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Abstract
We analyse the signature of a light Higgs boson pair in the 2-Higgs Doublet Model(2HDM) Type-X (or

lepton specific) over the parameter spaces allowed by theoretical self-consistency requirements as well as the

latest experimental constraints from the Large Hadron Collider (LHC), precision test data and B physics.

Over the viable regions of the latter, wherein the Standard Model (SM)-like Higgs boson discovered at the

LHC in 2012 is the heavier CP-even state of the 2HDM, H, it is found that the SM-like Higgs boson can

decay into a pair of the lighter CP-even Higgs boson, h, via the processH → hh with a Branching Ratio (BR)

of 5% − 10% or so, (with 2mh < mH = 125 GeV). Furthermore, in the Type-X scenario, the lighter Higgs

bosons h can dominantly decay into two τ ’s due to a large tanβ. Therefore, the pair of lighter Higgs bosons

can altogether decay into a 4 τ final state. In order to suppress the huge SM background events, we confine

ourself to consider the fraction of signal events with two Same-Sign (SS) τ ’s further decaying into same sign

leptons while the other two τ ’s decay hadronically. By using Monte Carlo (MC) and Machine Learning

(ML) tools, we thus focus on the analysis of the signal process pp → H → hh → τ+τ−τ+τ− → ℓvℓℓvℓτhτh

(where ℓ = e, µ and τh means a hadronic decay of the τ) and explore the feasibility of such a search at the

LHC for a collision energy
√
s = 14 TeV and a luminosity 300 fb−1.
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I. INTRODUCTION

The LHC has played an irreplaceable role in our understanding of the microcosmic sub-

atomic structure, particularly with the discovery of a 125 GeV scalar particle by the ATLAS

and CMS experimental teams in 2012 [1, 2]. This was the last particle predicted by the

Standard Model (SM) and its properties measured in the above experiments are currently

consistent with the particle predicted by the SM at the 5σ level [3, 4]. To investigate the

Higgs sector at the LHC, wherein the presence of additional (pseudo)scalar particles might

exist, remains an intriguing task, particularly in new physics models with additional doublet

fields. Therefore, to discover extra Higgs bosons at the LHC is one of the prime targets of

Beyond the SM (BSM) signal searches.

One of the simplest extensions of the SM is the 2HDM, which contains two complex Higgs

doublets [5–7]. After Electro-Weak Symmetry Breaking (EWSB), there are three Goldstone

bosons, which are ‘eaten’ by the W± and Z bosons while the remaining five degrees of

freedom incarnate into physical Higgs bosons: two neutral CP-even scalars (h and H, with
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Mh<MH), one CP-odd pseudoscalar (A) and two charged Higgs states H± (with mixed CP

status).

In order to be consistent with the stringent experimental constraints from Flavour Chang-

ing Neutral Currents (FCNCs) at the tree level, typically, a Z2 symmetry is introduced into

the Yukawa sector such that each type of fermion only couples to one of the doublets of the

2HDM [8]. Depending on the Z2 charge assignments of the Higgs doublets, we can define

four basic scenarios, known as (Yukawa) Types. In the lepton specific scenario (or Type-X),

the extra Higgs doublet ϕ2 only couples to the lepton sector and not to the quark sector,

where the light Higgs boson mainly decays to ττ for the wide range of parameter spaces [9].

There have been several experiments for searching the SM Higgs exotic decays through

four fermion final states pp → H → XX → f1f2f3f4. Such process benefits from the large

cross-section of σ(pp → H), and the branching ratio of the SM-like Higgs exotic decay

Br(H → hh) could reach up to 10% in some BSM models. Motivated by the recent searches

for ττττ by CMS experiments [10–12], we will study the process pp → H → hhττττ in the

2HDM type-X model. In such a scenario, h → τ+τ− decay could be enhanced, which can

lead to a sizable 4τ final state. Therefore, it is worth to examine whether this statement is

robust enough after taking into account the effects of parton shower, hadronization, heavy

flavor decays and detector resolution.

