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We discuss the role of the top-quark Yukawa coupling yt concerning the hierarchy problem and
construct an alternative scheme to the conventional solutions with top partners. In traditional
models, like SUSY or composite Higgs, top partners cancel the top loop contribution to the Higgs
quadratic term. The lack of evidence for such colored partners however drives these models into
more and more fine-tuned regions. Here, an alternative means to mitigate the top loop, allowing
for natural electroweak symmetry breaking, is presented. Emphasizing that we have not measured
the top-Higgs interactions at high scales yet, we envisage scenarios where this interaction is only
approaching its sizable strength in the infra-red, but gets strongly suppressed at high scales. We
first discuss possible effects via a modification of the running of the top Yukawa coupling. Then, we
turn to models where the top Yukawa is generated at one-loop level. Originated from a dimension-
six operator, it drops when crossing the mass threshold of new degrees of freedom. In either case,
the top partners are replaced by some new top-philic particles with strong interaction. Thus, a
very different phenomenology, such as large top mass running and signals in four top final states, is
introduced, which will be discussed in detail. With the assistance of this mechanism, the solution to
the hierarchy problem can be pushed to a (well-defined) higher scale, and a final test of naturalness
might be deferred to a 100 TeV Collider, like the FCC.

I. INTRODUCTION

The standard model (SM) of particle physics, once
extended by new physics (NP) at higher scales, suffers
generically from the hierarchy problem (HP), i.e., the
fact that the electroweak (EW) scale MEW ∼ 100 GeV
is radiatively unstable with respect to large mass scales.
In fact, without additional peculiar structure, one would
rather expect the mass of the Higgs boson (and thus
the EW scale) to reside close to the highest scales
in the theory, such as the scale of grand unification
MGUT ∼ 1015 GeV � MEW or the Planck scale MPl ∼
1019 GeV. The reason is that in the SM the Higgs mass
squared parameter m2

H is not protected by a symmetry
and thus is sensitive to corrections from any heavy par-
ticle with mass M � MEW, coupled to the Higgs field.
This drives m2

H → λNPM
2, with λNP a product of cou-

plings (including loop factors ∼ (4π)−2), describing the
interaction strength of the NP with the Higgs sector.

Considering the SM as an effective theory, augmented

with dimension D > 4 operators O(i)
D /ΛD−4

NP , one would
indeed generically expect the coefficient of the D = 2
Higgs-squared operator |H|2 to reside close to the cutoff
squared of the low-energy theory Λ2

NP, defined by the
scale where new particles enter

m2
H ∼ λNPΛ2

NP , (1)

with ΛNP ∼ M . Above the scale ΛNP, on the other
hand, the new physics could potentially cure the HP, in
a sense that the corrections to the Higgs mass are cutoff
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at this scale, e.g., via supersymmetry (SUSY) or a com-
posite pseudo-Goldstone Higgs [1–3]. Still, in case that
λNPΛ2

NP �M2
EW at least a little HP remains with a resid-

ual fine-tuning between the bare Higgs mass and quan-
tum corrections of ∆FT ∼ M2

EW/(λNPΛ2
NP), required to

keep the Higgs boson light.
Because at the LHC we are just surpassing the weak

scale and so far no NP has been found, experiment ren-
ders the HP more acute than ever. We note that, even if
the NP does not couple directly to the Higgs sector, given
that it couples in some way to the SM, λNP can not be
arbitrarily small. Since natural solutions to the HP, as
mentioned before, often invoke some new symmetry mak-
ing the Higgs-mass corrections cancel in the symmetric
limit, they generically feature new particles related to SM
particles by this symmetry, such as top partners, which
cancel out the divergent loop corrections.

In fact, regarding the known interactions, the large top
Yukawa contribution (coming with an additional color
factor) is most severe, such that the top partner is ex-
pected to be the lightest degree of freedom to main-
tain naturalness. Termed in symmetries, the top quark
Yukawa coupling is the major contribution to the break-
ing of the Higgs shift symmetry,

H → H + a , (2)

which - in the absence of large breaking - could be used
to justify a small mH .1

However, after years of searches, the bounds on the
mass of colored top partners have reached around 1500

1 The heavy top quark plays in fact the most prominent role in
many frameworks beyond the SM, where it is often also strongly
coupled to the NP sector.
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GeV for both scalar partners [4, 5] and fermionic partners
[6–10]. The absence of the top partners starts challenging
the naturalness of this type of models, due to the required
fine-tuning.

This can be shown numerically by evaluating the one-
loop Higgs-mass correction due to the top quark

∆m2
H |top ∼ −i 2Nc y

2
t

∫
d4k

(2π)4

k2 +m2
t

(k2 −m2
t )

2

= − 3

8π2
y2
t

[
Λ2

NP − 3m2
t ln

(
Λ2

NP

m2
t

)
+ · · ·

]
,

(3)

where we only kept the ΛNP-dependent terms.2 The
presence of top partners, introducing ∆m2

H |top partner, re-
stores the symmetry and guarantees the cancellation of
the quadratically UV sensitive term ∼ Λ2

NP:

∆m2
H |top + ∆m2

H |top partner ∼ −
3

8π2
y2
tM

2
T ln

(
Λ2

NP

M2
T

)
,

(4)

where MT is the mass of the top partner. The logarithm
is negligible for generic composite Higgs models (CHM)
and low-scale SUSY models. The observed Higgs mass
and vacuum expectation value (VEV) result in m2

H =

− (88 GeV)
2
. The generic estimation of the correction

should be of the same order, where

∆m2
H ∼ −

Nc
8π2

y2
tM

2
T = − (88 GeV)

2

(
MT

450 GeV

)2

,

(5)

so MT ≈ 450 GeV is the scale we expect for natural top
partners. The current bound results in a ten-times larger
∆m2

H , which requires a ∆FT ∼ 10% fine-tuning to get
back to the observed mH .

To reduce fine-tuning, one alternative is to have color-
less top partners such that the (one-loop) bound could
be much weaker since they could be significantly lighter
while escaping direct detection. It would be even better
if the top partner is a SM singlet, which is known as Neu-
tral Naturalness, like in twin Higgs models [11]. However,
this alternative is still based on the idea of symmetry and
the cancellation between ∆m2

h|top and ∆m2
h|top partner.

In this work, we would like to explore another alterna-
tive which does not require top partners. The idea is to
have a strong dependence of the top Yukawa coupling
on the energy scale, yt = yt(µ

2), or even directly on the
momentum running through the vertex, yt = yt(k

2).

2 We identify the cutoff with the NP scale, which would lead to cor-
responding finite corrections in the presence of new thresholds.
These can be accompanied by another loop factor if the NP cou-
ples indirectly via the top-loop. This might be (partially) lifted
in case of the NP coupling more strongly or interacting directly
with the Higgs via the top Yukawa, the latter potentially fixed
by (super)symmetry.

While in the former case, the prefactor entering Eqs (3)
and (4) would be much smaller3, yt(Λ

2
NP)�yt(M

2
EW)≈1,

in the latter, more drastic case, Eq. (3) becomes

∆m2
H |top ∼ −i 2Nc

∫
d4k

(2π)4
y2
t (k2)

k2 +m2
t

(k2 −m2
t )

2
. (6)

If yt(k
2) now drops around k2 ∼ Λ2

T , the integration gives

∆m2
H |top ∼ −

3

8π2
y2
tΛ2

T . (7)

This behavior implies a nontrivial origin of the large top
Yukawa coupling that we see at low energies and some
new degrees of freedom (but not top partners) signifi-
cantly below the NP scale where a completion like SUSY
or a CHM takes over, i.e. around the scale ΛT in the
case discussed in Eq. (6). In the following, we are going
to explore these possibilities and discuss how they could
emerge in practice.

In fact, while a strong reduction of the top-Yukawa at
the EW scale, yt � ySM

t , would be at variance with Higgs
(production and decay) measurements at the LHC [12–
14], a large modification at the NP scale ΛNP � MEW,
which is relevant for the HP, remains phenomenologically
viable [15–18]. At high energies, the top quark would
behave more as the other quarks, and only obtain its large
Yukawa coupling in the IR, i.e., yt(M

2
EW) ≈ ySM

t (M2
EW),

but yt(Λ
2
NP)� ySM

t (M2
EW).

