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survives both the experimental and theoretical constraints is provided. In addition, the scope of

the LHC in exploring this model through the discovery of a charged Higgs boson that decays in

the tauonic mode is analysed. For this, various production channels were investigated, with em-

phasis on the boson-associated channel gg → Hi → H±W∓ and the fermion-associated channels

gb → H±t and gg → H±bt. For the latter, a signal-over-background analysis is performed.
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1. Introduction

After the Higgs boson discovery [1, 2], tests concerning the minimality of the Higgs sector of the

Standard Model (SM) assume a leading role in the present and future experimental programmes at

colliders. Among the various phenomenological investigations, searches for new scalar resonances

are generally considered a top priority, as they would directly probe the existence and the features

of non-minimal Higgs contents, possibly establishing connection with physics beyond the SM of

particles, e.g. a Minimal Supersymmetric Standard Model (MSSM) particle content.

Here, the popular option of an extended scalar sector containing two Higgs doublets is con-

sidered, i.e., the two-Higgs-doublet Model (2HDM) [3] is studied. If such a model is realised at

the TeV scale, it is well-known that one should expect the existence of exotic resonances such

as charged scalars to be probed at the Large Hadron Collider (LHC). In its general formulation

[4], a 2HDM allows for a mixing among CP-odd and CP-even components of the scalar parti-

cles. Furthermore, many realisations of the Yukawa sector are equally available. In particular, the

production of a charged Higgs of a 2HDM with mixed CP contents and a type-II Yukawa sector

(motivated by the MSSM-like structure), referred to as “CPV 2HDM type-II” [5], is investigated

in the context of the LHC run 2. Among the possible decay modes, the focus is set on the tauonic

decay, due to the fact that an interaction of the charged Higgs with the third generation leptons

would represent a striking probe of the Yukawa structure of such a model.

2. The Model

In this Section, the parametrisation of the CPV 2HDM type-II is described. As previously inti-

mated, the Higgs sector is defined by the presence of two Higgs doublets, with one (Φ2) coupled

to the u-type quarks, and the other one (Φ1) to the d-type quarks and charged leptons, in analogy

with the MSSM. The scalar potential is described as follows:
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where λ5 and m2
12 are complex parameters which trigger the mixing between CP-odd and CP-even

components [6]. Here, a softly-broken Z2 symmetry is assumed. Following the parametrisation of

[7, 8], the starting number of degrees of freedom is 8: 3 of them represent the would-be Goldstone

components of the massive gauge bosons, whilst the remaining 5 are indeed the physical scalar

objects of the theory: H1, H2, H3 and H±. The whole parameter space is described by 8 parameters:

tanβ (ratio of vacuum expectation values (VEVs) of the doublets), sinαi (mixing parameters, with

i = 1,3), M1 (mass of H1), M2 (mass of H2), MH± (mass of H±), µ (combination of Lagrangian

mass parameters and VEVs: µ2 = Re m2
12/(2cosβ sinβ )). (The mass of the third neutral Higgs

boson is determined by these parameters [5].) As a matter of fact, CP violation potentially modifies

the structure of the Higgs interactions, hence Yukawa couplings could also be affected.
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3. Parameter space

In continuity with [9, 10], updates on the surviving multi-dimensional type-II 2HDM parameter

space are given. The following theoretical (T) and experimental (E) constraints were considered:

T: positivity, tree-level perturbative unitarity, perturbativity, global minimum of the scalar po-

tential.

E: B → Xsγ , Bu → τντ , B → Dτντ , Ds → τντ , Bd,s → µ+µ−, B0 −B
0

(the SM predictions

for the flavour observables are obtained using SuperIso v3.2 [11]), Rb, pp → H jX (LHC

constraints), T and S (EW precision tests), Electron Electric Dipole Moment (EDM).

Although most of them remain unchanged with respect to the previous analysis, LHC constraints

received various updates. As a result of the frequent releases of experimental results, they are

treated with great caution. The signal strengths µγγ , µZZ and µττ are evaluated, and parameter

points violating any one of these by more than 3σ [12]1 are systematically excluded. The couplings

of H2 and H3 to WW are evaluated, and only parameter points corresponding to non-discovery

[13, 14] of such heavier states are kept. Even if a substantial prudence is taken into account, LHC

data are manifestly pointing towards an aligned scenario where the H1 is assuming more and more

SM-like Higgs features.

Having implemented these constraints, and using “physical” input in terms of mass parameters

and mixing angles as described in [5], selected discrete values of tanβ , M2, MH± , and µ , each with a

scan over 5 million trial sets of mixing angles, {α1,α2,α3} were sampled. In the next section, these

points are analysed with emphasis on the phenomenology of the charged Higgs in both hadronic

production and tauonic decay.

4. Production plus tauonic decay of a charged Higgs and significance at the LHC

In this Section, the phenomenology of the charged Higgs decaying in the τ + ντ mode is ana-

lysed in the framework of the LHC run 2. A certain level of automation was required, hence

the following available tools were exploited: the Lagrangian of the model was implemented in

LanHEP v3.1.9 [16]2; the calculation of cross sections and branching fractions as well as the

generation of events for the signal was done in CalcHEP v3.4.6 [17] with the CTEQ6L PDF

set [18]; the generation of the background events was performed with MadGraph5 aMC@NLO

v2.1.2 [19] employing the CTEQ6L1 PDF set; the event analysis was done with the package

Madanalysis 5 v1.1.11 [20].

