DESY-22-130
IFT-UAM,/CSIC-22-123
EFI-22-9
KA-TP-25-2022

HiggsTools: BSM scalar phenomenology with new versions of

HiggsBounds and HiggsSignals

Henning Bahl', Thomas Biekotter?, Sven Heinemeyer®, Cheng Li*, Steven Paasch?,
Georg Weiglein®?, and Jonas Wittbrodt®

L University of Chicago, Department of Physics and Enrico Fermi Institute,
5720 South Ellis Avenue, Chicago, IL 60637 USA
2 Institute for Theoretical Physics, Karlsruhe Institute of Technology, Wolfgang-Gaede-Str. 1,
76131 Karlsruhe, Germany
3 Instituto de Fisica Teérica, (UAM/CSIC), Universidad Auténoma de Madrid,
Cantoblanco, E-28049 Madrid, Spain
4 Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany

5 II. Institut fiir Theoretische Physik, Universitit Hamburg, Luruper Chaussee 149, 22761
Hamburg, Germany

6 Department of Astronomy and Theoretical Physics, Lund University, Sélvegatan 14A, 223 62
Lund, Sweden*

Abstract

The codes HiggsBounds and HiggsSignals compare model predictions of BSM models
with extended scalar sectors to searches for additional scalars and to measurements of
the detected Higgs boson at 125 GeV. We present a unification and extension of the
functionalities provided by both codes into the new HiggsTools framework. The codes
have been re-written in modern C++ with native Python and Mathematica interfaces
for easy interactive use. We discuss the user interface for providing model predictions,
now part of the new sub-library HiggsPredictions, which also provides access to many
cross sections and branching ratios for reference models such as the SM. HiggsBounds
now implements experimental limits purely through json data files, can better handle
clusters of BSM particles of similar masses (even for complicated search topologies),
and features an improved handling of mass uncertainties. Moreover, it now contains an
extended list of Higgs-boson pair production searches and doubly-charged Higgs boson
searches. In HiggsSignals, the treatment of different types of measurements has been
unified, both in the x? computation and in the data file format used to implement
experimental results.
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1 Introduction

With the discovery of a Higgs boson with a mass of ~ 125 GeV at the LHC [1, 2|, the first
(potentially) elementary scalar particle was observed. This discovery marks an important
milestone in the quest to unravel the nature of electroweak symmetry breaking (EWSB).
The further investigation of EWSB — i.e., the precise determination of the properties of the
Higgs boson at 125 GeV as well as the search for additional scalar bosons — is one of the
main tasks of the LHC physics program.

Many models beyond the SM (BSM) contain extensions of the Standard Model (SM)
Higgs-boson sector, thus predicting additional scalar particles. Well-known examples include
the extension of the SM Higgs sector by additional SU(2), singlets, doublets and also higher
representations. The LHC searches carried out so far have not led to the discovery of
additional scalar bosons. Correspondingly, the searches have resulted in exclusion limits
constraining the parameter space of BSM models with extended scalar sectors.

Similarly, measurements of the properties of the Higgs boson at 125 GeV so far have not
found any conclusive deviation from the SM predictions. In turn, also these measurements
constrain the parameter space of BSM models which naturally predict modifications of the
couplings of the Higgs boson at 125 GeV (commonly called the “SM-like Higgs boson”) w.r.t.
the corresponding SM predictions.

Consequently, every BSM model modifying the scalar sector of the SM — either by
modifying the couplings of the SM-like Higgs boson or by adding new BSM scalars to the
theory — should be tested against all the available data collected at the LHC, at LEP and
other colliders. Due to the large number of available searches and measurements, checking
the consistency of a BSM parameter point with these experimental results is not feasible
without the development of dedicated computer tools to facilitate this task.

The codes HiggsBounds [3-6] (see also Ref. [7]) and HiggsSignals [8, 9] have been de-
veloped in this spirit. While HiggsBounds allows checking BSM models against exclusion
limits from searches for new scalar bosons, HiggsSignals allows one to check the compati-
bility of the model with the LHC rate measurements of the Higgs boson at 125 GeV. Both
codes, which were written using Fortran, have been developed and extended for roughly
one decade.

In this paper, we present a complete rewrite of HiggsBounds and HiggsSignals in
modern C++. HiggsBounds and HiggsSignals are now parts of the package HiggsTools
which also contains HiggsPredictions as a third subpackage facilitating for the user the
task of providing theory predictions for the production and decay rates of BSM scalar bosons
from the model input. The new setup allows for an easy implementation of new searches and
measurements and provides simple-to-use C++, Python, and Mathematica interfaces. It also
contains new features like the implementation of non-resonant di-Higgs boson searches, the
support for doubly-charged Higgs bosons, or CP-sensitive coupling measurements. In this
paper we provide a description of the updated codes as well as the newly implemented search
limits and rate measurements, and we illustrate the application to several physics examples,
demonstrating these new features.

The paper is structured as follows. In Section 2, we discuss the HiggsTools framework
containing the three subpackages HiggsPredictions, HiggsBounds, and HiggsSignals. In-
structions on how to use this framework are given in Section 3. In Section 4, we present



several physics examples demonstrating the features of the HiggsTools framework. Our
conclusions are provided in Section 5.

2 The HiggsTools framework

The HiggsTools framework represents a unification and extension of the codes HiggsBounds

and HiggsSignals. Moreover, it includes the new sub-library HiggsPredictions handling

the user input and providing access to many relevant cross sections and branching ratios.
Correspondingly, the HiggsTools package contains three subpackages,

e HiggsPredictions for defining the physical model and obtaining theory prediction for
production and decay rates,

e HiggsBounds for evaluating bounds from direct searches for scalar particles,

e HiggsSignals for evaluating compatibility with the measurements of the Higgs boson
detected at ~ 125 GeV.

In the following, we will describe the different subpackages in more detail with a special
focus on new features with respect to older version of HiggsBounds and HiggsSignals.

2.1 HiggsPredictions

HiggsPredictions allows defining the physical model. This means that the user has to
specify the scalar content of the model and the properties of each BSM scalar.
These properties include

e the mass and total width (including theoretical mass uncertainties),
e the electric charge and CP character,
e the rates of all relevant production and decay modes (at LEP and the LHC).

All these properties can be set by the user explicitly. Alternatively, the effective coupling
input [6] can be used to automatically obtain predictions for the most relevant production
and decay modes. Moreover, SLHA files or HiggsBounds data files [6] can be used as input
via the Python interface.

2.1.1 Process definitions

All relevant direct searches for BSM scalars as well as the measurements of the properties of
the Higgs boson at 125 GeV are implemented based on the concept of processes.
HiggsTools currently supports four different types of processes (as depicted in Fig. 1):

e channel processes,
e chain decay processes,

e pair decay processes,
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(a) channel (b) chain decay
(c) pair decay (d) pair production

Figure 1: Overview of the different process types used within in HiggsTools.

e pair production processes.

The channel process is the simplest type of process. It is used for collider processes for
which a single (BSM) scalar is produced with specific initial and final states consisting of
SM particles. An example process is Higgs production via gluon fusion and the subsequent
decay to two photons, gg — H — 7.

The second type of process is the chain decay process. This process type involves two
BSM scalars. The first BSM scalar is produced and then decays to the second BSM scalar
and SM particles. The second BSM scalar subsequently decays to SM particles. A typical
example is the production of a C’P-odd Higgs boson via gluon fusion followed by a decay to
a CP-even Higgs boson and a Z boson with the second Higgs bosons decaying to bottom
quarks, gg — A — ZH — Zbb.