It is clear from the above discussion, that if yt would
be, say, a factor of 5 smaller, the NP coupled to the top
could be a factor of 5 heavier while the fine tuning ∆FT

would remain the same and the same is true if the top-
Yukawa contribution is cut off significantly earlier than
other corrections. This is illustrated in Fig. 1, where
the NP contributions to the Higgs mass term from the
top- , W - , Z- , and Higgs sectors, normalized to mH , are
presented – the latter reading [19] (B = W,Z,H)

(∆m2
H)B =

3

2
g2
B

Λ2
NP

16π2
, (8)

with g2
W = g2, g2

Z = (g2 + g′2)/2, g2
H = 4λ, and we set

ΛNP = 10 TeV.
While, by this measure, requiring a tuning of at most

∆FT ≡ m2
H/|∆m2

H |
!
&5% (9)

would lead to

ΛSM
NP . 2.5 TeV, (10)

the given ΛNP = 10 TeV results in ∆FT ≈ 3 × 10−3,
completely driven by the large top contribution, see

3 This is a qualitative estimate, in principle the contribution to the
Higgs mass from the top-loop will probe the top Yukawa from
low scales until ΛNP, with more weight given to the higher scales,
justifying our use of the Yukawa at high scale yt(Λ2

NP).
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FIG. 1. Various contributions to the Higgs mass squared for
ΛNP = 10 TeV, see text for details.

Fig. 1. By mitigating the top loop, either via for exam-
ple yt(Λ

2
NP) . 0.2 � yt(M

2
EW) or due to cutting of the

top loop at ΛT . 1/5 ΛNP, the situation can be changed
significantly. The result is presented in Fig. 2, where we
see an orthogonal picture to the standard case of Fig. 1,
namely the top contribution becoming subdominant and
the fine tuning remaining modest.

This is made especially relevant by the fact that the
first measurement of the running top mass up to the TeV
scale has been provided [20] which opens additional han-
dle for testing the idea of significant NP effects in the run-
ning top Yukawa, and we will confront the correspond-
ing limits with model predictions to explore whether this
observable could be the first place to see the NP, see
also [21, 22].

Still, for a full solution to the HP, taming or even
cutting completely off the top-loop contribution is not
enough and around ΛNP = 10 TeV, at the latest, a
full UV completion – taking care of contributions from
bosonic loops – should kick in.4 The scenario discussed
here would thus play an assistant role, relieving the
strong bound from the top partner searches, when be-
ing combined with traditional solutions like SUSY and
CHM. It is especially helpful in composite theories, where
an O(1) Yukawa coupling (breaking explicitly the Gold-
stone symmetry) is problematic. In fact, this large value
is the main reason for the currently biggest tension of
such models with LHC data, which is the absence of ex-
pected light top partners [23–29] (see also [30, 31]).

In the following, we will scrutinize further the micro-
scopic origin of the top Yukawa and the resulting impact
on the HP, which could change the conventional picture.
After all, given that the LHC just touches physics beyond
the weak scale, it is actually important to ask whether an
acceptable fine tuning of ∼ 5% leads to ΛNP ∼ 500 GeV
or could allow for ΛNP ∼ 10 TeV. Besides expected sig-
natures of the NP related directly to the top Yukawa –

4 Note that our mechanism becomes even more effective for scenar-
ios where the NP couples mostly through the top sector, leading
to further increased cutoff. Moreover, it could also address other
new interactions, potentially breaking the Higgs shift symmetry
in an energy-scale dependent way.
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FIG. 2. Various contributions to the Higgs mass squared for
ΛNP = 10 TeV and the top quark Yukawa evolved down due
to an additional U(1) gauge boson of mass M = 2.5 TeV, with
YL = YR = 2, g̃1 = 2.5, see text for details.

which we will discuss in more detail below – a 100 TeV
collider (and/or precision machine) would then become
the ultimate experiment to probe naturalness instead of
the LHC. While it could potentially explore in detail the
mechanism behind the top Yukawa, null findings at such
a collider would drive the NP scale to regions where also
the tuning due to the gauge boson and Higgs sectors be-
comes unnaturally large and thereby our proposed mech-
anism would no longer be effective in addressing the HP.

The remainder of this article is organized as follows.
In Sec. II, we will first consider scenarios with modi-
fied renormalization group evolution (RGE) of the top
Yukawa and their impact on the fine-tuning in the Higgs
mass. We will provide concrete realizations that could
drive yt to smaller values. SM extensions with adddi-
tional strong interaction are studied from the perturba-
tive regime to setups with non-perturbative dynamics,
including a flat extra dimension. Next, in Sec. III, we
will present a strongly coupled model where yt is gener-
ated at one loop. Since it is originated from a dimension-
six operator, the top loop is fully cut off around the TeV
scale, thereby in fact relieving the HP. Finally, the most
important experimental tests are discussed in Sec. IV,
before concluding in Sec. V.

II. MODIFIED FINE TUNING DUE TO
RUNNING TOP YUKAWA

We recall that, at one loop, the evolution of the top
Yukawa coupling with the energy scale t = lnµ in the
SM reads

dyt
dt

=
yt

16π2
( 9/2 y2

t − 8 g2
3 − 9/4 g2

2 − 17/12 g2
Y ) , (11)

where gY,2,3 are the U(1)Y , SU(2)L, SU(3)c gauge cou-
plings. Thus, we can anticipate that any additional gauge
interaction would lead to a further reduction of the top
Yukawa at high energies, amplifying the modest decrease
within the SM [32, 33].
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FIG. 3. Running of the top-Yukawa coupling in the simple
U(1) extension with YL = YR = 2, g̃1 = 2.5, and a mass of
the new gauge boson of M = 2.5 TeV, see text for details.

A. General analysis

In fact, adding a new U(1) or SU(N) gauge symme-
try to the SM, with coupling strength g̃N

5, under which
the (left- and right-handed) quarks are charged, with hy-
percharges Y 2

L,R in case of the abelian group, the RGE

becomes [34–36]

dyt(t)

dt
=
yt(t)

16π2
( 9/2 y2

t (t)−B(N) g̃2
N ) , (12)

where B(N) ≡ 3(N2 − 1)/N , while in the abelian case
we have B(1) ≡ 3(Y 2

L + Y 2
R).

Both for simplicity and for getting a first feeling on
the potential size of the effect, we focus first on an U(1)
extension, where we take YL = YR = 2, g̃1 = 2.5,
and M = 2.5 TeV for the mass of the new gauge bo-
son as a benchmark, altering the running above the
threshold M . The modified RGE is depicted in Fig. 3,
where we can inspect that yt(µ = 10 TeV) ≈ 0.2 while
yt(µ= 20 TeV) ≈ 0.1, which allows for a significant mit-
igation of the HP from heavy NP coupled to the top-
quark, as we will explore in more detail below.

1. Impact on Fine Tuning and ΛNP

Recalculating the fine-tuning in the Higgs mass from
Eqs. (3)/(4) and (8), due to new physics residing at the
scale ΛNP = 10 TeV, employing the running top Yukawa
coupling yt(µ = ΛNP) from the U(1) benchmark model
above, we arrive at the situation presented in Fig. 2 and
discussed in the introduction. The top contribution be-
comes subdominant and the fine tuning is driven by the

5 In the following analysis, we assume the running of the gauge
coupling is small in the region of interest such that we can assume
g̃N is constant.

weak bosons, resulting in a rather modest ∆FT. Now,
the condition (9) allows in fact for

ΛNP ≈ 7.5 TeV , (13)

beyond the generic LHC reach.

B. Simple perturbative extensions

We now discuss a few more concrete setups that can
impact the running of yt. The crucial working assump-
tion is that the corresponding new particles could be
rather light, modifying the RGE from rather low scales
without contributing with large thresholds to the Higgs
mass, while in turn other new physics (like SUSY or other
top partner models) could reside at larger scales than
conventionally considered (i.e. ΛNP & 10 TeV), without
creating a little HP.

