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Abstract

The program HiggsBounds is a well-established tool for testing Beyond-the-Standard
Model (BSM) theories with an extended Higgs sector against experimental limits from
collider searches at LEP, Tevatron and LHC. Thus far, it could be applied to any
neutral or charged Higgs bosons originating from the modified Higgs sector. Implicitly,
these particles were assumed to exhibit a somewhat hierarchical Yukawa structure as
present in the Standard Model, where in particular the couplings to first generation
fermions could be neglected. In this work, we extend the HiggsBounds functionali-
ties to go beyond these restrictions, thus making the code applicable to any neutral or
charged BSM scalars. Moreover, we develop a new approach to implement experimental
searches whose kinematic acceptance depends significantly on the values of the involved
couplings. We achieve this by recasting the searches to general scalar models. Using
this approach we incorporate relevant current experimental limits from LHC searches
for exotic scalars, and present the implications of these limits for a dark matter scalar
mediator model, a flipped Two-Higgs-Doublet Model and a supersymmetric model with
R-parity violation.
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1 Introduction

The Higgs boson discovered at the LHC in 2012 is the first observed potentially elementary
particle with spin-0, i.e., a scalar boson. In the Standard Model (SM) of particle physics,
this scalar boson arises from augmenting the theory with a scalar SU(2); doublet field
and associated renormalizable and gauge-invariant terms in the scalar potential. For a
specific constellation of the scalar potential parameters the Higgs mechanism leads to a
spontaneous breaking of the electroweak (EW) symmetry and provides masses to the W=
and Z bosons. The detection of the Higgs boson is thus a crucial sign that this theory is at
least approximately realized at the currently probed energy scales.

While the Higgs mechanism in the SM provides a plausible explanation for the broken
EW gauge symmetry and the massiveness of its associated gauge bosons, both observational
and theoretical puzzles — for instance, the presence of dark matter (DM) in our Universe,
the quantum description of gravity, and the naturalness (or hierarchy) problem — remain
unsolved in the SM framework, and thus motivate the postulation and experimental search
for new physics beyond the SM (BSM).

Many of such BSM theories postulate the existence of additional scalar particles. A prime
example is Supersymmetry (SUSY) [1-3] which introduces a new scalar boson for every SM
fermion, leading to a plethora of new spin-0 states. Other models simply extend the SM
scalar sector by additional scalar SU(2), doublet or singlet fields, leading, for example, to the
Two-Higgs-Doublet-Model (2HDM) [4, 5]. Yet another approach are simplified BSM models,
in which only a minimal particle content is introduced to address a particular problem. For
instance, addressing the DM problem, one may only postulate the existence of a stable
DM candidate particle and a mediator particle that interacts both with the DM and SM
particles [6]. This mediator could e.g. be a neutral gauge boson (“Z’ boson”) of a new gauge
symmetry, or simply a new scalar particle.

The ATLAS and CMS experiments at the LHC follow various strategies to search for
these additional scalar particles. In SUSY — under the additional assumption of conserved
R-parity or proton hexality |7] — the new supersymmetric particles can only be produced
pairwise at the collider, and would then decay (possibly via cascades) into the lightest
supersymmetric particle (LSP), which is electrically neutral and stable, thus escaping the
detector unseen. SUSY searches, therefore, typically look for inclusive production of highly
energetic objects (leptons, jets) associated with a fairly large amount of missing transverse
energy (MET) (see Refs. [8H10] for an overview of current searches). LHC searches targeting
BSM models with an extended Higgs sector usually look for single production of a new scalar
boson which either decays directly to SM particles (t£, bb, 777~, p*u=, WW~=, ZZ, v,
etc.) or to final states containing also other scalars (often including the discovered Higgs
boson). The third class of BSM models mentioned above — the simplified DM models —
are often targeted by searches for a single highly-energetic object (jet, Z-boson, or Higgs
boson, hya5) which recoils against the produced DM particles. The DM particles escape the
detector and lead to MET [11].

Thus far, all these searches have not found any significant deviations from the SM back-
ground expectation. The results are, therefore, presented as upper limits on the signal cross
section — which rely on fairly modest model assumptions, e.g. the spin and CP property
of the involved new particle(s), specific coupling relations, or the decoupling of other BSM



particles — or as excluded parameter regions within specific BSM benchmark models. While
the cross section limits can be applied directly to models that feature the same process with
particles that fulfil the same assumptions, exclusion regions in BSM benchmark models can
generally not be re-interpreted within different models. Therefore, if the model under study
does not strictly fulfil all the assumptions underlying the presented search limit, a painstak-
ing recasting analysis based on detailed Monte-Carlo (MC) simulations is often needed in
order to estimate the sensitivity of the search and to derive a corresponding upper cross
section limit on the alternative signal process. Naturally, such a recasting analysis cannot
be as accurate as if the alternative signal process was directly analysed by the experimental
collaboration. Ideally, the experimental collaborations would provide limits for all possible
signal processes and parameter constellations their search is sensitive to, or, alternatively,
provide additional information on how efficiencies and signal acceptances change under differ-
ent model assumptions. Of course, resources and manpower of the experiments are limited,
and the number of potentially relevant alternative signal processes can be large, rendering a
complete coverage of all model-interpretations unrealistic in most cases][]

Several tools have been developed over the years to facilitate the assessment of the ex-
perimental validity of a new physics model, given the latest experimental limits from LHC
searches. One such tool is HiggsBounds [13H18] allowing to test extended Higgs sectors
against upper limits from BSM Higgs searches. In this work, we present an extension of
HiggsBounds that enables the program to test scalar particles that have quite different
properties (to be quantified in detail later) than normally expected of BSM Higgs bosons.
While for most BSM Higgs models the additional scalar particles couple only weakly to first
and second generation quarks, this is not a necessity in generic scalar extensions of the SM.
For specific high-energy models accommodating scalars with large first and second genera-
tion quark couplings see e.g. Refs. |19, 20]. Moreover, we test models involving quark-flavor
and lepton-flavor violation.

First, this requires an extension of the HiggsBounds framework that handles the model
predictions, in which hadronic cross sections are approximated from internal fit functions
and effective couplings provided by the user. Second, new types of LHC search results had to
be implemented. In particular, we considered limits from di-jet resonance searches |21-27|,
searches for di-jet resonances in association with an energetic photon [28| or lepton [29], and
di-lepton resonance searches [30-34].

The ATLAS search for di-jet resonances in association with a photon from initial state
radiation (ISR) is targeted to models with a Z’ boson. In order to make the limit applicable
to scalar resonances we perform a detailed MC recasting analysis and derived cross section
and signal acceptance functions for various constellations for the scalar-quark-quark cou-
plings. All these results are incorporated in HiggsBounds in the form of simple fit formulae
allowing the user to derive accurate and fast limits without running any MC generation
himself. We describe our recasting analysis in detail in order to highlight important param-
eter dependencies and to motivate and guide the experimental collaborations to provide a
corresponding signal interpretation in upcoming searches.

