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ABSTRACT: The effective field theory approach parameterizes the low energy behaviors of
all possible ultraviolet (UV) theories in a systematic way. One of the most important tasks
is thus to find the connection between the effective operators and their UV origins. The
redundancy relations among operators make the connection very subtle, hence we proposed
the J-basis prescription to illuminate the correspondence between operators and their UV
resonances in the bottom-up way. In this work, we work out the dimension-8 J-basis operators
in the standard model effective field theory (SMEFT), and find all the 146 (82) tree-level UV
resonances along with their couplings up to mass dimension 5 (4). Furthermore, we point out
a few subtleties on operator generation via field redefinition and on the UV Lagrangian for
generic spin resonances. We also provide a data base storing our results and a Mathematica
notebook for extracting those results for the reader’s conveinence.
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1 Introduction

The standard model effective field theory (SMEFT) provides the most general parametrization
on all possible Lorentz-invariant new physics, encoded in the Wilson coefficients of the effective
operators, see refs. [1, 2] for recent review. These effective operators are written based on the
standard model field building blocks, following the Lorentz and gauge symmetry. They are
organized order by order via the canonical mass dimension and they form the complete and
independent basis at each order, and the operator basis has been enumerated up to dimension
9 and higher [3-12], for generic procedure to all order, see ref. [13]. After obtaining the
complete basis of effective operators, the next question would be what kinds of new physics
should be identified for each type of effective operators. Current experimental data show
null results on new physics searches, which indicates experimental constraints on the Wilson
coefficients of the SMEFT operators, e.g. ref. [14] for a global analysis. Once future data
exhibit significant deviation from the SM prediction, the corresponding effective operator
should be specified and their Wilson coefficients can thus be determined.

There are usually two ways to find the connection between the effective operators and
their possible UV origins: the top-down approach and the bottom-up approach. In the
top-down approach, a well-motivated UV model is specified with field contents and symmetry,
and there are scale separation between new particles and SM particles. Then one performs
the matching procedure by integrating out the heavy degrees of freedom in this model, and
obtains the non-vanishing Wilson coefficients for some effective operators, which is a subset of
the complete and independent operators. In this approach, it is easy to systematically identify
all possible effective operators corresponding to single UV model. However, it is quite difficult
to find all the possible UV origins of effective operator without performing an exhaustive
search of various possible UV models, which is very time-consuming and error-prone due to



the large variety of UV models. The work along this direction includes the classification of
the tree-level and loop-level generated operators [15-22], the complete tree-level and one-loop
dictionary for the dimension-6 operators [23, 24], and the dimension-7 operators [25], etc.

In the bottom-up approach, the aim is to find all the possible UV origins of an effective
operator without writing down explicit UV Lagrangian, and it can be realized by examining
the Lorentz and gauge quantum numbers for the contact on-shell amplitudes generated by
the J-basis operators, proposed in ref. [26]. This approach is made possible by introducing
the J-basis of the effective operators [26-28], together with the whole mechanism of Young
tensor method [8, 10, 13, 29-31] including the operator reduction procedure. It is well-known
that a lot of equivalence relations exist among the effective operators, and thus we have a
large variety of different operator bases to choose from. One way to choose the basis, which
results in the J-basis, is to find the eigenstates of all the symmetry groups, including the
Poincaré group and the internal symmetry groups, when their algebra act on a “partition”
of the external particles. The J in the name J-basis comes from the frame-independent
angular momenta of an operator with respect to a partition defined by the Casimir W? of
the Poincaré group. From the perspective of looking for UV origins of effective operators,
the J-basis has the privilege that the quantum numbers of the possible UV resonances in a
particular tree partition are fixed by the corresponding quantum numbers of the amplitude
and the associated operator. Therefore, it becomes straightforward to deduce the possible
resonances in the UV origin of an operator.

In this paper, we for the first time clarify the conventions for the couplings involving
massive particles of spin J > 1. First, for these higher-spin massive fields in the Lagrangian,
there are different choices of gauge for their couplings to the other fields that lead to different
conclusions regarding whether they are responsible for certain low-energy effective operators.
In particular, the source they couple to can also be decomposed into different irreducible
tensors with certain spins, while the components with mismatched spins can always be
converted to operators without these fields via a field redefinition. For example, the current
coupling to a vector field can be decomposed into a conserved current and a total derivative,
the latter being a spin-0 component and can be removed. This prescription is related to the
on-shell amplitude/operator correspondence [8, 32, 33], as the couplings with non-conserved
current does not produce on-shell spin-1 particle. It also leads to the justification of our
J-basis algorithm, since the spin-0 coupling generates J = 0 amplitude and the corresponding
J = 0 effective operator at low energy, not a J = 1 operator indicated by the resonance as it
cannot be generated on-shell. Second, we enumerate the tree-level couplings involving massive
particles of spin J > 1 in the UV theory in terms of the external particle species. We adopt
the canonically normalized fields for all the particles, so that the bosons are all dimension-1
and the fermions are all dimension-3/2. Based on these tree-level couplings, we could classify
the effective operators into tree-level generated and loop-induced, which is an important piece
of information in phenomenology. Thirdly, we resolve the subtleties related to the generation
of the operator by field redefinitions. We build a diagrammatic correspondence between the
operator generation via field redefinition and the substitution of the heavy resonance with
SM particles of the same quantum numbers in the tree diagram. In this way, from a seed UV
theory obtained by our ordinary J-basis analysis, one can recursively remove relevant heavy



resonances in the diagram to obtain a series of UV theories that can generate the operator
under analysis via field redefinition after the top-down matching.

For the convenience of our readers, we have created a database in the form of a
Mathematica package that stores all possible tree-level UV theories for each dimension-
8 operator in the arXiv webpage. Each UV theory is defined by a list of new fields and new
interactions, with interactions colored in red if their possible minimal dimension is greater
than 4 according to our convention. Using this database, we have identified a total of 146 (82)
UV resonances that can participate in the generation of dimension-8 operators at the tree level
when the maximum allowed interaction dimension is set to 5 (4). Among these resonances,
88 (35) are new and not previously involved in the tree-level generation of dimension-6 and
dimension-7 operators [23, 26]. However, for those restricted to a maximum dimension-4
UV interactions, all 35 of the new resonances alone are incapable of generating dimension-8
operators. They must accompany at least one other resonance that also contributes to
dimension-6 or dimension-7 operators.

This paper is organized as follows. In section 2, we review the basic knowledge of our
Young Tensor method, with emphasis on the method of construction of j-basis operator. In
section 3, we explain the meaning of renormalizable operators and tree-level interactions
in an on-shell convention, and list all the amplitude form for renormalizable 3-pt and 4-pt
interactions involving different number of massive particles. In section 3 we also explain how
to include those UV theories that generate a given operator via field redefinition. In section 4,
we summarize the procedure for obtaining a complete set of UV theories for a given operator
type using the updated J-basis analysis and introduce a database with auxiliary functions to
extract all the UV theories related to a given operator in the form of a Mathematica package.
In the meantime, we list the operator types that must be generate with at least one new UV
resonance, the list of UV theoreies that does not generate dimension 6 operators, and finally
the detailed information for the J-basis for each operator type. We conclude in section 5.

2 Brief review on J-basis and UV correspondence

In our previous work [26], we introduced a systematic method to obtain UV resonances
by construction of j-basis of SMEFT. In this section, we briefly review basic knowledge
of operator basis construction, especially the j-basis. The operator j-basis gives quantum
numbers of partial wave expansion of an operator type, including partial wave of its kinematic
and gauge structure. The quantum numbers stand for possible UV resonances of a scattering
channel, which is the j-basis/UV correspondence.

2.1 Operator-amplitude correspondence and operator bases

The SMEFT operators are classified by dimension, class and type. An operator class shows
helicities of each field and the number of derivatives, while a type also includes gauge quantum
numbers of each field. A systematic method of constructing a non-redundant operator basis
was introduced in [8, 10]. The method involves the operator-amplitude correspondence and
a generalized Young diagram method. The operator-amplitude correspondence is based on
the Fourier transformation of a field. For example, a derivative 0 becomes a momentum



p after the Fourier transformation. This feature allows us to construct an amplitude basis
instead of directly constructing an operator basis, so that we can apply all the properties
of an on-shell amplitude. The generalized Young diagram method is originated from tensor
representation of the Poincaré and gauge groups.

2.1.1 Operator-amplitude correspondence

There is a one-to-one map between contact amplitudes and irrelevant EFT operators, also
shown in [8, 10, 26, 32]. A following problem comes from the covariant derivative D, causing
a condition that one operator probably contributes to several vertices. Therefore we only pay
attention to the leading vertex with minimal fields, treating D as 0, and F),, as 0,4, — 0, A,.
The two other redundancies of operators, integration by part (IBP) and equation of motion
(EoM), can be erased automatically by on-shell amplitude basis construction. To be more
specific, the on-shell operator-amplitude correspondence is an isomorphism between the linear
spaces of irrelevant operators and independent contact amplitudes. Thus the key idea is (i)
to find the map between the building blocks of operators and amplitudes, (ii) to construct an
independent amplitude basis, so that we obtain an independent operator basis.

We start with the building blocks of operators and amplitudes, which are the represen-
tations of the Lorentz group SO(3,1) ~ SL(2,C) = SU(2); x SU(2), and the gauge group
SU@3)c ® SU(2)w ® U(1)y. The operator building blocks of the Lorentz symmetry are

Irrep ‘ 0,0){(3,0 ‘ ‘ (1,0) ‘ (0,1) ‘ 3:3) (2.1)

Operator block‘ ‘ 1/JT ‘FL = L(F +iF) ‘FR = 3(F —iF ‘
Meanwhile the amplitudes are expressed in the spinor-helicity formalism, where a massless

particle 4 of helicity h; gives )\Tﬁh" :\Ti+h' A Lorentz singlet can be determined by a proper

set of {h;,;}. Also, since p; = \;\; ~ (3, 1) ~ D, the following translation can be inferred
\ritL/23ri=1/2

Amplitude Block| A7 A7 AT L2RTL/2 | \ritd R

Operator Block ‘D”qﬁi‘ Dri=l2y, ‘ D”i_l/%pj ‘D”—lpL ‘ D 1Fp

ri—13yr;+1

(2.2)

The translation implies that the covariant derivative commutator (CDC) is treated as a
Lorentz redundancy and eliminated, which satisfies the choice of leading vertex. The amplitude
blocks show that helicity indices of the derivatives on a field are symmetric and without
contraction, or there will be [D, D] = F or EoM.

2.1.2 Operator basis construction

In [8, 10], a complete and independent operator basis is given by the semi-standard Young
tableau (SSYT) and the generalized Littlewood-Richardson (LR) rule for Lorentz and gauge
group respectively.

The Young diagram of SL(2,C) x U(N) is n
——
[M]N,fz,n = | ) (23)
Z H —
—_————
n



where N is the number of particles. The number of columns for SL(2,C) x U(N) irrep n
and conjugate irrep N are determined by

n=g+ Y hifi=g+ Y hi#i =i 2h, (24)
hi<0 hi>0

where k is the number of derivative, h; is the helicity of particle 7, and #i is the number of
label ¢ appearing in the SSYTs. The SSYTs are translated into amplitudes as

k1
. L ™ ko

(ij) ~ , ] ~ 8N | (2.5)
kn—2

and a complete amplitude is the product of all columns. Once the parameters are determined,
the SSYTs give a complete and independent amplitude basis, free from IBP, EoM and
Schouten identity redundancies.

For example, the helicity category of type DecT HQ? is {—%, —%, —%, 0, +%}, and there
is one momentum given by the derivative D. Following eq. (2.3), (2.4), one can obtain
type DecHQ%s Lorentz y-basis

(12)(34)[45]
BY = | —(13)(23)[35] | - (2.6)
(13)(24)[45]
The gauge y-basis construction is based on the tensor representation of SU(N) gauge

group. A field F with anti-fundamental or adjoint indices are converted into N — 1 or N
fundamental indices respectively,

ai )
FA S Farvani = FATH N ey oy ~ ; (2.7)
anr—1
ai
F = Fapany = Fayay_ja~ - (2.8)
an-—1

Then we apply the generalized L-R rule to Young tableaux to construct a series of SU(N)
singlets, where each column represents an e tensor, and each expression within a y-basis is
the product of the € tensors derived from its Young tableau.



The type DectHQ? contains four SU(2)y-doublets

Q’ip Qin Qi37 Hi4- (29)

According to the generalized L-R rule, the SU(2)y y-basis is constructed as

gl gy s, (2.10)
%3] 3|04
T = e, (2.11)

The y-basis is not necessarily composed of monomials after simplification, because of
eq. (2.7), (2.8), but we can always choose a group of independent and complete monomials
from the y-basis, namely the monomial basis (m-basis) [8, 10, 13]. In the former example
DectHQ?, we are lucky to find out that its SU(2)yy y-basis is composed of monomials. Along
with the SU(3)¢ structure, the m-basis of type DectHQ? is

o ie®e® eI (D H))(Qsepotec)) (Qp @ray)
oy i€ el Hy (Qp 0t ec) (Qryy(DuQser)
o |05 | [ DyuH) (Qry;0"ec)) (QpyyQser) (212)
oy i€eeld (D H) ) (Qsep 0t ec]) (QpaiQrag) |
or el et Hy(Qp 0 ec)) (Qraj (DuQser)
Og' iﬁabcfijekl(Dqu)(QrbjUM‘fCI)(QpaiQSdc)

where {a, b, c} are SU(3)¢ fundamental indices, {i, 7, k,{} SU(2) fundamental, and {p,r,s,t}
flavor.

In some cases it is inevitable to deal with repeated fields. If we want to have a flavor
specified independent basis (discussed in [13]), we need to rearrange the operators into
irreducible representations (irreps) of the SU(n¢) flavor group. The process from m-basis to
flavor-specified basis (f-basis) requires two steps. First we construct irreps of permutation
group Sy, and obtain the permutation basis (p-basis), where m is the number of repeated fields.
According to the Schur-Weyl duality, any irrep of \S,, is also an irrep of SU(ny). Then we select
the operators that span different SU(ny) tensor spaces of each irrep, and obtain the f-basis.



For example, type DecHQ? has three repeated @Q’s. The irreps of SU(ny) (S3) by

{Qr,Qs,Q1} are {[r]s]t], 7; 5 ,}, and the p-basis is
— t

Oy = Ylrlsle]or, (2.13)

Vs hop

I N oy o1
| oy | |

(s Hy[- 1oy

” (2.15)

Notice that )| ; 5 ‘] and (s t) Y[ ‘] span the same linear space of an irrep of SU(ny),

so the f-basis is

Ol = Ylr[slt]or, (2.16)

“Jor (2.17)
oy |
jom. (2.18)

So far the bases we have introduced do not directly predict the possible UV origins.
From the group theory point of view, the UV particles generating the effective operators are
the possible irreps of the Poincaré group and the gauge group. This recognition leads to the
partial wave expansion of amplitudes of a certain scattering process that gives the angular
momentum J and gauge quantum number R of the multi-particle state at the scattering
channel. The traditional partial wave expansion mainly focuses on 2 — N scattering, but
we can always generalize the concept to M — N scattering and multi-partite scattering,
as is shown in [26], in order to obtain complete tree-level UV origins. Along with the
operator-amplitude correspondence, we can apply the partial wave expansion on a complete
and independent operator basis under any possible topology, and gain the information of
the resonances. The result is named j-basis. J-basis is an eigenbasis of the partial Casimir
operators under the given topology. We shall discuss the details of j-basis construction after
introducing the Casimir operators of Poincaré group and SU(NN) and the definition of partial
Casimir operators in the next subsection. The key idea is to transfer the partial wave problem
into a linear algebra problem about solving the eigenfunctions of partial Casimir operators.
Figure 1, proposed in [26], gives the relations among all the bases mentioned above.



m-basis

A

monomial
|

yermute
} N

S-W .
j-basis p-basis | <——= | f-basis
duality

Figure 1. Relations among the different bases [13]. The red arrow means that the basis can always be
expressed as linear combination of the y-basis through a reduce procedure. The yellow circle indicates
that the m-basis, the p-basis and the j-basis are related by linear transformations. The operators in
the p-basis are tensors of the symmetric group S,,, and those in the f-basis are tensors of SU(ny)
group, where m is the number of repeated fields and ny is the flavor number of each repeated field.
These two basis are connected by the Schur-Weyl duality.

2.2 Pauli-Lubanski and gauge Casimir projection

First we need to determine all the scattering channels to do the partial wave expansion,
which requires the concept of partition. Let us start with the traditional 2 — N scattering.
This process involves N + 2 particles totally, with the incoming channel Z; = {12} and the
outgoing one Zy = {3...(N + 2)}, so its partition is {12|3... (/N + 2)}. Notice that the
partition satisfies two conditions that (i) Zy UZy = {1,2,3,..., (N 4+ 2)}; and (ii) the two
channels do not overlap Z; N Z, = @. This specific example also satisfies Z; = T, where
Z; ={1,...,N,N + 1,N + 2} — Z;, which is the feature of a 2-partite partition.

Then we generalize 2-partite partitions to multi-partite partitions. For simplicity, we treat
all particles as incoming ones, and suppose there are totally IV external particles. Intuitively,
we can obtain a multi-partite partition by dividing the N external particles into several
channels, satisfying the generalized conditions of (i) and (ii) mentioned in the last paragraph.
An m-partite partition of N external particles is denoted as N|lm =7, _,, C {1,...,N},
with requirement (i) and the generalized one of (ii), denoted as (ii’)

IiﬁIjzgorIiﬂszg (219)

that any two channels are either non-overlapping or contain one another. All the possible
partitions of particles {1,..., N} form a space Py with Sy symmetry. If we apply the
quotient set P /Sy, the result is a set of all possible topologies, usually labeled by diagrams.
For example, when N = 6, one of all the possible partitions is {12]123]|456|56}. Channel
{12} < {123} and {12} N {456} = @ satisfies the requirement (ii’). In this case, both

{12]123]456|56} and {12|124|356|56} belong to topology

-8 —



The multi-partite partitions provide favorable conditions of defining partial Casimir
operators. Casimir operators label the irreps of their group/algebra, which can be very useful
to partial wave expansion. A partial Casimir operator thus labels the irreps of a specific
channel, so that the resonance information of all scattering channels can be obtained if we
consider all the partial Casimir operators.