The pair decay process extends the chain decay process by a third BSM scalar. The first
scalar is produced via a SM initial state and decays into two BSM scalars which subsequently
decay to SM particles. One example would be the decay of the SM-like Higgs boson into
two light CP-odd Higgs bosons, which then decay to bottom quarks and two photons, pp —
hios — aa — bbyry.

Two BSM scalars can, however, also be produced without originating from the decay of
an initial scalar. This possibility is covered by the pair production process which is used
for the production of two BSM scalars from a SM initial state and the subsequent decays
into SM particles. Typical examples are searches for pair-produced Higgs bosons (performed
without the assumption of an initial resonance), e.g. pp — hihy — bbyry.

The user does not need to provide predictions for every single process. Instead, it is
sufficient to input the production cross sections and branching ratios of the relevant scalars.
HiggsPredictions will then automatically obtain predictions for every process for which a
limit is implemented.



In this procedure, HiggsPredictions will automatically take into account necessary
symmetry factors. This is especially relevant for the pair decay and pair production processes,
for which two BSM particles h; and h; appear in the final state. Assuming that h; and h;
decay into the sets of final states A = {aj,as,...} and B = {by, by, ...}, respectively, their
combined decay rate is given by

B _ ZaeA ZbeB Br(h; — @)Br(hj — b) v # 7,
Brifuhy = AB) = {z{} S{a,b)Br(hs — )Br(hs —b) i—j. )

The sum in the second case runs over all unique unordered pairs {a, b}, and the symmetry
factor S is

1 a=0b,

2 a#b. @)

S({a,0}) = {

For example, if A = {bb, 77} and B = {bb, 7y} the result would be

BrébBer + Blf;",bBl”i7 + BriTBer + BriTBr% iFJ
(Briy)* + 2By + 2B Bri, + 2Bt Bt i =

Br(h;h; — AB) = { (3)

where Br!, = Br(h; — a). Permutations of h; and h; when i # j are not included at this
stage, but are instead accounted for by sums over the corresponding particle clusters C, Cs,

Br(C1Cy — AB) = Y Y Br(hh; — AB). (4)

h;€Cy hj cCy

See Section 2.2.2 for a detailed discussion of the meaning of particle clusters.

It should be noted that in this branching ratio calculation, electrically charged particle—
antiparticle pairs have to be treated as distinct. For this reason, HiggsPredictions currently
only allows the implementation of overall neutral final states for pair decay or pair production
processes (including final states with two opposite charged BSM scalars).

2.1.2 Tabulated cross sections and branching ratios

While production cross section and branching ratio values can completely be provided by the
user, HiggsPredictions also provides tabulated reference model predictions for the most
common Higgs production and decay channels.

The largest set of predictions is available for scalar bosons with exactly the same couplings
as the SM Higgs boson. The tabulated cross section and branching ratio values then only
depend on the mass of the new scalar. The numbers for this SM reference model are taken
from Ref. [10]. For the production cross sections, the following channels are available:

® 99— H,
e pp — bbH,

e pp — H +2j (VBF),



pp — WH,
pp — ZH (including g9 — ZH, q¢ — ZH, bb — ZH),

pp — ttH,

pp — tH (t channel + s channel),
o tWH.

All these cross sections are available for scalar masses ranging from 10 GeV to 3 TeV and take
state-of-art QCD corrections into account. For the masses between 120 GeV and 130 GeV
also predictions including electroweak corrections are available.

Similarly, branching ratio predictions are available for the following decay modes:

e H — cé, s5,1t, bb,

e H— 71t utu,

o H—WHW®, Z0Z0 Zy 4y, g9,
e H — invisible.

In Ref. [10], numbers are given for masses between 20 GeV and 900 GeV. We extended this
mass range to the interval 1 — 1000 GeV using HDecay [11, 12|. In addition, we added pre-
dictions for the H — s5 decay channel also using HDecay. Predictions including electroweak
corrections are available in the mass range [120, 130] GeV.

In addition to these predictions for scalars with SM-like couplings, HiggsPredictions
also implements predictions for scalars with a non-SM-like coupling structure (or non-SM-
like quantum numbers). These are available for the most relevant production modes and
encode the dependence on the most relevant couplings. On the other hand, effects from other
BSM particles appearing in the production process at the tree or loop level are not taken
into account. These cross section predictions can either be directly accessed or automatically
used by employing the effective coupling input.

An overview of the implemented cross section predictions for scalars with a non-SM-
like coupling structure is given in Table 1. The code SusHi 1.7.0 [16, 17] has been used
to derive the cross section for Higgs production via gluon fusion; for the VBF channel,
the code HAWK 3.0.0 [18-21] has been employed; the top-associated Higgs production cross
sections have been derived employing the code MadGraph5_aMC@NLO 2.8.2 [22]| using the
MSTW2008L0O [23] PDF set assessed via the LHAPDF 6.2.3 interface [24]; and for the vector-
boson associated Higgs production cross sections, we employed the code vhnnlo 2.1 |25, 26]
(cross-checked with MadGraph [27]).

If not stated otherwise, all cross section predictions are available only for the 13 TeV LHC.
In Table 1, ¢z and ¢y, denote the couplings of the scalar to Z and W bosons normalized to
the respective coupling of the SM Higgs boson (see Ref. [6] for more details). Similarly, ¢,
and ¢, denote the CP-even and CP-odd Yukawa couplings to the quark ¢, which are both
normalized to the respective CP-even SM Yukawa coupling (see Ref. [6] for more details).
Cqi; and ¢, ;; are used to denote potentially flavor-violating Yukawa couplings to the quarks



prod. channel coupling dep. mass range [GeV| source

ggH Ct, Ct, Cp, Cp 10 — 3000 SusHi
bbH Cp, Cp 10 — 3000 resc. of SM result
VBF Cz,Cw LHCS8: 1 — 1050, LHC13: 1 — 3050 HAWK
ttH Cct, Gy 25 — 1000 MadGraph
tH (t channel) Ct, Ct, Cw 25 — 1000 MadGraph
tWH Ct, Cty Cyy 25 — 1000 MadGraph
WH cw, Ct 1 — 2950 vh@nnlo
qq — ZH Cz,Ct 1 —5000 vh@nnlo
g9 — ZH Ct, Ch, Cz, Cy, Cp 1 — 5000 vh@nnlo
bb — ZH ch 1 — 5000 vh@nnlo
qiq; — H Cqijs éq,ij 1 — 5000 vh@nnlo
qiq; — H* CqL,ijs CqR,ij 200 — 1150 Ref. [7]
qiq; — H + Y Cq,ijs 6q,ij 200 — 1150 Ref. [7]
Giq; — HE+7v  Curij, Cqri 200 — 1150 Ref. [7]
bb— ZH Cp 200 — 1150 Ref. [7]
pp — HTth CL.tbs CR.tb 145 — 2000 Refs. [13, 14]
pp — H* ¢ CHEeWT mg : 10 — 500, my+ : 100 — 500 Ref. [15]

Table 1: Overview of cross section predictions available in HiggsPredictions for scalars
with a non-SM-like coupling structure.

¢; and g;, for which only the diagonal couplings are normalized to the respective SM values
(see Ref. [7] for more details). For charged scalars, ¢, ;; and c¢,r;; are used to denote the
left- and right-handed couplings of the charged scalars to the quarks ¢; and g; (see Ref. |7]
for more details). cy=sw+ denotes the coupling of a charged scalar to a neutral scalar ¢ and
a W boson (see Ref. [15]).

