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1 Introduction

The inert doublet model was studied in ref. [1] for phase transitions and GWs.
The 2HDM (of type I and II) plus a pseudoscalar was investigated in ref. [2]

2 Model

In this section, we describe the model that we focus on.

2.1 Higgs potential

The scalar potential is constructed by two isospin doublet fields ®; (i = 1,2) with hypercharge
Y = 1/2 and a pseudo scalar isospin singlet field 7. We assume that the potential possesses
the exact discrete Zy symmetry. The scalar fields ®5 and 7y are odd under the Z; symmetry
while ®; and all the other fields are even. Under the electroweak symmetry and the unbroken



Z, symmetry, the scalar potential is written by !
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where all the parameters are taken to be real without loss of generality. The component fields
of ®; and ¥, are parameterized as
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where h is the SM Higgs boson with the mass 125 GeV, v is the electroweak vacuum expectation
value (VEV), i.e., v = (vV2Gp)~/? ~ 246 GeV, and Gt and G° are Nambu-Goldstone bosons
which are absorbed into the longitudinal components of the W and Z bosons.

With the stationary condition for the scalar potential, masses of CP-even and charged com-
ponent fields are given by

mi = \v?, (2.3)
1

m%+ = Iu,g + 5/\32]2 s (24)
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The CP-odd scalar fields 7,7, mix with each other after the EWSB. The mass matrix is given
by
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Introducing the mixing angle #, mass eigenstates are defined as
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where cy,s9 are shorthanded notation for trigonometric function, ¢y = cosf,sy = sinf). The
mass for A and a, and the mixing angle are given in terms of the mass matrix /\/172777 in (ng,n2)
basis as

mi = cg(/\/l?m)n + Sg(/\/lfm)m + 829(M72717)12
m2 = Sz(/\/lfm)n + C§(M3,n)22 - 529(M3m)12
2(M?
tan 20 = (M2 . (2.10)
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'While we consider the extention of the intert doublet model, 2HDM+ scalar or pseudo scalar is discussed
in Ref. [3] .




In the limit of & — 0, which is equivalent to 112, — 0, the masses for CP-odd scalars are
simplified as
02

2
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where obviously, A is doublet like and a is singlet like. We assume that the mass hierarchy
my > m, and a is Dark matter.

Using the mass formulae for the scalar bosons and the relation for the mixing angle €, one
can replace the original 12 potential parameters by the masses and the mixing angle. we choose
the following 12 parameters as inputs,

v, M, N; Mg, Ma, Mg, Mg+, 0, )‘27 Ana >\7’]17 A?]Q? (212>

We fix v = 246 GeV, m;, = 125 GeV. The scalar quartic couplings A\;_5 and the mass parameters
,u?? and /112, can be expressed by these parameters as given in Appendix A.

2.2 Scalar couplings

The trileniar couplings, which are relevant for annihilation process of a and mono Higgs po-
duction are given by

_cg(mi —p3) 1,

Anad = I 51}39/\1,7 : (2.13)
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without statical factor.

2.3 Gauge couplings

The gauge couplings for inert scalars arise from the kinetic term, which is relevant for the
decays of inert scalars. The lagrangian for scalar-scalar-gauge boson vertex is given by

L = Gg,65v (0uP102 — 010,02) V), (2.16)

where ¢1, ¢, are inert scalars and V' is weak gauge bosons. The coefficients g4, 4,v are given by

JaHz = —97200 v YaHZ = —97289, (2.17)

gAHFWF = :Figce v GaHEWTF = :Figgzsej (2.18)
.9

gumEws = F5 (2.19)

with gz being g7 = 2mz/v.



2.4 Constraint for the model
2.4.1 Electroweak presicion parameters

The electroweak oblique parameters S, T,U possibly restrict the scalar potential parameters.
While the 1-loop contributions of the extra scalars appear via the gauge couplings, they are
controlled by the masses and mixing angles. We here give the extra scalar contributions to the
electroweak oblique parameters AS, AT, in terms of Passarino—Veltman functions [4],

1
AS = e [ — AB5(mQZ, M+, Myt ) + chB5(mQZ,mH,mA) + sgAB5(m2Z, mg, mg)|, (2.20)
1
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Above analytical expressions of AS and AT can be easily extracted from formulae for AS and
AT in general multi Higgs sector [?,?] (also see Appendix C.in Ref. [?]). We note that taking
the degenerate mass mpy+ = mpy makes AT zero and thus, the constraint from the oblique
parameters is satisfied in this case. the reason why this happens can be understood in terms
of the global symmetry of the potential. As can be seen in Appedinx A, the degenerate mass
mpy+ = my read a relation |\s| = |A5] and the additional O(4) symmetry is restored [?].

2.4.2 DM constraints

Figure 1: Annihilate process in the region m, ~ my, /2, where X is SM particles

In this paper, we assume that a is DM candidate and the mass is close to my/2. DM is
produced by the so-called freeze-out mechanism. The relic density of DM is governed by the
annihilation cross section. In rough estimation, it is inversely proportional to the annihilation
cross section. By requiring the DM is not over-produced by this mechanism, the relevant
couplings for the annihilate processes can be limited.

