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Abstract

After the discovery of the Higgs boson, understanding the nature of electroweak symmetry
breaking and the associated electroweak phase transition has become the most pressing question
in particle physics. Answering this question is a priority for experimental studies. Data from
the LHC and future lepton collider-based Higgs factories may uncover new physics coupled
to the Higgs boson, which can induce the electroweak phase transition to become first order.
Such a phase transition generates a stochastic background of gravitational waves, which could
potentially be detected by a space-based gravitational wave interferometer. In this paper, we
survey a few classes of models in which the electroweak phase transition is strongly first order.
We identify the observables that would provide evidence of these models at the LHC and next-
generation lepton colliders, and we assess whether the corresponding gravitational wave signal
could be detected by eLISA. We find that most of the models with first order electroweak phase
transition can be covered by the precise measurements of Higgs couplings at the proposed Higgs
factories. We also map out the model space that can be probed with gravitational wave detection
by eLISA.
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1 Introduction

The discovery of the Higgs boson completes the list of particles of the Standard Model. However,
there are many open questions regarding the dynamics of electroweak symmetry breaking. Ad-
dressing these questions has been a driving force in both theoretical and experimental explorations
of the energy frontier.

One of the most outstanding problem is the nature of the electroweak phase transition.
Currently, we have measured with precision the size of the Higgs vacuum expectation value (vev)
and the mass of the Higgs boson. However, we know very little about the shape of the Higgs
potential beyond that. The Standard Model defines its Higgs potential with only renormalizable
terms — the so-called “Mexican” hat form. In this case the electroweak symmetry is smoothly
restored via a continuous cross-over as the temperature is raised above the electroweak scale [1].
However, new physics can modify the nature of the phase transition, possibly turning it into an
abrupt first-order phase transition. On the one hand, such new physics can be searched for directly
at current and future colliders. On the other hand, a first order electroweak phase transition
in the early universe would generate a stochastic background of gravitational waves that can be
searched for with interferometers [2]. Discovering such a gravitational wave signal would establish
the electroweak phase transition as a new milestone in our understanding of the early universe. It
will advance our knowledge into an epoch significantly earlier than nucleosynthesis.

A first order electroweak phase transition requires a significant deviation away from the
renormalizable Higgs potential, which implies the presence of new physics close to the weak scale.
We can look for such new particles directly, such as at the LHC. Even though it can be powerful in
certain cases, the reach of this approach is limited. The new physics can be weakly coupled, and the
searches at the LHC suffers from large background. At the same time, the most model independent
effect of such new physics is the induced deviation in the Higgs couplings [3, 4]. Measuring such
couplings precisely, and uncovering potential new physics, is a major physics goal of proposed
Higgs factories. In this paper, we will focus on the potential of probing new physics associated with

electroweak symmetry breaking at these facilities.

If a first order electroweak phase transition occurred in the early universe, the collision of
bubbles and damping of plasma inhomogeneities would have generated a stochastic background of
gravitational waves. The frequency of these waves is relatively model independent, being related
to the scale of the cosmological horizon at the time of the phase transition. Therefore today we
expect the waves to have redshifted into the milli-Hertz range. This potential signal is impossible
to probe with ground-based gravitational wave interferometers like AdvLIGO due to seismic noise.
However, the signal is ideal for a space-based interferometer like eLISA [2] with arm lengths of
order millions of kilometers. In this paper, we assess the possibility of using gravitational waves as
probes of a first order electroweak phase transition and the complementarity of this technique with

the collider searches.

There are a number of ways in which new particles may cause the electroweak phase transition



to become first order. In general a first order phase transition can occur if the Higgs effective
potential is modified from its Standard Model form so as to develop a potential energy barrier
separating the phases of broken and unbroken electroweak symmetry. As discussed in Ref. [5],
there are three general model classes in which the barrier can arise. First, if the new degrees of
freedom are scalar fields that participate in the electroweak phase transition (their vev changes at
the same time as the Higgs) then tree-level interactions with the Higgs field can make some regions
of field space energetically dis-favorable and lead to a barrier. Second, the presence of new particles
coupled to the Higgs boson affects the running of the Higgs mass parameter and self-coupling.
Then the barrier can arise by virtue of quantum effects. Third, if the new particles are present in
the early universe plasma and acquire their mass (at least partially) from the Higgs field, then a
barrier can arise via thermal effects. This can be understood as a tradeoff between minimizing the
energy, represented by the tree-level Higgs potential, and maximizing the entropy, which prefers
the Higgs field to take on values where particles in the plasma are light. Then, this third case can
be further divided into two categories: a barrier arising from light scalars via the thermal cubic
term ~ (m2)3/ 2T and a barrier arising from heavy particles that get their mass predominantly from
a large coupling with the Higgs field.

In this paper, we survey a number of simplified models that demonstrate the basic ingredients
necessary for a first order electroweak phase transition. We focus on four models in which the SM
is extended, respectively, to include a real scalar singlet, a scalar doublet, heavy chiral fermions,
and varying Yukawa couplings. This set of models exemplifies all of the different phase transition
model classes, enumerated above.

2 Models

In each of the models discussed here, the Higgs field is represented by ®(x), and the Standard
Model Lagrangian contains

Loy D (D,®)T(D"®) — mZdTe — ), (210)” . (2.1)

In calculating the scalar effective potential we write (®(x)) = (0, ¢p/v/2) with ¢y, real. The vacuum
spontaneously breaks the electroweak symmetry, ¢, = v with v ~ 246 GeV. The Higgs mass is
denoted as Mj, and it takes the value M), ~ 125 GeV.

2.1 Real Scalar Singlet

First, we add to the SM a real scalar field S(x), which is a singlet under the SM gauge group. This
is probably the simplest extension of the Higgs sector of the SM. At the same time, due the lack of
other interactions, it gives rise to the most independent signal.



The most general renormalizable Lagrangian is written as
A

%53 — 28t = M@ 08? — 20,0105 . (22)

Without loss of generality, we can set t; = 0. Since the new scalar is a singlet, it only interacts with

the Standard Model via the Higgs portal, ®'®S2 and ®'®S. The electroweak phase transition and

collider phenomenology in this model, sometimes called the xSM, have been studied extensively;

2
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see e.g. Ref. [6] and references therein. The gravitational wave signal in related models has been
studied recently by Refs. [7-13]

There is no single reason why this model admits a first order electroweak phase transition.
In fact different limits of this simple model exhibit each of the phase transition model classes that
were identified in Ref. [5]. Most notably, the tree-level interactions play a significant role in most
of the parameter space. During the electroweak phase transition, the singlet vs need not remain
fixed. If vy changes along with v, then the Higgs portal terms, Ay, ®'®S? and ap,PT®S, can give
rise to a barrier in the effective potential, and the phase transition is first order.

After electroweak symmetry breaking (®) = (0, v/v/2), and generically we expect the singlet
field to acquire a vacuum expectation value as well, (S) = vs. Then, the Higgs portal operators
allow the Higgs and singlet fields to mix. The mixing angle —m/4 < 0 < /4 satisfies

4dv(aps + Ansvs)
M,f — M?

sin 20 = (2.3)

where M}y ~ 125 GeV is the physical Higgs boson mass, and M; is the physical mass of the singlet.