We demonstrate the extended HiggsBounds features and the impact of the newly imple-
mented search limits in three exemplary model applications: first, a simplified DM model

'Recommendations for the publication of experimental results have recently been put forward in Ref. [12]
as a guide to enable the maximal use of the experimental results.



with a scalar mediator particle (“scalar DM portal model”); second, a 2HDM with large
Higgs—b-quark couplings; third, we discuss the case of resonant scalar lepton (slepton) pro-
duction and decay in SUSY models with R-parity violation.

This paper is organized as follows: In Section [2| we discuss the generic scalar model we
use for the implementation of all relevant di-jet and di-lepton searches. The implementa-
tion of these searches is then discussed in Section |3 with a special focus on the di-jet plus
photon search of Ref. [28] in Section In Section , we discuss a simplified DM portal
model, the 2HDM, and the R-parity violating MSSM as exemplary model applications. The
conclusions can be found in Section Appendix [A] provides details on the validation of
our implementation of the ATLAS di-jet plus photon search and Appendix [B] documents the
new HiggsBounds routines implemented in the course of this work.

2 Generic scalar models

For the implementation of the di-jet and di-lepton limits, we employ generic scalar models.
While these models are not meant to be complete BSM models, they are designed to allow
for all relevant interactions.

For a neutral scalar S, we use the following generic scalar model,

1 1
'CS = 58“;98#5 — 5m%5’2 (1)
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where the second and third line encode the couplings of S to up-type and down-type quarks.
The couplings g,; are the CP-even Yukawa couplings to quarks; the couplings g,;; are the
CP-odd Yukawa couplings to quarks. Note that we also allow for quark-flavor violating
interactions. Similar to the quark couplings, we write down the couplings to leptons in the
third line of Eq. parameterized by the couplings g,;; and gg,; allowing for lepton-flavor
violation.

The analogous generic scalar model for a charged scalar S* reads

Lse = 0,50"ST — m2. 85T (2)
1

~ 5 2 lalensPrt g Pe ST b el

+ ...,

i=u,c,t;j=d,s,b

where Pr, r are the left- and right-handed chirality projection operators. The second line of
Eq. encodes the interaction of the charged scalar with quarks allowing again for quark-
flavor violation. The ellipsis in the last line of Eq. stands for interactions of S* with
other SM particles (e.g. with a photon) or other BSM particles.



The general scalar model of Egs. and ([2)) is available as FeynRules model file [35-37].
This implementation is based on the DMsimp s spini UFO model [38]. The model file is
available as ancillary file accompanying the present paper.

3 Implemented searches

In this Section, we discuss current experimental searches for BSM resonances decaying to
di-lepton or di-jet final states. We implement all searches that either directly provided cross
section limits or at least gave efficiencies for scalar resonances. Additionally, we use MC
simulations in the generic models of Section [2to obtain and tabulate the required efficiencies
for scalar resonances in several models where they were not provided by the experiments.

3.1 Di-lepton final states

Higgs bosons decaying into 777~ are among the most sensitive signatures in searches for
models with extended Higgs sectors. As such, the existing searches in this channel, in-
cluding the most recent CMS [39] and ATLAS |[31] limits were previously implemented in
HiggsBoundsE]

In contrast, decays into ete™ and pup~ pairs are strongly suppressed by their small
masses for Higgs-like particles. While some searches involving p* ™ final states [40-H45] were
already implemented in HiggsBounds, e*e™ signatures were not previously included at all.
To allow implementing e*e™ searches in HiggsBounds, we extend the input framework to
include this decay mode, see Appendix B for details. This extension allows us to implement
the latest ATLAS di-lepton resonance search [30] which covers a huge, previously largely
uncovered mass range from 250 GeV to 3000 GeV including finite width effects of up to 10 %
of the resonance mass. The limit is set on a fiducial cross section and the required selection
efficiencies for spin-0 resonances are available as auxiliary material in the analysis.

Limits on lepton flavor violation had previously only been implemented as limits on
BR(hi95s — eu/er/ut) |46, |47]. We extended these by the latest lepton flavor violating
resonance searches by ATLAS [32] and CMS |33, [34] that all provide useable cross section
limits for scalar particles.

For an overview of the newly implemented di-lepton searches see Table [1]

3.2 Di-jet final states

Searches for di-jet resonances probe the highest masses accessible at the LHC. For scalars
with a SM-Higgs-like coupling structure, they are typically not very sensitive, since at high
masses the decays into top-quarks usually far outweigh those into light quarks and gluons.
An exception are di-b-jet final states, which are commonly probed in searches for bb — H —
bb 48, 49]. This signature can be particularly sensitive to e.g. the high tan 3 regions of type
IT (e.g. MSSM) or flipped Yukawa sectors. However, di-b-jet searches are also carried out
independently from dedicated Higgs searches, and we have implemented additional results
from both ATLAS [22] and CMS [26]. Furthermore, ATLAS performed a di-jet — including

2These 77 limits are implemented as exclusion likelihood profiles, see Ref. |18] for details.



Channel Experiment /s [TeV] Luminosity [fb™'] Ref.

pp — X — ete” ATLAS 13 139 [30]
pp— X — putp~ ATLAS 13 139 [30]
pp — X — eu,er,ur  ATLAS 13 36.1 [32]
pp— X — e CMS 13 35.9 [33]
pp — X — ut, et CMS 13 35.9 [34]

Table 1: List of experimental searches for BSM resonances decaying into a di-lepton final
states newly implemented into HiggsBounds.

Channel Experiment /s [TeV] Luminosity [fb™'] Ref.
pp— X — bb ATLAS 13 36.1 [22]
pp — X — bb CMS 13 35.9 [26]
p—X+y—jj+y  ATLAS 13 79.8 28]
pp— X =37 +1 ATLAS 13 139 [29]

Table 2: List of experimental searches for BSM resonances decaying into a di-jet final
states newly implemented into HiggsBounds.

di-b-jet — resonance search for a resonance produced in association with a ~ from initial
state radiation [28]. While the CMS di-b-jet result includes a useable interpretation for a
scalar produced in either gluon fusion or bb-associated production, the two ATLAS results
instead set limits on o - A - € for a Gaussian resonance. To implement these limits, the
acceptances A and efficiencies € for a particular signal model need to be derived from Monte-
Carlo simulations. In Section[3.3] we discuss this procedure in detail for the di-jet + ~ search.
The acceptances for the bb search [22] were obtained analogously to the more complicated
case described in Section [3.3.21

Most searches for di-jet resonances that target gluon and light-quark jets — with the
current strongest in different mass ranges being |21} |23-25|, [27] — only provide limits on a
Gaussian resonance and no useable signal acceptance information for scalar signals. In prin-
ciple, all of those searches could be implemented in HiggsBounds by deriving acceptances
from Monte-Carlo simulations. However, this would be a considerable amount of work, in
particular since most of those searches include finite-width effects. We, therefore, have not
implemented those searches at this time, but strongly encourage the experimental collabo-
rations to provide scalar acceptances — in a similar way as derived in Section [3.3.2] — for
di-jet searches in the future.

