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1. Introduction

The discovery of aHiggs boson 10 years agowas amilestone in particle physics [1]. Meanwhile,
the investigations of the discovered Higgs boson turn into a precision-physics program and tools
to describe the behaviour of this particle become even more important. Since small deviations of
the Higgs boson’s properties from the Standard Model (SM) expectations can hint for new physics,
precise experimental measurements of these properties as well as accurate theoretical predictions
are needed.

There is a plethora of tools that can be used in different investigations of Higgs bosons. The aim
of this proceedings contribution is to give an overview about the broad spectrum of tools. Details
about the tools and the tools themselves can be found in the references and links. The list of tools,
which is presented, is however not exhaustive.

The reader interested in tools for the SM should focus on the Sect. 2 and 3 where in the former
tools are discussed that only address the SM while in the latter, the focus is on tools that provide
precise predictions in the Standard Model as well as extensions of the Standard Model. For the
reader with focus on specific SM extensions the Sect. 3 as well as 4 are most relevant, since in
Sect. 4, tools are discussed that are dedicated to Beyond SM physics models. In addition, Sect. 5
addresses tools that can be used to test SM extensions against experimental data. In Sect. 6 tools
are presented that can be applied in effective-field-theory calculations where effective-field theory
(EFT) is understood in a broad sense as a model that is describing the physics at collider energies
with and without higher-dimensional operators. Finally, in Sect. 7, tools are collected that can be
useful when performing a calculation of Higgs-boson mass spectra, cross sections or decay widths
within a SM extension.

2. Tools for Standard Model Higgs predictions

The most precise production cross sections are implemented in tools that only address the SM.
The production cross sections include up to next-to-next-to-leading order (NNLO) QCD corrections
for differential production cross sections and contributions up to next-to-next-to-next-to-leading
order (N3LO) in QCD for inclusive production cross sections.

The production cross section of the SM Higgs boson at hadron colliders in gluon fusion can
be generated with

• iHixs 2: Inclusive production cross section including up to N3LO QCD corrections in the
heavy top quark effective theory [2];

• ggHiggs: Inclusive production cross section including contributions up to N3LO in QCD [3–
5] including top-quark mass effects [6]. Large threshold resummation can be taken into
account via the tool Troll [5, 7] up to next-to-next-to-next-to-leading-logarithmic (N3LL)
accuracy;

• fehipro: Differential and inclusive production cross section at NNLO in QCD in the heavy
top-mass limit [8] including decays into leptonically decaying W and Z bosons as well as in
photons;
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• HNNLO: Differential and inclusive production cross sections for hadron colliders at NNLO in
QCD including Higgs decays via W or Z bosons into four leptons as well as into photons [9,
10]. Large logarithms occurring when the Higgs-boson transverse momentum is much
smaller than the Higgs mass can be resummed and are included in the corresponding tool
HRes [10] up to next-to-next-to-leading log (NNLL) accuracy;

• HqT: Transverse momentum distribution for Higgs production in pp collisions up to next-
to-leading (NLO) combined with NNLL accuracy. The normalization is fixed to the corre-
sponding total cross section at fixed order [11].

The differential production cross section via Higgs Strahlung can be evaluated with the help of
the tool MCFM [12] at NNLO in QCD. The Higgs production processes in MCFM are only a subset
of the implemented processes. The differential production cross section of one or a pair of Higgs
bosons via vector boson fusion (VBF) can be studied with the help of the tools ProVbfH [13, 14]
and ProVbfHH [14, 15] up to NNLO QCD. For both processes, the corresponding inclusive cross
sections are implemented up to an order of N3LO in QCD in the respective tools.

For a review of the status of the calculations within the Standard Model, see e.g. Ref. [16].

3. Tools for Higgs predictions in the Standard model and its extensions

Besides the development towards higher precision of the predictions, there is also advances
towards including extensions of the Standard Model. In this section, tools are covered that started
out from the SM but evolved, partly already at publication time, into a tool including also SM
extensions.

For the gluon fusion production cross section of Higgs bosons, there is the tool HIGLU [17–
19]. It provides the gluon fusion production cross section for scalar and pseudoscalar Higgs
bosons including up to NNLO corrections for the SM; the Two-Higgs-Doublet Model (2HDM);
the Minimal Supersymmetric Standard Model (MSSM); a SM extended by a fourth generation and
by the dimension-5 operator GaµνGa

µνH/v. For Higgs pair production via gluon fusion, the tool
HPAIR can be applied to evaluate the corresponding cross sections in the infinite top-quark mass
limit for the SM, the MSSM and for a SM extension including dimension-6 operators [20].

