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Hierarchy problem and the top Yukawa coupling:
An alternative to top partner solutions
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We discuss the role of the top-quark Yukawa coupling y, concerning the hierarchy problem and construct
an alternative scheme to the conventional solutions with top partners. In traditional models, such as
supersymmetry 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
infrared, 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 the
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, such as the future circular collider.

DOI: 10.1103/PhysRevD.108.055008

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 Mgw ~ 100 GeV is radi-
atively unstable with respect to large mass scales. In fact,
without an 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 Mgyp ~ 10" GeV > Mgy
or the Planck scale Mp, ~ 10!° GeV. The reason is that in
the SM the Higgs mass squared parameter m?, is not
protected by a symmetry and thus is sensitive to corrections
from any heavy particle with mass M > Mgy, coupled to
the Higgs field. This drives m2 — AxpM?, with Ayp a
product of couplings [including loop factors ~(4x)72],
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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\/AD54, one would
indeed generically expect the coefficient of the D = 2
Higgs-squared operator |H|? to reside close to the cutoff
squared of the low-energy theory AZp, defined by the scale
where new particles enter

m12‘1 ~ /INPAIZ\IPf (1)

with Axp ~ M. Above the scale Ayp, on the other hand,
the new physics could potentially cure the HP, in a sense
that the corrections to the Higgs mass are cut off at this
scale, e.g., via supersymmetry (SUSY) or a composite
pseudo-Goldstone Higgs [1-3]. Still, in a case that
InpNp > M3y, at least a little HP remains with a residual
fine-tuning between the bare Higgs mass and quantum
corrections of Agp ~ M2y, / (AnpAZp), 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 renders
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, Ayp cannot be arbitrarily
small. Since natural solutions to the HP, as mentioned
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before, often invoke some new symmetry making 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
expected to be the lightest degree of freedom to maintain
naturalness. Termed in symmetries, the top quark Yukawa
coupling is the major contribution to the breaking 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 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

. d*k k> +m?
iy =N [ i

_mt

= —iy2 {Az —3m?In <AIZ\IP) + - ] (3)
- t t ’
8x° NP m?

where we only kept the Ayp-dependent terms.” The
presence of top partners, introducing Am%,hoppmner,
restores the symmetry and guarantees the cancellation of
the quadratically UV sensitive term ~AZp:

3

A2
Am%—]|top + Am%—['topparmer ~ = Wy?M% In (ﬁ) s (4)
T

where My 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

"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.

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

m?, = —(88 GeV)?2. The generic estimation of the correc-
tion should be of the same order, where

My 2
450 Gev> O

Amy ~ e 2y (g3 GeV)2<

872

so My ~ 450 GeV is the scale we expect for natural top
partners. The current bound results in a 10 times larger
Am3,, which requires a Agp ~ 10% fine-tuning to get back
to the observed my.

To reduce fine-tuning, one alternative is to have colorless
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 neutral
naturalness, as in twin Higgs models [11]. However, this
alternative is still based on the idea of symmetry and the
cancellation between Amj |, and Amj |, e In this
work, we would like to explore another alternative that does
not require top partners. The idea is to have a strong
dependence of the top Yukawa coupling on the energy
scale, y, = y,(u?), or even directly on the momentum
running through the vertex, y, = y,(k?).

While in the former case, the prefactor entering Egs. (3)
and (4) would be much smaller,” y,(A%p) < y,(M2y) = 1,
in the latter, more drastic case, Eq. (3) becomes

d*k k> + m?
Am%|op ~ —i2N.. 2k —5———. (6
mH|tOp l L/(27[)4yt( )(k2_m[2)2 ( )

If y,(k*) now drops around k> ~ A%, the integration gives
Am? 3 2A2 7
mH|t0pN_gyt T ( )

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)
significantly below the NP scale where a completion such
as SUSY or a CHM takes over, i.e., around the scale Ay 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, y, < y?M, would be at variance with Higgs
(production and decay) measurements at the LHC [12-14],
a large modification at the NP scale Ayp > Mgw, 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

3This 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 Ayp, with more weight given to the higher scales,
justifying our use of the Yukawa at high scale y,(A%p).
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FIG. 1. Various contributions to the Higgs mass squared for
Anp = 10 TeV; see text for details.

Yukawa coupling in the IR, i.e., y,(M&y) ~ y?M(Miy),
but y,(Ap) < y™ (Mzy ).

It is clear from the above discussion that if y, 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 Arr 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 my, are presented—the
latter reading [19] (B =W, Z, H)

Ap
167%°

3
(&mk)s =5 (8)
with ¢, = ¢*, 0% = (¢* + ¢%)/2,9% = 44, and we set
ANP =10 TeV.
While, by this measure, requiring a tuning of at most

App = my /| Am%| 2 5% 9)
would lead to
AM <2.5 TeV, (10)

the given Axp = 10 TeV results in App =~ 3 x 1073, com-
pletely driven by the large top contribution (see Fig. 1). By
mitigating the top loop, either via, for example, y,(A%p) <
0.2 < y,(M%y,) or due to cutting of the top loop at
A7 < 1/5A\p, 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 an additional handle
for testing the idea of significant NP effects in the running
top Yukawa, and we will confront the corresponding limits
with model predictions to explore whether this observable
could be the first place to see the NP (see also [21,22]).

32%
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110%
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FIG. 2. Various contributions to the Higgs mass squared for
Anp = 10 TeV and the top quark Yukawa evolved down due to
an additional U(1) gauge boson of mass M = 2.5 TeV, with
Y, =Yr =2, g =2.5; see text for details.

Still, for a full solution to the HP, taming or even cutting
completely off the top loop contribution is not enough
and around Anp = 10 TeV, at the latest, a full UV
completion—taking care of contributions from bosonic
loops—should kick in.* The scenario discussed here would
thus play an assistant role, relieving the strong bound from
the top partner searches, when being combined with
traditional solutions such as SUSY and CHM. It is
especially helpful in composite theories, where an O(1)
Yukawa coupling (breaking explicitly the Goldstone sym-
metry) 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 expected 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 Axp ~ 500 GeV or
could allow for Axp ~ 10 TeV. Besides expected signa-
tures of the NP related directly to the top Yukawa—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 becomes unnaturally large,
and thereby our proposed mechanism 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 modified
renormalization group evolution (RGE) of the top Yukawa

*Note that our mechanism becomes even more effective for
scenarios 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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and their impact on the fine-tuning in the Higgs mass.
We will provide concrete realizations that could drive y, to
smaller values. SM extensions with additional strong
interaction are studied from the perturbative regime to
setups with nonperturbative dynamics, including a flat extra
dimension. Next, in Sec. III, we will present a strongly
coupled model where y, is generated 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 ¢ = In u in the SM
reads

@ _ Vi
dt 1672

(9/2y7 = 893 = 9/4g3 — 17/12g3),  (11)

where gy,; are the U(1)y,SU(2),,SU(3). 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].

