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

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

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

In the EFT framework, there are usually two ways to find
the connection between the effective operators and possible
UV origins. The first one is to start from an UV model and
then perform the matching procedure by integrating out the

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

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

applied to higher-dimensional operators in the SMEFT and
other EFTs.

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

II. MASSIVE ON SHELL AMPLITUDE BASIS

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

A. Massless and massive spinors

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

aox

. (PP
Paa—Puaa—

1 )
—p +ip
o ) (2.1)
-p —p

p’+p?

It should be noted that det p,, = p> = m>.

For massless particles, detp,, = 0. That means the
matrix p,, is rank-1 and thus, can be written as the direct
product of two 2-vectors A, and A,

Paa = /1(1/1(1, (22)
where the 4, and 1, are independent complex dimension-2
vectors for general complex momentum while 4, = (1,)*
for real momentum. The A, and 1, are called spinor-helicity
variables, and they transform under both the Lorentz group
and the little group. For a fixed momentum p,,,, the choice
of 4, and 1, is not unique since we can always perform the
following little group rescaling:

-1 5
j'a' - @ j'019 /1(} - wﬂ'(}n

(2.3)
and keep p,, invariant. Generally, @ is a complex number
and the action is GL(1). For real momentum, we have

o' = @*, and thus, w = €, so the little group is U(1).
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The amplitudes for massless particles are functions of 4;s
and A;s, where i labels the ith external particle in the
amplitude, and transform under the little group scaling of
the 4; and ;1,- as

M(...,a)_l/ll-,a)zi, ) = a)Zh"M(...,/li,;li, ), (24)
where h; is the helicity of the ith particle in the amplitude.

For massive particles, the matrix p,, satisfies
detp,, =m>#0, so now p,, is rank-2 instead of
rank-1. Here, we adopt the massive spinor notation intro-
duced in Ref. [39] and express the matrix p,, as a product
of two rank-1 matrices A% and 1,

Paa = Mdar,  1=1,2. (2.5)
Now that det p,, = det AL x det1,; = m?, we can choose
to take det A/, = detl,, = m. Similarly, the 2. and 7, can
not be uniquely determined for a fixed momentum p,,
since we can utilize a SL(2) transformation,

Ao = W%:{n ;110'5 - (W_l){;ljd, (2.6)
to change AL and 1, while keep p,; invariant. For real
momentum, W} = (W=1)7*, so the little group is SU(2).

We can utilize the SU(2) invariant tensor ¢;; and €/ to
lower and raise the little group indices on A}, and 4, such
that p., = €,;ALA%. Furthermore, taking account of
det AL = det 1, = m, we have the following relations:
(2.7)

paézzd] = m/%u pao’zﬂal = _m;lng

which allow us to convert between AL and A, with a coefficient
Pui/ m- With these relations, we can use only A or 4 to present
a massive particle in an amplitude, and the amplitude for
massive particles must be a symmetric rank-2S; tensor

MU-bsit for the ith spin-S; particle. Thus, we have

Mhst — ,121] .../léé-st{almazsi}' (2.8)

B. Massive amplitude basis

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

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

Fipi ~ A2/
Sl o~ A0

l//l/l//l /Il/j'w (29)
¢ o~
Di ~ _i/lij'iﬁ

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

(DV)L/Vi/(DV)r  ~ il A1 [ midi3]
't ~ 1771
vl i/ %, (2.10)
¢i ~ 19
D, ~ —ip;,

where (DV;); = D, Vs* and (DV;)g = D%V ;. As

Do V" = D, VVep, = iD,V,(0") o,

D%V s = D, VFe,; —iD,V, (6"), (2.11)
and D, V* is the EOM of V, it is equivalent to use D,V ;"
or iD,V,(6"), to construct UV operators.

Now that we can generate the amplitude basis using the
method in Ref. [43] and translate it to an UV operator basis
using the amplitude-operator correspondence Egs. (2.9)
and (2.10). However, we should be careful about the fact
that different amplitude bases could contribute to one UV
operator basis due to Eq. (2.10). For example, if we want to
find the complete and independent UV operator basis in
@ V3D, where ¢ is considered massless and V's are massive,
we need to consider the corresponding amplitude bases
where the massive vectors can be of different transversities.
The complete and independent set of amplitudes that
correspond to the UV operators in ¢pV3D are
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(12)34)[12][34],  (14)(23)[14][23],  —(24)(3[p2[3][24],
iy (23)(24)(34],  m(23)(34)[24], 7, (24)(34)[23],
my(34)23]24],  ms(24)[23][34],  m,(23)[24][34], (2.12)

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

Before we end the section, we list the Lorentz structures of the UV operator basis for interactions involving massless
fields with helicity |k| < 1 and massive fields with spin s < 1 in the following:

By = $12p3 + €Pey jiby Vzaavwﬁ, (2.13)

By = §120p30s + € Pprwagas + €aﬁ€a/‘3(Dad¢1)¢2V3ﬁﬁ + €aﬂ€a/}’¢l¢2v3adv4ﬁﬁ
+ ePe s Vg + €M ePeyFy 105V, Vsl
+ €7€P€) 46, 5DV 1)V, Vis® + P€e,,655(D AV 5 ) Vo, Vs
+ €aﬁ€y5€m‘s€mVlo(&(l)ﬁﬁvz/)V35(.s + €a5€y/}€aﬂ€75V]aa(DﬂBVZ/)V36$
+ €ay€ﬁ5€a/3€57Vlaavzﬁﬁ(l)/vwg) + eaﬁeéyeayeﬁsvlaaVZﬁﬁ(D/Vsa&)
+ ePere, 56,5V 14 Vo Vi, Vis® + €Pereys65, V1o Va Vi Vi

+ € ey je, 5V 1 Vo Vi, Vs + €@ ey 565,V 1,5V Vi Vs, (2.14)

Bs = §120p301¢5 + € Pprpawswap + Gaﬁeaﬂ(l)adﬁbl)(ﬁz% V4ﬁ/j + eaﬁea/}ﬁbl (D, hr) s V4ﬁﬁ
+ ePeyyp1aths V4adv5ﬁﬁ + €aﬁ€a/3¢1’//2al//§av4ﬂﬁ + € ePPP FiaoapFLsys
+ €Ty opFray + eayeﬁ‘seaﬁqﬁlFLza/f(Dyi'Vmﬁ) + €ay€ﬁ5€ixﬁ¢lFL2(1/3V3;/&V45/}
+ eayeﬂﬁeaﬂl//lulllzﬂ(Dydv&sﬁ )+ eayeﬂ%aﬁl//ml//zﬂV3yaV45/} +e? €7§€aﬁl//1(ll//2/}V3Y&V4§/}
+ €ay€/j5€/3a€5y¢l (Dadvzﬁ/j)(D/VwS) + €ﬁa€5y€ay€ﬂ5¢l (DadVZﬁﬁ)(Dny35§)
+ 60{y€ﬂ5€/‘3(‘1675<l51(Do,dvzﬂﬂ)‘/3/‘/455s + eaﬂey‘seaﬁeyﬁ%Vzad(DﬂﬁV3y7)V456
+ eayeﬂéeaﬁeisyd’lVzaaV3/3ﬁ(D/V455) + eaﬂemea/}eyé(Daacf’l)VzﬂﬁV3/V455
+ e’ ye(‘lSeﬂy(Da&qsl)VZ/}/} V3, Vis® + e Peqiejshn (D, Vo) V3,V
+ €€y 6550, (Dadvzﬁij)‘/3;/7‘/45‘.S + e®ePey e, 5y Vzaa(DﬁﬁV3/)V455
+ P e 6501 Vo Vg (D7) + €y, s Voo Vi Vi Vs
+ 5aﬁ€y5€a5€/}’y¢1VzaaV3ﬂﬁV4/V555 + €a5€ﬁy€a/’1€ys¢1VzaaV3ﬂﬁV4/V555

+ € ey 56,1 Vau Vi Vi, Vss. (2.15)

III. THE GENERAL BSM MODEL

In this section, we will write down the UV Lagrangian with nonredundant operators, based on the massive basis
presented above. First, we should list all possible UV resonances labeled by their representations under the SM gauge
symmetry, which could be obtained by drawing Feynman diagrams and enumerating the mediating particles. We will
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straightforwardly use the results from Ref. [18]. After that, we build up the general Lagrangian for all the states and pick up
the nonredundant terms with the help of amplitude basis and Young diagrams. The Lagrangian is presented in Appendix A
with terms that could contribute to effective operators at classical level only. In this paper, the Lagrangian for SM is

written as

1 1

1
Lo == GAGH L WLWI L BB 4 (D,H) (DH)

-+ quDqL +?LlDfL + ﬁRiDMR + aRZDdR -+ éRiDeR

+uH'H — Ay (H H)? = (§, Y ugH + G YydgH + €, Y jegH + H.c.).

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

(i) The UV theory follows the SM gauge symmetry
SUB3)exSU(2), xU(1)y, which is linearly
realized.

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

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

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

These assumptions enable us to describe the physics at the
electroweak scale by the SMEFT instead of the more
complicated one, HEFT [44-46].

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

'The fields except the SM Higgs doublet are supposed to be in
the broken phase if any gauge symmetry except SU(3) x
SU(2), x U(1), is spontaneously broken. We are working in
the “broken” phase where the SM gauge symmetry still holds.
Although masses of the new particles, which are at the heavy
scale, can receive contributions during the symmetry breaking,
we assume that after the electroweak symmetry breaking the
VEV of the SM Higgs boson contributes only a small portion to
the heavy masses.