Finally, ATLAS has also set a limit in the di-jet+/¢ final state [29] that includes an
interpretation as pp — tb(H* — tb). We have implemented this limit. It is, however,
strictly weaker than the dedicated charged Higgs search [50] in the same channel and using
the same dataset.

All newly implemented searches in di-jet final states are summarized in Table [2]
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Figure 1: Feynman diagrams for di-jet production via a scalar resonance in association
with initial-state photon radiation.

3.3 ATLAS search for di-jet final state in association with initial-
state photon radiation

In this Section, we discuss the implementation of the ATLAS search for a BSM resonance
decaying into a di-jet final state with initial-state photon radiation [28]. While the imple-
mentation of most other searches listed in Tables [1| and [2| is comparably straightforward,
the implementation of the di-jet plus photon search requires a dedicated effort.ﬂ In Ref. [2§]
cross sections, acceptance, and efficiency values are only given for a simplified Z’ model, in
which the Z’ couples to five lightest quarks with equal strength.

In order to make this experimental search usable within HiggsBounds (i.e. within the
generic scalar model presented Section [2| see also the corresponding Feynman diagrams in
Fig. , we need to derive the following dependencies of the cross section, the acceptance,
and the efficiency:

e Dependence on the different scalar-quark-quark couplings.

While in Ref. |28] the resonance with universal couplings to all quarks (except the top
quark) was considered, we want to allow for a non-universal coupling structure and
also take into account quark-flavor-violating couplings.

e Dependence on the electric charge of the resonance.
While in Ref. [28] the considered resonance was assumed to have no electric charge,
we want to consider also the case of an electrically charged resonance allowing for the
radiation of the photon from the resonance itself (see right diagram of Fig. [I).

e Dependence on the spin character.
While in Ref. 28] only the example of a spin-1 resonance is discussed, we want to
implement the case of a spin-0 resonance.

e Dependence on the CP character of the decaying resonance.

While the spin-1 resonance considered in Ref. |28] was considered to have only CP-odd
couplings, we want to allow for CP-even and CP-odd couplings of our spin-0 resonance.

3The implementation of the ATLAS di-b-jet search [22] required a similar albeit simpler effort. No cross
section fit was needed and the acceptance fit — which was performed fully analogously to what is described
in this section — was considerably simplified as only one final state needed to be considered.
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Figure 2: Cross section of quark-initiated scalar production in association with a photon.
Left: neutral scalar. Right: charged scalar (summing the positive and negative charged
scalar cross sections).

In principle, a separate Monte Carlo simulation and a subsequent event analysis, reproduc-
ing the experimental analysis, has to be run for every parameter point and every possible
quantum numbers of the resonance. This is not feasible for large parameter scans as they
are often performed with HiggsBounds. While for the detector efficiency, we employ the
values given in the auxiliary material of Ref. [28|[] more work is needed to work out fit
functions for the cross section and the acceptance encoding the dependencies on all relevant
parameters.

3.3.1 Fitting the cross section

For evaluating the cross section for di-jet production in association with a photon, we employ
MadGraph5_aMC@NLO 2.7.0 [51] using the NNPDF3.0 LO PDF set [52]. As model file, we
employ the UFO version [36] of the models presented in Section [2, which we generated using
FeynRules.

Using this setup, we obtain the cross section for scalar production in association with a
photon at leading oder (LO)E| as a function of the resonance mass and its couplings to quarks.
We calculate this cross section for multiple parameter points deriving simple fit formulas
which we then implement into HiggsBounds. Within HiggsBounds, this cross section is then
multiplied by the branching ratio of the scalar resonance to a di-jet final state.

In Fig. [2, we show exemplary cross-section results. In the left panel, the cross-section for
quark-initiated neutral scalar production in association with a photon is shown in dependence
of the resonance mass. The scalar particle is assumed to have only one non-zero coupling
to quarks. The non-zero coupling, which we set to one, is indicated in the plot legend. The
cross section is highest if the quarks to which the resonance couples are abundant in the

4Here, we follow a recommendation from members of the ATLAS collaboration, which performed the
analysis of Ref. [2§].

°In principle, a NLO QCD calculation of the cross section would be possible with MadGraph5 by extending
the UFO model. We only consider the LO cross section, however, both for simplicity and for consistency
with the acceptances that we want to validate against the LO results given in Ref. |28].



Criterion Single-photon trigger Combined trigger
Number of jets Njets > 2

Number of photons Ny > 2

Leading photon EJ > 150 GeV E} > 95 GeV
Leading, subleading jet ;t > 25 GeV ;t > 65 GeV
Jet centrality lv*| = |ly1 — y2|/2 < 0.75
Invariant jet mass mj; > 169 GeV mj; > 335 GeV

Table 3: Cuts applied after trigger selection.

Criterion ‘ Inclusive b-tagged
Jet [t | [Pt < 2.8 || < 2.5
b-tagging - Np-tag = 2

Table 4: Cuts applied to distinguish inclusive and b-tagged signal regions.

initial-state protons — i.e., if no PDF suppression occurs — and if up-type quarks, which
have a higher electrical charge, are involved. Consequently, the cross section is highest if the
resonance couples to up quarks (blue) reaching values of up to ~ 60 pb for Mg = 225 GeV,
closely followed by the cross section for a resonance coupled to up and charm quarks (purple).
All other cross sections are significantly lower. E.g., the cross section for a resonance coupled
to down quarks (orange) is reduced by a factor of ~ 5 in comparison to the up-quark-induced
and up-charm-quark-induced processes.

The behavior is quite similar for the production of a charged scalar in association with
a photon (see right panel of Fig. . The overall size of the cross sections is comparable to
the neutral scalar cross sections. The up-down-quark induced channel has the highest cross
section reaching values of up to ~ 10.5 pb for Mg = 225 GeV.

3.3.2 Fitting the acceptance

To derive the analysis acceptance, we implement the analysis cuts of Ref. [28] into the
MadAnalysis5 (MAS) framework [53H56]| For the event generation, we employ the same
setup as in Section [3.3.1] To emulate the detector effects, we smear the invariant mass
distribution of the final-state jets by the detector mass resolution as given in the auxiliary
material of Ref. [28].