A. General analysis

In fact, adding a new U(1) or SU (N5) gauge symmetry
to the SM, with coupling strength §y,” under which the
(left- and right-handed) quarks are charged, with hyper-
charges Y7 p in case of the Abelian group, the RGE
becomes [34-36]

dy.(1) _ yi(1)

dt 1622 (9/2y2(1) = B(N)7,). (12)

where B(N) = 3(N? — 1)/N, while in the Abelian case we
have B(1) =3(Y? + Y3).

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 Y; = Yr =2, §; = 2.5, and
M = 2.5 TeV for the mass of the new gauge boson as a
benchmark, altering the running above the threshold M.
The modified RGE is depicted in Fig. 3, where we can
inspect that y,(u = 10 TeV) ~ 0.2 while y,(u = 20 TeV)~
0.1, which allows for a significant mitigation of the HP
from heavy NP coupled to the top quark, as we will explore
in more detail below.

’In the following analysis, we assume the running of the gauge
coupling is small in the region of interest such that we can assume
gy 1s constant.

Y

0.0

5000 10000 15000

20000
u[GeV]
FIG. 3. Running of the top-Yukawa coupling in the simple

U(1) extension with Y; = Y, =2, §; = 2.5, and a mass of the
new gauge boson of M = 2.5 TeV; see text for details.

1. Impact on fine-tuning and Axp

Recalculating the fine-tuning in the Higgs mass from
Egs. (3), (4), and (8), due to new physics residing at the
scale Ayp = 10 TeV, employing the running top Yukawa
coupling y, (4 = Anp) from the U(1) benchmark model
above, we arrive at the situation presented in Fig. 2 and
discussed in the Introduction. The top contribution
becomes subdominant, and the fine-tuning is driven by
the weak bosons, resulting in a rather modest Agy. Now, the
condition (9) allows, in fact, for

ANP ~7.5 TCV, (13)
beyond the generic LHC reach.

B. Simple perturbative extensions

We now discuss a few more concrete setups that can
impact the running of y,. The crucial working assumption is
that the corresponding new particles could be rather light,
modifying the RGE from rather low scales without contrib-
uting with large thresholds to the Higgs mass, while in turn
other new physics (such as SUSY or other top partner
models) could reside at larger scales than conventionally
considered (i.e., Axp 2 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)
extensions of the SM are severely constrained by an
anomaly cancellation [37]. If one wants to be flavor
diagonal in the charge assignments or, less restrictively,
only have one set of nontrivial charge assignments applied
to some of the generations, one is left with the hypercharge
symmetry or a hypercharge symmetry restricted to one or
two generations. If one minimally extends the SM by right-
handed neutrinos vy that are singlet under the SM gauge
group, the B — L symmetry is also anomaly canceling. We
will consider for each scenario below a gauge boson mass
of 2.5 TeV.
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a. (B — L) scenario. Gauging the latter symmetry only for
the third generation [38] avoids stringent constraints on a
universal B — L boson from the large electron—positron
collider data, which would limit the mass over coupling ratio
of the corresponding boson to My /gy > 18 TeV [39]. The
gauge boson X, couples vectorially to the third generation

LD gxX,(ty*t + dy*d = 37yt = 3v;pky,).  (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
boson stays within the perturbative regime, which we will

take to be % < 50%. Because of the larger charge, the partial
width to leptons is 3 times as big as the one into quarks

(despite the color factor) leading to

rx) 2 5
=— 15
My ﬂgx’ (15)

which restricts the coupling to gy < 0.89. This makes it
difficult to have a considerable impact on the running of y,
in reality, pushing it merely down to 0.74 at 10 TeV [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,
governed by

LD gxX,(ty't). (16)

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

rx 2,
W2 17
My  8zX (17)

This makes couplings as large as gy <2.5 possible,
which allows for an evolution of the top Yukawa down
to y, = 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 exclusively coupled to
third generation fermions to evade LHC constraints. Such

®We note that this cannot be improved significantly by gauging
multiple (B — L), 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.

an example is a nonuniversal left-right (LR) model [40]
where the third generation right-handed fermions are
charged under a second SU(2), group. The relevant part
of the Lagrangian reads

LD gR/ZZ;t(BRYﬂbR — Tgy!tg + Try'TR — UyPrR).  (18)

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

r(z)

rwny_ 1,

— = —05 19
MZ/ MW/ 127l'gR ( )

which limits the coupling constant to gz < 4.3. The effect
of such an SU(2) charge on the top Yukawa can be seen
from (12) by employing B(N)3% — 3 g%, where the addi-
tional factor of 1/2 appears since only the right-handed top
is charged under the new SU(2) group. Also, due to strong
constraints from the Z' decay into tau pairs, the lower limit
on the mass is my > 2.5 TeV for a maximal coupling
constant. Overall the maximal possible reduction at 10 TeV
is to y, = 0.52. To produce the desired running to y, = 0.2
at 10 TeV, the coupling would need to be as large as
gr ~ 8.2, outside of the perturbative regime.

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

L= gGMary' T gy + Try* T tg + bry* T bg).  (20)

The coupling of the heavy SU(3) can be as low as ¢; < 4.5
for the desired top Yukawa of y, ~ 0.2 at 10 TeV. The limit
from the width of the heavy gauge bosons, or so-called
coloron,

(G r

- — g2, 21
Mg 1227 1)

of g5 < 4.3, could thus borderline be fulfilled. 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 parameter space of narrow width under a perturbative
regime.7 For a generic solution, however, studying the
nonperturbative regime might be more appropriate.