In this paper, we assume that the heavier CP-even Higgs boson H is the observed SM-

like Higgs boson whose properties agree with the LHC measurements. In such a parameter

space, a heavier Higgs boson can decay into two light Higgs bosons h when kinematically

allowed, i.e., 2Mh < 125 GeV. We perform a detailed MC study on the signal process

pp → H → hh → 4τ → lvllvlτhτh (with l = e, µ and τh ) and relevant background processes,

in order to examine its feasibility at the LHC. We do so after taking into account relevant

theoretical and experimental conditions. In order to improve the experimental significance,

we will require two leptons to be the same sign (SS) leptons. Our analysis demonstrates

that, by using this signature, the relevant parameter space can be either discovered or ruled

out by using the current integrated luminosity at the LHC.

The paper is organised as follows. In the next section, we briefly describe the 2HDM and

its Yukawa scenarios, then introduce a few Benchmark Points (BPs) for our MC analysis

which pass all present theoretical and experimental constraints. In the following section,

we perform a detailed collider analysis of these BPs and examine the potential to discover
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the aforementioned signature within the 2HDM Type-X scenario. Finally, we present some

conclusions.

II. THE 2HDM

The scalar sector of the 2HDM consists of two weak isospin doublets with hyper-

charge Y = 1. The most general Higgs potential for the 2HDM that complies with the

SU(2)L × U(1)Y gauge structure of the EW sector of the SM has the following form [7]:

V (ϕ1, ϕ2) = m2
11(ϕ

†
1ϕ1) +m2

22(ϕ
†
2ϕ2)− [m2

12(ϕ
†
1ϕ2) + h.c.]

+
1

2
λ1(ϕ

†
1ϕ1)

2 +
1

2
λ2(ϕ

†
2ϕ2)

2 + λ3(ϕ
†
1ϕ1)(ϕ

†
2ϕ2) + λ4(ϕ

†
1ϕ2)(ϕ

†
2ϕ1)

+
1

2

[
λ5(ϕ

†
1ϕ2)

2 + h.c.
]
+

{[
λ6(ϕ

†
1ϕ1) + λ7(ϕ

†
2ϕ2)

]
(ϕ†

1ϕ2) + h.c.
}
, (1)

where ϕ1 and ϕ2 are the two Higgs doublet fields. By hermiticity of such a potential, λ1,2,3,4

as well as m2
11,22 are real parameters while λ5,6,7 and m2

12 can be complex, in turn enabling

possible Charge and Parity (CP) violation effects in the Higgs sector. Upon enforcing two

minimization conditions of the potential, m2
11 and m2

22 can be replaced by v1,2, which are the

Vacuum Expectation Values (VEVs) of the Higgs doublets ϕ1,2, respectively. Moreover, the

coupling λ1,2,3,4,5 can be substituted by the four physical Higgs masses (i.e., Mh,MH ,MA

and MH±) and the parameter sin(β−α), where α and β are, respectively, the mixing angles

between CP-even and the angle related to the VEV values, i.e., tan β = v1/v2. Thus, the

independent input parameters can be taken as Mh,MH ,MA and MH± , λ6, λ7, sin(β − α),

tan(β) and m2
12.

If both Higgs doublet fields of the general 2HDM couple to all fermions, the ensuing

scenario can induce FCNCs in the Yukawa sector at tree level. As intimated, to remedy

this, a Z2 symmetry is imposed on the Lagrangian such that each fermion type interacts

with only one of the Higgs doublets [8]. As a consequence, there are four possible types

of 2HDM, namely Type-I, Type-II, Type-X (or lepton specific) and Type-Y (or flipped).

However, such a symmetry is explicitly broken by the quartic couplings λ6,7 and softly

broken by the (squared) mass term m2
12. In what follows, we shall consider a CP-conserving

(i.e., m2
12 and λ5 are real) 2HDM Type-X and assume that λ6 = λ7 = 0 to forbid the explicit

breaking of Z2, while also taking m2
12 to be generally small, thereby preventing large FCNCs

at tree level, which are incompatible with experiment.
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In general, the couplings of the neutral and charged Higgs bosons to fermions can be

described by the Yukawa Lagrangian given by [7]

−LYukawa =
∑

f=u,d,l

(mf

v
κh
f f̄fh+

mf

v
κH
f f̄fH − i

mf

v
κA
f f̄γ5fA

)
+(

Vud√
2v

ū(muκ
A
uPL +mdκ

A
d PR)dH

+ +
mlκ

A
l√

2v
ν̄LlRH

+ + h.c.

