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ABSTRACT: Simple scalar-singlet extensions of the Standard Model with a (sponta-
neously broken) Z, symmetry allow for a strong first order electroweak phase transi-
tion, as sought in order to realize electroweak baryogenesis. However they generically
also lead to the emergence of phenomenologically problematic domain walls. Here
we present a framework with a real scalar singlet that features a different thermal
history that avoids this problem by never restoring the Z; symmetry in the early uni-
verse. This is accomplished by considering D > 4 operators that emerge on general
grounds, understanding the model as the low energy tail of a more complete theory,
like for example in composite Higgs scenarios. Sticking to the latter framework, we
present a concrete SO(6)/SO(5) composite realization of the idea. To this end, we
additionally provide a complete classification of the structure of the Higgs potential
(and the Yukawa couplings) in SO(6)/SO(5) models with fermions in the 1,6,15 or
20" of SO(6).
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1 Introduction

Understanding how a baryon-asymmetric universe, as we observe it, could have
emerged is one of the most important issues in particle physics and cosmology. In
fact, this seems to require an extension of the Standard Model (SM) of Particle
Physics, which fails to fulfill (quantitatively) two of the three Sakharov criteria [1]
for generating the baryon asymmetry, namely a deviation from thermal equilibrium
and the presence of substantial C'P violation.

Extensions of the SM with a scalar singlet n are promising candidates for baryo-
genesis at the electroweak scale, by inducing a strong first order electroweak phase
transition (EWPhT), providing the out-of-equilibrium situation, and allowing for
additional sources of CP violation. A particularly well studied class of models en-
visages a real scalar with a Z, : n — —n symmetry (similar to what emerges in
non-minimal composite Higgs models [2, 3]) — which makes 1 contribute to the dark
matter abundance, while being protected from collider constraints. Such setups have
been shown to allow for a sufficiently strong EWPhT to preserve an adequate baryon
asymmetry [3—13].

A generic challenge in this setting is however the appearance of topological de-
fects, associated to the spontaneous breaking of the Zy symmetry after n acquires a
vacuum expectation value (vev) [(n)| = v, in the thermal evolution of the universe.



Patches with (n) = +wv, and (1) = —v, would get equally populated, which would
on the one hand produce potentially dangerous domain walls at the boundaries [14],
and on the other lead to a cancellation between produced baryon and antibaryon
excesses (see, e.g., [3]), requiring additional model building.

Here we show how a minimal change in the scalar potential can solve these issues
via a thermal history in which the Z, was never a symmetry of the ground state.!
In fact, adding higher powers of the scalar-singlet field to the potential can allow for
Zs symmetry non-restoration (SNR) at high temperatures, as we will show below.
Such higher dimensional operators are expected to be generated in the presence of
new physics addressing other problems of the SM, such as the hierarchy problem or
the flavor puzzle.

After having studied the idea in this effective field theory (EFT) extension of the
SM in Section 2, in Section 3 we will provide an explicit realization in the form of a
composite Higgs (CH) scenario with SO(6)/SO(5) breaking pattern [2], where we will
unveil parameter space that had not been considered before. More generally, we will
present a comprehensive survey of the Higgs potential in such next-to-minimal CH
models (nMCHMSs) for various fermion embeddings and explore their peculiarities,
both in general and with respect to the question of generating the sought form of
the potential for Zy SNR. In Section 4 we will then match the most promising CH
setup to the IR EFT and explore the CH parameter space that leads to a viable
SNR. We conclude in Section 5 and provide the Yukawa couplings emerging in the
various combinations of SO(6) representations in Appendix A for completeness.

2 75 Non-Restoration at High Temperature in Singlet EFT

In the following, we outline a simple Higgs + singlet scenario which exhibits Z
SNR at high temperature. While present at T" = 0, the Z; symmetry under which
the singlet is odd starts out as broken at high 7', so as to avoid the formation of
topological defects associated with the spontaneous breaking of a discrete symmetry.
Therefore, in our envisaged thermal history, the Universe undergoes only one phase
transition, which breaks electroweak (EW) symmetry and restores the Z, symmetry.
If strongly first-order (SFO), this EWPhT can fulfill Sakharov’s third condition,
leading to EW baryogenesis (EWBG), provided there is enough C'P violation.

As shown later on, with the given particle content such a scenario cannot be
realized at the renormalizable level. However, it can be minimally achieved by ex-

tending the renormalizable potential with a dimension—6 singlet-only sextic term.?

L An alternative approach would be to add a small amount of explicit Z, breaking [3, 15].

2We note that higher-dimensional operators have beend studied extensively in scalar-singlet
extensions, however not in the context of the phase transition but rather for injecting additional
CP violation [9, 16]. Once lifted to an EFT, there is then no reason to not consider other D = 6
operators (which also appear generically in CH realizations [2, 3]), as done here.



Denoting by h (1) the background value of the Higgs (singlet) scalar, the "= 0 tree
level potential reads:

2
Viree (hy ) = %%Llf + %h‘* + Sl 4 %n“ + %h%f + X—Z (2.1)
For the temperature-dependent part of the potential, we work in the high—temperature
expansion and retain only the leading T2 contributions:
2 T2

T 2 2 4
VT(h, ’I],T) = 7(Chh -+ Cpl) ) + mn s (22)

which are added to Eq. (2.1) to obtain the full potential, denoted as
V(h,n,T) = Vigee(hy,n) + Vr(h,n,T). (2.3)

Taking into account the leading corrections coming from the top quark and the gauge
and scalar sectors, the ¢y, coefficients are given by:
A Ay

092 + 397 + 1202 + 24X, + 4\n,) , ¢y = o1 4 70, (2.4)
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With or without the dimension—6 n°® term, the necessary and sufficient condition for
Z> SNR at high temperatures is to have a negative ¢,. This way, for sufficiently
high T, the coefficient of the n? term becomes negative, i.e. u% + ¢,T? < 0, which
destabilizes the origin and sets the global minimum of the potential at (h,n) = (0, w).
In the renormalizable case, corresponding to A — oo, one needs A, > 0 in order to
avoid a runaway direction in the potential, which means that Z, SNR requires A, <
0, cf. Eq. (2.4). At the same time, in order to achieve the desired thermal history
of the Universe, we require the coexistence (at intermediate temperatures) of two
minima, the Zy—breaking (0, w) and EW minimum (v,0), which become degenerate
at the critical temperature 7,. The existence of the (0,w) minimum at 7" = T,
implies that the second derivative of the potential along the h direction is positive

at h =0, i.e.
th(O, w(TC), Tc) = [L;QL + CthZ + )\}m'w(Tc)2 > 0. (25)

Furthermore, since the potential contains only h? and h* terms, the existence of the
EW minimum at 7" = T, implies that the origin is unstable along the h direction,
namely

Vin(0,0,T,) = i + enT? < 0. (2.6)

From the two conditions from Eqgs. (2.5) and (2.6), it follows that A, > 0, which is in
contradiction with the SNR condition A4, < 0. Therefore, as pointed out previously,
Z5 SNR cannot be achieved at the renormalizable level in the Higgs + Z>—odd singlet
scenario.

Including the S® term, the conditions from Egs. (2.5) and (2.6) still have to
be fulfilled, which means the requirement A, > 0 remains. Now, the only way of



obtaining ¢, < 0 is to have a negative A, (as we assume from here on), which becomes
viable due to the introduction of the n° term. The role of the latter is to ensure that
the potential remains bounded from below along the n direction, and it turns out to
be sufficient for accommodating Z, SNR. This is the motivation behind considering
the T' = 0 potential from Eq. (2.1).