(3.1)

extra contributions are further suppressed by heavy scales,
we leave these possibilities to future works.

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

Tables II-IV present all the UV resonances that could
contribute to effective operators in the SMEFT with mass

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

Classes Spinor notation Lorentz notation
P D123 D123
PV? ePey 5 b1 Voo V3/fij $1Va, V5

P* D1920304 D12304
Pw? ePep1yrasp D1(yay3)
$*VD e”ﬂeaﬂ(Da&gbl)gszwﬂ (D,p1) o V5
¢*V? ePeyy1po V3adV4/z/j $1h2V3, VY
yy'V e"”s,-,pwlawi”"Vwﬁ (w1o,W)V*
FLV? e”’Veﬂ‘seaﬁFuaﬁVQﬂVw[’ FriwV5V3

VD e“}’eﬁ’seﬁde},g(Da"’Vlﬁﬁ)V2/V355 (D,V1,)Va" V3
eﬁ“ey‘seayeM(Da‘”Vlﬁﬁ)Vz}/ Vi €PH(D,V1,)V2,V3,
ePere, 56,3V 1, (D Vo, )V3s®  ViF(DuVa)Vs!
ea’seyﬂeaﬂ'eySvlaa(Dﬂﬁvz/)V355 e"V,1,(D,V5,) Vs,
e"}’eﬂ‘seai,e(gyV,a"’Vzﬂﬁ(D/Vgé‘s) Vi#V,*(D,V3,)
e“ﬂeéyea};eﬁng{,“Vzﬂ/’(D/V%&) Vi*V*(D,V3,)

vt ePel%e, 56,5V 1,V o V3, V40 VitV Vi Va,
ePere;565,V1a" Vo Vi Vs’ ViV Vs Vi,
e®eley 16,5V 1 Vapl V3, Vs Vi#Va, V3V,

€0 e, 565,V 10 Vo V3, Vi €7V, Vo V3V,
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dimension up to 7 at the classical level. Each row in the
blocks respectively represents the notation of the resonan-

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

Notation Sl SZ S3 S4 S5 S(, S7 Sg
Name S S] 82 [ = E] @] @3
Trrep (1.1), (1.1), (1.1), (1.2)s (1.3) (1.3), (1.4) (1.4);
Notation Sg SlO Sll S12 Sl3 S14

Name Wy (O] () H] H7 C

Irrep (3, 1)_% (3, 1)_% (3, 1)% (3, 2)(13 (3, 2)% (3, 3)_%

Notation SlS S16 S17 S18 S19

Name Qz Ql 94 Tl (o)

Irrep (6, 1)_% (6, 1)% (6 1)% (6, 3)% (8, 2)%

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

Notation Fl F2 F3 F4 FS F6 F7
Name N E¢ A€ AS s e

Irrep (1.1), (1.1), (1.2); (1.2); (1.3), (1.3), (1.4);
Notation Fg Fy Fi Fiy Fiy Fi3 Fi4
Name D U Os 0 05 T, T,
Trrep (3.1, (3.1); (3.2) (3.2), (3.2); (3.3)_, (3,3);

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

Notation Vi V, V3 Va4 Vs Ve Vs
Name B B, 5; w U, Us Qs
Irrep Ly,  wn, @2 W Gl G132
Notation Vg Vo Vi Vi Vi, Vs Via
Name Q, X Vi Vi g g H
trrep G2, (3 ®2, 62 B, B, (3

ces in our paper, their names in Ref. [27] and their quantum  follows:

number under (SU(3)¢, SU(2),)y(1),- We only consider
particles with spin < 1. The fields with conjugated quantum
number compared to Ref. [27] are attached with a super- (i) Vector £; (1,2); and vector W; (1,3), listed in
script T for bosons or ¢ for fermions. The U(1)y hyper-
charge Y is defined as

where Q is the electric charge after symmetry breaking and

PHYS. REV. D 109, 095041 (2024)

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

(1) A quartet fermion F; is not presented in Ref. [27]
since it can only generate dimension-7 operator Oy .

Ref. [27] are not presented because operators
involving D, V# are identified as redundant oper-

ators by the massive amplitude method introduced in
Q=Y+T;, (3.2) Sec. II. These operators can be removed by field
redefinition [48,50,51]. For example, a field redefi-

T5 the weak isospin. Lagrangian,

095041-6
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1
L= —EV;DV”” + M2V V¥ + V#(D,0)

+(D,0) 'V (3:3)
into
1 i
L=-3 Vi VR 4+ MPViVe — IvE Vi (G*O)
i 1
+tn G*o)'v,, - e (D,0)'(D,0)
1
o (G,,D(’))T(G””O), (3.4)

where V,, = (D,V,) = (D,V,) is the field strength
tensor of V¥, and G, = i[D,, D, ] is the gauge field
tensor. Since this theory is still an effective theory of
some unknown physics, we attribute the effective
operators in the second line, which in principle have
imprints in IR physics, to super-UV physics instead
of the new vector. What is more, the interactions
involved in the original Lagrangian, i.e., £} (D,H)
and W'D (H'7'H), can only be generated via loop
diagrams, which is out of scope of our consideration.
Thus, we do not list these two resonances.

(iii) Our convention for operator basis is slightly differ-
ent, such as operators containing fields H, H', S5, S5

and H, HT,Sﬁ,SZ. The two terms, ngsqss(l) and
D , have the same contribution only up to a

HHS585(2)
factor. Therefore, a linear combination of these two
terms does not contribute as is the case Ref. [27].
The case for D S6Si(1) and DHHTSﬁSZ(Z) term 1is

similar. We present them here for completeness.

The Lagrangian of the UV theory can be constructed
from these field contents by enumerating Lorentz and
gauge invariant combinations. Section II provides a general
method to list all Lorentz invariant terms as in Table I with
the help of massive amplitudes, while the gauge sector
could be handled by the Littlewood-Richardson rule as in
the SMEFT case [7]. To clarify it more clearly, take the
S4SZS7 term as an example. These three fields transform as
2, 3, and 4 representations under SU(2), gauge trans-
formation and are written as

(S4); X (=1)€j, ;€1 (Se )7+ x (S kohys (35)

in our notation. The factor that contracts this term into a
gauge singlet can be found by building a N-block-height
Young tableau for SU(N) group as’

- ezkl 6J11<32 6J2k3,

S Gl

(3.6)

where the Young tableaux of i to the leftmost and j, k above
the arrows represent the representations of Sy, Sg, and S,
respectively. Other formats to build such a rectangle Young
tableau will result in vanishing factors due to the symmetry
between indices. The flavor symmetry may lead to vanish-
ing operators as well, which could be checked by imposing
additional Young operators.

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

(i) 3,3 representations of SU(3). remains unchanged

as

b ™ (3.7)
(ii) 8 representations of SU(3),
B = = (W), (38)
\/z
(iii) 6,6 representations of SU (3)cs
b = (C)ppe.  ¢™" = (C)"p™,  (3.9)

(iv) 2,2 representations of SU(2), remains unchanged
as

¢i’¢Tiv (310)

“Subscripts and superscripts labeling the gauge components are indices of fundamental and antifundamental representation with

1

iys jn»k, = 1, 2. The components are linked to the commonly used one by Clebsch-Gordan coefficients, e.g., (Sg)’ =1 (de), j(Sg)i-f .

*One needs
under this

to further specify the
notation, i.e., fields with

symmetry of these (anti-)fundamental
(anti-)fundamental

V2
are performed
factor is  actually

indices if calculations

indices. For example, the

YV [EEE] o Y [iliz] o V [[] o e*1e/1*2e72hs = (eM1e/1F2692%5 4 ()« o)) + (perm. of k1, ka2, ks) in this case.

095041-7
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(v) 3 representations of SU(2),, The normal lowercase Latin letters stand for the indices of
fundamental representations, a,b,c,--- for SU(3). and
: i,j,k,--- for SU(2),. The corresponding capital letters
bi; = — ¢! (¢! €)l.j, are for the adjoint representations. 6 representation of
V2 SU(3), are denoted by Gothic lowercase Latin letters
. . D ki e a,b,c,--- in the subscripts, and 4 representation of

Tij — N — T (A ki , D, ¢, s
¢ (¢51) V2 ¢ () et if ¢ is complex, SU(2), are denoted by calligraphic capital letters
Z,J,K,---. Indices of conjugated representations are

(3.11)

labeled in the superscripts. Typically, one can freely define
the Clebsch-Gordan coefficients, but we suggest a normal-
(vi) 4.4 representations of SU(2),, ized one as in Refs. [52-54]. In such a case, A4 and 7/ are
Gell-Mann and Pauli matrices. The Clebsch-Gordan coef-

. » T ficients for higher dimensional representations are (C, )“? for
dijk = (C°) ;b1 Pk = (Cr)RPpT. (3.12) g = 1,2,...,6 with

1 0 0 0 0 O 0 0 O
c)®*=100 0. (@)®=]0 10| (C)®*=]0 0 0
0 00 0 00 0 0 1
. 0 00 | 0 0 1 . 010
C)*»=—10 0 1], C)»=—10 0 0], Ce)»=—11 0 0 3.13
01 0 I 0 0 0 0 O
and (C7)* = \/i.(CI)Jk(er Yt for T =3/2,1/2,-1/2,-3/2 with
) 10 | 0 1
(C3p)l = NG —i 0|, (Cip)¥ =7 0 —i],
00 -2 0
10 | 01
i=——1|io0 l=——10il|. 3.14
(€ 1/2) i C_3) 2 l ( )
02 00
The conjugated representation are given by
(CDapee = [(CH) P, (3.15)
ie., (C%) .4 = [(Co)*]* and (C);, = [(C7)™]*. Both of them satisfy the normalization condition,
(Ca)(CYae =& (CoPM(CT)yy = 8] (3.16)
and
(Ca)(C?) Cl‘? ZéCP(I )’ (C2)7(C ”213 31 Z Ipq) IP(z lm)’ (3.17)

P€S2 PeS;

where §,, is the permutation group on n letters.