)
, (2)

where κS
f (S = h,H and A) are the Yukawa couplings in the 2HDM, which are illustrated

in Tab. I for the Type-X under consideration. Here, Vud refers to a Cabibbo-Kobayashi-

Maskawa (CKM) matrix element and PL,R denote the left- and right-handed projection

operators. The coupling of the two CP-even states h and H to gauge bosons V V (V =

W±, Z) are proportional to sin(β−α) and cos(β−α), respectively. If we assume that either

h or H can be the observed SM-like Higgs boson, the coupling to gauge bosons is obtained

for h when cos(β − α) → 0 and for H when sin(β − α) → 0. Therefore, each scenario can

explain the 125 GeV Higgs signal at the LHC. However, following our works [13–16], though,

we shall focus in the present paper on the scenario where H mimics the observed signal with

mass ∼ 125 GeV (as previously intimated).

κSu κSd κSℓ

h cosα/ sinβ cosα/ sinβ − sinα/ cosβ

H sinα/ sinβ sinα/ sinβ cosα/ cosβ

A cotβ − cotβ tanβ

TABLE I. Yukawa couplings of the fermions f = u, d and ℓ to the neutral Higgs bosons S = h,H

and A in the 2HDM Type-X.

III. BOUNDS AND CONSTRAINTS IN THE PARAMETER SPACE SCANS

In order to identify regions that satisfy both theoretical requirements and experimental

observations, the following numerical explorations of the possible parameter spaces have

been studied:

Mh ∈ [15, 60] (GeV), MH = 125, MA = 245(GeV), MH± = 258 (GeV)

sin(β − α) ∈ [−0.25,−0.05], tan(β) ∈ [2, 13], m2
12 ∈ [0, 500](GeV)2 (3)
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The program 2HDMC-1.8.0 [17] was used for calculating the cross sections (σ’s) and BRs

as well as testing the following theoretical and experimental constraints.

• Vacuum stability [6]: the scalar potential should be bounded by λ1 > 0, λ2 > 0,

λ3 > −
√
λ1λ2, λ3 + λ4 − λ5 > −

√
λ1λ2.

• Perturbativity constraints [21, 22], which imply the condition |λi|<8π(i =, ...5).

• Tree-level perturbative unitarity [20–22]: requiring unitary when 2 → 2 scattering

processes involving Higgs and gauge bosons at high energy.

• Oblique EW parameters (S, T and U) [23, 24], which control the mass splitting be-

tween the Higgs states, with the following measured values [25]:

S = −0.02± 0.10, T = 0.03± 0.12. (4)

The correlation factor between S and T is set as 0.92 for consistency at 95% Confidence

Level (CL).

To account for potential additional Higgs bosons, exclusion bounds at 95% CL are en-

forced using the HiggsBounds-5.9.0 program [26], which systematically checks each param-

eter point against the 95% CL exclusion limits derived from Higgs boson searches conducted

by LEP, Tevatron and LHC experiments.

To ensure agreement with the measurements of the SM-like Higgs state, constraints are

enforced using the HiggsSignals-2.6.0 program [27], which incorporates the combined

measurements of the SM-like Higgs boson from LHC Run-1 and Run-2 data.

Constraints from flavor physics are incorporated using SuperIso v4.1 [28] by utilizing

the following observables:

• BR(B → Xsγ) = (3.32± 0.15)× 10−4 [29],

• BR(B0 → µ+µ−)(LHCb)=
(
1.2+0.8

−0.7

)
× 10−10 [30, 31],

• BR(B0 → µ+µ−)(CMS)=
(
0.37+0.75

−0.67

)
× 10−10 [32],

• BR(Bs → µ+µ−)(LHCb) =
(
3.09+0.46

−0.43

)
× 10−9 [30, 31],

• BR(Bs → µ+µ−) (CMS)=
(
3.83+0.38

−0.36

)
× 10−9 [32],
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• BR(B → τν) = (1.09± 0.20)× 10−4 [29].

