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Abstract

The real singlet extension of the Standard Model (SM), RxSM, is one of the simplest
Beyond-the-Standard Model (BSM) theories that can accommodate a strong first-order
electroweak phase transition (SFOEWPT). We survey the possible thermal histories of
the early Universe in the RxSM, and find that a SFOEWPT can occur in this model
as single- or two-step phase transitions. We investigate complementary approaches to
probe such scenarios experimentally: either via searches for a stochastic background of
gravitational waves (GWs) or via searches for di-Higgs production processes at future
collider experiments: the HL-LHC, or a possible high-energy eTe™ collider. For these
analyses we consistently include one-loop corrections to the trilinear Higgs couplings.
We find that entirely different phenomenological signals are possible, depending on
how the SFOEWPT occurs. In scenarios where such a transition is driven by the
Higgs doublet direction in field space, BSM deviations in properties of the detected
Higgs boson, particularly in the trilinear scalar coupling, typically lead to observable
signals at colliders, while the regions of parameter space with detectable GW signals
are very narrow. On the other hand, if the SFOEWPT is triggered by the singlet
field direction, the detected Higgs boson is very SM-like and no signs of BSM physics
would appear in di-Higgs production processes. However, strong GW signals could
be produced for significant parts of the RxSM parameter space with singlet-driven
SFOEWPT. This work highlights the crucial importance of exploiting complementary
experimental directions to determine the dynamics of the electroweak phase transition
and access the shape of the Higgs potential realised in Nature.
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1 Introduction

Understanding the dynamics of the electroweak phase transition (EWPT) is one of the most
important challenges ahead for High-Energy Physics. While the discovery in 2012 of a scalar
boson with a mass of ~ 125 GeV at the LHC [1H3]| has confirmed the Brout-Englert-Higgs
mechanism  [4H6] as the origin of electroweak symmetry breaking (EWSB), the actual way
in which the corresponding phase transition took place remains unknown. Additionally, our
best theoretical framework at present to describe fundamental interactions, the Standard
Model (SM) [7H9], remains incomplete and leaves unanswered a number of fundamental
issues, such as the origin of the baryon asymmetry of the Universe (BAU), or the nature of
dark matter. The Higgs sector is closely connected to many of these questions, and many
Beyond-the-Standard-Model (BSM) theories that aim to solve one or more of them feature
extended scalar sectors.

In this context, the issue of the dynamics of the EWPT is of high importance, not
only because it is a rare fundamental example of spontaneous symmetry breaking, but also
because it relates to the possibility of explaining the BAU through the scenario of electroweak
baryogenesis (EWBG) [10,/11]. Among the three Sakharov conditions [12| that must be
fulfilled in order to explain the origin of the BAU dynamically, one condition is departure
from thermal equilibrium. In scenarios of EWBG, this is achieved if the EWPT occurs as
a strong first-order electroweak phase transition (SFOEWPT). During such a transition,
patches of space transition from a “false” vacuum to a deeper, and thus more stable, “true”
vacuum [13-22|, leading to the nucleation and expansion of bubbles of the deeper vacuum
phase. Given the measured mass of the Higgs boson, the EWPT happens in the SM as a
smooth cross-over [23|, meaning that the SM fails to explain the BAU via EWBG. On the
other hand, BSM models with extended Higgs sectors can accommodate a SFOEWPT in
the early Universe and thus provide the possibility of successful electroweak baryogenesis.

Various experimental directions offer opportunities to investigate the EWPT, from differ-
ent, complementary, angles. A first direction is to reconstruct the form of the Higgs potential
realised in Nature by studying processes at high-energy colliders that probe relevant trilinear
(and, in a more distant future) quartic couplings. First and foremost among these are di-
Higgs production processes: considering only the production of the detected Higgs boson, h,
the dominant channel at the (HL-)LHC is gg — hh |24], while at possible eTe™ colliders
(with sufficiently high energies), the processes ete™ — Zhh and ete™ — vihh become ac-
cessible (see e.g. Refs. [25H27]). These provide direct access to the trilinear self-coupling of
the Higgs boson, denoted Apnn, that controls the shape of the Higgs potential away from
the EW minimum, along the Higgs direction in field space. In particular, a SFOEWPT
taking place along the Higgs field direction would be associated with significant deviation
in Appp from its SM prediction — see e.g. Refs. 28,29 for early studies and Refs. [30-35]
for more recent examples. In models with extended scalar sectors, BSM deviations in Ay,
can arise due to radiative corrections from the BSM scalars, even in scenarios where other
properties of the detected Higgs boson are SM-like, like for instance aligned [36] scenarios
of multi-Higgs models. These types of effects, which are driven by splittings between the
different BSM mass scales of the models, were initially found in Two-Higgs-Doublet Models
(2HDM) [37,38], but are now known to occur in broad ranges of BSM theories [39-64].

Di-Higgs production has not yet been observed at the LHC. The SM production cross-



section turns out to be three orders of magnitude smaller than the one for single Higgs
production due to the destructive interference between the diagram involving A, and that
without it. This leads to a very suppressed di-Higgs cross-section for SM-like values of
the Higgs-boson couplings (including Appnp), but also means that BSM effects in App, can
significantly alter the cross-section — by up to several orders of magnitude. A variety of
search results have already been obtained by the ATLAS and CMS collaborations at CERN
for this process. These have allowed setting bounds on both the di-Higgs cross-section as well
as on Appp |65-70], or equivalently the coupling modifier Ky = Appn/ )\2%’(0), where )\21,\;2(0) is
the SM tree-level prediction for the trilinear Higgs coupling. In Ref. [56], it was demonstrated
that comparing the experimental limits on Ay, with precise theoretical predictions already
provides a powerful tool to probe otherwise unconstrained parameter space of BSM theories.
Moreover, considerable improvements in experimental are expected at the HL-LHC [71].

More generally, models with extended scalar sectors feature several trilinear scalar cou-
plings A (which can also receive large radiative corrections, see e.g. Refs. |64,(72,/73]), and
multiple di-Higgs processes, like gg — h;hj, ete™ — Zh;h;, or ete™ — vvh;h;, are needed
to reconstruct the form of the potential entirely. However, these processes are even more
challenging to access than those with Ah final states. On the other hand, hh processes also
already offer relevant information about BSM trilinear scalar couplings, see e.g. Refs. [64,74].
We will therefore restrict our attention to the processes with hh final states in this paper.

Another important direction to investigate the possibility of a SFOEWPT is to search
for potential cosmological relics of such a phase transition. The nucleation, expansion and
collisions of bubbles of the true vacuum in the early Universe would have been violent
processes, that could have given rise to a stochastic background of gravitational waves (GWs)
(see e.g. Refs. [30,31,134,/75-87]), to primordial black holes [87-100], or even primordial
magnetic fields [101H103]. We focus here on the first possibility, GWs, which if produced
during a SFOEWPT would have a spectrum of frequencies peaking within the sensitivity
of future space-based GW interferometers like LISA [104}[105]. Other observatories, like
DECIGO [106] or BBO [107] are also being discussed, however, LISA is the only one of these
projects that has already been approved.

In this work, we investigate the general real-singlet extension of the SM, which we denote
RxSM (sometimes also referred to as “xSM”, “SSM” or “HSM”). The scalar sector of this
model features two physical CP-even Higgs states h and H. In the rest of this work, we
consider that h corresponds to the detected Higgs boson with a mass of ~ 125 GeV, while
the BSM scalar H is assumed to be heavier. Several variants of real singlet models have been
devised, differing by the symmetry assignments of the singlet state. The RxSM considered
in this work corresponds to the most general version of the model, for which no additional
symmetry (in particular no Z, symmetry) is imposed. This adds three (two) additional free
parameters to the theory compared to the variants featuring an unbroken (spontaneously
broken) Z, symmetry. In turn, these can have important phenomenological implications
for the trilinear scalar couplings, which can receive large BSM contributions already at the
tree level or significant BSM radiative corrections, depending on the considered region of
the parameter space. The RxSM (without a Zy symmetry, from now on we will implicitly
assume this) is known [13] to be one of the most minimal Higgs-sector extensions capable of
accommodating a SFOEWPT, and the simplest allowing this with a one-step transition. By
itself, the RxSM does not allow introducing BSM sources of CP violation, which are known



from the Sakharov conditions to be needed for baryogenesis, and can therefore not explain
the BAU alone. However, it serves as a very useful theory to investigate the dynamics of the
EWPT in presence of a singlet scalar — and one could in principle devise extensions of the
RxSM where some additional sector, for instance a dark sector, could contain the required
BSM sources of CP violation (see e.g. Refs. [108112] for examples of this type of model
building). The possibility of a SFOEWPT and the related phenomenology has already been
investigated in the RxSM and other variants of singlet models: for instance the dynamics of
the EWPT and/or potential production of GWs were analysed in Refs. [15/16}/113-120], while
the production of primordial black holes was considered in Ref. [121]. Collider signatures
of the RxSM have been studied recently in e.g. Refs. [122-124], and in particular scenarios
with a SFOEWPT were considered in Refs. [117]/125-127].

In this work, we explore the interplay between the Higgs potential and its thermal history,
with collider phenomenology at the (HL-)LHC and e*e™ colliders. For this purpose, we have
implemented the RxSM into the public tool BSMPTv3 [49,55,/62]. With this, we investigate
the different possible thermal evolutions of the vacuum that can occur in allowed parts of
the RxSM parameter space. We ascertain the cases in which GWs could be produced, and
those were the signal-to-noise ratio (SNR) at LISA would be sufficient to detect these GWs.
In complementarity to this, we study the di-Higgs processes gg — hh (at the HL-LHC), and
ete”™ — Zhh and ete™ — vihh (at a 1-TeV ete™ collider). In the RxSM, these processes
offer sensitivity to the trilinear scalar couplings Ay, and Appg. Given that our analysis of the
EWPT dynamics is performed at the one-loop level, for consistency we therefore also take
BSM effects into account in di-Higgs production up to the same order. We employ for this
the fully on-shell renormalisation scheme and phenomenological setup from our previous
article [64]. We find that two main types of behaviours are possible for RxSM scenarios
with a SFOEWPT. On the one hand, if the EWPT is driven by the doublet field direction,
noticeable effects on Higgs couplings can be expected, resulting in BSM signals at colliders,
although the strength of the transition is only strong enough to produce a detectable signal
of GWs in a very limited fraction of the parameter space. On the other hand, if a SFOEWPT
is driven by the singlet field direction, markedly stronger signals are possible from GWs, but
the properties of the detected Higgs boson are typically very SM-like, so that colliders would
not offer much information. Our finding highlight the complementarity of collider searches
for di-Higgs productions and searches for cosmological relics of a SFOEWPT to probe the
parameter space of the RxSM and determine the dynamics of the EWPT in this model.

