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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 E,, that connects the hyperfermions

and top quarks. A scalarless dynamical model with weakly coupled extended SU(4)p. gauge group is
presented. The model features an E, boson and a Z'. 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 A, 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
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the symmetric limit. New degrees of freedom, known as
top partners, are introduced to cancel out the A? term.
However, the symmetry cannot be exact, and the difference
between the top mass m, and top partner mass My will
reintroduce the correction given by

3
yiM3. (2)
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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 mass M7 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 A,;. If we can have the scale
A, <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 A,
is determined by the mass of new massive gauge bosons
A, ~ Mgrc 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 Mgrc ~ gif g, the breaking scale f is fixed
by the value of the top Yukawa coupling at around the TeV
scale, and gr is the coupling of the ETC group that is
related to the strong coupling responsible for the hyper-
fermion condensate so the mass Mgyc is expected to be
heavy from the theoretical aspect.

Motivated by the naturalness principle, we aim at a
model with a small gz such that the scale A, 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 fg, 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 1is presented,
including the indirect searches in Sec. V and direct searches
in Sec. VI. Section VII contains our conclusions and
outlooks.

I1. 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 Gy with gauge bosons G¢ and
coupling g, where the top quarks and hyperfermions y
are within the same multiplets Q. The generic
Lagrangian is given by

Ly = g£GE, (07" TQp + Orr*T*Qk)
> LQEE WLy qr + Wry'tg). (3)
N

where E, is the specific boson among G that mediates
the top quarks and hyperfermions. The group G is
then broken at the scale fr down to the SM gauge
group Ggy and hypercolor Gy (can be either broken or
unbroken).! After integrating out the massive E, gauge
bosons with a mass Mg, we get an low energy effective
Lagrangian as

'In 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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Legr = (GLy*w)(Wry,tr) + Hee.

(Wwryr)(qrtg) + - - - (after Fierzing). (4)

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

the strong dynamics with an O(1) value. As the G is

broken by fp, we expect the relation My ~ gpfr and

thus,

2
¥y~ (ff) Vo~ (6)

E

which fixes the ratio among scales as frp~ O(1) x 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 G, 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 E,. Its mass My is given by the
product of coupling g and the breaking scale f. As the
scale f is fixed by the value of the top Yukawa coupling,
we aim at a model with a small gz. 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 f, 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 = fg,theny, ~ Y, 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
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physics due to the b; inside ¢;, which will be discussed
in Sec. V.

III. EXTEND THE GAUGE GROUP

With the SM gauge group SU(3). x SU(2)y, x U(1)y,
there are many different ways to extend it to include
hyperfermions y. In this work, we focus on the cases with
extended SU(3). Other cases like extended SU(2),, are
also possible and have been studied in ETC models [27],
but we will leave them for future study.

A. Traditional extension: Gyc X Ggm C G

Traditional ways following the ETC models usually have
the hypercolor group combined with one of the SM gauge
groups to a larger group. From the top down, the extended
group G group is broken down to Gyc X Ggy at the scale
fE, which separates the fermion Q to the hyperfermions
and top quarks.

Following the idea in [20], the hypercolor group
Guc = SU(N)yc is combined with SU(3)- C Ggy to
Gg = SU(N + 3)g. The desired fermion content Q; r
under SU(N + 3); x SU(2)y, is given by [we ignore the
U(1) in this section for simplicity]

0, = (N+3,2), Or=(N+3.1). (7)

Then, the Gg group is broken down as
SU(N +3)g = SUN)ye X SU(3) . (8)

After breaking, the fermions are also separated to [under
SU(N)ye X SU3)e x SU2)y]

Yy = (N7 172)7
qL =(1,3,2),

YR = (N’ 1, 1)
tr = (1,3, 1). 9)

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

E,=(N.3,1), (10)

which carries both hypercolor and color. Besides, there is
also a massive Z}; boson that corresponds to the diagonal
U(1); subgroup of SU(N + 3);. The generic charge of
fermions under this broken U(1)g is given by

wr.yrt —1/N, qr.tr:1/3, (11)
which features a universal charge in the SM sector.
This Z, 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 Gy and
Gsm to Gg and thus hyperfermions and top quarks to
multiplets Q. Since the E, boson carries hypercolor, it will
form a hypercolor singlet bound state with other hyper-
colored particles below Ayc ~ 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 Z/,,
which can be searched for at the LHC.