In the left panel of Fig. 1, we show the branching ratio of the light Higgs decaying into

pairs of τ leptons within the allowed parameter space of the 2HDM Type-X. The total width

of the h state (Γh) is obviously dominated by h → ττ . Such a significant branching ratio is

attributed to the enhancement of the light Higgs couplings to leptons at large tan β. The

branching ratio of the SM-like Higgs boson decaying into a pair of light Higgs bosons is

displayed on the right panel. The precise measurements of the Higgs boson couplings [3, 4]

tighten the constraints on Higgs decay to non-SM particles and force the BR(H → hh) to be

below 12%. Both ATLAS and CMS collaborations have reported an upper limit of 12% [3]

and 16 %[4], respectively, on BR(H → BSM) at 95%CL.

FIG. 1. BR(h → ττ) as a function of mh vs. tanβ (left panel) and BR(H → hh) (right panel) in

the 2HDM type-X.

To test the allowed parts of the parameter space, twelve BPs are given in Tab. II, in terms

of the 2HDM Type-X parameters entering our production and decay process, including the

corresponding pp → H → 2h → 4τ cross sections at the LHC with
√
s = 14 TeV. As one

can see from such a table, the light Higgs boson mass varies from about 15 GeV to 60 GeV,

which can be paired produced from a 125 GeV Higgs boson. The cross sections of the BPs

are around 2− 5 pb, which are large enough to be detected at the collider.

In this paper, we mainly focus on two SS taus further leptonicly decay, while the other

two tau hadronicly decay (tau-jets). Thus, the signal will be SS leptons and two (τ -)jets.

The leptons are used for triggering purposes, so its kinematics is bound to comply with the

trigger requirements.
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mh sin(β − α) tanβ σ4τ, 14 TeV (pb)

BP1 19.04 –0.12 8.06 2.53

BP2 21.8 –0.162 6.35 3.29

BP3 25.11 –0.16 5.82 2.18

BP4 28.00 –0.17 5.61 2.72

BP5 32.14 –0.15 6.36 4.01

BP6 36.02 –0.107 9.72 3.31

BP7 44.00 –0.188 5.10 2.43

BP8 46.88 –0.094 10.29 4.74

BP9 47.30 –0.10 9.92 3.88

BP10 50.98 –0.13 7.57 2.81

BP11 55.10 –0.149 6.45 2.65

BP12 58.16 –0.11 8.91 1.80

TABLE II. 2HDM Type-X input parameters and Leading Order (NLO) cross sections (at parton

level with
√
s = 14 TeV) for each BP are presented. The unit of all masses is GeV and we fix the

SM-like Higgs boson mass as MH = 125 GeV.

IV. COLLIDER PHENOMENOLOGY

In this section, we present a detailed MC analysis for both signal and background events

at the detector level. In the pp → H → hh → τ+τ−τ+τ− → lvllvlτhτh process, a light

Higgs boson decays into two τ leptons and one of the τ decays into a charged lepton and

neutrino, while the other τ decays hadronically (thus labelled as τh). As a result, the final

states consist of two SS leptons and two jets. The SM backgrounds are: tt → lvllvlbb,

W±tb → lvllvlbb (where the W± boson and b-jet are not from a top quark resonance),

WWjj → lvllvljj), Zjj → lvllvljj, ZZ → lvllvlτhτh, ttZ → lvllvlbbττ , ttZZ → lvllvllvlbbττ

and ttWW → lvllvllvljj. In order to suppress the huge SM background process Zjj, we

deliberately choose two SS leptons plus two hadronic τ ’s in the signal events, which is about

10% of the total number of the 4τ ones.

