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Abstract

We introduce matchmakereft, a fully automated tool to compute the tree-level and one-
loop matching of arbitrary models onto arbitrary effective theories. Matchmakereft per-
forms an off-shell matching, using diagrammatic methods and the BFM when gauge the-
ories are involved. The large redundancy inherent to the off-shell matching together with
explicit gauge invariance offers a significant number of non-trivial checks of the results
provided. These results are given in the physical basis but several intermediate results,
including the matching in the Green basis before and after canonical normalization, are
given for flexibility and the possibility of further cross-checks. As a non-trivial example
we provide the complete matching in the Warsaw basis up to one loop of an exten-
sion of the Standard Model with a charge —1 vector-like lepton singlet. Matchmakereft
has been built with generality, flexibility and efficiency in mind. These ingredients al-
low matchmakereft to have many applications beyond the matching between models
and effective theories. Some of these applications include the one-loop renormalization
of arbitrary theories (including the calculation of the one-loop renormalization group
equations for arbitrary theories); the translation between different Green bases for a
fixed effective theory or the check of (off-shell) linear independence of the operators in
an effective theory. All these applications are performed in a fully automated way by
matchmakereft.
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1 Introduction

Effective field theories (EFTs) are the most appropriate tool to perform calculations in multi-
scale problems when using mass-independent renormalization schemes. The process of match-
ing and running turns an often complicated, and sometimes not even perturbatively conver-
gent, multi-scale problem into a succession of simpler single-scale calculations with the pos-
sibility of resummation of large logarithms for a better perturbative convergence [1]. The
absence of direct experimental indications of new physics beyond the Standard Model (SM)
seems to imply a hierarchy between the scale of new physics and the energies at which exper-
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iment is performed. In these circumstances, EFTs are not only applicable, but they become a
powerful tool that allows us to very efficiently solve the problem of comparing experimental
data with theoretical predictions. This is a highly non-trivial problem that involves compli-
cated, usually loop-level, calculations of many experimental observables. Calculations that
have to be repeated for each new physics model and for each observable. The way EFTs sim-
plify this process is by splitting in two, mostly independent, steps. The first one, the bottom-up
approach to EFTs, provides a model-independent parametrization of experimental observables
that can be systematically improved but has to be computed only once (for the given precision)
for each experimental observable. This efficient parametrization can be provided in the form
of global fits to experimental data and a very important effort from the community has been
devoted to this task in the last few years (see [2-13] and references there in for some recent
global fits). The second step, the top-down approach to EFTs, sacrifices model-independence
in favour of model-discrimination. It consists of the process of matching, in which the Wil-
son coefficients (WCs) of the EFT are computed in terms of the parameters of the ultraviolet
(UV) model. This process of matching has to be repeated for each UV model but it can be
automated.

When dealing with searches for new physics beyond the SM, the relevant EFT seems to be
the SMEFT (see [14] for a recent review). The SMEFT WCs can be run down to the electroweak
scale thanks to the renormalization group equations (RGEs) computed in [15-18] at dimen-
sion 6 ignoring baryon and lepton number violating operators (see [19,20] for calculations of
a subset at dimension 6, [21,22] for the inclusion of lepton-number violating operators, [18]
for baryon-number violating ones, [23] for dimension-7 operators and [24, 25] for recent ef-
forts towards the calculation of the dimension 8 RGEs). The SMEFT has been matched to the
low-energy EFT (LEFT), the relevant EFT below the electroweak scale, both at tree level [26]
and at one-loop [27] and then run again using the LEFT RGEs [28] to the relevant experi-
mental energy scale to compute the corresponding experimental observables. This process of
running in the SMEFT, matching to the LEFT and running in the LEFT has been implemented
in automated tools like DsixTools [29,30] or Wilson [31]. This leaves the calculation of
the matching of arbitrary UV models onto the SMEFT as the only missing step towards a fully
automated calculation of the phenomenological implications of new physics models.

We present in this article matchmakereft, https://ftae.ugr.es/matchmakereft/, a fully
automated tool to perform tree-level and one-loop matching of arbitrary UV models onto
arbitrary EFTs. The tree-level matching of the most general extension of the SM onto the
SMEFT at dimension 6 has been recently computed in [32], building on previous partial re-
sults [33-36]. Going up to the one-loop order in the matching is far more complex and some
degree of automation is needed. Functional methods, pioneered in [37] extending ideas from
the 80s [38,39], have seen an impressive progress in the recent years [40-51] and they have
resulted in computer tools that help with some of the most computational-intensive steps of
the calculation [52,53] or that are automated but apply only to specific sets of models [54].
However, to the best of our knowledge, there is currently no code that can provide the com-
plete one-loop matching of arbitrary models onto arbitrary EFTs in a fully automated way. !
Matchmakereft comes to fill this gap.

