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1. Introduction

Since the mid 1970s theorists have explored the enticing idea of unification of three fundamental
forces of the Standard Model (SM) into a single gauge interaction [1–5]. While the very concept of
unification as an underlying organizing principle stems to some extent from a sense of aesthetics, it
finds a more robust justification in the fact that the renormalized gauge couplings of the SM, while
evaluated at higher and higher energies, seem to converge towards a common value. This behavior
might be understood as a manifestation of a new, unified description of fundamental interactions
known as Grand Unified Theory (GUT).

Precise gauge coupling unification is not really achieved in the SM as discrepancies among the
GUT-scale values of the SM couplings reach several percent. To make it work, the particle spectrum
needs to be extended in order to modify the renormalization group (RG) running of the couplings
below the GUT scale.1 Supersymmetry (SUSY) has the advantage of leading quite naturally to
gauge unification, yet no experimental evidence of low-scale SUSY has been found so far. While
this fact does not undercut it completely as a theoretical framework, it is timely to ask to what
extent unification of the gauge couplings is a unique property among various extensions of the SM.
In other words, how many different beyond-the-SM (BSM) scenarios can be found whose particle
spectrum differ quantitatively from the one of SUSY, and still allow for precise unification.

In Ref. [11] some of us addressed this question in a class of anomaly-free SM extensions
featuring vector-like (VL) fermions,2 which transform in two distinct representations under the
group 𝑆𝑈 (3)𝑐 × 𝑆𝑈 (2)𝐿 × 𝑈 (1)𝑌 (we required that the SM gauge symmetry persists up to the
unification scale). We analyzed all their possible combinations with the number of fermions in each
representation limited only by perturbativity of the gauge couplings at the unification scale. We

1In principle, the GUT-scale values of the couplings can also be modified by high-scale threshold corrections [6–9].
These corrections, however, are strongly model dependent and for a certain range of the GUT-particle masses they
become negligibly small [10]. Therefore, we neglect the effects of GUT threshold corrections throughout this study.

2BSM extension with scalars were discussed in [12].
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identified 13 different combinations of two representations that allow for precise gauge unification
at energies higher than 1015 GeV, with the VL masses in the range 0.25−10 TeV.3 We also discussed
a variety of experimental methods that allow one to test successful unification scenarios, including
proton decay measurements, running of the strong gauge coupling, heavy stable charged particle
(HSCP) searches, and electroweak (EW) precision tests. We demonstrated that by combining
independent experimental results we manage in many cases to probe (and to exclude) essentially
the whole parameter space of a given model.

In this proceedings we first review the results of Ref. [11] and present a comprehensive list of
representations that allow for unification of the SM gauge couplings. We also mention experimental
bounds that constrain the parameter space of the successful scenarios. We then report some recent
results regarding the impact of VL fermions on the electroweak vacuum stability and their possible
signatures in gravitational waves (GWs).

2. Unification with vector-like fermions

We first construct a set of generic extensions of the SM that satisfy the requirements defined in
the introduction, i.e. no extra gauge symmetry is imposed, the only new particles in the spectrum
are VL fermions, and the renormalized couplings remain perturbative at the unification scale. We
additionally assume for the purpose of this study that any Yukawa interactions generated by the
BSM sector and allowed by the gauge symmetry are negligible. We thus introduce 𝑁𝐹𝑖

copies of
new fermionic fields, which transform under the 𝑆𝑈 (3)𝑐 × 𝑆𝑈 (2)𝐿 × 𝑈 (1)𝑌 gauge group as VL
multiplets

(𝑅3𝐹𝑖
, 𝑅2𝐹𝑖

, 𝑌𝐹𝑖
) ⊕ (𝑅̄3𝐹𝑖

, 𝑅̄2𝐹𝑖
,−𝑌𝐹𝑖

). (1)

Note that we count separately over both components of the pair, so 𝑁𝐹𝑖
can only assume even

values (with an exception of fermions that transform in an adjoint representation of a non-abelian
gauge symmetry group). The index 𝑖 runs over the number of distinct representations. The upper
bounds on dimension of possible VL representations and on the number of fermions that transform
accordingly are provided by the perturbativity condition.

