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Abstract

Extensions of the Higgs sector of the Standard Model allow for a rich cosmological
history around the electroweak scale. We show that besides the possibility of strong first-
order phase transitions, which have been thoroughly studied in the literature, also other
important phenomena can occur, like the non-restoration of the electroweak symmetry
or the existence of vacua in which the Universe becomes trapped, preventing a transition
to the electroweak minimum. Focusing on the next-to-minimal two-Higgs-doublet model
(N2HDM) of type II and taking into account the existing theoretical and experimental
constraints, we identify the scenarios of electroweak symmetry non-restoration, vacuum
trapping and first-order phase transition in the thermal history of the Universe. We
analyze these phenomena and in particular their relation to each other, and discuss their
connection to the predicted phenomenology of the N2HDM at the LHC. Our analysis
demonstrates that the presence of a global electroweak minimum of the scalar potential
at zero temperature does not guarantee that the corresponding N2HDM parameter space
will be physically viable: the existence of a critical temperature at which the electroweak
phase becomes the deepest minimum is not sufficient for a transition to take place,
necessitating an analysis of the tunnelling probability to the electroweak minimum for a
reliable prediction of the thermal history of the Universe.
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1 Introduction

The discovery of a Higgs boson with a mass of about 125 GeV at the Large Hadron Collider
(LHC) [1, 2] was a milestone in our understanding of the laws of nature. Within the current
experimental and theoretical uncertainties, the properties of the detected particle agree with
the predictions of the Standard Model (SM) [3-5]. However, they are also compatible with
a wide variety of extensions of the SM that are motivated in view of several shortcomings
of the SM which require new physics beyond the SM (BSM). Among others, the ingredients
of the SM are not sufficient to generate the observed matter-antimatter asymmetry of the
Universe [6-8], and the SM lacks a particle candidate to explain the observed cosmological
abundance of dark matter [9].

Extensions of the SM scalar sector, e.g. by gauge singlets or SU(2) doublets, provide scope
to address the above shortcomings. For instance, adding further Higgs doublets to the SM [10—
12] allows the generation of the observed matter-antimatter of the Universe via electroweak



(EW) baryogenesis [13-16] (see [17-19] for general reviews on EW baryogenesis). A necessary
ingredient in such a case is a (strongly) first order EW phase transition (FOEWPT) to provide
the required out-of-equilibrium conditions for baryogenesis in the early Universe [20]. Scenarios
featuring a FOEWPT have also re-gained attention in recent years since they could lead to
a stochastic gravitational wave background detectable with future space-based gravitational
wave interferometers 21, 22].

Higgs sector extensions like the two-Higgs-doublet model (2HDM) (see [23] for a review) or
the Next-to-2HDM (N2HDM) [24-27], which extends the 2HDM by a real scalar singlet field,
give rise to a rich collider phenomenology that has an important interplay with the physics of
the early Universe, see e.g. [28-32]. In this work we explore this interplay within the N2HDM,
focusing on type II. We study the thermal history, i.e. the evolution of the Higgs fields in the
early Universe, and demonstrate that over large parts of the parameter space of the N2HDM
the thermal history in the N2HDM differs very significantly from the commonly expected
scenario of EW symmetry breaking around an early Universe temperature 7" of O(100 GeV).
The two phenomena of EW symmetry non-restoration and “vacuum trapping” play a key role.

Concerning the feature of EW symmetry non-restoration, it is well-known that the EW
symmetry can be broken already at temperatures much larger than the EW scale, resulting in
EW symmetry non-restoration [33-37] up to these (possibly very high) temperatures, or even
in no restoration at all. In our study of the N2HDM, we find that the presence of this non-
restoration behavior is related to the effect of the resummation of infrared divergent modes in
the scalar potential within the high-temperature expansion. We provide compact analytical
expressions for the quantities that determine the EW symmetry restoration or non-restoration
behavior and supplement our analytical analysis with a detailed numerical investigation.

Vacuum trapping occurs if the Universe remains trapped in an EW symmetric phase down
toT' — 0, even though a global EW symmetry breaking minimum of the potential exists at zero
temperature. We analyze this feature, which has also recently been discussed in the context of
the NMSSM [38], in detail for the N2HDM. Since parameter regions where vacuum trapping
occurs are unphysical, we demonstrate that the incorporation of this constraint, which up to
now has not been taken into account for the N2HDM, has very important consequences for
the allowed parameter space of the model.

As a further aspect of our investigation of the N2HDM thermal history we study FOEWPT
scenarios in the type II N2HDM and discuss the interplay between EW symmetry non-
restoration, the occurrence of a FOEWPT and vacuum trapping, as well as the connection of
such early Universe processes to possible signatures of the N2HDM at the LHC. Our results
illustrate the rich variety of thermal histories that can be realized in extended Higgs sectors, as
well as the phenomenological impact of these different histories. In particular, we demonstrate
that the results for the thermal history of the early Universe can rule out large parts of the
otherwise unconstrained N2HDM parameter space.

Our paper is organized as follows: In section 2 we introduce the N2HDM, paying particular
attention to the inclusion of radiative corrections to the scalar potential in section 2.2, and
to the renormalization group evolution of the scalar couplings in section 2.3. In section 3
we describe the theoretical and experimental constraints that we take into account for the
(zero-temperature) analysis of the N2HDM parameter space. Then, in section 4 we discuss
the inclusion of finite-temperature corrections to the scalar potential and provide a qualitative



discussion of the N2HDM thermal history, which we investigate in detail in the following
two sections. We study the phenomenon of EW symmetry non-restoration in section 5, both
via an analytical and a numerical approach, and analyze its interplay with the occurrence of
a FOEWPT in the N2HDM. In section 6 we investigate the possible occurrence of vacuum
trapping, together with the connection between the thermal history of the N2HDM and its
LHC phenomenology. We conclude in section 7.

2 The next-to-minimal two Higgs doublet model

In order to specify our notation and conventions, we briefly review below the extension of
the CP-conserving (real) 2HDM with a softly broken Z, symmetry by a real scalar field, the
so-called nezt-to-minimal 2HDM (N2HDM). Afterwards, we describe the precise form of the
one-loop zero-temperature effective potential and the renormalization group running of scalar
couplings.

2.1 Model definition and notation

The tree-level scalar potential of the two SU(2), Higgs doublets ®; and ®, and the real singlet
field @5 is given by [27]

Viree = miy [®1]> + m3, [@af° — mi, (@]@s + hc.) + A21 (q»{cbl)? + A; (q>;q>2)2

+ 23 (®]®1) (®102) + Ay (€] @) (@51 + A; {(cb{cbz)Q + h.c}
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The Z, symmetry of the 2HDM potential in (1), &; — &1, 3 — —D,, whose extension to the
Yukawa sector prevents the occurrence of flavor-changing neutral currents (FCNCs) at lowest
order, is softly broken by the m?, term. The third line of the tree-level potential (1) includes
the contribution of the singlet field. Here an extra discrete Zi, symmetry is imposed,

O — Py, Dy — Dy, by — —Dg (2)

which is not explicitly broken. The original motivation to introduce this symmetry for the
N2HDM was the fact that, when not spontaneously broken, it will give rise to a dark matter
(DM) candidate after EWSB (see e.g. [24-26, 39-43]). In this work we do not restrict to such
a scenario but study the case where ®g does acquire a vacuum expectation value (vev). We
expand the fields around the EW minimum as follows,

&1 O3
1 <\}5(01+P1+2771) ;o P %(U2+p2+2772) ;P =wvs+ps, (3)

where vy, vy and vg are the field vevs for the Higgs doublets and the singlet field, respectively,
at zero temperature. The doublet vevs v; and vy define the EW scale v = y/v? + v3 & 246 GeV.



The minimization (or tadpole) equations for vy, v, and vg read

v 1
Ui mi, —mij, = 3 (U%)\l + 3345 + U?;M) ; (4)
v 1

Smly —mi, = o (Uf/\345 + U3 X0 + 1%)\8) 7 (5)
Vo 2

1
—m?g = 5 (U%)W + U%)\g + U%/\G) s (6)

with Asus = A3 + Mg + s,

Since the CP symmetry and the electric charge are conserved, the (squared-)mass matrix
for the fields gbfz, M2, P1,2,3 can be split into three blocks: a 3 x 3 matrix Mp2 for the CP-even
states p123, a 2 X 2 matrix Mg for the CP-odd states 712 and a 2 X 2 matrix Mg for the
charged scalars ¢f2. The matrices Mg and M& correspond to the ones obtained in the 2HDM,
ie.,

—vvy VP

MQC _ miJ{i ( ’U% —UV1U3y ) : (7)
with m?% = v? (miy/(viv2) — As) and m3,. = m? + v* (A5 — A\y) /2. They can be diagonalized

via the rotation matrix
_ g Sp
(. )
with the abbreviations s, = sinz and ¢, = cosz, and the angle § is defined by
tg =tan f = vy /v;. After diagonalization we are left with the charged and neutral massless
Goldstone bosons G* and G and the charged and neutral CP-odd physical mass eigenstates
H* and A with masses my+ and m4.
The neutral CP-even sector of the N2HDM is modified with respect to that of the 2HDM
by the presence of the singlet p3. The mass matrix ]\/[p2 in the basis p; 23 can be expressed as

VPACG +miyts 07 Asgs cp S5 — miy VUgA7Cs
]\4/)2 = | v Xza50585 —miy VA 8% +mi,ftg vushsss |- 9)
v UsA7 Cp VUsAg S5 v g

In the physical basis 13, the mass matrix M? is diagonal. The rotation matrix R between

the hyg3 and pi o3 bases satisfies RM> RT = diag (m%l,miwmfw), with mj, the squared
tree-level mass for h;. The matrix R can be parametrized in terms of the angles a; 23

Co Cas Say Cos Say
R=1| —(CaySasSas + SaiCas) CoyCos — SaySanSas ConSas | - (10)
—Ca1S5a5Cas T Sa1Sag  — (Ca1 Sag + Say Sazcag) CayCas

Without loss of generality, the angles ;23 are defined in the range —7/2 < «a; < 7/2,
and we choose the convention that the mass eigenstates are ordered by ascending mass as

mp, < mp, < mp,. The singlet composition of the mass eigenstates h; will be denoted by
Xhi = Rz23



H u-type d-type leptons

Type I Riz/sg  Riaf/sp Ria/sp
Type II Rio/spg  Rin/cg Rii/cp
Type III (lepton-specific) || Rie/spg Rio/sp Ri/cs
Type IV (flipped) Rio/spg  Rii/cg Riz/sg

Table 1: N2HDM coupling factors Cp, s of the CP-even Higgs bosons to fermions as defined in (13),
for the different Yukawa types with no tree-level FCNCs.

The singlet field ps does not couple directly to the SM fermions and gauge bosons. As a
result, any change in the couplings of the CP-even Higgs bosons to the SM particles w.r.t. the
ones from the 2HDM is due to the mixing between the fields p; » and p3. The Feynman rules
for the couplings of the states h; to the massive gauge bosons V =W, Z are

@t 9w Chivv 9%\/4\/ . (11)

Here Cj, vy are the N2HDM coupling factors of the CP-even Higgs bosons h; to the massive
SM gauge bosons, and gphy is the corresponding SM Higgs—gauge coupling (gpny = g My,

g%, = \/g? + g'* Mz). The coupling factors Cj,.yy are given in terms of the mixing matrix
elements R;; and the mixing angle 3 as
Chvv = cgRin + spRia, (12)

and, consequently, in terms of the mixing angles «; if we replace the R;; by their corresponding
parametrization shown in (10).

The Zs symmetry in (1) may be extended to the Yukawa sector of the theory in order
to avoid tree-level FCNCs. As the two fields ®; and ®, transform differently under the Z,
symmetry, they cannot be coupled both to the same SM fermions, which leads to the absence
of tree-level FCNCs. The flavor-conserving Yukawa-types of the N2HDM are those of the
2HDM (see e.g. [23]). The Yukawa interactions involving the CP-even Higgs bosons h; can be

written as
\/§ my
v

Chag ¥y s his (13)

Ly ==Y

i=1
with the N2HDM coupling factors Cj, ¢y given in Table 1. We also note that any coupling not
involving the CP-even neutral Higgs bosons remains unchanged with respect to the 2HDM
and may be found in [23].

