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The large top Yukawa coupling results in the top quark contributing significantly to the quantum
correction of the Higgs mass term. Traditionally, this effect is canceled by the presence of top partners in
symmetry-based models. However, the absence of light top partners poses a challenge to the naturalness of
these models. In this paper, we study a model based on composite Higgs with the top Yukawa coupling
originating from dimension-six four-fermion operators. The low cutoff scale of the top quark loop required
by the naturalness principle can be realized with a light gauge boson Eμ that connects the hyperfermions
and top quarks. A scalarless dynamical model with weakly coupled extended SUð4ÞEC gauge group is
presented. The model features an Eμ boson and a Z0

E boson both at the sub-TeV scale, which lead to a rich
phenomenology, especially in the top quark physics.

DOI: 10.1103/PhysRevD.109.095021

I. INTRODUCTION

The Standard Model (SM) of particle physics success-
fully describes all known elementary particles and inter-
actions. At the center of SM is the mechanism of
electroweak symmetry breaking (EWSB), which is respon-
sible for the masses of SM gauge bosons and fermions. The
discovery of Higgs bosons in 2012 [1,2] filled in the last
missing puzzle of the SM. Nevertheless, the SM does not
address the UV sensitivity of the Higgs boson mass, which
is known as the hierarchy problem. The Higgs mass
term receives divergent radiative corrections from the
interactions with SM fields, especially the top quark due
to its large Yukawa coupling. The contribution can be
derived numerically by calculating the one-loop diagram
with the top quark and is given by
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where Λt is the scale of the top Yukawa coupling.
To avoid the large quadratic corrections, most models

invoke new symmetry such that the corrections cancel in

the symmetric limit. New degrees of freedom, known as
top partners, are introduced to cancel out the Λ2

t term.
However, the symmetry cannot be exact, and the difference
between the top mass mt and top partner mass MT will
reintroduce the correction given by

Δm2
Hjtop þ Δm2

Hjtop partner ∼ −
3

8π2
y2t M2

T: ð2Þ

Following the naturalness principle [3–5], we expect top
partners to show up at the sub-TeV scale to avoid fine-
tuning. However, after years of searches, the bounds of
colored top partner massMT have reached 1.5 TeV for both
scalar partners [6,7] and fermionic partners [8–12]. The
nonobservation of colored top partners thus poses a
challenge to the naturalness of these types of models.
In this study, we focus on an alternative scenario [13]

where the top Yukawa coupling originated from dimension-
six operators with a scale Λt. If we can have the scale
Λt ≲ 1 TeV, the contribution from the top loop will be
under control. The idea has already been realized at the
one-loop level in [14] with an elementary Higgs and top
quark. In this paper, instead, we consider that the observed
Higgs boson is a composite state [15,16] formed by
hyperfermions from a strongly coupled theory.
Generating SM Yukawa couplings in a strongly

coupled theory can be traced back to extended technicolor
(ETC) [17–19], where SM Yukawa couplings arise
from dimension-six four-fermion operators. The scale Λt
is determined by the mass of new massive gauge bosons
Λt ∼METC that connect the hyperfermions and SM fer-
mions. The models based on modern composite Higgs
models have also been studied in [20]. However, for the
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generic mass METC ∼ gEfE, the breaking scale fE is fixed
by the value of the top Yukawa coupling at around the TeV
scale, and gE is the coupling of the ETC group that is
related to the strong coupling responsible for the hyper-
fermion condensate so the mass METC is expected to be
heavy from the theoretical aspect.
Motivated by the naturalness principle, we aim at a

model with a small gE such that the scale Λt can be low.
That is, the gauge group that connects hyperfermions and
top quarks is weakly coupled and independent of the strong
interaction. Moreover, we want to construct a fully dynami-
cal model, where the two relevant scales, f and fE, both
come from strong dynamics. We will show how to get all
these features in a fermionic theory with an extended gauge
group. The phenomenology is also presented with a special
focus on the top physics.
This paper is organized as follows. In Sec. II, we

introduce the basic idea and issue in an ETC-like mecha-
nism and how we are going to solve them. Starting with the
extension of the gauge group in Sec. III, we briefly go
through the difference between the traditional way and the
new way we work on. A concrete model is presented
in Sec. IV with three relevant mechanisms discussed in
detail. The important phenomenology is presented,
including the indirect searches in Sec. Vand direct searches
in Sec. VI. Section VII contains our conclusions and
outlooks.

II. BASIC IDEA AND ISSUE OF TOP YUKAWA
FROM FOUR-FERMION OPERATORS

To generate the top Yukawa from dimension-six four-
fermion operators, we need to first introduce an
extended gauge group GE with gauge bosons Ga

E and
coupling gE, where the top quarks and hyperfermions ψ
are within the same multiplets Q. The generic
Lagrangian is given by

LE ¼ gEGa
E;μðQ̄Lγ

μTaQL þ Q̄Rγ
μTaQRÞ

⊃
1ffiffiffi
2

p gEEμðψ̄Lγ
μqL þ ψ̄Rγ

μtRÞ; ð3Þ

where Eμ is the specific boson among Ga
E that mediates

the top quarks and hyperfermions. The group GE is
then broken at the scale fE down to the SM gauge
group GSM and hypercolor GHC (can be either broken or
unbroken).1 After integrating out the massive Eμ gauge
bosons with a mass ME, we get an low energy effective
Lagrangian as

Leff ¼ −
g2E
2M2

E
ðq̄LγμψLÞðψ̄RγμtRÞ þ H:c:

→
g2E
M2

E
ðψ̄RψLÞðq̄LtRÞ þ � � � ðafter FierzingÞ: ð4Þ

Once hypercolor becomes strongly coupled and con-
denses the hyperfermions with a breaking scale f, the
ψ̄RψL will form a bound state that behaves like the SM
Higgs. The top Yukawa coupling is then generated with
a value

yt ∼
1

v
g2E
M2

E
hψ̄RψLiHC ∼

g2E
M2

E
· Ysf2; ð5Þ

where the coupling Ys is the Yukawa coupling from
the strong dynamics with an Oð1Þ value. As the GE is
broken by fE, we expect the relation ME ∼ gEfE and
thus,

yt ∼
�
f
fE

�
2

Ys ∼ 1; ð6Þ

which fixes the ratio among scales as fE ∼Oð1Þ × f.
Now we have a rough description for the top Yukawa

coupling generated from four-fermion interactions in the
composite Higgs model. However, to attain a concrete
model, several issues must be addressed.
The first issue is the gauge group GE, which requires an

extension of the SM gauge group to combine hyper-
fermions and top quarks into the same representation.
Moreover, motivated by the naturalness principle, we want
to have a light mediator Eμ. Its mass ME is given by the
product of coupling gE and the breaking scale fE. As the
scale fE is fixed by the value of the top Yukawa coupling,
we aim at a model with a small gE. That is, the gauge group
that connects hyperfermions and top quarks should be
weakly coupled, which will be further discussed in the
next section.
Second, since we aim at a fully dynamical model, the

two relevant scales, f and fE, should both come from
strong dynamics. The difference between the two scales is
the key to explaining the value of top Yukawa coupling. If
f ¼ fE, then yt ∼ Ys, which will predict a much heavier top
quark as in top condensation models [21–25]. A viable
mechanism to generate a sequence of scales in a strongly
coupled theory is the tumbling mechanism [26], which will
be applied in our concrete model.
The other concern about the ETC-type models is the

flavor constraints. However, given that our primary moti-
vation is naturalness and our goal is to lower the top loop
cutoff, we assume that this mechanism is specific for top
quarks and ignore the light fermions at this stage. Then, the
main constraints in flavor physics will come from B meson

1In this study, we use the term hypercolor instead of techni-
color to refer to the strong interaction, as is commonly used
in modern composite Higgs models. In addition to the conven-
tional confining hypercolor, we also consider the scenario
where hypercolor is broken, resulting in a nonconfining strong
interaction.
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physics due to the bL inside qL, which will be discussed
in Sec. V.