However, since the SU(N )y group is directly separated
from the SU(N + 3) group, the gauge coupling g is the
same as hypercolor coupling gy above the breaking scale
fr. After breaking, the running can separate the two
couplings. However, to generate the observed top
Yukawa y, ~ 1, the two scales f; and f must be close,
which means g must be close to gy, the strong hypercolor
coupling. Therefore, the resulting Mg ~ ggfE is expected
to be very heavy, and the fine-tuning problem from the top
loop will not be relieved.

B. New extension: Gy % (Gup X Gsm C Or)

The new extension will be the main focus of this study.
To avoid a large gg situation as mentioned, we want to
decouple it from the hypercolor coupling gy. 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 g and gy are unrelated. In this case, the coupling
gg 1s related to one of the SM gauge couplings instead.
The gauge group G can be weakly coupled and is broken
down to Gy X Ggv at the scale fy, where HF stands for
hyperfermion.

More specifically, we consider the extension of the SM
SU(3)¢ to SU(4)gc to include the hyperfermions, where
EC stands for extended color. The fermion content under
SU(N)yc X SU(4)ge x SU(2)y, is given by

0, = (N.4.2), Or = (N.4.1). (12)
After the first breaking, the SU(4)gc gauge group is broken
down to SU(3)gc. The fermion content then becomes
[under SU(N)ye X SU(3)ge X SU(2) ]

Left-handed (LH): (N, 3,2),(N, 1,2)
Right-handed (RH): (N,3,1), (N, 1,1), (13)

which should include both hyperfermions and top quarks.
However, under this setup, all the fermion are charged
under SU(3)yc, which is obviously not allowed for a
realistic top quark unless the SU(N )y 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 = 3 in the Topcolor models,
and have the SM gauge group as the unbroken subgroup
through an additional breaking process SU(N)yc X
SU(N) — SU(N)gy-

In general, we can have a hypercolor group as SU(3)yc
[broken down to SU(3). in the end], SU(2)yc [broken
down to SU(2)y, in the end], or U(1)yc [broken down to
U(1)y in the end]. In this work, we focus on the first
case with N = 3. Therefore, an additional breaking process
is required to break SU(3)yc X SU(3)gc = SU3),,
and the fermion content is further separated to [under
SUN)ye X SUB)ge x SU22)y = SU3) e x SU(2)y]

0, —(3.3.2)+(3,1,2) > (6,2) +(3.2) + (3.2),  (14)
Or— (3.3,1)+(3,1,1) = (6,1) +(3. 1) +(3,1), (15

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 SU(3) interactions, but the
triplet only has the one from SU(3)ye. 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 f; g,
we get

0L~ fL=1(62),

Yy = (3,2), qL = (372),

(16)

Ok = fr=6.1). we=0G.1. 1z=0.1).

(17)

This setup can allow yy to form the condensate without 7¢
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 E,
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 Z); boson, which plays an important
role in phenomenology.

IV. A CONCRETE MODEL

In this section, we construct a concrete model based on
SU(4)gc with all the ingredients we mention. For the gauge

sector, we consider a strongly coupled SU(3)yc and a
weakly coupled SU(4)gc. The overall gauge group
is Gp=SUB)ye X SU(4)ge x SUQ2)y x U(1)y.” We
denote the corresponding gauge fields as Hj, Ej, WL,
and X, the gauge couplings as gy, gg, gw, 9gx. and the
generators as T¢, T T', Y', with indices a =1,...,8,
a=1,...,15, i =1,2,3. The generators are normalized
as Tr(TAT?) = 1 55.