C. Beyond the perturbative bound

Keeping the gauge coupling well in the perturbative
regime in general restricts the running of top Yukawa

"The inclusion of a finite width can be taken into account as
in [42], which could impact the running.
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coupling, which limits its capability to relieve the HP. To
drastically modify the Yukawa at the TeV scale, the gauge
coupling gy should be large, which enters the nonpertur-
bative regime.

The direct consequence of nonperturbative dynamics is
the formation of bound states. To simplify the analysis,
we restrict ourselves to a minimal setup where only ¢; =
(t,,by) and tg participate in the strong interaction. The
expected bound state is a scalar field with a SM Higgs-like
quantum number, which is known as top-Higgs H, [43,44].

The properties of the top-Higgs can be described by
the Nambu-Jona-Lasinio (NJL) model [45,46]. At a scale
U <K My, the effective Lagrangian for the H, is

L= |aHI|2 - M2|Ht|2 - Z|Hz|4 - SJIZ]LHIIR + H.c. (22)

The coefficients are functions of y, which are given by

- 4 M 2 g2 gZ /42
W) VNC 9gx ge  geMx
. 1672 4
AMu) = ——, y = , 23

where N is the number of colors of the new strongly
coupled gauge symmetry and C =In(M%/u?). The
Yukawa coupling y, describes the strong interaction
between the bound state and its components. The critical

coupling g. = /872 /N is another important feature of the
strong dynamics, which further separates the nonperturba-
tive regime into two different phases—the unbroken and
the broken phases.

1. The unbroken phase

Starting with the unbroken phase, where the coupling gy
is beyond the perturbative bound but below the critical
coupling g., we can then derive the mass of H, as

. dr M
MH, :M(ﬂ)N\/N—Cg_;

The mass of the top Higgs is ~My, which is the generic
scale we might expect for the heavy bound states. Since
My > my, 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
ge ~9(5). The benchmark values gx = 5(¢5 =4.5) for
(non-)Abelian cases both belong to this category. Meaning
areduction in y, from O(1) at the EW scale to 0(0.2) at the
10 TeV scale through running is possible in reality. The
desired gauge interaction enters the nonperturbative regime
with an unbroken phase. Therefore, the HP due to the top
loop contribution would be relieved at the cost of some new

(24)

broad resonances, including the gauge boson X, and the
bound state H,, at the TeV scale.

2. The broken phase
If the coupling gy is stronger than the critical coupling

ge = \/87% /N, the story changes dramatically. The strong
dynamics will lead to a nontrivial VEV for H;, which not
only triggers EW symmetry breaking (EWSB) but also
generates the top mass directly. It was first studied in the
top quark condensation model [47—49]. This type of model
aims to explain EWSB using the VEV of H,, but has
been ruled out due to the prediction of a heavy top quark
with m, ~ 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 (H,) can be estimated using the NJL model.
Taking gy > g., the coefficient of the quadratic term M
becomes negative and leads to a nontrivial VEV as

N NN

The generic scale of v, is ~My /gy, the breaking scale of
the strongly coupled gauge symmetry, which is unaccept-
ably large. Therefore, some cancellations between gy and
g. are required to get a small v, well below 246 GeV.
Besides, the VEV of H, also generates an additional top
quark mass with

[
= 7§ytvt'

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 v, case.

In contrast to the previously studied case of an unbroken
phase, where the bound states are heavy and naturally
decouple from the SM, in the broken phase, the bound
states are expected to be light. The top-Higgs doublet H,
decomposes into a neutral top-Higgs &, and top-pions z,,
where the mass of 7%, is given by

my;

(26)

M, = \/2lyv, = 2, < 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 couplings 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 a large impact on
the renormalization group running of the SM couplings is

055008-6
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given by extradimensional setups. Although warped mod-
els and Gauge-Higgs-unification setups are more attractive
in general, being dual to composite Higgs models via the
AdS/CFT correspondence (see, e.g., [51] in the context
of unification), we focus on universal (flat) extra dimen-
sions [52]. Here, the presence of a tower of Kaluza-Klein
(KK) excitations effectively turns the running from loga-
rithmic to power law [53,54].

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

BUEP(Nk) = M + (N — DA, (28)

where Ngx = ER is the number of active KK modes
below the energy scale E, with R the length of the extra

dimension, while ﬂ§KK) is the universal contribution from a
single KK level (see, e.g., [55]). The presence of the factor
Nxk is the origin of the power-law running. Taking
R~!~ 1 TeV, this can also lead to

v:(20 TeV) ~0.2. (29)

An even stronger running can be achieved with more extra
dimensions. It would be very interesting to experimentally
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].

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

III. TOP YUKAWA COUPLING GENERATED
AT ONE-LOOP

In the previous section, the top Yukawa coupling already
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 generated
from one-loop effects. Sticking to the elementary Higgs and
top quarks at three legs, there are two possible loop
diagrams as shown in Fig. 4. The left diagram is the
typical top Yukawa-coupling running as we have discussed.

FIG. 4. Two types of loop diagrams that 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 right diagram presents a new option in which the
top Yukawa coupling is generated from a one-loop
diagram with the two wavy lines being both scalar bosons
or vector bosons, and the solid line representing a new
vectorlike fermion. The integration of the loop will
result in a 1/M? suppression, meaning it comes from a
dimension-six 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 At, above
which there is no top Yukawa and consequently no top loop
correction to Am?,.

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/M? 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 vectorlike fermion on the
right (i.e., M), which is required to flip the chirality.

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

1 1 _
o~ =t (S8 @ ), (30)

AL
where Sy and Sy are auxiliary scalar fields corresponding
to the V in the trilinear coupling and the vectorlike fermion
mass M, respectively. The operator should be responsible
for the observed top Yukawa coupling as

| VM,
ytNﬁyLyRWNL (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 y, ~ |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, and then even at the one-
loop level, the resulting top Yukawa coupling is generically

yrL
q—>— (L

z

FIG. 5. Loop diagram that can generate the top Yukawa
coupling from a dimension-six operator. The solid lines represent
a fermion, and the dashed lines correspond to scalar bosons; see
text for details.
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expected to be ~4z. With a strongly coupled theory in
mind, what is required is actually an additional suppres-
sion to the Yukawa from 4z down to 1. More discussions
about the possible strongly coupled UV completions are
given in Appendix A. 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