095041-8
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IV. THE MATCHING PROCEDURE

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

A. Tree-level matching

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

ALy, = —n®@' (D? + M?)®, for scalars,  (4.1)

ALy = n(L}iD*L, + R'®iD,R* — MR*L, — ML|RY),

for fermions, (4.2)
ALy =nV™(g,,D*-D,D, +g,,M*)V*,  for vectors,
(4.3)

where n = % (1) is the normalization factor for real bosonic
and Majorana (complex bosonic and Dirac) fields. Note that
for Majorana fermions R* = L = (L,)". In the vector case,
a term proportional to V¥ [D,. D,]V* also appears as kinetic
terms, which could be transformed into an interacting term
since [D,, D,| = —iF,,. The factor of such a term can be
fixed by unitarity [32], but in this work, we treat it as a free
58

parameter. The classical equations of motion, 5= 0, lead to

the following equations (gauge indices are omitted):

1 [55; 1 .
© = M2 <5q;nvt - ZD(I(ID(’”CI)> s (4'4)
1 88y, 1 .
La = ——eaﬂ—li—i-—l.DadRa, (45)
M 5Rﬁ M
. 1 .65, 1 .
a _ _ _— Laf nt _ inoaa
R* = e 75LT/3+M1D L,, (4.6)

. 1 .5 OS]
Vaa = W (4€aﬂ€aﬂ

t . o
6‘/:/.), — Dy DV, — DF ,,,Daavﬂﬂ> :
p

(4.7)

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

(superscripts). One may raise and lower the indices by the
antisymmetric tensor € with the index to be raised or lowered
right after the e. For instance, D**® = ¢* D ;%®. We choose
€2 = ¢l2 = ¢y = ¢5; = 1 foreof the Lorentz group.* Note
that Egs. (4.5) and (4.6) become the conjugation of each other
for Majorana fermions.

Equations (4.4)—(4.7) can be solved iteratively. For every
heavy field @, there is bound to be at least one interaction
involving a single ®. Fields not satisfying this rule can only
be produced in a pair and thus, only contributes through
loops. The remaining terms, e.g., terms with derivatives, are
treated as perturbations due to the additional suppression
from M~" factors. We can stop the iteration of replacement
by setting a cutoff order for M~!. After we obtained a
truncated solution of the equations of motion, we can replace
the heavy fields in the UV Lagrangian by the solution to get
the effective Lagrangian, i.e., Lgrr[¢p] = Lyv[p, P.[¢]],
where ¢ represents light fields and ®_. is the classical
solution.

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

B. Operator reduction

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

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

Figri ~ /11',0/1[,0/;1[,0/7{[,07
l//l/llllT ~ j’i.O/j'i.O’ (4 8)
¢i ~ 11
Di,d,- ~ _i/li,d,-j'i,d,- .

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

*It should be noted that we use a different convention ¢'2 =

€p =1 for SU(2), group. Thus, e%¢,, = &) for the Lorentz
group while e”e;, = —6§: for SU(2), group.

095041-9
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0 in the subscript of a spinor indicates that the index
corresponds to a field, while d; indicates the order of
covariant derivatives acting on the ith field, d; € {1, ..., 21,-},
ZiiEZ. For example, d; =1 labels the first covariant
derivative acting on the ith field, and d; = 2 labels the
second covariant derivative acting on that field, etc. We will
also use x; to label a spinor, x; € {0, 1, ..., d;}. The Dirac
brackets of off shell spinors are defined as (i, jxj> =

/1?)5 ﬂjx o and [ixi.jxj] = zi.xidz?,xj'

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

relation for off shell amplitudes reads

- > lia (4.9)

J=Lj#i

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

<ix,-lx1><jxjkxk> + <ix,~jx_/-><kxklx1> + <ix,-kxk><lxljxj> =0.

(4.10)

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

D*.D, c],’),
Daal//ta ~

(
(

ipiy)[ixiy],
iyig)|ir].
aal//l ~ [ll l()] |ll >

D“ FLia/} ~ (iyig)|i1]lio),
Do Fri®” ~ [iyio)]iy)]io)- (4.11)
For these off shell amplitudes corresponding to the EOM,
we can derive the specific expressions of the EOM of the
fields for a model and substitute them into the off shell
amplitudes in other operator types with the EOM. In this
work, the model is the SM and the EOMs include terms
from the SM Lagrangian and the dimension-5 Weinberg
operator. So the mass dimension of the off shell amplitude,
as well as the mass dimension of the corresponding
operator, may change after the substitution of the EOM.
Generally, the result would be the sum of some off shell
amplitudes in different types at several mass dimensions
after the above reduction procedure is applied once, and the
procedure should be applied repeatedly for all involved
types until the result does not change any more in order to
make sure the reduction is complete.

Here, we take the operator Cp,(HTiD”H)(Lj,&ﬂL,) as a
simple example to illustrate the method. Labeling the fields
in the operator as L1H2H§LZ, the corresponding off shell
amplitude reads1233,

—Cr.p, 5£l5£§<1021>[2140]7 (4.12)
and this off shell amplitude can be reduced with the IBP
relation Eq. (4.9) as

_Cf4f15252<1021>[2140] Cr.r, 11512<1 1) [1,4]

+ Cf4f15‘ 51‘2< 031)[3140]
+ Cy,r, ”5’2<1o41>[4140]-
(4.13)

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

Cf4f15 57 HLoly)[1140] = _Cf5p(yE)pf45252[4050]

L\H,HILID

H H)H}e,L]

+Cf5P(C )Pf6512€’5’461613 [5060} + CfsP(CT)fﬁP(slzelshelau [5060]

(4.14)

HHHHILIL

095041-10
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after substituting the EOM of L;. The first term on the
right-hand side of Eq. (4.14) still corresponds to a dimen-
sion-6 operator, while the second and third terms corre-
spond to dimension-7 operators.

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

As illustrated in Ref. [17], the f basis, instead of the y
basis, is the independent and complete basis if the redun-
dancy of the flavor structure is taken account of. After an
operator is translated to an off shell amplitude and reduced
to the “full” y basis, we utilize the K ,, matrix that converts
the “full” y basis to the “full” p basis to find the its
coordinates on the p basis, and it is straightforward to find
the its coordinates on the “full” f basis since the additional
basis vectors in the p basis are related to the corresponding f
basis vectors by permutations of the flavor indices.
Following the idea, we can obtain the coordinates of any
operator on any on shell operator basis if the basis is
equivalent to the p(f) basis. In this work, the selected
SMEFT operator bases are listed in Appendix C.

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

V. THE UV-IR CORRESPONDENCE

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

The dictionary tables The relationship between UV
resonances and IR effective operators is a bit complicated,

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

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

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

(iii) Note that not all models are presented in the tables.
Only least requirements of resonances are listed. For
example, O,y can be generated by the model with
F5 as well as the model with F5 and F'5, but only Fs
are marked in the column of O, since it has
covered the latter situation.

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

Notation of the Wilson coefficients The operators in the
Appendix have been ordered by their dimension as well as
the operator type. Dimension-6 operators are divided into
bosonic, 4-fermion, 2-fermion, and baryon-number-violat-
ing operators, while dimension-7 operators are divided by
whether the operator violates baryon number or not. It is

095041-11
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TABLE V. The correspondence between dimension-6 operators in SMEFT and single-scalar-extended UV models. Check mark inside
each box means that the operator to the left can be generated by introducing the new resonance above. Note that the operators with a star
mark in the S| column cannot generated by an S, extended model. O,y, O,y, and O,y need S, with S,/F,/F3, S4/F9/F;;, and
S,/ Fg/F1, respectively. The explicit forms of operators are listed in Table XI.
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still necessary to note down the notation used in the full
expression,

®

(i)

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

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

(iif)

095041-12

The corresponding interacting particles are written
in the subscript, whose flavor indices are listed in
order in the superscript. For instance, D} ¢ is the
dimensionless coupling of the interaction between
Fq., L, and S5, p, r, s are the flavor indices of
Fq1, L, S5 respectively.

