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The Standard Model (SM), despite of being phenomenologically extremely successful, presents some fundamental questions, like the big
differences in the values of the masses of the quarks (hierarchy of masses), and the possible generation of flavour changing neutral currents
(inspired by the evidence about the oscillations of neutrinos). Hints how these questions might be answered may be obtained by the study of
the Higgs sector of models beyond the standard model. The simplest extension of the SM known as the two-Higgs-doublet-model (2HDM)
involves a second Higgs doublet and predicts the existence of five scalar particles: three A8)t@C( H°) and two chargedH ™). In

this paper we focus our attention on the basic results of the model, the masses of the five particles, and the theoretical constraints imposed
by vacuum stability and the triviality principle. We address, on one side, the range of validity in the energy scale of the 2HDM by means

of the renormalization group equations, and on the other, the consequences of a top/bottom Yukawa coupling unification, assuming that the
hierarchy of the quark masses is atributted to the vacuum expectation valaedv, of the Higgs fields and not to the Yukawa couplings.

Keywords: 2HDM Higgs masses; electroweak Higgs sector extensions; beyond standard model.

A pesar de que el modelo asdar (SM) es extremadamente exitoso fenontaichmente, presenta algunos interrogantes fundamentales,
tales como la gran diferencia en los valores de las masas de los quarks {(fedeqoasas) y la posible genefatide corrientes&@biles

que cambien el sabor (inspirada en la evidencia de las oscilaciones de neutrinos). Algunos indioioe @stos interrogantes pueden
ser contestados pddn ser obtenidos mediante el estudio del sector de Higgs de modasoslindel modelo eéindar. La extenéin mas
simple del SM, conocida como el modelo&@sdar con dos dobletes de Higgs (2HDM) involucra un segundo doblete y predice la existencia
de cinco pafitulas escalares: tres neutraf®y, (h°, H°) y dos cargadas{™). En este trabajo enfocamos nuestra atemen los resultados
basicos del modelo, las masas de las cincoiqads y las restricciones@gcas impuestas por las condiciones de estabilidad déb yac

el principio de trivialidad para determinar, por un lado el alcance en la escala déasmgb2HDM mediante las ecuaciones del grupo de
renormalizadn, y por el otro, las consecuencias de una unifarade los acoplamientos de Yukawa de los sectores up/down de los quarks,
asumiendo que la jerargude masas de los quarks es atitibe, a los valores esperados en elivag y v» de los campos de Higgs y no a

los acoplamientos de Yukawa.

Descriptores: Masas Higgses 2HDM; sector Higgs eleciebd extendido; ampliadn modelo estndar.

PACS: 12.15.-y; 12.60.Fr; 12.60.-i; 14.80.Cp.

1. Introduction As a partial solution to confront these deficiencies, a large
number of parameters must be put in “by hand” into the the-
ory (rather than being derived from first principles), such as

The Standard Model(SM) in high energy physics [1-3] hashe three gauge coupling( g2, g3), nine fermionic masses

been remarkably successful in describing the properties of efsix quarks and three leptons), the Weinberg angjie)( four

ementary particles, predicting the existence of the quarks  quark-mixing parameters (CKM) and two more parameters
andb, and the third generation of leptons;, the existence i relation to the Higgs potentialand.).

of the eight gluons, the weak bosors®, Z° and the Higgs

boson [4, 5] before their discovery, predicting parity violat-  One of the most subtle aspects of the model is associ-
ing neutral-weak-currents, and in being consistent with allated with the Higgs sector [8]. The Higgs field and its non-
the experimental results [6, 7]. However, the SM falls shortvanishing vacuum expectation value (vev) is the essential
of being a complete theory of the fundamental interactionsngredient to carry out the spontaneous symmetry breaking
because of its lack of explanation of the probable unificatioSSB) required to transform the hypothetical massless parti-

of the fundamental interactions, the pattern and disparity otles in the Lagrangian into the actual massive physical parti-
the particle masses (mass hierarchy), the origin of the CP vicgles.