III. EXTEND THE GAUGE GROUP

With the SM gauge group SUð3ÞC × SUð2ÞW ×Uð1ÞY ,
there are many different ways to extend it to include
hyperfermions ψ . In this work, we focus on the cases with
extended SUð3ÞC. Other cases like extended SUð2ÞW are
also possible and have been studied in ETC models [27],
but we will leave them for future study.

A. Traditional extension: GHC × GSM ⊂ GE

Traditional ways following the ETCmodels usually have
the hypercolor group combined with one of the SM gauge
groups to a larger group. From the top down, the extended
group GE group is broken down to GHC × GSM at the scale
fE, which separates the fermion Q to the hyperfermions
and top quarks.
Following the idea in [20], the hypercolor group

GHC ¼ SUðNÞHC is combined with SUð3ÞC ⊂ GSM to
GE ¼ SUðN þ 3ÞE. The desired fermion content QL;R

under SUðN þ 3ÞE × SUð2ÞW is given by [we ignore the
Uð1Þ in this section for simplicity]

QL ¼ ðN þ 3; 2Þ; QR ¼ ðN þ 3; 1Þ: ð7Þ

Then, the GE group is broken down as

SUðN þ 3ÞE → SUðNÞHC × SUð3ÞC: ð8Þ

After breaking, the fermions are also separated to [under
SUðNÞHC × SUð3ÞC × SUð2ÞW]

ψL ¼ ðN; 1; 2Þ; ψR ¼ ðN; 1; 1Þ
qL ¼ ð1; 3; 2Þ; tR ¼ ð1; 3; 1Þ: ð9Þ

The gauge boson Eμ, which mediates hyperfermions and
top quarks, has a quantum number

Eμ ¼ ðN; 3̄; 1Þ; ð10Þ

which carries both hypercolor and color. Besides, there is
also a massive Z0

E boson that corresponds to the diagonal
Uð1ÞE subgroup of SUðN þ 3ÞE. The generic charge of
fermions under this broken Uð1ÞE is given by

ψL;ψR∶ − 1=N; qL; tR∶1=3; ð11Þ

which features a universal charge in the SM sector.
This Z0

E is the source of dangerous flavor processes such
as flavor-changing neutral currents. However, if it is third-
generation-philic, the flavor constraints are much weaker,
which has been studied in [28,29].

In this type of extension, we can easily combine GHC and
GSM to GE and thus hyperfermions and top quarks to
multiplets Q. Since the Eμ boson carries hypercolor, it will
form a hypercolor singlet bound state with other hyper-
colored particles below ΛHC ∼ 10 TeV. Hence, even if it
has a mass as light as 1 TeV, there won’t be new states
observable around the TeV scale, potentially explaining the
absence of new particles so far. The only exception is Z0

E,
which can be searched for at the LHC.
However, since the SUðNÞHC group is directly separated

from the SUðN þ 3ÞE group, the gauge coupling gE is the
same as hypercolor coupling gH above the breaking scale
fE. After breaking, the running can separate the two
couplings. However, to generate the observed top
Yukawa yt ∼ 1, the two scales fE and f must be close,
which means gE must be close to gH, the strong hypercolor
coupling. Therefore, the resulting ME ∼ gEfE is expected
to be very heavy, and the fine-tuning problem from the top
loop will not be relieved.

B. New extension: GHC × ðGHF × GSM ⊂ GEÞ
The new extension will be the main focus of this study.

To avoid a large gE situation as mentioned, we want to
decouple it from the hypercolor coupling gH. As all we
need is to have hyperfermions and top quarks in the same
representation, the unification of the gauge group is not
necessary. One can imagine the combination happens in an
orthogonal direction to the hypercolor group such that the
couplings gE and gH are unrelated. In this case, the coupling
gE is related to one of the SM gauge couplings instead.
The gauge group GE can be weakly coupled and is broken
down to GHF × GSM at the scale fE, where HF stands for
hyperfermion.
More specifically, we consider the extension of the SM

SUð3ÞC to SUð4ÞEC to include the hyperfermions, where
EC stands for extended color. The fermion content under
SUðNÞHC × SUð4ÞEC × SUð2ÞW is given by

QL ¼ ðN; 4; 2Þ; QR ¼ ðN; 4; 1Þ: ð12Þ

After the first breaking, the SUð4ÞEC gauge group is broken
down to SUð3ÞEC. The fermion content then becomes
[under SUðNÞHC × SUð3ÞEC × SUð2ÞW]

Left-handed ðLHÞ∶ ðN; 3; 2Þ; ðN; 1; 2Þ
Right-handed ðRHÞ∶ ðN; 3; 1Þ; ðN; 1; 1Þ; ð13Þ

which should include both hyperfermions and top quarks.
However, under this setup, all the fermion are charged
under SUð3ÞHC, which is obviously not allowed for a
realistic top quark unless the SUðNÞHC is broken and thus
unconfined like Topcolor [25]. The fact that top quarks are
charged under hypercolor also restricts the number of N we
can have (unlike the traditional extension) because we
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cannot introduce exotic degrees of freedom for top quarks.
Instead, we can only use the existing quantum number in
the SM top quark, such as N ¼ 3 in the Topcolor models,
and have the SM gauge group as the unbroken subgroup
through an additional breaking process SUðNÞHC ×
SUðNÞ → SUðNÞSM.
In general, we can have a hypercolor group as SUð3ÞHC

[broken down to SUð3ÞC in the end], SUð2ÞHC [broken
down to SUð2ÞW in the end], or Uð1ÞHC [broken down to
Uð1ÞY in the end]. In this work, we focus on the first
case with N ¼ 3. Therefore, an additional breaking process
is required to break SUð3ÞHC × SUð3ÞEC → SUð3ÞC,
and the fermion content is further separated to [under
SUðNÞHC × SUð3ÞEC × SUð2ÞW → SUð3ÞC × SUð2ÞW]

QL → ð3;3;2Þþ ð3;1;2Þ→ ð6;2Þþ ð3̄;2Þþ ð3;2Þ; ð14Þ

QR → ð3;3;1Þþ ð3;1;1Þ→ ð6;1Þþ ð3̄;1Þþ ð3;1Þ; ð15Þ

which includes exotic fermions transformed as sextets. For
antitriplets and triplets, though they look similar, they have
different strengths of interactions as the antitriplet origi-
nated from (3,3) with both SUð3Þ interactions, but the
triplet only has the one from SUð3ÞHC. This difference is
crucial to realize the tilting mechanism and requires the
antitriplets to be hyperfermions and triplets to be top
quarks. Together with exotic fermions labeled by fL;R,
we get

QL → fL ¼ ð6; 2Þ; ψL ¼ ð3̄; 2Þ; qL ¼ ð3; 2Þ;
ð16Þ

QR → fR ¼ ð6; 1Þ; ψR ¼ ð3̄; 1Þ; tR ¼ ð3; 1Þ:
ð17Þ

This setup can allow ψ̄ψ to form the condensate without t̄t
condensate. Such a condition might require some fine-
tuning among the couplings as in Topcolor models [25], but
the self-breaking mechanism could fix the strong coupling
at the value right above the critical point, which can make
the tilting mechanism look natural. More concrete discus-
sions will be presented in the next section.
In this type of extension, we can still combine hyper-

fermions and top quarks but through a more complicated
way with a cost of exotic fermions. Also, the top quark now
also undergoes the hypercolor interaction. However, the Eμ

gauge boson no longer carries hypercolor and is naturally
light, which can cut off the top loop below the TeV scale.
There is still a massive Z0

E boson, which plays an important
role in phenomenology.

IV. A CONCRETE MODEL

In this section, we construct a concrete model based on
SUð4ÞEC with all the ingredients we mention. For the gauge

sector, we consider a strongly coupled SUð3ÞHC and a
weakly coupled SUð4ÞEC. The overall gauge group
is GE ¼ SUð3ÞHC × SUð4ÞEC × SUð2ÞW ×Uð1ÞX.2 We
denote the corresponding gauge fields as Ha

μ, Eα
μ, Wi

μ,
and Xμ, the gauge couplings as gH, gE, gW , gX, and the
generators as Ta, Tα, Ti, Y 0, with indices a ¼ 1;…; 8,
α ¼ 1;…; 15, i ¼ 1; 2; 3. The generators are normalized
as TrðTATBÞ ¼ 1

2
δAB.