We further assume that at the unification scale the 𝑆𝑈 (5) symmetry is restored and VL fermions
are embedded into multiplets of 𝑆𝑈 (5) just like it is the case for the SM fields. Taking into account
the perturbativity bounds, there are 24 distinct non-singlet 𝑆𝑈 (3)𝑐×𝑆𝑈 (2)𝐿×𝑈 (1)𝑌 representations
to consider:

color singlets : (1, 1, 1) , (1, 1,−2) ,
(
1, 2, 1

2

)
,

(
1, 2,− 3

2

)
, (1, 3, 0) , (1, 3, 1) , (2)(

1, 4, 1
2

)
,

(
1, 4,−3

2

)
,

color triplets :
(
3, 1,− 1

3

)
,

(
3̄, 1,− 2

3

)
,

(
3̄, 1, 4

3

)
,

(
3̄, 1,− 5

3

)
,

(
3, 2, 1

6

)
,

(
3̄, 2, 5

6

)
,(

3̄, 2,− 7
6
)
,

(
3, 3,− 1

3

)
,

(
3̄, 3,− 2

3

)
,

color sextets :
(
6̄, 1,− 1

3

)
,

(
6, 1,− 2

3

)
,

(
6̄, 2, 1

6

)
,

(
6, 2, 5

6

)
,

color octets : (8, 1, 0) , (8, 1, 1) ,
(
8, 2, 1

2

)
.

3Our results confirm and extend the findings of Ref. [13].
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Using the representations of Eq. 2 as building blocks, we look for all the SM extensions with
two distinct VL fermion types that could potentially lead to precise unification of three SM gauge
couplings at the energies in the range [1015 − 1018] GeV. We run the SM gauge couplings from the
low-energy scale, which we identify with the top quark mass 𝑀𝑡 and at which the couplings assume
the following values [14]

𝑔3(𝑀𝑡 ) = 1.16660 , 𝑔2(𝑀𝑡 ) = 0.64779 , 𝑔𝑌 (𝑀𝑡 ) = 0.35830 . (3)

We use the 2-loop SM RGEs from 𝑀𝑡 up to the scale 𝑀1, at which the lightest of VL fermions show
up in the spectrum. We assume for simplicity that all 𝑁𝐹 copies of the same representation have a
common mass. Above 𝑀1 we switch to the 2-loop RGEs for a generic BSM scenario, which can
be found in Appendix A of Ref. [11]. At the scale 𝑀2 the effects of heavier VL fermions need to
be taken into account. Finally, we define a unification scale, 𝑀GUT, as the scale at which all three
gauge couplings acquire a common value, 𝑔𝑀GUT = 𝑔3(𝑀GUT) = 𝑔2(𝑀GUT) = 𝑔1(𝑀GUT). We also
require that the unified coupling is perturbative, i.e. 𝑔𝑀GUT ≤ 4𝜋.

We quantify the precision of the gauge coupling unification by a set of three mismatch pa-
rameters, 𝜖1,2,3. For each combinations (𝑖, 𝑗), where 𝑖, 𝑗 = 1, 2, 3, we determine a two coupling
unification scale from the condition 𝑔𝑖 (𝑀 𝑖 𝑗

GUT) = 𝑔 𝑗 (𝑀 𝑖 𝑗

GUT) = 𝑔𝑖 𝑗 . We then define a deviation of
the third coupling from 𝑔𝑖 𝑗 as

𝜖𝑘 =
𝑔2
𝑘
(𝑀 𝑖 𝑗

GUT) − 𝑔2
𝑖 𝑗

𝑔2
𝑖 𝑗

(4)

and determine the true unification scale by requiring 𝜖GUT = min(𝜖1, 𝜖2, 𝜖3). In the SM 𝜖SM
GUT = 7.3%,

while in the minimal SUSY version of the SM 𝜖MSSM
GUT = 1.1% when all sparticle masses set at 1