All cross sections are calculated automatically by HiggsPredictions if the corresponding
effective couplings are used as input. In order to incorporate higher-order corrections in an
approximate way, we normalize the fitted cross sections oy by the corresponding cross section
evaluated for a Higgs boson with SM-like couplings. The derived number is then multiplied
with the respective SM prediction od}* from Ref. [10]. This procedure can be summarized
in the equation

ot (m, ¢;)
o(m,c;) = magﬁ‘(m% ()

where ¢; denotes the set of effective couplings and ™ the corresponding prediction for a
SM Higgs boson.

With respect to the previous implementation of the effective coupling input in
HiggsBounds-5, we have improved the handling of heavy Higgs decays to two top quarks.
Previously, the decay rates of a CP-even SM-like Higgs boson given in Ref. [10] were rescaled
by the absolute value of the effective top-Yukawa coupling, c¢Z + c%. This rescaling factor
is valid in the limit where the ratio m?/(4m?) is negligible, where my is the mass of the
decaying Higgs boson and m; is the top-quark mass. Going beyond this approximation, the



decay rate of a heavy Higgs boson to two top quarks is proportional to

2
. m
Lg oy o C?ﬁ? + C%ﬁt with B = 4/1— 4—H2 (6)
\ my

Those different scalings of the parts proportional to the CP-even and CP-odd top-
Yukawa couplings are now taken into account in HiggsPredictions. In comparison to
HiggsBounds-5, this results in increased branching ratios to top quarks for CP-odd Higgs
boson with a mass close to the ¢t threshold.

2.2 HiggsBounds

HiggsBounds checks the process rates computed by HiggsPredictions based on the input
on the considered model provided by the user against a database of experimental limits. For
every of these limits, HiggsBounds performs the following steps:

e check which particles in the model are relevant for each role in the process,
e find all maximal clusters for each role that fulfil the analysis assumptions,

e for all assignments of clusters to the process roles compute the channel rate based on
the model predictions provided by HiggsPredictions,

e obtain the observed and expected ratios.

Then, the most sensitive limit for each particle is selected based on the highest expected
ratio. The parameter point is then regarded as allowed if the observed ratio is smaller than
one for the most sensitive limit for each particle. This procedure, which has been adopted
in order to allow a well-defined statistical interpretation of the aplied limit, is described in
more detail in Refs. [3-6].

At the moment, the HiggsBounds limit database contains 258 different experimental
limits from LEP and the LHC.

2.2.1 Limit types

The main new feature of the new HiggsBounds implementation, HiggsBounds-6, is a much
easier way to incorporate new experimental limits. The whole information about every limit
is now encoded in a json file.! In the initialization step of HiggsBounds, a user-specified set
of these json files is read-in and then used for the limit setting.? For the limit implementation
(and evaluation), six different limit types are differentiated:

e Channel limit

A 95% C.L. limit on the rate of a channel process that only depends on the mass of
the particle.

Ezample: ATLAS search for a heavy Higgs boson produced in association with bottom
quarks and decaying into bottom quarks (pp — bbhgsy — bbbb) [29].

!This includes non-trivial acceptance functions as for example used in Ref. [7].
2For a detailed description of the file format, we refer to Ref. [28]



e Channel width limit

A 95% C.L. limit on the rate of a channel process that only depends on the mass and
width of the particle.

Ezample: CMS search for a scalar resonance decaying to a pair of Z bosons (pp —
e Chain decay limit

A 95% C.L. limit on the rate of a chain decay process that only depends on the masses
of the involved BSM particles.

Ezample: CMS search for a heavy Higgs boson decaying to a Z boson and a SM-like
Higgs boson (gg — hpsm — hi2sZ — bblt4™) [31].
e Pair decay limit

A 95% C.L. limit on the rate of a pair decay process that only depends on the masses
of the involved BSM particles.

Ezample: CMS search for a heavy Higgs boson decaying to two SM-like Higgs bosons
(pp — hssm — hiashias — bbTT77) [32].
e Pair production limit

A 95% C.L. limit on the rate of a pair production process that only depends on the
masses of the involved BSM particles.

Ezample: LEP search for pair production of two Higgs bosons (e*e™ — hihy —
bbrtT7) [33].
e Likelihood limit

A limit expressed as a likelihood profile on the rate of multiple channel processes and
the mass of the particle.

Example: CMS search for heavy Higgs bosons decaying into two tau leptons which are
either produced via gluon fusion or in association with bottom quarks [34].

After reading-in the limit database, HiggsBounds assigns the BSM scalars and their process
rates as provided by HiggsPredictions to specific limits.

2.2.2 Particle clustering

For each specific limit, all scalars which could participate in the corresponding process are
identified. As an example, for the channel process pp — ¢ — bb the role of ¢ within the
considered model could be played by h; or hy. Then, the set {hy, ho} is called a particle
cluster.

We define a cluster C' of particles with masses my, ..., m; to be valid if

max(my, ..., m;) — min(my, ..., m;) < Taps + Trel - mean(my, ..., m;), (7)

where 7,5 and r, are the absolute and relative experimental resolutions, respectively. These
are either given by the experiment or estimated. In the simple case of a channel limit on



pp — ¢ — bb, the limit is then evaluated at the rate-weighted mass and the rate-weighted
total width of all particles in the cluster.

This clustering algorithm has been wused already in previous versions of
HiggsBounds/HiggsSignals, and more details can be found in Refs. [6, 35]. The new
implementation in HiggsTools extends this functionality by forming clusters for processes
involving more than one type of BSM scalars (e.g. pp — ¢; — hiasdj, hias — 7577, ¢; — bb).
In this case, clusters for every BSM particle are formed following the steps outlined above.
The limit is then evaluated at the rate-weighted masses and total widths of the clusters
formed for ¢; and ¢;.

As an example, we consider a BSM model containing the CP-even scalars h, H, S and
the CP-odd scalars A, Ag (as e.g. in the N2HDM) with the mass hierarchy my ~ my >
my ~ mg ~ ma,. Then, possible decay modes — assuming CP conservation — are H —
hh,SS,hS, AsAs and A — hAg,SAg. The clustering algorithm would then potentially
assign H and A to one cluster used to compute the mass and width of ¢; as well as S and
Ag to one cluster used to compute the mass and width of ¢;.

2.2.3 Treatment of mass uncertainties

A further improvement of HiggsBounds with respect to previous versions is the handling
of mass uncertainties. In many BSM theories, not all scalar masses are input quantities.
Instead, the masses can be calculated in terms of the model parameters (see e.g. Ref. [36] for
a discussion of Higgs mass predictions in the Minimal Supersymmetric extension of the SM).
These theoretical predictions are affected by theoretical and parametric uncertainties induced
by unknown higher-order corrections and an imprecise knowledge of the input quantities,
respectively.

In previous versions of HiggsBounds, mass uncertainties have been handled by running
the HiggsBounds algorithm multiple times. For a single scalar with mass uncertainty, the
HiggsBounds algorithm was executed three times: once for the central mass value, once
for the central mass value minus the mass uncertainty, and once for the central mass value
plus the mass uncertainty. In the end, the result of the run with the weakest constraints
was returned. In the case of multiple scalars with mass uncertainties, the HiggsBounds
algorithm was executed for all possible combinations of the central masses plus/minus the
associated uncertainties resulting in 3" runs with n being the number of scalars with a mass
uncertainty.