Before performing a numerical analysis of the thermal history induced by the
full potential in Eq. (2.3), we present its main analytical features, namely its (7—
dependent) critical points. The one at the origin, i.e. at (h,n) = (0,0), starts as a
saddle point at high-T", and later on can turn into a (local) maximum or remain a
saddle point. The EW minimum at (v,0) develops as soon as

g, e T?

vi(T) = "

(2.7)

becomes positive, leading to a real v(7"). Along the n direction, the presence of the
n°® terms leads to the existence of two critical points at (0,w.), with

2 2 2 2 4
wi (T) = /1\—2 (—)\,7 - 5% + \//\,27 — 24% + 4% (Ay — 2Xny) + 25%) . (28)
The critical point at (0,w, ) starts as the Zy—breaking global minimum at high-7,
and can either remain a minimum till 77 = 0 or turn into a saddle point. As long
as w_(T)* > 0, (0,w_) exists as a critical point and is either a maximum or a
saddle point. Finally, there are two more possible critical points at (v,_,w;_) and
(Vb ,wp, ), with both v,, # 0 and w,, # 0. At temperatures where it is real, the
former is a saddle point and acts as a barrier between the EW and Z,-breaking
minima, rendering the EWPhT strongly first order, whereas the latter develops as
a local minimum as soon as (0,wy) becomes a saddle point. Due to being rather
involved, we choose not to show the analytical expressions of v,, and wy, .

In an initial stage of our numerical analysis, we visualize the various constraints
that we impose on our model. We first make sure that, at high 7', the Universe
starts in the Z,—breaking minimum at (0, w, ). For this, we require the origin to be
destabilised at 7' = A along the 7 direction:

Vin(0,0, T = A) = pi + ¢, A* <0, (2.9)

which ensures that the origin is not a minimum,® leaving (0,w, ) as the only mini-
mum at 7' = A. We remark that here the initial condition of only populating that
Zs-breaking vacuum at high energies and not the opposite (0, —wy) could emerge

3 Alternatively, one can envisage the origin as being a local miminum and (0,w,) a global
minimum at high 7', with a barrier separating them. However, in such a case, the Zs—breaking
minimum remains the global minimum all the way to T" = 0, leaving EW symmetry unbroken,
which is clearly an excluded scenario.
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Figure 1. Visualization of the constraints that we impose in our analysis. In both panels
the singlet mass has been set to m, = 75 GeV, whereas in the left (right) panel we fix
Ay = 0.1 (A = 1.5 TeV) and vary A\, and A (X, and Apy). See text for the explanation of
the legend.

dynamically due to inflation blowing up the corresponding patch, making it the full
(visible) universe today. Other, disconnected, patches of (0, —w,) vacuum would
exist, but — while the full universe would thus be baryon-symmetric — the local uni-
verse would develop an asymmetry. A more detailed and general analysis of such
dynamics is left for future work. Secondly, we impose that the desired thermal his-
tory of the Universe is achieved, namely that EWPhT (0,w;) — (v,0) is the only
PhT in our model, with 7, being the critical temperature at which the two minima
become degenerate. Thirdly, in order to make sure that the EWPhT completes, we
conservatively require that, below T'= 50 GeV, the only remaining minimum is the
EW minimum. Lastly, we always choose the singlet mass to be more than half the

mp

2
channel, which is tightly constrained by Higgs decay width measurements [17, 18].

The graphical representation of these constraints is shown in Fig. 1, where in the

left (right) panel we fix Ap, = 0.1, m,) = 75 GeV and vary A, and A (fix m,) = 75 GeV,

A = 1.5 TeV and vary M, and \,). The coloured regions are excluded by the

Higgs mass, m, > so as to kinematically close the dangerous h — nn decay

constraints listed above, with the allowed region remaining white. It is interesting to
note from the figure that, in our scenario, all the free parameters lie within bounded
intervals. Most notably, the value of the scale of New Physics A is bounded from
above, demonstrating the crucial role of the D = 6 operator.
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Figure 2. Values of the parameters for which a one-step (S)FOEWPLT occurs. The
cutoff of the dimension—6 operator has been set to A = 1.5 TeV.

In a second stage of our numerical analysis, we fix A = 1.5 TeV and then scan over
the remaining three free parameters, A,, Ay, and m,, at the same time imposing the
constraints discussed previously. For each viable parameter point, we then calculate
the critical temperature T, corresponding to the (0,w;) — (v,0) FOEWPLT, and
evaluate the EWPhT strength as £ = v(7.)/T.. We show the results of our scan
in the scatter plots in Fig. 2 and find that a SFOEWPhT (with £ > 1.3), vital
for EWBG, can be accommodated. We see that relatively small (absolute) values
of the quartic and portal couplings are preferred to arrive at the desired thermal
history, as opposed to the Z; symmetry-restoring scenario from Ref. [19], which
favors O(1) values.* Qualitatively speaking, the singlet quartic in the Zy—restoring
case gets pushed to higher values by imposing that the EW minimum is deeper than
the Zy-breaking one at T' = 0:

4 4 4
Ho Hp Ho
— > -0 = A > Ay 2.10
A, \, nT s (2.10)

However, imposing the same condition in our Z; SNR case gives an upper bound on

the absolute value of A,
4

)\h?}
IA,|* < const x AT (2.11)

which follows from the depth of the two minima scaling (for negative \,) as

—V(0,0,0) ~ \vt,  —=V(0,04,0) ~ [\ |wh ~ AP A% (2.12)

Furthermore, the singlet is predicted to be rather light, with mass below ~ 85 GeV.
Lastly, in Figs 3 and 4, we show the thermal history of the Universe for a bench-
mark point given by A, = —0.15, Ay, = 0.1, m,, = 75 GeV, and A = 1.5 TeV. At

4Small portal couplings could also be interesting for potential realizations of dark matter in the
singlet-extended SM.
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Figure 3. Thermal evolution of the potential for a benchmark point with A, = —0.15,
Any = 0.1, and m,, = 75 GeV. The green dots denote local and global minima, whereas the

red dots represent saddle points. The cutoff of the dimension—6 operator has been set to
A=15TeV.

very high temperatures, the Universe starts in a EW-symmetric phase with broken
Zy symmetry (upper left panel in Fig. 3). As the plasma cools down, the EW min-
imum starts to develop, and is separated from the EW-symmetric minimum by a
barrier (upper central panel). Once the critical temperature is attained and the two
minima become degenerate (upper right panel), bubbles of the EW-broken phase
start to nucleate and the SFOEWPhOT proceeds. At a certain temperature below
T., the false vacuum at (0,w,) turns into a saddle point, and the local minimum at
(vp, , wp, ) starts to develop ° in its place (lower left panel). Later on, at even lower
temperatures, the local minimum at (v,, ,w;, ) and the barrier disappear (lower cen-
tral panel), leaving the EW minimum as the only minimum all the way to 7" = 0
(lower right panel).

