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Abstract
This note gives an overview of the tools for the precision matching of ul-
traviolet theories to the Standard Model effective field theory (SMEFT)
at the tree level and one loop. Several semi- and fully automated codes
are presented, as well as some supplementary codes for the basis con-
version and the subsequent running and matching at low energies. A
suggestion to collect information for cross-validations of current and
future codes is made.
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1 Introduction and Motivation29

The Standard Model effective field theory (SMEFT) describes physics at energies below the30

new mass scale which is assumed to be above the electroweak scale. The imprints of ultraviolet31

(UV) physics are encoded in the Wilson coefficients (WC) of the SMEFT. Measuring these32

coefficients and their correlations allows for discriminating between different UV models. The33

important technical step in this procedure is the matching, where the heavy degrees of freedom34

are integrated out and their effects are represented by local operators. The resulting WC are35

expressed in terms of the parameters of the UV theory such as couplings and masses. This36

facilitates the interpretation of the SMEFT analyses in explicit UV models.37

Matching beyond the tree level is important since many interesting observables are gener-38

ated only at the one-loop level. However, this task is not only technically challenging but given39

the number of possible UV models, repetitive and time-consuming. To address the issue, several40

dedicated tools have been developed recently. For example, the SuperTracer [1], Matchete41

(to be released), STrEAM [2] and CoDEx [3] packages aim at facilitating the one-loop EFT match-42

ing of generic UV models using path-integral methods. Matchmakereft [4], instead, automates43

the diagrammatic EFT matching of generic UV models. These tools are introduced in Sec. 244

where also possible avenues for code validation and benchmarking are described.45

Furthermore, there are several codes on the market that deal with Renormalization Group46

Evolution (RGE) and the treatment of numerical Wilson coefficient values. Such tools are47

especially important in phenomenological analyses but also when comparing analytic matching48

results obtained from the above-mentioned matching codes. In Sec. 3 some of these numerical49

tools are discussed. Namely, the (match)runner codes DsixTools [5, 6], RGESolver [7] and50

wilson [8], and the Wilson coefficient exchange format (WCxf) [9].51
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2 Matching Codes52

Codes to (semi-)automatically match a concrete UV model to the SMEFT are important tools53

for constraining beyond the Standard Model (BSM) theories by the global SMEFT fits. An54

overview of the different codes and their primary functions is given below. The codes are55

introduced according to strict alphabetical order. Users should therefore study the full list before56

deciding which code is best suited for their needs.57

2.1 CoDEx58

CoDEx [3] is a Mathematica [10] package that integrates out heavy fields of spin-0, 1/2, 1 and59

computes the effective operators up to mass dimension-6 and associated Wilson coefficients60

(WCs) in terms of the model parameters. Relying on the functional method, it can perform the61

integration out at both tree- and 1-loop-levels. It offers the effective operators in both SILH62

[11, 12] and Warsaw [13, 14] bases. CoDEx can deal with BSM scenarios containing single or63

multiple mass-degenerate heavy fields of the same spin. To run the program, it requires very64

minimal input within a user-friendly format. The user needs to provide only the relevant part of65

the BSM Lagrangian that involves the heavy field(s) to be integrated out. CoDEx generates the66

effective action using functional method [1,2,15–23], and an internal program is used to identify67

the effective operators and accompanying WCs. The operators are computed at the energy scale68

where the integration out is performed, i.e., the mass of the heavy field(s). CoDEx provides69

an option to invoke the RGE of the effective operators in Warsaw basis using the anomalous70

dimension matrices [24–26] and note down the set of operators that emerge at any other scale.71

CoDEx with its installation instructions, web documentation, and model examples is available72

on GitHub. �.73

74

75

User Inputs & Possible Outputs76

The input information to run CoDEx for any given BSM scenario is minimal. Here, we77

depict a step-by-step procedure to compute the effective operators and the internal computation78

that is carried out at each step in CoDEx:79

– User needs to provide the following information about the heavy field(s): Color, Isospin,80

Hyper-charge, Mass, and Spin, based on which the representation(s) of the heavy field(s)81

are evaluated by the package internally. On top of that, the relevant part of the BSM82

Lagrangian that involves the heavy field(s) must be supplied by the user.83

– Relying on these inputs, the package can integrate out propagators from the tree- and 1-84

loop-level processes of that BSM theory. The derivative term and the mass term of the85

heavy field are internally constructed in the package with the help of quantum numbers86

provided by the user.87

– The CoDEx-function – treeOutput integrates out the heavy tree-level propagators only88

and generates the tree-level WCs and effective operators. Internally, CoDEx computes the89

heavy field classical solution by solving the Euler-Lagrange equation upto an order that90

will contribute to the dimension-6 operators. Then, the solution is substituted back in the91

BSM Lagrangian to generate the effective Lagrangian. After implementing appropriate92

mass-dimension cuts and operator identities to match with the given SMEFT basis, the93

desired output is generated.94
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Mathematica Documentation & example Demonstration :

 https://effexteam.github.io/CoDEx

Heavy field Information =

{SM Gauge quantum numbers, Spin}

CoDEx  Functions

Fig. 1: Flow-chart for CoDEx. The inputs and outputs of the CoDEx-functions are represented by coloured
lines.

