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We propose that natural TeV-scale new physics (NP) with Oð1Þ couplings to the standard model (SM)
quarks may lead to a universal enhancement of the Yukawa couplings of all the light quarks, perhaps to a
size comparable to that of the SM b-quark Yukawa coupling, i.e., yq ∼OðySMb Þ for q ¼ u, d, c, s. This
scenario is described within an effective field theory (EFT) extension of the SM, for which a potential
contribution of certain dimension six effective operators to the light quark Yukawa couplings is

yq ∼Oðf v2

Λ2Þ, where v is the Higgs vacuum expectation value, v ¼ 246 GeV, Λ is the typical scale of
the underlying heavy NP, and f is the corresponding Wilson coefficient which depends on its properties and
details. In particular, we study the case of yq ∼ 0.025 ∼ ySMb , which is the typical size of the enhanced light-
quark Yukawa couplings if the NP scale is around Λ ∼ 1.5 TeV and the NP couplings are natural, i.e.,
f ∼Oð1Þ. We also explore this enhanced light quark Yukawa paradigm in extensions of the SM which
contain TeV-scale vectorlike quarks, and we match them to the specific higher dimensional effective
operators in the EFT description. We discuss the constraints on this scenario and the flavor structure of the
underlying NP dynamics and suggest some resulting “smoking gun” signals that should be searched for at
the LHC, such as multi-Higgs production pp → hh; hhh and single Higgs production in association with a
high pT jet (j) or photon pp → hj; hγ and with a single top-quark pp → ht.
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I. INTRODUCTION

After the discovery of the 125 GeV Higgs-like boson,
one of the main tasks of the current and future runs of the
LHC is to uncover its properties and the physics which
underlies its origin. This has led to considerable effort
from both the theoretical and experimental sides, in the
hunt for the new physics (NP) which may address
fundamental questions in particle physics, possibly related
to the scalar sector of the standard model (SM), such as the
observed hierarchy between the two disparate Planck
and electroweak (EW) scales and the flavor and CP
structure in the fermion sector.
The Higgs mechanism of the SM suggests that the

Yukawa couplings of the fermions are proportional to
the ratio between their masses and the Higgs vacuum
expectation value (v ¼ 246 GeV), i.e., yf ∝ mf=v. In
particular, for the light fermions wheremf=v is vanishingly
small, reactions involving their interaction with the Higgs

boson are in many cases expected to be strongly suppressed
and unobservable in the SM. Therefore, any observable
signal which can be associated with an enhanced Yukawa
coupling of a light fermion would stand out as clear
evidence for NP beyond the SM. Indeed, current exper-
imental bounds and Higgs measurements do not exclude
the possibility that the Yukawa sector of the SM is modified
by TeV-scale NP that directly affects the couplings of the
observed 125 GeV Higgs; the current bounds do not
exclude Yukawa couplings of the Higgs to the light quarks
of the order of the b-quark Yukawa coupling, i.e., allowing
yq ∼OðySMb Þ for q ¼ d, u, s, c [1–6].
In this work we propose a framework where the Yukawa

interactions of all the light quarks are universally enhanced,
naming it the “Universally Enhanced Higgs Yukawa”
paradigm (UEHiggsY paradigm). In particular, we suggest
that, if the pattern and size of the Higgs Yukawa interaction
Lagrangian is controlled by some TeV-scale underlying NP
with natural couplings of Oð1Þ, then yq ∼OðySMb Þ can be
universally realized for all q ¼ d, u, s, c, b. We first
describe the UEHiggsY paradigm based on an effective
field theory (EFT) approach and then give an explicit
implementation of this mechanism within a renormalizable
prescription involving new TeV-scale vectorlike quarks
(VLQ) with natural Oð1Þ Yukawa-like couplings to the
SM quarks.

*shaouly@physics.technion.ac.il
†adlersoni@gmail.com

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 98, 055001 (2018)

2470-0010=2018=98(5)=055001(13) 055001-1 Published by the American Physical Society

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.98.055001&domain=pdf&date_stamp=2018-09-04
https://doi.org/10.1103/PhysRevD.98.055001
https://doi.org/10.1103/PhysRevD.98.055001
https://doi.org/10.1103/PhysRevD.98.055001
https://doi.org/10.1103/PhysRevD.98.055001
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


II. AN EFT DESCRIPTION OF THE
UEHIGGSY PARADIGM

Consider the effective Lagrangian piece corresponding
to one of the simplest dimension six effective operators that
can generate non-SM Yukawa-like terms:

ΔLqH ¼ H†H
Λ2

· ðfuHq̄LH̃uR þ fdHq̄LHdRÞ þ H:c:; ð1Þ

where H (H̃ ≡ iτ2H⋆), qL and uR, dR are the SU(2) SM
Higgs, left-handed quark doublets and right-handed quark
singlets, respectively. Also, Λ is the NP scale and fi are the
corresponding Wilson coefficients which depend on the
details of the underlying NP theory.
When the above dimension six operators are added to the

SM Yukawa interaction Lagrangian,

LY
SM ¼ −Yuq̄LH̃uR − Ydq̄LHdR þ H:c:; ð2Þ

and EW symmetry is spontaneously broken, one obtains
the quark mass matrices M̃q (q ¼ u, d for up and down
quarks, respectively) and the Yukawa couplings in the weak
basis. The physical quark masses,Mq, are then obtained by
unitary rotations of both the left- and the right-handed
quark fields to the quark mass basis, qL;R → SqL;RqL;R
(the Cabibbo-Kobayashi-Maskawa (CKM) matrix is
V ¼ Su†L SdL): Md ≡ Sd†L M̃dSdR ¼ diagðmd;ms;mbÞ and
Mu≡Su†L M̃uSuR¼diagðmu;mc;mtÞ, where

Mq ¼
vffiffiffi
2

p
�
Ŷq −

1

2
ϵf̂qH

�
; ϵ≡ v2

Λ2
; ð3Þ

and couplings in the physical quark mass basis are denoted
with a hat: Ŷq ≡ ðSqLÞ†YqS

q
R and f̂qH ≡ ðSqLÞ†fqHSqR.

The Yukawa couplings, yijq q̄iqjh, are then given by

yijq ¼ mq

v
δij −

ϵffiffiffi
2

p ðf̂ijqHRþ f̂ji⋆qHLÞ; ð4Þ

where mq is the physical quark mass and RðLÞ ¼
ð1þ ð−Þγ5Þ=2.
It is, therefore, evident from Eq. (4) that our UEHiggsY

paradigm is realized if the NP operators in Eq. (1) are
natural, i.e., if fqH ∼Oð1Þ, and have a typical scale of
Λ ∼Oð1 TeVÞ. More specifically, taking Λ ∼ 1.3 TeV and
f̂qH ∝ fqH ∼Oð1Þ, we have ϵf̂qH ∼ 0.035, thus leading to
the UEHiggsY scenario

