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Phenomenological studies in the 2HDM and SM using Madgraph 5
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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 measurement
and theoretical predictions. This model presents a large phenomenological signal which could guide the search for new physics at hadror
colliders. In particular, we study the transverse momentum, the rapidity and the angular distributions of the jet® ir-thjg h 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 mented for the LHC and the FCC are presented; in addition,
the results of the Monte Carlo simulations in MadGraph 5

The physics at hadron colliders is taking giant steps througlare presented; and in Sec. 4 we present our conclusions and

the design, construction and technological developments iperspectives of this analysis.

order to understand the behavior of the most elementary par-

ticles. All of them would allow us to reach the precision fron-

tier, where experimental measurements shall be contraste2l  Two Higgs doublet model

with precise theoretical predictions. In this spirit, itis impera-

tive to advance together, the experimental and the theoreticahe fundamental description of nature is well understood

aspects, to decipher the dynamics of elementary particles. through the Standard Model. Even if the SM has explained
The Standard Model (SM) of elementary particles hasand predicted many experimental results, it still has unsolved

proven, with great success, its predictive power in the deterguestions, mainly driven by experimental results, such as:

mination of observables at the Large Hadron Collider (LHC).neutrino masses [14, 15], the asymmetry between matter and

Its breakthrough came in 2012 with the announcement of thantimatter [13], the origin of dark matter [16—22] and dark

discovery of the only scalar particle in the SM, the Higgs bo-energy [23, 24], etc. In order to solve this puzzle, there are

son [1,2]. However, recent studies at the Fermilab laboratorgeveral groups devoted to build models beyond the SM, such

have put the SM under stress by comparing the measuremeas the 2HDM [25], one of the simplest models beyond the

of the anomalous magnetic moment of the muon [3]. ThisSM. In this extension, we obtain a different and a more rich

result, in conjunction with other results [4], leads researcherphenomenology with respect to the SM predictions. From the

to continue to argue that the SM cannot be the end of th¢heoretical point of view, it contains new scalar states such as:

road in particle physics and, in addition, to present the SMwo charged Higgs Boson&l(+), a CP odd pseudoscalat),

as an effective model of a larger theory [5]. Furthermore, theand two Higgs-like bosons, the light Higgs)( and the heavy

non-perturbative regime could also hide physics beyond SMHiggs (H). The light Higgs is associated with the SM Higgs

Understanding the internal dynamics of hadrons requires tboson with a mass ofi;, = 125.25 GeV [26]. Both, the

explore novel ideas and techniques [6-8], in order to accedight and heavy Higgs acquire a vacuum expectation value

to the interactions of the fundamental constituents of matteand they are both responsible for the masses of the SM par-

and discover new phenomena. ticles. The potential of the 2HDM type Il (where FCNC are
One of the most attractive alternatives to the SM, withoutignored) is given by,

any gauge extension, is to increase the number of scalar fields

in the model. Among several options, one of the most favored V= 111 ®1 + po®i®y + (us®] @y + hec.)

models to tackle several issues of the SM is the Two Higgs Feo\2 fo 2 t +

Doublet Model (2HDM). In this document, we study the phe- F AL P1)" + Ao (2P2)” + A3 (B D1) (8 P2)

nomenological aspects of thi; model in_the environment of + /\4(@1(1)2)@;@1) + ()\5((1)1@2)2 the)

the LHC and at the Future Circular Collider (FCC) [9-12].

This manuscript is divided as follows: in Sec. 2 the theo- + (D1 D7) (N6 (®]D3) + hoc.)

retical description of the 2HDM is discussed; in Sec. 3, the : :

process under consideration and the kinematical cuts imple- + (23P2) (A7 (21 Pg) + hoc.) @)
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where us, A5, A\¢ and A; are complex parameters and the and the mass matrix for the scalar neutral states is,

others are real parameters. However, not all parameters are 9 2 oy 2
physical since they can be modified by a change of basis fol- Arv 2 RAez  —SAey
lowing the replacement, mp = §R>\6%2 m3, . -3y | )
—QX6% —SAs% m3g
SN (%, (B 2 ith m2 2 2
@2 @/2 —Uo @2 ) W|th m22 = (1/4)(2mH+ + ()\4 =+ 2%)\5)) and m33 =

(1/4)(2m3,, + (A — 2R)X5)). As for the mass eigenstates,

wherelUy is a unitary matrix of dimension x 2. In orderto ~ H;, they are obtained from a unitary rotation,
achieve an mvanqnt vacuum undé(1) g, the expectation H, = U,H", (10)
values shall be aligned to, J

whereH; = (h H A)T andH"™ = (h} hy h%). This model
(@) = b ( 0 ) and (@) = b2 ( 0 ) . @ has many phenomenological implications and depending on
v2 1 V2 1 the theoretical constraints imposed it is possible to reduce the

. . i L . _parameter space.

Rﬁgardlngl] this cofnflr?urdatlogl, it |_; possible to chose a bas@ In this paper we will analyze a small set of the parame-
where only one of the doublets has a non-zero vacuum ext?arspace to understand the phenomenological implications of

pectation valuei e., the 2HDM model in comparison to the SM within the LHC

(@) = % ( (1) ) and (®)) = ( 8 ) _— and the FCC.