In the mass region that we are interested, in most cases, the dominant annihilation process is
s channel process mediated by the SM-like Higgs boson, aa — h — X X, where X X is any SM
particles lighter than a (For weak gauge bosons, off-shell production, XX = VV* (V = Z W)



W*(Z*)

Figure 2: Feyman diagrams for annihilate process aa — WW*(ZZ*), which does not depend
on the trilinear coupling Apuq.
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Figure 3: The relic density of DM and the spin-independent cross section for DM as a function
of Apaa/v.



is possible.). The amplitudes are proportional to Apee, which is restricted by the constraint
from the relic abundance. Furthermore, this trilinear coupling Ay, also plays a role in the dark
matter direct detection experiments since the spin-independent cross section og;(an — an),
where n is neutron, is controlled by A,q.. Null results from direct detection experiments give
the upper bounds for A,.,. To evaluate the limits for \,.., we calculate the relic density of a
and the spin-independent cross section og;(an — an) by utilizing the public code microOmegas
5.3.41 [7).

The relevant a annihilation processes in the mass region m, ~ m;/2 are shown in Figs. 1
and 2. In addition to the Higgs boson s channel process, the annihilation processes through
gauge couplings exist, which are governed by the mixing angles . Hence, in this mass region
of a, the total annihilation cross section is controlled by Aj.., @ and the masses of inert scalars.
The main annihilation channel can be WW* or bb depending on the size of Apaq. If Apaa is
sufficiently small, the annihilation channel WW* can overcome bb because of the additional
contributions shown in Fig. 2. Thus, in this case, mixing angle # has a large influence on the
annihilation cross section for DM.

The numerical results for the relic density of DM and the spin-independent cross section
between DM and nucleon are shown in Fig. 3. We here take the following inputs

mp, = 125GeV, m, = 62.6GeV, m,=mys = 500GeV, (2.24)

1% 1074 < Apaa/v < 4 x 1075, 0 = g
The calculated total width for the SM-like Higgs boson is 3.5 MeV, which is used for the
evaluation of the amplitude for the annihilation process shown in Fig. 1. The behaviors of QA2
and og; can be understood easily. In the large An../v region, the annihilation cross section
is dominated by the process in Fig. 1. This results in small relic density Qh% < 0.12 and an
increase of og; since this has a positive correlation with A\, /v. The parameter point satisfy
Qh% ~0.12 is

Maa/v =~ 1.69 x 1073, (2.25)
The coupling A, is related to the model input parameters as given in Eq. (2.14). We set

mg = 62.6GeV, A, =01, 60=—, (2.26)

N

then Eq. (2.25) yields
o = 83.33GeV. (2.27)

While this parameter point satisfies the current limits of XENON 1T [?] and XENON nT [?],
the model prediction of ogp for Ayee/v >~ 1.69 x 1073, ogr ~ 2.5 x 10~ pb, is within the reach
of the future direct detection experiment LZ [?]. On the other hand, if we take |my — 2m,| <
O(1072), the spin-independent cross section with the appropriate An., producing Qh* ~ 0.12
becomes below the sensitivity of LZ. Furthermore, as studied in Refs. [5, 6], if one computes
one-loop corrections to the spin-independent cross section, the model prediction can vary from
the tree-level result.



3 Finite temperature potential

In this section we display the finite temperature potential. It is given by the following contri-
butions

Verp(0,T) = Vigee + Vow + Vi + Ver, (3.1)

where the terms on the RHS are the tree-level potential, eqn (2.1), the Coleman-Weinberg
contribution, finite temperature piece and the counter term potential, respectively.

Following [2], we consider finite temperature dynamics in the field directions of the CP-even
fields (h, H). Thus the tree-level piece is given by

2 2
H1 50 A1 4 Ha 1o A2 4 )‘345 2 172
e = — 2 22 =y 2RPH?, 9
Vi 2h + 8h + 5 + 3 + h (3 )

where we have defined

Aags = A3+ A+ s, Azas = A3+ A — s (3.3)

The 1-loop contribution is encoded in the Coleman-Weinberg term

Vow = — 3 nmi(9) (m mi(9)” _ ci> , (3.4)

" 64n? 12
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where the sum is over all particles in the theory that get their mass from the CP-even

fields, n; their number of degrees of freedom, ¢; = 3/2 for all scalar, fermions and lon-
gitudinal vector bosons and ¢; = 1/2 for transverse vector bosons. The parameter pu
is the renormalization scale which we set to © = v. We include the contribution from

{W%,Wf,ZT,ZL,t, h,H,A a,G° G, H*}. The rest of SM particles contributions are neg-
ligible because of their tiny couplings to the Higgs.