8



A. Event generation and selection

We use MadGraph5−aMC@NLO v3.4.0 [33] to compute the cross sections and generate

both signal and background events at parton level. The following kinematic cuts are adopted

for the signal and background generations:

|η(l, j)| < 2.5, pT(l, j) > 10 GeV, Emiss
T > 5 GeV, ∆R(ll, lj, jj) > 0.4. (5)

Then parton level events are then passed to Pythia [34, 35] to simulate initial and final

state radiation (i.e., the QED and QCD emissions), parton shower, hadronization and heavy

flavor decays. We further use Delphes v3.4.2 [36] to simulate the detector effects. For each

event, the anti-kt jet algorithm [37] is used to cluster jets with jet parameter ∆R = 0.4 in

the FastJet package [38]. The following kinematic cuts are adopted in order to emulate the

detector acceptance:

|η(l, j)| < 2.5, pT (l, j) > 10 GeV. (6)

The leptons are used for triggering purposes, so its kinematics is bound to comply with the

trigger requirements. 1

Then, we select two leptons and two jets final states from detector simulated events. In

order to improve the signal event rate, the tau tagging is not applied. In order to further

suppress the huge SM backgrounds, the SS leptons are selected. The cross sections for the

signal and background processes with detector acceptance cuts, with 2l2j selection and with

two SS lepton selection are shown in the Tab. III and in Tab. IV, respectively.

σ (fb) BP1 BP2 BP3 BP4 BP5 BP6 BP7 BP8 BP9 BP10 BP11 BP12

parton level generation 8.95 11.37 7.38 9.05 13.32 11.33 10.43 23.16 19.26 15.81 17.00 12.75

selection of 2l2j 0.67 0.88 0.59 0.76 1.10 0.96 0.88 1.97 1.62 1.46 1.70 1.38

selection of SS 2l 0.337 0.438 0.31 0.41 0.59 0.52 0.50 1.14 0.92 0.83 0.93 0.75

TABLE III. Cross sections for signals in the parton level, detector level, and after selection of SS

leptons at
√
s = 14 TeV for 300 fb−1.

1 The CMS developed a double muon trigger to search for low pt muons from B meson decays that are close

together. The same approach has been adopted recently to search for a pairs of electron from B meson

decays, by tightening the topological selection on the two electrons L1 objects. In our recent paper [39],

we discussed the possibility of developing an electron-muon trigger to search for low pt leptons (pt 10

GeV) 9



σ (fb) tt̄ W±tb W+W−jj Zjj ZZ tt̄Z tt̄ZZ tt̄W+W−

parton level generation 16060 518.3 1053 317600 18.89 0.49 1.14× 10−4 0.02

selection of 2l2j 8787.7 289.9 530.1 151086 10.0 0.33 1.1× 10−4 0.018

selection of SS 2l 19.43 0.62 1.99 0 2.51 0.079 3.3× 10−5 7.6× 10−3

TABLE IV. Background rates after the acceptance cuts in Eq. (6) at
√
s = 14 TeV for 300 fb−1.

In Fig. 2, the transverse momentum distributions of the leading and the second-leading

jets and leptons as well as the transverse missing energy (MET) are presented for, e.g., BP2

and background events. It is clear that the transverse momenta of the signal final state are

always much softer than for background events, because they emerge from a rather light

Higgs bosons, which energies are capped at a mass of 125 GeV.

B. Event reconstruction

To further improve the signal-to-background discrimination, we reconstruct some kine-

matic features of signal events. Specifically, because the light Higgs boson decays into two

τ and one of the τ ’s decays to a lepton and two neutrinos plus two τ neutrinos emerge from

hadronic τ decays, there will be six neutrinos in a signal event. It is thus extremely hard to

completely reconstruct the momentum of each light Higgs.

However, since the lepton momenta and MET are all very small, we can approximately

reconstruct the light Higgs boson with only one lepton and one jet. Thus, there are two

possible combinations with two leptons and two τ -jets in each event. By defining a suitable

χ2,

χ2 = (M1
lj −Mh)

2
+ (M2

lj −Mh)
2
, (7)

where Mh is the light Higgs mass, we pair the two leptons and two jets to find a combination

which minimizes it and then assign these to M1
lj and M2

lj, respectively. Taking again BP2

as an example, the reconstructed light Higgs mass distributions are shown in Fig. 3.