The gauge group is spontaneously broken down to
SM  gauge group Ggy = SU3)exSUQ2)y x U(1)y
through the scalar representation ¥ = (3,4, 1, 1/24), which
acquires a vacuum expectation (VEV) value given by

I

=7

o O O

1 00
01 0. (18)
00 1

The formation of the X 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 G — Gg can be separated into
three parts corresponding to the three resulting massive
gauge bosons with different tasks:

(1) SU(4)gc = SU(3)ge x U(1)ge breaking introduces

the massive E, boson with the mass

1
MEIEQEfE» (19)

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

(2) SUB)ye x SU(3)ge = SU(3)- breaking leads to a
broken SU(3)" and an unbroken SU(3) expressed as

9guHy — geE} 9eH; + grEy

G/a — , G4 =
Vet Y Vg
(20)
The broken SU(3)" bosons get the mass
1 2 4 2
Mg :\/—E 95 + 95 (21)

and the gauge coupling ¢, = \/g2, + g%. It is the
mediator of strong interaction and makes the hyper-
fermions condense, which leads to the subsequent

’A 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 SU(3) is just SM color group
SU(3) with the gauge coupling given by

9HIE

g = 99
YV + g

where we choose the matching value at the scale of
2 TeV. The matching then fixes the value g ~ g, =
1.02 assuming gy > g, which is related to the SM
coupling and is weak as desired. The mass M is
then determined, which will be discussed further in
subsection C.

(3) U(l)ge xU(1)y —» U(1),  breaking  similarly
leads to a broken U(1)" and an unbroken U(1)
expressed as

=1.02, (22)

7, = cgxX, — gEE;145 B — 9eX, + chEbS
’ ’ M )
LV R+ g g% + 9%

(23)

where ¢ = 1/+/24. The Z; boson gets the mass

My = LS gy + gifes (24)
and the gauge coupling gauge coupling ¢ =
g% + g Itis the lightest new degree of freedom
and has a huge impact on phenomenology.
The unbroken U(1) would be the SM hypercharge with
Y =cT" +X, where T = 1/v/24diag(3,-1,-1,-1)
The gauge coupling is given by

9x9E

gy =
Vo + gk

where we choose the matching value at the scale of 2 TeV.
The matching then fixes the value gy ~ gy = 0.36 because
gr ~ 1.02 is much greater than cgy.

Based on the matching with SM gauge coupling, we get
the strengths of new gauge groups within G as

=0.36, (25)

g ~ g, = 1.02, gx ~ gy = 0.36. (26)
The strong coupling gy is expected to be right below the
critical coupling g, ~ 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 SU(3)yc X SU(4)gc X
SU2)y x U(1)y are given by

1 1
QL* (354’25ﬁ>7 UR/DR* (3,4,1,%:‘:5)
(27)

The extension is anomaly free under the gauge groups
except that there is a Witten anomaly. The problem can be
solved with one additional SU(2) doublet fermion, which is
chargeless under U(1)y. Since it doesn’t carry U(1) 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 Ggyy = SU(3)e x SU(2)y x U(1)y]

01— (6.2) + (3.2)g + (3.2)s. (28)
Up = (6, 1)1+ (3, 1)y + (3, 1)z, (29)
D~ (6. 1)1+, 1)y + (3. 1) (30)

Each of fermion multiplets is separated to three parts,
exotic fermions f; g, hyperfermions y; , and the SM
quarks g, tg, bg as

fr=1(6.2),, wr = (3,2)o, qL = (3,2)%, (31)
fur = (6, 1)%7 wur= (3, 1)%’ tr = (3. 1)§’ (32)

for= (6, 1)_%, YDR = (’3, 1)—%7 br = (3. 1)—%-
(33)

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 G — Ggy breaking at the scale f ~ 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 M

through integrating out the E, boson.

The 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
SU(3)yc X SU(4)gc = SU(3)¢, 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 SU(3)yc 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 SU(3) 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 G given by

0, = (3,4,2,1/24), Fr=1(6,1,2,0), (34)
the most attractive channel under SU(3)yc- is RH 6
combined with some of LH 3 to form the condensate.
The SU(3)ye will be broken down to a SU(3) symmetry,
which is the diagonal subgroup of SU(3)yc x SU(3)s.
where SU(3); is a subgroup of global symmetry of 3.
The global symmetry of 3 under our setup will be the
SU(4)pe x U(1)y gauge symmetry. The SU(2)y, part is
directly contracted so it does not play any role here. The
condensate, F RO, is formed with exactly the same
quantum number as the scalar £ = (3,4, 1, 1/24) and with
the desired VEV structure shown in Eq. (18). The scale fg
is determined by the strength of 63 condensate, and the
coupling gy is fixed at the corresponding value.