Another computer tool providing predictions for the production cross section via gluon fusion
but also production cross sections via bottom-quark annihilation in the SM, the 2HDM and the
(N)MSSM is SusHi [21]. It includes the extension SusHiMi, which allows for CP-violating effects
in the Higgs sector. The N3LO results in the heavy top-limit employing the threshold expansion [4]
are also implemented.

For the evaluation of the hadronic Higgs production cross section in association of a weak
gauge boson, the tools vh@nnlo [22] and HAWK [23, 24] are available. The former provides an
inclusive cross section for the SM, the 2HDM and the MSSM including corrections at NNLO
in QCD taking also the gluon-induced channel into account. The latter tool is a Monte Carlo
program that takes QCD as well as electroweak corrections at NLO into account and provides also
differential cross sections. Via an interface to the tool Recola2 [25, 26], the Higgs production
can be calculated for the 2HDM and the Higgs-singlet extension of the SM. Recola2 can compute
any process at one-loop order. The generation of the model files used in Recola2 is done with the
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help of the tool REPT1L [25]. Different renormalization schemes are available for the processes
contained in HAWK [24]. The implementation of HAWK also comprises Higgs production via VBF.
A further parton-level Monte-Carlo tool is VBFNLO [27–30], where, among other processes, Higgs
boson production via VBF is implemented. The VBF Higgs cross section without decay of the
Higgs boson includes QCD and electroweak NLO corrections. Most other processes are at the
NLO QCD level of precision. For VBF the SM extensions considered are the MSSM [29] and
the SM including anomalous HVV couplings [30]. For SM only, also VBF Higgs pair production
is available [31]. In addition, Higgs production in association with a W boson are implemented
including the possibility of anomalous couplings [32]. Higgs plus 2 jets production processes via
gluon fusion are only available at LO for the SM, the MSSM, anomalous couplings or, for some
decay possibilities, the general 2HDM [33].

A Monte Carlo program from the early days is ISAJET [34], which was originally developed
to describe processes, some of them involving Higgs bosons, at the collider ISABELLE, a proton-
proton collider. Later on, it was extended to include also proton-antiproton processes and extensions
of the Standard Model, in particular the MSSM taking into account partial decay widths of Higgs
bosons and supersymmetric partner particles within the additional module ISASUSY, mostly at tree
level.

For the partial decay widths of the Higgs boson, the program HDECAY [19, 35–37] is available.
It evaluates the different partial decay widths including all relevant QCD and partly electroweak
corrections as well as off-shell decays for the SM, the 2HDM and the MSSM. A fourth generation
of fermions is also allowed. HDECAY also serves as a basis for a whole family of decay tools for
different extensions. While electroweak corrections are neglected, the QCD corrections and the
off-shell decays can be taken over for these extensions: sHDECAY [38] for the SM extended by a
real or a complex Higgs singlet; N2HDECAY [39] for the 2HDM extended by a real Higgs singlet;
C2HDM_HDECAY [40] for the complex 2HDM; and CN2HDM_HDECAY [41] for a 2HDM extension with
a complex Higgs singlet. Furthermore, based on the SILH Lagrangian, Higgs decay widths for an
effective-field theory as well as for composite Higgs models are implemented in eHDECAY [42]. The
tools 2HDECAY [43], ewNHDECAY [44] and NMSSMCALCEW [45] include also electroweak corrections
to partial decay widths of decays that are not loop-induced within the CP-conserving 2HDM, the
real Higgs singlet extended 2HDM and the complex NMSSM. Different renormalization schemes
have been implemented in these tools. The decay part of NMSSMCALC [46] is also based on HDECAY.

The tool Prophecy4f [37, 47] is a Monte Carlo generator for decays of the Higgs boson into
4 fermions including QCD and electroweak NLO corrections. It was originally developed for the
SM but then extended to include a fourth generation of fermions, to a Higgs singlet extension [48]
and to the 2HDM [49]. For the two latter extensions, different renormalization schemes are
available [24, 48, 49]. A further tool addressing the decay of the Higgs boson into four charged
leptons at NLO is Hto4l. It includes parton-shower effects and provides predictions for the SM
and the SM extended by dimension-six operators [50].