yq ∼
ϵffiffiffi
2

p f̂qH ∼ 0.025 ∼ ySMb ð5Þ

for all the light quarks (q ¼ d, u, s, c) where mq=v ≪ ϵ

f̂qH, as well as for the b-quark for which mb=v ∼ ϵf̂qH.
1

We note that our UEHiggsY setup which yields the
modified Yukawa couplings of Eq. (4) also allows for
a very small b-quark Yukawa coupling as well as for
negative Yukawa couplings for all light quarks including
also the b-quark. Indeed, a suppressed b-quark Yukawa,
e.g., of the size of the SM d-quark Yukawa, yb ∼ ySMd ,
requires some degree of cancellation between the EFT
contribution [with f̂ ∼Oð1Þ] and the SM Yukawa term
[with Ŷq ∼OðySMb Þ] to the level of md=mb (see also [7,8]).
As discussed below, this fine-tuning is not worse than the
typical fine-tuning required for the UEHiggsY paradigm,
e.g., to obtain yd ∼OðySMb Þ. Also, the sign of the Yukawa
couplings in the UEHiggsY setup depends on the sign
of the Wilson coefficients, in particular for the light
quarks q¼u, d, c, s for which mq=v≪ ϵ · f̂qH when Λ ∼
Oð1Þ TeV and f̂qH ∼Oð1Þ. We note, however, that the
dependence of the UEHiggsY signals studied in Sec. V on
the sign of the enhanced yq is mild, since interference
effects with the SM are subdominant in these processes.
In addition to the modification of the light quarks

Yukawa couplings, the effective operators in Eq. (1) also
generate new tree-level contact interactions between the
SM light quarks and two or three Higgs particles, qq̄hh and
qq̄hhh. These new couplings are also proportional to f̂qH,

Γq̄iqjhh ¼
3ϵffiffiffi
2

p
v
ðf̂ijqHRþ f̂ji⋆qHLÞ; Γq̄iqjhhh ¼

Γq̄iqjhh

v
;

ð6Þ

and may cause large deviations (from the expected
SM rates) to the multi-Higgs production channels pp →
hh; hhh at the LHC, as will be discussed in Sec. V.
The above UEHiggsY paradigm suffers, however,

from two potential problems associated with fine-tuning
and flavor:

fine-tuning: Some degree of fine-tuning is required
among the parameters of the Lagrangian pieces
LY
SM þ ΔLqH in order to simultaneously accommo-

date the light-quark masses mq ≪ mb and the en-
hanced Yukawa couplings of yq ∼OðySMb Þ. As will be
discussed below, this fine-tuning is, however, not
worse than the flavor fine-tuning in the SM.

flavor: The Yukawa couplings Yq and Wilson coeffi-
cients fqH cannot be diagonalized simultaneously in
general. As a result, flavor changing neutral couplings
(FCNC) among the SM quarks may appear. This is
manifested by the off-diagonal elements of f̂qH [see
Eq. (4)], which are a priori expected to be of Oð1Þ. In
particular, with Λ ∼Oð1Þ TeV, we obtain FCNC
qiqjh couplings also of the size of the b-quark

Yukawa, e.g., yijq ∼ ϵf̂ijqH=
ffiffiffi
2

p
∼OðySMb Þ for i ¼ 1,

1Note that yq ∼ ySMc would be the natural choice of the
UEHiggsY framework if the NP scale is around 2.5 TeV.
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j ¼ 2 [see Eq. (5)]. We will address this flavor
problem in the next section.

As for the fine-tuning issue, it is typically of the order of
mq=mb, so that the worst fine-tuning corresponds to the
first generation quarks, where it is ∼Oðmu;d=mbÞ ∼ 10−3.
To see that, consider the mass and Yukawa coupling of a
single light quark q in the presence of the interaction terms
in LY

SM þ ΔLqH:

mq ¼
vffiffiffi
2

p
�
Yq −

1

2
ϵfqH

�
; ð7Þ

yq ¼
1ffiffiffi
2

p
�
Yq −

3

2
ϵfqH

�
: ð8Þ

In particular, fixing mq to its measured/observed value
(e.g., mq ∼ 2 MeV for the u-quark) and requiring that

yq ∼ ySMb ¼ ffiffiffi
2

p
mb=v ∼ 0.025, the solution to Eqs. (7) and

(8) for the corresponding couplings Yq and fqH is

Yq ¼ −
ySMb ffiffiffi
2

p
�
1 −

3ffiffiffi
2

p mq

mb

�
; ð9Þ

ϵfqH ¼ −
ffiffiffi
2

p
ySMb

�
1 −

1ffiffiffi
2

p mq

mb

�
: ð10Þ

Thus, both ϵfqh and Yq need to be of OðySMb Þ, and the
resulting fine-tuning is at the level of Δq ∼Oðmq=mbÞ. We
therefore see that the UEHiggsY paradigm, which arises
from natural TeV-scale NP with Oð1Þ couplings, requires
technical fine-tuning of the quark-Higgs interaction
parameters at the level of Δq ∼Oð0.1; 0.01; 0.001Þ for
q ¼ c; s; u=d, respectively. In particular, the fine-tuning
is at most at the per mille level and is only technical in the
sense that the fine-tuned parameters, once fixed, are stable
against higher-order corrections (as opposed to the fine-
tuning in the SM Higgs potential). In fact, this technical
10−3–10−1 fine-tuning is comparable to the flavor fine-
tuning problem in the SM, which is manifest in the CKM
matrix that has no a priori reason to be close to the identity
matrix [9].

III. THE UNDERLYING HEAVY PHYSICS
AND FLAVOR

The effective operators in Eq. (1) can be generated by
various types of heavy underlying NP which contain new
heavy particles that couple to the SM fermions. In Fig. 1 we
depict examples of tree-level diagrams in the underlying
theory, which can generate the dimension six effective
operators of Eq. (1) when the heavy fields are integrated
out. In particular, the underlaying NP theory may contain
heavy VLQ (F1 and F2) and/or a heavy scalar (Φ)—both
have the required quantum numbers to couple to the SM

quarks and Higgs fields. Indeed, new heavy scalars and/or
vectorlike fermions are elementary building blocks of
several well motivated beyond the SM scenarios which
may address fundamental unresolved theoretical questions
in particle physics.
As an example for a simple occurrence of the UEHiggsY

framework, we will focus below on the heavy VLQ
scenario, which has rich phenomenological implications
[10–19] and may be linked to the mechanism responsible
for solving the hierarchy problem [20], as well as to
naturalness issues in supersymmetry [21] and in strongly
coupled theories where the light Higgs boson is considered
to be a pseudo-Nambu-Goldstone boson of an underlying
broken global symmetry, e.g., in little Higgs models [22]
and in models with partial compositeness [8,23,24].
VLQ dynamics may also be an important ingredient
of the physics that underlies flavor and CP violation
[9,11,13–15,19,25].
In particular, in the VLQ case depicted in Fig. 1(a), two

types of SU(2) VLQ multiplets are required in order to
generate the effective operators of Eq. (1): ðF1; F2Þ ¼
ðdoublet; singletÞ and/or ðF1; F2Þ ¼ ðdoublet; tripletÞ. We
will adopt a SM-like (doublet, singlet) VLQ setup, assum-
ing three generations of SU(2) VLQ doubletsQi ¼ ðU;DÞi
and the corresponding up-type and down-type SU(2)
singletsUi andDi, respectively, carrying the same quantum
numbers as the SM quark doublets and singlets:
Q ¼ ð3; 2; 1=6Þ, U ¼ ð3; 1; 2=3Þ, and D ¼ ð3; 1;−1=3Þ.
We assume that the VLQ are in their mass basis, having
explicit mass terms in the full Lagrangian, i.e.,
MFðF̄LFR þ F̄RFLÞ, with a mass MF¼Q;U;D ∼ 1–2 TeV
(the typical lower bounds on the masses of new VLQ states
are in the range 1–1.5 TeV, depending on their mixing with
the SM quarks and on their decay pattern [26]). These VLQ
will also have in general the following Yukawa-like
couplings to the SM Higgs (which upon electroweak
symmetry breaking also give a small contribution to their
masses):

−LY
V ¼ λ̂QUQ̄Lϕ̃UR þ λ̂QDQ̄LϕDR þ H:c:; ð11Þ

where λ̂QU and λ̂QD are 3 × 3 matrices in the VLQ flavor
space in their mass basis (we have suppressed the gen-
eration index of the VLQ).

