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Inert Doublet Model.
Brief review

SM with standard Higgs field ¢¢ is supplemented by Higgs field ¢p,
having no interaction with matter fields and v.e.v. = 0).
G. Despande, L. Ma Phys.Rev. D18 (1978) 2574; many papers now

: 1
Lagrangian: L= £§}W + Ly + E(DuqbsDucbj; + DmeDu(/%) - V.
Lkggfg”: SU(2) x U(1) SM interaction of gauge bosons and fermions;
Ly Yukawa interaction of fermions with Higgs field ¢g only.




V: Higgs potential, forbidding (¢g, ¢pp) mixing:
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V=2 (m31(505) +m3,(dpen)) +

1
+2 (M@h)2+X2(0h60)?) + As(6l65) (Shon)+
A
Aa(@560) (0pes) + 72 ((2hép)2+(0hes)?) + Vo.

VWe fix As < 0, real without loss of generality.
Potential is positive at large quasi-classical values for fields ¢; if only

A >0, X>0, R+1>0;, R=2A345/\/A1 2, Azgs = A3+s3+]s.

To describe IDM, parameters of potential should lie in some bounded

area of parameters m2, \;.
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Useful abbreviations: u; = 22
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Temperature dependence

At the finite temperature the ground state of system is given by
minimum of the Gibbs potential Vg = Tr (Ve_H/T) /Tr (e_H/T). At
high enough temperatures in the main approximation Vg has the same
form as V with the same )\;, and mass terms evolving with temperature

m%l(T) = m%l(O) —c1T?, m%Q(T) = m%Q(O) — T2,
c1 = (BA\1+2X3+ Ag) /124 (392 + ¢'%) /32 + (92 + 92) A,
co = (3h2 +2X3 + A4)/12 4+ (39 + ¢'%)/32.

g and ¢’ are coupling constants of gauge EW interaction. The Yukawa
coupling constants of SM for t and b quarks are g: = 1 and g; ~ 0.03.
Simple analysis shows that in the case of neutral DM particle

At R>0 ¢1 >0, cp >0,
At R< 0 both signs of c1 > 0, co are possible, but c1 + co > 0.

4



Extrema of potential

The extrema of the potential define the values (¢g p) of the fields ¢g p
via equations: 9V/9¢;|y —(4,y = 0. For each extremum with (¢g) 7 O

we choose the z axis in the weak isospin space so that (¢g) = (f)
S

with real vg > 0 (" neutral direction”). After this choice the most
1

. 0 1 U
general form extremum is (¢g) = NG ( Ve ), (dp) = NG ( v )
The vacuum with v # 0 is excluded in the model.

Complete set of these solutions contains 1 electroweak symmetry pre-
serving extremum EW's and 3 electroweak symmetry violating (EWYV)
extrema: inert extremum I, inert-like extremum I> and mixed ex-
tremum M. We list their v.e.v.’s and extrema energies &, = &, — Vp:
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EWs :vp =20, vg = 0, Egws = 0;
1

2 2
Iy :vp =0, vgzm—l, E’Ilz_ﬁ;
%, %
12 :US:O7 v%:m227 (C/_,IQ:_Q;
Ao 8
. 5 p1— Ry > _ M2—Rui . s _  pit+p3—2Ruipo
M US - ) UD — ’ 8M —_— — .
VA1(1 — R?) VAo (1l — R?) 8(1 — R2)
If some vg, given by these equations, are negative, corresponding

extremum is absent.



We assume that QU world IS described by I]_ (inert phas

In this state we have (G*, G — Goldstone modes.)

GT Dt
V2 V2

For the to-day IDM state v = 246 GeV.

We denote by My, Mp, My, My = My masses of h, Dy, Dy and D¥.
Scalar h interact with the fermions and gauge bosons just as Higgs
boson in the SM. As in SM, M? = A\jv?,. D-scalars D, Dy, D¥ don't
couple to fermions. The lightest from these D-scalars can play a role
of DM particle, at A\g + A5 < O it is neutral:

Ruq — po
2 __ 2 _ a2 2 2 _ ag2
Mp = VA2 5 , M3 = Mp—vis, Mf= Mp —

This state can be ground state (vacuum) if only
m%, >0 at any R, p1>pp at R>1, Ruj>pup at |R| < 1.