This paper is organised as follows: in Section [2| we review the RxSM, our choices of
notations, as well as the theoretical and experimental constraints included in our analyses.
In Section[3, we present our setup to investigate the dynamics of the EWPT and the spectrum
of the background of stochastic GWs produced during a SFOEWPT. We apply this setup to
the RxSM in Section [4} we explore the different possible thermal histories, identify regions
of the RxSM that would yield a SFOEWPT and a detectable GW signal. In Section [5]
we analyse whether such scenarios can be complementarily probed via di-Higgs production
searches at high-energy colliders. We provide our conclusions in Section [0



2 The RxSM: the general singlet extension of the SM

2.1 Definitions and notations

We investigate here the most general real singlet extension of the SM [74}/125,/128|/129|, which
we refer to as RxSM. This model extends the Higgs sector of the SM with a real singlet,
denoted S, and unlike other variants of singlet models, its Lagrangian does not exhibit any
Zy, symmetry under transformations of S. After EWSB, the SM-like doublet ® and the
singlet S' can be expanded as

1 V2GH
d=—
V2 \v+¢+iGO

where ¢ is the CP-even component of the doublet, G° (GF) is the neutral (charged) would-be
Goldstone boson, and v is the EW (or SM) VEV. Moreover, s denotes the BSM scalar field
and vg is the singlet VEV. The tree-level scalar potential of the RxSM is given by

), and S =s+wvg, (1)

V(o)(q)s)_22é4 2 @22%2@3&4

,S) = p’| P +21<1>y + ks |P|°S + 5 |D|ZS* + 5 S°+ SS + 25. (2)
Given the absence of any additional symmetry restricting the allowed interactions, this
potential would in principle contain both linear and cubic terms in the singlet field. However,
in the RxSM the singlet VEV vg can be redefined in order to absorb one of these terms [18§],
and we have used here this freedom to remove the linear tadpole term. Furthermore, we note
that because the singlet S is real, CP-violation cannot be included in the scalar potential of
the RxSM (like what is the case for the SM); this means that all the parameters in Eq.
are real.

The scalar sector of the RxSM is described in terms of nine parameters, namely the two
mass parameters, the five trilinear and quartic couplings in the Lagrangian, and the doublet
and singlet VEVs. The minimisation conditions of the potential (i.e. the tadpole equations),
which can be written as

dv(© dv©
=ty =0, =15 =0, (3)
de $=0,5=0 ds $=0,s=0
yield two relations between the Lagrangian parameters,
lﬂ:—)\—#—/{ vg — AsHUS
9 SHUS 2 )
2 A 2
Mgv = —2/\52)% — RgUg — fosY — SHY s (4)
21}5 2

thus allowing to reduce the number of free parameters down to seven. We note that from
this point on, we set t, = tg = 0 in all expressions throughout the paper (if one is interested
in the renormalisation of the scalar sector, it is however convenient to keep the parametric
dependence on t, and tg; this was done for instance in Ref. [64]). Next, expanding the
potential using Eq. , the C’P-even mass matrix is found to be

2vO  @2vO 2 2
M2 . d¢2 d(Z)ds . M(p M s (5>
n 2vOo  g2yo | M2 M2
dods ds? S 59



with

3\v? Agpv2
ME =1+ 5 + KSHUS + 512{57
2 a2, AsHV?
Ms = MS+ —I—2(/{S—|—3/\51)5)v5,

Mis = (/{SH + /\SHUS) V. (6)

The gauge eigenstates ¢ and s can be rewritten in terms of mass eigenstates h and H via a
mixing matrix R, defined by,

(o) = (0) = (5 2) () »

where we have used the shorthand notations ¢, = cosx and s, = sinx. In the following, we
assume that h is the detected Higgs boson with a mass around 125 GeV, while H is a BSM
Higgs boson, always considered to be heavier than h — because we want the decay H — hh
to be kinematically allowed. After diagonalising the mass matrix, the CP-even scalar mass
eigenvalues and the mixing angle « are found to be

m; = Mici + M2 + M2, 894,
my = ./\/lisi + M2 — M2, 894,
tan 2 2M (8)
an2q = ———.
M= M2
For our numerical setup (as well as for the renormalisation of the RxSM Higgs sector,
discussed in Ref. [64]), it is especially helpful to employ as inputs the following seven pa-
rameters
mp, My, &, UV, Vs, Ks, KsH, (9>

which we will refer to as “mass basis”. Among these, m; ~ 125 GeV and v ~ 250 GeV are
fixed, so that five free BSM parameters remain.

The Lagrangian mass parameters and quartic couplings can be re-expressed in terms of
mp, myg, o, and the Lagrangian trilinear couplings kgg and kg. We find

2,2 2,02
Ccomy, + semiy

_ ta
A= " ,
2 2
o (mj, — m§)caSa  Ksu
VUg vg
2 2 2 2 2 2
e — my + miy + (mf; — m; )caa  2KgUg — KsHV
5 SvZ Sv? ’
S S
29 02 2 2 2 .2 _
A2 fsEv + 2k5v5 + (mj + mi)vs + (M — mi;)(vSaa — VsC24)
S — 4 ?
vg
1 1 1lv
2 2 2 2 2 S 2 2
W= —ohsHUS — §(mhca +myst) — 57(mh — M) CaSa - (10)



Finally, using Eq. , the following expressions can be obtained for the tree-level ex-
pressions of the trilinear Higgs couplings in the mass basis

Auhh = 4@1)%{ — 3vg [ksuv® — 3mpus| ca + 3us [Kspv® + mjvs] csa
+ 20 [SIisHU2 + 6mivg — QKSU?J Si} )
AohH = ﬁsa{ — 2ug [kepv® + (2mj, + m7;)vs] — 2us[3kspv® + (2m;, + mi;)vs)caa
+ v [3/@51{@2 + 2vg (Qm,% +m? — /igvs)] SQa} 3
MuHH = ﬁca{%s [ksmv® + (M} + 2my)vs] — 2vs[3ksuv® + (M), + 2m3;)vs|caa
+v [BHSH'UQ + 2vg (mi +2m3; — /157}5)] SQQ} ,
AgHH = %{3 [3ksmv? 4+ 6myvs — 2k5035] o + [Brsuv® + 6mivs — 26508 Csq (11)

v v
+ 12vg [FLSHU — m%f + (HSHU + m%,?s) 020‘} sa} .

2.2 Theoretical and experimental constraints on the RxSM

In this section, we summarise briefly the theoretical and experimental constraints taken into
account in our analysis.

On the theoretical side, we first have to ensure boundedness-from-below of the potential,
which implies that the quartic couplings must be positive in all field directions. To ensure
this, we demand that the determinant of the Hessian matrix of the potential be positive,
leading to the conditions

A > 0, Ag > 0, and Agyg > —2v/ A Ag. (12)
Second, we ensure perturbativity of the couplings, by requiring that
A As | AsH|
- — 4. 1
maX{Q, 5 g | <47 (13)

Finally, we also want pertubative unitarity to be fulfilled. In order to verify this, we compute
the scalar 2 — 2 scattering amplitude matrix in the high-energy limit — using results from
Ref. |[130] — and we require that the eigenvalues should all be below 1.

In addition, we check the compatibility of our considered parameter points with experi-
mental measurements. For this purpose, we consider on the one hand constraints from direct
searches for extra Higgs bosons at colliders. The exclusion limits at the 95% C.L. of relevant
BSM Higgs boson searches (including Run 2 data from the LHC) are included in the public
code HiggsBounds v.6 [131-136|, which is itself part of the public code HiggsTools [136].
On the other hand, agreement with measurements of the mass and signal strengths of the
detected Higgs boson at the LHC is checked via the public tool HiggsSignals v.3 [136-139|
(also included in HiggsTools). We note that constraints arising from di-Higgs measurements
at the LHC are not checked a priori when generating scan points, but rather they are a core
part of our phenomenological investigations in Section



3 Thermodynamics of the RxSM

In this section, we review the theoretical setup we use to investigate the thermal evolution
in the early-Universe of RxSM scenarios. We first introduce the one-loop temperature-
dependent effective potential in the RxSM before discussing how we compute the thermal
dynamics of the electroweak potential. Finally, we explain our calculation of the stochastic
GW background produced in scenarios with a SFOEWPT. For all these steps, we have used
the code BSMPTv3 [49,55,/62], in which we implemented the general RxSM.

3.1 Effective potential

The first step in order to study the thermodynamics of an extended Higgs sector is to compute
the temperature-dependent effective potential. In this work, we have used a perturbative
4D approach, where the potential is expanded as

VD (6.T7) = VO(8) + Vi (0) + VEL(0) + ViV (6, T) + VI (6. T). (14)

Here VO is the tree-level potential given in Eq. , Vé&, is the one-loop effective (or
Coleman-Weinberg [140]) potential at 7 = 0 (calculated in the MS scheme), VC denotes
a one-loop counter term (CT) potential (also defined at 7" = 0), while the temperature-
dependent parts of the potential are given by the one-loop thermal corrections term VT(l)

and a resummation term V:i(al)sy (discussed below). The notation ¢ is used to denote collec-
tively the scalar field degrees of freedom of the RxSM. o
The Coleman-Weinberg potential can be computed straightforwardly in the MS scheme

using the supertrace formula [141], it reads
Wy N~ (EDH0 m;(¢)
Vow(®) = Z ez M (¢) |In oz ) G (15)

where ¢ runs over the particle content — scalars, fermions, and gauge bosons — of the model
(we note that we work here in the Landau gauge, so that ghosts do not contribute to Vcw:
nor its field derivatives), and @ is the renormalisation scale. The constants ¢; are 3/2 for
scalars and fermions, and 5/6 for gauge bosons (as we use here the MS scheme). For the
rest of this work we choose to take () = v, unless otherwise specified. Although one could
in principle use the MS scheme result, we choose instead to convert our expressions to the
more convenient and physically-motivated OS-like scheme defined in Refs. [49,55,62]. To do
so, we add a finite shift to our effective potential, corresponding to a finite conversion of the
parameters entering the tree-level potential. This counterterm potential is defined as

vl (s Z axz xi+2(¢j+vj)5Cth, (16)
J

where ¢ runs over the parameters of the Lagrangian and j over the scalar particles of the
RxSM. The idea of this OS-like scheme is to maintain the location of the minimum of Vg
at T = 0 as well as the effective-potential masses of all the scalars (also at T = 0) to
their tree-level values — hence the “OS-like” name of the scheme. In terms of derivatives of



the potential, this means that we impose that the first and second derivatives of the zero-
temperature effective potential should be equal to the tree-level ones, from which we obtain
the following renormalisation conditions

a¢iv(g}l‘)(¢)|<¢>iﬁ:0 = _a@v(%z/(d))h@iﬁ:o’ (17>
ad’i ad’j V(g’ll‘)(¢)‘<¢>>”r:0 = _a¢¢a¢j VC(%(¢)‘<¢>T:O7 (18)

where ¢ and j run over the scalar degrees of freedom. By applying these conditions to the
case of the RxSM, one can see that there are not sufficiently many conditions to define a
unique set of counterterms and that three additional degrees of freedom remain. Following
the original notation of this scheme in Ref. [49], we call these degrees of freedom ty,ts, 3,
and absorb them into the counterterms (although in the end, we set them to 0). Finally, we
obtain the following set of counterterms

(SCT/J,2 — 07
0T ME =0,
1 3 2 2 s
5CTf{S = U—3 (%HGOGO — %Hhh + %Hhs + Ug’Hss — 3USNS) s
S
Hy;, — 3H, H,,
5CTKSH _ Hhn GOGO n h ,
(S v
Hepoqo — H
cry _ Hgoa hh
(S A — T 3
1 /=302 v? vZ
§TN\g = — H, —Hy,, — 2 H,, N,
s vé( 1 GOG0+4 hh T + vs )
(SCT)\ o BHGOGO - Hhh 2Hhs
SH = 5 - )
v VVg
§CTtgo = —Ngo,
(5CTtg+ = —Ng+,
§Ttg- = —Ng-,
(SCTth = HGoGoU — Nh s
5T, =0, (19)

where Ny, and Hy,y. are the first and second derivatives of the CW potential evaluated at
the minimum of the potential, i.e.
82‘/(1)
Hy., = oW
9i0;

N Vew

¢ — )
ofon
¢ (¢

T=0

and (20)

(P)r=0

Turning next to the temperature dependent corrections, the one-loop thermal potential [142,

143] is given by " 2(6)
n; m;
V) =3 s (M), (21)

272
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where ¢ runs again over the particle content of the model, and J. are the bosonic and
fermionic thermal integrals, respectively, and are defined as:

Ji(z) =F /000 dz 2*log [1 + exp <—m>] . (22)

Finally, we have to solve the IR-divergence problem that arises due to the massless
bosonic zero Matsubara modes of finite-temperature field theory and the infrared pole of the
propagator of these modes. To solve this problem, there are different ways of resumming
relevant higher-order effects in order to dress the propagator of the zero-modes and avoid
the pole divergence. The minimal set of higher-order diagrams that must be resummed has
been shown to be those known as Daisy diagrams.