4. Tools for Higgs predictions within specific extensions of the SM

There is a plethora of tools that have been developed in order to investigate specific extensions
of the Standard Model. I will discuss them here starting with models with only an extended
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Higgs sector, then covering supersymmetric models and finally tools that allow to study “general”
extensions of the Standard Model.

4.1 Extended Higgs sectors

Several tools that allow for investigations of an extended Higgs sector have already been
discussed in the previous section. For the 2HDM, there is, in addition, the tool 2HDMC [51] which
permits different parametrization of the Higgs potential and for generic Yukawa sectors. Theoretical
constraints such as the positivity of the potential, tree-level unitarity constraints, oblique parameters
or the anomalous magnetic moment of the muon as well as decay widths partly including QCD
corrections can be evaluated. A further tool, addressing four types of the 2HDM, the inert Higgs
doublet model as well as the Higgs singlet model, is H-COUP [52] evaluating Higgs-boson branching
ratios taking into account NLO electroweak as well as NNLO QCD corrections.

The Georgi-Machacek model can be studied with the help of the tool GMCALC [53]. The
Georgi-Machacek model extends the Higgs sector by two Higgs triplets in such a way that custodial
symmetry is preserved in the Higgs potential at leading order. The model contains neutral, singly-
and doubly-charged Higgs bosons. The tool allows for the evaluation of the particle spectrum,
theoretical and indirect constraints and partial and total decay widths of the Higgs bosons. It also
includes the possibility to study EFT effects.

4.2 Supersymmetric extensions of the Standard Model

So far, the majority of tools dedicated to a specific extension are directed to the Minimal
Supersymmetric Standard Model (MSSM). It had been noticed early that radiative corrections in
the Higgs sector are particularly important in the MSSM, since the upper Higgs-mass bound is
shifted to higher values when radiative corrections are taken into account. Hence, a lot of work
went into the precise calculation of the Higgs-mass spectrum. There are several approaches towards
this calculation, see also Ref. [54]: the fixed-order, the EFT, and the hybrid approach. In the
following three paragraphes, the tools are ordered with respect to the followed approach. It should
however be noted that the tools exploiting the hybrid approach contain an implementation of the
pure fixed-order as well as of the EFT approach.

Pure fixed-order approach: In the fixed-order approach, radiative corrections up-to a certain
order are taken into account. The majority of codes follows this approach. SOFTSUSY [55],
SPheno [56], SuSeFLAV [57], SUSPECT [58] include two-loop corrections at vanishing external
momenta in the gaugeless limit. In CPSuperH [59], leading-logarithmic two-loop contributions in
the gaugeless limit are taken into account. The tool H3m [60] is the only code in the category “pure
fixed order” including three-loop corrections.

Pure EFT approach: In the EFT approach, first a tower of effective field theories is defined
depending on the mass hierarchy of the particles occurring in the considered SM extension. It
is assumed that the MSSM is suited as a description at high-energy scales. Below a matching
scale, a corresponding EFT provides the correct predictions. The parameters of this EFT are
determined in such a way that, at the matching scale, the MSSM and the EFT describe the same
physics. The parameters of the EFT are then evolved down to lower energy scales with the help of
the corresponding renormalization group equations (RGE). At the lower scale, the EFT might be
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matched to a further EFT with fewer active degrees of freedom repeating the procedure of matching
and evolution of the parameters until the energy scale is reached at which the observables are
calculated. There are two tools that follow only this approach, SUSYHD [61] and MhEFT [62].

The hybrid approach: The fixed-order approach has the advantage that all contributions up to
a fixed-order are taken into account. It is straightforward to take into account the individual particle
masses as long as the mass differences are not too large. The EFT approach, however, resums
potentially large logarithms of mass ratios, which is important if large mass differences occur in the
considered scenario. In order to make use of the advantages of both, the fixed-order approach and
the EFT approach, the hybrid approach was invented: Via this approach, both, the resummation of
the logs and the additional fixed-order contributions, are taken into account. Such a hybrid approach
has been implemented in the code FeynHiggs [63]. FeynHiggs also allows for switching between
a pure fixed-order approach including two-loop corrections, a pure EFT result with different EFT
options as well as the hybrid approach. Also Himalaya [64], using the results of H3m [60], exploits
a hybrid approach and evaluates the mass of the light CP-even Higgs boson including N3LO and
N3LL corrections. The tools FlexibleSUSY [65, 66] with the module FlexibleEFTHiggs and
SARAH [67] together with SPheno [56] have also implemented a hybrid approach.