– The CoDEx-function – loopOutput integrates out heavy propagators from loops and gen-95

erates the 1-loop-level WCs and effective operators. In addition to the inputs required to96

generate tree-level operators, loopOutput needs the symmetry generators of the gauge97

groups, under which the heavy field is charged. The symmetry generators of the SM98

gauge groups for frequently used representation are available in CoDEx, and thus the user99

does not need to provide that information externally. To compute the 1-loop generated100

effective operators, CoDEx internally computes the trace of the effective action formu-101

lae [19, 27, 28]. The package recognizes the terms quadratic in the heavy field from the102

BSM Lagrangian. It builds the covariant derivative operator using the quantum numbers103

of the heavy field.104

– Following the above steps, the user generates the effective operators at the matching scale.105

But one can also find the operators at the electroweak or other suitable scale using CoDEx-106

function:RGFlow. This function computes RGE for Warsaw basis effective operators using107

anomalous dimension matrices available in Refs. [24–26].108

Developers’ version: yet to be released109

– WCxF [9]: We have added two CoDEx-functions: wcxfOut and wcxfIn to export and110

import the WCs in a format compatible with other codes, see Refs. [29]. There exist111

several packages with different EFT utilities (facilitating WC matching, renormalisation112

group running, and calculating observables). However, not all of them are on the same113

footing, e.g., they use different EFT bases and operator normalization. It is important to114
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have a data exchange interface among these programs, and WCxF provides that. Thus, it115

is desirable for any package to have import & export functions in this format to interface116

the program with others.117

– Heavy-light mixed WCs: The mixed heavy-light contribution, for scalars only, is in-118

cluded in the matching result by expanding the UV action around the light field solution119

obtained using the Euler-Lagrange equation, similar to the pure heavy-loop approach.120

Using the ‘covariant diagrams’ methodology presented in Ref. [28], we have calculated121

the formula for the mixed heavy-light contributions and cross-checked it with that of122

Ref. [30] (see Tables 1–5 in there). We implement this formula in CoDEx along with the123

16 BSMs to generate the mixed heavy-light Wilson coefficients [31–33].124

– Identities: Evaluating the effective action for a UV model may generate gauge-invariant125

structures which do not directly resemble the desired effective operator basis. Then, we126

require the implementation of operator identities and equations of motion (EOMs) of127

light degrees of freedom on the effective Lagrangian to transform the gauge-invariant128

terms to desired structures. The implementation of these identities depends upon the129

choice of the effective operator basis. These transformations like Fierz identities, SM130

fields’ equations of motion, and SMEFT dimension-6 operator identities are introduced131

in the developer version of CoDEx. These transformations are necessary to represent the132

effective Lagrangian in terms of the SMEFT operators and their WCs.133

2.2 Matchete and SuperTracer134

Matchete and SuperTracer are Mathematica packages aimed at automating the complete one-135

loop matching of arbitrary UV models into their EFTs, using the functional-matching procedure136

described in [1]. The workflow of these packages is summarized in Fig. 2. SuperTracer137

allows for the evaluation of generic supertraces, one of the most time-consuming and repetitive138

tasks at the center of functional matching computations. In the future, Matchete is planned to139

supersede SuperTracer and provide a comprehensive and fully automated matching tool, with140

a user-friendly interface that will only require the UV Lagrangian as user input. A proof of141

concept for Matchete will be made publicly available soon [34].142

The functional one-loop matching procedure is performed by evaluating the hard re-143

gion [23] of two types of functional supertraces, log-type, and power-type supertraces, cor-144

responding respectively to the first and second term in the following expression:145

S
(1)
EFT =

i

2
STr ln∆−1

∣∣∣
hard

− i

2

∞∑
n=1

STr[(∆X)n]
∣∣∣
hard

, (1)

where S(1)
EFT is the one-loop EFT action, ∆ is the gauge-invariant kinetic operator, and X the146

interaction terms. These can be derived directly from the UV Lagrangian by147

δ2LUV

δηjδη̄i
= δij∆

−1
i −Xij. (2)

In this formalism, ηi runs over all fields of the theory (counting also conjugate fields). The148

calculation of the functional supertraces is kept explicitly gauge invariant by doing a Covariant149

Derivative Expansion (CDE) [15, 17, 35] of both propagators and interaction terms.150
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Fig. 2: Workflow for functional one-loop matching in the Matchete and SuperTracer packages.

Supertracer can perform the CDE and loop integration of the supertraces for arbitrary151

interaction terms to get generic expressions for the one-loop EFT. To install the package simply152

run the following command in a new Mathematica notebook:153

In[1]:= Import["https://gitlab.com/supertracer/supertracer/-/raw/master/
install.m"]

This will download and install Supertracer in the Applications folder in the base directory of154

Mathematica. After the package has been installed, it can be loaded into a Mathematica kernel155

with the command156

In[2]:= << SuperTracer`

Supertracer operates with an expansion in light mass dimensions, which provides an157

expansion parameter for the power-type supertraces and for the CDE. The kinematics of the158

supertraces change depending on the spin and masses of the propagating fields. Accordingly,159

Supertracer distinguishes between heavy and light scalars, fermions, vectors, and ghost fields,160

denoted as Φ,ϕ,Ψ,ψ,V,A,cV,cA, respectively. The generic form of the log-type supertrace161

for heavy fermions up to dimension 6, is then found with the routine162

In[3]:= LogTerm[Ψ,6]

Out[3]= -
1
6

Log
[µ2
M2H

]
Gµν** Gµν +

1
15

1
M2H
DµGµν** DρGνρ +

1
90

i
1
M2H
Gµν** Gµρ** Gνρ

Power-type supertraces depend on the X terms that are involved in the trace. To extract the163

generic form, one has to put in a list of X terms defining the types of the propagating fields in164

the loop, and the light dimension of each X . Thus, to extract the trace with a heavy fermion and165

a gauge field with interaction terms of dimension 5/2 (the smallest light dimension of a heavy166

fermion field), up to dimension 6, we call167

In[4]:= STrTerm[{X[{Ψ,A}, 5/2],X[{A,Ψ}, 5/2]}, 6]