TeV. Therefore, we define the precise gauge unification (PGU) by a condition 𝜖 ≤ 1%.
For each of 276 scenarios with two distinctive VL representations we scan over the number

of BSM fermions, 𝑁1, 𝑁2, and their masses, 𝑀1, 𝑀2, and for each point in the 4-dimensional
parameter space we determine 𝜖GUT and 𝑀GUT. The parameters 𝑀1 and 𝑀2 are varied between
0.25 TeV and 10 TeV. The main results of the analyses are summarized in Table 1. We found 13
different scenarios that allow for the PGU at the scale 1015 − 1018 GeV.

Whether the gauge coupling unification is possible in a given model hinges strongly on the
hierarchy among the VL fermion masses. To illustrate this dependence, in Fig. 1 we present a
distribution of the mismatch parameter 𝜖GUT as a function of 𝑀1 and 𝑀2 for models F1 (left), F3
(center) and F13 (right). In red the region of the PGU is indicated. There are two main features that
differentiate the phenomenological properties of the successful PGU scenarios. One is the mass
hierarchy among the VL fermions: i) 𝑀1 ∼ 𝑀2 (F1, F3, F4), ii) 𝑀1 ≫ 𝑀2 (F6, F8, F9, F11, F12),
and iii) 𝑀1 ≪ 𝑀2 (F2, F5, F7, F10, F13). The other is the magnitude of the unification scale: i)
𝑀GUT ≃ 1015 GeV (F1, F4, F9), ii) 𝑀GUT ≃ 1016 GeV (F2, F5, F6, F7, F10, F11, F12), and iii)
𝑀GUT ≃ 1017 GeV (F3, F8, F13). These two properties determine the experimental strategy for
probing the allowed parameter space of a given model.

In particular, null results from the proton decay experiments offer an effective and model
independent way of testing the PGU scenarios. Proton decay is a generic prediction of grand
unification. The strongest lower bound on the proton lifetime is set by Super-Kamiokande (SK)
underground water Cherenkov detector in the decay channel 𝑝 → 𝑒+𝜋0 and reads 𝜏𝑝 > 1.6 × 1034

4



P
o
S
(
C
O
R
F
U
2
0
2
4
)
1
3
8

Indications for BSM from unification, vacuum stability and gravitational waves Kamila Kowalska

Scenario RF1 RF2 𝑁1 𝑁2

F1
(
1, 2, 1

2

) (
6, 1, 1

3

)
12 2

F2
(
1, 2, 1

2

) (
6, 1, 1

3

)
20 4

F3
(
1, 2, 1

2

) (
6, 1, 1

3

)
22 4

F4
(
1, 2, 1

2

)
(8, 1, 0) 8 1

F5
(
1, 2, 1

2

)
(8, 1, 0) 12 2

F6
(
1, 2, 1

2

)
(8, 1, 0) 14 2

F7 (1, 3, 0)
(
3, 1,− 1

3

)
2 8

F8 (1, 3, 0)
(
3, 1,− 1

3

)
3 12

F9 (1, 3, 0)
(
6, 1,− 2

3

)
3 2

F10
(
1, 4, 1

2

) (
6, 1,− 2

3

)
2 4

F11
(
3, 1,− 1

3

) (
3, 2, 1

6

)
2 2

F12
(
3, 1, 2

3

) (
3, 2, 1

6

)
4 4

F13
(
3, 1, 2

3

) (
3, 2, 1

6

)
6 6

Table 1: Scenarios with 2 representations of VL fermions that allow for the PGU (𝜖GUT ≤ 1%) and the associated
unification scale lies in the range 1015 − 1018 GeV. In columns 2 and 3 transformation properties of both representations
with respect to the SM gauge symmetry group are given. Columns 4 and 5 display number of VL fermions in each
representation.

years [15]. Hyper-Kamiokande (HK), a next-generation machine, will be able to extend the limit
by at least one order of magnitude, up to ∼ 2 × 1035 years [16]. Scenarios F1 and F4 are already
entirely excluded by the SK measurements, while scenario F9 is going to be entirely tested by HK.
Proton decay also provides a unique experimental way of testing the PGU scenarios characterized
by a BSM sector at energy scales far above the reach of any present-day collider experiment. The
resulting upper bounds on the allowed VL masses are reported in Table 2.