2.2.1 Lorentz j-basis
There are two Casimir operators in the Poincaré algebra, momentum P? and the Pauli-
Lubanski operator W2, which label irreps of the Poincaré group
W2|P,J,0) = —P%J(J +1)|P, J,0), (2.20)
P%|P,J,0) = P?|P,J, o). (2.21)

The partial wave expansion of an N-pt scattering amplitude M({V¥}y/,,) in partition N|m
is in the form

MEB v = 30 S MBI () ) o (10 ), (2.22)

J17'~~7J’m a

where {W} v, denotes the states of N particles divided into partition N|m, J; denotes the
total angular momentum of channel Z;, M1 7m ({s} N|m) contains the physical information
of the scattering process and is irrelevant to the partial wave, a is the possible degeneracy,

and Bf""’“’m({\p}mm) is the partial wave basis
51 yeeesdm s T
B, ({0 npm) = (T8, Jis il {¥} v, ) )i, (2.23)
i=1

If we only pay attention to channel Z;, we can always act W2 on state |P;, J;, ;)
(P, Jiy i W2H{W YN, ) = WE AP, iy 0al{ W) ;) = —P2Ji(Ji + 1Py, Jisoil{ W), (2.24)

where WIQZ is defined as the partial Casimir operator of W? only concerning channel Z;. The
definition is essential, because an amplitude is always a Lorentz singlet, but part of the
external particles in a specific channel may form a non-trivial irrep that can be detected by
the partial Casimir operator of this channel. Since WZ is defined in the subspace [{¥}y;)
in {¥}y), it must satisfy

W2 (Py, Jj, 05 {W} ;) = 0 (Vi # j). (2:25)

Therefore
—J1resdm e dm
W2B,' (¥} npm) = —sz,i(Ji + 1)B, Y} Njm)s (2.26)

a

where sz, = P? is the Mandelstam variable of channel Z;. We apply the spinor-helicity

7
formalism, and the form of W? given in [27] is thus

W2 = ézﬂ(mMg] + Tr[M?)) — iTr[PTMPM’], (2.27)



where P = P“a“ PT = P#ZTWO‘, and M, M are the chiral components of the Lorentz

ad
gdagﬁ = EaﬁMdﬁ + gaBMaﬁ'
Eq. (2.26) is an eigenfunction of WZQZ,, so a natural question emerges whether there is a

generator Mo

basis to solve the eigenfunction, so that the partial wave expansion becomes a linear algebra
problem. Luckily, we have already introduced how to construct a complete and independent
basis classified by dimension and external particles. To sum up, the process of partial wave
expansion consists of five steps:

1. Find out the linear space spanned by a complete and independent basis (usually the
y-basis) at dimension d, V¢ = [BY9);

2. Determine the partition N|m and its corresponding partial Casimir operators {W%},
3. Act each partial Casimir operator on the basis {W%igy,d} and obtain a series of equations;
4. Solve the eigenfunction of each WI{ and obtain the corresponding irreps;

5. Find out the linear intersections of the irreps’ spaces of each WIQZ and obtain a series of
eigenbasis of {VVIQZ}7 which is named as the Lorentz j-basis.

We still study type Dec! HQ?3 as an example and construct its Lorentz j-basis of partition

{12(534},

Eq. (2.6) gives its Lorentz y-basis. Since partition {12]5/34} contains two resonances, we
only need to focus on channel {12} and {34}. Act W{212} on BY and

0 00
W{212}By = —s12WgyBY, Wiy = 0 20 . (2.28)
—-102
Diagonalize the matrix Wyi9)
-102
lCﬁQ} =1010{, K?[E{Q}W{lg}(/c%})—l = diag(2,2,0) 2.29)
100 '

= J{IQ} = (17 170)7

where B% = IC%yBy. The amplitude space [BY] is decomposed into two subspaces of irreps
Jii2y = 1 and Jyj9y = 0 respectively. Similarly for channel {34}, the transformation matrix
K%g 4y and the corresponding spins Jysq) are

-1 1 2 511
1 00

,10,



So far there are two kinds of decomposition of space [BY], [J19y = 1] @ [J12y = 0] and
[J(34y = e [J(34y = 1], derived from W{212}By and W{234}By respectively. Then we find
out the linear intersections of the subspaces

i .

T2y =1 |J3ay = 2
. =

a2y =10 | = 5 =Span[(~1 —2 2) B, (2.32)
- 1:

[J2y =01 ) |34y = 3

=Span[(1 ~1 —2) BY], (2.31)

:Span[(—l 0 0) BY], (2.33)

where the row vectors on the r.h.s. are left eigenvectors of W{212} and W{23 ne Therefore the
Lorentz j-basis of partition {12[125/34} is

I —-1-2 (17 %)
ZSﬂ;12|125|34} = ’Cﬁ2|125\34}5y =|-1-2 2 [B (Jua, Jpsay) = [ (1, %) (2.34)

2.2.2 Gauge j-basis

The partial wave expansion for gauge group shares a similar principle to the Poincaré group,
that the Casimir operator labels the irreps of its group

(%n OT(R; S)[l,_,[N = CSn(R)T(R, S)Il-~~IN (2.35)

where C,, is a Casimir operator, $ C {1,..., N} labels a channel of particles with direct
product of irreps ®@{r;|i € S}, T(R;8)r,..1, is a tensor in a partial wave basis of the irrep
R and ®{r;|i € $}, and C,(R) is the eigenvalue of R.

Since we mainly focus on the Standard Model gauge group, we only give the Casimir
operators of SU(2) and SU(3)

Cy = T*T?, for both SU(2) and SU(3), (2.36)
C3 = d°T*T°T¢, for SU(3) only, (2.37)

where T’s are generators of their corresponding groups. The generator of direct product of
irreps derived from the exponential map of SU(N) is in the form

N
A A
Toren = > Tit I1 Er)s (2.38)
i=1 J#i

where Ey, is the identity matrix of irrep rj, and 7, ri,‘ is the generator of irrep r;. Such a
generator acting on a tensor in the space of ®@{r;} gives

N

Tg{ri} 0O LIy = Z(Té)i@h...i..[}v- (2.39)
=1

To realize the partial Casimir operator C,, we define the partial generator of i € $
3

']SPA 0.1y = (TN O g1y (2.40)
ic$S

— 11 —



We still focus on type Dect HQ?, and construct its SU(2)y j-basis of partition {12|5]34},
following the same pattern as the construction of its Lorentz j-basis. First we act the partial
Casimir operator on the gauge y-basis (also its gauge m-basis) in eq. (2.10)

Co o’Tf” = T!oT!? 07? = Tlo (7'1;637’3622’4 —}—TIjQEZ”SEJM)

(12} {12} {12} {1y
= ¢liBei2ia g (e izl — 27 - 17, (2.41)
2 -1
Cy oTY = (C2)'TY = T (2.42)
(12} {12} 00 T3
and obtain the matrix (Cs)T. Then we diagonalize (Cs )T and gain the transformation
{12} {12}
matrix K?{Zl/z} from y(m)-basis to j-basis of channel {12}
Jy T(xdy 1 : : 7Y —21
K{lz}({%}) (IC{12}) = diag{2,0}, with Kiiay = N (2.43)

The process for channel {34} is the same. Finally we find out the linear intersections of
irreps in each channel, and the result is

; ; 2 —1 7;” . (3,3)
T{j12|5\34} = ’Cz{?{z\5|34}7.y = (O _1) (Ty) with (R{12}7R{34}) = ((1’ 1) . (2.44)

2

3 UV resonance and effective operators

3.1 Higher spin resonances the on-shell way

In the Young tensor method, the building blocks for particles with spin J > 1 are the field
strength, such as F},, for spin-1 particles and the Weyl tensor C,,,\ for spin-2 particles.
However, when we construct the UV theory with such higher spin massive particles, the
basic building blocks are usually taken to be V), and h,, for spin-1 and spin-2 particles,
which involves longitudinal polarizations that are not allowed in the massless theories due
to the gauge symmetries. These building blocks allow for larger freedom of constructing
operators, but more redundancy relations are also introduced by the EOM. For example,
the EOM of the vector field V, is

" Fpy + MV, +J, =0, (3.1)

where J,, is the source of V#. Applying 0" we get another EOM

1
M2
The fact that there is no V), field on the right-hand side reflects the physical constraint on

PV, = —— "], . (3.2)

the polarization vector k¥e, = 0, which indicates that the left-hand side does not create
on-shell vector particle. It proves that we can always replace the 0"V, part in the operator
by V-independent pieces. More specifically, suppose the source can be decomposed as

Jy= 0,8+ J,, (3.3)
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where @ is a scalar operator. We can perform a field redefinition V,, — V,, — ﬁ@uq), such that

1 1
Loy = = FuF" + §M2V#V“ + V, J*

5 1 1 1 1 (3.4)
= Loy =—1Fa "+ §M2VHV“ — 5y On @0+ VIT, — 50T,

In the new Lagrangian, there is no longer a coupling between V and the scalar source ®.
Letting J,, be a conserved current, the last term will also drop out after IBP.

From the on-shell perspective, the motivation of the above practice is twofold: first it
makes sure that the amplitude-operator correspondence still holds, thus operators involving
vector fields V,, always correspond to scattering amplitudes involving the vector particle;
second, the j-basis/UV resonance correspondence is kept valid. The latter can be understood
by integrating out the heavy vector and examine the effective operators after matching.
Without the replacement in eq. (3.4), the term —ﬁ@ﬂ)&“@ is obtained through matching,
and one may attribute it to the spin-1 resonance while it’s a J = 0 operator in the j-basis. On
the contrary, if we start from Lyy, the term —ﬁ@lﬂ)@“@ would be present in the UV which
is irrelevant of the heavy vector, while the matching only produces the contact interaction
of the conserved current J*J,, which is indeed J = 1 operator in the j-basis.

The requirement can be extended to arbitrary spins. The key point is to decompose
the tensor field into components with various spins, while only the component with correct
spin could create the on-shell particle. For the spin-2 particle, the rank-2 tensor source

can be decomposed as
T = @G + Oy + 0 ) + T - (3.5)

Like for the vector, the couplings to the scalar trace component ® and the vectorial longitudinal
component .J, can be removed by field redefinition. In our on-shell prescription, we always
choose the gauge that the spin-2 particle couples to the transverse-traceless source. This
principle can be applied to arbitrary higher spins.

After choosing such a gauge, the correspondence between the UV resonance and the
resulting low-energy operators is well defined without ambiguity. As explained previously,
we can use the correspondence to find the UV origin of an effective operator. One remaining
subtlety of the UV origin issue is when the 3-point UV couplings involved in the tree decom-
position of the amplitude are considered “loop-induced”. The typical example is the coupling
between a vector resonance and two same-helicity fermions B(Vi, 12, 13) = (12) (13), which
corresponds to the contribution of a dimension-5 operator O = 8HV1V1/_120‘“’ 13. Therefore it
is sometimes convenient to pick out those tree decompositions involving such couplings.

The tree level UV couplings are mostly 3-point, with a few exceptions at 4-point. For
clarity, we start with 3-point couplings with one spin-S heavy particle, while the other two
are treated as massless with helicities (h1, h2). The on-shell amplitudes for such couplings
have a general form [34]

M(hy, ha, 8) ~ (12)%7 102 [13] 5= 93]S/ th (3.6)

where the little group indices on the spinors |3] are implicitly totally symmetric. The power

—S+hi1+h2
)

S — h1 — hg can be negative, which means it should be replaced by [12] while
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the other two powers should be non-negative, implying the requirement S > |h; — hal.
This general form is written in the so-called chiral basis, where only the square brackets of
the massive particles are used, but the mass dimension of the corresponding operator dp
becomes illusive. For example, M(+1/2,—1/2,1) ~ (12)[13]? would directly correspond
to the dimension-6 operator ((‘%wi)&ngF 1" which is actually equivalent to a dimension-4
operator as zp}&wﬂfg‘ by the EOM and IBP. It turns out that to obtain an equivalent form
of the operator with lowest mass dimension, a more convenient basis would be the symmetric
basis, where the number of square brackets and angle brackets for the massive particles
are equal for bosons, and differ by 1 for fermions. They correspond to the amplitudes in
no= U ang g = (li), [i))* as the solution of the Dirac

equation, such as x* ~ e#u = for the spin-3/2 Rarita-Schwinger field and h*” ~ ete” for the

terms of polarization vectors €

spin-2 Fierz-Pauli field. Assuming that the fields are all canonically normalized, their mass
dimensions would be precisely 1 more than their wave functions. In general we have'

do =N+ dpm (3.7)

Therefore, to have dp < 4 for the tree-level couplings, the corresponding N = 3-point
amplitudes should satisfy daq < 1 when the factors of 1/(v/2M) are included. We use the
convention for arbitrarily high spin fields such that the wave functions of the massive fields are

1
(12 s) _ ——(i|o"|i](i[o"2i] . .. (i|o*Si]

et e W

) I ) O
el sy o Wmamm . (ifots-12i]

spin-S' bosons: €

spin-S fermions:

all of which are in the symmetric basis. For comparison, the amplitudes in the chiral basis
correspond to fields with derivatives, for instance

1
VoM

For the previous example, the lowest dimensional amplitude we can get is M(+1/2,—1/2,1) ~
ﬁ[l& (23), which has mass dimension dyq = 1. We list below all the two-light-one-heavy

couplings with dy < 1

10, 0" X" ~ 1) ({|({i], (Ouhup)o" ~ |i)[i]o, i) (i]. (3.9)

light particles|heavy particles amplitude| operator
@ ¢ 1 P1p20
Y, ¢ (12)]  (1¢2)9 (3.10)
P, X (23)|  w(¥x)
0,0 14 a1 (23) (28] 10, 02V"
¥, v 731131 (23) [ o bve

!This formula only holds for canonically normalized kinetic terms for the massive fields, which means that

the bosonic fields have mass dimension 1 while the fermionic fields have mass dimension 3/2. It is not the

convention for gravitons, for instance, whose kinetic term has a factor of Mgl and the field is dimensionless.

However, for massive fields, it is natural to stick to this convention.
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Note that there are no heavy particles beyond J = 1, as they are all considered loop-induced
in this convention. For example, the coupling of a light fermion and scalar with a heavy
spin-3/2 particle has the amplitude

M) = o (13) (23) 18] = (0,0) (") (3.11)

which corresponds to a dimension-5 operator in terms of the Rarita-Schwinger field. We can
also write down couplings with a heavy spin-2 particle such as

M, 9t B = 5 (13) (23) 23] = (v0,0,0" )W, (3.12)

1
(vV2M)
also corresponding to a dimension-5 operator.

To proceed, we look at the case with one light (massless) particle and two heavy particles.
In the generic case, the massless particle can only be a scalar or a spin-1/2 fermion, while the
spins of the two massive particles can differ by 0, 1 or 1/2. The amplitudes of the couplings are

1 23 S 23 S sez
M, B9 @)y = | (V2M)25 (23) [S 1] 2 o1
e (28)77 /2231512 S ez + ]
1
M09 008) = s (1313 (23)° (23, S€Z ()
1 S 5
M, ), gis+1/2y) | s (181(28)” (23] Sez .
W (13) (23)571/2[23]5+1/2 g ¢ zZ+1

A subtlety rises when the two heavy particles have the same mass, so that the x factor can be
introduced which is massless and carries —1 helicity of the massless particle. It is defined as

_ p2|l)
z[1] = 27 (3.16)

where the proportionality is guaranteed by the kinematics [1|p2|1) = 2p; - p2 = m3 — m3 = 0.
It typically appears in the gauge interaction where the massless particle is the gauge boson.
Consider a |h| > 1 massless boson A coupled to equal mass particles, the only couplings
satisfying dyg < 1 are®
1 S S
MAD), TE) §S)y — gh » { (\/iMl)zs (23) [531]/2 SeZ
e (28)° 2352 S ezt g

The last case is the couplings among three heavy particles. Suppose the three spins are

(3.17)

ordered 51 < S9 < S3, we can write down the general formula

1
(S1) \p(S2) \y(S3)y —
M(TE) @S2 g )_(\/QM)51+52+53 (3.18)
S1+S5—S —51+55+8 S1— 5945
(12) 5 F(23) T 31 T xee ), S1+Ss+S5 €27

S1+89—S3+1 —S1+S9+S3—1 S1—S9+S3—1

(12) I gg) TR g0 S5 Xc.c.)x(3|p1|3],51+SQ+5'3€QZ+1

2When the variable z is chosen, only one of |1) and |1] can be used as an independent variable due to the
relation eq. (3.16), thus the counterpart of eq. (3.14) is not present for the gauge interaction.
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while we see that the positivity of the powers require S3 < 51 + S92 + 1. The above are all
the 3-point tree-level couplings we should count in the tree decomposition of the effective
operators. Those not listed above should be considered as loop-induced, which may be
more suppressed at low energy.

Sometimes we also need 4-point couplings, and there are not many of them at tree
level. First, only bosonic fields can be involved, because the wave functions of fermionic
fields are always dimensionful. Second, gauge bosons are not allowed, because the gauge
invariant field strength must involve derivatives, while the special kinematics required by
the gauge couplings are also absent at 4-point. Therefore, the only massless particles that
can be involved are scalars, thus we have

M(p,p,0,90) =1 (3.19)
M(p, 0,0, 0 = (34)% (34]5 (3.20)
1
(51) p(S2) g(Ss)y —
M(ep, WPV, W22, W) = (V2M)S1+52+53

51+S5—S3 —S1+S9+53 51—S9+S3
x ((12) 2 (93) TR 31y T c.c.) . (3.21)
When all the 4 particles are massive with spins 57 < Sy < S3 < Sy, there would be
generically no unique couplings, but the criteria for the existence of tree-level couplings are
S1+ S+ 853+ 854 € 2Z and Sy < S1 + Sy + S3.

When all the UV couplings involved in the tree decomposition of an effective operator
are tree-level, i.e. dp < 4, the matching will always give the j-basis operator with the
correct quantum numbers. Nevertheless, when higher-dimensional couplings are involved, the
resulting operator would have a minimal mass dimension, so that certain j-basis operators
at lower dimensions are not accessible through matching. For example, the four fermion
operator (Y10 1)2)(V30,,14) is a J = 1 operator in the {1,2} — {3,4} channel, but a
heavy vector resonance in this channel requires dimension-5 couplings with the fermions
M, 1, V) = (13) (23) ~ %wgﬂywaﬂvy on both sides, resulting in at least dimension-8
effective operators at low energy O ~ 1/(A2M?). Hence the dimension-6 operator cannot be
generated in the matching. We take this into account by analysing the mass dimensions of
all the UV couplings and setting the minimal dimension for the generated j-basis operators,
and the process is named Dim selection [26].

