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Finding all possible UV resonances of effective operators is an important task in the bottom-up approach
of effective field theory. We present all the tree-level UV resonances for the dimension-5, -6, and -7
operators in the Standard Model effective field theory (SMEFT) and then obtain the correspondence
between the UV resonances and the effective operators from the relations among their Wilson coefficients,
through the functional matching and operator reduction procedure. This provides a cross-dimension UV/IR
dictionary for the SMEFT at tree level, and the methods used here, especially the on shell construction of
general UV Lagrangian and the systematic reduction of operators, are extendable for UV resonances of
d ≥ 8 operators in SMEFT and other effective field theories.
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I. INTRODUCTION

Being the most successful theory in particle physics, the
Standard Model (SM) has been tested and verified by many
experiments. However, it is not a complete theory of
fundamental interactions because it fails to answer some
important questions, such as the nature of the dark matter,
the origin of the neutrino masses, matter-antimatter asym-
metry, etc. Therefore, physicists are searching for physics
beyond the SM to address these issues. Up to now, the
direct searches on the Large Hadron Collider (LHC) have
not found any signals beyond the Standard Model (BSM),
which pushes the scale of new physics up to TeVor several
TeV. Due to the considerable energy gap between the
electroweak scale and the new physics scale, the effective
field theory (EFT) approach provide a model independent
way that parametrize the effects of the BSM physics into

the Wilson coefficients of the higher dimensional operators
in the EFT to probe BSM physics.
The standard model effective field theory (SMEFT) is an

EFT at the electroweak scale, and it is constructed based on
the fields and symmetries of the SM. The Lagrangian of the
SMEFT is formulated as the sum of effective operators,
including the SM Lagrangian and a series of possible
higher dimensional operators according to the power
counting. Among the higher dimensional operators in
the SMEFT, the dimension-5 operator is first written by
Weinberg [1], and since then the operator bases have been
enumerated up to dimension 9 [2–10] and higher. After the
complete set of the SMEFT operators is given, the Wilson
coefficients of the effective operators that parametrize the
deviation from the SM can be determined by analyzing the
experimental data form the high energy colliders and low
energy experiments, e.g., Refs. [11–13]. If the experimental
data exhibit a significant difference from the SM prediction,
physicists can find the corresponding effective operators
that cause the difference. After that, the dictionary between
the effective operators and their UV origins will greatly
benefit the searching for BSM physics [14].
In the EFT framework, there are usually two ways to find

the connection between the effective operators and possible
UVorigins. The first one is to start from an UV model and
then perform the matching procedure by integrating out the
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heavy degrees of freedom. If the above matching procedure
yields a nonzero Wilson coefficient of an effective operator,
then the UV model should be considered as one of the UV
origins of the effective operator. This method is called the
top-down approach [15,16]. The advantage of this
approach is that all effective operators that connect with
an UVorigin can be found at the same time, but one can not
find all the UV origins of an effective operator without
performing an exhaustive search of all possible UVorigins,
which is very time consuming and error prone due to the
large variety of UV models. The second approach is the
bottom-up approach. With this approach, one can find all
UV origins of an effective operator without writing down
the explicit UV interactions, by simply examining the
Lorentz and gauge quantum numbers of the local on shell
amplitude generated by the operator. For a partition of the
external particles, one organize the on shell amplitudes into
the eigenstates of angular momentum J and gauge quantum
number R, and this amplitude basis, as well as the
corresponding operator basis, is called the j basis [17–20].
In this work, we focus on the tree-level dictionary

between the UV origins and the effective operators in
the SMEFT. The reason that we consider the tree-level
dictionary is that the tree-level UVorigins are typically the
leading contribution to the observable. What is more, the
tree-level amplitude with a heavy immediate particle
behaves as a resonance and can be probed directly in
the collider experiments such as the LHC. At mass
dimension 5 in the SMEFT, the tree-level dictionary is
straightforward since there is only one independent oper-
ator, the Weinberg operator, and the UVorigins are found to
be the three types of the seesaw models [21–26]. The
dimension-6 tree-level dictionary is given by Ref. [27], and
the complete tree-level UV resonances are also presented in
Ref. [18] using the j-basis method. Here, we extend our
discussion to involve the dimension-7 effective operators as
well as their UVorigins to give a complete dimension-5, -6,
and -7 tree-level dictionary, where the cross-dimension
contributions of effective operators induced by field rede-
finitions are included. The UV resonances that contribute to
the SMEFT operators up to dimension 7 have been listed
partially in Refs. [28,29] and fully in Ref. [18]. We start by
utilizing the spinor-helicity formalism for both massless
and massive amplitudes and the Young tableau method to
generate the Lorentz structure and the gauge structure of the
UV Lagrangian that involves all the UV resonances. Then,
we apply the functional matching method [30–34] to
integrate out the UV resonances at tree level and obtain
a set of effective operators carrying all kinds of redun-
dancies. After that, we propose a systematic reduction
method inspired by the off shell amplitude formalism to
reduce the set of operators to the integrated dimension-5, -6
and -7 SMEFT operator basis listed in Appendix C. The
above procedures, including constructing UV Lagrangian,
matching and reduction, are fully systematic and can be

applied to higher-dimensional operators in the SMEFT and
other EFTs.
The paper is organized as follows. In Sec. II, we briefly

introduce the spinor-helicity formalism for massless and
massive amplitudes, and present the independent Lorentz
structures of the UV Lagrangian using the spinor-helicity
formalism. We then show the construction of the full UV
Lagrangian involving the UV resonances that have tree-
level contributions to the dimension-5, -6, and -7 operators
in Sec. III. In Sec. IV, we will use some examples to
illustrate the matching and reduction procedure. We trans-
late the result into the correspondence between the UV
resonances and the IR effective operators and present the
result in Sec. V. Section VI is our conclusion.

II. MASSIVE ON SHELL AMPLITUDE BASIS

In order to construct the UV Lagrangian, first we need to
construct a complete and independent basis of the Lorentz
structures in the UV Lagrangian. In this paper, the above
basis of Lorentz structures is obtained by translating the
massive amplitude basis into operator basis with the
massive amplitude-operator correspondence. We will illus-
trate the procedure in this section.

A. Massless and massive spinors

In this section, we will briefly introduce the spinor-
helicity formalism for massless [35–38] and massive
spinors [39]. We start with the 4-momentum pμ, which
can be expressed by a 2 × 2 matrix after contracting with
the σμαα̇ matrices,

pαα̇ ¼ pμσ
μ
αα̇ ¼

�
p0 − p3 −p1 þ ip2

−p1 − ip2 p0 þ p3

�
: ð2:1Þ

It should be noted that detpαα̇ ¼ p2 ¼ m2.
For massless particles, detpαα̇ ¼ 0. That means the

matrix pαα̇ is rank-1 and thus, can be written as the direct
product of two 2-vectors λα and λ̃α̇,

pαα̇ ¼ λαλ̃α̇; ð2:2Þ

where the λα and λ̃α̇ are independent complex dimension-2
vectors for general complex momentum while λ̃α̇ ¼ ðλαÞ�
for real momentum. The λα and λ̃α̇ are called spinor-helicity
variables, and they transform under both the Lorentz group
and the little group. For a fixed momentum pαα̇, the choice
of λα and λ̃α̇ is not unique since we can always perform the
following little group rescaling:

λα → ω−1λα; λ̃α̇ → ωλ̃α̇; ð2:3Þ

and keep pαα̇ invariant. Generally, ω is a complex number
and the action is GLð1Þ. For real momentum, we have
ω−1 ¼ ω�, and thus, ω ¼ eiθ, so the little group is Uð1Þ.
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The amplitudes for massless particles are functions of λis
and λ̃is, where i labels the ith external particle in the
amplitude, and transform under the little group scaling of
the λi and λ̃i as

Mð…;ω−1λi;ωλ̃i;…Þ ¼ ω2hiMð…; λi; λ̃i;…Þ; ð2:4Þ

where hi is the helicity of the ith particle in the amplitude.
For massive particles, the matrix pαα̇ satisfies

detpαα̇ ¼ m2 ≠ 0, so now pαα̇ is rank-2 instead of
rank-1. Here, we adopt the massive spinor notation intro-
duced in Ref. [39] and express the matrix pαα̇ as a product
of two rank-1 matrices λIα and λ̃α̇I,

pαα̇ ¼ λIαλ̃α̇I; I ¼ 1; 2: ð2:5Þ

Now that detpαα̇ ¼ det λIα × det λ̃α̇I ¼ m2, we can choose
to take det λIα ¼ det λ̃α̇I ¼ m. Similarly, the λIα and λ̃α̇I can
not be uniquely determined for a fixed momentum pαα̇

since we can utilize a SLð2Þ transformation,

λIα → WI
Jλ

J
α; λ̃Iα̇ → ðW−1ÞJI λ̃Jα̇; ð2:6Þ

to change λIα and λ̃α̇I while keep pαα̇ invariant. For real
momentum, WI

J ¼ ðW−1ÞJ�I , so the little group is SUð2Þ.
We can utilize the SUð2Þ invariant tensor ϵIJ and ϵIJ to

lower and raise the little group indices on λIα and λ̃α̇I, such
that pαα̇ ¼ ϵIJλ

I
αλ̃

J
α̇. Furthermore, taking account of

det λIα ¼ det λ̃α̇I ¼ m, we have the following relations:

pαα̇λ̃
α̇I ¼ mλIα; pαα̇λ

αI ¼ −mλ̃Iα̇; ð2:7Þ

which allowus to convert between λIα and λ̃
I
α̇with a coefficient

pαα̇=m.With these relations, we can use only λ or λ̃ to present
a massive particle in an amplitude, and the amplitude for
massive particles must be a symmetric rank-2Si tensor
MfI1…I2Sig for the ith spin-Si particle. Thus, we have

MfI1…I2Sig ¼ λI1α1 � � � λI2Sα2SM
fα1…α2Sig: ð2:8Þ

B. Massive amplitude basis

In this subsection, we present a basis of the independent
Lorentz structures of effective operators involving the SM
particles and the UV states with spin s ≤ 1. The correspon-
dence between operators and massive amplitudes [18]
indicates that constructing the Lorentz structures of an
operator basis is equivalent to finding a basis of kinematically
independent structures formedof spinor-helicity variables. In
order to involve the massive UV state with s ¼ 1 in the
operator basis, among the different methods of constructing
amplitude basis [40–43], we adopt the method in Ref. [43]
and discuss how the massive amplitude basis corresponds to
an operator basis involving massive UV states.

Reference [43] provides an algorithm that can be used to
find all kinematically independent massive amplitudes for
certain external particles and dimension of the amplitudes.
Here, we simply use the results and refer the readers to the
paper mentioned above for more details of the algorithm.
The correspondence between massless amplitudes and
operators has been elaborated in Refs. [9,17], and here,
we present the correspondence as

FL=Ri ∼ λ2i =λ̃
2
i ;

ψ i=ψ
†
i ∼ λi=λ̃i;

ϕi ∼ 1;

Di ∼ −iλiλ̃i;

ð2:9Þ

where i in the subscript of a field labels the ith field in an
operator and i in the subscript of a covariant derivative
indicates that the covariant derivative acts on the ith field,
similarly hereinafter. For the correspondence between
massive amplitudes and operators, the massive scalar
and fermion are similar to the massless ones since the
degrees of freedom of the massive and massless fields are
the same. However, the massive vector has 3 degrees of
freedom instead of 2, so its correspondence to the massive
spinors should include the 3 degrees of freedom, that is, the
three transversities. The correspondence between massive
amplitudes and operators reads

ðDViÞL=Vi=ðDViÞR ∼ m̃iλ
I
iλ

J
i =λ

I
i λ̃

J
i =miλ̃

I
i λ̃

J
i ;

ψ i=ψ
†
i ∼ λIi =λ̃

I
i ;

ϕi ∼ 1;

Di ∼ −ipi;

ð2:10Þ

where ðDViÞL ≡Dαα̇Vβ
α̇ and ðDViÞR ≡Dα

α̇Vαβ̇. As

Dαα̇Vβ
α̇ ¼ DμVμϵβα − iDμVνðσμνÞαβ;

Dα
α̇Vαβ̇ ¼ DμVμϵα̇ β̇ − iDμVνðσ̄μνÞα̇ β̇; ð2:11Þ

and DμVμ is the EOM of V, it is equivalent to use Dαα̇Vβ
α̇

or iDμVνðσμνÞαβ to construct UV operators.
Now that we can generate the amplitude basis using the

method in Ref. [43] and translate it to an UVoperator basis
using the amplitude-operator correspondence Eqs. (2.9)
and (2.10). However, we should be careful about the fact
that different amplitude bases could contribute to one UV
operator basis due to Eq. (2.10). For example, if we want to
find the complete and independent UV operator basis in
ϕV3D, where ϕ is considered massless and Vs are massive,
we need to consider the corresponding amplitude bases
where the massive vectors can be of different transversities.
The complete and independent set of amplitudes that
correspond to the UV operators in ϕV3D are
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h12ih34i½12�½34�; h14ih23i½14�½23�; −h24ih3jp2j3�½24�;
m̃2h23ih24i½34�; m̃3h23ih34i½24�; m̃4h24ih34i½23�;
m2h34i½23�½24�; m3h24i½23�½34�; m4h23i½24�½34�; ð2:12Þ

where we adopt the “BOLD” notation instead of writing the little group indices explicitly. For the three amplitudes in the
first row of Eq. (2.12), the massive vectors are of transversity 0, while the other six amplitudes in Eq. (2.12) are not. The
corresponding UV operator basis is given in Eq. (2.15).
Before we end the section, we list the Lorentz structures of the UV operator basis for interactions involving massless

fields with helicity jhj ≤ 1 and massive fields with spin s ≤ 1 in the following:

B3 ¼ ϕ1ϕ2ϕ3 þ ϵαβϵα̇ β̇ϕ1V2α
α̇V3β

β̇; ð2:13Þ

B4 ¼ ϕ1ϕ2ϕ3ϕ4 þ ϵαβϕ1ψ2αψ3β þ ϵαβϵα̇ β̇ðDα
α̇ϕ1Þϕ2V3β

β̇ þ ϵαβϵα̇ β̇ϕ1ϕ2V3α
α̇V4β

β̇

þ ϵαβϵα̇ β̇ψ1αψ
†α̇
2 V3β

β̇ þ ϵαγϵβδϵα̇ β̇FL1αβV2γ
α̇V3δ

β̇

þ ϵαγϵβδϵβ̇ α̇ϵγ̇ δ̇ðDα
α̇V1β

β̇ÞV2γ
γ̇V3δ

δ̇ þ ϵβαϵγδϵα̇ γ̇ϵβ̇ δ̇ðDα
α̇V1β

β̇ÞV2γ
γ̇V3δ

δ̇

þ ϵαβϵγδϵα̇ δ̇ϵγ̇ β̇V1α
α̇ðDβ

β̇V2γ
γ̇ÞV3δ

δ̇ þ ϵαδϵγβϵα̇ β̇ϵγ̇ δ̇V1α
α̇ðDβ

β̇V2γ
γ̇ÞV3δ

δ̇

þ ϵαγϵβδϵα̇ β̇ϵδ̇ γ̇V1α
α̇V2β

β̇ðDγ
γ̇V3δ

δ̇Þ þ ϵαβϵδγϵα̇ γ̇ϵβ̇ δ̇V1α
α̇V2β

β̇ðDγ
γ̇V3δ

δ̇Þ
þ ϵαβϵγδϵα̇ β̇ϵγ̇ δ̇V1α

α̇V2β
β̇V3γ

γ̇V4δ
δ̇ þ ϵαβϵγδϵα̇ δ̇ϵβ̇ γ̇V1α

α̇V2β
β̇V3γ

γ̇V4δ
δ̇

þ ϵαδϵβγϵα̇ β̇ϵγ̇ δ̇V1α
α̇V2β

β̇V3γ
γ̇V4δ

δ̇ þ ϵαδϵβγϵα̇ δ̇ϵβ̇ γ̇V1α
α̇V2β

β̇V3γ
γ̇V4δ

δ̇; ð2:14Þ

B5 ¼ ϕ1ϕ2ϕ3ϕ4ϕ5 þ ϵαβϕ1ϕ2ψ3αψ4β þ ϵαβϵα̇ β̇ðDα
α̇ϕ1Þϕ2ϕ3V4β

β̇ þ ϵαβϵα̇ β̇ϕ1ðDα
α̇ϕ2Þϕ3V4β

β̇

þ ϵαβϵα̇ β̇ϕ1ϕ2ϕ3V4α
α̇V5β

β̇ þ ϵαβϵα̇ β̇ϕ1ψ2αψ
†α̇
3 V4β

β̇ þ ϵαγϵβδϕ1FL2αβFL3γδ

þ ϵαγϵβδψ1αψ2βFL3γδ þ ϵαγϵβδϵα̇ β̇ϕ1FL2αβðDγ
α̇V3δ

β̇Þ þ ϵαγϵβδϵα̇ β̇ϕ1FL2αβV3γ
α̇V4δ

β̇

þ ϵαγϵβδϵα̇ β̇ψ1αψ2βðDγ
α̇V3δ

β̇Þ þ ϵαγϵβδϵα̇ β̇ψ1αψ2βV3γ
α̇V4δ

β̇ þ ϵαβϵγδϵα̇ β̇ψ1αψ2βV3γ
α̇V4δ

β̇

þ ϵαγϵβδϵβ̇ α̇ϵδ̇ γ̇ϕ1ðDα
α̇V2β

β̇ÞðDγ
γ̇V3δ

δ̇Þ þ ϵβαϵδγϵα̇ γ̇ϵβ̇ δ̇ϕ1ðDα
α̇V2β

β̇ÞðDγ
γ̇V3δ

δ̇Þ
þ ϵαγϵβδϵβ̇ α̇ϵγ̇ δ̇ϕ1ðDα

α̇V2β
β̇ÞV3γ

γ̇V4δ
δ̇ þ ϵαβϵγδϵα̇ δ̇ϵγ̇ β̇ϕ1V2α

α̇ðDβ
β̇V3γ

γ̇ÞV4δ
δ̇

þ ϵαγϵβδϵα̇ β̇ϵδ̇ γ̇ϕ1V2α
α̇V3β

β̇ðDγ
γ̇V4δ

δ̇Þ þ ϵαβϵγδϵα̇ β̇ϵγ̇ δ̇ðDα
α̇ϕ1ÞV2β

β̇V3γ
γ̇V4δ

δ̇

þ ϵαδϵβγϵα̇ δ̇ϵβ̇ γ̇ðDα
α̇ϕ1ÞV2β

β̇V3γ
γ̇V4δ

δ̇ þ ϵαγϵβδϵα̇ γ̇ϵβ̇ δ̇ϕ1ðDα
α̇V2β

β̇ÞV3γ
γ̇V4δ

δ̇

þ ϵβαϵγδϵα̇ γ̇ϵβ̇ δ̇ϕ1ðDα
α̇V2β

β̇ÞV3γ
γ̇V4δ

δ̇ þ ϵαδϵγβϵα̇ β̇ϵγ̇ δ̇ϕ1V2α
α̇ðDβ

β̇V3γ
γ̇ÞV4δ

δ̇

þ ϵαβϵδγϵα̇ γ̇ϵβ̇ δ̇ϕ1V2α
α̇V3β

β̇ðDγ
γ̇V4δ

δ̇Þ þ ϵαβϵγδϵα̇ β̇ϵγ̇ δ̇ϕ1V2α
α̇V3β

β̇V4γ
γ̇V5δ

δ̇

þ ϵαβϵγδϵα̇ δ̇ϵβ̇ γ̇ϕ1V2α
α̇V3β

β̇V4γ
γ̇V5δ

δ̇ þ ϵαδϵβγϵα̇ β̇ϵγ̇ δ̇ϕ1V2α
α̇V3β

β̇V4γ
γ̇V5δ

δ̇

þ ϵαδϵβγϵα̇ δ̇ϵβ̇ γ̇ϕ1V2α
α̇V3β

β̇V4γ
γ̇V5δ

δ̇: ð2:15Þ

III. THE GENERAL BSM MODEL

In this section, we will write down the UV Lagrangian with nonredundant operators, based on the massive basis
presented above. First, we should list all possible UV resonances labeled by their representations under the SM gauge
symmetry, which could be obtained by drawing Feynman diagrams and enumerating the mediating particles. We will

XU-XIANG LI, ZHE REN, and JIANG-HAO YU PHYS. REV. D 109, 095041 (2024)

095041-4



straightforwardly use the results from Ref. [18]. After that, we build up the general Lagrangian for all the states and pick up
the nonredundant terms with the help of amplitude basis and Young diagrams. The Lagrangian is presented in Appendix A
with terms that could contribute to effective operators at classical level only. In this paper, the Lagrangian for SM is
written as

LSM ¼ −
1

4
GA

μνGAμν −
1

4
WI

μνWIμν −
1

4
BμνBμν þ ðDμHÞ†ðDμHÞ

þ q̄LiDqL þ lLiDlL þ ūRiDuR þ d̄RiDdR þ ēRiDeR

þ μ2HH
†H − λHðH†HÞ2 − ðq̄LYuuRH̃ þ q̄LYddRH þ lLYeeRH þ H:c:Þ: ð3:1Þ

Before digging into the details of a general model, we
make some assumptions on the UV theory as follows:

(i) The UV theory follows the SM gauge symmetry
SUð3ÞC × SUð2ÞL ×Uð1ÞY , which is linearly
realized.

(ii) The UV theory contains both the SM particles and
new resonances.

(iii) The interactions between the new resonances and the
SM particles are weakly coupled. Strong dynamics
are out of the scope of this work.