Figure 1: Distribution of the mismatch parameter 𝜖GUT as a function of 𝑀1 and 𝑀2 for the scenarios F1 (left), F3
(center) and F13 (right). Red area corresponds to the PGU (𝜖GUT ≤ 1%). Isocontours of the unification scale (in GeV)
are indicated as dashed black curves.

5
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Scenario F2 F3 F5 F6 F7 F8 F10 F11 F12 F13
𝑀max

1 25 350 10 500 20 2×105 250 600 6×104 -
𝑀max

2 180 200 50 50 100 5×105 103 200 400 2×106

Table 2: Upper bounds on the VL masses 𝑀1 and 𝑀2 (in TeV) provided by the projected Hyper-Kamiokande
measurement of the proton decay.

3. Constraints from vacuum stability

In the previous section we identified a class of BSM models, which are consistent with the
requirement of the precise unification of the three SM gauge couplings. We now discuss another
parameter whose RG running up to the GUT scale has important phenomenological consequences:
the quartic couplings of the SM scalar potential. It is a well known fact that in the SM the EW
vacuum is metastable [17], signalized by 𝜆 turning negative at the energies of around 109 GeV. On
the other hand, extra degrees of freedom below the GUT scale may affect the RG evolution of the
quartic coupling and help to stabilize the vacuum (see, for example, [18]).

It is no different in the PGU scenarios. As long as no Yukawa interactions between the VL
fermions and the SM particles are present, the running of 𝜆 is only affected indirectly. In the
presence of fermions charged under 𝑆𝑈 (3)𝑐, the beta function of the strong gauge coupling is
modified in the following way:

𝛽(𝑔3) =
𝑔3

3
16𝜋2

(
−7 + 2

3
𝑁𝐹𝑆2(𝑅3)𝑑 (𝑅2)

)
, (5)

where 𝑆2(𝑅3) is a Dynkin index of an 𝑆𝑈 (3)𝑐 representation 𝑅3 and 𝑑 (𝑅2) is a dimension of
an 𝑆𝑈 (2)𝐿 representation 𝑅2. Since the BSM contribution is always positive, the value of 𝑔3 at
any renormalization scale above 𝑀𝑡 is larger than in the standalone SM. As a consequence, the
corresponding top Yukawa coupling becomes smaller than in the SM, due to a large and negative
contribution from 𝑔3,

𝛽(𝑦𝑡 ) =
𝑦𝑡

16𝜋2

(
9
2
𝑦2
𝑡 − 8𝑔2

3 −
9
4
𝑔2

2 −
17
20

𝑔2
𝑌

)
. (6)

Therefore, the impact of 𝑦𝑡 on the running of the Higgs quartic coupling is reduced,

𝛽(𝜆) = 1
16𝜋2

(
24𝜆2 + 12𝜆𝑦2

𝑡 − 6𝑦4
𝑡 + 𝑓 (𝑔𝑌 , 𝑔2, 𝜆)

)
, (7)

allowing 𝜆 to stay positive over the entire energy range from 𝑀𝑡 up to the GUT scale.
In Fig. 2 we illustrate the impact of VL fermions on vacuum stability in the PGU models F2

(left) and F7 (right). The red dashed line shows the running of 𝜆 in the SM. The solid lines indicate
the corresponding running in the presence of VL fermions, with the VL masses set to their minimal
values allowed by the collider experiments (blue), and to their maximal values allowed by the proton
decay experiments (green), see Table 2. In general, two qualitatively different situations may arise.
The mere presence of VL fermions in the spectrum stabilizes the vacuum, irrespectively of their
mass, like it happens in model F2. Or - as it is in model F7 - the vacuum is stabilized only with
the VL fermions which are light enough. In such a case, imposing the EW vacuum stability as a
constraint on a given PGU model provides an additional model-independent upper bound on the
VL masses, which is stronger than the bound from the proton decay.