As discussed, extending the SM gauge group by a U(1)
or SU(N) under which the left and right handed quarks
are charged, is one of the simplest ways to affect the
running of the top-Yukawa according to (12). U(1) ex-
tensions of the SM are severely constrained by anomaly
cancellation [37]. If one wants to be flavor diagonal in the
charge assignments or, less restrictively, only have one set
of non-trivial charge assignments applied to some of the
generations, one is left with the hypercharge symmetry
or a hypercharge symmetry restriced to one or two gener-
ations. If one minimally extends the SM by right-handed
neutrinos νR that are singlet under the SM gauge group,
the B −L symmetry is also anomaly cancelling. We will
consider for each scenario below a gauge boson mass of
2.5 TeV.
a. (B −L)3 Scenario Gauging the latter symmetry

only for the third generation [38] avoids stringent con-
straints on a universal B − L boson from the LEP data,
which would limit the mass over coupling ratio of the cor-
responding boson to MX/gX > 18 TeV [39]. The gauge
boson Xµ couples vectorially to the third generation

L ⊃ gXXµ

(
t̄γµt+ d̄γµd− 3τ̄ γµτ − 3ν̄τγ

µντ

)
. (14)

As we will be interested in the large coupling regime
where the effect on the running of the Yukawa is most
significant, we need to check whether the width of the bo-
son stays within the perturbative regime which we will

take to be Γ(X)
MX

. 50%. Due to the larger charge, the
partial width to leptons is three times as big as the one
into quarks (despite the color factor) leading to

Γ(X)

MX
=

2

π
g2
X , (15)

which restricts the coupling to gX < 0.89. This makes
it difficult to have a considerable impact on the running
of yt in reality, pushing it merely down to 0.74 at 10 TeV
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(versus 0.77 in the SM, which shows the limitations of an
anomaly free U(1) extension).6

b. Purely top-philic setup The situation could be
improved by avoiding the problematically large couplings
to leptons, leading us to a purely top-philic boson, gov-
erned by

L ⊃ gXXµ(t̄γµt) . (16)

While the (anomaly cancelling) UV completion that can
approximate such a setup would be more contrived, the
partial width of the vector boson is now reduced to

Γ(X)

MX
=

2

8π
g2
X . (17)

This makes couplings as large as gX . 2.5 possible which
allows for a evolution of the top Yukawa down to yt =
0.55 at 10 TeV, resulting in only a modest reduction in
fine-tuning.

c. Third generation non-abelian models Before
moving to scenarios where more drastic changes are
possible, we comment on the prospects of non-abelian
extensions of the SM gauge symmetry, preferably ex-
clusively coupled to third generation fermions to evade
LHC constraints. Such an example is a non-universal
LR model [40] where the third generation right handed
fermions are charged under a second SU(2)R group.
The relevant part of the Lagrangian reads

L ⊃ gR/2Z ′µ(b̄Rγ
µbR − t̄RγµtR + τ̄Rγ

µτR − ν̄RγµνR) .
(18)

In addition to a neutral Z ′ boson, we now also need to
take into account a W ′, although LHC constraints from
production of the W ′ are less restrictive [40]. The widths
for both vector bosons read

Γ(Z ′)

MZ′
=

Γ(W ′)

MW ′
=

1

12π
g2
R , (19)

which limits the coupling constant to gR < 4.3. The ef-
fect of such an SU(2) charge on the top Yukawa can be
seen from (12) by employing B(N) g̃2

N → 9
4g

2
R, where the

additional factor 1/2 appears since only the right handed
top is charged under the new SU(2) group. Also, due to
strong constraints from Z ′ decay into tau pairs, the lower
limit on the mass is mZ′ > 2.5 TeV for a maximal cou-
pling constant. Overall the maximal possible reduction
at 10 TeV is to yt = 0.52. To produce the desired running
to yt = 0.2 at 10 TeV, the coupling would need to be as
large as gR ∼ 8.2, outside of the perturbative regime.

6 We note that this cannot be improved significantly by gauging
multiple (B − L)3 symmetries since the multiplicity also enters
the scattering cross sections that are bounded by perturbative
unitarity (mostly third-generation lepton scattering). In the end,
this prohibits enhancing the running notably via a large multi-
plicity factor.

Another example is a broken SU(3) gauge symmetry,
similar to a heavy version of QCD or known as Topcolor
[41], which only affects the third generation quarks with
Lagrangian given by

L = g′3G
′A
µ (q̄Lγ

µTAqL + t̄Rγ
µTAtR + b̄Rγ

µTAbR) . (20)

The coupling of the heavy SU(3) can be as low as g′3 .
4.5 for the desired top Yukawa of yt ∼ 0.2 at 10 TeV.
The limit from the width of the heavy gauge bosons, or
so-called coloron,

Γ(G′)

MG′
=

1

12π
g′3

2
, (21)

of g′3 < 4.3, could thus borderline be fullfilled. We remark
that this would in fact already bring the corresponding
contribution to the fine tuning down to that of the W/Z
and Higgs bosons. The HP might thus be fully relieved
in corners of the paramter space of narrow width under
a perturbative regime.7 For a generic solution, however,
studying the non-perturbative regime might be more ap-
propriate.

C. Beyond the perturbative bound

Keeping the gauge coupling well in the perturbative
regime in general restricts the running of top Yukawa
coupling, which limits its capability to relieve the HP.
To drastically modify the Yukawa at the TeV scale, the
gauge coupling gX should be large, which enters the non-
perturbative regime.

The direct consequence of non-perturbative dynamics
is the formation of bound states. To simplify the analysis,
we restrict ourselves to a minimal setup where only qL =
(tL, bL) and tR participate in the strong interaction. The
expected bound state is a scalar field with SM Higgs-
like quantum number, which is known as top-Higgs Ht

[43, 44].
The properties of the top-Higgs can be described by

the Nambu-Jona-Lasinio (NJL) model [45, 46]. At a scale
µ�MX , the effective Lagrangian for the Ht is

L = |∂Ht|2 − M̃2|Ht|2 − λ̃|Ht|4 − ỹt q̄LHttR + h.c.
(22)

The coefficients are functions of µ, which are given by

M̃(µ)2 =

(
4π√
NC

MX

gX

)2(
1− g2

X

g2
c

+
g2
X µ

2

g2
cM

2
X

)
,

λ̃(µ) =
16π2

NC
, ỹt(µ) =

4π√
NC

, (23)

7 The inclusion of a finite width can be taken into account as
in [42], which could impact the running.
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where N is the number of colors of the new strongly cou-
pled gauge symmetry and C ≡ ln(M2

X/µ
2). The Yukawa

coupling ỹt describes the strong interaction between the
bound state and its components. The critical coupling
gc =

√
8π2/N is another important feature of the strong

dynamics, which further separates the non-perturbative
regime into two different phases - the unbroken and bro-
ken phase.

1. The unbroken phase

Starting with the unbroken phase, where the coupling
gX is beyond the perturbative bound but below the crit-
ical coupling gc, we can then derive the mass of Ht as

MHt = M̃(µ) ∼ 4π√
NC

MX

gX
. (24)

The mass of the top-Higgs is ∼MX , which is the generic
scale we might expect for the heavy bound states. Since
MHt

� mH , the top-Higgs naturally decouples from the
SM Higgs sector and the effect due to the mixing through
the top loop is also negligible.

Taking N = 1 (3), the critical coupling is given by
gc ∼ 9 (5). The benchmark values gX = 5 (g′3 = 4.5) for
(non-)abelian cases both belong to this category. Mean-
ing a reduction in yt from O(1) at the EW scale to
O(0.2) at the 10 TeV scale through running is possible
in reality. The desired gauge interaction enters the non-
perturbative regime with unbroken phase. Therefore, the
HP due to top loop contribution would be relieved at the
cost of some new broad resonances, including the gauge
boson Xµ and the bound state Ht, at the TeV scale.

2. The broken phase

If the coupling gX is stronger than the critical cou-
pling gc =

√
8π2/N , the story changes dramatically. The

strong dynamics will lead to a nontrivial VEV for Ht,
which not only triggers EW symmetry breaking (EWSB)
but also generates the top mass directly. It was first stud-
ied in the Top Quark Condensation model [47–49]. This
type of model aims to explain EWSB using the VEV of
Ht, but has been ruled out due to the prediction of a
heavy top quark with mt ∼ 600 GeV. In our case, the
SM Higgs should be responsible for EWSB and the top
quark mass so the VEV of top-Higgs needs to be small.

The value of 〈Ht〉 can be estimated using the NJL
model. Taking gX > gc, the coefficient of the quadratic
term M̃ becomes negative and leads to a nontrivial VEV
as

〈Ht〉 ≡ vt =

√
−M̃2

2λ̃
∼ MX

gX

√
g2
X

g2
c

− 1 . (25)

The generic scale of vt is ∼ MX/gX , the breaking scale
of the strongly coupled gauge symmetry, which is unac-
ceptably large. Therefore, some cancellations between

gX and gc are required to get a small vt well below 246
GeV. Besides, the VEV ofHt also generates an additional
top quark mass with

m̃t =
1√
2
ỹtvt . (26)

If it is greater than that from the SM Higgs, the top
mass is basically generated from the dynamical symmetry
breaking triggered by its own. The idea has been studied
in Topcolor-Assisted Technicolor [50] so we will focus on
a small vt case.