Out[4]=
1
8
i
(
3 + 2 Log

[µ2
M2H

])
γµ**DµXΨiAj**XAjΨi

+
1
2

(
1 + Log

[µ2
M2H

])
MHXΨiAj**

XAjΨi

6



DRAFT

With the generic formulas for the supertraces, there is limited possibility for simplifi-168

cations of the expressions, as e.g. contractions in the Dirac algebra and covariant derivatives169

cannot be fully resolved. Furthermore, in more realistic models, the X terms, being matrices in170

field space, are large objects, and expanding the traces by hand is a huge effort. Supertracer171

provides the option of directly substituting explicit expressions for the X terms into the traces,172

which allows for the internal routines to simplify the results as much as possible. This makes it173

feasible to use SuperTracer for realistic BSM matching computations.174

For proper handling of indices and to include the action of the gauge fields on the various175

matter fields, the user has to define various objects to properly perform the substitution of the176

X terms. One has to be rather careful when doing this, and we refer the user to the full man-177

ual [1]. Here we restrict ourselves to a simple model where, as in the previous supertrace, the178

interactions are between a heavy fermion and an Abelian gauge field:179

In[5]:= STrTerm[{X[{Ψ,A}, 5/2], X[{A,Ψ}, 5/2]}, 6,
{
{Ψ,A}->{{-e γ[α[j]]**ψh[]}, {e γ[α[j]]**CConj[ψh[]]}},
{A,Ψ}->{{-e Bar[ψh[]]**γ[α[i]], e Bar[CConj[ψh[]]]**γ[α[

i]]}},
M[Ψ]->{Mh, Mh},
G[Ψ]->{{e[1]},{[e[-1]]}},
G[A]->{{}}

}
]

Out[5]=
1
2
i e2

(
1 + 2 Log

[ µ2
Mh2

])
ψh**γµ**Dµψh - 2 e2 Mh

(
1 + 2 Log[ µ2

Mh2
])
ψh**ψh

The design goal of Matchete is to completely automate the implementation of functional180

matching. This will include a simple user interface for the UV Lagrangian input, and the im-181

plementation of functional derivatives to automate the computation of fluctuation operators and182

the solution of the EOMs for the heavy fields. For the user, this will result in a tremendous183

simplification, as the input is directly on the Lagrangian level, rather than having to provide the184

much more complicated functional objects. The second pillar of Matchete is the integration of185

robust simplification routines utilizing integration-by-parts (IBP) identities, Fierzing, and field186

redefinitions to bring the output of the supertraces to an operator basis. Whereas SuperTracer187

requires the user to be familiar with functional matching, Matchete will be approachable even188

with rudimentary knowledge.189

On a practical level, both SuperTracer and Matchete use dimensional regularization190

with MS renormalization, with γ5 being treated in the naive dimensional regularization (NDR)191

scheme. Gauge invariance of the resulting EFT is ensured by performing the matching com-192

putation in the background field gauge. Furthermore, the metric signature is chosen to be193

gµν = (+, −, −, −) and the Levi-Civita tensor convention to be ε0123 = +1 .194

2.3 Matchmakereft195

Matchmakereft is a Python tool to perform the matching of arbitrary models onto arbitrary196

effective theories up to one-loop order in an automated way. The matching is performed in197
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a diagrammatic fashion by matching one-light-particle-irreducible (1LPI) off-shell amplitudes198

functions in the background field method. We currently use dimensional regularization with199

MS renormalization and use an anti-commuting γ5 convention, which is enough for most of200

the relevant calculations in the SMEFT and its simple generalizations. Further information201

can be found in the project web page https://ftae.ugr.es/matchmakereft/ and in the202

manual [4]. Its code is publicly available at https://gitlab.com/m4103/matchmaker-eft203

and it can be installed via PyPI204

> python3 -m pip install matchmakereft205

or Conda206

> conda install -c matchmakers matchmakereft207

Matchmakereft uses well-tested tools for the different parts of the matching calculation and208

has therefore some dependencies that have to be met by the user. These include Mathematica,209

FeynRules [36], FORM [37] and QGRAF [38] (see the manual for details on how to install them).210

Models (both UV and effective) are defined via the Mathematica package FeynRules211

following the standard rules of that package. One particularity is that every particle has to be212

defined as heavy or light by using the following rule in their definition FullName -> "light"213

for light particles and FullName -> "heavy" for heavy ones. This defines models as light214

models when no heavy particles are present, and heavy models, when there are some heavy215

particles present. EFT models have to be light models whereas UV models can be heavy or light.216

In the former case, the finite tree-level and one-loop matching is performed, in the latter, the one-217

loop anomalous dimensions are computed. Depending on the type of model and its properties,218

further information has to be provided. This includes gauge information, possible symmetry219

properties of the different couplings, and the explicit reduction from a Green basis to a physical220

one in the case of the EFT. This latter point is very important. Given that Matchmakereft221

performs the matching off-shell it is essential that a full Green basis is defined as the EFT.222

Similarly, the use of the background field method is crucial for the matching to be gauge-223

independent. Given that the model definition is the only step of the process that is not fully224

automated and therefore more error-prone, we encourage the reader to consult the manual for225

all the details.226

Once installed, Matchmakereft can be started by typing matchmakereft in the terminal.227

This loads the CLI that looks like this228� �229
1 Checking for updates.230

2 matchmakereft is up-to-date.231

3232

4 Welcome to matchmakereft v1.0.2233

5 Please refer to arXiv :2112.10787 when using this code.234

6235

7 matchmakereft >236� �237

The following commands are currently available:238

–� �239
1 matchmakereft > test_installation240 � �241

8
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This command tests the installation by running three sample calculations and comparing242

the results against the known ones in the literature.243

–� �244
1 matchmakereft >copy_models modellocation245 � �246

This command creates a directory MatchMakerEFT under modellocation with some247

sample models that can be used as starting points for further model generation. In partic-248

ular the B-preserving SMEFT model is provided.249

–� �250
1 matchmakereft >create_model modefile1.fr ... modefilen.fr251 � �252

This command creates a Matchmakereft model under directory modefilen_MM. Some253

extra files could be needed for model creation. Please check the manual for details.254