The VEV not only breaks SU(3)yc X SU(4)ge x U(1)y
to SU(3)¢ x U(1)y with massive E,, G’ and Z} but also
gives the Dirac masses to the fermion sextet. The VEV
mixes the Fp with the exotic fermion f; in Eq. (31). We
then get the mass term as M F f; with My ~ Y f, where
the Yukawa coupling Yy 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
Fy . and Fpp | to generate Dirac masses with f; z and fp g.
However, an additional mechanism is required to forbid the
direct condensation among the sextets F'; and F, which is
more attractive, such as a strong repulsive U(1) 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 SU(3)yc 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 SU(3)y¢ is already broken and the
coupling g is fixed at the value to trigger FrQ; = 63
condensation, we assume the gy, = 33 condensate can
still happen with an assist from SU(3)gc 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 33 condensation is

g = \/87%/3 ~5.1. (35)

We claim that after the first breaking, the coupling gy is
fixed at the value right below g. as the first attractive
channel with 63 has a smaller critical coupling.

Combining with the SU(3)pc interaction, which only
applies on hyperfermions but not top quarks, we claim the
following relation on couplings is achieved

Go~9nt9E> 0. G~gp<gn o (36)
such that the interaction is strong enough to form wy
condensate for composite Higgs without 7# condensate.

In the NJL model, we can also estimate the breaking
scale by the yy condensate. Generically, the breaking
scale in the NJL model is close to the scale of the broken
strong gauge group, i.e., f ~ fg, unless we have g, ~ g..
However, as we already show how the coupling g,, can be
naturally closed to critical coupling g, in our model, we can
then get a desired hierarchy f < fg. The difference thus
determines the value of y, 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 yy condensate to break the global
symmetry at the breaking scale f and introduce Higgs as
pseudo-Nambu-Goldstone bosons (pNGBs) of the coset.
With SU(3)yc 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
SU(4) x SU(4)/SU(4) FCHM. The quantum numbers of
Dirac hyperfermions are given by
¥ = (3,2),

Y=0G 1,  ¥=0G1 (37

1
2
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where we use 3 instead of 3 to match our fermion content.
Compared to Eq. (31)—(33), we find the y;, yy g, and wp g
match the required fermions ¥, ;, ¥, ¢, and ¥; , 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
H| ~yy gy and Hy ~p ryp. We expect the H, being
the SM-like Higgs and H, 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 E, boson

The top Yukawa model that we construct through the
extended gauge group SU(4)gc 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 SU(4)g broken at the
scale fg, the E, gauge boson that connects the hyper-
fermions and top quarks acquires a mass Mg. The top
Yukawa coupling is generated after the composite Higgs is
formed by the gy, condensate and the massive E,
boson is integrated out. The value is given by

lgp <f>2
Vi~ == WurYr)uc ~ (=) Vs (38)
t Z)M% U.RY L/HC fE S

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

YS ~ 4”: 5 (39)

NHC ln(Az/Mg,)

where A is the cutoff of the theory, and M, is the dynamical
mass of hyperfermions. In a strongly coupled theory, Y is
expected to be 3—4. In our case, as we have additional
splitting between f; and f, which might enhance the
logarithmic term, we take the lower value Y, = 3 for our
numerical study.

To generate the observed top Yukawa y, ~ 1, the scale

fe~Ysx f~1Tx . (40)

Setting f =1TeV as our benchmark, we get fp ~ 1.7 TeV.
Next, we can also derive the mass of the E, gauge boson.
With g ~1.02 and fg~ 1.7 TeV, the mass is then
given by

1
ME = ngfE ~0.9 TeV, (41)

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
Mg ~ 0.9 TeV, where the E, gauge boson is integrated out.
When approaching the mass M, the top Yukawa coupling
will start revealing its original nature as

Y10
yt<k2) ~ m (42)