6
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Figure 2: Running of the Higgs quartic coupling in the SM (red) and in the PGU models F2 (left) and F7 (right). The
color code is explained in the text.

Let us now allow Yukawa interactions between the SM Higgs (denoted as ℎ), SM fermions
(denoted as 𝑞, 𝑑, 𝑢 and 𝑒), and VL fermions of the PGU models (denoted as 𝑄, 𝐷, 𝑈 and 𝐿):

L𝐹2,𝐹3,𝐹5,𝐹6 ⊃ −𝑌𝐿,𝑖 ℎ† 𝐿𝑖 𝑒 + h.c. , (8)
L𝐹7,𝐹8 ⊃ −𝑌𝐷,𝑖 ℎ

† 𝐷𝑖 𝑞 + h.c. ,
L𝐹11 ⊃ −𝑌𝐷,𝑖 ℎ

† 𝐷𝑖 𝑞 − 𝑌𝑄𝑢 ,𝑖 ℎ𝑄𝑖 𝑢 − 𝑌𝑄𝑑 ,𝑖 ℎ
†𝑄𝑖 𝑑 − 𝑌4 ℎ

† 𝐷 𝑄 − 𝑌4 ℎ 𝐷
′𝑄′ + h.c. ,

L𝐹12,13 ⊃ −𝑌𝑈,𝑖 ℎ𝑈 𝑞𝑖 − 𝑌𝑄𝑢 ,𝑖 ℎ𝑄 𝑢𝑖 − 𝑌𝑄𝑑 ,𝑖 ℎ
†𝑄 𝑑𝑖 − 𝑌6 ℎ𝑈 𝑄 − 𝑌6 ℎ𝑈

′𝑄′ + h.c. .

These new Yukawa couplings generate additional contributions to the beta function of the SM
quartic coupling,

𝛽(𝜆) ⊃ 𝐶𝜆𝑦2
BSM − 𝐴𝑦4

BSM , (9)

with 𝐴 and 𝐶 being positive numerical coefficients. If a BSM Yukawa coupling is large enough,
the second addend in Eq. 9 dominates and 𝜆 runs towards the negative values faster than in the
SM. Hence, the presence of Yukawa interactions destabilizes the EW vacuum. Imposing vacuum
stability as an extra condition on validity of the PGU models, an upper bound on the size of BSM
Yukawa couplings can be derived. This is illustrated in Fig. 3, where we show values assumed by
𝜆 at various benchmark renormalization scales, 𝑄 = 𝑀GUT (solid), 𝑄 = 7 × 1013 GeV (dashed) and
𝑄 = 3× 109 GeV (dotted), as a function of the BSM Yukawa coupling at the scale corresponding to

Figure 3: Running Higgs quartic coupling as a function of BSM Yukawa couplings in model F2 (left) and F7 (right).
The color code is explained in the text.

7
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the mass of a VL fermion participating in Yukawa interactions. Green color indicates VL fermions
coupled to one generation of the SM quarks or leptons, while red refers to VL fermions coupled to
all three SM families with the same strength. The upper bound on the BSM Yukawa couplings is
to a large extent model independent, ranging from 0.1 to 0.3.

