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Received 21 January 2022; accepted 2 May 2022
The phenomenological analysis of an extension of the Standard Model is analyzed in this manuscript. The Two Higgs Doublet Model
is a simple way to incorporate a second extra doublet to the Standard Model to reduce the tension between experimental measurements
and theoretical predictions. This model presents a large phenomenological signal which could guide the search for new physics at hadron
colliders. In particular, we study the transverse momentum, the rapidity and the angular distributions of the jets in the pp → jjh channel
within the Standard Model and the Two Higgs Doublet Model in the LHC and FCC environment by means of Monte Carlo simulations made
in MadGraph 5.
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1.

Introduction

The physics at hadron colliders is taking giant steps through
the design, construction and technological developments in
order to understand the behavior of the most elementary particles. All of them would allow us to reach the precision frontier, where experimental measurements shall be contrasted
with precise theoretical predictions. In this spirit, it is imperative to advance together, the experimental and the theoretical
aspects, to decipher the dynamics of elementary particles.
The Standard Model (SM) of elementary particles has
proven, with great success, its predictive power in the determination of observables at the Large Hadron Collider (LHC).
Its breakthrough came in 2012 with the announcement of the
discovery of the only scalar particle in the SM, the Higgs boson [1, 2]. However, recent studies at the Fermilab laboratory
have put the SM under stress by comparing the measurement
of the anomalous magnetic moment of the muon [3]. This
result, in conjunction with other results [4], leads researchers
to continue to argue that the SM cannot be the end of the
road in particle physics and, in addition, to present the SM
as an effective model of a larger theory [5]. Furthermore, the
non-perturbative regime could also hide physics beyond SM.
Understanding the internal dynamics of hadrons requires to
explore novel ideas and techniques [6–8], in order to access
to the interactions of the fundamental constituents of matter
and discover new phenomena.
One of the most attractive alternatives to the SM, without
any gauge extension, is to increase the number of scalar fields
in the model. Among several options, one of the most favored
models to tackle several issues of the SM is the Two Higgs
Doublet Model (2HDM). In this document, we study the phenomenological aspects of this model in the environment of
the LHC and at the Future Circular Collider (FCC) [9–12].
This manuscript is divided as follows: in Sec. 2 the theoretical description of the 2HDM is discussed; in Sec. 3, the
process under consideration and the kinematical cuts imple-

mented for the LHC and the FCC are presented; in addition,
the results of the Monte Carlo simulations in MadGraph 5
are presented; and in Sec. 4 we present our conclusions and
perspectives of this analysis.

2.

Two Higgs doublet model

The fundamental description of nature is well understood
through the Standard Model. Even if the SM has explained
and predicted many experimental results, it still has unsolved
questions, mainly driven by experimental results, such as:
neutrino masses [14, 15], the asymmetry between matter and
antimatter [13], the origin of dark matter [16–22] and dark
energy [23, 24], etc. In order to solve this puzzle, there are
several groups devoted to build models beyond the SM, such
as the 2HDM [25], one of the simplest models beyond the
SM. In this extension, we obtain a different and a more rich
phenomenology with respect to the SM predictions. From the
theoretical point of view, it contains new scalar states such as:
two charged Higgs Bosons (H ± ), a CP odd pseudoscalar (A),
and two Higgs-like bosons, the light Higgs (h), and the heavy
Higgs (H). The light Higgs is associated with the SM Higgs
boson with a mass of mh = 125.25 GeV [26]. Both, the
light and heavy Higgs acquire a vacuum expectation value
and they are both responsible for the masses of the SM particles. The potential of the 2HDM type II (where FCNC are
ignored) is given by,
V = µ1 Φ†1 Φ1 + µ2 Φ†2 Φ2 + (µ3 Φ†1 Φ2 + h.c.)
+ λ1 (Φ†1 Φ1 )2 + λ2 (Φ†2 Φ2 )2 + λ3 (Φ†1 Φ1 )(Φ†2 Φ2 )
+ λ4 (Φ†1 Φ2 )(Φ†2 Φ1 ) + (λ5 (Φ†1 Φ2 )2 + h.c.)
+ (Φ†1 Φ1 )(λ6 (Φ†1 Φ2 ) + h.c.)
+ (Φ†2 Φ2 )(λ7 (Φ†1 Φ2 ) + h.c.) ,