The gauge group is spontaneously broken down to
SM gauge group GSM ¼ SUð3ÞC × SUð2ÞW ×Uð1ÞY
through the scalar representation Σ ¼ ð3̄; 4; 1; 1=24Þ, which
acquires a vacuum expectation (VEV) value given by

hΣi ¼ fEffiffiffi
2

p

0
B@

0 1 0 0

0 0 1 0

0 0 0 1

1
CA: ð18Þ

The formation of the Σ field and its VEV can be realized
dynamically through the tumbling gauge theory with addi-
tional chiral fermion under larger representation, which will
be discussed in Sec. IVA.
The breaking pattern of GE → GSM can be separated into

three parts corresponding to the three resulting massive
gauge bosons with different tasks:
(1) SUð4ÞEC → SUð3ÞEC ×Uð1ÞEC breaking introduces

the massive Eμ boson with the mass

ME ¼ 1

2
gEfE; ð19Þ

and the gauge coupling gE. It plays an important role
in connecting the hyperfermions with top quarks,
which helps generate the top Yukawa coupling. The
mass ME thus serves as the cutoff scale of top loop
correction to the Higgs quadratic term.

(2) SUð3ÞHC × SUð3ÞEC → SUð3ÞC breaking leads to a
broken SUð3Þ0 and an unbroken SUð3Þ expressed as

G0a
μ ¼

gHHa
μ − gEEa

μffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2H þ g2E

p ; Ga
μ ¼

gEHa
μ þ gHEa

μffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2H þ g2E

p :

ð20Þ

The broken SUð3Þ0 bosons get the mass

MG0 ¼ 1ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2H þ g2E

q
fE; ð21Þ

and the gauge coupling g0s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2H þ g2E

p
. It is the

mediator of strong interaction and makes the hyper-
fermions condense, which leads to the subsequent

2A similar group structure and breaking pattern has also been
studied know as “4321 model” [30] for the purpose of TeV-scale
leptoquarks and B-meson anomalies.
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composite Higgs and EWSB. More details are
covered in subsection B.
The unbroken SUð3Þ is just SM color group

SUð3ÞC with the gauge coupling given by

gs ¼
gHgEffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2H þ g2E

p ¼ 1.02; ð22Þ

where we choose the matching value at the scale of
2 TeV. The matching then fixes the value gE ∼ gs ¼
1.02 assuming gH ≫ gE, which is related to the SM
coupling and is weak as desired. The mass ME is
then determined, which will be discussed further in
subsection C.

(3) Uð1ÞEC × Uð1ÞX → Uð1ÞY breaking similarly
leads to a broken Uð1Þ0 and an unbroken Uð1Þ
expressed as

Z0
E;μ ¼

cgXXμ − gEE15
μffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2g2X þ g2E
p ; Bμ ¼

gEXμ þ cgXE15
μffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2g2X þ g2E
p ;

ð23Þ

where c ¼ 1=
ffiffiffiffiffi
24

p
. The Z0

E boson gets the mass

MZ0 ¼ 1ffiffiffi
8

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2g2X þ g2E

q
fE; ð24Þ

and the gauge coupling gauge coupling g0 ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2g2X þ g2E

p
. It is the lightest new degree of freedom

and has a huge impact on phenomenology.
The unbroken Uð1Þ would be the SM hypercharge with

Y ¼ cT15 þ X, where T15 ¼ 1=
ffiffiffiffiffi
24

p
diagð3;−1;−1;−1Þ.

The gauge coupling is given by

gY ¼ gXgEffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2g2X þ g2E

p ¼ 0.36; ð25Þ

where we choose the matching value at the scale of 2 TeV.
The matching then fixes the value gX ∼ gY ¼ 0.36 because
gE ∼ 1.02 is much greater than cgY .
Based on the matching with SM gauge coupling, we get

the strengths of new gauge groups within GE as

gE ∼ gs ¼ 1.02; gX ∼ gY ¼ 0.36: ð26Þ

The strong coupling gH is expected to be right below the
critical coupling gc ∼ 5.1, which will be explained in
subsection B.
Next, we discuss the fermion content. In this part, we

only focus on the relevant content for the generation of the
top (and bottom) Yukawa coupling. Additional fermions
might be added to realize the tumbling mechanism or to get
a realistic composite Higgs sector, which will be discussed
in subsection A and B. Besides, We remain agnostic about

how the other light SM fermions obtain their masses and
assume that the required mechanisms are separated from
our current work and do not worsen the hierarchy problem,
which could be true due to their small Yukawa couplings.3

Therefore, we will only address the SM third generation
quark—the top and bottom quark, especially on the top
quark, in the following discussion.
The required fermions under SUð3ÞHC × SUð4ÞEC ×

SUð2ÞW × Uð1ÞX are given by

QL ¼
�
3; 4; 2;

1

24

�
; UR=DR ¼

�
3; 4; 1;

1

24
� 1

2

�
:

ð27Þ

The extension is anomaly free under the gauge groups
except that there is a Witten anomaly. The problem can be
solved with one additional SUð2Þ doublet fermion, which is
chargeless underUð1ÞX. Since it doesn’t carryUð1Þ charge,
we can decouple it by writing down a Majorana mass term
without breaking any gauge symmetry.
After the symmetry breaking, the fermions are decom-

posed as [under GSM ¼ SUð3ÞC × SUð2ÞW ×Uð1ÞY]

QL → ð6; 2Þ0 þ ð3̄; 2Þ0 þ ð3; 2Þ1
6
; ð28Þ

UR → ð6; 1Þ1
2
þ ð3̄; 1Þ1

2
þ ð3; 1Þ2

3
; ð29Þ

DR → ð6; 1Þ−1
2
þ ð3̄; 1Þ−1

2
þ ð3; 1Þ−1

3
: ð30Þ

Each of fermion multiplets is separated to three parts,
exotic fermions fL;R, hyperfermions ψL;R, and the SM
quarks qL, tR, bR as

fL ¼ ð6; 2Þ0; ψL ¼ ð3̄; 2Þ0; qL ¼ ð3; 2Þ1
6
; ð31Þ

fU;R ¼ ð6; 1Þ1
2
; ψU;R ¼ ð3̄; 1Þ1

2
; tR ¼ ð3; 1Þ2

3
; ð32Þ

fD;R ¼ ð6; 1Þ−1
2
; ψD;R ¼ ð3̄; 1Þ−1

2
; bR ¼ ð3; 1Þ−1

3
:

ð33Þ

In the following three subsections, we will discuss the
roles of each fermion and all the relevant mechanisms from
the top down in order of energy scales as
(A) The GE → GSM breaking at the scale fE ∼ 1.7 TeV

through tumbling mechanism with exotic fermions.
(B) Composite Higgs formation at the scale f ∼ 1 TeV

through hyperfermion condensation.
(C) Generation of top Yukawa coupling at the scale ME

through integrating out the Eμ boson.

3The separation can be realized in a family nonuniversal
extension of the SM gauge group, such as in [25,30]. The
detailed construction is beyond the scope of this study, and we
leave it to the future study.
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Then we summarize the overall spectrum and properties of
new particles in subsection D.