FIG. 1. Tree-level diagrams in the underlying heavy theory
which can generate the dimension six operators in Eq. (1),
involving exchanges of heavy VLQ F1, F2 (left) and a heavy
scalar Φ (right). See also text.
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The Yukawa-like mixing terms of the VLQ with the SM
quarks are in general2

−LY
Vq ¼ λ̂Uqq̄Lϕ̃UR þ λ̂Dqq̄LϕDR

þ λ̂QuQ̄Lϕ̃uR þ λ̂QdQ̄LϕdR þ H:c:; ð12Þ

where, here also, λ̂Uq;Dq;Qu;Qd are all 3 × 3 matrices in the
VLQ-SM quark flavor space and the SM quark fields are
also assumed to be in their physical mass basis.
With this setup, Fig. 1(a) generates the following 3 × 3

Wilson coefficients/matrices f̂uH; f̂dH (i.e., in the physical
quark mass basis) and effective scales of the operators in
Eq. (1):

f̂uH ¼ λ̂Uqλ̂
†
QUλ̂Qu; Λ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

MUMQ

p
; ð13Þ

f̂dH ¼ λ̂Dqλ̂
†
QDλ̂Qd; Λ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

MDMQ

p
: ð14Þ

Thus, if the VLQ have a mass M ∼MU ∼MD ∼MQ ∼
1.5 TeV and natural couplings λ̂i ∼Oð1Þ [so that
f̂ijqH ∼Oð1Þ], then the Yukawa couplings of all light quarks
are universally enhanced, with a typical size of [see Eq. (5)]

yiju ∼
v2

M2
ðλ̂Uqλ̂

†
QU λ̂QuÞij ⟶

M∼1.5 TeV
λ̂
ij
k
∼Oð1Þ

ySMb ; ð15Þ

yijd ∼
v2

M2
ðλ̂Dqλ̂

†
QDλ̂QdÞij ⟶

M∼1.5 TeV
λ̂
ij
k
∼Oð1Þ

ySMb : ð16Þ

Therefore, depending on the structure of the VLQ
Yukawa-like couplings λ̂k, potentially “dangerous” FCNC
qiqjh transitions of the same size may also be generated,

i.e., yijq ∼OðySMb Þ for i ≠ j.
Indeed, FCNC in the down-quark sector and among the

first and second generations of the up quark sector are
severely constrained by experiment—to the level of
y12;21d ≲10−5, y13;31;23;32d ≲10−4, y12;21u ≲10−5 [27]. This
puts stringent constraints on the off-diagonal elements
of the Wilson coefficients f̂qH. In particular, for

Λ ∼Oð1Þ TeV, these bounds correspond to f̂ijdH ≲ 10−3 −
10−4 for i ≠ j and f̂12;21uH ≲ 10−4, which therefore constrain
the corresponding flavor changing VLQ coupling to the
SM quarks. This observed smallness of FCNC qi → qj
transitions is a strong indication that any viable underlying

UV completion of the SM, and in particular of the above
VLQ scenario, should have a mechanism which strongly
suppresses or forbids the above Higgs mediated FC
couplings. Such a mechanism is often assumed to be
linked to an underlying flavor symmetry which gives flavor
selection rules, thus imposing specific flavor textures on the
FCNC couplings.
There are several types of mechanisms and/or flavor

symmetries that can be applied to our VLQ framework that
will give the desired flavor selection rules. Here we wish to
consider simple and rather minimal examples of flavor
symmetries which are consistent with both the current
experimental constraints on FCNC and with our UEHiggsY
framework. In particular, we introduce a Z3 flavor sym-
metry under which the physical states (i.e., mass eigen-
states) of the SM quarks and VLQ fields transform as
ψk → eiαðψkÞτ3ψk, where τ3 ≡ 2π=3, k is the generation
index, ψ ¼ qL; uR; dR;QL;UR;DR, and αðψkÞ are the Z3

charges of ψk.
The simplest Z3 setup, which has no tree-level FCNC

and also accommodates the UEHiggsY paradigm, is the
choice αðψkÞ ¼ k. In this case, all the Yukawa-like cou-
plings involving the VLQ, i.e., λ̂i in Eqs. (11) and (12), as
well as the SM Yukawa couplings Ŷu;d are diagonal, so that
the Wilson coefficients f̂uH and f̂dH are also diagonal,
giving yijq ∼ ySMb δij for q ¼ u, d, c, s, b and no tree-level
FCNC. In particular, with the Z3 symmetry αðψkÞ ¼ k, the
UEHiggsY setup of Eqs. (9) and (10) is realized with only
diagonal entries of Ŷq and f̂qH:

Ŷii
q ¼ −

ySMb ffiffiffi
2

p
�
1 −

3ffiffiffi
2

p mqi

mb

�
; ð17Þ

f̂iiqH ¼ −
ffiffiffi
2

p
ySMb
ϵ

�
1 −

1ffiffiffi
2

p mqi

mb

�
: ð18Þ

In Table I we list three additional examples of Z3

symmetries which correspond to different charge assign-
ments to the fermion fields and yield nondiagonal struc-
tures (textures) for some of the Yukawa-like couplings and
Wilson coefficients. In particular, with the Z3 symmetries 1
and 2 the SM Yukawa couplings Ŷu;d as well as Wilson
coefficients f̂uH;dH are diagonal and f33uH;dH ¼ 0. Thus,

these two flavor symmetries with the Y11;22
u;d and f̂11;22uH;dH

entries of Eqs. (17) and (18) and with Y33
u ¼ ffiffiffi

2
p

mt=v and
Y33
d ¼ ffiffiffi

2
p

mb=v will bring about the UEHiggsY scenario
with no tree-level FCNC.
The third Z3 symmetry in Table I generates a tree-level

ūLtRh FCNC coupling (due to f̂13uH ≠ 0), which is not well
constrained and which may yield an interesting signal of
exclusive production of the Higgs boson in association with
a single top quark at the LHC. This effect will be discussed
in more detail in Sec. V D. Notice also that, while the

2With the VLQ setup presented here the CKM matrix is
extended and the SM 3 × 3 CKM block is, in principle, no longer
unitary. However, the deviations from unitarity are expected to be
∝ m2

q=m2
VLQ and, therefore, very small for mq ≤ mb and

mVLQ ≳ 1 TeV; see, e.g., [9]. The details of such deviations of
the SM 3 × 3 CKM block from unitarity depend on the flavor
structure of the underlying UV completion which contains the
heavy VLQ fields and is beyond the scope of this work.