(iv) The new fields decouple at the electroweak scale.
That is to say, new particles do not generate nonzero
vacuum expectation values (VEVs), which breaks
the SM gauge symmetry, and new fermions are
either vectorlike or Majorana.1

These assumptions enable us to describe the physics at the
electroweak scale by the SMEFT instead of the more
complicated one, HEFT [44–46].
We limit our discussion to the resonances that can

produce tree-level contributions to the amplitudes of the
SM particles. Generally, effects from BSM physics could
come from loops, but tree-level origins are typically the
most promising part being able to be detected. Apart from
that, tree-level effects behave like a resonance and tend to
be recognized on high-energy colliders. Furthermore, We
only discuss renormalizable interactions in this work. In
principle, the TeV physics is not required to be UV
complete since the gravity will eventually come into the
theory at a even higher scale. Such a theory with unrenor-
malizable operators is often called resonance EFT [47–49]
or BSMEFT in the Ref. [27]. It is also acceptable that the
UV theory contains higher spin fields like Rarita-
Schwinger spinors or tensor fields. Considering that these

extra contributions are further suppressed by heavy scales,
we leave these possibilities to future works.
The quantum number of UV resonances can be fixed by

the effective operators they contribute to. All possible
partitions of the external particles of an effective operator
correspond to tree Feynman diagrams whose internal lines
indicate possible UV resonances. For each partition, the
Poincaré and gauge Casimir eigen basis [17–19], i.e., the
j-basis operators, classify the quantum number of heavy
resonances by the proposed j-basis/UV correspondence
[18]. Some of the selected resonances should be excluded
since they only contribute to high dimensional effective
operators, which can be done through dimension selection.
Tables II–IV present all the UV resonances that could

contribute to effective operators in the SMEFT with mass

TABLE I. Dimension-3 and dimension-4 Lorentz structures in
spinor indices and Lorentz indices.

Classes Spinor notation Lorentz notation

ϕ3 ϕ1ϕ2ϕ3 ϕ1ϕ2ϕ3

ϕV2 ϵαβϵα̇ β̇ϕ1V2α
α̇V3β

β̇ ϕ1V2μV
μ
3

ϕ4 ϕ1ϕ2ϕ3ϕ4 ϕ1ϕ2ϕ3ϕ4

ϕψ2 ϵαβϕ1ψ2αψ3β ϕ1ðψ2ψ3Þ
ϕ2VD ϵαβϵα̇ β̇ðDα

α̇ϕ1Þϕ2V3β
β̇ ðDμϕ1Þϕ2V

μ
3

ϕ2V2 ϵαβϵα̇ β̇ϕ1ϕ2V3α
α̇V4β

β̇ ϕ1ϕ2V3μV
μ
4

ψψ†V ϵαβϵα̇ β̇ψ1αψ
†α̇
2 V3β

β̇ ðψ1σμψ
†
2ÞVμ

FLV2 ϵαγϵβδϵα̇ β̇FL1αβV2γ
α̇V3δ

β̇ FL1μνV
μ
2V

ν
3

V3D ϵαγϵβδϵβ̇ α̇ϵγ̇ δ̇ðDα
α̇V1β

β̇ÞV2γ
γ̇V3δ

δ̇ ðDμV1νÞV2
νV3

μ

ϵβαϵγδϵα̇ γ̇ϵβ̇ δ̇ðDα
α̇V1β

β̇ÞV2γ
γ̇V3δ

δ̇ ϵμνρλðDμV1νÞV2ρV3λ

ϵαβϵγδϵα̇ δ̇ϵγ̇ β̇V1α
α̇ðDβ

β̇V2γ
γ̇ÞV3δ

δ̇ V1
νðDμV2νÞV3

μ

ϵαδϵγβϵα̇ β̇ϵγ̇ δ̇V1α
α̇ðDβ

β̇V2γ
γ̇ÞV3δ

δ̇ ϵμνρλV1μðDνV2ρÞV3λ

ϵαγϵβδϵα̇ β̇ϵδ̇ γ̇V1α
α̇V2β

β̇ðDγ
γ̇V3δ

δ̇Þ V1
μV2

νðDμV3νÞ
ϵαβϵδγϵα̇ γ̇ϵβ̇ δ̇V1α

α̇V2β
β̇ðDγ

γ̇V3δ
δ̇Þ V1

νV2
μðDμV3νÞ

V4 ϵαβϵγδϵα̇ β̇ϵγ̇ δ̇V1α
α̇V2β

β̇V3γ
γ̇V4δ

δ̇ V1
μV2μV3

νV4ν

ϵαβϵγδϵα̇ δ̇ϵβ̇ γ̇V1α
α̇V2β

β̇V3γ
γ̇V4δ

δ̇ V1
μV2

νV3μV4ν

ϵαδϵβγϵα̇ β̇ϵγ̇ δ̇V1α
α̇V2β

β̇V3γ
γ̇V4δ

δ̇ V1
μV2νV3

νV4μ

ϵαδϵβγϵα̇ δ̇ϵβ̇ γ̇V1α
α̇V2β

β̇V3γ
γ̇V4δ

δ̇ ϵμνρλV1μV2νV3ρV4λ

1The fields except the SM Higgs doublet are supposed to be in
the broken phase if any gauge symmetry except SUð3ÞC ×
SUð2ÞL × Uð1ÞY is spontaneously broken. We are working in
the “broken” phase where the SM gauge symmetry still holds.
Although masses of the new particles, which are at the heavy
scale, can receive contributions during the symmetry breaking,
we assume that after the electroweak symmetry breaking the
VEV of the SM Higgs boson contributes only a small portion to
the heavy masses.
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dimension up to 7 at the classical level. Each row in the
blocks respectively represents the notation of the resonan-
ces in our paper, their names in Ref. [27] and their quantum
number under ðSUð3ÞC; SUð2ÞLÞUð1ÞY . We only consider
particles with spin≤ 1. The fields with conjugated quantum
number compared to Ref. [27] are attached with a super-
script † for bosons or c for fermions. The Uð1ÞY hyper-
charge Y is defined as

Q ¼ Y þ T3; ð3:2Þ

where Q is the electric charge after symmetry breaking and
T3 the weak isospin.

Although most resonances and terms have been listed in
Ref. [27], it is necessary to point out the differences as
follows:

(i) A quartet fermion F7 is not presented in Ref. [27]
since it can only generate dimension-7 operatorOLH.

(ii) Vector L1 ð1; 2Þ1
2
and vector W1 ð1; 3Þ1 listed in

Ref. [27] are not presented because operators
involving DμVμ are identified as redundant oper-
ators by the massive amplitude method introduced in
Sec. II. These operators can be removed by field
redefinition [48,50,51]. For example, a field redefi-
nition Vμ → Vμ − 1

M2 ðDμOÞ transforms the original
Lagrangian,

TABLE II. New scalars that can contribute to operators up to dimension 7 in SMEFTat classical level. The second
row in each block represents their name in Ref. [27].

Notation S1 S2 S3 S4 S5 S6 S7 S8
Name S S1 S2 φ Ξ Ξ1 Θ1 Θ3

Irrep ð1; 1Þ0 ð1; 1Þ1 ð1; 1Þ2 ð1; 2Þ1
2

ð1; 3Þ0 ð1; 3Þ1 ð1; 4Þ1
2

ð1; 4Þ3
2

Notation S9 S10 S11 S12 S13 S14
Name ω4 ω1 ω2 Π1 Π7 ζ
Irrep ð3; 1Þ−4

3
ð3; 1Þ−1

3
ð3; 1Þ2

3
ð3; 2Þ1

6
ð3; 2Þ7

6
ð3; 3Þ−1

3

Notation S15 S16 S17 S18 S19
Name Ω2 Ω1 Ω4 ϒ1 Φ
Irrep ð6; 1Þ−2

3
ð6; 1Þ1

3
ð6; 1Þ4

3
ð6; 3Þ1

3
ð8; 2Þ1

2

TABLE III. New fermions that can contribute to operators up to dimension 7 in SMEFT at classical level. The
second row in each block represents their name in Ref. [27], with a superscript c if they are conjugated with each
other. Majorana fermions F1 and F5 have parity left, i.e., F ¼ FL ¼ PLF.

Notation F1 F2 F3 F4 F5 F6 F7

Name N Ec Δc
1 Δc

3 Σ Σc
1

Irrep ð1; 1Þ0 ð1; 1Þ1 ð1; 2Þ1
2

ð1; 2Þ3
2

ð1; 3Þ0 ð1; 3Þ1 ð1; 4Þ1
2

Notation F8 F9 F10 F11 F12 F13 F14

Name D U Q5 Q1 Q7 T1 T2

Irrep ð3; 1Þ−1
3

ð3; 1Þ2
3

ð3; 2Þ−5
6

ð3; 2Þ1
6

ð3; 2Þ7
6

ð3; 3Þ−1
3

ð3; 3Þ2
3

TABLE IV. New vectors that can contribute to operators up to dimension 7 in SMEFT at classical level. The
second row in each block represents their name in Ref. [27], with a superscript † if they are conjugated with each
other.

Notation V1 V2 V3 V4 V5 V6 V7

Name B B1 L†
3

W U2 U5 Q5

Irrep ð1; 1Þ0 ð1; 1Þ1 ð1; 2Þ3
2

ð1; 3Þ0 ð3; 1Þ2
3

ð3; 1Þ5
3

ð3; 2Þ−5
6

Notation V8 V9 V10 V11 V12 V13 V14

Name Q1 X Y†
1 Y†

5
G G1 H

Irrep ð3; 2Þ1
6

ð3; 3Þ2
3

ð6; 2Þ−1
6

ð6; 2Þ5
6

ð8; 1Þ0 ð8; 1Þ1 ð8; 3Þ0
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L ¼ −
1

2
V†
μνVμν þM2V†

μVμ þ V†μðDμOÞ
þ ðDμOÞ†Vμ ð3:3Þ

into

L ¼ −
1

2
V†
μνVμν þM2V†

μVμ −
i

2M2
V†
μνðGμνOÞ

þ i
2M2

ðGμνOÞ†Vμν −
1

M2
ðDμOÞ†ðDμOÞ

−
1

2M4
ðGμνOÞ†ðGμνOÞ; ð3:4Þ

where Vμν ¼ ðDμVνÞ − ðDνVμÞ is the field strength
tensor of Vμ, and Gμν ¼ i½Dμ; Dν� is the gauge field
tensor. Since this theory is still an effective theory of
some unknown physics, we attribute the effective
operators in the second line, which in principle have
imprints in IR physics, to super-UV physics instead
of the new vector. What is more, the interactions
involved in the original Lagrangian, i.e., L†μ

1 ðDμHÞ
andW†μI

1 iDμðH̃†τIHÞ, can only begenerated via loop
diagrams, which is out of scope of our consideration.
Thus, we do not list these two resonances.

(iii) Our convention for operator basis is slightly differ-
ent, such as operators containing fieldsH;H†; S5; S5
and H;H†; S6; S

†
6. The two terms, Dpr

HH†S5S5ð1Þ and

Dpr
HH†S5S5ð2Þ, have the same contribution only up to a

factor. Therefore, a linear combination of these two
terms does not contribute as is the case Ref. [27].
The case for DHH†S6S

†
6
ð1Þ and DHH†S6S

†
6
ð2Þ term is

similar. We present them here for completeness.
The Lagrangian of the UV theory can be constructed

from these field contents by enumerating Lorentz and
gauge invariant combinations. Section II provides a general
method to list all Lorentz invariant terms as in Table I with
the help of massive amplitudes, while the gauge sector
could be handled by the Littlewood-Richardson rule as in
the SMEFT case [7]. To clarify it more clearly, take the
S4S

†
6S7 term as an example. These three fields transform as

2, 3, and 4 representations under SUð2ÞL gauge trans-
formation and are written as2

ðS4Þi × ð−1Þϵj1j3ϵj2j4ðS†6Þj3j4 × ðS7Þk1k2k3 ; ð3:5Þ

in our notation. The factor that contracts this term into a
gauge singlet can be found by building a N-block-height
Young tableau for SUðNÞ group as3

ð3:6Þ

where the Young tableaux of i to the leftmost and j, k above
the arrows represent the representations of S4; S

†
6, and S7,

respectively. Other formats to build such a rectangle Young
tableau will result in vanishing factors due to the symmetry
between indices. The flavor symmetry may lead to vanish-
ing operators as well, which could be checked by imposing
additional Young operators.
After dealing with Lorentz, gauge and flavor symmetries

systematically, we present the results in Appendix A. The
notation for the indices of fields in the Appendix is slightly
different from what is used in Eq. (3.5). All fields under
nonfundamental representations are attached with a single
index for each group instead of repeating indices of funda-
mental representation. The transformation rules between the
notation used in the Appendix and in Eq. (3.5) are

(i) 3; 3̄ representations of SUð3ÞC remains unchanged
as

ϕa;ϕ†a; ð3:7Þ

(ii) 8 representations of SUð3ÞC,

ϕb
a ¼

1ffiffiffi
2

p ϕAðλAÞba; ð3:8Þ

(iii) 6; 6̄ representations of SUð3ÞC,

ϕab ¼ ðCcÞabϕc; ϕ†ab ¼ ðCcÞabϕ†c; ð3:9Þ

(iv) 2; 2̄ representations of SUð2ÞL remains unchanged
as

ϕi;ϕ†i; ð3:10Þ

3One needs to further specify the symmetry of these (anti-)fundamental indices if calculations are performed
under this notation, i.e., fields with (anti-)fundamental indices. For example, the factor is actually

in this case.

2Subscripts and superscripts labeling the gauge components are indices of fundamental and antifundamental representation with
in; jn; kn ¼ 1, 2. The components are linked to the commonly used one by Clebsch-Gordan coefficients, e.g., ðS†6ÞI ¼ 1ffiffi

2
p ðτIϵÞijðS†6Þij.
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(v) 3 representations of SUð2ÞL,

ϕij ¼
1ffiffiffi
2

p ϕIðτIϵÞij;

ϕ†ij ¼ ðϕjiÞ† ¼
1ffiffiffi
2

p ϕ†IðτIÞkjϵki if ϕ is complex;

ð3:11Þ

(vi) 4; 4̄ representations of SUð2ÞL,

ϕijk ¼ ðCIÞijkϕI ; ϕ†ijk ¼ ðCIÞijkϕ†I : ð3:12Þ

The normal lowercase Latin letters stand for the indices of
fundamental representations, a; b; c; � � � for SUð3ÞC and
i; j; k; � � � for SUð2ÞL. The corresponding capital letters
are for the adjoint representations. 6 representation of
SUð3ÞC are denoted by Gothic lowercase Latin letters
a; b; c; � � � in the subscripts, and 4 representation of
SUð2ÞL are denoted by calligraphic capital letters
I ;J ;K; � � �. Indices of conjugated representations are
labeled in the superscripts. Typically, one can freely define
the Clebsch-Gordan coefficients, but we suggest a normal-
ized one as in Refs. [52–54]. In such a case, λA and τI are
Gell-Mann and Pauli matrices. The Clebsch-Gordan coef-
ficients for higher dimensional representations are ðCaÞab for
a ¼ 1; 2;…; 6 with

ðC1Þab ¼

0
B@

1 0 0

0 0 0

0 0 0

1
CA; ðC2Þab ¼

0
B@

0 0 0

0 1 0

0 0 0

1
CA; ðC3Þab ¼

0
B@

0 0 0

0 0 0

0 0 1

1
CA;

ðC4Þab ¼
1ffiffiffi
2

p

0
B@

0 0 0

0 0 1

0 1 0

1
CA; ðC5Þab ¼

1ffiffiffi
2

p

0
B@

0 0 1

0 0 0

1 0 0

1
CA; ðC6Þab ¼

1ffiffiffi
2

p

0
B@

0 1 0

1 0 0

0 0 0

1
CA ð3:13Þ

and ðCIÞijk ¼ 1ffiffi
2

p ðCIÞJkðϵτJÞji for I ¼ 3=2; 1=2;−1=2;−3=2 with

ðC3=2ÞIj¼
1ffiffiffi
2

p

0
B@

1 0

−i 0

0 0

1
CA; ðC1=2ÞIj ¼

1ffiffiffi
6

p

0
B@

0 1

0 −i
−2 0

1
CA;

ðC−1=2ÞIj¼−
1ffiffiffi
6

p

0
B@
1 0

i 0

0 2

1
CA; ðC−3=2ÞIj ¼−

1ffiffiffi
2

p

0
B@
0 1

0 i

0 0

1
CA: ð3:14Þ

The conjugated representation are given by

ðCIÞab���c ¼ ½ðCIÞc���ba��; ð3:15Þ

i.e., ðCaÞcd ≡ ½ðCaÞdc�� and ðCIÞjkl ¼ ½ðCIÞlkj��. Both of them satisfy the normalization condition,

ðCaÞcdðCbÞdc ¼ δba; ðCIÞjklðCJ Þlkj ¼ δJI ð3:16Þ

and

ðCaÞabðCaÞc1c2 ¼
1

2

X
P ∈ S2

δacPð1Þδ
b
cPð2Þ ; ðCIÞijkðCIÞl1l2l3 ¼

1

3!

X
P ∈ S3

δilPð1Þδ
j
lPð2Þδ

k
lPð3Þ ; ð3:17Þ

where Sn is the permutation group on n letters.
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IV. THE MATCHING PROCEDURE

The matching procedure aims to find the effective theory
which contains only light degrees of freedom but still
precisely describes the full theory. We have proposed some
assumptions on the UV theory in Sec. III which validate
SMEFT to describe the physics, and in the following, we
need to find theWilson coefficients of the effective operators.
The procedure consists of two parts: deriving the effective
Lagrangian and reducing the operators to a basis.

A. Tree-level matching

Amplitude matching and functional matching are two
alternative ways to derive the effective theory. For conven-
ience, we choose the latter one, which matches the effective
actions of two theories. At a classical level, the effective
Lagrangian can be derived from replacing the heavy fields by
their classical equations of motion [32,55]. Specifically, the
kinetic terms of heavy fields in the Lagrangian are

ΔLkin ¼ −ηΦ†ðD2 þM2ÞΦ; for scalars; ð4:1Þ

ΔLkin ¼ ηðL†
α̇iD

αα̇Lα þR†αiDαα̇Rα̇ −MR†αLα −ML†
α̇R

α̇Þ;
for fermions; ð4:2Þ

ΔLkin¼ ηV†μðgμνD2−DνDμþgμνM2ÞVν; for vectors;

ð4:3Þ

where η ¼ 1
2
ð1Þ is the normalization factor for real bosonic

and Majorana (complex bosonic and Dirac) fields. Note that
forMajorana fermionsRα̇ ¼ L†α̇ ≡ ðLαÞ†. In thevector case,
a term proportional to V†μ½Dμ; Dν�Vν also appears as kinetic
terms, which could be transformed into an interacting term
since ½Dμ; Dν� ¼ −iFμν. The factor of such a term can be
fixed by unitarity [32], but in this work, we treat it as a free
parameter. The classical equations of motion, δSδΦ ¼ 0, lead to
the following equations (gauge indices are omitted):

Φ ¼ 1

M2

�
δSint
δΦ† −

1

2
Dαα̇Dαα̇Φ

�
; ð4:4Þ

Lα ¼ −
1

M
ϵαβ

δSint
δR†

β

þ 1

M
iDαα̇Rα̇; ð4:5Þ

Rα̇ ¼ −
1

M
ϵα̇ β̇

δSint
δL†β̇

þ 1

M
iDαα̇Lα; ð4:6Þ

Vα
α̇ ¼ 1

2M2

�
4ϵαβϵ

α̇ β̇ δSint

δV†β̇
β

−Dββ̇D
ββ̇Vα

α̇ −Dβ
β̇Dα

α̇Vβ
β̇

�
:

ð4:7Þ

To be consistent, all fields are written with 2-component
spinor indices, and SUð2ÞlðrÞ indices are in the subscripts

(superscripts). One may raise and lower the indices by the
antisymmetric tensor ϵwith the index to be raised or lowered
right after the ϵ. For instance,Dαα̇Φ≡ ϵαβDβ

α̇Φ. We choose

ϵ12 ¼ ϵ1̇ 2̇ ¼ ϵ21 ¼ ϵ2̇ 1̇ ¼ 1 for ϵ of the Lorentz group.4 Note
that Eqs. (4.5) and (4.6) become the conjugationof eachother
for Majorana fermions.
Equations (4.4)–(4.7) can be solved iteratively. For every

heavy field Φ, there is bound to be at least one interaction
involving a single Φ. Fields not satisfying this rule can only
be produced in a pair and thus, only contributes through
loops. The remaining terms, e.g., terms with derivatives, are
treated as perturbations due to the additional suppression
from M−n factors. We can stop the iteration of replacement
by setting a cutoff order for M−1. After we obtained a
truncated solution of the equations of motion, we can replace
the heavy fields in the UV Lagrangian by the solution to get
the effective Lagrangian, i.e., LEFT½ϕ� ¼ LUV½ϕ;Φc½ϕ��,
where ϕ represents light fields and Φc is the classical
solution.
Generally, LEFT½ϕ� contains operators in all kinds of

forms which may not be in an on shell operator basis. In
order to compare the experimental results with the Wilson
coefficients, it is necessary to eliminate redundant operators
in the Lagrangian since combination of redundant operators
has null contribution to the S matrix, and we are not able to
fix the coefficients. Operator reduction is very complicated
due to various kinds of redundancy as follows.

B. Operator reduction

In this subsection, we propose a systematic method to
reduce any effective operator to a given operator basis. In
the reduction, not only the equations of motion (EOMs) of
the SM, but the EOM terms that come from the Weinberg
operator [1] are also involved, and the operator bases at
mass dimension 5, 6, and 7 are integrated as one basis for a
complete reduction result.
First of all, we adopt the off shell amplitude formalism

introduced in Ref. [56], where a one-to-one mapping from
operators to off shell amplitudes is proposed as an
extension of the amplitude-operator correspondence,

FL=Ri ∼ λi;0λi;0=λ̃i;0λ̃i;0;

ψ i=ψ
†
i ∼ λi;0=λ̃i;0;

ϕi ∼ 1;

Di;di ∼ −iλi;di λ̃i;di :

ð4:8Þ

i in the subscript of each field labels the ith field in an
operator, and i in the subscript of a covariant derivative
denotes that the covariant derivative acts on the ith field.

