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1. Introduction

MonteCarlo event generators (MCs) are the workhorses for physics analyses at the LHC. Un-

weighted events generated by these tools can be passed through parton shower and detector sim-

ulations, bringing theoretical predictions as close as possible to the experimental measurements,

without the need to apply corrections factors a posteriori that account for hadronization and detec-

tor effects. The description of the final state can be improved by including QCD effects, either via

the explicit description of extra jet radiation, or by including NLO QCD corrections matched to

parton shower simulations (or both). The inclusion of NLO QCD corrections makes it possible to

have more reliable predictions for rates, shapes, and their theoretical uncertainties, together with a

reduction of the latter with respect to LO simulations. Most of the modern NLO MCs strongly rely

on automation, which makes it possible to hide the complexity of higher order calculations from

the final user, and assures the correctness of calculations once building blocks are tested. While

until few years ago the benefits of automations were restricted to processes in the Standard Model

(SM), it is now possible to have NLO calculations from virtually any theory, the only necessary

ingredient being the theory Lagrangian. Tools exist [1] that makes it possible to automatically ex-

tract the Feynman rules from the Lagrangian, including those Feynman rules which are necessary

for the numerical evaluation of the one-loop matrix elements.

While for the SM case the benefits that one gets by including higher-order corrections are

crystal-clear, one may wonder why one should bother in the case of BSM physics, which is still to

be discovered. On the one hand, the inclusion of higher order corrections may significantly change

the cross section, shifting (in some cases in quite a dramatic way) the exclusion contour. On the

other hand, the smaller uncertainties that affect NLO simulations are reflected in more accurate,

therefore more reliable, exclusion limits (see e.g. Ref. [2]).

In this talk I will review the status of MC simulations in BSM theories relevant for Higgs

physics.

2. MonteCarlos for the production of SUSY particles

Possibly all production modes a pair of SUSY particles are available in NLO MCs, mostly im-

plemented in the POWHEGBOX [3], and, more recently, also in MADGRAPH5_AMC@NLO [4].

They include the production of a sleptons pair [5] also including an extra jet [6], the production of a

squark pair [7, 8], the production of a pair of stop quarks or of a pair of sgluons [9], the production

of a pair of gluinos [10] and finally the production of a pair of electro-weakinos [11]. However,

besides the case of slepton-pair production, no process featuring one or more jets is available at

NLO accuracy. The reason for this is the following: consider the case of the production of a squark

pair, pp → q̃q̃. Among the real corrections belonging to the process pp → q̃q̃ j, one has also e.g.

contributions where an intermediate gluino is produced, which sequentially decays into a squark

and a jet. These contributions, which are actually LO contributions to a different process than the

one considered (squark-gluino associated production) , have to be removed, and techniques have

been designed to remove them from the real corrections at a fully differential level [12]. These

1



P
o
S
(
C
H
A
R
G
E
D
2
0
1
6
)
0
2
2

Status of MonteCarlo tools for SUSY and BSM Higgs physics Marco Zaro

techniques which fall in the class of Diagram Removal (DR) or Diagram Subtraction (DS). Before

briefly describing these techniques, I would like to mention that in the SM one has similar issues

only for few processes, essentially related to single-top and W production [12, 13, 14], possibly

in association with extra particles, such as a Higgs [15] or a Z boson. Coming back to the tech-

niques to remove resonant contributions, DR techniques are the simplest ones, as they just amount

to remove the unwanted resonant diagrams from the amplitude (possibly retaining the interference

between resonant and non-resonant diagrams). However, doing so, one might encounter issues due

to non-gauge invariance when one moves away from the mass-shell of the resonant particle. DS

techniques have been developed to deal with gauge-invariance issues. In these techniques the sub-

traction of resonant contributions is achieved by building local counterterms which are constructed

from resonant diagrams evaluated on their mass-shell, and subtracted all-over the phase space by

employing some momentum reshuffling. However, such a reshuffling can be performed in possibly

infinite way, leading to ambiguities on what one defines as the subtracted cross section. Now, all

these techniques are designed to deal with resonances that appear only in the real emissions. If

one would start with one extra jet at the LO, the problem would appear also for Born and virtual

amplitudes, and no technique exist to remove these extra contributions. This discussion is far from

being purely of academic interest, as one may want, for example, to produce merged event samples

at NLO [16, 17, 18] to have a simultaneous NLO description of the 0- and 1-jet bin. However, this

is currently not possible, except if one uses simplified models, i.e. models in which all particles

which are not in the final state are decoupled from the theory. Future studies along these directions

are certainly welcome.