Interactions between the Higgs boson and the singlet scalar affect the coupling of the Higgs
to the Z-boson. Writing the effective hZ Z coupling as gp, 7z, we define the fractional deviation from
the SM value as

9nzz
9hZ Z .sm

§Zp=1-— (2.4)

s=(250 GeV)?
where the couplings are evaluated at a center of mass energy s = (250 GeV)2. We calculate 67, as

. 1 |ahs + AhSUS‘Q

67 ~(1 — cosb) 5 = Ip(Mj; Mj, M?) (2:5)
1 [Aps|?0? 2. 0 r2 g2 A3
~ ATV (2 M2, M2 — 0.006 —1) .
2 1672 B(M; My, M) A3.5m

The first term arises from the tree-level Higgs-singlet mixing (2.3). This is typically the dominant
contribution to dZ;. At the one-loop order, the singlet contributes to the wavefunction renormal-
ization of the Higgs. This gives rise to the second and third terms in Eq. (2.5). We have generalized
the calculation in Refs. [14, 15], to allow for the cases without a Zg symmetry. The bosonic loop

function is given by [16]

x(1—x)
p? —ami— (1 —z)mj

1
IB(pQ;m%,mg):/ dz — (2.6)
o x(l-x)
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The wavefunction renormalization terms are typically sub-dominant, except for the Zsy limit (dis-
cussed in Sec. 2.1.1) where § = a;s = vs = 0 and the |\,s|?v? term is dominant.

The fourth term in Eq. (2.4) also arises at the one-loop order. As recognized in Ref. [17] this
term appears when the Higgs trilinear coupling A3 deviates from its SM value A3sy. The effect
on 07 depends on the center of mass energy, and for /s = 250 GeV the prefactor evaluates to
0.006 [17]. The cubic self-coupling of the mass eigenstate Higgs (hhh) is calculated as

A3 = (6)\hv) cos® 0 + (Gahs + 6)\hsvs) sinf cos? 6 + (6)\h5v) sin? 0 cos O + (2as + 6)\81/5) sin® 0 .
(2.7)

In the Standard Model we have A3 = Agsu = 3M,%/v ~ 191 GeV. The last term in A3 arises
from a three-vertex, one-loop graph. As we will see, models exhibiting a strongly first order phase
transition, typically have an O(1) deviation in A3, and therefore, this effect on §Zj can be sizable.

If the singlet is sufficiently light, My < M} /2 ~ 62.5 GeV, the Higgs decay channel h — SS
opens. This decay contributes to the Higgs invisible width. The invisible width is calculated as [18]

A3 | 4aM?
Tiny = T'(h — S9) = 3273\14}1 1- 7 (2.8)

Xo11 = (2ans + 2Apsvs) cos® 0 + (4Apsv — 6A,v) sin 6 cos® 0
+ (6)\5115 + 2a5 — 4M\psvs — 4ahs) sin? § cos 0 + (—ZAhsv) sin® @ . (2.9)

where

is the effective tri-linear coupling of the mass eigenstates. If the invisible channel is open, the
branching fraction is typically so large as to be excluded already by LHC limits, BRiny < 30%
[19, 20]. Therefore we require Mg > M}, /2.

In general the model has 7 parameters corresponding to the potential terms in Eq. (2.2) with
ts = 0. Two parameters can be exchanged for the Higgs mass and vev, leaving 5 free parameters. In
Sec. 4 we present the main result for this model, which entails a scan over the 5-dimensional param-
eter space. In the following sub-sections we discuss a couple of special limiting cases of this model.
Even though they do not represent generic models with first order electroweak phase transition,

they give rise to different predictions. We include them in our discussion for completeness.

2.1.1 Zo-Symmetric Limit

We impose the Zy discrete symmetry under which the singlet is odd, ¢s — —¢s, and the Standard
Model fields are even. In terms of the singlet Lagrangian (2.2) the symmetry enforces

ts=0, as=0, and ap,=0. (2.10)

We also require that the Zo symmetry is not broken spontaneously, and thus vy = 0. The only
interaction between the Standard Model and the singlet is through the Higgs portal, A,s®T®52.



The Zy symmetry forbids a mixing between the Higgs and singlet fields. In the absence of
mixing, modifications to the hZZ coupling (2.5) first arise at the one-loop level. The tree level
modifications to the trilinear coupling (2.7) are also suppressed in this limit, and therefore, only
the |Ans|? term contributes to §Z;. Thus we expect that this corner of parameter space can evade
constraints on 47, from future colliders as discussed later. As such, this model has been identified
as a “worst case scenario” for finding evidence of a first order EW phase transition at colliders
[15, 21].

Despite the vanishing mixing, the electroweak phase transition may still be first order.
Morally speaking, the Higgs-singlet mixing is a “local” property of the theory, related to the
behavior of small fluctuations about the vacuum, but the nature of the phase transition depends
also up “global” properties of the theory, e.g. whether the theory admits other metastable vacua.
The presence or absence of such metastable vacua is not directly related to the mixing at the true
vacuum. Two specific scenarios have been studied. If the Higgs portal coupling is sufficiently large,
the singlet can affect the running of the Higgs self-coupling, which may induce a barrier in the
effective potential [22]. Alternatively, the Higgs portal interaction, Aps¢?¢? with A\ps > 0, may
give rise to a barrier in the effective potential at tree-level when the phase transition passes from a
vacuum with ¢, = 0 and ¢5 = v4(T") to a vacuum with ¢, = v(T") and ¢4 = 0.

2.1.2 Unmixed Limit

The tree-level Higgs-singlet mixing (2.3) vanishes when we take
Ghs + Apsts =0 . (2.11)

Unlike the Zs symmetric limit of Eq. (2.10), the choice of parameters in Eq. (2.11) is not associated
with any enhanced symmetry. Significant fine-tuning among tree-level parameters is necessary to
reach this limit. Furthermore, such a tuning is not technically natural; the mixing is induced
radiatively. At the one-loop order, the induced mixing is o< Apsv(as + A\psvs). Otherwise, the first
order electroweak phase transition and collider phenomenology is similar to the Zs case.

In the unmixed limit, the singlet can be pair produced through an off-shell Higgs via the
hSS coupling Apsv, and can decay to hh, WW, and ZZ final states via the radiatively generated
mixing. Then by the Goldstone equivalence theorem, the singlet decay branching ratios for the hh,
WW, and ZZ channels are 25%, 50%, and 25% respectively. Those final states contribute to a
multi-lepton, multi-jet signature, which can be probed at the LHC. With a large W W branching
ratio, the 41 channel leads to a same-sign dilepton with multiple jets (zero b-jet) final state. The
background processes for this channel include tt, ttW, ttZ, W Z, and same sign WW plus jets. All
backgrounds except same sign WW plus jets, can be estimated from the tth searches in the same
sign dilepton with at least two b-jets channel, by replacing the b-tagging with a b-jet veto [23]. We
assume the b-tagging efficiency is 70%. For the same sign WW plus jets, we include both single
parton scattering and double parton scattering [24], and assume a 90% acceptance to account for



the lepton efficiency, and kinematics. We assume the same 90% acceptance for signal as well. Then
at the HL-LHC, we expect a 20 significance for o(pp — SS) ~ 1.8 b, which corresponds to Aps ~ 1,
and Mg ~ 200 GeV [25].