The thermal history of our model is plotted and confronted with the standard
Zy-restoring case in Fig. 4. Here, we show the T-dependent evolution of the dou-
blet and singlet vevs for the mentioned benchmark (solid lines), and compare it
to the conventional case where higher-dimensional operators are neglected (dashed

®This opens up the curious possibility of the minimum at (v Wy, ) appearing before the
(0,w4) = (v,0) phase transition completes, which would result in nucleation and collision of bub-
bles of the broken EW phase in a time-varying background. However, investigating such a scenario
is beyond the scope of the present work.
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Figure 4. Thermal evolution of the doublet and singlet vevs in our model for the bench-
mark point with A, = —0.15, Ay, = 0.1, m,; = 75 GeV, and A = 1.5 TeV (solid lines), com-
pared to the conventional case where higher-dimensional operators are neglected (dashed
lines), assuming the same critical temperature 7, ~ 90 GeV. The latter features the char-
acteristic two-step breaking pattern, with Zs breaking at Tz, > T.. The region where the
validity of the considered EFT starts to break down (7" > A) is visualized by faint lines.

lines), assuming the same critical temperature 7, ~ 90 GeV. The latter features the
characteristic two-step breaking pattern, with potentially dangerous Z5 breaking at
Ty, > T, which can be avoided in the case at hand which features a saturating finite
w, at high temperatures.

3 SO(6)/SO(5) Composite Higgs Realization

Here, we present a minimal UV completion of the EFT discussed above in the form of
a S0(6)/SO(5) CH model. The extended scalar sector of this nMCHM [2] contains in
fact a pseudoscalar pseudo Nambu-Goldstone boson (pNGB) singlet S in addition to
the pNGB EW Higgs doublet H. Following the partial-compositeness (PC) paradigm
[20-23], elementary (SM-like) quarks ¢, gr are coupled to the composite fermionic
resonances via linear mixings that explicitly break the global SO(6) symmetry and
induce a potential V' (H, S) for the scalars, which sensitively depends on the choice
of SO(6) representations for the composite matter sector. A main result of this
section will be a comprehensive overview of the form of this potential, being a crucial
ingredient for EWBG, for the various possible SO(6) representations of the composite
fermions in the SO(6)/SO(5) CH, complementing and systematically completing the
results available in the literature [2, 19, 24-26].



While EWBG can work in the nMCHM, in the literature so far a specific thermal
history with a two-step breaking pattern of (0,0) — (0,w) — (v,0) in scalar field
space was investigated [3, 19, 25, 26], realized in a part of the parameter space of the
nMCHM. Since, as explained before, such a transition pattern could be problematic,
here we will focus on an alternative region, that can allow for the distinct thermal
history lined out in Section 2 (which would also be interesting on its own right,
beyond the question of emerging topological defects). This space will emerge just
by allowing for negative )\, and considering D > 4 operators in the Higgs potential,
that automatically appear in the CH framework.

In order to identify setups that feature the structure of couplings envisaged
in Section 2, we employ a spurion analysis where we formally restore the SO(6)-
invariance in the linear mixings by uplifting the elementary fermions to transform
under the full SO(6) symmetry, even though they actually correspond to incomplete
SO(6) multiplets. The spurious symmetry can then be used to constrain the form of
the scalar potential.

3.1 General Setup

We start by specifying the CH framework.® Schematically, the Lagrangian below
the compositeness scale A., where the substructure of the scalars would be revealed,
reads (after integrating out the heavy resonances)

Lon D LIS 4+ Lyviawa + Lwzw — V(H, S) . (3.1)

Here, Eﬁf denotes the kinetic term for the scalars, Lyykawa contain the light-fermion
Yukawa couplings originating from PC, and Ly zy are Wess-Zumino-Witten (WZW)
couplings of the singlet to gauge bosons (which will play no role in the following).
The relevant terms, and in particular the Higgs potential V(H,S), will be discussed
below. We are especially interested in D = 6 corrections to the latter to support the
SNR scenario of Section 2. For this purpose, we will analyze several different PC
scenarios. We will concentrate on the top sector q;, = (t1,br), gr = tg in particular,
but an equivalent analysis can be done for all other quarks. Furthermore, we neglect
the gauge boson contribution (which is usually much smaller).

We denote the 15 generators of SO(6) as T4 = {T4, Ty}, with T4 = {T¢, T¢, Ti}
being the 10 generators of SO(5), where T}, Th correspond to the SU(2)., SU(2)r
subgroups, respectively. On the other hand, Té’ are the 5 broken generators of

SO(6)/SO(5), containing a SU(2), x SU(2)g bi-doublet (r =1,...,4) and a singlet

SFor a more complete introduction on SO(6)/SO(5) CH models, see, e.g., [2, 3, 19, 24-28].



(r =5). They can be written as [25, 28]

1 |1
7%],, = D) {ﬁeabc (0p10cg — Ov70cr) + (8arbay — 5@&1)}

1|1
(18], = -3 {Ee“bc (0b16cs — Obs0cr) — (Oarbas — 5aJ54I):| (3.2)
1

[Tg]u = _E (0i1055 — 0is051)
A’f‘ VA
=75
where a = 1,2,3,i=1,...,4, r=1,....5and I,J = 1,...,6. Note that we will
need an additional U(1)x to reproduce the correct hypercharge Y = X + T for the

SM gauge group. The Goldstone matrix, encoding the dynamics of the pNGBs, is
defined as

(67“1(5&7 - 57‘J66[) )

U [ﬁ] = exp (2?1_17,7?) (3.3)

with II, the five Goldstone modes and f = A./(47) the pseudo-Goldstone decay
constant. Under g € SO(6), the Goldstone matrix transforms as (see, e.g., [29])

o] g0 [i] 0 ], i (fgs g), hesom), (4
providing the non-linear realization of the SO(6)-symmetry of the II-fields that trans-
form in the fundamental representation of SO(5). Using the generators 7§, we can
perform a SU(2)., gauge transformation such that

M= (I, I, 10y, 10, 135) 228" (0,0,0, 114,135 (3.5)

where three Higgs degrees of freedom are eaten by the EW gauge bosons. However,
using this parametrization would lead to a rather involved kinetic term involving
trigonometric functions of II4 and II5 so we further redefine [2, 25]

h n,  JIE+IZ S I,  JIZ+1I2 (36)
= n .

sin , S1
[ /I + 112 f [ /2 + 112 f

which is hereafter simply referred to as unitary gauge. This leads to the Goldstone

matrix
H3x3
1_ h2 _ hS h
24 fy/f2—h2—52 24 f\/f2—h2—s2 f
U= _ \és 1— v 52 S (3.7)

24 fr/f2—h2—52 f2+f\/f2*h2752 f

_h _S 1 2 12 _ Q2

f f f f h S

— 10 —



and the composite sector kinetic term [24]

2 1 1 ) 9 .
£l = L) = (D10 D414 50, 4+ o) + 50,80 +0( ).
(3.8)

where d), is the broken generator part of the Maurer-Cartan form w, = U 'D,U =
d, 1 T4 +e,aT* = d, + e,, and we rewrote the pNGB Higgs as a complex SU(2)
doublet with H = \%(O, h)T in unitary gauge.

3.2 Fermion Embeddings and Scalar Potential

Regarding the fermions, the simplest option for the right-handed SM quarks is to
embed tg in a singlet of SO(6) (being either partially or fully composite), for which
the potential only receives contributions from the spurions corresponding to the
left-handed SM quarks, qr,, see below. Concerning higher representations, the spino-
rial 4 is not considered in general, as it does not obey custodial symmetry for the
Zbb couplings [19]. On the other hand 10-representations are neglected because
they fail to produce a singlet potential as they do not break the SO(2)s C SO(6)
subgroup [19], while the 20 and 20" representations do not yield valid SM quark
embeddings at all. Therefore, we consider combinations of ¢; € (6,15,20") and
tr € (1,6,15,20) [19, 25, 26].

