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1 Introduction

The discovery of a Higgs boson at the Large Hadron Collider (LHC) [1, 2] was a tremendous
success for elementary particle physics. The Higgs boson is now a central object of intense
research in both experiment and theory in order to determine its properties precisely. In
particular, it is interesting to investigate whether the Higgs boson belongs to the Standard
Model (SM) or whether it is part of a more general theory. In this context, models with
additional Higgs bosons are of special interest. An extended Higgs sector can contribute
to solve open problems in particle physics, like for example the question of the origin of
the matter-antimatter asymmetry in the universe or the nature of dark matter.

At the LHC, detectable differences between the SM and a theory with an extended
Higgs sector can be small. Therefore, accurate theory predictions are strongly desirable
and in turn require the knowledge of higher-order corrections. QCD corrections essentially
dress the basic electroweak (EW) interactions of the Higgs boson and do not fundamentally
change by adding additional Higgs bosons to the theory. Electroweak corrections, on the
other hand, can significantly modify the predictions for physical observables, like cross
sections and partial decay widths, through an extended Higgs sector. For this reason, we
dedicate special attention to the calculation of next-to-leading order (NLO) EW corrections
to Higgs production. This requires a renormalization of the new physical parameters and
fields of the extended Higgs sector.

Within this work, we consider in particular the CP-conserving 2HDM of type II with a
softly broken Z5 symmetry [3, 4]. The Higgs sector of this model depends on four physical
mass parameters, the masses My, and My, of the light and heavy, neutral, scalar Higgs
bosons, the mass My, of the pseudo-scalar Higgs boson, and the mass Mg+ of the charged
Higgs boson. In addition, there are two mixing angles, a and 3, as well as the soft-Zs-
breaking scale Mg,. The renormalization of the 2HDM of type II has been discussed in
the context of supersymmetry (see e.g. refs. [5-7]) and also in the general case [8-11]. A
reasonable renormalization scheme should fulfil the following three conditions [6]: it should
lead to gauge-independent physical counterterms, it should be numerically stable, i.e. the
size of the higher-order corrections should be moderate, and it should preferably be defined
in a process-independent way.

The masses of the Higgs bosons, vector bosons and fermions are naturally renormal-
ized in the classical on-shell scheme, which is straightforward to apply. In contrast, for the



parameters «, 3, and Mg, there is no natural renormalization scheme. As long as these pa-
rameters are unknown, it is difficult to identify processes that can be measured precisely and
that would allow to extract the values of these parameters accurately and in a stable way.
Moreover, process-dependent renormalization can lead to unnaturally large corrections for
the predictions of other processes (see e.g. ref. [11]) or require to artificially split off IR
singularities [6]. Motivated by studies on the renormalization of the quark-mixing matrix
in the SM [12], process-independent renormalization of the mixing angles a and § based
on the field renormalization constants of the Higgs fields have been proposed [9, 10, 13].
Taking these recipes naively leads, however, to gauge-dependent renormalization of the
mixing angles [14]. Therefore, it has been suggested [11, 15] to render these methods gauge
independent by applying the pinch technique [16, 17]. This, however, merely trades the
gauge dependence for a dependence on the prescription intrinsic in the pinch technique.

We consider it favourable to stick to a renormalization scheme that does not depend on
particular conventions and propose to use the MS renormalization scheme which is by de-
fault used in perturbative QCD. MS renormalization is simple to apply and to implement.
In addition, it leads to a residual scale dependence that helps to estimate the uncertainty
caused by unknown higher-order corrections via a suitable scale variation. If the pertur-
bative corrections become large along with the scale dependence, this signals the onset of
the non-perturbative regime where the Higgs sector becomes strongly coupled. This will
be illustrated in this work.

The use of an MS renormalization scheme, however, requires particular attention in the
proper treatment of the Higgs tadpoles. Tadpoles have no physical meaning and drop out in
properly calculated S-matrix elements. If all parameters of the theory can be renormalized
on-shell, as in the SM, (some) tadpoles can be consistently omitted to simplify practical
calculations. However, if parameters are renormalized in the MS scheme, it becomes crucial
to define all bare physical parameters and counterterms, like for instance the mass countert-
erms of the EW gauge bosons or Higgs bosons, in a gauge-independent way. This in turn re-
quires a consistent treatment of tadpoles. Within the 2HDM, we show that a careless treat-
ment of tadpoles, as often used in the literature, in combination with MS renormalization
of the mixing angles o and 3 yields gauge-dependent results already at the one-loop level.

A consistent treatment of tadpoles has been formulated for the SM by Fleischer and
Jegerlehner in ref. [18]. In this paper, we generalize this scheme, which we dub F.J Tadpole
Scheme, and apply it to the 2HDM in order to allow for a consistent gauge-independent
MS renormalization of the mixing angles o and 3 as well as the soft-breaking scale Myy,.
We stress that the FJ Tadpole Scheme as introduced here provides a consistent universal
description of tadpoles in arbitrary theories with spontaneous symmetry breaking (SSB),
such as general multi-Higgs models.

The outline of this paper is as follows. In section 2 we discuss the role of the Higgs
tadpoles for the proper definition of gauge-independent, physical parameters and countert-
erms for a general Higgs sector and recapitulate the use of the FJ Tadpole Scheme within
the SM. Our notation and conventions for the 2HDM are introduced in section 3. Section 4
is devoted to the extension of the FJ Tadpole Scheme to the 2HDM and the formulation of
the renormalization conditions. In section 5 we discuss the gauge dependence of popular



schemes and relate these schemes to the FJ Tadpole Scheme. In section 6 we demon-
strate the applicability of the F.J Tadpole Scheme by employing it in NLO calculations
of Higgs-boson production processes in the 2HDM. In particular, we discuss Higgs-boson
production in gluon fusion as well as Higgs-boson production through Higgs strahlung.
Finally, in section 7 we close with our conclusions. In the appendices we present results
for the Higgs-tadpole counterterms in the 2HDM, proof the gauge dependence of the MS
renormalization of 8 in popular tadpole schemes, and illustrate the tadpole contributions
to the two-loop Higgs-boson self-energy.

2 The role of tadpoles and gauge dependence

Before discussing the renormalization of the 2HDM, we examine the tadpole renormaliza-
tion in theories with an extended Higgs sector in general, and we revisit the treatment of
tadpoles in the SM. As tadpole contributions are gauge dependent (see e.g. refs. [19, 20]
or appendix A), their gauge-dependent parts have to cancel in any physical quantity. This
cancellation is always given when a physical renormalization scheme such as the on-shell
scheme is applied, which is usually the case in the EW SM. For Beyond-Standard-Model
(BSM) theories, on the other hand, on-shell renormalization of parameters may introduce
a process dependence and/or lead to unnaturally large NLO corrections. Hence, it is
preferable to renormalize new parameters in the MS scheme, at least until first evidence of
the BSM theory allows for a meaningful definition of a process-dependent renormalization
scheme. In this case, the treatment of tadpole counterterms requires some care to warrant
the gauge independence of S-matrix elements: if MS counterterms are used, it is essential to
ensure that all counterterms of physical parameters are gauge independent. This requires
a gauge-independent definition of bare physical parameters which, in particular, must not
employ shifted vacuum expectation values (vevs) in the presence of SSB. We show how
this can be achieved in general and in a systematic way. In section 2.1, we discuss a proper
definition of the vevs for a general Higgs sector. The treatment of tadpoles closely follows
the arguments which have been presented by Fleischer and Jegerlehner in appendix A of
ref. [18] for the SM. We refer to this scheme as the F.J Tadpole Scheme in the following.

The tadpole counterterms are absent at tree level. At higher orders in perturbation
theory, they can be used to remove explicit tadpole contributions, which simplifies prac-
tical calculations. We show that the FJ Tadpole Scheme is gauge independent regardless
of whether tadpoles are removed by a consistent renormalization or taken into account
explicitly. This implies that any physical quantity is independent of the (consistent) renor-
malization of tadpoles.

2.1 The FJ Tadpole Scheme for a general Higgs sector
The bare Higgs Lagrangian is defined in terms of bare fields @; g and bare parameters c; g,
Lup(P1B,--,PLBICIB: -1 CkB}---) s (2.1)

withi=1,...,l and j =1,...,k. We stress that c; g are the theory-defining parameters,
i.e. the bare parameters of the original Lagrangian with unbroken gauge symmetry. After



spontaneous symmetry breaking, the neutral scalar components ¢; g of the Higgs multiplets
obtain vevs v; g + Awv;, and the Lagrangian can be written as

Lup(p1,B+viB+Avi,...,oB+up+Av;...5¢1B, -, ChBs---), (2.2)

where the shifts of the vevs Av; are introduced for later convenience. The v; 3 are chosen
in such a way that the vevs of the shifted fields ¢; B

(piB) = 0+1t; (Avi, ..., Avy) + higher-order corrections, (2.3)

vanish at tree level, where Av = 0. Here Av = 0 is short for Avy = 0,...,Av; = 0. Since
the v; g are thus defined to minimize the bare scalar potential, they are directly given in
terms of the bare (theory-defining) parameters of the Lagrangian [see (2.32) for the SM].

The tadpole counterterm t; is defined by the expression obtained by taking the deriva-
tive of the Lagrangian with respect to the field ¢;, setting all fields to zero and keeping only
the linear and higher-order terms in Av;. This can be generalized to tadpole counterterms
of n-point functions. To this end, we define the tadpole Lagrangian AL in the F.J Tadpole
Scheme, which gives rise to all the tadpoles in the theory, as

AL:=L— L]y, (2.4)

Then, the tadpole counterterm is defined by the expression

OAL

ti (Avy, ..., Av) = AL; (Avy, ..., Av;...)  with AL; = 5
Pi

, (2.5)
=0

where the field ¢; can be any scalar in the theory. The tadpole counterterms to two-point
functions are given by derivatives of the Lagrangian with respect to ¢; and ¢;, i.e.

O?AL

ti]’ (Avl, RN AUZ) = Aﬁw (A’Ul, Ce ,A’Ul; ‘e ) with Aﬁw = W
¥

(2.6)

»=0

where the fields ¢; and ¢; can be scalars, vector bosons or fermions. Analogously, we
obtain the tadpole counterterm to the interaction of three fields

PBAL

tijk (Avl, ceey AUZ) = A»ngk (Avl, e, A’UZ; .. ) with A,C”k = 7@90'8(,0 ‘6§0k
109

, (2.7)

p=0

where the fields ¢;, ¢; and ¢ can only be scalars or vector bosons in renormalizable
quantum field theories. Tadpole counterterms to scalars arise from the Higgs potential,
while the tadpole counterterms involving vector bosons and fermions originate from the
kinetic terms and the Yukawa terms, respectively, of the Lagrangian of the theory. The
one-particle irreducible (1PI) tadpole loop corrections are given by

_0—|-?z ?z :;?i, (28)

Tf” Ti(Q)



with the contributions! at tree level (0), one loop (Ti(l)), two loops (TZ@) ), and the hatched
graph denoting the sum of all 1PI tadpole graphs. Note that Ti(N) contains (N — 1)-loop
counterterm contributions.

Choosing the shifts of the vevs as Av = 0 implies that all tadpole counterterms t;
vanish, and (¢; g) = 0 holds at tree level. Already at one-loop order, the bare fields receive
a non-vanishing vev due to the tadpole loop corrections in eq. (2.8). In the following, we
illustrate the tadpole renormalization for general two-point functions. We define the self-
energy ;i (q?) of a field i as the higher-order (beyond tree-level) contributions to the inverse
connected 2-point function and denote the corresponding 1PI contributions by Eilipl. We
indicate renormalized functions by a hat. The renormalized self-energy at one-loop order

can be written in terms of 1PI graphs as follows

20 (@) = —@Q—+ ———+ 2_( ? + TSD”) (2.9)

(1),1PT
2

o
— (D) —+Y o (2.10)

where the subscript R indicates renormalized 1PI graphs. For the two-loop contributions

we obtain

G
5P (¢%) = —Cn) ? + +

_|_

(ix)
(ix)
t—)y— —

where we suppressed the summation over tadpoles of different fields for simplicity. In the

(2.11)

FJ Tadpole Scheme the counterterm corresponding to the two-point irreducible part reads
—_—— =1y (Avl,...,Avl) —5m?+ (p2 —m?) 0Z;, (2.12)

where the tadpole counterterm t;; is defined in eq. (2.6), (SmZ2 is the mass counterterm,
and 0Z; is the field-renormalization counterterm. In addition, the renormalized tadpole
contribution 7}; with the sum over all scalar fields has to be taken into account. The
physical mass is defined as the zero of the full 2-point function.? Accordingly in the on-
shell scheme the mass counterterm (SmZ2 is obtained by requiring the renormalized on-shell
self-energy ;;(m?), as defined in eq. (2.9), to vanish. One can show that the resulting

I The tadpole loop contributions 7T} should not be confused with the tadpole counterterms t;.
2In the presence of mixing this requires an appropriate renormalization of the mixing energies Yij, 1 # ].



counterterm is gauge independent, for example, by means of extended BRST symmetry
(following the proof for W bosons in ref. [19] in the R¢-gauge). We have verified that the
gauge parameters {7 and &y [see eq. (5.2)] cancel for mass counterterms in the SM and
the 2HDM by explicit calculations in the R¢ gauge.

As stated above, both t;; and t; vanish for Av = 0. Therefore, the non-renormalized
sum of the tadpole diagrams Tj;, i.e. the third contribution in eq. (2.9), has to be taken
into account. To avoid calculating these contributions, we can allow Av # 0 in eq. (2.2)
and relate Av to the loop tadpole corrections. More precisely, we choose the shift in the
vev Av such that the fields ¢ do not develop a vev to any order in perturbation theory,
which is equivalent to setting all renormalized tadpole contributions T; of the theory to
zero. The shifts Av are determined by solving the non-linear equations

_Ti = tz‘ (A’Ul,...,A’l)l), (213)

with ¢; defined in eq. (2.5). This equation is solved order by order in perturbation theory
upon using the perturbative expansion of Av,

Av; = Avi(l) + AUEZ) +..., (2.14)
and the perturbative expansion of the tadpole contributions (2.8).

As an important consequence of the consistent inclusion of tadpole contributions, as in
egs. (2.10) and (2.11), connected Green’s functions do not depend on a particular choice of
Aw. To proof this, we consider the generating functional of Green’s functions Z[j] defined
using the Lagrangian (2.2) with Av = 0 and the generating functional Z'[j] based on
eq. (2.2) with an arbitrary Av # 0. Restricting ourselves for simplicity to the case with
only one Higgs field ¢, the two functionals can be related by a field redefinition ¢ — ¢ —Av
in Z'[j] using the invariance of the path integral measure under a constant shift. The
corresponding generating functionals of connected Green’s functions W{j] = log Z[j] and
W'[j] = log Z'[j] are related by

W'lj] = Wj] —iAv/d4a:j(x). (2.15)
Consequently, it follows for the connected Green’s functions
oW’ oW
— — = = — , for n>1, 2.16
07() 93 () [y 93(1) - 183() | (210
oW’ ow
10j(x1) j=0 107 (1) j=0

Note that this does not imply that the vertex functions are the same. The connection
between the vertex functions in both formulations is given by

PG =TRG)] with @)= s and @ =¢—Au. (219

Treating Av perturbatively, the n-point vertex functions are related by
0" (Mgl ~Tlg]) _ 0" (Clp+Av]—Tlg]) _ §"T2[¢]
0p(x1) ... ¢(xn) 0p(x1) ... p(an) 0p(x1) ... p(xn)

—0(Av).  (2.19)



However, eq. (2.16) states that the tadpole counterterm dependence originating from ra
cancels in connected Green’s functions with more than one external leg.

According to eq. (2.16) the tadpole renormalization condition T; = 0 does not modify
connected Green’s functions in the FJ Tadpole Scheme since Av can be freely chosen,
in particular, such that the tadpole equations (2.13) are fulfilled. This has interesting
consequences for the interpretation of the tadpole counterterms. For example, using that
the expression (2.9) is independent of Av, we conclude that the one-loop two-point tadpole
counterterm derived from eq. (2.4) obeys

——=- > —Il, (2.20)

independently of the nature of the external particle(s). This can also be seen directly at
one-loop order by computing the two-point tadpole contribution ¢;; which can be derived
from eq. (2.19). To this end, we assume a typical scalar potential V' in the Lagrangian (2.1)
without derivative interactions. Expanding ¢;; to first order in Av and using that Av acts
as a field shift, we obtain

0628
— % =FT. Avy ———— +0 ((Av)),
ti; zn: 8A’0n5@16@j »=0,Av=0 (( ) )
—FT.Y A 5 + O ((Av)?) (2.21)
— 00n0PidP; | ,_o Ap—o 7

where we use that I' is given by the action S at tree-level? and F.T. denotes the Fourier
transform that translates Green’s functions from configuration space to momentum space.
Defining the mass squared matrix of the scalar fields

0*V

(M?);; = , (2.22)
Y 0pidy; ¢=0,Av=0
the explicit tadpole counterterm to the two-point function reads
¥n 538
> —T— => |FT.——— (M?) L. (2.23)
n nk 0pndepidp; »=0,Av=0

For the tadpole counterterm, we find

2
b= aaM _ aaai Av, + O ((Av)?)
Pi |p=0 — 0pi0AU, =0, Av=0
=-> il Avy + O ((Av)?) = =) (M?), Av, + O ((Av)%). (2.24)
= 00i00u| oA " - in

3The contribution (2.21) is a higher-order contribution because Av is identified with a higher-order
correction.