–� �255
1 matchmakereft >match_model_to_eft UVModelName EFTModelName256 � �257

This command computes the hard-region contribution to all the required amplitudes to258

match the UV model under directory UVModelName onto the EFT under directory EFTModelName259

and compares the two calculations to perform the matching. The corresponding matching260

is stored in UVModelName/MatchingResult.dat at three different levels of the calcula-261

tion. First the matching in the Green basis, then the same one after canonical normaliza-262

tion and finally the matching in the physical basis (provided the corresponding reduction263

was provided during model generation). The matching of the gauge couplings in the264

background field method is also provided. A significant number of cross checks are per-265

formed using the redundancy inherent to the off-shell matching in the background field266

method. If any inconsistency is found, it is reported with some details stored in the file267

UVModelName/MatchingProblems.dat.268

–� �269
1 matchmakereft >compute_rge_model_to_eft UVModelName EFTModelName270 � �271

This command computes the one-loop anomalous dimensions of the Wilson coefficients272

of the EFT under directory EFTModelName assuming the (also light) UV model un-273

der directory UVModelName. The corresponding anomalous dimensions are stored in274

UVModelName/RGEResult.dat.275

–� �276
1 matchmakereft >clean_model Model277 � �278

This command restarts model Model to repeat the matching calculation from scratch.279

–� �280
1 matchmakereft >check_linear_dependence EFTModelName281 � �282

This command checks if the operators defined in EFTModelName are (off-shell) linearly283

independent or not and if they are not, it provides the linear relations among them.284

In order to add flexibility, Matchmakereft adds some commands to split the calculation of the285

matching in smaller steps (amplitude calculation and Wilson coefficient calculation) and also286

9
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includes the possibility of performing only tree-level matching. Further details can be found in287

the manual.288

Matchmakereft is in very active development and we encourage the user to always up-289

date to the latest version and to check the manual or the web page for updates on its functionality.290

2.4 MatchingTools291

MatchingTools [39] is a Python package for performing tree-level matching calculations be-292

tween general EFTs, and for implementing the algebraic manipulations of effective Lagrangians293

needed to re-write them in terms of a basis of operators. Its code is publicly available at294

github.com/jccriado/matchingtools, and it can be installed through:295

> pip3 install matchingtools296

The main focus of MatchingTools is on applications related to the SMEFT, but it works in a297

more general setting. It can integrate out fields of spin 0, 1/2 or 1 out of the box. Fields of298

higher spin can also be included by providing the corresponding propagators. No assumptions299

are made about their transformation properties under internal symmetry groups. Regarding300

their interactions, the only condition is that the interaction Lagrangian is a Lorentz-invariant301

polynomial in the fields and their derivatives. In particular, operators of any dimension in the302

UV theory and EFT can be included.303

We first overview here the methods used internally by MatchingTools. Given a UV304

theory defined by an action SUV[ϕ,Φ], with light fields ϕ and heavy fields Φ, MatchingTools305

integrates out Φ at tree level by solving its equation of motion and replacing it in SUV. That is,306

the effective action is given by307

SEFT[ϕ] = SUV[ϕ,Φc(ϕ)], where
δS

δΦ

∣∣∣∣
Φ=Φc(ϕ)

= 0. (3)

MatchingTools computes the solution Φc(ϕ) as a perturbative expansion in inverse powers of308

the mass M of Φ. It does so by means of an iterative procedure that generates a sequence of309

solutions Φn(ϕ), starting with Φ0(ϕ) ≡ 0 and given by310

Φn(ϕ) ≡ P
δSint

δΦ

∣∣∣∣
Φ=Φn−1(ϕ)

, (4)

where P is the propagator for Φ, expanded in powers of 1/M , and Sint[ϕ,Φ] is the interaction311

part of the UV action. Each Φn(ϕ) is a solution of the equations of motion only to a finite312

order in 1/M , but this order increases with n. MatchingTools can thus iterate this procedure313

to compute the solution to any order in 1/M , which in turn gives the effective Lagrangian to314

any desired order.315

The effective Lagrangian obtained from this method will contain in general a set of opera-316

tors that are not independent. In order to re-write it in terms of a set of independent operators, a317

basis, three different types of operations can be applied to it: algebraic/group theory identities,318

field redefinitions (or, equivalently at leading order, using equations of motion), and integration319

by parts. MatchingTools unifies all of them under a general system for finding and replacing320

patterns in the effective Lagrangian. The patterns that can be replaced are products of fields and321

constant tensors, with arbitrary index contractions.322

10
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We now consider a simple example to illustrate the usage and features of MatchingTools.323

The UV theory has a SU(2) × U(1) symmetry, and it contains two scalar multiplets: ϕ, a324

light doublet with hypercharge 1/2; and Φ, a heavy triplet with vanishing hypercharge. Their325

interactions are given by326

Lint ⊃ −κΞa(ϕ†σaϕ)− λ (ΞaΞa)(ϕ†ϕ). (5)

This theory can be defined in MatchingTools using the following code:327� �328
1 import matchingtools as mt329