The 6 decomposes under SO(6) xU(1)x — SO(5)xU(1)x — SO(4)xU(1)x —
SU((2) x U(1)y as

62/3 — 5273 D 1y/3
— [42/3 B 1y/3] ® 13
— [(27/6 @ 21/6) ® Lass] & Los.

As there is only one 246, the @1, embedding in SO(6) is unique, while ¢y resides in
a superposition of the two 15,3, parameterized by the angle 0gp:

o= L (@) 00) . #=(0000 tge® cosir trsinber)” 3.9
QL_E Q1) 00) R_( tre cos Ugr trSIn 6R) 5 (3.9)

where Qf = (sz by, ity —tL)T. In the following we employ ¢¢r = +7/2, in agree-
ment with a CP-conserving top coupling [27]. For our purposes, we want to avoid
Osr = £7/4, for which the singlet stays a pure Goldstone. The angle 6 = £7/2 on
the other hand yields a Zy symmetry with the singlet being odd, making it a dark
matter candidate [27], but we will not explore this direction further here.

— 11 -



The 15 decomposes as
155,53 — 102/3 @ 593
— [393 @ 353 © dys3] @ [423 B 1oy3]
= [B/s ® (Lo/3 ® Loys © 1oa3) @ (2076 © 21/6)] © [(27/6 © 21/6) & Loya] -
Thus, gz can be embedded in the 10 (A) or the 5 (B) of SO(5),

2A = Q)T QP = Q)T (3.10)
A general embedding would be given by
Qp = cos b5 Q1 +sin 015,Q1 (3.11)

however, since 155 is heavily constrained by Zbb couplings [25] it is dropped below,
corresponding to #y5, = 0. Similarly, the tg can be embedded as

t}g = COS 915R61¢15RT1§7§R + sin 915RTgtR- (312)

Finally, the 20" decomposes as
20/2/3 — 142/3 D 52/3 D ]_2/3
— [92/3 B a3 D Loyz] D [4a/3 D 1a/3] @ 13
— [(35/3 D 323D 3_1/3) B (27/6 D 21/6) BLass| & [(276 B 2176) Dloys] @ Loys,

and we can write Q2* as a superposition of the embeddings in a 14 (A) and a 5 (B)
of SO(5),

O4><4 Q% 04><1 O4><4 04><1 Q%

20, 1

' 1
20 = 5 @H" 0 0 |, Q=z| 0ixe 0 0|, (3.13)
Oixa 0 0 @H" 0 0
with a general realization given by
Q%Ol — COS 920L61¢20LQ10;\ + sin QQQLQiOIB. (314)

While the 204, leads again to large corrections to Zbb [26], for most models considered,
sticking to QiOA would not lead to a phenomenologically viable model and we will

keep the superposition, see below. Finally, tz can be embedded in a superposition
of the 14 (A), 5 (B) and 1 (C) representations,

20 _ 1 (_H4><4tR O4x2 ) 2% _ 1 <O4><4 04><2)
R 2V5 \ Ooxs 2(Iosa+0%)tp)” % V2 \Ooxa o'tr)”’

20/ 1 [ —Is5x5tr Os5x1
R /30 ( O1x5 5tR) ’ ( )

where 0% are the Pauli matrices, leading to

20 w20r1 420 ; 120r24208 : : 20
tR = COS 920R16 tR -+ sin 02031 COS 0201{26 tR -+ sin 920R1 S1n QQORQtR .

(3.16)
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3.2.1 Warm-Up: (20’,1) Minimally Extended SILH

As a first explicit example, we will evaluate the fermion couplings and the pNGB
potential for the (20, 1) model with the 1, in a 20’ of SO(6) and a fully composite tg
singlet, allowing a viable EW symmetry breaking (EWSB) from leading (LO) order in
the PC expansion [24]. Compared to the analyses available in the literature, here and
below we will take into account higher orders in the scalar potential, which are crucial
to reveal regions of parameter space allowing for the novel SNR thermal history.
While we will follow the parametrization given above, the analysis is consistent with
[24], which we will further comment on later. We can rewrite the general embedding
in a 20’ of Eq. (3.14) as

20/ i 20 . 20,
T = cos QQOLeZ@OLQL A+ sin by Q)"

= Apbr + ATt = Afqra, (3.17)
where, abbreviating ¢y = cos 0y, and sg = sin Oy,

16°920L ¢ 15,

O4x4 eP0Lcy sp
1 0 0
A}/ - = )
2 0 0
1e¥20L Co 6¢¢20Lc9 00
159 S 00 02><2
0 0
O4x4 0 0
1 1679200 ¢y 5
2 _ 1 T
Af =3 P (3.18)
0 0 2e*P20r Co —eiP20L Co
00 150 —5Sp 0252

provide the SO(6) embeddings of the left-handed bottom and top sector, respectively.

As mentioned in the beginning of this section, we assume PC for the coupling
of the SM to the composite sector, i.e. we couple the multiplets above to composite
fermion resonances W' linearly. For the following discussion, and in particular for
the construction of the pNGB Higgs potential, it is useful to lift the SM fermions to
(spurious) SO(6) multiplets by assigning the embedding matrices A% transformation
properties under the full SO(6) global symmetry in an intermediate step, making
them so-called spurions of SO(6). This allows to construct the Lagrangian with the
help of the spurions from symmetry principles, i.e. an SO(6) symmetry explicitly
broken only by setting the spurions back to their actual background values of (3.18)
in the end. Moreover, it is convenient to construct the SO(6)-Lagrangian in terms
of SO(5) objects as per the CCWZ construction [29-31]: Using the transformation
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properties of U in (3.4), we can construct the dressed embedding matrices,

(A)os = (U )6r(UT)es (AT) (3.19)
(AD)as = (UT)ar (UM )65 (M) (3.20)
(A)as = (UN)ar(UT)os (A (3.21)

where a,b = 1,...,5, obtaining SO(5)-singlets, fiveplets and 14-plets’, and the reso-
nances can be split similarly. We then build a formally SO(5) and thus, by virtue of
U, SO(6) invariant Langrangian, only broken by the spurions aqcuiring their back-
ground values. The PC Lagrangian then reads [26]

Lec = —yrf(alTE) (AL )es + D(TE)** (AT )as + c(TE) (AL )ba) qra +huc., (3.22)

where a, b, ¢ are O(1) numbers.

To arrive at the low energy Yukawa Lagrangian Lyykawa, one could integrate out
the resonances, yielding form factors, as considered e.g. in [25, 26]. Alternatively, as
explained, one can just construct SO(5) invariants from only the SM fields, spurions
and the Goldstone matrix to obtain Lyukawa, Where the heavy field contributions are
absorbed. The Yukawa Lagrangian then reads (up to O(1) proportionality factors
that will drop out in (3.24) below)

Lyvurawa =Y f tr(A)e6qra + h.c.

_ 1
=YL tR? (—h\/f2 — h2? — SZsin Oy, + 1S cos 020L> tr, + h.c.