lation in nature, the matter-antimatter asymmetry, the pattern
of quark mixing, lepton mixing and the reason why there are  The extension of the SM with two Higgs doublets
3 generations. presents also the challenge that the quartic interactions be-
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tween the scalar doublets are not theoretically determinegbresent four tables related to the cases in which the model is

This model is widely studied. Recently, it has been reviewedalid until the electroweak unification scale.

in the very interesting and complete paper [9], where exten-

sive references to the original literature may be found. .
The general properties of the Higgs quartic potential have2' The two-Higgs doublet model

been studied in Refs. 10 and 11 on the basis of the Minkowslﬂq the SM the fermion masses arise. after the SSB. from the

space structure of the 2HDM quartic potential. This analys'%ouplings between the fermions and a single Higgs doublet.
was oriented towards the possible topological structure of thg o mass ratio of thé and? quark is of the order of /40

Higgs potential that depends on the paramelersf the po- 1, nderstand in a natural way the origin of this difference

tential and it did not address specific phenomenological proby, e yajues of the masses of the third generation of quarks,

lems. The connection of this analysis with the phenomenolbne can assume the existence of a second Higgs-doublet in

ogy is further complicated by the general nature of the cong,q g5 sector of the SM. In this context one assumes that

sidered transformations which also affect the kinetic part Ofthe quarkb obtains its mass through tiie, doublet and the
the Higgs Lagrangian. Our analysis is compatible with thequarkt from another doubled, (there are also other scenar-

results of Refs. 10 to 12.. , , ios for the quark mass generation in the 2DHM but we will
In this paper we consider this model mainly for three rea-,ot e considering them here). In this way one can explain
sons. The first one is that the 2HDM has a much richer Higg$, 5 more natural way the hierarchy problem of the Yukawa

spectrum (3 neutral and 2 charged Higgses) and a differenly pjings, as long as the free parameters of the new model
high energy behavior. This makes that a lower mass thaﬁcquire the appropriate values.

in the SM Higgs is permitted. Another reason may pe th_at The Higgs sector of the 2HDM consists of two identical
a dlfferent pattern of hierarchy of the Yu_kawa couplings IS (hypercharge-one) scalar doubldtsand®,. There are sev-
possible, because of the presence of two independent vacuyty| bronosals for the Higgs potential to describe the physical
expectation values of the Higgs fields (the importance Ofsucrﬂeality in the framework of the 2HDM [9, 26, 27]. The poten-

analysis can be seen for example in the Higgs search scengjs| \ye consider in this paper is compatible with Ref. 28. It is

ios,e.g, see [13,14]). The third reason is that the Higgs secy ;. that the CP symmetry (charge-conjugation and parity)

tor of the Minimal Supersymmetric Standard Model (MSSM) i, the Higgs sector is conserved, the neutral-Higgs mediated

requires at least two Higgs doublets, so the Higgs Sectors qf,or_changing neutral currents (FCNC) are suppressed in
the MSSM and the 2HDM are similar and the study of they,q entonic sector, and in the quark-sector they are also for-
2HDM model may give important information on the prop- p;qqen by the GIM mechanism [29] in the one loop approxi-

erties of the Higgs sector in the MSSM (see for exampléyation. |t is by far the most studied type Il 2HDM, since it is

Ref. 15). , . , the structure present in the Super Symmetric Models. In the
The purpose of this work is to consider the masses of th?agrangianc in which we leave out the leptonic terms,
five remnant particles that the model entails, and their de-

pendence on the parameteysandv;. As the values of the L=Lys+ Lrcin+ Ly —V,
quartic interactions\; between the scalar doublets are not
theoretically determined, we propose several values for therthe £, ; and £k, correspond to kinetic parts of quarks and
inspired in some values for the Higgs masses or unificatioyosons and they contain the covariant derivatives that pro-
mechanism, given in the literature [16—25]. The values ofvide the interactions among the gauge bosons and the Higgs
the \'s that reproduce those masses, are constrained througfosons. They also give rise, after the SSB, to the masses
stability and triviality principles. By using the proposed pa- of the gauge bosons (mediators of the electroweak interac-
rameters we explore their energy dependence and the repeions). The fermion masses are generated, as follows, from
cussion on the energy behaviour of the masses of the Higgséise Yukawa couplings iy
by numerically solving the renormalization group equations.
Through the former results we obtain the region of validity of £, =" (gfj)@LicI)ide + gg;*)ELi@QuRj> +h.c,
the model. i.j