4It should be noted that we use a different convention ϵ12 ¼
ϵ12 ¼ 1 for SUð2ÞL group. Thus, ϵαβϵαγ ¼ δβγ for the Lorentz
group while ϵijϵik ¼ −δik for SUð2ÞL group.
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0 in the subscript of a spinor indicates that the index
corresponds to a field, while di indicates the order of
covariant derivatives acting on the ith field, di ∈ f1;…; d̂ig,
d̂i ∈Z. For example, di ¼ 1 labels the first covariant
derivative acting on the ith field, and di ¼ 2 labels the
second covariant derivative acting on that field, etc. We will
also use xi to label a spinor, xi ∈ f0; 1;…; d̂ig. The Dirac
brackets of off shell spinors are defined as hixijxji≡
λαi;xiλj;xjα and ½ixijxj �≡ λ̃i;xiα̇λ̃

α̇
j;xj .

With the off shell amplitude formalism, effective oper-
ators can be presented as off shell amplitudes by the map
Eq. (4.8). Furthermore, the redundancy relations among
these operators can be formulated in the off shell amplitude
formalism. Specifically, the Integration By Part (IBP)
relation for off shell amplitudes reads

jid̂ii½id̂i j ¼ −
XN

j¼1;j≠i
jjd̂jþ1i½jd̂jþ1j; ð4:9Þ

where N denotes the total number of particles in the off
shell amplitudes. Equation (4.9) just means that the
outermost derivative on the ith field is moved to the other
N − 1 fields by the IBP relation in operator perspective.
The Schouten identity among off shell amplitudes is
written as

hixi lxlihjxjkxki þ hixijxjihkxklxli þ hixikxkihlxljxji ¼ 0:

ð4:10Þ

Utilizing the IBP relation Eq. (4.9) and the Schouten
identity Eq. (4.10), any off shell amplitude of a certain
operator type, where by “type” we mean that the fields and
number of covariant derivatives in the operators are fixed,
can be reduced into a set of independent off shell
amplitudes in that operator type. What is more, off shell
amplitudes that correspond to the EOM of the fields in the
operator could appear during the reduction, and these off
shell amplitudes would change the type. For example, we
list the EOM of scalar, spinor, and gauge boson and the
corresponding off shell amplitudes in the following:

Dα
α̇Dα

α̇ϕi ∼ hi2i1i½i2i1�;
Dαα̇ψ iα ∼ hi1i0iji1�;
Dαα̇ψ

†α̇
i ∼ ½i1i0�ji1i;

Dαα̇FLiαβ ∼ hi1i0iji1�ji0i;
Dαα̇FRi

α̇ β̇ ∼ ½i1i0�ji1iji0�: ð4:11Þ

For these off shell amplitudes corresponding to the EOM,
we can derive the specific expressions of the EOM of the
fields for a model and substitute them into the off shell
amplitudes in other operator types with the EOM. In this
work, the model is the SM and the EOMs include terms
from the SM Lagrangian and the dimension-5 Weinberg
operator. So the mass dimension of the off shell amplitude,
as well as the mass dimension of the corresponding
operator, may change after the substitution of the EOM.
Generally, the result would be the sum of some off shell
amplitudes in different types at several mass dimensions
after the above reduction procedure is applied once, and the
procedure should be applied repeatedly for all involved
types until the result does not change any more in order to
make sure the reduction is complete.
Here, we take the operator CprðH†iDμHÞðL†

pσ̄μLrÞ as a
simple example to illustrate the method. Labeling the fields
in the operator as L1H2H

†
3L

†
4, the corresponding off shell

amplitude reads1233,

−Cf4f1δ
i1
i4
δi2i3h1021i½2140�; ð4:12Þ

and this off shell amplitude can be reduced with the IBP
relation Eq. (4.9) as

−Cf4f1δ
i1
i4
δi2i3h1021i½2140� ¼ Cf4f1δ

i1
i4
δi2i3h1011i½1140�

þ Cf4f1δ
i1
i4
δi2i3h1031i½3140�

þ Cf4f1δ
i1
i4
δi2i3h1041i½4140�:

ð4:13Þ

It is straightforward to see that the first term and the third
term on the right-hand side of Eq. (4.13) correspond to the
EOM, and can be converted to other types by substituting
the EOM. For example, the first term on the right-hand side
of Eq. (4.13) corresponds to the EOM of L1, and becomes
the following off shell amplitudes:

Cf4f1δ
i1
i4
δi2i3h1011i½1140�|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

L1H2H
†
3
L†
4
D

⇒ −Cf5pðyEÞpf4δ
i1
i3
δi2i5 ½4050�|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

H1H2H
†
3
e4L

†
5

þCf5pðC†
5Þpf6δ

i1
i2
ϵi5i4ϵi6i3 ½5060� þ Cf5pðC†

5Þf6pδ
i1
i2
ϵi5i3ϵi6i4 ½5060�|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

H1H
†
2
H†

3
H†

4
L†
5
L†
6

; ð4:14Þ
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after substituting the EOM of L1. The first term on the
right-hand side of Eq. (4.14) still corresponds to a dimen-
sion-6 operator, while the second and third terms corre-
spond to dimension-7 operators.
As demonstrated above, we obtain the sum of a set of off

shell amplitudes in different types at different mass
dimensions after the reduction of one off shell amplitude
in a certain type at a certain mass dimension. It is
straightforward to see that each of the off shell amplitudes
corresponds to an operator in the on shell operator basis
since the redundancies among off shell amplitudes (oper-
ators), including the IBP, the EOM, and the Schouten
identity, are removed. In fact, the correspondence can be
found by simply taking the off shell amplitudes on shell
[56], and the on shell basis is chosen to be the y basis [17].
However, as we are doing the reduction across types and
dimensions, we should merge the y bases in different types
at different dimensions to a “full” y basis, such that any off
shell amplitude is reduced to this y basis.
As illustrated in Ref. [17], the f basis, instead of the y

basis, is the independent and complete basis if the redun-
dancy of the flavor structure is taken account of. After an
operator is translated to an off shell amplitude and reduced
to the “full” y basis, we utilize the Kpy matrix that converts
the “full” y basis to the “full” p basis to find the its
coordinates on the p basis, and it is straightforward to find
the its coordinates on the “full” f basis since the additional
basis vectors in the p basis are related to the corresponding f
basis vectors by permutations of the flavor indices.
Following the idea, we can obtain the coordinates of any
operator on any on shell operator basis if the basis is
equivalent to the p(f) basis. In this work, the selected
SMEFT operator bases are listed in Appendix C.
Here, we comment on the above operator reduction

procedure. Operators related by the EOM are redundant
because operators related by the field redefinitions are
physically equivalent [57–59]. However, in the operator
reduction, substituting the EOM of fields is equivalent to
the leading-order contribution of field redefinitions [60].
For example, if one want to include the dimension-8
SMEFT operators in the cross-dimension reduction, the
higher-order contribution of the field redefinitions of the
dimension-6 operators should be considered.

V. THE UV-IR CORRESPONDENCE

After matching and operator reduction, we are able to
project the effective Lagrangian onto a selected operator
basis. The result can be translated as a correspondence
between UV resonances and IR effective operators, which
are listed in Tables V–IX. The complete expression for
Wilson coefficients can be found in Appendix B.
The dictionary tables The relationship between UV

resonances and IR effective operators is a bit complicated,

so we rearrange the correspondence relationship into
several tables according to the dimension of operators:

(i) The correspondence between single scalar/fermion/
vector resonances and dimension-6 operators are
shown in Tables V–VII, respectively. Check mark
inside each box means that the operator to the left
can be generated by introducing the new resonance
above. For models with 2 or more kinds of UV
resonances, one can just counts and combines the
effective operators generated by each new reso-
nance, except for S1 and OfH types of operators.
OeH, OuH, and OdH need S1 with S4=F2=F3,
S4=F9=F11, and S4=F8=F11, respectively. Other
than this, interaction between different types of
new resonances does not result in new effective
operators. Actually, the relation between dimension-
6 operators and heavy field multiplets has been
provided in Ref. [27], and our result is consistent
with theirs.

(ii) The UV completions of operators with odd canoni-
cal dimension are listed in Tables VIII and IX,
depending on whether the model preserves baryon
number or not. Every box with check mark denotes
that the operator above can be generated by intro-
ducing a single resonance to the left, while boxes
with resonances means that the operator above needs
both the resonance to the left and one of the
resonance inside the box. Among single resonance
extended models only three seesaw models could
generate dimension-7 operators, which has been
verified by Ref. [61] for type-I seesaw model. Same
as above, introducing new resonance with new
interactions will not change the type of effective
operators shown in the tables but only the Wilson
coefficients.

(iii) Note that not all models are presented in the tables.
Only least requirements of resonances are listed. For
example, OLH can be generated by the model with
F5 as well as the model with F5 and F7, but only F5

are marked in the column of OLH since it has
covered the latter situation.

With these identification tables, one can check what
kinds of operators can be generated by a specific UV
model, and also what kinds of UV resonance is required if
one Wilson coefficient is measured to be nonzero.
Although in most case the correspondence relationship is
one-to-one, a quantitative analysis requires analytical
expression of Wilson coefficients.
Notation of the Wilson coefficients The operators in the

Appendix have been ordered by their dimension as well as
the operator type. Dimension-6 operators are divided into
bosonic, 4-fermion, 2-fermion, and baryon-number-violat-
ing operators, while dimension-7 operators are divided by
whether the operator violates baryon number or not. It is
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still necessary to note down the notation used in the full
expression,

(i) Mass terms in the denominator of each term denote
the source of this contribution, i.e., the Feynman
diagram. The mediating particles are just those
appearing in the subscripts of the mass terms.

(ii) The coupling parameters of the SM is the same as
those in Eq. (3.1). New coupling parameters of UV
models are denoted by C for mass-dimension-1
parameters or D for dimensionless parameters.

The corresponding interacting particles are written
in the subscript, whose flavor indices are listed in
order in the superscript. For instance, Dprs

F7LLS5
is the

dimensionless coupling of the interaction between
F7L, L, and S5, p, r, s are the flavor indices of
F7L; L; S5 respectively.

(iii) In each term of the Wilson coefficients, the flavor
indices of the Wilson coefficients are denoted by fi,
while the one summed in a pair are denoted by pj.
The subscripts of fi are ordered by helicity and

TABLE V. The correspondence between dimension-6 operators in SMEFTand single-scalar-extended UV models. Check mark inside
each box means that the operator to the left can be generated by introducing the new resonance above. Note that the operators with a star
mark in the S1 column cannot generated by an S1 extended model. OeH , OuH , and OuH need S1 with S4=F2=F3, S4=F9=F11, and
S4=F8=F11, respectively. The explicit forms of operators are listed in Table XI.

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16 S17 S18 S19

OH ✓ ✓ ✓ ✓ ✓ ✓
OH□ ✓ ✓ ✓
OHD ✓ ✓
OeH * ✓ ✓ ✓
OuH * ✓ ✓ ✓
OdH * ✓ ✓ ✓
Oll ✓ ✓

Oð1Þ
qq

✓ ✓ ✓ ✓

Oð3Þ
qq

✓ ✓ ✓ ✓

Oð1Þ
lq

✓ ✓

Oð3Þ
lq

✓ ✓

Oee ✓
Ouu ✓ ✓
Odd ✓ ✓
Oeu ✓
Oed ✓

Oð1Þ
ud

✓ ✓

Oð8Þ
ud

✓ ✓

Ole ✓
Olu ✓
Old ✓
Oqe ✓

Oð1Þ
qu

✓ ✓

Oð8Þ
qu

✓ ✓

Oð1Þ
qd

✓ ✓

Oð8Þ
qd

✓ ✓

Oledq ✓

Oð1Þ
quqd

✓ ✓ ✓

Oð8Þ
quqd

✓ ✓ ✓

Oð1Þ
lequ

✓ ✓ ✓

Oð3Þ
lequ

✓ ✓

Oduq ✓

Oqqu ✓

Oqqq ✓ ✓

Oduu ✓ ✓
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TABLE VI. The correspondence between dimension-6 operators in SMEFT and single-fermion-extended UV
models. The notation is the same as Table V.

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14

OeH ✓ ✓ ✓ ✓ ✓
OuH ✓ ✓ ✓ ✓ ✓
OdH ✓ ✓ ✓ ✓ ✓

Oð1Þ
Hl

✓ ✓ ✓ ✓

Oð3Þ
Hl

✓ ✓ ✓ ✓

OHe ✓ ✓

Oð1Þ
Hq

✓ ✓ ✓ ✓

Oð3Þ
Hq

✓ ✓ ✓ ✓

OHu ✓ ✓
OHd ✓ ✓
OHud ✓

TABLE VII. The correspondence between dimension-6 operators in SMEFT and single-vector-extended UV models. The notation is
the same as Table V.

V1 V2 V3 V4 V5 V6 V7 V8 V9 V10 V11 V12 V13 V14

OH ✓ ✓
OH□ ✓ ✓ ✓
OHD ✓ ✓ ✓
OeH ✓ ✓ ✓
OuH ✓ ✓ ✓
OdH ✓ ✓ ✓

Oð1Þ
Hl

✓

Oð3Þ
Hl

✓

OHe ✓

Oð1Þ
Hq

✓

Oð3Þ
Hq

✓

OHu ✓
OHd ✓
OHud ✓
Oll ✓ ✓

Oð1Þ
qq

✓ ✓ ✓

Oð3Þ
qq

✓ ✓ ✓

Oð1Þ
lq

✓ ✓ ✓

Oð3Þ
lq

✓ ✓ ✓

Oee ✓
Ouu ✓ ✓
Odd ✓ ✓
Oeu ✓ ✓
Oed ✓ ✓

Oð1Þ
ud

✓ ✓ ✓

Oð8Þ
ud

✓ ✓ ✓

Ole ✓ ✓
Olu ✓ ✓
Old ✓ ✓
Oqe ✓ ✓

(Table continued)
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also the letter of the field appearing in the operator.
For example, the fields appearing in OdLueH ¼
ϵijðd̄aliÞðuTaCeÞHj are dc; L; u; e;H, whose helic-
ities are−1=2;−1=2; 1=2; 1=2, 0, respectively. Thus,
the flavor indices for the former four particles are f1,
f2, f5, f4.

(iv) The flavor indices of the mass terms in the denom-
inator are omitted. Every pair to be summed up in
the numerator corresponds to a mediating particle
with the flavor index, whose mass should appear in
the denominator.

Example of usage To illustrate the usage of our dic-
tionary more clearly, we will take a simple example by

looking for one UV completion of neutrinoless double
decay (0νββ). 0νββ receives three types of contributions at
tree level: short range, long range, and neutrino mass
insertion [62–64]. Among dimension-5, -6, and -7 oper-
ators in the SMEFT, OLHD1 and OduLLD have the short-
range or contact contribution while OLeHD, OLHW ,
OdLQLH1=2, OdLueH, and OQuLLH have the long-range
contribution. Neutrino mass insertion can be induced by
O5 and OLH. Each operator has several UV origins
according to Tables VIII–IX. We just pick the model with
F3 and V2 as an example. Terms in the full Lagrangian that
involves F3 and V2 can be read from Appendix A as

TABLE VII. (Continued)

V1 V2 V3 V4 V5 V6 V7 V8 V9 V10 V11 V12 V13 V14

Oð1Þ
qu

✓ ✓ ✓

Oð8Þ
qu

✓ ✓ ✓

Oð1Þ
qd

✓ ✓ ✓

Oð8Þ
qd

✓ ✓ ✓

Oledq ✓ ✓

Oduq ✓ ✓

Oqqu ✓

TABLE VIII. The correspondence between dimension-5 and -7 LNV operators in SMEFT and UV resonances. Only models
conserving baryon number are listed here. Every box with check mark denotes that the operator above can be generated by introducing a
single resonance to the left, while boxes with resonances means that the operator above needs both the resonance to the left and one of
the resonance inside the box. Note that not all models are covered by the tables. Only least requirements of resonances are listed. The
explicit forms of operators are listed in Tables X and XII.

O5 OLH OLeHD OLHD1 OLHD2 OLHW OeLLLH OdLQLH1 OdLQLH2 OdLueH OQuLLH

S2 S4=F4 S4=F9=F10 S4=F8=F12

S4 S2=S6 S6 S2=S6 S2=S6
S6 ✓ ✓ F3 ✓ ✓ S4=F4 S4=F10=F14 S4=F10=F14 S4=F12=F13

S8 F6

S12 F14 F9=F14 F3=F12

F1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ V2=V5 ✓
F3 S6=V2 S12=V2

F4 S2=S6
F5 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
F6 S8
F8 S2
F9 S2=S12
F10 S6 S2=S6 V3

F12 S12=V3=V5 S2=S6=V5=V9

F13 S6
F14 S6=S12 S6=S12
V2 F3=V3 F1=F3=V3

V3 V2 F10=F12=V2

V5 F1=F12 F12

V9 F12
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ΔLUV ¼
X
p

½ðF̄3pÞiiDðF3pÞi −Mp
F3
ðF̄3pÞiðF3pÞi þ V†μ

2pðgμνD2 −DνDμ þ gμνðMp
V2
Þ2ÞVν

2p�

þ
�
−Drp

e†F†
3RH

†ϵij½ērðF3pÞi�H†j − 2Drsp
d†uV†

2

½ðd̄rÞaγμðusÞa�V†μ
2p

−2Dp
HHV†

2
D
ϵij½DμHi�HjV

†μ
2p þDpsr

F3LL†V†
2

δij½ðl̄sÞjγμðF3pÞi�V†μ
2r þ H:c:

�
: ð5:1Þ

From the F3 row of Table VIII, it can be verified that the
modelwithF3 andV2will generate bothOLeHD andOdLueH.
Their Wilson coefficients are listed in Appendix B as

Cf1f5
LeHD ¼

X
p1;p2

2iDf5p1�
e†F†

3RH
†D

p1f1p2�
F3LL†V†

2

Dp2

HHV†
2
D

Mp1

F3
ðMp2

V2
Þ2 ; ð5:2Þ

Cf1f2f5f4
dLueH ¼

X
p1;p2

4Df1f5p1

d†uV†
2

Df4p2�
e†F†

3RH
†D

p2f2p1�
F3LL†V†

2

Mp1

F3
ðMp2

V2
Þ2 : ð5:3Þ

We have attached the flavor indices to the Wilson coeffi-
cients. The indices are sorted by helicities and letters of the

composing fields. ForOLeHD, the helicities of the composing
fields l; e; H;H;H are−1=2; 1=2, 0, 0, 0, so l; e are labeled
by f1 and f5. The same rule applies for OdLueH, which has
been mentioned above. Thus, the effective Lagrangian is

ΔLEFT ¼ Cf1f5
LeHD × ϵijϵklðlT

if1
Cγμef5ÞHjHkðiDμHlÞ

þ Cf1f2f5f4
dLueH × ϵijðd̄af1lif2ÞðuTaf5Cef4ÞHj: ð5:4Þ

Constraints on the couplings in Eq. (5.1) can be deduced
from current experimental constraints on the Wilson
coefficients.
One can also draw the corresponding Feynman diagrams

from the Wilson coefficients. The mediating propagators
F3 and V2 are encoded in the denominator, while the
vertices are just presented as the couplings in the numer-
ator. The Feynman diagrams shows as Fig. 1.

VI. SUMMARY

The EFT approach provides a systematic way to para-
metrize the BSM physics in terms of a series of Wilson
coefficients of effective operators. One could get knowl-
edge of UV physics by measuring the related low-energy
experimental observables and determining the Wilson

TABLE IX. The correspondence between dimension-7 operators in SMEFT and UV resonances. Models listed here all violate baryon
number. Models with resonances marked with bold can generate dimension-6 baryon number violating operators. Other notations are
the same as Table VIII.

OdLQLH1 OdLQLH2 OdLueH OQuLLH OLdudH OLdddH OeQddH OLdQQH

S10 S12=F1=F10 S12=F1=F10 S12=F1=F10 S12=F1=F10 S12=F1=F10

S11 S13=F1=F11 S12=F2=F11 S13=F3=F8

S12 S10=S14 S10=S14 S10 S10=F10=F11 S11=F11 S10=S14=F8=F13

S13 S11=F10 S11=F10

S14 S12=F5=F10 S12=F5=F10 S12=F5=F10

F1 S10 S10 S10 V8 S10=S11 S10=V8
F2 S11
F3 V8 S11=V8
F5 S14 S14 V8 S14=V8
F8 V8 S11=V5 S12=V5=V8
F10 S10=S14 S10=S14 S10=V8 S10=S12=S13 S13=V5=V8 S10=S14=V5=V9

F11 S11=S12 S11=S12
F13 V8 S12=V8=V9

V5 V8 V8 F8=F10=V8 F8=F10=V8
V8 F3=F10=V5 F1=F5=F8=F13=V5=V9 F3=F10=V5 F1=F5=F8=F13=V5=V9

V9 V8 F10=F13=V8

FIG. 1. Contributions to dimension-7 operators OLeHD and
OdLueH from the model with F3 and V2.
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coefficients. In order not to miss any possibilities, a
systematic bottom-up approach to link the UV physics
and Wilson coefficients is needed. In this work, we present
a correspondence between different UV resonances and
dimension-5, -6, and -7 SMEFT operators in Tables V–IX.
Information about the UV resonances is encoded in the
relation among Wilson coefficients of effective operators,
including same dimension and cross-dimension relation.
With the help of the dictionary tables, a pattern of nonzero
Wilson coefficients measured by experiments can be
utilized to determine the resonance that possibly exists.
The complete expression of the Wilson coefficients is
presented in Appendix B.
Following Ref. [18], the UV resonances that have tree-

level contributions to the effective operator can be enu-
merated by finding the eigenstates of the Casimir operators.
We use spinor helicity formalism with massive amplitude to
generate the renormalizable Lagrangian for UV physics
containing all possible resonances. The Lorentz structures
are listed in Table I. The gauge structures as well as the
Clebsch-Gordan coefficients can be found by Young
tableau formalism. After writing down the complete
Lagrangian, we use the functional matching method to
integrate out the heavy fields at the classical level. In order
to reduce numerous effective operators to one operator
basis, we provide a systematic method by the off shell
amplitude formalism, which can be applied to any redun-
dant operators. Our enumeration, matching, and reduction
procedure is also applicable for all kinds of EFT-guided
physics search.
The UV-IR dictionary listed in Tables V–IX and

Appendix B can be used in two ways: one may check
what kinds of effective operators can be generated for one
UV model, and if several effective coefficients are mea-
sured to be nonzero, he can also check which heavy
resonance has the most possibilities to exist. The complete
expression of the Wilson coefficients is also presented in
the Appendix for qualitative analysis. Our result could
provide an EFT-guided UV resonance searches in the future
collider experiments.