The analysis has been performed using two distinct data sets recorded using two different
triggers:

e a single-photon trigger requiring at least one photon candidate with E% > 140 GeV,

and

trig

e a combined trigger requiring at least one photon candidate with E% > 85 GeV and

two jet candidates, each with py > 50 GeV.

trig

The single-photon trigger is used for signal masses from 225 GeV to 450 GeV; the combined
trigger from 450 GeV to 1100 GeV.

6The analysis code will be made publicly available as part of the MA5 public analysis database.



The photons and jets used within the actual analysis are then defined using stricter
requirements. The photons are required to fulfill

e 17| < 2.38 excluding 1.37 < 7| < 1.52,
e £ >95GeV, and
e tight identification and tight isolation criteria [57-59].

Jets are reconstructed using the anti-k; algorithm |60] with radius parameter R = 0.4. After
reconstruction, jets are required to fulfill

o [ <28,
o ' > 25 GeV, and
e a jet within AR = 0.4 of a photon is removed.

Based upon these objects a series of selection cuts is applied to the events passing the trigger
selection. These are summarized in Table [3| In addition, the selections based on the single-
photon and the combined trigger are further subdivided into an inclusive and a b-tagged
signal region by applying the cuts displayed in Table

We validated our analysis by comparing to the example numbers given in Ref. [28| for
the simplified Z’' model. More details can be found in Appendix [A]

For our present paper, it is, however, more appropriate to employ the limits for a generic
Gaussian resonance given in Ref. [28] instead of the limits given for the simplified Z’ model.
Correspondingly, we follow the procedure outlined in App. A of Ref. [61]: Instead of retaining
the full tail of the m;; distribution (see Table [3), all events with a m;; value between 0.8/
and 1.2M are selected where M is the signal mass. The mean mass for the events within
this interval is then used to read off the limit from the results given in Ref. [28].

Using this analysis setup, we can derive the acceptance as a function of the resonance
mass and the resonance’s couplings to quarks. Since the simplified models as defined in
Eqgs. and involve a relatively high number of free parameters, it is quite costly to run
the MC generation and analysis chain for a sufficient number of parameter points in order
to derive a fit formula for the acceptance in dependence of all relevant parameters. To avoid
this, we first checked whether the acceptance depends on the CP character of a neutral scalar
resonance, or in case of a charged resonance on the chirality of its couplings to quarks. We
find that these dependencies can be neglected (finding variations of < 0.1%).

As a further simplification, we make use of the following observation: For almost all
analysis cuts, the dependence on the flavors of the final-state quarks can be neglected.
Therefore, the cut efficiencies can be approximated by a function depending only on the
initial-state quark flavors. The only exceptions are the m;; cut as well as requirement of two
b-tagged jets in the case of the b-tagged signal region. These cuts can be approximated by
a function depending only on the flavors of the final-state quarks while the dependence on
the flavors of the initial-state quarks can be neglected.

This approximate factorization can be written down in the form

Aincl—SR(m57 q1,42, 43, Q4) ~ Ainitial<m57 qi, Q2) ' Amjj (MS7 qs, q4)7 (3)
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Apsr(ms, q1, ¢, @3, a) =~ Aincisr(ms, ¢1, 92, 43, Ga) - Abtag(Ms, @3, qa), (4)

where A;,..sr is the acceptance of the inclusive signal region and A, sg the acceptance of the
b-tagged signal region. Ajniial is the cut efficiency of the initial cuts (excluding the m;; and
the b-tagging cuts); A,,;;, the cut efficiency of the m;; cut; and, Ay, is the cut efficiency
of the b-tagging cut. ¢; and ¢o are the initial-state quarks; ¢3 and ¢4, the final-state quarks
(see also Fig. [I)).

We cross-checked the approximation of Egs. and for several examples points by
directly evaluating the values for A;,q.sr and A, sg finding absolute deviations of < 0.3%.

The functions Aincl-sr, Am;;» and Ap.iag are then fitted by performing MC event generation
and analysis for parameter points with different mass and coupling values. Since each of the
functions depends only on two quark flavors — or equivalently on one scalar-quark-quark
coupling (see Egs. and ) — far less parameter points have to evaluated in comparison
to fitting the functions A;,q.sg and Ay.gr directly.

We display some of the resulting acceptance fits in Fig. [l For this Figure, we assume
that the resonance couples to only one type of quark pairs (as shown in the plot legend)
corresponding to only one coupling in Eq. being non-zero. Note, however, that our
implementation also fully supports the situation in which the initial-state quark pair is
different from the final-state quark pair. The vertical dashed lines at Mg = 450 GeV mark
the transition from the single-photon to the combined trigger. The markers denote points for
which we produced MC samples. The uncertainty bands denote the corresponding statistical
uncertainty. The colored lines represent the derived fit functions.

In the upper left panel of Fig. [3] the acceptances of a neutral scalar resonance in the
inclusive signal region are shown in dependence of the resonance mass. While the acceptance
is relatively low (~ 1 — 2%) in the single-photon-trigger region, it increase to up to ~ 8%
in the combined-trigger region. As a consequence of the different PDFs for different quark
flavors, the acceptance for uu-initiated neutral scalar production (blue curve) is up to ~ 3%
higher than e.g. the acceptance of the bb-initiated channel (gray curve).

In the upper right panel of Fig. |3| the acceptance of a neutral scalar resonance in the
b-tagged signal region is shown. As a consequence of the b tagging, the acceptance is non-
zero only for a bb final state. Due to the tighter cuts on the pseudo-rapidity of the jets, the
acceptance is slightly reduced in comparison to the one of the bb-initiated channel in the
upper left plot of Fig. [3]

The acceptances for a charged scalar resonance in the inclusive signal region are shown
in the bottom panels of Fig. [3] While the overall behavior closely resembles the behavior of
the acceptances for a neutral scalar resonance, the overall acceptance values are reduced by
~ 1—2%. This a consequence of the cuts being optimized for a neutral resonance not taking
into account the possibility of the photon being radiated by the resonance itself (see right
panel of Fig. . Since the charged resonance can not decay to two bottom quarks, it does
not contribute to the b-tagged signal region. Due to charge asymmetry of the proton’s quark
content, the acceptances for a negatively charged scalar (see bottom right panel of Fig.
are slightly smaller than the acceptances of for a positively charged scalar (see bottom left
panel of Fig. [3).

As already mentioned above, we require the mean invariant mass for all events with a
mj; value between 0.8M and 1.2M, where M is the signal mass, as an additional input
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Figure 3: The acceptance of the ATLAS search for a resonance with a di-jet final state
produced in association with a photon. For this Figure, the scalar resonance is assumed
to couple to only one type of quark pair (see legend). Upper left: Acceptance of a neutral
scalar resonance in the inclusive signal region. Upper right: Acceptance of a neutral scalar
resonance in the b-tagged signal region. Bottom: Acceptances of a charged scalar resonance
in the inclusive signal region.
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for applying the limits for a Gaussian resonance derived in Ref. [28|. Following the same
procedure as for the acceptance, we fit this mean mass as a function of the initial-state
quarks and the signal mass. The derived formulas are implemented into HiggsBounds and
used to apply the Gaussian limits presented in Ref. [28].