In order to further separate signal from background events, we can also combine the two

leptons and two jets together, denoting their invariant masses as Mll and Mjj, respectively,

as shown in Fig. 4. Since, for signal events, all particles come from the SM-like Higgs boson

decaying, any such combination only yield a smaller invariant mass, typically, about half
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FIG. 2. Distributions in (a)-(d) transverse momenta of the leading/second-leading jets/leptons

and (e) MET for BP2 and backgrounds when
√
s = 14 TeV and L = 300 fb−1.

of the SM-like Higgs boson mass. In contrast, for background events, these lepton and jet

pairs always come from a heavy resonance, a top (anti)quark and a W± or Z boson, so the

background spectra are somewhat harder in general.

We can further reconstruct the invariant mass of the SM-like Higgs boson MH with two

leptons and two jets but without any MET. It is expected that the sampled values of it

will be lower than the real SM-like Higgs boson mass. Nevertheless, it is helpful enough to
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FIG. 3. Distributions in invariant mass of a lepton and a jet for BP2 and backgrounds. The

reconstructed Mh values, corresponding to the best χ2 fit, is labelled as M1
lj (left) and M2

lj (right),

respectively, when
√
s = 14 TeV and L = 300 fb−1.
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FIG. 4. Distributions in invariant mass of lepton (left) and jet (right) pairs for BP2 and back-

grounds when
√
s = 14 TeV and L = 300 fb−1.

distinguish the signal and background events further, see Fig. 5 (left).

Another useful kinematic variable is HT , which is the scalar sum of all visible final states

transverse momenta, which are shown in Fig. 5 (right).
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FIG. 5. Distributions in invariant mass of two leptons and two jets (left) and in scalar sum of

visible momenta (right) for BP2 and backgrounds when
√
s = 14 TeV and L = 300 fb−1.

C. Multi-variate analysis

To optimize the signal and background distinction, a Gradient-Boosted Decision Tree

(GBDT) approach is further applied, which is implemented in the Toolkit for Multi-Variate

Analysis (TMVA) within ROOT [40].

Ten input variables in total are used for the GBDT/TMVA analysis, which are shown

in Tab. V. In addition to the above invariant masses and HT , we also calculate five angles

between pairs of objects in the final state, cos(θl1j1), cos(θl1j2), cos(θl2j1), cos(θl2j2) and

cos(θh1h2), which is defined as the cosine of the angle between the two reconstructed final

states states. The distributions are shown in Fig. 6. As we expect these to be useful, since in

the signal they all tend to be collinear to each other (because of the boost structure herein)

unlike the background case.

Energy variables M1
lτj

M2
lτj

Mll Mjj HT

Angular variables cos(θh1h2) cos(θl1j1) cos(θl1j2) cos(θl2j1) cos(θl2j2)

TABLE V. The input observables used in the GBDT analysis.

In the training stage, it is found that the invariant mass variables are powerful, but

angular variables are still useful. Ultimately, for the GBDT output, a very good separation

between the signal and backgrounds can be achieved, which is shown in Fig. 7.
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FIG. 6. Distributions in the (cosine of the) angle between (a)-(d) pairs of jets/leptons and (e)

the two reconstructed light Higgs states for BP2 and backgrounds when
√
s = 14 TeV and L =

300 fb−1.
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FIG. 7. GBDT output for the BP2 signal and backgrounds.

D. Significances

The process of searching for signals at high energy colliders using ML techniques is

ultimately a statistical process. Therefore, to look for signals, a large number of events need

to be collected and the kinematic variables of the final state particles need to be analyzed to

find differences from the noise, but then a sizeable statistical sample needs to be collected,

so has to have enough significance.

The latter is defined as Σ = NS√
(NS+NB)

, where NS and NB represent the number of events

for the signal (B) and (total) background (B), respectively, at a given luminosity L.