SHAOULY BAR-SHALOM and AMARJIT SONI PHYS. REV. D 98, 055001 (2018)

055001-4



flavor structures of the SM Yukawa coupling and Wilson
coefficients in the down-quark sector are similar in all the
three Z3 symmetries, the up-quark sector corresponding to
the third Z3 symmetry has a rank 2 mass matrix, requiring
ϵf̂13uH ¼ 2Ŷ13

u in order to have a diagonal up-quark mass
matrix (i.e.,M13

u ¼ 0). Thus, in this case there are only two
nonzero mass eigenvalues in the up-quark sector, so that the
UV completion of the VLQ scenario should have another
mechanism for generating the top-quark mass, e.g., by
coupling the top quark to another scalar doublet.

IV. CONSTRAINTS FROM THE
125 GEV HIGGS SIGNALS

The measured signals of the 125 GeV Higgs-like particle
are sensitive to a variety of new physics scenarios, which
may alter the Higgs couplings to the known SM particles
involved in its production and decay channels. In particular,
modifications of the Higgs Yukawa couplings to the light
fermions may lead in general to deviations in both Higgs
production and decays.
To see that, we will use the Higgs “signal strength”

parameters, which are defined as the ratio between
the Higgs production and decay rates and their SM
expectations,

μfi ¼ σði → h → fÞ
σði → h → fÞSM

≡ μi · μf; ð19Þ

with (in the narrow Higgs width approximation)

μi ¼
σði → hÞ

σði → hÞSM
; ð20Þ

μf ¼ Γðh → fÞ=Γh

Γðh → fÞSM=Γh
SM

; ð21Þ

where ΓhðΓh
SMÞ are the total width of the 125 GeV Higgs

(SM Higgs), i represents the parton content in the proton
which is involved with the production mechanism, and f
is the Higgs decay final state.
We will consider the signal strength parameters asso-

ciated with the production processes pp → h and pp →
hW; hZ followed by the decays h → γγ;WW⋆; ZZ⋆; ττ,
and h → bb̄, as analyzed by the ATLAS and CMS
Collaborations [28].3 In the SM, the s-channel production
of the 125 GeV Higgs is dominated by the gluon-fusion
production mechanism gg → h. In particular, the SM tree-
level qq̄-fusion production channel, qq̄ → h, is negligible
due to the vanishingly small light-quark SM Yukawa
couplings [the effect of the light quarks in the 1-loop
ggh coupling is also negligible for our purpose, i.e., about
∼7% (LO) for the b-quark [6,28–30]]. In the pp → Vh
channels (V ¼ W, Z), the SM rate is dominated by the
s-channel V exchange qq̄ → V⋆ → Vh.

TABLE I. Flavor textures for the fermions Yukawa-like couplings Ŷu;d; λ̂QU;QD;Qu;Qd;Uq;Dq, and the corresponding Wilson coefficients
f̂uH ¼ λ̂Uqλ̂

†
QU λ̂Qu and f̂dH ¼ λ̂Dqλ

†
QDλ̂Qd, assuming three different Z3 symmetries due to three types of Z3 charge assignments for the

fermion fields in their mass basis. Our notation for the charge assignments is αðψkÞ ¼ ða; b; cÞ, using k as the generation index, so that
αðψ1Þ ¼ a, αðψ2Þ ¼ b, and αðψ3Þ ¼ c. See also text.

Z3 symmetry 1: αðqkLÞ ¼ αðukRÞ ¼ αðdkRÞ ¼ ð1; 2; 3Þ, αðQk
LÞ ¼ αðDk

RÞ ¼ ð1; 2; 0Þ, αðUk
RÞ ¼ ð1; 2; 1Þ

Ŷd; Ŷu; λ̂QD ∈

 × 0 0

0 × 0

0 0 ×

!
λ̂QU; λ̂Uq ∈

 × 0 ×
0 × 0

0 0 0

!
λ̂Qd; λ̂Qu; λ̂Dq ∈

 × 0 0

0 × 0

0 0 0

!
f̂dH; f̂uH ∈

 × 0 0

0 × 0

0 0 0

!

Z3 symmetry 2: αðqkLÞ ¼ αðukRÞ ¼ αðdkRÞ ¼ ð1; 2; 3Þ, αðQk
LÞ ¼ αðUk

RÞ ¼ ð1; 2; 1Þ, αðDk
RÞ ¼ ð1; 2; 0Þ

Ŷd; Ŷu ∈

 × 0 0

0 × 0

0 0 ×

!
λ̂QD; λ̂Qu; λ̂Qd ∈

 × 0 0

0 × 0

× 0 0

!
λ̂QU ∈

 × 0 ×
0 × 0

× 0 ×

!
λ̂Uq ∈

 × 0 ×
0 × 0

0 0 0

!
λ̂Dq ∈

 × 0 0

0 × 0

0 0 0

!

f̂dH; f̂uH ∈

 × 0 0

0 × 0

0 0 0

!

Z3 symmetry 3: αðqkLÞ ¼ αðdkRÞ ¼ ð1; 2; 3Þ, αðQk
LÞ ¼ αðUk

RÞ ¼ αðukLÞ ¼ ð1; 2; 1Þ, αðDk
RÞ ¼ ð1; 2; 0Þ

Ŷd; λ̂Dq ∈

 × 0 0

0 × 0

0 0 ×

!
Ŷu; λ̂Uq ∈

 × 0 ×
0 × 0

0 0 0

!
λ̂QD; λ̂Qd ∈

 × 0 0

0 × 0

× 0 0

!
λ̂QU; λ̂Qu ∈

 × 0 ×
0 × 0

× 0 ×

!
f̂dH ∈

 × 0 0

0 × 0

0 0 0

!

f̂uH ∈

 × 0 ×
0 × 0

0 0 0

!

3We neglect Higgs production via pp → tt̄h, which, although
included in the ATLAS and CMS fits, are 2–3 orders of
magnitudes smaller than the gluon-fusion channel. Also, the
vector-boson fusion (VBF) process VV → h is not relevant to our
discussion below.
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A different picture arises in our UEHiggsY framework,
where the Higgs Yukawa couplings to all the light quarks
(q ¼ u, d, c, s) are universally modified/enhanced. Higgs
production via qq̄-fusion becomes important, in particular,
the tree-level processes qq̄ → h and t-channel Vh produc-
tion qq̄ → Vh (see diagram for qq̄ → γh in Fig. 2 and
replace γ → V, V ¼ Z, or W). To study the effect of these
new qq̄-fusion Higgs production channels, we define
Yukawa coupling modifiers, κq, and scale them with the
SM b-quark Yukawa, as follows:

κq ≡ yq
ySMb

; ð22Þ

so that, in the SM, we have κb ¼ 1, κc ∼ 0.3, κs ∼Oð10−2Þ,
and κu;d ∼Oð10−3Þ. On the other hand, in the UEHiggsY
paradigm with a NP scale Λ ∼Oð1 TeVÞ and Oð1Þ
couplings of the heavy states to the SM particles, we
expect κq ∼Oð1Þ for all light quarks q ¼ d, u, s, c as well
as for the b-quark [see discussion below Eq. (5)]. In this
case the tree-level qq̄ → h and h → qq̄ production and
decay channels also contribute to the signal strength factors
μi and μf defined in Eqs. (20) and (21). We neglect below
the correction to the 1-loop gg → h Higgs production
channel, which arises in our UEHiggsY setup from the
light quarks of the first and second generations. As
explained below, this correction is of the order of at most
several percent, even with yq ∼ ySMb for all q ¼ u, d, c, s. In

particular, the contribution of each light quark (i.e., in the
limit that m2

h ≫ m2
q) to the 1-loop ggh amplitude is (see,

e.g., [31])

Aq ∝ yq ·
mq · v

m2
h

· log2
�
m2

h

m2
q

�
; ð23Þ

and their leading effect to the overall 1-loop gluon-fusion
Higgs production channel arises from their interference
with the top-quark loop (similar to the case of the leading
b-quark contribution in the SM). Thus, the relative size of
any light-quark contribution to the ggh coupling with
respect to that of the b-quark one is

Aq

Ab
∼
yq
yb

·
mq

mb
·
log2

�
m2

h
m2

q

�
log2

�
m2

h
m2

b

� ; ð24Þ

so that the contribution to gg → h from a c (s)-quark with
ycðysÞ ∼ ySMb is about 50%(20%) of the SM b-quark one,
i.e., AcðAsÞ ∼ 0.5ð0.2ÞAb. Furthermore, the effect of the
light quarks of the first generation is about a hundred
times smaller than the SM b-quark one. Therefore, since the
b-quark contribution to the 1-loop ggh production cross
section is less than 10% (and is included below), the overall
UEHiggsYeffect on the gg → h cross section is around 5%
if all the light quarks have Yukawa couplings yq ∼ ySMb and
is, therefore, neglected in the analysis below.
Note that, in the decay h → γγ, the dominant contribu-

tion arises from the W-boson loop and, as a consequence,
the relative effect of the light-quark loops in our UEHiggsY
scenario with yq ∼ ySMb is much smaller. In particular, the
top-quark loop contributes about 30% of Γðh → γγÞ,
mostly from its interference with the W loop [28]. Thus,
e.g., the c-quark loop with yc ∼ ySMb which is Ac ∼ 0.03At

[see Eqs. (23) and (24)], will be negligibly small for our
purpose.
In particular, in the UEHiggsY setup we have

μUEHiggsYi¼ggþqq ≈
σðgg → hÞSM þ σ̂ðqq̄ → hÞUEHiggsY

σðgg → hÞSM
≡ 1þ

X
q

κ2qRq ð25Þ

and

μfUEHiggsY ≈
κ2f

1 − ð1 − κ2b −
P

qκ
2
qÞBRðh → bb̄ÞSM

; ð26Þ

where κf ¼ ghff=gSMhff are the coupling modifiers of
any of the hff Higgs decay vertices and Rq is
defined by the scaled UEHiggsY qq̄ → h cross section
evaluated with κq ¼ 1, i.e., using σðqq̄ → hÞUEHiggsY ≡
σ̂ðqq̄ → hÞUEHiggsY=κ2q, as

FIG. 2. Sample diagrams for the processes pp → hh; hhh;
hþ jet; ht; hγ due to enhanced qqh couplings within the
UEHiggsY paradigm.
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Rq ≡ σðqq̄ → hÞUEHiggsY
σðgg → hÞSM

; ð27Þ

where it is understood that σðqq̄; gg → hÞ are convoluted
with the corresponding parton distribution functions (PDF)
weights and that σðqq̄ → hÞUEHiggsY are calculated at tree
level with the values κq ¼ 1 for all light flavors q ¼ u, d, c,
s. Furthermore, in what follows we set the b-quark Yukawa
coupling to its SM value, i.e., κb ¼ 1, and neglect the bb̄-
fusion production channel bb̄ → h, which is much smaller
than the light-quark fusion channels, qq̄ → h, when evalu-
ated with κq ∼Oð1Þ.
All cross sections σðqq̄ → hÞ are calculated using

MADGRAPH5 [32] at LO parton level, where a dedi-
cated universal FEYNRULES output (UFO) model for
the UEHiggsY framework was produced for the
MADGRAPH5 sessions using FEYNRULES [33]. We used
the MADGRAPH5 default PDF set (nn23lo1) and a
dynamical scale choice for the central value of the
factorization (μF) and renormalization (μR) scales corre-
sponding to the sum of the transverse mass in the hard
process. In particular, we find σðuū; dd̄; ss̄; cc̄ →
hÞUEHiggsY ≈ 33.7; 23.8; 5.4; 4.0 [pb] at the 13 TeV LHC,
so that using the N3LO QCD prediction (at the 13 TeV

LHC) σðgg → hÞ ≈ 48.6 [pb] [34], we obtain
P

qRq ∼ 1.4
and, therefore,

μUEHiggsYi¼ggþqq ¼ 1þ κ2q
X
q

Rq ∼ 1þ 1.4Kqκ
2
q; ð28Þ

where we have added a common K-factor, Kq, to the
tree-level calculated cross sections σðqq̄ → hÞUEHiggsY. In
particular, with Kq ∼ 1.5 (see, e.g., [35]) and the
UEHiggsY values κq ¼ 1 for all q ¼ u, d, c, s, we find

that μUEHiggsYi¼ggþqq ∼ 3, so that the 125 GeV Higgs production
mechanism is enhanced in the UEHiggsY framework by a
factor of Oð3Þ with respect to the SM expectation.
Turning now to the Higgs decay channels h →

γγ; ZZ⋆;WW⋆; bb̄; τþτ− and assuming no new physics in
the decay (by setting κf ¼ 1 for f ¼ γ, Z, W, b, τ), we
obtain from Eq. (26)

μγ;Z;W;b;τ
UEHiggsY ¼ 1

1þ 4κ2qBRðh → bb̄ÞSM
: ð29Þ

Thus, under theUEHiggsYparadigmwith κq ¼ 1we have
μγ;Z;W;b;τ
UEHiggsY ∼ 0.3, so that the calculated signal strengths of

Eq. (19) in these channels are all expected to be the same:

μγ;Z;W;b;τ
i¼ggþqq ¼ μUEHiggsYi¼ggþqq · μγ;Z;W;b;τ

UEHiggsY ≈
1þ 1.4Kqκ

2
q

1þ 4κ2qBRðh → bb̄ÞSM
⟶

Kq¼1.5
κq¼1

0.93: ð30Þ

Indeed, the best measured signal strengths in the four
channels pp → h → γγ; ZZ⋆;WW⋆; τþτ− have a typical
1σ error of 10%–20% and are therefore all consistent with
the value μγ;Z;W;b;τ

i¼ggþqq ∼ 0.93 within 1 − 2σ (for the LHC
RUN1 results see [28] and for updated results from
RUN2 see, e.g., [36]). In particular, the currently measured
125 GeV Higgs signals in these four channels do not
constrain the UEHiggsY paradigm with κq ¼ 1 for all
q ¼ u, d, s, c.
Let us next consider the UEHiggsY effect on the

measured hV production channel followed by h → bb̄.
This process has currently the best sensitivity to the h → bb̄
decay channel and is used to overcome the large QCD
background to the simpler pp → h → bb̄ channel. In
particular, in this channel we define μðpp → hV →
bb̄VÞ≡ RhV→bb̄V ¼ RhV · μb, with (V ¼ W, Z)

RhV ¼ σhV

σhVSM
; ð31Þ

where σhW; σhZ ≡ σðpp → hWþ þ hW−Þ; σðpp → hZÞ.
As mentioned earlier, in the UEHiggsY framework,

the SM s-channel production process qq̄ → V⋆ → hV

receives additional tree-level contributions from t-channel
q-exchange diagrams, similar to the one depicted for the
process qq̄ → hγ in Fig. 2. In particular, calculating the
contribution of these diagrams under the UEHiggsY
working assumption with κq ¼ 1 for all q ¼ u, d, c, s,

we find RUEHiggsY
hV ∼ 1.1 for both V ¼ W and V ¼ Z.