4 Model applications

In this Section, we discuss four model applications for the HiggsBounds extensions discussed
in Section [3} constraints on a scalar particle mediating between SM and DM particles,
constraints on BSM Higgs bosons with a non-SM like Yukawa coupling structure within
a 2HDM framework, and constraints on the sneutrino and slepton sectors in the R-parity
violating MSSM. We want to emphasize that the presented applications are exemplary
applications and that the implemented searches can also be used to constrain other models.

4.1 Scalar Dark Matter portal model

As a first exemplary application for the extensions of HiggsBounds discussed in Section [3] we
consider a scalar DM portal model, in which a neutral scalar mediates interactions between
the SM particles and the DM particles. More concretely, we focus on a model which was
used in Ref. [62] for the interpretation of mono-jet plus missing transverse energy searches.
In this model, a pseudo-scalar mediator directly couples to all quarks (except the top quark)
with an universal interaction strength g,. In addition, it couples to fermionic dark matter
with the interaction strength g,,.

We choose this model as an example in order to highlight the interplay of mono-jet
searches — as performed in Ref. [62] — and di-jet searches — as discussed in Section [3|
Since a recasting of the mono-jet search of Ref. [62] would be beyond the scope of the
current paper, we choose the same DM mass as in Fig. 7a of Ref. [62] (i.e. 1 GeV).

This choice allows us to display the mono-jet limits of Ref. [62] and the di-jet limits
as implemented in HiggsBounds in the same plot (see Fig. . In this plot, the collider
constraints are shown in the (mg, g, ) parameter plane, where mg is the mediator mass. The
coupling of the mediator to quarks, g,, is set to 0.5. While the mediator is always produced
via a di-quark initial state controlled by the coupling g,, the relative strength of its decays
into two quarks and two DM particles depends on the relative size of g, and g,. The resulting
branching ratio into DM particles is shown as gray contours in Fig. |4 While this branching
ratio is below 10% for g, < 0.65, it lies above 90% for g, 2 6.

Correspondingly, the mono-jet plus missing transverse momentum search of Ref. [62]
limit (light green area) excludes the area of g, 2 2 and mg < 370 GeV. The sensitivity of
this searches decreases rapidly for higher mediator masses. As a complementary constraint,
the di-jet plus photon search of Ref. [28] excludes the area below the red curve — i.e., the
region of g, < 3 for mediator masses between 225 GeV and 1100 GeV. The light (dark) blue
regions indicate the area in which the inclusive (b-tagging) signal region of Ref. |28| is most
sensitive[]

"For statistical consistency, HiggsBounds only applies the limit that yields with the strongest expected
exclusion limit for each BSM particle and parameter point. See Ref. [18] for details.
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Figure 4: Collider constraints on scalar dark matter portal model in the (mg, g) param-
eter plane for g, = 0.5. The blue coloured areas indicate which di-jet search is expected to
be most sensitive. The green colored area is excluded by the ATLAS mono-jet plus miss-
ing energy search of Ref. [62]. The area below the red curve is excluded by the ATLAS
di-jet plus photon search . The gray contours indicate the branching ratio of the scalar
mediator S into invisible particles.

The results shown in Fig. 4| demonstrate the complementary of mono- and di-jet searches
for new resonances and the importance to provide a unified interpretation framework allowing
to explore this complementarity:.

4.2 Two-Higgs-Doublet model

One model where the impact of di-b-jet searches is known to be large is the Two-Higgs-
Doublet Model (2HDM) with a flipped Yukawa sector. For a flipped Yukawa sector, the
effective fermionic couplings of the non-SM-like neutral Higgs bosons H and A normalized
to the respective couplings of the SM-like Higgs boson scale as

- 1

c(H/Auu) o tL c(H/Add)  tan 3, c(H/ALTI7) vl

anf3’ (%)
if the Higgs at 125 GeV becomes SM-like. These effective couplings are independent of the
fermion generation.

To demonstrate the impact of di-jet searches, we choose a simplified 2HDM parameter
plane, where we only consider the heavy CP-even neutral scalar H. We assume that sin(/5 —
«) = 1, which puts the light CP-even neutral scalar h into the exact alignment limit so that
it can easily accommodate the SM-like properties measured for the Higgs at 125 GeV. We
then vary tan S and mpy through a large range and use 2HDMC linked to HiggsBounds to
obtain and test the model predictions for the different parameter values

8We set the masses of all other Higgs bosons to 2 TeV for simplicity, this has no impact on our results.
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Figure 5: Limits from searches for the heavy Higgs boson H in the flipped 2HDM in the
(mp,tan ) plane. The color code indicates the most sensitive limit for each parameter
point. The blue limits are Higgs searches in the bb — H — bb channel [48] , , while
the green limits are newly implemented di-jet searches in the bb , 26| and bb + v
channels. The resulting HiggsBounds upper limit on tan 8 is shown in red both for all
searches (solid line) and for dedicated Higgs searches only (dashed line). The hatched
region indicates where the narrow width approximation looses validity as I'9" /my > 0.25.

The results are shown in Fig. [f] For each parameter point, the color code indicates
which limit is most sensitive to the heavy BSM scalar H. The analyses indicated in blue are
previously implemented Higgs searches targeting the bb — H — bb channel , , while
the green analyses are the newly implemented di-b-jet and di-b-jet+y searches.
The red lines indicate the overall HiggsBounds 95 % C.L. upper limit on tan 3. The solid line
includes all Higgs and di-jet searches, while the dashed line only includes dedicated Higgs
searches. Finally, the hatched region indicates where I''$* > my /4, such that the narrow
width approximation is no longer applicable.

Let us now consider the impact of the di-jet searches in Fig. b in detail. At mpy <
200 GeV the low-mass di-b-jet search by CMS leads to a huge difference in the excluded
parameter region. The only dedicated Higgs search in this region was Ref. , which only
covers my > 100 GeV. Below that mass, the only existing limits at large tan 5 came from
LEP and the Tevatron , leading to the weak exclusion of the dashed line. The newly
implemented CMS di-b-jet limit, on the other hand, puts a very stringent upper bound on
tan g3, especially for very low mpy < 70 GeV, where it excludes the region down to tan 8 < 6.