Line = _VSRSZH = y1.q1SLFR — YrigSgF, +H.c., (32)

where the scalar S; is a doublet and Sy and the vectorlike
fermion F are singlets under SU(2),. The hypercharge is
not determined by the mechanism due to the accidental
U(1) symmetry within the particles inside the loop. In
general, the hypercharge can be

OF)=0r. 0(5)=¢~0r. QS0)=2-0r ()

In the following analysis, we assume Qp = 2/3, resulting
in the same charge for the vectorlike fermion as for the
right-handed top quark. S; then shares the same quantum
numbers as the Higgs doublet and Sz becomes a SM singlet
scalar. Such an assumption makes it possible to embed the
model in a custodial setup, which will be discussed in
Sec. III F. Beside these interactions, we need masses for all
the new particles, reading

ﬁmass = _1‘/I%|SL|2 _M%?|SR|2 _MFFLFR + 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

Loeural = [0S, |* 4 [0Sg|* = M7|S,|* — M%|Sk|?
— VSpSIH +Hec. (35)

= |05, [* + [0sg|* = M |sp|* — ME|sg?

2 * *
— Mig(spsR + SkSL) (36)
LS. qL Fr
V. .7 YL YR
H------x ” S ======= B
Sh Fr tr

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 vectorlike fermions.

where s; and sy are the (complex) neutral components
of S; and Sg, and the coefficient of the mixing terms
is M7, =V(H) = Vv/\/2.

The trilinear coupling leads to mixing between s; and
sk, and therefore we perform a nontrivial rotation to the
mass eigenbasis

B0
SR S/,’ C/)7 Sy

where c; =cosf, sz =sinf, and s, and s, denote the
resulting heavy and light scalars. The angle satisfies the
relation

spcp = Mig [ \JAMEe + (M} = M. (38)
In the mass basis, the Lagrangian simply becomes

‘Cneutral = |ash|2 + |asf|2 - 1‘4§|‘S‘h|2 - m?"gf

% (39)

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

1 1
M) = 00 4 M3\ Mt 03 -0 (a0

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

‘ctrilinear = _\/EVCﬂSﬂh|Sh|2 + \/EVCﬂSﬂh|Sf|2

V(e —s3
- Mhs;sf +Hec., (41)

V2

and the interaction terms between the scalars and the
vectorlike fermion read

Liermion = —(YrcptrspFr + YrSplrsyFp)
- (—yLS/)v;LSLﬂFR + yRCﬂ;RSgFL) + 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 m%. In this model, trilinear couplings between the Higgs
and scalars are introduced, which can form new scalar
loops and thus new contributions given by

2
NEENREIN <M> : (43)

AmZ | ..
H | scalar 1 67[2 M2

This loop is, however, not quadratically sensitive to Axp
and will thus not reintroduce a HP (note that V < Axp).
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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

Loy = 6(qLHtg) + coran(H H)" (g Htg), (44)

where the subscript of the coefficients labels the real
dimension of the operators. The first term with coefficient
¢ corresponds to the SM-like top Yukawa coupling.
However, additional higher-dimensional operators are also
generated. They will result in a deviation of the top-Higgs
properties from the SM, which will be discussed later.
Moving toward higher energies, the coefficients of the top-
Higgs n-point interactions will change drastically, replac-
ing the EFT description by form-factor couplings with
momentum dependence. For example, in the first inter-
action, ¢ will be replaced by a form-factor scaling as
~1/(q*> — M?) 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 hff, we work in the
SU(2) broken basis. In the mass basis, we have two neutral
scalars s, and s,. Therefore, the calculation of y, actually
includes four diagrams as shown in Fig. 7. The contribution
from each diagram is given by

Loop1: 2VyLyRc§s%}/[sf,sf,F}, (45)

Loop2: Vy,ye(ch - 2)(=s3) / sssnFl. (46)

se | L s¢ ] L

hemmmm==l e Mp h=----- S S Mp
* s’;
Sy L h i
. > U

Sh . t Sp te
ho==-==-== X Mp h==----== X Mp

Se L« 5, Sh

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.

Loop3: VyLyR(cé—sé)cj/[sh,sf,F], (47)

Loop4: 2VyLyRc%,s%/[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

Vi =VyLyr <(C§ - S;)z /[Sﬂ sy, F]

+26/2}S/21/|:SK,SK,F} + 20/35/%/[sh,sh,F]>. (49)

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

1 M,

1622 M?’ (50)

Ve~ Vyryr

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 vectorlike
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

LOOpl: _yLyRCﬂsﬂ/[vaF]’ (51)

Loop2: yLyRc/}S/i/[Sth]’ (52)

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

m = oy [0 = 1) 5

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

Mp M?—m? YLYRMEV v
meRrea\ T ) Tl e v oY
S Sh
| + ;

. i Fr F . " i e Fr, | in
‘ —YLsp YRCs ! yLes YRS

FIG. 8. The two-loop diagrams that contribute to the top mass.
Loop 1 (left) with a light scalar and Loop 2 (right) with a heavy
scalar.
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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 «, =
y,/y?M 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,s;, and s;, one must compute the
|

UV finite loop integral (53), which gives a momentum
dependent mass

YLYRCpSp
m,(p) = o2 F

1 2,2 2 M2 1— 2
x/ drln ;72)c2 xp2+x 2F+( x)mY2 ‘
0 pext —xp 4+ xMy + (1 — x) M5

(55)

Similarly, the top Yukawa loop of the light scalar for
momenta p and p’ of the top quarks is UV finite and reads

My [1 l—x
) 7F ) ! - d d
/[Sf se. Fl(p.p') 3271,2/) x/) ypzx(x—

to which we should add the analogous heavy scalar
loop. The mixed loops will vanish in the maximal mixing
scenario, sz = cp = 1/\/5, that we will consider for
our benchmarks. Note that both (55) and (56) have the
following approximate momentum dependence along

spacelike momentum p? = p? = —Q?,
2y, (0 =0) 2, (@2 =0)
mt(Q ) (1+Q2/A%n)n’ yt(Q ) (1+Q2//\§)"’
(57)

with n =1 and where A, ~A,~Mp+ M. On top of
these one-loop effects, we consider one-loop QCD loop
effects that can result in large corrections. Indeed, on
dimensional grounds we expect these to be of order

macp(p = 0) = = Cpmy(p = 0)In(A3 /m?).  (58)