Inserting this into eq. (2.23), yields

Z—I— > F.T.

n,k,l 590”5%5%
=-—-F.T.
Z 5%

Combining this result with eq. (2.21), we have explicitly verified eq. (2.20) at one-loop order.

(M) |- (M), Au] + 0 ((A0)?)
p=0,Av=0

Av, + O ((Av)?). (2.25)

5%5% ©=0,Av=0

Using the tadpole renormalization condition (2.13), the one-loop two-point tadpole
counterterm can be expressed as

__Z_Tizzi, it oty =T, Vn. (2.26)

Therefore, the tadpole counterterms mimic the contribution of tadpole diagrams T;, once
T; is identified with —t;.

We conclude that the FJ Tadpole Scheme is equivalent to a scheme where tadpoles
are not renormalized, which corresponds to setting Av to zero in eq. (2.2) and computing
all tadpole diagrams explicitly. The consistent use of the FJ Tadpole Scheme defined in
egs. (2.2) and (2.5)—(2.7) guarantees the independence of the chosen tadpole renormaliza-
tion, meaning that the value for any physical quantity is independent of the value of ¢; and
thus TZ

We stress that the shift Awv; in the vevs is not a parameter of the theory but can be
chosen arbitrarily. By solving the tadpole equation (2.13), which can be done order by order
in perturbation theory, the shift can be expressed as a function of tadpole counterterms.
After spontaneous symmetry breaking, the bare physical parameters like particle masses
can be expressed through the theory defining parameters, i.e. the coupling constants in
the Higgs potential before spontaneous symmetry breaking. In the F.J Tadpole Scheme,
tadpole contributions are never absorbed into the definition of bare physical parameters,
which is crucial to assure gauge independence in some renormalization schemes.

Here, we would like to mention a general consequence of BRST invariance [21]: S-
matrix elements calculated in terms of the bare theory-defining parameters c; g of eq. (2.1)
are gauge independent. Thus, renormalization schemes that fix the c;p in a gauge-
independent way lead to a gauge-independent S-matrix. A possible gauge-dependent def-
inition of Av does not spoil the gauge independence of the S-matrix, as long as it does
not enter the renormalization conditions. However, the latter requirement is violated in
popular schemes as detailed below.

In the following, within the F'J Tadpole Scheme we always take advantage of the tadpole
renormalization condition T; = 0, and explicit (counterterm-)tadpoles do not show up. In
section 2.2, we describe the FJ Tadpole Scheme scheme in the SM, and in section 4.1, it
is applied to the 2HDM. For both models, we discuss how the bare physical masses are
properly related to the original parameters of the Lagrangian.



2.2 The FJ Tadpole Scheme in the SM

In the SM, physical parameters such as the particle masses and the EW couplings are usu-
ally renormalized using on-shell and physical renormalization conditions leading to gauge-
independent physical observables.* Nevertheless, the techniques discussed in the previous
section, which result in gauge-independent counterterms to physical parameters in arbi-
trary renormalization schemes, can already be illustrated in the SM. Following the notation
in ref. [22], the bare Lagrangian for the Higgs field ®p defined in eq. (2.1) can be written as

Lup = (D,®p) (D'dg) — Va(Pp). (2.27)

The Higgs field couples to the gauge bosons through the covariant derivative D,,. The bare
Higgs potential is given by

A
Vi(®p) = 7 (2h05)° — ji P Pr (2.28)

with the bare Higgs doublet ®g defined as

¢ ()

Bp=| . _
% [ + Av + hp(z) + ixB(2)]

(2.29)

We insert the Higgs doublet into the potential and collect the terms linear, VBl, and
quadratic, VB? , in the bare, neutral, scalar Higgs field hg,

Vi(®p) D (v + Av) <Af (vp + Av)? — u%) hp(z) + <3QB (vB + Av)* — ;M%) h% (z)

= Vi (Av, hg) + Vi (Av, hg) . (2.30)

The relation between Av and the tadpole counterterm t; is determined according to
eq. (2.5),

thhp(z) = — V3. (2.31)
Using the tree-level condition, Av = 0 & ¢, = 0, gives the relations between the bare
parameters
A My 2Mw B
AB = %7 )u2B = =, VB = ————, (232)
vg 2 9B

where the last relation defines the bare W-boson mass. The exact form of the shift Awv
in terms of the tadpole counterterm ¢, can be obtained from eq. (2.5), which requires the
knowledge of the linear term of the Higgs potential (2.30) for Av # 0,

VL (Av, hi) = (vp + Av) (AB (vp + Av)’ — ,ﬂB) his ()

4
M2 Av
= % (2Mw B + gsAv) (4Mw B + gAv) hp(x), (2.:33)
SMW,B
i
= —tphp(z).

4The renormalization of the strong coupling is not influenced by tadpoles at the one-loop level.



We can relate Av to the tadpole counterterms t; at every order in perturbation theory.
For Av = Av™M) + Av® 4. and tELL) being the L-loop tadpole counterterm corresponding
to the SM Higgs boson, we obtain

#!

Ay = - (2.34)
Mg

at one-loop order and
2
2 395 (Av)
MI%B 4Mw B

Av® = (2.35)

at two loops. The tadpole counterterm to the two-point function of the SM Higgs boson
can be obtained from eq. (2.6)

3 h2 (z
Vi (Av, hg) = <4B (vB + Av)* — N2B> B2( ) (2.36)
L MEg —thn
= : 2 h%($)7

where A\p, M2137 and vp are replaced according to eq. (2.32) as before. This yields

39 M2, Av  3gg M2, (Av)?
thnhd = — 98 hB I8 0. (Av) h3. (2.37)
2Mw B 8MZ, 5

At one-loop order the bare parameters in eq. (2.37) can be replaced by renormalized ones.
Omitting anything beyond one loop, the two-point tadpole counterterm is given by

1

A1) _ 3gt,,”
hh 2MW :

(2.38)

Using the on-shell condition ¢? = MI%R, where My, g denotes the renormalized Higgs-boson
mass, and the tadpole renormalization condition Th = 0, the renormalized on-shell two-

point function of the Higgs boson reads

397"
2 My

S (MEg) = i T (M2 R) — (o). (2.:39)
This expression can be used to determine the counterterm of the Higgs-boson mass 5M£.

We note that at the two-loop order bare parameters need to be expressed in terms of
counterterms and renormalized parameters in eqs. (2.34) and (2.37), omitting any terms
beyond two loops. The Higgs-boson self-energy at two loops, focussing on the tadpole
dependence, is discussed in appendix C.

We note that additional tadpole counterterms are required in the SM for two- and
three-point functions of scalars, vector bosons and fermions. Tadpole counterterms for
two- and three-point functions involving vector bosons originate from the kinetic terms of
the SM Higgs sector, while tadpole counterterms to fermion self-energies result from the
Yukawa terms of the SM Lagrangian.

~10 -



2.3 Gauge independence of physical parameters in the SM

As mentioned at the beginning of section 2, the physical parameters of the SM are usually
renormalized on shell. In this case, gauge dependencies introduced by careless treatments
of tadpoles cancel in all renormalized physical quantities. However, when some parameters
are renormalized in the MS scheme this is not generally the case. Such problems can
originate from gauge-dependent counterterms resulting from a gauge-dependent definition
of bare physical parameters. We use the SM to demonstrate potential problems with
gauge dependence in renormalization schemes commonly used in the literature. In order to
illustrate the effect of different tadpole renormalization schemes on the gauge dependence
of the counterterms of physical parameters, we compare the gauge dependence of the Higgs-
boson mass counterterm §M2 in the scheme described in ref. [22] and the 3, scheme from
ref. [20] to the F.J Tadpole Scheme.

The scheme described in ref. [22] requires the vev of the bare Higgs-boson field to
vanish at one-loop order

(hg) =0, (2.40)

such that ¢, is fixed via eq. (2.13) and thus gauge dependent. At the same time, the bare
Higgs-boson mass M1~21,B is defined as the coefficient of the quadratic term in the Higgs field.
As a consequence, no tadpole counterterm ¢, appears in the two-point function. However,
the so-defined bare Higgs-boson mass, e.g. at one loop

My g = 2p — thn = 2uf — (2.41)
depends on the tadpole counterterm ¢; and thus becomes gauge dependent as well.

The mass counterterm of the Higgs boson, defined as the difference between the bare
mass squared M}?B and the renormalized Higgs-boson mass squared ME R

Mig = Mg + 6M, (2.42)

is determined by requiring that the renormalized self-energy (2.9) vanishes on-shell, i.e. for
P = MliR' Since the renormalized tadpole contribution T,El) vanishes [see eq. (2.40)], the
Higgs-boson mass counterterm is given by the 1PI contribution

Sl (MER) = Si) (M{R) — 6 My = 0. (2.43)

The gauge dependence of E}LEI(M}?,R)’ which results in a gauge-dependent mass counterterm
5M§, can be shown by means of an explicit calculation as in ref. [23].

In the scheme of ref. [22] also the bare gauge-boson and fermion masses become gauge
dependent, since they are defined using the shifted vev (v + Av). For instance, the bare
W-boson mass is given by

1 t
Mwygp = igB(UB +Av) = =gB <UB - ) (2.44)

at one-loop order.
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The gauge dependence of the Higgs-boson mass counterterm can also be understood
from its definition (2.42). As the renormalized mass parameter is identified with the physi-
cal mass in the on-shell scheme, which has to be gauge independent, the gauge dependence
of a bare parameter must be compensated by the gauge dependence of the counterterm.
Using the short-hand notation 0¢ for 9/0¢, (2.42) leads to

agM}iB = 8§M§7R + 8§5M§ (2.45)

in the R¢-gauge with gauge parameter . As agngR = 0, the gauge dependence of MﬁB
is directly related to the gauge dependence of 5M§.

A similar discussion applies to the [3;, scheme in ref. [20] which also requires the vev
(hg) to vanish at higher orders and defines the bare masses using the shifted vev, e.g.

1 t 1 t
Mg = ~Ap(vg + Av)? = ZAgup (v — 22— | = e — SBh (2.46)
’ 2 2 Mw g

1 t
MW,B = §gB(vB + AU) = —gB (UB — h) (2.47)

at one-loop order. In this scheme the parameter pgp is eliminated from the bare Lagrangian
in favour of t; and M}?’B, while Ap is expressed in terms of MliB, M\QN’B and gg. As a
consequence, all tadpoles to 3-point functions are absorbed into the definition of the bare
physical parameters. This has the advantage that tadpole counterterms appear exclusively
in one- and two-point functions for the Higgs and would-be Goldstone bosons. However,
the bare masses become gauge dependent via the dependence on the tadpole t;. The
Higgs-boson mass counterterm reads

QBT;ED

P
oME =it (M}iR) M

(2.48)

This definition differs from the one resulting from eq. (2.39) upon imposing the on-shell
mass renormalization condition 2hh(M}iR) = 0 by gauge-dependent tadpole terms. In
ref. [20], the B; scheme has been introduced to cure this problem. There, the bare particle
masses are defined in terms of the bare vev and are therefore gauge independent. When
tadpoles are renormalized requiring Ty, = 0, the FJ Tadpole Scheme in the SM is equivalent
to the 5; scheme.

The theory-defining bare parameters of the original Lagrangian, e.g. Agp and up are
gauge independent by definition. When introducing a new set of bare parameters, these can
become gauge dependent if vevs or tadpoles enter their definition. Bare parameters that
are defined exclusively by the theory-defining bare parameters remain gauge independent.

In the scheme of ref. [22] and the [ scheme of ref. [20] discussed above, all bare particle
masses are gauge dependent. However, the gauge dependence cancels in physical quantities
since all parameters of the theory are defined by on-shell renormalization conditions. This
can be seen as follows: the gauge dependence of the counterterms results from the omission
of gauge-dependent tadpole contributions. Since these are momentum independent they
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cancel in renormalized quantities that are defined by subtracting the same quantity at a
fixed point in momentum space. This holds for on-shell schemes or momentum-subtraction
schemes but not for MS or MS schemes, where only the divergent parts are subtracted.
Since in the scheme of ref. [22] as well as in the () scheme of ref. [20] all renormalization
conditions are based on complete subtraction of the relevant vertex functions, the result-
ing physical quantities and scattering amplitudes are gauge independent. This changes
when some parameters are renormalized in the MS scheme, potentially inducing gauge
dependence in the S-matrix if applied to gauge-dependent bare parameters.

For later convenience we describe a simple way to construct the different tadpole
schemes from the original bare Lagrangian (2.2) or (2.27) augmented by gauge, fermion
and Yukawa terms. The starting point is the bare Lagrangian in terms of the theory-
defining parameters, i.e. ,u%, AB, gB, - .. for the SM, where the bare scalar fields have been
shifted by an independent parameter vg (which is not yet fixed by a minimum condition)
and vanishing Av. Then, the tadpole renormalization in the different schemes at one-loop
order can be introduced by shifting the bare parameters as follows:

Scheme 1.
The bare Lagrangian in the scheme of ref. [22] is obtained upon performing the shifts

2t 3t
AB = AB+ ot ph o ph o (2.49)
UB 2 UB
Scheme 2.
The bare Lagrangian in the §;, scheme of ref. [20] results from the shifts
t
AB = Ap,  pd oA+ v—" (2.50)
B
Scheme 3.
Finally, the bare Lagrangian in the FJ Tadpole Scheme scheme is obtained via
th
— UB — —5-. 2.51
UB UB M}? ( )

Only after these shifts the vev vp is fixed by minimizing the scalar potential for ¢, = 0 and
thus related to ,u]%) and Ag.

We have shown that the F'J Tadpole Scheme is the natural scheme for dealing with the
tadpoles, as it prevents that tadpoles are absorbed into the definition of bare parameters.
Moreover, the tadpole renormalization condition 7' = 0 is very useful since no explicit
tadpole loop contributions have to be computed. We stress that the presented tadpole
renormalization procedure is general and not restricted to the SM or the 2HDM.

3 Two-Higgs-doublet model — Lagrangian and fields

In this section, we review the definition of the Lagrangian of the 2HDM. We restrict
ourselves to the case of a CP-conserving type-I1 2HDM with a softly broken Z; symmetry.
For a comprehensive introduction to the 2HDM we refer to e.g. refs. [3, 4].
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3.1 Fields and potential in the symmetric basis

Let ®; denote the i-th Higgs doublet with ¢ = 1,2 defined by

+
d; = 2 . (3.1)

75 (vi + pi + ;)

The most general potential of the 2HDM has 3 quadratic and 7 quartic products of Higgs
doublets, each coming with a real or complex coupling constant. Requiring CP conserva-
tion and Zs symmetry (&3 — —®1,P9 — Do) simplifies the Lagrangian resulting in five
real couplings A; ... A5 and two real mass parameters m% and m% Soft breaking of the Zs
symmetry allows for the third mass parameter m?,. Since the theory is spontaneously bro-
ken, we assign two vacuum expectation values v; and vy which, under the same symmetry
restriction, can be chosen to be real. The most general potential is then given by

V = m3el@; + m3ele, - mi, (o], + ol
Mot ) o2 (ofa. ) i i i i
5 (<I>1<I>1) +3 (<1>2<1>2) + A3 (<I>1<I>1> (¢2<1>2) + A (q>lq>2) (¢2<1>1) (3.2)
A 2 2
+3 | (afe2)"+ (alen)’].

3.2 Fields and potential in the mass eigenbasis

+

After spontaneous symmetry breaking the eight degrees of freedom in the doublets (3.1)
split into three would-be Goldstone bosons Gy and G* and five physical Higgs bosons
Hy, Hy, H,, H*. In order to identify the mass eigenstates, the part of the Lagrangian
quadratic in the fields needs to be diagonalized. The mixing angle 3 is introduced to sepa-
rate would-be Goldstone bosons from charged and pseudoscalar physical Higgs fields, and
the angle « is required to diagonalize the neutral Higgs sector. With the rotation matrices

R(a):<cosasina)’ R(ﬁ):<cos5simﬁ)7 (3.3)

sina  cos sinf8 cospf

the mass eigenstates of Higgs- and would-be-Goldstone-boson fields are obtained by the
following transformations

pry\ Hy ¢\ G* my\ Go
()=o) ) e) o () o) oo

for a suitable choice of o and .