ACKNOWLEDGMENTS

Wewould like to thank Yu-Han Ni andMing-Lei Xiao for
helpful discussions. This work is supported by the National
Science Foundation of China under Grants No. 12022514,
No. 11875003, and No. 12047503, and National Key
Research and Development Program of China Grants
No. 2020YFC2201501, No. 2021YFA0718304, and CAS
Project for Young Scientists in Basic Research YSBR-006,
the Key Research Program of the CAS Grant No. XDPB15.

APPENDIX A: THE UV LAGRANGIAN

In this appendix, we provide the relevant UV
Lagrangian. Some descriptions are given as follows:

(i) New couplings with mass dimension 1 and 0 are
denoted by C and D, respectively. The subscript
marks the interacting fields and the flavor indices are
written in the superscript.

(ii) Every field has its gauge indices (a; A; a;… or
i; I; I ;…) and flavor indices (p; r; s; t;…).

(iii) The transpose marks T of fermion fields are omitted
for convenience. fT1Cf2 ¼ f̄c1f2 and f̄1Cf̄T2 ¼ f̄1fc2
are denoted by f1Cf2 and f̄1Cf̄2, respectively.

Detailed description can be found in Sec. III.

1. Kinetic terms

The kinetic terms have been presented in Sec. IV. For
completeness, we list the terms here,

ΔLkin ¼ −ηΦ†ðD2 þM2ÞΦ; for scalars; ðA1Þ

ΔLkin ¼ F̄iDF −
1

2
MðF̄cF þ F̄FcÞ;

for Majorana fermions; ðA2Þ

ΔLkin ¼ F̄iDF −MF̄F; for Dirac fermions; ðA3Þ

ΔLkin ¼ ηV†μðgμνD2 −DνDμ þ gμνM2ÞVν;

for vectors; ðA4Þ

where η ¼ 1
2
ð1Þ for real(complex) bosonic fields. Note that

Majorana fermions have parity left; i.e., F ¼ FL ¼ PLF,
PL is the projection operator. Contraction of gauge indices
are straightforward. For example,

ΔLkin ¼ −S†a15ðD2 þM2
S15
ÞS15a; ðA5Þ

for S15 and

ΔLkin ¼ F̄I
5iDFI

5 −
1

2
MF5

ðF̄cI
5 F

I
5 þ F̄I

5F
cI
5 Þ; ðA6Þ

for F5.

2. Interacting terms

As we construct the UV Lagrangian with the two-
component spinors, initially the fermions in the UV
Lagrangian are all two-component Weyl spinors, and then
we translate them to four-component Dirac spinors for
readers’ convenience, through the following relations:
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q ¼
�
Q

0

�
; u ¼

�
0

uðRÞ

�
; d ¼

�
0

dðRÞ

�
; l ¼

�
L

0

�
; e ¼

�
0

eðRÞ

�
; ðA7Þ

q̄ ¼ ð0; Q†Þ; ū ¼ ðu†ðRÞ; 0Þ; d̄ ¼ ðd†ðRÞ; 0Þ; l̄ ¼ ð0; L†Þ; ē ¼ ðe†ðRÞ; 0Þ; ðA8Þ

for SM fermions,

F ¼
�
FL

0

�
and

�
FL

FR

�
; ðA9Þ

for UV Majorana and Dirac fermions.

a. New scalars

ΔLðd¼3Þ
UV;S ¼ Cp

HH†S1
HiH†iS1p −

Cp
HH†S5ffiffiffi
2

p ðτIÞijHiH†jðS5pÞI þ
�Cp

HHS†
6ffiffiffi

2
p ϵkjðτIÞikHiHjðS†6pÞI

þ Cpr
HS1S

†
4

HiðS†4rÞiS1p þ Crp
HS†

2
S4
ϵjiHjðS4rÞiS†2p −

Cpr
H†S4S5ffiffiffi

2
p ðτIÞijH†jðS4pÞiðS5rÞI

þ
Cpr
HS4S

†
6ffiffiffi

2
p ϵkiðτIÞjkHjðS4pÞiðS†6rÞI þ

Cpr
HS5S

†
7ffiffiffi

2
p ϵjlCikl

i ðτIÞjkHiðS5pÞIðS†7rÞi

þ
Crp
HS†

6
S7ffiffiffi
2

p ϵimϵjlCi
klmðτIÞkjHiðS†6pÞIðS7rÞi þ

Cpr
HS6S

†
8ffiffiffi

2
p ϵjlCikl

i ðτIÞjkHiðS6pÞIðS†8rÞi

þ 2Cpr
HS10S

†
12

HiðS10pÞaðS†12rÞai þ 2Crp
HS†

11
S12
ϵjiHjðS†11pÞaðS12rÞai

þ 2Cpr
HS11S

†
13

HiðS11pÞaðS†13rÞai −
ffiffiffi
2

p
Crp
HS†

12
S14
ðτIÞjiHjðS†12pÞaiðS14rÞIa þ H:c:

�

þ CprsS1S1S1
S1pS1rS1s − CprsS1S5S5

ðS5rÞIðS5sÞIS1p þ Cprs
S1S6S

†
6

ðS6rÞIðS†6sÞIS1p

þ
�
−Cspr

S†
2
S5S6

ðS5rÞIðS6sÞIS†2p − Cprs
S3S

†
6
S†
6

ðS†6rÞIðS†6sÞIS3p þ H:c:

�

−
iCprs

S5S6S
†
6ffiffiffi

2
p ϵIJKðS5pÞIðS6rÞJðS†6sÞK ðA10Þ
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ΔLðd¼4Þ
UV;S ¼

�
−Drsp

LLS2
ϵij½ðlrÞiCðlsÞj�S2p −Drsp

e†e†S†
3

½ērCēs�S†3p − 2Drsp
d†QS†

4

½ðd̄rÞaðqsÞai�ðS†4pÞi

−Drsp
e†LS†

4

½ērðlsÞi�ðS†4pÞi − 2Drps
QS4u†

ϵji½ðūsÞaðqrÞaj�ðS4pÞi

−
Drsp

LLS6ffiffiffi
2

p ϵjkðτIÞik½ðlrÞiCðlsÞj�ðS6pÞI − 2Drsp
d†e†S9

½ðd̄rÞaCēs�ðS9pÞa
− 4Dprs

S†
9
u†u†

ϵabc½ðūrÞbCðūsÞc�ðS†9pÞa − 4Drps
d†S†

10
u†
ϵbac½ðd̄rÞbCðūsÞc�ðS†10pÞa

− 2Drps
e†S10u†

½ērCðūsÞa�ðS10pÞa − 2Drsp
LQS†

10

ϵij½ðlrÞiCðqsÞaj�ðS†10pÞa

−Drsp
QQS10

ϵbcaϵij½ðqrÞbiCðqsÞcj�ðS10pÞa − 4Drsp
d†d†S†

11

ϵbca½ðd̄rÞbCðd̄sÞc�ðS†11pÞa

− 2Drsp
d†LS12

ϵji½ðd̄rÞaðlsÞj�ðS12pÞai − 2Drsp
e†QS†

13

½ērðqsÞai�ðS†13pÞai

− 2Drps
LS13u†

ϵji½ðūsÞaðlrÞj�ðS13pÞai −
ffiffiffi
2

p
Drsp

LQS†
14

ϵkjðτIÞik½ðlrÞiCðqsÞaj�ðS†14pÞaI

−
Drsp

QQS14ffiffiffi
2

p ϵbcaϵjkðτIÞik½ðqrÞbiCðqsÞcj�ðS14pÞIa − 4Drsp
d†d†S15

Ca
ab½ðd̄rÞaCðd̄sÞb�ðS15pÞa

− 4Drps
d†S16u†

Ca
ab½ðd̄rÞaCðūsÞb�ðS16pÞa − 4Drsp

QQS†
16

ϵijCab
a ½ðqrÞaiCðqsÞbj�ðS†16pÞa

− 4Dprs
S17u†u†

Ca
ab½ðūrÞaCðūsÞb�ðS17pÞa

− 2
ffiffiffi
2

p
Drsp

QQS†
18

ϵkjCab
a ðτIÞik½ðqrÞaiCðqsÞbj�ðS†18pÞaI

− 2
ffiffiffi
2

p
Drsp

d†QS†
19

ðλAÞba½ðd̄rÞaðqsÞbi�ðS†19pÞAi

−
ffiffiffi
2

p
Drps

QS19u†
ϵjiðλAÞab½ðūsÞbðqrÞaj�ðS19pÞAi −Dp

HH†H†S4
δikδ

j
lHjH†kH†lðS4pÞi

þDp
HHH†S†

7

ϵklC
ijl
i HiHjH†kðS†7pÞi þDp

HHHS†
8

Cijk
i HiHjHkðS†8pÞi þ H:c:

�

þDpr
HH†S1S1

δijHiH†jS1pS1r −
Dpr

HH†S1S5ffiffiffi
2

p ðτIÞijHiH†jðS5rÞIS1p

þ
�Dpr

HHS1S
†
6ffiffiffi

2
p ϵkjðτIÞikHiHjðS†6rÞIS1p þ

Drp
HHS†

2
S5ffiffiffi

2
p ϵjkðτIÞikHiHjðS5rÞIS†2p

þ
Dpr

HH†S2S
†
6ffiffiffi

2
p ðτIÞijHiH†jðS†6rÞIS2p þ

Drp
HHS†

3
S6ffiffiffi

2
p ϵjkðτIÞikHiHjðS6rÞIS†3p þ H:c:

�

−
Dpr

HH†S5S5ð1Þ
2

ðτIÞikðτJÞkjHiH†jðS5pÞIðS5rÞJ

−Dpr
HH†S5S5ð2Þδ

IJδijHiH†jðS5pÞIðS5rÞJ

þ
�Dpr

HHS5S
†
6

2
ϵklðτIÞilðτJÞjkHiHjðS5pÞIðS†6rÞJ þ H:c:

�

þ
Dpr

HH†S6S
†
6
ð1Þ

2
ðτIÞikðτJÞkjHiH†jðS6pÞIðS†6rÞJ

þDpr
HH†S6S

†
6
ð2Þδ

IJδijHiH†jðS6pÞIðS†6rÞJ ðA11Þ
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b. New fermions

ΔLðd¼4Þ
UV;F ¼ −Dpr

F1HLϵ
ji½F1pCðlrÞi�Hj þDpr

F2LH†L
½F2pCðlrÞi�H†i

−Drp
e†F†

3RH
†ϵij½ērCðF̄3pÞi�H†j þDrp

e†F†
4RH

½ērCðF̄4pÞi�Hi

þDpr
F5HLffiffiffi
2

p ϵkjðτIÞik½ðF5pÞICðlrÞi�Hj þ
Dpr

F6LH†Lffiffiffi
2

p ðτIÞij½ðF6pÞICðlrÞi�H†j

þ 2Dpr
F†
8RH

†Q
½ðF̄8pÞaðqrÞai�H†i − 2Dpr

F†
9RHQ

ϵji½ðF̄9pÞaðqrÞai�Hj

− 2Drp
d†F10LH

ϵij½ðd̄rÞaðF10pÞai�Hj − 2Drp
d†F11LH† ½ðd̄rÞaðF11pÞai�H†i

− 2Dpr
F11LHu†

ϵij½ðūrÞaðF11pÞai�Hj − 2Dpr
F12LH†u†

½ðūrÞaðF12pÞai�H†i

−
ffiffiffi
2

p
Dpr

F†
13RH

†Q
ðτIÞij½ðF̄13pÞaIðqrÞai�H†j

−
ffiffiffi
2

p
Dpr

F†
14RHQ

ϵkjðτIÞik½ðF̄14pÞaIðqrÞai�Hj −Dpr
F1F3LH†δij½F1pCðF3rÞi�H†j

−Dpr
F1F

†
3RH

δji ½ðF̄3rÞiF1p�Hj −Drp
F†
2RF3LH

ϵij½F̄2pðF3rÞi�Hj

−Drp
F†
2RF4LH†δ

i
j½F̄2pðF4rÞi�H†j −

Dpr
F3LF5H†ffiffiffi

2
p ðτIÞij½ðF3pÞiCðF5rÞI�H†j

−
Drp

F†
3RF5Hffiffiffi
2

p ðτIÞji ½ðF̄3pÞiðF5rÞI�Hj −
Dpr

F3LF
†
6RHffiffiffi
2

p ϵkjðτIÞik½ðF̄6rÞIðF3pÞi�Hj

−
Dpr

F4LF
†
6RH

†ffiffiffi
2

p ðτIÞij½ðF̄6rÞIðF4pÞi�H†j þ
Dpr

F5F7LH†ffiffiffi
2

p ϵlkCi
ijkðτIÞjl ½ðF5pÞICðF7rÞi�H†i

−
Dpr

F5F
†
7RHffiffiffi
2

p ϵjlCkli
i ðτIÞjk½ðF̄7rÞiðF5pÞI�Hi

−
Drp

F†
6RF7LHffiffiffi
2

p ϵjlϵmiCi
klmðτIÞkj ½ðF̄6pÞIðF7rÞi�Hi

− 2Drp
F†
10RF8LH†ϵijδ

a
b½ðF̄10pÞaiðF8rÞb�H†j þ 2Drp

F†
11RF8LH

δabδ
j
i ½ðF̄11pÞaiðF8rÞb�Hj

− 2Drp
F†
11RF9LH†ϵijδ

a
b½ðF̄11pÞaiðF9rÞb�H†j þ 2Drp

F†
12RF9LH

δabδ
j
i ½ðF̄12pÞaiðF9rÞb�Hj

þ
ffiffiffi
2

p
Drp

F†
10RF13LH†ϵkjδ

a
bðτIÞki ½ðF̄10pÞaiðF13rÞIb�H†j

−
ffiffiffi
2

p
Drp

F†
11RF13LH

δabðτIÞji ½ðF̄11pÞaiðF13rÞIb�Hj

þ
ffiffiffi
2

p
Drp

F†
11RF14LH†ϵkjδ

a
bðτIÞki ½ðF̄11pÞaiðF14rÞIb�H†j

−
ffiffiffi
2

p
Drp

F†
12RF14LH

δabðτIÞji ½ðF̄12pÞaiðF14rÞIb�Hj þ H:c: ðA12Þ

c. New vectors

ΔLðd¼3Þ
UV;V ¼ −2Cpr

HV2V
†
3

HiðV†
3rÞiμV2pμ − 4Crp

HV†
5
V8

ϵjiHjðV†
5pÞaμðV8rÞμai

− 2
ffiffiffi
2

p
Cpr
HV8V

†
9

ϵkiðτIÞjkHjðV8pÞaiμðV†
9rÞaIμ þ H:c: ðA13Þ
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ΔLðd¼4Þ
UV;V ¼ −2Drsp

d†dV1
½ðd̄rÞaγμðdsÞa�Vμ

1p −Drsp
e†eV1

½ērγμes�Vμ
1p

þ ½−2Dp
HH†V1D

½DμHi�H†iVμ
1p þ H:c:� þDrsp

LL†V1
½ðl̄sÞiγμðlrÞi�Vμ

1p

þ 2Drsp
QQ†V1

½ðq̄sÞaiγμðqrÞai�Vμ
1p − 2Drsp

u†uV1
½ðūrÞaγμðusÞa�Vμ

1p

þ ½−2Drsp
d†uV†

2

½ðd̄rÞaγμðusÞa�V†μ
2p − 2Dp

HHV†
2
D
ϵij½DμHi�HjV

†μ
2p

−Drsp
e†L†V†

3

ϵji½ērγμCðl̄sÞj�ðV†
3pÞiμ þ H:c:�

þ ½
ffiffiffi
2

p
Dp

HH†V4D
ðτIÞij½DμHi�H†jðV4pÞIμ þ H:c:�

−
Drsp

LL†V4ffiffiffi
2

p ðτIÞij½ðl̄sÞjγμðlrÞi�ðV4pÞIμ −
ffiffiffi
2

p
Drsp

QQ†V4
ðτIÞij½ðq̄sÞajγμðqrÞai�ðV4pÞIμ

þ ½−2Drsp
d†eV5

½ðd̄rÞaγμes�ðV5pÞμa þ 2Dsrp
L†QV†

5

½ðl̄sÞiγμðqrÞai�ðV†
5pÞaμ

þ 2Dsrp
eu†V6

½ðūrÞaγμes�ðV6pÞμa þ 2Drsp
d†L†V7

½ðd̄rÞaγμCðl̄sÞi�ðV7pÞμai
þ 2Dsrp

eQV†
7

½ðqrÞaiCγμes�ðV†
7pÞaiμ þDrsp

QuV7
ϵbcaϵij½ðqrÞbjCγμðusÞc�ðV7pÞμai

−Dsrp
dQV8

ϵcbaϵij½ðqrÞbjCγμðdsÞc�ðV8pÞμai − 2Dsrp
L†u†V8

½ðūrÞaγμCðl̄sÞi�ðV8pÞμai
−

ffiffiffi
2

p
Dsrp

L†QV†
9

ðτIÞij½ðl̄sÞjγμðqrÞai�ðV†
9pÞaIμ þ 4Dsrp

dQV†
10

Cba
a ½ðqrÞaiCγμðdsÞb�ðV†

10pÞaiμ

− 4Drsp
QuV†

11

Cab
a ½ðqrÞaiCγμðusÞb�ðV†

11pÞaiμ þ H:c:�

− 2
ffiffiffi
2

p
Drsp

d†dV12
ðλAÞba½ðd̄rÞaγμðdsÞb�ðV12pÞAμ

þ
ffiffiffi
2

p
Drsp

QQ†V12
ðλAÞab½ðq̄sÞbiγμðqrÞai�ðV12pÞAμ

− 2
ffiffiffi
2

p
Drsp

u†uV12
ðλAÞba½ðūrÞaγμðusÞb�ðV12pÞAμ

þ ½−2
ffiffiffi
2

p
Drsp

d†uV†
13

ðλAÞba½ðd̄rÞaγμðusÞb�ðV†
13pÞAμ þ H:c:�

−Drsp
QQ†V14

ðλAÞabðτIÞij½ðq̄sÞbjγμðqrÞai�ðV14pÞAIμ ðA14Þ

d. Mixed terms

ΔLðd¼4Þ
UV;SF ¼

�
−Dspr

e†F†
2RS1

½ēsF2p�S1r −Dpsr
F3LLS1

ϵij½ðF3pÞiCðlsÞj�S1r
− 2Dspr

d†F8LS1
δab½ðd̄sÞbðF8pÞa�S1r − 2Dprs

F9LS1u†
δab½ðūsÞbðF9pÞa�S1r

þ 2Dpsr
F†
11RQS1

δbaδ
j
i ½ðF11pÞaiCðqsÞbj�S1r −Dspr

e†F1S
†
2

½ēsF1p�S†2r
−Dpsr

F4LLS
†
2

ϵij½ðF4pÞiCðlsÞj�S†2r − 2Dprs
F8LS2u†

δab½ðūsÞbðF8pÞa�S2r
− 2Dspr

d†F9LS
†
2

δab½ðd̄sÞbðF9pÞa�S†2r þ 2Dpsr
F†
10RQS†

2

δbaδ
j
i ½ðF10pÞaiCðqsÞbj�S†2r

þ 2Dpsr
F†
12RQS2

δbaδ
j
i ½ðF12pÞaiCðqsÞbj�S2r −Dpsr

F1LS4
ϵji½F1pCðlsÞj�ðS4rÞi

þDpsr
F5LLS4ffiffiffi
2

p ϵkjðτIÞik½ðF5pÞICðlsÞj�ðS4rÞi −
Dpsr

F3LLS5ffiffiffi
2

p ϵjkðτIÞik½ðF3pÞiCðlsÞj�ðS5rÞI
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−Dspr
e†F†