Therefore, since μbUEHiggsY ∼ 0.3 for κq ¼ 1 [see Eq. (29)],

the UEHiggsY signal strength parameter in the pp →
Vh → bb̄V channel, RhV→bb̄V , is expected to be appreci-
ably smaller than one (i.e., than its SM value),

RhV→bb̄V ¼ RUEHiggsY
hV · μbUEHiggsY ⟶

κq¼1
0.33; ð32Þ

for both the hW and the hZ production channels.
It is interesting to note that the RUN1 best fitted value for

the measured signal strength in this channel, pp → hV →
bb̄V, was indeed on the lower side and consistent with the
above predicted UEHiggsY value RhV→bb̄V ∼ 0.33 within
about 1σ: the combined ATLAS and CMS analysis of
RUN1 data yielded RhV→bb̄V ∼ 0.65� 0.3 [28]. Recent
updated ATLAS and CMS analysis in this channel,
combining the RUN1 data with about 36 fb−1 of RUN2
data at a center of mass energy of 13 TeV, yielded higher
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values RhV→bb̄V ∼ 0.9� 0.3 [37] and RhV→bb̄V ∼ 1.06�
0.3 [38], respectively, but the errors in these channels are
still large.
We thus conclude that, currently, no significant con-

straints can be imposed on the UEHiggsY paradigm from
the measured 125 GeV Higgs signals. We also note that the
Higgs Yukawa couplings to the light quarks can also affect
the transverse momentum distributions in Higgs production
at the LHC [4,6,39]. However, the errors of the current
measured normalized pTðhÞ in Higgsþ jets production are
still relatively large, so that this analysis also cannot yet be
used to exclude scenarios with κq ∼Oð1Þ for the light
quarks [4,6] (see also discussion in the next section).

V. HIGGS SIGNALS OF THE
UEHIGGSY PARADIGM

Enhanced light-quark Yukawa couplings may have direct
consequences in Higgs production and decay phenomenol-
ogy at the LHC. Indeed, one good example that was
discussed in the previous section is pp → Vh followed
by the Higgs decay h → bb̄, which may be sensitive to the
UEHiggsY paradigm with improved precision in the
measurement of this Higgs production and decay channel.
Here, we wish to discuss at the exploratory level some of
the “smoking gun” signals of the UEHiggsY paradigm,
associated with the higher dimension effective operators
of Eq. (1).
Let us define the normalized cross-section ratios:

RFðhÞ ≡ σðpp → FðhÞÞ
σðpp → FðhÞÞSM

; ð33Þ

where FðhÞ stands for a final state with at least one Higgs.
In particular, apart from the pp → h; hV Higgs production
channels discussed in the previous section, the UEHiggsY
framework potentially affects other processes which
involve one or more Higgs particles in the final state.
Below we will consider some of the Higgs final states
which have a noticeable tree-level sensitivity to the
UEHiggsY paradigm and which are also recognized, in
general, as sensitive probes of NP [40]: Higgs pair and
triple Higgs productions, Higgsþ jets production, Higgsþ
single top associated production, and Higgs production
with a single photon, i.e., FðhÞ ¼ hh; hhh; hþ nj; ht; hγ.4

Here also, all cross sections are calculated at LO parton
level, using MADGRAPH5_AMC@NLO [32], with default
PDF set and dynamical scale choice for the central value of
the factorization and renormalization scales. In addition,
following the working assumption of the UEHiggsY
paradigm, the effective operators in Eq. (1) are assumed

to have a typical scale of Λ ∼Oð1Þ TeV and couplings
fqH ∼Oð1Þ, so that all cross sections reported below are
calculated with qqh Yukawa couplings comparable to the
SM b-quark Yukawa, i.e., yq ∼ ySMb .

A. Multi-Higgs production pp → hh;hhh

Higgs pair production is one of the main targets for NP
searches in the Higgs sector at the LHC, primarily due to its
sensitivity to the Higgs self-coupling in the Higgs potential
and to heavy NP in the loop induced couplings of the Higgs
to gluons [16,44]. In the SM this process is initiated at LO
by 1-loop gluon-fusion diagrams gg → hh, and the corre-
sponding cross section is σðpp → hhÞ ∼ 15 fb at LO,
where due to the large QCD corrections, it is typically
doubled at NLO [45].
In the UEHiggsY framework, there are additional

tree-level diagrams induced by the effective operators
of Eq. (1), as depicted in Fig. 2. Setting f̂ijqH ¼ δij
(i.e., assuming only flavor diagonal couplings) and
Λ ∼Oð1Þ TeV, we have yq ∼ ySMb for the qqh Yukawa
coupling [see Eq. (5)] and Γqq

hh ∼ 3ySMb =v for the qqhh
couplings [see Eq. (6)]. For this setup we find at LO and for
the 13 TeV LHC

Rhh ≡ σðpp → hhÞ
σðpp → hhÞSM

∼ 100; ð34Þ

where more than 90% of the enhancement arises from the
tree-level diagrams initiated by the u- and d-quarks. In
particular, the total Higgs production cross section within
the UEHiggsY framework with yq ∼ ySMb for q ¼ u, d, c, s,
b is σðpp → hhÞ ∼ 1.5 pb.
The current best bounds on the hh production cross

section at the 13 TeV are Rhh→bb̄γγ ≲ 19 in the hh → bb̄γγ
decay channel (obtained by the CMS Collaboration; see
[46]) and Rhh→bb̄bb̄ ≲ 29 in the hh → bb̄bb̄ decay channel
(obtained by the ATLAS Collaboration; see [47]).
As was shown in the previous section, in our UEHiggsY

framework with f̂ijqH ¼ δij and Λ ∼Oð1Þ TeV (for which
yq ∼ ySMb for q ¼ u, d, c, s, b) the branching ratios for the
decays h → bb̄ and h → γγ are decreased by about a factor
of 3 with respect to the SM: BRðh → bb̄; γγÞ ∼ 0.3BRðh →
bb̄; γγÞSM [see Eq. (29) with κq ¼ 1]. Therefore, in these
channels we obtain in the UEHiggsY framework
Rhh→bb̄bb̄ ¼ Rhh→bb̄γγ ∼ 100 × ð0.3Þ2 ∼ 10, which is an
order of magnitude larger than the SM rate, but still below
the current sensitivity.
For the triple Higgs production channel, pp → hhh, the