. H|? S? 1
= — V2yp, G, H g sin Oagy, (1— ’fzf — 2—J02+@<F))

S
— Z\/ﬁyL COS QQOLTQLHCtR + h.c.. (323)

To make S a real, CP-odd scalar, guaranteeing a Zs-symmetric form of the potential,
we chose ¢gor, = —m/2 in the second row and in the last row H® =100 H* = \%(h, 0)T
in unitary gauge. We identify 1, = v/2y; sin fyr, as the (LO) SM top-Higgs coupling
and €g = cot Oy, as the mixing parameter of the embedding, such that, in agreement
with [24],

— &’ l _ 2 _ hp2 _ Q2
Lyukawa = \/itRf< hy/f?—h?—-S +ZthS> tr, +h.c.. (3.24)

Summarizing the results so far in the latter parametrization (including the other
terms of Eq. (3.1)) and generalizing them to three quark families (i,7 = 1,..3) we

"The bottom-spurion singlet vanishes in this configuration, related to the bottom quark being
still massless. To account for a bottom mass, the embedding QQLO/ would have to be modified,
c.f. [29], which would however not change our analysis notably.

— 14 —



obtain the effective Lagrangian for the model at hand, up to D = 6 (see also [24])

1 2
Ll D(DuH) DM H+2(0,5) +

(20,1)

1 1
s o+ 305
o I
- Y W)y Hdh (1 gy - ﬁ(|H|2 + S2/2>> the 305

JrR=UR,dR

+ % [nBBWB"”—f—nWWIWWiV—i—nGGa””wa} - V(H,S),
where H — H€ for qg = ur in the second line. The first term in the last line
corresponds to the WZW Lagragian, with the anomaly coefficients fixed by the coset
(with ny = ng,ng = 0 for SO(6)/SO(5) [2]). These couplings supplement the SM-
fermion loops mediating the same transitions, if coupled to S. We will now turn to
the evaluation of the scalar potential V(H,S).

We can finally construct the potential by using that it is proportional to explicit
SO(6) breaking effects, parameterized by the spurions A¢?. Therefore, as mentioned
before, we just build formally SO(6) invariant terms consisting of the dressed spuri-
ons. Setting them to their background values of (3.18) will then lead to the actual
scalar potential. Moreover, to ensure that the terms also respect the SM gauge
group, we need an even number of spurions (saturating the SM index). Assuming a
one-scale-one-coupling framework as described, e.g., in [24, 29, 32|, we can determine
the scaling of any potential term by dimensional analysis,

4 A 2 \ #Loops A #spurions A #h S #S
()T TG e
gx \167 G f f

where m, = g.f is the resonance mass scale, with g, the coupling of the composite

sector, and N¢ counts the QCD color multiplicity.
The (one-loop) invariants at LO in y,, read (setting i =1)

NCmf y% o 1ot 66 NCQE?J% 2 (2 2 2\ .2 2022

Cs2 1671'2 g_£<A/L )GG(AL ) = CS2—167T2 (h (f —h =5 )59 + h*S CG) R (327)
Nomil ?/% o 1ot a6 Ncgf?/% 4.2 f? 2/.2 2 4.2

Ceo ]_67'(‘2 —Q(AIL )a6(AL ) = CfQW (f Sg + Zh (C@ — 759) + h Sg

— h25%(c} — sf) + f25%(E — )

where the parameters ¢; ~ O(1) encode the high energy dynamics and we chose a
writing easily comparable with the e parametrization used in Ref. [24].% This results

8Note that the 14-plet is not included as, due to U being unitary, it does not induce linearly
independent terms.
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in the LO potential

Neg?y? c
V(h,8) ==L (21 s + T2 (= Ts3) | — h'sf (o — o)

+ 125 (e = ) (6 — 53)] + S22 (65— ) ). (3.28)

We can in turn identify the Higgs mass and quartic-coupling, p and A, which allows
us to replace the UV parameters ¢; below by connecting them to physical values at
low energies. Note that no quartic S interaction is induced at LO in the spurion
expansion. Minimizing with respect to h and S yields the T' = 0 vevs

_7e2 _
(h) = v QI\/‘J‘EG’CS#Cf2 s0) _ f (S) =0 (3.29)

59 Cs2 Cf2)

where we already wrote v in terms of y and A. Employing |H| = h/+/2 (in unitary
gauge) finally leads to

2 _
V(H,S) = p® |H> + N|[H[* + \f? (1 - 2—2) <€Q 1) 52
f —3 (3.30)

— (¢4 — DAS*|H|?

Note that, having reverted to the e parametrization, our result agrees with the one
of Ref. [24]. For ¢, = 1, the singlet becomes an exact Goldstone boson, making it
massless and not entering the scalar potential.

Higher orders in the potential

To explore if we can obtain a S (and S*) term in the model at hand, required for
Z3 SNR, in the following we inspect the invariants arising at higher order in spurion
insertions (i.e., higher order in y.). At next-to-leading order (NLO) and NNLO, in

addition to naive powers of LO terms, we need to consider the new structures’

~ NCm:‘l [e% a «
oz UL ) (AT ()
Ncmi o «
Ty g—i<A’ Joo (AP AL o (AT
- N(Jmi1 g o 1BT\a6 (A8 YT\bB6 [ A 1Y 1oty c6
Cf6— o 1672 F(A a6 (AL )P (AL e (AL (A e (AL, (3.31)

9We denote the coefficients of terms with n powers of the singlet and m powers of the SO(5)
fundamental by a subscript snfm. For untilded coefficients, multiplets with adjacent indices are
SU(2)r, contracted, while tilded ones correspond to the other possible contraction.
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as well as corresponding combinations. For simplicity, we present here only the
leading contributions for each operator. The resulting potential reads

1672
Nems

Vih,S] = jinh® + fisS? + Mah® + Anag2h?5? + XgaS?
+ Mngh® + Masah®S? + Mnasah®S* 4+ XS + O((h, 5)%)  (3.32)
2
Syl 2 o2\ CR2
fi, = e [59052 + (¢ — 7sp) 0 ]

2
is= 2L (22

Aha = ——2—53 (cs2 — cr)

:\h252 = ?—4 (Cz - 53) (cs2 — )

A= L (2 — 52)” (2c0s + )
Mg = 2L ——zad| — Ssfe — (¢ — 115) cars
2 (e} — 758) cra + 2 (¢ — 50) & — (<5 — 950) cun
Ahage = VG (5 —57) [853054 + (5 — 15857) coono
— 2 (cj — 11s5) cp — 2 (5 — 757) ¢ + (¢ — 1157) Csfsf:|
Anosa = PO (¢ — 52)° (2caam — 4ep — 260 + Cutep)
61

5 YL
Age = L—
%0 gb a4 s

extending the results of [24], where we chose again a form that allows for easy trans-
lation to the eg parametrization. We thus find that the S* and S° terms are indeed

3 . .
(53 - 53) (degs + 26pm + Cr6)

generated at orders (yr/g.)* and (y1/g.)%, respectively. However, this significant
suppression is in tension with a straightforward realization of the SNR scenario and
in particular lead to a too large EFT suppression A, see Section 2 and Section 4
below. We thus turn to an exploration of the other embeddings mentioned earlier to
analyze if the suppression can get lifted.

3.2.2 Survey of Different Embeddings

In this section we will follow the procedure of Section 3.2.1 to calculate the potential
for various fermion embeddings, aiming to carve out differences in the hierarchies of
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couplings. Note that in the general case we get contributions from the ¢g-spurions,
too. We will thus distinguish between y; and yg-type spurions with

Yy o y’;fL, (3.33)

as per the definition of Lyviiawa, See Appendix A, where the Yukawa terms for the
realizations chosen below are given.