A. Tumbling mechanism with exotic fermions

In this model, the first symmetry breaking required is
SUð3ÞHC × SUð4ÞEC → SUð3ÞC, which is similar to the
4321 model [30]. Besides using additional scalars with
nonzero VEVs to realize the breaking, we would like to
construct a dynamical model with the breaking through
the SUð3ÞHC strong interaction itself. Such a self-breaking
mechanism is known as “tumbling” gauge theories [26] and
has been used in BSM model building [31,32].
The self-breaking of a strong SUð3Þ gauge group has

already been studied in [33,34], and the desired breaking is
possible in a chiral theory with fermions in both the triplet 3
and sextet 6 representation. Since we already have LH 3,
we only need to add an additional RH 6. With fermions
under GE given by

QL ¼ ð3; 4; 2; 1=24Þ; FR ¼ ð6; 1; 2; 0Þ; ð34Þ

the most attractive channel under SUð3ÞHC is RH 6
combined with some of LH 3 to form the condensate.
The SUð3ÞHC will be broken down to a SUð3Þ symmetry,
which is the diagonal subgroup of SUð3ÞHC × SUð3ÞG,
where SUð3ÞG is a subgroup of global symmetry of 3.
The global symmetry of 3 under our setup will be the
SUð4ÞEC ×Uð1ÞX gauge symmetry. The SUð2ÞW part is
directly contracted so it does not play any role here. The
condensate, F̄RQL, is formed with exactly the same
quantum number as the scalar Σ ¼ ð3̄; 4; 1; 1=24Þ and with
the desired VEV structure shown in Eq. (18). The scale fE
is determined by the strength of 6̄3 condensate, and the
coupling gH is fixed at the corresponding value.
The VEV not only breaks SUð3ÞHC × SUð4ÞEC ×Uð1ÞX

to SUð3ÞC × Uð1ÞY with massive Eμ, G0 and Z0
E but also

gives the Dirac masses to the fermion sextet. The VEV
mixes the FR with the exotic fermion fL in Eq. (31). We
then get the mass term asMFF̄RfL withMF ∼ YSfE, where
the Yukawa coupling YS comes from the strong dynamics
and should have a large value. With the assistance of the
tumbling mechanism, now we have a dynamical origin
for the breaking pattern and also get rid of part of the
dangerous exotic fermions as they are much heavier and out
of reach of LHC searches.
Similarly, we can introduce two additional LH sextets

FU;L and FD;L to generate Dirac masses with fU;R and fD;R.
However, an additional mechanism is required to forbid the
direct condensation among the sextets FL and FR, which is
more attractive, such as a strong repulsive Uð1Þ force.
Moreover, two additional fermion sextets will flip the sign
of the hypercolor’s beta function, which will ruin the
whole strong dynamics. Therefore, to realize the tumbling
mechanism with an anomaly-free fermion content, a more

complicated fermion content is required, but we leave it for
the future study.

B. Composite Higgs from hyperfermion condensate

After the first breaking, the strong SUð3ÞHC is broken,
and the fermion sextets become massive. The next most
attractive channels are RH 3 combined with LH 3 whose
strength of the attraction is only slightly below the first
one [31,32]. Though SUð3ÞHC is already broken and the
coupling gH is fixed at the value to trigger F̄RQL ¼ 6̄3
condensation, we assume the ψ̄RψL ¼ 3̄3 condensate can
still happen with an assist from SUð3ÞEC interaction.
Since the strong gauge group is broken, we can describe

it by the Nambu-Jona-Lasinio (NJL) model [35,36]. The
critical coupling for 3̄3 condensation is

gc ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
8π2=3

q
∼ 5.1: ð35Þ

We claim that after the first breaking, the coupling gH is
fixed at the value right below gc as the first attractive
channel with 6̄3 has a smaller critical coupling.
Combining with the SUð3ÞEC interaction, which only

applies on hyperfermions but not top quarks, we claim the
following relation on couplings is achieved

g2ψ ∼ g2H þ g2E > g2c; g2t ∼ g2H < g2c; ð36Þ

such that the interaction is strong enough to form ψ̄ψ
condensate for composite Higgs without t̄t condensate.
In the NJL model, we can also estimate the breaking

scale by the ψ̄ψ condensate. Generically, the breaking
scale in the NJL model is close to the scale of the broken
strong gauge group, i.e., f ∼ fE, unless we have gψ ∼ gc.
However, as we already show how the coupling gψ can be
naturally closed to critical coupling gc in our model, we can
then get a desired hierarchy f < fE. The difference thus
determines the value of yt in the model.
The detail of the composite Higgs sector is model

dependent as the Higgs could be pionlike resonance in
composite Higgs models (CHM) or sigmalike resonance
in technicolor models (TC). Use the former one as an
example. In the fundamental composite Higgs models
(FCHM), we need the ψ̄ψ condensate to break the global
symmetry at the breaking scale f and introduce Higgs as
pseudo-Nambu-Goldstone bosons (pNGBs) of the coset.
With SUð3ÞHC strong interaction and the hyperfermions
under complex representations, the minimal choice of the
FCHMs [37,38] is the one with four Dirac fermions in
the (anti)fundamental representation, which results in a
SUð4Þ × SUð4Þ=SUð4Þ FCHM. The quantum numbers of
Dirac hyperfermions are given by

Ψ1 ¼ ð3̄; 2Þ0; Ψ2 ¼ ð3̄; 1Þ1
2
; Ψ3 ¼ ð3̄; 1Þ−1

2
; ð37Þ
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where we use 3̄ instead of 3 to match our fermion content.
Compared to Eq. (31)–(33), we find the ψL, ψU;R, and ψD;R

match the required fermions Ψ1;L, Ψ2;R, and Ψ3;R, which
are the fermion components of the composite Higgs. The
complete model should contain eight Weyl hyperfermions
so the fermion content should be extended with four more
hyperfermions of desired quantum numbers to ensure the
formation of electroweak preserving condensate, which is
the main difference between the composite Higgs models
and the technicolor models. On the other hand, additional
fermions might not be required if one can realize the idea in
the technicolor models. In the following discussion, we will
have a pNGB Higgs in our mind.
In general, there should be two Higgs doublets with

H1 ∼ ψ̄U;RψL and H2 ∼ ψ̄D;RψL. We expect the H1 being
the SM-like Higgs and H2 being a heavy second Higgs
doublet. Since the goal of this study is to generate top
Yukawa coupling, we will not dig into the details of the
composite Higgs sector but refer the readers to other
dedicated studies of this type of FCHMs [39,40].

C. Top Yukawa from the Eμ boson

The top Yukawa model that we construct through the
extended gauge group SUð4ÞEC introduces top Yukawa
coupling in exactly the way we describe in Sec. II. Now
with a concrete model, we can further estimate the required
value and set up our benchmark.
With the extended gauge group SUð4ÞEC broken at the

scale fE, the Eμ gauge boson that connects the hyper-
fermions and top quarks acquires a mass ME. The top
Yukawa coupling is generated after the composite Higgs is
formed by the ψ̄U;RψL condensate and the massive Eμ

boson is integrated out. The value is given by

yt ∼
1

v
g2E
M2

E
hψ̄U;RψLiHC ∼

�
f
fE

�
2

YS; ð38Þ

where YS is the Yukawa coupling from the strong inter-
action among hyperfermions. In the NJL model, Ys can be
estimated as

YS ∼
4πffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

NHC lnðΛ2=M2
ψ Þ

q ; ð39Þ

whereΛ is the cutoff of the theory, andMψ is the dynamical
mass of hyperfermions. In a strongly coupled theory, YS is
expected to be 3–4. In our case, as we have additional
splitting between fE and f, which might enhance the
logarithmic term, we take the lower value Ys ¼ 3 for our
numerical study.
To generate the observed top Yukawa yt ∼ 1, the scale

fE ∼
ffiffiffiffiffiffi
YS

p
× f ∼ 1.7 × f: ð40Þ

Setting f¼1TeV as our benchmark, we get fE ∼ 1.7 TeV.
Next, we can also derive the mass of the Eμ gauge boson.
With gE ∼ 1.02 and fE ∼ 1.7 TeV, the mass is then
given by

ME ¼ 1

2
gEfE ∼ 0.9 TeV; ð41Þ

which is the most important quantity in our model because
it serves as the cutoff of the top loop. That is, the top
Yukawa coupling is only generated below the scale of
ME ∼ 0.9 TeV, where the Eμ gauge boson is integrated out.
When approaching the mass ME, the top Yukawa coupling
will start revealing its original nature as

ytðk2Þ ∼
yt;0

ð1þ k2=M2
EÞ

; ð42Þ

where k is the momentum related to the vertex, and yt;0 is
the top Yukawa coupling at k2 ¼ 0. One can substitute the
modified top Yukawa coupling above into Eq. (1). The
resulting top loop contribution becomes

Δm2
Hjtop∼−i2Nc

Z
d4k
ð2πÞ4 y

2
t ðk2Þ

1

k2
¼−

3

8π2
y2t;0M

2
E; ð43Þ

where the massME now plays the role of Λt as it supposed
to be. With the weakly coupling extended gauge group
SUð4ÞEC, we then get a naturally light cutoff for the top
loop contribution, which can relieve the fine-tuning prob-
lem and serve as a good alternative to the top partner
solution.
Notice that, a similar Yukawa coupling term for the

bottom quarks with yb ∼ 1 will also be generated but with
the second Higgs H2. Such a term, if contributing to all the
bottom quark mass, will lead to a generic Type-II two
Higgs doublet model with a large tan β. However, the
bottom quark mass can also come from the top quark mass
through other mechanisms such as radiative mass gener-
ation [41–45]. Since the low-scale bottom Yukawa cou-
pling is not a necessary part of the model, one can even
replace the DR in the fermion content such that the bottom
Yukawa will not be generated at the tree level, such as
in [20]. Due to this freedom, we will only focus on the new
particles that are relevant for the generation of top Yukawa
coupling in the following discussion.