In Sec. 2, we introduce the Higgs potential for the 2HDM
in a special parametrization, and the SSB for the normal vadsetween the Higgs bosons and the quarksCin thegg"d)
uum conditions. In Sec. 3 we go over the Higgs mass matrixare the Yukawa coupling matrices in the Higgs basis. The su-
and its diagonalization results, mass eigestates and the masarscripts(u, d) refer to the up and down sectors of quarks,
spectrum. In Sec. 4 we classify the constraints for the quarticespectively and the subscrigts, R) correspond to the left
couplings derived from the mass formulas, from the vacuunhanded doublets and right handed singlets in the quark sec-
stability principle and by imposing extreme stability condi- tor. The explicit form of the Higgs doublets is given in the
tions in which the lightest neutral Higgs boson is massles. Imext section. In this paper, we will focus our attention on the
Sec. 5 we numerically solve the set of the renormalizatiorpotentiall’.
group equations. Finally, Sec. 6 is devoted to the presenta- The Higgs potential/ depends on seven real parame-
tion of the results and the conclusions. In the appendix weers 2, 43 and \; (i = 1...,5) from which the five Higgs
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masses come up after the SSB. The most general renormaliz- From the vanishing of the first derivatives at the mini-
ableSU(2) x U(1) invariant Higgs potential, that preserves mum and after some simplifications two non trivial equations
a CP and a Zsymmetry ¢; — ®;, &3 — —P5) may be are obtained

written as ) ) )
, , Ui+ o7 + 2 vy =0 or vy =0,
V = 120l ®) + 2050, + A (@{cbl) + A (@3%) 124 dov? + 20002 = 0 O 1 = 0,
W (@{@1) (@;@2) Y (@{%) (@;cpl) where
Ar = (/\3 + A+ )\5)
2 2
+ 1A5 {(@I%) + (<I>$<I>1) ] ) (1)  and we discard the solutions with or v, equal to 0.
2 The mass matrix elements are obtained from the equation
For the sake of simplicity a special basis is introduced , 1 8%V
ij — b}

A=0[®,, B=0l0, (' =D"=0a]a,. e P

After the complete diagonalization, the mass spectrum

In this basis
becomes:
V = pfA+p3B+ M A% + N, B? 1. The mass eigenvalues faff, h°) are
1
+ A\3AB + \C'D' + 3N [C” + D"]. MFo o = A7 + Apv3
The two Higgs doublets can be represented by eight real + \/(Alv% — /\271%)2 + (v1v2>\T)2 >0, (3)

fieldsg;, 1 =1,...,8,
2. The eigenvalues for the mass eigenstdfésand G+

_( ¢1t+ide [ &5 +ids
¢1_(¢3+i¢4)’ (1)2_(4257—#2'(;58)' are

If charge is conserved and there is no CP violation in the
Higgs sector, after the SSB, the non-vanishing vacuum ex-
pectation values (vevs) of the fieldg and ¢, are real, and

1
MZ%. =0, M?.= -5 A1+ A5)v° >0, (4)

3. Finally, the mass eigenvalues f6f and A° are

the minimum occurs at MZ, =0, M2, = —\sv® >0, (5)
(%1 (%)
(bs) = V2 (p7) = V2 @ The three massless Goldstone fiefds andG° become the
longitudinal components of the gauge bosbig and Z°.
hence As one can see, from the valuesidfy,o andM g+, which
1 1 1 do not depend explicitly on the parametess (: = 1,2, 3),
(A4) = 5”? (B) = 5”37 (€)= (D) = Fuiva. one could infer that there is a complete independence be-