The Higgs sector is coupled to the gauge sector by means of covariant derivatives.
Identifying the mass eigenstates of the vector bosons, one obtains the well-known tree-level
relations in the 2HDM

1 1
PR P VA R R
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where g and ¢’ denote the weak isospin and hypercharge gauge couplings, and My and
Mz the W- and Z-boson masses, respectively. The mixing angle § is related to the ratio
of vevs according to tg = tan 8 = va/v1. The angle « is chosen such that it diagonalizes
the symmetric mass-squared matrix defined by

0*V
Mij = 5 (36)
piOp; =0
where V' is the potential in eq. (3.2). The solution reads [3]
2M
sin 2 = 12 . (3.7)

V(M1 — May)? + 4M,

The parameters of the Higgs potential can then be substituted for physical parameters
after SSB and after diagonalizing the neutral Higgs sector. The minimum conditions for
the scalar potential, (p;) = 0, read

M2
2— bsm25— [)\ cos B+()\3—|-)\4—|—)\5)sm ﬁ}
2M2
= M? 5 cos 2p - g2W [)\2 sin? B + (A3 + Mg + As) cos? ﬁ} , (3.8)

where we have defined the soft-breaking scale Mg, as

2
m
M3 = ——-2—. 3.9
b cos Bsin 3 (3.9)
The quartic coupling parameters A; are expressed by the masses of the physical particles,
i.e. the Higgs-boson masses Mpy,, My, , Mpu,, Mg+ and the gauge-boson masses My, My,
the soft-breaking scale M, and the mixing angles « and (5 as

A = ZW\%\;q(ons?ﬁ [cos2 aMIQ_Ih + sin® aMIQJI — sin? ﬁMszb] ,

o= i b b oot —cost 013

e e

A= 4]{1422 (Mf, —2Mp. + M3,),

A5 = 4M2 (M3, — Mg,), (3.10)

where the vev v has been substituted using eq. (3.5).

3.3 Yukawa Lagrangian for the type-II 2HDM

In the type-II 2HDM, the up-type quarks couple to ®5, while the down-type quarks and
leptons couple to ®;. This corresponds to the Higgs sector in the MSSM, but here, it is
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realized by the discrete Zo symmetry &; — —®, dg — —dR, Ir — —Ir and all other fields
unchanged. The corresponding Yukawa Lagrangian reads

Ly = *FdéLq)ldR — Fu@L(i)QUR — F]ZL(IHZR + h.c., (3.11)

where @, is the charge-conjugated Higgs doublet of ®5. Neglecting flavour mixing, the
coefficients are expressed by the fermion masses mq, m, and m;, and the mixing angle g3,

gmdq gmy gm

I'y= ——— ; - ) I = .
d V2 My cos 3 h V2Myy sin 8 : V2Myy cos 3

(3.12)

Again, the vev v has been substituted using eq. (3.5).

3.4 Physical parameters

In the mass eigenbasis the physical parameters resulting from the Higgs sector are identified
with the Higgs-boson masses, My, (light Higgs boson), My, (heavy Higgs boson), My,
(pseudoscalar Higgs boson), Mg+ (charged Higgs boson), the two mixing angles o and
B, the soft-Zs-breaking scale Mg, and the vacuum expectation value v. The mass of the
light Higgs boson is commonly identified with the mass of the observed Higgs boson, and
v also keeps its SM value being directly related to the W-boson mass Myy. This leaves a
total of six new parameters compared to the SM. This identification allows to translate the
parameters in the symmetric basis to the mass eigenbasis

A1, A2, A3, A, A5, my, ma, mue — Mp, My, , My, Mg+, Mg, o, B, M /g. (3.13)

Note that the vevs v; and vy are no independent physical parameters. In the following, we
choose a more natural representation for the angles in view of the alignment limit [3]

a, B = cep=cos(a—f), tg:=tanp, (3.14)

which can be achieved by using simple trigonometric identities.” We have chosen the sign
convention for the angles in such a way that the alignment limit is reached by

Sap — —1, cag — 0. (3.15)

4 Renormalization conditions in the 2HDM

As argued in section 2, the 2HDM is an example of a theory with new parameters, namely
the mixing angles o and 8 and the soft-Zs-breaking scale Myy,, whose on-shell renormaliza-
tion through vertex functions would introduce a process dependence or would be plagued by
IR singularities. This has been discussed for the decays of heavy scalar and charged Higgs
bosons in ref. [11] and for the renormalization of the mixing angle § in the context of the
MSSM in ref. [6]. Therefore, an MS renormalization is advantageous. It requires, however,
care in the treatment of tadpoles to assure the gauge independence of the bare physical

Cap—Sapts

/1+t§

Saptcaptp

,/1+t§

. t .
Scosf=——~—,sinff=——~2—, cosa = , sina =

/1+z;‘; /1+t%
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parameters of the theory and thereby of the S-matrix. This is guaranteed by the FJ Tad-
pole Scheme presented in section 2. In this section, this scheme is applied to the 2HDM.
The corresponding renormalization conditions are listed in sections 4.3-4.5, including the
tadpole counterterms which are essential for the gauge independence of the expressions.
The bare parameters split into the finite, renormalized parameters and counterterms,

e = e + de,
My g = Mgy + 0M,, M3 g = M7 + 6 Mz,
M g = Mg, + 0Mg, My, g = Mgy, +0M
M, 5 = Miy, +0Mp,, Miys = Mips + M,
a = a+ da, B =B+,
M3, 5 = M3, +6M3,
myB = mys+dmy, (4.1)

where f stands for any fermion. In the SM, only the Z-boson field Z and the photon field A
mix and require the introduction of renormalization matrices. In the 2HDM, we introduce
additional renormalization matrices for the mixing of the two neutral scalars H; and Hy,
the pseudo scalars Gy and H,, and the charged scalars G* and H*. The complete field
renormalization is given by

1
Wy = <1 + 25ZWW> W,

(ZB> - 1+36Zs7 36774 <Z>
Ap %5ZAZ 1+ %(5ZAA A (4.2)

<SB> 1+16Zss  16Zss ( g )
Sp %5Z5/S 1+ %525/5/ s’

where SS' = {GoH,, G*H*, H,H,}. The fermion field renormalization is defined as
L 1 L
/8= (1 + 25Zf,L) I

) (4.3)

fé{ — (1 + 252f,R> fR,

for left-handed (L) and right-handed (R) fermions, where we neglect fermion mixing.

4.1 The FJ Tadpole Scheme applied to the 2HDM

The 2HDM as presented in the previous section contains two Higgs doublets with the
corresponding two vevs, such that eq. (2.2) becomes

LuB (Pl,B +v1B + Avy, p2,B + V2B + Ave; .. . (4.4)
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As in the SM, we use eq. (2.5) to obtain Av; and Awvg expressed by the L-loop tadpole
counterterms, but instead of calculating the tadpoles in the generic basis, we define the
vevs in terms of the tadpole counterterms associated to the physical Higgs fields H; and
Hy,. Of course, the result does not depend on the choice of parametrization. In the 2HDM,
the tadpole counterterms are defined as

tg, = ALy, (p1g +v1B + Avi,pap + vaB + Avg;...),

(4.5)
tg, = A»CHh (pLB +v1B+ Avq, p2B +v2B + Avg;...).

At tree level, the tadpole counterterms tg, and tg, vanish, such that Av; = Avy = 0. This
provides the conditions (3.8) for the potential minimum at tree level, and the relations
between the generic and the physical Higgs basis (3.10) for bare quantities. Thus, the bare
parameters in the symmetric basis are expressed by the bare parameters in the physical
basis. Linearizing eq. (4.5) by using the expansion (2.14), we can solve for Avg) and Avgl).
The results for Avg)and Avél)simplify after using the potential minimum conditions at
lowest order and the relation between the parameters in the generic and physical basis.
Evaluating the linearized versions of eq. (4.5) for bare physical parameters, we obtain

the one-loop expressions

(1) (1)
Av(l) B tH1 sin o B tHh CcOS &
1 = M2 M2 )
H H, 4 6)
75(1) (1) . ( )
(1) o, Cosa tHh sin v
Avy’ = — —
2 M2 M2
H, H,

Just as in the SM, tadpole counterterms arise from all terms in the Lagrangian that de-
pend on the vevs. This results in tadpole counterterms to two- and three-point functions
involving scalars and vector bosons as well as to fermionic two-point functions.

In the following, we assume that the tadpole counterterms are fixed according to
eq. (2.13). Explicit results for the tadpoles T, and T, in the 2HDM in the R¢-gauge are
listed in appendix A.

4.2 Renormalized two-point functions
Using eq. (2.9) and the condition T, = 0, the renormalized self-energies f](q2) for vector

bosons are given by

U () =Sy (@) + (6 = MR)6Zyy — 6ME — tyy  with 85, = g"tyy,  (47)
for V.= {W, Z, A}, with the 1PI contributions E%/F;}’T, and

A 1 1
Shz () = ZZPZI’T(&) + §(q2 — M2)6Zza + §q25ZAZ (4.8)

for the mixing of photons and Z bosons. The scalar sector works similarly, with

A

Yss(q®) = L§4(q%) + (¢* — M3)0Zss — M3 + tsg (4.9)
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for S = {Go,G*, H,, H*, H;, H,} and
N 1 1
Sss(q?) = Sger(qd”) + 5(612 — M3)6Zss + §(q2 — M3)0Zsrs + tss (4.10)

for the mixing of the scalar fields, where SS’ = {GoH,, GEH*, H,H;}. The renormalized
scalar-vector-boson mixing energy reads

~

1PT,
Yys(a) = tyg +Sys”(9), (4.11)
where VS = {W*GT, W*HT, ZGy, ZH,}. Defining the helicity projectors

_ 1= I+7s

P Pr = 4.12
L 9 ) R 2 ) ( )
the renormalized fermionic self-energies can be decomposed into covariants

Srp(q) = 4PLEF (%) + ¢PrEF () + 234(), (4.13)

which are given by

S¥e(e?) = S5 (eP) + 021,

& 1PLR

SF(ad®) =S (@®) + 62 R, (4.14)
o 1PLS 1

E?‘f(QQ) :Eff (q2) —gmf(ézf,L‘FéZf,R)—5mf+tff-

We omit the renormalization of Faddeev-Popov ghosts which are not needed for the dis-
cussion of the processes under consideration (see section 6) and in general not at one-loop
order. As a result of using the FJ Tadpole Scheme, all self-energies involving massive
particles receive tadpole contributions. These tadpole contributions assure the gauge in-
dependence of the on-shell self-energies. Results for the tadpole contributions entering the
renormalized self-energies in terms of the tadpole counterterms tp, and tg, are provided
in the 't Hooft-Feynman gauge in appendix B.

4.3 Mass and field renormalization conditions

In the complex-mass scheme® [24-26], the scalar and vector-boson mass and field renor-

malization constants are derived from the conditions

. 82T 2
E\T/V(Ma') =0, gvz(q ) =0,
. O%ss(q?
Ses(M2) =0, gsgq) = 0. (4.15)
N

5In the usual on-shell scheme, the real part should be taken in all renormalization condi-
tions (4.15), (4.16), (4.17), and (4.20).
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The off-diagonal elements of the field renormalization matrices of scalars and vector bosons
are obtained from requiring

Shz(0)=0, Sl (M7F) =0,
Ses(M§) =0,  Nge(Mg) =0. (4.16)

For fermions, the renormalization conditions are given by

mySfp(m3) + 2 p(mF) = 0,
mfz?f(mic) + Eﬁf(m?) =0,
S (mF) + 27 (m7)
P . . .
252 [m?( 7)) + EI;f(qQ)) + 2mf2§f(q2)] = 0. (4.17)

2_02
q —mf

Inserting the expressions (4.7)—(4.14) into the renormalization conditions (4.15)—(4.17), we
obtain the mass and field renormalization constants in terms of the 1PI self-energy and
tadpole contributions.

4.4 Renormalization of the electroweak coupling

The electromagnetic coupling e as well as the weak coupling g can be related to the fine-
structure constant « (not to be confused with the mixing angle of the neutral, scalar Higgs
bosons)

e = gsy = Vara, (4.18)

where we define the weak mixing angle in the on-shell scheme as

M
Cw = €OS Oy, = Vw’ Sw=1/1—¢2. (4.19)
z

Renormalizing the electromagnetic coupling in the Thomson limit and using a Ward
identity leads to [22, 27]

de _108(@A)| s SN0 (420)
e 2 0q? , cw M2 ’
q*=0

Since the counterterm de does not receive any tadpole contributions, the 1P self-energies
can be replaced by the full self-energies in eq. (4.20).

In the Gy scheme, the fine-structure constant is expressed by the Fermi coupling
constant G, using the well-known relation

M2 T

M (1 — W) = (1+ A7), (4.21)
W M V2GF

where Ar contains the EW corrections to muon decay. The correction term Ar depends on

the on-shell photon self-energy Z}L}’T(O), the on-shell Z-boson self-energy ElzPZI’T(Mg), the

W-boson self-energy E%;II/{,T at ¢> = 0 and ¢ = M\%V, the photon-Z-boson mixing energy
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EZPZI’T (0), and explicit vertex and box contributions to the muon decay [28-30]. Since the

tadpole terms cancel within Ar, this quantity takes the same form in terms of the full self-
energies or their 1PI parts. Under the assumption that the couplings of the Higgs bosons
to electrons and muons are negligible, only the self-energies are modified in the 2HDM,
while the vertex and box contributions to the muon decay remain the same as in the SM.

In the GF scheme, the renormalization constant for the electromagnetic coupling reads

o108l WSO 1 o
e 2 0q> cw M2 27 )
¢%=0

using the conventions of ref. [22].

4.5 Renormalization of the parameters o, 3, and Mg,
4.5.1 Mixing angle 3

The angle 3 is renormalized using MS subtraction for the process H, — 7777,

=0, (4.23)

P.P.

where P.P. denotes the projection onto the pole part including the generic finite parts that
are subtracted within the MS scheme, i.e. the terms proportional to

2
—F= —E+ log(4m) (4.24)

with the space-time dimension D. The corresponding counterterm explicitly reads

_____ _ emsty [omr | de 2 —sL0ME, A oMEZ 1+th . 16Zg,um,
2M Sy | My e 2s2, M3, 2s3 M tg tg 2
(4.25)
Since there are no explicit tadpoles for this vertex, it follows that there are no tadpole coun-

terterms in the F.J Tadpole Scheme. The renormalization condition (4.23) determines ¢ BMS,

It has been remarked before (e.g. refs. [11, 13]) that the relation

MS MS
6ZGOHa - 6ZH;1G0

MS _
6/8 - 4 )

(4.26)

holds at one-loop order, and we have explicitly verified this in the general R¢-gauge. This
relation has also been used as a renormalization condition [11, 13]. It is particularly useful
because it is valid in any of the schemes which we consider in section 5. We verified by
explicit calculation in the R¢-gauge that 5BWS is gauge independent in the FJ Tadpole
BMS

Scheme. The gauge dependence of & in Schemes 1 and 2 is discussed in appendix D.
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4.5.2 Mixing angle «

The angle « is renormalized using MS subtraction in the process Hy — 7777,

_____ 0. (4.27)

The corresponding counterterm is given by

iemr, dm; de 2 —sEOME  c SM?
----- =TT t T ow e t56
2 M Sy [(Saﬂ+caﬁ 8) ( msr + e * 252, M\%V 252, M?2 +1508

+ (o — Sapts) <5a - 52’;“)] (4.28)

Again, there is no tadpole dependence, and the renormalization condition (4.27) determines
6aMS. Similarly to eq. (4.26) the relation

5QWS _ 52%1/[}181{1 B 5Z11\}1§Ih
= 1 ,

(4.29)

is valid at one-loop order, which we have explicitly verified in the R¢-gauge. Moreover, we
have checked by explicit calculation in the R¢-gauge that 5aMS is gauge independent in the
FJ Tadpole Scheme but gauge dependent in Schemes 1 and 2. In addition, we have verified
that the renormalized vertex Hi7~ 77" is gauge independent in the FJ Tadpole Scheme,
while it is gauge dependent in Schemes 1 and 2.

4.5.3 Soft-breaking scale Mgy,

The parameter My, is renormalized using the MS subtraction of the process Hy, — H Hj,

H, ,

/

i@

\
Hy ~pp:

= 0. (4.30)

The dependence of this vertex on Mg, and the tadpole counterterm ty, g, g, reads

/ e 1

3
_____ )( — |:( . ) =+ (—2Caﬁ =+ 3Ci5 + 53(1/@026 (tB — tﬁ)) 6M52b:| + tHhHlHla

\ Mwsw

where (...) stands for other counterterms.
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5 Discussion of gauge dependence

In this section, we discuss the gauge dependence of S-matrix elements assuming that the
renormalization conditions listed in section 4 are employed. We show that tadpole renor-
malization schemes that are commonly used in literature in combination with MS renor-
malization lead to gauge-dependent predictions, while the use of the FJ Tadpole Scheme
ensures gauge independence.

5.1 Gauge-fixing Lagrangian

To verify gauge independence of S-matrix elements and counterterms of physical parame-
ters in the F.J Tadpole Scheme, we use a general R¢-gauge. The corresponding gauge-fixing
Lagrangian is given by

b

1 1
Lop= ——CTC™ — —
GF 2£A

Z\2
Sw 2§Z(C )

(C4)? (5.1)
with

CA=0"A,,  C%=0"Z,—&MyGo,  CF ='W Fibw MwG*. (5.2)

We do not renormalize the gauge-fixing Lagrangian, i.e. we write it directly in terms of
renormalized fields, which is sufficient to assure that all S-matrix elements are finite [31, 32].
To compensate the unphysical components in Lor, Faddeev-Popov ghosts are introduced
as usual.