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

E. Analysis of the fine-tuning

Let us consider two benchmarks: one rather conservative
(BM1) and one with more striking effects (BM2),

My =1530GeV,
M =865 GeV,

my = 0.4MF,
mg= O.SMF,

M,=09M, (BMI),
M,=15M; (BM2).
(59)

These two benchmarks feature the following effective
scales:

: (56)
D4+ p%y(y—1)+Mp(l—x—y)+mi(x+y)’
[
An=3230GeV, A, =2980GeV (BMI),
A =2220GeV, A, =1840 GeV (BM2). (60)

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

Both are realized with large Yukawa couplings
y; = yg = 7 (after inclusion of the QCD loop effects),
necessitating a strongly coupled origin, which will be
discussed in Appendix A. One can now estimate the
level of fine-tuning associated with the top Yukawa. The
usual divergent top loop contribution to the Higgs mass
—X,(p = 0) can be read off from Eq. (6). When rotating to
Euclidean space, the top Yukawa is probed in the spacelike
direction where the expression (57) is valid, leading to a
formally UV finite contribution to the Higgs mass

3y,(p = 0)*A;

eadn 1) 1 (1 (Awp/ A7)

Am2, = —
(61)

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

3y.(p = 0)°A;
A = L 62
FLn=1 = 872(2n — 1)(88 GeV)? (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 (Ayp — ), the
upper bound on fine-tuning is finite and is given by the
expression above. However, when the top loop is cut off
around Aynp ~ Ay, the fine-tuning is halved,
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3yi(p= 0)2[\%

Artam = 167%(88 GeV)?” (63)
leading to a fine-tuning of Agr,—; of ~5% for both
benchmarks. The lower A, in BM2 is partly compensated
by the higher top Yukawa y,(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

oo = () o (32)) -

1622 p M? 162%°
(64)

where Ayy is the scale of the strongly coupled UV theory.
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.

F. Bottom sector and custodial symmetry

To generate the bottom Yukawa coupling, we can extend
the simplified model in the same way with

AL==MyF) Fr=y1q.S.Fr—ygbpSgF +He.,  (65)

where the new vectorlike fermion F’ is a singlet under
SU(2), with hypercharge Q(F')=Qr—1=-1/3. While
in the following we set M}, = M and y; = y; to respect
custodial symmetry, the coupling y} is assumed to be much
smaller than yg, which violates the custodial symmetry and
makes the bottom quark lighter.

Under this setup, we can show that custodial symmetry
violation only appears in the subleading order. Indeed,
we can rewrite the whole Lagrangian in terms of SU(2); x
SU(2) representations. The tz and by are combined into a
SU(2) doublet g while the Higgs field is written in
matrix form Q as a (2,2) representation. For Qp = 2/3,
S; has the same quantum numbers as the Higgs field and
can similarly be written in matrix form €; ~ (2,2). The
two vectorlike fermions F and F’ can be combined to a
SU(2)g doublet Q; g = (Fp /g, F}z)". Now the whole

Lagrangian reads

AL = —VSRQZQ —qrY1Q0r — qrYrSrOL
—M?|Q, > — M%|Sg|> = Mz0Q, 0k + Hec.,  (66)

where Y; = diag(y;,y;) and Y = diag(yg. ys) are 2 x 2
matrices. The difference between yz and yj generates the
mass splitting between the top and bottom quarks and is
the only source of custodial symmetry violation in the new
physics sector. The related constraints will be further
discussed in the next section.

IV. PHENOMENOLOGY

The modified top Yukawa coupling leaves several imprints
in top physics. Since we modify the top Yukawa at the one-
loop level, the best test actually comes from indirect mea-
surements, 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 extracted
by the CMS Collaboration using run 2 data with an
integrated luminosity of 35.9 fb~' [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. The meas-
urement has also been reinterpreted in [57] but considering
the energy scale to be actually half of the original one.
The result is then only sensitive up to an energy scale of
0.5 TeV. In this case, the bound on the top mass running
becomes weaker and light new physics with less fine-
tuning is still possible.

1.05F

1.00 |

mt(.u)/mt(,uref)
=]
&

0.90 |

0.85

~
P

PRI S S S R
800 900 1000

400 500 600 700

#[GeV]
FIG. 9. The top mass running in the SM (red line) versus the
running in our conservative BM1 (blue line) and for BM2 (green

line) where the effects are larger, compared with the data points
from CMS [20].
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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 modi-
fication at a high scale to tame the top loop contribution 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 diagrams shown in
Fig. 5. A series of higher-dimensional terms as shown in
Eq. (44) will also be generated inevitably, which rescales
the top Yukawa coupling. The contributions to the top mass
from the higher-dimensional terms are suppressed by
(V202/M*)" (M being the mass of the heaviest particle
in the loop), which should be safe with new degrees of
freedom being heavy. However, to relieve the HP, we would
like to have the new particles as light as possible. Therefore,
the bound on k, = y,/y?M will determine how much fine-
tuning we can relieve.

Both ATLAS and CMS have extracted x, from the
combined measurement of the Higgs boson properties with
different production modes and final states. The ATLAS
Collaboration gets 0.80 < k, < 1.04 at 95% confidence
level [12]. On the other hand, CMS measures 0.79 < k, <
1.23 with a higher central value but also a larger error
bar [13]. However, both k, measurements are closely
related to gluon fusion production, which might be modi-
fied in a nontrivial way in our model. A more direct
measurement from top-associated final states has been done
by CMS using 7H and tH events. The measurement gives
0.7 < k, < 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 «; in the model can be calculated from the y,v/m,
using the exact expression from Sec. III D including QCD
effects. «, is partly driven by the degeneracy of the two
scalars (or V2/m2). Benchmark 1 results in a x, = 1.1,
while Benchmark 2 results in x, = 1.32. Interestingly these
types of models tend to increase k,, which tends to increase
the amount of fine-tuning. It would be interesting to see if
one could obtain a similar type of model with generically
k; < 1. Although the latter benchmark is quite optimistic,
the y, 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 operator to be
diminished by (1 —2m}/A?In(A2/m3?)), which would
transform the x;, = 1.32 into effectively x;, = 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 factors,
which describe the momentum dependence of the top
Yukawa coupling [15-18]. We present in Fig. 10 the top
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FIG. 10. The top Yukawa form-factor running in the SM (red
line) versus the running in our conservative BM1 (blue line) and
for BM2 (green line) where the effects are larger.