2330

3 sigma = mt.TensorBuilder("sigma")331

4 kappa = mt.TensorBuilder("kappa")332

5 lamb = mt.TensorBuilder("lamb")333

6334

7 phi = mt.FieldBuilder("phi", 1, mt.boson)335

8 phic = mt.FieldBuilder("phic", 1, mt.boson)336

9 Xi = mt.FieldBuilder("Xi", 1, mt.boson)337

10338

11 L_int = -mt.OpSum(339

12 mt.Op(kappa (), Xi(0), phic (1), sigma(0, 1, 2), phi (2)),340

13 mt.Op(lamb(), Xi(0), Xi(0), phic (1), phi (1)),341

14 )342� �343

First, the different symbols that appear in the Lagrangian are defined: the Pauli matrices σ,344

the coupling constants κ and λ, and the fields ϕ and Ξ. All these objects are viewed by345

MatchingTools as tensors, possibly with zero indices, as in the case of the coupling constants346

in this example. For the fields, their canonical dimension and commutation properties have to347

be specified. Finally, the interaction Lagrangian is constructed as a sum (OpSum) of operators348

(Op). Each operator is given by the list of its factors, which can be both fields and constant349

tensors. The index structure of the operator is expressed by placing a non-negative integer in350

each position corresponding to an index, with repeated integers denoting contraction.351

The program is now ready to integrate out Ξ. To do so, one can write:352� �353
15 heavy_Xi = mt.RealScalar("Xi", 1, has_flavor=False)354

16 L_eff = mt.integrate(355

17 heavy_fields =[ heavy_Xi], interaction_lagrangian=L_int , max_dim =6356

18 )357

19 print(mt.Writer(L_eff , []))358� �359

This produces a list of all the terms in the resulting effective Lagrangian. To re-write it in360

terms of a basis of operators, one can make use of the find-and-replace system provided by361

MatchingTools. As an example, we will use the SU(2) Fierz identity:362

σa
ijσ

a
kl = 2δilδjk − δijδkl, (6)

to simplify the Lagrangian, by replacing every occurrence of the left-hand side of this equation363

by its right-hand side. To do this, we define the corresponding rule, which is a tuple whose first364

element is the pattern and whose second element is the replacement. We then apply this rule to365

the effective Lagrangian:366

11
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� �367
20 fierz_rule = (368

21 mt.Op(sigma(0, -1, -2), sigma(0, -3, -4)),369

22 mt.OpSum(370

23 number_op (2) * mt.Op(mt.kdelta(-1, -4), mt.kdelta(-3, -2)),371

24 -mt.Op(mt.kdelta(-1, -2), mt.kdelta(-3, -4))372

25 )373

26 )374

27 L_eff = mt.apply_rules(L_eff , [fierz_rule], max_iterations =1)375

28 print(mt.Writer(mt.simplify(L_eff), []))376� �377

This code outputs the list of terms of the transformed Lagrangian. After all redundant terms
have been removed and the Lagrangian is written as a linear combination of operators in the
desired basis, the final step is usually to identify the coefficients of the operators in the basis.
To do this, one can define rules to replace the explicit expression of each operator by a single
symbol and then instruct MatchingTools to extract the coefficients of these symbols. For the
purpose of our example, we do so for an overcomplete set operators, since we have not reduced
all redundancies yet. The overcomplete basis is:

Oϕ6 = (ϕ†ϕ)3, Oϕ4 = (ϕ†ϕ)2, (7)

O(1)
ϕ = ϕ†ϕ(Dµϕ)

†Dµϕ, O(3)
ϕ = (ϕ†Dµϕ)(D

µϕ)†ϕ, (8)

ODϕ = ϕ†(Dµϕ)ϕ
†Dµϕ, O∗

Dϕ = (Dµϕ)
†ϕ(Dµϕ)†ϕ, (9)

and the code to obtain the corresponding coefficients:378� �379
29 Ophi6 = mt.tensor_op("Ophi6")380

30 Ophi4 = mt.tensor_op("Ophi4")381

31 ...382

32383

33 definition_rules = [384

34 (mt.Op(phic (0), phi(0), phic (1), phi(1), phic (2), phi(2)), mt.OpSum(385

Ophi6)),386

35 (mt.Op(phic (0), phi(0), phic (1), phi(1)), mt.OpSum(Ophi4)),387

36 (mt.Op(mt.D(2, phic (0)), mt.D(2, phi(0)), phic (1), phi(1)), mt.OpSum(388

O1phi)),389

37 (mt.Op(phic (0), mt.D(2, phi (0)), mt.D(2, phic (1)), phi(1)), mt.OpSum(390

O3phi)),391

38 (mt.Op(phic (0), mt.D(2, phi (0)), phic (1), mt.D(2, phi(1))), mt.OpSum(392

ODphi)),393

39 (mt.Op(mt.D(2, phic (0)), phi (0), mt.D(2, phic (1)), phi(1)), mt.OpSum(394

ODphic))395

40 ]396

41397

42 L_eff = mt.apply_rules(L_eff , definition_rules , 1)398

43 final_coef_names = ["Ophi6", "Ophi4", "O1phi", "O3phi", "ODphi", "ODphic399

"]400

44 print(mt.Writer(L_eff , final_coef_names))401� �402

With output:403

O1phi:404

2 (MXi^(-4)) kappa kappa405

12
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O3phi:406

-1 (MXi^(-4)) kappa kappa407

...408

Indicating that the coefficient of the operator O(1)
ϕ is 2κ2/M4

Ξ, the coefficient of O(3)
ϕ is −κ2/M4

Ξ,409

. . . This can be converted to LaTeX code using the method write_latex from the Writer class.410

MatchingTools also provides an extras subpackage containing modules for SMEFT-411

related applications, including the definition of tensors and rules relevant for SU(2), SU(3) and412