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

2 : d4k 2(1,2 1 3 2 2
A’/nH|topN_121vc (2”)4))[ (k )P: _gyt.OME’ (43)

where the mass My now plays the role of A, as it supposed
to be. With the weakly coupling extended gauge group
SU(4)gc, 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 y, ~ 1 will also be generated but with
the second Higgs H,. 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 tanf. 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 Dy 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 SU(3) bosons G, which is a
color octet (colorons) with masses given by
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1
M ) = ——
V2
Next, the E, gauge boson, with quantum number under
Gsm as (3,1,—1/6), is much lighter with a mass

g4+ g5fp ~6 TeV. (44)

1

Last, there is a massive neutral bosons ng with a mass

1
MZ’ :ﬁ

which is the lightest new particles. As gg > cgy, the
couplings between Z; and fermions are mainly determined
by the U(1)gc part with coupling ¢z and charge of fermions
given by

g% + g2fr ~0.6 TeV, (46)

~ 0.6, ViR SLR: NeT

3
Jp — ~ —0.2. 47
qdr> IR \/ﬂ ( )

Besides bosons, we have some new fermions at the TeV
scale. Because the SU(3)yc 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 (6, 1, £1/2), which get a dynamical mass at the
breaking scale fg with*

MF ~ YSfE ~ 5 TeV (48)

Next, the hyperfermions y are also unconfined. They are
also Dirac fermion with quantum number (3,2,0) and
(3,1, £1/2). The mass is lighter as it comes from a lower
breaking scale f as

M, ~Y,f~3TeV. (49)

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 y,o at zero momentum.
However, a deviation is still expected due to the Goldstone

4Here, we still use Y, = 3 for convenience. However, for a
sextet fermion, due to a stronger interaction, the coupling Y
should be greater, and the sextet fermions F should be heavier.

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 ky =k, = \/1 — v?/f? 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 = 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 tfh production [48-51].
However, it will require precise measurement of ¢74 differ-
ential cross section, which suffers from both the small 7/
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
t1 differential cross section. Compared to the ¢7h channel,
the 77 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~! [52]. The result has been
interpreted in [53] as the top mass running up to 0.5 TeV as
shown in Fig. 1.

Assume a generic form of top mass running as

) =msu) (205). 60

where A, = M, in our top Yukawa model, we can then get
a bound from the current data as M = 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 Z% and
colorons G’. 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]
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FIG. 1. The top mass running in the SM (gray) vs the running in

Eq. (50) with A; =700 GeV (red), 900 GeV (green), and
1300 GeV (blue) compared with the data points from [53]
(the inner bars represent lo uncertainties and the outer bars
for 26 uncertainties).

oM = 13,4119 fb. (51)

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

oATLAS = 225708t oSMS = 1797} b,  (52)

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

677 < 38(27) tbfrom ATLAS (CMS).  (53)

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 My and coupling gy of a top-philic
vector color-singlet boson (Z') as

M
Vs 0.48(0.56) TeV from ATLAS (CMS), (54)
gv

or the mass M. and coupling g- of a top-philic vector
color-octet boson (coloron) as

M
RalSE 0.35(0.40) TeV from ATLAS (CMS). (55)
dc

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

where we have gy ~ gp x 3/v/24 ~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 6,3 > 0,5 analogous to the CKM matrix, then among
all the processes, the strongest constraint comes from
B, — B, mixing, which contains both the second and third
generation down-type quarks. The contribution comes from
the operator

ALg = Cy(51y,br)(5Ly,ubL). (56)

Following the calculation in [60], we can derive the
contribution from new physics on the mass difference
AM,. 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

gVesb

for a top-philic color-singlet vector boson V, where the
angle 6, is the mixing between the left-handed strange
quark and bottom quark. In our benchmark with the ratio
gy/My(TeV) = 1, we get a constraint on the mixing angle
as 0, < 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 Zbb
coupling. Both of them measure the violation of SU(2),
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.
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A. The Z}, boson

Start from the lightest particle in the spectrum. First,
there is a massive neutral boson Z} with the mass
Mz ~ 600 GeV. If the charge assignment follows only
the Eq. (47), the Z; boson will only couple to the top and
bottom quarks among the SM fermions. The dominant
production will be through the bb fusion. In our model,
there are only two decay channels with the final states 77
and bb. However, the current direct searches for both 7 [63]
and bb [64] final states have no access to M, around
600 GeV due to the heaviness of top quarks and the
b-tagging issues.