2.2 Scalar Doublet (Stop-Like)

In this section, we go beyond the singlet to consider new particles in non-trivial representations
of the SM gauge group. Some of the simplest cases are obtained by introducing SU(2); scalar
doublets and singlets with U(1)y charge. Perhaps the most well-known example is the MSSM stop.
However, the light stop scenario is very restricted and, at least in simple cases, it can not give rise
to a first order electroweak phase transition without running afoul of collider constraints [26-28],
see also [29]. Many of these constraints are a consequence of the supersymmetry. For example, the
scalar top partner must to be colored and hence the stop is subject to stringent limits from collider
searches. To avoid the collider constraints, models like folded SUSY have been proposed [30], in
which the stops can still solve the hierarchy problem, but are not colored. In the following, we
consider a similar stop-like model. The new particles are taken to have the same electroweak gauge
quantum numbers as the stop, but they are not colored. In addition, their couplings are not subject

to the constraints of supersymmetry.

We extend the SM to include ny = 3 copies (flavors) of scalar doublets and complex scalar
singlets. We will denote the doublets and singlets as Ql = (u;, Jl)T and Ul where the index ¢ runs
from 1 to ny. In order to mimic the interactions of colored squarks, we require the Lagrangian
to respect the global SU(ns) symmetry, under which the Q; and U; transform in the fundamental
representation, and the SM fields are invariant. Notice that we have used a SUSY-like notation to

indicate the electroweak gauge quantum numbers, but no SUSY relations are implied.

With the new stop-like particle content, the scalar potential can be written as

1 A
V = gmidi + 76 (2.12)

+m (Jaf? + [d?) +mZ TP + o (laf + 1d1%)* + Ao (10]%)
o v A -
+ Aqu ([ + d?) [T + “5E sh10 2

!/

ARQ (- 5 AhQ | - M@ 5
+ =5l + 1P 6 + 52 al*of + =521 ¢

a’hQU ~ e
+ uprU™ + h.c.| .

N ]
The sum over ¢ = 1,--- ,ny flavors has been suppressed. In general the model has 12 parameters,
but 2 of these can be exchanged for the Higgs mass and vev, leaving 10 free parameters. Addition-
ally, we will later assume a universal dimensionless coupling, A9 = Ay = Ayg = --- = A, which
reduces the free parameters to four: {mé,mQU, A, apgu}. We present the results of a parameter-
space scan in Sec. 4.



In the well-known light stop scenario of the MSSM [31], the electroweak phase transition can
become first order due to the presence of these scalar particles in the plasma. Their contribution
to the Higgs thermal effective potential (background-dependent free energy density) goes as Veg ~
—N.[mz(¢n, T)??T where N, = 3 is the number of colors, and the effective stop mass mz(¢p, T)
depends on the background Higgs field ¢;, and the plasma temperature T' (daisy correction). This
non-analytic term in Vg arises only for relativistic bosonic fields, due to the non-analyticity of
the Bose-Einstein distribution function at E/T = 0. In a regime where the stop mass can be
approximated as mg(gbh)Q R yfqﬁ%, the effective potential acquires a cubic term, Veg ~ Ncy;?qb%T,
which can provide the requisite barrier for a first order phase transition. In our stop-like model, the
same thermal effects can give rise to a first order electroweak phase transition. However, since we
do not impose the SUSY relations, y; is replaced by some combination of the quartic couplings A in
Eq. (2.12). In principle, A can be larger than y;, which increases the height of the potential energy
barrier and strengthens the first order the phase transition. For simplicity, we neglect the daisy
resummation, i.e. the one-loop temperature-dependent mass correction, which plays an important
role in the MSSM’s light stop scenario [31]. We expect that this effect will weaken the PT strength
on a parameter point-by-point basis without affecting our broader conclusions regarding testability
of models with a first order electroweak phase transition.

We assume that the new scalar fields do not acquire vevs, (@) = (d) = (U) = 0. Thus, the
the flavor symmetry prevents the Higgs from mixing with the squark-like fields. Nevertheless, the
trilinear interactions allows the stop-like fields to mix after electroweak symmetry breaking. The

mixing angle satisfies

ﬁahQUU
m% — m2U -+ %()\hQ + /\IhQ — )\hU)U2

tan 26 = (2.13)
The spectrum consists of two “stops” and one “sbottom,” and we denote their mass eigenvalues by

M; , M;, , and Mj. Their couplings to the Higgs are given by

i1 Mgy
Inini, = —cos? 0 (/\hQ + )\;ZQ)’U — sin? 0 Mo + C”LQU\/S;% (2.14a)

Ghigiy = — sin” @ (Ang + M)V — cos® 0 \pyv — C”"QU\/S;% (2.14b)

Ihiriz = —Sinzw (Ang + Xig)v + @ A — (W\/C;S% (2.14c)

s = — (Mg + Mig)v - (2.14d)

These dimensionful couplings can be read off of Eq. (2.12) upon diagonalizing the stop mass matrix.
Since the stop- and sbottom-like particles are not actually colored, they do not affect the

Higgs coupling to gluons. However, the new charged scalar particles do increase the strength of the

Higgs-photon coupling radiatively. This increases the Higgs diphoton decay rate [32, 33]

1 azM;'f - - - 2
Fh—WW = 64771' 162 AW + A; + Af—l- Al; (2.15)




where o o~ 1/137 is the electromagnetic fine structure constant and

Ay = QXZV Wy (M2 /AMZ,) (2.16a)
w
A, = 2N,Q? g]\"; Fy o (M2 /4M7) (2.16Db)
2
g
= Z n;Q? ]’Z;Z Fo (M7 /4M?) (2.16¢)
;= ang i’\f}bg Fo (M3 /4M2) (2.16d)

with grpww = ¢%v/2 = 2M3V/v and gnie = y:/V2 = M;/v. We take the electromagnetic charges
of the stop- and sbottom-like particles to be Q; = 2/3 and Q; = —1/3. The functions F'(7) are
defined in Ref. [32]. To compare with the SM contribution, (I's—y4)su, we drop the A; and Aj
terms from Eq. (2.15).

The new charged scalars also affect the Higgs coupling to Z-bosons. At one-loop order
the dominant effect typically comes from a wavefunction renormalization on the Higgs leg. This
graphs brings two factors of the quartic couplings A\, which appear in Eq. (2.12). The other one-
loop graphs, i.e. the vertex renormalization and the Z-boson wavefunction renormalization, are
suppressed compared to the Higgs wavefunction renormalization by factors of e/\ where e is the
electromagnetic coupling. As long as A 2 e ~ 0.1 the Higgs wavefunction renormalization is the
dominant effect on the hZZ coupling. Consequently the hZZ coupling deviates from its SM value
by [16]

|9nii 19l
87y = —ny Z 29,3 IB (M M7, M) — 3’;:2 Ig(Mj; M2, M ) (2.17)
t,j=1

where the loop function is defined in Eq. (2.6).

2.3 Heavy Fermions

In the previous sections we have discussed how new scalar states can lead to a first order electroweak
phase transition. Here we investigate models in which the first order transition derives from new
fermions. The key ingredient is that the fermions have a large coupling to the Higgs, which gives
them a large mass during the electroweak phase transition. Prior to the phase transition the
fermions were lighter, since the Higgs vev doesn’t contribute to their mass. Since it is energetically
unfavorable for the fermion masses to grow, the effective potential develops a barrier, which leads
to a first order phase transition. We discuss two implementations of this idea.