4. Signals in gravitational waves

In the previous section we discussed theoretical upper bounds on the size of Yukawa couplings
in the PGU models, which may stem from imposing the requirement of the EW vacuum stability.
Once the BSM Yukawa interactions with the SM Higgs are allowed, a natural question arises
whether the SM scalar sector can be extended as well. Indeed, many GUT frameworks predict
additional (light) scalars in the spectrum. For example, SM singlets may naturally emerge from the
24-dimensional adjoint representation of 𝑆𝑈 (5). If a GUT symmetry is an 𝑆𝑈 (𝑁) with 𝑁 ≥ 6, two
Higgs copies in fundamental representations are required in order to generate masses of up- and
down-type quarks, leading to a 2HDM-like construction at low energies. Similarly, a symmetry
breaking pattern 𝑆𝑈 (6) → 𝑆𝑈 (5) ×𝑈 (1)𝑋 gives rise to an extra abelian gauge symmetry below the
GUT scale and an accompanying SM singlet scalar to spontaneously break it. It is then interesting
to investigate what could be complementary experimental signatures in the scalar sector.

There is a plethora of BSM scalar-dedicated searches at the colliders, in particular at the LHC.
These are able to probe extended scalar sectors up to the energies of around TeV. In this study we
focus instead on an enticing possibility to explore the BSM scalar sector through signals in GWs,
generated by a first order phase transition (FOPT) in the early Universe. In the presence of a hot
plasma, the effective scalar potential receives thermal corrections [19, 20], which generate a thermal
barrier between the false and true vacua (cf. Appendix B of Ref. [21]). Tunneling from the former
to the latter can proceed through bubble nucleation [22, 23], leading to the generation of GWs.

The GW physics is governed by several parameters that mainly depend on the shape of the
effective thermal potential and on the bubbles’ profile. These are the latent heat 𝛼, the nucleation
speed 𝛽, and the reheating temperature 𝑇rh. We refer the reader to Appendix C of Ref. [21] for a
brief review of the physics of FOPTs. The present-day GW signal is then characterized by the peak
amplitude Ωpeak(𝛼, 𝛽, 𝑇rh) and the peak frequency 𝑓 peak(𝛼, 𝛽, 𝑇rh),

ℎ2ΩGW( 𝑓 ) = ℎ2Ωpeak × F ( 𝑓 / 𝑓 peak) , (10)

where ℎ = 𝐻0/(100 km/s/Mpc) is the present-day dimensionless Hubble parameter and F is a
function of the frequency 𝑓 . The explicit forms of the GW signal amplitudes are collected in
Appendix C of Ref. [21].

Let us assume that the spectrum of the PGU models comprises an additional SM singlet scalar,
𝑆, charged under the U(1)𝑋 symmetry with 𝑞𝑠 = 2. The tree-level scalar potential is then given by

𝑉 (𝐻, 𝑆) = 𝑚2
ℎ ℎ

†𝑔 + 𝑚2
𝑆 𝑆

†𝑆 + 𝜆1

(
ℎ†ℎ

)2
+ 𝜆2

(
𝑆†𝑆

)2
+ 𝜆3

(
ℎ†ℎ

) (
𝑆†𝑆

)
. (11)

It is enough to consider the effective potential for the radial component 𝜙 =
√

2 Re(𝑆). The sponta-
neous breaking of𝑈 (1)𝑋 generates the mass of the abelian 𝑍 ′ gauge boson, which is approximately
proportional to the vev along the 𝑆 direction: 𝑚𝑍 ′ ≈ 2 𝑔𝑋𝑣𝑆 . In such a setting the strength of the GW

8
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Figure 4: GW spectra for the scalar vev 𝑣𝑆 = 107 GeV (solid) and 𝑣𝑆 = 105 GeV (dashed) in the PGU scenarios F2,
F11 and F12.

signal is determined by the size of the extra abelian gauge coupling (see [24–26] for early studies),
with smaller values of 𝑔𝑋 increasing supercooling and thus enhancing the signal’s amplitude. In
the presence of non-zero Yukwa interactions, Yukawa couplings tend to reduce the probability of
tunneling from the false to true vacuum at a given temperature [21]. Additionally, in the framework
of the PGU scenarios discussed in this study, the VL mass parameters 𝑀1 and 𝑀2 affect the shape
of the thermal potential as well.

