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Scalar fields which are favorite among the possible candidates for the dark energy usually
have degenerate minima at +¢,;». In the presented work, we discuss a two Higgs doublet
model with the non-degenerate vacuum named inert uplifted double well type two-Higgs
doublet model (UDW-2HDM) for the dark energy. It is shown that when the both Higgs
doublets lie in their respective true minima then one Higgs doublet can cause the current
accelerated expansion of the Universe.
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1. Introduction

Modeling the accelerated expansion of the Universe which is also in agreement with
at least the standard model of the Particle Physics is a very hot question. We in this
context earlier showed that the Higgs field(s) of the inert doublet model (IDM) and
the general two Higgs doublet model (2HDM) can provide the current accelerated
expansion of the Universe. In this short work we show that a new kind of two Higgs
doublet model where both the Higgs vacuums are non-degenerate can also be used
for dark energy modeling. We call this model to be uplifted double well two Higgs
doublet model (UDW-2HDM). We in this short review give the very brief review
and the results with necessary model information. The complete full length paper
will be submitted to an ISI indexed journal later.

2. Uplifted double well two-Higgs double model

The Lagrangian which describes any model in Particle Physics is
£:£§J]cw+£y+TH—VH, (1)

where ngc” is the SUc(3)®@SUL(2)®Uy (1) SM interaction of the fermions and
gauge bosons (force carriers), Ly is the Yukawa interaction of fermions with the
Higgs field(s), Ty is the kinetic term of the Higgs field and Vi is the potential of the
Higgs field. The last two terms form the Higgs Lagrangian Lg;qqs. In UDW-2HDM

Ty = (D1,$1)" (D1 1) + (D2, ¢2)"(Da" p2)

+ [X(D1,,61)T (D" $2) + x*(Dap¢2) (D1 1)) @



The Fifteenth Marcel Grossmann Meeting Downloaded from www.worldscientific.com

by 2a02:8108:50bf:e6b8:e07b:caba:68bd:296 on 01/12/24. Re-use and distribution is strictly not permitted, except for Open Access articles.

1234

and
Vir = prexp(Aamiy (61 = 610) (61 = 61,))
#oaexp (FAan((61 = ) (61— 61,)))
+ p2 exp(Aam3y (g2 — d2,) (02 — ¢3,))
+prexp (gAsdal(02 — 03,)1(02 — )

A
+ Xa(6]61)(Bhd2) + Aa(0102) (6361) + [my(6162) + 5 (9] 2)”
+ 26(6[01)(@92) + Ar(0162)(0]62) + hc.| (3)

where

/

Dpuzﬁu—l—ig?paiWiu—i-ig?pBu, p=1lor2,

oF

Ti

The Higgs fields (bj, ¢, , n; and x; are hermitian (qﬁjt are charged whereas the
others are neutral), v; is the VeV of the doublet ¢;, ¢;, in the potential is the true
minimum of the field ¢;. The shape of the UDW-2HDM Higgs potential is shown
in fig. 1.

V(¢)

Fig. 1. The uplifted double well potential

The Zy symmetry (¢ — —¢) is very important in determining the stability of
the Higgs fields. There are two types of Zs symmetry breaking: 1) soft; and 2)
hard. The term containing m?, describes the soft Z, symmetry breaking, whereas
the terms containing A\g and A; describe the hard Z, symmetry breaking. In the
absence of these terms along with no cross kinetic term i.e. xy = 0, the UDW-
2HDM’s Higgs Lagrangian has a perfect Zs symmetry.
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The extrema of the potential are found by taking

oVu oVy
= — =0 and

0P lon=(o1)  0¢l lo1=(s}) D2

The most general solution of the conditions (4) is

-5 - e

We must remember that now v? = v + [v3| + u?, where v = 1/3/2Gp” ~ 246 GeV
is the VeV of the Higgs field in the SM. For a nonzero u, the “charged” type dark
energy is obtained, which obviously is not the case. For this reason, choose u = 0.
Solving eq. (4) for the potential truncated to the forth power of field gives

OV
o2=(t2) Pl

(4)

by= <¢2>

prhim3y (v1 — 1) + prAImdy (1 — 71)% + psAshva (v — 73) + miy v (5)
()\3 + A4+ /\5)1/11/2 (>\6 + 2)\*)1/11/2 + )\71/2 =0,
palhom3s(va — 7o) + paA3mis (va — 72)% + palydoro (V3 — 73) + miqin

: 6
+(>\3 =+ A4 —+ )\5)1/12V2 —+ >\6Vf —+ (2)\7 -+ /\;)1/11/22 = 0 ( )

Imposing the Zy symmetry (x = 0, m?, =0, X¢ = 0, A7 = 0), which makes
the lightest Higgs field is stable, on eqs. (5, 6) with A3 + Ag + A5 = 012 we get four
solutions for v7 and o, which are

nm="r, Ve =T ; (7)
4 A2 =
2m22A2p272 — )\2A4p47'2 — V=92

Vvp=mn, V2 = ;

(m22A2P2 + AoAyps)
(8)
2m‘1*1A%p17'1 )\ Adpdﬁ vV El

vy = , Vg =T2 (9)

(m11A1P1 + A1A3p3)

2m11A1p17’1 /\1A3p37'1 -V El
2 (m1ATp1 4+ MAsps)

v = )

_ Zm%QA%pQTQ — )\2A4p47'2 — vV EQ .
2 (m35A3p2 + A2 Aapa)

(10)

where

1= —4m§ A3 pT — Ami A\ A1 Asprps — 8mi M ATAsp1psTE + A ASp3TE,

(1]
|

2 = —4m$yA3p5 — 4m3aAaAaNapaps — 8miaaAaASNspapats + A3AZP3TS .