Matchmakereft uses a diagrammatic approach to tree-level and one-loop matching, per-
formed in the background field method (BFM) when gauge theories are involved. The match-
ing is, as of version 1.0.0, done off-shell which, together with gauge invariance, provides a
significant redundancy that results in a number of non-trivial cross-checks of the calculation.
It has been designed with efficiency, generality and flexibility in mind, what allows a num-
ber of applications beyond the direct matching of UV models to EFTs. Current applications
include the renormalization of arbitrary (effective) theories, the calculation of the RGEs of ar-

See [55,56] for alternative partial efforts using a diagrammatic approach.
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bitrary (effective) theories, EFT basis translation and checks of (off-shell) linear independence
of operators. All these calculations are done in a fully automated way.

The rest of the article is organised as follows. We describe the way matchmakereft per-
forms the tree-level and one-loop calculation in Section 2. Model creation in matchmakereft
is explained in detail in Section 3. The different commands available in matchmakereft are
defined in Section 4 and common pitfalls when using matchmakereft are described in Sec-
tion 5. Some physical applications are given in Section 6 and we conclude and provide some
outlook in Section 7. In the appendices we provide some more technical information, includ-
ing comprehensive installation instructions in Appendix A, details about the handling of y5
in Appendix B, a minimal but complete example of the capabilities of matchmakereft in
Appendix C, as well as the complete Green basis for the baryon-number preserving SMEFT,
including our definition of evanescent operators, in matchmakereft in Appendix D.

2 Matchmakereft in a nutshell

2.1 Model classification

Models in matchmakereft are classified according to two criteria. Depending on their spec-
trum they can be light models, if only light (but not necessarily massless) particles are present
in the spectrum; or heavy models, when there is at least one heavy particle in the spectrum.
Depending on their role in the process of matching we have UV models, which can be light
or heavy, that are to be matched onto EFTs, which are necessarily light models. Models in
matchmakereft are created using FeynRules [57], as described in detail in Section 3.

Matchmakereft performs an off-shell matching, in the BFM when gauge theories are in-
volved, of a UV model onto an EFT. This is done by computing, in dimensional regularization
in D = 4 — 2¢€ space-time dimensions, the hard-region contribution to the one-light-particle-
irreducible relevant amplitudes at tree and one-loop level in the UV theory and equating it to
the tree level contribution in the EFT for arbitrary kinematic configurations of the external par-
ticles (see [58,59] for two recent excellent reviews of the matching process). The amplitudes,
with only physical external light particles, that have to be computed are fixed in an auto-
mated way by matchmakereft but the user has flexibility on changing this list as described
in Section 4. All the relevant diagrams in the UV model and the EFT are then automatically
computed by QGRAF [60] and the corresponding amplitudes are dressed by matchmakereft
using the Feynman rules computed during the creation of the model.

2.2 Amplitude calculation

Matchmakereft runs in two different modes, depending on whether the UV model is light
or heavy, called RGEmaker and Matching modes, respectively. In RGEmaker mode, which is
used to compute the RGEs of an arbitrary theory, the UV model contains no heavy particles
and matchmakereft computes the UV-divergent contribution proportional to 1/¢ of the cor-
responding one-particle-irreducible amplitudes. In Matching mode, there are heavy particles
in the spectrum and both the finite and 1/e (both UV and IR) hard-region contributions to
the corresponding one-light-particle-irreducible amplitudes are computed. In this case dia-
grams including only light particles are not included in the calculation, as they cancel in the
matching.
The calculation of the hard region contribution to the amplitudes is performed with FORM [61 ]

and proceeds as follows:

* Hard region expansion. This corresponds to the following expansion of the integrand
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of the amplitude

k2 ~ M2 > p? ~m?, 1)

where k represents the loop momentum, M a heavy mass, p any of the external momenta
and m a light mass. This is done by iterating the following identities

1 1 B p2+2k-p
(k+p)2—M2  k2—M? (k +p)2 — M2

1 :l _p2+2k-p—m2 @
(k+p)2—m2 k2 (k+ p)2 —m?

These identities are imposed iteratively until the power of infrared (IR) scales (external
momenta or light masses) is the correct one to match the maximum dimension of the
operators appearing in the EFT as automatically computed in matchmakereft.

* Tensor reduction. Tensor reduction is performed by means of the following identities

k2
e b2 — gﬂl,uz B’ (3)
4
JeM M2 M3 feba — gM1M2H3H4 —DZ 2D ) (4)
k6
kMo kMe = gMreMe - 5
& D3+6D2+8D’ )
8
kM kMs = glh---Ms k (6)

D4 +12D3 +44D2+48D° "

where gt1#n is the totally symmetric combination of metric tensors.

* Dirac algebra. Once the integrals have been reduced to scalar integrals we proceed
to perform the corresponding Dirac algebra, in D dimensions in Matching mode (in
4 dimensions in RGEmaker mode). Version 1.0.0 of matchmakereft uses an anti-
commuting y° prescription as discussed in Section 2.3. In the case of fermion number
violating particles and/or interactions, we follow the rules proposed in Ref. [62, 63].