In contrast to the previously studied case of an unbro-
ken phase, where the bound states are heavy and nat-
urally decouple from the SM, in the broken phase, the
bound states are expected to be light. The top-Higgs
doublet Ht decomposes into a neutral top-Higgs ht and
top-pions πt, where the mass of ht is given by

Mht =

√
2λ̃0 vt = 2m̃t < 350 GeV . (27)

and the top-pions are massless. For a realistic model,
additional breaking terms are required to generate the
top-pion mass. Still, such light states with strong cou-
plings to top quarks are severely constrained, as will be
discussed in Sec. IV.

D. Strong running from an extra dimension

An interesting scenario with in general large impact on
the renormalization group running of the SM couplings
is given by extra-dimensional setups. Although warped
models and Gauge-Higgs-Unification setups are more at-
tractive in general, being dual to composite Higgs mod-
els via the AdS/CFT correspondence (see e.g. [51] in the
context of unification), we focus on universal (flat) extra
dimensions [52]. Here, the presence of a tower of Kaluza-
Klein (KK) excitations effectively turns the running from
logarithmic to power law [53, 54].

The corresponding beta function for the running
Yukawa coupling was found to be

βUED
y (NKK) = βSM

y + (NKK − 1)β(KK)
y , (28)

where NKK = ER is the number of active KK modes
below the energy scale E, with R the length of the ex-

tra dimension, while β
(KK)
y is the universal contribution

from a single KK level (see, e.g. [55]). The presence of
the factor NKK is the origin of the power-law running.
Taking R−1 ≈ 1 TeV, this can also lead to

yt(20 TeV) ∼ 0.2 . (29)

An even stronger running can be achieved with more ex-
tra dimensions. It would be very interesting to exper-
imentally extract the running top Yukawa coupling at
even higher scales as a probe of such potential power-law
running, which has been discussed in [15].
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FIG. 4. Two types of loop diagrams which can generate the
top Yukawa coupling. The solid lines represent a fermion and
the wavy line could be either a vector (gauge) boson or a
scalar boson.

The combination of a new gauge interaction and an
extra dimension provides another promising scenario. If
we let an additional top-philic gauge boson propagates
into the bulk, a tower of KK-mode resonances will then
modify the running dramatically, similar to U(1)N .

III. TOP YUKAWA COUPLING GENERATED
AT ONE LOOP

In the previous section, the top Yukawa coupling al-
ready exists at high energy but with large running when
moving to low energy. In the following discussion, we
present another possibility, where the top Yukawa is gen-
erated from one-loop effects. Sticking to the elementary
Higgs and top quarks at three legs, there are two possi-
ble loop diagrams as shown in Fig. 4. The left diagram
is the typical top Yukawa-coupling running as we have
discussed.

The right diagram presents a new option in which the
top Yukawa coupling is generated from a one-loop dia-
gram with the two wavy lines being both scalar bosons
or vector bosons, and the solid line representing a new
vector-like fermion. The integration of the loop will re-
sult in a 1/M2 suppression meaning it comes from a
dimension-6 operator.

In this case, the top Yukawa coupling does not exist
at high energy, but only appears once the heavy degrees
of freedom around the scale M are integrated out. The
mass M of these new heavy particles play the role of ΛT,
above which there is no top Yukawa and consequently no
top loop correction to ∆m2

H .
To better understand the diagram, we use the scalar

bosons as an example and restore the electroweak sym-
metry in Fig. 5. The loop with 1/M2 suppression should
be compensated by two additional mass scales inserted.
One is from the trilinear coupling on the left (i.e. V )
and the other corresponds to the mass of the vector-like
fermion on the right (i.e. MF ), which is required to flip
the chirality.

At low energies, the particles inside the loop are inte-
grated out, which leads to a D = 6 operator

∆Lyt ∼ −
1

16π2

1

M2
(S∗V SF )(q̄LHtR) , (30)

FIG. 5. Loop diagram which can generate the top Yukawa
coupling from a dimension-6 operator. The solid lines rep-
resent a fermion and the dashed lines correspond to scalar
bosons, see text for details.

FIG. 6. Three additional couplings for Higgs (left), the left-
handed top quark (center), and the right-handed top quark
(right) with scalar bosons and vector-like fermions.

where SV and SF correspond to the scale/VEV from the
trilinear coupling and vector-like fermion mass, respec-
tively. The operator should be responsible for the ob-
served top Yukawa coupling as

yt ∼
1

16π2
yLyR

V MF

M2
∼ 1 , (31)

where M represents the heaviest particle in the loop. To
realize this idea, the couplings need to be strong enough,
since we are trying to generate yt ∼ 1 from one loop. This
might look a bit borderline at first glance, however, we
can imagine the diagrams actually originating from some
strongly coupled UV theory, then even at one-loop level,
the resulting top Yukawa coupling is generically expected
to be ∼ 4π. With a strongly coupled theory in mind,
what is required is actually an additional suppression to
the Yukawa from 4π down to 1. More discussions about
the possible strongly coupled UV completions are given
in the Appendix. In this section, we focus on a simplified
model.

A. A simplified scalar model

To generate the top Yukawa coupling, at least three
couplings are required as shown in Fig. 6, which include

Lint = −V SRS†LH − yLq̄LSLFR − yRt̄RSRFL + h.c. ,
(32)

where the scalar SL is a doublet and SR and the vector-
like fermion F are singlets under SU(2)L. The hyper-
charge is not determined by the mechanism due to the
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accidental U(1) symmetry within the particles inside the
loop. In general, the hypercharge can be

Q(F ) = QF , Q(SL) =
1

6
−QF , Q(SR) =

2

3
−QF .

(33)

In the following analysis, we assume QF = 2/3, resulting
in the same charge for the vector-like fermion as for the
right-handed top quark. SL then shares the same quan-
tum numbers as the Higgs doublet and SR becomes a SM
singlet scalar. Beside these interactions, we need masses
for all the new particles, reading

Lmass = −M2
L|SL|2 −M2

R|SR|2 −MF F̄LFR + h.c. .
(34)

1. Rotation to mass eigenstates

To understand the underlying mechanism, we focus on
the neutral scalars and move to the mass eigenstates.
The relevant Lagrangian terms include

Lneutral = |∂SL|2 + |∂SR|2 −M2
L|SL|2 −M2

R|SR|2

− V SRS†LH + h.c. (35)

= |∂sL|2 + |∂sR|2 −M2
L|sL|2 −M2

R|sR|2

−M2
LR(s∗LsR + s∗RsL) (36)

where sL and sR are the (complex) neutral components
of SL and SR, and the coefficient of the mixing terms is
M2
LR ≡ V 〈H〉 = V v/

√
2.

The trilinear coupling leads to mixing between sL and
sR and therefore we perform a non-trivial rotation to the
mass eigenbasis(

sL
sR

)
=

(
cβ −sβ
sβ cβ

)(
sh
s`

)
, (37)

where cβ ≡ cos β, sβ ≡ sin β, and sh and s` denote the
resulting heavy and light scalars. The angle satisfies the
relation

sβcβ = M2
LR/

√
4M4

LR + (M2
L −M2

R)
2
. (38)

In the mass basis, the Lagrangian simply becomes

Lneutral = |∂sh|2 + |∂s`|2 −M2
s |sh|2 −m2

s|s`|2 , (39)

with Ms(ms) the mass of the heavy (light) neutral scalar.
Their values are given by

M2
s (m2

s) =
1

2

(
M2
L +M2

R

)
±
√
M4
LR +

1

4
(M2

L −M2
R)

2
.

(40)

The couplings between the Higgs boson and the scalars
in the mass basis become

Ltrilinear =−
√

2V cβsβ h|sh|2 +
√

2V cβsβ h|s`|2

−
V (c2β − s2

β)
√

2
hs∗hs` + h.c. (41)

FIG. 7. The four loop diagrams which contribute to the top
Yukawa coupling: Loop 1 (upper left) with two light scalars,
Loop 2 (upper right) and Loop 3 (lower left) with both heavy
and light scalars, and Loop 4 (lower right) with only heavy
scalars.

and the interaction terms between the scalars and the
vector-like fermion read

Lfermion =− (yLcβ t̄LshFR + yRsβ t̄RshFL)

− (−yLsβ t̄Ls`FR + yRcβ t̄Rs`FL) + h.c. .
(42)

Having at hand these terms, we can calculate the top
Yukawa coupling and related quantities.