2.2 Effective potential and renormalization

The effective potential (at zero temperature) Vg incorporates the effect of radiative corrections
into the scalar potential of the theory (see e.g. [44] for a review). At the one-loop order, Vg is
given by Vig = Viree + Vow, where Vi is N2HDM tree-level potential (1), and Vow denotes the
well-known Coleman-Weinberg potential [45]. The latter is given in the MS renormalization
scheme by

"

V(0 = - a1 mytont i (7501) o] (14

J
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where m;(¢;) is the field-dependent tree-level mass of the particle species j in our model,
n; its corresponding number of degrees of freedom and s; the particle spin. We here set
the renormalization scale p to be equal to the SM EW vev, u = v. The ¢; are the MS
renormalization constants, ¢; = 3/2 for scalars and fermions and ¢; = 5/6 for gauge bosons.
For the N2HDM, the sum in (14) runs over the neutral scalars ®° = {hq, hy, he, A, G°},
the charged scalars ®* = {H*, G}, the SM quarks ¢ and leptons /, the longitudinal and
transversal gauge bosons Vi = {Z;, Wi, W, } and Vp = {Zp, Wi, Wi }. The respective
degrees of freedom n; for the species in each category are

nego =1, ne+ =2, ny,=2, ny =1, n,=12, n,=4.

The Coleman-Weinberg potential has been evaluated in the Landau gauge as this allows the
omission of ghost contributions from Vw. The effective potential is well-known to be gauge
dependent, and the extraction of physical information from Vg has to be done with care.! We
note that in the present case the EW symmetry breaking dynamics will be dominantly dictated
by the singlet scalar field, or explored at high 7" retaining only gauge-invariant contributions.
Thus, the gauge dependence of Vg is of minor concern for our analysis. For the N2HDM, the
sum in Eq. (14) includes the scalars h; 93, A, HE, the Goldstone bosons G*, G°, the massive
EW gauge bosons and the SM fermions (where the main contribution arises from the top
quark).

The N2HDM tree-level scalar masses and mixing angles differ from those extracted from
the one-loop effective potential if the Coleman-Weinberg potential is renormalized in the MS
scheme. To perform an efficient scan through the parameter space of the N2HDM, we have
followed [30, 49] and required that the zero-temperature loop-corrected scalar masses and
mixing angles be equal to their tree-level values. We achieve this by adding to the effective
potential a UV-finite counterterm contribution Vior, given by

oV,
Vor = Z 679?5% + Zk:(% + v) 0Ty, (15)

where p; stands for the parameters of the tree-level potential. A tadpole counterterm 67}, is
introduced for each field ¢, which is allowed to develop a vev. In the case of the CP-conserving
N2HDM the tadpole counterterms are 677, 015, 01s. They vanish since no additional symme-
try is broken by the radiative corrections at the one-loop level. Accordingly, in the following
we apply Eq. (15) with §7} = 0. To maintain the tree-level values of the scalar masses and
their mixing angles at the loop level, we have imposed the renormalization conditions

Do Vor(9) |@g_0 = =06 Vow(®) o1y + (16)
0605, Vorr(9) |91y = =090, Vow(®) |01, (17)

where (¢);_, corresponds to the tree-level vacuum state at zero temperature. The derivatives
of the Coleman-Weinberg potential have been computed following [50]. We have found perfect
agreement with the implementation of the N2HDM renormalized zero-temperature effective
potential of the public code BSMPT [51].

LOften the Nielsen identities [46, 47] are employed in this context; see e.g. [48] for a discussion of this issue.
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2.3 Scale dependence and perturbativity

Including radiative corrections leads to a dependence of the model parameters on the energy
scale 1, which is controlled by the renormalization group equations (RGEs). The running of
the parameters can drive the couplings into a non-perturbative regime or even give rise to
Landau poles at scales i > g if the absolute values of the quartic couplings \; at the initial
scale pg = v are too large. For the parameter points that we will discuss in our numerical
analysis we verified that the values |\;| remain substantially smaller than the perturbativity
bound 4 7 over the range pu = [ug, Tinax], Where Tpax is the maximum temperature analyzed
in each case.

We have numerically solved the RGEs, given in terms of their 3 functions, in the MS
scheme. For this analysis we took into account the one- and two-loop contributions to the
f functions, which we obtained with the help of the public code SARAH v.4.14.3 [52, 53],
solving the general expressions published in Refs. [54-56]. We have checked the expressions
for the § functions using the public code PyR@TE v.3.0 [57] and found exact agreement. For
the dominant one-loop terms we analytically checked that in the limit A\ 73 — 0 the terms
reduce to the ones of the 2HDM, which are well known in the literature (see e.g. [58, 59]).
Due to the renormalization prescription described in section 2.2, which we call “on-shell” (OS)
in the following, it is necessary to transform the OS values of the model parameters p°° at
[ = po into the corresponding MS values p™®, such that the running of the parameters can
be applied as described above. The transformation between the two schemes is given by the
finite parameter counterterms dp; introduced in Eq. (15), using

5 (110) + 0p°% (o) = P (o) + 6™ (110) (18)

p p
= " (o) = p (1) + opis (t10) (19)
where the second equality follows from the fact that by definition the counterms dp™® do not
contain finite pieces. Accordingly, the counterterms 6p$® (y19) for the different parameters p;
correspond to the finite counterterms Jdp; in (15).

In the perturbative regime, the evolution of the parameters under a variation of u is
logarithmic. Therefore, the scale dependence gives rise to only a relatively small uncertainty
in the context of FOEWPTs, which naturally take place at T < v. On the other hand, for
the study of the scalar potential at temperatures beyond the EW scale, e.g. for the purpose of
investigating EW symmetry non-restoration, the variation of the quartic couplings A; with the
energy scale within the whole temperature region can be numerically important. In order to
limit the impact of a potentially large scale dependence we restrict our analysis to parameter
points with values of |A\M5(1)| considerably below the perturbativity bound 47 in these cases.
To be more precise, for the benchmark scenarios discussed in sections 5.1 and 5.2 related to
non-restoration we only take into account points with |AM3(1y = v)|< 3. In section 5.3 we
discuss the interplay between EW symmetry non-restoration at high 7" and the occurrence
of a FOEWPT at intermediate temperatures. Here, somewhat larger values are required in
order to give rise to a potential barrier between true and false vacuum. However, the values of
|AMS(110)| are still substantially smaller than 47, and we additionally checked that the values

of [AMS(14)| remain below the bound within the relevant temperature region that has been



analyzed. Moreover, the conditions for perturbative unitarity were applied (see section 3.1),
yielding further limitations on [AMS|.

3 Constraints on the N2HDM

As discussed above, the N2HDM has 12 real independent parameters. It is convenient to choose
the particle masses of the Higgs sector as input parameters since they have a direct physical
meaning. In this section we outline the various theoretical and experimental constraints that
we have imposed and we discuss their impact on the parameter space of the N2HDM. For our
analysis we have made use of the public code ScannerS [60, 61]. The input parameters that
we supply to ScannerS are

2 2 2
Chatt P C’h,a\/V 3 Sgn<Ra3) ) Rb3 P tﬁ , Vs, Mpy y My 5, My, 5 A, Mg+, Myy , (20)

where the three CP-even scalar mass eigenstates (not necessarily ordered in mass) are denoted
as hap.. We identify these masses with the physical (OS) values; accordingly, the \; that
are obtained from those input values (see (1)) correspond to on-shell quantities, \¥® (these
on-shell parameters are converted to their AMS counterparts where running parameters are
required). Under the assumption Cj vy - Che > 0, the above parameters determine the
mixing angles a; o3 [61]. In the following we conveniently choose a parameterization where
he is identified with the Higgs boson at about 125 GeV, i.e. h, = hio5 and my, ~ 125 GeV.
With an appropriate choice of the masses my, , the states h,p. can then be identified with
the mass-ordered eigenstates hj23. In the following we briefly describe the constraints that
we have applied in our analysis.

3.1 Theoretical constraints: Vacuum stability and unitarity

ScannersS discards points in which the tree-level N2HDM scalar potential is not bounded from
below, making use of the conditions from [27, 62]. Still, even for a scalar potential that is
bounded from below, the EW minimum might not be stable (at 7" = 0) if it is not the global
minimum of the potential. For such cases, the probability for the quantum tunnelling from
the EW minimum into the deeper minima has to be evaluated in order to determine whether
the lifetime of the EW minimum is sufficiently long compared to the age of the Universe. This
investigation is carried out with the linked public code EVADE [63, 64], which determines the
minima of the tree-level potential and evaluates the lifetime of the EW minimum from the
tunnelling probability into deeper minima using a straight path approximation. Parameter
points are regarded as allowed if the EW minimum is the global minimum or if it is sufficiently
long-lived (metastable).

In addition, we require that each parameter point fulfills perturbative unitarity constraints,
formulated in terms of 2 — 2 scalar scattering processes. We use the approach implemented
by default into ScannerS for the N2HDM, demanding that the eigenvalues of the scattering
matrix should be smaller than 8. The relevant expressions can be found in [27]. Since various
results discussed in sections 5 and 6 involve sizeable quartic scalar couplings, the perturbative
unitarity constraints play an important role in our study.



3.2 Flavor-physics observables

As discussed in section 2, the softly-broken Z, symmetry of the 2HDM, extended to the
Yukawa sector of the theory, forbids FCNCs at tree-level in the N2HDM. Accordingly, loop
contributions play an important role for the predictions of low-energy flavor-physics observ-
ables, such as rare B-meson decays and B-meson mixing parameters, and their comparison
with the experimental results. In most cases, 2 the dominant deviations from the SM predic-
tions have their origin in the presence of the charged scalars H*. Consequently, in our analysis
flavor-physics observables yield constraints in the my+—ts plane, while they are relatively in-
sensitive to the remaining parameters of the N2HDM. This implies that we can safely adopt
the flavor constraints of the 2HDM for our N2HDM analysis. We have followed the approach
implemented in ScannerS, where allowed parameter points are required to be located within
the 20 region of the mpy+—ts plane as identified via a global fit to experimental data in [65].
In our analysis the flavor-physics observables exclude values of t5 < 0.8 in all four N2HDM
types from Table 1. In addition, a roughly ¢s-independent limit on the charged scalar mass
my+ 2, 600 GeV is obtained for type II and IV of the N2HDM.

3.3 Properties of the observed Higgs boson at 125 GeV

So far, the signal-rate measurements of the Higgs boson at about 125 GeV that has been
discovered at the LHC agree well with the predictions of the SM. For an extended Higgs sector
the compatibility with those measurements requires that the couplings of h, = his5 should,
within the current experimental uncertainties, resemble the couplings of a SM Higgs boson. In
the N2HDM, the effective Higgs couplings (defined as the coupling strength normalized to the
SM prediction for a Higgs boson with the same mass) are determined by the mixing angles
a; and tg. Accordingly, those mixing angles are constrained by the LHC Higgs signal-rate
measurements. In order to check the compatibility of the N2HDM parameter space points
with the experimentally measured signal rates of the Higgs boson at about 125 GeV, we use
the public code HiggsSignals v.2.6.0 [66-69], conveniently linked to ScannerS by default
for the N2HDM. In the scenario of an almost decoupled singlet-like Higgs boson, the N2HDM
can reproduce the alignment and decoupling limits of the usual 2HDM. In these limits the
couplings of h, are equal to the SM couplings. Since ScannerS allows one to use Cj, vy
and C},_ 4 as input parameters, choosing Cj vy ~ 1, Cp 4 &~ 1 yields parameter points that
generally pass the HiggsSignals test. A parameter point is regarded to be excluded if

AXI%IiggsSignals = X2N2HDM - X%M Z 6.18 ) (21)

where Xx%onupy and X2y, are calculated via a fit to all currently available signal-rate measure-
ments of the Higgs boson at about 125 GeV from the Tevatron and the LHC. The SM result
for a mass of 125 GeV is x2,; = 84.4 for 107 considered measurements.