. N tween the4®, H* and theh?®, H?, but this is not all true, in
as mentioned beforey;, and v, are real, positive and thejr energy scale dependence, as we shall see later. To add

v + vi = v®. Experimentallyp = 246 GeV. more information, we invert the former equations to express
the quartic parameters in terms of the masses of the Higgs
3. The mass matrix and the Higgs mass- felds.
. . 1
eigenstates basis M=o (MZ0 cos o+ M2, sin®a)
Ui
As it is known, the conditions for the potential are obtained 1
by minimizing o Ay = 2—1]% (M?_Io sin? a + M,%o cos? a) ,
=0
P |, . ’ M?,, — M? M?
' ¢ min ' . ) )\3 = —( HO ho) SiIlQOé + 2 gi B
and demanding that the matrix of the second derivatives at 20102 v
the minimum: M2 — oM?2 M2
o?V Ay = AOTHiv As = — UQO» (6)
8¢16¢)J min
. o ) where
be positive definite. Note, that the choice of the vacuum ex-
pectation values given in Eq. (2) is compatible only with the a9 — 3 )‘;1 * )‘5)2”1”2, o<t
neutral vacuum [10-12]. (Arvf — Agv3) 2 2
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4. Vacuum stability constrains (VSC)

To make the discussion more transparent, in this section, let
us introduce a different parametrization of the Higgs poten-

tial at its minimum . We introduce the parametersgefined
as:xr; = v?, 1o = v3. The potential in Eq. (1) becomes

1 1
V= -V
2V2 + 174
where
Vy= /\11‘% + )\21‘% + Arx12To.

Vo = /L%:E1 + Mgl‘z and

4.1. Bounds due to the positive mass-values

From previous results in Egs. (3), (4), (5) and the mass pos-

itivity, one gets information for the allowed values of thg
parameters in agreement with [28] and [9]

A1 >0, A2>0, (A+2X5) <0, As<0, g <|As].

plus the implication from Eq. (3)
1 2
A1 > Z()\3+)\4+A5) .

and more precisely

At + 2/ A >0,

4.2. Massles Higgs boson

A3 + 2/ A1he > 0.

Another interesting case is when the lighter Higgs boson b

comes masslesa/;, = 0, which implies the condition
A = =2/ A1 As. @)
The general form of the Higgs quartic potenfiglis
Vy= Alx% + )\ng + Arx1To
= (\/Zflh - \/EIQ)Q + ()\TJrQ\/E) z172 > 0.
From condition (7) it follows that the potenti&l, simplifies

to
Vi= (\/Escl - @x2)2-

Here we will consider two cases: the first one is whgn= 0,
(Extreme condition) which implies

)\1 To ’U% )\1 ’U% 4
\([+—=—=-—=5 = — =-3= (tan .
Ao T vf Ao v‘f (ban 5)
and

MH_{

Inthe general case, whéf = (v A z1 — \/72:52)2 # 0,
which means that

(41 20) Y 20, A1 # Ag,

(%1 # U2,

20,

e_

)\1:)\2:/\, ’U1:1)2:’U/\/§.

463

A
7; # (tanB)*, Ar = —2v/A1As,
and theM o becomes

2 2\1/2
Mo :\/5()\11} —l—()\g—)\l)’uz) .

In both cases

1 1/2
Mpo =0, Mg+ = <2|)\4+/\5|> v,

Mo = |As]"? .

The problem of mass of the lighter Higss boson in the
2HDM model remains open. The experimental limits on the
Higgs mass are firm in the Standard Model [30]. However for
the Minimal Supersymmetric Standard Model the experimen-
tal mass limits in search of neutral Higgs bosons obtained by
LEP [31] are compatible with zero mass of the lighter Higgs
boson.

On the theoretical side, the zero mass of the lighter Higgs
boson implies the reduction of the number of parameters (see
Eq. (7)) and this may be a signal of some additional symme-
try, e.g, the supersymmetri€U (5) model contains naturally
massless Higgs doublets [32]. The crucial test of such tree
level symmetry would be radiative corrections to the Higgs
mass and the stability of such a symmetry under such correc-
tions.