There are different methods that one can follow to resum these diagrams. In this work,
we have followed the Arnold-Espinosa resummation method [144] to disentangle the UV
physics from the IR one. In this method, the mass of the zero Matsubara modes is shifted
by the thermal mass and, therefore, substitute the propagator of the zero mode with a
dressed propagator, avoiding the divergence of the pole. This leads to a contribution to the
potential with the following structure,

) _ 2 2 208 _ I2(e 013
Vit (6:7) = = D7 75T {[m2(60) + D] — [m3(6)]3 } (23)
where 4 runs over the different bosonic degrees of freedom, and I1#(7) is the squared thermal
mass of the boson ¢;, generated by the thermal potential.

3.2 Electroweak Phase Transition dynamics

Employing Eq. we can compute the thermal evolution of the Higgs potential in order to
study the dynamics of the EWPT. Two main ways in which the EWPT could have occurred
can be distinguished. On the one hand, it could have proceeded as a second-order phase
transition or a cross-over, meaning that the transition from the false vacuum to the EW one
is smooth and there is no associated energy gap. On the other hand, the EWPT could have
happened as a first-order phase transition. In the latter case, which we denote as FOEWPT,
during the thermal evolution of the potential a barrier forms between the false and the EW
minima. The only way to transition is through quantum tunnelling, leading to an energy gap
in the transition. This event occurs nearly simultaneously at different points in the Universe
as it expands, creating bubbles of the EW vacuum that nucleate and then expand in the
background of the false vacuum. The temperature at which this transition occurs is called
the nucleation temperature T,, at which the tunnelling decay rate from the false to the EW
minima per Hubble volume matches the Hubble rate.

SFOEWPT characterisation

As discussed in the introduction, we are interested in the realization of a FOEWPT. However,
FOEWPTs by themselves are not out of thermal equilibrium — they must be a strong
FOEWPT (SFOEWPT). We consider a FOEWPT to be a SFOEWPT if the suppression

11



of the sphaleron transitions [145] in the broken-phase vacuum is large enough to avoid the
wash-out of the generated baryon asymmetry. This leads to the following condition

n=—21, 24
s 21
where v, = v(T},). Thus, the first step to determine whether we have an SFOEWPT is to
compute T},, which is the temperature at which the tunnelling decay rate from the false to
the EW minima per Hubble volume matches the Hubble rate

NT,)
— =1 2
H4T,) ’ (25)
where the tunnelling decay rate is given by [146]
I(T) = A(T)e 5e@/T (26)

In this expression, A(T) is a temperature-dependent prefactor — which can be computed
following Ref. [147] — and Sg(T) is the Euclidian action (expressed in terms of the Euclidean
time 7),

5e(1) = [ ardbs | J(0,000%) + Vo] 27

In finite-temperature field theory, the Euclidean time evolution replaces the T evolution,
and there are periodic boundary conditions for this coordinate, i.e. 7 € [0, %] Thus, by
integrating over this coordinate and performing a change of variables to spatial spherical

coordinates, with p = />4 x?, one can obtain a three-dimensional action that is known
as the bounce action [148|149]

Ss(T) = 4n /Ooo dp p* [% <%)2 +V(p,T)| , (28)

which replaces Sp in Eq. (26). Imposing that, far from the true vacuum bubble, the false
vacuum remains unaffected by the phase transition, and that the transition occurs at p =0
as boundary conditions to solve the equations of motion of the bounce action, one can find
the bounce solution for the fields ¢ g, which describes a bubble of the true vacuum nucleating
and expanding within the false vacuum.

With the computed bounce solution one can calculate the transition rate for different
temperatures and thereby determine the nucleation temperature. The problem is that one
has to trace the real and the false vacuums for different temperatures because the potential
is a thermodynamic quantity, and so are the minima obtained by solving the equations of
motion. Since this cannot be done analytically, one resorts to use numerical methods to
solve the bounce action each time. This adds a level of computational difficulty to our inves-
tigations, and to overcome this, we have used the public tool BSMPTv3 [62|. In comparison
to earlier versions [49,55|, v3 additionally allows the computation of the background spec-
trum of stochastic GWs produced during the SFOEWPT and features improved numerical
stability.
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3.3 Stochastic GW background

The nucleation of the bubbles during a SFOEWPT would have been a very violent event in
the early Universe, giving rise to a stochastic background of primordial GWs that could be
detectable nowadays. In this section we briefly review the computation of the spectrum of
GWs created during the SFOEWPT and verify whether it would be observable in a future
GW observatory, such as the space-based GW interferometer LISA [104,/105|. However,
since GWs are a macroscopic phenomenon, the first step is to describe the phase transition
dynamics at the thermodynamical level.

3.3.1 Macroscopic characterisation of the phase transition

There are four main macroscopic parameters that characterise the GW spectrum generated
during a phase transition. The first of them is the temperature, T,, at which the transition
takes place. Two choices are possible for the transition temperature: the first is the nucleation
temperature 7T, , which was defined in the previous section. However, we choose here instead
to use the percolation temperature 7),, which represents the temperature at which at least
29% of the Universe has tunnelled to the true vacuum. At this false vacuum fraction,
a macroscopic cluster of true vacuum bubbles has formed, driving the system irreversibly
toward the true vacuum phase [150]. This choice is motivated by the nature of the phenomena
sourcing of the GWs, which will be discussed below. Once the transition temperature has
been defined, a second parameter, o, measures the strength of the phase transition,

a=—2 1y - Vig) - - (amf ) _ WW)]M , (29)

~ g.n2TH 4\ or oT

where g, is the effective number of relativistic degrees of freedom and is a function of 1" and
¢ and ¢ are the true and false phases respectively (the false phase being the one where the
transition begins and the true phase the one where it finishes). The third parameter that
characterises the phase transition is the inverse duration of the phase transition in units of
the Hubble rate H, at the moment of the transition,

B .. d (5(0)
m_ﬂﬁ(7ﬂ>T

In this case, H, is the Hubble parameter in a radiation-dominated universe, i.e.

2
H, =12 |2 (31)
90M2,

where Mp] is the reduced Planck mass. Finally, the last parameter to be computed is the
wall velocity, vy,. There exist several methods to compute the wall velocity, however all of
them suffer from large theoretical uncertainties |[151] that can have a considerable impact on
final results for the produced GW spectrum. In several studies of SFOEWPT in models with
extended Higgs sectors [115,/152,[153|, it has been shown that the value is typically within
the range of vy, € [0.2,1]. In this work, we will assume as a first approach the bubble wall
velocity to be equal to 0.95, which is a pessimistic choice for the observability of the GW
spectrum. Later, in Section [4.3.3] we will study the dependence of the observability of the
GW signal on the bubble wall velocity.

(30)
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3.3.2 GW spectrum

Three main sources of GWs have been studied for a SFOEWPT [104,/154]. First, there
are the collisions of the bubbles: this happens when bubbles of the true vacuum nucleate
and expand into the false vacuum, until they collide with each other, thereby generating
GWs. The second source is the magnetohydrodynamical turbulence in the plasma around
the bubble walls. This plasma, during the SFOEWPT, is far from equilibrium, and similarly
to how turbulence in fluids can generate waves, GWs are created in this plasma. Finally,
the dynamics of the EWPT can create pressure waves in the plasma, which act like sound
waves that propagate, leading to the generation of GWs. The total spectrum of produced
gravitational waves can be described as

W Qaw (f) = h*Qsw(f) + P2 Qeurn(f) + *Qear(f) (32)
where h 3
2 PGW
h*Qaw(f) = b 9log [’ (33)

paw being the energy density of the stochastic background of GWs, h the reduced Hubble
constant, and f denotes the frequency of the GWs. In this work, we consider phase transitions
that give rise to non-runaway bubbles with @ < 1, meaning that the bubbles expanding in
the plasma can reach a relativistic terminal velocity. In this case, the energy stored in the
scalar field is negligible, and therefore, the main sources of gravitational waves are related
to the fluid dynamics, namely sound waves and plasma turbulence. On the other hand, for
this type of bubble, collisions can be neglected in Qqgw. We can express the spectrum of
each type of source in terms of its peak amplitude (Q2P°%) and peak frequency (fP¢2%), which
leads finally to the following expression for the GW spectrum:

IRAYNETERY
< peak) 1+ 1 < peak)
SW SW

2 ypeak (f/ Iifﬁ)k)
T <<1+f/ &ii“)“/3<1+87rf/H*>>’ o

Descriptions of the peak amplitudes and the spectral functions for the different sources can

be found in Ref. [62].

(SR
NI~

ea. 4
W2 Qaw(f) = h2QBeak (?)

3.3.3 Observability

Once having derived the power spectrum of the GW background, we can compare it with the
sensitivity of different planned GW observatories to test if this signal could be detected. If we
check the characteristic frequency range of the potential signals coming from a SFOEWPT,
they lie within the frequency range of the future GW observatory LISA. Therefore, in this
work, we have focused on this observatory. To determine whether the signal is observable,
we compare the power spectrum of the signal with the sensitivity of LISA. To do so, we
define a signal-to-noise ratio (SNR) following Ref. [104],

frma hQQGW(f)]Q
SNk = \//f hszsens<f> | (35)
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where 7 is the data-taking time of LISA and h?Qes is the nominal sensitivity of LISA to
stochastic sources like phase transitions. Throughout this work, we have made the conser-
vative assumption of a data-taking period of three years.

4 Phenomenological implications

In this section, we investigate the dynamics of the EWPT in the RxSM employing the theo-
retical framework described in the previous section. Numerical computations are performed
with the public code BSMPTv3 [62)].

4.1 Different thermal histories

We begin by investigating the different possible thermal histories in the RxSM (a similar
analysis in the 2HDM can be found in Ref. [34]). By scanning of the parameter space of the
RxSM, we find six different scenarios, which we label from A to F (similar to Ref. [34]), and
which we illustrate in Fig. [] for selected points listed in Table

Id mpy [GeV] cosa kg |GeV] ks [GeV] wvg |GeV]

A 342.8 0.9999  —1000 —100 110
B 288.5 0.9949 —900 —54 149
C 285.5 0.9891 -900 —87 125
D 290.7 0.9881 —900 -93 120
E 463.9 0.9955 —24 —992 332
F 600.1 0.9800 —300 —1406 280

Table 1: RxSM benchmark points for the investigation of the different thermal histories of
the Universe in Fig. [I]

For each scenario, we trace in Fig. [1| the evolution of the EW and singlet minima as a
function of the temperature in order to understand its specific dynamics.