For intermediate mass values, the exclusion is dominated by the newly implemented di-
b-jet+y limit . For my < 500 GeV the limit is comparable to the dedicated CMS Higgs
search . Which of the two is the most sensitive changes based on the precise mass and
— due to the width dependence of the bb + v limit — tan 3 value. For larger masses, the
bb + v limit becomes more dominant, with a significantly stronger resulting limit on tan 3.
On the one-hand, this behavior is not unexpected, since the bb+~ analysis uses ~ 80 fb™! of
data, while all other analyses use at most ~ 36 fb™'. However, especially for larger masses,
the bb + 7 search also benefits from the H + ~ production cross section, which falls off less

15



rapidly with increasing Higgs mass.

Out of the dedicated Higgs searches, Ref. [48| covers the highest masses, with a limit set
up until my = 1.4TeV. The limit arising from the di-jet search Ref. [22] is substantially
stronger already from my 2 1.3 TeV. However, both limits only exclude parameter points in
the hatched region, where the narrow width approximation is no longer applicable. Therefore,
at very high masses even with the newly implemented searches no physically meaningful limit
can be set.

4.3 R-parity violating MSSM

In the MSSM, the couplings of the scalar fermions are fixed by a small set of parameters. As
a consequence of R parity, these bosons always decay into a final state containing missing
transverse energy. If R parity is violated, however, the R parity violating couplings of scalar
fermions are essentially free parameters. Within the superpotential of RPV SUSY one can
find the terms,

Wrpv D € %)\ijL?L?Ek -+ )\;]kL?Q?Dk . (6)
Thus, the couplings of the sneutrinos and the sleptons are controlled by the parameters
Aiji — coupling a left-handed slepton to two leptons —, and )\;jk — coupling a left-handed
slepton to two quarks, where 4, j, and k£ are generation indices.

For a non-zero X' coupling, the respective sneutrino and slepton can be produced at the
LHC via a di-quark initial state. Moreover, the presence of this coupling allows the decay
into a di-jet final state. For a non-zero A coupling, the sneutrino can decay into two charged
leptons, whereas the slepton can decay to a neutrino and a charged lepton.

In Fig. @ we display four exemplary parameter scans in which the two couplings ;i =
—Ajir and A are varied. We choose four scenarios that illustrate different production
channels and phenomenological signatures that could be covered by existing searches. The
top left plot in Fig. @We performed a scan over the two couplings Aso3 = —Aa33 and A5 ;. This
means that the 7 sneutrino, whose mass we choose to be at ~ 1 TeV f| can be produced via a
dd initial state and decays either to two jets or a muon and a tau lepton. The associated left-
handed stau can be produced via a ud initial state and decays into two jets or the leptonic
channel, uv, [

Two of the newly implemented searches discussed in Section [3| are sensitive to this sig-
nature: the ATLAS pp — S — u7 resonance search [32| and the ATLAS di-jet plus photon
search [28]. While the u7 search excludes the region of [\ ;| = 1072 and |Az23] = 2-1072, the
di-jet plus photon search allows to set an upper limit on |A\};;| of ~ 0.6 showing nicely the
complementarity between the different search channels. Note that here and in all the other

9We fix the corresponding soft SUSY-breaking parameter to be equal 1 TeV. The additional contributions
to the tau sneutrino and left-handed stau masses cause small deviations from 1 TeV of ~ 1 GeV. All other
SUSY particles are decoupled.

10T all of the RPV SUSY scenarios, the stau and the sneutrino share the di-jet decay mode and are very
close in mass — within the estimated mass resolution of any di-jet search — through the entire parameter
plane. Therefore, HiggsBounds treats them as unresolved in the di-jet channel and sums their predicted
rates when comparing to the di-jet limits, see Ref. [16] for more details.
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Figure 6: Limits from searches for a scalar resonance decaying to two jets or two leptons
in the R-parity violating MSSM. The color code indicates the most sensitive limit for each
parameter point. The red line indicates the exclusion limit set by HiggsBounds.
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scenarios, both the sneutrino and the — almost mass degenerate — associated slepton con-
tribute to the di-jet rates. This is what makes the limits from di-jet final states competitive
to the leptonic ones.

The top right plot of Fig. [6]shows the result of the scan of the two couplings As;1 = —Ai31
and Aj,;. In this case the tau sneutrino can decay into a pair of jets or a pair of electrons
while its production is caused by a sd (5d) initial state. The stau for this configuration is
produced mainly by ud (ud) initial state and its decay consists of a pair of jets or the pair
ete”. In this case the two most significant searches are the ATLAS di-lepton resonance
search [30] and the ATLAS di-jet plus photon search [28]. The highly sensitive eTe™ search
leads to stringent constraints down to [Ny, | = 3-107% and |A31;| = 5-1073. As a consequence,
the complementary di-jet plus photon search is only significant for large values of |\, | and
small values of |Az11].

The third scenario is shown in the bottom left plot of Fig. [0 in which we scan over
A21 = —A211 and M|y, In this case the lightest scalar fermions are the electron sneutrino
and the selectron. The electron sneutrino can be produced in this case by a 5s initial state
and decays into a pair of jets or a muon and an electron. In this case the selectron, that is
produced by the ¢5 (¢s) initial state, decays into a pair of jets or the pair ey. The two most
sensitive searches in this scenario are the ATLAS di-jet plus photon search [28] and the CMS
pp — S — ep resonance search [33|. In this case the electron muon search can set the next
bounds on the parameters |N5| = 1.5+ 1072 and |Aj91| = 3 - 1073,

The last scenario (bottom right plot of Fig. @ corresponds to a scan of the parameters
A122 = —A211 and Njg5. In this case the electron sneutrino decays into a pair of b-jets or two
muons while it could be produced via a bb pair. The selectron that decays into a pair of jets
or the pair pv,, can be produced by the initial state cb. In this scenario, the three most
sensitive searches are: the newly implemented ATLAS two b-jets plus photon search [28|
and ATLAS pp — S — pu search [30], and the previously implemented CMS bb — S — pju
search [42]. The CMS muon search is able to constrain |Ajg| = 1.5 - 107! while the ATLAS
di-muon search constrains |\j35] = 1.3 - 1071, It is interesting to see here why both searches
cover different areas in the (), \') parameter space. The CMS bb — S — pu search [42] that
is sensitive to small values of |Aj92| sets bounds on resonances up to a mass of 1 TeV. Higher
values of |\j25| make the physical mass of the sneutrino slightly greater than 1 TeV which
makes this search insensitive. When we reach this threshold the ATLAS pp — S — pup
search [30], which covers higher resonance masses, becomes the most sensitive search. In
this scenario we can see how the newly implemented searches are complementary to the
previous ones.

As we have shown in the four cases appearing in Fig. [6] the newly implemented searches
are quite sensitive and cover substantial parts of the parameter space of couplings. Our
extension of HiggsBounds thus enables a deep exploration of the sneutrino/slepton sector of

the RPV MSSM.
5 Conclusions

BSM scalars are a well-motivated target for LHC searches. Normally, new scalar states are
anticipated to have coupling structures similar to the SM Higgs boson. Many examples for
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BSM theories containing new scalar states exists, however, for which this is not the case. In
the present article, we presented an extension of the code HiggsBounds allowing to test such
scalars with a general coupling structure.