The new version of HiggsBounds improves the handling of mass uncertainties in the
following way. As explained, HiggsBounds only applies the limit with the largest expected
ratio. In order to determine the mass value at which each limit is evaluated, the mass is
varied within the user-given uncertainty range (checking also intermediate values). Then,
the mass with the lowest observed ratio is selected. At this point, also the expected ratio
used to compare the sensitivity between the different limits is evaluated.

The usefulness of this prescription becomes clear when discussing experimental searches
before the Higgs discovery. Many of these searches have found already hints for the later-
discovered Higgs boson in the form of significant excesses around 125 GeV. If HiggsBounds
is now used to derive bounds on a Higgs boson with SM-like couplings and for example a
mass of 128 GeV with a mass uncertainty of 4 GeV, the HiggsBounds algorithm chooses
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single Higgs boson with SM-like couplings

— my, = 130 GeV

———= my = 125GeV
1.4} .

(O—/O—Obs>Cl\~IS—PAS—HIG—12—045

Figure 2: HiggsBounds observed ratio for the search of Ref. [37] derived for a single
Higgs boson h with SM-like couplings as a function of its mass uncertainty. The results
are shown for two different mass values: m;, = 130 GeV (blue) and my, = 125 GeV (red).

to evaluate the pre-Higgs discovery limits at the mass value where the largest excess was
observed, for instance at 125 GeV. As a result, the pre-Higgs discovery limits do not exclude
this parameter point in accordance with the fact that the Higgs boson of the considered
model can be identified with the Higgs boson that has been detected at 125 GeV (the extent
to which the properties of the BSM scalar are compatible with the experimental results on
the observed Higgs boson can be tested with HiggsSignals). If instead the mass value with
the largest expected ratio were chosen, this could give rise to an evaluation of the limits at
the lower or upper boundary of the mass interval leading to an exclusion of the respective
parameter point.

Exemplary results derived using this prescription are shown in Fig. 2. In this Figure, we
show the observed ratio for the search of Ref. [37] derived for a single Higgs boson h with
SM-like couplings as a function of its mass uncertainty. For m; = 130 GeV, we observe that
the observed ratio decreases from ~ 1.55 to ~ 0.75 as we increase the mass uncertainty from
zero to 7 GeV. If instead m; = 125 GeV, the observed ratio stays essentially constant if
increasing the mass uncertainty as expected.

2.2.4 Higgs pair production limits

While previous versions of HiggsBounds had already implemented some searches for resonant
Higgs pair production, we significantly extended the scope of implemented searches with the
new version, where the included experimental data now additionally comprises the limits of
Refs. [38-45]. In addition, HiggsBounds now also implements an extensive list of searches
for non-resonant Higgs pair production [38, 40, 44, 46-52].

HiggsTools offers no functionality to distinguish between resonant and non-resonant pair
production. Therefore, the user has to find a self-defined criterion to decide which part of

11



Production channel decay channel(s) Vs [TeV] L [b™'] reference
8

p— HEEHT  HE S 2 10.7 [54]
pp — H**HT H*: — (20 HT — (Fy, 8 19.7 [54]
pp — H¥THTT H** — etr® ptrt 8 20.3 [55]
pp — H¥F=HTT H*t — eFet eFp*, ptpu* 8 20.3 [56]
pp — HEEHFF [y g 13 12.9 [57]
op — HEEHF HE s (2% HF 5 (7, 13 12.9 57|
pp — HTTHTT H** — efet o p® ptput 13 36 [58]
op — HEEHFF HE s W+ 13 139 [59]
pp — HT*HT H* - W*wW* HT - WTZ 13 139 [59]

Table 2: Overview of implemented doubly charged Higgs searchers (with ¢, ¢ = e, u, 7).

the considered parameter region should be confronted with resonant or with non-resonant
pair-production limits (see e.g. Ref. [53]). Then, the input for resonant Higgs pair production
can be set by specifying cross section values for pair decay processes and the input for non-
resonant Higgs production can be set by providing appropriate values for pair production
processes.

2.2.5 Doubly-charged Higgs bosons

As an additional new feature, HiggsBounds can now also check search limits for doubly-
charged Higgs bosons. These appear in triplet or higher multiplet extensions of the SM
Higgs sector. An overview of the implemented searches is given in Table 2. While most
existing searches concentrate on leptonic final states, with the recent results presented in
Ref. [59] also a search with bosonic final states is implemented.

2.3 HiggsSignals

Also HiggsSignals has been completely reimplemented in modern C++. The underlying
approach is largely unchanged and has been described in detail in Ref. [9]. With the reim-
plementation in modern C++, the handling of the different measurement types (i.e., peak-
centered observables, mass-centered observables, and STXS measurements) has been unified.
At the moment, HiggsSignals implements 131 individual measurements.

As a new feature HiggsSignals-3 now also contains the implementation of Higgs mea-
surements which are not simple rate measurements but which can also depend on other
model parameters. An example is the recent CMS H — 777~ CP analysis [60], which is
part of the updated HiggsSignals dataset. This analysis is targeted at measuring the CP
structure of the tau-Yukawa coupling. The results are presented in dependence on the Higgs
production via gluon fusion signal strength, the Higgs production via vector-boson fusion
signal strength, and the CP-violating phase ¢, defined via

tan ¢, = —, (8)

T

where ¢, and ¢, are the coefficients of the CP-even and CP-odd tau-Yukawa coupling (mul-
tiplied by the SM tau-Yukawa coupling), respectively. The implementation of such lim-
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its depending on the coupling structure of the Higgs boson has not been possible with
HiggsSignals-2 implying the need to externally evaluate the y?. This strategy has e.g.
been used for the results presented in Ref. [61]. The new HiggsSignals version allows to
fully take such dependencies into account and therefore allows a straightforward implemen-
tation of results like the CMS H — 777~ CP analysis [60].

3 C++, Python, and Mathematica interfaces

In this Section, we give an overview of the main functionality of the different program parts.
The discussion will not mention (and explain) all available functions and options. Instead, it
is aimed at introducing the program flow of HiggsTools. For a detailed list of all available
functions and options, we refer to the online documentation available at

https://higgsbounds.gitlab.io/higgstools.

All shown code snippets are also distributed as parts of complete programs alongside the
package.

3.1 Installation
HiggsTools is available at
https://gitlab.com/higgsbounds/higgstools.
It requires the following software packages:
e gcc (at least version 9) or clang (at least version 5),
e CMake (at least version 3.17),

e for the Python interface: python (at least version 3.5) and the corresponding devel-
opment headers,

e for the Mathematica interface: Wofram Mathematica.

All other dependencies are compile-time only, and are automatically downloaded by CMake.
The HiggsTools C++ can be built by running e.g.

mkdir build && cd build
cmake ..
make

within the HiggsTools directory.
To build the Python interface, type

pip install .

from within the HiggsTools folder (either before or after following the above steps).
To build the Mathematica executable, use
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cmake -DHiggsTools_BUILD_MATHEMATICA_INTERFACE=0ON ..

when building the C++ library. The MHiggsTools executable, which can be loaded from
within Mathematica, can then be found in the build/wstp directory.

The collections of limits/measurements for HiggsBounds and HiggsSignals are
available at https://gitlab.com/higgsbounds/hbdataset and https://gitlab.com/
higgsbounds/hsdataset.