6RS5
δIJ½ēsðF6pÞI�ðS5rÞJ −

Dpsr
F7LLS5ffiffiffi
2

p ϵliϵmjCi
klmðτIÞkj ½ðF7pÞiCðlsÞi�ðS5rÞI

þ
ffiffiffi
2

p
Dpsr

F†
11RQS5

δbaðτIÞji ½ðF11pÞaiCðqsÞbj�ðS5rÞI

þ 2Dspr
d†F13LS5

δIJδab½ðd̄sÞbðF13pÞIa�ðS5rÞJ þ 2Dprs
F14LS5u†

δIJδab½ðūsÞbðF14pÞIa�ðS5rÞJ

þ
Dpsr

F†
3RLS6ffiffiffi
2

p ðτIÞji ½ðF3pÞiCðlsÞj�ðS6rÞI −
Dpsr

F4LLS
†
6ffiffiffi

2
p ϵkjðτIÞik½ðF4pÞiCðlsÞj�ðS†6rÞI

−Dspr
e†F5S

†
6

δIJ½ēsðF5pÞI�ðS†6rÞJ þ
Dpsr

F†
7RLS6ffiffiffi
2

p ϵjlCikl
i ðτIÞjk½ðF7pÞiCðlsÞi�ðS6rÞI

−
ffiffiffi
2

p
Dpsr

F†
10RQS†

6

δbaðτIÞji ½ðF10pÞaiCðqsÞbj�ðS†6rÞI

þ
ffiffiffi
2

p
Dpsr

F†
12RQS6

δbaðτIÞji ½ðF12pÞaiCðqsÞbj�ðS6rÞI

þ 2Dprs
F13LS6u†

δIJδab½ðūsÞbðF13pÞIa�ðS6rÞJ − 2Dspr
d†F14LS

†
6

δIJδab½ðd̄sÞbðF14pÞIa�ðS†6rÞJ

þDpsr
F5LS7ffiffiffi
2

p ϵilϵmkCi
jklðτIÞjm½ðF5pÞICðlsÞi�ðS7rÞi

−
Dpsr

F†
6RLS8ffiffiffi
2

p ϵimϵjlCi
klmðτIÞkj ½ðF6pÞICðlsÞi�ðS8rÞi − 2Dspr

d†F1S10
δab½ðd̄sÞbF1p�ðS10rÞa

þ 2Dpsr
F†
10RLS10

δbaδ
j
i ½ðF10pÞaiCðlsÞj�ðS10rÞb − 2Dprs

F1S11u†
δab½ðūsÞbF1p�ðS11rÞa

− 2Dspr
d†F†

2RS11
δab½ðd̄sÞbF2p�ðS11rÞa − 2Dpsr

F3LQS†
11

ϵijδba½ðF3pÞiCðqsÞbj�ðS†11rÞa

− 2Dspr
e†F8LS

†
11

δab½ēsðF8pÞa�ðS†11rÞb þ 2Dpsr
F†
11RLS11

δbaδ
j
i ½ðF11pÞaiCðlsÞj�ðS11rÞb

− 2Dpsr
F1QS†

12

δbaδ
j
i ½F1pCðqsÞbj�ðS†12rÞai − 2Dprs

F3LS12u†
ϵijδab½ðūsÞbðF3pÞi�ðS12rÞaj

þ
ffiffiffi
2

p
Dpsr

F5QS†
12

δbaðτIÞji ½ðF5pÞICðqsÞbj�ðS†12rÞai

−Dpsr
F8LQS12

ϵacbϵji½ðF8pÞaCðqsÞcj�ðS12rÞbi − 2Dpsr
F9LLS

†
12

δabδ
j
i ½ðF9pÞaCðlsÞj�ðS†12rÞbi

− 4Dprs
F†
10RS

†
12
u†
ϵijϵ

abc½ðūsÞcðF10pÞai�ðS†12rÞbj

− 4Dspr
d†F†

11RS
†
12

ϵijϵ
cab½ðd̄sÞcðF11pÞai�ðS†12rÞbj

þ 2Dspr
e†F†

12RS12
δbaδ

j
i ½ēsðF12pÞai�ðS12rÞbj

−
Dpsr

F13LQS12ffiffiffi
2

p ϵacbϵikðτIÞjk½ðF13pÞIaCðqsÞcj�ðS12rÞbi
þ

ffiffiffi
2

p
Dpsr

F14LLS
†
12

δabðτIÞji ½ðF14pÞIaCðlsÞj�ðS†12rÞbi

− 4Dspr
d†F†

10RS
†
13

ϵijϵ
cab½ðd̄sÞcðF10pÞai�ðS†13rÞbj

þ 2Dspr
d†F5S14

δIJδab½ðd̄sÞbðF5pÞI�ðS14rÞJa

þ
ffiffiffi
2

p
Dpsr

F†
10RLS14

δbaðτIÞji ½ðF10pÞaiCðlsÞj�ðS14rÞIb þ H:c:

�
−Dprs

F1F1S1
½F1pCF1r�S1s

þDprs
F5F5S1

δIJ½ðF5pÞICðF5rÞJ�S1s þDprs
F1F5S5

δIJ½F1pCðF5rÞI�ðS5sÞJ
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−
iDprs

F5F5S5ffiffiffi
2

p ϵIJK½ðF5pÞICðF5rÞJ�ðS5sÞK þ
�
−Dprs

F1F
†
6RS6

δIJ½F1pCðF6rÞI�ðS6sÞJ

þDrps
F†
2RF5S6

δIJ½F2pCðF5rÞI�ðS6sÞJ −
Dprs

F3LF3LS
†
6ffiffiffi

2
p ϵkjðτIÞik½ðF3pÞiCðF3rÞj�ðS†6sÞI

þ
iDprs

F5F
†
6RS6ffiffiffi
2

p ϵIJK½ðF5pÞICðF6rÞJ�ðS6sÞK þ H:c:
�

ðA15Þ

ΔLðd¼4Þ
UV;SV ¼ −

ffiffiffi
2

p
Dpr

HS6V
†
3
D
ðτIÞji ½DμHj�ðS6pÞIðV†

3rÞiμ þ H:c: ðA16Þ

ΔLðd¼4Þ
UV;FV ¼ Dspr

eF1V2
½F1pCγμes�Vμ

2r − 2Dpsr
F†
1
u†V5

δab½ðūsÞbγμCF̄1p�ðV5rÞμa
þ 2Dpsr

F†
1
QV†

8

δbaδ
j
i ½F̄1pγμðqsÞbj�ðV†

8rÞaiμ þDpsr
F3LL†V†

2

δij½ðl̄sÞjγμðF3pÞi�V†μ
2r

− 2Dspr
d†F†

3LV8

δabδ
j
i ½ðd̄sÞbγμCðF̄3pÞi�ðV8rÞμaj þ

ffiffiffi
2

p
Dpsr

F†
5
QV†

8

δbaðτIÞji ½ðF̄5pÞIγμðqsÞbj�ðV†
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5
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þ 4Dspr

d†F†
8LV

†
5
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3rÞjμ − 4Dpsr
F†
10RQ

†V†
5

ϵijϵ
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j
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2

p
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F†
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9
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dF†
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j
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þ
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ϵcbaδIJ½ðF13pÞIaCγμðdsÞc�ðV9rÞJμb þ H:c: ðA17Þ

APPENDIX B: THE COMPLETE WILSON COEFFICIENTS OF MATCHING RESULT

In this appendix, we provide the complete expression of Wilson coefficients. Some descriptions are given as follows:
(i) y; μH; λH are SM Yukawa, Higgs quadratic, quartic couplings as in Sec. III. C and D are new couplings with mass

dimension 1 and 0 as described in Appendix A.
(ii) Flavor indices of every effective operator and Wilson coefficients are marked by f1; f2;… in the order of the

helicities and the letters of the composing fields. For example, CdLueH is the Wilson coefficients of
Of1f2f5f4

dLueH ¼ ϵijðd̄af1lif2ÞðuTaf5Cef4ÞHj, since the helicities of the fields d̄;l; u; e; H are −1=2;−1=2; 1=2; 1=2, 0,
respectively.

(iii) C5 denotes the coefficient of the Weinberg operator. Since it depends on the model, we just leave in the expressions.
Detailed description of usage can be found in Sec. V.

1. Dimension-5

C5 ¼ −
Dp1f1

F1HLD
p1f2
F1HLμ

2
H

2M3
F1

−
Dp1f1

F5HLD
p1f2
F5HLμ

2
H

4M3
F5

−
Df1f2p1

LLS6
Cp1

HHS†
6

M2
S6

þDp1f1
F1HLD

p1f2
F1HL

2MF1

þDp1f1
F5HLD

p1f2
F5HL

4MF5
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2. Dimension-6

a. Bosonic operators

CH ¼
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þ
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þ
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þ
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þ
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þ
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þ
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þ
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þ
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CHD ¼ −
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CuH ¼
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6