D. The overall spectrum

Before moving on to the phenomenology section, we
briefly summarize all the relevant new particles we intro-
duce and the overall spectrum. Starting with massive gauge
bosons, we have the broken SUð3Þ0 bosons G0

μ, which is a
color octet (colorons) with masses given by
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MG0 ¼ 1ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2H þ g2E

q
fE ∼ 6 TeV: ð44Þ

Next, the Eμ gauge boson, with quantum number under
GSM as ð3; 1;−1=6Þ, is much lighter with a mass

ME ¼ 1

2
gEfE ∼ 0.9 TeV: ð45Þ

Last, there is a massive neutral bosons Z0
E with a mass

MZ0 ¼ 1ffiffiffi
8

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2g2X þ g2E

q
fE ∼ 0.6 TeV; ð46Þ

which is the lightest new particles. As gE ≫ cgX, the
couplings between Z0

E and fermions are mainly determined
by theUð1ÞEC part with coupling gE and charge of fermions
given by

qL; tR∶
3ffiffiffiffiffi
24

p ∼ 0.6; ψL;R; fL;R∶
−1ffiffiffiffiffi
24

p ∼ −0.2: ð47Þ

Besides bosons, we have some new fermions at the TeV
scale. Because the SUð3ÞHC is broken, these fermions are
unconfined and can be searched for at the LHC. First, we
have color sextet Dirac fermions F with quantum number
(6,2,0) and ð6; 1;�1=2Þ, which get a dynamical mass at the
breaking scale fE with4

MF ∼ YsfE ∼ 5 TeV: ð48Þ

Next, the hyperfermions ψ are also unconfined. They are
also Dirac fermion with quantum number ð3̄; 2; 0Þ and
ð3̄; 1;�1=2Þ. The mass is lighter as it comes from a lower
breaking scale f as

Mψ ∼ Ysf ∼ 3 TeV: ð49Þ

V. INDIRECT SEARCHES

Since the goal of the whole study is to generate the top
Yukawa coupling, we will start with the discussion on top
physics. The main effect comes from the dimension-six
nature of top Yukawa coupling, which has already been
discussed in [13,14], so in this paper, we will focus on the
benchmark we use and some new analyses.

A. Higgs coupling measurements

Having the top Yukawa from dimension-six operators in
general will not affect its value yt;0 at zero momentum.
However, a deviation is still expected due to the Goldstone

nature of Higgs in CHMs. The measurements of the top
Yukawa coupling as well as other Higgs couplings are the
direct test of misalignment, which is the key mechanism in
CHMs. Combining all the Higgs coupling measurements,
we can get a constraint on the breaking scale f. Assuming a
simplified form with κV ¼ κf ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − v2=f2

p
for the devi-

ations on the Higgs couplings, recent measurements by
ATLAS and CMS with Run 2 data [46,47] put a constraint
on the scale f > 1.1 TeV, which is slightly above our
benchmark with f ¼ 1 TeV. The constraint can be relieved
if we go beyond the simplified form.

B. Running top Yukawa

The dimension-six origin of the top Yukawa coupling
will lead to a nontrivial form factor on the top-Higgs vertex.
Such momentum-dependence of the top Yukawa coupling
at high scales could be measured in the tails of momentum
distributions in processes such as tt̄h production [48–51].
However, it will require precise measurement of tt̄h differ-
ential cross section, which suffers from both the small tt̄h
cross section and the complexity of final states. The current
measurement has not yet reached the desired sensitivity but
could be done with new data at the HL-LHC.

C. Running top mass

Tests of the dimension-six top Yukawa can also be done
by measuring the running of the top quark mass. The
nontrivial running top mass at the high scale will affect the
tt̄ differential cross section. Compared to the tt̄h channel,
the tt̄ channel has a larger cross section, which could
provide better sensitivity. The measurement has been done
by the CMS Collaboration using part of Run 2 data with an
integrated luminosity of 35.9 fb−1 [52]. The result has been
interpreted in [53] as the top mass running up to 0.5 TeVas
shown in Fig. 1.
Assume a generic form of top mass running as

mtðμÞ ¼ mt;SMðμÞ
�

Λ2
t

μ2 þ Λ2
t

�
; ð50Þ

where Λt ¼ ME in our top Yukawa model, we can then get
a bound from the current data as ME ≳ 700 GeV. With
more data coming out, we expect the relevant parameter
space can be fully explored in the HL-LHC era.

D. Four top quarks cross section

The model also comes with new bosons interacting with
top quarks, including a massive neutral boson Z0

E and
colorons G0. Both of them will introduce additional con-
tributions to the four top-quark cross section. Due to the
heaviness of top quarks, this measurement is like a
precision test of a rare process. In the SM, the cross
section is derived as [54]

4Here, we still use Ys ¼ 3 for convenience. However, for a
sextet fermion, due to a stronger interaction, the coupling Ys
should be greater, and the sextet fermions F should be heavier.
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σSMtt̄tt̄ ¼ 13.4þ1.0
−1.8 fb: ð51Þ

Measurements using different final states have been
performed by both ATLAS [55] and CMS [56] with
LHC Run 2 data. The cross section are measured as

σATLAStt̄tt̄ ¼ 22.5þ6.6
−5.5 fb; σCMS

tt̄tt̄ ¼ 17.9þ4.4
−4.1 fb; ð52Þ

where ATLAS gets a central value of about 1.7 times the
SM prediction, while CMS gets a value closer to the SM
prediction but still higher.
Both collaborations have seen evidence for the simulta-

neous production of four top quarks and a cross section
slightly larger compared to the SM prediction. The bound
on the cross section at 95% CL level is given by

σtt̄tt̄ < 38ð27Þ fb fromATLAS ðCMSÞ: ð53Þ

Several analyses aiming at four top final states have been
performed in recent years [57–59]. Following the analysis
of simplified models in [57], we get a constraint on the ratio
between the mass MV and coupling gV of a top-philic
vector color-singlet boson (Z0) as

MV

gV
> 0.48ð0.56Þ TeV fromATLAS ðCMSÞ; ð54Þ

or the mass MC and coupling gC of a top-philic vector
color-octet boson (coloron) as

MC

gC
> 0.35ð0.40Þ TeV fromATLAS ðCMSÞ: ð55Þ

The coloron’s contribution is only weakly constrained and
should be subleading. The main contribution is from the Z0

E

where we have gV ∼ gE × 3=
ffiffiffiffiffi
24

p
∼ 0.6. It is below the

current constraint and could provide an explanation for the
observed excess.

E. Flavor constraints

Besides the four top quarks cross section, the same
four-quark operators will also introduce other light quark
physics through the mixing, which might lead to dangerous
flavor-changing neutral currents. Assuming that the mixing
angle θ23 ≫ θ13 analogous to the CKMmatrix, then among
all the processes, the strongest constraint comes from
Bs − B̄s mixing, which contains both the second and third
generation down-type quarks. The contribution comes from
the operator

ΔLBs
¼ Csbðs̄LγμbLÞðs̄LγμbLÞ: ð56Þ

Following the calculation in [60], we can derive the
contribution from new physics on the mass difference
ΔMs. Comparing the measurement of mixing parameter
[61] to the SM prediction by sum rule calculations [62], we
get the bound on the coefficient of the operator as

jCsbj ≈
1

2

�
gVθsb

MVðTeVÞ
�

2

≤
�

1

274

�
2

ð57Þ

for a top-philic color-singlet vector boson V, where the
angle θsb is the mixing between the left-handed strange
quark and bottom quark. In our benchmark with the ratio
gV=MVðTeVÞ ¼ 1, we get a constraint on the mixing angle
as θsb < 0.005, which requires a special flavor structure for
the down quark sector.