Yukawa form factor in our two benchmarks, compared to
the SM Yukawa form factor. These deviations are espe-
cially useful when the off-shellness of the top is comparable
to A, 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 174 produc-
tion, where the top quark is probed in timelike 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 momentum distributions.
However, a more quantitative statement 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
interactions among top quarks are always required.
Because of the strongly coupled nature, normal resonance
searches are hard to be performed. However, the effect can
still be 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 [58]

oM =12 +£2.4 fb. (67)
Measurements using different final states have been
performed by both ATLAS [59,60] and CMS [61,62] with
LHC run 2 data. The cross section measured by ATLAS is
oATLAS = 2477 b, (68)
whose central value is about 2 times the SM prediction
while CMS gets a value closer to the SM prediction
oSS = 1773 fb. (69)

et
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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 one to claim the existence of
four top final states, it is already enough to constrain BSM
models with a modified top sector. The bound on the cross
section at 95% C.L. is given by

o7 < 38(27) fbfrom ATLAS (CMS). (70)

Several analyses aiming at interpreting the results in
terms of simplified models or effective field theories have
been performed in recent years [63—65]. Following the
analysis of simplified models in [63],® we get a constraint
on a top-philic vector singlet boson with coupling g, and
mass My of

AgTV < 2.1(1.8) from ATLAS (CMS) (71)
\%4

at 95% C.L. Similarly, the bound on a top-philic scalar
singlet boson with coupling gs and mass Mg is given by

% < 3.0(2.6) from ATLAS (CMS). (72)
S

The first constraint can be directly applied on the top-philic
vector boson X, for the running top Yukawa scenario with
strongly coupled U(1) gauge interaction. The benchmark
point in Sec. II gives gy /My = 2, which is right around the
95% C.L. bound. On the other hand, the bound on a scalar
field is important for the top-Higgs H,, the bound state of
top quarks described in Sec. II C, 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 M5 < 2 TeV. To
get the desired running, M5 = 2.5 TeV is chosen, where
the pair production is subleading. We can here derive the
upper bound as

/
Aj—3 <2.9(2.5) fromATLAS (CMS),  (73)
Gl

which is larger then the benchmark with ¢f /Mg ~ 1.7.
For the loop-generated top Yukawa scenario, the
condition is more complicated. Four top operators are

¥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 [63] can be extended to a larger width
condition.

generated at the one-loop level with both scalarlike and
vectorlike operators including

a(r) (1), b(ty*1) (Ty,1), (1) (1), d(Ty" v 1) Ty, 1).
(74)

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

1
(a,b,c,d) = v (1.81,-0.49,—1.40,-0.45), (75)
F
where M = 1530 GeV. For BM2, the coefficients are

(a,b,c.d) = —(1.18,-0.37,-0.66,—0.31),  (76)

5
M}
where M = 865 GeV. To compare with the experimental

constraints, we sum over the operators and rewrite them in
the standard basis [63] as

(b+d)0pp+ (b+d)O} + (¢ —a)/30p, +2(c —a) 0,
(77)

where the operators with coefficients (a 4 ¢) 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 coefficients
of the Ofy, O}, and O}, operators are approximately the
same, which allows us to combine them. The combination
turns out to be similar to the generated operators from a
top-philic singlet vector V with the ratio

N2+ d), (78)

which for our benchmarks result in ~0.9 and ~1.4 for
BM1 and BM2, respectively—both are well below the
current constraint. By modeling our NP effects with a top-
philic singlet vector, the O}, operator is slightly under-
estimated while the 08Q, operator is neglected. Although the
latter has a larger coefficient, its importance in 4¢ produc-
tion is suppressed in comparison to the other operators as
EFT analysis shows [65]. Therefore, the four top quarks
final states can only give a weak constraint on the models
with a loop-generated top Yukawa.

E. Flavor constraints

Besides the four top cross section, the same four-quark
operators will also have an impact on light quark physics
through mixing, which can introduce dangerous flavor
changing neutral currents. Assuming that the angle
0,3 > 0,3, analogous to the CKM matrix, then among
all the processes, the strongest constraint is expected from
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B, — B, mixing, which contains both the second and third
generation quarks. The relevant contribution is induced by
the operator

ALy = Cy(517,b1)(5Ly,ubL). (79)

Following the calculation in [66], we can derive the
deviation in the mass difference AM, as

AM
assuming the new physics are around the TeV scale.
The measurement of the mixing parameter [67] com-

pared with the SM prediction by sum rule calculations [68]
leads to a bound at 95% C.L. of

1 2
Col<(—1 ). 81
[Conl < <274 TeV> (81)

For the simplest top-philic singlet vector boson V, the
coefficient is given by
L gy 9v !
Cop~—=25 62 =0y, <—, 82
sb 2M‘2/ sb:>MV sb—194 TeV ( )

where the angle 6, parametrizes the rotation between the
second and third generations of down-type quarks in the
mass basis. For the benchmark point with gy/My = 2,
the angle 6, needs to be smaller than 0.003. For the second
scenario, with smaller four top operators, the constraint is
similarly weaker, becoming 6, < 0.005.

F. Electroweak precision tests

Treating the top and bottom quarks differently will
generically lead to custodial symmetry breaking and addi-
tional contributions to the T parameter [69,70], which is
well measured in electroweak precision tests.

Focusing on the constraint of the 7 parameter, many
analyses on the oblique parameters have been conducted
recently [71-75]. We follow the S — T contour derived
in [75]. At 95% C.L, one obtains 7' < 0.25. However, the
new My, measured by the Collider Detector at Fermilab
(CDF) Collaboration [76] shows a deviation from the SM
prediction, which would imply some amount of custodial
symmetry violation. Using only the CDF My, measure-
ment, the 2¢ preferred region would read 0.12 < T < 0.42
according to different S. Thus, a reasonable benchmark for
the 7" parameter is AT = 0.25, which corresponds to the
upper bound without the CDF My, measurement and the
central value with only the CDF measurement.