To distinguish the signal from the background and to compute the ensuing significance, we

apply six kinematic cuts on reconstructed observables and one MVA cut on GBDT outputs,

the details of which are listed in Tab. VI, for BP2 and where L = 300 fb−1 (with a CM

energy
√
s = 14 TeV, as previously mentioned). Following the acceptance cuts and upon

applying the SS lepton criterion (the combination of which we refer to as pre-selection), we

see a strong decrease of the initially huge SM backgrounds to the same order as the signal.

For example, the initially troublesome Zjj is almost eliminated after this cut (thus, it is no

longer included in this table). As Figs. 3–5 show, the kinematic selection is already quite

efficient is separating signal from background, as – depending on the BP adopted – Σ values

can reach values around 4, even with rather loose cuts. However, exploitation of the GBDT

output more than double the final significance.
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L = 300 fb−1 S tt̄ tt̄W+W− tt̄Z tt̄ZZ Wtb W+W−jj ZZ B Σ

Acceptance 262.6 2.17×106 2.3 63 0.01 53751.6 119699 2790.8 2.35×106 0.17

SS Leptons 131.5 5829.8 1.5 23.6 0.01 186.6 595.5 754.1 7391.1 1.52

HT ∈ [40, 200] 129.9 1040.7 0.002 0.5 1e-05 40.4 127.9 379.1 1588.7 3.13

Mll ∈ [10, 80] 129.8 905.8 0.001 0.5 1e-05 32.7 58.4 283.8 1281.1 3.45

Mh1 ∈ [0, 150] 128.7 809.4 0.001 0.4 1e-05 31.1 56.9 271.4 1169.2 3.57

Mh2 ∈ [0, 150] 126.9 732.3 0.001 0.4 8e-06 28 55.3 260.5 1076.5 3.66

MH ∈ [20, 230] 96.9 269.8 0 0.2 5e-06 10.9 26.9 124.3 432 4.21

GBDT ∈ [0.5, 1] 92.6 0 0 0.02 0 0 3.2 7.1 10.2 9.13

TABLE VI. Response to our selection cuts for the signal (e.g., BP2) and background (separately

and total) rates computed at
√
s = 14 TeV for 300 fb−1.

The results for all twelve BPs are shown in Tab. VII. With only the acceptance and SS

lepton criteria, the significances can reach 3 for BP8, BP9 and BP11. After applying the

kinematic cuts, the significances can be all larger than 3, except for BP3. Upon applying

the MVA selection, significances can reach values as large as 14 for BP8. In short, it is

clear that a judicious combination of pre-selection and kinematic cuts combinaed with ML

analysis can result in large sensitivity to a significant expanse of 2HDM Type-X parameter

space through our chosen signal.

Σ BP1 BP2 BP3 BP4 BP5 BP6 BP7 BP8 BP9 BP10 BP11 BP12

after selecting SS leptons 1.17 1.52 1.06 1.40 2.04 1.79 1.71 3.89 3.15 2.86 3.18 2.58

after kinematic cuts, w/o GBDT 3.09 4.21 2.66 3.79 5.20 4.50 4.50 8.84 7.58 6.65 7.41 6.24

after kinematic cuts, w/ GBDT 7.65 9.13 6.27 8.61 10.41 9.45 9.34 14.32 12.91 11.25 12.14 10.74

TABLE VII. Significances following our different selections for all signals (BP1–BP12) at

√
s = 14 TeV for 300 fb−1.
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V. CONCLUSIONS

In this paper, we have investigated the feasibility of producing the SM-like Higgs boson

(H) in single mode at the LHC decaying via a resonance into two lighter neutral CP-even

Higgs bosons (hh) in the 2HDM Type-X. We have focused on 4τ final states, where two τ ’s

decay leptonically to form a pair of SS leptons (electrons and/or muons) and two τ ’s decay

hadronically, thus producing two jets. In order to motivate future studies of this signature,

we have also proposed 12 BPs and processed these through a realistic MC analysis for a CM

(proton-proton) energy
√
s = 14 TeV and (integrated) luminosity L = 300 fb−1. Eventually,

we have proven that this kind of signal could be found at the end of Run 3 of the LHC,

following a dedicated selection based on kinematic and TMVA analysis.
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