F. Electroweak precision tests

Precise measurements from the electroweak sector typ-
ically impose strong constraints on new physics at the TeV
scale, particularly concerning the T parameter and Zbb̄
coupling. Both of them measure the violation of SUð2ÞR
symmetry, which is related to the detail of the second
Higgs and the bottom Yukawa coupling. Since we only
focus on the origin of the top Yukawa coupling, the topic is
beyond the scope of this study and relies on the complete
model with detailed study on the composite Higgs sector,
which should preserve custodial symmetry to avoid strong
constraints. We leave such a custodial symmetric model
and the discussion of corresponding constraints for the
future study.

VI. DIRECT SEARCHES

There are many new particles in this top Yukawa model
for the composite Higgs. Some of them are composite states
from the strong sector, but we will not discuss them.
Instead, we would like to focus on the new particle due to
the extension of the gauge group, including the new gauge
bosons and fermions discussed in Sec. IV D.

FIG. 1. The top mass running in the SM (gray) vs the running in
Eq. (50) with Λt ¼ 700 GeV (red), 900 GeV (green), and
1300 GeV (blue) compared with the data points from [53]
(the inner bars represent 1σ uncertainties and the outer bars
for 2σ uncertainties).
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A. The Z0
E boson

Start from the lightest particle in the spectrum. First,
there is a massive neutral boson Z0

E with the mass
MZ0 ∼ 600 GeV. If the charge assignment follows only
the Eq. (47), the Z0

E boson will only couple to the top and
bottom quarks among the SM fermions. The dominant
production will be through the bb̄ fusion. In our model,
there are only two decay channels with the final states tt̄
and bb̄. However, the current direct searches for both tt̄ [63]
and bb̄ [64] final states have no access to MZ0 around
600 GeV due to the heaviness of top quarks and the
b-tagging issues.
Therefore, the direct search of Z0

E is only possible with
lepton final states, but it requires an additional setup.
Assuming that in a more realistic model, the τ lepton is
also charged under Uð1Þ0, then the most promising channel
will become the process bb̄ → Z0

E → ττ, which covers the
sub-TeV regime. The current searches [65,66] for MZ0 ¼
600 GeV already require the cross section to be lower than
20 fb, which can put the constraint on the coupling of Z0

E
with τ leptons.

B. The Eμ gauge boson

Next, the Eμ boson is also at the sub-TeV scale with
ME ∼ 900 GeV in our benchmark. The most important
feature of Eμ is that it is stable. Since the hyperfermions get
masses at few-TeV, without additional assumptions, there is
no allowed decay channels for a single Eμ boson. It is the
direct consequence of having a light mediator in an ETC-
type model.
Under our extended gauge group, the Eμ is colored,

which then gets a large cross section from the pair
production process at the LHC. Although a single Eμ

boson is stable, a pair of Eμ bosons is another story. For
pp → Eþ

μ E−
μ at the LHC, both of them can decay to a

top/bottom quark and an off-shell hyperfermion. In
general, the off-shell hyperfermions cannot decay to
lighter on-shell final states so the Eμ boson is stable.
However, the two off-shell hyperfermions from Eþ

μ and
E−
μ experience a strong attraction that allow them to form

a deeply bound state, which is just the composite Higgs
in our model. Therefore, direct searches of an Eμ boson
are unlikely in the LHC, but instead a BSM operator OtG
is generated, where

OtG ¼ gsðq̄LσμνTAtRÞH̃GA
μν þ H:c: ð58Þ

The coefficient CtG of the operator, after integrating out
the loop with Eμ bosons and hyperfermions, is given by

CtG ∼
3

16π2
g2EYs

M2
ψ

∼ 0.007 TeV−2; ð59Þ

using our benchmark value. The experimental constraint
on the coefficient is analyzed using the t̄t final states
measured by the CMS with part of Run 2 data [67] as

−0.24 TeV−2 < CtG < 0.07 TeV−2; ð60Þ

at 95% confidence level. Yet, the constraint is an order of
magnitude greater than the benchmark value because in
our model, the coefficient CtG is generated at the one-
loop level, but the desired precision can be reached in the
near future. Besides, we also expect other interesting
processes such as Eþ

μ E−
μ → tt̄h=tt̄Z=tbW, which will

affect the corresponding cross sections and can be tested
in the HL-LHC era.
Strong constraints could arise from cosmology because

it might introduce unacceptable relic abundance. Since
the Eμ boson is stable and colored, it will form heavy
color-neutral bound states with other colored particles
through QCD interactions, which behave like massive
stable charged particles. The constraints on stable charged
particles have been studied [68,69], which mainly
depends on the thermal production/annihilation rate.
Since the Eμ boson is colored, the relic abundance is
lower compared to pure charged particles [70]. However,
it also relies on the details of cosmological evolution
such as reheating, so after all, we only refer to the
searches from the LHC.

C. The G0 boson (Coloron)

Compared to the Z0
E boson and Eμ boson, the coloron is

much heavier with the mass ∼6 TeV. As a color octet, we
expect a large cross section even though it is heavy. If it
only couples to the top and bottom quarks like the Z0

E
boson, the decay channels will also be dominated by tt̄ and
bb̄ final states. However, due to the strong coupling
g0s ∼ gH ∼ 5, we expect the coloron to be a very broad
resonance, which will be hard to search for.

D. Heavy fermions

Since the strong SUð3ÞHC is broken and unconfined, new
fermions, even charged under hypercolor, are able to
propagate freely after being produced. There are two types
of heavy fermions. First is the color sextet Dirac fermion F
with quantum number (6,2,0) and ð6; 1; 1=2Þ, which gets a
dynamical mass at the breaking scale fE withMF ∼ 5 TeV.
Next, the hyperfermions ψ are also Dirac fermion with
quantum number ð3̄; 2; 0Þ and ð3̄; 1; 1=2Þ, which have a
lighter mass Mψ ¼ 3 TeV. Both of them can be pair-
produced at the LHC and decay through a Eμ boson plus a
top/bottom quark channel. And again, a pair of Eμ bosons
will decay to two more top/bottom quarks with a Higgs/W/
Z boson.
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VII. CONCLUSION AND OUTLOOK

In this paper, we study a Top Yukawa model based on the
motivation from the naturalness principle, i.e., a light cutoff
for the top quark loop. We construct a composite Higgs
model where the top Yukawa coupling arises from four-
fermion interactions through an ETC-like mechanism.
Different from the traditional extension, we extend the
gauge group in a direction independent of the strong
interaction. In this way, the gauge coupling gE can be
weak, and the mediator Eμ, which plays the role of top loop
cutoff, can be naturally light, which relieves the top loop
contribution.
A concrete model with GE ¼ SUð3ÞHC × SUð4ÞEC ×

SUð2ÞW × Uð1ÞX is discussed in detail. The breaking of
GE → GSM is realized dynamically through the tumbling
mechanism with exotic chiral fermions. We also show
that under this content, the hyperfermions can condense
without the dangerous top quark condensation due to the
tilting mechanism. Most important of all, the top Yukawa
coupling is generated through a light mediator—the Eμ

gauge boson from the weakly coupled SUð4ÞEC extended
color group.
The rich phenomenology on top physics is discussed,

where tt̄ differential cross section could provide important
hints. The method also features two new sub-TeV particles
which have important impacts at the LHC. One is a third-
generation-philicZ0