The value can be transformed to the coefficient of the
custodial symmetry violating operator

2
2, where AT = —%CT. (83)

‘CT = CT|HTD”H

The requirement of AT = 0.25 becomes
ler| = 1/(3.95 TeV)2. (84)

For the running top Yukawa scenario, the operator is
induced by the top loop with additional strong interaction
inside, which leads to

1 2 1
Cr ~Cn (@) Y?9§(W7 (85)
X

with ¢; =3 and cy., = (N*>—1)/2 for SU(N) vector
bosons. The two-loop nature suppresses the contribution
well below the bound to |c7| ~ 1/(45 TeV)? for both the
Abelian benchmark (gy = 5, My = 2.5 TeV) and the non-
Abelian benchmark (¢ = 4.3, Mg = 2.5 TeV).

For the loop-generated top Yukawa scenario, a
dangerous custodial symmetry violating operator can be
directly generated at one-loop with scalars. With an addi-
tional custodial symmetry setup presented in Sec. IIIF,
the scalar sector is protected and the only source of
custodial symmetry violation comes from the coupling
Yr = diag(yg, yg). Therefore, the custodial symmetry
violating operator is only generated from diagrams with
an additional F —f; fermion loop inserted, which first
appears at the three-loop level. The two additional loops
give an extra suppression factor of (y%/16x)? in compari-
son to the original one-loop with only scalars, and the
resulting coefficient is then given by

1 \3 1
~ | —= ] N.V*% , 86
cr <167Z2> ¢V YR Mg/F ( )

with the color factor N. =3 and M, the mass of the
heaviest particle in the loop. We find |cy| ~ 1/(17 TeV)?
for BMI. We also get a larger contribution |cp| ~
1/(3.3 TeV)? for BM2 with light new particles, but it is
around the same order as the experimental constraint.

G. Zbb coupling

Another strong constraint on top quark related models
comes from the Zbb coupling. Especially, the deviation
0gp, from the current experimental central value is con-
strained within 5 x 1073 [77,78] at 95% C.L., while the
constraint on §gj,, is much weaker at 3 x 1072. Considering
\gn, | ~ |9p,|, a negative g, with [g,, | <3 x107 is
preferred.

The value can also be transformed into the coefficient of
the higher-dimensional operator

2

_ v
Lz, = cp(H'D,H) (g y"q,). where 8g,, = =% b

(87)
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The requirement |8g;,, | < 3 x 107 becomes
lep| < 1/(3.17 TeV)?, (88)

which is of the same order as the bound on cy.

For the running top Yukawa scenario, the operator
originates from a loop with top quarks and the top-philic
boson, which results in

CN 1
Cp ~ @yzzgi M—i (89)

with ¢; = 1 and cy~; = (N? — 1)/2N. The contribution is
again suppressed, but is somewhat larger compared to cr,
reading |c,| ~ 1/(5.4 TeV)? for both the Abelian and the
non-Abelian cases.

For the loop-generated scenario with the additional
custodial setup, the operator again arises at the three-loop
level via the yr coupling, which gives

1 \3 1
cp~ ( ) V2iyiy: : (90)
167> M‘; P

We find that both |c,|~1/(12 TeV)? for BMI1 and
lc,| ~1/(4 TeV)? for BM2 are within the experimental
constraint.

H. 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 additional
gauge bosons, the gauge boson as well as the possible
formation of bound states both have large widths (= 50%),
which requires new analyses as opposed to the traditional
narrow resonance searches. Also, for the minimal 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 requirement 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 vectorlike fermion has the
same quantum numbers as the right-handed top quark and
only the neutral light scalar is relevant. Production of the FF
pair is expected to be the most relevant one. Each F(F) will
then decay to 7(7) with a light scalar s,. If the light scalar is
stable, then the final states will be f7 plus missing energy,
which is similar to the searches for top squark pair

production with stable neutralinos [79-84]. 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
My = 1530 GeV and m, = 612 GeV. However, for BM2
with M = 865 GeV and m; = 433 GeV, it is completely
excluded. The bound can be avoided, however, with an
additional operator involving the light scalar. For example, if
it couples to gluons through a new operator 5,GG, then the
final states will become #7 plus jets, where the background is
much larger. A similar search has been conducted by the
CMS Collaboration [85], whose results can be reinterpreted
to this model as My > 670 GeV when m, = 100 GeV,
which is much weaker.

V. CONCLUSIONS

The hierarchy problem remains a driving force for looking
for TeV-scale new physics. The quadratic divergent correc-
tions 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 coupling. The traditional
idea to deal with the top loop is introducing top partners,
usually based on some symmetry. The top loop is canceled
by the top partner loop such that the quadratic sensitivity to
the new scale vanishes. In this study, we presented alter-
natives to this traditional idea. We discussed scenarios where
the top Yukawa coupling 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 symmetry. 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 H, = 7zq; forms,
which can be described by the NJL. model. The coupling
of interest falls in the nonperturbative regime with the
unbroken phase, where the bound state is heavy and
decouples from the SM particles.

For the second scenario, we generated the top Yukawa at
the one-loop level. Because of 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 introduced,
including top-philic scalars and a vectorlike fermion. A
simplified model as well as two benchmarks were dis-
cussed in detail. We showed the fine-tuning due to the top
loop contribution and the additional scalar loop can be
controlled to be at the ~5% level.

These alternatives also suggest looking for effects in
different places in comparison to the top partner solutions.

055008-15



ANDREAS BALLY, YI CHUNG, and FLORIAN GOERTZ

PHYS. REV. D 108, 055008 (2023)

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. However, there are
unavoidable higher-dimensional operators, which generate
the top mass and top Yukawa in different manners. Thus, the
strongest bound comes from the direct top Yukawa meas-
urement. 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 such as SUSY and CHM. If colored top
partners remain unobserved in the future, the mechanism
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 running 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.

ACKNOWLEDGMENTS

We thank Hsin-Chia Cheng, Gian Giudice, Manfred
Lindner, Da Liu, and Markus Luty for useful discussions
and comments and Simone Blasi and Rakhi Mahbubani for
collaboration in the early stages of this work.

APPENDIX: 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
provides a validation of our idea.

1. An SU(3), xSU(2), global symmetry

Before we discuss the strongly coupled theory, we first
explore the ingredients it needs to include and the possible
symmetry structure behind it. In Eq. (66), we show that the
minimal setup for generating the top Yukawa coupling
requires at least three couplings. Among them, the trilinear
coupling,

Lisilinear = _VSRSLTH +H.c., (Al)
appears the most nontrivial. To accommodate it, we can
extend the SM with a SU(3), x SU(2) global symmetry.’