2.3.1 Heavy Chiral Fermions

Extend the SM to include the left-chiral fermions H 1, f[g, B, and We. They have the same gauge
charge assignments as Higgsinos and gauginos in the MSSM. Two doublets ﬁl,g are required for



anomaly cancellation, and either the singlet B or the triplet W is required to allow a Yukawa
coupling with the Standard Model Higgs. Working in the two-component Weyl spinor notation,
the Lagrangian is

L=Lg+ FIIZ'(?“DMFH + ﬁgi&”DuﬁQ + BTZE'”@MB + WGTZ'(?“@MVNVCL
~ SMBB A he] — M [WO 4 ] - ulf - Ay 4]
— [®"(hoouW* + R4B) H, + hec.] — [® - (—=h1o,W* + Ry B)H; +h.c.] . (2.18)

We have again used a SUSY-like notation for the fields so as to easily identify their gauge quantum
numbers.

Reference [34] studied the phenomenology in this model and identified a region of parameter
space in which the electroweak phase transition can be first order. In general, the model has 7 free
parameters: 3 mass parameters { My, Mo, u} and 4 couplings {hi, ha, b}, h%}. Ref. [34] suggests to

focus on the restricted parameter space
My =My = —p, hi=hs=h, and hy=hy=h". (2.19)

This reduces the free parameters to 3: one mass parameter p and two couplings A and A’. In this
restricted parameter space, the spectrum consists of two degenerate “charginos,” two degenerate

lighter “neutralinos,” and two degenerate heavier “neutralinos”:

M(%,l = M(%Q = u? + h?? (2.20a)
2 _ 2 _ 2
M3 =My =p?+ (B +h?)o? . (2.20c)

The mass eigenstates have couplings with the Higgs given by
1

1

Incic; = 5hoi -

{(h/Nil — thQ)(NJ — Nj4) +1 & ]} (221&)
(2.21D)

where the neutralino N; can be decomposed into Nj B+ NjsW + NjsHy + Ny Hy. We only consider
> My /2 to avoid the Higgs and Z invisible decays.

Ref. [34] identified that the phase transition can be strongly first order in the limit 4 < hv, h'v
with h or A’ = O(1). In this case, the charginos and neutralinos are light near in the symmetric
phase (v — 0 in Eq. (2.20)) but heavy in the broken phase. This makes it energetically preferable
for the system to remain in the symmetric phase, and the phase transition is delayed until a
lower temperature thereby becoming more strongly first order. Since we will be interested in
a region of parameter space with large couplings, there is a threat that the new fermions will
exacerbate the electroweak vacuum instability. Following Ref. [34] we counter this problem by
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introducing new scalar particles that have field-dependent masses u2 + (h% + h'?)¢7 where p? =
exp(8m2M7? /(4(h? + h’2)2v2))M12v3 — (h? + R")v2. We do not expect these particles to play any
significant role in the phenomenology or phase transition dynamics.
The presence of new charged fermions tends to suppress the Higgs diphoton decay rate. We
calculate I',_,, by generalizing the MSSM chargino calculation in Ref. [32]:
1 o?M}

_ _ _ 2
Dhoy = g ot ‘AW A+ Aé‘ (2.22)

where Ay, and A; appear in Eq. (2.16) and the chargino contribution is given by

2
le=)Y 29;”‘\;@ Fyjp(Mj/AME,) - (2.23)
i=1 i
We will see that if h = O(1) the model is already strongly constrained by LHC limits on the Higgs
diphoton decay width. Therefore we also consider the case h = 0 where the charginos do not
contribute to the Higgs diphoton decay rate at one-loop order.
Both the charginos and neutralinos affect the Higgs coupling to Z-bosons. As argued above
Eq. (2.17), the dominant effect comes from the Higgs wavefunction renormalization provided that
h,h' Z e ~ 0.1. Thus we calculate the deviation to the hZZ coupling as

4 ‘ - - 12,2
Z ghNiN,-’ v 2 ‘ghCC | 2 5
17]: 7]_

where the fermion loop integral is given by

Ip(p?m2,m2) = /ld 1 (1_x)fU(Tmmz—Qm%x—2mg—|—p2(1—x)x>
R R\ m3(1 — x) + miz — p?(1 — )z

—(1—=2z)z log

m3(1 —x) + miz —p*(1 — 33)4”) (2.25)

M

where M ,% appears as the MS renormalization scale.

Since the hZ Z coupling arises already at tree-level, grzz = (9> +g¢'?)v/2, there can be another
one-loop correction! when the MS parameters g and ¢’ are matched onto physical quantities such
as the Z boson mass and G [35]. In this model, we expect a large contribution from the matching
because the custodial symmetry is broken. Using Ref. [35] we estimate that this matching effect can
contribute to 67, with a magnitude that is comparable to Eq. (2.24), but a more precise calculation
of 0 Z, is beyond the scope of our work. Since we are primarily interested in establishing that models
with a first order phase transition are testable at future colliders, we are satisfied that the predicted
value of 67, in this model is comparable to, or larger than,? the value given by Eq. (2.24).

1We thank Michael Fedderke for bringing this issue to our attention.
2We neglect the unnatural possibility that there is a tuning between these two independent contributions to 6 Zp.
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As discussed previously, the custodial symmetry is broken in this model, and therefore, we
expect a large contribution to the electroweak precision parameter, T [36]. To avoid the constraints,
we can introduce new particles to the theory to cancel the contribution. A heavy Higgs can generate
a negative contribution to the T parameter, and compensate the contribution to the T parameters
from the neutralinos and the charginos.

2.3.2 Varying Yukawa Couplings

References [37, 38] recently studied the electroweak phase transition in an electroweak-scale imple-
mentation of the Froggatt-Nielsen mechanism. We investigate their model in this section.

Extend the Standard Model to include a real scalar field y, which is a singlet under the Stan-
dard Model gauge group. We call x the flavon field. By enforcing an appropriately chosen flavor
symmetry, the Standard Model Yukawa interactions can be forbidden. Instead, the Yukawa interac-
tions are generated from dimension-five operators after the flavon gets a vev. These dimension-five
operators are written schematically as

G—aH—0 —
Ling = — (%) ’ frL®fh (2.26)

where the ¢’s are flavor charges of the fermions and the Higgs. The associated Yukawa matrix is
g = () /My

In Ref. [37] it is assumed that the expectation value of y changes during the electroweak phase
transition. (It need not be zero before the transition.) Across the two-dimensional field space, the
fermion masses vary due to the explicit dependence on the Higgs field and the implicit dependence
on the flavon field, via the Yukawa coupling. For fermion species f € {e, u, 7,u,d,c,s,t,b} we can
write the field-dependent mass as

Yy (X)9n
Y

The electroweak phase transition can be strongly first order if y ~ O(1) in the symmetric phase

My (o, x) = (2.27)

and yy < 1 in the broken phase [37]. In this case the fermion is light in both the symmetric and
broken phases, but heavy at intermediate field values. As a result, intermediate field values are
energetically disfavored, and the corresponding potential energy barrier induces the phase transition
to become first order. One can view this scenario as a different implementation of the heavy fermion
model of Sec. 2.3.1.

One could study the electroweak phase transition in this model by specifying a potential for
x and tracking the evolution of both x and the Higgs ¢; through the two-dimensional field space
[38]. For simplicity, we follow Ref. [37] in assuming that x can be parametrized in terms of ¢
along the phase transition trajectory. Then the model is specified by writing ys(¢s). Taking a

12



phenomenological perspective, we consider three models for the Yukawa couplings

Y1 (1 — (z—zl) + \/ﬁMf/v , for f a quark
(A)  yplon) =
V2M; /v , for f a lepton
V2M; /v , for f a quark
(B)  ys(dn) = 82 (2:28)
y1( _F)+\/§Mf/v , for f a lepton
\/§Mf/v , for f a quark
C bn) =
@) yr(en) [100y1< _ %ﬁ) +1} X VZM} v , for f a lepton

where M/ is the mass of fermion f. In each case, the Yukawa coupling is fixed to V2M #/v for
én > .