Notice that the interactions between the Higgs and new
degrees of freedom will also induce additional corrections
to m2

H . In this model, trilinear couplings between the
Higgs and scalars are introduced, which can form new
scalar loops and thus new contributions given by

∆m2
H |scalar ∼

1

16π2
V 2 ln

(
Λ2

NP

M2

)
. (43)

This loop is however not quadratically sensitive to ΛNP

and will thus not not reintroduce a HP (note that V �
ΛNP). In a later section, we will discuss how the fine
tuning condition is affected by the new contribution.

B. Top Yukawa coupling from one loop

With the interactions described in the last section, we
are able to generate the coupling between top quarks
and the Higgs doublet by integrating out the new heavy
degrees of freedom. At the low energy regime, we get a
series of higher dimensional operators in an effective field
theory (EFT), reading

Ltop = c6 (q̄LHtR) + c6+4n

(
H†H

)n
(q̄LHtR) , (44)

where the subscript of the coefficients labels the real
dimension of the operators. The first term with coef-
ficient c6 corresponds to the SM-like top Yukawa cou-
pling. However, additional higher dimensional operators
are also generated. They will result in a deviation of
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the top-Higgs properties from the SM, which will be dis-
cussed later. Moving towards higher energies, the coeffi-
cients of the top-Higgs n−point interactions will change
drastically, replacing the EFT description by form-factor
couplings with momentum dependence. For example, in
the first interaction, c6 will be replaced by a form factor
scaling as ∼ 1/(q2 −M2) at higher energy and dropping
above the scale M , where the heavy degrees of freedom
can go on-shell.

To derive this behavior explicitly, a loop calculation
is required. Since we are interested in the top Yukawa
coupling, i.e. the coefficient of ht̄t, we work in the SU(2)
broken basis. In the mass basis, we have two neutral
scalars sh and s`. Therefore, the calculation of yt ac-
tually includes four diagrams as shown in Fig. 7. The
contribution from each diagram is given by

Loop 1: 2V yLyR c
2
βs

2
β

∫
[s`, s`, F ] (45)

Loop 2: V yLyR(c2β − s2
β)(−s2

β)

∫
[s`, sh, F ] (46)

Loop 3: V yLyR(c2β − s2
β)c2β

∫
[sh, s`, F ] (47)

Loop 4: 2V yLyR c
2
βs

2
β

∫
[sh, sh, F ] , (48)

where the square bracket symbolically denotes the
triangle-loop integration featuring the respective fields.
Together we obtain an overall contribution of

yt =V yLyR

(
(c2β − s2

β)2

∫
[s`, sh, F ]

+ 2 c2βs
2
β

∫
[s`, s`, F ] + 2 c2βs

2
β

∫
[sh, sh, F ]

)
. (49)

With M as the heaviest particles in the loop, we get
roughly

yt ∼ V yLyR
1

16π2

MF

M2
, (50)

which is the same as our estimate in Eq. (31).

C. Radiative top mass generation

One direct consequence of the model is that now, the
top quark mass is generated radiatively from the vector-
like fermion F . To calculate the generated top mass, two
diagrams need to be included as shown in Fig. 8.

The contribution from the two diagrams is given by

Loop 1: − yLyRcβsβ
∫

[s`, F ] (51)

Loop 2: yLyRcβsβ

∫
[sh, F ] , (52)

Starting from the UV, where mt = 0, the top mass is
generated via radiative corrections due to the two loops,

FIG. 8. The two loop diagrams which contribute to the top
mass. Loop 1 (left) with a light scalar and Loop 2 (right)
with a heavy scalar.

which gives

mt = yLyRcβsβ

(∫
[s`, F ]−

∫
[sh, F ]

)
. (53)

With M as the heaviest particles in the loop, we get

mt ∼ yLyRcβsβ
MF

16π2

(
M2
s −m2

s

M2

)
=
yLyR
16π2

MFV

M2

v√
2

(54)

which is consistent with the estimation of the top Yukawa
coupling in Eq. (50). However, notice that the top mass
and Yukawa coupling get contributions from all the terms
in Eq. (44). Therefore, due to the higher dimensional
operators, a nontrivial κt ≡ yt/ySM

t is expected and exact
numerical calculations are required.

D. Exact expressions and QCD effects

For the more general case of arbitrary mass hierarchies
between the particles F, sh and sl, one must compute the
UV finite loop integral (53), which gives a momentum
dependent mass

mt(p) =
yLyRcβsβ

16π2
MF

×
∫ 1

0

dx ln
( p2x2 − xp2 + xM2

F + (1− x)m2
s

p2x2 − xp2 + xM2
F + (1− x)M2

s

)
.

(55)

Similarly, the top Yukawa loop of the light scalar for mo-
menta p and p′ of the top quarks is UV finite and reads∫

[s`, s`, F ](p, p′) =
MF

32π2

∫ 1

0

dx

∫ 1−x

0

dy

× 2

p2x(x− 1) + p′2y(y − 1) +M2
F (1− x− y) +m2

s(x+ y)
,

(56)

to which we should add the analogous heavy scalar loop.
The mixed loops will vanish in the maximal mixing sce-
nario, sβ = cβ = 1/

√
2, that we will consider for our

benchmarks. Note that both (55) and (56) have the fol-
lowing approximate momentum dependence along space-
like momentum p2 = p′2 = −Q2

mt(Q
2) ∼ mt(Q

2 = 0)

(1 +Q2/Λ2
m)n

, yt(Q
2) ∼ yt(Q

2 = 0)

(1 +Q2/Λ2
y)n

,

(57)
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with n = 1 and where Λm ∼ Λy ∼ MF + Ms. On top
of these one-loop effects, we consider one-loop QCD loop
effects which can result in large corrections. Indeed on
dimensional grounds we expect these to be of order

mQCD(p = 0) =
αs
π
CFmt(p = 0) ln(Λ2

m/m
2
t ) , (58)

which accounts for corrections of order 25% and similar
for the QCD contribution to the top Yukawa. We note
that expressions for non-zero p, p′ can be derived and are
used in subsequent calculations.

E. Analysis of the Fine Tuning

Let us consider two benchmarks: one rather conserva-
tive (BM1) and one with more striking effects (BM2)

MF = 1530 GeV,ms = 0.4MF ,Ms = 0.9MF (BM1)

MF = 865 GeV,ms = 0.5MF ,Ms = 1.5MF (BM2) .
(59)

These two benchmarks feature the following effective
scales

Λm = 3230 GeV,Λy = 2980 GeV, (BM1)

Λm = 2220 GeV,Λy = 1840 GeV, (BM2) . (60)

The main difference between the benchmarks is that
the first includes an experimentally safe deviation from
the SM top Yukawa, κt = 1.1, while the second one fea-
tures a larger deviation of κt = 1.32 (which could in
principle be brought down by further new physics).

Both are realised with large Yukawa couplings yL =
yR = 7 (after inclusion of the QCD loop effects), necessi-
tating a strongly coupled origin, which will be discussed
in the Appendix. One can now estimate the level of fine-
tuning associated with the top-Yukawa. The usual diver-
gent top loop contribution to the Higgs mass −Σh(p = 0)
can be read off from Eq. (6). When rotating to Euclidean
space, the top Yukawa is probed in space-like direction
where the expression (57) is valid, leading to a formally
UV finite contribution to the Higgs mass

∆m2
H = −

3yt(p = 0)2Λ2
y

8π2(2n− 1)

[
1− (1 + (ΛNP/Λy)2)−(2n−1)

]
.

(61)
For n > 1, the expression in brackets is not sensitive to
the exact value of ΛNP and the fine-tuning goes as

∆FT,n>1 =
3yt(p = 0)2Λ2

y

8π2(2n− 1)(88 GeV)2
, (62)

while for n = 1, the value of where the top-loop is cut off
by top partners has an impact on the amount of tuning.
At worst, when the top-loop is not cut off (ΛNP → ∞),
the upper bound on fine-tuning is finite and is given by

the expression above. However when the top-loop is cut
off around ΛNP ∼ Λy the fine-tuning is halved

∆FT,n=1 =
3yt(p = 0)2Λ2

y

16π2(88 GeV)2
, (63)

leading to a fine tuning of ∆FT,n=1 of ∼ 5% for both
benchmarks. The lower Λy in BM2 is partly compensated
by the higher top Yukawa yt(p = 0). In the case of a
composite top quark consisting of n constituent preons,
the more general formula (57) for n > 1 would hold [56]
and could lead to a drastic reduction in fine tuning.