Besides extending the HiggsBounds input routines, we also implemented ATLAS and
CMS di-lepton and di-jet searches into HiggsBounds based upon generic scalar models.
While the implementation of the di-lepton searches is straightforward, we have developed a
new approach to implement limits with a non-trivial dependence on the involved couplings
(as it is the case for the implemented di-jet limits): By recasting the analysis results and
tabulating the acceptances and efficiencies as a function of all involved couplings in a generic
scalar model, we are able to evaluate limits for arbitrary BSM scalar models without the
need to run Monte-Carlo simulations for every parameter point. While this approach can be
applied to existing searches by the means of recasting, we encourage the experimental collab-
orations to directly provide the relevant acceptance and efficiency functions in a sufficiently
general simplified model, e.g. in our generic scalar models. This would significantly improve
the applicability of the experimental results without the need to re-implement the analysis
chain. Moreover, this would also allow for more precise limit setting, since it is normally
only possible to recreate the experimental analysis chain in an approximate manner.

Evaluating the acceptances and efficiencies in our generic scalar models also allows us to
judge the impact of some commonly used approximations when no applicable model inter-
pretations are available and recasting every parameter point is not feasible. As expected, we
have found that the acceptances for a scalar can differ significantly from those of a spin-1
boson, such that applying Z’ or W’ limits to scalar particles is an extremely crude approx-
imation. Additionally, we the acceptances for a scalar can vary significantly depending on
the specific initial and final state, such that scalar interpretations assuming flavor-universal
couplings only give a rough estimate of the true acceptances if flavor universality is not
fulfilled. While we only investigated scalar particles in this study, this conclusion should be
equally valid for spin-1 particles — e.g. in non-flavor-universal Z’ models — and we advise
caution when generalizing flavor universal limits to such scenarios.

We used the extended HiggsBounds version for several example applications. First, we
demonstrated the complementarity of di-jet and mono-jet limits for constraining simplified
DM models. As a second example, we investigated the impact of generic di-b-jet resonance
searches on the flipped 2HDM excluding parameter regions which are not yet constrained by
dedicated heavy Higgs searches. As a third example, we discussed constraints on sneutrino
and slepton couplings in the R-parity violating MSSM. While the newly implemented di-
lepton resonance searches set an upper limit on the product of sneutrino-lepton-lepton and
sneutrino-quark-quark couplings, the di-jet limits allow to set an upper bound on the slepton-
and sneutrino-quark-quark couplings regardless of the sneutrino-lepton-lepton couplings.

The presented extension of HiggsBounds provides a useful tool for constraining BSM
model containing scalars with an “exotic” coupling structure. All of the features described
in this paper are available from HiggsBounds-5.10.0 onwards, which is available at

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

In the future, we plan to apply the presented approach for implementing more complex
analyses into HiggsBounds also to other search targets like mono-jet plus missing energy
final states.
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A ATLAS search for di-jet final state in association with
initial-state photon radiation — validation

In Section [3.3] we describe the implementation of the ATLAS search for a di-jet resonance
produced in association with an initial-state photon into the MA5 framework. Here, we
validate this implementation.

For the validation, we use the same model as employed in Ref. [28]. L.e., we generate
MC events for a leptophobic Z’ resonance using the DMsimp s spinl UFO model [38]. As
in Ref. |28|, the Z’ resonance is assumed to have only axial-vector couplings to quarks with
a universal coupling strength g, (the coupling to top-quarks is, however, set to zero). All
couplings to other particles are set to zero.

Using the same setup as described in Section [3.3] we generate MC samples consisting out
of 10° events for two benchmark points (BPs):

1. BP1: mz = 250 GeV and g, = 0.2,
2. BP2: my = 550 GeV and g, = 0.2.

For these two benchmark points, we can compare our analysis to the ATLAS cut flow tables
which are given in the auxiliary material of Ref. |2§].

The comparison of the cut flow tables can be found in Tables [5l and [6] This table shows
the number of events remaining after each cut and the associated statistical uncertainty. We
reconstructed the initial number of events by dividing the final number of events by the total
acceptance values given in the auxiliary material of Ref. [28]Er] The columns marked by €
denote the cut efficiencies. The column denoted by & shows the deviation between the cut
efficiencies of Ref. [28] with respect to the MA5 implementation.

For BP1 employing the single-photon trigger (see Table , the cut efficiencies of our MA5
implementation are quite close to the numbers from Ref. [28]. Only the cut efficiency of the
initial trigger and cleaning step as well as the b-tagging cut deviate by more than 10%. The
numbers are, however, still well below the agreement level of under 30% recommended in
Ref. [53]. Also note that the total acceptance values are very close deviating by less than
0.1%.

1The final event number after the b-tagging step deviates from the number given in the auxiliary material
of Ref. [28]. The number given there also includes the efficiency of the b-tagging signal region.
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| ATLAS BP1 | MA5 BP1

Events 5 Events e 0%
Initial 7802.5 - 7802.5 - -
Trigger + Cleaning || 222.6 £2.4 0.03 | 193.8 3.8 0.03 129
Njets > 2 207.1 £2.3 093 | 1754 +£3.7 091 27
ny > 1 176.7 £ 2.1 0.85|162.1 £3.5 092 83
Lead 7 pr 1438 £ 1.9 0.81 | 136.2+3.2 084 32
Lead jet pr 1438 £ 1.9 1.00 | 136.2 £3.2 1.00 0.0
Sublead jet pr 143.8 £ 1.9 1.00 | 136.2 £3.2 1.00 0.0
ly*| < 0.75 1084 £ 1.7 0.75 | 1028 £2.8 0.75 0.1
Minimum my; 81.5+14 0.75| 77.2+£24 0.75 0.1
b-tagging 127+ 06 0.09| 101+£09 0.13 163

Table 5: Search for a di-jet resonance produced in association with a photon: cut flows
for BP1 comparing the MA5 event analysis as described in Section and the numbers
provided by ATLAS. For BP1, the single-photon trigger is employed.

| ATLAS BP2 | MA5 BP2

Events € Events e 0|%|
Initial 801.2 - 801.2 - -
Trigger + Cleaning || 101.0 = 0.8 0.13 | 114.1 = 0.9 0.14 13.0
Njets > 2 99.8 £ 0.8 0991099+ 09 096 24
ny > 1 90.9 £ 0.8 091 ] 8.7+£08 0.78 144
Lead 7 pr 88.6 £ 0.7 098 | 8.7£08 1.00 2.6
Lead jet pr 88.4+0.7 1.00| 8.4+08 1.00 0.1
Sublead jet pr 83.8 0.7 095| 794£08 093 1.9
ly*| < 0.75 585+ 0.6 0.70 | 549£06 0.69 0.9
Minimum m; 49.6 £ 0.6 085| 46,6 0.6 0.85 0.1
b-tagging 84+02 009| 70+£0.2 0.15 11.5

Table 6: Search for a di-jet resonance produced in association with a photon: cut flows
for BP1 comparing the MA5 event analysis as described in Section and the numbers
provided by ATLAS. For BP2, the combined trigger is employed.
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Figure 7: Comparison of the acceptance values given in Ref. |28] to the values derived
with our MA5 implementation. Left: inclusive signal region. Right: b-tagged signal region.