5.2 Characterizing different schemes

In the literature different tadpole renormalization schemes are employed. In order to
efficiently generate the tadpole counterterms we follow the recipe presented at the end of
section 2.3 for the SM. We start from the tree-level Lagrangian (2.2) in the symmetric basis
in terms of the theory-defining parameters ng,Bv 1 =1,2, m%ZB’ )\?’B, j=1,...,5, where
the fields have been shifted by independent parameters v; 5. Then we perform the shifts of
the parameters as defined below. Thereafter, the vevs v; g are determined at leading order,
and the bare physical basis is introduced by using the tree-level relations (3.8)—(3.10), i.e.
for ¢z, = 0 = ty, . Finally, the bare parameters are renormalized according to eq. (4.1).

The tadpole renormalization in the different schemes can be generated by shifting the
corresponding bare parameters as follows:

Scheme 1.
A commonly used renormalization scheme for the SM was proposed in ref. [22]. There,
the bare physical masses are defined as the coefficients of the quadratic terms in the
fields, and the tadpoles are the coefficients of the terms linear in the fields. Applying
this definition to the 2HDM, we can construct the corresponding Lagrangian by a
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shift in the bare parameters as
1 .
ALB = A1B — —3 (tg sina —ty, cosa),
vy

1
A2B = Ao B + —3 (tg cosa+ty, sina),
Vs

202 202
A3B — A\3B — —24 (tm, sina — ty, cosa) + —14 (ta, cosa + ty, sina),
v1v VU
2 2
1)2 . Ul .
MB = MB+ — (tm, sina — ty, cosa) — — (tm, cosa + tp, sina),
’ ’ V1V VU

2 2
v ) v .

A5 B — AsB + ﬁ (tp,sina — ty, cosa) — ﬁlﬁ (tp, cosa+tm, sina),
1 2
3 .

mig —mig+ 200 (tm, sina — ty, cosa),

b I Ul

3 .

m%B — m%’B %, (th, cosa+ty, sina). (5.3)

One can verify that the prescription (5.3) leads to the tadpole equations (4.5) in
the 2HDM. Note that in the alignment limit, the SM tadpoles (see appendix A in
ref. [22]) are reproduced.

Scheme 2.
In the ), scheme of ref. [20], the mass parameters in the Higgs potential are eliminated
in favour of explicit tadpoles, while the quartic Higgs couplings A; are kept fixed.
Thus, no tadpole counterterm contributions appear in the triple and quartic vertices
between scalars, but the mass parameters of the Higgs potential and thus the two-
point functions are shifted by tadpole counterterms,

AiB = AiB,
9 9 (tm, sina — ty, cosa)
mig — mjg+ o ;
9 9 (tm cos o+ tp, sina)
m27B — mQ’B — s . (54)

For explicit computations, Scheme 2 is very simple because tadpole counterterms
appear only in two-point functions. This scheme is widely used, e.g. in the 2HDM [8—
10, 13, 33] and in the MSSM [5-7]. In contrast, in Scheme 1 two-point functions do not
receive tadpole counterterms due to the definition of the bare masses in that scheme.

Scheme 3.
As described in detail in section 2.1, in the FJ Tadpole Scheme, the vevs are replaced
by (vi,B + Avq) and (v2 B + Avg), which corresponds to the following shift

tg sina  ty, coso
V1B — V1B — e

2 2
MH1 MHh
tg cosa  tp, sino
1 h
V2B V2B T T rm— T T (5.5)
H Hy,
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This prescription has to be applied to the full Lagrangian and is not restricted to the
Higgs potential.

We stress again, as we have shown in section 2.2, that the bare parameters of the theory are
shifted by (gauge-dependent) tadpole contributions in Schemes 1 and 2, as opposed to the
prescription of the F'J Tadpole Scheme (5.5), where only the unphysical vevs receive a shift.

5.3 Differences of counterterms in different renormalization schemes

Employing different schemes leads to different expressions for the counterterms. Since we
are mainly interested in the changes of amplitudes between different tadpole renormaliza-
tion schemes, we compare counterterms in the different schemes. We name the schemes as
in the previous section, i.e. Scheme 1 for the scheme employed in ref. [22] and Scheme 2
for the f5j scheme of ref. [20]. The FJ Tadpole Scheme is referred to as Scheme 3. We
generically label the difference in the schemes for a counterterm dc; by

AZ‘(SC = (502' - (563, 1= 1, 2, (5.6)

where the A; describe the difference of Scheme i with respect to the Scheme 3.

In the following, we list the results for the counterterm parameters. Thereby, we make
use of results for tadpoles listed in appendices A and B. As a first result, we note that
the counterterms of couplings in the SM are not affected by the choice of the tadpole
renormalization scheme, i.e.

Aiée = Aiécw = 0, 1= 1, 2. (57)

However, the masses of all fermions and gauge bosons change equally for i = 1,2 as

t t
A(SMv—Mq Mv( L S — Mh; Caﬁ>

d _

|22
(captp + sap) + 3o (Sapts — Cocﬁ)) 7

Hy
Além? = m tH21 (Sagtg — Cag) t[{2 (Caﬁtﬁ + 5046)
2th5 MH1 MHh
1 g 1| tu 37
Aiémf = mmf (MIQ; (Ca,é’t,é’ + Saﬁ) + Mié;h (Saﬁtﬁ - Cocﬁ)) ) (5'8)

which is easily derived because neither in Scheme 1 nor in Scheme 2 there are tadpole
contributions to two-point functions of fermions and gauge bosons. Therefore, the difference
is the full tadpole dependence of these two-point functions in the FJ Tadpole Scheme
obtained from eq. (5.5). The results for the scalar fields are more complicated but not
needed in the following. For Scheme 1, the difference is again given by the full tadpole
dependence in the FJ Tadpole Scheme, which can be found in appendix A.

In the FJ Tadpole Scheme, the mass counterterms are gauge independent by definition,
which we have verified in a general Re¢-gauge. Consequently, the mass counterterms in
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Schemes 1 and 2 are gauge dependent, and their gauge dependence is given by the gauge
dependence of the corresponding tadpole counterterms.

Next, we give the results for the new parameters in the 2HDM. Since those parameters
are renormalized in the MS scheme, we only need to study the UV-divergent parts of
vertex functions and can use the eqgs. (4.26) and (4.29), which hold in any of the presented
schemes. For 3, we obtain

028w, — 923G, A ity

A;SBMS = A, e = T i=1,2, (5.9)

where “MS” denotes the UV-divergent part of the corresponding expression together with
the finite terms in the MS-scheme according to (4.24). In the first step, we use eq. (4.26).
The second step can be derived by solving the renormalization conditions for the relevant
mixing energies

02 H,Go g 026, H,

5 5 + tgom, + self-energy diagrams = finite, (5.10)

(r* = M)
where we omitted any explicit tadpoles because of T; = 0. Since the self-energy diagrams do
not depend on the scheme, the scheme-dependent divergence of the tadpole counterterms
has to cancel against the scheme-dependent divergence of the non-diagonal field renormal-
ization constants, and for ¢ = 1,2 we obtain

A (0~ M3,) 0235, + PP 2850, + 2185m,) =0, (5.11)
which implies o
Aitlé/[SH A tG H,
NidZ}, = 2M712; NOZYSy, = 2M712{0a. (5.12)

Therefore, the scheme dependence of 561\75 is given by the one of the tadpole contribution
taom, of eq. (5.9). The explicit results for tg,m, in the FJ Tadpole Scheme are listed in
appendix B, and those for Schemes 1 and 2 are given by

teota) = taota2 = 5 M (tmCap + tH,Sap) (5.13)
and hence
Aitaon g th, tm, )
2 _ —1.2. 5.14
My 2Mw \ g, Tt Sap My ) T (5.14)

While the change in 5ﬂm at one-loop order is independent of the gauge parameters in the
usual Re-gauge and in their generalizations to non-linear gauges, we show in appendix A
that it is nevertheless already gauge dependent at the one-loop level in the 2HDM. We
expect that this applies as well to the MSSM, where it is known that 5ﬁm becomes gauge
dependent at two loops [34].

For the difference in the counterterms to the mixing angle «, we obtain

Al(SZHlH _ AltHhHl - tHhH1
2 2 2 2
2 MHh M, My, — My,

A5 = (5.15)
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and

MS MS MS MS
ApsalS — _B20Zmin, __Aetinm U (516)
- - 2 2 2 ) .
2 MHh B MHl MIQ-Ih - MH1
with tg, g, defined in appendix B and
g
tHhHl’Q = —m (tchaﬁ + tHhSOéﬁ) . (517)

Here we used eq. (4.29) and the antisymmetry of A¢ ZI%M which can be derived similarly

as the one of A1725Z11}IT§G0 above. The result for Aléozm can be expressed by the tadpole
counterterm in the F.J Tadpole Scheme only, because Scheme 1 [see eq. (5.3)] does not
induce tadpole counterterms for two-point functions that do not involve external would-be
Goldstone bosons.

The differences A15a™MS and Ay6a™S are both gauge dependent at one-loop order,
which can be seen by inserting the explicit expressions for the tadpoles from appendix A in
the Re¢-gauge. This result is used in the next section to demonstrate the gauge dependence
of S-matrix elements in Schemes 1 and 2.

5.4 The HyvT7~ vertex

We study the renormalized H 777~ vertex for the different tadpole renormalization schemes
defined above. In this section, we assume that the renormalized tadpole terms vanish,
TI({ll ) =0 and Tgh) = 0. Then, the shifts in the bare parameters that originate from tadpole

counterterms tgl) and tgi can be expressed in terms of the one-loop tadpole contributions

Ty and T}y,

As the tadpole renormalization schemes do not modify the bare Lagrangian, the bare
loop amplitudes are not altered. However, the finite parts of the counterterms are affected,
and thus receive gauge dependencies, as we demonstrate in the following. In particular,

we show that the change in the renormalized vertex function is gauge dependent in the

Re¢-gauge, i.e.
(5.18)
which has been verified by direct computation.
The relevant Feynman rules read
T T
iem;, iem,
——— =—— 7 t -——— = — Saptg). (5.19
i SMLys, \Costs T sap) i s, CoB ~ Sapts) . (5:19)
T+ —+
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Computing the difference of the renormalized vertex function in different tadpole schemes

yields
—
— Ajm——-=
H,
o+
iem ~w A;om A;6 My
— T t Az MS 1 T 1
M se [(Cag g+ Saﬁ) < 08> + m. My >

— (Cap — Sapts) (Aiézthl - Aiéal\/IS)] . (5.20)

The terms can be split into two parts which are separately UV finite, thus allowing for a
simple interpretation

= Adm, NS Mwy §Zfn
A;6 MS v A — =A; aGo
5 + mr Mw 2 ’
7 o 5zﬁn
A2 thl — A = A (5.21)

where we used egs. (5.8), (5.9), (5.15), and (5.16) and “fin” denotes the UV-finite part, i.e.
the remnant after MS subtraction. The final result reads

T T
(SZﬁn 5zﬁn
= —-——— ><A7ILG0 - —===- XAiﬂ7 (522)
H1 2 Hh 2
Tt Tt
with
o th
Al 2(SZHI;G _2 02 a’
0 MHa
i tih 8 b~ 2
Aoz — o M A spfin o Hnth M2 5.23
B e A

where tg,m, and tg, g, are defined in appendix B, and tg, g, 2 in eq. (5.17). The first
contribution in eq. (5.22) appears owing to the differences in the definition of 3, the second
one is a consequence of the definition of a. Both are gauge dependent at one-loop order as
discussed in section 5.3.

The FJ Tadpole Scheme yields gauge-independent predictions for the decay rate H; —

T+

77, whereas in Schemes 1 and 2 the prediction is gauge dependent. This has been
confirmed via explicit calculation of the S-matrix element in the R¢-gauge.
At one-loop order, the results for the FJ Tadpole Scheme can be obtained from

Schemes 1 and 2 via the mapping

(7, (o5, -, (50), - (5o -

K3 K3

=1,2. (5.24)
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It is interesting to mention that the “Tadpole scheme” introduced in ref. [6] for the
renormalization of tg in the MSSM is equivalent to the FJ Tadpole Scheme applied to
the MSSM combined with MS subtraction for tg. Indeed for the MSSM the finite shift
(575%“ defined in eq. (43) of ref. [6] corresponds exactly to the shift of (65WS)2 in eq. (5.24),
which translates the popular Scheme 2 to the FJ Tadpole Scheme. While in the FJ Tadpole
Scheme the MS subtracted tg is directly gauge independent, an additional finite renormal-
ization is required in Scheme 2 to restore the gauge independence after MS subtraction.

5.5 The ZZ H, vertex

In this section, we present the finite correction of the ZZH) vertex due to the tadpole
scheme. We obtain formally analogous results as in the previous section. The following
Feynman rules were used

7 A
Hy ecap @g“” _ _}{1_ _ _@@QW (5.25)
SwCw Cw ’ SwCw Cw ‘ ‘

VA Z

The calculation proceeds as in section 5.4 except that one has to take into account a tadpole
contribution which is given by

VA
Hy oy o ie? g, uw (5.26)
ZZH}, - 25‘27\10‘2)\7 MI2_Ihg . .

With the same line of arguments as in the previous section we obtain the difference of the
renormalized vertex in different tadpole schemes as

zZ Z
Hy, H, —6Zfin 4 57fin
7 Z

The gauge independence of the renormalized ZZ Hy, vertex has been verified in the F.J Tad-

pole Scheme by explicit computation in the R¢-gauge. In this way it has also been confirmed
that this vertex is gauge dependent in Scheme 1. Schemes 1 and 2 can be mapped to the
FJ Tadpole Scheme by a redefinition of « and (8 via eq. (5.24). It is expected that the same
is true for other vertices which are sensitive to the renormalization of «, 8, and SM pa-
rameters, but not to My,. Since the mapping (5.24) is gauge dependent, the renormalized
7 7 Hy, vertex becomes gauge dependent in Schemes 1 and 2.

6 Electroweak NLO corrections to Higgs-boson production processes in
the 2HDM

In this section, we analyze the EW NLO corrections for two Higgs-boson production chan-
nels in the 2HDM. First, in section 6.1, we discuss results for the production of a light
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My, My, My« mia tg Mg,
BP21A | 200GeV | 500 GeV | 200GeV | 135GeV | 1.5 | 198.7 GeV
BP21B | 200 GeV | 500 GeV | 500GeV | 135GeV | 1.5 | 198.7GeV
BP21C | 400GeV | 225GeV | 225GeV | 0GeV | 15| 0GeV
BP21D | 400GeV | 100GeV | 400GeV | 0GeV | 15| 0GeV
BP3A1 | 180GeV | 420 GeV | 420GeV | 70.71GeV | 3 | 129.1 GeV

Table 1.
ref. [35]. The parameter My, depends on the other parameters and is given for convenience.

2HDM benchmark points in the alignment limit, i.e. sog3 = —1, cog — 0, taken from

SM-like Higgs boson produced through gluon fusion for scenarios in the alignment limit.
A more detailed description of the implementation of this process and results for the pro-
duction of a light or a heavy neutral Higgs boson for the case of non-alignment will be
presented elsewhere. In section 6.2, we provide results for the production of a light SM-like
Higgs boson in vector-boson fusion at NLO. Also here, a more detailed study including the

description of the implementation of the process will be published separately.

In both processes all external particles are SM particles such that the new Higgs bosons
only appear as virtual particles in the loops. In both cases, we apply the renormalization
scheme defined in section 47 and discuss the size of the EW corrections. We study the
dependence on the renormalization scale that appears owing to the MS renormalization of
the mixing angles o and § and analyze the decoupling of the new (heavy) Higgs particles.
Besides investigating scenarios close to the decoupling limit, we provide results for selected
benchmark points from refs. [35, 36]. The benchmark points BP21A-D, BP22A, and BP43—
5 were originally designed for the study of exotic Higgs-boson decays, the points BP3A1
and BP3B1-2 for a successful EW baryogenesis and the points a-1 and b-1 for Higgs-boson
pair production. All benchmark points fulfil theoretical constraints from vacuum stability
and perturbativity as well as experimental constraints in flavour physics, EW precision
measurements, and direct searches. In table 1 we list the benchmark points in the alignment
limit, which we study in gluon fusion and Higgs strahlung. In table 2 we provide benchmark
scenarios that are not in the alignment limit and which we study in Higgs strahlung only.

For the numerical evaluation of the two Higgs-boson production processes we use the
following values for the SM input parameters [37]:

Gp = 1.16638 - 107> GeV 2,
My = 80.385GeV, T'w=2.0850GeV,

my = 173.21GeV, My = 125.09 GeV =Mgp,,
My =91.1876 GeV, T'y =2.4952GeV. (6.1)

The numerical results presented in the following have been obtained in the 't Hooft-

Feynman gauge.