E boson, the lightest state in the spectrum,
which will enhance the tt̄tt̄ cross section. The other is theEμ

gauge boson, the cutoff of top loop, which will affect several
final states with top quarks through a BSM operator OtG.
This study aims at the model building in a different

direction compared to the traditional model. Our attempt
only focuses on the gauge group extension in its simplest
way, which might not be realistic considering that we
ignore the bottom quarks and other light fermions. We
expect this extension can be applied to other flavor-safe
setups, such as partial compositeness [71]. In fundamental
partial compositeness [72,73], the mixing should also arise
from similar dimension-six four-fermion operators. With

assistance from our method, the top partners no longer need
to be light and can escape from the LHC direct searches
without worsening the fine-tuning problem because now
the top loop contribution is controlled by the light Eμ

gauge boson.
Also, the detail of the composite Higgs sector is left aside

to avoid distracting the attention from our goal. Because of
the SUð3ÞHC hypercolor group, a large coset is expected.
If we want to stick to the small coset, such as the
SUð4Þ=Spð4Þ fundamental composite Higgs model with
only a Higgs doublet and a real singlet [37,38], we
need hyperfermions to be pseudoreal representations of
the hypercolor group. To realize the idea, we can have
SUð2ÞHC with hyperfermions as fundamental representa-
tions, which is possible if the SUð2ÞHC is broken down to
the SM SUð2ÞW in the end. For this scenario, we start with a
strongly coupled SUð2ÞHC and a weakly coupled SUð3Þ.
With a certain fermion content, we could have symmetry
breaking SUð3Þ × SUð2ÞHC → SUð2ÞW as desired. The
concrete construction is left for future study.
Together with [13,14], we hope to raise some interest in

the modified top Yukawa running scenario compared to the
top partner solutions. As the constraints on the top partner
mass become higher and require more fine-tuning, the
measurements on top physics, on the other hand, are
reaching higher precision and providing many intriguing
results, which might reveal the mysterious relation between
top quarks and Higgs bosons.

ACKNOWLEDGMENTS

I thank Andreas Bally and Florian Goertz for their
collaboration in the early stages of this work. I am also
grateful to Hsin-Chia Cheng, Markus Luty, David
Marzocca, Álvaro Pastor-Gutiérrez, Avik Banerjee, and
Gabriele Ferretti for useful discussions. I would like to
acknowledge the Mainz Institute for Theoretical Physics
(MITP) of the Cluster of Excellence PRISMAþ (Project ID
390831469), for its hospitality and its partial support during
the completion of this work.

[1] S. Chatrchyan et al. (CMS Collaboration), Observation of a
new boson at a mass of 125 GeV with the CMS experiment
at the LHC, Phys. Lett. B 716, 30 (2012).

[2] G. Aad et al. (ATLAS Collaboration), Observation of a new
particle in the search for the standard model Higgs boson
with the ATLAS detector at the LHC, Phys. Lett. B 716, 1
(2012).

[3] G. F. Giudice, Naturally speaking: The naturalness criterion
and physics at the LHC, Perspectives on LHC Physics
(World Scientific, Singapore, 2008), p. 155.

[4] G. F. Giudice, naturalness after LHC8, Proc. Sci., EPS-
HEP2013 (2013) 163 [arXiv:1307.7879].

[5] N. Craig, naturalness: Past, present, and future, Eur. Phys.
J. C 83, 825 (2023).

[6] A. M. Sirunyan et al. (CMS Collaboration), Search for top
squark pair production using dilepton final states in pp
collision data collected at

ffiffiffi
s

p ¼ 13 TeV, Eur. Phys. J. C 81,
3 (2021).

[7] G. Aad et al. (ATLAS Collaboration), Search for top
squarks in events with a Higgs or Z boson using

NATURALNESS-MOTIVATED COMPOSITE HIGGS MODEL … PHYS. REV. D 109, 095021 (2024)

095021-11

https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.020
https://arXiv.org/abs/1307.7879
https://doi.org/10.1140/epjc/s10052-023-11928-7
https://doi.org/10.1140/epjc/s10052-023-11928-7
https://doi.org/10.1140/epjc/s10052-020-08701-5
https://doi.org/10.1140/epjc/s10052-020-08701-5


139 fb−1 of pp collision data at
ffiffiffi
s

p ¼ 13 TeV with the
ATLAS detector, Eur. Phys. J. C 80, 1080 (2020).

[8] A. M. Sirunyan et al. (CMS Collaboration), Search for pair
production of vectorlike quarks in the fully hadronic final
state, Phys. Rev. D 100, 072001 (2019).

[9] Search for pair production of vector-like quarks in leptonic
final states in proton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV,
J. High Energy Phys. 07 (2023) 020.

[10] M. Aaboud et al. (ATLAS Collaboration), Combination of
the searches for pair-produced vector-like partners of the
third-generation quarks at

ffiffiffi
s

p ¼ 13 TeV with the ATLAS
detector, Phys. Rev. Lett. 121, 211801 (2018).

[11] G. Aad et al. (ATLAS Collaboration), Search for single
production of a vectorlike T quark decaying into a Higgs
boson and top quark with fully hadronic final states using
the ATLAS detector, Phys. Rev. D 105, 092012 (2022).

[12] G. Aad et al. (ATLAS Collaboration), Search for pair-
production of vector-like quarks in pp collision events atffiffiffi
s

p ¼ 13 TeV with at least one leptonically decaying Z
boson and a third-generation quark with the ATLAS
detector, Phys. Lett. B 843, 138019 (2023).

[13] A. Bally, Y. Chung, and F. Goertz, The hierarchy problem
and the top Yukawa, in 57th Rencontres de Moriond on
QCD and High Energy Interactions (2023); arXiv:2304
.11891.

[14] A. Bally, Y. Chung, and F. Goertz, Hierarchy problem and
the top Yukawa coupling: An alternative to top partner
solutions, Phys. Rev. D 108, 055008 (2023).

[15] D. B. Kaplan and H. Georgi, SUð2Þ × Uð1Þ breaking by
vacuum misalignment, Phys. Lett. 136B, 183 (1984).

[16] D. B. Kaplan, H. Georgi, and S. Dimopoulos, Composite
Higgs scalars, Phys. Lett. 136B, 187 (1984).

[17] S. Dimopoulos and L. Susskind, Mass without scalars, Nucl.
Phys. B155, 237 (1979).

[18] E. Eichten and K. D. Lane, Dynamical breaking of weak
interaction symmetries, Phys. Lett. 90B, 125 (1980).

[19] E. Farhi and L. Susskind, A technicolored G.U.T., Phys.
Rev. D 20, 3404 (1979).

[20] G. Cacciapaglia and F. Sannino, An ultraviolet chiral theory
of the top for the fundamental composite (Goldstone) Higgs,
Phys. Lett. B 755, 328 (2016).

[21] V. A. Miransky, M. Tanabashi, and K. Yamawaki, Dynami-
cal electroweak symmetry breaking with large anomalous
dimension and t quark condensate, Phys. Lett. B 221, 177
(1989).

[22] V. A. Miransky, M. Tanabashi, and K. Yamawaki, Is the t
quark responsible for the mass of W and Z bosons?, Mod.
Phys. Lett. A 04, 1043 (1989).

[23] W. J. Marciano, Heavy top quark mass predictions, Phys.
Rev. Lett. 62, 2793 (1989).

[24] W. A. Bardeen, C. T. Hill, and M. Lindner, Minimal
dynamical symmetry breaking of the standard model, Phys.
Rev. D 41, 1647 (1990).

[25] C. T. Hill, Topcolor: Top quark condensation in a gauge
extension of the standard model, Phys. Lett. B 266, 419
(1991).

[26] S. Raby, S. Dimopoulos, and L. Susskind, Tumbling gauge
theories, Nucl. Phys. B169, 373 (1980).

[27] R. S. Chivukula, E. H. Simmons, and J. Terning, A Heavy
top quark and the Z b anti-b vertex in noncommuting
extended technicolor, Phys. Lett. B 331, 383 (1994).

[28] Y. Chung, Flavorful composite Higgs model: Connecting
the B anomalies with the hierarchy problem, Phys. Rev. D
104, 115027 (2021).

[29] Y. Chung, Explaining the RKð�Þ anomalies in a fundamental
composite Higgs model with gauged Uð1ÞSM3−HB, arXiv:
2110.03125.

[30] L. Di Luzio, A. Greljo, and M. Nardecchia, Gauge lep-
toquark as the origin of B-physics anomalies, Phys. Rev. D
96, 115011 (2017).