In each term of the Wilson coefficients, the flavor
indices of the Wilson coefficients are denoted by f;,
while the one summed in a pair are denoted by p;.
The subscripts of f; are ordered by helicity and
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TABLE VI. The correspondence between dimension-6 operators in SMEFT and single-fermion-extended UV
models. The notation is the same as Table V.
F F, F3 Fy Fs Fg¢ F; Fy Fy Fyn Fy  Fp  Fi3 Fy
O.n v v v v v
Oun v v v v v
Oun v 4 v 4 v
oW v v v v
O v v ooV
O
Ouye v v
1
02{ ‘)1 v v v v
3
qu 2] v v 4 v
Oyu v v
Ona 4 v
OHud v
TABLE VII. The correspondence between dimension-6 operators in SMEFT and single-vector-extended UV models. The notation is
the same as Table V.
Vi V) Vs V4 Vs Ve V7 Vs Vo Vio Vi Vi Vis Via
Oy v v
Oun v 4 v
Oup 4 v v
O.u v v v
O v v v
Oun v v v
1
i
3
Ohi v
Ouye 4
1
oy, v
3
o) v
Ouu v
OHud v
Oy 4 4
1
o) v v v
3
o%q; 4 v v
1
O}, v v v
3
qu) v v v
O,e 4
O v v
Oua v v
Ocu v v
(O v v
1
0w 7 Y v
o v ooV
O v v
O v v
O v v
@) v v
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(Table continued)



XU-XIANG LI, ZHE REN, and JIANG-HAO YU

PHYS. REV. D 109, 095041 (2024)

TABLE VII. (Continued)

Vi V) V3 V4 Vs Ve Vs Vg Vy Vio Vi Via Vis Via
1
ol v v v
8
@EI d) v v v
Oledq v v
Ouuq v v
O yqu v
also the letter of the field appearing in the operator. ~ looking for one UV completion of neutrinoless double
For example, the fields appearing in Oy ,.nm =  decay (Oupp). Ovpp receives three types of contributions at
eij(c_l’”fi)(uZCe)Hj are d°, L, u, e, H, whose helic- tree level: short range, long range, and neutrino mass
itiesare —1/2,—1/2,1/2,1/2,0, respectively. Thus,  insertion [62-64]. Among dimension-5, -6, and -7 oper-
the flavor indices for the former four particles are f,,  ators in the SMEFT, O, yp; and O, p have the short-
fas 5 fa range or contact contribution while Op.np, Orpw,
(iv) The flavor indices of the mass terms in the denom- Ouarorm/2 Oaruer» and Og,ry have the long-range

inator are omitted. Every pair to be summed up in
the numerator corresponds to a mediating particle
with the flavor index, whose mass should appear in

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

TABLE VIIL

contribution. Neutrino mass insertion can be induced by
Os; and O;py. Each operator has several UV origins
according to Tables VIII-IX. We just pick the model with
F5 and V, as an example. Terms in the full Lagrangian that
involves F3 and V, can be read from Appendix A as

The correspondence between dimension-5 and -7 LNV operators in SMEFT and UV resonances. Only models

conserving baryon number are listed here. Every box with check mark denotes that the operator above can be generated by introducing a
single resonance to the left, while boxes with resonances means that the operator above needs both the resonance to the left and one of
the resonance inside the box. Note that not all models are covered by the tables. Only least requirements of resonances are listed. The

explicit forms of operators are listed in Tables X and XII.

Os  Own Orenp Owapr Orapz Oraw  Oerrrn OuroLui Oarorm OudLuen OourLu
S, S4/F,4 S4/Fo/Fig S4/Fg/Fis
Sy S,/ 86 Se NYAYS YA
Se v v/ Fs v v/ Ss/Fy  S4fFro/Fia  Sa/Fio/Fua S4/F1a/F3
Sg F
Siz Fuy Fo/F4 F3/Fy,
F, v v v v v v v v V,/Vs v
Fs S6/ V> S1/V,
Fy NYAYS
Fs v v v v v ve v v v v
Fs S
Fg S5
Fy MY
Fio S6 NYAYS V3
Fiy S12/V3/Vs  8:/S6/Vs/Vy
Fi3 Se
Fi4 S6/S12 S6/S12
Vs, F3/V;3 Fi/F3/V;
V3 Vs, Fio/F12/V>
Vs Fi/Fy, Fp
Vy Fiy
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TABLE IX. The correspondence between dimension-7 operators in SMEFT and UV resonances. Models listed here all violate baryon
number. Models with resonances marked with bold can generate dimension-6 baryon number violating operators. Other notations are

the same as Table VIII.

Ourorm Oarormr OuLuer OourLu OLaudan OLadan O.0dan Oraoon
S10 Si2/Fi/Fio Si2/F1/Fio Sia/Fi/Fuo Si/Fi/F Si/Fi/F
Sii Si3/Fi/Fv Swu/Fa/Fi Si3/F3/Fs
S S10/Su4 S10/S14 S10 Sw/Fio/Fii Su/Fu S10/S14/Fs/F13
S13 S11/F1o S11/Fio
S14 Si2/Fs/Fio S12/Fs/Fio S12/Fs/Fyo
F S10 S1o S1o Vs S10/S1 S10/Vs
F S
F; Vs Si1/Vs
Fs S14 S14 Vs S14/Vs
Fg Vs S11/Vs S12/Vs/Vs
Fio S10/S14 S10/S14 S10/Vs S10/812/S13 S13/Vs/ Vs $10/814/Vs/Vo
Fy NIV S11/S12
Fi3 \ £ S12/Vs/Vy
Vs Vs Vs Fg/Fo/Vs Fg/F\o/Vs
Vs F3/F1/Vs Fi/Fs/Fs/F13/Vs/Vy F3/Fy/Vs F1/Fs/Fg/F3/Vs/Vqy
Vo Vs Fio/F13/Vs

ALyy =Y [(F3,)'iD(F3,); = ME (F3,) (F3,); + Vi (9, D* = DD, + g, (MY, )) V5]

p

-D'?
+ { am:y

-2DF

ij Tu psr
urvin® '[D,HIH;V,, +D

From the F3 row of Table VIII, it can be verified that the
model with F5 and V, will generate both O, ,;p and Oy e
Their Wilson coefficients are listed in Appendix B as

2D/ 5P DPlfle*TfDPz

fifs E €1F§RHT Fy LTV] HHV;D
CL"HD - M2 (MP2 )2 ’ (52)
P1:D2 F Va
fifspiyfapax P2fapr*
Cf1f2f5f4 E 4an‘V; D]e(fF};RH%'DFBLLTV; 5.3
dLueH MPl (MP2)2 ( : )
P1-p2 F3 Vs,

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

FIG. 1. Contributions to dimension-7 operators O;.yp and
O puen from the model with F3 and V,.

€yle,(Fy ) JHY = 2007,

FsLL-:-V'IZ- ][(ls)]yﬂ(F?vp)i]VZPrl +Hc.|.

()7, (ug) V3

(5.1)

composing fields. For O, .y p, the helicities of the composing
fields, e, H,H,Hare —1/2,1/2,0,0,0,s0Z, e are labeled
by f and f5. The same rule applies for O .z, Which has
been mentioned above. Thus, the effective Lagrangian is

AL = CJlip x € (£1, Cytey,)H H(iD,H))

+ O s eli(ds £yp,) (ul, Cep )H . (5.4)
Constraints on the couplings in Eq. (5.1) can be deduced
from current experimental constraints on the Wilson
coefficients.

One can also draw the corresponding Feynman diagrams
from the Wilson coefficients. The mediating propagators
F5; and V, are encoded in the denominator, while the
vertices are just presented as the couplings in the numer-
ator. The Feynman diagrams shows as Fig. 1.

VI. SUMMARY

The EFT approach provides a systematic way to para-
metrize the BSM physics in terms of a series of Wilson
coefficients of effective operators. One could get knowl-
edge of UV physics by measuring the related low-energy
experimental observables and determining the Wilson
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coefficients. In order not to miss any possibilities, a
systematic bottom-up approach to link the UV physics
and Wilson coefficients is needed. In this work, we present
a correspondence between different UV resonances and
dimension-3, -6, and -7 SMEFT operators in Tables V-IX.
Information about the UV resonances is encoded in the
relation among Wilson coefficients of effective operators,
including same dimension and cross-dimension relation.
With the help of the dictionary tables, a pattern of nonzero
Wilson coefficients measured by experiments can be
utilized to determine the resonance that possibly exists.
The complete expression of the Wilson coefficients is
presented in Appendix B.

Following Ref. [18], the UV resonances that have tree-
level contributions to the effective operator can be enu-
merated by finding the eigenstates of the Casimir operators.
We use spinor helicity formalism with massive amplitude to
generate the renormalizable Lagrangian for UV physics
containing all possible resonances. The Lorentz structures
are listed in Table 1. The gauge structures as well as the
Clebsch-Gordan coefficients can be found by Young
tableau formalism. After writing down the complete
Lagrangian, we use the functional matching method to
integrate out the heavy fields at the classical level. In order
to reduce numerous effective operators to one operator
basis, we provide a systematic method by the off shell
amplitude formalism, which can be applied to any redun-
dant operators. Our enumeration, matching, and reduction
procedure is also applicable for all kinds of EFT-guided
physics search.

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

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

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

(i1) Every field has its gauge indices (a,A,a,... or
i,1,7,...) and flavor indices (p,r,s,t,...).

(iii) The transpose marks ” of fermion fields are omitted
for convenience. f1Cf, = f{f, and f,Cf} = ff5
are denoted by f,Cf, and f,Cf,, respectively.

Detailed description can be found in Sec. III.

1. Kinetic terms

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

ALy, = —n®T(D? + M?)®, for scalars, (A1)
ALy, = FiDF — %M(F"F + FF°),
for Majorana fermions, (A2)
ALy, = FiDF — MFF, for Dirac fermions,  (A3)
ALy =nV™(g,,D* = D,D, + g, M*)V*,
for vectors, (A4)

where 77 = £ (1) for real(complex) bosonic fields. Note that
Majorana fermions have parity left; i.e., F = F; = P, F,
P, is the projection operator. Contraction of gauge indices
are straightforward. For example,

ALy, = —S[3(D? + M3, )Sisa, (AS)

for S5 and

_—_ 1 e e
ALy, = FLiDFL - EMFS(Fgng + FLF),  (A6)

for Fs.