The first two models are chosen to match the parametrization studied in Ref. [37]. Here,
the varying flavon field leads to a universal (flavor-independent) shift in the Yukawa couplings
for either the quarks or the leptons. The third model is chosen to avoid possible constraints
from flavor-changing neutral currents. Here, the flavon leads to a flavor-independent rescaling of
the lepton Yukawa couplings while leaving the quark Yukawa couplings unaffected. The factor
of 100 is introduced to balance the 7 Yukawa coupling v2M, /v ~ 0.01; then, y,(0) ~ y; and
Ye,u(0) ~ y1Me,/M; < y1. Whereas the first two models can be thought to arise from the
operator in Eq. (2.26), the third model would arise from the operator Liy = —(X/M)"yij?iL(I)fgz
where vev of the flavon field sets the scale of the Yukawa matrix but not the flavor-dependent
mixings and splittings.

Since we have not specified an explicit interaction between the flavon and Standard Model
fields, it is difficult to assess collider constraints on this model. In general, we expect that the
model can be constrained via Higgs-flavon mixing and flavor-changing neutral currents (FCNC).
Generally, the physical Higgs boson and the singlet flavon will mix, unless a symmetry forbids it.
As we discussed in Sec. 2.1, this mixing leads to a number of potential constraints. Second, if the
flavon’s interactions are not flavor-diagonal, then it may contribute to FCNC, which are strongly
constrained. For instance, as discussed in [38], the scenario with one Froggatt-Nielsen flavon is
ruled out, and the scenrio with two Froggatt-Nielsen flavons are constrained from Higgs and top
exotic decays, and other flavor constraints.

3 Probes of the Electroweak Phase Transition

3.1 Collider Probes

In the models we consider, the Higgs boson couples to new states that are typically below the TeV
scale, and therefore, the models are subject to collider tests.

The new states we consider can contribute to the wavefunction renormalization of the Higgs.
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This affects the Higgs couplings universally. Among all the Higgs couplings, a lepton collider can
measure the Higgs coupling to Z-bosons very well. This is accomplished in “Higgs factory” mode
by running the lepton collider at 240 GeV to 250 GeV where the Higgs-strahlung cross section is
maximized and the threshold for [T~ — Z* — hZ just opens up. Deviations in the hZZ coupling
from the SM expectation are parametrized by 67, which was defined in Eq. (2.4). The current
LHC limit [39] and improved sensitivities with future colliders are summarized below:

A(6Zy) = 27% (current), 7% (HL-LHC), 0.25% (CEPC, ILC-500), 0.15% (FCC-ee) . (3.1)

Here we show sensitivities for the high-luminosity Large Hadron Collider (HL-LHC) [40], Circular
Electron Positron Collider (CEPC) [25], International Linear Collider at /s = 500 GeV (ILC-500)
[41], and Future Circular Collider study with both 240 and 350 GeV measurements (FCC-ee) [42].

New charged states coupled to the Higgs will radiatively affect the Higgs decay rate into a
pair of photons. Both current and future colliders can constrain a deviation from the SM prediction
in this channel. We summarize below the current sensitivity of the ATLAS experiment [39], the
projected sensitivity of the CMS experiment at the HL-LHC [40], and the expected sensitivity of
future lepton colliders [25, 42]:

A1) = 200% (current) . 8% (HL-LHC) . 4% (CEPC) . 1.5% (FCCeec) . (3.2
(Fh—wy)sm

The cubic self-coupling of the Higgs boson A3 is currently unconstrained by the LHC. The
500 GeV and the 1 TeV options for ILC can also measure A3 from the Higgs-strahlung, WW fusion,
and the ZZ fusion processes [41]. Future hadron colliders with higher center of mass energy, for
example, SppC and FCC-hh, are expected to increase the sensitivity in A significantly [43-47], to
the ball park of 10%. At the same time, much more detailed studies are needed to produce more
solid estimate by carefully taking into all possible channels and systematics. These sensitivities are

summarized as follows:

A(AA?) ) = 27% (ILC-500) ,  10% (SppC / FCC-hh / TLC-1000) - (3:3)
3,SM

3.2 Strongly First Order Phase Transition and Baryogenesis

The matter / anti-matter asymmetry of the universe may have been generated at the electroweak
phase transition; this scenario is known as electroweak baryogenesis. (For a review, see Ref. [48].) In
this framework, the electroweak phase transition needs to be first order, such that phase coexistence
occurs during the transition. At the boundary between phases, i.e. the bubble wall, the properties
of particles and their interactions can vary rapidly. Specifically, thermal diffusion of SU(2); Chern-
Simons number leads to efficient violation of baryon number outside of the bubbles (symmetric
phase), but inside of the bubbles the weak gauge fields become massive, My (T') ~ gv(T')/2, and
these processes (electroweak sphalerons) acquire a Boltzmann suppression. Thus, a baryon asym-
metry can be generated outside of the bubble and diffuse into the bubble, where it is approximately
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conserved. To avoid washout of the baryon asymmetry in the Higgs phase, the electroweak order
parameter must satisfy [49] (see also [50, 51])

v(T)
— > 1.3 3.4
T T:TPT ~ ( )

at the temperature of the phase transition, Tpr. If Eq. (3.4) is satisfied, the phase transition is said
to be “strongly” first order. For our numerical results, we evaluate the washout criterion at the
bubble nucleation temperature T,,; see Appendix A.

Although Eq. (3.4) is a necessary condition for electroweak baryogenesis, it is not a sufficient
condition. Successful generation of the baryon asymmetry also requires a source of C' P-violation,
which is model-dependent. Additionally it requires that the bubble walls are not expanding too
quickly [52]. These details are beyond the scope of our work. Therefore, we do not consider
electroweak baryogenesis explicitly, and we do not calculate the relic baryon asymmetry. Rather,
we assess whether the phase transition is strongly first order depending on whether it satisfies
Eq. (3.4); if the phase transition is not strongly first order, electroweak baryogenesis is not viable.

3.3 Gravitational Waves

A first order cosmological phase transition is expected to generate a stochastic background of gravi-
tational waves [53, 54]. In general, the gravitational waves arise from several sources. When bubbles
of the Higgs phase meet one another and collide, the localized energy density generates a quadrupole
contribution to the stress-energy tensor, which sources gravitational waves. Additionally, the pas-
sage of bubbles through the plasma creates magnetohydrodynamic turbulence and sound waves.
Decay of the turbulence and damping of the sound waves can continue for multiple Hubble times,
even after the phase transition is completed, providing additional sources of gravitational waves.

The spectrum of stochastic gravitational waves is very model-dependent. (We provide addi-
tional details in Appendix B.) A key parameter is the ratio & = Apyac/prad, which compares the
vacuum energy density liberated in the phase transition with the energy density of the relativis-
tic plasma. The gravitational wave spectrum is proportional to a?, up to some efficiency factor.
Writing the phase transition temperature as Tpr we have a? o pr_a%i o Thd. In the Standard Model
Tor ~ 160 GeV, but a first order phase transition (due to BSM physics) can have appreciable
supercooling, typically Tpr = 50 GeV. Thus the amplitude of the stochastic gravitational wave

~

spectrum varies by many orders of magnitude across the parameter space.