3.2 The C++ and Python interfaces

First, we explain how to run HiggsTools using the C++ and Python interfaces. The syntax
of these interfaces is very similar.
The C++ libraries are loaded via

#include "Higgs/Bounds.hpp"
#include "Higgs/Predictions.hpp"
#include "Higgs/Signals.hpp"

namespace HP = Higgs::predictions;

where in the last line a purely optional abbreviation is introduced.
The HiggsTools Python package can e.g. be loaded via

import Higgs.predictions as HP
import Higgs.bounds as HB
import Higgs.signals as HS

where again some optional abbreviations are introduced.

3.2.1 User input via HiggsPredictions

As a first step, the user has to initialize the HiggsPredictions object e.g. by
auto pred = Higgs::Predictions{};

In Python, one can just write
pred = Higgs.Predictions()

This object can then be used to define all relevant scalar bosons via the addParticle func-
tion,

auto &h = pred.addParticle(HP: :BsmParticle{"h", HP::ECharge: :neutral,
HP::CP: :even}) ;

or in Python via
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h = pred.addParticle(HP.BsmParticle("h", "neutral", "even"))
The properties of the particles can then be defined e.g. by

h.setMass (1000) ;
or in Python via

h.setMass(1000)
Cross section values and partial decay widths can be given via

h.setCxn(HP: :Collider: :LHC13, HP::Production::ggH, 0.003)
h.setDecayWidth(HP: :Decay: :tautau, 0.4)

or in Python via

h.setCxn("LHC13", "ggH", 0.003)
h.setDecayWidth("tautau", 0.4)

where in the first line we set a cross section of 3 fb for h production via gluon fusion at the
13 TeV LHC. In the second line, we set a partial decay width of 400 MeV for the h decay
into two tau leptons. Alternatively, also the total decay width and branching ratios can be
set, e.g. via

h.setTotalWidth(0.4);
h.setBr(HP: :Decay: :tautau, 1);

or in Python via

h.setTotalWidth(0.4)
h.setBr("tautau", 1)

where in this example we set the total width to 400 MeV and the branching ratio into tau
leptons to 100%.

As an alternative to providing explicit values for cross sections and decay widths (or
branching ratios), the user can also refer to reference models and use the effective coupling
input. For example, all couplings of the scalar h can be set to values twice as large as for
the SM Higgs boson via

effC = HP::scaledSMlikeEffCouplings(2);
HP: :effectiveCouplingInput(h, effC);

or in Python via

effC = HP.scaledSMlikeEffCouplings(2)
HP.effectiveCouplingInput (h, effC)
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The cross sections and branching ratios of h will then be set automatically using this coupling
input. One should note that after setting the effective couplings as given above, one cannot
set an additional branching ratio by calling h.setBr (), as this would result in an error due
to the fact that the sum of the branching ratios of h would exceed one. Instead, additional
decay modes of the scalar can be defined by the user using the function h.setDecayWidth(),
in which case internally all previously calculated branching ratios are automatically modified
accordingly. We also note that, instead of a global rescaling factor, also all couplings can be
set individually (see the example discussed in Sect. 4.1). Moreover, for the Higgs—fermion
couplings, complex coupling values can be set corresponding to a CP-even (real part) and a
CP-odd (imaginary part) Yukawa coupling.

3.2.2 Running HiggsBounds
As a first step, one has to initialize HiggsBounds by

const auto bounds = Higgs::Bounds("/Path/To/HBDataSet");
or in Python by

bounds = HB.Bounds("/Path/To/HBDataSet")

By this command, all limit files in the given folder are read-in and the HiggsBounds object
is created. One can then use this object to check the bounds on a given HiggsPredictions
object,

const auto resultHB = bounds(pred);
or in Python,
resultHB = bounds(pred)

The result object will then be either True or False depending on whether the chosen
parameter point is allowed or not. More information can be extracted by typing

std::cout << resultHB << std::endl;
or in Python by typing

print (resultHB)
resulting in

HiggsBounds result: excluded
particle | obsRatio | expRatio
_________ [

| selected limit description

|
0.774 | 2d likelihood {LHC13 [ggH>tautau],

|

|

LHC13 [bbH>tautaul} from 2002.12223
(ATLAS 139fb-1, M=(200, 2500))
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as output for the example outlined above (not using the effective coupling input). Alterna-
tively, a list of all selected or applied limits® can be obtained via

resultHB.selectedLimits

or
resultHB.appliedLimits

in either C++ or Python.

3.2.3 Running HiggsSignals

In the same way as for HiggsBounds, the first step in order to use HiggsSignals is to
initialize it by providing the path to the data set folder via

const auto signals = Higgs::Signals("/Path/To/HSDataSet");
or in Python via
signals = HS.Signals("/Path/To/HSDataSet")

The x? analysis of HiggsSignals given a HiggsPredictions object as argument can then
be invoked via

auto resultHS = signals(pred);
or in Python via
resultHS = signals(pred)

The return object is the total y? value taking into account the whole data set.

It is also possible to perform the analysis individually for each measurement that is
contained in the data set. For instance, in order to obtain the individual x? values for all
measurements separately, one can loop over the object signals.measurements() and apply
signals() on each element,

for (const auto &m : signals.measurements()) {
std::cout << m.reference() << " " << m(pred) << std::endl;

}

or in Python via

for m in in signals.measurements():
print (f"{m.reference()}: {m(pred)}")

3All limits are applied to the model predictions. Out of these applied limits, the limit with the highest
expected sensitivity is selected for each BSM scalar (see Section 2.2).
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These code snippets return the reference numbers of the experimental measurements and
the corresponding individual x? values. Here, it should be noted that the sum of the x?
values will be larger than the total x? value, because for obtaining the latter the correlations
between the different measurements are taken into account.

3.3 Mathematica

As an alternative to the C++/Python interface, HiggsTools can also be used via
Mathematica. As a consequence of the different structure of the Wolfram language, the
syntax differs from the C++/Python interface.

The Mathematica executable can be loaded via

Install["/Path/To/MHiggsTools"];

This automatically initializes the HiggsPredictions, HiggsBounds, and HiggsSignals ob-
jects. Particles can then be added via

HPAddParticle["H", 1000, "neutral", "even"];
Their properties can be set e.g. via

HPSetCxn["H", "LHC13", "ggH", 0.003];

HPSetDecayWidth["H", "tautau", 0.4];
(* or *)

HPSetTotalWidth["H", "LHC13", 0.4];
HPSetBr["H", "tautau", 1];

Alternatively the effective coupling input can be used e.g. via
HPScaledSMlikeEffCouplings["H", 2];

HiggsBounds is initialized via
HBInitialize["/Path/To/HBDataSet"];

and run via
HBApplyBounds []

The applied and selected limits can be assessed via

HBGetSelectedBounds[]
HBGetAppliedBounds[]

Similarly, HiggsSignals is initialized via
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HSInitialize["/Path/To/HSDataSet"];
and run via
HSGetChisq[]
A list of indidual x? values can be obtained e.g. via
{reference /. #, HSGetChisqMeasurement[id /. #]} & /@ HSListMeasurements/[]

where HSListMeasurements [] returns a list of all loaded measurements.

4 Examples

In this Section, we present some examples using the different components of HiggsTools to
derive non-trivial constraints on BSM models with an extended or modified Higgs sector.

All these examples use the Python interface. Complete code examples (using also the
C++ and Mathematica interfaces) are distributed alongside the package. For the Python and
Mathematica scripts also the necessary plotting commands are included.