As mentioned before, it is important to check that the
newly introduced interactions do not reintroduce large
corrections to the Higgs mass. In our benchmark, scalar
loops from two states – either both heavy or both light
– introduce the corrections

∆m2
H =

(V/
√

2)2

16π2
(ln
(Λ2

UV

m2
s

)
+ln

(Λ2
UV

M2
s

)
) ∼ V 2

16π2
, (64)

where ΛUV is the scale of the strongly coupled UV the-
ory. Assuming a low-scale UV completion, the correction
leads to ∼ 7% tuning in both benchmarks, which is at the
same order as the (reduced) top-quark tuning. Therefore,
the new scalar loops do not worsen the fine tuning.

IV. PHENOMENOLOGY

The modified top Yukawa coupling leaves several im-
prints in top physics. Since we modify the top Yukawa
at the one-loop level, the best test actually comes from
indirect measurements, which will be discussed in this
section.

A. Running Top mass

A direct test of the radiative nature of the top Yukawa
can be performed in measuring the running of the top
quark mass. For the first scenario, the running top mass
is affected due to additional heavy gauge bosons, which
will shift the curve from the SM prediction around the
mass threshold of the heavy bosons. In the second case,
the top mass is originated from the loops in Fig. 8 and
its running can also be calculated in the same way.

On the experimental side, the running has been ex-
tracted by the CMS collaboration using run 2 data with
an integrated luminosity of 35.9 fb−1 [20]. In Fig. 9 we
confront our results for the two benchmarks with the
CMS results. BM2 is already slightly outside of the two-
sigma bound in the highest bin, showing the potential of
this indirect measurement for such scenarios.

B. Top Yukawa coupling measurement

Another direct test of the idea is the measurement of
the top Yukawa coupling. Since we only need a large
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FIG. 9. The top mass running in the SM (red) versus the
running in our conservative BM1 (blue) and for BM2 (green)
where the effects are larger, compared with the data points
from CMS [20].

modification at a high scale to tame the top-loop contri-
bution to the Higgs quadratic term, in general, it is not
necessary to have any effect at the EW scale, which is
the case for the running top Yukawa scenario. However,
in the second scenario, the top Yukawa is generated from
the heavy degrees of freedom in the leading order dia-
grams shown in Fig. 5. A series of higher dimensional
terms as shown in Eq. (44) will also be generated in-
evitably, which rescales the top Yukawa coupling. The
contributions to the top mass from the higher dimen-
sional terms are suppressed by (V 2v2/M4)n (M being the
mass of the heaviest particle in the loop), which should
be safe with new degrees of freedom being heavy. How-
ever, to relieve the HP, we would like to have the new
particles as light as possible. Therefore, the bound on
κt ≡ yt/ySM

t will determine how much fine tuning we can
relieve.

Both ATLAS and CMS have extracted κt from the
combined measurement of the Higgs boson properties
with different production modes and final states. The
ATLAS collaboration gets 0.80 < κt < 1.04 at 95% con-
fidence level [12]. On the other hand, CMS measures
0.79 < κt < 1.23 with a higher central value but also a
larger error bar [13]. However, both κt measurements are
closely related to gluon fusion production, which might
be modified in a nontrivial way in our model. A more
direct measurement from top-associated final states has
been done by CMS using tt̄H and tH events. The mea-
surement gives 0.7 < κt < 1.1 at 95% confidence level
[14]. But still, with contributions by off-shell top quarks
in the processes, the real bound should be weaker.

The κt in the model can be calculated from the ytv/mt

using the exact expression from Sec. III D including QCD
effects. κt is partly driven by the degeneracy of the two
scalars (or V 2/m2

S). Benchmark 1 results in a κt = 1.1,
while Benchmark 2 results in κt = 1.32. Interestingly
these types of models tend to increase κt, which tends
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FIG. 10. The top Yukawa form factor running in the SM
(red) versus the running in our conservative BM1 (blue) and
for BM2 (green) where the effects are larger.

to increase the amount of fine-tuning. It would be inter-
esting to see if one could obtain a similar type of model
with generically κt < 1. Although the latter benchmark
is quite optimistic, the yt is quickly driven down which
can impact the effective gluon fusion vertex. Indeed, due
to the form (57) of the top Yukawa, one expects this oper-
ator to be diminished by (1−2m2

t/Λ
2
y ln(Λ2

y/m
2
t )), which

would transform the κt = 1.32 into effectively κt = 1.21
which is within the CMS bound.

C. Form factors

To directly probe the top Yukawa coupling beyond the
EW scale, we need to derive the top-Higgs form fac-
tors, which describe the momentum-dependence of the
top Yukawa coupling [15–18]. We present in Fig. 10 the
top Yukawa form factor in our two benchmarks, com-
pared to the SM Yukawa form factor. These deviations
are especially useful when the off-shellness of the top is
comparable to Λy and a large reduction with respect to
the on-shell value is observed. These effects could be seen
in the tails of momentum distributions. In processes such
as tt̄h production, where the top quark is probed in time-
like momentum and thus the resonant pole structure is
probed, this could lead to significant increases in the total
cross section [18] and especially in differential momen-
tum distributions. However a more quantitative state-
ment for the model requires a dedicated analysis which
is outside the scope of this work.

D. Four top quarks cross section

To modify the top Yukawa at the loop level, strong in-
teractions among top quarks are always required. Due to
the strongly coupled nature, normal resonance searches
are hard to be performed. However, the effect can still be
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caught in the measurement of the four top-quark cross
section. Unlike the resonance searches, this search is
more like a precision test due to its small rate. In the
SM, the prediction for the cross section is [57]

σSM
tt̄tt̄ = 12± 2.4 fb. (65)

Measurements using different final states have been
performed by both ATLAS [58, 59] and CMS [60, 61]
with LHC run 2 data. The cross section measured by
ATLAS is

σATLAS
tt̄tt̄ = 24+7

−6 fb, (66)

whose cenrtal value is about two times the SM prediction
while CMS gets a value closer to the SM prediction

σCMS
tt̄tt̄ = 17+5

−5 fb. (67)

Both collaborations have seen evidence for the simulta-
neous production of four top quarks and a slightly larger
cross section compared to the SM prediction. Although
the sensitivity does not yet allow to claim the existence
of four top final states, it is already enough to constrain
BSM models with modified top sector. The bound on
the cross section at 95% CL level is given by

σtt̄tt̄ < 38 (27) fb from ATLAS (CMS). (68)

Several analyses aiming at interpreting the results in
terms of simplified models or effective field theories have
been performed in recent years [62–64]. Following the
analysis of simplified models in [62]8, we get a constraints
on a top-philic vector singlet boson with coupling gV and
mass MV of

gV
MV

< 2.1 (1.8) from ATLAS (CMS). (69)

at 95% CL level. Similarly, the bound on a top-philic
scalar singlet boson with coupling gS and mass MS is
given by

gS
MS

< 3.0 (2.6) from ATLAS (CMS). (70)

The first constraint can be directly applied on the top-
philic vector boson Xµ for the running top Yukawa sce-
nario with strongly coupled U(1) gauge interaction. The
benchmark point in Sec. II gives gX/MX = 2, which is
right around the 95% CL bound. On the other hand, the
bound on a scalar field is important for the top-Higgs
Ht, the bound state of top quarks described in Sec. II C,

8 Notice that the analysis might not be reliable for broad top-
philic particles due to the complicated interference with the SM
background. However, the detailed analysis of the large-width
effect is beyond the scope of this study. In this paper, we assume
the original analysis in [62] can be extended to a larger width
condition.

especially in the broken phase where the bound states
are expected to be light. For the heavy QCD case, the
top-philic vector boson, or coloron, is a color octet G′,
which couples to gluons directly. The pair production of
G′ will lead to a large cross section in the four top final
state for light MG′ < 2 TeV. To get the desired running,
MG′ = 2.5 TeV is chosen, where the pair production is
subleading. We can here derive the upper bound as

g′3
MG′

< 2.9 (2.5) from ATLAS (CMS), (71)

which is larger then the benchmark with g′3/MG′ ∼ 1.7.
For the loop-generated top Yukawa scenario, the con-

dition is more complicated. Four-top operators are gen-
erated at the one-loop level with both scalar-like and
vector-like operators including

a(t̄t)(t̄t), b(t̄γµt)(t̄γµt), c(t̄γ
5t)(t̄γ5t), d(t̄γµγ5t)(t̄γµγ

5t).
(72)

For the benchmarks, we are able to calculate the coeffi-
cients of these operators. For BM1, we get