Summarizing, the case of the massless neutral Higgs bo-
son is an interesting possibility for the 2HDM model that is
worth of mentioning and of further study.
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FIGURE 1. The v, dependence of the Higgs masseésn 3 = 5
corresponds to; = 248.9.

Rev. Mex. Fis59(2013) 460-470



464 S.R. JWAREZ, D. MORALES AND P. KIELANOWSKI

4.3. Numerical evaluation of the Higgs masses in terms val [80,150] GeV fixed in Ref. 22, wheQMpyg+, M4}

of tan 3 ~2 {129.4,131.9}, (A1/X2) = L.0andAr + 2/ A2 > 0
. )\1 )\2 )\3 )\4 )\5
In general, according to Egs. (3-5) the mass dependence on 018 0.18 03 025 027

v1, v2 andv can be reformulated in terms ofandvy. There-
fore, with a fixed knowrv one can plot those masses in terms
of vg, and determine theitan 5 (tan 3 = vy /\/v? — v3) de-
pendence, as shown in Fig. 1. One should notice that the
charged and the CP odd Higgs masses remain consgant ( 5.  Triviality constrains.
they do not depend aran 3, while the CP even neutral Higgs
masses depend significantly tum 3.

Recently, the bounds on the charged-Higgs mass havg, s section we explore the asymptotic behavior of the pa-
been studied extensively [17-24]. Taking into account SOMe, meters in the model, and their relations, through the Renor-
of the nevyest results, we will p_roceed to ngmencally _evalu,'malization Group Equations (RGE) [26,33,34]. The RGE are
ate the Higgs masses under different stabll!ty cond{tlons Iy powerful tool to determine by the triviality principle, the en-
cases whera; = A, = A (one of the symmetries considered ergy bounds of the parameters and the validity of the model.
in Ref. 20) orA; # A», at the energy scal® = M;, where |, "grqer to proceed in this way, to numerically evaluate the
My is the mass of the quark top. . ) ) energy dependence of the quartic couplings, it is neces-

Let us now select some special scenarios. In a first SC&gry to consider the RGE of all the parameters, i.e., the cou-
nario, the Myo W|Il_depend explicitly onv, and therefore on plingsgi, g2, g3 of the gauge group/ (1) x SU(2) x SU(3),
tan 3, as shown in Fig. 1, where we reproduce the valuegpe vacuum expectation values, v», and the Yukawa cou-
given in Refs. 17 and 18 at their best poif;+ = 608.8  plings of the top and the down quark sectgrsand g, re-
attan3 = 5, consideringMy, = 621.7 and assuming spectively [35-37].

Ar = 0. Using Eq. (6), we fix the\'s as follows The RGE determine the dependence of the coupling con-

tanﬂ Mho MHO V2
412 29 15226 253.7

5.1. Renormalization group equations

A1 Ao A3 A4 A5 stants and other parameters of the Lagrangiat defined as
315 291 1151 -551 -6.0 t = In (E/M,), whereFE is the renormalization point energy.
tan3 My Mpo va The RGE for the gauge couplings, g2, g3 are:
5.0 125 600.4 248.88 dg; 1 .
The running properties of the parameters and masses in this 7 Wbigi (1=1,2,3),

case will be analyzed in the following section.
In a second and third scenarios we assume thawhereb;, = (21/5,—2,—7). The RGE for the Yukawa cou-
tan 8 = ve/v; = my/mp = 41.2) and we focus our at- plings of the top and bottom quarks, g, are
tention on the\;’s (i = 1,...,5) that reproduce the values p . 9 ) 17 9
. ; g
in Ref. 21 and 22, to explore the properties for the energy =9¢ _ ( g2+ 595 — (=g + 193 + 8g§)) ar,