°The same symmetry has been studied in the CHM with the top
seesaw mechanism [86,87] for a different purpose.

Introducing a scalar @ that transforms as a (3,2) under the
global symmetry, we find that the scalars H, S, Si together
with a singlet Sy can reside in the multiplet as

O — (3 2) under SM 10 lQp—% . Sﬂ{/ S;}
’ 2, 24 S, 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), x SU(2)g
symmetric Mexican hat potential given by

V(D) = —u2| @1 | + 2| DT D, (A3)

If only the singlet Sy, gets a nontrivial VEV with (Sy) =
\/ #*/ A, we can get the desired trilinear coupling

V(®) D V(SgSjH) + H.c., (A4)
with the coefficient V = 2A(Sy). However, S; and Sj will
then be massless Nambu-Goldstone bosons. The complete
potential should also include symmetry breaking terms,
especially the SM gauge interactions. When such terms
are included, two things happen: First, the loop-induced

potential by the gauge interactions will preserve (®) =

(Sy) = \/u*/X as Sy is a SM singlet. Second, both S; and
Sg will get a mass from the loop-induced potential.lo

In the fermion sector, we extend the SM content with
a vectorlike fermion F, according to the following
SU(3), x SU(2)g charges:

F
Fi
Or=1| o |, Or = ( >7 (A5)
Ir
by

where Q; is a triplet under SU(3), and Qy is a doublet
under SU(2)g. We can then write down the Yukawa
coupling between Q and @ as

‘CYukawa = _yQLq)QR

D =y.qrSiFr — yrigSgFL + Hec., (A6)
which includes the two Yukawa couplings we need
with relation y = y; = y%. The Lagrangian also includes
yFgSyF;, which generates a mass for the vectorlike
fermion F. However, it also introduces an unwanted

Y1f the charge Q = 2/3, then Sy 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

Or #2/3.
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tree-level Yukawa coupling yg; Htp. The value of y is too
large and some modifications are required to get a realis-
tic model.

2. NJL model with an SU(3), x SU(2), global
symmetry for the strong sector

To get a realistic model, we separate 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

F) :

/ / / FR
or=1\|1un | Ok = b (A7)

b, R

To get the required strong couplings, a nonperturbative
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 integrate out the
massive gauge bosons and get an effective four-fermion
vertex term

g/2 _ _
Lefr = Y (Q/L,iy”T?jQ/LJ)(Q/R,iyﬂquleRJ)
72

) M/Z

(Q'L'Qr)(QRQ'L). (AS8)
where ¢ is the coupling between the gauge bosons and Q’.

If the coupling is strong enough, a fermion condensate
will be formed, which can be described by a bound state

given by
CATNE A AN
R4, St Su)’

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

Using the fermion bubble approximation, we can obtain
the effective Lagrangian at a scale p < M’ by integrating
out the fermion field components. The effective Lagrangian
at the new scale u will then be given by

_ jaN A
0x01 = | -
Frqy

Lo = |00 — M(u)*| @] = A(u)|®[*

— J(u) QL POy + H.e., (A10)

where the coefficients are
ln(M’2/,u2) = (]

given by [defining

. dr M'\2 1”2 2,2
M(M)2=< /) <1—gz+g”/2>’
VNC g g gM
3 16722 . 4n
VNC
To generate the desired potential, we want it to be in the
broken phase, i.e., ¢ > g.. Together with the loop-induced

potential from the SM gauge interaction [or some new
U(1)" gauge interaction], we get a VEV for Sy as

_ 2 2
S0 = @) ~\[ GGt )

where f'= M’'/q is the symmetry breaking scale of the
strong dynamics. Now in the strong sector, we obtain

(Al1)

Lo D 2A(Sy)(SkS}Sy) — 4,5, F — ¥, SkF;, + Hee.,
(A13)

which is similar to the desired terms we need for the simplified
scalar model. However, now the terms are generated from a
strongly coupled theory, where the couplings are naturally
large. Also, the masses of S; and Sy are generated from a
loop-induced potential, but they can be much lighter in
comparison to M’ due to the nature of pseudo-Nambu-
Goldstone bosons.

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 vectorlike fermion F
with a mass M as shown in (AS). We introduce two new
extended SU(2) gauge symmetries, SU(2),, for the left-
hand (LH) top quark and SU(2) for the right-hand (RH)
top quark. The gauge symmetries are broken at the scales
fr and fp, respectively. Introducing two SU(2),, doublets
[the SU(2)g case is analogous]

qr Fr
= , = , Al4
l//qL <qL> l//FR (F/R> ( )

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

L _
Lo = _f_2 (W, 7" Ty, ) W7, T WE,)
L
- _ _
2 72 (Frqp)(@LFR) = yLGLSLF ks
L
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

(A15)

4z 7

4 1 _
fi VNCfi’

~ 12 X
yL \/]Wf

(A16)
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where f’ is the generic VEV of the bound state. Switching
to SU(2)g, we get

dr ., 1 4z f?
YR~ [ixg=—".
VvVNC = VNCfx

If /'~ f; ~ fr, then generically we get a large Yukawa
coupling

(A17)

A

yL YR \/IV_C

Therefore, even though the top quarks and the vectorlike
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 Sy, and all we need to introduce is a mixing
term between it and SM Higgs H'S. Following its bound
state nature Sy = g}, 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 such as 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

(A18)

L=—yg, Hty — yf2H' Sy (A19)

By integrating out the heavy Sy, we can then reproduce

Luyitinear = V(SgSTH) + H.c., (A20)
with
- Via
V ~21(Sy) /M—%’ (A21)

where My is the mass of Sy. The value of the trilinear
coupling is thus controlled by the new Yukawa coupling y’

FIG. 11. Feynman diagram of the loop-generated top Yukawa
coupling from a strongly coupled UV theory.

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 y; and wgp. To mix it with the bound state S;, a
similar construction for the extended gauge symmetry is
required as

I _ _
Legr = _f_z WLr"TqL) (Wry, T ty)
E

1 2 12 .
> L)@t -1 ms,. (a2)
7 7

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

» f2 f/2

V ~21(Sy) TR (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 sym-
metry and the blue point is the mechanism to connect the
Higgs boson to the strong sector.
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