Df4p2f5�
QS4u†

M2
S4
M2

S6

−
Cp1

HH†S5
Cp2p1

H†S4S5
Df4p2f5�

QS4u†

M2
S4
M2

S5

þ
2iyf4p1

u Dp2�
HH†V1D

Dp1f5p2

u†uV1

M2
V1

þ
2iyf4p1

u Dp2

HH†V1D
Dp1f5p2

u†uV1

M2
V1

ðB6Þ
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CdH ¼
ðCp1

HH†S5
Þ2yf5f4d

2M4
S5

−
ðDp1�

HH†V1D
Þ2yf5f4d

M2
V1

þ
ðDp1

HH†V1D
Þ2yf5f4d

M2
V1

−
ðDp1�

HH†V4D
Þ2yf5f4d

2M2
V4

þ
ðDp1

HH†V4D
Þ2yf5f4d

2M2
V4

þ
Cp1�
HHS†

6

Cp1

HHS†
6

yf5f4d

M4
S6

−
2Dp1�

HHV†
2
D
Dp1

HHV†
2
D
yf5f4d

M2
V2

þ
2Dp1�

HH†V4D
Dp1

HH†V4D
yf5f4d

M2
V4

þ
2yf5p1

d Df4p2�
d†F10LH

Dp1p2

d†F10LH

M2
F10

þ
2yf5p1

d Df4p2�
d†F11LH†D

p1p2

d†F11LH†

M2
F11

−
4Df4p1�

d†F10LH
Dp1p2�

F†
10RF13LH†D

p2f5�
F†
13RH

†Q

MF10
MF13

−
4Df4p1�

d†F11LH†D
p1p2�
F†
11RF13LH

Dp2f5�
F†
13RH

†Q

MF11
MF13

þ
yp1f4
d Dp2f5�

F†
13RH

†Q
Dp2p1

F†
13RH

†Q

M2
F13

þ
8Df4p1�

d†F11LH†D
p1p2�
F†
11RF14LH†D

p2f5�
F†
14RHQ

MF11
MF14

þ
2yp1f4

d Dp2f5�
F†
14RHQ

Dp2p1

F†
14RHQ

M2
F14

þ
8Df4p1�

d†F10LH
Dp1p2�

F†
10RF8LH†D

p2f5�
F†
8RH

†Q

MF10
MF8

−
8Df4p1�

d†F11LH†D
p1p2�
F†
11RF8LH

Dp2f5�
F†
8RH

†Q

MF11
MF8

þ
2yp1f4

d Dp2f5�
F†
8RH

†Q
Dp2p1

F†
8RH

†Q

M2
F8

þ
4Df4p1�

d†F10LH
Dp1f5p2�

F†
10RQS†

6

Cp2

HHS†
6

MF10
M2

S6

þ
4Df4p1p2�

d†F14LS
†
6

Dp1f5�
F†
14RHQ

Cp2

HHS†
6

MF14
M2

S6

þ
2Df4f5p1�

d†QS†
4

Dp1�
HH†H†S4

M2
S4

−
4Df4p1�

d†F11LH†D
p1f5p2�
F†
11RQS1

Cp2

HH†S1

MF11
M2

S1

−
4Df4p1p2�

d†F8LS1
Dp1f5�

F†
8RH

†Q
Cp2

HH†S1

MF8
M2

S1

−
2Df4p1�

d†F11LH†D
p1f5p2�
F†
11RQS5

Cp2

HH†S5

MF11
M2

S5

−
2Df4p1p2�

d†F13LS5
Dp1f5�

F†
13RH

†Q
Cp2

HH†S5

MF13
M2

S5

þ
2iyf5p1

d Dp1f4p2

d†dV1
Dp2�

HH†V1D

M2
V1

þ
2iyf5p1

d Dp1f4p2

d†dV1
Dp2

HH†V1D

M2
V1

−
2Df4f5p1�

d†QS†
4

Cp2

HH†S1
Cp2p1

HS1S
†
4

M2
S1
M2

S4

−
2Df4f5p1�

d†QS†
4

Cp2

HHS†
6

Cp1p2�
HS4S

†
6

M2
S4
M2

S6

þ
Df4f5p1�

d†QS†
4

Cp2

HH†S5
Cp1p2�
H†S4S5

M2
S4
M2

S5

þ
2iyp1f4

d Dp2�
HH†V1D

Dp1f5p2

QQ†V1

M2
V1

þ
2iyp1f4

d Dp2

HH†V1D
Dp1f5p2

QQ†V1

M2
V1

−
iyp1f4

d Dp2�
HH†V4D

Dp1f5p2

QQ†V4

M2
V4

þ
iyp1f4

d Dp2

HH†V4D
Dp1f5p2

QQ†V4

M2
V4

ðB7Þ

b. Mixed operators

Cð1Þ
Hl ¼ −

iDf1f4p1

LL†V1
Dp1

HH†V1D

M2
V1

þ
iDf1f4p1

LL†V1
Dp1�

HH†V1D

M2
V1

þDp1f1
F1HLD

p1f4�
F1HL

4M2
F1

−
Dp1f1

F2LH†L
Dp1f4�

F2LH†L

4M2
F2

þ 3Dp1f1
F5HLD

p1f4�
F5HL

8M2
F5

−
3Dp1f1

F6LH†L
Dp1f4�

F6LH†L

8M2
F6

ðB8Þ
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Cð3Þ
Hl ¼ −

iDf1f4p1

LL†V4
Dp1

HH†V4D

2M2
V4

−
iDf1f4p1

LL†V4
Dp1�

HH†V4D

2M2
V4

−
Dp1f1

F1HLD
p1f4�
F1HL

4M2
F1

−
Dp1f1

F2LH†LD
p1f4�
F2LH†L

4M2
F2

þDp1f1
F5HLD

p1f4�
F5HL

8M2
F5

þ
Dp1f1

F6LH†LD
p1f4�
F6LH†L

8M2
F6

ðB9Þ

CHe ¼
iDf1f4p1

e†eV1
Dp1

HH†V1D

M2
V1

−
iDf1f4p1

e†eV1
Dp1�

HH†V1D

M2
V1

þ
Df1p1

e†F†
3RH

†D
f4p1�
e†F†

3RH
†

2M2
F3

−
Df1p1

e†F†
4RH

Df4p1�
e†F†

4RH

2M2
F4

ðB10Þ

Cð1Þ
Hq ¼ −

3Dp1f1
F†
13RH

†Q
Dp1f4�

F†
13RH

†Q

2M2
F13

þ
3Dp1f1

F†
14RHQ

Dp1f4�
F†
14RHQ

2M2
F14

−
2iDf1f4p1

QQ†V1
Dp1

HH†V1D

M2
V1

þ
2iDf1f4p1

QQ†V1
Dp1�

HH†V1D

M2
V1

−
Dp1f1

F†
8RH

†Q
Dp1f4�

F†
8RH

†Q

M2
F8

þ
Dp1f1

F†
9RHQ

Dp1f4�
F†
9RHQ

M2
F9

ðB11Þ

Cð3Þ
Hq ¼

Dp1f1
F†
13RH

†Q
Dp1f4�

F†
13RH

†Q

2M2
F13

þ
Dp1f1

F†
14RHQ

Dp1f4�
F†
14RHQ

2M2
F14

−
iDf1f4p1

QQ†V4
Dp1

HH†V4D

M2
V4

−
iDf1f4p1

QQ†V4
Dp1�

HH†V4D

M2
V4

−
Dp1f1

F†
8RH

†Q
Dp1f4�

F†
8RH

†Q

M2
F8

−
Dp1f1

F†
9RHQ

Dp1f4�
F†
9RHQ

M2
F9

ðB12Þ

CHu ¼ −
2Dp1f1

F11LHu†
Dp1f4�

F11LHu†

M2
F11

þ
2Dp1f1

F12LH†u†
Dp1f4�

F12LH†u†

M2
F12

þ
2iDf1f4p1

u†uV1
Dp1

HH†V1D

M2
V1

−
2iDf1f4p1

u†uV1
Dp1�

HH†V1D

M2
V1

ðB13Þ

CHd ¼
2iDf1f4p1

d†dV1
Dp1

HH†V1D

M2
V1

−
2iDf1f4p1

d†dV1
Dp1�

HH†V1D

M2
V1

−
2Df1p1

d†F10LH
Df4p1�

d†F10LH

M2
F10

þ
2Df1p1

d†F11LH†D
f4p1�
d†F11LH†

M2
F11

ðB14Þ

CHud ¼
4Df4p1�

d†F11LH†D
p1f1
F11LHu†

M2
F11

þ
4iDf4f1p1�

d†uV†
2

Dp1

HHV†
2
D

M2
V2

ðB15Þ

c. 4-fermion operators

Cll ¼ −
Df1f2p1

LLS2
Df4f3p1�

LLS2

2M2
S2

þDf1f2p1

LLS6
Df4f3p1�

LLS6

4M2
S6

−
Df1f3p1

LL†V1
Df2f4p1

LL†V1

2M2
V1

þ
Df1f3p1

LL†V4
Df2f4p1

LL†V4

4M2
V4

−
Df1f4p1

LL†V4
Df2f3p1

LL†V4

2M2
V4

þDf2f1p1

LLS2
Df4f3p1�

LLS2

2M2
S2

þDf2f1p1

LLS6
Df4f3p1�

LLS6

4M2
S6

ðB16Þ
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Cð1Þ
qq ¼ Df1f2p1

QQS10
Df4f3p1�

QQS10

4M2
S10

−
3Df1f2p1

QQS14
Df4f3p1�

QQS14

8M2
S14

−
2Df1f2p1

QQS†
16

Df4f3p1�
QQS†

16

M2
S16

þ
3Df1f2p1

QQS†
18

Df4f3p1�
QQS†

18

M2
S18

−
2Df1f3p1

QQ†V1
Df2f4p1

QQ†V1

M2
V1

þ
2Df1f3p1

QQ†V12
Df2f4p1

QQ†V12

3M2
V12

−
Df1f4p1

QQ†V12
Df2f3p1

QQ†V12

M2
V12

−
3Df1f4p1

QQ†V14
Df2f3p1

QQ†V14

2M2
V14

þDf2f1p1

QQS10
Df4f3p1�

QQS10

4M2
S10

þ 3Df2f1p1

QQS14
Df4f3p1�

QQS14

8M2
S14

þ
2Df2f1p1

QQS†
16

Df4f3p1�
QQS†

16

M2
S16

þ
3Df2f1p1

QQS†
18

Df4f3p1�
QQS†

18

M2
S18

ðB17Þ

Cð3Þ
qq ¼ −

Df1f2p1

QQS10
Df4f3p1�

QQS10

4M2
S10

−
Df1f2p1

QQS14
Df4f3p1�

QQS14

8M2
S14

þ
2Df1f2p1

QQS†
16

Df4f3p1�
QQS†

16

M2
S16

þ
Df1f2p1

QQS†
18

Df4f3p1�
QQS†

18

M2
S18

þ
Df1f3p1

QQ†V14
Df2f4p1

QQ†V14

3M2
V14

−
Df1f3p1

QQ†V4
Df2f4p1

QQ†V4

M2
V4

−
Df1f4p1

QQ†V12
Df2f3p1

QQ†V12

M2
V12

þ
Df1f4p1

QQ†V14
Df2f3p1

QQ†V14

2M2
V14

−
Df2f1p1

QQS10
Df4f3p1�

QQS10

4M2
S10

þDf2f1p1

QQS14
Df4f3p1�

QQS14

8M2
S14

−
2Df2f1p1

QQS†
16

Df4f3p1�
QQS†

16

M2
S16

þ
Df2f1p1

QQS†
18

Df4f3p1�
QQS†

18

M2
S18

ðB18Þ

Cð1Þ
lq ¼

Df1f2p1

LQS†
10

Df3f4p1�
LQS†

10

M2
S10

þ
3Df1f2p1

LQS†
14

Df3f4p1�
LQS†

14

2M2
S14

−
2Df1f3p1

LL†V1
Df2f4p1

QQ†V1

M2
V1

−
2Df1f4p1�

L†QV†
5

Df3f2p1

L†QV†
5

M2
V5

−
3Df1f4p1�

L†QV†
9

Df3f2p1

L†QV†
9

M2
V9

ðB19Þ

Cð3Þ
lq ¼ −

Df1f2p1

LQS†
10

Df3f4p1�
LQS†

10

M2
S10

þ
Df1f2p1

LQS†
14

Df3f4p1�
LQS†

14

2M2
S14

−
Df1f3p1

LL†V4
Df2f4p1

QQ†V4

M2
V4

−
2Df1f4p1�

L†QV†
5

Df3f2p1

L†QV†
5

M2
V5

þ
Df1f4p1�

L†QV†
9

Df3f2p1

L†QV†
9

M2
V9

ðB20Þ

Cee ¼
Df1f2p1

e†e†S†
3

Df4f3p1�
e†e†S†

3

2M2
S3

−
Df1f3p1

e†eV1
Df2f4p1

e†eV1

2M2
V1

ðB21Þ

Cuu ¼ −
2Df1f3p1

u†uV1
Df2f4p1

u†uV1

M2
V1

þ
8Df1f3p1

u†uV12
Df2f4p1

u†uV12

3M2
V12

−
8Df1f4p1

u†uV12
Df2f3p1

u†uV12

M2
V12

þ
4Dp1f1f2

S17u†u†
Dp1f4f3�

S17u†u†

M2
S17

þ
4Dp1f2f1

S17u†u†
Dp1f4f3�

S17u†u†

M2
S17

−
8Dp1f1f2

S†
9
u†u†

Dp1f4f3�
S†
9
u†u†

M2
S9

þ
8Dp1f2f1

S†
9
u†u†

Dp1f4f3�
S†
9
u†u†

M2
S9

ðB22Þ

Cdd ¼ −
2Df1f3p1

d†dV1
Df2f4p1

d†dV1

M2
V1

þ
8Df1f3p1

d†dV12
Df2f4p1

d†dV12

3M2
V12

−
8Df1f4p1

d†dV12
Df2f3p1

d†dV12

M2
V12

−
8Df1f2p1

d†d†S†
11

Df4f3p1�
d†d†S†

11

M2
S11

þ
8Df2f1p1

d†d†S†
11

Df4f3p1�
d†d†S†

11

M2
S11

þ
4Df1f2p1

d†d†S15
Df4f3p1�

d†d†S15

M2
S15

þ
4Df2f1p1

d†d†S15
Df4f3p1�

d†d†S15

M2
S15

ðB23Þ

Ceu ¼ −
4Df1f4p1�

eu†V6
Df3f2p1

eu†V6

M2
V6

−
2Df1f3p1

e†eV1
Df2f4p1

u†uV1

M2
V1

þ
2Df1p1f2

e†S10u†
Df3p1f4�

e†S10u†

M2
S10

ðB24Þ
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Ced ¼ −
2Df1f3p1

d†dV1
Df2f4p1

e†eV1

M2
V1

−
4Df1f4p1

d†eV5
Df3f2p1�

d†eV5

M2
V5

þ
2Df1f2p1

d†e†S9
Df3f4p1�

d†e†S9

M2
S9

ðB25Þ

Cð1Þ
ud ¼ −

4Df1f3p1

d†dV1
Df2f4p1

u†uV1

M2
V1

þ
16Df1p1f2

d†S†
10
u†
Df3p1f4�

d†S†
10
u†

3M2
S10

þ
16Df1p1f2

d†S16u†
Df3p1f4�

d†S16u†

3M2
S16

−
128Df1f4p1

d†uV†
13

Df3f2p1�
d†uV†

13

9M2
V13

−
4Df1f4p1

d†uV†
2

Df3f2p1�
d†uV†

2

3M2
V2

ðB26Þ

Cð8Þ
ud ¼ −

32Df1f3p1

d†dV12
Df2f4p1

u†uV12

M2
V12

−
16Df1p1f2

d†S†
10
u†
Df3p1f4�

d†S†
10
u†

M2
S10

þ
8Df1p1f2

d†S16u†
Df3p1f4�

d†S16u†

M2
S16

þ
32Df1f4p1

d†uV†
13

Df3f2p1�
d†uV†

13

3M2
V13

−
8Df1f4p1

d†uV†
2

Df3f2p1�
d†uV†

2

M2
V2

ðB27Þ

Cle ¼
Df1f3p1

e†eV1
Df2f4p1

LL†V1

M2
V1

−
Df1f2p1

e†LS†
4

Df3f4p1�
e†LS†

4

2M2
S4

þ
Df1f4p1

e†L†V†
3

Df3f2p1�
e†L†V†

3

M2
V3

ðB28Þ

Clu ¼
2Df1f3p1

LL†V1
Df2f4p1

u†uV1

M2
V1

þ
4Df1f4p1�

L†u†V8
Df3f2p1

L†u†V8

M2
V8

−
2Df1p1f2

LS13u†
Df3p1f4�

LS13u†

M2
S13

ðB29Þ

Cld ¼
2Df1f3p1

d†dV1
Df2f4p1

LL†V1

M2
V1

−
2Df1f2p1

d†LS12
Df3f4p1�

d†LS12

M2
S12

þ
4Df1f4p1

d†L†V7
Df3f2p1�

d†L†V7

M2
V7

ðB30Þ

Cqe ¼
4Df1f4p1�

eQV†
7

Df3f2p1

eQV†
7

M2
V7

þ
2Df1f3p1

e†eV1
Df2f4p1

QQ†V1

M2
V1

−
2Df1f2p1

e†QS†
13

Df3f4p1�
e†QS†

13

M2
S13

ðB31Þ

Cð1Þ
qu ¼

4Df1f3p1

QQ†V1
Df2f4p1

u†uV1

M2
V1

þ
32Df1f4p1

QuV†
11

Df3f2p1�
QuV†

11

3M2
V11

þ 2Df1f4p1

QuV7
Df3f2p1�

QuV7

3M2
V7

−
16Df1p1f2

QS19u†
Df3p1f4�

QS19u†

9M2
S19

−
2Df1p1f2

QS4u†
Df3p1f4�

QS4u†

3M2
S4

ðB32Þ

Cð8Þ
qu ¼

16Df1f3p1

QQ†V12
Df2f4p1

u†uV12

M2
V12

þ
16Df1f4p1

QuV†
11

Df3f2p1�
QuV†

11

M2
V11

−
2Df1f4p1

QuV7
Df3f2p1�

QuV7

M2
V7

þ
4Df1p1f2

QS19u†
Df3p1f4�

QS19u†

3M2
S19

−
4Df1p1f2

QS4u†
Df3p1f4�

QS4u†

M2
S4

ðB33Þ

Cð1Þ
qd ¼

32Df1f4p1�
dQV†

10

Df3f2p1

dQV†
10

3M2
V10

þ 2Df1f4p1�
dQV8

Df3f2p1

dQV8

3M2
V8

þ
4Df1f3p1

d†dV1
Df2f4p1

QQ†V1

M2
V1

−
64Df1f2p1

d†QS†
19

Df3f4p1�
d†QS†

19

9M2
S19

−
2Df1f2p1

d†QS†
4

Df3f4p1�
d†QS†

4

3M2
S4

ðB34Þ
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Cð8Þ
qd ¼

16Df1f4p1�
dQV†

10

Df3f2p1

dQV†
10

M2
V10

−
2Df1f4p1�

dQV8
Df3f2p1

dQV8

M2
V8

þ
16Df1f3p1

d†dV12
Df2f4p1

QQ†V12

M2
V12

þ
16Df1f2p1

d†QS†
19

Df3f4p1�
d†QS†

19

3M2
S19

−
4Df1f2p1

d†QS†
4

Df3f4p1�
d†QS†

4

M2
S4

ðB35Þ

Cledq ¼ −
8Df1f3p1

d†eV5
Df4f2p1

L†QV†
5

M2
V5

−
8Df1f4p1

d†L†V7
Df3f2p1

eQV†
7

M2
V7

þ
2Df1f2p1

d†QS†
4

Df3f4p1�
e†LS†

4

M2
S4

ðB36Þ

Cð1Þ
quqd ¼

4Df1f3p1�
d†QS†

4

Df2p1f4�
QS4u†

M2
S4

−
8Df1p1f4�

d†S†
10
u†
Df2f3p1�

QQS10

3M2
S10

−
8Df1p1f4�

d†S†
10
u†
Df3f2p1�

QQS10

3M2
S10

−
32Df1p1f4�

d†S16u†
Df2f3p1�

QQS†
16

3M2
S16

þ
32Df1p1f4�

d†S16u†
Df3f2p1�

QQS†
16

3M2
S16

ðB37Þ

Cð8Þ
quqd ¼

16Df1f3p1�
d†QS†

19

Df2p1f4�
QS19u†

M2
S19

þ
8Df1p1f4�

d†S†
10
u†
Df2f3p1�

QQS10

M2
S10

þ
8Df1p1f4�

d†S†
10
u†
Df3f2p1�

QQS10

M2
S10

−
16Df1p1f4�

d†S16u†
Df2f3p1�

QQS†
16

M2
S16

þ
16Df1p1f4�

d†S16u†
Df3f2p1�

QQS†
16

M2
S16

ðB38Þ

Cð1Þ
lequ ¼ −

2Df1f2p1�
e†LS†

4

Df3p1f4�
QS4u†

M2
S4

−
2Df1f3p1�

e†QS†
13

Df2p1f4�
LS13u†

M2
S13

−
2Df1p1f4�

e†S10u†
Df2f3p1�

LQS†
10

M2
S10

ðB39Þ

Cð3Þ
lequ ¼

Df1p1f4�
e†S10u†

Df2f3p1�
LQS†

10

2M2
S10

−
Df1f3p1�

e†QS†
13

Df2p1f4�
LS13u†

2M2
S13

ðB40Þ

d. B-violating operators

Cduq ¼ −
4Df3f2p1

dQV8
Df1f4p1�

L†u†V8

M2
V8

−
4Df3f1p1�

d†L†V7
Df2f4p1

QuV7

M2
V7

þ
8Df3p1f4�

d†S†
10
u†
Df1f2p1

LQS†
10

M2
S10

ðB41Þ

Cqqu ¼
2Df3p1f4�

e†S10u†
Df1f2p1

QQS10

M2
S10

−
4Df3f1p1

eQV†
7

Df2f4p1

QuV7

M2
V7

ðB42Þ

Cqqq ¼
2Df1f4p1

LQS†
10

Df2f3p1

QQS10

M2
S10

þ
Df1f4p1

LQS†
14

Df2f3p1

QQS14

M2
S14

þ
2Df1f4p1

LQS†
10

Df3f2p1

QQS10

M2
S10

−
Df1f4p1

LQS†
14

Df3f2p1

QQS14

M2
S14

ðB43Þ

Cduu ¼ −
8Df1f2p1�

d†e†S9
Dp1f3f4�

S†
9
u†u†

M2
S9

þ
8Df1f2p1�

d†e†S9
Dp1f4f3�

S†
9
u†u†

M2
S9

−
8Df1p1f3�

d†S†
10
u†
Df2p1f4�

e†S10u†

M2
S10

ðB44Þ
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3. Dimension-7

a. B-conserving operators

CLH ¼ −
Cf1f2
5 ðCp1

HH†S5
Þ2

M4
S5

þ
2Cf1f2

5 ðDp1�
HH†V1D

Þ2
M2

V1

−
2Cf1f2

5 ðDp1

HH†V1D
Þ2

M2
V1

þ
Cf1f2
5 ðDp1�

HH†V4D
Þ2

M2
V4

−
Cf1f2
5 ðDp1

HH†V4D
Þ2

M2
V4

þ λHD
p1f1
F1HLD

p1f2
F1HL

M3
F1

−
Cf2p1

5 Dp2p1�
F1HLD

p2f1
F1HL

2M2
F1

−
Cp1f2
5 Dp2p1�

F1HLD
p2f1
F1HL

2M2
F1

−
Dp1p2

F1F3LH†D
p3p2

F1F
†
3RH

Dp1f2
F1HLD

p3f1
F1HL

M2
F1
MF3

þ λHD
p1f1
F5HLD

p1f2
F5HL

2M3
F5

−
Cf2p1

5 Dp2p1�
F5HLD

p2f1
F5HL

4M2
F5

−
Cp1f2
5 Dp2p1�

F5HLD
p2f1
F5HL

4M2
F5

−
Dp1p2

F1F
†
3RH

Dp1f2
F1HLD

p2p3

F3LF5H†D
p3f1
F5HL

2MF1
MF3

MF5

þ
Dp1p2

F5F7LH†D
p3p2

F5F
†
7RH

Dp1f2
F5HLD

p3f1
F5HL

3M2
F5
MF7

þ
Dp1p2

F3LF5H†D
p1p3

F†
3RF5H

Dp2f2
F5HLD

p3f1
F5HL

4MF3
M2

F5

þ
Dp1p2

F1F
†
3RH

Dp1f1
F1HLD

p2p3

F3LF5H†D
p3f2
F5HL

MF1
MF3

MF5

−
Dp1p2

F1F3LH†D
p1f1
F1HLD

p2p3

F†
3RF5H

Dp3f2
F5HL

2MF1
MF3

MF5

−
Dp1p2

F3LF
†
6RH

Dp1p3

F†
3RF5H

Dp3f2
F5HLD

p2f1
F6LH†L

4MF3
MF5

MF6

−
Cf2p1

5 Dp2p1�
F6LH†L

Dp2f1
F6LH†L

2M2
F6

−
Cp1f2
5 Dp2p1�

F6LH†L
Dp2f1

F6LH†L

2M2
F6

þ
3Dp1p2

F3LF
†
6RH

Dp1p3

F†
3RF5H

Dp3f1
F5HLD

p2f2
F6LH†L

4MF3
MF5

MF6

−
3Dp1p2

F1F
†
3RH

Dp1f2
F1HLD

p2p3

F3LF
†
6RH

Dp3f1
F6LH†L

2MF1
MF3

MF6

þ
5Dp1p2

F1F
†
3RH

Dp1f1
F1HLD

p2p3

F3LF
†
6RH

Dp3f2
F6LH†L

2MF1
MF3

MF6

þ
Dp1p2

F5F
†
7RH

Dp1f2
F5HLD

p3f1
F6LH†L

Dp3p2

F†
6RF7LH

6MF5
MF6

MF7

−
Dp1p2

F5F
†
7RH

Dp1f1
F5HLD

p3f2
F6LH†L

Dp3p2

F†
6RF7LH

2MF5
MF6

MF7

−
Dp1f2

F6LH†L
Dp1f1p2

F†
6RLS8

Dp2

HHHS†
8

MF6
M2

S8

−
Dp1f2

F5HLD
p1f1p2

F5LS7
Dp2

HHH†S†
7

6MF5
M2

S7

−
Dp1f1

F5HLD
p1f2p2

F5LS7
Dp2

HHH†S†
7

6MF5
M2

S7

−
2Cf1f2

5 Cp1�
HHS†

6

Cp1

HHS†
6

M4
S6

−
Dp1p2

F1F3LH†D
p1f2
F1HLD

p2f1p3

F†
3RLS6

Cp3

HHS†
6

2MF1
MF3

M2
S6

−
Dp1p2

F1F3LH†D
p1f1
F1HLD

p2f2p3

F†
3RLS6

Cp3

HHS†
6

2MF1
MF3

M2
S6

−
Dp1p2

F3LF5H†D
p1f2p3

F†
3RLS6

Dp2f1
F5HLC

p3

HHS†
6

4MF3
MF5

M2
S6

þ
3Dp1p2

F3LF5H†D
p1f1p3

F†
3RLS6

Dp2f2
F5HLC

p3

HHS†
6

4MF3
MF5

M2
S6

þ
Dp1p2p3

F1F
†
6RS6

Dp1f2
F1HLD

p2f1
F6LH†LC

p3

HHS†
6

2MF1
MF6

M2
S6

−
Dp1p2

F3LF
†
6RH

Dp1f2p3

F†
3RLS6

Dp2f1
F6LH†LC

p3

HHS†
6

MF3
MF6

M2
S6
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−
Dp1p2p3

F5F
†
6RS6

Dp1f2
F5HLD

p2f1
F6LH†LC

p3

HHS†
6

4MF5
MF6

M2
S6

−
3Dp1p2p3

F1F
†
6RS6

Dp1f1
F1HLD

p2f2
F6LH†LC

p3

HHS†
6

2MF1
MF6

M2
S6

þ
2Dp1p2

F3LF
†
6RH

Dp1f1p3

F†
3RLS6

Dp2f2
F6LH†L

Cp3

HHS†
6

MF3
MF6

M2
S6

þ
3Dp1p2p3

F5F
†
6RS6

Dp1f1
F5HLD

p2f2
F6LH†L

Cp3

HHS†
6

4MF5
MF6

M2
S6

þ
Dp1p2

F5F7LH†D
p1f2
F5HLD

p2f1p3

F†
7RLS6

Cp3

HHS†
6

6MF5
MF7

M2
S6

−
Dp1f2

F6LH†L
Dp1p2

F†
6RF7LH

Dp2f1p3

F†
7RLS6

Cp3

HHS†
6

3MF6
MF7

M2
S6

þ
Dp1p2

F5F7LH†D
p1f1
F5HLD

p2f2p3

F†
7RLS6

Cp3

HHS†
6

6MF5
MF7

M2
S6

þ
4Cf1f2

5 Dp1�
HHV†

2
D
Dp1

HHV†
2
D

M2
V2

þ
Dp1f2

F1HLD
p1f1p2

F1LS4
Dp2�

HH†H†S4

2MF1
M2

S4

þ
Dp1f1

F1HLD
p1f2p2

F1LS4
Dp2�

HH†H†S4

2MF1
M2

S4

−
Dp1f2

F5HLD
p1f1p2

F5LS4
Dp2�

HH†H†S4

4MF5
M2

S4

−
Dp1f1

F5HLD
p1f2p2

F5LS4
Dp2�

HH†H†S4

4MF5
M2

S4

þ
Dp1f2p2

F3LLS1
Dp1p3

F†
3RF5H

Dp3f1
F5HLC

p2

HH†S1

4MF3
MF5

M2
S1

þ
Dp1f1p2

F3LLS1
Dp1p3

F†
3RF5H

Dp3f2
F5HLC

p2

HH†S1

4MF3
MF5

M2
S1

þ
Dp1f2p2

F3LLS1
Dp1f1p3

F†
3RLS6

Cp3

HHS†
6

Cp2

HH†S1

MF3
M2

S1
M2

S6

−
Dp1p2p3

F1F1S1
Dp1f1

F1HLD
p2f2
F1HLC

p3

HH†S1

M2
F1
M2

S1

−
Dp1p2

F1F
†
3RH

Dp1f2
F1HLD

p2f1p3

F3LLS1
Cp3

HH†S1

2MF1
MF3

M2
S1

þ
3Dp1p2

F1F
†
3RH

Dp1f1
F1HLD

p2f2p3

F3LLS1
Cp3

HH†S1

2MF1
MF3

M2
S1

þ
Dp1p2p3

F5F5S1
Dp1f1

F5HLD
p2f2
F5HLC

p3

HH†S1

2M2
F5
M2

S1

þ
Dp1f2p2

F3LLS5
Dp1p3

F†
3RF5H

Dp3f1
F5HLC

p2

HH†S5

8MF3
MF5

M2
S5

þ
Dp1f1p2

F3LLS5
Dp1p3

F†
3RF5H

Dp3f2
F5HLC

p2

HH†S5

8MF3
MF5

M2
S5

þ
Dp1f2p2

F3LLS5
Dp1f1p3

F†
3RLS6

Cp3

HHS†
6

Cp2

HH†S5

2MF3
M2

S5
M2

S6

−
Dp1f2p2

F7LLS5
Dp1f1p3

F†
7RLS6

Cp3

HHS†
6

Cp2

HH†S5

3MF7
M2

S5
M2

S6

−
Dp1p2

F1F
†
3RH

Dp1f2
F1HLD

p2f1p3

F3LLS5
Cp3

HH†S5

4MF1
MF3

M2
S5

þ
3Dp1p2

F1F
†
3RH

Dp1f1
F1HLD

p2f2p3

F3LLS5
Cp3

HH†S5

4MF1
MF3

M2
S5

þ
Dp1p2p3

F1F5S5
Dp1f1

F1HLD
p2f2
F5HLC

p3

HH†S5

2MF1
MF5

M2
S5

þ
Dp1p2

F5F
†
7RH

Dp1f2
F5HLD

p2f1p3

F7LLS5
Cp3

HH†S5

6MF5
MF7

M2
S5

−
Dp1p2

F5F
†
7RH

Dp1f1
F5HLD

p2f2p3

F7LLS5
Cp3

HH†S5

2MF5
MF7

M2
S5

−
4Cf1f2

5 Dp1�
HH†V4D

Dp1

HH†V4D

M2
V4

−
Dp1f2

F1HLD
p1f1p2

F1LS4
Cp3

HH†S1
Cp3p2

HS1S
†
4

2MF1
M2

S1
M2

S4

−
Dp1f1

F1HLD
p1f2p2

F1LS4
Cp3

HH†S1
Cp3p2

HS1S
†
4

2MF1
M2

S1
M2

S4
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þ
Dp1f2

F5HLD
p1f1p2

F5LS4
Cp3

HH†S1
Cp3p2

HS1S
†
4

4MF5
M2

S1
M2

S4

þ
Dp1f1

F5HLD
p1f2p2

F5LS4
Cp3

HH†S1
Cp3p2

HS1S
†
4

4MF5
M2

S1
M2

S4

−
Dp1f2

F1HLD
p1f1p2

F1LS4
Cp3

HHS†
6

Cp2p3�
HS4S

†
6

2MF1
M2

S4
M2

S6

−
Dp1f1

F1HLD
p1f2p2

F1LS4
Cp3

HHS†
6

Cp2p3�
HS4S

†
6

2MF1
M2

S4
M2

S6

þ
Dp1f2

F5HLD
p1f1p2

F5LS4
Cp3

HHS†
6

Cp2p3�
HS4S

†
6

4MF5
M2

S4
M2

S6

þ
Dp1f1

F5HLD
p1f2p2

F5LS4
Cp3

HHS†
6

Cp2p3�
HS4S

†
6

4MF5
M2

S4
M2

S6

þ
Dp1f2

F5HLD
p1f1p2

F5LS7
Cp3

HH†S5
Cp3p2

HS5S
†
7

6MF5
M2

S5
M2

S7

þ
Dp1f1

F5HLD
p1f2p2

F5LS7
Cp3

HH†S5
Cp3p2

HS5S
†
7

6MF5
M2

S5
M2

S7

−
Dp1f2

F6LH†L
Dp1f1p2

F†
6RLS8

Cp3

HHS†
6

Cp3p2

HS6S
†
8

MF6
M2

S6
M2

S8

−
Dp1f2

F5HLD
p1f1p2

F5LS7
Cp3

HHS†
6

Cp3p2�
HS†

6
S7

6MF5
M2

S6
M2

S7

−
Dp1f1

F5HLD
p1f2p2

F5LS7
Cp3

HHS†
6

Cp3p2�
HS†

6
S7

6MF5
M2

S6
M2

S7

þ
Dp1f2

F1HLD
p1f1p2

F1LS4
Cp3

HH†S5
Cp2p3�
H†S4S5

4MF1
M2

S4
M2

S5

þ
Dp1f1

F1HLD
p1f2p2

F1LS4
Cp3

HH†S5
Cp2p3�
H†S4S5

4MF1
M2

S4
M2

S5

−
Dp1f2

F5HLD
p1f1p2

F5LS4
Cp3

HH†S5
Cp2p3�
H†S4S5

8MF5
M2

S4
M2

S5

−
Dp1f1

F5HLD
p1f2p2

F5LS4
Cp3

HH†S5
Cp2p3�
H†S4S5

8MF5
M2

S4
M2

S5

−
Dp1p2

HHS1S
†
6

Cp1

HH†S1
Df1f2p2

LLS6

M2
S1
M2

S6

þ
Dp1p2

HHS5S
†
6

Cp1

HH†S5
Df1f2p2

LLS6

2M2
S5
M2

S6

−
Cp1

HHS†
6

Dp1p2

HH†S6S
†
6
ð2ÞD

f1f2p2

LLS6

M4
S6

þ
Dp1�

HH†H†S4
Cp1p2

HS4S
†
6

Df1f2p2

LLS6

M2
S4
M2

S6

−
Dp1

HHHS†
8

Cp2p1�
HS6S

†
8

Df1f2p2

LLS6

M2
S6
M2

S8

−
Cp1

HHS†
6

Cp2p3�
HS6S

†
8

Cp1p3

HS6S
†
8

Df1f2p2

LLS6

M4
S6
M2

S8

−
Dp1

HHH†S†
7

Cp2p1

HS†
6
S7
Df1f2p2

LLS6

3M2
S6
M2

S7

−
Cp1

HH†S1
Cp1p2

HS1S
†
4

Cp2p3

HS4S
†
6

Df1f2p3

LLS6

M2
S1
M2

S4
M2

S6

−
Cp1

HHS†
6

Cp2p1�
HS4S

†
6

Cp2p3

HS4S
†
6

Df1f2p3

LLS6

M2
S4
M4

S6

þ
Cp1

HH†S5
Cp1p2

HS5S
†
7

Cp3p2

HS†
6
S7
Df1f2p3

LLS6

3M2
S5
M2

S6
M2

S7

−
Cp1

HHS†
6

Cp1p2�
HS†

6
S7
Cp3p2

HS†
6
S7
Df1f2p3

LLS6

3M4
S6
M2

S7

þ
Cp1

HH†S5
Cp2p3

HS4S
†
6

Cp2p1�
H†S4S5

Df1f2p3

LLS6

2M2
S4
M2

S5
M2

S6

þ
iCf2p1

5 Dp2�
HH†V1D

Df1p1p2

LL†V1

M2
V1

þ
iCp1f2

5 Dp2�
HH†V1D

Df1p1p2

LL†V1

M2
V1

þ
iCf2p1

5 Dp2

HH†V1D
Df1p1p2

LL†V1

M2
V1

þ
iCp1f2

5 Dp2

HH†V1D
Df1p1p2

LL†V1

M2
V1

COMPLETE TREE-LEVEL DICTIONARY BETWEEN SIMPLIFIED … PHYS. REV. D 109, 095041 (2024)