In Table 1-4 we provide an overview of the spurion-order at which the different
terms in the potential appear for various viable combinations of ¢; and tz embed-
dings. We only take into account embeddings featuring no explicit CP-breaking,
i.e. that only generate even powers of the pseudoscalar S in the potential, which
basically fixes our choices for the angles ¢; below. In Lyyawa, & non-zero top mass
as well as a CP-violation (CPv) inducing term oc 1Shty°t need to arise, the latter
due to the last Sakharov criterion, constraining the viable embeddings further.'® To
minimize corrections to Zbb, we restrict ourselves to 154, (#15, = 0) and assume
(S)|7=0 = 0 (c.f. [25]). A similar argument could be made for the 207 [26], which we
however only apply for the (20} ,,20%) since elsewhere it is in severe conflict with
the more general constraints above (generating no top mass). Note that wherever
we display only a limit 67,/ = 0, going to finite values of the angle does not change
the hierarchy of the terms, except for the (207,6x) where one particular choice —
discussed below — leads to a vanishing S-potential. Finally, we will assess whether
the respective models fit the SNR scenario of Section 2.

We start in Table 1 with the models where the tp is realized as a composite
singlet. Here, only @), in a 20 yields a viable setup, with the results already
discussed in Section 3.2.1. They are summarized here again for completeness with a
slightly different ordering, using ¢qo;, = —m/2, while 69, # {0, 5} ensures a noONzero

top-quark mass and the presence of CPv (and similarly for the following tables).
For the 6, no singlet potential is generated as the embedding does not break the
singlet shift symmetry, whereas for the 15, the top quark remains massless. For
the (207 ,1x) model, as discussed before, the singlet sextic (quartic) interaction is
generated at order (yr/g.)® ((y1/g.)?), making it challenging to realize the Zo SNR
scenario with natural O(1) dimensionless coefficients. We finally note that both the
renormalizable scalar portal as well as the pure (D < 4) Higgs terms arise at LO in

spurions.
Next, we consider the models with a 6z embedding in Table 2. For the (6, 6R)
case, ¢pgr = —m/2 ensures a CP-conserving potential. Despite the fact that no CPv

inducing term arises for (15,,6g), we still write down (in gray font) the model for

10Tn the EFT of Section 2, with 7 a pseudoscalar, the necessary CP violation could be injected
via a (D =6) 1.52hty5t operator [9]. We note that, even though the CH model features in general
only a (spontaneously broken) CP symmetry and no additional Zs, regarding the discussed thermal
evolution both setups are equivalent.
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0151, = 0, and ¢gr — 15, = w/2. The (20 ,65) fulfills all conditions for ¢og, =
—7/2, ¢p¢r = 7/2. For simplicity, we choose fsg = 0, as it generates a larger mass
term for small fyg;, than the other naive limit Ogg = 7/2, see Appendix A. Although
this is not obvious from the table, for Osg = 7/4 and 659, = 7/4, the singlet becomes
a true Goldstone boson in the (20';,6z) model, as is the case for the (6,6z). For
all other cases, as before the S™ terms arise at the nth order in spurions. On the
other hand, besides for the (20’ ,6), the renormalizable portal and the Higgs quartic
coupling emerge only at NLO in spurions, and are thus generically suppressed, while
the Higgs mass term arises at LO. The latter hierarchy is relevant for the fine-tuning
of the model, see e.g. [33-35].

The models with a 155 are displayed in Table 3. As the 15z-spurions also do not
break SO(2)g, the (61,15r) does not generate a singlet potential. The (1557, 155)
with ¢151, = ¢15r = 0 fulfills all basic conditions, whereas for the (207,155) we need
to choose 0158 = 0, ¢oor, = —m/2. In the latter case, small 0y, , which is favoured
from the Zbb-constraint, leads to a small top mass and comparatively large CPv-
inducing term, see Appendix A. Once more, the S*(S%) terms arise only at NLO
(NNLO) in spurions, while for the (207 ,155) interestingly both the Higgs mass and
quartic coupling arise at the same order.

We finally move to the 20, models, displayed in Table 4, which will turn out to be
the most interesting for us. Out of all the models, the one that fits the SNR scenario
best is the (20 ;,20%;). Here, while we need a 203, contribution to generate the
top mass, determined by v, o YLy, sin faor1, and 20’y , to generate the CPv-inducing
operator, an additional 20, contribution would not change the order of operators
(yet modify their correlation, see below). Accordingly, we initially focus on 6, = 0,
O20r2 = 0, ¢20r1 = 7/2, $20r2 = 0.

The same considerations lead to focusing on the (154,205 5) setup, while for
the (61,20'g), both 20y , and 205 , would work equally fine. Therefore, we display
only #a9ro = 0 models in the table. For the Yukawa terms we employ ¢ogr1 —p151 = 7,
Goora — G150 = /2 (Paor1 = T, P20r2 = —7/2) in the former (latter) case. Note that
here, the 67 and 15, ; models predict opposite signs for the A* and h?S? terms and
thus do not fulfill the conditions for the Z, SNR scenario of Section 2.

This can be remedied by allowing nonzero fr,, where we can fulfill the constraints
on signs and magnitude of the couplings for points within fsggre € (0.70,1.50) U
(1.64,2.45) for Oyr; € (1.11,1.50) U (1.11,1.50)+7 and Oy0pe € (0.70,1.50) +7 U
(1.64,2.45)+7 for Oaop: € (0.70,1.11) U (0.70, 1.11) + 1.

Coming back to our model of choice, the (20';,,20)55), we can easily create the
sought pattern of couplings to realize the Zo SNR scenario, where the S® (S*) terms
arise already at NLO (LO) in spurions, which allows for non-negligible contributions.
Also the fact that the Higgs quartic coupling arises at LO in spurions is interesting re-
garding the naturalness of the setup. We will provide a more quantitative evaluation
of this model in the next section.
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Table 1. V(h,S) terms obtained via our spurion analysis for tg a SO(6) singlet. Only

leading terms are shown and each entry should be multiplied by N.m$/1672, while every h

or S comes with a factor 1/f and every yr, r with a 1/g.. The coefficients ¢; of the various

invariants are just numbered consecutively. Parameters that contribute in the same way

in the given approximation were collected into single ¢; and we abbreviate cog = cos 209y, ,
2 _ 2 4

5y = sIn” UaoL -

1

h?
h4
h6
SQ
67, S4 No S-pot
6
e
h284
h*s?
h2
h4
h6
SQ
155, | S* No top mass
6
hst
h2 54
h452
h? y% (5561 + % (4(29 — 3) CQ)
h? —y%sg (c1 — ¢c2)
h 1y183 (—ca + 2c5 + 26 — 7 — 255 (4ez — 6cq + 8¢z + 6cg — Her))
52 y%¢2902
20, | S* 3Y1c3y (2¢5 + c6)
s° 1YL 5p4es
h?S? y%c% (c1 —¢2)
h2S% —%y%cgg (—2c4 + 4cs + 2¢c6 — 1)
h*S? %y%czg (453 (2¢3 — 4cy + 6¢5 + deg — 3e7) — (—cq + 2¢5 + 2¢6 — 07))
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Table 2. V(h,S) terms obtained via our spurion analysis for tg in a SO(6) sextuplet.
Only leading terms are shown and each entry should be multiplied by N.m?/1672, while
every h or S comes with a factor 1/f and every yr g with a 1/g,. The 15; model
does not generate a CPv-inducing term and is thus displayed in gray. Parameters that
contribute in the same way in the given approximation were collected into single ¢; and
we abbreviate ¢9g = cos 20ggr and 53 = sin? fggr in the first two blocks and ¢y = cos 20901,
and 53 = sin? fygr, in the third, while the other angle is set to zero, respectively.