The main experimental scenario considered is a hadronic collider with E = 14 TeV and L =

100 fb−1, according to the “LHC run 2” prototype. At the partonic level, the relevant charged

Higgs production channels in hadronic collisions are: qq′ → W± → H±Hi, gg → Hi → H±W∓

(boson-associated productions), gb̄ → H+t̄ (and charge conjugated) and gg → H+bt̄ (and charge

conjugated) (fermion-associated productions). The off-shell W -mediated production is subdomi-

nant in this context, thus the following treatment will focus on the three other channels.

1See the ATLAS and CMS TWiki pages for updates.
2The Higgs sector of the model was implemented in LanHEP according to the description in [15], while the Yukawa

sector was borrowed from [9].
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In general, the production rate is maximised when the mass of the charged Higgs MH± is

as light as possible. However, the limits from B → Xsγ [21] push the MH± of this model to be

greater than 380 GeV. This information leads to the choice of considering a charged Higgs mass in

the range 400 < MH±/[GeV]< 500. Then, configurations that reproduce a certain alignment were

preferred, e.g. choices like M2 ≃ µ ≃MH± , tanβ ≫ 1, sinα1 ∼ 1 and sinα2 ∼ 0. In this framework,

the analysis of the main three production rates plus tauonic decays was performed. The “boson-

associated” and the “fermion-associated” productions are separately presented in Figures 1 and 2,

respectively.
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Figure 1: Number of events produced via gg → Hi → H±W∓ → τνW vs M3 at a collision energy of

E = 14 TeV and a luminosity of L = 100 fb−1 for various benchmarks with MH± = 400 GeV (left plot) and

MH± = 500 GeV (right plot). Red circles indicate the points with the highest production rate.
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Figure 2: Number of events produced via pp → H±t(b)→ τνt(b) vs tanβ at a collision energy of E = 14

and a luminosity of L = 100 fb−1 for various benchmarks with MH± = 400 GeV (left plot) and MH± =

500 GeV (right plot). Red circles indicate the points with the highest production rate.
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In Figure 1, the expected number of events for the boson-associated production plus tauonic

decay is plotted against M3 in the framework of LHC run 2 for various choices of tanβ . The

maximum reach occurs when the latter is around tanβ = 7 and the production becomes resonant

with respect to H3, i.e. gg → H3 → H±W∓. In Figure 2, the expected number of events for the

fermion-associated production plus tauonic decay is plotted against tanβ , clearly showing that the

cross sections for such processes are almost independent from other parameters. For tanβ ≥ 10,

perturbative unitarity calls for a more compact spectrum and lower production rates [8].

α1/π α2/π α3/π tanβ M2 MH± Production

P1 1.42953 −0.01299 0.11118 7 400 400 Bosonic

P2 1.43129 −0.01909 0.18063 7 500 500 Bosonic

P3 1.48311 −0.01026 0.10666 10 400 400 Fermionic

P4 1.46942 −0.00928 0.13918 10 500 500 Fermionic

Table 1: Selected benchmark points. Masses are in GeV. µ is chosen ∼ M2.

The cross sections for the points with the highest production rate read as follows: for the

boson-associated production, if MH± = 400 (500) GeV, one has σ = 5.16 (1.74) fb; for the fermion-

associated production, if MH± = 400 (500) GeV, one has σ = 6.45 (2.83) fb. In Table 1, such points

are identified with a label and the related values of the parameters are collected.

Next, the significance of the fermion-associated signal is studied. The background mainly

consists of three final states: W + 3 j, t +W + j, and t +W , listed from the most to the least

relevant. For the case in which the final state includes more than 1 jet, the following cuts were

applied to ensure the convergence of the integration: p
j
T > 20 GeV, |η j|< 5 ∀ j, ∆R( j j)> 0.1 and

10<M j j/[GeV]< 180. The inclusive cross-sections are στν3 j = 3110 pb, σtτν j = 57 pb and σtτν =

4.52 pb. For the reconstruction of the signal, the final state was required to consist of 1 τ , N ≥ 3

jets of which exactly one is b-tagged, plus the following cuts were implemented: p
j
T , pτ

T > 40 GeV,
∣

∣η j

∣

∣ < 2.4 ∀ j, |ητ | < 2.3, ∆R( j j) > 0.5, ∆R(τ j) > 0.3 ∀ j, b(c)-tagging efficiency of 70% (20%)

[22], mistagging rate for light jets of around 1%, flat τ-tagging efficiency 25% [23]. Furthermore,

MET > 100 GeV was chosen to cut W → τν ,
∣

∣M j j −MW

∣

∣ < 30 GeV was imposed to select jets

stemming from a W ,
∣

∣M j j j −Mt

∣

∣< 30 GeV was set to reconstruct the intermediate t-quark. For the

MH± = 400 (500) GeV case, the peak was selected with a cut of 350 (450)< MT (τ)/[GeV]< 420

(520).

Despite the good efficiency of the strategic cuts, summing up the tbH± and the tH± modes

one obtains the following number of events for MH± = 400 (500) GeV: S = 9.3 (3.9), Btτν = 0.6

(0.1), Btτν j = 1.4 (0.2), Bτν3 j = 2.5 (1.2). This leads to a signal-over-background significance of

Σ = S/
√

S+B = 2.5 (1.7).

5. Conclusion

The production and tauonic decay of a CPV 2HDM type-II charged Higgs at the LHC run 2 was pre-

sented. The main production modes were analysed, and the significance of the fermion-associated

production was determined for chosen benchmark points, turning out to be below the discovery

threshold. For this, the studied production mode calls for either a luminosity or energy upgrade

[24]. The boson-associated case needs further study.
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