Lorentz group theory, the definitions of the SM fields, the rules for applying the SM equations of413

motion, and the definitions of the Warsaw basis operators. More information on these modules414

and other MatchingTools features can be found at matchingtools.readthedocs.io.415

2.5 STrEAM416

STrEAM (SuperTrace Evaluation Automated for Matching) is a Mathematica package that auto-417

mates the evaluation of functional supertraces that could arise when one matches a generic UV418

theory onto a relativistic EFT. STrEAM implements the covariant derivative expansion method419

and could provide the result to arbitrary order in the heavy mass expansion.420

According to the streamlined functional matching prescription presented in Ref. [40], the421

matching result at the one-loop level can be computed by evaluating the functional supertraces422 ∫
d4xL(1-loop)

EFT [ϕ] =
i

2
STr logK

∣∣∣
hard

− i

2

∞∑
n=1

1

n
STr

[(
K−1X

)n]∣∣∣
hard

, (10)

where the inverse (covariant) propagator matrix K is diagonal423

Ki =


P 2 −m2

i

(
spin-0

)
/P −mi

(
spin-1

2

)
−ηµν(P 2 −m2

i )
(
spin-1

) , (11)

and the interaction matrix X can be organized into a derivative expansion:424

X(ϕ, Pµ) = U [ϕ] +
(
PµZ

µ[ϕ] + Z̄µ[ϕ]Pµ

)
+ · · · , (12)

with Pµ ≡ iDµ the “open” covariant derivative. Therefore, a general power-type supertrace in425

Eq. (10)426

−iSTr
[

1

Ki1

Xi1i2

1

Ki2

Xi2i3 · · · 1

Kin

Xini1

]
, (13)

consists of a product sequence of segments of the form427

1

Ki

(
Pµ1 · · ·Pµn

)
Uk

(
Pν1 · · ·Pνm

)
. (14)

Using ∆i and Λi to denote the bosonic and fermionic versions of K−1
i , respectively428

∆i ≡
1

P 2 −m2
i

, Λi ≡
1

/P −mi

, (15)

the concrete scope of STrEAM can be summarized as following:429
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STrEAM automates the evaluation of functional supertraces of the form

−iSTr
[
f
(
Pµ , {Uk}

)]∣∣∣
hard

, (16)

where f is a product sequence of Pµ, Uk, ∆i and Λi, consisting of an arbitrary
number of “propagator blocks”:

f =
[
· · ·

(
Pµ1 . . . Pµn

) (
∆i or Λi

) (
Pν1 . . . Pνm

)
Uk · · ·

]
. (17)

430

The last block in f is allowed to have a trivial U factor, i.e., U = 1, such that the log-type
supertraces in Eq. (10) can also be covered upon taking a mass derivative

∂

∂m2
Φ

[
iSTr log

(
P 2 −m2

Φ

) ]
= −iSTr

[
1

P 2 −m2
Φ

]
= −iSTr

[
∆Φ

]∣∣
hard , (18a)

∂

∂mΦ

[
iSTr log

(
/P −mΦ

) ]
= −iSTr

[
1

/P −mΦ

]
= −iSTr

[
ΛΦ

]∣∣
hard . (18b)

The STrEAM package can be downloaded from GitHub at431

https://www.github.com/EFTMatching/STrEAM432

After placing the file “STrEAM.m” at the user’s own choice of directory “/path/to/package/”,433

one can load it with the usual Mathematica command:434

In[1]:= <<"/path/to/package/STrEAM.m";

STrEAM is a compact package with a single main function SuperTrace. It has a simple syntax:435

In[2]:= SuperTrace[dim, flist]

with two mandatory arguments: dim is an Integer that specifies the desired operator dimension436

in the evaluation result; flist is a List that specifies the functional operator f
(
Pµ, {Uk}

)
to437

be traced over; it consists of Pµ, Uk, ∆i, and Λi, organized in the form of Eq. (17). The main438

function SuperTrace also has a few options; see Sec. 4 in Ref. [2] for a list of them.439

As a simple demonstration example, the result

−iSTr
[

1

P 2 −m2
1

U
[2]
1

]∣∣∣∣
hard

=

∫
d4x 1

16π2 tr
[
m2

1

(
1− log

m2
1

µ2

)
U1 +

1
12m2

1
FµνF

µνU1

]
, (19)

can be obtained by calling SuperTrace as440

In[3]:= SuperTrace[6, {∆1, U1}, Udimlist->{2}, display->True];

which will print441
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-iSTr[
1

P2-m21
U1]|hard =

∫
d4x

1
16π2

tr{

m21

(
1-Log

[m21
µ2

])
(U1) (dim-2)

1
12m21

(Fµ1µ2
)(Fµ1µ2

)(U1) (dim-6)

}

With the option display->True, SuperTrace will print the evaluation result in TableForm,442

together with the input supertrace, as shown above. More demonstration examples, as well as a443

more detailed manual of STrEAM can be found in Sec. 4 of Ref. [2].444

2.6 General procedure for code comparison445

A key step in the development of automated matching tools is cross-validation and comparison446

between different theoretical approaches and code implementations. Indeed, a variety of cross-447

checks have already been implemented for the different matching codes. For instance, the CDE448

of multiple supertraces has been validated by direct comparison of Supertracer and STrEAM449

outputs. Moreover, both MatchmakerEFT and Supertracer have already been used and par-450

tially cross-checked in the context of specific UV models [41–52]. CoDEx generated matching451

results for sixteen SM extensions with a single heavy scalar are available here �. SILH basis452

matching results are cross-checked with the models given in Ref. [19] and they agree. War-453

saw basis matching result for singlet real scalar extensions of the SM is cross-checked with454