(a, b, c, d) =
1

M2
F

(1.81,−0.49,−1.40,−0.45), (73)

where MF = 1530 GeV. For BM2, the coefficients are

(a, b, c, d) =
1

M2
F

(1.18,−0.37,−0.66,−0.31), (74)

where MF = 865 GeV. To compare with the experimen-
tal constraints, we sum over the operators and rewrite
them in the standard basis [62] as

(b+ d)O1
QQ + (b+ d)O1

tt + (c− a)/3O1
Qt + 2(c− a)O8

Qt,

(75)

where the operators with coefficient (a + c) and (b − d)
are not listed due to an approximate cancellation among
the coefficients which makes the effects subleading. In
general (and for our benchmarks in particular) the coef-
ficients of the O1

QQ, O1
tt and O1

Qt operators are approxi-
mately the same, which allows us to combine them. The
combination turns out to be similar to the generated op-
erators from a top-philic singlet vector V with the ratio

gV
MV

∼
√
−2(b+ d), (76)

which for our benchmarks result in ∼ 0.9 and ∼ 1.4 for
BM1 and BM2 respectively – both are well below the
current constraint. By modelling our NP effects with
a top-philic singlet vector, the O1

tt operator is slightly
underestimated while the O8

Qt operator is neglected. Al-
though the latter has a larger coefficient, its importance
in 4t production is suppressed in comparison to the other
operators as EFT analysis shows [64]. Therefore, the four
top quarks final states can only give a weak constraint
on the models with a loop-generated top Yukawa.
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E. Direct searches

Direct searches usually provide the most important
tests for models with TeV-scale new degrees of freedom.
However, in our case, due to the strongly coupled and
one loop nature, direct searches are not that useful.

For the top Yukawa with large running due to addi-
tional gauge bosons, the gauge boson as well as the pos-
sible formation of bound states both have large widths
(& 50%), which requires new analyses as opposed to the
traditional narrow resonance searches. Also, for the min-
imal setup, where the gauge boson only couples to top
quarks, the final state is exactly four top quarks as we
have discussed and the resonance searches do not perform
better than the cross section measurement.

For the top Yukawa generated from one loop, new
scalars and fermions are introduced, which should lead to
exotic phenomenology. However, since the only require-
ment for the new particles is to form the desired loop,
the quantum numbers of these particles are not fixed by
the mechanism. This means there are many possibilities
for the new states and the corresponding phenomenology.
We focus on the most intuitive case, where the vector-
like fermion has the same quantum numbers as the right-
handed top quark and only the neutral light scalar is rel-
evant. Production of FF̄ pair is expected to be the most
relevant one. Each F (F̄ ) will then decay to t(t̄) with a
light scalar s`. If the light scalar is stable, then the final
states will be tt̄ plus missing energy, which is similar to
the searches for top squark pair production with stable
neutralinos [65–70]. The current results exclude a top
squark mass up to 1200 GeV for a 600 GeV neutralino,
which is still far from the BM1 with MF = 1530 GeV
and ms = 612 GeV. However, for BM2 with MF = 865
GeV and ms = 433 GeV, it is completely excluded. The
bound can be avoided, however, with an additional oper-
ator involving the light scalar. For example, if it couples
to gluons through a new operator s`GG, then the final
states will become tt̄ plus jets, where the background is
much larger. A similar search has been conducted by
the CMS collaboration [71], whose results can be reinter-
preted to this model as MF > 670 GeV when ms = 100
GeV, which is much weaker.

V. CONCLUSIONS

The hierarchy problem remains a driving force for look-
ing for TeV-scale new physics. The quadratic divergent
corrections to the Higgs squared term implies that there
should be new degrees of freedom for each Higgs coupling
at the TeV scale. Among them, the top quark plays the
most important role due to the large top Yukawa cou-
pling. The traditional idea to deal with the top loop is in-
troducing top partners, usually based on some symmetry.
The top loop is cancelled by the top partner loop such
that the quadratic sensitivity to the new scale vanishes.
In this study, we presented alternatives to this traditional

idea. We discussed scenarios where the top Yukawa cou-
pling drops dramatically at higher scales, such that the
top loop contribution is no longer the dominant concern
and the new physics scale is allowed to be higher. To
realize this idea, we proposed two scenarios to modify
the top Yukawa coupling at the loop level, running top
Yukawa and loop-generated top Yukawa.

In running top-Yukawa models, additional gauge
bosons coupled to top quarks are introduced at the (low)
TeV scale and we discussed several types of gauge sym-
metry. To relieve the hierarchy problem, the desired
RGE requires strong gauge coupling. We found that
the coupling within the perturbative regime can barely
satisfy the demands. For stronger coupling, the bound
state Ht = t̄RqL forms, which can be described by the
NJL model. The coupling of interest falls in the non-
perturbative regime with the unbroken phase, where the
bound state is heavy and decouples from the SM parti-
cles.

For the second scenario, we generated the top Yukawa
at one-loop level. Due to its dimension-six nature, the
top loop will be cut off at the characteristic scale and
only gives a finite contribution to the Higgs mass. To
realize the idea, new degrees of freedom have been in-
troduced, including top-philic scalars and a vector-like
fermion. A simplified model as well as two benchmarks
were discussed in detail. We showed the finetuning due
to the top loop contribution and the additional scalar
loop can be controlled to be at the ∼ 5% level.

These alternatives also suggests looking for effects in
different places in comparison to the top partner solu-
tions. For the running top Yukawa scenario – since the
new gauge boson needs to directly and strongly couple to
the top quarks – the strongest constraints come from the
four-top cross section. Strong coupling is only possible
with a large mass, which limits its capability to relieve
the hierarchy problem. On the other hand, in the loop-
generated top Yukawa model, the four-top operators are
likewise loop-generated, which is less constrained. How-
ever, there are unavoidable higher dimensional operators,
which generate the top mass and top Yukawa in differ-
ent manners. Thus, the strongest bound comes from the
direct top Yukawa measurement. Also, due to the rather
light particles allowed in the model, the top mass running
starts from the sub-TeV scale, which provides a unique
test of the idea, as shown in Fig. 9.

The presented modified-top-Yukawa model can assist
traditional models like SUSY and CHM. If colored top
partners remain unobserved in the future, the mecha-
nism provides a good alternative to relieve the large top
loop contribution. Moreover, it points to some distinct
signatures such as four-top final states and a running top
mass, which are rarely discussed. Especially the run-
ning top mass measurement, which directly probes the
top Yukawa coupling at higher scales, might unveil the
nature of the largest Yukawa coupling in the Standard
Model.
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Appendix A: A Strongly Coupled UV Theory

Large couplings are required in the Simplified Scalar
Model discussed in Sec. III A, which implies a strongly
coupled UV-completion. In this Appendix, we present a
possible UV theory for the simplified model, which pro-
vides a validation of our idea.

1. An SU(3)L × SU(2)R global symmetry

Before we discuss the strongly coupled theory, we first
explore the ingredients it needs to include and the possi-
ble symmetry structure behind it. In Eq. (32), we show
that the minimal setup for generating the top Yukawa
coupling requires at least three couplings. Among them,
the trilinear coupling

Ltrilinear = −V SRSL†H + h.c. , (A1)

appears the most nontrivial. To accommodate it, we can
extend the SM with a SU(3)L × SU(2)R global symme-
try9. Introducing a scalar Φ that transforms as a (3, 2)
under the global symmetry, we find that the scalars H,
SL, SR together with a singlet SV can reside in the mul-
tiplet as

Φ = (3, 2)
under SM−−−−−−→

(
10 1QF− 2

3

2 1
6−QF

2− 1
2

)
=

(
S∗V S∗R
SL H

)
,

(A2)
where the hypercharge was assigned to the desired value
as shown in Eq. (33). This assignment will be explained
in the next section with a well-motivated origin.