2. Interacting terms

As we construct the UV Lagrangian with the two-
component spinors, initially the fermions in the UV
Lagrangian are all two-component Weyl spinors, and then
we translate them to four-component Dirac spinors for
readers’ convenience, through the following relations:
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SO () =) ) () w

G=0,0"),  @=(uf.0), d=(dj0)., I1=(0,L") ¢ = (e(p),0), (A8)
for SM fermions,
F F
F:< L) and ( L), (A9)
0 FR
for UV Majorana and Dirac fermions.
a. New scalars
Chpp Chns;
T () HHY (S5, ) 4 |5t M (e HH (S,

(d=3) i
pr

crr
— R () H (1) (S5,)'

CZ; ST <S4r> Slp CZ)S‘\ €JiHj<S4r>iS§p \/E
cr cr
HS‘ i i
e Cl (2! )L H i (Ss,)'(57,)

5% iy gy GMHSY+\E

V2
C’P Cpr
HS!S : HSS :
4 06T imgjl IkHiST ISrt 6 Czkl JHS STy
N an (7 );Hi(Se, )" (S2)' + =7 (z)iH(S6p)" (S5,)
al+2crp ¢/'H; (S11p> (Sl2r)ai

+2CPS oSt H;(S10p)4(S15,)

(Sllp) ( l'ir) fc;;jslzs]4

SS

20, ( 1).;HJ(S.{2p)ai(Sl4r)ft + H-C}

HSy, S,

C_IS‘”; SIS]pSlrsls - qu’,r;ss(ssr)l(sss) Slp Cgr; S’r (Sﬁr)[(ng)ISlp

@W(&yw@s*—@”<$ym@%@+uﬂ

SiSssS, S;8ist
icP”
S5S6ST
e (85p)! (Ser)(86.)" (A10)
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d=4 rs i rs - = rs a i
ALY = | =Dt e10,),C0,) )52 = D7 [6,C2,1S1, = 2D (@) (0,),(5},)

=D 1)L, = 2D () (0))u ) S )

rsp

—L—\};ﬁ M (2)il(1):C(1);](Sep)" = 2D0: ¢ [(d,)*Ce,](So,),
— 4D el (@,) C(a)(S5,) = 4DIFG e l(d,)" C() (ST, )"

— ZD”;; out [erc(ﬁs)a](sl()p) 2’Dgpsr € [( r)ic(qs)aj](SIOp)a
= Dl e 1(a,)1C(a,) ) (S10p)a = 4D €4((@,)PCA,)N(ST, )"
_2D;Si5 eji[(ar)a(ls)j](sﬂp)al ZDrSgST [ r(Qs)ai](SISP)ai

=205 € 1) (1) )(S13p)ai = V2D, (L) C(44) o) (STap)

rsp

- 2008 e ()0, C(0)o ) Sra) = 4D 2 @) CE 515

= 4D Can () C(@))(S16)* = 4D €7 Ce(9,)iC(g:)1, (ST, )"
=AD" 1 Capl(@,) C(@)")(S17,)°

~2VADh HC ()0 Cla)) STy,

—2\fof‘éSf( )a1(d,)*(ds)5i) (S79,)™
- \/‘Der;gu )“A) [( ) (qr)uj](sl9p) DHH TH'S, 5151 HTkHTl(Sélp)i

+DP . ey HHH(S] )i+ DP  CYHH H(SY,) + Hee.

HHH HHHS],
D
r HH'S,S i P
+DZH $,$, jHH Slp51, 7\/51 = (TI)jHiHTJ<S5r)IS1p
DL Dro.
HHS, S| k(<) HH (ST )S HHS)Ss ik( Iyi I¢t
—" i, +——=— " (d) HH(S5,)'S;
\/5 k j\Qer) Plp \/§ J %
pr rp
HH'S,S) , \; PN HHSIS, ik
T(T )jHiH (8g,) 2, + ——=—€* (') H;H ;(S¢,)" S , T He
D
HH?S555(1 ; .
- (S5, (5,)
= Dpsosu 8 S HH T (S5,)1(S5,)’
Do
e (a1 ([ HiH (S5,)!(SE,)! + Hee.
pr
HHSsS! (1) ; :
R () ) o (S5 (55,)
+ D, 0 20" 8H; HY(Se,) (S5,)’ (A11)
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b. New fermions

ALY = =DV, & F,C(1L), H; + DY

rp
_ Pt Fer

FZpC(lr)i]Hﬂ
o u[e C(F3p) ]HT} + DZfFZRH[érC(F4p)i]H

F, HTL[

pr
Dpr
FsHL kj

v2 V2
+2D70 o [(Fsp) (@)l BT =205 e ((Foy)(a,)ulH

=20, @) (Frop)ulHy = 200 (@) (Fip)lH

= 2D} €M) (Fuup)ail Hy = 2D7 o [(8,) (Frop) il H'
_\/_DF* i (I)i'[(Flfip)al(qr)ai]HT]

13R

+

- \/_DFT HQ ( 1);.{[(F14p)al(qr)ai]Hj - D;;:FMHW‘&;[FlpC(F:ir)i]HTj

14R

- ’D?:’F;RHél][(FSI‘) Flp}H DF F H .[FZIJ(F:%r)i]Hj
pr
_ P i[Fs,(Fay),|H — MHF C(F< ) H'I
F’r CFa HY [ 2p( 4r)] \/i (T )j[( 317)1 ( Sr)]
rp pr
FiuFsH | 1\ F3 FuH ki INi (T \I
3 (e)i[(F3,) (Fs,)' ]H-—Te (@)il(For)' (F3p)ilH;
Dpr DPT
FuFgH' FsFy H' i j R
- \/-ZER (TI)J[(F()r) (F4p) }HTJ + \/%L elkc;jk(rl)f[(FSp)[C(FW)I]HT
Pr
FsFi H ;
—— e CHi () [(Fa,) (Fsp)1H,
"
FepFrt mi I i
: 27 ey, (T)5[(Fep)! (F7,)'H;
_ZDrI:ORFgLH 5 [(Fl()p) i(FSF) ]HTJ +2D IIRFSLHézéﬁ[(Fllp)ai(FSF)b]Hj
_ZD”:]RFgLH (S [(Fllp) i(F9r) ]HT] +2D 1 Fo, Hézéll{[(FIZp)m(F%)b]Hj

2R

+ fDF; i €0 () [(Frop) (F s, )5 HY
—ﬁDF O EDI(F ) (F i) H,
+ﬂz>;f; " H+ekjéz<r’>ﬂ<Fl1p>m‘<Fl4r>mHW

- \/ED; 5“(7 )[(Fiap)(F1a,)5)H; + Hec.

c. New vectors

HV,V!

—23/2er"

=3 r - r i
ALYy = =2C0 H(VE)#Vy,, —4C pvgvgelej(vgp);(VSr)Zi

1t €Y (Vi) (V) + Hie
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d=4 rs 7 rs -
ALY = =200 (@) 7, (d) IVE, = DI, [Ere VY,
+ =2}y, D H]H“V” +He] + D7, ()7 4) V)

F2D30 (@) )l Vi, = 2D, 1), () VE,

rs T l' T,
+ (22000, [(d) 7 (u3)al Vo), = 2Dy € (D HIH VS,

=D enlen ALY (VE,)* + Hel
+ V2!
D} o . .
- ﬁ ()il (1)) (Vap) = V2DE (2@ 7)) aid (Vi)™

+ (22050, (@) e (Vsp Yo + 2D, (1) 7u(a) ) (V)
+ 2D (@) 7,0 (Ve +2D50., (@)1, CQ) ] (Va, )l
2D, ()0 Cryes)(V3,) % + Dy, €€V [(4,)5;Cry () ) (Va, )i
= Digv €€ 1(4.)1;Cr,(dy) (Vi o = 2D, 1) 1, CA) N (Vi Vi

- \/_Dirfpgvf (TI);[(is)j}/ﬂ(Qr)ai](V;p)alﬂ + 4DZrQPV Cba[(‘]r)aicyﬂ (ds)b](VIOp)aiﬂ

HH'V, D( I)j'[DﬂHi]HTj(V@)I” + H.C.]