[31] S. P. Martin, A tumbling top quark condensate model, Phys.
Rev. D 46, 2197 (1992).

[32] S. P. Martin, Selfbreaking technicolor, Nucl. Phys. B398,
359 (1993).

[33] D. Amati and M. A. Virasoro, A stability criterion for
tumbling patterns, Phys. Lett. 99B, 225 (1981).

[34] V. P. Gusynin, V. A. Miransky, and Y. A. Sitenko, On the
dynamics of tumbling gauge theories, Phys. Lett. B 123B,
407 (1983).

[35] Y. Nambu and G. Jona-Lasinio, Dynamical model of
elementary particles based on an analogy with supercon-
ductivity. 1., Phys. Rev. 122, 345 (1961).

[36] Y. Nambu and G. Jona-Lasinio, Dynamical model of
elementary particles based on an analogy with supercon-
ductivity. II, Phys. Rev. 124, 246 (1961).

[37] G. Cacciapaglia and F. Sannino, Fundamental composite
(Goldstone) Higgs dynamics, J. High Energy Phys. 04
(2014) 111.

[38] G. Cacciapaglia, C. Pica, and F. Sannino, Fundamental
composite dynamics: A review, Phys. Rep. 877, 1 (2020).

[39] T. Ma and G. Cacciapaglia, Fundamental composite
2HDM: SU(N) with 4 flavours, J. High Energy Phys. 03
(2015) 211.

[40] Y. Wu, T. Ma, B. Zhang, and G. Cacciapaglia, Composite
dark matter and Higgs, J. High Energy Phys. 11 (2017) 058.

[41] X.-G. He, R. R. Volkas, and D.-D. Wu, Radiative generation
of quark and lepton mass hierarchies from a top quark mass
seed, Phys. Rev. D 41, 1630 (1990).

[42] E. Ma, Hierarchical radiative quark and lepton mass
matrices, Phys. Rev. Lett. 64, 2866 (1990).

[43] K. S. Babu and R. N. Mohapatra, Top quark mass in a
dynamical symmetry breaking scheme with radiative b quark
and tau lepton masses, Phys. Rev. Lett. 66, 556 (1991).

[44] B. A. Dobrescu and P. J. Fox, Quark and lepton masses from
top loops, J. High Energy Phys. 08 (2008) 100.

[45] M. J. Baker, P. Cox, and R. R. Volkas, Has the origin of the
third-family fermion masses been determined?, J. High
Energy Phys. 04 (2020) 151.

[46] A detailed map of Higgs boson interactions by the ATLAS
experiment ten years after the discovery, Nature (London)
607, 52 (2022); ibid.612, E24 (2022).

[47] A. Tumasyan et al. (CMS Collaboration), A portrait of the
Higgs boson by the CMS experiment ten years after the
discovery, Nature (London) 607, 60 (2022).

[48] D. Gonçalves, T. Han, and S. Mukhopadhyay, Higgs
couplings at high scales, Phys. Rev. D 98, 015023 (2018).

YI CHUNG PHYS. REV. D 109, 095021 (2024)

095021-12

https://doi.org/10.1140/epjc/s10052-020-08469-8
https://doi.org/10.1103/PhysRevD.100.072001
https://doi.org/10.1007/JHEP07(2023)020
https://doi.org/10.1103/PhysRevLett.121.211801
https://doi.org/10.1103/PhysRevD.105.092012
https://doi.org/10.1016/j.physletb.2023.138019
https://arXiv.org/abs/2304.11891
https://arXiv.org/abs/2304.11891
https://doi.org/10.1103/PhysRevD.108.055008
https://doi.org/10.1016/0370-2693(84)91177-8
https://doi.org/10.1016/0370-2693(84)91178-X
https://doi.org/10.1016/0550-3213(79)90364-X
https://doi.org/10.1016/0550-3213(79)90364-X
https://doi.org/10.1016/0370-2693(80)90065-9
https://doi.org/10.1103/PhysRevD.20.3404
https://doi.org/10.1103/PhysRevD.20.3404
https://doi.org/10.1016/j.physletb.2016.02.034
https://doi.org/10.1016/0370-2693(89)91494-9
https://doi.org/10.1016/0370-2693(89)91494-9
https://doi.org/10.1142/S0217732389001210
https://doi.org/10.1142/S0217732389001210
https://doi.org/10.1103/PhysRevLett.62.2793
https://doi.org/10.1103/PhysRevLett.62.2793
https://doi.org/10.1103/PhysRevD.41.1647
https://doi.org/10.1103/PhysRevD.41.1647
https://doi.org/10.1016/0370-2693(91)91061-Y
https://doi.org/10.1016/0370-2693(91)91061-Y
https://doi.org/10.1016/0550-3213(80)90093-0
https://doi.org/10.1016/0370-2693(94)91068-5
https://doi.org/10.1103/PhysRevD.104.115027
https://doi.org/10.1103/PhysRevD.104.115027
https://arXiv.org/abs/2110.03125
https://arXiv.org/abs/2110.03125
https://doi.org/10.1103/PhysRevD.96.115011
https://doi.org/10.1103/PhysRevD.96.115011
https://doi.org/10.1103/PhysRevD.46.2197
https://doi.org/10.1103/PhysRevD.46.2197
https://doi.org/10.1016/0550-3213(93)90114-5
https://doi.org/10.1016/0550-3213(93)90114-5
https://doi.org/10.1016/0370-2693(81)91113-8
https://doi.org/10.1016/0370-2693(83)90982-6
https://doi.org/10.1016/0370-2693(83)90982-6
https://doi.org/10.1103/PhysRev.122.345
https://doi.org/10.1103/PhysRev.124.246
https://doi.org/10.1007/JHEP04(2014)111
https://doi.org/10.1007/JHEP04(2014)111
https://doi.org/10.1016/j.physrep.2020.07.002
https://doi.org/10.1007/JHEP03(2016)211
https://doi.org/10.1007/JHEP03(2016)211
https://doi.org/10.1007/JHEP11(2017)058
https://doi.org/10.1103/PhysRevD.41.1630
https://doi.org/10.1103/PhysRevLett.64.2866
https://doi.org/10.1103/PhysRevLett.66.556
https://doi.org/10.1088/1126-6708/2008/08/100
https://doi.org/10.1007/JHEP04(2020)151
https://doi.org/10.1007/JHEP04(2020)151
https://doi.org/10.1038/s41586-022-04893-w
https://doi.org/10.1038/s41586-022-04893-w
https://doi.org/10.1038/s41586-022-05581-5
https://doi.org/10.1038/s41586-022-04892-x
https://doi.org/10.1103/PhysRevD.98.015023


[49] D. Gonçalves, T. Han, S. Ching Iris Leung, and H. Qin, Off-
shell Higgs couplings in H� → ZZ → llνν, Phys. Lett. B
817, 136329 (2021).

[50] R. Mammen Abraham, D. Gonçalves, T. Han, S. C. I.
Leung, and H. Qin, Directly probing the Higgs-top coupling
at high scales, Phys. Lett. B 825, 136839 (2022).

[51] P. Bittar and G. Burdman, Form factors in Higgs couplings
from physics beyond the standard model, J. High Energy
Phys. 10 (2022) 004.

[52] A. M. Sirunyan et al. (CMS Collaboration), Running of the
top quark mass from proton-proton collisions atffiffiffi
s

p ¼ 13 TeV, Phys. Lett. B 803, 135263 (2020).
[53] M.M. Defranchis, J. Kieseler, K. Lipka, and J. Mazzitelli,

Running of the top quark mass at NNLO in QCD, arXiv:
2208.11399.

[54] M. van Beekveld, A. Kulesza, and L. M. Valero, Threshold
resummation for the production of four top quarks at the
LHC, Phys. Rev. Lett. 131, 211901 (2023).

[55] G. Aad et al. (ATLAS Collaboration), Observation of four-
top-quark production in the multilepton final state with the
ATLAS detector, Eur. Phys. J. C 83, 496 (2023).

[56] A. Hayrapetyan et al. (CMS Collaboration), Observation of
four top quark production in proton-proton collisions atffiffiffi
s

p ¼ 13 TeV, Phys. Lett. B 847, 138290 (2023).
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