3. MonteCarlos for the simulation of neutral Higgs production in BSM theories

In BSM theories such as SUSY or two-Higgs-doublet Models (2HDMs), the neutral Higgs

states are dominantly produced in gluon-gluon fusion (ggF). Compared to the SM case, where

the cross-section stems from the top quark and the bottom quark (the latter giving a minor con-

tribution) circulating in the loop, in these BSM scenarios ggF can get extra contributions from

extra heavy particles running in the loop, as well as from an enhanced coupling between the Higgs

and bottom quarks. Being ggF a process that starts at one-loop already at LO, it cannot be tack-

led by standard automated NLO tools, rather ad-hoc and model-dependent implementations have

to be produced. ggF production of a scalar and pseudo-scalar Higgs boson in the 2HDM or in

the minimal-supersymmetric Standard Model (MSSM), have been implemented in the POWHEG

framework [19] and in the MADGRAPH5_AMC@NLO one. In the latter case amplitudes from

SUSHI [20] are used, and the resulting NLO+PS public code has been dubbed AMCSUSHI [21].

Studies done with these tools have shown that the effect of other particles running in the loop, such

as squarks, cannot be neglected, and can have sizeable effects in both on the total rate and on the

shape of the Higgs pT distribution. Studies have also appeared where the effects of the different

treatment of resummation, as well as of different choices for the resummation scales [22]. Recently,

SUSHI has been extended by including the amplitudes for scenarios beyond the MSSM in particular

for the NMSSM [23]. Both POWHEG and AMC@NLO matching are available, as well as the pos-

sibility to perform analytic resummation for the Higgs transverse momentum (MORE-SUSHI [24]).
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Besides ggF, another Higgs production mechanism which is relevant in BSM scenarios, partic-

ularly in those where the bottom-Higgs coupling is enhanced, is bb̄H associated production. Since

searches for this channel strongly rely on tagging one or more b jets, an accurate description of

these observables is necessary, and it can be achieved by using the so-called four-flavour scheme

(4FS), which retains bottom mass effects. In Ref [25] the first calculation of bb̄H in the 4FS at

NLO+PS accuracy has been performed in the MADGRAPH5_AMC@NLO framework, together

with a thorough comparison against the 5FS, which shows the limit of the latter scheme in particu-

lar when observables related to the bottom quarks are studied. A POWHEG implementation of the

same process has also appeared [26] and, in the context of the LHC Higgs Cross-Section Working

Group (LHCHXSWG), a comparison of the various tools has been performed [27].

4. MonteCarlos for the simulation of charged Higgs production

Charged Higgs boson appear in many extensions of the SM, such as the 2HDM, the MSSM

as well as more exotic models. For what concerns the production of charged Higgs bosons in the

2HDM and in the MSSM, recent results [28, 29] have been covered in Maria Ubiali’s talk in this

conference [30]. Therefore, in my talk, I will focus on a more exotic case, the Georgi-Machacek

(GM) model [31, 32], where one has several charged Higgs bosons in the spectrum, including also

two doubly charged ones. Unlike in the case of 2HDM and the MSSM, where one adds extra SU(2)

doublets to the theory, in GM models one adds, besides the “standard” Higgs doublet responsible

for the fermion masses, two triplets (one real and one complex). After symmetry breaking, singly

and doubly charged Higgs bosons appear in the particle spectrum, as well as a non-vanishing level

coupling between two vector bosons and a charged Higgs, a feature which is absent in models

where only doublets are added. This makes Vector-Boson Fusion (VBF) the dominant production

mode for charged Higgs. The inclusive cross section for VBF production has been computed since

some time ago at NNLO QCD accuracy [33, 34, 35, 36]. However only more recently, thanks

to NLO automation, it has been possible to simulate Charged Higgs production in GM models

in a fully-differential manner at NLO+PS accuracy [37] 1. This is not restricted to the dominant

production mode, VBF, but also for the subleading production channel of a charged Higgs boson:

H±V associated production and double Higgs production. This is another example of the benefits

of NLO automation, which now makes it possible to compute NLO QCD corrections to any process

also in exotic theories, almost without efforts.

5. Conclusions

Searches for new physics at the LHC need reliable fully-differential predictions. NLO Monte-

Carlos make it possible to profit of the benefits of NLO calculations in fully-differential analyses,

and, while only few years ago they were mostly restricted to the case of SM processes, the growing

level of automation of these tools has led to having this possibility also for BSM cases, although

with some limitations. One of such limitations is related to processes which have resonances that

appear in the real emission corrections, and to the fact that it is not known yet how to treat these res-

onances in processes which feature jets at the LO. Another limitation of automatic tools concerns

1The model files are available online, https://feynrules.irmp.ucl.ac.be/wiki/NLOModels
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processes which are loop-induced, as it is the case for Higgs production in ggF, the dominant Higgs

production channel in the SM and in most of its extensions. For these processes, a model-specific

implementation of the relevant amplitudes is necessary. Anyway, for processes which do belong to

these two cases, automatic tools have made possible to do calculations which would have needed

years of work each, almost without any effort.
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