_ 3. Phenomenological analysis
where the rotation angle

To understand the differences between the theoretical mod-
Up = ( CO?ﬂ sin 3 ) (5) els, it is essential to analyze Monte Carlo simulations that
—sinf cosf )’ recreate collisions at high energies. In this work, we will use
the public codeMadGraph [27] to dive into the collisions
relates the expectation valuesandv, with v throughv? = that takes place at the LHC and the FCC.
vi 4 v3 and the angle of rotation satisfiesn = va /v;. In this assignment, we focus on the procgss— jjh
On the other hand, the existence of the second scalar doyith special interest in the kinematical reconstruction of the
blet shall be manifested through its Couplings with the matte]'ets' The Monte Carlo simulations were adjusted in such a
fields through the Yukawa lagrangian. In this basis, the laway that the events must satisfy the following LHC kinematic

grangian is, cuts at a center of mass energyg = 13 TeV,
Lyvak =—Qp - yYq-dr®1 — Qy - yu - up®y pr.jer > 20 GeV,
—Q, Gy dp®s — Q- Gy - up®s nrjet <95,
Ty br® — Ly -Gy -Lpdy + hec., (6) AR;; <04. (11)

- ) ) ) ) _ Furthermore, for the Parton Distribution Functions, we used
where [®]; = ¢;;[®]; with ¢;; is the antisymmetric Levi-  \NPDF3.0 [28] which is already implemented in MadGraph
Civita tensor in two dimensiongj; are the3 x 3 Yukawa 5 Finally, in order to understand the main phenomenological
matrices, Which_in the diagqnal case haye inputs proportionadifferences between the SM and the 2HDM, al Leading Or-
to v/2my /v, while the matrice7; contain free parameters ger (LO), at two different center of mass energies, we study
in their entries. The interactions of the extra particles are obz s the FCC enviroment, ats = 100 TeV, with the same

tained by replacing, kinematical cuts as for the LHC.
1 e In Figs. 1-3, we present the results of the distributions ob-
o= — ( ” > , tained for both models for the LHC configuration. In Fig. 1,
V2 \ vt hi+2Go the angular distribution of the jet separation is presented.
1 V2H*t We observe that the 2HDM model presents significant dif-
02 = V2 ( hZ + 1 hY ) () ferences that reach the ordersf% with respect to the SM

prediction atp ~ 1.
whereG, andG are the Goldstone bosons that give massto  The transverse momentum distribution of the leading jet

the particles. The physical mass of the charged scalar bosd® presented in Fig. 2. For lowr, large deviations of the or-
is, der of200% are observed, however, it is possible that Next-

to-Leading Order (NLO) corrections decrease this discrep-
ancy. On the other hand, for large we have deviations of
50% which might be originated due to stronger couplings of

U2
5

; ®)

Mipy = fia + A3
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FIGURE 1. Comparison of the angular separation distribution of FIGURE 4. Comparison of the angular separation distribution of

the jets between the SM and the 2HDM in the progess— jjH

aty/s = 13 TeV with the kinematical cuts in Eq1().
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FIGURE 2. Comparison of the transverse momentum of the lead-
ing jet between the SM and the 2HDM in the procgss— jjH

at/s = 13 TeV with the kinematical cuts in Ed1().
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the jets between the SM and the 2HDM in the progess— jjH
aty/s = 100 TeV with the kinematical cuts in Ed11).

the new interactions. However, it is possible that these dif-
ferences 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 maxi-
mum atn ~ +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 ordef @ atn = 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 abott50% on average.

In Fig. 5 we show the transverse momentum distribution
of the leading jet. Again, large deviations are found in the
low p7 region, which can possibly be reduced by introducing
NLO corrections. For larggr, deviations 060% are found.

e sM

N

iy

(=]

(2HDM — SM)/SM

5|0 100 150 200 250 300 350
PT

FIGURE 3. Comparison of the rapidity between the SM and the FIGURE 5. Comparison of the transverse momentum of the lead-

2HDM in the procesep — jjH at+/s = 13 TeV with the kine-

matical cuts in Eq/11).

ing jet between the SM and the 2HDM in the procegs— jjH
at/s = 100 TeV with the kinematical cuts in Ed1().
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20000 ] = 4. Conclusions
2HDM
600001 Experimental evidence supports that there are mild discrep-
500009 ancies between theory and experiment in the context of Stan-
§ 400001 dard Model. Hence, in order to solve them, new models that
* 30000 1 extend its limits seems to be a good approach. One of the best
200001 options we currently have to extend the Standard Model is the
10000 Two Higgs Doublet Model, as it naturally brings new phe-
0 . o s : i nomenology that might fit the subtle results were the Stan-
- dard Model fail to explain completely. In this work, we study
g the potential of the 2HDM in the LHC and FCC studies. The
10 phenomenological contributions of the 2HDM make a sub-
g 051 stantial change to some observables which makes it important
-4 -2 0 2 a 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
FIGURE 6. Comparison of the rapidity between the SM and the shall be a direction to continue this work. A detailed analysis

2HDM in the procesgp — jjH at\/s = 13 TeV with the kine- of the phenomenology is under examination for other exper-
matical cuts in Eq/11). imental variables.
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