3.2 Subtleties on field redefinitions conversion

The analysis presented in section 2.2 offers a diagrammatic perspective that allows us to
directly discern the potential UV origins responsible for the specific operator. This analysis en-
compasses crucial information, such as the quantum numbers of new resonances and their inter-
actions with Standard Model (SM) particles. For instance, when examining the operator type
ucu}:LLTHHT, conducting a j-basis analysis on the partition {{L, H}, {u, ul}, {H,L}} re-
sults in a UV theory involving three heavy resonances: (1,1, —1,1/2), x(1,2,—-1/2,1/2), and
A*(1,1,0,1), where numbers in the parenthesis indicate the (SU(3)¢, SU(2)z, U(1)y, Spin)
quantum numbers of the corresponding fields. Diagrammatically, the process of generating
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operators of the type ucug:LLTH H' in matching such a UV theory is illustrated as follows:

L H Lt Ug
»2 X LA un(AR Ay ) H B HL
at ul
~ TLR’YVUR%Z_L’Y“AZHA/Z)HUL
= WﬂR’mURZL’Y“HH”L, (3.22)

where the angle brackets above represent the contraction of the heavy fields in the corre-
sponding amplitude, and we have used the four-component notation for spinor field. The
interactions needed in the UV theory are also easy to read out from the above diagram:

LY o (ILHY + XHY + [ Ax + h.c.) + TR Aug. (3.23)

In light of the diagrammatic interpretation, it appears that the current approach may
not fully encompass UV theories capable of generating the specific type of operator by
converting other operators produced during the matching procedure via field redefinition.
For example, if we take away the heavy field ¢ from the aforementioned UV theory and
take into account the possible interaction yHeg + h.c., then integrating out x and A* in a
similar diagram with the amputation of the part that connects to the 1) leads to the operator
of the type uculLTHegD as follows:

uC
(3.24)
ul
= upy ur(A" AY) A" (xX)Her
_ 1 - pH + e 1 — 7
~ URVUR— LY B Hep <= ———urvyurlpy" P(Heg). (3.25)
T MA M? M3MZ

If ELR’yMuRl_L’y“]D(HeR) is considered to be a basis operator of the type ucuiLTHe(TCD in a
complete and independent operator basis, then we would conclude that such a UV theory do
not generate the operator ugy,u rlpy"HHTl;. However, if one prefer an operator basis where
ﬂRvuuRZ LY IP(Hepg) is not a part of basis operators like ours in ref. [8], then during the
intermediate step of operator conversion, one has to convert the operator u RYpU pj Yt H (lDe R)
with equation of motion Pep = y.LH, which leads to the generation of the operator
ﬁR%uRZ 1 YWHHTl,. Therefore, if one is working in the second basis, then such a UV is
indeed responsible for the operator ugy,u rlpy"HHTl. In this sense, if we only perform the
j-basis analysis for the type ucuI:LLTH HT with diagrams containing only heavy propagator,
we would miss the relevant UV theory containing heavy field y and A* but not .
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To avoid such an issue of missing potential UV contributions, we propose that with a
small modification to the ordinary j-basis analysis one can take into account all kinds of UV
theories responsible for an operator type. The modification is to include an additional step to
verifying whether the quantum numbers of the resonances align with those of SM particles. If
there exists a resonance in the candidate UV theory with quantum numbers matching those of
a SM particle, we claim that a UV theory without that resonance is still capable of generating
the target operator. This corresponds to a UV theory generating the target operators via
field redefinition in removing those off-shell basis operators.® At the dim-6 level, the field
redefinition used to remove those off-shell basis operators is equivalent to replacing the kinetic
part in the operators with EOMs of the corresponding fields. Diagrammatically it corresponds
to the equivalence between the local on-shell amplitude generated by the seemingly non-local
diagram with the massless pole being canceled by the insertion of off-shell basis operators
and the same amplitude generated by the contact diagram with the converted operators.
Therefore, replacing a UV resonance propagator with the SM one in the diagram in the j-basis
analysis exactly corresponds to the procedure of producing the target operator by converting
the operators of other types via EOMs. We illustrate this point with the above ucu:ELLTH HY
example, the quantum numbers of the three resonance v, x and A* are the same as those for
SM fields e:é, L and B* respectively. Therefore following the earlier argument, we can replace
the field 1 in the diagram with eg(e Rr), and the new UV theory containing only heavy fields
x and A* are expected to also generate the operator of type uCuZ:LLTH HT by converting
operator of type uculLTHegD with EOM of ei as we discussed in the text below eq. (3.25).
At the amplitude level, we can illustrate this procedure diagrammatically as follows:

L H\ Lt Uc H Lf

\

= u, (3.26)

= UrY ur (A" AV " (xxX) H (erer) H'lp,

o, 1P 1 - _
D URY URWZL’Y“]\;I;HiHUL — VA2 VR u]glL”/“H]meReRﬂLHT
A X ER X A
1
= 71//;“,I/'{I/{//‘“’,/’ffjf'/[‘, (327)

M2M?,

where in the second line, we only include the part of the amplitude that is local due
to the cancellation of the momentum coming from the propagator of x in the numerator
and the massless propagator of er in the denominator colored in blue, and the expression
on the right-handed side with teal color corresponds to the insertion of the dim-8 operator
O1 = Uy’ urlpy" HDer generated by integrating out x and A as we discussed in the previous
paragraph. This O; operator contributes a momentum p that cancels with the massless pole
of er and the resulting amplitude is equal to the one generated by insertion of the operator
ury’urlpy*HHTl;, obtained by the replacement of EOM of er in O;. The conversions

3The off-shell basis operators are those does not contribute to the local tree-level on-shell amplitude for the
scattering states involving external particles that are one-to-one correspondent to the fields in the operator.
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between dim-8 operators with EOMs can always be expressed in such a diagrammatic way,
which in turn can be captured by our j-basis analysis, because the external particles in the
process fix the possible quantum numbers of the internal lines in the tree diagram, thus by
traversing all possible partitions we recursively include all the possible way for generating
the operator via conversion with EOMs.

At the dim-8 level, the relation between the field redefinition and the conversion of EOMs
is more subtle [20, 35]. Apart from the conversion within the dim-8 operators with EOMs
of renormalizable Lagrangian, one also needs to consider the dim-8 operators generated by
the conversion of dim-6 operators with EOMs of dim-6 Lagrangian and a remaining part
that captures the difference between the EOMs replacement and field redefinition. We shall
show that these two additional effects can also be linked to the diagrammatic origin and thus
can be included in the j-basis analysis. The case of generation of dim-8 operators via the
conversion of dim-6 operators with EOMs of dim-6 Lagrangian can be illustrated by replacing
the heavy propagator of x with the SM lepton doublet field L in the diagram in eq. (3.22):

L H Lt Ug

In the middle diagram, the left and right blobs in teal color represent the dim-6 operators
generated by integrating out 1 and A respectively: (IPlp)HH'ly, and (I,7*11)(@gry,ur). The
latter contributes to the dim-6 EOM — Pl D (Ugy R)l_ Y*, and the equivalence between
the amplitudes generated by the middle and the right diagram exactly corresponds to the
substitution of the Iply, in the operator (Iplr)HH'ly with EOM of /1, at dim-6 resulting in
the dim-8 operator ﬂRfy“uRl_Lfy“HHTlL.

Lastly, the remaining origin for dim-8 operators that comes from the field redefinition
and cannot be captured by substitutions of EOMs are those from the second order variation
of the renormalizable part of EFT Lagrangian: 1/2f%0%L,/(6®,6®3)fs, where ®,, is the
corresponding SM fields, which to be shifted by &, — ®, + f, to eliminate the dim-6 off-shell
basis operators, and the repeated indices a and [ traversing all the SM fields undergoing
redefinition are summed implicitly. For the dim-8 operator generated in this way to be
tree-level, the corresponding relevant dim-6 operators that were to be removed by the field
redefinition must also be generated at the tree level. This requirement reduces dim-6 operators
into two classes of operator: w(ﬂ_@H THD and H?HD?. Removing redundant Green basis
operators |H|>?HTD?H and 1yi [p ¢ HH' in these two class generated during the matching
amounts to make field redefinition ¢ — 1 — & HHT, g — 1pg — Ep1 HHT, and H — H +
¢ H|H|?, where ¢ and ¢ are equal to the Wilson coefficient of the corresponding operators
generated during matching, and we have omitted gauge contractions in the expressions.
Diagrammatically, these second-order variation contributions can be further classified into
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the following three categories:

. ol @,
Kinetic term: f,i R fo — chv fur
(3.28)
P, o,
)
Yukawa term: -, e fs = Ia >L< s
(3.29)
D5 (I),y i (I),y
d
Quartic term: . Ty fa = fa >\/< fo
3.30)

where ®’s are either SM fermions or Higgs fields, f’s are determined by which source particle it
stems from. The b10<b_s> in teal color in the above diagrams correspond to either dim-6 operators
|H|*H TD2H or vi D11 HHT, and opening further these blobs with finer partition helps to
obtain the corresponding UV theories responsible for generating the dim-8 operators in olive
blobs on by second-order variation in field redefinition. Again this must be included in our
j-basis analysis plus identifying the intermediate resonances with the same quantum numbers
of SM particles. To be more concrete, we illustrate this scenario with an example of the j-basis
analysis of operator type H2H T Le, with patition {{L, H},{L, H,H'} {e., H},{e., H, H'}}
in the following diagram:

L ];IT I’IJr ]JJr €c w1(17371a1/2)
Wa(1,2,—1/2,1/2 ,
NUBECRECREY 2B L (SU(3)0.SU@)LU()y Spin)
/ \\ w3(17171a1/2)
I o\ a(1,2,3/2,1/2)
U
Ht
L Ht HY Hf €c L €c
L e
\ Vi L) G Y [ L | ot - (3.31)
H H H H

— 20 —



We find that one of the UV contains four fermion fields v; to 14 from our ordinary j-basis
analysis, and according to the aforementioned discussion, we identify that 2 and 13 have
the same quantum numbers with the SM fields L and e, respectively. Therefore we conclude
that the UV theories with only 9; and 4 can also generate dim-8 operator H2H T?’Le(C by

_ —
field redefinition of in removing dim-6 off-shell basis operators Li ) LHH' and égi Ip e HH'
when integrating out ¥, and 4, which can actually be easily verified by readers.
To summarize the above discussion:

o We have established a diagrammatic correspondence between the UV theory and dim-
8 operators, which include two distinct processes for generating a dim-8 operator
type: direct integration of heavy resonances and operator conversion through field
redefinitions.

e Through the j-basis analysis, we can effectively capture all these diagrammatic scenarios
by systematically traversing the partitions for a given operator type. With an additional
step to identify and drop the resonances in the UV theories that share the same quantum
numbers as the Standard Model (SM) particles, we effectively include the UV origins
for the other operator types that can be converted to the given operator type with field
redefinition.

e As a result of this careful analysis, the UV theories that contribute to a specific type
of operator, as discovered through our j-basis analysis, are considered complete. We
have successfully accounted for all the relevant mechanisms, leading to a comprehensive
understanding of the operator’s origins.

Finally, we comment that people in the phenomenology community like to speak of the UV
resonance of certain EFT operators is not meaningful without fixing whole the operator basis
at a certain dimension. Because the concept of “UV origin” of an operator is ambiguous
due to the freedom to convert an operator to a different one with field redefinition. Due
to this ambiguity and the fact that the operators are just intermediate tools to compute
the predictions of physical observables, we think that the “UV origin” of an operator type
which fixed the field contents and the number of derivatives is a more reasonable question
to investigate.

4 Complete sets of the UV resonances for the dim-8 operators
Based on the discussions in previous sections, we summarize here the steps for obtaining
the UV origins for a type of operator:

1. Obtain the independent partitions for the type of operators.

2. For each partition, find out all possible insertion quantum numbers of the resonance

using our j-basis analysis. Each set of resonance and associated interactions read out
from the corresponding diagram is a candidate UV theory.

3. For each candidate UV theory, we determine whether each interaction is “renormalizable”
as discussed in section 3.1. Only retain those UV theories with all interactions that are
renormalizable.
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Figure 2. Extract the relevant UV theories of a given operator type.

4. For each remaining UV theory, find out whether there exist special resonances in the
theory that coincide with the quantum numbers of SM particles. Remove those special
resonances in all kinds of ways and keep at least one new resonance in the UV theory.
Each way of removing special resonances corresponds to a new UV theory responsible
for the operator type under investigation.

The UV resonances for operators involving 4 particles are listed in appendix A. The UV
resonances for operators involving 5 and more particles are not listed, but a supplementary
material is provided. In the following we summarize the results we obtained from our analysis
and introduce a Mathematica package for readers to extract those UV information. We have
put those resonances that have the same quantum number of the SM particles in blue color.
They are S4[H|, F2[e.], F3[L'], F10[d!], F11[ul], F13[Q], V1[B], V6[W] and V28[G]. We
find 40 scalar resonances, 25 fermion resonances, 30 vector resonances, 20 spin-3/2 resonances,
and 15 spin-2 resonances that are relevant for the generation of operators, and we give their
names in table 1. Keep in mind that in deriving these results, we retain the models with
interactions of dimension up to 5, which means some couplings are be “loop-induced”.

Compared with the heavy fields responsible for the dim-6 and dim-7 operators, we have
20 new scalar resonances, 15 new fermion resonances, 10 new vector resonances, 21 new
spin-3/2 resonances, and 18 spin-2 resonances, which are tabulated in table 2

For reader convenience, we provide a Mathematica package “DIM8UV.m” to extract the
information of UV theories for a given operator. To use the package one only needs to
get the content by the command:

In[1l:= Get["/path/to/DIM8UV.m"];

This is a standalone package that does not have any extra dependency. To extract the UV
information for a given type, just use the function DIM8UYV. The structure of the output is
illustrated in the following example in figure 2. The output is an association with two “keys”
— “basis” and “UVs”, The value of “basis” gives a map between the indices that label the
f-basis operators and the forms of the f-basis operators. The value of the “UVs” gives an
association, where keys are the indices of the f-basis operator, and the values are all possible
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S1(1,1,0), S2(1,1,1), S3(1,1,2), S4 (1,2,3), S5 (1,2,3)

S6 (1,2,3), S7(1,3,0), S8 (1,3,1), S9 (1,4, 3), S10 (1,4,3)
S11 (1,5,0), S12 (1,5,1), S13 (1,5,2), 514 (3,1,—3%), S15 (3,1,-1)
516 (3,1,2), 517 (3,1,2), 518 (3, —%), 519 (3,2,-2), S20 (3,2, %)
521 (3,2,%), 522 (3,8,—3%), S23 (3, 2), 524 (3,3,32), 525 (3,4,—2)
526 (3,4,3), 527 (6,1,—2), S28 (6,1,1), S29 (6,1,3), 530 (6,2,—{)
531 (6,2,—%), 932 (6,2, ), 533 (6,2, 11), 534 (6,3,1), S35 (6,4,—%)

536 (6,4,32), S37 (8,1,0), 538 (8,1,1), 539 (8,2,1), 540 (8,3,0)

F1(1,1,0), F2(1,1,1), F3 (1,2,1), F4(1,2,3), F5 (1,3,0)

F6 (1,3,1), F7 (1 3,2), F8 (1,4,3), F9(1,4,3), F10 (3,1,-1)
Fermion | F11 (3,1, ) F12 (3,2,-3), F13 (3,2,3%), F14 (3,2,%), F15 (3,3,—3%)
F16 (3,3,—3), F17( ,%), F18 (3, ,g), F19 (3,4,-3), F20 (3,4, %)
F21 (3,4, ) F22 (6,1,—2), F23 (6,1,3), F24 (6,2,—%), F'25 (8,1,1)

V1(1,1,0), V ( 1,1), V3 (1,1,2), V4 (1,2,1), V5(1,2,3)

V6 (1,3,0), V7 (1,3,1), V8 (1,4,5), V9 (1,5,0), V10 (1,5,1)

V1l (3,1, — ) V12 (3,1,-3), V13 (3, 2), V14 (3,1,3), V15 (3,2,—4)

Scalar |
-3
_2

[N EN [epl[e]

Veetor v 16 (3,2, -2), V1T (3,2,1), V18( 1), V19 (3,3, — 1) V20 (3, §6)
V21 (3,3 ) V22 (3,4,-2), V23 (3, 7), V24 (6,1 %), V25 (6,1, %)
V26 (6,1,3), V27 (6, ,—l) 8( ,2), V29( ) V30 (8,1,0)
R1 (1 1 0) ( 1,1), R3 (1, ) R4 (1, ), R5 (1,3,0)
Spin.3/9 R6 (1,3,1), R7 (1, ), (3 1 —7), R9 (3, ,3), R10 (3,2,-2)
pin-3/ R11 (3,2,1), R12 (3, ) 3 (3, ,—%), R14 (3,3,2), R15 (3,4,1)
R16 (6,1,—2), R17( 1,3, R18( 2,—%), R19 (8,1,1), R20 (8,2,1)
T1(1,1,0), 72 (1,1,1), T3 (1,2,3), T4 (1,3,0), T5 (1,3, 1)
Spin-2 T6 (1,5,0), T7 (3,1,%), T8 (3, g) 79 (3,2,-2), T10 (3,2,3%)

T11 (3,3,2), T12 (6,2,—¢), T13 (6,2,32), T14 (8,1,0), T15 (8,1,1)

Table 1. Heavy resonances that are relevant for dim-8 operators, the sequential numbers in the
parenthesis in order are dimension of the SU(3)¢ and SU(2), groups and the hypercharge of U(1)y.