Conversely, the peak frequency of the gravitational wave spectrum is less model-sensitive.
The frequency of these gravitational waves today is related to the size of the Higgs phase bubbles
at the time of collision. Typically, this is some (model-dependent) fraction of the cosmological
horizon at the time of the phase transition. (The complete formulas appear in Appendix B.) For an
electroweak-scale phase transition, the spectrum typically peaks in the range f ~ (10~% —1072) Hz.
Such a signal is potentially within reach of future space-based gravitational wave interferometers,
such as eLISA.
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The geometry of eLISA has not been finalized, and a number of designs are under investi-
gation. Configurations differ in regard to number of links (4 or 6), arm length (1, 2, or 5 million
kilometers), duration (2 or 6 years), and noise level (comparable to Pathfinder or greater). The
corresponding sensitivities to a stochastic gravitational wave background are calculated in Ref. [2]
for four configurations. In its more optimistic configurations, the sensitivity of eLISA could reach

A(Qgwh?) ~ 107 to 1072 at f=5x10"" Hz. (3.5)

In the next section, we compare the predicted gravitational wave signals in our models against
these projected sensitivities.

4 Results

For each of the models we scan approximately 5000 points in the parameter space. The parameter
ranges vary from model to model, but unless otherwise specified we generally allow the dimen-
sionless couplings to vary between —2 and 2. At each parameter point, we calculate the relevant
collider observables (623, 6T, A3), the phase transition order parameter (v/T), and the gravita-
tional wave spectrum. Throughout this section, the scatter plots are color-coded: an orange point
indicates a first order phase transition, a blue point indicates a strongly first order phase transi-
tion (3.4), and a green point indicates a very-strong first order phase transition with potentially
detectable gravitational wave signal at eLISA.

Real Scalar Singlet

In Sec. 2.1 we extended the Standard Model by a real scalar singlet, which is able to mix with the
Standard Model Higgs. This mixing (in addition to radiative effects) leads to a modification of the
hZZ and hhh couplings, parametrized by §Z;, and A3. In Fig. 1 we show the distribution of models
over this parameter space. Models with a first order phase transition (orange, blue, or green points)
tend to predict a large suppression of the hZZ coupling, ranging from ~ 1% to as much as 30%.
For the vast majority of the models in the scan, this suppression is detectable at Higgs factories
such as the CEPC, which has an expected sensitivity of A(0Z;,) = 0.25% (3.1). Focusing on the
models with a gravitational wave signal that is potentially detectable by eLISA (green points),
the suppression of hZZ is larger still, typically = 10%. Therefore if the Higgs factory measures a
significant suppression of the hZZ coupling, it would motivate a search for relic gravitational waves
with space based interferometers.

In the Zs-symmetric limit of Sec. 2.1.1, the only free parameters are My, Aps, and As. The
discrete symmetry forbids a mixing between the Higgs and singlet fields, and deviations in the hZZ
and hhh couplings arise first at one-loop order. The loop-induced contribution to §Z; typically
falls below the projected sensitivity of future Higgs factories. The region with a viable first order
phase transition are shown in Fig. 2. This limit of the singlet model admits strongly first order,
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Real Scalar Singlet Model
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Figure 1: Parameter space scan for the singlet model of Sec. 2.1. An orange point indicates a first
order phase transition, a blue point indicates a strongly first order phase transition (3.4), and a green
point indicates a very-strong first order phase transition with potentially detectable gravitational
wave signal at eLISA. The right panels shows the predicted gravitational wave spectrum today
along with the projected sensitivity of eLISA [2].

two-step phase transitions in which the singlet field acquires a vev prior to electroweak symmetry
breaking. The density of very strong phase transitions (green points) is higher, in part, because
of a sampling effect; here we scan 3 model parameters whereas we scan 5 in Fig. 1. Our results
broadly agree with more detailed analyses in the literature, e.g. Ref. [15].

In Sec. 2.1.2 we discussed a limit of the scalar singlet model in which the mixing is tuned to
zero. Then the hZZ coupling is only modified at one-loop order, as seen in Eq. (2.5). This region
of parameter space is identified on Fig. 1 as the “funnel” region where A3/A3 sy — 1 and §Z;, — 0.
We have performed a parameter scan focusing on this region, and we show the results in Fig. 3.
Most of the parameter space corresponds to a weakly first order phase transition (orange points).
In this limit, the phase transition occurs in two steps with the singlet first acquiring a negative vev
at T 2 200 GeV, and the electroweak symmetry is broken later T' < 100 GeV when the singlet vev
becomes positive. Due to the large field excursion and the barrier provided by tree-level potential
terms (ahsqb%qﬁs and )\hsqﬁ%qﬁg) there is a significant amount of supercooling, and the phase transition
is very strongly first order. However, at the zero-temperature vacuum, the model is very SM-like,
and the deviation in the hZ Z coupling is too small to probe with future Higgs factories. Since the
model admits strongly first order phase transition, but is inaccessible to collider probes, this limit

can be viewed as a new class of “nightmare scenario.”
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Real Scalar Singlet (Z>-Limit)
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Figure 2: Parameter space scan for the singlet model of Sec. 2.1.1 where a discrete Zy symmetry
forbids the Higgs-singlet mixing and suppresses the BSM modification to the hZZ coupling.

Stop-Like Scenario

In Sec. 2.2 we extend the SM by three scalar doublets and complex scalar singlets, which can be
viewed as colorless stops and sbottoms. As the text discusses below Eq. (2.12), we restrict to a
4-dimensional parameter space by assuming a common quartic coupling A. The new charged scalars
contribute to the Higgs diphoton decay width I';,_,., and lead to a deviation in the hZZ coupling,
parametrized by §Zj. Figure 4 shows the result of a scan over the 4-dimensional parameter space.
In the region of parameter space with a first order phase transition (orange, blue, and green points),
the Higgs diphoton decay width is enhanced by more than 10%, and it is enhanced by more than
20% in the region with a potentially detectable gravitational wave signal (green). Given current
LHC limits (3.2) some of this parameter space is already at tension with the data. More importantly,
the projected sensitivity of figure Higgs factories (CEPC, ILC-500, FCC-ee) is sufficient to test the
entire region of parameter space where the phase transition is first order.

Heavy Chiral Fermions

In Sec. 2.3.1 we extend the SM by four chiral fermions: a pair of doublets (“Higgsinos”), a triplet
(“wino”), and a singlet (“bino”). We vary the mass parameter u, the wino Yukawa coupling h, and
the bino Yukawa coupling h’. For simplicity we focus on the two cases, b’ = 0, h # 0 and h = 0,
n 0.

Nonzero h allows the charginos to suppress the Higgs decay rate into photons (2.22). As
seen in the left panel of Fig. 5 for h = O(1) and K’ = 0 this suppression is already at tension
with current limits on I',—,- from the LHC (3.2). A large Yukawa coupling h 2 2 is required to
achieve a first order phase transition (indicated by the dashed curves), and an even larger coupling
h 2z 2.5 is required for a strongly first order phase transition (thick solid curve). Although the
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Figure 3: Parameter space scan for the singlet model of Sec. 2.1.2 where the Higgs-singlet mixing
it tuned to zero.

phase transition is strongly first order in this region, the electroweak order parameter only gets

as large as v(7T")/T ~ 2.1, and the corresponding gravitational wave signal is not within reach of
eLLISA.