"Since both considered processes do not depend on the soft-breaking scale My, at LO, this parameter
does not require renormalization.
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Mpg, My, My mio tg CaB Mgy,

a-1 700 GeV 700 GeV 670 GeV | 424.3GeV | 1.5 | —0.0910 | 624.5 GeV
b-1 200 GeV 383 GeV 383 GeV 100 GeV | 2.52 | —0.0346 | 204.2 GeV
BP22A | 500 GeV 500 GeV 500GeV | 187.08GeV | 7 0.28 500 GeV
BP3B1 | 200 GeV 420 GeV 420 GeV | 77.78 GeV 3 0.3 142.0 GeV
BP3B2 | 200 GeV 420 GeV 420 GeV | 77.78 GeV 3 0.5 142.0 GeV
BP43 | 263.7GeV | 6.3GeV | 308.3GeV | 52.32GeV | 1.9 | 0.14107 | 81.5GeV
BP44 | 227.1GeV | 24.7GeV | 226.8 GeV | 58.37GeV | 1.8 | 0.14107 | 89.6 GeV
BP45 | 210.2GeV | 63.06 GeV | 333.5GeV | 69.2GeV | 2.4 | 0.71414 | 116.2 GeV

Table 2. 2HDM benchmark points outside the alignment limit taken from ref. [36] (a-1, b-1) and
ref. [35]. The parameter Mg, depends on the other parameters and is given for convenience.

6.1 Higgs-boson production in gluon fusion

Higgs-boson production through gluon fusion is a loop-induced process, i.e. its LO con-
tribution appears at the one-loop level. Despite its loop suppression, it is the dominant
Higgs-boson production mechanism in the SM at the LHC. Since the Yukawa couplings of
the Higgs boson to fermions are proportional to the fermion mass, the dominant contribu-
tion arises from top-quark loops. Treating all other fermions as massless, the LO partonic
cross section & for SM Higgs-boson production is generated only via a top-quark loop.

In the SM, the QCD corrections to Higgs-boson production in gluon fusion are known
up to N3LO and are large [38-42]. The complete NLO EW corrections have been calculated
in refs. [43, 44] and are also sizable. EW radiative corrections may significantly change a
process, if BSM particles propagate in the loop. In refs. [45, 46], for example, the influence
of a fourth generation of heavy fermions on the EW corrections to Higgs-boson production
in gluon fusion has been discussed, and the EW corrections turned out to be large. In
the following, we present the behaviour of the NLO EW corrections to this Higgs-boson
production channel in the alignment limit of the 2HDM of type II, where the light, neutral
Higgs boson Hj becomes SM-like. All results are calculated in the F.J Tadpole Scheme with
the renormalization conditions given in section 4 with the exception of the top-quark mass
which has been renormalized in the on-shell scheme for gluon fusion.

The coupling of the light neutral Higgs boson to top quarks in the 2HDM of type II is
given by the H\tt vertex:

(6.2)

(3

In the alignment limit (cop = 0,543 = —1) the coupling of the light neutral Higgs boson
to up-type fermions equals the one in the SM. Therefore, the LO production cross section
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of the light neutral Higgs boson through gluon fusion in the 2HDM is the same as in the
SM, and the QCD corrections do not change. For small t5 the alignment limit is reached
slower and one speaks of a delayed decoupling [3]. Without alignment, the LO cross section
changes only by the factor (cag/ts — Sap)?, such that the relative QCD corrections stay
the same. In the alignment limit, the ¢ dependence of the process disappears at LO, but
survives in the NLO EW corrections. The derivation of the counterterms for the NLO
calculation requires special care. The fact that the alignment limit implies c,3 = 0 (and
consequently sog = —1), but does not affect ¢g, leads to an explicit dependence of the H)tt
counterterm on tg, da, and 043:

iem; da—46p3

— 6.3
H 2Mwsyw  tg (6.3)

cap=0,55=—1

As a result, the NLO corrections to this process are still scale dependent despite of the
alignment limit. The scale dependence originates from the renormalization of o and S in
the MS scheme.

The calculation of the NLO EW corrections proceeds in several steps. First, the 2HDM
Feynman rules are derived using FeynRules [47]. These are used in the code QGS in order
to construct the amplitudes based on Feynman diagrams generated with QGRAF [48]. The
program QGS is an extension of GraphShot [49], which has been used to accomplish the
corresponding SM calculation and performs the algebraic manipulations of the amplitudes
with Form [50]. The reducible scalar products are removed, the symmetries are taken into
account in order to reduce the number of loop integrals, the UV renormalization as well as
the cancellation of collinear logarithms is performed analytically, and finally the remaining
finite integrals are mapped onto form factors. The latter are evaluated numerically with
Fortran routines. In the alignment limit of the 2HDM the same types of Feynman integrals
arise as in the SM calculation of refs. [43, 44] such that we can employ the same Fortran
library for their numerical evaluation. For the numerical evaluation of the two-loop massive
diagrams the library uses the methods of refs. [51, 52] for self-energies and of refs. [44, 53-55]
for vertex functions.

The NLO EW corrections to the partonic cross section are expressed as percentage
correction 5%{,(,0 relative to the LO result,

6 =60 +6N0 = 6101 + 650). (6.4)

In order to study the scale dependence we consider the following scenario: we choose
tan 8 = 2 and M* = 700 GeV as a typical mass scale for the new degrees of freedom. The
soft-breaking scale Mg, and the masses of all heavy Higgs bosons, except for the heavy,
neutral one, are set equal to M*. By allowing for a different mass value for the heavy,
neutral Higgs boson, we find enhanced scale-dependent logarithms in the alignment limit.
This can be seen from the analytical expression for the scale-dependent part of the relative
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Figure 1. EW NLO corrections to Higgs-boson production in gluon fusion. The solid line indicates
the SM result. The , dashed and lines are the percentage corrections in
the 2HDM as a function of the heavy, neutral Higgs-boson mass My, for different values of the
renormalization scale u = M*, M*/2, M*/4. The heavy Higgs-boson masses My, = My+ =
Mg, = M* =700 GeV are kept constant and tg = 2.

correction to the LO matrix-element squared

SNLOu—dep. _ GrV2 I ©?
EW =
8e2 G, (M2, — MZ) M,

x [(1— t%)(MIQ{h — M3) [3M12{1,M1%11 + Msgb(M?{a +2Mppe — 3M12{h)]
+ 6mi (Mg, Mg, — 4M§bmf)]. (6.5)

This expression is proportional to (da—§f3)/tz in the MS scheme as expected from eq. (6.3).
If the mass of the heavy, neutral Higgs boson differs from the soft-breaking scale and the
masses of the other heavy Higgs bosons, the terms in the second line dominate the scale
dependence. If also the heavy, neutral Higgs-boson mass is chosen to be equal to the typical
mass scale M* only the top-mass-dependent terms in the last line contribute. In order to
see the effect of the enhanced logarithms, we thus vary the mass of the heavy, neutral Higgs
boson. The variation of the renormalization scale p can be used in order to estimate the
uncertainty due to unknown higher-order corrections. To this end, we evaluate the NLO
corrections for different values of the renormalization scale = M*, M* /2, M* /4.

In figure 1 we show the percentage correction 55\%\70 as a function of the heavy, neutral
Higgs-boson mass Mp, for the three different values of the renormalization scale p and
compare the EW corrections of the 2HDM to those in the SM. For a small mass splitting,
i.e. for a heavy, neutral Higgs-boson mass Mg, in the vicinity of M* = 700 GeV, the size
of the corrections is comparable to the one in the SM, and the scale dependence is small,
i.e. perturbation theory is well-behaved and higher-order EW corrections can be expected
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to be small. For large mass splittings, e.g. for a heavy, neutral Higgs-boson mass My, that
deviates significantly from the mass values of the other heavy Higgs bosons and thus from
M* =700 GeV, the scale dependence becomes large. This indicates large uncertainties ow-
ing to unknown higher-order corrections, which signals the breakdown of the perturbative
expansion and the onset of a non-perturbative regime. This behaviour is expected, since
the mass splitting of the heavy Higgs bosons is restricted by perturbativity. The parameters
Ai in eq. (3.2) have to fulfil the condition |A;| < O (1) in order to ensure that the Higgs-
boson sector does not become strongly coupled [3]. This is important to maintain tree-level
unitarity [56]. The requirement |\;| < O (1) leads to a bound on the mass splitting [3] of

Mg, = 20| (o, =27 s -] 50 (7)), (6.6

where v &= 246 GeV is the SM vev. Using this information as well as the knowledge of the
NLO EW corrections, we study the region of My, in figure 1 for which perturbativity or
non-perturbativity can be expected. For this purpose, we constrain the allowed region of
Mp, around the typical mass scale M* via

v? v?

M M* .
M*< H, < +fM*

M*—f (6.7)
Perturbativity should be realized if the parameter f is sufficiently smaller than one. In
figure 1 the Mp, region corresponding to f > 0.4 is marked in light grey, and the region
f > 0.5 in dark grey. The scale dependence can be used to estimate uncertainties from
unknown higher-order corrections and provides useful means to determine the onset of the
non-perturbative regime. This is supported by figure 1, where the scale dependence be-
comes stronger when f becomes large. We conclude that the scale dependence introduced
by the MS renormalization of the mixing angles a and 3 is less than a percent, as long
as perturbativity is not violated, i.e. f < 0.5. Thus, the MS renormalization of o and 3
provides stable results for sound scenarios in the perturbative regime.
In figure 2, we analyze the decoupling of the heavy Higgs-boson sector for different
values of f. We vary the mass scale M* and choose the masses of the heavy Higgs bosons as
v? v?
MHh:M*_fW7 My, = My, = M~ MHi:M*+fM*.
For the rather large value f = 0.4, the NLO corrections in the 2HDM approach the SM
value of 5.1% only slowly; at a typical mass scale M* = 1200 GeV the decoupling limit is

(6.8)

almost reached. For smaller values of f decoupling is approached considerably faster. For
f = 0.1 the decoupling of the heavy Higgs-boson sector already occurs at about 400 GeV.

Finally, in table 3 we present the relative NLO corrections for the benchmark points
of table 1 which fulfil perturbativity in the sense that |\;| < 47 [35]. For all scenarios,
we observe large NLO EW corrections on top of the SM value of 5.1%. Owing to the
large corrections, it should be possible to exclude these scenarios at the LHC, as soon as
computations for the relevant decay channels like H; — ~ are available at the same order
in the weak coupling.
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Figure 2. EW NLO corrections to Higgs-boson production in gluon fusion as a function of the
scale M*. The values of My, , My, , Mg+ and Mg}, are chosen according to eq. (6.8). The solid line
represents the SM. The dashed, , and lines correspond to f = 0.1, f = 0.25
and f =0.4.

[ My, | 2My | 4Mp
BP21A | 85% | —1.3% | —11.2%
BP21B | 7.3% | —2.7% | —12.7%
BP21C | 13.2% | 12.6% | 12.0%
BP21D | 15.1% | 14.6% | 14.0%
BP3A1 | 21.3% | 13.2% | 5.1%

Table 3. Relative NLO corrections 5]151\17&,0 to Higgs-boson production in gluon fusion for the bench-
mark points of table 1. The scale p is varied as a function of My, .

The scale uncertainty turns out to be at the level of £10% for the benchmark points
BP21A, BP21B and BP3A1, but small for BP21C and BP21D. The large scale dependencies
are due to rather large values of the A; in these benchmark scenarios, the largest values
for |A\;| ranging between 3.7 and 7.7. The results from table 3 can be understood from
the analytic expression for the scale dependence in eq. (6.5). For BP21A and BP21B,
Mp, ~ Mg, and, thus, basically only the m¢-dependent terms in the last line of eq. (6.5)
contribute. The scale dependence is enhanced by the factor (MI?_I1 —4m?)/ (1\41%1h —M%Il). For
BP21C and BP21D all terms involving Mg, vanish, and the scale dependence is suppressed
by the ratio .7\/.1'%11/]\4121,h ~ 0.1. For BP3A1, the m¢-independent terms dominate the scale

dependences, the leading term being proportional to MIQ{i /MIQ{h ~ b4.

— 35 —



6.2 Higgs production in association with a weak boson

Besides the gluon-fusion channel and the vector-boson fusion channel, the associated Higgs
production with a vector boson, also called Higgs strahlung, is used to study the properties
of the Higgs boson. In this section, we focus on this process which allows in particular to
measure the decay mode H — bb and to study BSM physics in the VV H vertex.

There has been enormous progress in higher-order calculations to Higgs strahlung in
the SM. The QCD corrections are known up to NNLO for the inclusive cross section [57-59]
as well as for differential cross sections [60, 61]. The NLO EW corrections were first com-
puted in ref. [62] for stable vector bosons. Meanwhile public codes are available including
the vector-boson decays, e.g. V2HV [63], MCFM [64], HAWK2.0 [65] and vh@nnlo [66],
allowing to study any final state in this process class at NLO QCD and EW and also par-
tially at NNLO QCD. Higgs strahlung has also been investigated in the 2HDM [67], where
the ratio of inclusive WH and ZH production for light and heavy Higgs bosons has been
studied and the impact of type-I and type-II Yukawa couplings to the SM Higgs production
has been analyzed including all available and numerically relevant contributions.

The following analysis is restricted to the case of two charged leptons in the final state,
pp — HITI~™ + X. For massless leptons one has to be careful with final-state collinear radi-
ation, which requires special treatment (see e.g. ref. [68]). We do not recombine collinear
photons and leptons and assume that the leptons can be perfectly isolated, which is jus-
tified for a pair of muons in the final state. We employ the cuts used in the analysis of
ref. [69], i.e. we require the muons to

e have transverse momentum plT > 20GeV for | = pt, pu™,
e be central with rapidity || < 2.4 for | = p*,u™,

e have a pair invariant mass my of 75 GeV < my < 105 GeV.
In addition, we demand a boosted Z boson with
e transverse momentum p% > 160 GeV.

All predictions are for the hadronic cross section at the center-of-mass energy of 13 TeV
using the NLO PDF set NNPDF2.3 with QED corrections [70].

The numerical results were produced using an extended version of RECOLA [71] and
HAWK 2.0 [65]. RECOLA has been used to calculate all needed one-loop S-matrix elements
in the 2HDM, and HAWK 2.0 served as integrator for Higgs strahlung.

As in the case of gluon fusion, we discuss the scale dependence in the decoupling limit.
In the alignment limit the 2HDM leaves its marks in Higgs strahlung only at NLO, but,
in contrast to gluon fusion, Higgs strahlung is scale independent in the alignment limit
because the tree-level vertices VV H do not depend on tg but only on c,g and sqg (see
discussion in section 6.1). For this reason the analysis has been extended to the decoupling
limit with only approximate alignment compatible with perturbative unitarity, i.e. the
requirement |A;| < O (1) is extended [3] by

< v?
lcap| SO ) (6.9)
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Figure 3. NLO percentage EW corrections to the integrated cross section of pp — HITI~ 4+ X
as a function of the heavy Higgs-boson mass My, for three different scenarios, which differ by the
value of c,3 parametrized according to eq. (6.10). The solid line indicates the SM result. The

, dashed, and lines show the percentage correction in the 2HDM (normalized
to the 2HDM Born) for different values of the renormalization scale p = M*, M*/2, M* /4. The
heavy masses My, = Mg+ = Mg, = M* = 700GeV and tg = 2 are kept constant. The bright grey
band represents the region 0.4 < f < 0.5 [see eq. (6.7)] and the dark grey band the region f > 0.5.

We perform an analysis for Higgs strahlung similar to the one for gluon fusion in figure 1.
In figure 3 we present the percentage EW correction 55\]7\,0 as a function of the heavy,
neutral Higgs-boson mass Mp, for three different scales p centered around M*/2. All
other parameters are kept fixed, the masses are set to the decoupling scale M* = 700 GeV,
and we choose tg = 2. The results are presented for three different scenarios where we

investigate the decoupling in terms of c,g, parametrizing

1)2
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I M, 2Mp, 4 My,
BP21A | -11.8 % | —11.8 % | —11.8 %
BP21B | —13.1 % | =131 % | —13.1 %
BP21C | =132 % | =132 % | —13.2 %
BP21D | —13.6 % | —13.6 % | —13.6 %
BP3A1 | —133 % | =133 % | —13.3 %

Table 4. Relative NLO correction 65\17\70 to the integrated cross section of pp — HITI™ + X for
the benchmark points in the alignment limit of table 1. The SM correction is —12.4%.

a-1 76 % | =105 % | —13.3 %

b-1 125 % | =125 % | =124 %
BP22A | —239 % | —54.8 % | 130 %
BP3B1 | —23.2 % | —20.0 % | —16.9 %
BP3B2 | —56.0 % | —39.5 % | —23.0 %
BP43 | -11.9 % | —10.6 % | —9.3%
BpP44 | -111 % | —11.2 % | —11.3 %
BP45 | —=50.6 % | —14.3 % | 21.9%

Table 5. Relative NLO correction 6%]7\,0 to the integrated cross section of pp — HITI~ + X for
the benchmark points outside the alignment limit of table 2. The SM correction is —12.4%

with & = 0.1,0.25,0.4. The expected non-perturbative region is shown in dark grey for
f > 0.5 and the transition region in bright grey defined by 0.4 < f < 0.5. The first
plot in figure 3 shows the case k = 0.4, which is at the border of perturbative unitarity
independently of f because c,s is close to its upper limit [see eq. (6.9)]. This scenario
exhibits moderate scale uncertainties of the order of one percent in the perturbative regime.
Decreasing k to 0.25 reduces the scale dependence to below one percent in the perturbative
region f < 0.4, and for £ = 0.1 almost no scale dependence is left. While the considered
scenario is not in the decoupling limit, the resulting corrections are nevertheless comparable
to those in the SM. The decoupling limit is reached by setting c,g = 0, where the corrections
coincide with those in the SM.