The blue and orange lines in Fig. [I] correspond respectively the tracing of the minima
of the EW doublet and of the singlet. The parts of the line in solid style indicate the path
that the Universe actually follows, i.e. at the temperature where a change from dashed to
solid is found, a phase transition takes place. The first scenario (top left, A) is a second-
order PT. The second case (top middle, B) is a weak first-order PT, where a first-order
phase transition occurs along the EW direction while the transition along the singlet field
direction is continuous. In case B, the first-order PT along the EW direction is so weak
— in the sense that the discontinuity in the evolution of the Higgs VEV is so small —
that this scenario cannot be phenomenologically distinguished from a second-order PT. The
third scenario (top right, C) is a multi-step-first order PT: specifically the PT occurs in
two steps, starting with a first-order PT along the singlet direction at higher temperature,
followed by another first-order phase transition where both VEVs experience a discontinuity.
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Figure 1: The tracing of the different minima of the potential with respect to the temperature
for six different thermal histories. In blue we show the minima of the EW doublet and in
orange the minima of the singlet field. The solid lines represent the path that the universe
follows. The red dashed line indicates the critical temperature T..

The latter transition corresponds to the EWPT. The fourth scenario (bottom left, D) is
the low singlet VEV first-order PT, where the EWPT occurs as a one-step transition with
discontinuities along the EW and singlet directions concurrently. We name the fifth scenario
(bottom middle, E) high singlet VEV first-order PT. This scenario is similar to case D, but
with the difference that the minimum of the singlet VEV at the moment of the transition is
positive. We will see that this leads to weaker transitions than in case D. Finally, the last
possible history that we find (bottom right, F) is vacuum trapping [34]. In this scenario,
the barrier between the symmetric and EW minima is so large that the tunnelling time is
longer than the age of the Universe, meaning that one remains trapped in the symmetric
phase. We note that we define here vacuum trapping in terms of the computed tunnelling
rate, which is compared to the age of the Universe, rather than in terms of some threshold
value of the bounce action.

4.2 SFOEWPT

As a first step to search for SFOEWPT scenarios in the RxSM, we perform a parameter
scan in the five-dimensional parameter space of the model. We begin by checking theoretical
and experimental constraints as outlined in Section and afterwards compute the EWPT
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dynamics for the allowed points. The scan ranges are as follows,

my € [260,1000] GeV,
cosa € [0.95, 1],
vs € [30,300] GeV,
ks € [—1000,1000] GeV,
[_

ksm € [—1000,0] GeV. (36)

We choose as lower bound mpy > 260 GeV in order to allow the decay channel H — hh and
enable a complementary analysis of di-Higgs production (including resonant contributions
from H) for the scan points — see Section |5, The requirement of K5y to be negative comes
from the theoretical constraint of boundedness-from-below of the tree-level potential.

In Fig. [2| we present as colour coding the ratio &, = v,,/T}, in the planes {cos a,mp} (top
left), {cos v, vg} (top right), {ks, ks } (bottom left) and {my,vs} (bottom right). Our first
finding is to confirm the existence of points exhibiting a SFOEWPT, with £, > 1, in the
scanned region. From the top row in Fig. |2l we can see that the strongest phase transitions
occur further from the alignment limit (cosa = 1), while the weaker ones are closer to it.
Another important observation is that we do not find points for large positive values of kg.
Indeed, for points with large positive values of kg, the symmetric minimum of the NLO
potential at T" = 0 is deeper than the EW minimum and therefore the EW vacuum is not
stable at NLO. We note that for the potential at NLO, we only check whether the EW
minimum is deeper than the minimum of the origin of the potential.

One can also see from Fig. [2| that the strongest phase transitions (i.e. with &, > 2)
arise in two distinct regions of the parameter space: a first region with vg < 150 GeV,
my S 400 GeV, kgy = —600 GeV and kg = —300 GeV; and a second region for vg 2
150 GeV, mpy 2 400 GeV and kgy < —500 GeV. The second region spans the entire range
—1000 GeV < kg < 0 GeV that is populated by allowed points, although the largest values
of &, are reached for points with kg = —600 GeV.

Investigating the two regions in more detail, one finds that the first region with low vg
corresponds to case D in terms of the possible thermal histories of the Universe shown in
Fig. [1 while the second region with larger vg corresponds to case E.

4.3 GW signal at LISA

In the following, we focus on the two regions of parameter space found in the previous section
that feature the strongest FOEWPT, and we investigate whether they can give rise to GW
spectra observable at LISA. Investigating scenarios with five free parameters is however
complicated, because of the interplay between effects from different parameters. Instead, we
choose to define, for each region, sets of three phenomenological relations between the RxSM
parameters that maximise &,, and can then study two-dimensional benchmark planes.

4.3.1 Benchmark plane 1

We begin by considering the region with low values of vg and my. Using the results from the
five-dimensional scan in the previous section, we find that the following conditions maximise
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Figure 2: Results for &, = v, /T, for the points from our RxSM parameter scan. Top left:
{cosa,my} plane; top right: {cos«,vg} plane; bottom left: {ks,ksy} plane; bottom right:
{mpy,vs} plane.

&, in this region

ks = —900 GeV ,
ks = (5662.9 cos v — 5688.4) GeV
vs = (4239.5 cosa — 4067.6) GeV . (37)

We are then left with only two free parameters, over which we scan with the rangesﬂ

m € [260,1000] GeV |
cosa € [0.975,1]. (38)

In Fig. 3] we present the results of the scan in this benchmark plane. The colour coding
shows the value of &, for the points allowed by the experimental and theoretical constraints.
The region shaded in light blue is excluded by perturbative unitarity. It is important to note

'We note that no point allowed by HiggsSignals was found below cos a = 0.975, hence the lower bound
quoted here.
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that the fact that perturbative unitarity excludes points farther away from the alignment
limit is not a general feature of the RxSM, but is only an artefact of the considered plane.
We indicate in grey the region where the tree-level potential is stable while at the one-loop
level the EW vacuum is unstable (at 7" = 0). Finally, we show in light red the parameter
region that is excluded by the direct search of a heavy BSM Higgs boson decaying into a
pair of Z bosons in the {*17[*]~ and [T]"vw channels by ATLAS [155].

1.000 4.5

0.995

0.990

S :

S D .

0.985 S
] Excluded by [155]

0.980 ] Perturbative unitarity
. NLO stability 1.5
j SFOEWPT

0.975 F———————— 1.0
250 300 350 400

Figure 3: Parameter scan results in the RxSM for benchmark plane 1. The colour coding
shows the ratio &, = v,/T,. The different thermal histories are labeled following Fig. .
We indicate in light blue the region excluded by perturbative unitarity, in grey the region
excluded by the stability of the EW vacuum at NLO and in light red the region excluded by
direct searches for heavy Higgs bosons in Ref. [155]. We note that in region B 0 < &, < 1.

In Fig. [3| we can see that in the allowed parameter region three different thermal histories
are possible. Following the labels in Fig. [T, we name the corresponding regions B, C and
D. First, in region B (dark purple) we find weak first-order phase transitions: these transi-
tions are of first order because there is a small discontinuous transition in the EW doublet
direction, and the nucleation condition of Eq. is fulfilled. However, these points are not
interesting for phenomenology because the phase transition is too weak. Next, regions C and
D exhibit SFOEWPT — the difference between the two regions is that region C features
multi-step phase transitions, starting with a weak first-order phase transition followed by
the EW phase transition occuring as a SFOEWPT, while in region D the phase transitions
occur in one step. We can observe that the behaviour of &, at the boundary between both
regions is smooth. This is because in region C for the calculation of &, we consider the
second step of the two-step phase transition, which is the step during which there is tun-
nelling in the EW doublet direction. Taken separately, this transition corresponds exactly
to the single-step transition in region D. A similar continuous behaviour of &, is, however,
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not found at the boundary between regions B and C. The reason is that at some moment
the two branches for positive values of the singlet field in region C in Fig. [1| connect, and
the corresponding phase remains deeper than the negative phase. As a consequence, there
is then no tunnelling to the negative phase of the singlet field, meaning that the second step
of the phase transition of region C never occurs, and thus there is no SFOEWPT.

In Fig. [ we restrict our attention to the part of benchmark plane 1 where we find a
SFOEWPT. In the left and right plots the colour coding represents, respectively, T;, (in GeV)
and the SNR at LISA for a bubble wall velocity of v, = 0.95 and 3 years observation timeﬂ
From the right plot, we find that there is a large region of the parameter space for which
SNR > 10, i.e. where we find a stochastic GW background detectable at LISA. This result
is obtained for vy, = 0.95, which as will be discussed in Section [£.3.3]is the most pessimistic
assumption. Turning next to the left plot of Fig. [4, we can see that for the points that are
observable at LISA T, is relatively low, T, < 70 GeV — while the percolation temperature
for these same points can be computed to be even significantly lower, 7, < 60 GeV. We

can conclude from this that the high GW signals found in benchmark plane 1 are directly
related to low values of T},.
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Figure 4: Parameter scan results in the RxSM for the points with a SFOEWPT in the
benchmark plane 1. Left: T, (in GeV); right: SNR at LISA (assuming 3 years of observa-
tions) for vy, = 0.95, where the region delimited in red represents the observable region (i.e.
SNR > 10).

An important characteristic of the SFOEWPT in this benchmark plane (in regions C and
D) is that the transition along the singlet field direction starts from a negative value of vg.
To better visualise this, we display in Fig. [f] the temperature-dependent effective potential
at the nucleation temperature, Vog(T,,), for a specific benchmark point with an observable
SNR > 10 and 7,, = 68 GeV taken from benchmark plane 1. Because of the negative value of
the singlet VEV at the moment of the transition, there is a large difference between the initial
and final values of vg. Another important effect of the negative initial value of the singlet
VEV is that it delays the phase transition, thereby lowering the nucleation temperature. This

2The shape of the shown areas in both plots is slightly different, because the calculation of the SNR fails
for a few points.
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can be observed in the illustration of case D in Fig.[I} one sees that at high temperatures the
initial singlet phase is far from the final phase and gradually approaches as the temperature
decreases. Starting from a larger negative vg therefore yields a lower T, and in turn a
stronger phase transition.
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Figure 5: Temperature-dependent one-loop effective potential at the nucleation temperature,
Veir(T},), for a benchmark point featuring a SFOEWPT with a thermal history of type D
(from Fig. [1). The BP is defined by my = 262 GeV, ¢, = 0.9915, vg = 139 GeV, kg =
—833 GeV, kg = —72 GeV, and we obtain 7}, = 68 GeV as well as a SNR > 10. ®° denotes
the CP-even neutral component of the Higgs doublet.