Taking instead the wino Yukawa coupling to vanish (h = 0) removes the tree-level interaction
between Higgs and charginos, and the constraint from Higgs diphoton decay is avoided. We find
that a first order phase transition is possible provided that the coupling is sufficiently large, b’ > 2.
However, this model is ruled out by a large deviation in the Peskin-Takeuchi T-parameter. As
we discuss at the end of Eq. (2.3.1), it may be possible to avoid constraints on T by adding new
particles to restore the custodial SU(2) symmetry. Then the model can still be tested through
precision measurements of the hZZ coupling. Using Eq. (2.24) we estimate the modification to
hZZ to be at the level of O(10%) if h = 0 and b’ = O(1). Such a large deviation can potentially
be probed by the high-luminosity LHC or certainly by a future Higgs factory (3.1).

Finally let us comment on the size of the Yukawa couplings considered here. If h and b’ are as
large as 2 or 3, as shown in Fig. 5, then the model has a Landau pole not far above the electroweak
scale. In principle new particles can be added to cancel the radiative corrections from the heavy
chiral fermions and raise the cutoff. The new particles may enter Higgs physics, possibly making
them testable at the LHC, but certainly testable at a future pp collider.

Varying Yukawa Couplings

In Sec. 2.3.2 we allowed the Yukawa couplings of the Standard Model fermions to depend on the
vacuum expectation value of a scalar flavon field. Provided that the flavon vev changes during
the electroweak phase transition, the Yukawa couplings acquire an implicit dependence on the vev
of the Higgs field. In Eq. (2.28) we discussed three phenomenological models: (A) quark Yukawa
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Figure 4: Parameter space scan for the stop-like model of Sec. 2.2. The projected sensitivity of
figure Higgs factories (CEPC, ILC-500, FCC-ee) is sufficient to test the entire region of parameter
space where the phase transition is first order (orange, blue, & green points).

couplings receive a universal (flavor-independent) shift and lepton Yukawa couplings are fixed, (B)
lepton couplings are shifted and quark couplings are fixed, and (C) lepton couplings receive a

universal rescaling and quark couplings are fixed.

Results of the phase transition analysis appear in Fig. 6 where we show the electroweak order
parameter v/T in terms of the universal Yukawa parameter y;. For cases (A) and (B) above, the
electroweak phase transition is strongly first order for y; 2 0.4 for varying quark Yukawas and
y1 2 0.7 for varying lepton Yukawas. For the same value of y; the phase transition is stronger in
case (A), because more degrees of freedom have the anomalous field dependence. For case (C),
> 1.3. In this model, all the lepton

~

the phase transition only becomes strongly first order for y;
Yukawa couplings are enhanced by the same factor, and consequently the electron and muon remain
negligible compared to the tau. Effectively, only the one degree of freedom (7) is playing any role in
making the phase transition first order. We focus on y; < 2.0 to avoid issues associated with loss of
perturbatively. In this parameter regime, the predicted stochastic gravitational wave background
is not within the reach of eLISA’s most optimistic design sensitivity.

5 Conclusion

In this paper we have explored a few minimal extensions of the Standard Model in which new
particles below the TeV scale cause the electroweak phase transition to become first order. Although
the new particle content is motivated from a bottom-up and minimalist perspective, this new physics
can easily be embedded in a broader UV theory such as supersymmetry. Despite their simplicity,
our models exhibit various different mechanisms giving rise to a first order phase transition [5].
For instance, the value of the scalar singlet field can change along with the Higgs field thereby

20



Heavy Chiral Fermion Model
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Figure 5: Results for the heavy chiral fermion model of Sec. 2.3. The Higgs-to-diphoton decay rate
is shown as a function of the chargino mass. We fix the Higgs-bino-Higgsino Yukawa coupling h’ = 0
and we show various values of the Higgs-wino-Higgsino Yukawa coupling h. Thick lines indicates
parameters with a strongly first order phase transition (3.4), dashed lines indicate a weakly first

order transition, and thin lines indicate a cross-over or second order transition.

inducing a first order phase transition through tree-level interactions, or the presence of stop-like
scalar particles in the electroweak plasma can lead to a first order transition via thermal effects.
Despite this diversity of particle content, phenomenology, and phase transition dynamics, we find a
generic relationship between models with a first order electroweak phase transition and those that
are testable at colliders. Namely, in the region of parameter space where the electroweak phase
transition becomes first order, we typically find such a large deviation in the Higgs coupling with
Z-bosons (hZZ) that it should be discovered by a future Higgs factory.® It generically predicts a
large, O(1), deviation in the triple Higgs coupling, which can be measured well by next generation
hadron collider and high energy lepton collider, such as the 1 TeV version of the ILC. The models
can also be probed by the Higgs diphoton decay rate, and other methods.

While future colliders may shed light on the dynamics behind electroweak symmetry breaking,
the most direct probe of a cosmological first order phase transition is the associated stochastic
background of gravitational waves. We have calculated the spectrum of gravitational waves that
would have been produced during a first order electroweak phase transition in the early universe.
We find that only models with especially strong first order phase transitions, typically v(T)/T 2 3,
are within reach of a future space-based gravitational wave interferometer experiment like eLISA.
Nevertheless, models with weaker first order transitions can still be probed by future colliders.
This provides the exciting opportunity to make complimentary measurements of the electroweak
phase transition using a combination of next-generation colliders and interferometers. Detecting
signals of first order electroweak phase transition in both cosmological observation and collider
experiments would be an achievement, which can rival that of the BBN, and open a new page in

3The authors of Ref. [4] have reached similar conclusions.
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Varying Yukawa Model
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Figure 6: Results for the varying Yukawas model of Sec. 2.3.2. In the top row, the quark Yukawa
couplings are allowed to vary with lepton couplings fixed to their SM values. In the middle and
bottom rows, the lepton couplings vary, and the quark couplings are fixed. In the first two rows,

the Yukawa coupling changes by a flavor-independent shift, and in the bottom row it is a flavor-
independent rescaling instead.
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our understanding of early universe.

Acknowledgments: We are grateful to Michael Fedderke for various discussions of the heavy
fermion model. We thank Jing Shu and Carlos Wagner for interesting discussions. Work at ANL
is supported in part by the U.S. Department of Energy under Contract No. DE-AC02-06CH11357.
P.H. is partially supported by U.S. Department of Energy Grant DE-FG02-04ER41286. AJL is
supported at the University of Chicago by the Kavli Institute for Cosmological Physics through
grant NSF PHY-1125897 and an endowment from the Kavli Foundation and its founder Fred Kavli.
LTW is supported by DOE grant DE-SC0013642.

A Phase Transition Calculation

For each of the models, we use the thermal effective potential to calculate the parameters of the
phase transition. For a pedagogical approach to this calculation, see the lectures in Ref. [55]. For
additional details see Appendices F and G of Ref. [56]. Here we enumerate the various assumptions
and approximations.

We calculate the thermal effective potential in the one-loop approximation. The zero-temperature
quantum contribution takes the form of the well-known Coleman-Weinberg potential. The Coleman-
Weinberg potential is dominated by the particles with largest coupling to the Higgs. Thus we include
the top and anti-top quarks, the weak gauge bosons, the Higgs boson, and model-dependent new
physics. We neglect the contributions from leptons and lighter quarks, while photons and gluons do
not contribute at one-loop order. We work in the Landau gauge where the ghosts are massless and
do not contribute to the effective potential.* We regulate the one-loop ultraviolet divergences in the
dimensional regularization scheme. We renormalize at the scale p = Mz ~ 91.2 GeV by requiring
all possible derivatives of the one-loop correction to vanish at the vacuum. That is, we determine
| v gomu, = 05 PAVE/OGWOG, 4 o,
on. (See also Appendix F of Ref. [56].) In this way, the zero-temperature correction to the one-loop

the counterterms by imposing OAV,? /¢y, = 0, and so
thermal effective potential is determined. The finite-temperature correction is evaluated from the
bosonic and fermionic thermal functions using their representation as a sum over Bessel functions.
We truncate the sums at n = 5, which is a good approximation to the full result. We neglect the
daisy resummation. For the models in which the effective potential has a barrier already at 7" = 0,
such as the singlet models, we expect this to be a good approximation.