(1)
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where µ3 , λ5 , λ6 and λ7 are complex parameters and the
others are real parameters. However, not all parameters are
physical since they can be modified by a change of basis following the replacement,
µ
¶
µ 0 ¶
µ
¶
Φ1
Φ1
Φ1
→
= UΦ
,
(2)
Φ2
Φ02
Φ2
where UΦ is a unitary matrix of dimension 2 × 2. In order to
achieve an invariant vacuum under U (1)EM , the expectation
values shall be aligned to,
¶
µ
µ ¶
v1
v2
0
0
hΦ1 i = √
and hΦ2 i = √
. (3)
1
1
2
2
Regarding this configuration, it is possible to chose a basis
where only one of the doublets has a non-zero vacuum expectation value, i.e.,
µ ¶
µ
¶
v
0
0
hΦ01 i = √
and hΦ02 i =
,
(4)
1
0
2
where the rotation angle
µ
cos β
UΦ =
− sin β

and the mass matrix for the scalar neutral states is,


2
2
λ1 v 2
<λ6 v2
−=λ6 v2
2
2 

m20 =  <λ6 v2
m222
−=λ5 v2  ,
2
2
−=λ6 v2 −=λ5 v2
m233

with m222 = (1/4)(2m2H + + (λ4 + 2<λ5 )) and m233 =
(1/4)(2m2H + + (λ4 − 2<λ5 )). As for the mass eigenstates,
Hi , they are obtained from a unitary rotation,
Hi = Uij Hjn ,

¶
,

(5)

relates the expectation values v1 and v2 with v through v 2 =
v12 + v22 and the angle of rotation satisfies tan β = v2 /v1 .
On the other hand, the existence of the second scalar doublet shall be manifested through its couplings with the matter
fields through the Yukawa lagrangian. In this basis, the lagrangian is,

Phenomenological analysis

To understand the differences between the theoretical models, it is essential to analyze Monte Carlo simulations that
recreate collisions at high energies. In this work, we will use
the public code MadGraph [27] to dive into the collisions
that takes place at the LHC and the FCC.
In this assignment, we focus on the process pp → jjh
with special interest in the kinematical reconstruction of the
jets. The Monte Carlo simulations were adjusted in such a
way that the events must satisfy the√following LHC kinematic
cuts at a center of mass energy of s = 13 TeV,
pT,jet > 20 GeV ,

LYuk = − QL · yd · dR Φ1 − QL · yu · uR Φ̃1

ηT,jet < 5 ,

− QL · Gd · dR Φ2 − QL · Gu · uR Φ̃2
− LL · y` · `R Φ1 − LL · G` · `R Φ̃2 + h.c. ,

where G0 and G+ are the Goldstone bosons that give mass to
the particles. The physical mass of the charged scalar boson
is,
v2
,
2

∆Rjj < 0.4 .

(6)

where [Φ̃]i = εij [Φ]j with εij is the antisymmetric LeviCivita tensor in two dimensions; yi are the 3 × 3 Yukawa
matrices,
which in the diagonal case have inputs proportional
√
to 2 mf /v, while the matrices Gi contain free parameters
in their entries. The interactions of the extra particles are obtained by replacing,
¶
µ
√
1
−ı 2 G+
,
Φ1 ≡ √
v + hn1 + ı G0
2
µ √ + ¶
1
2H
Φ2 ≡ √
.
(7)
hn2 + ı hn3
2

m2H + = µ2 + λ3

(10)

where Hi = (h H A)T and H n = (hn1 hn2 hn3 ). This model
has many phenomenological implications and depending on
the theoretical constraints imposed it is possible to reduce the
parameter space.
In this paper we will analyze a small set of the parameter space to understand the phenomenological implications of
the 2HDM model in comparison to the SM within the LHC
and the FCC.