The field dependent masses for the top quark and transverse vector bosons component are
) _ Yih? _ g+ HY) (gt g0+ )

my B , My = 1 s Zr = 4 N (35)

with g and ¢’ the gauge couplings of SU(2), and U(1)y groups, respectively. The top quark is
yr = 0.993.

The longitudinal gauge boson masses are obtained as [1,7, 8]

2 h2+H2
mw, = g+ H) 1 ) +2¢°T?, (3.6)
2 4\ (h? 4+ H?
my, = CHOIWLI) e oy 4o, (37
with W21 H? 4+ 8T2)?
pnr= WSO (o) e pe22 4 12 4 a12) (3.8)

64
The field dependent masses for the scalars are given by the eigenvalues of the corresponding
mass matrices. The mass matrix for the CP-even fields is given by

Sh2A; + L5 + 12 hH 345

3 172 h2 2 (3.9)
hH \345 SHXy + %5 Asus + 115

MCP-even =



while for the CP-odd states one gets

2 (W21 + H?Asus) + pid hH\s H 112y
MCP-odd = hH)\5 % (H2/\2 + h2/_\345) + ,U/% —h,ulgn )
H 119y, —hpi12y %(h2>\1n + H?*Xyp) + ,u%
(3.10)
finally the charged Higgs mass matrix is obtained as
L(h2N + H2\3) + p? LhH(N 4+ A
Mcharged = 2( ' 3> . 2 ( ! 5) (311)

LhH (A + Xs) L(H X0 + h2Xs) + 113

The introduction of the Coleman-Weinberg potential destabilizes the tree-level potential and
renormalization counterterms are needed. These are given by

Vor = dmph? + dmg H? + 0\ hY, (3.12)

with renormalization conditions

1 30Vew  O*Vew
Smp =~ (=2 GB ’ , 3.13
Mt 4( v Oh Oh? GO,G’iEO_I— h (h,H)=(v,0) ( )
1 (0*Vew
Smy = —= GB ( : 3.14
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and where

1 om2,\? m?

GBs, =25 3. ( G) log (—;) ) . ¢ =h,H, (3.16)
32w Sy 0p; L (h,H)=(v,0)

We implement daisy resummation using Parwani scheme [9] in which the field dependent
masses are supplemented by thermal masses, m? — m? + II(T) in the Coleman-Weinberg term
and the finite temperature piece. The thermal masses are given by

T? T? A

Hh = Hgo = Hgi = 1_6(392 + 9/2) + E (3)\1 + 2)\3 + )\4 + % + 3y?) 5 (317)

T2 T2 A
My =10, = Mys = —Bg + g2 4+ = [ 3+ 20 + Mg+ 22 )| (3.18)

16 12 2

2
My, = T3 (3% + 2Au, +2X). (3.19)
Then the field dependent mass matrices are taken as

MCP—even — MCP—even + dlag (Hiu HH) 5 (320>
MCP—odd — MCP—odd + dlag (Hgo, Hm, an) R (321)
Mcharged — Mcharged + dlag (HGi7 HHi) ) (322)

9



0=r/4, m,=62.6GeV, up, = 84.38 GeV
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Figure 4: Phase diagram of EWPTs for our scenario in the plane of (m4 = mpy+,my). Here,
we set § = /4, m, = 62.6GeV |, puy = 84.38GeV Ay = Ay, = Ay, = A, = 0.1. In blue
region, the strong first order EWPT happens in a one step. The Green (red) region shows the
parameter space where the EWPT happens in one-step (one-step). In gray region, one do not
have correct EW vaccum anymore. Marco: We mean p2, the mass-squared parameter in the

potential, right?
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Figure 5: GW spectrum from sound waves for different pseudoscalar mass values as shown on
the colorbar. For all the curves, the rest of the parameters are fixed as my = mg+ = my4 + 100
GeV, 0 =7/4, m, = 62.6GeV , u3 =84.38 GeV? | Ny = Ay, = Ay, = A\, = 0.1.

4 Numerical analysis for EWPTs
5 Cross-checks

Let’s focus on the particular benchmark point with parameter values my4 = 350, my = my +
100, my+ = ma + 100, Xy = .1, 3 = 84.38 (mass-squared parameter of extra Higgs doublet,
6 =3.14/4+0.01, m, =62.6, A, = .1, Ay, = .1, Ay = .1,

6 Conclusions and outlook
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A Relations for the potential parameters

Here we give the analytical expressions for quartic couplings and the mass parameters in terms
of the physical parameters listed in Eq. (2.12).

m
/\1 == U_Qh y (Al)
2(mie — 1)
/\3 = T y (A2>
1
M= 2_02{029@?4 —m2) + m2 +md + 2m — 4mgi} , (A.3)
1
A5 = ﬁ{ —czg(mi—mi) —mi—mi—l—%ﬁ,} , (A.4)
S6Cp
fazy = T(mi —m?), (A.5)
1
2 = 5{canlm? = md) + m2 4+ = e?} (A.6)

B Detailed Calculations
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