095041-33



þ
iCf2p1

5 Dp2�
HH†V4D

Df1p1p2

LL†V4

2M2
V4

þ
iCp1f2

5 Dp2�
HH†V4D

Df1p1p2

LL†V4

2M2
V4

−
iCf2p1

5 Dp2

HH†V4D
Df1p1p2

LL†V4

2M2
V4

−
iCp1f2

5 Dp2

HH†V4D
Df1p1p2

LL†V4

2M2
V4

−
Cp1

HHS†
6

Cp2

HH†S1
Df1f2p3

LLS6
Cp2p1p3

S1S6S
†
6

M2
S1
M4

S6

−
Cp1

HHS†
6

Cp2

HH†S5
Df1f2p3

LLS6
Cp2p1p3

S5S6S
†
6

2M2
S5
M4

S6

ðB45Þ

CLeHD ¼ −
yp1f5
e Dp2f1

F1HLD
p2p1

F1HL

2M3
F1

−
yp1f5
e Df1p1p2

LLS6
Cp2

HHS†
6

M4
S6

−
yp1f5
e Dp2f1

F5HLD
p2p1

F5HL

4M3
F5

þ
yp1f5
e Cp2

HHS†
6

Dp1f1p2

LLS6

M4
S6

þ
2iDf5p1p2

eF1V2
Dp1f1

F1HLD
p2

HHV†
2
D

MF1
M2

V2

−
Df5p1�

e†F†
3RH

†D
p2p1

F1F
†
3RH

Dp2f1
F1HL

MF1
M2

F3

−
Df5p1�

e†F†
3RH

†D
p1p2�
F3LF5H†D

p2f1
F5HL

MF3
M2

F5

þ
2iDf5p1�

e†F†
3RH

†D
p1f1p2�
F3LL†V†

2

Dp2

HHV†
2
D

MF3
M2

V2

−
Df5p1�

e†F†
3RH

†D
p1p2

F†
3RF5H

Dp2f1
F5HL

2M2
F3
MF5

−
Df5p1�

e†F†
3RH

†D
p1f1p2

F†
3RLS6

Cp2

HHS†
6

M2
F3
M2

S6

þ
Df5p1p2�

e†F5S
†
6

Dp1f1
F5HLC

p2

HHS†
6

M2
F5
M2

S6

−
2iDf5f1p1�

e†L†V†
3

Cp2

HHS†
6

Dp2p1

HS6V
†
3
D

M2
S6
M2

V3

−
4iDf5f1p1�

e†L†V†
3

Dp2

HHV†
2
D
Cp2p1

HV2V
†
3

M2
V2
M2

V3

ðB46Þ

CLHD1 ¼
2Df1f2p1

LLS6
Cp1

HHS†
6

M4
S6

þDp1f1
F5HLD

p1f2
F5HL

M3
F5

ðB47Þ

CLHD2 ¼ −
4Df1f2p1

LLS6
Cp1

HHS†
6

M4
S6

−
Dp1f1

F1HLD
p1f2
F1HL

M3
F1

−
Dp1f1

F5HLD
p1f2
F5HL

2M3
F5

ðB48Þ

CLHB ¼ −
ig0Dp1f2

F1HLD
p1f3
F1HL

8M3
F1

−
ig0Df2f3p1

LLS6
Cp1

HHS†
6

2M4
S6

−
ig0Dp1f2

F5HLD
p1f3
F5HL

16M3
F5

ðB49Þ

CLHW ¼ −
igDp1f2

F1HLD
p1f3
F1HL

8M3
F1

−
igDf2f3p1

LLS6
Cp1

HHS†
6

4M4
S6

þ
igDf3f2p1

LLS6
Cp1

HHS†
6

4M4
S6

þ 3igDp1f2
F5HLD

p1f3
F5HL

16M3
F5

ðB50Þ

XU-XIANG LI, ZHE REN, and JIANG-HAO YU PHYS. REV. D 109, 095041 (2024)

095041-34



CeLLLH ¼ −
yf1f2�e Dp1f3

F1HLD
p1f4
F1HL

2M3
F1

−
3Df1p1p2

e†F1S
†
2

Df2f3p2

LLS2
Dp1f4

F1HL

2MF1
M2

S2

þ
3Df1p1p2

e†F1S
†
2

Df3f2p2

LLS2
Dp1f4

F1HL

2MF1
M2

S2

−
Df1f2p1

e†LS†
4

Dp2f4
F1HLD

p2f3p1

F1LS4

MF1
M2

S4

−
yf1f2�e Dp1f3

F5HLD
p1f4
F5HL

4M3
F5

−
Df1f4p1

e†LS†
4

Dp2f3
F5HLD

p2f2p1

F5LS4

MF5
M2

S4

þ
Df1f3p1

e†LS†
4

Dp2f4
F5HLD

p2f2p1

F5LS4

2MF5
M2

S4

þ
Df1f4p1

e†LS†
4

Dp2f2
F5HLD

p2f3p1

F5LS4

2MF5
M2

S4

þ
Df1f3p1

e†LS†
4

Dp2f2
F5HLD

p2f4p1

F5LS4

2MF5
M2

S4

þ
Df1p1

e†F†
4RH

Dp1f4p2

F4LLS
†
2

Df2f3p2

LLS2

MF4
M2

S2

þ
2Df1f4p1

e†LS†
4

Cp2p1

HS†
2
S4
Df2f3p2

LLS2

M2
S2
M2

S4

−
Df1p1

e†F†
4RH

Dp1f4p2

F4LLS
†
2

Df3f2p2

LLS2

MF4
M2

S2

−
2Df1f4p1

e†LS†
4

Cp2p1

HS†
2
S4
Df3f2p2

LLS2

M2
S2
M2

S4

þ
Df1p1p2

e†F1S
†
2

Dp1f2
F1HLD

f3f4p2

LLS2

2MF1
M2

S2

−
Df1f2p1

e†LS†
4

Cp2p1

HS†
2
S4
Df3f4p2

LLS2

M2
S2
M2

S4

−
Df1p1p2

e†F1S
†
2

Dp1f2
F1HLD

f4f3p2

LLS2

2MF1
M2

S2

þ
Df1f2p1

e†LS†
4

Cp2p1

HS†
2
S4
Df4f3p2

LLS2

M2
S2
M2

S4

−
Df1p1

e†F†
4RH

Dp1f4p2

F4LLS
†
6

Df2f3p2

LLS6

2MF4
M2

S6

−
3Df1p1p2

e†F5S
†
6

Dp1f4
F5HLD

f2f3p2

LLS6

4MF5
M2

S6

−
Df1f4p1

e†LS†
4

Cp1p2

HS4S
†
6

Df2f3p2

LLS6

2M2
S4
M2

S6

þ
Df1p1

e†F†
4RH

Dp1f4p2

F4LLS
†
6

Df3f2p2

LLS6

2MF4
M2

S6

þ
3Df1p1p2

e†F5S
†
6

Dp1f4
F5HLD

f3f2p2

LLS6

4MF5
M2

S6

þ
Df1f4p1

e†LS†
4

Cp1p2

HS4S
†
6

Df3f2p2

LLS6

2M2
S4
M2

S6

þ
Df1p1p2

e†F5S
†
6

Dp1f2
F5HLD

f3f4p2

LLS6

4MF5
M2

S6

−
Df1p1

e†F†
4RH

Dp1f2p2

F4LLS
†
6

Df4f3p2

LLS6

MF4
M2

S6

−
5Df1p1p2

e†F5S
†
6

Dp1f2
F5HLD

f4f3p2

LLS6

4MF5
M2

S6

−
Df1f2p1

e†LS†
4

Cp1p2

HS4S
†
6

Df4f3p2

LLS6

M2
S4
M2

S6

ðB51Þ

CdLQLH1 ¼ −
yf1f4�d Dp1f2

F1HLD
p1f3
F1HL

M3
F1

−
yf1f4�d Dp1f2

F5HLD
p1f3
F5HL

2M3
F5

þ
8Df1p1

d†F10LH
Dp1f2p2

F†
10RLS10

Df3f4p2

LQS†
10

MF10
M2

S10

þ
4Df1p1

d†F10LH
Dp1f2p2

F†
10RLS14

Df3f4p2

LQS†
14

MF10
M2

S14

þ
4Df1p1

d†F10LH
Dp1f4p2

F†
10RQS†

6

Df2f3p2

LLS6

MF10
M2

S6

þ
4Df1p1

d†F10LH
Dp1f4p2

F†
10RQS†

6

Df3f2p2

LLS6

MF10
M2

S6

þ
4Df1p1p2

d†F14LS
†
6

Dp1f4
F†
14RHQ

Df2f3p2

LLS6

MF14
M2

S6

þ
4Df1p1p2

d†F14LS
†
6

Dp1f4
F†
14RHQ

Df3f2p2

LLS6

MF14
M2

S6

þ
4Df1p1p2

d†F1S10
Dp1f2

F1HLD
f3f4p2

LQS†
10

MF1
M2

S10

−
2Df1p1p2

d†F5S14
Df3f4p2

LQS†
14

Dp1f2
F5HL

MF5
M2

S14

þ
8Df1f2p1

d†LS12
Dp2f3p1

F14LLS
†
12

Dp2f4
F†
14RHQ

MF14
M2

S12

COMPLETE TREE-LEVEL DICTIONARY BETWEEN SIMPLIFIED … PHYS. REV. D 109, 095041 (2024)

095041-35



þ
4Df1f2p1

d†LS12
Dp2f3

F1HLD
p2f4p1

F1QS†
12

MF1
M2

S12

þ
8Df1f2p1

d†LS12
Df3f4p2

LQS†
10

Cp2p1

HS10S
†
12

M2
S10
M2

S12

þ
4Df1f2p1

d†LS12
Df3f4p2

LQS†
14

Cp1p2

HS†
12
S14

M2
S12
M2

S14

þ
2Df1f2p1

d†LS12
Dp2f3

F5HLD
p2f4p1

F5QS†
12

MF5
M2

S12

−
2Df1f4p1

d†QS†
4

Dp2f2
F1HLD

p2f3p1

F1LS4

MF1
M2

S4

−
2Df1f4p1

d†QS†
4

Dp2f3
F1HLD

p2f2p1

F1LS4

MF1
M2

S4

−
2Df1f4p1

d†QS†
4

Df2f3p2

LLS6
Cp1p2

HS4S
†
6

M2
S4
M2

S6

−
2Df1f4p1

d†QS†
4

Df3f2p2

LLS6
Cp1p2

HS4S
†
6

M2
S4
M2

S6

þ
Df1f4p1

d†QS†
4

Dp2f2
F5HLD

p2f3p1

F5LS4

MF5
M2

S4

þ
Df1f4p1

d†QS†
4

Dp2f3
F5HLD

p2f2p1

F5LS4

MF5
M2

S4

ðB52Þ

CdLQLH2 ¼ −
4Df1f2p1

d†LS12
Dp2f3p1

F14LLS
†
12

Dp2f4
F†
14RHQ

MF14
M2

S12

þ yf1f4�d Dp1f2
F1HLD

p1f3
F1HL

2M3
F1

þ
2Df1f4p1

d†QS†
4

Dp2f2
F1HLD

p2f3p1

F1LS4

MF1
M2

S4

þ yf1f4�d Dp1f2
F5HLD

p1f3
F5HL

4M3
F5

−
2Df1f4p1

d†QS†
4

Dp2f3
F5HLD

p2f2p1

F5LS4

MF5
M2

S4

þ
Df1f4p1

d†QS†
4

Dp2f2
F5HLD

p2f3p1

F5LS4

MF5
M2

S4

−
4Df1f2p1

d†LS12
Dp2f3

F5HLD
p2f4p1

F5QS†
12

MF5
M2

S12

þ
8Df1f2p1

d†LS12
Dp2f3p1

F9LLS
†
12

Dp2f4
F†
9RHQ

MF9
M2

S12

−
4Df1p1

d†F10LH
Dp1f4p2

F†
10RQS†

2

Df2f3p2

LLS2

MF10
M2

S2

−
4Df1p1p2

d†F9LS
†
2

Dp1f4
F†
9RHQ

Df2f3p2

LLS2

MF9
M2

S2

þ
2Df1f4p1

d†QS†
4

Cp2p1

HS†
2
S4
Df2f3p2

LLS2

M2
S2
M2

S4

þ
4Df1p1

d†F10LH
Dp1f4p2

F†
10RQS†

2

Df3f2p2

LLS2

MF10
M2

S2

þ
4Df1p1p2

d†F9LS
†
2

Dp1f4
F†
9RHQ

Df3f2p2

LLS2

MF9
M2

S2

−
2Df1f4p1

d†QS†
4

Cp2p1

HS†
2
S4
Df3f2p2

LLS2

M2
S2
M2

S4

−
2Df1p1

d†F10LH
Dp1f4p2

F†
10RQS†

6

Df2f3p2

LLS6

MF10
M2

S6

−
2Df1p1p2

d†F14LS
†
6

Dp1f4
F†
14RHQ

Df2f3p2

LLS6

MF14
M2

S6

þ
Df1f4p1

d†QS†
4

Cp1p2

HS4S
†
6

Df2f3p2

LLS6

M2
S4
M2

S6

−
2Df1p1

d†F10LH
Dp1f4p2

F†
10RQS†

6

Df3f2p2

LLS6

MF10
M2

S6

−
2Df1p1p2

d†F14LS
†
6

Dp1f4
F†
14RHQ

Df3f2p2

LLS6

MF14
M2

S6

þ
Df1f4p1

d†QS†
4

Cp1p2

HS4S
†
6

Df3f2p2

LLS6

M2
S4
M2

S6

−
8Df1p1

d†F10LH
Dp1f2p2

F†
10RLS10

Df3f4p2

LQS†
10

MF10
M2

S10

−
4Df1p1p2

d†F1S10
Dp1f2

F1HLD
f3f4p2

LQS†
10

MF1
M2

S10

−
8Df1f2p1

d†LS12
Cp2p1

HS10S
†
12

Df3f4p2

LQS†
10

M2
S10
M2

S12

þ
4Df1p1

d†F10LH
Dp1f2p2

F†
10RLS14

Df3f4p2

LQS†
14

MF10
M2

S14

−
2Df1p1p2

d†F5S14
Dp1f2

F5HLD
f3f4p2

LQS†
14

MF5
M2

S14

þ
4Df1f2p1

d†LS12
Cp1p2

HS†
12
S14
Df3f4p2

LQS†
14

M2
S12
M2

S14

ðB53Þ

XU-XIANG LI, ZHE REN, and JIANG-HAO YU PHYS. REV. D 109, 095041 (2024)