4.1 Constraining the charm Yukawa coupling with HiggsSignals

While the couplings of hio5 to the third-generation fermions have been measured at the LHC
at the level of 10% [62, 63|, the couplings to the first- and second-generation fermions are only
weakly constrained so far. It is therefore worthwhile to derive indirect constraints on these
couplings via the signal-rate measurements of hy95. We will show here how HiggsSignals can
be utilized to set bounds on the coupling of his5 to charm quarks under the assumption that
all other couplings of hi95 are SM-like. This example will also demonstrate the importance
of choosing the correct SM reference model for the cross sections of the Higgs boson for the
case in which the effective-coupling input is used.

A state that has the same couplings as a SM Higgs boson except for the charm-quark
coupling can be defined in HiggsSignals in the following way,?

cpls = Higgs.predictions.NeutralEffectiveCouplings()

cpls.tt =1
cpls.bb =1
cpls.tautau = 1
cpls.ss =1
cpls.mumu = 1
cpls.gg = 1
cpls.ZZ = 1
cpls.WW = 1
cpls.gamgam = 1
cpls.Zgam = 1

4The couplings to first generation fermions are set to their SM values by default.
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Figure 3: Constraints on the modified coupling of hiss to charm quarks in the plane
of the coupling modifiers ¢, and ¢.. In the left plot the reference model SMHiggsEW was
used for the HiggsSignals analysis, whereas the right plot shows the results using the
reference model SMHiggs. The orange star in each plot indicates the best fit point of the
HiggsSignals analysis. The SM values are ¢, =1 and é. = 0/

cpls.cc = 0.9 + 1j x 0.1
Higgs.predictions.effectiveCouplingInput (
h,
cpls,
reference=HP.ReferenceModel.SMHiggsEW)

As an example, we set here the CP-even Yukawa coupling to ¢, = 0.9 and the CP-odd Yukawa
coupling to ¢, = 0.1 (times the SM charm-Yukawa coupling), where the latter has to be given
as the imaginary component of cpls.cc. Note also that we chose here SMHiggsEW as the
reference model in order to utilize the predictions for the cross section of the Higgs boson
that include N3LO QCD corrections in the heavy top-quark limit and NLO electroweak
corrections.

Following the discussion in Section 3.2.3, the y?-analysis of HiggsSignals for the cou-
pling configuration as defined above can now be executed via

Chisq = signals(pred)

In the left plot of Fig. 3, we show the result of the analysis for a scan over both ¢, and ¢.. The
color coding indicates the difference of the y?-values with respect to the best-fit point. As
expected, the lowest values of Ax? are found for ¢? +¢* = 1, the region that includes the SM
prediction ¢, = 1 and ¢, = 0. The result of HiggsSignals is different if instead of SMHiggsEW
the reference model SMHiggs is chosen in the call of effectiveCouplingInput(). The y?
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Figure 4: 95% confidence-level cross section limits on the process pp — H — hisshios
from the experimental searches in various final states. The dashed lines show results from
the CMS collaboration, whereas the solid lines show results from the ATLAS collaboration.

contribution for the option SMHiggs is shown in the right plot of Fig. 3. One can see that
in this case HiggsSignals finds as the best-fit point the point with vanishing couplings,
and the SM would be disfavoured at a confidence level of about 1. The difference between
the two plots arises from the fact that the reference model SMHiggs uses the QCD NNLO
predictions for the reference cross section, whereas SMHiggsEW uses the N3LO predictions in
the heavy top-quark limit. The comparison between the two plots shows that this kind of
analysis is sensitive to QCD corrections beyond the NNLO level in the employed cross section
predictions. This example illustrates the importance of choosing the correct reference model.
The option SMHiggs is the preferred choice for particles that have a mass comparable to the
top-quark mass or larger, whereas for a particle state at 125 GeV one should use SMHiggsEW
in order to include the QCD corrections beyond the NNLO.

4.2 Sensitivity comparison of resonant hiss-pair production with
HiggsBounds

As already discussed in Section 2.2.4, HiggsBounds-6 contains a substantially extended
scope of experimental results from searches for resonant pair production of his5. In order to
illustrate the full extent of the implemented searches, we show in Fig. 4 the limits on the cross
section o(pp — H — hiashyas) for the different searches as they are currently implemented
in the new version of HiggsBounds. We also show the combined result of both the CMS
collaboration (red solid line) and the ATLAS collaboration (blue dashed line) in which the
data of various different final states have been included.As discussed in Section 2.2.4, a
large part of the experimental searches shown in Fig. 4 were not yet implemented in the
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previous HiggsBounds version. As a result, the new version presented here can give rise to
substantially stronger bounds for models in which resonant his5-pair production is relevant.

In order to obtain the cross-section limits shown in Fig. 4 from their implementation in
HiggsBounds, one can define a SM-like Higgs boson h with a mass of 125 GeV and a heavy
state H with varying mass, and which has a gluon fusion production cross section of 1 pb and
a branching ratio of 1 into hqo5-pairs:

h
H

pred.addParticle(HP.NeutralScalar("h", cp="even"))
pred.addParticle (HP.NeutralScalar("H"))

h.setMass(125.09)

HP.effectiveCouplingInput(h, HP.smLikeEffCouplings)
H.setDecayWidth("h", "h", 1)

H.setCxn("LHC13", "ggH", 1)

Here we defined only one partial width for the heavy scalar H corresponding to the decay
H — hyo5hi95. Consequently, independently of the value chosen for this decay width, the
corresponding branching ratio is equal to 1. Afterwards, one can call the HiggsBounds
check for different values of the mass of the heavy state and read off the observed ratio for
all applied limits that belong to the class of resonant his5 pair production:

masses = np.arange (250, 2001, 10)
results = {}
for m in masses:
H.setMass(m)
results[m] = [
1 for 1 in bounds(pred) .appliedLimits if
"H" in 1.contributingParticles()]

The observed ratio is defined as the ratio of predicted cross section and the experimental
limit at the 95% confidence level. Since we set the cross section for the process to 1pb
independently of the mass of the heavy state, the experimental limit for each mass can thus
be obtained by simply calculating the inverse of the observed ratio:

limits = list({a.limit() for res in results.values() for a in res})
data = {}
for lim in limits:
data[lim.id()] = {
m: 1 / x.obsRatio() for m, res in results.items() for
x in res if x.limit() == lim}

Here the object data contains the information shown in Fig. 4: for each applied experimental
search it saves the experimental limit as a function of the mass of the scalar H.
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4.3 Constraining the width of the hi25 Higgs boson with
HiggsSignals

The SM prediction for the total width of the Higgs boson at 125 GeV is F%ll\gs ~ 4 MeV. At
a hadron collider, such as the LHC, there is no direct access to the total width of hqo5 under
the assumption that T',,. < 1 GeV.® As a result, there may be room for new physics that
gives rise to modifications of the total width of his5 while maintaining values of the measured
signal rates of hio5 close to the SM predictions. The simplest example of such a scenario is
a model in which the properties of his5 are modified compared to the SM in a twofold way:
First, one can assume that there is an additional decay mode of hi95 that is undetected.
The branching ratio for this new-physics decay mode is denoted BR(hjz5 — NP) in the
following, and it gives rise to an enhancement of I'y,,.. In addition, in order to compensate
for the suppression of the measured signal rates due to the additional h — NP decay mode,
one can assume that the couplings of hi95 to SM particles are enhanced compared to the SM
predictions by an overall factor c.g > 1.