2Exceptions are the B, — utu~ and By — p+u~ decays, which also depend on the masses of the additional
neutral scalars and the value of m?%,. However, it is known that in the 2HDM type II these observables are only
sensitive to modifications w.r.t. the SM for relatively large values of tan 8 = 10 [65]. Since the additional gauge
singlet scalar of the N2HDM does not couple directly to the SM fermions, the relevant range of tan 8 is not
expected to be substantially modified compared to the 2HDM. In our analyses we will use parameter points
with tan 8 ~ 2 or below, such that the constraints from the By 4 — p*p~ decays are of minor importance.
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3.4 Direct searches for additional Higgs bosons

Experimental upper limits on the production of the BSM-type Higgs bosons hy, h., A and H*
provide important constraints on the parameter space of the N2HDM. We take into account
the limits from Higgs-boson searches at LEP, the Tevatron and the LHC for each param-
eter point by employing the public code HiggsBounds v.5.9.0 [70-73]. For the N2HDM,
the HiggsBounds code is linked to ScannerS by default, where the so-called effective-coupling
input is used for the cross sections, while the branching ratios are calculated internally using
the code N2HDECAY [27, 74] and given as input directly to HiggsBounds. The code then deter-
mines for the considered parameter point the channel with the most sensitive expected limit
for each Higgs boson and tests whether the parameter point is allowed at the 95% confidence
level by comparing for the selected channels the prediction for the production cross section
times branching ratio with the observed upper limit.

3.5 Electroweak precision observables

Electroweak precision observables (EWPQ) provide constraints on loop effects arising from the
states of the extended Higgs sector of the N2HDM. For a BSM model like the N2HDM where
only the Higgs sector is extended, deviations in the EWPO from the SM can conveniently
be expressed in terms of the oblique parameters S, T and U [75, 76]. They are determined
via the gauge-boson self energies (see e.g. [77] for more details), and we define them relative
to the SM with a Higgs-boson mass of ~ 125 GeV. The parameter 1" provides the strongest
constraints on the N2HDM parameter space. Since it accounts for the breaking of custodial
symmetry, the contributions of the BSM-type Higgs bosons to T approximately vanish when
either the CP-odd scalar A or the doublet-like CP-even scalar (hy or h.) are close in mass to
the charged scalar H, i.e. m% ~ mi. or mj, = mj... We make use of the implementation in
ScannersS of the S, T and U computation for models exclusively containing gauge-singlet and
SU(2)r-doublet scalar fields [78, 79]. A point is considered to be excluded if the prediction
for the S, T and U parameters yields a Ax? of more than 2o relative to the best-fit point
from a global fit to the EWPO [65].

4 The N2HDM at finite temperature

The discussion of the N2HDM in section 2, followed by the introduction of the relevant con-
strains in section 3, was limited to the zero-temperature case. In this section, we will introduce
the necessary ingredients to study the N2HDM at finite temperature and analyse the thermal
history of the Universe in this scenario.

4.1 Finite-T effective potential

In order to study the thermal history of the N2HDM, one needs to compute the effective
potential including finite temperature corrections. The one-loop effective potential at finite
temperature is given by

V= %ree + VCW + VT ) (22)

10



where V7 is the one-loop thermal potential, given by [44, 80]

Vilo) =X 9T (m?;f ”) 7 (23)

J

with the thermal integrals for fermionic (J,) and bosonic (J_) particle species
2(p, - S
Ji (mjjgfz)> = :|:/ dr 2% log |1 + exp (_ 2 + TW)
0

T2
which vanish as 77 — 0 (assuming m? is positive). In addition to the degrees of freedom
considered in Eq. (14), the sum in (23) includes the photon, since it acquires an effective
thermal mass at finite temperature (and thus needs to be included in the sum (23) despite
being massless at 7' = 0).

In certain situations (e.g. when studying EW symmetry non-restoration at high T, see
section 5.1) it is convenient to expand the thermal functions Jy in the high temperature
limit [44]

7 (24)

o T3 1 ly|
_ ~ - — - — 1219 __ 1
J-(y) w1y g T Y og( +0@°),
77T4 w2 1 |y|
J — — %1 f 1 25

with a, = 72exp(3/2 — 2vg) and ay = 1672exp(3/2 — 2vg), v = 0.57721 ... being the Euler-
Mascheroni constant. We note that for m?(¢) < 0 both the thermal functions Ji and the
Coleman-Weinberg potential develop imaginary parts. These are related to decay widths of
modes expanded around unstable regions of field space, as discussed in [81] (see also [82]), and
do not have an impact on the analysis of the EW phase transition. In this work the use of the
real part of the effective potential is therefore implicitly assumed throughout.

A well-known problem of finite-T" field theory is the breakdown of the conventional pertur-
bative expansion and the resulting need to resum a certain set of higher-loop diagrams [83-85],
the so-called daisy contributions (see [44] for a review). There are several resummation pre-
scriptions in the literature. We here follow the Arnold-Espinosa method [85], which amounts
to a resummation of the infrared-divergent contributions from the bosonic Matsubara zero-
modes by adding another piece, Vy,isy, to the one-loop effective potential at finite temperature
given in Eq. (22). Vgaisy is given by

‘/daisy = - Xk: 1;TTI. [( (¢) + HQ)

3
2

- (mi@)] . (26)

where the sum in k runs over the bosonic degrees of freedom yielding infrared-divergent con-
tributions, and II2 denotes their corresponding squared thermal masses [86]. In the N2HDM,
k runs over Wy, Zp, v and the field-dependent mass matrices Mg(¢), M7 (¢) and M7 (¢).
Using the Arnold-Espinosa resummation method, the effective potential can be treated
analytically in the high-temperature regime using the expansions of Eq. (25). In this limit,
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the resummation simply amounts to performing the substitution m?(¢) — m?(¢) + II* in-
side the %*? term in Eq. (25). We have compared our resummation prescription with the
Parwani resummation method [84], also used frequently in the literature. Using the Parwani
method consists of substituting m?(¢) — m?(¢) + I1? (for the infrared-divergent contribu-
tions) in Eq. (14) and Eq. (23). The two methods are commonly assumed to be equivalent in
the m?(¢)/T* — 0 limit, since the field-dependent contributions from the logarithmic terms
in Eq. (14) and Eq. (25) cancel each other. However, it should be noted that the expansion
of Eq. (25) is no longer justified when using the Parwani resummation prescription, since
12 ~ T? at leading order, and thus y = (m?(¢)+11%)/T? does not necessarily go to zero in the
high-T" limit. For m?(¢) < 1%, we can use the expansion for Jy(y) from [13, 30, 85], which
includes contributions of O(y?) and higher, to obtain the leading difference between the two
methods in the high-T limit, given by

)T e- 3 g2t 1)
AVmQ/T2_>0 ~ %}2 z::<47T2T2> (26) ]
nym(@)T? | (T \" (20 =31 20 —1) oy

where ((z) is the Riemman (-function, and (z)!! denotes the double factorial. The respective
sums are carried out for bosons b and fermions f. This difference can qualitatively modify
the high-T" behavior of V' in specific regions of parameter space, and even yield a different
answer about the fate of the EW symmetry in such regions, as we will discuss in more detail
in section 5.

The leading (~ T?) contributions to the thermal masses for the scalars in the N2HDM are
given by (in the interaction basis)

B B o 0, TypeI/IIT
HP1P1 - Hmm - H¢Ir¢1+ =T (Cl + { iyg s Type H/IV ’ (28)
1,2
zyy , Type I/IIT
Mpsp, = My, = Hdﬁd@ =1 (CQ + { ! 6 , Type II/TV (29)
psps = C3T27 (30)
with
1 AMoAs AN
Ay M A7 1
a=0 3+ T o (31)
1 Ao A3 A As
28 M8 2
= 16( 1 3g )+4+6+12+24+4yt, (32)
o= 6()\7 + Ag) + é)\6~ (33)

In Eq. (28) and Eq. (29) the only considered fermionic contributions are the ones from the top
and bottom quarks through their respective Yukawa couplings v, and y;,. Upon diagonalization
of the MZ(¢) + 12 matrices, one can obtain the effective masses including thermal effects for
the N2HDM scalars. The thermal masses of the longitudinal parts of the SM gauge bosons
can be found in [30].
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4.2 N2HDM thermal history

In the following we analyze the thermal history of the N2HDM scalar potential for the regions
of parameter space that satisfy the constraints discussed in section 3. We use the public
code CosmoTransitions [87] to study the scalar potential evolution with temperature, and
analize whether the Universe evolves to the EW minimum at 7' = 0. This condition has a
highly non-trivial impact on the physically allowed N2HDM parameter space. It implies that
the zero-temperature analysis from section 3 does not suffice to determine the viable parameter
space region of the N2HDM, since a scalar potential that is bounded from below and has the
EW vacuum as the global minimum at 7" = 0 could still correspond to a scenario that is not
physically acceptable: it is possible that the scalar potential at 7" = 0 has more than one local
minimum, the EW vacuum as global minimum and, for instance, a metastable vacuum with
(®19) =0, (Pg) # 0. If at some temperature 7" > 0 only the (®12) = 0, (g) # 0 vacuum is
present, the Universe can only evolve to the EW minimum by tunnelling from the metastable
one. Then, if the corresponding tunnelling probability is never large enough to permit the
transition, the Universe would be trapped in the metastable vacuum at 1" = 0.

Previous studies of the N2HDM in the early Universe [49, 51] have relied on identifying
the critical temperature 7, at which the EW minimum would have been degenerate in energy
with other potential vacua. Therein, it was furthermore assumed that the phase transition to
the EW vacuum always takes place if the EW vacuum is the global minimum of the potential
at T' = 0. However, as argued above, this is by no means guaranteed, but depends on the
false vacuum tunnelling rate per unit time and volume [88-91]

I(T) = A(T) e 5(M/T, (34)

where S3 denotes the three-dimensional action for the “bounce” (multi-)field configuration ¢p
that interpolates between the metastable vacuum and the EW vacuum for T' < T,

Ss = 47T/T2d7‘ B <(M)B> +V (¢8,T) (35)

dr

The bounce ¢g is the configuration of scalar fields that extremizes the action given in Eq. (35)
with the boundary conditions that d¢/dr|,_, = 0 holds and the false vacuum is approached
for r — oo. The prefactor A(T) is a functional determinant [89] given approximately by
A(T) =~ T* (S3/27T)3? [90]. The onset of the phase transition requires that the time integral of
the tunnelling rate of Eq. (34) in a Hubble volume H, which can be correspondingly expressed
as a temperature integral, is = 1 (see e.g. [92]). This defines the nucleation temperature 7,

T T A(T) _syery/m gy o

e HTT e dT =~ 1. (36)
Here the Universe is assumed to be dominated by radiation, and the Hubble parameter H
is given by H? = (873g, T*)/(90 M%), where g, denotes the effective number of relativistic
degrees of freedom, and Mp; = 1.22 x 10" GeV is the Planck mass. If the condition of
Eq. (36) is not satisfied for any temperature below T, then the Universe is trapped in the
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metastable vacuum, and EW symmetry breaking never occurs (see e.g. [92] for a discussion).?

As will be discussed below, we find that such a situation is quite common in the N2HDM,
with the metastable vacuum corresponding to a minimum in which only (®g) is non-zero.
4 In particular, when aiming to identify the regions of the N2HDM parameter space where
a first order EW phase transition is possible, the approach based just on T, [49, 51] (but
not 7,) is not sufficient and can result in rather misleading specifications of the parameter
space where such a first order phase transition is realized. In section 6 we will discuss these
“trapped-vacuum” scenarios in detail.