Refs. [53, 54] and it agrees. However, as matching codes become more mature, it becomes455

highly desirable to have more systematic and comprehensive cross-checks.456

In an effort to establish a well-defined standard for cross-validation, we have created the457

GitLab repository https://gitlab.com/modelmatch/ModelMatch. This repository will be458

used as an archive for BSM to SMEFT (and possibly other EFTs down the line) matching calcu-459

lations, at the time that it will provide a transparent and open-access framework for comparison460

among the different implementations. To this end, any matching calculation presented in this461

repository will contain the following three files:1
462

1. Matching results: in any format that the authors deem appropriate.463

2. Validation: consisting of a WCxf file with numerical matching coefficients for a given464

set of benchmark parameters for comparison with other implementations.465

3. Additional information: provided in the form of a document clearly stating (at least) the466

following information:467

– Corresponding author(s).468

– All theory assumptions entering into the one-loop matching computation, including469

renormalization scheme, γ5 prescription, gauge-fixing procedure, metric signature,470

and Levi-Civita convention.471

– The complete UV Lagrangian. In case of heavy vectors, an additional Lagrangian472

in the broken phase is highly encouraged.473

1More details will be provided in the GitLab repository with some basic information also publically available
at https://twiki.cern.ch/twiki/bin/view/LHCPhysics/EFTAC5.
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– The set of benchmark parameter values used in the validation file. To avoid possible474

numerical issues, factorizing the loop factors and using rational values for the model475

parameters would be preferred.476

We propose the following representative examples of BSM models including, respec-477

tively, heavy scalars, fermions, and vectors: S1 + S3 scalar leptoquark extension, a heavy478

vector-like lepton transforming under the SM gauge group as E ∼ (1,1,−1), and a heavy479

vector triplet from the symmetry breaking SU(2)′L × SU(2)X → SU(2)L. As an ultimate test480

for the long-term future, we will also consider the matching of the SMEFT to the Low-Energy481

Effective Field Theory (LEFT), where the Higgs, top, W , and Z are integrated out. This latter482

example is particularly comprehensive as it involves simultaneously heavy scalars, fermions,483

and vectors.484

2.7 Outlook485

The dream is that one could take a Lagrangian (e.g. implemented in FeynRules) and then pass it486

through a code that spits out the 1-loop Wilson coefficients in the Warsaw basis automatically.487

Putting all of this together is an area of active interest. The field will surely move forwards by488

leaps and bounds, once the next generation of automated matching tools becomes operational489

at which point cross-validation of the codes will become very important.490

3 Supplementary numerical Codes491

In this section, we discuss additional codes that are used in phenomenological analyses for492

SMEFT and LEFT running or to compare different matching results.493

3.1 DsixTools494

DsixTools [5, 6] is an open-source Mathematica package that automates one-loop RGE in495

the SMEFT [24–26, 55] and in the LEFT [56], as well as one-loop SMEFT-to-LEFT match-496

ing [57–59]. One of the main features of DsixTools is that it contains not only numerical497

but also analytical routines, allowing for simple manipulation of beta functions and matching498

expressions.499

DsixTools 2.1 aims for a more visual and user-friendly experience. Together with the500

usual matching and running routines, it also provides an interface with useful information for501

all operators and parameters of the SMEFT and the LEFT, such as their flavor symmetries and502

the number of degrees of freedom. Routines for the implementation of this information on503

global expressions (like decay amplitudes and cross-sections) are also provided. Furthermore,504

DsixTools includes a user-friendly input that performs automatic consistency checks, simpli-505

fying the user’s task.506

The package can be simply installed by running the following command in a Mathematica507

notebook (it is advised to use a fresh kernel for the installation):508

In[1]:= Import["https://raw.githubusercontent.com/DsixTools/DsixTools/
master/install.m"]

This will download and install DsixTools in the Applications folder of the Mathematica base509

directory. It will also create Mathematica documentation for all the package routines.510

The following lines provide a basic (yet complete) usage example:511
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In[2]:= Needs["DsixTools`"]
NewScale[{HIGHSCALE -> 10000}];
NewInput[{Clq1[1 ,1 ,1 ,2] -> 1/HIGHSCALE^2, Clq1[1 ,1 ,2 ,1] ->

1/HIGHSCALE^2, CH -> -0.5/HIGHSCALE^2}];
RunDsixTools;
D6run[LeuVLL[2 ,2 ,1 ,1]] /. \[Mu] -> LOWSCALE

which illustrates how to load the package, provide the input for a given SMEFT Lagrangian at512

the UV scale ΛUV = HIGHSCALE (in units of GeV), and calculate the LEFT WCs at the IR scale513

ΛIR = LOWSCALE (by default, LOWSCALE = 5 GeV).514

DsixTools also offers multiple options to interface with other EFT tools. In particular,515

it can import and export JSON and YAML files in the WCxf exchange format [9] (see Sec. 3.3516

for further details). It also admits as an input the output generated by Matchmakereft (see517

Sec. 2.3). For instance, a Matchmakereft output file (MMEfile.dat) is loaded into DsixTools518

using the command line:519

In[3]:= NewInput[{MMEfile -> "MMEfile.dat " , MS -> 1000 , lam2 -> 0.1 ,
lam3 -> 0.2}, HIGHSCALE -> 1000]

where all the UV-model parameters (in this example MS, lam2 and lam3) and the HIGHSCALE520

must be assigned numerical values.521

Additional information and an up-to-date version of the user’s manual can be found on the522

package webpage: https://dsixtools.github.io/, or in the project’s GitHub repository.523

3.2 RGESolver524

RGESolver [7] is an open-source C++ library that performs the renormalization group evolution525

of the SMEFT Wilson coefficients in a fast and easy-to-use manner. The library deals with the526

most generic flavor scenario, assuming only lepton and baryon number conservation.527