095041-36



CdLueH ¼
8Df1p1p2�

dF†
12RV3

Df4f2p2�
e†L†V†

3

Dp1f5�
F12LH†u†

MF12
M2

V3

−
16Df1f4p1

d†eV5
Dp2f5�

F12LH†u†
Dp2f2p1�

F†
12RL

†V5

MF12
M2

V5

þ
8Df1f4p1

d†eV5
Dp2f2

F1HLD
p2f5p1�
F†
1
u†V5

MF1
M2

V5

þ
32Df1f4p1

d†eV5
Df2f5p2�

L†u†V8
Cp1p2

HV†
5
V8

M2
V5
M2

V8

þ
16Df1p1

d†F10LH
Df4p1p2

eF†
10RV8

Df2f5p2�
L†u†V8

MF10
M2

V8

þ
8Df1p1

d†F10LH
Df4f2p2�

e†L†V†
3

Dp1f5p2

F†
10RuV

†
3

MF10
M2

V3

þ
8Df1p1

d†F10LH
Df4p2f5�

e†S10u†
Dp1f2p2

F†
10RLS10

MF10
M2

S10

þ
4Df1p1p2

d†F1S10
Df4p2f5�

e†S10u†
Dp1f2

F1HL

MF1
M2

S10

−
8Df1p1p2

d†F†
3LV8

Df4p1�
e†F†

3RH
†D

f2f5p2�
L†u†V8

MF3
M2

V8

þ
8Df1f2p1

d†LS12
Df4p2p1�

e†F†
12RS12

Dp2f5�
F12LH†u†

MF12
M2

S12

−
4Df1f2p1

d†LS12
Df4p2�

e†F†
3RH

†D
p2p1f5�
F3LS12u†

MF3
M2

S12

þ
8Df1f2p1

d†LS12
Df4p2f5�

e†S10u†
Cp2p1

HS10S
†
12

M2
S10
M2

S12

þ
4Df1f5p1

d†uV†
2

Df4p2p1

eF1V2
Dp2f2

F1HL

MF1
M2

V2

þ
4Df1f5p1

d†uV†
2

Df4p2�
e†F†

3RH
†D

p2f2p1�
F3LL†V†

2

MF3
M2

V2

−
8Df1f5p1

d†uV†
2

Df4f2p2�
e†L†V†

3

Cp1p2

HV2V
†
3

M2
V2
M2

V3

ðB54Þ

CQuLLH ¼ yf4f5u Dp1f1
F1HLD

p1f2
F1HL

2M3
F1

þ
8Dp1f5p2�

F†
1
u†V5

Df1f4p2�
L†QV†

5

Dp1f2
F1HL

MF1
M2

V5

þ
8Dp1f4p2�

F†
1
QV†

8

Df1f5p2�
L†u†V8

Dp1f2
F1HL

MF1
M2

V8

þ
2Dp1f1p2

F1LS4
Df4p2f5�

QS4u†
Dp1f2

F1HL

MF1
M2

S4

þ yf4f5u Dp1f1
F5HLD

p1f2
F5HL

4M3
F5

−
4Dp1f5�

F12LH†u†
Dp1f4p2�

F†
12RQS2

Df1f2p2

LLS2

MF12
M2

S2

−
4Dp1p2f5�

F8LS2u†
Dp1f4�

F†
8RH

†Q
Df1f2p2

LLS2

MF8
M2

S2

þ
4Dp1f5�

F12LH†u†
Dp1f4p2�

F†
12RQS2

Df2f1p2

LLS2

MF12
M2

S2

þ
4Dp1p2f5�

F8LS2u†
Dp1f4�

F†
8RH

†Q
Df2f1p2

LLS2

MF8
M2

S2

þ
2Dp1f5�

F12LH†u†
Dp1f4p2�

F†
12RQS6

Df1f2p2

LLS6

MF12
M2

S6

þ
2Dp1p2f5�

F13LS6u†
Dp1f4�

F†
13RH

†Q
Df1f2p2

LLS6

MF13
M2

S6

þ
2Dp1f5�

F12LH†u†
Dp1f4p2�

F†
12RQS6

Df2f1p2

LLS6

MF12
M2

S6

þ
2Dp1p2f5�

F13LS6u†
Dp1f4�

F†
13RH

†Q
Df2f1p2

LLS6

MF13
M2

S6

−
16Dp1f5�

F12LH†u†
Dp1f2p2�

F†
12RL

†V5

Df1f4p2�
L†QV†

5

MF12
M2

V5

þ
8Dp1f5�

F12LH†u†D
p1f2p2�
F†
12RL

†V9

Df1f4p2�
L†QV†

9

MF12
M2

V9

þ
4Dp1f2

F5HLD
p1f5p2�
F†
5
u†V9

Df1f4p2�
L†QV†

9

MF5
M2

V9
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−
16Dp1f5�

F12LH†u†
Dp1f1p2�

F†
12RL

†V9

Df2f4p2�
L†QV†

9

MF12
M2

V9

−
8Dp1f1

F5HLD
p1f5p2�
F†
5
u†V9

Df2f4p2�
L†QV†

9

MF5
M2

V9

þ
32Cp1p2

HV8V
†
9

Df2f4p2�
L†QV†

9

Df1f5p1�
L†u†V8

M2
V8
M2

V9

−
8Dp1f2p2�

F13LL†V†
8

Dp1f4�
F†
13RH

†Q
Df1f5p2�

L†u†V8

MF13
M2

V8

−
4Dp1f2

F5HLD
p1f4p2�
F†
5
QV†

8

Df1f5p2�
L†u†V8

MF5
M2

V8

−
16Dp1f2p2�

F8LL†V†
8

Dp1f4�
F†
8RH

†Q
Df1f5p2�

L†u†V8

MF8
M2

V8

−
16Cp1p2

HV8V
†
9

Df1f4p2�
L†QV†

9

Df2f5p1�
L†u†V8

M2
V8
M2

V9

−
8Dp1f1p2�

F13LL†V†
8

Dp1f4�
F†
13RH

†Q
Df2f5p2�

L†u†V8

MF13
M2

V8

þ
8Dp1f1

F5HLD
p1f4p2�
F†
5
QV†

8

Df2f5p2�
L†u†V8

MF5
M2

V8

þ
16Dp1f1p2�

F8LL†V†
8

Dp1f4�
F†
8RH

†Q
Df2f5p2�

L†u†V8

MF8
M2

V8

þ
32Cp1p2

HV†
5
V8

Df1f4p1�
L†QV†

5

Df2f5p2�
L†u†V8

M2
V5
M2

V8

þ
Cp1p2

HS4S
†
6

Df1f2p2

LLS6
Df4p1f5�

QS4u†

M2
S4
M2

S6

þ
Cp1p2

HS4S
†
6

Df2f1p2

LLS6
Df4p1f5�

QS4u†

M2
S4
M2

S6

þ
Dp1f2

F5HLD
p1f1p2

F5LS4
Df4p2f5�

QS4u†

MF5
M2

S4

−
2Dp1f1

F5HLD
p1f2p2

F5LS4
Df4p2f5�

QS4u†

MF5
M2

S4

−
2Cp1p2

HS†
2
S4
Df1f2p1

LLS2
Df4p2f5�

QS4u†

M2
S2
M2

S4

þ
2Cp1p2

HS†
2
S4
Df2f1p1

LLS2
Df4p2f5�

QS4u†

M2
S2
M2

S4

ðB55Þ

b. B-violating operators

CLdudH ¼
16Df2f3p1�

d†d†S†
11

Dp2f5�
F11LHu†D

p2f4p1�
F†
11RLS11

MF11
M2

S11

−
16Df3f2p1�

d†d†S†
11

Dp2f5�
F11LHu†D

p2f4p1�
F†
11RLS11

MF11
M2

S11

þ
8Df2f3p1�

d†d†S†
11

Dp2f4�
F1HLD

p2p1f5�
F1S11u†

MF1
M2

S11

−
8Df3f2p1�

d†d†S†
11

Dp2f4�
F1HLD

p2p1f5�
F1S11u†

MF1
M2

S11

þ
16Df2f3p1�

d†d†S†
11

Df4p2f5�
LS13u†

Cp1p2�
HS11S

†
13

M2
S11
M2

S13

−
16Df3f2p1�

d†d†S†
11

Df4p2f5�
LS13u†

Cp1p2�
HS11S

†
13

M2
S11
M2

S13

þ
16Df2p1�

d†F10LH
Df3p1p2�

d†F†
10RS

†
13

Df4p2f5�
LS13u†

MF10
M2

S13

−
16Df3p1�

d†F10LH
Df2p1p2�

d†F†
10RS

†
13

Df4p2f5�
LS13u†

MF10
M2

S13

−
16Df3p1�

d†F10LH
Df2f4p2�

d†LS12
Dp1p2f5�

F†
10RS

†
12
u†

MF10
M2

S12

þ
16Df2p1�

d†F10LH
Df3p2f5�

d†S†
10
u†
Dp1f4p2�

F†
10RLS10

MF10
M2

S10

þ
16Df3p1p2�

d†F†
11RS

†
12

Df2f4p2�
d†LS12

Dp1f5�
F11LHu†

MF11
M2

S12

þ
8Df2p1p2�

d†F1S10
Df3p2f5�

d†S†
10
u†
Dp1f4�

F1HL

MF1
M2

S10

þ
16Df2f4p1�

d†LS12
Df3p2f5�

d†S†
10
u†
Cp2p1�
HS10S

†
12

M2
S10
M2

S12

ðB56Þ
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CLdddH ¼ −
16Df2f3p1�

d†d†S†
11

Df4p2�
d†F11LH†D

p2f5p1�
F†
11RLS11

MF11
M2

S11

þ
16Df3f2p1�

d†d†S†
11

Df4p2�
d†F11LH†D

p2f5p1�
F†
11RLS11

MF11
M2

S11

−
8Df2f3p1�

d†d†S†
11

Df4p2p1�
d†F†

2RS11
Dp2f5�

F2LH†L

MF2
M2

S11

þ
8Df3f2p1�

d†d†S†
11

Df4p2p1�
d†F†

2RS11
Dp2f5�

F2LH†L

MF2
M2

S11

−
32Df2f3p1�

d†d†S†
11

Df4f5p2�
d†LS12

Cp1p2

HS†
11
S12

M2
S11
M2

S12

þ
16Df4f3p1�

d†d†S†
11

Df2f5p2�
d†LS12

Cp1p2

HS†
11
S12

M2
S11
M2

S12

þ
32Df3f2p1�

d†d†S†
11

Df4f5p2�
d†LS12

Cp1p2

HS†
11
S12

M2
S11
M2

S12

−
16Df2p1�

d†F11LH†D
f3p1p2�
d†F†

11RS
†
12

Df4f5p2�
d†LS12

MF11
M2

S12

þ
16Df3p1�

d†F11LH†D
f2p1p2�
d†F†

11RS
†
12

Df4f5p2�
d†LS12

MF11
M2

S12

ðB57Þ

CeQddH ¼
16Df4f2p2

dQV8
Df5f1p1�

d†eV5
Cp1p2�
HV†

5
V8

M2
V5
M2

V8

þ
8Df4f2p2

dQV8
Df5p1�

d†F10LH
Df1p1p2�

eF†
10RV8

MF10
M2

V8

−
4Df4f2p2

dQV8
Df5p1p2�

d†F†
3LV8

Df1p1

e†F†
3RH

†

MF3
M2

V8

−
8Df5f4p1�

d†d†S†
11

Df1p2

e†F†
3RH

†D
p2f2p1

F3LQS†
11

MF3
M2

S11

þ
16Df5f4p1�

d†d†S†
11

Df1p2p1

e†F8LS
†
11

Dp2f2
F†
8RH

†Q

MF8
M2

S11

þ
16Df5f4p1�

d†d†S†
11

Df1f2p2

e†QS†
13

Cp1p2�
HS11S

†
13

M2
S11
M2

S13

−
32Df4f1p1�

d†eV5
Df5p2�

d†F10LH
Dp2f2p1�

F†
10RQ

†V†
5

MF10
M2

V5

þ
32Df4f1p1�

d†eV5
Df5p2p1�

d†F†
8LV

†
5

Dp2f2
F†
8RH

†Q

MF8
M2

V5

−
16Df4p1�

d†F10LH
Df5p1p2�

d†F†
10RS

†
13

Df1f2p2

e†QS†
13

MF10
M2

S13

ðB58Þ

CLdQQH ¼ −
8Df4f2p1

dQV8
Dp2f5p1

F13LL†V†
8

Dp2f1
F†
13RH

†Q

MF13
M2

V8

−
4Df4f5p1�

d†LS12
Dp2f2p1

F13LQS12
Dp2f1

F†
13RH

†Q

MF13
M2

S12

−
4Df4f1p1

dQV8
Dp2f5p1

F13LL†V†
8

Dp2f2
F†
13RH

†Q

MF13
M2

V8

−
2Df4f5p1�

d†LS12
Dp2f1p1

F13LQS12
Dp2f2

F†
13RH

†Q

MF13
M2

S12

þ
4Df4f2p1

dQV8
Dp2f5�

F1HLD
p2f1p1

F†
1
QV†

8

MF1
M2

V8

þ
4Df4f1p1

dQV8
Dp2f5�

F1HLD
p2f2p1

F†
1
QV†

8

MF1
M2

V8

þ
2Df4f2p1

dQV8
Dp2f5�

F5HLD
p2f1p1

F†
5
QV†

8

MF5
M2

V8

−
2Df4f1p1

dQV8
Dp2f5�

F5HLD
p2f2p1

F†
5
QV†

8

MF5
M2

V8

−
8Df4f1p1

dQV8
Dp2f5p1

F8LL†V†
8

Dp2f2
F†
8RH

†Q

MF8
M2

V8

þ
4Df4f5p1�

d†LS12
Dp2f1p1

F8LQS12
Dp2f2

F†
8RH

†Q

MF8
M2

S12

þ
32Df4p1�

d†F10LH
Dp1f2p2�

F†
10RQ

†V†
5

Df5f1p2

L†QV†
5

MF10
M2

V5
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−
32Df4p1p2�

d†F†
8LV

†
5

Dp1f2
F†
8RH

†Q
Df5f1p2

L†QV†
5

MF8
M2

V5

þ
16Df4f2p1

dQV8
Cp2p1�
HV†

5
V8

Df5f1p2

L†QV†
5

M2
V5
M2

V8

þ
16Df4p1�

d†F10LH
Dp1f2p2�

F†
10RQ

†V†
9

Df5f1p2

L†QV†
9

MF10
M2

V9

þ
4Df4p1p2

dF13LV9
Dp1f2

F†
13RH

†Q
Df5f1p2

L†QV†
9

MF13
M2

V9

þ
8Df4f2p1

dQV8
Cp1p2�
HV8V

†
9

Df5f1p2

L†QV†
9

M2
V8
M2

V9

þ
32Df4p1�

d†F10LH
Dp1f1p2�

F†
10RQ

†V†
9

Df5f2p2

L†QV†
9

MF10
M2

V9

þ
8Df4p1p2

dF13LV9
Dp1f1

F†
13RH

†Q
Df5f2p2

L†QV†
9

MF13
M2

V9

þ
16Df4f1p1

dQV8
Cp1p2�
HV8V

†
9

Df5f2p2

L†QV†
9

M2
V8
M2

V9

−
4Df4p1�

d†F10LH
Dp1f5p2�

F†
10RLS10

Df1f2p2

QQS10

MF10
M2

S10

−
2Df4p1p2�

d†F1S10
Dp1f5�

F1HLD
f1f2p2

QQS10

MF1
M2

S10

−
4Df4f5p1�

d†LS12
Cp2p1�
HS10S

†
12

Df1f2p2

QQS10

M2
S10
M2

S12

−
4Df4p1�

d†F10LH
Dp1f5p2�

F†
10RLS10

Df2f1p2

QQS10

MF10
M2

S10

−
2Df4p1p2�

d†F1S10
Dp1f5�

F1HLD
f2f1p2

QQS10

MF1
M2

S10

−
4Df4f5p1�

d†LS12
Cp2p1�
HS10S

†
12

Df2f1p2

QQS10

M2
S10
M2

S12

þ
2Df4p1�

d†F10LH
Dp1f5p2�

F†
10RLS14

Df1f2p2

QQS14

MF10
M2

S14

−
Df4p1p2�

d†F5S14
Dp1f5�

F5HLD
f1f2p2

QQS14

MF5
M2

S14

þ
2Df4f5p1�

d†LS12
Cp1p2�
HS†

12
S14
Df1f2p2

QQS14

M2
S12
M2

S14

−
2Df4p1�

d†F10LH
Dp1f5p2�

F†
10RLS14

Df2f1p2

QQS14

MF10
M2

S14

þ
Df4p1p2�

d†F5S14
Dp1f5�

F5HLD
f2f1p2

QQS14

MF5
M2

S14

−
2Df4f5p1�

d†LS12
Cp1p2�
HS†

12
S14
Df2f1p2

QQS14

M2
S12
M2

S14

ðB59Þ

4. Examples of comparison with previous dim-6 results

In this subsection, we show two examples, C5 and Cuu, to help readers to compare our results with existing dimension-6
matching results in Ref. [27]. The transformation rules, Eqs. (3.7)–(3.17), are used to compare two different notations here
and also applicable to other cases.
C5 Three UV resonances can contribute to the Weinberg operator, known as S6, F1, F5 or Ξ1; N;Σ in Ref. [27]. Related

interaction vertices are

ΔL ¼
Cp
HHS†

6ffiffiffi
2

p ϵkjðτIÞikHiHjðS†6pÞI −
Drsp

LLS6ffiffiffi
2

p ϵjkðτIÞik½ðlrÞiCðlsÞj�ðS6pÞI

−Dpr
F1HLϵ

ji½F1pCðlrÞi�Hj þ
Dpr

F5HL

2
ffiffiffi
2

p ϵkjðτIÞik½ðF5pÞICðlrÞi�Hj

þDpr
F5HL

2
ffiffiffi
2

p ϵkiðτIÞjk½ðF5pÞICðlrÞi�Hj þ H:c:; ðB60Þ

or

−ΔL ¼ ðyΞ1
ÞrijΞa†

1r l̄Liσ
aiσ2lcLj þ ðκΞ1

ÞrΞa†
1r ðϕ̃†σaϕÞ

þ ðλNÞriN̄Rrϕ̃
†lLi þ

1

2
ðλΣÞriΣ̄a

Rrϕ̃
†σalLi þ H:c: ðB61Þ
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in the notation of Ref. [27]. The relation between two notations can be derived from comparing Lagrangians as

ðκΞ1
Þr ¼ −

1ffiffiffi
2

p Cr
HHS†

6

; ðyΞ1
Þrji ¼ −

1ffiffiffi
2

p ðDijr
LLS6

Þ�; ðB62Þ

ðλNÞri ¼ −Dri
F1HL; ðλΣÞri ¼ −

ffiffiffi
2

p
Dri

F5HL; ðB63Þ

which leads to a transformation between our matching results for C5 at Oðv2=M2Þ order. Note that last two terms involving
F5 in Eq. (B60) are identical due to the symmetric tensor ϵτI.
Cuu Similar result can be derived from comparing

ΔL ¼ ½−4Dprs
S†
9
u†u†

ϵabc½ðūrÞbðucsÞc�ðS†9pÞa − 4Dprs
S17u†u†

Ca
ab½ðūrÞaðucsÞb�ðS17pÞa þ H:c:�

− 2Drsp
u†uV1

½ðūrÞaγμðusÞa�Vμ
1p − 2

ffiffiffi
2

p
Drsp

u†uV12
ðλAÞba½ðūrÞaγμðusÞb�ðV12pÞAμ ðB64Þ

and

−ΔL ¼ fðyuuω4
ÞrijωA†

4r ϵABCū
B
Riu

cC
Rj þ ðyΩ4

ÞrijΩAB†
4r ūcðAjRi ujBÞRj þ H:c:g

þ ðguBÞrijBμ
r ūLiγμuLj þ ðguGÞrijGμA

r ūLiγμTAuRj; ðB65Þ

which gives

ðyuuω4
Þrki ¼ 4Dpki

S†
9
u†u†

; ðyΩ4
Þrjl ¼ 4ðDrjl

S17u†u†
Þ�; ðB66Þ

ðguBÞrij ¼ 2Dijr
u†u†V1

; ðguGÞrij ¼ 4
ffiffiffi
2

p
Dijr

u†uV12
: ðB67Þ

Note that two terms involving S9 in Eq. (B22) are identical due to the antisymmetry of the indices, and the same to S17.

APPENDIX C: DIM-5, 6 WARSAW AND DIM-7 GREEN BASIS

TABLE X. The Weinberg operator.

Type: ψ2H2

O5 ϵikϵjlðlT
i CljÞHkHl

TABLE XI. The Warsaw basis [3].

Type: X3 Type: H4D2 Type: ψ2H3

OG fABCGAν
μ GBρ

ν GCμ
ρ OH□ ðH†HÞ□ðH†HÞ OeH ðH†HÞðleHÞ

OG̃ fABCG̃Aν
μ GBρ

ν GCμ
ρ OHD ðH†DμHÞ�ðH†DμHÞ OuH ðH†HÞðq̄uH̃Þ

OW ϵIJKWIν
μ W

Jρ
ν WKμ

ρ Type: H6 OdH ðH†HÞðq̄dHÞ
OW̃ ϵABCW̃Iν

μ W
Jρ
ν WKμ

ρ OH ðH†HÞ3

Type: X2H2 Type: ψ2XH Type: ψ2H2D
OHG H†HGA

μνGAμν OeW ðlσμνeÞτIHWI
μν Oð1Þ

Hl ðH†iD
↔

μHÞðlγμlÞ
OHG̃ H†HG̃A

μνGAμν OeB ðlLσ
μνeRÞHBμν Oð3Þ

Hl ðH†iD
↔I

μHÞðlτIγμlÞ
(Table continued)
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TABLE XI. (Continued)

Type: X3 Type: H4D2 Type: ψ2H3

OHW H†HWI
μνWIμν OuG ðq̄σμνTAuÞH̃GA

μν OHe ðH†iD
↔

μHÞðēγμeÞ
OHW̃ H†HW̃I

μνWIμν OuW ðq̄σμνuÞτIH̃WI
μν Oð1Þ

Hq ðH†iD
↔

μHÞðq̄γμqÞ
OHB H†HBμνBμν OuB ðq̄σμνuÞH̃Bμν Oð3Þ

Hq ðH†iD
↔I

μHÞðq̄τIγμqÞ
OHB̃ H†HB̃μνBμν OdG ðq̄σμνTAdÞHGA

μν OHu ðH†iD
↔

μHÞðūγμuÞ
OHWB H†τIHWI

μνBμν OdW ðq̄σμνdÞτIHWI
μν OHd ðH†iD

↔

μHÞðd̄γμdÞ
OHW̃B H†τIHW̃I

μνBμν OdB ðq̄σμνdÞHBI
μν OHud iðH̃†iDμHÞðūγμdÞ

Type: ðL̄LÞðL̄LÞ Type: ðR̄RÞðR̄RÞ Type: ðL̄LÞðR̄RÞ
Oll ðlγμlÞðlγμlÞ Oee ðēγμeÞðēγμeÞ Ole ðlγμlÞðēγμeÞ
Oð1Þ

qq
ðq̄γμqÞðq̄γμqÞ Ouu ðūγμuÞðūγμuÞ Olu ðlγμlÞðūγμuÞ

Oð3Þ
qq ðq̄γμτIqÞðq̄γμτIqÞ Odd ðd̄γμdÞðd̄γμdÞ Old ðlγμlÞðd̄γμdÞ

Oð1Þ
lq

ðlγμlÞðq̄γμqÞ Oeu ðēγμeÞðūγμuÞ Oqe ðq̄γμqÞðēγμeÞ
Oð3Þ

lq
ðlγμτIlÞðq̄γμτIqÞ Oed ðēγμeÞðd̄γμdÞ Oð1Þ

qu
ðq̄γμqÞðūγμuÞ

Oð1Þ
ud

ðūγμuÞðd̄γμdÞ Oð8Þ
qu ðq̄γμTAqÞðūγμTAuÞ

Type: ðL̄RÞðR̄LÞ Oð8Þ
ud

ðūγμTAuÞðd̄γμTAdÞ Oð1Þ
qd

ðq̄γμqÞðd̄γμdÞ
Oledq ðleÞðd̄qÞ Oð8Þ

qd
ðq̄γμTAqÞðd̄γμTAdÞ

Type: ðL̄RÞðL̄RÞ Type: B-violating

Oð1Þ
quqd

ðq̄juÞϵjkðq̄kdÞ Oduq ϵabcϵjkðdTaCubÞðqTcjClkÞ
Oð8Þ

quqd
ðq̄jTAuÞϵjkðq̄kTAdÞ Oqqu ϵabcϵjkðqTajCqbkÞðuTcCeÞ

Oð1Þ
lequ

ðljeÞϵjkðq̄kuÞ Oqqq ϵabcϵjnϵkmðqTajCqbkÞðqTcmClnÞ
Oð3Þ

lequ
ðljσμνeÞϵjkðq̄kσμνuÞ Oduu ϵabcðdTaCubÞðuTcCeÞ

TABLE XII. The dimension-7 Green basis. The redundant operators Ri are marked in bold. A similar basis is also presented in
Ref. [65].

Only L-violating

Type: ψ2H4 Type: ψ2H3D

OLH ϵikϵjlðlT
i CljÞHkHlðH†HÞ OLeHD ϵijϵklðlT

i Cγ
μeÞHjHkðiDμHlÞ

Type: ψ2H2D2 Type: ψ2H2X
OLDH1 ϵijϵklðlT

i CDμljÞðHkDμHlÞ OLHW ϵikðϵτIÞjlðlT
i Ciσ

μνljÞHkHlWI
μν

OLDH2 ϵikϵjlðlT
i CDμljÞðHkDμHlÞ OLHB ϵikϵjlðlT

i Ciσ
μνljÞHkHlBμν

RLDH3 ϵikϵjlðlT
i CljÞðDμHkÞðDμHlÞ

RLDH4 ϵikϵjlðlT
i CljÞðHkDμDμHlÞ

RLDH5 ϵikϵjlðlT
i Ciσ

μνljÞðDμHkÞðDνHlÞ
RLDH6 ϵikϵjlðlT

i Ciσ
μνDμljÞðHkDνHlÞ

Type: ψ4D Type: ψ4H
OduLLD ϵijðd̄aγμuaÞðlT

i CiDμljÞ OeLLLH ϵijϵklðēliÞðlT
j ClkÞHl

RduLLD2 ϵijðd̄aiDμljÞðlT
i Cγ

μuaÞ OdLQLH1 ϵijϵklðd̄aliÞðqTajClkÞHl

RduLLD3 ϵijðd̄aliÞðlT
j CiDuaÞ OdLQLH2 ϵikϵjlðd̄aliÞðqTajClkÞHl

OdLueH ϵijðd̄aliÞðuTaCeÞHj

OQuLLH ϵijðq̄akuaÞðlT
kCliÞHj

(Table continued)
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