In tables 4 and 5 we present the results for the benchmark points of tables 1 and 2.
For scenarios in the alignment limit compiled in table 4 there is no scale dependence, and
the differences between EW corrections in the 2HDM and in the SM, where they amount
to —12.4%, are typically at the level of one percent.

The scenarios outside the alignment limit shown in table 5 are more interesting. In
the scenarios a-1, b-1, BP43, and BP44, which are close to the alignment limit, the scale
variations are small of the order of 0.5%. The corrections are comparable to those in the
SM, differing typically at the level of one percent. The scenarios BP3B1, BP3B2, BP45
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significantly deviate from the alignment limit with a mass splitting of more than 200 GeV
and exhibit scale uncertainties up to 35%. For all these scenarios we find absolute values
of A of the order of |\;|/(4m) ~ 0.3. The scenario BP22A is in the decoupling limit, but
does not fulfil condition (6.9). We observe large scale uncertainties of the order of 180%
which raises the question of perturbativity of this scenario. In fact, we find \o/(47) ~ 1.1
and A3/(4mw) =~ 0.7 for BP22A. Thus, large scale uncertainties signal a breakdown of the
perturbative expansion.

In conclusion, as in gluon fusion, violation of perturbative unitarity and large scale
dependence are connected. We observe small scale uncertainties of the EW corrections in
the 2HDM both in the decoupling limit and for benchmark points that are close to the
alignment limit or involve small mass splittings, while respecting perturbative unitarity.

7 Conclusion

The precise study of theories with extended Higgs sectors is of utmost importance for the
investigation of the Higgs sector at the LHC. To this end, NLO corrections of QCD and
electroweak origin have to be calculated.

We have proposed a consistent gauge-independent renormalization scheme for the CP-
conserving 2HDM of type II. While masses are renormalized in the on-shell scheme, the
mixing angles of the Higgs sector and the soft- Zs-symmetry-breaking scale are renormalized
in the MS scheme. To render this approach gauge independent, a consistent treatment of
tadpoles is crucial. This is provided by the method proposed by Fleischer and Jegerlehner
many years ago for the Standard Model.

We have generalized this method specifically to the 2-Higgs-Doublet Model of type
II. We have investigated the difference to popular renormalization schemes used in the
literature and clarified their range of applicability. We showed in particular that an MS
renormalization of the mixing angles in the extended Higgs sector within popular schemes
leads to gauge-dependent predictions in the 2-Higgs-Doublet Model of type II. We expect
that this is also the case in the Minimal Supersymmetric Standard Model.

The proposed extension of the Fleischer-Jegerlehner tadpole scheme can be straightfor-
wardly applied to more general theories. This opens the way for consistent renormalization
prescriptions of theories with more complicated extended Higgs sectors.

We have applied the renormalization scheme to the calculation of NLO EW correc-
tions for Higgs production in gluon fusion and Higgs strahlung and have, in particular,
investigated the scale dependence of the corrections and the decoupling of the heavy Higgs
bosons within this scheme.
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A Results for tadpoles in the 2HDM

We give the results for the tadpoles ¢y, and tg, corresponding to the Higgs bosons Hj and
H,, in the 2HDM in the Re¢-gauge defined in section 5.1,

S
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The scalar integral Ay is defined in D dimensions by

@rw)' P o 1
Aﬂ(m):hﬂ/d qq T e (A.3)
Note that by the transformation
508 —* CaBs Caf — —SaB, Mm, <> Mp, (A.4)
the tadpoles turn into each other in the following way

tHl — —tHh, tHh — tHl-

(A.5)
B Results for 2-point tadpole counterterms in the FJ Tadpole Scheme
in the 2HDM

In this section, we list the tadpole counterterms for the two-point functions derived ac-
cording to the definition (2.6). Using the abbreviations

ts(a,b) = atg+b(1—1t3),

ap = (Sap + Captp) (Cap — Sapts)
g
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ty ty
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the expressions read:
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mytyq if f couples to @1 in eq. (3.11)
trr= : (B.19)
mytyo if f couples to @3 in eq. (3.11)

with ¢* being the incoming momentum of the corresponding vector boson. The Feynman
rules for the tadpole counterterms are obtained by multiplying the tadpole expression with
the imaginary unit i.

C Tadpoles in the two-loop Higgs-boson self-energy in the FJ Tadpole
Scheme

In this appendix, we relate the renormalized two-loop self-energy of the Higgs boson in the
SM in the two schemes based on Tj, = 0 and Av = 0. Analogously to eq. (2.26) at one loop,
we show that the two-loop tadpole contributions to the self-energy, which are generated
by Aw in the scheme with T, = 0, reproduce the self-energy in the scheme with Av = 0,
where unrenormalized tadpoles are explicitly taken into account. The latter situation is
given in eq. (2.11) if the renormalized tadpoles are replaced by unrenormalized ones.

To start with, we note that the 1PI two-loop self-energy and tadpole contributions
depend on the tadpole renormalization scheme, more precisely, they differ by Av-dependent
terms. Having performed the renormalization at one-loop, the 1PI two-loop self-energy
diagrams in both schemes are related via

1
o

Av=0 * _O_’ (C.1)
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where the second diagram on the right-hand side schematically denotes all one-loop self-

energy diagrams with an additional insertion of the one-loop two-point tadpole counterterm

tgh) Using the one-loop result (2.26) which relates t;llh) with the bare one-loop tadpole t;ll),

o 43— (C2)

)

this can be written as

—0—;,..-—0—

Next, we consider the two-loop 1PI tadpole which fixes
(1)
thn

T,=0 Av=0

The first equality is the renormalization condition. In the second equality we separate the

in the scheme where T}, = 0,

(C.3)

+ .
Av=0

Av-dependent terms, where the second diagram schematically represents all tadpole one-
loop diagrams with an additional insertion of t;zlfg In the third equality we use again the one-
loop result (2.26). In the scheme where the tadpoles are renormalized according to Tp =0
the renormalized two-loop self-energy can be expressed exclusively by 1PI contributions

T, =0 - [ e + . }

The FJ Tadpole Scheme for T, = 0 includes tadpoles via the Av-dependent countert-

and is given by

S (¢%)

o (C.4)

erms. In addition to the Av(})-dependent one-loop counterterms appearing in egs. (C.1)
and (C.3), the two-loop counterterm induces a further dependence on Av® and Av@. In
the SM the additional two-loop tadpole counterterms are derived from eq. (2.37), which
can be written as

A
thhh% = <)\hhh,BAU + hhgh’B(Av)z> h]23 (C.5)

upon identifying A\ppn B and Appny p as the bare triple and quartic Higgs-boson couplings.

£

The dependence on the two-loop tadpole counterterm originates from the term propor-

tional to )\hhhyBAv(Q). Using egs. (2.35) and (C.3) the contribution of tﬁf) can be written as

g - ? + . (C.6)
T, =0 Av=0

h

Next, we consider the quadratic 1PI one-loop tadpole contributions which are included in
Av®?) and (Av(l))Q being proportional to Appn and Appnn, respectively. We identify the

I , VAR (C.7)
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The last two-loop tadpole counterterms result from products of the one-loop tadpole t;ll)

with the counterterms to Appp, the Higgs-boson mass [entering via eq. (2.34)], and the
Higgs-boson field-renormalization constant and can be represented as follows:

? , ? , (C.8)

where in the counterterms Av = 0 is understood. Finally, we separate the Av dependence

from the renormalized two-loop self-energy (C.4). For the bare 1PI two-loop self-energy
we use the result (C.2). The two-loop Av-dependent counterterms are given by the sum
of the diagrams in egs. (C.6), (C.7), and (C.8). The result reads

&(2) (2 _ o
i (4 )‘Thzo 1 9 + * ]Thzo

1
= + ? + 2 + @
(r) (e} s

i \_R/ Av=0
+ I + o
=S ()], - (C.9)

In the second equation we combine counterterms, evaluated for Av = 0, and bare-loop
topologies to renormalized objects. The result matches the renormalized two-loop self-
energy in eq. (2.11) when tadpoles are not renormalized, i.e. for Av = 0.

D Gauge dependence of 3 in popular tadpole schemes

In the MSSM, 6ﬁm as obtained in Scheme 2 is gauge dependent at two loops [34], while
it does not dependent on the gauge parameters in the R¢-gauge at one-loop order. The
latter result translates to the 2HDM of type II.

In the 2HDM the apparent gauge independence of § ﬁNTS in the R¢-gauge at the one-loop
level can be understood as follows: consider the linear combination of ®; and ®5 that does
not have a vev. Using the explicit rotations in eq. (3.4), this Higgs doublet is identified as

Hi

cos fPy — sin P, =
% (cos fvg — sin fu1 + Hicap + HuSap +1H,)

RENCORY

with cos fvg —sin Sv; = 0. Performing the shift in the vevs according to eq. (4.5) and using
eq. (4.6), we obtain the tadpole corresponding to the neutral Higgs field H = Hjcog+HpSag,

. UH lH
sin AV — cos AV = Cag—a + Saf 5 (D.2)
MIZ{l MIQ{h
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which enters the shift of A; BNTS between the FJ Tadpole Scheme and the popular Schemes 1
and 2 found in eqs. (5.9) and (5.14). The Higgs field H does neither couple to two gauge
bosons nor to two would-be Goldstone bosons, and, moreover, it does not enter the gauge
fixing in the R¢-gauge and thus does not couple to Faddeev-Popov ghost fields. Conse-
quently, there are no gauge-dependent Feynman diagrams for the H tadpole at one-loop
order and thus Aiéﬁm does not depend on the gauge-parameter in the R¢-gauge. Since
cwm is gauge independent in the F.J Tadpole Scheme, this translates to Schemes 1 and 2.
This argument can be generalized to non-linear R¢-gauges at one-loop order.?

Nevertheless, it is possible to demonstrate the gauge dependence of 6Bm in Schemes 1
and 2 at one-loop order in a suitably chosen gauge. Since H couples to one gauge boson
or would-be Goldstone boson and H,, we can generate a gauge-dependent contribution
to its tadpole by allowing for mixing propagators induced by the gauge fixing. Here, we
provide an appropriate gauge-fixing function and prove the gauge dependence of (wm via
two different approaches. In addition, we show that also in this class of gauges the gauge
independence of 5Bm is preserved in the FJ Tadpole Scheme.

The appropriate choice of the gauge-fixing function can be motivated as follows. From
the point of view of the F.J Tadpole Scheme the gauge dependence appears in the Schemes 1
[eq. (5.3)] or 2 [eq. (5.4)] if it is possible to generate a gauge-dependent tadpole contribution
of the form of eq. (D.2). For a gauge-fixing function C linear in the gauge fields the
infinitesimal variation of Green’s functions under a change in the gauge-fixing function,
AC, with respect to some parameter can be derived (see e.g. section 2.5.4.4 of ref. [27],
section 12.4 of ref. [72], or ref. [32]). For the one-point function of a field ¢ this reads

e (Tol) = oc 1= | 1 | ye] =ieee) / dty a(y) AC())

x x / crac x /c
:i/d4y T e—— /_\ —e Y|,

se \__/ aAC
where s represents the BRST transformation of the field ¢ at the space-time point z and

@ is the anti-ghost field associated to the gauge-fixing function C', both at the space-time
point y. For

(D.3)

= H= capH) + sq5Hy, (D.4)
the required BRST transformation in eq. (D.3) reads

~ e ie
H= ‘H.o+ — (v HT —utH™). D.5
s 2swcwu 2+ 25. (u u ) (D.5)

We note that sH does neither induce would-be Goldstone bosons nor vevs. Hence, one can
easily read off the condition for a gauge dependence of eq. (D.2). We modify the gauge-
fixing function in eq. (5.2) by setting {i = {4 = £z = 1 and adding a term proportional

8Specifically, we verified the independence of 6Bm of the gauge parameters for a non-linear gauge-fixing
function C% = OuZy — €qyMzGo (1 + &my, Hy) for general g, and &g, .
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to H, to C?,
C? = 0'Z, — MzGo — £ My, Ha, (D.6)

which is required to obtain non-vanishing contributions to eq. (D.3). The resulting gauge-
fixing function (D.6) in the £g-gauge looks simple, but gives rise to a non-diagonal prop-
agator matrix (see appendix E for the Feynman rules). An infinitesimal change in the
gauge-fixing function is obtained by performing an expansion for small {g, i.e. we identify
AC with —{g My, H,, defining

5, X = 2

X = @X £s. (D.7)

§s=0

While we work only to leading order in g, an exact calculation is possible and straightfor-
ward in the gauge of eq. (D.6). At one-loop order we find after Fourier transformation to
momentum space

uz
-
- dq i i

F.T./d4y L @=ce——ee—- @y :/ , D.8

H, ent FoigE- g Y

and hence using eq. (D.3)
<1r1?>5 = F.T.0, (TH(z)) = F.T. |cag &, LH+ S0 0y (D.9)
6
x x
_ ieggMy, [ d'q i i

= . D.10
25y Cw / (27’(‘)4 q2 - M% q2 - Mlzia ( )

Consequently, there is a non-zero gauge-dependent and UV-divergent contribution to the
tadpole in eq. (D.2), which proves the gauge dependence in the popular schemes, where
tadpole contributions are absorbed in bare parameters. Note that this argument can be

carried over to the supersymmetric case, where <H >§ does not change if the same gauge
]

is used. This result is used below to derive the {g dependence of 5ﬁm in Schemes 1 and 2
[see eq. (D.27)].

We validate eq. (D.10) in the 2HDM using an explicit Feynman-diagrammatic calcula-
tion of the tadpole <ﬁ ). Inspecting the Feynman rules listed in appendix E, we find three
sources that can induce a linear {g dependence of the tadpole <}~I ). These are provided by
the mixing propagators ZH, and GyH, and the coupling of the neutral Higgs bosons H;
and Hy, to Faddeev-Popov ghosts @# and u?. For the §s-dependent tadpole contributions

corresponding to eq. (D.9) in momentum space we obtain

.-

5 @ 7% Ha+GO b Ha+"°’y " f H, H, (D.11)

s Vo Ly I % or ¢ = Hy, Hy, .
é ¢ é é
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and the sum of the contributions yields

5 q _ie€gMp,cap / dlq i i . <ﬁ>
gﬁ ‘ Hl 2SWCW (27T)4 q2 - M% q2 - MIQ{& o & ’
0 ieég M, sap / diq i i ~
5 =— : = sas (H) . D.12
€s th 254 Cyr (2ﬁ)4 Q2 — M% @ — M%Ia af ¢ ( )

Thus, we reproduce the result in eq. (D.10).

Finally, we show explicitly that (Sﬂl\TS remains gauge independent in the FJ Tadpole
Scheme at one-loop order but depends explicitly on &g in the gauge of eq. (D.6) in Schemes 1
and 2. We cannot make use of eq. (4.26) because it does not hold in the {g-gauge for
Schemes 1 and 2, but instead we derive the gauge dependence directly from the renormal-
ized vertex function in eq. (4.23). We consider only the terms linear in £z.