4.3.2 Benchmark plane 2

We now consider the second region, with high values of vg and mpy, and we define a two-
dimensional benchmark plane accordingly. Based on the results from the five-dimensional
scan in Section .2} we fix the following conditions

cosa = 0.98,
ks = —300 GeV
vg = 280 GeV. (39)
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in order to maximise the strength of the SFOEWPT. For the remaining free RxSM param-
eters, we scan over the following ranges

myr € [260,1000] GeV
ks € [—2000, —1000] GeV . (40)

Scan results for this second benchmark plane are shown in Fig. [} The colour coding
represents the ratio &, for the points allowed by experimental and theoretical constraints.
The pink region indicates vacuum trapping, while the grey region corresponds to points for
which the potential is stable at tree level but not at NLO (at 7' = 0). The region highlighted
in red is excluded by the combination of searches of heavy resonances decaying into bosonic
and leptonic final states by ATLAS [156]. Finally, the orange region is excluded by direct
searches by CMS of a heavy BSM Higgs boson decaying into two lighter Higgs bosons in the
77bb channel [157].

In Fig. [6] we can observe that in the allowed parameter space of benchmark plane 2 points
with a phase transition only feature one type of thermal history, namely case E. Following
the labelling in Fig. [T, we name the corresponding part of the benchmark plane region E.
With this thermal history, the EWPT is of first order, however, the initial value of vg at
the time of the transition is positive. This leads to weaker phase transitions. From Fig. [f]
we also find that the range of my for which a SFOEWPT occurs in benchmark plane 2,
namely mpy € [550,950] GeV, is significantly larger than in the case of the benchmark plane
1, where it was my € [250,320] GeV. Additionally, the strength of the phase transitions
increases for lower values of my and larger absolute values of kKgy up to a maximum value
of &, 2 4, where vacuum trapping occurs. This is the same behaviour as was observed for
the 2HDM in Refs. [34,35]. The explanation for this phenomenon is that the strength of the
phase transition grows with the potential barrier between the minima, until the size of the
barrier is is such that tunnelling cannot happen, leading to the vacuum being trapped in the
symmetric minimum.

We concentrate in Fig. [7]on the region of the benchmark plane 2 featuring a SFOEWPT.
In the left plot the colour coding indicates T},, while in the right plot it represents the SNR
at LISA, calculated for a bubble wall velocity of v, = 0.95 and three years of observation
time. At first, we observe from the right plot that for v, = 0.95 no point reaches an SNR
larger than 10, even though points at the boundary with the vacuum trapping region are
close, with SNR =~ 8. The observability of these points depends on the uncertainty coming
from vy, which will be discussed in Section [£.3.3] as well as on the threshold value of the
SNR that one defines as observable. From the left plot, we find that, like in the case of the
benchmark plane 1, the strongest phase transitions occur for low values of T,, ~ 60 GeV.

Figure [§ provides an illustration of the temperature-dependent effective potential eval-
uated at the nucleation temperature Veg(7),) for a point with a SFOEWPT selected from
benchmark plane 2 with a SNR = 4.5 and 7,, = 64 GeV. In this scenario, the singlet field
direction does not play an important role at the time of the transition, and the difference
between the initial and final phases of the singlet VEV is relatively small. On the other
hand, the EW doublet direction is the most important one as the tunnelling distance can be
seen to be much larger. We can therefore distinguish the situation in benchmark plane 2,
where the EW doublet direction plays the most important role in the transition, with that
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Figure 6: Parameter scan results in the RxSM for benchmark plane 2. The colour coding
shows the ratio &,. The different thermal histories are labelled following Fig. |1, The pink
region indicates vacuum trapping, while the grey region is excluded by the stability of the
potential at NLO. Regions ruled out by experimental searches are shown in red for the region
excluded by direct searches of a heavy Higgs boson in Ref. , and in orange for the region
excluded by direct searches of two SM-like Higgs bosons in Ref. [157].
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Figure 7: Parameter scan results for the points with a SFOEWPT in benchmark plane 2.
Left: T, (in GeV); right: SNR at LISA for v, = 0.95 and three years of observation time.

of benchmark plane 1, where it is the singlet field direction. This finding also helps under-
stand the behaviour, similar to that of the 2HDM , observed for the transition between
SFOEWPT and vacuum trapping in Fig. [0 Indeed, in the 2HDM, the EWPT is driven by
the EW VEV, like in our benchmark plane 2. On the contrary, in benchmark plane 1 the
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Figure 8: Temperature-dependent one-loop effective potential at the nucleation temperature,
Veir(T},), for a benchmark point featuring a SFOEWPT with a thermal history of type E (from
Fig.|1). The point is defined by my = 639 GeV, ¢, = 0.9777, vs = 289 GeV, kg = —205 GeV,
ksg = —1403 GeV and we find 7, = 64 GeV and a SNR = 4.5. Here S and ®° denote the
singlet field and the CP-even neutral component of the doublet, respectively.

singlet phase plays a more important role and we observe different dynamics of the EWPT
compared to the 2HDM.

4.3.3 v, dependence

The objective of this section is to estimate from a qualitative point of view the uncertainty
in the computation of the stochastic GW background due to the bubble wall velocity. There
have been several investigations of the best way to estimate the velocity of the wall ,,
however all of them are associated with large uncertainties, which are propagated to the
predictions of GW spectra and in turn to the signal-to-noise ratios. This is illustrated in
Fig. [0 where we show the SNR at LISA (solid lines) after three years of data taking with
respect to vy, for the benchmark points BPI, BPII, BPIII and BPIV from Table [2] which are
representative examples of different values of the SNR, while the red dashed line indicates
the observability threshold, SNR = 10. As a first observation, the behaviour of the curves for
the different BPs demonstrates that the assumption of using vy, ~ 1 is in each case nearly the
most pessimistic choice possible, whereas a maximum is reached in all four BPs for v, ~ 7.
We find that any point that is observable at v, ~ 1 is also observable for v, = 0.2, with
this lower value corresponding to phase transitions with a large degree of supercooling [158].
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Next, for points that are close to be observable — i.e. with 6 < SNR < 10 — for v, = 1,
we obtain an observable SNR for 0.3 < v, < 0.9. If for v, = 11 < SNR < 6, then the

SNR could be observable for some range of values of v,,. Finally, when we obtain a value of
SNR < 1 for vy, ~ 1, the signal is not observable for any value of vy,.

BPI
—— BPII
—— BPIII
1251 === BPIV

1501

=== SNR=10

Figure 9: SNR at LISA after three years of data taking as a function of v,, for the bench-
mark points BPI, BPII, BPIII and BPIV from Table 2 The dashed red line represents the
threshold that we consider as observable at LISA, i.e. SNR = 10.

Id mp |GeV] cosa  vs [GeV] kg [GeV] kgm [GeV|

BPI 259.3 0.988 121.5 —=900 -91

BPII 289.2 0.987 1144 -900 —100
BPIII 638.6 0.978 2894 —204 —1403
BPIV 2514 0.981 94.2 —900 —127

Table 2: RxSM benchmark points for the investigation of the SNR dependence on vy,.

Lastly, in Fig.[I0]the colour coding indicates the SNR at LISA after 3 years of data taking
and using now a bubble wall velocity of vy, = 0.6, in benchmark planes 1 (left) and 2 (right).
In benchmark plane 1, while the parameter region producing an observable signal has only
grown moderately compared to the case of v, = 0.95 (c.f. Fig. 7 the maximal achievable
SNR has increased significantly (by a factor of about 3). In benchmark plane 2, the region
with the highest values of the SNR (which were however not observable for v, = 0.95)
becomes observable for vy, = 0.6, as expected from Fig. [0} On the other hand, the region
with a sizeable SNR remains confined to a small strip at the border to the parameter space
where vacuum trapping occurs.
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Figure 10: SNR at LISA for a bubble wall velocity of v, = 0.6. Left: benchmark plane 1,
where the region delimited by the red line indicates the region with an observable SNR > 10;
right: benchmark plane 2.

5 Collider analysis

In this section, we investigate the possibility of probing scenarios with a SFOEWPT at future
colliders such as the HL-LHC and future e"e™ colliders, as well as the complementarity with
a GW analysis with data from the future GW observatory LISA. For consistency with the
analysis of the EWPT dynamics and GW production in the previous sections, we also include
one-loop corrections to the trilinear scalar couplings involved in di-Higgs production in the
RxSM, following Ref. . To compute the loop corrections, we perform complete one-loop
diagrammatic calculations of both Ay, and Apppg, employing the public code anyH3 ,
using the full on-shell (OS) scheme defined in Ref. [64].

Here we have to comment on the different choices of renormalisation schemes for the
calculation of the EWPT and the collider analyses. The scheme implemented in BSMPT ,
,, often referred to as “OS-like”, serves to maintain at the one-loop level the same
location of the EW minimum and curvature of the potential around it. It however retains a
significant renormalisation scale dependence, unlike the full OS scheme of Ref. employed
in our collider analysis (this can be understood from the number of OS conditions that
are actually imposed). For the four representative benchmark points of Table [3| (discussed
below), we have extracted the values of the trilinear scalar couplings computed with BSMPT
and estimated the corresponding theoretical uncertainty by varying the renormalisation from
mpy/2 to 2mpy. We have found that, for the same points, the trilinear scalar couplings
calculated using the full OS scheme of Ref. always lie inside the 1o uncertainty band
from the BSMPT results. In other words, the difference between the two schemes is within
the renormalisation scale dependence of the BSMPT predictions. This result justifies skipping
the cumbersome step of performing a parameter conversion between the two schemes, when
going from the EWPT study to the collider analysis. It should be noted that the dependence
on the renormalisation scale () does of course affect the results for the dynamics of the
EWPT. However, it was shown in Ref. that even after improving the calculation of
the effective potential to reduce the () dependence, the phenomenological results in terms of
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GW productions remain, although potentially shifted in the parameter space of the model.
Keeping this observation in mind, we emphasise that our work is meant to be a proof of
concept for the opportunity of probing SFOEWPT scenarios using the complementarity of
GW signals and collider searches.

5.1 Loop corrections to the trilinear scalar couplings

We begin by investigating the size of the loop corrections to the trilinear scalar couplings
Annn and Appg, in the two benchmark planes defined in Section These corrections have
automatically been taken into account in our analysis in the previous section by using the
effective potential as defined in Eq. . For benchmark plane 1, we find that the trilinear
scalar couplings App, and A\ppg are very close to their SM values, i.e. ky =1 and Ay = 0,
both at tree level and when including one-loop corrections. This can be understood from
the fact that, in this plane, the SFOEWPT is driven by the singlet field direction, which is
however largely secluded from the direction corresponding to the detected Higgs boson (due
to the significant constraints on the amount of mixing allowed by experimental results on
properties of the detected Higgs boson). Therefore, the di-Higgs production cross sections
in this benchmark plane are essentially undistinguishable from the SM prediction, and we
conclude that benchmark plane 1 is not suited for investigations via di-Higgs production at
colliders. On the other hand, for benchmark plane 2, we observe relevant deviations from the

SM in the trilinear scalar couplings and the di-Higgs cross section, as illustrated in Figs.
and 12|

1.7

—1000 —10001 :‘

100

—12001 1.6 —12001
Z - 0
g*1400‘ C£< D —1400 O,
ool
3 1.5 = 0 -=
< e BPI b3 e BPI ==

—1600 BP2 —1600 1 BP2 %

BP3 BP3
14
18001 BP4 —1800 BP4 —100
500 600 500 600 800 900
my [GeV] my [GeV]

Figure 11: One-loop corrected trilinear scalar couplings in the benchmark plane 2. Left:
w\U: right: A (in GeV
A i right: Ay (in GeV).