UV theories that can generate the operator. Each class of UV theories that share the same set
of new fields is also represented by an association, with key “New Fields” storing the list of
quantum numbers of new fields in the theory in the order of (Uly,SU(3)¢,SU(2)r, Spin), and
the key “Vertices List” consisting of a list of vertex list in the UV theories. Each vertex list
combined with the list of new fields, which fixed interactions in the Lagrangian ubiquitously
determine a UV theory. For example, in figure 2, the first class of UV theory that responsible
for the first f-basis operator has one new scalar field with (U(1)y,SU(3)¢,SU(2)1) quantum
numbers equal to (—4/3, 3,1), which is S14 in our notation. It turns out that for this class,
one only has one concrete UV theory with interactions between the new scalar and eé and d;r:
where we have omit the conjugate part. The vertices in red color in the list are those with
dimensions larger than 4, which according to our discussion in section 3, can be regarded as
“loop-induced”. One can also remove those UV theories containing “loop-induced” couplings
by passing a second argument “Tree Couplings” to the function as shown in figure 3. To help
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S5(1,2,3), S6 (1,2,3), S11 (1,5 0), S12 (1,5, 1), S13 (1,5,2)
Scalar S17 (3,1, g; S18 (3,2, 1161) S19 (3, 7%), 523 (3,3, 2), 524 (3, 5)
525 (3,4,—2), S26 (3,4,%), S30 (6,2, ﬁ), S31(6,2,—¢), S32(6,2,2)
533 (6,2,4), S35 (6,4, 1), 536( ,2), $37(8,1,0), 538 (8,1,1)
F7(1,3,2), F9 (1,4,3), F15 (3, g), F18 (3,3,2), F19 (3,4,-2)
Fermion | F20 (3,4,3%), F21 (3,4,%), F22 (6, ,—%)7 F23 (6,1,%), F24 (6,2,—3%)
F25 (8,1,1), F26 (8,2,3), F27 (15,1,—1), F28 (15,1,2), 29 (15,2, )
Vector V3 (1,1,2), V9 (1,5,0), V10 (1,5, 1) V15 (3,2,-4), V21 (3,3,2)
V22 (3,4,-2), V23 (3,4, 1), V24( ,—2), V26 (6,1,3), V29 (6,3,1)
R2 (1,1,1), R3 (1,2, 3), R4( ,3), R6(1,3,1), R7 (1,4,3)
Spin-3/2 R8 (3,1,-1), R9 (3,1 %) R10 (3, g), R11 (3,2,%), R12 (3,2, 1)
R13 (3,3,—3%), R14 (3,3,2), R15 (3, ,%), R16 (6,1,—%), R17 (6,1,1)
R18 (6,2,—¢), R19 (8,1,1), R20 (8,2,1), R21 (15,1,—1), R22 (15,1, %)
T1(1,1,0), 72 (1,1,1), T3 (1,2,3), T4 (1,3,0), T5 (1,3,1)
Spin-2 T6 (1,5,0), T7 (3,1,%), T8 (3,1, g) T9 (3,2,-2), T10 (3,2,3%)
T11 (3,3,2), T12 (6,2,—¢), T13 (6,2,2), T14 (8,1,0), T15 (8,1,1)

Table 2. New resonance appeared at dim-8, the sequential numbers in the parenthesis in order are
dimension of the SU(3)¢ and SU(2)r groups and the hypercharge of U(1)y.

In[12]:= D:[MSUV["D"2 "dc" "dct" "ec" "ect", "Tree Coupl'ings"]
Out{12]- (‘bas‘isé 1- (dcpa ec, ) ((Dydcty,) (Decty)), 21 (dcpa Ou ec, ) ((D*dctg,) (D ecty)) |y,
UVs 5 (| 1 { (| New Fieldp{{,g, {1, 03, (0}, 0}, Vertices List {{{dcr, ect, {‘—; 10, 1), (0}, 0} }}} ),
¢|New Fields - ((®, {0, 0}, {0}, 1}}, Vertices List- {{{dc, dct, {0, {0, 0}, {0}, 1}}, {ec, ect, {0, {0, 0}, {0}, 1}}}}]),
(‘New FieldSA{{g, {1, 0}, {0}, IH, Vertices Liste{{{dc, ect, {%, {1, 0}, {0}, 1}}}}‘)},
2%{(\New Fields - {{0, {0, O}, {0}, 1}}, Vertices List- {{{dc, dct, {0, (0, 0}, {0}, 1}}, {ec, ect, {0, {0, O}, {0}, l}}}}b,

(‘New F‘ieldsg{{é, (1, 0}, {0}, 1}}, Vertices L‘ist»{{{dc, ect, {%, (1, 0}, {0}, 1}}}}‘)}‘) ‘)

Figure 3. Extract the relevant UV theories of a given operator type that do not contain any
“loop-induced” couplings.

reader to identity those models with the naming scheme in table 1, we provided a function
called TabulateUVs, which takes in two arguments — the operator type and the index
of the f-basis as in figure 4. It will first print the form of the operator, and in case of the
presence of repeated fields, the corresponding flavor symmetry of each group of repeated
fields will be shown in the form of the shape of the Young diagram. Here in the example, we
have the flavor indices of the two u. anti-symmetrized. The table has two columns and the
left one records the “New Fields” — the list of new fields present in the UV theory with their
quantum numbers, and the right column lists the different UVs that differ by the interactions.
Certainly, one can also select to only output those models with renormalizable UV couplings
by specifying the option “TreeCouplings” to true as in figure 5.

For user convenience, we also store the results in the package, using the function
ResList2Type, reader can find the possible contribution to certain operator types for a class
of UV theories identified by a list of new fields as in figure 6. The reader can also restrict to
the scenario where only renormalizable UV couplings are allowed as in figure 7.
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TabulateUVs["BL" "dc" "ec" nyen?, 3]

35 {{uc > (1, 1)), i €gpBL™Y (dey? 0y ec, | (uc® uc,

o
( )}

F10(3,1,-1/3), V12(3,1,-1/3) | [(BL,dc,F10) (ec,uc,Vi2) (uc,Fl0t,Vi21)

(ec,uc,V12 (uc,F10+,V12t)
V12(3,1,-1/3) (dc,uc,V12+ (uc,V12,F2)
(BL,V12,V12+) (dc,uc,V12+ ec,uc,V12

S15(3,1,-1/3), F10(3,1,-1/3) | [(BL,dc,F10) (ec,uc,S15) (uc,S151,F101) |
$15(3,1,-1/3) ((decC ,’uucc,,ssllé)) ( u(c u’cs,lsslTS,,F:f )T -
S14(3,1,-4/3), F10(3,1,-1/3) | [(BL,dc,F10) (ec,S14,F101) (uc,uc,S14+) |
S TR U
V12(3,1,-1/3), F2(1,1,1) (BL,ec,F21) (dc,uc,V12t) (uc,V12,F2)
$15(3,1,-1/3), F2(1,1,1) (BL,ec,F2+) (dc,uc,S15¢) (uc,S15,F2)
S14(3,1,-4/3), F2(1,1,1) (BL,ec,F2+) (dc,S14,F2) (uc,uc,S14t)
V11(3,1,-4/3), F11(3,1,2/3) (BL,uc,F11) (dc,ec,Vil) (uc,Fllt,V1lt)

BL,uc,F11 dc,uc,V12+ (ec,F111,V12)

V12(3,1,-1/3), F11(3,1,2/3
3,1, 1s 3,2,2/3) BL,uc,F11) (dc,F1lt,V127) (ec,uc,Vi2

BL,uc,F11 (dc,uc,S15+)  (ec,F11+,S15)

s15(3,1,-1/3), F11(3,1,2/3)
BL,uc,F11) (dc,F11t,S15+) (ec,uc,S15)

S14(3,1,-4/3), V11(3,1,-4/3) | [(BL,S14,Vi1l1) (dc,ec,Vil) (uc,uc,Sl4r)

(BL,V12,S15+) (dc,uc,V12+) (ec,uc,S15)
(BL,S15,V12+) (dc,uc,S15t) (ec,uc,V12

$15(3,1,-1/3), V12(3,1,-1/3)

Figure 4. To put the relevant UV theories in a nicer form.

TabulateUVs["BL" "dc" "ec" "uc"?, 3, TreeCouplings - True]

3= {{uc (1, 1)}, 1ey BLY (dcy® oy, ec, ) (ucg® uc®)}

(ec,uc,S15) (uc,S15+,F10+)

$15(3,1,-1/3)
(dc,uc,S15+) (uc,S15,F2)

(ec,S14,F10t) (uc,uc,Sl4t)

S14(3,1,-4/3)
(dc,S14,F2)  (uc,uc,S14+)

Figure 5. Select to tabulate those UV theories with only renormalizable couplings.

ing:- ResList2Type[{"V2"}]
outf8]= {D2 L% L+?, D® dcdct uc uct, D* dcHt? uct, D* H* Ht?, BLdc dct ucuct, dcdct GL ucuct, D dct ecH L uc, DdcHt Qucuct, Ddcdct HQuc,
BL D dc H12 uct, BLDdct H2 uc, DdcGL H12 uct, D? ecH sz L, D? dc H sz Q, D% H2 Ht Quc, BL D2 {2 HTE, dcdct HHt ucuct, DdcH H13 uct, D2y HT3}

inf11:= ResList2Type[{"V2", "S1"}]

outfi1]- {dc dct HHt ucuct, DdcHHi3uct, D2 H? sz}

Figure 6. Get the relevant operator types for a set of new fields.

in12:- ResList2Type[{"V2"}, "Tree Couplings"]
out[12]- {D2 dc det ucuct, D deHi?uct, D* H2 Ht2, BL dc dc+t uc uct, dedet GLuc uct, Ddct ecHLuc, DdcHt Qucuct, Ddcdct HQuc, BLDdcHt? uct,
BLD dct H’ uc, DdcGLHt? uct, D* ec HHt? L, D* dc HHt* Q, D’ H* Ht Quc, BL D” H’ Ht>, dcdct HHt ucuct, Ddc HHi® uct, D? H* Hi’}

Figure 7. Get the relevant operator types for a set of new fields.

From the bottom-up point of view, it is of interest to find out what dim-8 operators can
be generated at tree-level when UV must contain a new resonance in table 2, and we list such
operator types in table 3. In the right column, we list the set of resonances in square brackets
that are responsible for the generation of the dim-8 operators in the left column. From the
top-down point of view, it is also interesting to find out those resonances that only generate
dim-8 operators but not dim-6 operators at tree-level. We list this kind of UV theories in
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List of operators

BrGp3 [S37 (8,1,0)]

BrBrGLGR [S37 (8,1,0)] [T1 (1,1,0)] [T14 (8,1,0)]
B1GLGRg? [S37 (8,1,0)] [T'14 (8,1,0)]
GLGRW LW [S40 (8,3,0)] [T1 (1,1,0)] [T16 (8,3,0)]
Decel.GLGr [T1(1,1,0)] [F25(8,1,1)] [R19 (8,1,1)]
DGLGRrLL'

[T1(1,1,0)] [F26(8,2,3)] [R20(8,2,})]

Table 3. The dim-8 operator types that must need at least a new resonance to be generated.The
grayed resonance are the one also contribute to the dim-6 operators.

table 4 and 5 and the associated operator types they may generate, and we find that all these
UV theories must contain at least one “loop-induced” couplings.

UV (SU(3)c, SU(2)L, U(1)y)

dim-8 operators

511 (1,5,0)

Wit Wi2Wwg?

S37 (8,1,0)

BLQGL2 BLGLS GL4 BrBrRGLGRr
BLGLGR2 GYLQGR2 BdeGLHTQ BLGLHQU(C
deGr?*H'Q Gr?HQue BrGrH'Q'Ww). BrdlGrHQ!
G PH'QMW). dLG2HQT

540 (8,3,0)

Gr?Wi? GrLGrWiWr deGrH'QWr GrHQucWi
GLH'QMWWWwy dla HQ'W,

542 (27,1,0)

Gr* GL?Ggr?

T1 (1,1,0)

Br?’Br® BrBrW.Wgr BrLBrGLGr Wi °Wg*
GLGrWLWr Gr?Gr®> BrBgrDecel BrBrDLL!
BrBrDdcdl, BrBrDucul: BrBrDQQ' DecelWrWg
DLL'WiWgr  DdcdiWiWgr  DuculWiWr DQQITWLWg
DecelGLGr DGLGRLL' DdcdlGrLGr DGLGRrucul:
DGLGrQQ" D%ec?el? D?ecelLL' D%dcdlLLY
D*LLYucul. D%ecelQQt D?L2L'?  D%dcdlecel.
DQece:{:ucug DQd(czclg:2 DQdcdéucu;@ D2uc2u£2
D*LL'QQY D%dcdlQQt D?*QQTucul. D*Q*Q'?
BrLBrD*HH' D*HH'W Wi D?GLGrHH' D3ece HH!

D*HH'LL' D%dcdlHHT D*HH'ucul D*HH'QQ'

T4 (1,3,0)

BL*Wg? BrLBrWiWr Wi2Wgr? BrDLL'Wg
BrDQQ'Wr DLL'WrWr DQQ'WWgr D?*L?L'?
D?LLTQQY D2Q*Q'? BLD*HH'Wr D?*HH'W_,Wg

D}HH'LLY D*HH'QQ' D*H?*H'?

T14 (8,1,0)

BL?Gr® BLBrGLGr BrGLGr®> GL’Gr’
BLDdcdg:GR BLDGRUCU(E B;:,l)GRQQJr Ddcdg:GLGR
DGLGrucul. DGLGrQQT D?*dc*dl? D?*dedlucul,

D*uc?ul? D?*dedlQQ' D?*QQYucul. D*Q*Q'?

T6 (1,5,0)

C
Wi Wg?

T16 (8,3,0)

Gr*Wi? GLGrWiWr DGrQQ'W, D2Q*Q'?

T18 (27,1,0)

Gr?Gr?

T17 (10,1,0)

GL?GRr?
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BrBrDecel. BrD?ecH'L D HH'LL' Brec?el?
R2(1,1,1) BLeceéLLT BLeceéQQT Bded(Eeceé BLe(ce:rcucué
o Br?elHL' Dec?elH'L DecH'L*L' DdcdlecH'L

DecH' Lucul, DecH'LQQ' BrDecelHH' ByDHH'LL?

BLBrDLL'" B,DLL'Wgr DLL'WyWgr BrD?ecH'L
D*ecH'LWgr  Decel HH' BrecelLL' BrdcdlLL'
R3(1.2.1) BrLL'ucul BrL?LY? BLLL'QQ' ecelLL'Wy
42 ded LL'W;,  LL'uculWy L2LT*W. LLTQQTWy
Dec?eH'L DecH'L?’L' DdcdlecH'L DecH' Lucu.
DecH'LQQ" BrDHH'LL' DHHYLL'W, D?ecHH"L

BrLBrDdcdl. BrDdcd.Gr Dded.GrGr BrD?*dcH'Q
D?*dcGrH'Q DP*HH'QQ' BrdcdlLL' Brdcdlecel
Brdc®dl? Brdcdiucul BrdediQQ' dcdlGpLL'
RS (3.1, 1) dedlecelGr  dc?dl?Gr  dedlGrucul  dedlGLQQT
o3 Br2dLHQ' BrdlGrHQ' dl.Gr?HQ' DdcecelH'Q
DdcH'LL'Q Ddc*dlH'Q DdcH'Qucul. DdcH'Q*Qt
BpDdcdlHH' BpDd.H?*uc BrDHH'QQ' DdcdlG HH'
DdL.GLH?*uc DGLHH'QQ' D%IcHH™Q D*H?H'Quc

BrBrDucul. BrDGrucul. DGrGrucul BrD?HQuc
D*GrHQuc D*HH'QQ' BrLL'ucul Brecelucul.
Brdedfucul. Bruc*ul? BrQQTucul GrLL'ucul
R9 (3,1,%) eceg:GLucu(Tc dcd:{:GLuCug: GLU(C21L;[:2 GLQQTUC’U,:{:
DecelHQue DHLL'Quc Dded HQue DHQuc?ul.
DHQ*Q'uc BrDdcH™ul ByDHH'ucul DdcGrHul.

DGrHHucul, D?dcHH'™Q D?*H?*H'Quc

BrBrDQQ' BrDQQ'Wr BrDGrQQ' DQQ'W_Wg
DGrQQ'W;, DGLGrQQ' BrD?dcH'Q D?*dcH QWr
D?dcGrH'Q BrD?*HQuc D?*HQucWr D*GrHQuc
D¥dcH?ul. DPdedlHH' D*HH'ucul BrecelQQ'
BLLL'QQT BrdcdlQQ' BrQQtucul BrQ*Qf?
ecelQQWr  LL'QQ'Wr  dedlQQ'Wir  QQTuculWy
Q*QMWr  ecelGLQQ" GLLL'QQT ded.GLQQ'
GLQQMucul. GLQ*Q™ BL2H'Q'W. B 2dlHQT
R11 (3,2, %) BLH'QYWw W, BrdlHQ'W, H'Q'Ww.? dlHQIW.?
BLGLH'QMwl, BrdlGLHQ' GrLH'QYW W, d.GLHQTW,
GL?H'QMwl. dlGr?HQ' Ddcecel H'Q Decel HQuc
DdcH'LL'Q Ddc?dlH'Q DdcH'Qucul. DHLL'Quc
DdcdlHQue DHQuc*ul DdcH'Q?*Q' DHQ*Q'uc
BrDdcH™u!. BpDdcd HH' BrDHH'ucul BrDdl.H?uc
BLDHH'QQ' DdcH"ulWr DdcdlHH'Wr DHH uculWy
DdLH*ucW, DHH'QQ'W. DdcGrH"ul Ddcd.GrHH?

DGrHHYwcul DdLGpH*uc DGLHH'QQ' D?*dcHH'YQ

Dece,WiWr D?ecH'LWr D’HH'LL' ece LL'W,

R6 (1,3,1) ecelQQ'Wr  elHL'W.? DecH'L*L" DecH'LQQ!
DecelHH'W;, DHH'LL'W, D?ecHH™L

R7(1,4,1) DLL'W Wgr L*L"W. LL'QQ'W., DHH'LL'W,

DdcdiWiWr D?*dcH'QWr D HH'QQ' dcd.LLTW,

R13 (3,3,—%) dedlQQ'Wr dLHQ'W.? DdcH'LL'Q DdcH'Q*Q!

Ddcd . HH'Wy, DdLH?*ucW, DHH'QQ'W. D?dcHH'Q

DuculWiWr D?*HQucWr D*HHTQQY LLTuculWy
R14 (3,3, 2) QQucul W, DHLL'Quc DHQ*Qtuc DdcH™ulWrp,
DHH weulWr D?*dcHH'Q D*H?*H'Quc

— 27 —



DQQ'WLWr dcH'QWL? HQucWi?

LLTQQ'WL

F20( s) Q%Q"*wW, DHH'QQ'W. dcHHMQW, H?H'QucWi
RI5 (3.4, 1) DQRWLWr LLIQQIWL Q°Q"*Wi HIQMugWy?
dLHQWL? DHH'QQ'W,
F25 (8,1,1) Dece:EGLGR ecGL2HTL eceCGLQQT dcdceceCGL
R19 (8,1,1) DecelGLGr ecelGLQQ" dedlecelGr  ecelGrucul.
F26 (8,2,3) DGLGrLL' dedlGLLL" GrLL'ucul GLLL'QQT
R20 (8,2,3) DGrGRrLL' ded.GrLL'" GrLL'ucul GrLL'QQ'
F27 (15,1, %) DdcdlGrLGr deGr*H'Q dc?dl*Gr  dedlGrucul.
F23 (6,1, 3) DdcdlGrLGr deGL?H'Q dc?dl*Gr  dedlGrucul
R21 (15,1, 1) DdedlGrLGr dc?di*Gr  ded.Grucul ded GrLQQT
R17 (6,1, %) DdcdlGLGr  dc?dl*Gr  ded Grucul ded GrLQQT
F28 (15,1, 2) DGrGrucul.  ded.Grucul Gruc*ul? GrQQiucul.
F22 (6,1,—2) DGLGrucul.  ded.Grucul Gruc*ul? GrQQtucul
R22 (15,1,%) DGLGRuCu]E dcd:EGLucu(E GLu(c2u:£2 GLQQTUC’U,(E
R16 (6,1,-2) DGrGrucul. ded.Grucul Gruc*ul? GrQQtucul
F20 (15,2, 1) DC1GRQQ! GdCGLQfH TQT GLQHQQ% dediG1QQ!
LQQucur GrQ°Q
F21 (6,2, 1) DGLGrQQ" dcGL?H'Q Gr?HQuc dedlGLQQT

GrQQucul. GrQ*Q™?