In addition, our study of the thermal history of the N2HDM reveals the possibility that
the EW symmetry is not restored at high 7', as well as the possible non-restoration of the
discrete Zi symmetry of the singlet sector, see Eq. (2). Scenarios where the EW symmetry
is not restored around the EW scale, and where the restoration is either pushed above the
TeV scale or does not occur at all, have recently regained attention [34-37]. They lead to
important consequences for the generation of the matter-antimatter asymmetry in the early
Universe: the EW sphaleron processes, which constitute the source of baryon (and lepton)
number violation in the SM, would not be active at O(100 GeV) temperatures, and could have
even been suppressed for the entire thermal history of the Universe. We will discuss the details
of EW symmetry non-restoration within the N2HDM in the next section.

5 Symmetry non-restoration at high T

We now investigate whether the EW symmetry remains un-restored at high 7" within the
N2HDM. In a first step we do this analytically by studying the curvature of the effective
potential around (®1) = 0, (P5) = 0 in the high-temperature limit. We find that, under certain
assumptions (see below), the fate of the EW symmetry at high temperatures (restoration vs.
non-restoration) can be reliably determined from our analysis, while this is not necessarily
true for the restoration or non-restoration of the Z/, symmetry of the singlet field. We then
compare our analytical results with our numerical study of the effective potential evolution
with temperature in section 5.2, and discuss the implications of our results for the EW phase
transition in section 5.3.

5.1 Analytical considerations

In order to analytically study the behavior of the effective potential at high 7', we use Eq. (25)
for the thermal functions Jy and compute Vgaisy, given by Eq. (26), in the limit m?(¢)/T? < 1.
In addition, since the leading (~ T?) contributions to the squared thermal masses I1? enter
only into the diagonal elements of the scalar mass matrices, as shown in Eqs. (28)—(30), the
off-diagonal terms can be neglected in the high-7" limit.

The restoration of both the EW symmetry and the discrete Z!, symmetry of the singlet
field requires the origin of field space (®;) = 0, ($2) = 0, (Ps) = 0 to be a minimum at high

3Even if such a metastable vacuum eventually decays through quantum tunnelling [88], such a situation
yields an inflationary scenario with a “graceful-exit” problem [93], where successful reheating after inflation is
not achieved and therefore the observed Universe cannot be reproduced

4A corresponding observation of such a situation has recently been made for the NMSSM [38].
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temperature. In order to assess whether this is the case we compute the principal minors of
the Hessian matrix H; = 0*V/0p;0p;| (000 8 & function of the parameters of the theory.
The conditions for the origin to be a minimum of the N2HDM potential at large 7' (large in
comparison to the bilinear terms of the theory) are

H?l >0 ’ (37)
2
Hy) Hy, — (H&) >0, (38)
HY >0, (39)
where we made use of the fact that HY; = Hy = 0. Since the cross derivative HYy, = —m?,

does not depend on T', the above conditions can be simply cast as ¢;; = Tlim H?/T? > 0 with
—00

1 =1,2,3. The coefficients ¢;; are given by

1 /3 1 1

c11 ~ —0.025 + ¢, — o (2)\1\/6_14— A3y/Ca + §>\4\/C_2 + 4)\7\/0_3) ) (40)
1 /3 1 1

Cog X~ —0025 + Coy — % <2>\2\/5+ )\3\/0—1 + §>‘4\/C_1 + 4>‘8\/c_3) ) (41)

1 3
C33 — C3 — % (/\7\/a+ )\8\/0—2 + 4)\6\/0_3) ) (42)

with \; = A5, Here, the contribution of the SM gauge couplings g and ¢’ to (40) and (41)
arising from the resummation of daisy diagrams is given numerically (~ —0.025) for reasons
of compactness. Even though our analysis focuses in the N2HDM type-II, these coefficients
are valid for all Yukawa types up to subleading corrections proportional to the tau lepton and
the bottom quark Yukawa couplings. The quantity ¢y receives a large positive contribution
from the top Yukawa coupling (see Eq. (32)). Thus, for the moderate values of \; used in our
analysis one finds coo > ¢11, and accordingly the simultaneous restoration of both the EW and
ZY symmetries at high temperature occurs for positive ¢;; and c33. In contrast, for positive
c33 but negative ¢;; the EW symmetry is not restored at high temperatures.’

For c33 < 0, the origin of field space is unstable along the singlet field direction p3. The
analysis of EW symmetry restoration in this case requires the investigation of the curvature
of the effective potential at high temperature around (®;) = 0, (®3) = 0, (Ps) = vg(T),
where vg(T") denotes the (nonzero) minimum of the potential along the ps field direction. The
curvature around (0, 0, vg(7)) in the direction of p; is given by

0*V

HY T),T
Cfl = hm M — 72
8pl (0,0

Jim T . with HP(ps,T)

(43)

,03)

Then, ¢f; < 0 is a sufficient condition for EW symmetry non-restoration when cz3 < 0.
As discussed above, from the large positive contribution of the top Yukawa coupling to the
curvature in the direction of po, we generally expect this to be larger than the curvature in

SWe note that in this case, determining whether the Z) symmetry is restored or non-restored at high T
would require the exploration of the N2HDM scalar potential away from the origin of field space, along the
EW field directions (for (@) # 0, (®2) # 0), corresponding to a much more involved analysis.
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the direction of p;. So, for ¢} > 0 (when c33 < 0) the EW symmetry is generally restored at
high T'. The coefficient ¢, takes the form

. /\7 ’U2 (T) 1 3 )\71) (T)
= gim {005 et T g (G 5
)\g 'U%(T )\8 U?g (T) )\7 )\3 'U?g (T)
28 28 - =y
2 T2 2 12 TR \eTt T
T 2
=11 + O (USY(?) ) . (44)

From a computational perspective, calculating cf, is slightly more involved than obtaining
c11 since one has to identify the extrema of the scalar potential in the plane (0,0, p3) as a
function of temperature to obtain vg(7"). We also remark that the analysis of EW symmetry
non-restoration based on the sign of ¢f| relies on the validity of the high-T expansion: the
N2HDM scalar masses evaluated at (0, 0, vg(T")) receive contributions (dependent on Ag, A7
and Ag) proportional to the singlet vev vg(7T), and |vg(7T)| will be a monotonically increasing
function of temperature. In order to guarantee that these contributions do not render the
scalar masses at (0, 0, vg(7T")) comparable to the temperature, thus invalidating the high-T
expansion, we require |Xg|, [A7], |Ag|< 1 at the initial scale po = v.°

From Eq. (44), if the corrections proportional to vg(T)?/T? are subleading compared to
the coefficient cyy, i.e. [c11[> |vs(T)?/T?|, this coefficient c¢;; defined at the origin in field space
also controls the stability of the field space point (0,0, vs(7")) in the direction of p; in the high-
temperature limit. Then, the sign of ¢;; determines the high-T restoration/non-restoration of
the EW symmetry for both ¢33 > 0 and ¢33 < 0. On the other hand, if the O (vs(T)?/T?)
term in Eq. (44) is comparable in size to c¢;;, then the full calculation of ¢f| is needed to assess
the fate of the EW symmetry at high 7" (when ¢33 < 0). The coupling A7 plays an important
role in this respect: the only O(vs(T)?/T?) term in Eq. (44) proportional to a single power of
Ai, and not suppressed by an additional (27)~! factor, depends precisely on A;. This is then
the most important parameter for the O(vs(T)%/T?) corrections in cf,.

In order to illustrate this analytic assessment of the EW symmetry non-restoration behavior
at high temperature, we now discuss several benchmark scenarios (Aj 2, By 2, Cy 2, D), defined
in Table 2 in terms of their ScannerS input parameters, which are in agreement with all
constraints discussed in section 3. We have required |Ag7g|< 1 for all benchmarks to ensure
the validity of the high-T" expansion, and imposed |\ _5(u = v)|< 3 for the other quartic
couplings to guarantee that they remain perturbative much above the TeV scale, as discussed in
section 2.3. The bounds on |\;| lead to a common feature for all benchmarks: the pseudoscalar
A, the charged Higgs bosons H* and the heavy doublet-like scalar are close to each other in
mass, with their mass scale roughly given by M = \/m3,/(sgcg).” Also, the values t5 > 1 that
have been chosen for all displayed benchmarks correspond to the parameter region for which

6The dependence of A\g7g on u is very mild for |Xg7s(p0)|< 1 due to the singlet nature of ps. In the
following, all quoted values of A¢ 75 (e.g. in Table 3) are understood to be given at yp = v, having in mind
that they are not substantially different at p > v within the perturbative regime.

"This is hy for benchmarks A; 5, C; and hg for benchmarks By, D. For benchmarks By, Cy the doublet—
singlet mixing is sizeable, such that my, , = M.
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H Mmp,  Mpy,  Mmp,  ma mg=  tg Cpye Chyvy sgn(Riz)  Ros mi,  vs
A, || 125.09 934 1263 1008 958 1.72 0.94 0.94 -1 —0.22 6042 2637
Ay || 125.09 840 1355 904 828 1.73 0.99 0.96 -1 —0.104 5572 2298
B; || 125.09 589 760 739 748  1.51  0.99 0.99 +1 —0.96 4952 2500
By || 125.09 685 700 680 678 2 0.97 0.97 +1 —0.46 4362 1100
Cy || 125.09 835 1370 897 834 1.1 0.97 0.96 +1 0.04 5592 2707
Co || 125.09 792 850 835 814 1.02 0.99 0.99 -1 0.51 5102 2565
D || 125.09 408 717 731 707 2 0.99 0.99 +1 0.86 3802 1487

Table 2: Tlustrative type-II N2HDM benchmarks for high-T” EW symmetry restoration/non-
restoration, in terms of ScannerS input parameters. The parameters mp,, ma, my+, mi2 and
vg are given in GeV.

the various theoretical and experimental constraints are most easily accommodated [27]. In
Table 3 we show the values of ¢1; and ¢33 for each of the benchmarks (we have verified that
co2 > 0 for all of them). For benchmarks C; o we find ¢33 > 0, and accordingly the sign of ¢1;
fully determines the fate of EW symmetry at high temperature. In both cases ¢;; < 0 holds,
and thus the EW symmetry is un-restored at high 7". For benchmarks A; 9, B1s and D we
have c33 < 0, and thus the origin of field space is unstable along the singlet field direction.
The possible restoration of the EW symmetry in this case is controlled by the sign of ¢}, also
shown in Table 3. For Byy and D we find ¢f; > 0, and thus the EW symmetry is restored
at high T, while the singlet Z) symmetry remains broken at high 7". In contrast, for A; 5 the
EW symmetry is not restored at high temperature since c¢f; < 0.

The scenarios A; 5 and By 5 are benchmarks for which |11 |vg(T)?/T?] at high tempera-
ture, such that c;; determines the fate of the EW symmetry in this limit. The signs of ¢;; and

¢}, are the same for such a case, as shown explicitly in Table 3. In contrast, for benchmark

D we have c¢f; > 0 despite the negative value of ¢;;. This behavior is caused by the small
value of |c11| (the smallest among all benchmarks) together with a sizeable value of A; (the
largest among all benchmarks, also shown in Table 3). This renders the contribution given
by A7/2 vi(T)/T? in (44) large in comparison to ¢y, leading to the restoration of the EW
symmetry at high 7" even for ¢1; < 0.