6r
h? %y%cl — y2R5302
h TYLCs — 3YTYRSE (—2¢3) + Yjsycs
he 5 (ies — 2yjypsies + 4yTypsier — ypsyco)
52 9%52902
6, 54 y4Rc%905
S° YR30
h?S§? %y%cw (—Qy%c;:, — 4y%ﬁ§c5)
25" 1y, (vher — Oufhsien)
htS? 1yheon (yice — dytynsicr + 12yhsaco)
h2 il/f 1 — ,z/%{ziﬁ(“g
ht L6yl (ca+ c5) — JYryRsacs + ypspce
h® d1h° (16coyF yhsg — 4 (c7 + cs) v yRsg + (cr0 + c11 — 8c12) yT — 64c13y%55)
S? !/f(‘l + !J%af-zo(‘z
1554 | S* yiyheages + 3yl (2ca + ¢5) + yhedeco
S8 | 1 (viykeoo (2c7 + c8) + yiyh(cap + 1)co + 4 (2c10 + c11) + 248 cdc13)
h?S? ﬁqi (2¢4 + ¢5) + &yiyﬁ(liczg — 2)c3 — 2y 555¢99C6
h284 i <'2,uf4 y% (2009 — 1) (2¢7 + cg) + 2yZ yheag(5eag — 4)cg + 3y% (2¢10 + c11) — 2 |,y,‘,‘1.5';;yjﬁ(“)
htSs? & (vhvh (cr(5c26 — A)er + (Beag — 2)ca) + 8yZuhs2 (1 — 2e29)co + y§ (Bero + 2¢11) + 48y % shcagers)
h? y]% (5;01 + % (4cop — 3) 62)
h! —y1sj (c1 — c2)
h6 %533/% (—253 (466 — 607 + 868 + 669 — 5010) — (C7 — 208 — 269 + Clg))
52 Y2 cagCa + Yhes
20 | S* YLYRC20C5 + 5915 (208 + o) + ypen
S° 1 (y8e3pdcra + yiyh(cap + 1)2c12 + 4yF yheoacis + dy$ers)
h?S? y7cap (c1 — c2)
1264 v} cap (v} c20 (207 — des — 2c9 + c10) — 2v% (2e4 + ¢5))
h*S? Lyl 20 (453 (206 — do7 + 6es + 4cg — 3e10) + o7 — 2e — 2¢9 + c10) + yFyhsd (2ea + c5)
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Table 3. V(h,S) terms obtained via our spurion analysis for tg in a 15 of SO(6). Only
leading terms are shown and each entry should be multiplied by N.m4/167%, while every
h or S comes with a factor 1/f and every yr, g with a 1/g.. Parameters that contribute in
the same way in the given approximation were collected into single ¢; and we abbreviate
29 = cos 20155 (201,) and 52 = sin? O15p (20r,) in the second (third) block, while the other
angle is set to zero, respectively. As discussed in the text, finite values of the angles

however do not change the order of terms, here and below.

155
h2
h4
h6
52
6r, S4 No S-potential
56
h2S?
h2S*
h*S?
h2 }Lyicl + %y% (3C29 — 1) Co
h* 6%1 (252 y% ((3cag — 1)c3 — 4sics) + 4yt (c5 + c6) + yp(1 — 3c20)%cr)
h® Evl (M‘iy%a ((3cs + 3co + 2¢12 + 2¢13) c29 — cg — 09 — 2¢12 — 2¢13)
203 vk (3e20 = 1) ((Bea0 + 2e11) 20 = c10 = 2e11) + 8 (cra + 15 + c10) ] + 179 (320 — 1° )
155 | 52 yicy
St yr5 (25 + co)
56 le’yg (4014 + 2015 + C16)
h%S? 507 (8(2¢5 + ¢6) Y3 + (4es + ca) YR (Bezp — 1))
h2S4 vt (12 (de1a + 2¢15 + c16) ¥2 + (8cs + deg + 212 + c13) ¥R (3eap — 1))
h452 iVl (y%y% ((48cg + 24cg + 22c12 + 14¢13) cog — 16cg — 8cg — 18¢19 — 10¢13)
+8 (6c14 + 4e1s + 3c16) YT + (dero + c11) yhR(1 — 3:29)2)
h2 y% (5501 -+ %1 (4C29 — 3) CQ) -+ iy%c;),
h* —y2s2 (¢ — )
h6 1g2 (y“L (—2 (47 — 6eg + 8cg + 6c10 — Bei1) 52 — g + 269 + 2¢10 — cll) — 292 (cq — C5))
52 y%cgg@
ZOIL 54 %yfc%e (209 + CIO)
S° iygcga%m
h%S? Yica (c1 — c2)
h2S* SY1630 (23 — 4y — 2¢10 + c11)
h452 Legg (y% (4 (2¢7 — 4cg + 6cg + 4c1g — 3c11) 52 + cg — 29 — 210 + (;11) +y2y% (ca — 05)>
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Table 4. V(h,S) terms obtained via our spurion analysis for ¢ in a 20,5 of SO(6)
(f20r2 = 0). This configuration is chosen in order to reproduce a heavy top quark and
simultaneously a CPV-inducing term, combining viably with the 20’y ; such as to generate
a S% term at NLO and fitting our SNR criteria. Only leading terms are shown and
each entry should be multiplied by N.m?/1672, while every h or S comes with a factor
1/f and every yr r with a 1/g,. Parameters that contribute in the same way in the
given approximation were collected into single ¢; and we abbreviate c¢og = cos 2059r; and
53 = sin? Ogor1 , while 0157, 0207, = 0. The smaller left handed embeddings do not fit the
SNR coupling pattern in this choice of angles — for a discussion of nonzero sgre, which
does allow SNR also here, see main text.

20"
i Y101 + 35Uk (11c20 — 9) cs
n 20YR¢ (c2 —c3)
h 552 (2057 y% (—2c4) + v, (11cag — 9) (c6 — 2¢7))
52 Y% (255c2 + & (Tego — 3) c3)
6r | S yA L (Tezg —3) (c2 — )
5 =y (Teag — 3) (c6 — 2¢7 + 52 (55 — 66 + Ter))
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Figure 5. Values of various UV c-parameters that reproduce the IR parameters plotted
in Fig. 2. Here, we have chosen f =800 GeV and g, = 4.

4 Matching the EFT to the UV Parameters and Discussion

We now turn to matching the parameters appearing in the potential of Eq. (2.1)
to the parameters of the (20’,,20/5,) model, as given in the bottom section of
Table 4. For simplicity, we set y;, = yr = 1, but the y; r dependence can be easily
restored through simple rescalings (here, for the D < 4 operators, c¢; 5 are always
multiplied by y7, while ¢34 always come with y%).