R23 (15,2, })

DGLGrQQT

dedtGLQQT GLQQTucul GLQ*Q™
GL2H'Qwl dlGL2HQT

RIS (6.2, 1) DGLGrQQ" dedlGLQQ" GrQQMucul GLQ*Q™
48 GL2H' Q! dlG 2HQT
V3 (1,1,2) D%ec®el? Dec?e H'L ec?H™L?
T3 (1,2,3) D%ecel LLT
T7(3,1,2) D%dlecLQ" D?dcdlecel. D?*LL'QQ!

0 (3.2, 2) D%dlecLQ" D?ded LL" D?ecelQQ" DZecQ™uc
e D*dc LT QTuc  D?*QQTucul.

710 (3,2, 3) D*LLYucul, D?dcL'QTuc  D?dcdlQQ!

T8 (3,1,32) D?ecelucul.

V24 (6,1,—2) D%dc?dl? Ddc?dlH'Q dc*H'TQ?

T15 (8,1,1) D%dcdlucul.

T2 (1,1,1) D? dCdCu‘CuC

V26 (6,1, %) D*uc?ul?

T11 (3,3, 2) D2LLTQQ!

T12 (6,2, 1) D*dcdlQQT

T13 (6,2, 2) D*QQ ucu.

V29 (6.3, 1) D*Q?Q"? DdcHTQ*Q"T DHQ*QTuc dc?HT?Q?
1Yy 3

de HH'Q%>ue  H?*Q%uc?

DecelHH' D?ecHH'L

R10 (3 2) Dided HH' D?dcHH™Q
R12 (3,2,1) D*HH' ucul.
T5 (1,3,1) D*H?H'?

Table 4. UV theories that contain a single new particle and do not generate dim-6 operators at tree

level.
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uv dim-8 types
F23 (6,1,%),V26 (6,1, %) deecGruc®
F25 (8,1,1),V26 (6,1,%) deecG ruc?
V29 (6,3,1),F26 (8,2, 1) GLL@?
F24 (6,2,-%),V29 (6,3,1) GLL@?
F26 (8,2,1),F25 (8,1,1) ecGr?H'L
F27 (15,1,—-3%),F29 (15,2, }) deGL2H'Q
F24 (6,2,-1),F23 (6,1,1) deGL?H'Q
F29 (15,2, %), F28 (15,1, 2) Gr?HQuc
F22(6,1,-2),F24 (6,2,—1%) GL?>HQuc
R2(1,1,1),V3(1,1,2) Brec?®el? Dec’elH'L
V24 (6,1,—2),R8 (3,1, 1) Brdc®dl? dc?dl*Gr Ddc*dLH'Q
R9 (3,1,2),V26 (6,1,%) Bruc®ul? Gruc®ul? DHQuc?ul.
R11 (3,2,%),V29 (6,3, 3) BrQ?Q™ Q%Q"™W. GrQ*Q'™ DdcH'Q*QT
R15 (3,4, 1),V29 (6,3, 1) Q*QMwWry
V24 (6,1,-2),R21 (15,1, 1) dc?dl*Gy,
R22 (15,1,%),V26 (6,1,%) Gruc?ul?
R23 (15,2, 1),V29 (6,3, 1) GL* Q™
BL’H'Q™) BrH'QW W, BGLH'Q™w. GrLH'QulW,
R11(3,2,1),R9 (3,1,2) DC;;;I;ITQ:uL BLDchTZAI;T BLDHHU:CU;ET BLDHHTCTQQTT
QQ'Wr DdcGLH™ul DGrHH'ucul, DGLHH'QQ
D?*dcHH™Q D*H*H'Quc
?Lde‘TCHQ: BLdfCH?TWLT BLd(TCG;L}éQT dJCGLHQTTWLT
I W o i i
D?dcHH™Q D?H?*H'Quc
BLH Quiw, HQuIW.,> G.H Qu.W, B.DHH QQ
R11 (3,2,1),R14 (3,3, 2) DdcH™ulW,, DHHTu@uCWL DHH'QQ'™W. DGLHH'QQ'
D?dcHH™Q D*H*H'Quc
R3(1,2,3),R6 (1,3,1) BrecHL'W. ;‘E,f f,:zv,ffWLBLgfiﬂ% I Decet HH'W.
BrdLlHQ'W, dLHQ'W.? dl.GLHQ'W. BLDHH'QQ'
R13 (3,3,—1),R11 (3,2, }) DdcdHH'Wy, DdLH*ucWr DHH'QQ'Wr DGrHH'QQ!
D*dcHH™2Q D?*H?H'Quc
R15( 4,%),R14 (3,3,2) H'Qtwlwr? DHH'QQ'WL
R7(1,4,1), R (131) elHL'W.?> DHH'LL'W,
R13 (3,3,-%),R15 (3,4,}) dLHQ'WL? DHH'QQ'WL
R23 (15 2,4),R (15 1,2) Gr?H'QTul.
R16 (6,1,—2),R18 (6,2, 1) GL2H'QMul.
RQO( 2, 1), R19 (8,1,1) elGL?HLT
R21 (15,1,-3),R23 (15,2, %) dLGL2HQ!
R18 (6,2,—%),R17 (6,1, 3) dLG2HQ!

R2 (1,1,1), R4 (1,2, 3)

BrDecel HH' D?*ec HH™L
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R10 (3,2,-3),R8 (3,1,—3) BrDdcdLHH' Dded.GLHH' D*dcHHQ

R9( %) R12 (3, g) ByDHH ucul, DGpHH'ucul, D?*H2H'Quc
( 3,1),R4 (1, 3) Decel HH'W; D?ecHHL

R10 (3,2,—%),R13 (3,3, —%) DdedlHH'W,, D*dcHH2Q

Rl4( 3,%),R12 (3,2 ) DHH weu W, D?H2H'Quc

V24 (6,1,-3),V29 (6,3, 3) de?H2Q?

V29 (6,3,1),V26 (6,1, 3) H?Q%uc?

Table 5. UV theories that contain more than one new particles and do not generate dim-6 operators
at tree level.

5 Conclusion

In this work we investigate the connection between effective operators and their UV resonances
in the bottom-up way. We utilize the J-basis technique to investigate all possible tree-level UV
origins for the dimension-8 SMEFT operators in the Young Tensor basis. We list a complete
set of 146 (82) possible UV resonances which could generate the dimension-8 SMEFT operators
at the tree-level, and we write down all possible UV couplings up to mass dimension 5 (4).
Except presenting the above results, two important theoretical issures are also addressed.

First, we clarify the ambiguity in the J-basis/UV resonance correspondence for the UV
theories with heavy particles with spin J > 1, and illustrate that the couplings between the
spin-J massive particles and the current of a different angular momentum J’ # .J can be
replaced by higher dimensional operators via field redefinition. In this way, we can classify
the couplings in the UV theories into the “loop-induced” ones and the authentic tree-level
ones. Following the line, we enumerate all the 3-pt and 4-pt “tree-level” couplings in the
form of on-shell amplitudes involving massive particles of arbitrary spin-J. The convention
also resolves to some extent the issue of whether a non-renormalizable operator can be
generated at tree-level in a UV theory.

Second, we tackle the subtlety about the UV theories responsible for the generation of
operators via field redefinition. In this work, we build a diagrammatic illustration, showing
that these UV theories can be included by adding another step after the ordinary J-basis
analysis — recursively identifying and replacing the heavy resonance in the diagram with
the SM particles with the same quantum numbers. In doing so, we can proliferate the UV
theories obtained from an ordinary j-basis analysis and thus take into account all the UV
theories responsible for the operators in certain operator basis.

Finally, for the readers’ convenience, we provide a UV database for dimension 8 operators
in the form of Mathematica package, with which one can easily extract the relevant UV
theories for generating a specific F-basis operator, including the information of new fields
and interactions. Given these information, it provides new strategy on searching for new
resonances at the large hadron collider (LHC). Current LHC searches focus on resonances
signatures on various new physics models, and various simplified models, which can not be
exhaustively searched. In this bottom-up EFT approach, the new resonances are organized
by the mass dimension of the effective operators. Truncated to certain mass dimension,
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Type: B.*

Of = 5[ 1 1 1 I, )BLBr B B,

group: (Spin, SU(3)., SU(2)4, U(1)y) o
{Br1,Br2} {Brs,Brs}
* (2,1,1,0) —640{
* (0,1,1,0) 160!

Table 6. UV resonance of type Br*. “*” in front of each row indicates topologies with nonrenormal-

izable vertices. The UV resonances colored in gray are eliminated by UV selection.

such as dimension 8, only limited new resonances contribute to physical processes at the
LHC. Thus only searching for such new resonances would be enough. In summary, we
believe our results on listing UV resonances would benefit the phenomenology community
in the future LHC searches.
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A UV list for operators involving 4 particles

In the following, we present the comprehensive results of the j-basis operators of dimension-8
SMEFT for each type of operators, and for each partition. The j-basis operators are expressed
in terms of the f-basis operators modulo any pieces that can be converted by the field
redefinition and covariant derivative commutator. For those operators with fermion fields,
the flavor indices of fermion are labeled in alphabetic order starting with “p, r, s, ¢,...”
depending on their order in the appearance in the operator type.
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Type: B AW, 2

Of = WYL T V[T wal BB wy w1,
Of = V[ I VI [ Jw, | BLr" B Wi ew e,
group: (Spin, SU(3)¢, SU(2)., U(1)y) O
{Br1, Bra} {Wr3, Wra}
* (2,1,1,0) 1807 — 10{
* (0,1,1,0) 10}
{Br1,Wrs} {Bro, Wra} o/
* (2,1,3,0) 80 — 140
* (1,1,3,0) 807 + 201
* (0,1,3,0) -804 4+ 20]

Table 7. UV resonance of type Br?Wp%. “*7 in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: W;*

of = SV T T T w wilmw fvew JAmw 720,
Of = V[ [ [ T w wpewp g 2ew, e
group: (Spin, SU(3)¢, SU(2)., U(1)y)

oI
{Wr1,Wro} {Wirs, Wra}
* (2,1,5,0) 3520] + 240]
(0, 1, 5,0) 320] + 240}
(2,1,1,0) —320] — 240}
* (0,1,1,0) ~160{
(1,1,3,0) 320] + 80}

[\J

Table 8. UV resonance of type W% “*” in front of each row indicates topologies with nonrenormal-
izable vertices. The UV resonances colored in gray are eliminated by UV selection.

- 32 —



Type: B.2G >

Of = V[ [ V[ [ Jou) BB GG,
o] = T B VL T e )Br Bt GpArG e,
group: (Spin, SU(3)., SU(2),, U(1),) o
{Br1,Bra} {Grs,Gra}
* (2,1,1,0) —480] + 40}
* (0,1,1,0) —40}
{Br1,Gr3} {Br2,Gra} o’
* (2,8,1,0) —80] + 140
* (1,8,1,0) -804 — 20}
* (0,8,1,0) 80 — 20!

Table 9. UV resonance of type Br2Gr? “*7 in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: Gp2W.2

Of = WL T e, W wlGreamwp P ew e,
Of = V[T eV [ w )G G mw rew, .
group: (Spin, SU(3)., SU(2),, U(1),) 0
{Gr1,Gra} {Wi3, Wra}
* (2,1,1,0) 480{ — 10}
* (0,1,1,0) 101
{GrL1,Wirs} {Gro,Wira} o/
* (2,8,3,0) 807 — 140}
* (1,8,3,0) 80] +20]
* (0,8,3,0) 807 420}

Table 10. UV resonance of type Gr?>Wi% “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: B.GL?

Of — %y”:\:\:‘GL]BL‘LwdABCGLA)\pGLBVpGLC)\‘u.

group: (Spin, SU(3)¢, SU(2)., U(1)y) o
{Br1,Gr2} {GLs, Gra}
* (2,8,1,0) —640]
* (0,8,1,0) 160!

Table 11. UV resonance of type BrGr®. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

(’){ _ iy[D:\:\:‘GL]dABEdCDEGLAm/GLB)\pGLCquLD)\u’
Og — iyH:\:\:\:‘GL]dABEdCDEGLA#VGLBMVGLCAPGLDAP7
@g _ Tllly[D:\:\:‘GL]fABEfCDEGLA/WGLBApGLC,uuGLD)\p‘

group: (Spin, SU(3)¢, SU(2)., U(1),) O
{GrL1,Gr2} {Gr3, Gra}

* (2,27,1,0) 5220] — 3810) — 1250
* (0,27,1,0) —900] + 170f — 250}
* (1,10,1,0) —12i0] - 3104 + Vo]
* (1,10,1,0) 12i0{ + 3104 — %0of
* (2,1,1,0) —2407 4 420§ — 200{
* (0,1,1,0) 2407 — 60] — 40]
* (2,8,1,0) —480] 440}
* (1,8,1,0) —80]
* (0,8,1,0) —40}

Table 12. UV resonance of type G1*. “*” in front of each row indicates topologies with nonrenor-
malizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: B, DLL'W,,

Of = i((DyLy,)o, LT ) B YW e,

group: (Spin, SU(3),, SU(2)4, U(1),)

O

{Br1,Wro} {Ls, L4}
* (1,1,3,0) —40f
{Br1, L3} {Wiy, LI} | O
* (3,1,2,-1) —40]
{Br1, LTa} {Wio, Lz} | OF
* G2 | -]

Table 13. UV resonance of type B, DLLTW. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: BrDQQ'W,

Of = i((Du@y")ouQt, " )7 B WM,

group: (Spin, SU(3)¢, SU(2).w, U(1)y)

O

{Br1,Wr2} {Q3,Q7,}
* (1,1,3,0) —40]
{Br1,Q3} {W1,,Q%} | O
* (2,3,2, 1) —40]
{Br1,Q"} {Wi2,Q3} | ©OF
" (332 | -10f

Table 14. UV resonance of type B, DQQTW . “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: DLLIW,?

Of = V[T w,Je! iKW w2 (D, Ly ) LT,7).

group: (Spin, SU(3)., SU(2)., U(1)y) i
{Wr1,Wro} {Ls, L'4}

* (1,1,3,0) —407

(Wi, L3} {Wio, L4} %

* (5:1,4,-3) —40{

* (3,1,2,-1) —407

Table 15. UV resonance of type DLLTW ;2. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: DQQTWL2

Of = §V[ [ ) ir S Sw W (D, Qy )01, ™).

group: (Spin, SU(3)., SU(2),, U(1),) 0
{Wr1, Wio} {Qs,Q7,}

* (1,1,3,0) —407

{(Wr1,Qs3}  {Wis, Q1) %

* (2,3,4,1) —10f

* (2,3,2,1) —407

Table 16. UV resonance of type DQQTW 2. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: BrDdedc'Gy

) . b
O] = i((Dydcy")oudet )M OB G LA

group: (Spin, SU(3)., SU(2)4, U(1)y)

O

{Br1,Gra}  {dcs, de's}
* (1,8,1,0) 104
{Br1,des} {Grodcls} | OF
* (33,1, 5) 10{
{Br1,dc’s} {Gra.des} | OF
* (3,3,1,-1) 10{

Table 17. UV resonance of type B LDdCdCTG L. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: By DG rucuc!

. b
(9{ = z((D,,u(cp“)UuucTrb))\AaBL)‘”G’LA)‘“.

group: (Spin, SU(3)¢, SU(2).w, U(1)y)

I

{Br1,Gra}  {ucs,uc’s}
* (1,8,1,0) 104
{Br1,ucs} {Gra,ucls} | OF
* (3.3,1,-2) 10{
{Bri,uc's} {Grs,ucs} | O
* (2,3,1,2) 40]

Table 18. UV resonance of type Br, DG ucuc’. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: BLDGQQ'

. ai bi a v
Of = i(D,Q,")a,QT, YN BN G AM.

group: (Spin, SU(3),, SU(2)4, U(1),)

oI

{Br1,Gra} {Q3,Q7,}
* (1,8,1,0) —40f
{Br1,Q3} {Gr2,QT,} | O
* (3,3,2, 1) —40f
{Br1,Q",} {GL2,Qs} | ©OF
* (2,3,2,-1) 404

Table 19. UV resonance of type B DG QQT. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: DGLQQ'W,

. ai bj a gt v
Of = i((Dy@p™)0uQ!, "IN ;G N W .

group: (Spin, SU(3)¢, SU(2).w, U(1)y)

I
{Gr1,Wra} {Q3,Q7,}
* (1,8,3,0) 404
{Gr1,Qs} {Wrp,QTy} | O
* (2,3,2, 1) —40{
{Gr1,Q"} {Wro,Qs} 0’
* (3,3.2,—) —10]

Table 20. UV resonance of type DG QQTWy. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: Ddede'Gr?

5 N a
Of = W[ T le, JfAPCGL Y GLBMINC  ((Dydc,®)oudct ).

group: (Spin, SU(3)¢, SU(2)., U(1)y) o
{GL1,GLa} {dcs,dc's}

* (1,8,1,0) 40]

{Gr1,desy {Gra,dc'y} o’

* (3,15,1, 1) 107

* (3,6,1,1) 10!