The agreement level is very similar for BP2 employing the combined trigger (see Table@.
While the cut efficiency of the number of photons cut deviates by more than 10%, all devia-
tions in the cut efficiencies are still well below 30%. Also the total acceptance values deviate
by less than 0.4%.

As an additional validation, we compare the total acceptance values for different My
masses given in Ref. [28] to our implementation. This comparison is shown in Fig. [7] In the
left panel — showing the acceptances for the inclusive signal region — the agreement with the
numbers given in Ref. [28| is very good for the single-photon trigger used for My < 450 GeV.
For heavier Z’' masses, for which the combined trigger is used, the agreement is slightly worse
with a maximum deviation of ~ 1%. For the b-tagging signal region, shown in the right panel
of Fig. [7, a very similar behavior is visible. The overall size of the acceptances is, however,
reduced by a factor ~ 5. The maximum deviation between the numbers given in Ref. |2§]
and our implementation amounts to ~ 0.2% for Mz = 950 GeV.

Given this level of agreement, we consider our MA5 implementation as validated.

B Applying HiggsBounds to exotic scalars: A User’s
Guide

In this Appendix we provide a brief documentation of the new functions and subroutines
that we added to HiggsBounds in HiggsBounds-5.10.0 to enable the application to neutral
and charged scalars with an exotic, non-Higgs-boson-like coupling structure. We refer to
Ref. |18] for the full documentation of the HiggsBounds-5 code.

B.1 Extension of the Theoretical Input Framework

We extended the standard HiggsBounds theoretical input framework both for the neutral
and charged scalars. The cross sections for exotic production channels at the LHC at 13 TeV
are parametrized as fit functions that take effective couplings as input, as described above.
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For neutral scalars, we therefore introduce two new input subroutine for the neutral scalar
couplings: First, the subroutine HiggsBounds_neutral_input_effC_firstgen, which takes
the couplings to first-generation fermions as input, which are defined as SM-Higgs-boson-
normalized quantities, to be in accordance with the standard HiggsBounds effective coupling
input:

Lonom = " s Flgos + ") f 0, (7)
f=u,d,e

with yy = my/v and v = 174.1 GeV. The up-quark, down-quark and electron masses are set
to m, = 2.16 MeV, my = 4.67MeV and m, = 0.511 MeV, respectively.

Second, the subroutine HiggsBounds_neutral_input_effC_FV takes the input for the
flavor-violating (FV) couplings to quarksF_Z] As these couplings vanish for the SM Higgs
boson, they are not normalized and defined as ¢, g from Eq. .

In the standard HiggsBounds framework the branching ratios for neutral Higgs bosons
can be approximated from the provided effective coupling through the rescaling of the cor-
responding partial width predictions from the LHC Higgs Cross Section Working Group
(LHC HXSWG). As these predictions do neither exist for first generation fermionic fi-
nal states, nor for flavor-violating fermionic final states, the corresponding branching ra-
tios (BR) have to be set directly as input. The input for the branching ratios of neu-
tral scalar boson two-body decays to first generation fermions and FV quark final states
can be provided via the new subroutines HiggsBounds_neutral_input_firstgenBR and
HiggsBounds_neutral_input_FVBR, respectively, see Table [7] for details.

For charged scalar bosons the effective couplings can be specified via the subroutine
HiggsBounds_charged_input_effC_fermions. These are defined as g4z, g4r from Eq. .
The branching ratios for charged scalar boson decays to fermionic final states ud, us, cd, ub,
ev and pv can be set via the subroutine HiggsBounds_charged_input_firstgenBR.

12T epton-flavor violating decay modes of neutral scalars are already accounted for in the standard
HiggsBounds input framework via the subroutine HiggsBounds_neutral_input_nonSMBR |[18].
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Subroutine name

Arguments

HiggsBounds_neutral_input_effC_firstgen

HiggsBounds_neutral_input_effC_FV

HiggsBounds_neutral_input_firstgenBR

HiggsBounds_neutral_input_FVBR

HiggsBounds_charged_input_effC_fermions

HiggsBounds_charged_input_firstgenBR

dp(N) ghjuu_s, dp(N) ghjuu_p, dp()V) ghjdd_s,
dp(/V) ghjdd_p, dp(/V) ghjee_s, dp(/V) ghjee_p

) ghjuc_p,dp(/V) ghjut_s,
) ghjct_s, dp(/V) ghjct_p,
') ghjds_p, dp(/V) ghjdb_s,
) ghjsb_s, dp(/V) ghjsb_p

dp(/V) ghjuc_s, dp(
dp(/V) ghjut_p, dp(
(N) ghjds_s, dp(
dp(V) ghjdb_p, dp(

N

N

dp N
N

dp(N') BR_hjuu, dp(/N) BR_hjdd, dp(/NV) BR_hjee

dp(N) BR_hjuc, dp(NV) BR_hjds, dp(/V) BR_hjut,
dp(N) BR_hjdb, dp(/V') BR_hjct, dp(/V) BR_hjsb

dp(M) hcjud_L, dp(M) hejud_R, dp(M ) hecjes_L,
dp(\[) hcjes_R, dp(M) hejtb_L, dp(M) hejtb_R,

dp(M ) hecjus_L, dp(M) hcjus_R, dp(M ) hcjub_L,
dp(M) hcjub_R, dp(M) hejed_L, p(l\[) hcjcd_R,
dp(M) hejeb_L, dp(M) hejcb_R, dp(M ) hejtd_L,
dp(M) hcjtd_R, dp(M) hejts_L, dp(M ) hejts_R

dp(M) BR_Hpjud, dp(M ) BR_Hpjus, dp()M ) BR_Hpjcd,
dp(AM) BR_Hpjub, dp(M ) BR_Hpjenu, dp(M ) BR_Hpjmunu

Table 7: Listing of all new HiggsBounds input subroutines. The subroutine arguments
(right column) are specified by their default name and their Fortran data type (gray font)
as double precision (dp) with array length quoted in parentheses. The number of neutral
and charged scalar bosons in the model are denoted by N and M, respectively.
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