With HiggsSignals it is very easy to confront this BSM scenario with the experimental
constraints from the LHC. For instance, an enhancement of the couplings by the factor
Ccef = 2 can be set (as already discussed in Section 3.2.1) with:

ceff = 2
cpl = Higgs.predictions.scaledSMlikeEffCouplings(ceff)
Higgs.predictions.effectiveCouplingInput (
h,
cpl,
reference=Higgs.predictions.ReferenceModel . SMHiggsEW)

Calling effectiveCouplingInput() automatically invokes the calculation of the partial
widths for the decays into SM particles. At the same time, the total width is set to be equal
to the sum of all these partial widths. In order to define, for example, BR(his5 — NP) = 0.4
one can use the function setDecayWidth().”

totalWidthbefore = h.totalWidth()

branchingRatioNP = 0.4

partialWidthNP = branchingRatioNP * totalWidthbefore / \
(1 - branchingRatioNP)

h.setDecayWidth('NP', partialWidthNP)

The argument ’NP’ can be interchanged with any string expression that does not correspond
to any of the particle names defined by the user. Now the input is complete and one can

°See Ref. [64] for an indirect measurement of ', ,. at the MeV-level via off-shell effects in Higgs bo-
son production. This indirect determination of I'y,,, relies, however, on several assumptions that are not
necessarily fulfilled in BSM scenarios.

6We note here the distinction between an “undetected” decay mode, which cannot be distinguished from
the background, and an “invisible” decay mode. The latter may very well be detectable because of its
characteristic signature of missing energy /momentum in the event.

"One cannot use setBR() at this point, since this would give rise to a runtime error due to the sum of
all branching ratios being larger than 1.
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Figure 5: x? result according to the HiggsSignals analysis for the scenario discussed
in Sect. 4.3. The color coding indicates the value of Ax?, which is defined relative to the
best-fit y2-value. The solid and dashed black lines indicate the allowed regions at the 68%
and the 95% confidence level, respectively. The orange star indicates the best-fit point.
The solid, dashed and dotted red lines indicate where the total width of the Higgs boson
has a value of 1, 10 and 100 times the SM prediction, respectively.

call the HiggsSignals analysis:
Chisq = signals(pred)

Here the objects pred and signals have to be initialized as explained in Section 3.2.1 and
Section 3.2.3, respectively.

Fig. 5 shows the result of the y? analyses when scanning over 0 < cig < 5 and 0 <
BR(h125 — NP) < 1. We find a narrow band in the plane of cog and BR(hi95 — NP) with
low values of Ax? < 5.99, where Ax? = x? — X2, and X}, = min(x?) denotes the best-fit
value. We also indicate with red lines the contours for which the total width of hio5 is equal
to 1, 10 or 100 times the SM prediction. The SM point in this plot corresponds to ceg = 1
and BR(hi95 — NP) = 0. It has a Ax? = 0.06 value relative to the best-fit point that is
located at cop = 1.21 and BR(h125 — NP) = 0.32. As mentioned above, HiggsSignals
does not compare to the indirect determinations of the total width via off-shell effects, since
these analyses are not applicable in a generic fashion to BSM scenarios. For instance, in
this example there is a new-physics decay mode for the Higgs boson whose impact on the
off-shell effects would have to be taken into account. In fact, currently HiggsSignals does
not contain any direct constraint on the total width of his5, such that the region with
acceptable values of Ay? would extend for c.g > 5 until infinity, asymptotically approaching
BR(hi25 — NP) = 1. Of course, for total width values in the GeV range the direct search
limits from the LHC would apply. Furthermore, the relatively large values of the Higgs
couplings that would be needed in this example in order to accommodate sizable values of
BR(h125 — NP) could also be tested by other experimental constraints.
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4.4 Constraining the 2HDM

One of the most studied BSM scenarios is the Two-Higgs doublet model (2HDM), which
extends the SM by a second SU(2) doublet field [65, 66] (see Ref. [67] for a review). Assuming
CP conservation, the Higgs sector of the 2HDM consists of two CP-even states h and H,
where here we assume that A plays the role of the discovered Higgs boson at m; = 125 GeV,
a CP-odd state A, and two charged Higgs bosons H*, where my, m4 and mpy+ are the
masses of the BSM Higgs bosons.

In order to avoid flavor-changing neutral currents, a softly broken Z, symmetry can be
introduced, under which one of the Higgs doublets changes the sign, and where m?, denotes
the Zs-breaking mass parameter. There are four different ways of assigning charges of the
fermions under the Z5 symmetry, giving rise to the four different Yukawa types of the 2HDM.
Each type features a different dependence of the couplings of the Higgs bosons on the angles
a and tan 5, where « is the mixing angle in the CP-even sector, and tan g is defined as the
ratio of the vevs of the CP-even states.

In Fig. 6 we show the constraints in the cos(a — 5)—tan § parameter plane for the four
Yukawa types as they result from the y2-fit of HiggsSignals and from the HiggsBounds
analysis.® The result for Ax? = x? — xf., Where i, denotes the best-fit value, can be
obtained by making use of the effective coupling input format, based on the cross sections
and branching ratios of h that can be determined with the help of the HiggsPredictions
subpackage (see Section 2.1 for details). The only model information the user has to provide
are the effective couplings as functions of o and $.° For instance, in order to define the
couplings of h to the third-generation fermions in the type II 2HDM one can write:

h = pred.addParticle(Higgs.predictions.NeutralScalar("h"))
cpls_h = Higgs.predictions.NeutralEffectiveCouplings()
cpls_h.tt = cos(alpha) / sin(beta)

cpls_h.bb = -sin(alpha) / cos(beta)

cpls_h.tautau = -sin(alpha) / cos(beta)

Higgs.predictions.effectiveCouplingInput (
h,
cpls_h,
reference=Higgs.predictions.ReferenceModel . SMHiggsEW)

The effective couplings to the vector bosons and the remaining fermions can be set in the
same way as before calling effectiveCouplingsInput (). When all effective couplings have
been set, the HiggsSignals y?-result is obtained via:

Chisq = signals(pred)

It can be observed in Fig. 6 that for the types II, III and IV the best-fit point regarding
HiggsSignals (orange star) is found close to the alignment limit, cos(a — ) = 0, in which

8A recent detailed analysis of this kindcan be found in Ref. [68].
9We make the assumption here that since my = m4 = my+ > m;, the impact of the heavy states H, A
and H* on the loop-induced couplings is negligible.
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Figure 6: Constraints in the plane of the parameters cos(8 — a)) and tan 8 in the four
Yukawa types of the 2HDM for mpy = ma = mpy+ = /m?,/(sin Bcos 3) = 800 GeV.
The color coding indicates the value of Ax? obtained with HiggsSignals. The best-fit
point with Ax? = 0 is indicated with an orange star in each plot. The gray regions are
excluded based on the HiggsBounds result. The gray letters indicate the experimental
search responsible for the corresponding exclusion limit. The details of the searches are
specified in the text.

the properties of h in the 2HDM resemble the ones of a SM Higgs boson. For the Yukawa
type I we find the smallest values of Ax? for slightly negative values of cos(3 — ), which
is in agreement with the ATLAS result shown in Fig. 20 of Ref. [69]. With the new version
of HiggsSignals it is very easy to identify the experimental measurement that gives rise
to a change of x? in a certain parameter region of a model. In the considered example, for
instance for the type I, one can use HiggsSignals for two neighbouring parameter points
at tanf = 1,cos(a — ) = 0 and at tanf = 1,cos(a — ) = —0.1 in order to obtain the
individual y2-values for each implemented measurement by typing (see Section 3.2.3 for
details):
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A11Chisql = {m.reference(): m(predl) for m in signals.measurements()}
Al11Chisq2 = {m.reference(): m(pred2) for m in signals.measurements()}
DeltaChisq = {k: AllChisq2[k] - AllChisql[k] for k in Al1lChisql}

Here predl and pred2 are the Higgs.Predictions objects for the two parameter points
that have to be created previously according to the instructions above. In the third line
we create a dictionary that contains the differences of the y?-values for each experimental
measurement. In this example we find that the increase of Ax? in the alignment limit of
type I is mainly driven by the results of Refs. [60, 70, 71] which slightly disfavor the alignment
limit at the level of about 20 each (see also the discussion in Ref. [72]).