The phase transition is studied by varying the thermal effective potential with respect to
temperature. For some range of temperatures (possibly including 7" = 0) the potential displays a

barrier separating a local minimum with ¢, = 0 (symmetric phase) from a local minimum with

It is well-known that the effective potential is gauge-dependent [57, 58] and care must be taken to extract gauge-
invariant observables from it [59, 60]. Since we are not interested in numerically precise results, we instead follow
the naive approach outlined in the text. For a quantitative comparison with the gauge-invariant approach, see e.g.
Refs. [61, 62].
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on # 0 (broken or Higgs phase). We construct an interpolating trajectory between these local
minima (see Appendix G of Ref. [56]) and calculate the SO(3)-symmetric bounce solution and its
action S3(7T") along the one-dimensional trajectory.

The phase transition is said to begin when the bubble nucleation rate I';, exceeds the Hubble
expansion rate H. The condition I';, > H evaluates to

S(T)/T < 142, (A1)

and we define the bubble nucleation temperature T,, such that S3(7},)/7, = 142. The phase
transition continues until an O(1) fraction of the universe is in the Higgs phase, and we identify
this as the percolation temperature 7;,. After percolation completes, the energy stored in the
bubble walls is transferred back to the plasma as heat, and the temperature increases to Ty, > 1.
For simplicity, we will evaluate 7T}, and assume T}, ~ T}, =~ T, = Tpr. For a more sophisticated
approach, see Ref. [7].

The phase transition is characterized by two parameters: a and §/H. In the broken phase
at temperature Tpr, the vacuum energy pyacp is calculated as the value of the zero-temperature
effective potential at the location of the minimum of the thermal effective potential. The vacuum
energy in the unbroken phase pyac, follows from a similar calculation. Then the dimensionless

parameter

o= Pvac,u — Pvac,b (AQ)
Prad,b T=Tpr

quantifies the energy liberated (latent heat). Here, praap = (72/30)gs pr Ty is the radiation energy
density in the broken phase at the temperature of the phase transition. If reheating is negligible,
as we have assumed, then 0 < o < 1, and larger « corresponds to a stronger phase transition with
greater supercooling. The second parameter 5/H quantifies the duration of the phase transition.
During the phase transition, the bubble nucleation rate has an exponential time dependence IT',, x
eP(t=t0) where B! is the phase transition duration. The exponent is calculated as

B d(Sy/T)
Hop dTl =1y

(A.3)

This affects the size of bubbles at the time of collision, and therefore it factors into the gravitational

wave spectrum. We must have 1 < 8/H otherwise the phase transition would not occur.

B Gravitational Wave Spectrum

We calculate the spectrum of gravitational waves generated at the electroweak phase transition by

following Ref. [2], which summarizes the results of various original sources.

Gravitational waves at a first order phase transition are produced in three ways: from the
collision of bubbles, from the decay of magnetohydrodynamic turbulence, and from the propagation
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of sound waves. The spectrum of gravitational waves produced by bubble collisions is given by the
envelope approximation to be

) ) BN mga \2 fgerry 13 [ 01103, 3.8(f/fs)*"
Quh? = (1.67 x 107°) (HPT> (1+a) (100) (0.42+vg> L4+28(f/fy)38 (B0

where k is the fraction of the liberated vacuum energy transferred into motion of the bubble wall

and vy, is the speed of the wall. The spectrum peaks at a frequency f, given by

_ 0.62 6 Tor Gepr\ 1/6
—(1.65x 107° H ( ’ ) . B.2
fo = (1.65 x 2) (1.8—0.1vw+v?u> (HPT) (100 Gev> 100 (B-2)
The decay of magnetohydrodynamic turbulence contributes to the gravitational wave spectrum as
-1 3/2 _1/3 3
Qpurnh? = (3.35 x 1074) ( a ) (ﬁt“rba) (&) o U/ fourt)
Hpy 1+« 100 (14 £/ fourb)Y/3(1 + 87 f /hy)
(B.3)

where Kb 18 the fraction of energy transferred to turbulent motions of the plasma, and

B T g 1/6
,=(1.65x 1075 H it ( *’PT) . B.4
he = (1.65 x 107 Ha) <100 GeV) 100 (B4)

This spectrum peaks at a frequency fiupb given by
- 1 B Tor g« pT 1/6

wb = (2.7 x 1075 Hz)— (Z2n) B.5
Joury = (2.7 %) om <HPT> (100 GeV> 100 (B-5)

Finally, sound waves contribute to the gravitational wave spectrum as

B T TR )

Quoh? = (2,65 x 10-6) [ -2 ) ( v ) ( I ) w VAR B.6
( )<HPT Tta) \100/ "4+ 3(f/ o) (B.6)

where k,, is the fraction of energy transferred to bulk motions of the fluid. The spectrum peaks at

— 1 B Tpr gx.pT 1/6
w = (1.9 x 107° Hz)— : . B.
Jow = (191072 Hz) o (HPT> <100 Gev> ( 100) (B.7)

Note that Quunh? and Qg h? are larger than Q¢h2 by a factor of (8/Hpr). This is because gravita-
tional wave production from plasma effects can continue even after bubble collisions have completed.

The efficiency factors (k’s) are model-dependent and vary with the strength of the phase
transition. If the phase transition is weakly first order, the energy in the scalar field is depleted by
interactions with the plasma, and it reaches a terminal velocity (possibly relativistic). Then the
energy transferred to the plasma (kyy1, and k) is limited by the vacuum energy that was initially
available in the field, which is parametrized by «. On other hand, for a strongly first order transition
the pressure gradient drives the bubble wall to expand and “run away” with v,, — 1. In this regime,
the amount of energy transferred to the plasma saturates, and the surplus energy causes the bubble
wall to accelerate. Consequently, for large a we have £y — 1 and Kurb, Ksw ~ 1/a — 0.
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Since only the strongest phase transitions will be detectable by eLISA, we can simplify by
assuming that all models lead to runaway phase transitions. In this way, we accurately assess
the gravitational wave signal for the strongest phase transitions. Following Ref. [2], the following
expressions parametrize the fraction of energy that is carried by the bubble wall, that is carried by

the bulk motion of the plasma, and that is lost as heat:

o o
I€¢Zl—§, /iv:%ﬁoo, Ktherm = 1 — K¢ — Ky - (B.8)

A fraction € of the energy carried by bulk motions is transferred to MHD turbulence, kb = €Ky .
Simulations motivate
Qoo

0.73 4+ 0.08302 + ag

and € =~ 5%. We also take v,, = 0.95. These expressions are valid for sufficiently strong phase

transitions, a > ay, where

oo 2 (4.9 x 1077) (1’(;:';?))2 : (B.10)

We calculate Tpr, v(Tpr), @, gspr, and S/Hpp from the one-loop thermal effective potential, as

described in Appendix A.
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