While an important feature of the tools mentioned in the previous paragraph is that they
evaluate the mass spectrum of the MSSM, most of them include further predictions such as Higgs
partial decay widths, flavour-physics observables, and constraints from theoretical considerations.
In addition, some of these tools also cover further supersymmetric extensions such as the Next-to
Minimal Supersymmetric Standard Model (NMSSM), which is for example available in SOFTSUSY.

The tools for predictions of production cross sections in theMSSMhave already beenmentioned
in Sect. 3, since they also include SM cross section predictions.

For the evaluation of the Higgs mass spectrum in the NMSSM and the corresponding branching
ratios of the Higgs bosons, NMSSMTOOLS [68] and NMSSMCALC [46] are available. NMSSMTOOLS
allows for both, a Z3 symmetric NMSSM or an NMSSM without Z3 symmetry, while NMSSMCALC
supports only the Z3 symmetric version. Both tools permit the investigation of additional constraints,
such as those coming from electric dipole moments. Recently, in NMSSMCALC, the two-loop
corrections for the Higgs-mass spectrum have been extended to include not only O(αtαs + α2

t )

but also O(αtαs + (αt + αλ + ακ)2) corrections. Here, αs is the strong coupling constant and
αt = yt/(4π), αλ = λ/(4π), ακ = κ/(4π) with yt , λ, and κ being the top Yukawa coupling, the
coupling between the Higgs singlet and doublet superfields, and the coupling between the Higgs
singlet superfields, respectively.

The code numuMSSM [69] addresses an extension of the NMSSM, the µνSSM, where the singlet
superfield of the NMSSM is interpreted as a right-handed neutrino superfield. It provides the mass
spectrum of the model as well as partial decay widths of all non-coloured scalars.

4.3 Tools for arbitrary extensions of the Standard Model

In addition to the codes that address a choice of specific models, there are also tools that can be
used for arbitrary renormalizable models. These tools are sometimes called ‘generators of spectrum
generators’, since they provide a code to evaluate the mass spectrum of a user-defined model. One
of the tools is SARAH [67], which allows not only for the evaluation of the particle-mass spectrum
but also provides model files for other tools. A further tool of this type is FLEXIBLESUSY [65, 66].
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It applies SARAH for the generation of analytic formulas for tadpoles, self energies and RGE and
some components from SOFTSUSY [55] in order to calculate the mass spectrum of a user chosen
model. It recently was extended by the module FlexibleDecay [66], which provides partial decay
widths of scalar particles. While in FlexibleDecay known higher-order corrections are taken
into account, pure beyond-SM effects are taken into account at leading order, including, however,
loop-induced processes.

5. Tools for investigating parameter spaces of Higgs sectors

One important feature of a viable parameter-space point is that it contains a SM-like Higgs
boson, i.e. a Higgs boson with properties that do not deviate much from the properties of the SM
Higgs boson. A further characteristic is that experimental bounds originating from searches for
Higgs bosons are not violated. The tools HiggsSignals [70] and HiggsBounds [71], which are
currently combined into a new tool HiggsTools [72], is developed for checking the considered
parameter point with regard to these characteristics. The user has to provide certain Higgs predic-
tions of a particular model and will obtain an answer about the viability of the considered parameter
point. A further tool that serves the same purpose as HiggsSignal is Lilith [73]. It requires
Higgs-signal strengths as an input.

The tool ScannerS [38, 39, 74] employs HiggsBounds and HiggsSignals together with
further build-in constraints and Dark Matter bounds from MicrOMEGAs1 [75] in order to generate
parameter-point samples that are viable. In contrast, the tool HEPfit [76] provides fits of parameters
of a given particle-physics model to a set of experimental observables. It also evaluate predictions
for observables for a given parameter point.

6. Tools for Higgs-boson studies involving Effective-Field Theories

If Higgs-boson properties are investigated in the framework of the SM EFT where the SM
Lagrangian is extended by operators of higher-mass dimensions, a tool like Rosetta [77] might
be needed to translate from one operator basis to another in order to combine results from different
Monte-Carlo event generators consistently. The operator bases called Warsaw, SILH, and Higgs
bases and corresponding translations are implemented in Rosetta.