1}2)\4 + A5
> :

-



Inert-like phase 12 looks similar to the inert phase.

dp lOOKS similar to Higgs field in SM. Its 4 components are split-

ted into 3 Goldstone modes -+ observable Higgs boson Djg with
R _

mass Ml%h = M2 and Ml%s = /A1 M22 P1 D, has no coupling

to fermions — fermions are massless.

If this state is vacuum, we see no candidates for DM particle.
Certainly, at m3, < O this I does not exist.

M (m Ixed phase) . This phase is similar to that in 2HDM

with Model I for Yukawa interaction. Scalars h, H, A, H* + 3 Gold-
stones mix components of ¢p and ¢g.
This extremum can be minimum if only R2 < 1.




T hermal evolution of Universe

During cooling of the Universe mass terms in V were changed = phase
states were changed. Possible ways of evolution are shown here:

e A2 M2
/12/ > /32/
3 py M A P4
EWs EWs
/ﬁ o
R>1 1>R>0




New: Limitation for thermal coefficient cq

In the modern inert phase total vacuum energy density is the sum of
energy of matter AcT% and calculated vacuum energy &1 + Vg

= — (m}(T) = m$1(0)) /(8A1) = — ([m31(0) — 17?12 — m$(0)) /(8A1).
At c1 > 0 this sum increases with growth of temperature. The state
with 7' = 0 has lowest energy.

At cq; < O this sum decreases with growth
of temperature from 0. It has minimum at
some T = T, = 0. = Cooling down of
Universe must be stopped at T' = T;,!
Therefore, the case c; < 0 is excluded if
IDM describes our world.
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New: Mixed phase (Ray 32)

In the considered model the extremum equations for v.e.v.'s give
not vp, but v% (sign of vg is fixed). Therefore, mixed extremum is
degenerated in the sign of vp, there are 2 mixed vacua, with positive
and negative vp.

They can be distinguished by the value of couplings of h and H to
gauge bosons « cos(S + «), etc.
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Mixed phase is made of domains with vp = +|vp|.

The height of domain wall is given by position of lowest saddle ex-
tremum among considered above.

(11 R — p10)?
8(1—-R2)
Note that inert extremum become saddle point when Mz% x (u1R—puo)
become negative. Near the second order transition point Th; 1 we
have (u1R — pp) = A1(T% ;1 — T?) with A1 > 0.

At uo > pq lowest saddle éxtremum become inert-like I» with

R — 2
Ey=Ep, =&y = (12 K1) . Near the second order transition point

8(1 — R?)
TM,IQ we have (,uQR — ,u]_) = AQ(TQ — T]%l 12) with A> > 0.

At 1 > po itis inert extremum I; with By = &1 — &y =
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Evolution through mixed phase (Ray 32)

Starting from EWSs state the Universe comes to the Inert-like phase
I> having no DM particles (second order phase transition).

At cooling down to temperature T' = T ;o> the Universe come to the
mixed phase. As usual near the phase transition system has huge fluc-
tuation. However, in contrast with standard picture when fluctuations
contains islands of old and new phase, in this case we will have islands
of I» phase and mixed phase of two types, with positive and negative
vp. Map of these islands is constantly changing. The character-
istic correlation radius is Re(T) o< 1/y/|uoR — pi] o 1/\IT? = T3 1ol
Near the transition the sphere of radius R, contains huge number of
fluctuations.
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With the growth of temperature (at uo > pq)) correlation radius
decreases, domains become smaller than R., they become bubbles
with opposite sign of vp in each of them and with surface tension
os ~ EpyRe. The curved surface of this bubble is under pressure ~ o/,
where r is the local radius of curvature. It results growth and dis-
appearance of domains with effective heating of medium. At cooling
down to the region u; > uo this process is continued with new values
of £, and Re. At T =T, 1 the second order phase transition to the
inert phase takes place.

It is not completely clear what is the structure of Universe before this
transition. The local growth and disappearance of domains is fast
process with velocity similar to the speed of light ¢. But in general
this process is slow diffuse process. So that it is unclear whether Uni-
verse will be uniform or not in the beginning of modern inert phase.
Note that allowed values of parameters allow to have latter phase
transition at low enough temperature.
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