Higgs doublet model extended by one sterile neutrino
allowing radiative mass generation, the model introduced by [1]. We adapt the complex mass scheme for neutrinos [2]
as it is formally shown to give gauge invariant definitions for masses at all loop levels [3]. When calculating explicitly,
the mass renormalization constants for neutrinos turn out to depend on the gauge fixing parameter, which means that
the bare mass parameter becomes gauge dependent. The solution to this problem is to add the tadpole functions to the
definition of the counterterm as briefly discussed in [4]. This method is inspired by the pinch technique [5], in which
the gauge dependent terms of the Green’s functions of the theory are separated systematically. These tadpole functions
actually come from the renormalization of the Higgs vacuum expectation value, hence adding the tadpole functions to the
mass counterterms also effects the so-called tadpole conditions. This also affects the Legendre transform of the generating
functional of the theory. Nevertheless, this technique is useful in defining the gauge independent part of the counterterm
leaving the gauge dependent part for bookkeeping reasons.

We present the algebraic structure of the relationship between the neutrino mass and the Higgs sector renormalization
paying attention to the gauge dependences at one loop order. We discuss different basis choices for the fields and for the
renormalization constants. We outline the steps done to arrive at the analytic checks using the Mathematica packages
FeynArts[6], FormCalc[7] and Sarah[8].
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