SM cross section is around σðpp → hhhÞ ∼ 30 ab at LO
and about twice larger at NLO [40]. In the UEHiggsY
framework (see representative diagrams in Fig. 2) we find
that σðpp → hhhÞ ∼ 10 [fb], so that

4Some of the Higgs signals considered in this section may also
be sensitive at 1-loop to modifications of the third generation
Yukawa couplings due to the effective operators in Eq. (1); see,
e.g., [7,41–43].
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Rhhh ≡ σðpp → hhhÞ
σðpp → hhhÞSM

∼ 300: ð35Þ

Thus, the expected enhancement over the SM
signal in the hhh → bb̄bb̄bb̄ decay channel is again
Rhhh→bb̄bb̄bb̄ ∼Oð10Þ. However, since in the UEHiggsY
case we have BRðh → bb̄Þ ∼ 0.18, the triple Higgs cross
section in these channels is σðpp → hhh → bb̄bb̄bb̄Þ ∼
10 fb · 0.183 ∼ 60 [ab] and, therefore, might be difficult to
detect even at the HL-LHC with a luminosity of 3000 fb−1.

B. Higgs+highpT light-jet production pp → hj

In general, there is a tree-level SM contribution to the
exclusive Higgsþ light-jet production, pp → hj, from the
hard processes gq → hq, gq̄ → hq̄, and qq̄ → hg, where
q ¼ u, d, c, or s. However, since the corresponding
tree-level diagrams (see, e.g., the t-channel diagram for
gq → hq in Fig. 2) are proportional to the light-quark
Yukawa couplings, the effect of these light-quark initiated
hard processes on the overall pp → hj cross section is
negligibly small in the SM (i.e., when yq ≪ 1 in particular
for q ¼ u, d). Thus, the dominant SM contribution to the
Higgsþ light-jet cross section arises from the 1-loop
gluon-fusion process gg → gh, which, at leading order,
is generated mainly by 1-loop top-quark exchanges.
If, on the other hand, yq ∼ ySMb for all q ¼ u, d, c, s, as

expected in the UEHiggsY framework, then the con-
tribution (to the pp → hj cross section) from the quark
initiated tree-level process gq → hq, gq̄ → hq̄, and qq̄ →
hg becomes appreciably larger. Indeed, in [39] we have
shown that the Higgs pT distribution in pp → hj produc-
tion at the LHC is a rather sensitive probe of the light-quark
Yukawa couplings (and also of other forms of NP in the
Higgs-gluon hgg and quark-gluon qqg interactions) and
thus of the UEHiggsY paradigm.
In particular, we have defined in [39] the signal strength

for pp → hj, followed by the Higgs decay h → ff, where
f can be any of the SM Higgs decay products (e.g., f ¼ b,
τ, γ, W, Z),

Rhj→ff̄j ¼
σ̂ðpp → hj → ff̄ þ jÞ

σ̂ðpp → hj → ff̄ þ jÞSM
≃

σ̂ðpp → hjÞ
σ̂ðpp → hjÞSM

·
BRðh → ff̄Þ

BRðh → ff̄ÞSM
; ð36Þ

where σ̂ is the pT-dependent “cumulative cross section,”
satisfying a given lower Higgs pT cut,

σ̂ ≡ σðpTðhÞ > pcut
T Þ ¼

Z
pT ðhÞ≥pcut

T

dpT
dσ
dpT

; ð37Þ

and found that, in a NP scenario where yq ∼ ySMb for all
q ¼ u, d, c, s (which corresponds to the UEHiggsY
framework discussed here), the above signal strength is

significantly smaller than its SM value at the large pTðhÞ
regime,

Rhj→ff̄j ∼ 0.3–0.4; ð38Þ

for f ¼ b, τ, γ, W, Z and with a pTðhÞ cut in the
range pcut

T ∼ 200–1000 GeV.

C. Higgs-photon associated production pp → hγ

In the SM, the leading contribution to the exclusive
pp → hγ production channel is the tree-level t-channel
hard processes cc̄; bb̄ → hγ (shown by the diagram for
qq̄ → hγ in Fig. 2 with q ¼ c, b), which give a rather small
cross section of σðpp → hγÞ ∼Oð0.1Þ [fb] with a 30 GeV
pTðγÞ-cut at the 13 TeV LHC [48,49]. The 1-loop SM (EW)
diagrams contributing to the light-quark annihilation
channels, e.g., uū; dd̄ → hγ, are more than an order of
magnitude smaller than the tree-level bb̄-fusion production
channel [48], and the amplitude for the gluon-fusion
production channel gg → hγ vanishes due to Furry’s
theorem.
The SM cross sections for inclusive hγ production

channels, such as pp→ hγþ j;hγþVðV¼W;ZÞ;hγþ tt̄;
hγþ tj are ofOð1Þ [fb] at the 13 TeV, whereas the SM cross
section for the inclusive VBF hγ production channel pp →
hγ þ 2j can reach ∼20 [fb] [49,50].
In our UEHiggsY framework, the exclusive channel

pp → hγ has an appreciably larger rate due to the tree-level
(t-channel) light-quark fusion diagrams qq̄ → hγ shown in
Fig. 2 (i.e., with q ¼ u, d, s, c), which are enhanced by the
OðySMb Þ qqh Yukawa couplings. In particular, setting again
f̂ijqH ¼ δij and Λ ¼ 1.5 TeV (leading to yq ∼ ySMb ), we get
σðpp → hγÞ ∼ 1250 [fb], at the 13 TeV LHC and with
pTðγÞ > 30 GeV. Thus, for the exclusive pp → hγ pro-
duction channel we find

Rhγ ≡ σðpp → hγÞ
σðpp → hγÞSM

∼ 1000; ð39Þ

where about 80% of the enhancement arises from the tree-
level uū-fusion diagrams.
Here also, taking into account the subsequent Higgs

decay, e.g., h→bb̄;τþτ−;γγ, we have Rhγ→bb̄γ¼Rhγ→τþτ−γ¼
Rhγ→γγγ∼1000×0.3∼300, since the UEHiggsY paradigm
only affects the Higgs Yukawa couplings to the light
quarks.
We note that the exclusive pp → hγ channel is poten-

tially sensitive to other variants of underlying NP which can
be parametrized by different forms of higher dimensional
effective operators, i.e., other than the ones associated with
the UEHiggsY paradigm in Eq. (1) [51]. In particular, [51]
finds that σðpp → hγÞ ∼Oð10Þ [fb] can be realized by
other types of NP with a typical scale of Λ ∼ 1 TeV and
Wilson coefficients of Oð1Þ. This is more than an order of
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magnitude smaller than the effect expected in the
UEHiggsY case.
Clearly, differential distributions (e.g., such as the

photon transverse momentum distribution [51]) may pro-
vide extra handles for disentangling the various types of NP
that can affect the hγ production channel at the LHC. This
is, however, beyond the scope of this work.