The different types of scenarios regarding EW symmetry restoration or non-restoration at
high temperature discussed above are illustrated in Figure 1, where each plot corresponds to a
different type of benchmark (A, B, C, D). Figure 1 shows the behavior of the effective potential
(in the high T approximation) along the (0, 0, p3) field space direction and in dependence of
T. The region for which Hy|(p3, T) < 0 is depicted in light blue, and the dark blue lines show
the stationary points along the singlet field direction,® i.e. the solutions to

Ns(p3, T) = a‘a/(T) =0. (45)
P53 1(0,0,00)

Given the symmetry of the potential, these solutions correspond to p3 = 0 and p3 = +vg(T),

8Note that along the p; and py field directions the derivatives are 0 automatically for (0,0, p3) due to
SU(2)r gauge invariance.
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| A Ay B, B, o O, D

c11 -0.092 —-0.06 0.182 0.10 -0.104 —0.04 -0.006
33 -0.011 —-0.02 -0.002 —0.002 0.058 0.005 -0.010
sgn(cf;) - - + + - - +

A6 0.211  0.329 0.058 0.382 0.246 0.104 0.115
A7 0.154 0.400 -0.199 -0.440 -0.465 0.218 0.760
As 0.703  0.986 0.007 -0.362 -0.613 0.087 0.271

Table 3: The values of c;1, c33 and sgn(cf)) for each of the benchmarks defined in Table 2. For all
displayed benchmark scenarios cos > 0 holds. Also shown are the values of the singlet field quartic
couplings Mg 78 = )\60’%8.

the latter only appearing as solutions (in this case, yielding two identical stationary points)
when the field space point (0, 0, 0) is either a maximum or a saddle point of the effective
potential. When a dark blue line in Figure 1 lies within the light blue region, the corresponding
extremum along the singlet direction p3 is unstable along the p; field direction, and the EW
symmetry will not be restored there. For benchmark A; in the upper-left plot of Figure 1, none
of the Ng(p3,T) stationary points is stable in the direction of p; for T' 2 2 TeV. Therefore,
the EW symmetry is inevitably un-restored at high temperature. In contrast, for benchmark
B; in the upper-right plot of Figure 1, the extrema (0,0,%wvs(7)) are stable along the p;
field direction and correspond to global minima of the N2HDM potential at high temperature,
leading to EW symmetry restoration. For benchmark C; in the lower-left plot of Figure 1, the
only extremum along the singlet direction at high 7" (in this case, for T' 2 3.5 TeV) is p3 = 0,
since ¢33 > 0. Yet, the origin of field space is unstable in the direction of p; at high T, as a
result of Hy (0,7 2 3TeV) < 0, and the EW symmetry is therefore not restored in this case.
Finally, for benchmark D in the lower-right plot of Figure 1, we observe that for the extremum
ps = 0 (a maximum along the singlet direction), we have H3;(0,7) < 0 as a consequence of
c11 < 0. However, for the other two extrema p3 = tvg(7T), which correspond to minima along
the singlet direction, we have H?j(Fvs(T),T) > 0. This leads to EW symmetry restoration
at high temperature in the field space points (0,0, +vg(T)).

To summarize, our analytical approach based on the high-T" expansion of the effective
potential allows one to determine the restoration or non-restoration of the EW symmetry
above the TeV scale in the N2HDM (our approach could be easily applied also to other multi-
scalar BSM scenarios), in a fast and computationally inexpensive way.” We find that in
this scenario a part of the parameter space leads to EW symmetry non-restoration at high
temperatures. It is also interesting to note that in previous studies of EW symmetry non-
restoration (see e.g. [34, 35]), the daisy resummation terms tend to restore the EW symmetry
at high T, partially counterbalancing the symmetry non-restoration effect of ¢, < 0 (where
¢, denotes the corresponding coefficient ¢; for the case of the SM-like Higgs boson). In our
study of the N2HDM we observe the opposite behavior, as the symmetry non-restoration at

9Tt is certainly much less expensive than a fully-fledged numerical minimization of the 1-loop finite tem-
perature potential in the three-dimensional field space (p1(T), p2(T), ps(T')).

18



7 S 7
A1l — Ns(ps,T)=0 B
6F HS,(p3, T) <0 ] 6
5 5
> >
g4 g4
I~ I~
3 3
2 2
y | PR PR WESEESE ¥ 1 T RS
~4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4
p3 [TeV] p3 [TeV]
7 - - - r - 7 :
C, D
6 6
5 5
> >
g4 g4
I~ I~
3 3
2 2
y | FRUEEY NESEES B 1 WU R A
~4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4
p3 [TeV] p3 [TeV]

Figure 1: (p3—T) plane for four qualitatively different benchmark scenarios (depending on the sign
of the coefficients ¢11, ¢33 and ¢}, see text for details) from Table 2, A; (top-left), By (top-right),
C; (bottom-left) and D (bottom-right). The region for which H?|(p3,T) < 0 is depicted in light
blue. The dark blue lines indicate the stationary points with Ng(p3,T) = 0 of the high temperature
approximation of the potential.

high temperature is driven by contributions from the resummation of daisy diagrams'® that
enter the computation of the curvature with an overall minus sign. They can prevent the
restoration of the EW symmetry without the occurrence of negative values of the quartic
couplings, which are often in contradiction with bounded-from-below constraints. Since the
daisy contributions to Eqs. (40)—(42) depend on a higher power of the scalar quartic couplings
A; than the coeflicients ¢;, the potential non-restoration behavior for the N2HDM arises for
the case where (some of) the scalar couplings A; are of O(1). Accordingly, for all benchmark
points discussed in this section we have checked the RGE running (as discussed in section 2.3),

10The same behaviour has been reported very recently in [94].
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ensuring that the quartic couplings satisfy the general perturbativity condition ’)\ys(p)‘ <Arm
for energy scales into the tens of TeV. A detailed discussion on this issue is deferred to the
following section.

Finally, we bear in mind that the study in this section has been based on the high T
expansion,'t and as such the T" dependence in Figure 1 is expected to be fully controlled only
in the high 7" limit. A more detailed analysis of the intermediate T regime should be based on
the full one-loop finite-T" effective potential, which can only be computed numerically. This
issue is addressed in the next section.

5.2 Numerical Analysis

As discussed above, while the analytical approach developed in the previous section allows
the determination of the fate of the EW symmetry at temperatures far above the TeV scale,
the details of the temperature evolution from the vicinity of the EW scale upwards need to
be explored numerically, since our analytical approach relies on the high-7T" expansion of the
effective potential. For the numerical computations, we have implemented the full one-loop
effective potential given in Eq. (22) together with the resummed daisy contributions following
the Arnold-Espinosa method, given by Eq. (26), using CosmoTransitions [87] to analyse its
phase/vacuum structure as a function of 7. The thermal functions have been calculated using
a cubic spline approximation to the exact functions given in Eq. (24).

In order to ensure the validity of our numerical analysis, we first have to verify that the
values of the quartic couplings AM® are well within the perturbative regime over the whole
temperature range that has been investigated. As explained in section 2.3, we perform the
RGE evolution of the model parameters at the two-loop level, and the energy scale p has been
varied far beyond the maximum temperature that is relevant to our analysis. To illustrate this
we show in Figure 2 the MS values of the quartic couplings, AM®, as a function of the scale i
for benchmarks Ay (left), By (middle) and Cy (right) from Table 2. For all three benchmarks,
the various AM® remain perturbative up to at least u = 50 TeV, and the overall change of the
couplings with the energy scale is mild below 10 TeV due to the small coupling values at the
initial scale pp = v. Similar results are obtained for all our benchmarks from Table 2.

We present a first comparison between our analytical and numerical analyses in Figure 3,
which shows (as Figure 1) the behavior of the effective potential along the (0, 0, p3) field
space direction and in dependence of T, here for the benchmarks Ay (top), By (middle) and
Cy (bottom). The predictions based on the high-T" approximation used in our analytical
approach are shown on the left-hand side, whereas the numerical results based on the full one-
loop potential are shown on the right-hand side. As in Figure 1, the dark-blue lines correspond
to Ng(p3, T) = 0, and the region in which H3|(p3,T) < 0 is shown in light-blue. In the case of
benchmark A, (upper row of Figure 3), while both the numerical and analytical approaches
show the non-restoration of the EW symmetry at high T, the shape of the H} (ps,T) < 0
region differs between the two approaches. This difference is due to the inaccuracy of the
analytical treatment in field space points in which the field values are comparable in size to
the temperature. Since ¢33 < 0 (see Table 2), |vg(T')| grows with temperature at high 7', and
the scalars whose masses receive a large contribution from the singlet vev (note that Ag7g

" The use of only the leading T? terms guarantees here the gauge independence of the effective potential.
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Figure 2: Dependence of the quartic couplings )\%\/{_S on the energy scale p for the benchmark points

Ay (left), By (center) and Cs (right). The gray line indicates the perturbativity bound of 4.

are sizeable for this benchmark) can therefore affect the convergence of the high-T" expansion.
Here it should also be noted that the derivatives of the J* functions have a slower convergence
towards the corresponding high-T" expansions than the functions themselves [95]. At the same
time, the numerical implementation of the thermal functions J* via a cubic spline introduces
a small source of uncertainty when computing numerical derivatives,'? which can also impede
a better agreement between the two methods (see also discussion below). For benchmarks
B; and C, only minor differences arise from the uncertainties discussed above, and a good
agreement between the analytical and numerical approaches is found.

In order to better understand the differences between the analytical and the numerical
approach, in Figure 4 we show for the three benchmark points used above the curvatures at
the origin of field space, H, as a function of temperature. In the numerical analysis, we
compare the Arnold-Espinosa (solid-red lines) and Parwani (dotted-green lines) approaches.
The values of H}; computed analytically using the high-T" expansion (according to the Arnold-
Espinosa approach, see the discussion in section 4.1) are also depicted (solid-blue lines). One
can observe that the Parwani method agrees with the Arnold-Espinosa numerical result only
for very small T and thus can lead to a different prediction for the restoration of both the EW
and the Z), symmetries.’®> This is indicated by the fact that in several cases the result for H)
grows with temperature using the Parwani implementation, while the result for H}, obtained
with the Arnold-Espinosa method decreases with temperature (see, for instance, the upper
left and upper right plot of Figure 4). Thus, these two methods employed in the literature
to resum the contributions from daisy diagrams may yield qualitatively different behaviors at

12See [95] for a detailed discussion of the numerical issues related to the precise form of the implementation
of the thermal functions J* and their derivatives.

13The Parwani method inconsistently mixes loop contributions of different orders in the couplings and the
temperature (see e.g. [96, 97]), such that thermal effects are enhanced as compared to the Arnold-Espinosa
approach. Using the latter, the cancellation between logarithmic contributions between Viow and Vi are
ensured in the high-7" limit.
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high temperature, as was already pointed out in section 4.1 (see also Eq. (27)).

We also see from Figure 4 that our HY analytical computation agrees well with the Arnold-
Espinosa numerical result. Only a minor difference is present between the numerical result
and the analytical one (both rely on the Arnold-Espinosa method). This difference is mainly
driven by the fact that the O(y?) and, in particular, the logarithmic pieces of the expansions
of the J* functions are not taken into account in the analytical treatment, whereas they are
implicitly contained in the numerical result, for which the thermal functions are implemented
as an interpolation to the exact form of the integrals. As a result of this interpolation,
also the numerical predictions for the second derivatives suffer from an uncertainty at large
temperatures, due to the fact that the tiny variations of the functional argument y cannot be
resolved.!® In combination, the uncertainties of both methods give rise to the small offsets
between the blue and the red curves that are visible in Figure 4. These differences however
do not affect our results for the EW symmetry restoration behavior, for which the predictions
obtained using the numerical and the analytical method within the Arnold-Espinosa approach
are very similar In view of the discussion in the previous section, this adds support to the
reliability of our analytical analysis for predicting the fate of the EW symmetry at high
temperature in the N2HDM [97]. In particular, if ¢33 > 0 or if ¢33 < 0 and vg(T)?/T7? is
sufficiently small at high 7' (see Eq. (44)), the coefficient ¢i; controls the stability of the
effective potential along the doublet field directions at high 7'

An analogous approach can be applied to the study of the fate of the discrete Z!, symmetry
as a function of temperature. In this case, however, we can only make definite analytical
statements regarding the restoration of the Z, symmetry in a handful of scenarios: if both c¢;;
and c33 are positive, the Z, symmetry is restored at high 7', while if ¢33 < 0 and ¢f; > 0 then
the Z!, symmetry is broken at high 7. The investigation of other scenarios would require a
numerical analysis of the finite temperature effective potential for (®1) # 0, (®3) # 0, which
can be in principle performed with CosmoTransitions, but which we do not pursue further
in this work.