In addition to A2, the plots in Fig. 6 also indicate in gray the parameter regions that are
excluded according to the HiggsBounds analysis. For the considered example, the effective
coupling input is not sufficient for calculating the branching ratios for the BSM states.!”
In order to perform this analysis we therefore calculated the cross sections and branching
rations with the help of the external software packages HDECAY [11, 12, 73] and SuSHi |16, 17]
(both called via ScannerS [74]). The predictions for the cross sections and branching ratios
were then provided directly as input to HiggsBounds. This can be done with the following
lines of code, here as an example for the CP-odd Higgs boson A:

ACP = HP.CP(-1)
A = pred.addParticle(Higgs.predictions.NeutralScalar("A", ACP))
A setMass(...)

A . setTotalWidth(...)

A.setBr('tt', ...)

.setBr('Z', 'h', ...)

A.setCxn('LHC13', 'ggH', ...)

A.setCxn('LHC13', 'bbH', ...)

s~

Here the ellipsis in the sixth line indicates additional definitions of branching ratios, whereas
the ellipsis in the function arguments represents the numerical values the user has to provide
in each case. When the branching ratios and cross sections of A, H and H* have been set,
the HiggsBounds analysis is executed by doing:

res = bounds(pred)

The desired information of the analysis, for instance the most sensitive channel selected by
HiggsBounds for the state A, can be obtained with:

res.selectedLimits['A']

The corresponding values for the ratios of predicted cross section divided by expected or
observed cross-section limit can be extracted with:

10The effective coupling input cannot be used for the charged Higgs boson. Moreover, the effects of the
charged Higgs boson on the Higgs to di-photon branching ratios are not calculated by HiggsPredictions.
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res.selectedLimits['A'] .expRatio()
res.selectedLimits['A'] .obsRatio()

The information about the other Higgs bosons can be obtained accordingly. The gray regions
in the plots in Fig. 6 are defined by the condition that the obsratio for one of the Higgs
bosons is larger than 1. The selected channels responsible for the different excluded regions
are the following:

(2) OMS: pp — ¢ — hagshizs — bbyy, bbrr, bbbb, bOV'V [49),
(b CMS: pp — qbl — h125¢2 — bbTT [43],
c¢) CMS: pp — ¢ — Zhios — Zbb [31],

(e ATLAS: pp — ¢ — h125h125 — bbbb [76],
(
(g) ATLAS: pp — ¢ — 77 [78],

)
)
(c)
(d) ATLAS: pp — ¢ — WW, ZZ, WZ [75],
)
f) ATLAS: pp — ¢ — V'V, Vhyas [77],

)

where the letters in Fig. 6 indicate which limit excludes which parameter region.

5 Conclusions

We have presented new versions of the public computer programs HiggsBounds and
HiggsSignals. The program HiggsBounds tests general BSM models against exclusion
limits from LEP and LHC Higgs searches (the limits from Tevatron searches have become
less relevant compared to the LHC results and are no longer used). HiggsSignals confronts
the predictions of arbitrary BSM models with the measured mass and rates of the Higgs
boson that has been detected at about 125 GeV. The new versions, HiggsBounds-6 and
HiggsSignals-3, now use a common interface for the predictions of the various Higgs pro-
duction and decay rates, provided by the new code HiggsPredictions-1. The complete
suite of codes is provided within the new overarching code HiggsTools-1.

The description of HiggsBounds-6 and HiggsSignals-3, together with the new code
HiggsPredictions-1, provided in the present paper has focused on the improvements of
the functionality and applicability of the programs with respect to the previous versions as
given in Ref. [6] and [9] for HiggsBounds and HiggsSignals, respectively. The new code
HiggsPredictions, which formerly was partly contained in HiggsBounds, facilitates the
definition of the physical model. The user has to specify the scalar content of the model
under consideration: the properties of each scalar of the model, including the mass, total
width, charge, C’P character and the rates for all relevant production and decay channels.
These properties can be set by the user directly, or alternatively via effective couplings.
Concerning the latter option updated tabulated cross sections and branching ratios are
included that are then rescaled using the effective coupling input.
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Concerning HiggsBounds, the implemented limits are now classified into six different
types, which facilitates the inclusion of new experimental data. These six types comprise (i)
limits for a certain Higgs production and decay chain, (ii) the same as (i), but with a width
dependent limit, (74i) the same as (i), but including a longer (Higgs) decay chain, (iv) limits
on Higgs production with a di-Higgs pair decay mode, (v) limits on di-Higgs production and
decay, (vi) likelihood limits. Also, the algorithm of particle clustering, relevant if several
scalars can contribute to a specific limit, has been updated and improved. The set of di-
Higgs search channels has been newly implemented (previously only a subset had been
considered), as well as limits from searches for doubly charged Higgs bosons. The main
update for HiggsSignals is the extension of the functionality to allow the implementation
of Higgs measurements which are not simple rate measurements but which can also depend
on other model parameters. This feature has been used in particular for the inclusion of the
dedicated CP analysis by CMS for the decay to 717, which targets the measurement of the
CP structure of the Higgs coupling to tau leptons. In our description of the codes we have
also included detailed information on the C++, Python and Mathematica interfaces.

We have furthermore discussed in this paper several physics examples with a focus on
demonstrating the new functionalities that are provided by HiggsTools, together with ex-
amples for the commands that have been used to obtain these example applications. The
first example concerns constraints on the charm Yukawa coupling that have been obtained
with HiggsSignals. It was demonstrated that the application of the correct Higgs-boson
cross-section prediction is crucial to obtain reliable bounds on this Yukawa coupling. In
the second physics example the sensitivity of several resonant his5-pair production channels
that are implemented in HiggsBounds has been compared. This example demonstrates the
effects of the largely extended sample of di-Higgs search limits that are now included into
HiggsBounds. In the third example, updating the previous analysis of Ref. [79] with the
latest signal rates that are implemented in HiggsSignals, a scenario was considered where
the total width of the Higgs boson at 125 GeV is enlarged by an undetected decay mode,
while the effects of the enlarged width in the signal strength measurements are compensated
by a universal scaling if the Higgs-boson couplings. In a final physics example we have
demonstrated the combined and complementary power of HiggsBounds and HiggsSignals,
with the 2HDM as a showcase. In the four Yukawa types of the 2HDM we analyzed the
current status of the limits from direct searches (via HiggsBounds) and from the Higgs-boson
rate measurements (via HiggsSignals) in dependence on the mixing angles, where all heavy
Higgs-boson masses were set to 800 GeV. We showed that for all four Yukawa types signifi-
cant BSM effects are allowed at the current level of accuracy, where in type I potentially the
largest effects can occur.

The code HiggsTools-1, containing HiggsPredictions-1, HiggsBounds-6 and
HiggsSignals-3, is available via

https://gitlab.com/higgsbounds/higgstools.
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