RGESolver has been developed with a specific focus on extensive phenomenological anal-528

yses. Two methods are available in order to solve the differential equations: a numerical solution529

or an approximate one (first leading log). Furthermore, after the RGE RGESolver can perform530

the so-called flavor back-rotation [60]. It also provides a routine to perform the evolution and531

the back-rotation with a simple command. RGESolver has been tested against DSixTools532

2.1 [5, 6] for both the numerical and the approximate method, obtaining differences between533

the two codes ≲ 10−5 1/Λ2 for initial conditions O(1/Λ2).534

RGESolver can generate initial conditions for the Standard Model parameters (gauge cou-535

plings, Higgs sector parameters, and Yukawa matrices) at any given scale solving pure Standard536

Model renormalization group equations.537

We give a simple example: these few lines generate the initial conditions (in the basis538

where the down Yukawa matrix is diagonal) for the Standard Model parameters at the scale539

µ = Λ = 10 TeV, set CdH
1,2 (Λ) = 1/Λ2, solve numerically the renormalization group equations540

down to µ = 250 GeV and perform the back-rotation to get back into the original basis. Finally,541

the real part of the evolved coefficient CdH
1,2 (250GeV) can be accessed via the dedicated getter542

method.543

double Lambda = 10000.;544
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S.GenerateSMInitialConditions(Lambda, "DOWN", "Numeric");545

S.SetCoefficient("CHdR", 1. / (Lambda * Lambda), 1, 2);546

S.EvolveToBasis("Numeric", Lambda, 250., "DOWN");547

double EvolvedCHdR_12 = S.GetCoefficient("CHdR", 1, 2);548

All the details about the installation, the extended documentation, and some examples can be549

found in the GitHub dedicated page.550

3.3 WCxf551

The Wilson coefficient exchange format (WCxf) defines a standard for Wilson coefficients used552

in computer codes. Since many different conventions are being used in the literature, it is553

important to have a collection of unique definitions for the different bases and the corresponding554

Wilson coefficients, especially when comparisons between different codes are performed. A list555

of all the computer tools that already support WCxf as well as their corresponding bases can be556

found on the WCxf GitHub website https://wcxf.github.io/. The format is extensible557

in the sense that any new basis can be added to the predefined bases, by providing simply a558

yaml file in which the convention for the Wilson coefficients together with the underlying EFT559

are specified. Further details on how to extend WCxf can be found in [9] and on the GitHub560

webpage.561

Furthermore, there is the Python module WCxf, which allows changing numerical values562

of Wilson coefficients between different operator bases. Especially when comparing results563

obtained with different computer codes this module comes in handy, as it allows translation of564

the Wilson coefficients from one code in an automated way into the basis of the other, which565

facilitates cross-checks and comparisons. In the following we will show how to translate Wilson566

coefficients from one basis into another using WCxf:567

The package can be easily installed, using568� �569
1 python3 -m pip install wcxf --user570� �571

Importing a given WCxf yaml file that specifies the Wilson coefficient values is done by:572� �573
1 import wcxf574

2575

3 with open(’my_wcxf_input_file.yml’, ’r’) as f:576

4 wc = wcxf.WC.load(f)577� �578

Translating the Wilson coefficients of the imported WCxf file into another basis is achieved579

by580� �581
1 wc_new = wc.translate(’My target basis ’)582� �583

Further details on WCxf as well as further commands can be found in [9].584

3.4 wilson585

The Python package wilson [8] is a matchrunning tool, which is mainly used in phenomeno-586

logical codes such as flavio [61] and smelli [62], but can also be used independently. It587
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allows to numerically run all Wilson coefficients in the SMEFT to arbitrary scales, as well as588

matching them onto the LEFT. Furthermore, the full LEFT running below the electroweak scale589

is implemented in wilson. The implementation entails590

– The complete one-loop SMEFT beta functions [24–26].591

– The complete tree-level [57, 59] and one-loop [58] matching from SMEFT onto LEFT.592

– The complete one-loop LEFT running [56, 63].593

wilson also supports the WCxf format [9] and takes back-rotation [60] effects into ac-594

count, which result when mass matrices have to be rediagonalized after RGE running.595

The package can be installed using596� �597
1 python3 -m pip install wilson --user598� �599

To set a Wilson coefficient to a certain value at a particular scale in a given EFT the600

Wilson class is used. For instance, setting the Wilson coefficient of the SMEFT operator O23
dG =601 (

q̄2σ
µνTAd3

)
φGA

µν to one at the scale Λ = 1TeV in the Warsaw basis one writes:602� �603
1 from wilson import Wilson604

2 mywilson = Wilson ({’dG_23’: 1e-6}, scale=1e3 , eft=’SMEFT ’, basis=’Warsaw605

’)606� �607

This Wilson coefficient can then be run down to the EW scale, matched onto the Weak608

Effective Theory (WET), which is equivalent to the LEFT, and further run down to a lower609

scale. For example, matching onto the JMS basis (introduced in [57]) and running to 100GeV610

is achieved by611� �612
1 wc_JMS = mywilson.match_run(scale =100, eft=’WET’, basis=’JMS’)613� �614

Further information and updates can be found on the project website https://wilson-eft.615

github.io/ and in [8].616

4 Conclusions and Outlook617

Several codes aiming towards a full automatization of matching the short-distance BSM models618

to the SMEFT have been presented alongside some numerical codes for the basis conversion619

and the low-energy matching and running. A procedure to cross-validate the different matching620

approaches has been suggested for future work, identifying several interesting models.621

Acknowledgments: This work was done on behalf of the LHC EFT WG and we would like to622

thank members of the LHC EFT WG for stimulating discussions which led to this document.623
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