In the FJ Tadpole Scheme it is enough to verify that all counterterm parameters that
enter the renormalization of § are gauge independent and that no gauge dependence is
introduced by the bare vertex function in eq. (4.23). The renormalization constant §Z, is
independent of {3 since no Higgs-boson couplings enter this quantity. For 5M\%V and 5M% ,
the tadpole contributions to the WW and ZZ two-point functions are proportional to (see

appendix B)
tw, ty,

gt (D.13)
M, M,

Sag

which is not sensitive to our choice of gauge-fixing function. The W-boson self-energy
receives no other contributions linear in {g. The linear {g-dependent contribution induced
in the Z-boson self-energy contributes only to its longitudinal part and does not influence
§M?Z. This implies the £z independence of §M3, and dMZ which we have also verified
via explicit calculation in the {g-gauge. For the vertex H,77~ there is no £z-dependent
and at the same time UV-divergent term. This is consistent with the fact that there is
no tadpole contribution to the bare vertex function which could cancel a would-be gauge
dependence. For §Zg,m, and dm, no such argument can be given, and a cancellation of
§p-dependent terms between self-energy diagrams and tadpoles takes place. We explicitly
show this cancellation starting with 0Zq,, .
The terms linear in g contributing to the GoH, mixing energy are given by*

Z _ _H, Hy ~ 7 Go _ _H, H. _ Gy
| 1 S o ) SR i S A
GO Ha <~/ N N7/ N
H Hy, H Hy
Z _ _H, Hy, ~ 7 Go _ H, H, _ Gy
—l————{' ‘-—-—l—-——‘d\z-———i—---‘ ‘--——{———-Q/ - -
N/ N <~/ N/

/’\
GO\ /‘Ha
foo-nel (D.14)

°In the alignment limit, the second line in eq. (D.14) vanishes.
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Note that each diagram contains one mixing propagator. The diagrams involving a neutral
Higgs boson propagator and a mixing propagator of a pseudoscalar Higgs boson and a
would-be Goldstone boson do not contribute to the MS renormalization of 3 because they
are UV finite. The other self-energy diagrams are UV divergent, and we obtain for the
combined contributions to the GqgH, mixing energy

Z o Ha ie
_ e 1 2 2 2 2 2
@Z%:Hh'"{'}'" T 25, My [SaﬂMHl + capMp, +2Mp, — 2Mg,
' 12
2 B
+ Capas—— (M, MHl)] <H>f +UV-finite terms,  (D.15)
B 8
H, A .
Z ___Q,J\}___ _ % [MIQLIa — SiﬁMJ%Ih — ciﬁMlz_h] <H> + UV-finite terms,
p=H),Hy \S; Swilw *
(D.16)
Gov ‘M, ie
2 2 2
1- t% 2 2 7
+ Caﬁ —Caﬁ + SQQT (MHh - MHI) <}I>5 9 (D17)
3

where for arriving at the egs. (D.15) and (D.16) the numerator structure has been cancelled
against one of the neutral Higgs-boson propagators. Adding all contributions leads to

ie

2 2 2r21/73 .
55&"'0'" = s [MHa ,BMHh — caﬁMHl] <H>§ﬁ + UV-finite terms

Gy H,
(D.18)
for the linear dependence of self-energy diagrams on £g. The tadpole contributions to the
GoH, mixing energy are derived using the results in eq. (D.12) leading to

O, i ~
S e s (M - s2aM, M) () . (D9)
p=H,,Hy ’

which cancels against the {3 dependent terms in eq. (D.18) contributing to the renormal-
ization of 8. Thus, we have proven that

(5@352@{&)3 ~0. (D.20)

For the on-shell renormalization of dm, we pursue the same strategy. The {g-dependent
contributions to the 7 self-energy are given by

. Z . H, Ha/ Z Gg,\ a_\
5&/3_"&":—"0—»%-—»—0\3—»— —»Q\J—» —»\J—»
D »
T T

(D.21)

48 —



Projecting the 7 self-energy onto a Dirac spinor, putting the momentum on shell, using
the Dirac equation, and considering only the scalar and vector part that is relevant for the
mass counterterm, we find

ie*tgm,EsMp,
=0 = D.22

d? i i i
x / ((p +q)° - mf)
(27T)4 CIQ—M% QZ—M%Ia (p+q)2—m2

iem,tg < ~>
= - —(H

p?=m?2

(D.23)

2=m2

p

The tadpole contribution to the 7 self-energy is derived using the results in eq. (D.12)
leading to

Y e emts (i), (D.24)
B

28w M
»=H),Hy wiEW

The tadpole contribution in eq. (D.24) cancels against the self-energy contribution in
eq. (D.23) and we conclude that dm, is independent of £z in on-shell renormalization,

(Ggz0mr), = 0. (D.25)

Altogether, we have proven the gauge independence of ¢ BNTS in the {g-gauge in the F'J Tad-
pole Scheme,

(5%5&1\75)3 ~0. (D.26)

Finally, we can give the precise {3 dependence of 63 for Schemes 1 and 2 originating
from the gauge dependence of the tadpoles in dm, and 0Zg,m,. Using eq. (4.25) for the
counterterm, the full {5 dependence is obtained as

_ sagMp +c2gMp |/~
O Tl (7).
B

, i=12 (D27
Zsw My MZ (1 + tﬂ)

which is evidently nonzero.

E Feynman rules in the £z-gauge

In this section, we list the Feynman rules used to derive the gauge dependence of 5ﬁm
in appendix D. The gauge-fixing function (D.6) gives rise to mixing of propagators, which
is required to actually observe the gauge dependence at one-loop order. The gauge-fixing
Lagrangian includes the following mixing terms

Lar D {gMp, (8MZ‘H + MzGy) H,. (E.1)
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The corresponding 2-point vertex function in the basis (Z,, Go, H,) reads

— (p* — MZ) g 0 i€p My, p"
= 0 p? — M? EsMp, My, : (E.2)
—i€gMp,p"  &Mu, Mz p* — M, (1 + 5/23)

By inverting the vertex function to linear order in {3 we obtain the propagators as

A —ighv
p2 _ M% ( 5)
Go i
*~----- o= +0(&), (E.4)
p2 _ M% ( B)
H, i (E5)
o-———- .= )
p* — Mg,
Z Gy
'VW——.:O(&;)’ (Eﬁ)
oLy £5M i ' (E.7)
p Q - B8 Hap 2 M% p2 — M[2{ ) .
C;’0 Ha 1 1
[ o = 1€BMH3MZ 5 (ES)

where the momentum flows from left to right. We identify mixing propagators by two
particle labels. The Faddeev-Popov-ghost Lagrangian is derived by the standard methods
which requires for the {g-gauge the BRST variation of H,,

e
u? (CaﬁHl + Sath) + — (u+H_ + u_H+) . (Eg)

H, = —
Stta 28w

28w Cw

The additional contribution to the ghost Lagrangian involving £z is then given by

e
,Cgh D fﬁMHa aZu? (Cagﬂl + SQBHh) , (E.lO)

2SwCw

yielding the following gauge-dependent Feynman rules

-Hh // Hl //
'L_LZ 4 ies aZ / iec
..4..../ = of EﬁMHaa ...4..../ = af fﬁMHa (Ell)
‘ 28w Cw \ 28w Cy
Uz uyz .

Finally, we list all other vertices needed in the calculation of appendix D with the
convention that all particles and momenta are incoming;:

Hl // Hh //
Go icy, Go ’ i
ge 9 9 ’ 1Sqp€ 2 2
_——— =— (M7 —M -——---0 =——— Mz —M E.12
o T Dhiysy Vi M) . Dtysy M~ Mig) (E12)
Ha \\ Ha \\
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Ha \\ Ha \\
- H1// i Hy,
4 €Sap y ecap
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\ wCw N wCw
Go AN Go AN
H /’
Ha // ie 1—t2
B
_————.\\ :m Saﬁ (M]2{1+2M]2‘Ia_2MSZb) _CQBY(M%II_MSQ}D) s (E15)
H, \
Hh //
T ie 2 2 2 — % 2 2
_————.\\ :m —Cap (MHh+2MHa_2MSb) —SO{B? (MHh_MSb) ’ (E16)
H, <
AN GO d
\\ /,,H i€2 9 9 9 l—t% ) )
GO /\\ a:_W (MH1+2MHh_2MSb)_Ca,B caﬁ_saﬁT (MHh—MH‘) .
P N WSW Ié;
d Ha N
(E.17)

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] CMS collaboration, Observation of a new boson at a mass of 125 GeV with the CMS
experiment at the LHC, Phys. Lett. B 716 (2012) 30 [arXiv:1207.7235] [InSPIRE].

[2] ATLAS collaboration, Observation of a new particle in the search for the Standard Model
Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B 716 (2012) 1
[arXiv:1207.7214] [NSPIRE].

[3] J.F. Gunion and H.E. Haber, The CP conserving two Higgs doublet model: the approach to
the decoupling limit, Phys. Rev. D 67 (2003) 075019 [hep-ph/0207010] [InSPIRE].

[4] G.C. Branco, P.M. Ferreira, L. Lavoura, M.N. Rebelo, M. Sher and J.P. Silva, Theory and
phenomenology of two-Higgs-doublet models, Phys. Rept. 516 (2012) 1 [arXiv:1106.0034]
[INSPIRE].

5] D. Pierce and A. Papadopoulos, Radiative corrections to the Higgs boson decay rate
99 Y
I'(H — ZZ) in the minimal supersymmetric model, Phys. Rev. D 47 (1993) 222
[hep-ph/9206257] [iNSPIRE].

[6] A. Freitas and D. Stockinger, Gauge dependence and renormalization of tan 8 in the MSSM,
Phys. Rev. D 66 (2002) 095014 [hep-ph/0205281] [INSPIRE].

~ 51 —


http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://arxiv.org/abs/1207.7235
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.7235
http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://arxiv.org/abs/1207.7214
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.7214
http://dx.doi.org/10.1103/PhysRevD.67.075019
http://arxiv.org/abs/hep-ph/0207010
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0207010
http://dx.doi.org/10.1016/j.physrep.2012.02.002
http://arxiv.org/abs/1106.0034
http://inspirehep.net/search?p=find+EPRINT+arXiv:1106.0034
http://dx.doi.org/10.1103/PhysRevD.47.222
http://arxiv.org/abs/hep-ph/9206257
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9206257
http://dx.doi.org/10.1103/PhysRevD.66.095014
http://arxiv.org/abs/hep-ph/0205281
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0205281

[7]

[14]

[15]

[16]

23]

[24]

N. Baro, F. Boudjema and A. Semenov, Automatised full one-loop renormalisation of the
MSSM. I. The Higgs sector, the issue of tan 8 and gauge invariance, Phys. Rev. D 78 (2008)
115003 [arXiv:0807.4668] [INSPIRE].

R. Santos and A. Barroso, On the renormalization of two Higgs doublet models, Phys. Rev. D
56 (1997) 5366 [hep-ph/9701257] [INSPIRE].

S. Kanemura, Y. Okada, E. Senaha and C.P. Yuan, Higgs coupling constants as a probe of
new physics, Phys. Rev. D 70 (2004) 115002 [hep-ph/0408364] [INSPIRE].

D. Lopez-Val and J. Sola, Neutral Higgs-pair production at linear colliders within the general
2HDM: quantum effects and triple Higgs boson self-interactions, Phys. Rev. D 81 (2010)
033003 [arXiv:0908.2898] INSPIRE].

M. Krause, R. Lorenz, M. Miihlleitner, R. Santos and H. Ziesche, Gauge-independent
renormalization of the 2-Higgs-doublet model, arXiv:1605.04853 [INSPIRE].

A. Denner and T. Sack, Renormalization of the quark mizing matriz, Nucl. Phys. B 347
(1990) 203 [NSPIRE].

S. Kanemura, M. Kikuchi and K. Yagyu, Fingerprinting the extended Higgs sector using
one-loop corrected Higgs boson couplings and future precision measurements, Nucl. Phys. B
896 (2015) 80 [arXiv:1502.07716] InSPIRE].

P. Gambino, P.A. Grassi and F. Madricardo, Fermion mixing renormalization and gauge
invariance, Phys. Lett. B 454 (1999) 98 [hep-ph/9811470] [INSPIRE].

Y. Yamada, Gauge dependence of the on-shell renormalized mizing matrices, Phys. Rev. D
64 (2001) 036008 [hep-ph/0103046] [INSPIRE].

J.M. Cornwall, Dynamical mass generation in continuum QCD, Phys. Rev. D 26 (1982)
1453 [INSPIRE].

J.M. Cornwall and J. Papavassiliou, Gauge invariant three gluon vertex in QCD, Phys. Rev.
D 40 (1989) 3474 [INSPIRE].

J. Fleischer and F. Jegerlehner, Radiative corrections to Higgs decays in the extended
Weinberg-Salam model, Phys. Rev. D 23 (1981) 2001 [INSPIRE].

P. Gambino and P.A. Grassi, The Nielsen identities of the SM and the definition of mass,
Phys. Rev. D 62 (2000) 076002 [hep-ph/9907254] [INSPIRE].

S. Actis, A. Ferroglia, M. Passera and G. Passarino, Two-loop renormalization in the
Standard Model. Part I: prolegomena, Nucl. Phys. B 777 (2007) 1 [hep-ph/0612122]
[INSPIRE].

O. Piguet and K. Sibold, Gauge independence in ordinary Yang-Mills theories, Nucl. Phys. B
253 (1985) 517 [INSPIRE].

A. Denner, Techniques for calculation of electroweak radiative corrections at the one loop
level and results for W physics at LEP-200, Fortsch. Phys. 41 (1993) 307 [arXiv:0709.1075]
[INSPIRE].

B.A. Kniehl, C.P. Palisoc and A. Sirlin, Higgs boson production and decay close to thresholds,
Nucl. Phys. B 591 (2000) 296 [hep-ph/0007002] [iNSPIRE].

A. Denner, S. Dittmaier, M. Roth and D. Wackeroth, Predictions for all processes ete™ — 4
fermions +v, Nucl. Phys. B 560 (1999) 33 [hep-ph/9904472] [INSPIRE].

~52 -


http://dx.doi.org/10.1103/PhysRevD.78.115003
http://dx.doi.org/10.1103/PhysRevD.78.115003
http://arxiv.org/abs/0807.4668
http://inspirehep.net/search?p=find+EPRINT+arXiv:0807.4668
http://dx.doi.org/10.1103/PhysRevD.56.5366
http://dx.doi.org/10.1103/PhysRevD.56.5366
http://arxiv.org/abs/hep-ph/9701257
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9701257
http://dx.doi.org/10.1103/PhysRevD.70.115002
http://arxiv.org/abs/hep-ph/0408364
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0408364
http://dx.doi.org/10.1103/PhysRevD.81.033003
http://dx.doi.org/10.1103/PhysRevD.81.033003
http://arxiv.org/abs/0908.2898
http://inspirehep.net/search?p=find+EPRINT+arXiv:0908.2898
http://arxiv.org/abs/1605.04853
http://inspirehep.net/search?p=find+EPRINT+arXiv:1605.04853
http://dx.doi.org/10.1016/0550-3213(90)90557-T
http://dx.doi.org/10.1016/0550-3213(90)90557-T
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B347,203%22
http://dx.doi.org/10.1016/j.nuclphysb.2015.04.015
http://dx.doi.org/10.1016/j.nuclphysb.2015.04.015
http://arxiv.org/abs/1502.07716
http://inspirehep.net/search?p=find+EPRINT+arXiv:1502.07716
http://dx.doi.org/10.1016/S0370-2693(99)00321-4
http://arxiv.org/abs/hep-ph/9811470
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9811470
http://dx.doi.org/10.1103/PhysRevD.64.036008
http://dx.doi.org/10.1103/PhysRevD.64.036008
http://arxiv.org/abs/hep-ph/0103046
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0103046
http://dx.doi.org/10.1103/PhysRevD.26.1453
http://dx.doi.org/10.1103/PhysRevD.26.1453
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D26,1453%22
http://dx.doi.org/10.1103/PhysRevD.40.3474
http://dx.doi.org/10.1103/PhysRevD.40.3474
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D40,3474%22
http://dx.doi.org/10.1103/PhysRevD.23.2001
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D23,2001%22
http://dx.doi.org/10.1103/PhysRevD.62.076002
http://arxiv.org/abs/hep-ph/9907254
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9907254
http://dx.doi.org/10.1016/j.nuclphysb.2007.04.021
http://arxiv.org/abs/hep-ph/0612122
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0612122
http://dx.doi.org/10.1016/0550-3213(85)90545-0
http://dx.doi.org/10.1016/0550-3213(85)90545-0
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B253,517%22
http://dx.doi.org/10.1002/prop.2190410402
http://arxiv.org/abs/0709.1075
http://inspirehep.net/search?p=find+EPRINT+arXiv:0709.1075
http://dx.doi.org/10.1016/S0550-3213(00)00563-0
http://arxiv.org/abs/hep-ph/0007002
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0007002
http://dx.doi.org/10.1016/S0550-3213(99)00437-X
http://arxiv.org/abs/hep-ph/9904472
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9904472

[25]

[26]

[27]

A. Denner, S. Dittmaier, M. Roth and L.H. Wieders, FElectroweak corrections to
charged-current ete™ — 4 fermion processes: technical details and further results, Nucl.
Phys. B 724 (2005) 247 [Erratum ibid. B 854 (2012) 504] [hep-ph/0505042] [INSPIRE].

A. Denner and S. Dittmaier, The complex-mass scheme for perturbative calculations with
unstable particles, Nucl. Phys. Proc. Suppl. 160 (2006) 22 [hep-ph/0605312] [INSPIRE].

M. Boéhm, A. Denner and H. Joos, Gauge theories of the strong and electroweak interaction,
Teubner, Stuttgart Germany (2001).

A. Sirlin, Radiative corrections in the SU(2)r, x U(1) theory: a simple renormalization
framework, Phys. Rev. D 22 (1980) 971 [inSPIRE].

W.J. Marciano and A. Sirlin, Radiative corrections to neutrino induced neutral current
phenomena in the SU(2)r x U(1) theory, Phys. Rev. D 22 (1980) 2695 [Erratum ibid. D 31
(1985) 213] [inSPIRE].

A. Sirlin and W.J. Marciano, Radiative corrections to v, + N — u~ + X and their effect on
the determination of p? and sin® Oy, Nucl. Phys. B 189 (1981) 442 [INSPIRE].

G.’t Hooft and M.J.G. Veltman, Regularization and renormalization of gauge fields, Nucl.
Phys. B 44 (1972) 189 [INSPIRE].

B.W. Lee and J. Zinn-Justin, Spontaneously broken gauge symmetries. 4. General gauge
formulation, Phys. Rev. D 7 (1973) 1049 [InSPIRE].

D. Lopez-Val and J. Sola, Ar in the two-Higgs-doublet model at full one loop level — and
beyond, Eur. Phys. J. C 73 (2013) 2393 [arXiv:1211.0311] [INSPIRE].