In Fig. , we show as colour coding the one-loop predictions for k) (left panel) and Ay
(right panel) in benchmark plane 2. We also indicate with coloured points four benchmark
points for which we perform in the next subsections the analysis of the differential cross
section distributions; the set of parameters defining these points are given in Table |3 In the
left panel of Fig. , we observe that, across the entire benchmark plane, mg\l) deviates by
40 — 70% from its SM value. This is in turn sufficient to induce noticeable changes in di-
Higgs production. From the right panel of Fig. we find that j\gh)H takes both positive and
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negative values, within the range [—100, 150] GeV. This has an impact on the structure of
the interference between resonant and non-resonant contributions. Moreover, for the points
with )\Sh)H =~ 0, no resonance will be observable.

~1000
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— 4 _20 —
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= o % ~30 =
D, 1400 —0.100 | . —14001 3/5
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Figure 12 One—loop corrections to the trilinear scalar couplings in the benchmark plane 2.

Left: /i)\ —H)\ ): right: )\ELI,BH )\,&H (in GeV).

In order to understand whether the BSM deviations originate from tree-level effects or
one-loop corrections, we present in the colour coding of Fig. the differences HE\D (0) (left

panel) and 5\21,3}1 — )\ESL)H (right panel) in benchmark plane 2. From the left panel of Flg. ,
we observe that the one-loop corrections to k) range between —2% and —10% of the full
one-loop values, and that the corrections are negative across the entire benchmark plane.
We also find that the largest correction corresponds to the largest value of ). In the case of
Anhi, the corrections are likewise negative throughout the whole benchmark plane, as can
be seen in the right panel of Fig. However, unlike for k), the corrections to )\hh)H can
become significant in parts of the plane with values ranging from —6% to —60%. Finally, we
note that for A\y,y, the correlation between large radiative corrections and large (negative)
values of the coupling is even more important than for x,.

BP mpyg cosa Vg Ks KsH FG(AO) H(Al) )‘ESL)H /\Ezlh)H &n
|GV [GeV] [GeV]  [|GeV] [GeV]  [GeV]

1 800 098 280 300 -1661 1.8 1.7 721 386 3.5
2 646 098 280 300 -—1429 1.7 1.6 1439 1298 3.9
3 258 098 280 300 —1204 16 1.5 145.0 1374 2.7
4 700 098 280 300 -1301 1.6 1.5 61.5 400 1.9

Table 3: Definitions of the RxSM benchmark points considered for the study of di-Higgs
production, in terms of the five free BSM parameters of the model: mpy, cosa, vg, ks and
ksy. Additionally, tree-level and one-loop predictions for k) and A,y are included, as well
as &,.
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Figure 13: Results for &, in benchmark plane 2. Left: projected in the plane {my, /{&0)};
S - )
right: projected in the plane {my, k) }.

To investigate the correlation between a BSM deviation in s, and the strength of the
phase transition, we show &, in the Colour codmg of Fig. [13|for the scan points of benchmark
plane 2, projected in the planes {mH,,«;A } (left plot) and {mH,F;/\ } (right plot). For a
fixed value of mpy, the strongest EWPT correspond to the largest allowed values of x,, both
at tree level and at one loop. Even larger values of k), would be associated with vacuum
trapping. Lastly, we observe that for benchmark plane 2, a SFOEWPT is correlated with a
BSM deviation of 35% — 70% at one loop (45% — 90% at tree level), as is known to be the
case for scenarios where the SFOEWPT is driven by the Higgs doublet (see e.g. Ref [34]).

5.2 Di-Higgs production at the HL-LHC

In this section, we present the results obtained for di-Higgs production cross-sections and
differential distributions at the HL-LHC using the same framework as in Ref. . For our
theoretical predictions, we employ a modified version of HPAIR [160/165], which was already
used in Ref. [74]. In this code, the three leading-order (LO) diagrams that contribute to the
gg — hh process, as well as the interference between them, are taken into account. We also
note that NLO QCD corrections are available for the total cross-section predictions in HPAIR,
but not for the differential results. To simplify comparisons between results, we choose to
work here only with results at LO in QCD (keeping in mind that total cross-sections are
modified by a QCD K factor of ~ 2). On the other hand, HPAIR takes numerical values
for A\ppn and Appg as inputs. Using tree-level or one-loop values for these trilinear scalar
couplings therefore allows us to obtain predictions at LO or leading NLO in terms of BSM
effects.

We present in Fig. our predictions for the total di-Higgs production cross-section in
benchmark plane 2. In the left panel, the colour coding indicates the cross-section including
one-loop corrections to the trilinear Higgs couplings, which we denote a,lf,i‘SM()\S,)g) and in the
right panel it shows the ratio between the total cross-section including one—loop correctlons

: : 1
and the same cross-section using the tree-level values — i.e. U}j‘;fSM()\Z(-j,)g) a}f‘,’;SM()\U +). As can
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Figure 14: Results for the di-Higgs cross-section at the HL-LHC in the benchmark plane 2.
Left: ofSM(AD)Y (in fb): right: the ratio between the total di-Higgs productlon cross section
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using one-loop and tree-level trilinear Higgs couplings URXSM()\Sk) JoBxSM (Al by 9)). The red line

in the left colour bar indicates the SM value.

be seen from the left panel of Fig. [14] for most of the benchmark plane, the predicted total
cross-section is lower than its SM value, oM = 19.76 fb [164 - which is indicated by a red
line in the colour bar. The behaviour of o) as a function of k) is well known from studies
of the SM with a free Apup, (see e.g. Refs. ), and can be explained by the negative
interference between the s-channel Higgs-exchange contribution and the box diagram. The
cross-section prediction in the RxSM is affected by the enhancement of Ay, w.r.t. its SM
value, as well as by the contribution of the heavy Higgs-boson resonance. Overall, the values
found for k) in benchmark plane 2 lead to an increase of the destructive interference of
the SM-type contributions and thus to a decrease in the cross-section prediction. On the
other hand, the heavy Higgs-boson resonance leads to an increase in the cross-section, which
contributes for momenta in the s-channel around its mass. In the parameter region in which
a,ff,’l‘SM(/\EJ ) & o$M these two effects cancel each other. Consequently, a measurement of the
total cross-section alone could not differentiate between the RxSM and the SM (see also the

discussion in Ref. [64]).

The right panel of Fig. [14] shows that the largest contribution from the loop corrections
to )\Z . reaches up to 12% of the value obtained with tree-level trilinear scalar couplings,
and occurs in the region with the lowest total cross-section. On the other hand, we can see
that in the region where the total cross-section is largest in benchmark plane 2, the loop

corrections do not appear to have a significant impact on ojeoM.

As discussed in previous works ,, ,, the differential cross-section with
respect to the di-Higgs invariant mass, myy,, provides much more information for distinguish-
ing BSM models like the RxSM from the SM than the total cross-section alone. For this
reason, we have selected four benchmark points with different phenomenological features,
which are marked as coloured dots in Figs. [L1] and The benchmark points are labelled
BP1, BP2, BP3, and BP4, with the parameters summarized in Table

For these four benchmark points we compute the corresponding differential cross-section
distributions, following the framework of Ref. . The results for BP1 and BP2 are pre-
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Figure 15: Left: Differential di-Higgs production cross-section distributions w.r.t. mp.
Right: Distribution of the number of di-Higgs events, taking into account the BR(h — bb),
as well as smearing and binning effects, with respect to the invariant mass of the four re-
constructed b quarks, my;. The error bars indicate statistical errors, assuming Poisson
distributions for the number of events in each bins. Blue curves show results using )\E?,l in

the computation of di-Higgs production, while red curves represent results using 5\5]1,1 The
black dashed line indicates the SM result. Top: results for BP1; bottom: results for BP2
from Table @

sented in Fig. [I5], and for BP3 and BP4 in Fig. [I6] The left plots display the theoretical
differential cross-section distributions with respect to my;,, while the right plots show the
number of events, including experimental uncertainties. Here we assume an integrated lumi-
nosity of Ly = 6000 fb™! corresponding to the end of the HL-LHC. We also include the main
decay channel, h — bb, into the calculation, with BR(h — bb) = 0.58, and the results are
displayed as a function of the four-b invariant mass, m;g;. For these plots we also include a
smearing of 15% to take into account the experimental errors, as well as a binning of 50 GeV
to account for the detector resolution, see Ref. [64] for details. The error bars represent
the 1o statistical uncertainties on the signal (computed as Poisson-distribution errors). The
dashed black line corresponds to the SM prediction, the blue (lli)ne shows the RxSM result

using AE%, and the red line is the RxSM prediction including 5\1 ke
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Figure 16: Plots and line styles as in Fig. Top: results for BP3; bottom: results for BP4
from Table .

In Fig. we observe that for BP1 the theoretical RxSM distributions using )\,E?,l (blue

curve) and using 5\2(]1,1 (red curve) have similar shapes. When taking into account the ex-
perimental uncertainties and error bands, we find in the right plot that the two curves are
indistinguishable from each other, but can be distinguished from the SM distribution. Using
the definition from Eqs. (47) and (48) of Ref. [64], we obtain a significance to discriminate
the RxSM distribution using ;\5]1]1 from the SM curve of Z}(;l) = 4.4. From this we conclude
that using the differential distributions, the RxSM can to a good degree of confidence be
distinguished from the SM in BP1. This significance arises from the modification of the
interference at low values of my;, ~ 400 GeV, due to the BSM deviation in k). It is inter-
esting to note that the resonant peak, visible in the theoretical curve for my, ~ 800 GeV, is
completely washed away once experimental effects are taken into consideration.

In the case of BP2 (lower row of Fig. , the clear resonant peak at my, ~ 600 GeV in
the theoretical curves (left plot), is somewhat washed out after the inclusion of experimental
uncertainties (right plot) but remains distinguishable from the continuum, i.e. the SM distri-
bution. The deviation of ) from the SM is smaller in BP2 than in BP1, which reduces the
change in the my,;, distribution near the di-Higgs threshold and yields a lower significance.
On the other hand, the resonant peak also contributes more noticeably to the significance,
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resulting in a value of Z ,(L}l) = 4.0. While not sufficient for a discovery, this could already be
interpreted as an indication of new physics.

The result for BP3, shown in the upper row of Fig. [16] is quite similar to that of BP2.
In this case, the heavy Higgs mass is smaller, my = 550 GeV, and therefore the resonant
peak is shifted to lower my,. Due to the slope of the continuum contribution, we observe
in the right plot that, after taking into account experimental uncertainties, the peak is
enhanced compared to BP2. Consequently, there is also an enhancement in the significance,
reaching Z}%L) = 4.5, meaning that the RxSM and SM cases can more easily be distinguished.
Additionally, for BP3 the total cross-section is close to the SM result, which implies that
by only considering the total cross-section this scenario might appear indistinguishable from
the SM. However, the differential cross-section allows us to differentiate the two models.

Finally, the result for BP4 (lower row of Fig. is similar to that of BP1. In this
case, the coupling \y,p is negative, which causes the interference around the resonant peak
to have a dip—peak structure rather than a peak—dip structure. This suppresses the peak,
making it indistinguishable from the continuum once experimental uncertainties are included.
Moreover, k) is closer to its SM value, which reduces the modification of interference at low
values of mp, ~ 400 GeV. In total, these two effects lead to a smaller significance, Z,(ZZ) = 3.5.
This result is the lowest among the four considered benchmark points, however, it would still
be sufficient to hint at the presence of new physics. A summary of the HL-LHC di-Higgs
production cross-sections and the significances can be found in Table [4]

In summary, while it may be difficult to probe scenarios in the RxSM with a SFOEWPT
using the total cross-section U,E{,fSM, having access to the differential my,distributions would
allow to investigate some of these scenarios and to distinguish them from the SM.