= 4D Cl(a)uCra(u)y) (Vi)™ + Hee

= 2V2D50 (1) 7 (de)y) (Vigy )™
VDR @) (@) (Viz)

(d

5[(

=2vV2D ()@ 7 () ) (Vi)™
)a

+[=2v2D50 ()Gl(d)) 7)) (Vi ) + Hee ]

~Dooiv, (ﬂA)Z( )il 7u(@r) il (Viap )M

d. Mixed terms

A‘CUV SF — _DSpr [esFZp]Slr - Df?iZLSIeij{(Ffip)iC(ls)j]Slr

2D;1p; LS éa[(as)b(FSP)a]Slr - DZ”S ul 5a[(us)h(F9p)a]Slr

+ ZDPTTRQS 5b5{[(F11p) C(qs)b]]slr -D [1);; S [eSFlp]S;r

— D7, s [(Fap); C(1);185, = 2D} ¢ 3[(1,)" (Fsy) ]S

- 2D;p;~ Sléa[(as)h(F%J)a]S;r + ngf" QS»1-525{[(F]()p)mC(qs)bj]S;

+ 2D} 55,0081 [(F1ap) " C(44),)82r = Dy 5, €' [F1,C1) ) (Sar);

PST pSr

DFSLLS4 ki(Di[(F V(] DF}LLSS k(D [(F I 1
=5 ¢ (#)il(Fsp)"C( S)j](S4r>i_T€ ()l (F3p)iC(L),1(S5)
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pSr

D o ‘
— D 5[, (Fe,)'](Ss,)! — —LE% eliemiCL (2 [(Fo, ) C (1)) (Ss,)!

eTFZRss \/E
+ \szZ?TRQSfZ(TI>’{[(F11p)mC(C]s)bj](SSr)I
+ Zlijf;“mSSé”atbl[(as)b(FBp)i](SSr)j + ZD;:)ELSSMTéHégK
Dp:r psr
FlLSs 1\ , FuLS i/ s
+ 222 (Y [(F3,) C(Ly) ] (Ser)! = ——==€M (") [(F4,);
3 ()i [(F3,)"C(1);1(Ser) ¥ () i[(Fap
DSr
Fi LS

-DY 5”[és(F5p)l](S:’£r)j +

eTF5Sz

V2
- V2D

FmRQSl(Sg (TI){[(FIOp)mC(qs)bj](Sgr)l

sr b i ai
+ \/EpiszQSf“(T])mFlzp) C(q5),1(Ser)!

s)b(F14p)2] (SSr)J

eI (T YI[(F7,) C(L,),)(Se,)!

+ 2Dprs 51]5Z[<ﬁs)b(Fl3p)f4](S6r)J - 2Dwr 51]52[(as)b(FMp){l](Szr)J

Fia Seu'
DR , A .
+ ﬁellemkc}u(flﬂn [(Fs,)'C(1y);](S7,)}

d'Fya. S}

,Dpsr
Fi LS

LSeimejlc}clm(Tl)ﬂ(FGP)IC(lS)i](S8r>i - 2D}, 52[(Zis>bF1p](S10r)a

d'F\ S

V2

+2D7  SLSU(Fr0p) M C(L) | (S10r)p = 2D07 83 ()P F1,)(Sih)a

FlxLSio J FSiu

SO @) (S~ 2D . SRIF) Cla ) (S

d*F;RS” F3

—2D7%, 52 [és(FSp)a](ST1r>b + ZD%TRLS”525{[(17111,)“"(:([5)]-](S“,)b

et Fy, ST,

= 2D ShSI[F 1, Cq) ) (ST, = 2D07 €85 [(@,)P (F3,))(Siar) )

F,08}, F31S12

FVEDLT o BE((Fsy) Cla, )i (1)

— DR g5, P (Fip)uCl0)e ) (Srar)us = 2D 8811(Fo, ) C(L), (S, )"

— 4P’ €~~€”bc[(l_4s)”(Flop)“i](Sigr)bj

FlogSiu'™
4D e ](d,) (i, ) (ST,
T 2DZf;TZRs12535{ (&5 (F12,)“](S12:)

Dgsr s . ) )
- Meacbelk(Tl)i[(Fll*xp)(]zC(CIs)cj} (S12/)pi

V2

VDT B EIFia iU )T

- 4DZ€;TOR5E€""€CM ()¢ (F10,)“] (S1,)%

+2DF o 57851(dy)P (Fsp)')(Siar )

VDY () (Fiop) C(L) ) (Siar )b + He.| = DYy [F1,CF IS0,

FiozeLS14

+ Dg?;}sl5IJ[<F5p)IC(F5r)J]Sls + Dg:;‘ssséu[FlpC(FSr)I](SSs)J
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l’Dgr;’ S rs
- ﬁele[(FSp)[C(FSr)j](SSS)K + |:_D1’;IF2RS(’5H[FlpC(Fér)I](S6s)J
prs
F31F3.S)

+ D"PS 5” [F21)C(F5r)]}(S65)J -

L, Fie © k()i [(F3,),C(F.) ) (S5,

V2
,Dprs

FsFi. S,
S K () (S + Hic (A15)
d=4 r i i
ALivsy = V2D (ID,H)(Ss,) (VE)" + He. (A16)
d=4 spr ST ar/ = ¥
AL Ey = Dy, [F1pCrue Vs, = 2D7 , 33((8,)"7,CF 1, )(Vs, o

2D B8P @) )(VE) 4 D )7 (Fay) IV

=277 6l1(d) 1, C(Fsp)| (Vi oy +V2D2 SN (Fsy) v 0, ) (Vi)

= 2D}, 3763((@) 7, C(Fsp)' ) (Vor)a"
4D vfe“’b[( )7 C(Fyyp) (V) + 207 €50 [ (L) v (F sp)al (V)™
=207 eidal(Fiop) " Cruluy), J(V3,) =AD" e (@) Ty (F 10p) (V5
—2D 8481(F10p) " Cryes) (Vs, )y +2V2 2D5 piyi€ige e (T K(gs) Ty, (F10,) ] (V) PH

- ZDZ[; 3525{[(F12p)aicyu(ds)b](V3r)l; + 2D§§r Livs i '52[(7s)j7ﬂ<F12p)aiKV5r)g

+ \/_Di?:RLTV ekj5b< ) [(l ) J//I(FIZp) ](Vgr)lﬂ + \/_DIP;” L*V Skjézl(fl)ﬂ(? ) (an) ](Vgr)bm

+ DY, et [(Fisp)iCry(dy) (Vo)) + Hee, (A17)

APPENDIX B: THE COMPLETE WILSON COEFFICIENTS OF MATCHING RESULT

In this appendix, we provide the complete expression of Wilson coefficients. Some descriptions are given as follows:

(1) y,py, Ay are SM Yukawa, Higgs quadratic, quartic couplings as in Sec. III. C and D are new couplings with mass
dimension 1 and O as described in Appendix A.

(i) Flavor indices of every effective operator and Wilson coefficients are marked by f, f5, ... in the order of the
helicities and the letters of the composing fields. For example, Cg,.n is the Wilson coefficients of

Ol = eli(ds ¢y, (ul, Cey,)H;, since the helicities of the fields d., u,e. H are —1/2,-1/2,1/2,1/2, 0,
respectively.

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

B

1. Dimension-5

3 S 1f2p1 . 3
DR DRkl D DRk DJY% CHHS* DR DR . DR DRgL (B1)
57— 7 3 - 3 - 2
2M}, AM3, M3, oMy, AMp,
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2. Dimension-6

a. Bosonic operators

D1 2 P1* P1 Pi* P1 P1* Py PiE D1
22u(C ) DHHHS;DHHHS; DHHH*S'DHHH"S; 4/1HCHHS£CHHSé 82n DHHVQDDHHV;D

Cy = IZHT = 2 é 2 4 2
M 3 M 5, 3M 5, M S, M v,
* *
DZI:NH*& ZIH*HT54 DZI;IJ; st CZZHS'; CZIH'*Sl ,Dilllfl;gl st CI;IZHS'(‘; CZIH S Czlms] Ciflf sy DZ],.’;? 58
M, M3 M3, M3 M3, Mg,
* *
_ DZ‘I{; ~295 s CIPJZHSQ CPH]H 7S5 n DZ‘; gs S CZZHSZ CZH 'Ss CZIHTS, Diflfl;fzs, Ss CIZIZHT Ss szfms5 CZZH*S5 Dﬁzﬁi Ss585(1)
2M5 M3, 2M5 M3, 2M5 M3, 4Ms,
C[;IIHTSS CZZHTSS DZZI{’];SSSS(Z) CII;;S;CZZHSE Dzzlf;;sﬁsé(z) 8/11'11);1:17 V4D,DZ]H‘L V,D DZI:FHTS:&CZZHTSI CZZ;EE
2Ms, M, M3, M3, M5,
* * * *
Cf:IIH*S1 Cifmsl CZSPI 35} CZISI: 3'51 DZ]H*H* S, CZZH* Sy CZQSZZ 154 CZIHS'(‘)' DZZHT H'S, CZZSZ lsg CZ'HS; CII;ZH"'SI CI;IZ; 3s‘j Cifélsg
Mél M§4 M%] M§4 M§4 M%ﬁ M%] M§4 M%ﬁ
* * * * * *
 Coans, Phimrns.Cas,s,  Crans Cinns, Cuss,Cuisss,  ConnsChins,Crs,s,Chsss,  Prumrrs;Coims Crss
M3 M, M3 M3 M3, M3 M5, 3M3 M3,
* * * * *
ZCZIH* Ss CZZHT Ss CII;Z SI?S; CII;ISZ}; DZ]HH" s CIZZH+ Ss Cilzsi ]s7 CZIH"' Ss 6113121-1*‘ Ss CZSZ; CZZSZ; DZIHHs; CZZHSE Cifsils;
B 3IME M2, B 3ME M2, 3ME M2, M3 M3,

* * * * * * *
DnnsiCrinsiCrsys:  ChnstCinsiCrs,siCrsss;  CrnsiCims,Crs,siCusts,  PrammrsiCrnsCrists,
M3, M3, M3, M3, 3M3 M3 M5, 3M3, M,

* * * *
 Couns CousCrss:Cusys, | ComsComsCrrss Cusis, | P Coms Crsis, | Pl s Cois.Ch'ss,
MMM, MM, 3ML M2, 2M M2,