range of validity of the 2HDM, for smaller values o ;- . dt — (4m)2 \2 20
We obtain for the second scenario, according to Ref. 21, for 4 1 9 1 1 9
gb 2 2 2 2 2
tan B/My+ = 0.2, andtan3 = 41.2 for {Mpys, Ma} i (i) (2917 59— (g9t g%t 893)) v
= {206.2,206.2}, with A\ = —2y/A;\; = —0.244 and
()\1/)\2)1/4 = 1.0, the following values and for the vacuum expectation valugsanduvs,
)\1 )\2 )\3 )\4 /\5 d 1 2 2 2
0122 0122 1.076 -0.66 -0.66 @t = (a2 [=39¢ + ((9/20) g7 + (9/4) g3)] v1,
tan8 Mo  Mpgo Vg d 1
412 0 1254 2537 %= e [—3g5 + ((9/20) g7 + (9/4) g3)] v2,
s

Finally, the third scenario is an interesting one, due to its
RGE behavior, for a still lower value a¥/z+ in the inter-  In the equations for the quartic couplings we do include the
| quark Yukawa contributions of both sectors.

dy _ 1 2 _ 2 N 2 2 2 3/ 9 N2 3 4
162 {24()\1) 3A1 {39 +(9) 494 +2(A3)7+ (M)7 + (A5)" + 2X3A + 2 (9 +(9)) +79 —6g: ¢,
da _ 2 2 2 2 2 2 2 31, 02 2123 4 4
dt 1672 {24(/\2) —3X2 {39 + (") _491;}"’2()\3) + (Aa)” + (Xs) +2)\3/\4+8 [(g) +g} +4g —6g; ¢,
a

1 2
it 16m2 {406 + 4% + M) O +A2) = 3% [3¢2 + (9)° 2 (6 + 7)| +2 (1)
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2 § 2 _ n2]? §47 2 2
+2(Xs) +4[ (9)} +59° —129i9; ¢,
dX 1
dit4 = 6.2 {4 (M) + 40 (A1 + Ao +2)3) — 3M4 {392 +(g)" -2 (97 + gg)} +8(Xs) +3¢%(¢)° + 129?913}
d)\g, 1 2 2 2 2
E:16772A5{4(A1+A2+2A3+3A4)—3[:ag +(g") —2(gt+gb)}}.

The former equations are non linear, coupled, ordinary
differential equations whose solution provides the informa-
tion about the renormalization point energy dependence of e Unification of the Yukawa couplings & = M, or at
the masses of the five Higgs particles of the 2HDM. To E,,i.e, g, = g, andtan 8 = M;/M,.
numerically solve the RGE, the initial or final conditions
for the parameters have to be previously chosen. In or- Itis interesting to explore now, the energy bounds of the
der to do so we use Ref. 6. The range of values, we takeDHM, through the running of the quartic couplings which
for the energy and the variableare E = {M,;,E,} =  determine the mass values of the Higgses. In the first scenario
{173.2,1.234 - 1013}, t = {0,t, = 25}, respectively considered in the previous section, whielh;+ = 609 GeV,
(see Table | for the correspondence betweamd the en- M4 = 621.7 GeV, the range of validity of the model is short
ergy £ in GeVs), whereM; stands for the mass of the M; < E < 592.2 GeVi.e, 0 <t < 1.23 as can be seen
quark top andE, corresponds to the electroweak unifica- in Figs. 3. Here the new physics would appear at a very low
tion energy wherey (E;) = ¢2(E;). The gauge couplings energy. The second scenario is depicted at Figs. 4, the model
(gl,gQ,gg)E:Mt ~ (0.4627,0.6466,1.2367,) are obtained presents here an intermediate range of validity ¢ < 18.

using the following relations Now we will rather focus our attention on the cases where
we can explore the universality of the Yukawa couplings and
91(My) = \/5/3ge/ cosOw,  ga(My) = ge/ sin O, its unification, to study the mass-hierarchy problem. In this

e Y case, as can be seen in Figs. 5-8, the 2HDM is valid in the
g3(My) = Vdmas (M), oe(My) = ge/4m =1/ (127.9), whole range of energies, this meahs < E < E, where

wheredyy is the Weinberg angle whegin? gy (M;)=0.235  Lu is the electroweak unification energy.