The cosmological consequences of the possible non-restoration of EW and/or Z, sym-
metries are several: domain wall problems in cosmology are associated with the existence
of multiple vacua in theories with spontaneous breaking of discrete symmetries. However,
N2HDM scenarios in which the Z!, symmetry is never restored would trivially avoid the for-
mation of domain walls, i.e. eliminating the domain-wall problem. On the other hand, an
un-restored EW symmetry at high temperatures would lead to a very strong suppression of
the baryon-number-violating sphaleron transitions at those temperatures, possibly hindering
baryogenesis/leptogenesis mechanisms relying on sphalerons. Yet, we stress that high-T" EW
symmetry non-restoration is not incompatible with having H?, > 0 at intermediate temper-
atures, as shown e.g. in Figure 4, top-left (see also Figure 3, top-left). This means that the
EW phase transition could take place also in such scenarios. We will explore this possibility
in more detail in the next section.

14We used a step size of ysiep = 0.01 for the cubic spline interpolation of JE(y).
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2 2 2
mp, mp, mp, ma mg+ tanf C’hatt— Chavv Rys mig Vg

125.09 [30,1000] 400 650 650 2 1 1 [-1,1] 65000 [1,1000]

Table 4: Set of input parameters for our ScannerS scan. All the input parameters remain fixed except
for the mass of one of the CP-even Higgs bosons my,, its singlet component Ry3 (with 5, = |Rp3|?)
and the singlet vev at T'= 0, vg.

5.3 The EW phase transition and symmetry non-restoration

In this section we explore the possibility of a FOEWPT in the N2HDM and discuss its con-
nection to the possible non-restoration of the EW symmetry at high 7. The simultaneous
occurrence of both phenomena requires a temporary restoration of the EW symmetry, to-
gether with its breaking at higher temperatures.

In order to investigate the parameter region of the N2HDM possibly realising a FOEWPT,
we start by discussing the region of the 2HDM featuring a FOEWPT, and analyse in the
next step how the presence of the singlet field ®g in the N2HDM affects this picture. In the
type-1I 2HDM the region of parameter space giving rise to a FOEWPT is quite constrained: it
generally correlates with the existence of sizeable quartic couplings among A3 4 5 in the 2HDM
scalar potential. Since the mass splittings between the 2HDM scalars are also controlled by
such couplings, at least one of the additional 2HDM scalars (apart from the SM-like Higgs
boson at about 125 GeV) must be significantly lighter or heavier than the overall mass scale

M = \/ m32,/(sin B cos ) of the second Higgs doublet [31]. Therefore, in general a FOEWPT
in the 2HDM relies on a hierarchical spectrum with a considerable mass splitting between
the pseudoscalar A and the heaviest CP-even Higgs boson H [16, 28, 29]. In the type-1I
2HDM B-physics observables push the mass of the charged scalar to my+ > 590 GeV [65].
In combination with EWPO constraints, this results in a most obvious possibility for the
realization of a FOEWPT in a type-II 2HDM consisting on a hierarchical spectrum with
ma &~ mg+ = 600 GeV and a substantially lighter scalar state H.'?

Based on the above considerations for the 2HDM, we generated a total of 2000 N2HDM
benchmark points with ScannerS using values for the free parameters as shown in Table 4,
with a flat prior for the parameters my,, Rp3 and vg that have been varied. All the benchmarks
fulfill the theoretical and experimental constraints described in section 3. The chosen mass
gap between my_ and my increases the possibility of a FOEWPT in analogy to the 2HDM
case. We also focused on the alignment limit with C? ,, = C% \,;, = 1, such that only h, and
h. can have a non-zero singlet admixture (hence R,3 = 0). The parameters varied in our scan
correspond to those related to the presence of the singlet in the N2HDM Higgs sector, i.e. the
mass of a third CP-even Higgs boson my,, its singlet component Rj3 and the value of the
singlet vev vg.

Using CosmoTransitions, we have numerically analyzed the thermal history of each scan
point within the temperature regime 7" = [0,600 GeV], which covers the region relevant for
the possible presence of a FOEWPT. At T' = 0, we observe that each point has a global EW
minimum of the kind (v, v, vg) and a false minimum of the kind (0,0, 0s), separated by a

5The opposite case with my ~ mpy+ > my4 is much less favorable for FOEWPTs, as it requires almost
exact alignment in order to decouple the heavy H from the phase transition dynamics [16, 28, 29].
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Figure 5: Singlet component Yy, of the third CP-even Higgs boson in dependence of its mass my,.
The color code indicates the value of the coefficients c11 (left), coo (middle) and cs3 (right). Points
with a black circular edge feature a FOEWPT.

potential barrier generated already at T' = 0 by Vow. We find that 542 points out of the
2000 initial ScannerS benchmarks feature a FOEWPT. Most of the scan points satisfy the
general perturbativity conditions |[AM|< 47 up to energy scales larger than p =2 TeV. At
the same time, we find that our analytical analysis to ascertain the fate of the EW symmetry
at high temperature is, for a large set of the scan sample, already applicable for " < 1 TeV,
given that the mass scale of the doublet field bilinears is close to the EW scale for most of the
benchmarks (e.g. the mass scale of the non-SM Higgs doublet is M =~ 400 GeV).

In Figure 5 we show the results of our ScannerS parameter scan in the (my,—%y,) plane,
i.e. the heaviest CP-even scalar mass vs. its singlet component, with the color code indicating
the value of the coefficients ¢ (left), coo (center) and cg3 (right). The absence of points in the
lower right region is due to the perturbative unitarity constraints. The points that feature a
FOEWPT are highlighted with a black circular edge. We see that none of the points of our
scan features the restoration of both the EW and Z/, symmetries at high temperature, given
that ¢y; < 0 for all points. The coefficient c99, even though positive for most benchmarks in
the scan, reaches negative values for a fraction of the points. However, there is no point with
C99 < 0 and c¢q; > 0 due to the positive Y; contribution to coo, which confirms our expectation
that coe provides no relevant information for the fate of the EW symmetry at high 7" (see the
discussion in section 5.1). The coefficient cg3, which is related to the possible restoration of
the Z!, symmetry, obtains values in our scan that range from ~ —1.25 to ~ 0.8. Figure 5
highlights that it is perfectly possible to have a FOEWPT together with an unrestored EW
symmetry at higher temperatures within the N2HDM. Actually, all the scan points featuring
a FOEWPT have ¢;; < 0 (note however that as discussed above ¢1; < 0 is only a sufficient
condition for EW symmetry non-restoration at high 7" if ¢33 > 0). The connection between
both phenomena lies in the fact that the sizeable scalar quartic couplings which contribute to
making the EW phase transition strongly first-order in the (N)2HDM may also contribute to
rendering the coefficients ¢;; negative, see Eqs. (40)—(42).

In the following we choose three benchmark points from our parameter scan to illustrate
different EW thermal histories (we give further details on the rationale behind this choice in
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H Mp,  Mp,  Mp, mag: tg Chpyvy  sgn(Riz)  Rog  miy Vg H c11 €33

Eq || 125.09 400 517.29 650 2 1 -1 0.98 2552  746.79 | —0.99 0.007
E; || 125.09 400 487.29 650 2 1 -1 0.64 2552 559.31 || —0.24  0.03
Es || 125.09 400 550.25 650 2 1 -1 0.48 2552 544.63 || —0.25 0.03

Table 5: Type-II N2HDM benchmarks corresponding to the scan described by the input parameters
in Table 4. Point E; features a Universe trapped in a false vacuum at zero temperature, Eo features
a FOEWPT and Ej3 is a benchmark point for which the EW symmetry is never restored up to
the maximum temperature analysed, Tmax. Also shown are the values of ¢11 and c33 for the three
benchmark points. cpg is positive for the three scenarios. The parameters my,;, ma, my=+, mi2 and
vg are given in GeV.

the next section). The ScannerS input parameters of the three benchmarks E; 5 3 are given
in Table 5, in which we also show the values for their coefficients ¢1; and c33. For these three
benchmarks, we also use CosmoTransitions to numerically track the evolution of the vacuum
of the system'® (v(T'), vg(T)) from a temperature T, = 1 TeV down to T = 0. We show
in Figure 6 the temperature evolution of the EW vev v(7T) (left) and the singlet vev vg(T)
(right) for each of the three benchmarks. For scenario E; the EW symmetry is never restored
up to Thax, and no EW phase transition occurs in this temperature range, in agreement with
the expectation from the values of ¢1; and ¢33 for this benchmark (see Table 5). In contrast,
scenario Ey shows a FOEWPT with a nucleation temperature 7,, = 138 GeV, and the EW
symmetry is restored in the temperature range 7' € [T,,, 620 GeV]. For temperatures larger
than ~ 620 GeV the vacuum with v(7") = 0 is unstable, and the EW symmetry is thus un-
restored at high 7. The singlet vev vg(T') starts to decrease for T' 2 600 GeV, which suggests
that at very high temperatures the Universe would have been in an EW-breaking but Zj-
conserving vacuum configuration (this is in agreement with the values of ¢;; and ¢33 found
for this scenario). Finally, for benchmark scenario E3 the EW symmetry is broken at high
temperatures and becomes unbroken when the Universe reaches a temperature T' &~ 600 GeV.
However, for lower temperatures the Universe does not undergo another transition to the EW
vacuum,'” but rather it is trapped in an EW symmetric phase down to 7' = 0, which makes
this scenario unphysical. The existence of these trapped-vacuum scenarios in the N2HDM has
already been briefly discussed in section 4.2, and we will explore it in more detail in section 6.
Before moving on to the next section, we note that for all three benchmarks E; 53 the
value of the singlet vev vg(T) shows a decreasing trend for increasing temperature, as shown
in Figure 6. Yet, the Z, symmetry is not restored at Tp,.x and one would have to go to
larger temperatures to observe its restoration (as expected from the value of cg3 for all three
benchmarks, see Table 5). However, the values of the quartic couplings \; for these benchmarks
are relatively large, and we find that the RGE evolution of \; cannot be neglected for energies
above 1 TeV. We therefore did not investigate here the behavior of the effective potential
beyond Ty, = 1 TeV, which would require including the effect of this RGE evolution.

16We take into account all possible local minima at each temperature in the three-dimensional field space.
1"The point E3 shows the peculiar phenomenon that the EW symmetry is broken at high 7" but unbroken
at T = 0, the opposite of the commonly expected behavior.
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Figure 6: Electroweak vev v (left) and singlet vev vg (right) in dependence of the temperature for
the benchmarks E; (solid gray), Eo (orange) and Esz (dashed black). These curves were computed
using our numerical implementation of the full 1-loop potential in CosmoTransitions.

6 Trapped metastable singlet vacua

In section 4.2 we pointed out the phenomenon of vacuum trapping: in the N2HDM the situation
can occur that a scenario with a global EW minimum at 7" = 0 is in fact unphysical when
the Universe is trapped in a false (singlet) vacuum. Vacuum trapping is expected to be
particularly relevant in parameter regions in which FOEWPTs can occur, as for such regions
several minima that are simultaneously present in the early Universe (one of them being the
EW-broken phase) can co-exist down to 7' = 0 (see also the analysis of the vacuum structure of
the N2HDM at T' = 0 that was performed in [98]). In this section we explore in more detail the
occurrence of (singlet) vacuum trapping, and discuss its relation to the N2HDM parameter
space region featuring a FOEWPT. Our analysis is divided into two different parts, which
concentrate on two regions of the N2HDM parameter space with different phenomenological
features: in section 6.1 we analyse scenarios with a SM-like Higgs boson at about 125 GeV,
hi2s, where the singlet field mixes with the 2HDM-like heavy CP-even scalar H; in section 6.2
we then analyse scenarios in which hq95 contains a singlet admixture, while the singlet field does
not mix with H. In both cases we study the interplay between scenarios with trapped singlet
vacua and with a FOEWPT, as well as the connection of such early Universe phenomena to
the phenomenology of the N2HDM.

In the following we also emphasize the conceptual differences between the N2HDM and
the (extensively studied) 2HDM regarding the EW phase transition. In the N2HDM, due to
the presence of the singlet field and its associated Z, symmetry, there can be several phase
transitions during the thermal history of a specific N2HDM scenario. Yet, since the singlet
field does not couple directly to the massive degrees of freedom of the SM (besides the Higgs
sector), the breaking of the Z!, symmetry usually takes place at higher temperatures than the
EW phase transition.'®* Thus, the FOEWPTs that we analyze in the following are of the type

180nly for very small values of vg < v a simultaneous breaking (in a single transition) of the EW and Z),
symmetries can be realized. A discussion of this scenario is left for future work.
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(0,0,06(T)) = (v1(T),v2(T),vs(T)), where vg(T) and vg(T') are the vevs of the singlet field
in the EW-conserving false minimum and the EW-breaking ¢rue minimum, respectively. This
type of transitions obviously does not exist in the case of the 2HDM.