CP] CPz CPlPa*cpspz* CI’]* ,_sz Cﬂsm __CP3__112* pre D P1P2 D1 )2 P3Pa% P3P
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3. Dimension-7
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2 2 - 2 g2
MFlMV2 MF3MV2 MVZMV3
Fafsampifi Avpifa 8'Dp.]»f5;p2*Df'f4p.2»*Dp'f2 8DP1;f4PL2*Df1%f5P2*DP1f2
c B Yu DF,HLDFIHL F;M'V:; LfQV; F\HL n FiQVé Liutvy T FiHL
QuLLH =

3 2 2
203, My M, My My,
pif1P2yfapafscypif W pifs*  pypifapaxyfifaps
2075 Dys. Priie | v DR Diti 4D7 D s DLS,
2 3 2
My, M2, M3, M M2,

4IDI7|172f5ffD171f4* D{]Z‘;zpz 4fD§1f5* *Dplfl4p2*Dszl,f§fz

FeSou" T FLHTQ o HYW T 08,
- 2 2
MFgMSZ Ii/lpleS2
P1P2f s 1 fax 2/1p2 P1f 5% P1fap2x 31202
4DF8L52M+,DF;RH7Q'D£L52 2DF|2LHHFDF’{2RQ56D£LSG
2 2
MFSMSZ MF12M56
opPiPafse ppifax  plifaps appifse - ppifaprrpfafip
FisSeu’ ~ F H' Q™ LLSe FropgH'ut 7087 LLS
2 2
MFBMS(, MFleS(,
P1P2f 5% Typ1fa* 2f1p2 1 Dplfs* Dﬁlfzﬂz* Df]fwz*
2DF13LSGHT,DF}‘3RH%QD{‘L56 6 Fio H w7 F LYs T LoVl
2 - 2
MF13M56 MFleVs

SDplfS*.. _fDP'l_fzﬁ'g* Df{_f417+2* 4DP1f2 DPlfst*Df1f4P2*
Fo H'u' 7 FL L'V T LTQV] n FsHL™ Flytvy ~LTQV]

2 2
MF]2MV9 MFSMV9
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Plfs Plflﬂz* fafapa* Pif1 Plfspz* 2f4p2x

16D wH'u Dy DL‘QV 8DF5HL Flutv, Df Ligvy
MF]ZMV9 MF M Vo

P1P2 fafapa*xyf1fs5p1% P1f2p2* pPifa 1fspa*

32CHV3 DL*QV DI{‘ WV SDFBLUV*D H*QDZMTVX
MVSM MF13M Ve

4DP1f2 fDP1f4!’2*Df|fsP2* 16DP1f2P2* DP1f4* Dflfspz*

FsHL™ Figv; u'Vy s LTV FL H QT LTu'Vy
MFsMVS MFM
P1P2 ‘1faparyfafspix VAVAVZES P1f4* 2f5p2
1672, Dy DR, 8D T Dr DI
M M MFHM
DR DR 16D DI PR
4
MFM MFM
P1P2 1faprxyf2fspax piP2 f1farayfapifs*
326va D{*Qv Dfufv CHSSDLLSG Dgsu
47" Se

cPip2 2f1p2Df4p‘f5* P2 Plfll’sz4sz5* 2DP1f1 pPif2p2pfapafs*

" HS §;TLLSs T QSut FsHL F5, S, FSHL™F5; S, ¥ 08,ut
2 112 2
MSMS(, MFM MFSMS4
p1P2 yf1fapiyfapafs* P12 2f|l7| 4P2f5*
2055 DS, D, 2055, Dy Dl
M2 5, M2 5, M 5, M 5,

b. B-violating operators

16Df2f§P1*fDP2fi* Dp2f4171* 16Df3f2P1*DP2fi* DP2f4171*
\LHu

i ot ¥
Cop dd's), TR HE TR LS, T dds) Hat TF LS,
wdH =
MFnMSH MFIIMS||
2f3p1% P2f4* Pzplfi* sfapisypafaxypapifs*
D{ﬁd SW‘ F HLDF Syuf Dgw‘d ST DF HLDFISHMT
My M My M
Si S
fof3p1¥yfapafs* op1pa* f3fapr*yfapafs* ppipox
n 16Dd asi, D LSyzu CHS“S* 16Dd*d*$* DLSlsu* CHS”S*
MSIIMSIS M511M513
2P1% 3P1P2* 4P2f 5% 3p1* 2P1P2* 4P fs5*
+ 16Df d"FroH ‘ﬁFIOR 1323{513”T 1o d'FioH thlORSLD;‘SBu
MFloMSn MFloMSn
16 3P1* DZ%{EPZ*DPIPZJCS*T d%?* Hszpzfs*DP1f4l’2*
_ 2 T FjoSiyu Siot’  FiorLSio
MFIOMSlz MFIOMSlo

f3p1pa* 2f4P2* pifs* 2P1P2% 3P2f5* Pifax fofapi* 3P7f5* PaP1*
16D/, D 8D/} 16D DR el

dF st T dTLS F“LHMT n d'FiS10 " d'STou FHL

+ +
MFIIMSlz M MSIO MSloMS

12
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16Df2f3171*Df4P2* /DP2f5P1*

16Df3f2171*Df4P2* 'DP%fspl*

o = — didisy, T dFa HYTF LS, didisy, T dFy HY TR LS,
- 2 2
MFHMSn MFHMSn
2f3pi* 4P2P1* TyPafs* 3fapi* 4P2P1* yP2f5*
SDZWS* d'Fi.S DFZLH*L SDZWS* d'Fl.S DFZLH*L
_ 11 2RP11 4 11 2R°11
2 2
MFZJWS11 MFZMS”
2Df2f3p'l*Df4f5P2* P1P2 1 Df4f3[’1*pfzf5ﬂz* P1DP2
3 did'st, T d'LSp Chrsils12 6 dtd's}, T d'LSp CHS{IS12
- 2 12 2 172
MSIIMSIZ MSIIMSIZ
sfapixyfafspax pp1p2 2P 1* 3P1P2* yfafspox 3Pk 2P1P2%* 4f5p2x
32DZWS+ DZ"‘LSIZ CHs+ s 16D{1"F11LH"’DZTF"' s Dd"'LS12 16DZ“F“LH’*D§*F’* s DZ*LS]2
11 nee 1HRV12 4 1HRP12 (B57)
2 2 2 2
MSIIMSIZ MFHMSlz MFHMSlz
af2P2yfsf1P1* pp1P2* af2D2yf5p1* fip1p2*
C 16D5QV8 Df‘ﬁeVS CHV;VS SDZQVX D;'FloLHIDEFTORVs
eQddH — 5) 5) 5)
MV5MV8 MF]()MVS
4Df4le72Dfsl71_P2* Dfllﬂ_l' Dfoz}p_!*'DfAI P Dl’zle’t
dOVs T atFl vy o' FL L HY 8 dtd's}, T e'Fl H T F, 08,
- 2 - 2
MF3MV8 MF3M511
16Df5ffp.!*Df]_p2pl.. fDI’_z_fz ' 16Df5_f,4p.;!*Dflfzqchlpz*..
dtd's], T et Fy ST, T FLHQ dta's;, T etosl, T HS, ST,
2 2 2
MFSMSH MSIIMS13
32Dfﬁf'1P|*Df§F2* Dszfzpl*‘ 32Df:1f1171* sﬁgl’l*_'Dngz 16Df4171* foPle* Dflfz]iz
dteVs T d'Fi o HTF,0'V] + d'eVs Td'Fy VT FRH'Q d'FiocH ™ d'Flo,S1, " ' 0S), (B58)
- 2 2 - 2
MFIOMV5 MFsMV5 MF10M513

8Df4f2/’1 DszsPl Dpzfl

4Df4f5P1*Dsz2P1 Dﬁzfl

Croon = dQVs T F LTV T FHTQ d'LSy T F0Se TR HTQ
My M? My M?
1377 Vg Fi3™s),
4f1P1yp2fsP1 paf2 4fspr*yp2f1pi Paf2
3 4D{1QV8 DFBLL"'V;DFT}RH"'Q _ 2DZ"LS]2 Dy uLQS]zDFf}RH"'Q
MFle%/s MF13M§12
af2P1 P2 s ypPaf1P1 af1P1 P2 s ypafar1 fafaP1yPafs* ypaf1pi
+4D£QV8 DFlHLIDFIQVE n 4DZQV8 DFlHLIDFIQVE n ZDdQVx DFSHLIDF;QV;
My M-? M, M? Mp M?
177 Vg F vy Fs™vg
faf1P1yP2afs*ypafap af1P1yp2fsP1 yp2f2
3 2Dagv, DFsHLDFggvg B 8D5QV3 DFRLEV;DF;RHTQ
MFSM%/s MFSM%/S
4fspixypaf1p1 mypaf2 4pr* P1f2p2x yfsf1p2
. 4Dfd+LS|2 DFSLQSIZDF;RHTQ 32 dTFloLHDFJ{()RQTV;DUQV;
2 2
er,-gfws12 MF](,MVS
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32Df4P1TP2’:fDl71%f2 . Df‘iflp% 16Df4f2plcp2p%l* Dfo][?
_ dFy, VI Fo,H' Q" LTQV] dQVs “HVIVy T LTQV]
2 2 2
Mg My, My My,

16Df4P1* 'Dplfzpf* Dfiflpz
d"Fro H Fl 07V T LTV

4Df4l71[72 Dplfz Dfsfll’z

dFiLVe T F HT QT LTOV]