* (3,3,1,1) 107

Table 21. UV resonance of type Ddedc'Gr?. “*7 in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: DGL2U<CU(CT

Of = W[ T e Jf*BOGL NG PN o (Dyucy®)auctss):

group: (Spin, SU(3)¢, SU(2)., U(1)y) i
{G11,Gr2} {ucs,ucls}

* (1,8,1,0) 10{

{Gr1,ucsy {Gra,ucls} o’

: (3.15.1.-3) 10]

. (3.5.1,-3) 1]

. (3.3.1,-3) 10]

Table 22. UV resonance of type DG 2ucuc’. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: DG 2QQ1

Of = [T Il B0GL Y G PN (DR, Q).

group: (Spin, SU(3),, SU(2)4, U(1),) i
{GL1,Gra} {Qs,Q1,}

* (1,8,1,0) ~40]

{Gr1,Q3} {Gr2, Q1) o’

* (3,15,2, 1) ~40]

* (3.6.2,%) —40]

* (3:3.2.%) —40]

Table 23. UV resonance of type DG2QQT. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: DQd@e@ucz

Of = LV[s]t](€abe((Dyec,)(DPuc,®))(depucs?)),
of = ;y[1<eabc<<Duqub><Dﬂu@tc>><dcpaecr>>,

O = SV (el (Dyec, ) (DFucs)) (e, uc?)).

group: (Spin, SU(3)¢, SU(2)., U(1)y) i
{dci,eca}  {ucs,ucy}
* (2,3,1,%) —40§ + 120}
* (1,3,1,3) —407
(0,3,1,3) —20]
{dci,ucst  {eca, ucq} o/
* (2,3,1,-1) 1007 + 604 +20{
* (1,3,1,-1) —207 —20f +20{
(0,3,1,—3) —207 — 20}

Table 24. UV resonance of type D2dcecuc?. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: D?ecLQuc

(’){ = €

(( uQsa] DHuCt ))(€Ceri>7
OF = é((DyLy;) (D uc,®)) (ecp@s™),
3 ((

(’)g = i ((D*Q,%) ) (D ucy®))(ecpOyuw Liri)-
group: (Spin, SU(3)., SU(2), U(1)y) 0
{eci, L2} {Q3,ucs}
* (2,1,2,1) 10! —120f —60]
x (1,1,2,1) 20}
(0,1,2,1) 20]
{ec1,Qs}  {L2,uc4} o7
* (2,3,2, 1) —60f —20f —60{
* (1,3,2,7) 207 — 205 — 20}
(0,3,2,1) 204
{eci,ucat {L2,Qs} %
* (2,3,1,1) 607 +20f —10]
* (1,3,1,1) —207 120}
(0,3,1,1) —20f —20{

Table 25. UV resonance of type D?ecLQuc.
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: D?dcQ?uc

Of = V[ [s)(e7((DuQs¥) (DM uc,’))(de," Qr™)),
0f = V[ [s)(e7((DuQ:") (DM uc,?)) (dey"Qs)),
Of = IV[r[s]eFi((D Q) (D ucs®)) (dey o Qs™),
Of = SVI((Du@s) (Ducy?) (dey " Q:™),
OF = SV (DuQr") (DFuc))(de, Qs)),
Of = FYI-eTi((DFQs™)(D¥uc,"))(dey 0w Q™).

group: (SplIL SU(3)67 SU(2)UI7 U(l)y) Oj
{dc1,Q2} {Q3,ucy}

* (2, 8, 2, 1 607 — 380] — 240f +180] — 340! —120]

(1,8,2,3)
o, 8,2,2)
( 3)
( 3)

20 —20f —80] — 207 + 20! — 10]
607 +20f +60] — 20!

* 2,1,2, 60! + 20! + 60f —60] — 20! — 60}
* 1,1,2, —201 +20f +20] +20] — 20! —20{
(0,1,2,1) —20§ +20{

{dci,ucs} {Q2, @3} O’
* (2,6,1,-1) 120] + 40! —80]
* (1,6,1,-1) —40{ + 40}
(0,6,1,—1) —40! — 10}
* (2,3,1,-1) —1207 — 40§ +80]
* (1,3,1,—1) 107 — 140!
(0,3,1,-1) 105 +10{

Table 26. UV resonance of type D?dcQ?uc.

“*” in front of each row indicates topologies with

nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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... abe Zkejl ( ustk)(DHQtCZ))(LpiQraj)y

1
6 T
Og _ %y[ : S ‘ Eabcézkﬁjl((DMstk)(D“QtCl))(LPiQraj),
Of = AV Setect (D, Q) (DFQu™)) (L @),
T
Of = 3V[[s Jeee* el (D, Q) (D*Qu™)) (L, Qs ™).
t

group: (Spin, SU(3)¢, SU(2)., U(1)y)

{L1,Q2} {Q3,Q4}
* (2,3,3,—1) —200] + Of (=2 4 2(st)) + Of (—8 + 8(st))

OJ

* (1,3,3,-1) 1207 + Of (=6 — 6(st))
(0,3,3,—1) —40] + 04 (2 = 2(st)) + Of (—4 + 4(st))

* (2,3,1,-1) 2007 + Of (18 + 18(st)) + OF (-8 — 8(st))

* (1,3,1,—1) 107 + Of (=2 + 2(st))
(0,3,1,-1) 107 + 05 (2 + 2(st))

Table 27. UV resonance of type D2LQ3. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: ByD?ecH'L

O] = i(ecyou (DaLy:) (DY HI') B
0§ = (ecp(DuLyi)) (D HT)BL™

group: (Spin, SU(3)¢, SU(2)., U(1)y) O
{Bri,eco} {Ls, H's}
* (3,1,1,1) 20{ + 100}
* (,1,1,1) 20f — 20}
{Br1, L3} {eco, H's} OJ
* (3,1,2,-1) —20{ + 100}
* (1,1,2,-1) 20] +20]
{Br1,H's} {ecy, Ls} o/
* (2,1,2,-1) 104
* (1,1,2,—3) 10}

Table 28. UV resonance of type By D?ecHL. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: BrD?*dcH'Q

Of = i(dey "0, (DAQ")) (DY H) B,
Of = (de, (DQ*)) (D, HT ) B .

group: (Spin, SU(3)., SU(2),, U(1),) i

{Br1,dco} {Qs, H'4}

* (3,3,1, 1) 207 + 100}

* (1,3,1,1) 207 — 20!
{Br1,Q3} {dco, H'4} o/

* (3,3,2,1) —207 +100]

* (1,3,2, 1) 20] +20]
{Br1,H's} {dcs,Qs} o/

* (2,1,2,—3) 104

* (1,1,2,-1) 10}

Table 29. UV resonance of type B; D?dcHTQ. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: By D?*HQuc

Of = i€ (Q)" o, (Dyuc,*)) (DY H;) BL ™,
Of = €7(Q, " (Dyuc,®)) (D, Hy)BL".

group: (Spin, SU(3)., SU(2),, U(1),) o
{Br1,Q2} {ucs, Ha}
* (3,3,2, 1) 207 +100]
* (1,3,2,1) 207 — 20!
{Br1,ucs}t {Q2, Ha} o/
* (3,3,1,-3) —20] +100}
* (1,3,1,-2) 20{ + 20§
{Br1, Hs} {Q2,ucs} o/
* (2,1,2,1) 107
* (1,1,2,1) 10}

Table 30. UV resonance of type By D?HQuc. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: D?ecHTLW;,

O{ = i(GCpUuV(DALM))(DVHT])TI;WLI’\“,
Og = (e(cp(D;tLri))(DuHTj)TI;-WLI“V.

group: (Spin, SU(3)., SU(2),, U(1),) i

{Wei,eco} {Ls,H'4}

* (3,1,3,-1) 207 + 100}

* (3,1,3,-1) 20 —20]
{Wri, L3} {eca, H'a} %

* (3,1,2, 1) —20{ + 100}

* (11,2, 1) 20] +20]
{Wri,H's} {eco, L3} O’

* (2,1,2,) 104

* (1,1,2,1) 10}

Table 31. UV resonance of type D?ec HYLW,. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: D?dcHTQW7,

Of = i(dey 0 (DAQ,™)) (DY HI e e,
O3 = (de,“(DuQr*)) (D, H )7L, v,

group: (Spin, SU(3)c, SU(2)w, U(1)y) i
{Wri,des} {Qs,H's}
* (2,3,3,—-1) 20 +1004
. (3.3.3.-1) 20{ - 20}
{WLlaQS} {d(c27HT4} Ol
* (3,3,2,—1) —20{ +100{
2 6 1 2
x (1,3,2,-1 201 +20]
{Wri, Hi4}  {dca, Qs} o’
- (2,1,2,1) 10]
. (1,1,2,3) 10}

,45,

Table 32. UV resonance of type D?dc HTQW;. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.



Type: D*HQucWy,

Of = ie"(Qy" 0, (Dyuc,®) (D” Hy) !l Wi I,
O = &*(Q," (Dyuc,®)(Dy Hy)r! ), Wi,

group: (Spin, SU(3)., SU(2),, U(1),) i

{Wr1,Q2}  {ucs, Ha}

* (3,3,2,-1) 20{ + 100}

* (1,3,2,-1) 20 —20]
{Weri,ucst {Q2, Ha} o/

* (2,3,3,2) —207 +100]

* (1,3,3,2) 20{ +20]
{Wri, Ha} {Q2,ucs} o/

* (2,1,2,—3) 104

* (1,1,2,-1) 10}

Table 33. UV resonance of type D2HQucWy,. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: DQchLHTQ

. a i v 7 b
O] = i(dcy® o, (DAQ)) (DY HIAA, G AN,
a 7 i b v
Of = (de, (DuQ:")) (D HT YN G LA

group: (Spin, SU(3)., SU(2),, U(1),) o
{Gr1,dca} {Qs, Hi4}
* (3,3,1, 1) 207 +100]
* (1,3,1,1) 207 — 20!
{Gr1,Qs} {dco, H4} o/
* (3,3,2,—¢) —20] +100}
* (1,3,2,-1) 20{ + 20§
{Gr1, H'4} {dca, Qs} o/
* (2,8,2,1) 107
* (1,8,2,1) 10}

Table 34. UV resonance of type D?dcGHTQ. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: D*GHQuc

Of = i€9(Qp a,u (Dyuc,?)) (DY H) A5G4,
Of = €9(Qp* (Dyuc,))(Dy Hy A G LA
group: (Spin, SU(3)., SU(2),, U(1),) o
{GL17Q2} {UC3>H4}
* (3,3,2, 1) 207 +100]
* (1,3,2,1) 207 — 20!
{Gr1,ucs} {Q2, Hy} O’
* (3,3,1,-2) —207 +100]
* (1,3,1,-2) 207 + 20!
{Gr1, Hyy {Q2,ucs} OJ
* (2,8,2,1) 104
* (1,8,2,1) 104

Table 35. UV resonance of type D2GrHQuc. “*” in front of

each row indicates topologies with

nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: B 2D*HH'

Of = V[ T I, )Br N Br (D Hy)(DFHT).

group: (Spin, SU(3)¢, SU(2).w, U(1)y) o
{Br1,Brs} {Hs, H'4}

* (0,1,1,0) —40f

{Br1,Hs} {Bry,H's} | O

* (2,1,2,3) 100/

* (1,1,2,1) —207

Table 36. UV resonance of type Br?D?HHT. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: B D*HH'W,,

of = (D“HZ-)(DMHTf)TI;.BLVAWLIAV,
Of = (D, H) (D, HY )71, BpA Wi M.
group: (Spin, SU(3)¢, SU(2)., U(1)y) oy
{Br1,Wro} {Hs, H's}
* (1,1,3,0) —107 — 160}
* (0,1,3,0) 404
{Br1,Hs} {Wio, H'y} OJ
* (2,1,2, 1) 10] — 2104
* (1,1,2,3) —40f — 80!
{Br1, H's} {Wiy, Hs} o/
* (2,1,2,-1) ~160 — 240{
* (1,1,2,-1) —80!

Table 37. UV resonance of type By D?HHTW. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: D2HHW,?
Of = V[T Jw, W W, N(D, Hy)(D*HT),
O; _ % D:‘WL]EIJKTKZ I)\Z/WLJ)\/J(D H)(DVHTj).
group: (Spin, SU(3)¢, SU(2).w, U(1)y) O
{Wr1,Wro} {Hs, H's}
* (1,1,3,0) ~160]
* (0,1,1,0) —404
{Wry, Hs} {Wro H's} o’
* (2,1,4,1) —20i0] — 240}
* (1,1,4,1) 407 - 80}
* (2,1,2,1) 10i0] — 240}
* (1,1,2,1) —2i0] — 80}

Table 38. UV resonance of type D2HHTW 2. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: D*G*HHT

of = W[ T 16,]Gt™ G (D, H,)(DFHT).

group: (Spin, SU(3)¢, SU(2).,, U(1),) i
{GL1, G} {Hs, Hl4}
* (0,1,1,0) —40{
{Gr1,Hs} {Gpro H's} o’
* (2,8,2, %) 10(’){
* (1,8,2,1) —20]

Table 39. UV resonance of type D2G2HH'. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: B?Bg?

O = BL>BL" BR)BR".

group: (Spin, SU(3)., SU(2),, U(1),) i
{Br1,Brat {Brs,Bra}

* (0,1,1,0) 1607

{Br1,Brs} {Br2,Brs} | O7

* (2,1,1,0) 160

Table 40. UV resonance of type Br2Bg>. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: BLzVVB2

Of = BB WrlMWRLY.

group: (Spin, SU(3)., SU(2)w, U(1),) i
{Br1,Bra} {Wrs3, Wra}
* (0,1,1,0) —16(’){
{Br1,Wr3} {Bro,Wgra} | O
* (2,1,3,0) —160{

Table 41. UV resonance of type Br?Wgr2. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: BLBRWLWR

Of = BL" BRtWi Wil

group: (Spin, SU(3)¢, SU(2).w, U(1)y)

I
{Br1,Wra} {Brs Wra}
* (0,1,3,0) ~1607
{BL1,Brs} {Wro,Wre} | O
* (2,1,1,0) ~1607
{Br1,Wra} {Wir2,Brs} | 7
* (2,1,3,0) ~1607

Table 42. UV resonance of type B BRWWg. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: B Gr?

Of = BV B GRIMGri".

group: (Spin, SU(3)¢, SU(2)., U(1)y)

I
{Br1,Br2} {Gr3,GRra4}
* (0,1,1,0) 160!
{Br1,Grs} {Br2,Gra} | O7
* (2,8,1,0) 1607

Table 43. UV resonance of type B Ggr>.

“*7 in front of each row indicates topologies with

nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: BLBRGLGR

O = BL" BR{GL G i,

group: (Spin, SU(3)¢, SU(2)., U(1)y)

oI

{Br1,GrL2} {Brs3,GRra}
* (0,8,1,0) 160!
{Br1,Brs} {Gr2,GRra} | O’
* (2,1,1,0) 1607
{Br1,Gra} {GL2, Brs} | O’
* (2,8,1,0) 160!

Table 44. UV resonance of type B, BRGrGr. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: Wi 2Wg?

of = VT w0 T wel W WP Wl WriA,
O = 1V L w VLT wal W Wi WA Wry™.
group: (Spin, SU(3)¢, SU(2)., U(1)y) o
WL, Wro}t {Wrs, Wry}
* (0,1,5,0) —960] + 320}
* (0,1,1,0) ~160]
{Wr1,Wr3} {Wra, Wgy} O’
* (2,1,5,0) ~1607 — 480]
* (2,1,1,0) ~1607
* (2,1,3,0) ~1607 + 160]

Table 45. UV resonance of type Wi2Wgz% “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: Gp*W.2

Of = GrirGrivw oW,

group: (Spin, SU(3)c, SU(2)w, U(1)y) o
{Wr1,Wra}t {Grs,Gra}
{Wr1,Grs} {Wis,Gra} | O

* (2,8,3,0) ~1607

Table 46. UV resonance of type Gp>Wr2. “*7 in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: GLGRWLWR

Of = GLAGRAWL PP Wl

group: (Spin, SU(3)., SU(2)., U(1)y) -
{GL1, Wra} {GRr3, Wry4}

* (0,8,3,0) ~160{

{GrL1,GRrs} {WLa, Wra} 7

* (2,1,1,0) 1607

{Gr1, Wra} {Wia, Grs} 0J

* (2,8,3,0) —1607

Table 47. UV resonance of type GLGrWrWg. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: BLGLGR2

Of = W[ T Jeal BL"d*PCG LAY GREY GRS

group: (Spin, SU(3)., SU(2),, U(1),) 0
{Br1,Gr2} {GRrs,GRra}

- (0,8,1,0) 160]

{Br1,Grs} {GrLo2,GR4} OJ

" (2,8,1,0) 160!

Table 48. UV resonance of type BGrGr>. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: GL2GR*
O{ = 1y GL]y[D:‘GR]dABEdC’DE‘GLA;U/GLB)\,OGRS‘VGRE)\’
Of = W[ [ eV | ealGrGrGrS ars”,
Of = W T e V[ e G GLP¥»Griv Gl
group: (Spin, SU(3)., SU(2)4, U(1)y) o
{Gr1,Gr2} {Gr3,Gra}
* (0,27,1,0) 9607 + 200§ — 1600
i (0,1,1,0) 1604
i (0,8,1,0) 160{
{Gr1,Gr3t {Gr2,GRra} o’
) (2,27,1,0) ~Bol _so] - Bof
* (2,10, 1,0) 120] — 804 + 40}
* (2,10,1,0) 120] — 80§ + 40}
* (2,1,1,0) 1604
* 2510 801 + 508+ 04
1 +50;, —50;

Table 49. UV resonance of type GLQGRQ.

“*” in front of each row indicates topologies with

nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: BLBRDeCe@T

O] = i(ecyou(Dvect,)) B Br).

group: (Spin, SU(3)., SU(2)4, U(1)y) O
{Bri,eca} {ec's, Bra}

* (1,1,1,1) 104

{BLl,e(ch} {eca, Bra} o

* (3,1,1,-1) 101

{Br1,Bra} {ecyecls} | O

x (2,1,1,0) 40{

Table 50. UV resonance of type By, BrDecec. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: BpBrDLL'

O{ = i(Lyp;0u(Dy L") BL Br),

n.
group: (Spin, SU(3)., SU(2)., U(1),) i
{Br1,L2} {L'3, Br4}
* (11,2, —407
{Br1,L'3} {L2,Bry} | OI
* (3,1,2 ) —40{
{Br1,Bra} {L2, LT3} | O
x (2,1,1,0) ~40]

Table 51. UV resonance of type By, BgRDLL'. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: B, DLLIWp

Of = i(Lp,ou(D,LL )T i B A WRIA
group: (Spin, SU(3)¢, SU(2)., U(1)y) i

{Br1, Ly} {L'3,Wga}

* (%71’2 ) —4(9{
{BLl,LTS} {L2>WR4} o/

* (3’1,2 ) —4(9{
{Br1,Wra} {L2,Lfs} | OF

* (27 17 37 0) _40{

Wk

Table 52. UV resonance of type B.DLL'Wh.

in front of each row indicates topologies with

nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: ByBrDdcdc!

Of = i(de, 0. (Dyde’, o)) B Br).

group: (Spin, SU(3)., SU(2)4, U(1)y) O
{Br1,dcs}  {dc's, Bra}

% (1,31, 1) 107

{Br1,dc's} {dco, Bra} | OF

* (3.3.1,-9) 10]

{Br1,Bra} {dca,dcs} | O

* (2,1,1,0) 40]

Table 53. UV resonance of type B LBRDd@d(CT. “*” in front of each

row indicates topologies with

nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: By BrDucuc!