anda, = 0.1217. The vev standard value that arises from In Fig. 5 we observe a very slow dependence of the quar-
tic couplings and the Higgs masses on the renormalization
v=2M./\/g3 + g2, point energy. The model is characterized by rather small val-
ues of the quartic couplings and the valugai 3 such that
isv(M;) = 253.81 GeV atM, = 91.19 GeV. it permits the unification of the Yukawa couplings of the up

In order to specify more rigorously the energy limits for the and down quarkg; = gs. In Figs. 6, 7 and 8 we show the
guartic couplings, we have numerically solved the RGE for
the gauge group couplings, go, g3, (Fig.2), the vacuum

expectation values;, v, and the top and the down quark 1245 — g1
Yukawa couplingsy; and g4, under the following assump- 1% - - - g2
tions: S5 AN —.—. g3
q \.\
e The heaviest quark masses are related with thewvgvs  , 107 AN
andv, and the Yukawa couplingg® andg(® ;E:j 0ol .
=] = .
Vg V1 Vg 2 N
My =—g:{, Mp=—=gp, tanf= —. © e
T 3, 0o
© '\-\.\
e The gauge bosons masses are related with the gaug® 7 S
couplingsy’ andg oo TTTTeee-o__ Tl i
1 My 1 /5 o % - TTTrrees
My = —vg, My = W__ y g2+ (g’)z, 0-5-_/"/’/
2 cosBw 2 - : ] . ] : ] : ] .
. . 0 5 10 15 20 25
where 0y, is the Weinberg angle and the electron
t [In(E/m))]
charge
e = gsinfy = g’ cos Oy . FIGURE 2. The energy dependence of the gauge couplings in the
2HDM.
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FIGURE 4. The energy dependence of the quartic couplings and the Higgs masses, in the second scenarigwitid1.2 (2D) case.
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FIGURE 6. The first figure shows the unification of the Yukawa couplings at low energy corresponding to the Fig. 11, and the second figure
shows the unification of the Yukawa couplings at high energy corresponding to the Fig. 12.
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evolution of the Yukawa couplings, quartic couplings and the ~ From our analysis, one can observe that lower values of
Higgs masses for the case when the Yukawa couplings atte charged Higgs mas¥+ lead to a larger range of va-
unified. In the first plot of the Fig. 6 we assume that theylidity of the model and the new physics is shifted to higher
are unified at low energy and in the second plot of the Fig. G&nergies.

they are unified at high energy. The evolution of the quartic  The most important result of this paper is the derivation
couplings and Higgs masses are similar in both cases. As & restrictions for the quartic couplings of the Higgs poten-
complement, in the Appendix, we present several tables withia|. The bounds on the couplings are obtained from physical
data associated with figures Figs. 5-8 for the running of thg:ongitions that have to be fulfilled by the physically consis-
masses and couplings. In Table Il, related to Fig. 5, we congant theory and they include the positivity of the squares of
sider an additional column refered to a 7 TeV energy in whichy,e Higgs masses (Egs. (3-5)). Next we consider a restric-
the Myo = 127.7. This value is very close to the one re- tjon optained from the assumption on the values the Higgs
ported in Refs. 4 and 5 as an evidence of the existence of thaasses. A very interesting case follows from the condition
SM Higgs Particle. in Eq. (7), from which it follows that vanishing of the mass
the lighter Higgs boson at the tree level is compatible with
the phenomenology of the 2HDM. It is remarkable that this
6. Results and conclusions result depends only on the quartic part of the Higgs potential.
For such a scenario, if there are two Higgs doublets, the re-

) . . cently discovered neutral Higgs boson at LHC [38] would be
With the aim to explore the Higgs mass content of the 2HDM, 4 heavier one.