_|_
MF]OM%/Q

8Df4sz1cP1Pz*_ Dfsflpz

MFBM%/(,

32Df4171* pol_fll’z* Dfsfzpz

T ¥ o t otyt ¥
i dQVs “HVV T LTQV] d'FioH™ F 0"V LTQV]
2 2 2
]\4‘/8MV9 MF](]MV()
4P1P2 P11 sfap2 4f1P1 pP1P2* sf2p2
n SDZF 13LV9DFTBRH*QD£*QV; 16D£IQV8 CHVSV;DZ*‘Qvg
2 2 2
MF13MV9 MVsMV9
gplarie ppPifspax plifap fap1p2* 1S sy 1/2p2
d'Fio H™Fl LSy~ 99510 2Dd"'F1S10 D1':1HLZ)QQ510
- 2 - 2
MFIOMSlo MFIMSlo
Wfspix ppaprx 1f2r2 4P1* P1fsp2x f2f1P2
4Dfnslz CHSIOSTZDZQ&O 4D§*F10LHDF{0RLSIOD/‘QQ510
- 2 A2 - 2
MSmMslz MF]UMS](J
PP yPifseyfafipy 4Dl sPr PPt pfafipe
2D D Dgs 4P, Chisys), 005
- 2 - YP)
MFIMS]O MS]OMSIZ
oplaprs  ppifspr pfifap aP1P2*yP1f sy 1f2p2
4 d'Fio H FJ]’URLSI4 008y, DZTFSSM DF5HLDfQQS]4
2 2
MFIOMS14 MFSMSM
4fsp1* pP1P2* fif2ra 4P1* P1fspax yfaf1p2
n 2Dfi“‘LS12 C[-]s‘i'stDQQSM DZ+F|0LHDF};URLSI4D£QS14
2 a2 - 2
MS]zMSM MF](JMSM
wpipa*ypifsrfafipy  QplafsPiopipar pfafip
Dfth5sl4 DFSHLDngM _ d'LSy, HS:ZSM Q0S4 (B59)
2 2 2
MFSMSM MS]zMS|4

4. Examples of comparison with previous dim-6 results

In this subsection, we show two examples, Cs and C,,,, to help readers to compare our results with existing dimension-6
matching results in Ref. [27]. The transformation rules, Egs. (3.7)-(3.17), are used to compare two different notations here

and also applicable to other cases.

C5 Three UV resonances can contribute to the Weinberg operator, known as S¢, F, F5s or Z;, N, X in Ref. [27]. Related

interaction vertices are

p .
HHS]

AL = \@6 el () HH (S] ) -

- DgerLeji [Flpc(lr)i}Hj +
Pr

2V2

or

rsp

Diis, j
—Sﬁefk(fl)i[(lr)ic(ls)j] (S"P)I

V2

pr

Deur . .
— =M ()i [(Fs,) C(L,)H;

2V2

D ) ;
S k(e )y [(Fs,)'C(1L) ) H; + Hee,

(B60)

-AL = (YEl)rijEfllszio-aiGZIZj + (xg,),E1 ($70"0)

+ (An)iNg ' i +

1 g
5 (A5), 2, 4" 0"l + Hee. (B61)

2
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in the notation of Ref. [27]. The relation between two notations can be derived from comparing Lagrangians as

1 1 ijr *
(KE])F = _EcrHHSZ’ (yEI)rji = _7§(DL{LS6) ’ (B62)
(An)yi = _D;"i,HL’ (Az),i = _ﬁDgSHL’ (B63)

which leads to a transformation between our matching results for Cs at O(v?/M?) order. Note that last two terms involving
Fs in Eq. (B60) are identical due to the symmetric tensor ez’.
C,,, Similar result can be derived from comparing

AL = [—417?5;-;-,,‘-6“"‘?[(ﬁr)b(uf)“](Sgp)“ = 4D Copl(@,)(u)1(S17,)* + Hee ]

Siufut~a
— 2D (), ) IVE, = 2V2DE, (YR, () ) (V12 (B64)
and
uu ¥ - c +_c(A|l |B
-AL = {(you)rijwfr 6ABC”§,'MR§ + (yg4)”.j9ff uR<i ‘M‘R} + H.C.}
+ (9?;),,-,-&[%1'7,,%,- + (gg)rijglrlAﬁLiVﬂTAuRj, (B65)
which gives
uu — ki _ rjl *
Vi) s = 4D ey = 4O )" (B66)
(G8)j = 2Dy (98),; =4V2D . (B67)

Note that two terms involving Sg in Eq. (B22) are identical due to the antisymmetry of the indices, and the same to S5.

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

TABLE X. The Weinberg operator.

Type: y>H?
(’)5 Giksﬂ(fiTClxﬂj)HkH]
TABLE XI. The Warsaw basis [3].
Type: X3 Type: H*D? Type: y H’
0o AR GG GO O (O ) Oun (1 H) Zet)
o FABCGA G G Oup (H'D*H)*(H'D"H) Oun (H'H)(quH)
Ow eIJKW/IleLJ//’WIIfH Type: H® Oun (H'H)(qdH)
Oy ABCI L e Oy (HTH)?
Type: X*H? Type: w?XH Type: w?H?D
THGA A 7 e 2
Oue HYHGA, G O (o e)d' HW}, ol (H'iD,H)(Zy"¢)
- TOA A 7 v 3 <] _
O HHGA, G Oup (Zr0"™eR)HB,, o) (H'iD,H)(Z<'y"¢)

(Table continued)
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TABLE XI. (Continued)

Type: X* Type: H*D? Type: y>H?
Ouw HTHW!, Wi Oug (go" TAu)HG}, Ore (H'iD,H)(zy"e)
_ T wd Ty P I iywl 1 hig
O HTHW!, Wik Ouw (go" u)e' HW), o, (HTiDﬂH)( q)
T v — _uv.,\ I 3 <]
Ous H'HB, 5" Ous (Go"u)HB,, oy (H'iD,H)(g7'y"q)
Oui HHB,, B" Oug (go" TAd)HG}, O (HTiB;,H)( )
Ouws H e HW!, B Ouw (gotd)c' HW), Ona (H'iD,H)(dy"d)
Ouws H'{ HW!, B Oup (go*d)HB}, Ohua (HHD H)(iiy*d)
Type: (LL)(LL) Type: (RR)(RR) Type: (LL)(RR)
Ore (Ere) () Oee (er'e)(eyue) O¢e (@y"¢) (e, e)
o) (ar'a)(ar.q) O (iy*u) iy ,u) Oy (Zy ) (iay,u)
o) (@r'<'q)(ar,'q) Oua (dy*d)(dy,d) O (@re)(dy,d)
O @re)ana Ou (ere) ) Oy (ar'a)(er,e)
OF, (@re'6)(@ar,7'q) Oud (er"e)(dy,d) own (ar"q)(ay,u)
o) (" u)(dy,d) o) (@r'Tq)(ay, T"u)
Type: (LR)(RL) o (T u)(dy, TAd) ol (@rq)(dy,d)
Oedq (Ze)(dq) o) (@r'T*q)(dy,T"d)
Type: (LR)(LR) Type: B-violating
o, (@'u)ei(g"a) Ouug e e/t (dj Cuy)(ql;CE,)
o (@'T*u)e;i(q"Td) Ogqu e eji(qh;Cap) (ul Ce)
O(fle)qu (?je)ejk(qku) quq €ahc€jn€km(qajCQbk)(qz;ann)
O(f?qu (?jaﬂve)ejk(‘_]kaﬂbu) Od““ ebe (dgcuh) (M(TCE)

TABLE XII. The dimension-7 Green basis. The redundant operators R; are marked in bold. A similar basis is also presented in

Ref. [65].
Only L-violating
Type: w>H* Type: w>H?D
O kel (¢TCE)H H (H H) OLenp e'le (T Cyte)H Hy(iD,H,))
Type: w?H?>D? Type: w>H?X
OLDHI Eijekl(ferDij)(HkD”H[) OLHW gik(gfl)jl(flrcio"wfj)HkHZW‘fw
OLpm> kel (¢TCD,¢ ;) (HD"H) Orug kel (¢TCio* ¢ )H H B,
Ripns €ik€ﬂ(fiTij)(Dqu)(D”Hl)
Ripua el (1Ce;)(H D, D"H,)
Ripns e*el (¢1 Cie™ ¢;)(D,Hy) (D, H))
RipHe e*el (¢7 Cie™ D, ¢;)(H D, H;)
Type: w*D Type: w*H
OduLLD eij(c_i“y”ua)(fiTCiDﬂfj) OeLLLH ijé‘kl(éf )(KTCLﬁk)Hl
Raurnz €i(a“iD,¢;)(¢] Cr'u,) OuaroL elel(d¢;)(qh;CE)H,
RaurLp3 €l (d"¢;)(¢] CiDu,) OuroLm> el (d¢;)(qL;CE)H,
Oiruen €(d¢;)(ul Ce)H,;
Oourrn € (g%u,)(¢1C¢) H
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TABLE XII. (Continued)

Only L-violating

Type: w?H* Type: w>H?D
L- and B-violating
Type: w*D Type: w*H
OLgaap e“b"(zf’i}/”qai)(dggiDﬂdc) OLauan e“bceijgfida)(MZCdc)H*-i
R rgdap2 e (qL.Cy,dy) (F'iD"d,) OLddan ee(¢'d,)(d¥Cd,.)H; .
R 1dap3 e (g7 Cibd,)('d,) O.0aan —e(2Q,;)(d} Cd.)H"
O,4ddp e“be(ey*d,)(d) CiD,d,) Oragon —ee(2%d,) (g}, Cq i) H"
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