BP oMY (] oBSMADY (] Z9) Z)

ijk ijk
1 10.1 10.6 4.7 44
2 154 15.3 4.2 4.0
3 18.7 18.6 4.8 4.5
4 11.1 12.1 4.0 3.5

Table 4: Summary of the predictions for di-Higgs production cross-sections and significances
at the HL-LHC for the benchmark points in Table .

5.3 Di-Higgs production at e"e™ colliders

In this section, we complement our HL-LHC results with an analysis of di-Higgs production at
future high-energy e*e™ colliders. We consider the double Higgs-strahlung channel, ete™ —
Zhh, which is the dominant production mode of two SM-like Higgs bosons up to centre-of-
mass energies slightly above 1 TeV. In addition, we also consider the WWW-fusion channel,
ete™ — vihh, which includes the diagrams of the channel Zhh considering that Z decaying
to vv, and also Vector Boson Fusion (VBF)-like diagrams, with W bosons mediating the

interaction. To compute the cross-section, which we denote o353™ and oM we use the
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public code Madgraph5_aMC v3.5.9 |169]| (which we will from now on refer to as MadGraph).
The UF0 model file for the RxSM required as input by Madgraph was generated using the
Mathematica package SARAH-4.15 [170-174].
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Figure 17: Results of the di-Higgs cross section computation for a 1 TeV ete” collider in the
benchmark plane 2. Left: Ufz{ziM(Agﬂ)c) (in fb); right: oXS$M(A ”k)/crIZ{ﬁM()\”,)g) We note that

in the left plot the value of o3}} is below the lower bound in the colour bar.

We compute the cross section for a future ete™ collider operating at a centre-of-mass
energy of /s = 1 TeV, taking as an example the ITLC1000 E—- For other centre-of-
mass energies such as /s = 550 GeV for the LCF550 @7 we would not expect to see
interesting effects since in the benchmark plane studied here, my > 500 GeV, and effects
from Appy in the Zhh channel are typically visible for my + my > /s, so we would not be
able to access the resonant effects. Concerning the vvhh channel, due to the energy taken
by vv and the experimental cuts on missing energy also no relevant effects from the resonant
H-channel diagram are expected. On the other hand, effects of k) # 1 would be accessible
at LCF550.

In Fig. |17 we show the benchmark plane 2 where the colour coding indicates our predic-

tions for o355M using )\Z & (left panel), and the ratio between the values of oM computed

using A{j) and A%} (vight panel), ie. o§SM(AL)) /oBM (A

that the results lie in the range JPZ{z}SLM(/\Eﬂ)C) ~ [0.125,0.155] fb. Considering that the SM pre-
diction for the same process is o5y} = 0.120 fbﬂ the RxSM result in the benchmark plane 2
is therefore 4% — 29% larger than the SM value. This enhancement is due to the deviation
of k) from its SM value. Unlike the HL-LHC case, where o}, exhibits a minimum around
kx ~ 2.5, at an eTe” collider in the process ete™ — Zhh one finds a constructive interfer-
ence between the SM-type diagrams, and oz, increases monotonically with . This feature
makes an ete™ collider a more promising setting to use the total di-Higgs cross section as a
probe of SFOEWPT scenarios. Turning to the right panel of Fig. [I7, we find that including
one-loop corrections to the trilinear scalar couplings in the cross-section computation leads
to deviations of up to ~ 8% relative to the result obtained with tree-level couplings.

). In the left panel, we observe

3Including a —80% (+30%) polarisation for electrons (positrons), these numbers go up by a factor of
1.476, see below.
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Figure 18: Results of the di-Higgs cross section computation for a 1 TeV ete™ collider in the
benchmark plane 2. Left: JEJ‘E}LV[()\W) (in tb); right: O’E;E}ILVI()\S])C) ngy(Aﬁfk) The red line

in the colour bar of the left plot indicates the SM cross-section prediction.

In Fig. [1§ analogously to Fig. [I7, we show the prediction in the benchmark plane 2

for oBXSM ysing )\ @) . (left panel), and the ratio between the value of o™5M using )\ ,)g and

/\Z(]k (right panel), i.e. 055}?};4(/\5],1) 5;‘,?,11\4()\52,1) The values of O'IE{;{}?;LVI()\Z(];) range between

~ [0.075,0.140] fb, with a SM value of oM, = 0.0986 fb. The k) values in our benchmark
plane 2 range around ~ 1.5, see Fig. |l , 1}, where (unlike the Zhh cross section) the destructive
interference of the SM-like diagrams has a maximum, i.e. the corresponding cross section is
smallest. On the other hand, the resonant H-channel diagram yields a positive contribution,
which is larger for smaller values of mpy. These two effects partially cancel each other,
leading to the cross section range as found in the left plot of Fig. Approximately for
mg < 600 GeV we find a oM larger than in the SM. This makes this channel promising
regarding the sensitivity to resonances, and hence to BSM trilinear scalar couplings, of
heavy Higgs bosons in this mass range. In the right panel of Fig. [I§ we see that this ratio
between the one-loop and tree-level cross-section predictions is in the range = [0.875, 1.050].
Moreover, in most of the plane we see a decrease in the one-loop contributions of close to
15%. Nevertheless, unlike in Fig. there are points in the parameter space where we find
higher cross-section values at one loop than at tree level, mainly at high kg and my, with
an increase of almost 5%.

Similarly to the HL-LHC case, differential my,, cross section distributions at ete™ col-
liders provide valuable information to explore SFOEWPT scenarios. We compute these
distributions following the procedure described in Ref. [64]. As discussed there, we consider
the scenario where the Higgs bosons decay as hh — bbbb. We furthermore take into account
the possible polarisations of the electron and positron beams, as described below. Following
Ref. for the Zhh channel we include experimental cuts as,

E, > 20 GGV, |77b| < 2.9, |7]2| < 2.5, yw > 0.001, (41)

where FEj, is the energy of the b-tagged jets, n, and 7 are the pseudo-rapidity of the b-
tagged jets and the Z boson, respectively, and y, is a variable used to perform the jet
clustering procedure by the Durham algorithm [179], where y;, gives us a notion of distance
between the b-tagged jets, defined as y;; = 2min(E7, E?)(1 — cos ;) /s, where 6;; is the angle
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between the momenta of the particles ¢ and j. For the vhh channel, we also consider similar
experimental cuts based on Refs. [72,/180],
Ey>20GeV, || <25, ET

miss

> 20 GeV, > 0.001, (42)

where we include a cut to the transverse missing energy, FL. > 20 GeV [180], due to the

presence of the neutrinos. The corresponding number of events is calculated as in Ref. |64],
N = Liny x 0 x BR(h — bb)? x A X ¢, (43)

where ¢ is the polarised cross section for the respective channel. Additionally, we define
the acceptance as A = NVitheuts /Nyw/ocuts - ywhich is calculated with Madgraph. We also
consider ¢, = 0.85 [181},|182], denoting the b-tagging efficiency for all the b-tagged jets in
the final state. L;,; denotes the integrated luminosity, which we define below. Concerning
the size of the polarised cross section, we assume two possible polarisations, 80% for the
electrons and 30% for the positrons, with opposite signs, denoted by (£80%, F30%). In
the case of oM this can be taken into account by a simple scaling (see the discussion
in Ref. [72]), as 0(—80%,+30%) ~ 1.476 oynpor and o(+80%, —30%) =~ 1.004 oynpol, With
Ounpol the cross section without polarisation. In the case of of°M such a simple scaling is
not possible, and we calculate the cross-section for each polarisation with Madgraph. For
this channel, we also found that (—80%, +30%) is the most favourable polarisation and its
contribution to the my,, distribution is clearly predominant compared to the other polari-
sation. We additionally found that for each channel the shape of the my;, distributions for
each polarisation is virtually the same, with the corresponding rescaling. Therefore, in what
follows, for the my,, distributions we show the polarised cross-section for the most favourable
polarisation (—80%, +30%), while for the number of events we will consider the sum of both
polarisations. Here we have assumed an integrated luminosity of L, = 3200 fb~* for each
polarisation [177]. Regarding the binning, for the Zhh channel we set the size of the bins such
that for the statistical significance calculations (see below), we meet the condition N > 2 for
most of the bins for each polarisation. For the vvhh channel, due to the considerably larger
contribution of the (—80%, +30%) polarisation, we prioritise applying this condition to this
polarisation. In addition, we apply a smearing of 5% [72] to the cross section distributions.

The results for the Zhh channel are shown in Fig. [19] (BP1 and BP2) and Fig. 20] (BP3
and BP4). In these plots, the red (green) curve corresponds to the RxSM result using
5

ik ()\(0)), the blue (orange) curve represents the contribution, taken alone, of the diagram

ijk

with H in the s-channel using 5‘53/3}1 (/\ESL)H), and finally the yellow curve indicates the SM
prediction. Here we stress again that the cross-sections, as given in the legends and the left
vertical axes, correspond to the case of (—80%), +30%) polarisation, whereas the number of
events shown on the right vertical axes are obtained as the sum of the two polarisations.

In Figs. [I9 and 20, we find larger differential cross-sections in the RxSM than in the SM
at low myy,, a significant non-resonant effect. One can furthermore observe a decrease when
including trilinear couplings computed at one loop with respect to tree level, as expected
from the corresponding small decrease of k). With regard to each BP, we find the highest
cross-sections, and also the most pronounced resonances, in BP2 and BP3, which are the
benchmark points with lower mpy and higher A\,g, an effect that is more pronounced in
BP3. In these two BPs, we can distinguish a peak-dip structure, caused by the interference
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Figure 19: Differential polarised di-Higgs production cross-section distributions (for the po-
larisation (—80%, +30%)) after applying cuts and smearing (see text) as a function of the
di-Higgs invariant mass my;, for the process ete™ — Zhh — Zbbbb at the ILC1000. Top:
Results for BP1. Bottom: Results for BP2. We plot the RxSM result using tree-level (one-
loop) trilinear scalar couplings in green (red), the contribution of the diagram with H in
the s-channel using tree-level (one-loop) trilinear scalar couplings in orange (blue), and the
SM result in yellow. On the right axis we show the sum of the number of events for both
polarisations considering Li, = 3200 fb™'. Values of A\ypy are shown in GeV.
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Figure 20: Plots and line styles as in Fig. . Top: Results for BP3. Bottom: Results for
BP4.

of the resonant H-channel diagram with the non-resonant diagrams in this process. This is
illustrated by the orange and blue curves, showing the pure heavy Higgs-boson resonance
cross-section. On the other hand, for BP1 and BP4 in the full calculation the resonances
cannot be resolved, due to the small contribution of the resonance diagrams and the smearing.

In the next step, we calculate a statistical significance for distinguishing the RxSM my,y,
distribution from the SM prediction following Ref. [64], defined as Z = \/(Z_,)? + (Z,_)2,
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with Z,+ the statistical significance calculated for each polarisation (£80%,F30%). The
results are summarised in Table , where Z(Zofzh denotes the tree-level and Z(Zl}zh the one-
loop result. In general we find large significances which in the one-loop case lie in the
range [3.4,6.7]. One can also see a decrease in the significances from tree level to one loop,
in agreement with the total cross-sections. In addition, we find the highest significances on
BP3, with 7.4 and 6.7 at tree level and one loop, respectively. Thus, analysing the differential
cross-section yields a promising method to study this type of BSM models.