6.1 Case 1: Singlet admixture in H

We focus here on scenarios where the singlet scalar field mixes only with the heavy CP-even
2HDM state H, while the SM-like Higgs boson at about 125 GeV is unaffected by the mixing
with the singlet state. We use again the N2HDM parameter scan discussed in section 5.3 in
connection to EW symmetry non-restoration, as defined in Table 4. We note that the scan
parameter values, and in particular the hierarchy between m;, and ms4 = mpy+, have been
chosen so as to explore in detail the impact of the presence of the singlet field within the
N2HDM, relative to scenarios that would feature a FOEWPT in the 2HDM [28-30, 32].

In Figure 7 we show the scan results for the critical and nucleation temperatures T (left)
and T, (right) of a FOEWPT, in the plane of the heaviest CP-even scalar mass my, vs. its
singlet component ¥, = |Rs3]?>. The lower-right region of the plots is excluded due to the
perturbative unitarity constraints (as discussed in section 5.3). For the gray points, the EW
symmetry is not restored up to the maximum temperature used for this numerical analysis
(recall the discussion in section 5.3), Thax = 600 GeV, and no FOEWPT takes place (T, and
T,, are thus not defined).!® For the colored points in the left plot of Figure 7 there exists a
critical temperature T, at which there are two degenerate minima, of the form (0,0, 95(7)) and
(v1(T),v9(T),vs(T)), and one could naively be led to conclude that these points also feature
a FOEWPT. However, looking at the right plot of Figure 7, one can see that only a fraction
of these points yield a FOEWPT occuring at T' = T,,. The black points in the right plot have
T. defined, but there is no temperature 7' < T, for which the nucleation criterion of Eq. (36)
is fulfilled. As a consequence, the Universe stays trapped in the false vacuum (0,0, 05(T)),
and the EW phase transition does not occur.

In agreement with the results from [49], we observe from Figure 7 that for large values of
the mass mj,, a FOEWPT is associated with a very singlet-like state hs. This is also reflected
in the fact that for a fixed value of my, both T, and T,, decrease with increasing ¥j,. On the
other hand, for smaller values of m;, a FOEWPT is possible for a sizeable doublet component
in hs. Moreover, for a fixed value of ¥j,, 7. and 7,, decrease with decreasing my,. This
may be understood as follows: Higgs bosons that participate in the EW phase transition (by
acquiring a vev) should not be too heavy, since large Higgs boson masses require in general
large bilinear terms, which hinder a FOEWPT if they enter the transition dynamics [16]. In
addition, the trilinear terms generating the potential barrier between true and false vacua are
absent at tree-level in the N2HDM, and arise only from the radiative and thermal corrections
to the potential, thus depending on the quartic scalar couplings A;. The values of \; (and
therefore the size of the potential barrier) grow with the splitting between the masses of hg 3
and A (where m4 has been fixed at 650 GeV in our scan). The strongest FOEWPTs are
then expected to occur for low values of mp, ~ m;, < ma, except when hs is almost entirely

90ne could also argue that the gray points avoid the problem of vacuum trapping, because no FOEWPT
has to take place in order to reach the EW minimum at 7" = 0. Similar solutions were proposed in the context
of supersymmetric GUT theories [99, 100].
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Figure 7: Parameter points according to Table 4. The singlet component ¥, of the third CP-even
Higgs boson is shown in dependence of its mass mp,. The color code indicates the values for the
critical temperature T, (left) and the nucleation temperature 7T,, for the points with a FOEWPT
(right). For the black points the Universe is trapped in a false minimum. For the gray points —
labelled EWSNR — the Universe is in the EW minimum already at Ti,ax = 600 GeV, i.e. the EW
symmetry is not restored, and no FOEWPT occurs.

singlet-like, i.e. X5, ~ 1.

For a given Y, there is a critical value of mj, below which the energy barrier becomes so
large that the probability for the tunnelling between vacua is too small to allow for the onset
of the phase transition as defined in Eq. (36). The corresponding black points in Figure 7 thus
yield trapped metastable singlet vacua (0,0, 7g) down to T'— 0. As discussed in section 4.2,
this situation yields an inflationary process that suffers from the “graceful-exit” problem [93]
and leads to an unphysical scenario. This is the case even though a critical temperature T,
(at which the EW minimum becomes the global minimum of the potential) does exist for such
points, as shown in the left plot of Figure 7. Furthermore, Figure 7 highlights that this trapped-
vacua region features the lowest values of T,. In EW baryogenesis scenarios, the strength of the
FOEWPT is precisely quantified as (see e.g. [44]) £ = v./T. (where v, = \/v1(T.)? + vo(T,)?
is the EW vev at the critical temperature). In an investigation based only on T, one would
then naively — and erroneously — conclude that the strongest FOEWPTs for EW baryogenesis
would occur in the region of parameter space corresponding to the black points in Figure 7.
However, our results show that this region is unphysical.

Overall, the black “vacuum-trapping” region constitutes a sizeable fraction of the param-
eter space in our scan that based on the thermal history of the Universe is ruled out because
the breaking of the EW symmetry does not occur. This result makes manifest an important
shortcoming of a zero temperature analysis of the stability of the EW minimum in extended
scalar sectors (as implemented e.g. in ScannersS, see section 3.1), as we demonstrate that the
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presence of a global EW minimum at 7" = 0 is not a sufficient criterion for an acceptable vac-
uum configuration in the N2HDM (this has also been shown recently within the NMSSM [38]).
If further local minima besides the EW minimum are present at 7' = 0, an analysis of the
thermal history of the Universe including the nucleation probabilities of possible metastable
minima is necessary to assess whether an N2HDM scenario is physical. An analysis based
only on the critical temperature (as done e.g. in [49]), is not sufficient and can yield mis-
leading predictions. We also note that an analysis of the N2HDM thermal history based on
the Parwani resummation scheme would lead to a larger region of the parameter space ex-
periencing vacuum-trapping: The Parwani method typically predicts smaller values for T, as
compared to the Arnold-Espinosa method used in this work, since in the former the finite-7"
contributions tend to restore the EW symmetry at lower temperatures (the same was found
in the 2HDM [30]). The tunnelling probability scales with exp(—S3/T") (see Eq. (36)), and
so the onset of the EW phase transition is further suppressed in the Parwani resummation
method.?® While we regard the Arnold-Espinosa method as more appropriate for the analy-
ses in our paper (see the discussion above), the comparison with the Parwani resummation
method shows that the parameter regions in the N2HDM that we have indicated as unphysical
because of vacuum-trapping are robust and conservative, in the sense that those regions would
be identified as unphysical based on both methods.

As a further step, we now discuss the interplay between the thermal evolution and the
collider phenomenology of the N2HDM. For the case of the 2HDM it has been found that
the occurrence of a FOEWPT is favoured by a hierarchical spectrum [28, 30], and the decay
A — Zh; has emerged as a “smoking-gun” collider signature [29] of a FOEWPT in the
2HDM. Also in the N2HDM such a type of signature is linked with the possible presence of a
FOEWPT, but the collider phenomenology related to this class of processes in the N2HDM is
much richer than in the 2HDM. In the alignment limit?! (which is realized in our parameter
scan), the AZhjs5 coupling between the pseudoscalar A, the Z boson and the SM-like Higgs
boson at about 125 GeV vanishes at tree-level. While in the 2HDM in this limit only the
decay A — ZH is possible if kinematically allowed, in the N2HDM the two decays A — Zho
and A — Zhs can occur, whose branching ratios depend on both the singlet component and
the masses of hy3. As shown in Figure 7, these parameters also play an important role for
the thermal history of the N2HDM. In our parameter scan we find that both decay channels
are generally open in scenarios with a FOEWPT, except when hg is very singlet-like (and can
thus effectively decouple from the FOEWPT dynamics, my, > v).

In Figure 8 we show as result of our parameter scan defined in Table 4 the predictions for
the signal rates pp (99) = A — Zhy and pp (99) — A — Zhs at the LHC with /s = 13 TeV,
where the production cross section has been calculated with SusHi v.1.6.1 [101, 102], and the
branching ratios have been obtained with N2HDECAY [27, 74]. Since the production cross section
(g9 — A) is constant in our scan (it only depends on my4 and tan f3), Figure 8 effectively
shows the interplay between BR(A — Zh3) and BR(A — Zhsy). As a result, we find that
(stronger) FOEWPTs with smaller nucleation temperatures are correlated with larger values
for these branching fractions. However, the largest values of the signal rates for each of the

20We have found that all our 2000 scan points feature trapped-vacua when using the Parwani method,
despite the EW minimum being the global minimum at 7' = 0 for all of them.
21'We note that this limit is strongly preferred for a FOEWPT in the 2HDM, see e.g. [31].
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Figure 8: Correlation of the cross sections for the processes A — Zhs and A — Zhs for the N2HDM
benchmark scenarios defined in Table 4. The color coding is the same as in Figure 7 (right).

two processes in our scan correspond to unphysical trapped-vacua scenarios. The detection
of the processes pp - A — Zhy and pp - A — Zhs at the LHC would open the possibility
to infer details about the thermal history of the Universe that would have occurred in the
N2HDM. Regarding the current status of LHC searches of this kind, ATLAS and CMS have
searched for the pp — A — Zh; (with h; # hi9s) signature within their 8 TeV [103] and
13 TeV [104, 105] data sets, assuming that the Higgs boson h; decays into a pair of bottom
quarks or a pair of 7-leptons. It should be noted that our scan shows that for scenarios
featuring a FOEWPT in the N2HDM the masses of both hy and hs could easily be above
the decay threshold into top-quark pairs. In fact, for the rather small value of tan 3 = 2 in
our scan the discovery potential for the “smoking-gun” signatures in the N2HDM scenarios
could be higher for the decay of hy3 — tt. Thus, our results motivate to explore the signature
pp — A — Z(h;) — Z(tt) within the programme of experimental searches at the LHC (see
also [106]).

6.2 Case 2: Singlet admixture in hiy;

In contrast to the scan studied in the previous section, we now explore scenarios where the
Higgs boson hio5 has a singlet admixture (whereas the heavy CP-even state H does not), and
study the impact of such an admixture on the N2HDM thermal history. The measurements of
the signal rates of the SM-like Higgs boson together with the EWPO set limits on the possible
amount of a singlet component that can be acquired by hjos [27, 107|. These limits also
constrain the possible impact of the singlet-doublet mixing on the FOEWPT in the considered
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Mmp, Mp, My, mag mys tanf Cﬁatf C%GVV sen(Ry3) Ry miy  vs
125.09 400 160 650 650 2 [0.8,1.2] [0.7,1.0] 1 0 65000 300
125.09 400 105 650 650 2 [0.8,1.2] [0.7,1.0] —-1,1 0 68500 300

Table 6: ScannerS input parameters used in the study of the impact of a singlet admixture in hjos
on the N2HDM thermal history. The upper (lower) row corresponds to the scan parameters for
mp, > (<) 125.09 GeV.

scenario. In order to be able to study the effect of a singlet admixture in h195 over a substantial
mixing range, here we will fix the mass of the singlet-like scalar in our parameter scan to be
relatively close to 125 GeV (the relatively small mass splitting between the Higgses then allows
for sizeable mixing). We perform two N2HDM parameter scans with ScannerS, defined in
Table 6, to cover both mass orderings (as they have different phenomenological implications):
a singlet-like scalar somewhat heavier than his5, and a singlet-like scalar somewhat lighter
than his5. In both scans we keep the hierarchy between the masses of the heavier CP-even
doublet-like Higgs boson (h;, in Table 6) and the CP-odd state A in order to guarantee the
presence of a potential barrier separating the false minimum at (0,0, 0g) and the true minimum
at (vy,v9,vg).