The coefficients of the dimension—6 operators (h°, h*S?, h2S* and S°) depend
on O(10) different c—parameters, which means we can treat the cutoff A defined in
Eq. (2.1) basically as a free parameter, within a certain range given by the yr r/g.
scaling, while the remaining three Wilson coefficients are assumed small enough to
not impact our analysis. Setting A ~ 1.5 TeV, see Fig. 1, we now check to which O(1)
coefficient ¢4, appearing in the Lagrangian term ~ N.m /1672 (yr r/g.)* ¢ SY/f° (see
last block of Table 4), this would correspond. We compare this result to the case of a
scaling of ~ N.m?/167 (y1, r/g+)% @ S%/f°, holding for all other models considered.
Plugging in numerical values of f = 800GeV and g. = 4, we find that ¢; ~ 10,
which is in reasonable agreement with a (sum of) O(1) number(s), while on the
other hand ¢ ~ 200 would be required. This makes obvious that, while in the latter
models the SNR setup is hardly envisagable, it could straightforwardly emerge for
the (20'y,, 205 )-

The remaining five IR parameters, namely p3, u%, An Ay, and Ap,, depend on cg
and four ¢’s, which allows us to express those as functions of the five IR couplings.
This exercise gives us an idea of the potential amount of tuning necessary to obtain
the potential in Eq. (2.1) from O(1) c—parameters. We begin by noting that ¢y has
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a particularly simple expression, depending (weakly) only on the ratio of the singlet

5 A\
22 (1- -2 . 4.1
0 7( 56)\h> (4.1)

Given the small range of \,, cf. Fig 2, and the weak dependence of ¢y on X, /A, we
find a narrow range for the mixing angle, ¢y ~ 0.83 —0.84. We have checked that this

and Higgs quartics:

value is safely within the range of values that can successfully generate the baryon
asymmetry in the Universe during the EWPhT [3] via the CPv-inducing Yukawa
term of (A.8).

As for the remaining four c-parameters, it turns out the values for the IR cou-
plings can be achieved with natural O(1) values of the UV parameters, as illustrated
in Fig. 5, which shows viable regions for various combinations of ¢’s. The origin of the
apparent strong correlation between co, c3, and ¢4 can be straightforwardly traced
from the expression of the IR parameters for the the (20’y,,20)z,) model. As ¢y
can only vary within a narrow interval, fixing the Higgs quartic and mass squared
parameter to their SM values basically determines ¢y and cg in terms of ¢4 (cf. first
two rows of the bottom block of Table 4).

5 Conclusions

We explored a new thermal history in the singlet-extended SM with a spontaneously
broken Z, symmetry, considering a general scalar potential. Taking into account
higher-dimensional terms in the real singlet, that emerge in UV completions of the
setup, we found the possibility of non-restoration of the Z5 symmetry in the early
universe. While allowing for a strong first order electroweak phase transition, as
required to realize EWBG, the problem of generating domain walls after Z; breaking
(potentially separating patches with a vanishing total baryon number) is avoided.
After a detailed analysis of this singlet-extended EFT, taking into account var-
ious bounds to constrain the parameter space to a well defined viable region, we
turned to matching the setup to a motivated UV completion. We found this in the
form of a SO(6)/SO(5) nMCHM with a suitable embedding of the SM fermions in the
global symmetry. In particular, we provided a comprehensive overview of the scalar
potentials generated in all the different possible realizations of the fermion sector,
which is also relevant for the question of a viable EWSB (and scalar phenomenology)
in nMCHMs in general. Moreover, we provided explicit expressions for the emerging
Yukawa couplings in the different models, including CPv terms involving the Higgs
and the singlet, that allow to fulfill all Sakarov criteria for a viable baryogenesis.
Finally, identifying the (20'y,,20%) variant as the most promising model, we
presented a numerical analysis and showed that the Z; SNR setup emerges with
natural values of the model coefficients, matching all criteria identified in the EFT
analysis. It would be interesting to explore if the found thermal history could also
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emerge in other motivated models beyond the SM, like in the recently proposed
model of SU(6) Gauge-Higgs Grand Unification with an extra scalar singlet [36, 37],
or in further models with extended scalar sectors.
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A Yukawa Terms of Different Embeddings

We provide here the explicit results for the Yukawa couplings in the various models
considered. For simplicity, we abbreviate the dressed fermion multiplets as (Q7"),; =
(A7), i QLas and similar for the right-handed fermions. We obtain

Ll = T Q) (1) My + e (A1)

__ \Z/ngfftL [h F2— h? — S2sin (Ogg) + ihS cos (Ogr)| Mitg + hec.

LG50 = IR g (Q19) (18, My + hec. (A.2)
= —yLleTLh COS (QGR) M5tR + h.c.
29.f
L0 = TR [(QF) (t), M+ (QF)  (t9), Ms| + e, (A3)

*

B éy; yf}zm [ f?1 cos (Ba0r) Ms + 21S? cos (Oxo1) (M — Ms)

12ihS\/f2 — h2 — S%sin (a0r) (M, — M5)} tr+ hc.

L03) = VLR ¢ (Q12)  (64°),, Ms + hec. (A1)
= ZLy?tL [ﬁh 12— h?— S%sin(by5r) + ihS cos(9153)} Mstr + h.c.
Jx
L = PEEF Q) (t°) 5 M5+ hic. (A5)

*

— :Z:;y}%‘fl, |:h f2 — h,2 — 52 Sin (QQOL) + th COS (920[1)] M5tR + h.C.
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ﬁ%f;iiiia—y;ny[( B (1), Mi+(QF), (187) M) +he (A.6)

*

_ YiYr; 2 { I s \/§ . )
27 hi | —==¢"?20R1 0 — 0 0 M
= 5 f L|: f (2\/E6 cos (f20p1) + 5 sin (f20p1) sin (Oar2) 5

V15 .
6 S (920R1) S (9201?,2) Ml}

+ hS f2 — h2 — 526i¢20R2 COS (GQORQ) sin (92031) (M5 — Ml)

I hSQ (\/§€i¢20R1 COS (02031) — \/§sin (920}{1) sin (‘920}32))
V5

h3 (\/§€i¢20R1 COS (920}{1) + 4\/§ sin (92031> sin (02032))

— VG (Ms — M) |tr

(M5 — My)

+ h.c.

ere I 6 ) i
here yLyR {]ﬂ COS( 201) ———M; +1i-hS\/f? — h? — S%sin (Osopr1) (M5 — M)

g 21/10
1
+ (\/ghSS - 2—mh3> COSs (920R1) (M5 — Ml) + h.c.

cgjggg_wa% 7 ( ’15’>6 (t§0’> M; + hec,

= zyLy?t et [\/_hemom sin (620r1) cos (faorz) \/ f2 — h? — 52 (A.T)

+ V/BhSe! 081 ¢og (O20r1) 1 Mstr + h.c.

here _ yLth [\/58111 (B20r1) - h/f* — h? = S% +iv/5 - hS cos (920R1)} trMs +h.c.

4g. f
£20520) _ YLYR [( /20’> <t’20> M < /20> <t'20> M} he. A8
Yukawa 7 —=f o VR ) 1+ oo PR ) A5 +h.c (A.8)
yLyR_ 9 sin (920R1)M5 . 2 3 cos (920R1) M5
= tr|l — fPhy/f2—h%2 - S2—————2——- —if*°hS
g.f3 " { Fhvi 2V2 ! 45

— h52 f2 — h? — 52\/§Sin (QQORI) (Ml — M5)

+ QL\/B (h35 — 4h53) COS (020R1) (Ml — M5) :| tR + h.c. s

where M;, M5 are the form factors associated to invariants from SO(5) singlets and
fiveplets. These expressions allow to explicitly see the generation of the top mass as
well as to estimate the size of CPv induced in terms of the mixing angles.
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