3.
sin β
cos β

(9)

(8)

(11)

Furthermore, for the Parton Distribution Functions, we used
NNPDF3.0 [28] which is already implemented in MadGraph
5. Finally, in order to understand the main phenomenological
differences between the SM and the 2HDM, al Leading Order (LO), at two different center
√ of mass energies, we study
also the FCC enviroment, at s = 100 TeV, with the same
kinematical cuts as for the LHC.
In Figs. 1-3, we present the results of the distributions obtained for both models for the LHC configuration. In Fig. 1,
the angular distribution of the jet separation is presented.
We observe that the 2HDM model presents significant differences that reach the order of 50% with respect to the SM
prediction at φ ∼ 1.
The transverse momentum distribution of the leading jet
is presented in Fig. 2. For low pT , large deviations of the order of 200% are observed, however, it is possible that Nextto-Leading Order (NLO) corrections decrease this discrepancy. On the other hand, for large pT we have deviations of
50% which might be originated due to stronger couplings of
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F IGURE 1. Comparison of the angular separation distribution of
the jets between the SM and the 2HDM in the process pp → jjH
√
at s = 13 TeV with the kinematical cuts in Eq. (11).

F IGURE 4. Comparison of the angular separation distribution of
the jets between the SM and the 2HDM in the process pp → jjH
√
at s = 100 TeV with the kinematical cuts in Eq. (11).

F IGURE 2. Comparison of the transverse momentum of the leading jet between the SM and the 2HDM in the process pp → jjH
√
at s = 13 TeV with the kinematical cuts in Eq. (11).

the new interactions. However, it is possible that these differences might also be reduced with higher order corrections
through loop diagrams.
Figure 3 shows the distribution of the rapidity of the jets.
We observe that for the SM, the distribution presents a maximum at η ∼ ±3, which means that the jets leave the collision
in the most forward and backward configuration; however, in
the case of the 2HDM most of the events have a distribution
centered at zero. Clearly, the percentage comparison will be
large, reaching large deviations of the order of 70% at η = 0.
Similar results for the FCC configuration are presented in
Figs. 4-6. In Fig. 4 we find the angular distribution of the
jets separation, where we find the largest differences over the
whole kinematic range of about ±50% on average.
In Fig. 5 we show the transverse momentum distribution
of the leading jet. Again, large deviations are found in the
low pT region, which can possibly be reduced by introducing
NLO corrections. For large pT , deviations of 60% are found.

F IGURE 3. Comparison of the rapidity between the SM and the
√
2HDM in the process pp → jjH at s = 13 TeV with the kinematical cuts in Eq. (11).

F IGURE 5. Comparison of the transverse momentum of the leading jet between the SM and the 2HDM in the process pp → jjH
√
at s = 100 TeV with the kinematical cuts in Eq. (11).
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4.

F IGURE 6. Comparison of the rapidity between the SM and the
√
2HDM in the process pp → jjH at s = 13 TeV with the kinematical cuts in Eq. (11).

Finally, in Fig. 6 where we observe a behavior similar to
that of the LHC for the rapidity of the jets. However, there
are noticeable differences between the prediction for the FCC
and that for the LHC. In particular, we notice that for the SM,
the maximum of the distribution is at η ∼ ±4, which implies
that the jets in the SM will be produced almost collinear to
the beam direction which makes it complicated to measure
experimentally. However, for the 2HDM, the jets will be produced mainly in the η = 0 direction.

Conclusions

Experimental evidence supports that there are mild discrepancies between theory and experiment in the context of Standard Model. Hence, in order to solve them, new models that
extend its limits seems to be a good approach. One of the best
options we currently have to extend the Standard Model is the
Two Higgs Doublet Model, as it naturally brings new phenomenology that might fit the subtle results were the Standard Model fail to explain completely. In this work, we study
the potential of the 2HDM in the LHC and FCC studies. The
phenomenological contributions of the 2HDM make a substantial change to some observables which makes it important
enough to be considered for future analyses. In particular, it
is important to highlight that higher order corrections can be
added in order to reduce the theoretical uncertainties and this
shall be a direction to continue this work. A detailed analysis
of the phenomenology is under examination for other experimental variables.
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