The global symmetry allows for a SU(3)L × SU(2)R
symmetric Mexican hat potential given by

V (Φ) = −µ2|Φ†Φ|+ λ|Φ†Φ|2 . (A3)

If only the singlet SV gets a nontrivial VEV with 〈SV 〉 =√
µ2/λ, we can get the desired trilinear coupling

V (Φ) ⊃ V
(
SRS

†
LH
)

+ h.c. , (A4)

with the coefficient V = 2λ〈SV 〉. However, SL and SR
will then be massless Nambu-Goldstone bosons. The

9 The same symmetry has been studied in the CHM with top see-
saw mechanism [72, 73] for a different purpose.

complete potential should also include symmetry break-
ing terms, especially the SM gauge interactions. When
such terms are included, two things happen: First, the
loop-induced potential by the gauge interactions will pre-
serve 〈Φ〉 = 〈SV 〉 =

√
µ2/λ as SV is a SM singlet. Sec-

ond, both SL and SR will get a mass from the loop-
induced potential.10

In the fermion sector, we extend the SM content
with a vector-like fermion F , according to the following
SU(3)L × SU(2)R charges

QL =

FLtL
bL

 , QR =

(
FR
tR

)
, (A5)

where QL is a triplet under SU(3)L and QR is a doublet
under SU(2)R. We can then write down the Yukawa
coupling between Q and Φ as

LYukawa = −y Q̄L ΦQR

⊃ −yLq̄LSLFR − yRt̄RSRFL + h.c. , (A6)

which includes the two Yukawa couplings we need with
relation y = yL = y∗R. The Lagrangian also includes
y F̄RSV FL, which generates a mass for the vector-like
fermion F . However, it also introduces an unwanted
tree-level Yukawa coupling y q̄LHtR. The value of y is
too large and some modifications are required to get a
realistic model.

2. NJL model with an SU(3)L × SU(2)R global
symmetry for the strong sector

To get a realistic model, we seperate the contents into
two sectors, a strong sector and a weak sector, where
the strong sector is responsible for the strong couplings
and the weak sector includes the SM matter contents.
Starting with the strong sector, we first introduce a new
set of fermions

Q′L =

F ′Lt′L
b′L

 , Q′R =

(
F ′R
t′R

)
. (A7)

To get the required strong couplings, a non-perturbative
origin is expected. We consider a strong interaction
among them mediated by massive gauge bosons with
mass M ′, which can arise from an asymptotically-free
broken gauge symmetry. At scales below M ′, we can in-
tegrate out the massive gauge bosons and get an effective

10 If the charge QF = 2/3, then SR will become chargeless and
the argument fails. However, we can still recover it by assuming
another U(1)′ gauge symmetry with the similar charge but QF 6=
2/3.
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four–fermion vertex term

Leff = − g′2

M ′2
(
Q̄′L,iγ

µT aijQ
′
L,i

) (
Q̄′R,iγµT

a
ijQ
′
R,j

)
⊃ g′2

M ′2

(
Q̄′

i
LQ
′
R,i

)(
Q̄′

j
RQ
′
L,j

)
, (A8)

where g′ is the coupling between the gauge bosons and
Q′. If the coupling is strong enough, a fermion conden-
sate will be formed, which can be described by a bound
state given by

Q̄′RQ
′
L =

(
F̄ ′R F

′
L t̄′R F

′
L

F̄ ′R q
′
L t̄′R q

′
L

)
=

(
S∗V S∗R
SL SH

)
, (A9)

which carries the same gauge symmetries as the scalar
field Φ from the last section. Indeed, the scalar field Φ
turns out to be the bound state formed by Q′L and Q′R,
which is a natural origin for scalars in a strongly coupled
theory.

Using the fermion bubble approximation, we can ob-
tain the effective Lagrangian at a scale µ < M by inte-
grating out the fermion field components. The effective
Lagrangian at the new scale µ will then be given by

LΦ = |∂Φ|2 − M̃(µ)2|Φ|2 + λ̃(µ)|Φ|4

− ỹ(µ) Q̄′L ΦQ′R + h.c. , (A10)

where the coefficients are given by (defining
ln(M ′2/µ2) = C)

M̃(µ)2 =

(
4π√
NC

M ′

g′

)2(
1− g′2

g2
c

+
g′2 µ2

g2
cM
′2

)
,

λ̃(µ) =
16π2

NC
, ỹ(µ) =

4π√
NC

. (A11)

To generate the desired potential, we want it to be in
the broken phase, i.e. g′ > gc. Together with the loop-
induced potential from the SM gauge interaction (or some
new U(1)′ gauge interaction), we get a VEV for SV as

〈SV 〉 = 〈Φ〉 ∼

√
−M̃2

2λ̃
∼ f ′

√
g′2

g2
c

− 1 , (A12)

where f ′ ≡ M ′/g′ is the symmetry breaking scale of the
strong dynamics. Now in the strong sector, we obtain

LΦ ⊃ 2 λ̃ 〈SV 〉 (SRS
†
LSH)

− ỹ q̄′LSLF ′R − ỹ t̄′RSRF ′L + h.c. , (A13)

which is similar to the desired terms we need for the sim-
plified scalar model. However now the terms are gener-
ated from a strongly coupled theory, where the couplings
are naturally large. Also, the masses of SL and SR are
generated from a loop-induced potential, but they can be
much lighter in comparison to M ′ due to the nature of
pNGBs.

3. Connecting the SM Higgs and top quarks with
the strong sector

Finally, we need to connect the strong sector with the
SM content in the weak sector. Starting with the fermion
sector, besides SM fermions, we still need a vector-like
fermion F with a mass MF as shown in (A5). We
introduce two new extended SU(2) gauge symmetries,
SU(2)L′ for the LH top quark and SU(2)R′ for the RH
top quark. The gauge symmetries are broken at the scales
fL and fR, respectively. Introducing two SU(2)L′ dou-
blets (the SU(2)R′ case is analogous)

ψqL =

(
q′L
qL

)
, ψFR

=

(
FR
F ′R

)
, (A14)

the SU(2)L′ interaction will introduce an effective term
as

Leff = − 1

f2
L

(
ψ̄qLγ

µT aψqL
) (
ψ̄FR

γµT
aψFR

)
⊃ 1

f2
L

(
F̄ ′Rq

′
L

)
(q̄LFR) → yLq̄LSLFR , (A15)

where the desired Yukawa coupling is generated once the
fermions in the strong sector form the bound states. The
generic estimation for the Yukawa coupling is

yL ∼
4π√
NC

f ′2 × 1

f2
L

=
4π√
NC

f ′2

f2
L

(A16)

where f ′ is the generic VEV of the bound state. Switch-
ing to SU(2)R′ , we get

yR ∼
4π√
NC

f ′2 × 1

f2
R

=
4π√
NC

f ′2

f2
R

(A17)

If f ′ ∼ fL ∼ fR, then generically we get a large Yukawa
coupling

yL ∼ yR ∼
4π√
NC

. (A18)

Therefore, even though the top quarks and the vector-like
fermion F are not joining the strong interaction directly,
we still get the desired large Yukawa couplings.

Concerning the Higgs sector, there is already a Higgs-
like scalar field SH and all we need to introduce is a
mixing term between it and SM Higgs H†SH . Follow-
ing its bound state nature SH = t̄′Rq

′
L, the mixing can

be introduced by a coupling between the SM Higgs and
its constituent fermion fields. As mentioned before, the
whole mechanism is used to assist a model like SUSY or
CHM, so we consider the two possibilities.

First, if the SM Higgs is elementary as in SUSY models,
then the mixing can be generated through the Yukawa
coupling between Higgs and the fermions in the strong
sector as

L = −y′q̄′LHt′R → y′f ′2H†SH (A19)
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FIG. 11. Feynman diagram of the loop-generated top Yukawa
coupling from a strongly coupled UV theory.

By intergrating out the heavy SH , we can then reproduce

Ltrilinear = V (SRS
†
LH) + h.c. , (A20)

with

V ∼ 2 λ̃ 〈SV 〉y′
f ′2

M2
H

(A21)

where MH is the mass of SH . The value of the trilinear
coupling is thus controlled by the new Yukawa coupling
y′ which can be small and plays the role of suppressing

the top Yukawa coupling from a generic strong coupling
down to O(1).

In CHMs, the SM Higgs is itself composite, combined
of ψL and ψR. In order to mix it with the bound state SL,
a similar construction for the extended gauge symmetry
is required as

Leff = − 1

f2
E

(
ψ̄Lγ

µT aq′L
) (
ψ̄RγµT

at′R
)

⊃ 1

f2
E

(
ψ̄RψL

)
(q̄′Lt

′
R) → f2f ′2

f2
E

H†SH , (A22)

where fE is the scale of the extended gauge symmetry
and f is the breaking scale in the CHMs. Again by in-
tergrating out the heavy SH , we can get the trilinear
coupling with coefficient

V ∼ 2 λ̃ 〈SV 〉
f2f ′2

f2
EM

2
H

. (A23)

The overall structure of the top Yukawa vertex is shown
in Fig. 11, where the scalars are now replaced by the
bound states of fermions in the strong sector. The red
line represents the gauge bosons of the extended gauge
symmetry and the blue point is the mechanism to connect
the Higgs boson to the strong sector.
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