We first analyse the scenario in which hjo5 is the lightest Higgs boson h;, choosing our
ScannerS scan parameters as shown in the first row of Table 6. We generate 1000 benchmark
points fulfilling the theoretical and experimental constraints discussed in section 3. The only
parameters that are varied in our scan are the scalar mixing angles, under the condition
that the singlet component of h, = hs vanishes. We choose the mass of the singlet-like
Higgs boson my, = 160 GeV to allow for a sizeable mixing with the SM-like Higgs boson hy
without being in conflict with the LHC searches for scalar resonances decaying into a pair of
Z bosons [108]. In Figure 9 we show the set of parameter points in the plane of normalized
squared-couplings of the Higgs boson at 125 GeV to EW gauge bosons and SM fermions,
Ci,yy and CF 7, respectively. Note that C}, - also corresponds to the singlet component of
ha, ie. Bp, =1 =%, = C} vy (84, = 0 because of Ry3 = 0). The allowed parameter space
in Figure 9 is defined by three different constraints: boundedness from below of the tree-level
potential requires \; > 0, which excludes the lower-right triangular region of the (Czlvw C,QL1 i)
plane in Figure 9; it also requires A\ > 0, which excludes the upper-left triangular region of
the (C vy, Cf ) plane in Figure 9. We then find a diagonal band of allowed parameter
space, based only on these theoretical considerations. Finally, the roughly elliptical shape of
this allowed band in Figure 9 is due to the experimental LHC constraints on the hjo5 signal
strengths, which we implement using the x? result of HiggsSignals (see section 3.3).

For each of the 1000 scan points, we have performed a finite-7T analysis with
CosmoTransitions, computing the thermal evolution of the effective potential from a maxi-
mum temperature T = 300 GeV??2 down to 7' = 0. In contrast to the scan results discussed
in section 6.1, here we find that at T},., the Universe finds itself in a minimum of the kind

22The maximum temperature Ty.x that we consider here is substantially lower than in our previous scans,
since here we are not interested in the symmetry non-restoration behavior, but rather in the appearance of
trapped vacua, for which the temperatures studied need not be much larger than the EW scale.

33



T. [GeV] T, [GeV]

135 140 145 150 155 160 165 50 60 70 80 90 100
| |
0 A | B AL LU B Trrror T T T T T T T
:[N2HDM TYPE Il f F[N2HDM TYPE Il 3
LOZE 1y, = 125.09 GeV LOZ El . = 125.09 GeV -
| i, = 160 GeV ] | . = 160 GeV E
LOOEl " — 400 Gev LOOE o — 400 Gev
H ma = 650 GeV o ] | ma = 650 GeV E
098 [ myx = 650 GeV & 09 H s = 650 Gev
0.96 F 0.96 3
NQ;E 0.94 ”§ 0.94 F 3
0.92F 092 3
0.90 F 090 F E
0.88 088 E E
0.86 F 0.86 E
084 bl it it s L 084 E St i A rererererer —_— L
0.85 0.90 0.95 1.00 0.80 0.85 0.90 0.95 1.00
2 2
Ch1VV Ch1VV

Figure 9: Parameter scan according to Table 6 (upper row) in the CileVV’C?M .7 Plane. The color
coding indicates the values of the critical temperature T, (left) and the nucleation temperature T, for
the points with a FOEWPT (right). For the black points the Universe is trapped in a false minimum,
such that no nucleation temperature can be defined.

(0,0,7g) for all N2HDM benchmarks, and so the EW symmetry is always restored (at least in
an intermediate temperature regime). As the Universe cools down from Ty, all benchmark
points feature a critical temperature 7., shown in Figure 9 (left), at which the EW-broken
minimum is degenerate with the singlet minimum (0,0, 7g). For 609 points in our scan the
Universe remains trapped in the false (singlet) vacuum, as indicated by the black points in
the right plot of Figure 9, while for the remaining (391) points a FOEWPT takes place. In
the latter case, the nucleation temperature 7, is shown in Figure 9 (right). We see that both
T. and T,, decrease with increasing C? vy, in agreement with results previously obtained in
the 2HDM [30, 32|. This suggests (as we have discussed also in the previous sections) that
the strength of the transition reaches the largest values in the alignment limit, in which the
heavier doublet-like CP-even Higgs boson does not obtain a vev. We note that within the
2HDM this reduces the prospects for detecting deviations from the SM case via signal rate
measurements of hqo5 in the parameter space that is relevant for FOEWPTs. Our results show
that this is also the case for the N2HDM if hqo5 is the lightest Higgs boson. However, the
opposite effect can occur if hio;5 is the second-lightest Higgs boson, as we will show below.

We turn now to the analysis of scenarios where the singlet-like scalar state is lighter than
hi2s, in order to demonstrate the importance of the mass ordering of the singlet- and doublet-
like Higgs bosons. Our parameter scan now corresponds to the lower row of Table 6, with
myp, = 105 GeV. This allows for a sizeable variation of the mixing with his5 = ho without
being in conflict with the cross section limits obtained from the LEP Higgs searches [109].
We also slightly increase the value of m?, compared to the previous analysis (see the upper
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Figure 10: Parameter scan according to Table 6 (lower row) in the C’fmvfo’}zL2 .7 Plane. The color
coding indicates the values of the critical temperature T, (left) and the nucleation temperature T, for
the points with a FOEWPT (right). For the black points the Universe is trapped in a false minimum,

such that no nucleation temperature can be defined.

row of Table 6) in order to increase the tunnelling rate between minima in a FOEWPT.?* We
generate 1000 points fulfilling the theoretical and experimental constraints using ScannerS
and use CosmoTransitions to analyse the thermal history of each scan point as described
above for the previous scan. In Figure 10 we show the resulting points in the plane of the
effective couplings C}%gvv and C}%Qt{. The allowed parameter space is defined as in Figure 9
by the bounded-from-below constraints A;» > 0 and by the constraints on the signal rates
of hips that are tested with HiggsSignals. It is interesting to note that the region with
Choyvv = Chyr = Chyp = 1, e, the alignment limit, cannot be realized with the choice of
parameters of this scan, since in this region one finds A; < 0. For the allowed points, we find
0.5 5 Chup S 0.8 (not shown in the plots) together with Ch,yy < 1 and Cj,z < 1 in order to
satisfy the constraints on the signal rates of hygs.2*

All 1000 points in our scan feature a critical temperature 7, (at which the true EW
minimum is degenerate with the false minimum (0,0, 7is)), shown in the left plot of Figure 10.
However, the majority of scan points correspond to trapped-vacuum scenarios, shown in the
right plot of Figure 10 as black points, and excluded since a FOEWPT does not take place
(from the 1000 points only 225 yield a FOEWPT). For the points that do feature a FOEWPT,
the color coding in Figure 10 (right) indicates the nucleation temperature 7,,. As opposed
to the scenario with hio5 as the lightest Higgs boson, here both T, and 7,, are reduced for

23 As shown in [32] for the 2HDM, larger values of m3, reduce the potential barrier and the distance in field
space between false and true minima, thus increasing the tunnelling rate of FOEWPTs. In the present scan,
the increased value of m7, counterbalances the otherwise suppressed tunnelling probability due to the overall
reduced mass scale of the CP even Higgs bosons when mp, = 105 GeV and my, = 125 GeV compared to the
previous scan with my, = 125 GeV and my, = 160 GeV.

HFor CF vy 02125“— < 1and 02125% ~ 1 the diphoton branching ratio of k125 would be too small.
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decreasing values of Cj,,,vyv. A decrease in Ch, vy is linked to an increase in the mixing
between the (singlet-like) lightest Higss boson hy and hygs, ¥, & 1—CF 1y, which decreases
the mass scale of the particles obtaining a vev during the transition. This in turn increases the
strength of the FOEWPT and leads to a lower T},. As Figure 10 highlights, this decrease in T,
eventually results in vacuum-trapping, which in our scan rules out all points with ¥, ,. = 0.15.
The fact that, given the presence of a singlet-like scalar below 125 GeV, the N2HDM can realize
a FOEWPT quite far away from the alignment limit is a very important difference w.r.t. the
2HDM (in which the strength of the FOEWPT is maximized in the alignment limit [30, 31]).
In the N2HDM, a mixing of hjy5 with a lighter singlet-like scalar reverses the dependence
of the EW phase transition strength on Cj,,,yvy compared to the case of the 2HDM. This
constitutes a key feature of the N2HDM regarding the interpretation of possible deviations
from the SM in the couplings of the Higgs boson at 125 GeV that could be revealed in future
measurememts at the LHC and the HL-LHC.

7 Conclusions

Extensions of the SM Higgs sector allow for a rich cosmological history associated to the
thermal evolution of the scalar potential in the early Universe. In this work we have focused
on the N2HDM, an extension of the SM in which the Higgs sector is supplemented by a
second Higgs doublet and a real scalar singlet field. We have found that within the N2HDM
the evolution of the early Universe can give rise to a very rich phenomenology, so far poorly
explored for other extended Higgs sectors. Besides the possibility of a FOEWPT, which has
been studied in depth for all these scenarios, we have shown that within the N2HDM further
phenomena can occur, namely the non-restoration of the EW symmetry at high temperatures
and the existence of false vacua in which the Universe gets trapped at T — 0 (which we refer
to as vacuum trapping). We have demonstrated that both types of scenarios have important
consequences for the phenomenological viability of N2HDM scenarios, and expect them to be
relevant also for wider classes of models.

We have first studied the phenomenon of EW symmetry non-restoration, which has recently
regained attention in the literature [34-36, 94]. We have shown that in the N2HDM this
behaviour is driven by contributions from the resummation of daisy diagrams. We have
identified the key quantities that can be used to analytically determine the restoration or
non-restoration of the EW symmetry at high temperature, summarized in Eqs. (40)—(42) and
(44). Even though we focused on the type II N2HDM, our analytical approach can also be
applied to the other Yukawa types of the model, as it mainly depends on the quartic scalar
couplings and the Yukawa coupling of the top quark. We have supplemented our analytical
investigation with a numerical analysis of the N2HDM thermal history with the help of the
code CosmoTransitions, tracking in each case the local minima of the potential as a function
of temperature. We have also studied the relation of EW symmetry non-restoration at high
T to the dynamics of the Higgs potential at temperatures close to the EW scale, and showed
that it is possible for a scenario with an unrestored EW symmetry at high temperatures to still
feature a FOEWPT, since the EW symmetry can be restored in an intermediate temperature
regime.

As a further step, we have discussed the occurrence and the impact of vacuum trapping in
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the N2HDM. In contrast to previous studies of the N2HDM, which only relied on the existence
of a critical temperature at which the EW phase becomes the deepest potential minimum, we
have demonstrated that an investigation of the transition probability to the EW minimum in
the early Universe is crucial to assess the physical viability of the N2HDM parameter space.
In particular, we have shown that scenarios featuring trapped vacua lead to unphysical regions
of the N2HDM parameter space despite the presence of a global EW minimum of the scalar
potential at 7" = 0. As a consequence, our analysis reveals that sizeable parts of the otherwise
unconstrained N2HDM parameter space are ruled out because they would give rise to vacuum
trapping. In addition, we have studied the interplay between vacuum trapping, EW symmetry
non-restoration and the possibility of a FOEWPT.

Finally, we have analyzed the connection of these early Universe phenomena to the pre-
dicted phenomenology of the N2HDM at the LHC. We have shown that the patterns of the
thermal history of the early Universe can be linked to characteristic signatures in the N2HDM
which have no equivalent in other models like the 2HDM, in particular possible signals in the
two decay channels A — Zhy and A — Zhz. We have also shown that in the N2HDM a de-
parture from the alignment limit does not necessarily diminish the prospects for a FOEWPT,
in contrast to the case of the 2HDM. Our results suggest that the combination of constraints
from collider experiments, from the evolution of the early Universe and from future astrophys-
ical experiments, such as gravitational wave interferometers, will be very valuable for probing
the parameter space of the N2HDM and of further BSM models featuring an extended Higgs
sector.
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