If specific theories are matched to an EFT at a high-energy scale and predictions are needed
at a low-energy scale, then tools providing RGE for the respective EFT are helpful. In Sect. 4, the
tool SARAH [67] was already introduced: It can provide RGE for a user-defined model at two-loop
order and is based on Mathematica. PyR@te [78, 79] is written in Python and can calculate RGE
for non-supersymmetric models at two-loop order and, for gauge couplings, at three-loop order. A
new Mathematica-based tool, RGBeta [79, 80], provides 4-loop gauge, 3-loop Yukawa and 2-loop
quartic beta functions.

1MicrOMEGAs is also interfaced to a variety of tools discussed in Sect. 4.
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7. Tools for Higgs-boson studies and beyond

In this section, we turn to tools that are not specifically developed for Higgs-boson studies but
can be used for the calculation of observables also related to Higgs bosons.

One class of tools are the so-called model-file generators: The model-files provided by these
generators contain the information about the particle content and the correponding couplings of
a user-defined model. They are input files for tools that can generate and evaluate Feynman
amplitudes. In Sect. 3, the tool REPT1L [25] was already addressed, which produces model files for
Recola2 [25, 26], a tool for calculating processes at one-loop order, see also Recola [81]. The tool
SARAH [67], see Sect. 4 and 6, can build model files for several tools. Similarly, FeynRules [82]
can provide model-files for different tools including also counterterm information in the model file.
Further development of FeynRules focussing in particular on the generation of model files at NLO
led to the code MoGRe [83]. Finally, LanHEP [84] is a model-file generator for the tool CompHep [85],
which can evaluate Feynman diagrams, integrate over a multi-particle phase space and generate
events. CompHep has been further developed and turned into the tool CalcHEP [86]. Tools serving
similar purposes are for example GRACE [87] or HELAS [88]. For a numerical evaluation of scattering
amplitudes at NLO including both QCD and electroweak corrections, the tool OpenLoops [89] can
be employed, which applies a special algorithm leading to a fast and numerically stable evaluation.
OpenLoops can be interfaced to the Monte Carlo event generators Sherpa [90] and Herwig++ [91]
for the simulation at hadron level. At that point, a furtherMonte Carlo event generator, Pythia [92],
providing events at hadron level should be mentioned.

The model files generated by SARAH and FeynRules can be used for the packages Feyn-
Arts [93] and FormCalc [94] where the former is used for the generation of the Feynman amplitudes
and the latter for the processing of the FeynArts output returning analytical results for amplitudes
and squared amplitudes or corresponding fortran code for the numerical evaluation. Also the tool
Whizard [95], a tool for the calculation of multi-particle scattering cross sections and generation
of event samples, can be interfaced to FeynRules and SARAH. Finally, the tool MadGraph [96],
which can generate parton-level events for processes at NLO QCD, can also process model files
from SARAH and FeynRules.

A further tool to generate Feynman diagrams is QGRAF [97], which is based on fortran. For the
symbolic evaluation of Feynman amplitudes the Mathematica package FeynCalc [98] is available.
A very recent tool is MARTY [99], which also calculates amplitudes, cross sections and Wilson
coefficients symbolically using C++.

To conclude this section, two computer tools combining several of the above mentioned codes
shall be addressed. One of them is FeynMaster [100] making use of FeynRules, QGRAF and
FeynCalc in order to generate Feynman rules, diagrams and amplitudes and to perform loop
calculations applying an MS renormalization scheme. The second tool is SloopS [101], which
combinesLanHEP,FeynArts andFormCalc in order to provide cross sections and other observables
at one-loop level employing an on-shell renormalization scheme.
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8. Summary

There is a plethora of tools related to Higgs physics covering many aspects: High-precision
predictions are provided for Higgs-boson cross sections within the SM. Mass spectra, partial decay
widths and cross sections are provided for a variety of extensions of the SM. For the investigation
of extended Higgs sectors, tools are available to find viable parameter points. In addition, there
are many tools that, though not specifically developed for Higgs physics, can be useful for the
calculation of Higgs observables or for phenomenological Higgs studies. Though a broad range of
tools was addressed in this proceedings contribution, the list is not exhaustive—and the development
of tools is continuing.
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