Of = i(ucy,"ou(Dyuct,,))BL Br).

group: (Spin, SU(3)¢, SU(2).w, U(1)y) o
{Br1,ucs} {uc's, Bra}

* (3:3,1,-%) 40{

{Br1,uc's} {ucy, Bra} | O

* (2,3,1,2) 104

{Br1,Bra} {ucs,uc’s} | O

* (2,1,1,0) 104

Table 54. UV resonance of type B;, BrDucuc’. “*” in front of each

row indicates topologies with

nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: BrDdcdc!Gr

. a b v
O = i(deyou(Dyde’,,) )M BN Gri.

group: (Spin, SU(3)., SU(2)4, U(1)y)

oI

{Br1,dca} {dc's, Gra)
* (3.3.1,3) 40{
{Br1,dc"s}  {dco,Gra} | O
* (3.3.1,—3) 10{
{BL1,Gra} {dca,dc’s} | O
* (2,8,1,0) 10{

Table 55. UV resonance of type B LDdCdCTG r. “*” in front of each row indicates topologies with

nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: BrDGrucuc’

. b
O{ = z(u(gpaau (D,,u(CTrb)))\AGBL)‘VGRf})‘.

group: (Spin, SU(3)¢, SU(2).w, U(1),)

O

{Br1,uco} {uc's,Gra}
* (3:3.1,-3) 40{
{Br1,uc's} {uca, Gra} | O
* (3,3,1,2) 107
{Br1,Gra} {ucy uc’s} | O
* (2,8,1,0) 107

Table 56. UV resonance of type B;, DG grucuc’. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: B,BrDQQ!

Of = i(Qy%0,(D,Q",")) B Br).

group: (Spin, SU(3),, SU(2)4, U(1),)

O

{Br1,Q2} {Q'5, Bra}
* (3:3,2,5) —40{
{Br1,Q"3} {Q2 Bra} | 07
* (3,3,2,- 1 —407
{Br1,Bra} {Q2,Q3} | O
* (2,1,1,0) —407

Table 57. UV resonance of type B BRDQQ'. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: BL,DQQ W

Of = i(Q o, (D, Q")) BN WrI.

group: (Spin, SU(3)¢, SU(2).w, U(1)y)

o7

{Br1,Q2} {Q'3, Wr4}
* (3:3:2,5) —40{
{Br1,Q";} {Q2,Wga} | O
* (3,3,2,- 1) —40f
{Br1,Wra} {Q2,Q13} | 0OF
* (2,1,3,0) 404

Table 58. UV resonance of type B DQQTWx. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: BLDGrQQT

. ai bi a v
O = i(Qy 0,(D, Q1" )N BN Gl

group: (Spin, SU(3),, SU(2)4, U(1),)

I

{Br1,Q2} {Q'3,Gra}
* (3:3.2,5) —40{
{Br1,Q';} {Q2,Gra} | ©OI
* (3,3,2,- 1 —404
{Br1,Gra} {Q2,Q'3} | ©OI
* (2,8,1,0) —404

Table 59. UV resonance of type By DGrQQT. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: Decec!W Wk

Of = ilecyou(Dvect, )WY Wrl.

group: (Spin, SU(3)¢, SU(2).w, U(1)y)

i

{Wri,eca} {€CT37WR4}
* (3,1,3,-1) —40f
{Weiects} {eco, Wra} | O
* (2,1,3,1) —40]
{Wi1,Wra} A{eca.ecls} | O
* (2,1,1,0) —40f

Table 60. UV resonance of type Decec W Wg. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: DLLTW; W

Of = il K (Lp,0u(D, LV )T K s W IV W™,
(95 = i(LpiJu(DvLTrl))WLMVWR;ILA‘

group: (Spin, SU(3)¢, SU(2)., U(1)y) o

{Wri, Lo} {L'3, Wgy}

* (3,1,4,1) —4;07 - 80!

* (3,1,2,3) 407 — 40}
{Wr1, LT3} {L2, Wr4} o

* (3,1,4,-3) 407 — 80}

* (3,1,2,-1) —4i0] — 40}
{Wr1,Wra} {Lo, LT3} o/

* (2,1,3,0) 404

* (2,1,1,0) —40]

Table 61. UV resonance of type DLLTW, Wg. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: Ddede "W W

O = i(dc, 0 (Dyde’, )WLV Wrl.

group: (Spin, SU(3)¢, SU(2)., U(1)y) o
{Wri,dca} {dc's, Wra)

* (3,3,3,—13) —40]

{(Wri,dc's}  {dco, Wra} | OF

* (3,3,3,3) —40{

{Wi1, Wra}y {dca,dc's} | O

* (2,1,1,0) —40f

Table 62. UV resonance of type Ddedc "W, Wg. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: Ducuc!WrWg

O = i(ucyou(Dyuct, )WL Y Wrlh.

group: (Spin, SU(3)¢, SU(2)., U(1)y) o
{Wri,uce} {uc's, Wra}

* (1,3,3,2) —40]

{Wei,uc’sy  {uco, Wra} | O

* (3,3,3,-2) —40f

{Wr1, Wra} {UC27UCT3} 0l

* (2,1,1,0) —40]

Table 63. UV resonance of type Ducuc W Wg. “*7 in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: DQQTW,Wr

(’){ — Z‘GIJK(QpaiU#(DVQTT“J))TK; WLI)\VWRiA7
Of = i(Q)" o, (D,Q," )WL Wil

group: (Spin, SU(3)., SU(2)., U(1)y) i

{Wi1,Q2} {Q'3, Wga}

* (%3, 4, _%) —4z‘(’){ — 80{

% (1,3,2,-1 407 — 10
(W1, Qls} {Q2, Way} %

; Goab) | w0 8]

. (2,3,2,1 —4i0f — 40§
{We1, Wrey {Q2.Q13} %

* (2,1,3,0) —10]

. (2,1,1,0) —404

Table 64. UV resonance of type DQQTW,;Wg. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: DGrQQ'W,,

. ai bj a i v
Of = i(Qp%0, (D, QT )N T GRIMW LI

group: (Spin, SU(3)., SU(2),, U(1),) O
{(Wi1,Q2} {Q'3,Gra}

: (3:3.2.—) —10f

W1, QT3 {Q2,Gra} | OF

* (%,3,2,%) —4(’){

{Wr1,Gra} {Q2,QT3} | ©F

* (2.8,3,0) —40{

Table 65. UV resonance of type DGrQQTWy. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: Decec'GLGr

Of = i(ecyou(Dyect,)GL MG,

group: (Spin, SU(3)¢, SU(2)w, U(1)y) o
{Gri,eca} {ec's,Gra}

* (1,8,1,-1) 107

{Gr1,ects} {eca,Gra} | OF

* (3,8,1,1) 104

{Gr1,Gra} A{eco,ects} | OF

* (2,1,1,0) 104

Table 66. UV resonance of type Decec!GGr. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: DGLGRLLT

0] = i(Ly,0,(D,LT,") G Gr.

group: (Spin, SU(3)., SU(2), U(1)y) O
{Gr1,Lo} {L'3,GR4}

' (3:82-3) | -10f

{Gr1,LT3} {L2,GRra} | O

' (3.8.2.3) —40]

{Gr1,GRra} {Lo, LT3} | OF

x (2,1,1,0) —40f

Table 67. UV resonance of type DG GrLL. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: Dd(cd(CJrGLGR

. a b v
Of = id*PC(de, o, (Dydct,))AC (G AN GREA,
. a b v
OF = ifAP(dg, 0, (Dydct,p)) Ao G G REN,
Of = i(de, o (Dydc, o)) GLY G,

group: (Spin, SU(3)., SU(2)4, U(1)y) o
{GL1,dca} {de's, Gral
* (3.15,1,-1%) s0f — 204 + 40}
* (3.6,1,—3) —60] +2i0] + 40}
* (3,3.1,-3) 60{ +6i0f +40]
{Gr1,dc’s}  {dca, Gra} o/
* (3,75,1, %) 80 +2i0f + 40}
* (3,6,1,%) —60] — 20} + 40}
* (3,3,1,3) 60! — 6i0] + 40
{Gr1,Gra} {dca, dc's} 0’
* (2,8,1,0) 4O§
101
* (2,1,1,0) 40}

Table 68. UV resonance of type Dd@d@TG GRr. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: DG G gucuc!

Of = id*BC (uc) o, (Dyuct, )\ oG Gri,
Of — ifABC(u(CpaO'u(Dz/U(C rb)))‘c G A)\VG B)\

0f = i(uc,ou(Dyuct, )G Gri.

group: (Spin, SU(3)., SU(2), U(1)y) o
{Gr1,uco} {uc's, Gra}
* (1,15,1,-2) S0f — 2105 + 40}
* (1.6,1,-2) —60] + 210§ + 10§
* (1,3,1,-2) 607 +6i0] 4+ 40
{GL17U(C 3} {uce, GRra} o/
* (3,15,1,2) S0f +2i05 + 40}
* (2,6,1,2) —607 — 20 +40]
* (3,3,1,2) 607 — 6i0] + 40}
{Gr1,GRa} {UC%UCTS} o
* (2,8,1,0) 4O§
101
* (2,1,1,0) 10§

Table 69. UV resonance of type DG G rucuc’. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: DGLGRQQT

Of = idAP%(Q 7, (D, Q1" DAL GL N G

oo

. ai bi a v
O = ifAPC(Qp 0, (D, Q" )AL G LA GREA,

Of = i(Q, 0, (D,QN," )G MG,

group: (Spin, SU(3)¢, SU(2)., U(1)y) o
{GL17 QQ} {QT37 GR4}
* (3,15,2, 1) —80] —2i0f — 40}
* (3,6,2, 1) 607 + 20 — 40}
* (3,3,2, 1) —607 +6i0] — 10}
{GL1,Q3} {Q2,Gr4} OJ
* (3,15,2,—1) ~80f +2i0f - 10}
* (3.6,2,-¢) 60 — 2i0] — 40
* (3,3,2,-1) —607 — 6i0] — 40}
{Gr1,Gra} {Q2,Q3} o
40!
* (2,8,1,0) 2
—40/f
* (2,1,1,0) —40f

Table 70. UV resonance of type DG GrQQT. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: BrD?*ecH'L

Of = i(D\D"H"")(ecyouwLri) Br))-

group: (Spin, SU(3)¢, SU(2).w, U(1)y)

I

{eci, Lo} {H'3,Brs}
* (1,1,2,1) 20/
{ec1,H's} {L2,Brs} | O
* (3,1,2,1) 20]
{ec1, Bra} {L2,H's} | O
* (3,1,1,1) 20/

Table 71. UV resonance of type BrD?ecHTL. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: D?ec HI LWp

Of = i(D\D"H")(ec)0, Lii) T s WrE.

group: (Spin, SU(3)., SU(2)4, U(1)y) O
{ect, Lo} {H'3, Wr4}

* (1,1,2,1) 20]

{ect, H's} {La,Wrya} | O

* (3,1,2,1) 20

{ect, Wra} {L2,H'3} | O

* (3,1,3,1) 20/

Table 72. UV resonance of type D?ec HT LWg. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: BrD?*dcH'Q

of = i(DA\D”H")(dc) 0, Qr ™) BR).

group: (Spin, SU(3)¢, SU(2).w, U(1)y) o
{dc1,Q2} {H'3, Bra}

* (1,1,2,1) 201

{dcy, H'3} {Q2,Brs} | O

* (3,3,2,—1) 20]

{dc1, Bra} {Q2,H'3} | O

* (2,3,1,1) 201

Table 73. UV resonance of type BrD?*dcHTQ. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: D?dcHIQWp

O = i(D\D"H)(dc) 0,0 Qr )T, WrE.

group: (Spin, SU(3)., SU(2)4, U(1)y) o
{dc1,Q2} {H'3,Wpy}

* (1,1,2,1) 20/

{dcy, H'3} {Q2,Wg4} | O

* (2,3,2,—1) 20

{dc1, Wra} {Qo,H'3} | O

* (2,3,3,1) 20/

Table 74. UV resonance of type D?dcHTQWg. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: D?dcGrH'Q

. i a iy AD
O{ - Z(D)\DVHT )(de U/u/Qrb )AAaGRZU\'

group: (Spin, SU(3)¢, SU(2).w, U(1)y) O
{dc1,Q2} {H'3,GR4}

* (1,8,2,1) 201

{dcy, H'3} {Q2,GRra} | O

* (3,3,2,-1) 20]

{dc1,Gra} {Qa2,H3} | O

* (2,3,1,1) 20/

Table 75. UV resonance of type D?dcGrHTQ. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: BrD?*HQuc

O] = 19 (D31 Hy)( @, ey iy

group: (Spin, SU(3)., SU(2)4, U(1)y)

O

{Q1,uca} {Hs, Bra}
* (1,1,2,1) 20/
{Q1,Hs} {uca, Bra} | O
* (3,3,1,2) 20
{Q1,Bra} {ucs, Hz} | O
* (3,3,2,1) 20]

Table 76. UV resonance of type BrD?>HQuc. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: D2HQucWrg

of =

iejk(D)\D”Hj) (QpaiUMVuCT“)TIZWRE‘.

group: (Spin, SU(3)¢, SU(2).w, U(1)y)

O

{Q1,uca} {Hs, Wga}
* (1,1,2,1) 20/
{Q1,Hs} {uco, Wra} | OF
* (2,3,3,2) 20
{Q1,Wra}  {ucy, Hs} o/
* (3,3,2,1) 20]

Table 77. UV resonance of type D2HQucWg. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: D?*GrHQuc

Of = i€ (D\DY H;)(Qp" oyuic,") Ny Grit™.

group: (Spin, SU(3)., SU(2),, U(1),) O
{Q1,uce} {Hs,Gra}

* (1,8,2, 1) 20{

{Q1, Hs}  {uca, Gra} o’

s (%73,1%) 2(’){

{Q1,GRra}  {ucs, H3} o’

* (%,3,27%) 2(9{

Table 78. UV resonance of type D?GrHQuc. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Vplr Vst )((Duects)(Drecty)) (ecpecy)),
Of = DIV J(Drec! (D ect))ecymec))

group: (Spin, SU(3)¢, SU(2)., U(1)y) o
{eci,eca} {GCT3,€<CT4}
* (1,1,1,2) 20
(0,1,1,2) —207
{6<C1a€<CT3} {6C276CT4} o’
* (2,1,1,0) 50{ + 30}
(1,1,1,0) ~ol + 0

Table 79. UV resonance of type D26@26@T2. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: D?ececl LLT

Of = ((Duect ) (DM LY)) (ecy Lrs),
Of = i((Drect ) (DLY)) (ecpopwLri).

group: (Spin, SU(3)¢, SU(2)., U(1),) "y
{ect, Lo} {ec's, Lis}
* (1,1,2,1) —20]
(0,1,2,3) 20/
{eci,ecs} {L2, L4} O’
* (2,1,1,0) —507 - 30}
(1,1,1,0) of —of
{eci, LTa}  {L2ec’s} O’
* (2,1,2,3) 507 — 30!
(1,1,2,5) -0 - 0]

Table 80. UV resonance of type D?ecec’LLT. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: D2d¢tecLQT

Of = (Dyde’ )(DQH ")) (ecyLrs),

Of = i((D*dct,,) (D Q™)) (ecyopw Lri).
group: (Spin, SU(3)¢, SU(2)., U(1)y) i
{ect, Lo} {dc's, Q14}
* (1,1,2,-1) —20]
(0,1,2,-1) 20/
{ec1,dc’s} {L2,QT,} O’
* (2,3,1,2) —50] - 30}
(1,3,1,2) of —of
{6617QT4} {L2ad<CT3} o/
* (2,3,2,2) 507 — 301
(1,3,2,2) —ol -~ 0}

Table 81. UV resonance of type DQdCTe@LQT. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: D2dcdc'LLT

Of = (Dyde’ ) (D L)) (dey" L),
Of = i((D*dct,,)(DLY")(dey 0 Lri).
group: (Spin, SU(3)¢, SU(2)., U(1),) o
{dc1, Lo} {dc's, LT4}
* (1,3,2,-§) -20]
(0,3,2, 1) 20/
{de,dc’s}  {La, LT} %
* (2,1,1,0) 50! —30]
(1,1,1,0) of —of
{dc1, L4} {La,dc’s} %
* (2,3,2,2) 507 — 30!
(1,3,2,2) ~ol -0}

Table 82. UV resonance of type D2dcdc!LLT. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: D?LLMucuc!

Of = (DL (DM uct ) (Lpjuc, ),
0f = i(D*L1) (D uc ) (Lpounc, ),
group: (Spin, SU(3)., SU(2)4, U(1)y) o
{L1,uco} {L's,uc’y}
* (1,3,2,—1) —20]
(0,3,2,-1) 20/
{LhLTS} {wca,u(cu} O’
* (2,1,1,0) —50] =30}
(1,1,1,0) of —of
{L1,uc’s} {ucs, LT3} OJ
* (2,3,2, 1) 507 —30]
(1,3,2, 1) ~ol -~ 0o}

Table 83. UV resonance of type D2LLYucuct. “*” in front of each row indicates topologies with

nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: D26C€CTQQT

Of = ((Duec! ) (D"Q1,")) (ec,Qr™),
OF = i((Drect ) (D" Q")) (ecpyo,wQr™).

group: (Spin, SU(3)¢, SU(2)., U(1)y)

O
{ec1, @2} {ec's, QT,}
* (1,3,2, 1) —20]
(0,3,2,7) 20/
{€<C1:€<CT3} {Q2,QT4} o/
* (2,1,1,0) 507 — 30}
(1,1,1,0) ol —of
{6017QT4} {Q276CT3} o/
* (2,3,2,2) 50f — 301
(1,3,2,2) ~ol - 0!

Table 84. UV resonance of type D?ecec’QQt. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Of = ILIVGIAD LD L) Lyl
Of = W[ VTG LI YDV L) Ly L)),
Of = WLV A(DLLL DN L L),
Of = WD LD L) Loy L),
group: (Spin, SU(3)., SU(2)4, U(1)y) i
{L1, Ly} {L's, L1}
¥ (1,1,3,-1) -40]
0,1,3,—1) 10{
* (1,1,1,-1) 404
(0,1,1, 1) —40]
{L1, L3} {Ls, LTy} o’
. (2,1,3,0) —501 + 90} + 1504 - 30]
(1,1,3,0) of +30] -30{ - 0]
* (2,1,1,0) —50] = 30§ — 50§ - 30}
(1,1,1,0) of —of +0f - 0of

Table 85. UV resonance of type D2L2L12. “% in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: D2dcd@Te@e@T

Of = (Dudc ) (Drect,))(dey ec, ),
Of = i((D*dct ) (D ect)) (dey o mec,)-

group: (Spin, SU(3)¢, SU(2)w, U(1)y) O
{dcy,eca} {dCT3v€CT4}
* (1,3,1,4) 20§
(0,31, 4) —20{
{dcy, de's} {feca ects} o’
- (2,1,1,0) 50! +30]
(1,1,1,0) ~0f +0f
{dcq,ectys} {6C2adCT3} %
¥ (2,3,1,-2) —50! +30]
(1,3,1,-2) of +0f

Table 86. UV resonance of type D2dedclecect. “*7 in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: D2€(C€(CTU(CUCT

Of = (Duecty)(Dructy,)) (ecyuc,®),
Of = i((D"ec!)(D"uct,))(ec,omuc,®).
group: (Spin, SU(3),, SU(2)4, U(1)y) o
{€<C1>U<CQ} {€CT3,UCT4}
* (1,3,1,1) 204
(0,3,1,1) —20/
{661,% 3} {U(CQaU(CTAL} o’
* (2,1,1,0) 507 + 301
(1,1,1,0) ~of +0of
{661,UCT4} {U(CQae(CTB} o
* (2,3,1,2) —50] +30]
(1,3,1,3) of +of

Table 87. UV resonance of type D?ececiucucl. «*”

in front of each row indicates topologies with

nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: D2dg2dc!’