Y. Yamada, Two loop renormalization of tan 8 and its gauge dependence, Phys. Lett. B 530
(2002) 174 [hep-ph/0112251] [INSPIRE].

LHC Hicas Cross SECTION WORKING GROUP collaboration, I. Low et al., Beyond the
Standard Model predictions, LHCHXSWG-DRAFT-INT-2016-009, CERN, Geneva
Switzerland accessed June 29 2016.

J. Baglio, O. Eberhardt, U. Nierste and M. Wiebusch, Benchmarks for Higgs pair production
and heavy Higgs boson searches in the two-Higgs-doublet model of type II, Phys. Rev. D 90
(2014) 015008 [arXiv:1403.1264] NSPIRE].

PARTICLE DATA GROUP collaboration, K.A. Olive et al., Review of particle physics, Chin.
Phys. C 38 (2014) 090001 [INSPIRE].

C. Anastasiou et al., Higgs boson gluon-fusion production at threshold in N*LO QCD, Phys.
Lett. B 737 (2014) 325 [arXiv:1403.4616] [INSPIRE].

C. Anastasiou et al., Higgs boson gluon-fusion production beyond threshold in N*LO QCD,
JHEP 03 (2015) 091 [arXiv:1411.3584] [INSPIRE].

C. Duhr, T. Gehrmann and M. Jaquier, Two-loop splitting amplitudes and the single-real
contribution to inclusive Higgs production at N°LO, JHEP 02 (2015) 077 [arXiv:1411.3587]
[INSPIRE].

C. Anastasiou, C. Duhr, F. Dulat, F. Herzog and B. Mistlberger, Higgs boson gluon-fusion
production in QCD at three loops, Phys. Rev. Lett. 114 (2015) 212001 [arXiv:1503.06056]
[INSPIRE].

C. Anastasiou et al., High precision determination of the gluon fusion Higgs boson
cross-section at the LHC, JHEP 05 (2016) 058 [arXiv:1602.00695] [INSPIRE].

— 53 —


http://dx.doi.org/10.1016/j.nuclphysb.2005.06.033
http://dx.doi.org/10.1016/j.nuclphysb.2005.06.033
http://arxiv.org/abs/hep-ph/0505042
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0505042
http://dx.doi.org/10.1016/j.nuclphysBPS.2006.09.025
http://arxiv.org/abs/hep-ph/0605312
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0605312
http://dx.doi.org/10.1103/PhysRevD.22.971
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D22,971%22
http://dx.doi.org/10.1103/PhysRevD.22.2695
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D22,2695%22
http://dx.doi.org/10.1016/0550-3213(81)90574-5
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B189,442%22
http://dx.doi.org/10.1016/0550-3213(72)90279-9
http://dx.doi.org/10.1016/0550-3213(72)90279-9
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B44,189%22
http://dx.doi.org/10.1103/PhysRevD.7.1049
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D7,1049%22
http://dx.doi.org/10.1140/epjc/s10052-013-2393-y
http://arxiv.org/abs/1211.0311
http://inspirehep.net/search?p=find+EPRINT+arXiv:1211.0311
http://dx.doi.org/10.1016/S0370-2693(02)01324-2
http://dx.doi.org/10.1016/S0370-2693(02)01324-2
http://arxiv.org/abs/hep-ph/0112251
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0112251
http://cds.cern.ch/record/2150772
http://dx.doi.org/10.1103/PhysRevD.90.015008
http://dx.doi.org/10.1103/PhysRevD.90.015008
http://arxiv.org/abs/1403.1264
http://inspirehep.net/search?p=find+EPRINT+arXiv:1403.1264
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://inspirehep.net/search?p=find+J+%22Chin.Phys.,C38,090001%22
http://dx.doi.org/10.1016/j.physletb.2014.08.067
http://dx.doi.org/10.1016/j.physletb.2014.08.067
http://arxiv.org/abs/1403.4616
http://inspirehep.net/search?p=find+EPRINT+arXiv:1403.4616
http://dx.doi.org/10.1007/JHEP03(2015)091
http://arxiv.org/abs/1411.3584
http://inspirehep.net/search?p=find+EPRINT+arXiv:1411.3584
http://dx.doi.org/10.1007/JHEP02(2015)077
http://arxiv.org/abs/1411.3587
http://inspirehep.net/search?p=find+EPRINT+arXiv:1411.3587
http://dx.doi.org/10.1103/PhysRevLett.114.212001
http://arxiv.org/abs/1503.06056
http://inspirehep.net/search?p=find+EPRINT+arXiv:1503.06056
http://dx.doi.org/10.1007/JHEP05(2016)058
http://arxiv.org/abs/1602.00695
http://inspirehep.net/search?p=find+EPRINT+arXiv:1602.00695

[43]

[44]

[45]

S. Actis, G. Passarino, C. Sturm and S. Uccirati, NLO electroweak corrections to Higgs boson
production at hadron colliders, Phys. Lett. B 670 (2008) 12 [arXiv:0809.1301] [INSPIRE].

S. Actis, G. Passarino, C. Sturm and S. Uccirati, NNLO computational techniques: the cases
H — vy and H — gg, Nucl. Phys. B 811 (2009) 182 [arXiv:0809.3667] [INSPIRE].

G. Passarino, C. Sturm and S. Uccirati, Complete electroweak corrections to Higgs production
in a Standard Model with four generations at the LHC, Phys. Lett. B 706 (2011) 195
[arXiv:1108.2025] [INSPIRE].

A. Denner et al., Higgs production and decay with a fourth Standard-Model-like fermion
generation, Eur. Phys. J. C 72 (2012) 1992 [arXiv:1111.6395] [INSPIRE].

A. Alloul, N.D. Christensen, C. Degrande, C. Duhr and B. Fuks, FeynRules 2.0 — a
complete toolbox for tree-level phenomenology, Comput. Phys. Commun. 185 (2014) 2250
[arXiv:1310.1921] [INSPIRE].

P. Nogueira, Automatic Feynman graph generation, J. Comput. Phys. 105 (1993) 279
[INSPIRE].

S. Actis, A. Ferroglia, G. Passarino, M. Passera, Ch. Sturm and S. Uccirati, GraphShot, a
Form package for automatic generation and manipulation of one- and two-loop Feynman
diagrams, unpublished.

J.AM. Vermaseren, New features of FORM, math-ph/0010025 [INSPIRE].

G. Passarino, An approach toward the numerical evaluation of multiloop Feynman diagrams,
Nucl. Phys. B 619 (2001) 257 [hep-ph/0108252] [INSPIRE].

G. Passarino and S. Uccirati, Algebraic numerical evaluation of Feynman diagrams: two loop
self-energies, Nucl. Phys. B 629 (2002) 97 [hep-ph/0112004] [INSPIRE].

A. Ferroglia, M. Passera, G. Passarino and S. Uccirati, Two loop vertices in quantum field
theory: infrared convergent scalar configurations, Nucl. Phys. B 680 (2004) 199
[hep-ph/0311186] [INSPIRE].

G. Passarino and S. Uccirati, Two-loop vertices in quantum field theory: infrared and
collinear divergent configurations, Nucl. Phys. B 747 (2006) 113 [hep-ph/0603121]
[INSPIRE].

S. Actis, A. Ferroglia, G. Passarino, M. Passera and S. Uccirati, Two-loop tensor integrals in
quantum field theory, Nucl. Phys. B 703 (2004) 3 [hep-ph/0402132] [INSPIRE].

A. Arhrib, Unitarity constraints on scalar parameters of the standard and two Higgs doublets
model, in Workshop on Noncommutative Geometry, Superstrings and Particle Physics, Rabat
Morocco June 16-17 2000 [hep-ph/0012353] [INSPIRE].

R. Hamberg, W.L. van Neerven and T. Matsuura, A complete calculation of the order a2
correction to the Drell-Yan K factor, Nucl. Phys. B 359 (1991) 343 [Erratum ibid. B 644
(2002) 403] [vSPIRE].

O. Brein, A. Djouadi and R. Harlander, NNLO QCD corrections to the Higgs-strahlung
processes at hadron colliders, Phys. Lett. B 579 (2004) 149 [hep-ph/0307206] [INSPIRE].

O. Brein, R. Harlander, M. Wiesemann and T. Zirke, Top-quark mediated effects in hadronic
Higgs-strahlung, Fur. Phys. J. C 72 (2012) 1868 [arXiv:1111.0761] [INSPIRE].

G. Ferrera, M. Grazzini and F. Tramontano, Associated W H production at hadron colliders:
a fully exclusive QCD calculation at NNLO, Phys. Rev. Lett. 107 (2011) 152003
[arXiv:1107.1164] [INSPIRE].

~ 54—


http://dx.doi.org/10.1016/j.physletb.2008.10.018
http://arxiv.org/abs/0809.1301
http://inspirehep.net/search?p=find+EPRINT+arXiv:0809.1301
http://dx.doi.org/10.1016/j.nuclphysb.2008.11.024
http://arxiv.org/abs/0809.3667
http://inspirehep.net/search?p=find+EPRINT+arXiv:0809.3667
http://dx.doi.org/10.1016/j.physletb.2011.11.012
http://arxiv.org/abs/1108.2025
http://inspirehep.net/search?p=find+EPRINT+arXiv:1108.2025
http://dx.doi.org/10.1140/epjc/s10052-012-1992-3
http://arxiv.org/abs/1111.6395
http://inspirehep.net/search?p=find+EPRINT+arXiv:1111.6395
http://dx.doi.org/10.1016/j.cpc.2014.04.012
http://arxiv.org/abs/1310.1921
http://inspirehep.net/search?p=find+EPRINT+arXiv:1310.1921
http://dx.doi.org/10.1006/jcph.1993.1074
http://inspirehep.net/search?p=find+J+%22J.Comput.Phys.,105,279%22
http://arxiv.org/abs/math-ph/0010025
http://inspirehep.net/search?p=find+EPRINT+math-ph/0010025
http://dx.doi.org/10.1016/S0550-3213(01)00528-4
http://arxiv.org/abs/hep-ph/0108252
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0108252
http://dx.doi.org/10.1016/S0550-3213(02)00138-4
http://arxiv.org/abs/hep-ph/0112004
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0112004
http://dx.doi.org/10.1016/j.nuclphysb.2003.12.016
http://arxiv.org/abs/hep-ph/0311186
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0311186
http://dx.doi.org/10.1016/j.nuclphysb.2006.04.014
http://arxiv.org/abs/hep-ph/0603121
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0603121
http://dx.doi.org/10.1016/j.nuclphysb.2004.10.018
http://arxiv.org/abs/hep-ph/0402132
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0402132
http://arxiv.org/abs/hep-ph/0012353
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0012353
http://dx.doi.org/10.1016/0550-3213(91)90064-5
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B359,343%22
http://dx.doi.org/10.1016/j.physletb.2003.10.112
http://arxiv.org/abs/hep-ph/0307206
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0307206
http://dx.doi.org/10.1140/epjc/s10052-012-1868-6
http://arxiv.org/abs/1111.0761
http://inspirehep.net/search?p=find+EPRINT+arXiv:1111.0761
http://dx.doi.org/10.1103/PhysRevLett.107.152003
http://arxiv.org/abs/1107.1164
http://inspirehep.net/search?p=find+EPRINT+arXiv:1107.1164

[61]

[62]

[63]
[64]

[65]

G. Ferrera, M. Grazzini and F. Tramontano, Associated ZH production at hadron colliders:
the fully differential NNLO QCD calculation, Phys. Lett. B 740 (2015) 51
[arXiv:1407.4747] [INSPIRE].

M.L. Ciccolini, S. Dittmaier and M. Kramer, Electroweak radiative corrections to associated
WH and ZH production at hadron colliders, Phys. Rev. D 68 (2003) 073003
[hep-ph/0306234] [INSPIRE].

M. Spira, V2HV webpage, http://tiger.web.psi.ch/proglist.html.
J. Campbell, K. Ellis and C. Williams, MCFM — Monte Carlo for FeMtobarn processes
webpage, http://mcfm.fal.gov/.

A. Denner, S. Dittmaier, S. Kallweit and A. Miick, HAWK 2.0: a Monte Carlo program for
Higgs production in vector-boson fusion and Higgs strahlung at hadron colliders, Comput.
Phys. Commun. 195 (2015) 161 [arXiv:1412.5390] [INSPIRE].

O. Brein, R.V. Harlander and T.J.E. Zirke, vh@nnlo — Higgs strahlung at hadron colliders,
Comput. Phys. Commun. 184 (2013) 998 [arXiv:1210.5347] [iINSPIRE].

R.V. Harlander, S. Liebler and T. Zirke, Higgs strahlung at the Large Hadron Collider in the
2-Higgs-doublet model, JHEP 02 (2014) 023 [arXiv:1307.8122] [INSPIRE].

A. Denner, S. Dittmaier, S. Kallweit and A. Miick, Electroweak corrections to
Higgs-strahlung off W/Z bosons at the Tevatron and the LHC with HAWK, JHEP 03 (2012)
075 [arXiv:1112.5142] [INSPIRE].

CMS collaboration, Search for the Standard Model Higgs boson produced in association with
a W or a Z boson and decaying to bottom quarks, Phys. Rev. D 89 (2014) 012003
[arXiv:1310.3687] [INSPIRE].

NNPDF collaboration, R.D. Ball et al., Parton distributions with QED corrections, Nucl.
Phys. B 877 (2013) 290 [arXiv:1308.0598] INSPIRE].

S. Actis, A. Denner, L. Hofer, J.-N. Lang, A. Scharf and S. Uccirati, RECOLA: REcursive
Computation of One-Loop Amplitudes, arXiv:1605.01090 [INSPIRE].

J.C. Collins, Renormalization, Cambridge Monographs on Mathematical Physics, Cambridge
University Press, Cambridge U.K. (1986).

— 55 —


http://dx.doi.org/10.1016/j.physletb.2014.11.040
http://arxiv.org/abs/1407.4747
http://inspirehep.net/search?p=find+EPRINT+arXiv:1407.4747
http://dx.doi.org/10.1103/PhysRevD.68.073003
http://arxiv.org/abs/hep-ph/0306234
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0306234
http://tiger.web.psi.ch/proglist.html
http://mcfm.fnal.gov/
http://dx.doi.org/10.1016/j.cpc.2015.04.021
http://dx.doi.org/10.1016/j.cpc.2015.04.021
http://arxiv.org/abs/1412.5390
http://inspirehep.net/search?p=find+EPRINT+arXiv:1412.5390
http://dx.doi.org/10.1016/j.cpc.2012.11.002
http://arxiv.org/abs/1210.5347
http://inspirehep.net/search?p=find+EPRINT+arXiv:1210.5347
http://dx.doi.org/10.1007/JHEP02(2014)023
http://arxiv.org/abs/1307.8122
http://inspirehep.net/search?p=find+EPRINT+arXiv:1307.8122
http://dx.doi.org/10.1007/JHEP03(2012)075
http://dx.doi.org/10.1007/JHEP03(2012)075
http://arxiv.org/abs/1112.5142
http://inspirehep.net/search?p=find+EPRINT+arXiv:1112.5142
http://dx.doi.org/10.1103/PhysRevD.89.012003
http://arxiv.org/abs/1310.3687
http://inspirehep.net/search?p=find+EPRINT+arXiv:1310.3687
http://dx.doi.org/10.1016/j.nuclphysb.2013.10.010
http://dx.doi.org/10.1016/j.nuclphysb.2013.10.010
http://arxiv.org/abs/1308.0598
http://inspirehep.net/search?p=find+EPRINT+arXiv:1308.0598
http://arxiv.org/abs/1605.01090
http://inspirehep.net/search?p=find+EPRINT+arXiv:1605.01090

	Introduction
	The role of tadpoles and gauge dependence
	The FJ Tadpole Scheme for a general Higgs sector
	The FJ Tadpole Scheme in the SM
	Gauge independence of physical parameters in the SM

	Two-Higgs-doublet model — Lagrangian and fields 
	Fields and potential in the symmetric basis
	Fields and potential in the mass eigenbasis
	Yukawa Lagrangian for the type-II 2HDM
	Physical parameters

	Renormalization conditions in the 2HDM
	The FJ Tadpole Scheme applied to the 2HDM
	Renormalized two-point functions
	Mass and field renormalization conditions
	Renormalization of the electroweak coupling
	Renormalization of the parameters alpha, beta, and M(sb)
	Mixing angle beta
	Mixing angle alpha
	Soft-breaking scale M(sb)


	Discussion of gauge dependence
	Gauge-fixing Lagrangian 
	Characterizing different schemes
	Differences of counterterms in different renormalization schemes
	The H(l) tau**+ tau**- vertex
	The Z Z H(h) vertex

	Electroweak NLO corrections to Higgs-boson production processes in the 2HDM
	Higgs-boson production in gluon fusion
	Higgs production in association with a weak boson 

	Conclusion
	Results for tadpoles in the 2HDM
	Results for 2-point tadpole counterterms in the FJ Tadpole Scheme in the 2HDM
	Tadpoles in the two-loop Higgs-boson self-energy in the FJ Tadpole Scheme
	Gauge dependence of beta in popular tadpole schemes
	Feynman rules in the xi(b)-gauge