[1]

If we choose 75 = 0 then the fields gzﬁli and y; become Goldstone bosons and the
other fields become physical. With 75 = 0, the Yukawa interactions are described by
the interaction of ¢, with fermions (as ¢2 does not couple to fermions but appears
in loops). This scenario makes the lightest field of ¢ stable.

aWith A3 + A4 + A5 # 0 the solution to the VeV contain complex part.
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3. Higgs fields as dark energy

For the field ¢ to be the dark energy field, we need to solve the Euler-Lagrange
equations in FRW flat, (x), Universe, (v/—¢ = a(t)?), which for the fields QSQi, 72
and o are

' 1 c
2 + 3%772 + 5" (Vz (A3 4+ Ay +As) + 2m%21\2026m32/\2(X22+7’22+2¢22)/2
+ AgAgpgeteha(xa®+m+205%)7 /8 (x2® + 2¢§2))
+ })\2A4,046A2A4(X22+"22+2¢52)2/87723 =0 (11)
2 )
' 1 c
X2 + 3%)'(2 toxe (VQ (Mg + Aa — As) + 2m3y Appae etz (xa" 412" +205%) /2
Do Agpyeea (et e H 208008 (3,2 4 g2))
+ 1>\2A4p46/\21\4(X22+7722+2¢§2)2/8X23 =0 (12)
2 )
5 + 3g¢.5§ + 3 (VQ)‘S + 2m%2A2P2em§2A2(X22+"22+2¢§2)/2
a
+ ApAgpgeta e+ +205%)%/8 (x2® +m” + 2¢§2)> =0, (13)

where ¢ is + or —. The energy density and pressure after expansion of UDW-2HDM
Higgs Lagrangian for physical fields become

1. 1. 1. 1 1

poe/Ppr = 5)(22 + 57722 + 561532 + (P1 + p3 + 51/2>\3¢§2 + 11/2 (A3 + Ay + A5) mo?
+ iﬂ (A3 + Aa — As) x2? + ppeBohz(xa4ma+205%) /2
+p4€)\21\4(X24+2X227722+7724+4X22¢§2+4?722¢§2+4¢§4)/8> ] (14)

The initial conditions used are 72;,; = Mp, X2:n; = Mp, ¢5,,,; = 0, X24n; = 0,
X2ini = 0, ¢§W = 0. The masses of the Higgs bosons in the analysis are taken to
be my,, = m,, = 1.0247 x 10757 GeV, the charged Higgs mass is arbitrary. The
solution of the egs. (11, 12, 13) along with Friedmann equations is shown below in
the graphs.

During the initial stages Z > 1, the evolution of the Higgs fields, 79, x2 and qb;t,
is frozen, and acts as a negligibly small vacuum energy component with w = —1. As
time proceeds the Higgs fields begin to evolve towards the minimum of the potential,
the energy density in the Higgs fields starts to dominate cosmologically. During the
evolution, wp;ges starts to increase and becomes > —1 as shown in fig. 2. In the
very late (future) Universe (Z < 0), the fields come to rest at the minimum of the
potential and a period with w = —1 is re-achieved to give an accelerating Universe
similar to a pure cosmological constant.

As discussed before, the Higgs field stability is provided by imposing Z> sym-
metry. The lightest Higgs fields, 72 and x2, do not decay into any other Higgs field



The Fifteenth Marcel Grossmann Meeting Downloaded from www.worldscientific.com

by 2a02:8108:50bf:e6b8:e07b:caba:68bd:296 on 01/12/24. Re-use and distribution is strictly not permitted, except for Open Access articles.

1237

0 8 6

—0.94

Py
-0.95F D1 = —higes
nggS pHiggs

-0.96}
-0.97f

iggs

-0.98}

WH

-0.99;

-1.00

4 2 0
Redshift — Z

—1.0110

|
-
o
e

o+
]

Fig. 2. Effective equation of state parameter for Higgs fields wf;gqs, as seen it starts with —1
then evolves towards quintessence regime after large enough time it comes back at —1.

(since these fields are lighter than the SM-like and charged Higgs) or into fermions
(since they do not couple to them at tree level).

Note that the initial conditions for the charged field took the dark energy (vac-
uum) not to be charged. Since it does not contribute to relic density, this does not
mean that it can not exist, it can appear in the loop process.

4. Conclusion

In the work presented, we assumed that dark energy is actually some scalar field
which is present as the Higgs in a model where the potential has the non-degenerate
vacua, we called this model uplifted double well two-Higgs doublet model (UDW-
2HDM).

We found that if the present Universe is described by the true vacua of UDW-
2HDM then the component fields of the second doublet ¢o (which acts as the inert
doublet) can be one possible candidate for the dark energy. As the present contri-
bution of the dark energy to the critical energy density is about 0.7, this value is
obtained by taking the mass of the CP-even field’s mass small (O(10759)GeV). The
most important thing is that with the initial conditions set, the mass of the charged
(¢2i) field becomes arbitrary. Hence this model will fit for any value of mass of (;Sgt.
One also needs to keep in mind that the values of masses were chosen arbitrarily so
as to get dark energy relic density ~ 0.7. Changing the values of the masses, the
relic density does not change much.

It should also be mentioned that if we remove the Z5 symmetry, the second Higgs
doublet does not remain inert. Thus in the case of Z; violation (soft or hard), the
CP-even Higgs fields will mix by an angle 5. In that case a new parameter (3) will
arise in the theory. Obtaining a dark energy candidate in that model will require
fine tuning in the Yukawa interactions in such a way that either the dark energy
field does not couple or couple very weakly with the fermions.
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