Therefore, the direct search of Z}, is only possible with
lepton final states, but it requires an additional setup.
Assuming that in a more realistic model, the z lepton is
also charged under U(1)’, then the most promising channel
will become the process bb — Zy, — 7z, which covers the
sub-TeV regime. The current searches [65,66] for M, =
600 GeV already require the cross section to be lower than
20 fb, which can put the constraint on the coupling of Z/;
with 7 leptons.

B. The E, gauge boson

Next, the E, boson is also at the sub-TeV scale with
Mg ~900 GeV in our benchmark. The most important
feature of E, 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 E, boson. It is the
direct consequence of having a light mediator in an ETC-
type model.

Under our extended gauge group, the E, is colored,
which then gets a large cross section from the pair
production process at the LHC. Although a single E,
boson is stable, a pair of E, bosons is another story. For
pp — ESfE, 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 E, boson is stable.
However, the two off-shell hyperfermions from E, and
E, 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 E, boson
are unlikely in the LHC, but instead a BSM operator O,;
is generated, where

OtG = gs(qLG”UTAlR)ﬁGﬁy + H.c. (58)

The coefficient C,; of the operator, after integrating out
the loop with E, bosons and hyperfermions, is given by

3 giYy

~0.007 TeV~2, (59)

using our benchmark value. The experimental constraint
on the coefficient is analyzed using the 77 final states
measured by the CMS with part of Run 2 data [67] as

—0.24 TeV=2 < C,; < 0.07 TeV~2, (60)

at 95% confidence level. Yet, the constraint is an order of
magnitude greater than the benchmark value because in
our model, the coefficient C,; 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 EjE, — tth/tiZ/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 E, 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 E, 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 G’ boson (Coloron)

Compared to the Z}; boson and E, 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 Z/
boson, the decay channels will also be dominated by #7 and
bb final states. However, due to the strong coupling
g~ gy ~5, we expect the coloron to be a very broad
resonance, which will be hard to search for.

D. Heavy fermions

Since the strong SU(3)yc 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 (6, 1, 1/2), which gets a
dynamical mass at the breaking scale f with My ~ 5 TeV.
Next, the hyperfermions y are also Dirac fermion with
quantum number (3,2,0) and (3,1,1/2), which have a
lighter mass M,, =3 TeV. Both of them can be pair-
produced at the LHC and decay through a E, boson plus a
top/bottom quark channel. And again, a pair of E, bosons
will decay to two more top/bottom quarks with a Higgs/W/
Z boson.

095021-10



NATURALNESS-MOTIVATED COMPOSITE HIGGS MODEL ...

PHYS. REV. D 109, 095021 (2024)

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 g can be
weak, and the mediator E,,, which plays the role of top loop
cutoff, can be naturally light, which relieves the top loop
contribution.

A concrete model with Gy = SU(3)yc X SU(4)gc %
SU(2)y x U(1)y is discussed in detail. The breaking of
Gr — Ggy 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 E,
gauge boson from the weakly coupled SU(4)g- extended
color group.

The rich phenomenology on top physics is discussed,
where 7 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-philic Z/; boson, the lightest state in the spectrum,
which will enhance the 77¢7 cross section. The other is the E,,
gauge boson, the cutoff of top loop, which will affect several
final states with top quarks through a BSM operator O,.

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 E,
gauge boson.

Also, the detail of the composite Higgs sector is left aside
to avoid distracting the attention from our goal. Because of
the SU(3)yc hypercolor group, a large coset is expected.
If we want to stick to the small coset, such as the
SU(4)/Sp(4) 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
SU(2)yc with hyperfermions as fundamental representa-
tions, which is possible if the SU(2)yc is broken down to
the SM SU(2),, in the end. For this scenario, we start with a
strongly coupled SU(2)y and a weakly coupled SU(3).
With a certain fermion content, we could have symmetry
breaking SU(3) x SU(2)yc = SU(2)y, 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.
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