extension of the standard model, among the different forms | h its in thi be a basis f
of the Lagrangian describing the same physical reality, we .1 SUmmary, the results in this paper may be a basis for

have chosen a specific one, in which the vacuum expectatiofgljrtherdinvestri]gation i.n .relatifonh to the behayic:r anddener%y
values of both Higgs fields are real, and for simplicity alsol.epenh enthc aracltensftlc;? of the H'r?g;‘ partlf e; an \r':'e oe-
preserving the CP symmetry. ieve that the results of this paper shed new light on physics

We present, the analytical expressions for the masses &f the Higgs sector.

the five predicted physical Higgs particles in terms of the
A; parameters. For completeness, we consider\fein
terms of those masses, with which one can verify convinc
ingly some of the imposed restrictions on them. We have alsg.
verified, through the mass formulas, a set of constraints tg'gures
be satisfied by the scalar parameters that determine the cou-
plings and self-couplings of the Higgs fields.
We have considered the condition on the Higgs poten-TapLe I. Energy scale
tial for Mo = 0 and analyzed using the renormalization
group method the validity of the model in three scenarios. ¢ Energy [GeV]
We performed a numerical analyses of the flow of Mis

Appendix: Tables with the initial data for the

2

and masses as governed by the one-loop RGEs, in case when 173110
the Yukawa couplings for the t quark mass is related-o 0.5 2.8539%10
and the b quark mass is relatedutoand located the energy 1 4.70535¢102
where the Landau pole emerges in those cases. 3 3.4768k 103

A.S. many authors base th_elr calculaﬂops o_n_symmetry 3.7 7 0014% 10°
conditions, such aa; = Ay or impose, for simplicity, spe-
cific and particular values faran 3 , in a phenomenological 6 6.98335 10"
study of special events, it is important to analyze the con- 9 1.402¢10°
sequences and limitations of such assumptions and conclu- 12 2 817107
sions. We tried at least partially to address this problem. We .
have considered here symmetries in Mygarameters, unifi- 15 565810
cation of the Yukawa couplings at low energy (M, scale) 18 1.136¢10"°
or high energyF,, (weak-unification scale), hierarchy of the 21 2282101
guark masses and determined the energy range of validity of 1

. . 22 6.205<10

the model which depends on the values of the Higgs masses.
The main symmetry considered here is the unification of the 23 1.686¢10"
Yukawa couplings. It seems this symmetry makes the Higgs 24 4.585¢10'2
sector very stable as can be seen in Fig. 5, preserves the uni- o5 1.246¢10"3

tarity conditions Ref. 23 and gives &t = 7 TeV the Higgs
massM o = 127.65 GeV. See Table Il.

Rev. Mex. Fis59(2013) 460-470



QUARTIC COUPLINGS, MASSES AND THRESHOLDS IN THE BASIC EXTENSION OF THE STANDARD MODEL 469

TABLE Il. Data for Fig. 5. TaBLE V. Data for Fig. 8 and second plot of Fig. 6.
E[GeV]=173.1 E[GeV]=7000 E[GeV]=1.2x10'3 E[GeV] = 173.1 E[GeV] =1.2 x 10*3

tan 3 41.21 41.21 41.02 tan g3 41.21 41.43
v1 6.16 5.97 5.71 v1 6.156 5.6869
V2 253.73 245.87 234.47 v2 253.735 235.641
v 253.81 245.94 23453 v 253.81 235.709
gt 0.965 0.817 0.508 gt 0.9729 0.516
b 0.965 0.820 0.524 b 0.9567 0.516
A1 0.18 0.135 0.123 A1 0.2915 25
A2 0.18 0.135 0.115 A2 0.2876 25
A3 0.3 0.19 0.095 A3 0.2043 0.2
Aa -0.25 -0.087 0.56 A4 -0.2498 1
As -0.27 -0.32 -0.675 As -0.2735 -1.2
mpo 2.92 1.93 2.8 mpo 3.9232 12.7164
M g0 152.26 127.65 112.27 ™M R0 192.458 526.909
ma 129.42 110.20 55.84 ma 132.749 258.207
My 131.88 138.01 192.64 Mp+ 129.838 74.5378

TABLE Ill. Data for Fig. 7 and first plot of Fig. 6.
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