J(Dpdc o) (DPdcty)) (deyde, ),
[s [ ](i((Drdct o) (DY de'sy)) (depomde, ),

Qo
[SEN
|
N N N
==
F .
==
<<
&
=

Of = WVILIVLI((Dude! o) (DHdc ) ey e, ).
Of = WV ((Dde! ) (D del ) dey opude, ).
group: (Spin, SU(3)., SU(2),, U(1),) i
{dc1,des} {de's, dels}
* (1,6,1,2) 404
(0,6,1,2) —40]
* (1,3,1,2) ~40]
(0,3,1,2) 10§
{dcy,defs}  {deo, dc'y} o’
% (2,8,1,0) —100] +120f +200] — 60}
(1,8,1,0) 201 +40f — 10] —20]
* (2,1,1,0) 50] + 30§ +50f +30]
(1,1,1,0) ~of + 0] —of + 0]

2
Table 88. UV resonance of type D2d¢c2dc'". “*7 in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: D2dcdc ucuc!

Of = ((Dydc o) (DPucty)) (dey ue,®),
0f = i((Drdct ) (D uct ) (de, o, ?),
0f = ((Dydc’ 4) (D ucty,)) (dey ue,),
Of = i((Drdct ) (D ucty,)) (de, ouc,”)
group: (Spin, SU(3),, SU(2), U(1), oy
{dei,uca}  {de's, ucls}
* (1,6,1,-1) 20§ + 20/
(0,6,1,—1) —207 —20{
* (1,3,1,-1) —20§ +20]
(0,3,1,—1) 20] —20{
{de1,dc’s}  {uca,ucts} O’
* (2,8,1,0) 50! +30f —150] — 90/
(1,8,1,0) ~0f + 0f +30] - 30]
* (2,1,1,0) 50{ + 30}
(1,1,1,0) ~ol + 0!
{dcr,ucts}  {ucy, dc's) O’
* (2,8,1,1) ~150] + 904 +50] — 30]
(1,8,1,1) 307 +30f —0f - 0]
* (2,1,1,1) 504 +30]
(1,1,1,1) of + 0]

Table 89. UV resonance of type D2%dcde ucuct. “*7 in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: DQUCQUCTQ
Of = 1V[plr Vs t](Duuct o) (DMucty)) (uc, uc,?)),
0f = W[p[r IV s[t])((D uct ) (D ucty)) (ucy opmuc,?)),
of = iy[m1<<<Duu<cfsa><mucub>><ucp“uc#’>>a
Of = WD) ((D uc! o (D uct ) ey e, ).

group: (Spin, SU(3)., SU(2),, U(1),) oy
{ucy,uca} {uc’s,ucty}
* (1,6,1,—3) 104
(0,6,1, %) —40f
* (1,3,1,—3) —40}
(0,3,1,-%) 10§
{ucy,uc's}  {uco,ucts} OJ
* (2,8,1,0) —1007 4+ 120 +200f — 60
(1,8,1,0) 207 +40f —10] —20]
* (2,1,1,0) 507 + 301 + 501 +30]
(1,1,1,0) ~of + 0] —0of + 0]

Table 90. UV resonanc
nonrenormalizable vertice

e of type D?uc?uct®. “*” in front of each row indicates topologies with
s. The UV resonances colored in gray are eliminated by UV selection.

Type: D2ecQfuc
Of = 1Vt Jeanceis (DuQ)DPQT,Y)) (e uc, ™),
of = éy[kabcem(<Dﬂ@k“><D“@*ﬁ>><e<cpawu<cﬂ>-
group: (Spin, SU(3)¢, SU(2)., U(1),) o
{eci,uca} {QT:;,QTAL}
* (1,3,1,1) —20]
(0,3,1, %) 20/
{€<C17QT3} {UC%QM} O’
* (2,3,2,2) —50] - 30}
(1,3,2,2) ol —of

Table 91. UV resonanc

e of type D2€((;QT2UC. “*” in front of each row indicates topologies with

nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: D?dcLTQtuc

Of = eijeare(DuLl)(DPQY,)) (dey uc,”),
OF = icijeare(DPLTY (DY Q7)) (dep o e, ).

group: (Spin, SU(3)¢, SU(2)., U(1)y) O
{dc1,uca} {LT37QT4}
* (1,3,1,—1) —20]
(0,3,1,—3) 20/
{d(ClaLT?)} {UC27QT4} o/
* (2,3,2,2) 507 — 30}
(1,3,2,9) ol —of
{dc1,Q"y}  {uco, L3} OJ
* (2,3,2, 1) 50f — 301
(1,3,2, 1) ~ol - 0!

Table 92. UV resonance of type D?dcLTQTuc. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: D?’LLTQQT

Of = (DL ) (DHQT,™)) (L, @0,
Of = i((DHLY) (D" QT ) (L0, @r),
0f = (DLLT)(DHQY, ")) (L, @0,
Of = i(D"LI) (D" Q™)) Ly, Q).
group: (Spin, SU(3)¢, SU(2)., U(1)y) O
{L1,Q2} {L'3,Q,}
* (1,3,3,—1) 204 — 201
(0,3,3,-1) 207 + 201
* (1,3,1,—1) 205 — 201
(0,3,1,-1) —207 420}
{L1, LT3} {Q2,Q} O’
* (2,1,3,0) 50 +30f —100] — 60/
(1,1,3,0) ~0f + 0] 420 - 20!
* (2,1,1,0) —50] - 30}
(1,1,1,0) ol —of
{L1,Q";} {Q2,L'3} OJ
* (2,3,3,-2) ~1007 + 60§ +50] —30]
(1,3,3,-2) 20 +20f — 0] — 0]
* (2,3,1,—2) 504 —30]
(1,3,1,-2) ~0f -0}

Table 93. UV resonance of type D?LLTQQT. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: D2d(cd(cTQQT

Of = ((Dudc’,,)(D"Q1"))(de, Qs
0f = i((D*det,,) (D" Q™)) (dey Qs
Of = (Dudc!, ) (DFQT,™)) (A, Qp),
0f = i((Dtdct,,) (D Q")) (de,” %Qr .
group: (Spin, SU(3),, SU(2)4, U(1),) 0
{dc1,Q2} {dc's,QT,}
* (1,8,2,3) 604 + 201
(0,8,2,3) 60/ — 20
* (1,1,2,1) —201
(0,1,2,3) 20
{dcy,dc’s} {Q2,Q14} %
* (2,8,1,0) 507 — 305 +150f + 90}
(1,8,1,0) of — 0] —30] +30]
* (2,1,1,0) 507 =30}
(1,1,1,0) of —of
{dc1,Q,} {Q2,dc’s} o/
* (2,6,2, 1) 507 =305 +50f —30]
(1,6,2, 1) ~of —o] -of - of
* (2,3,2, 1) —507 + 30 +50f —30]
(1,3,2, 1) of +of —of -of

Table 94. UV resonance of type DQdcdcTQQT. “*7 in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: D*QQTucuc!

O] = (DuQ",") (D ucty,)) (@ uc,®),
0f = i((D"Q1 ") (D uct)) (@ o uc, ),
0f = (D,Q1,")(DHucty)(Qp " uc,),
Of = i((D"Q"," ) (D uc! ) (Qp“ ouc,?).
group: (Spin, SU(3)¢, SU(2)., U(1)y) .
{Q1,uca} {QT& UCT4}
* (1,8,2,—1) —204 +60]
(0,8,2,—3) 20] — 60]
* (1,1,2,—3) 20}
(0,1,2,—3) 20/
{Q1, QT3} {uca, Ucu} O’
* (2,8,1,0) ~1507 — 90§ +50] +30]
(1,8,1,0) 30f —30] —0f + 0]
* (2,1,1,0) 504 —30]
(1,1,1,0) of —of
{Qu,uc’s}  {ucs, Q'3} %
* (2,6,2,3) 501 — 30§ +50] —30]
(162 5) ~of —o] -o] -of
* (2,3,2,2) —507 +30] +50f —30]
usz) ol +of —of —of
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Table 95. UV resonance of type D?QQtucuct. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.



Type: D2Q2QT2

Of = PVIp[r VI TEN(DLQT. )P QT ))(@™ Q)
0f = IV[pIr V[P Q. )ND QY ) (Qp 01 @),
0f = [l IV [s[EI((D.Q' ) (D Q" ))(@y"Q:")),
of = Wp[r Vs [E)G((D" QT )D Q" ))(Qp™ 0w @:")),
of = WIYEI((D.Q. ) (D Q' )@y Q,™),
Of = WGP Q™ )(D" Q1)@ 0 Q:™)),
Of = IVIEVEI((D.Q”)(D*Q,"N(@"Q:™)),
Of = IV (D Q") (D Q) (@ 0w Q:)).
group: (Spin,SU(3).,SU(2)w,U(1)y) 0
{Q1,Q2} {Q'5,Q"}
* (1,6,3,3) —40f —40]
(0,6,3,3) 40{ +40}
* (1,6,1,1) 405 —40]
(0,6,1,1) —40{ 440!
* (1,3,3,1) 40§ +40]
(0,3,3,1) —40f —40!
* (1,3,1,1 —40] +40]
(0,3,1,3) 40{ —40]
{Q1,Q7;} {Q:2,Q,} 0’
* (2,8,3,0) 350{ —150f —250f +30] — 250! +20] 4501 —150{
(1,8,3,0) —70] —50f + 504 + 0] +50{ +70{ — 0] —50{
* (2,8,1,0) —507 —30] +150f —90] —50! —30! —1501 +90]
(1,8,1,0) O] — 0] —30] —30] +0! - 0] +30f +30{
* (2,1,3,0) 50{ +30§ — 100§ —60] +50{ +30{ —100{ —60{
(1,1,3,0) ~0f +0f +20] —20] -~ 0! + O] 420! —20]
* (2,1,1,0) —507 —30] —50{ —30]
(1,1,1,0) ol —0] +0! -0}

Table 96. UV resonance of type DQQZQTQ. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: BpBrD*HH'

0f = (D.D,H")H; B, Bg).

group: (Spin, SU(3)., SU(2)4, U(1)y)

O

{Br1, H2} {HT'3, Bry}
* (1,1,2,1) 807
{Br1,H's} {Ha,Brs} | O
* (1,1,2,—3) 807
{Br1,Bra} {Hz,Hiz} | O
* (2,1,1,0) 807

Table 97. UV resonance of type B BRD*HHT. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: By D*HH W5

0] = (DD, H )" H; B, Wi,

group: (Spin, SU(3)¢, SU(2)w, U(1)y) O
{Br1, Ho} {H'3,Wg4}

* (1,1,2,1) sof

{Br1,H'3} {Ha,Wgy} | O

* (1,1,2,-3) sof

{BL1,Wr4} {Ha, H'3} | O

* (2,1,3,0) 80!

Table 98. UV resonance of type By, D>2HH Wg. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: D°HH'W,; Wk

o] = 75D, D, HY )yr K Hw W,
0f = (DD, H"YH;W N Wgl.

group: (Spin, SU(3)¢, SU(2)., U(1),) o
(Wi, Ho} {H'3, Wgy}
* (1,1,4,-3) 8i0f + 160}
* (1,1,2,-1) —8i0] + 804
{Wri, His} {Hy, Wgy} o/
* (1,1,4,1) —8i0f +160]
* (1,1,2, 1) 8i0! + 80}
{Wr1,Wra} {Ha, H'3} O
* (2,1,3,0) 80!
* (2,1,1,0) 804

Table 99. UV resonance of type D2HHTW,; Wg. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: D2GLGRHHT

0f = (DD, H")H;G, "G

group: (Spin, SU(3)¢, SU(2)., U(1)y) 0i
{Gr1, Ha} {H'3,GRry}

* (1,8,2,1) 80!

{Gr1,H'3} {Hs,Gry} | O

¥ (1,8,2,—1) 80!

{Gr1,Gra} {Ha, H'3} | O

x (2,1,1,0) 80!

Table 100. UV resonance of type D>GGrHHT. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: D3ecect HHY

0] = i(ec,ou(D¥ect,)) (D, D*HT) H;,
O = i(ecpo (D ect,)) (D, Hy)(DHHT).

group: (Spin, SU(3)¢, SU(2)., U(1)y)

I
{eci, Ho} {HTs,ec’y}
* (3,1,2,3) —40{ — 60}
(,1,2,3) 20/
{ec1, H'3} {Ha,ec's} %
* (3.1,2,3) —60]{ — 40§
(12 20
{eci,ecls} {Ho, H'3} o7
* (2,1,1,0) 207 — 20}
(1,1,1,0) —20f —20]

Table 101. UV resonance of type D3ecect HHT. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: D3HH'LL?

O] = i(Ly,0,(D*L))(D, D*HT") H;,
0} = i(L,,0,(D"L,”))(D, H)(DFH),
Of = i(Ly,0,(D"LT,")(D, DFH Y H;,
Of = i(Ly,0,(D"L1,"))(D, Hj)(D*HV).
group: (Spin, SU(3)¢, SU(2)., U(1)y) O
{Li,Hy} {H3 LT}
* (3,1,3,0) —1407 — 60§ —10f —60]
(1,1,3,0) 207 + 201
* (3,1,1,0) 107 + 604 —10f — 601
(1,1,1,0) —207 420}
{Ly,H'3} {Ho, LT} OJ
* (3,1,3,1) 607 + 404 —120] —80]
(3,1,3,1) 204 — 40/
* (3,1,1,1) —607 — 10}
(,1,1,1) —20}
{Ly,Ly} {Ho, H'3} OJ
* (2,1,3,0) —40{ + 405 +20{ — 20!
(1,1,3,0) 107 + 408 —20f — 20
* (2,1,1,0) 204 —20]
(1,1,1,0) —204 — 20/

Table 102. UV resonance of type D3HHTLLT. «*”

in front of each row indicates topologies with

nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: D3dcH P uct

Of = V[T Jule H"i(dey 0(D uct,)) (D, DFHY).

group: (Spin, SU(3)¢, SU(2)., U(1),) o
{dcy, HY2}  {H'3,ucly}

* (2,3,2,—1) ~100]

(3,3,2,—1) 20]

{dcy,uc’y} {H's, H'3} o7

(1,1,1,1) —10f

Table 103. UV resonance of type D3dcH TzuCT. “*7 in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

Type: D3dedc'HH?

Of = i(de, 0u(D"dc!,,)) (D, DM HT")H;,
0f = i(de, ou(D"dc',,)) (D, Hy)(D*H).

group: (Spin, SU(3)., SU(2)4, U(1)y) o
{dc1, Ho} {H's,dcls}
* (3,3,2,2) —40f —60f
(3.3,2,5) 20{
{dc1, Hs}  {Hy,dc'y} o
* (3,3,2,-1 —60! — 410}
(3:3.2,—5) —20]
{dcy,dcts}  {Ha His} Ol
* (2,1,1,0) 207 — 20!
(1,1,1,0) —207 — 20!

Table 104. UV resonance of type D3dcde HHT. “*7 in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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Type: D3HH ucuc!

Of = i(uc, ou (D uc,,) (D, DFHT) H;,
Of = i(uc, 0, (D uct,,)) (D, H;)(DFHT).

group: (Spin, SU(3)¢, SU(2)., U(1)y)

O
{U(CDHQ} {HT37UCT4}
* (2,3,2,1) 40§ — 60}
(1,3,2, 1) 20
{UCl,HT:g} {H27U(CT4} OJ
* (2,3,2,1) —60f — 40}
(%7372¢ %) _205
{uClquT4} {HQaHT3} Oj
* (2,1,1,0) 207 — 20}
(1,1,1,0) —207 —20]

Table 105. UV resonance of type D3HH ucuc’. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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of = i(@p%m"@* “)(DyD*HT)Hj,
0f = i(Q) o, (D* Q1)) (D, Hy)(DHHT),
Of = i(Qy 0, (D Q") (D, D*HT ) Hj,
Of = i(Q, "0, (D*Q,")) (D, Hy)(DFHV).
group: (Spin, SU(3)¢, SU(2)., U(1)y) 0
{Q1, Ha} {H'3,Q1,}
* (2,3,3,-2) —1407 — 60§ —10f —60]
(3,3,3,-2) 207 + 201
* (2,3,1,-2) 107 + 604 —10f — 601
(3,3,1,-2) —207 420}
{Q1,H's} {H,Q'4} OJ
* (3,3,3,1) 607 + 404 —120] —80]
(3,3,3,3) 20§ — 40]
* (3,3,1,3) —60{ — 40}
(3,3,1,3) —20]
{Q1,QT,} {Hy H's} 07
* (2,1,3,0) —40{ + 405 +20{ — 20!
(1,1,3,0) 40{ 4+ 40§ — 20§ — 20]
* (2,1,1,0) 20f — 20/
(1,1,1,0) —204 — 20/

Table 106. UV resonance of type D*HHTQQ'. “*” in front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.

— 88 —



O{ = %y” | &Yl | |gt|HiH;(D,D, gt )(D“D”HTj)’
Og iyﬂ L w1V el HTzH'(D Dij)(D“D”HTj%
Oij’f - iy[‘ | &Y ] Hi(DuH; )(D,,HTZ')(DHDVHT]')‘
group: (Spin, SU(3)., SU(2)., U(1)y) o
{H\,Hy} {H's3,H's}
* (2,1,3,1) —807 — 480§ — 480
(0,1,3,1) sof
(1,1,1,1) 807 + 1604
{Hy,H'3} {Hy, Hy} i
i (2,1,3,0) 160! — 404 + 560}
(1,1,3,0) 801 — 40§ +80]
(0,1,3,0) 80! + 404 +160{
" (2,1,1,0) ~240f — 40§ - 240}
(1,1,1,0) —10f —80{
(0,1,1,0) 10}

Table 107. UV resonance of type D*H?H 2« iy front of each row indicates topologies with
nonrenormalizable vertices. The UV resonances colored in gray are eliminated by UV selection.
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