D. Higgs-single top associated production pp → th

The main SM production channels of a Higgs boson in
association with a single top quark at hadron colliders
are inclusive and have, at LO, two distinguishable under-
lying hard processes. These include an extra quark/jet
accompanying the ht in the final state [40].5 The dominant
t-channel process which is initiated by bW-fusion,
bW → htþ j, where the extra jet accompanies the virtual
spacelike W-boson, and the s-channel qq0-fusion hard
process with a virtual timelike W-boson, qq0 → W⋆ →
thþ jb, where q, q0 are light quarks (i.e., primarily u, d̄ and
c, s̄) and jb is a b-quark jet. The t-channel process is very
sensitive to the magnitude and sign of the tth Yukawa
coupling [52], and at LO in the SM has a cross section
of σðpp → htþ jÞSM ∼ 75 [fb]. The cross section for the
s-channel process, pp → htþ jb, is about 25 times
smaller [40].
The exclusive th production channels, pp → ht and

pp → ht̄, involve in the SM the extremely small 1-loop FC
tuh and/or tch vertices and are, therefore, negligibly small
with no observable consequences [53]. On the other hand,
in the UEHiggsY framework we have for the FC tuh
coupling (assuming for simplicity that f̂13uH ¼ f̂31uH)

Ltuh ¼ ξtut̄uhþ H:c:; ξtu ¼
ϵffiffiffi
2

p f̂13uH; ð40Þ

and similarly for the tch coupling, where ϵ ¼ v2=Λ2.
Thus, with Λ ∼ 1.5 TeV and natural underlying NP [i.e.,
f̂13uH ∼Oð1Þ], we expect the UEHiggsY FC tuh and tch
couplings to be typically of the size of the SM b-quark
Yukawa coupling, ξtu;tc ∼ ySMb , in which case the exclusive
channel pp → th has a rate many orders of magnitude
larger than the SM rate, due to the tree-level ug (cg)-fusion
FC diagrams uðcÞg → th (see Fig. 2).
In particular, setting the UEHiggsY values ξtu ¼ ξtc ¼

ySMb ∼ 0.02, we get for the 13 TeV LHC: σðpp → thðt̄hÞÞ ∼
100ð20Þ [fb], with more than 90%(65%) coming from the
ug-fusion hard process (i.e., from ξtu).
Defining here the ratios

Rth=thj ≡ σðpp → thÞ
σðpp → thþ jÞSM

; ð41Þ

R̄t̄h=t̄hj ≡ σðpp → t̄hÞ
σðpp → t̄hþ jÞSM

; ð42Þ

we find Rth=thj; R̄t̄h=t̄hj → 0 in the SM, while Rth=thj ∼ 2

and R̄t̄h=t̄hj ∼ 0.8 in the UEHiggsY case. Notice also that
the asymmetric production of th versus t̄h in the
UEHiggsY framework is different from the corresponding
asymmetry in the SM channels thj and t̄hj. In particular,
while in the UEHiggsY case the th production rate is
about 5 times larger than the t̄h rate, in the SM the thj
production rate is less than 2 times larger than the t̄hj
rate (see [40]).
Indeed, the CMS Collaboration has recently performed a

dedicated search for the exclusive FC single top–Higgs
associated production channel pp → th at the 13 TeV LHC
with a data sample of 35.9 fb−1 [54]. No significant
deviation from the predicted background was observed,
and bounds on the FC couplings ξtu and/or ξtc were
obtained. In particular, the bounds were reported on the
branching ratios of the corresponding FC decay channels
t → uh; ch, which, when translated to the FC couplings
(see derivation below), give ξtu; ξtc ≲ 0.09. This bound is
more than 4 times larger than the expected strength of
these FC couplings in the UEHiggsY framework with
which the above values for Rth=thj and R̄t̄h=t̄hj were obtained
(recall that, within the UEHiggs paradigm, we expect
ξtu; ξtc ∼ ySMb ∼ 0.02). In other words, the current
reported sensitivity to the exclusive th final state is
σðpp → thþ t̄hÞ≲ 16 × σðpp → thþ t̄hÞUEHiggsY, since
the corresponding UEHiggsY predicted cross section scales
as ξ2tu;tc.
Finally, we note that the current best direct bounds on ξtu

and ξtc were obtained by the ATLAS Collaboration, which
analyzed the FC top-quark decays t → uh; ch in pp → tt̄
events at a center of mass energy of 13 TeV and with
36.1 fb−1 [55]. They found BRðt → uhÞ < 2.4 × 10−3

and BRðt → chÞ < 2.2 × 10−3.
Using Eq. (40), we have (for mu;c=mt → 0)

BRðt → uh; chÞ ≈
mtð1 − m2

h
m2

t
Þ

16πΓt
· ξ2tu;tc ∼ 0.57ξ2tu;tc; ð43Þ

where Γt is the total width of the top quark.
Thus, the above cited ATLAS bounds translate into the

bounds ξtu; ξtc ≲ 0.06, allowing FC tuh and tch couplings
about 3 times larger than the b-quark Yukawa coupling, i.e.,
ξtu; ξtc ≲ 3ySMb , which do not rule out the UEHiggsY
paradigm with the values ξtu; ξtc ∼ ySMb .
In Table II we summarize our predictions for the Higgs

signals considered in this chapter in the UEHiggsY
framework, as well as the corresponding SM predictions
and the current limits and sensitivities to some of these
signals from the LHC RUN2.

5Another subleading single top production channel in the SM
is the associated production of th with an on-shellW-boson in the
final state, pp → thW.
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VI. SUMMARY

We have proposed a new framework where the Yukawa
couplings of the light quarks of the first and second
generations, q ¼ u, d, c, s, can be as large as the b-quark
Yukawa, thus decoupling them from the SM Higgs mecha-
nism, within which a Yukawa coupling of a fermion is
proportional to its mass. We have shown that this scenario
(which we named the “UEHiggsY paradigm”) is natural, if
the typical scale of the NP which is responsible for the
enhancement of the light quark Yukawa couplings is
around 1–2 TeV and the heavy (and decoupled) degrees
of freedom in the underlying theory have natural couplings
of Oð1Þ with the SM quarks. We have studied the
UEHiggsY paradigm in an EFT setup, where dimension
six effective operators yield a Yukawa term yq ∼Oðf v2

Λ2Þ,
where Λ is the typical NP scale and f is a dimensionless
coefficient (i.e., the Wilson coefficient in the EFT expan-
sion), which depends on the properties and details of the
underlying NP dynamics. In particular, withΛ ∼Oð1Þ TeV

and natural Wilson coefficients f ∼Oð1Þ, one obtains
yq ∼Oðfew10−2Þ ∼OðySMb Þ.
We also explore the UEHiggsY scenario in extensions of

the SM which contain TeV-scale vectorlike quarks with a
typical mass of 1–2 TeV, which we matched to the higher
dimensional EFT operators. We then discuss the flavor
structure of the UEHiggsY Yukawa textures and, in
particular, of the VLQ extension, and the sensitivity of
the measured 125 GeV Higgs signals to this paradigm.
Finally, we suggest some smoking gun signals of the

UEHiggsY paradigm that should be accessible to the future
LHC runs:multi-Higgs productionpp → hh; hhh and single
Higgs production in association with a high pT jet or photon
pp → hj; hγ and with a single top-quark pp → ht.
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