Furthermore, we calculate the statistical significance of the heavy Higgs-boson resonance
in the my,, distributions. This gives an indication of the sensitivity to Apnp. For this
calculation we follow the same procedure as before, but now calculating the significance of the
full RxSM my,, distribution with respect to the RxSM prediction omitting the heavy Higgs-
boson contribution. The results are given in the two right-most columns of Table |5/ as Z(ZO}Z}:

at tree level and Zél,zg at one loop. As expected from our description of the differential cross-
sections, BP1 and BP4 yield only marginal values for this significance. BP2 reaches values
slightly below 3, and BP3 yields significances moderately above 5. The overall differences
between the tree-level and one-loop results are small. These results indicate that at least
for some parts of the RxSM parameter space favoured by a SFOEWPT a high-energy ee™
collider may have access to the BSM trilinear scalar coupling A,,g. Apart from significances,
we also show in Table [5| our approximation for the detector efficiency, Azn, X €. One can
see that this value is independent of the BP and of being evaluated at tree level or at one
loop, as could be expected, with values around ~ 63%.

X 0 x 1 0 1 0 1 0),r 1),r
BP UghszM()\( )) oy SM()‘( )) Z(Zizh Zéﬁh 'A(Zl)zh X € 'A(Zl)zh X €p Z(Zizh Z(leh

ijk Zhh  \Nijk
[£b] [£b]
1 0.0480 0.0457 6.0 5.0 63.4% 63.2% 0.9 1.0
2 0.0480 0.0460 6.1 5.1 63.2% 63.2% 2.8 2.6
3 0.0488 0.0469 7.4 6.7 63.4% 63.6% 5.4  5.07
4 0.0444 0.0426 4.4 3.4 63.2% 63.2% 1.2 1.1

Table 5: Summary of the predictions for e"e™ — Zhh cross-sections, significances, and accep-
tance at the ILC1000 for the benchmark points in Table[3] From left to right: (—80%, +30%)
polarised cross-sections o(e*e™ — Zhh — Zbbbb) in the RxSM at tree level and one loop for
ILC1000 after applying cuts; statistical significances at tree level and one loop to distinguish
the RxSM distribution from the SM; values of acceptances times ¢, at tree level and one
loop; statistical significances of the resonances, i.e. the RxSM compared to the RxSM pro-
cess without the resonant heavy Higgs-boson diagram. For the SM, we have A x ¢, = 63.8%.

As a final step in our analysis, we compute the differential my;, distributions for the
vhh channel, which are shown in Fig. 21] (BP1 and BP2) and Fig. 22| (BP3 and BP4).
These plots follow the same colour coding and structure as Figs. and [20] for the Zhh
channel. The corresponding significances and efficiencies are summarized in Table [6] For
these efficiencies, we have performed the calculation for both polarisations. We have found
that the contributions of the polarisation (—80%,+30%) are significantly larger that for
(+80%, —30%), while the acceptances values are virtually the same, with variations of less
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than 1%. Therefore, we have used (and listed in Table @ the results for the polarisation
(—80%, +30%).
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Figure 21: Plots and line styles as in Fig. but for the process ete™ — vhh — vibbbb.
Top: Results for BP1. Bottom: Results for BP2.

In Figs. 21] and 22] unlike Figs. [I9] and [20] for the Zhh channel, we find a reduction of
the differential cross-sections with respect to the SM prediction in most of the my; range,
observing again significant non-resonant effects in the differential cross-section. Following
the analysis of the total cross-section in benchmark plane 2, we obtain lower values of the
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Figure 22: Plots and line styles as in Fig. but for the process ete™ — vvhh — vibbbb.
Top: Results for BP3. Bottom: Results for BP4.

total cross-sections in the RxSM distributions than for the SM for every BP except for BP3.
The latter receives the largest enhancement from the heavy Higgs-boson resonance. The
sizes and effects of the pure resonant heavy Higgs-exchange contribution follow the same
pattern as in the Zhh case, i.e. they yield visible results only for BP2 and BP3.

Finally, we compute the statistical significances to distinguish the RxSM differential
distributions for this vohh channel from that in the SM, summarised in Table [6] following
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the same procedure used for the results in Table 5| for the Zhh channel [64]. We denote them
as ng)hh and Zl(,lp)hh at tree level and one loop. The overall results for the significances for
distinguishing the RxSM from the SM are similar to the Zhh case. However, BP2 and BP3
yield substantially higher values, due to the fact that the differences in the my,;, distributions
is spread over a larger range in my;,. Concerning the significances for the heavy Higgs-boson
resonance, defined as Zl(,(;)hz and Zﬁ)hz, there also the results are qualitatively in agreement
with the ones of the Zhh channel. Furthermore, BP2 and BP3 yield substantially higher
values in the vvhh channel as compared to the Zhh channel. This indicates that the vvhh

channel may be better suited to extract information about \,,g at the ILC1000.

X 0 x 1 0 1 0 1 0),r 1),r
BP oMY  oRsMA) 29, Z20, AN xe AN, xe 2905 Z00

ijk ijk vih

[£b] [£b]
1 0.0307 0.0288 3.9 3.7 53.9% 53.6% 0.4 0.5
2 0.0350 0.0326 6.4 5.8 53.9% 53.6% 5.7 4.9
3 0.0493 0.0466 13.8  13.2 54.9% 54.7% 14.4  13.3
4 0.0279 0.0268 3.7 3.5 53.0% 52.0% 1.0 0.7

Table 6: Summary of the predictions for the benchmark points in Table 3| as in Table , but
for the vhh channel. For the SM, we have A x ¢, = 50.6%.

6 Conclusions

In this paper, we have explored the the dynamics of the EWPT in the RxSM. Specifically, we
analysed the possibility of probing scenarios with a SFOEWPT using the complementarity
of GW signals and di-Higgs production at colliders, building on the previous studies in
Refs. [64,74]. A novel aspect of our work is that we included, for consistency, one-loop
radiative corrections both in the study of the thermal evolution of the vacuum and in the
collider analyses. For the former, this was done using a new implementation of the RxSM into
the public code BSMPTv3, including also higher-order corrections to the thermal potential.
For the latter, we used the public code anyH3, employing the full on-shell renormalisation
scheme devised in Ref. [64], to compute one-loop corrected trilinear scalar couplings. In
turn, these served as inputs for the computation of the di-Higgs production cross-sections
for gg — hh at the HL-LHC, using HPAIR, and to calculate ete™ — Zhh and ete™ — vihh
at the ILC1000, using Madgraph5_aMC.

By performing an extensive scan of the parameter space of the RxSM, we scrutinised
the different possible thermal histories in the early Universe of this model. We found that
first-order EWPTs are possible and can occur either as single- or multi-step transitions, with
potentially various level of strengths. The most favourable scenarios in terms of realising a
SFOEWPT are case C with a two-step transition, and cases D and E for a one-step transition
(using here the same labelling as in Fig. . Moreover, parts of the RxSM parameter space
can be excluded due to vacuum trapping (case F).
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Inspired by this general scan, we devised two benchmark planes, representative of the
specific regions where we found SFOEWPTs, and we investigated in detail their phenomenol-
ogy. A first such plane features light BSM Higgs-boson masses and low values of vg, and
exhibits SFOEWPTs for an extended range of parameters — both as one-step (case D)
and two-step (case C) transitions. The second plane, with larger vg and heavy BSM scalar
masses, features one-step SFOEWPTs (as well as vacuum trapping). For both benchmark
planes we calculated predictions for the spectra of GWs produced during the SFOEWPT
and the associated SNR at LISA, using BSMPT. We moreover investigated the dependence of
the SNR on the bubble wall velocity (which we did not compute in our study), and found
that for most scenarios considering v, = 1 is a sufficiently conservative choice, as long as
the true v, = 0.3. In benchmark plane 1, the EWPT is largely driven by the singlet field
direction, which allows for strong GW signals in significant parts of the plane. On the other
hand, in benchmark plane 2, it is the doublet field direction that plays the most important
role in the EWPT, and observable SNR are only found in a narrow band of the plane.

Next, we considered whether searches for di-Higgs production processes at high-energy
colliders, the HL-LHC or a 1 TeV ete™ collider (ILC1000), can provide additional information
to probe these scenarios. In the case of the first benchmark plane, with a singlet-driven
EWPT, the BSM effects in trilinear scalar couplings are minute, and essentially no new
information would be obtained from di-Higgs production searches. In contrast to this, for the
second benchmark plane, with a doublet-driven EWPT, there is a clear correlation between
the strength of the SFOEWPT and the BSM deviation in k) — with 1.35 < mg\l) < 1.7 for
points with a SFOEWPT. These values of k) result in a further suppression of the gg — hh
and ete™ — vhh cross-sections compared to the SM, while the eTe™ — Zhh cross-section
is increased. Resonant H contributions can yield an increase of the three cross-sections; for
the case of ete™ — vhh this can suffice to exceed the SM prediction, but not for gg — hh.
In other words, a high-energy ete™ collider could probe these SFOEWPT scenarios via the
total di-Higgs production cross-section, but this would be significantly more difficult at the
HL-LHC.

Moreover, additional information can be obtained from the study of differential distribu-
tions. For this reason, we devised four concrete benchmark points, selected from benchmark
plane 2, in order to perform a detailed analysis of differential my, distributions. While
the relative level of significance of the different di-Higgs processes varied between the BPs,
we found that all these scenarios could be distinguished from the SM, even though the
corresponding total cross-sections were in many cases below the SM predictions. We also
illustrated the possibility of discriminating the resonant H contributions from the contin-
uum, provided that the BSM scalar mass is not too heavy (mpy < 650 GeV) — and here
the ete™ — vwhh process is clearly the most promising. However, here it should be kept in
mind that our study only takes into account parts of the experimental effects and uncertain-
ties; a full experimental study is needed to analyse the sensitivity to the heavy Higgs-boson
resonance.

To conclude, in this work we have demonstrated the crucial importance of using comple-
mentary sources of experimental data in order to probe SFOEWPT scenarios in the RxSM.
Singlet-driven EWPT benchmarks typically feature comparatively stronger signals of GWs,
sourced during the phase transition in the early Universe, but close to no signs of BSM
effects in di-Higgs production. Meanwhile, the situation in scenarios with a doublet-driven
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SFOEWPT is more similar to that in models like the 2HDM (see e.g. Ref. [34]): i.e. with
a significant correlation between &, and k), BSM effects in di-Higgs production that would
likely be observable at colliders — HL-LHC and/or an eTe™ machine — at least in differen-
tial myy, distributions, but detectable GW signals only in a limited fraction of the parameter
space. Our results clearly indicate that no single experimental direction can cover the entire
parameter space of the RxSM that would give rise to a SFOEWPT — and in particular
singlet-driven SFOEWPTs would be extremely difficult to constrain only with collider ex-
periments. This is somewhat in contrast to the results presented in Refs. |71}|183].

Finally, it would in principle be interesting to consider further probes of SFOEWPTs in
the RxSM and to determine the additional parts of the model parameter space where these
could be relevant. These could for example include other cosmological relics of FOEWPTs
(primordial black holes or magnetic fields), or different collider processes (e.g. di-Higgs pro-
duction including one or two BSM scalar(s) in the final state). We leave this for future
work.
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