The requirement of the GUT-scale unification of the gauge coupling 𝑔𝑋 with the three gauge
couplings of the SM determines the running value of 𝑔𝑋 at a renormalization scale 𝑄 as:

𝑔2
𝑋 (𝑄) =

8𝜋2𝑔2
𝐺𝑈𝑇

8𝜋2 + 𝑔2
𝐺𝑈𝑇

[ 2
3𝑑 (𝑅31)𝑑 (𝑅21)𝑁1𝑞

2
1 +

2
3𝑑 (𝑅32)𝑑 (𝑅22)𝑁2𝑞

2
2 +

1
3𝑞

2
𝑆

]
log(𝑀𝐺𝑈𝑇/𝑄)

,

(12)
where 𝑞1 and 𝑞2 are the 𝑈 (1)𝑋 charges of two VL fermion families, and 𝑁1 and 𝑁2 are their
multiplicities. For example, assuming 𝑞1 = 𝑞2 = 0, one reads at 𝑄 = 107 GeV: 𝑔𝑋 (𝑄) = 0.84 for
F2, 𝑔𝑋 (𝑄) = 0.55 for F11, and 𝑔𝑋 (𝑄) = 0.64 for F12. Similarly, for 𝑞1 = 𝑞2 = 𝑞𝑆 , we obtain at the
same renormalization scale: 𝑔𝑋 (𝑄) = 0.14 (F2), 𝑔𝑋 (𝑄) = 0.25 (F11), and 𝑔𝑋 (𝑄) = 0.18 (F12).
Thus, in the absence of Yukawa interactions and an explicit scalar mass term 𝑚𝑆 in the lagrangian,
the GW signal corresponding to a given vev of 𝑆 is entirely fixed by the unification condition. This
is illustrated in Fig. 4, where we show the expected GW signals in the PGU scenarios F2, F11 and
F12 for the benchmark vevs 𝑣𝑆 = 107 GeV (solid) and 𝑣𝑆 = 105 GeV (dashed). Superimposed are
integrated sensitivity curves for the existing and planned space and ground interferometers. One
can see that only scenario F11 (as well as scenario F7 characterized by a similar value of 𝑔𝑋) are in
the reach of the GW experiments.

This conclusion strongly depends on the assumption regarding the 𝑈 (1)𝑋 charges of VL
fermions. If 𝑞1 = 𝑞2 = 𝑞𝑆 , the renormalized 𝑔𝑋 is too small to trigger a FOPT at the temperature
above 1 GeV (at least for 𝑣𝑆 ≲ 1013 GeV). To generate an observable GW signal, one would need
to allow a small yet non-zero mass parameter 𝑚2

𝑆
, along the lines of the discussion in Ref. [21].

Finally, one could consider a situation when only one of the two VL fermion representations
is charged under the 𝑈 (1)𝑋 symmetry group. In such a setting an interplay between the strength of

9
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the GW signal and the size of the BSM Yukawa couplings can be investigated. This is going to be
addressed in a forthcoming study [27].

5. Conclusions

In this proceedings we reported the results of several studies dedicated to BSM scenarios with
VL fermions. Only a few models with two VL fermion representations allow for precise unification
of the three SM gauge couplings, consistent with the bounds from perturbativity and proton life
time. Interestingly, the latter can also provide model-independent upper bounds on VL masses.
The presence of VL fermions in the spectrum can stabilize the EW vacuum. On the other hand,
Yukawa couplings between the VL fermions and the SM particles have the opposite effect. As a
result, an upper bound on the allowed strength of the BSM Yukawa interactions can be derived.

We also analyzed the possibility of observing GW signals in the scenarios where the SM scalar
sector is extended by an 𝑆 singlet field, which undergoes a FOPT. In the presence of an extra gauge
symmetry factor𝑈 (1)𝑋 and under the assumption that VL fermions are𝑈 (1)𝑋 singlets, the strength
of the signal is unambiguously determined by the unification condition.
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