* Partial fractioning. The following identity is used to separate propagators with different
masses

1 1 [ 11 ] o
(kz—m%)(kz—m% m%—m% kz—m% kz—mg ’

where masses can be light or heavy and one of them can be vanishing.

* Integration by parts. After partial fractioning scaleless integrals are set to zero, except
in RGEmaker mode, in which case we keep the UV poles using,

dPk 1 i 1

QP Kt (4me 7 @)

before eliminating the remaining scaleless integrals. In Matching mode the following
identity is used to reduce the massive integrals to tadpoles
1 _D—2n 1
(k2—m2)ntl  2nm2 (k2 —m2)n’

)

At this point we are left with a tadpole integral

dPk 1 . m> [1

m2
= —+1-log| — ||+ O 10
(2m)P k2 —m?2 Ten2 | °8 ( e )] ), (10)

ag(m) =
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where

1
é

with y; ~ 0.5772 the Euler-Mascheroni constant. In matchmakereft 1/€ is denoted
by invepsilonbar.

|-

+vg —log(4m), (1D

2.3 About y° and evanescent operators

In order to ensure maximum generality matchmakereft assumes no four-dimensional proper-
ties when running in Matching mode. In particular no Fierz relations or reduction of products
of three or more gamma matrices is perform during the matching procedure. This means that
all evanescent structures, which are equivalent to operators in the Green basis only in D = 4
have to be explicitly defined as part of the Green basis. As an example, we provide in Ap-
pendix D the complete Green basis for the SMEFT at dimension 6 as needed for the matching
with matchmakereft of general theories with renormalizable couplings. > This extends the
Green basis of [ 64] with the general set of evanescent structures including fermionic operators.

Regarding y” it is well known that its implementation in dimensional regularization schemes
is problematic (see [65] and references there in for an account of the current status). The cur-
rent version of matchmakereft (1.0.0) implements an anticommuting y° together with an
implementation of the hermiticity properties of the WCs that is enough for the case of the
SMEFT (and extensions with multiple scalar doublets) as we discuss more carefully in Ap-
pendix B.

2.4 Wilson coefficient matching

Once the amplitudes have been computed, the output is written in two files for each ampli-
tude, one including the gauge structure and the other including the kinematic and flavour
structures. Matchmakereft then uses Mathematica match the amplitudes for all kinematic
configurations between the UV model and the EFT both at tree level and one loop. Once the
off-shell matching has been performed, that is the Wilson coefficients of the Green basis have
been computed in terms of the couplings and masses of the UV model, matchmakereft au-
tomatically performs a canonical normalization of the results and then reduces the matching
to a physical basis as defined by the user (see Section 4 for details). Results at all three levels
(Green basis with non-canonical kinetic terms, canonically normalised Green basis and Phys-
ical basis) are reported by matchmakereft together with the corresponding renormalisation
of the gauge couplings as fixed by gauge boson renormalisation in the BFM. If RGEmaker mode
has been invoked then matchmakereft can also automatically compute the beta functions for
all the WCs of the EFT used.

The off-shell matching used introduces a large degree of kinematic redundancy. In gauge
theories the BFM also introduces a large degree of explicit gauge redundancy. These redundan-
cies provide a very powerful mechanism to cross-check the results obtained in matchmakereft
and when any of them is not fulfilled matchmakereft will issue a warning and provide some
extra information that can be useful to debug the problem.

2Non-renormalizable theories can be matched also with matchmakereft but an extension of the basis with
a larger number of gamma matrices in four-fermion operators would be needed. Similarly, if bosonic evanescent
operators appear in the process of matching a specific UV model they would have to be included in the EFT basis.
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3 Model creation

Model creation is fully automated in matchmakereft but it relies on the explicit input from
the user. Thus, it is the step that should be performed with the greatest care, as it is the most
likely culprit in case of problems with the matching calculation. Model creation is greatly
simplified by the use of FeynRules but a few important points should be taken into account.

3.1

Required files

Matchmakereft expects a number of files with all the relevant information to create the
model. The detailed structure of each of these files will be defined below but we list them here
first: 3

-

N}

S~ oW

Model files (compulsory): one or more files modfilel.fr, ..., modfilen.fr that
define the model in FeynRules format. One of the files, the last one of the list dur-
ing the creation of the model (see below) is special, as it will define the name of the
matchmakereft model, which is modelfilen_MM, and the name that extra files with
additional information need to have. Matchmakereft expects the Lagrangian of the
to be defined as Ltot. If a different name is used the model will not be created.

Gauge information file (compulsory only if gauge groups are present): a file called
modfilen.gauge that has the definition of all the gauge functions, including struc-
ture constants, group generators in different representations and Clebsch-Gordan coef-
ficients, appearing in the model (see below for more information). The user can choose
any gauge basis of interest but they are responsible for the consistency of the chosen
basis.

Symmetry file (optional): a file called modfilen.symm that indicates possible symme-
tries in the parameters of the model. This is particularly important in the case of the EFT
model and it is compulsory in this case if symmetries are present. The content of the file
should be a Mathematica list in which the symmetries are given in the form of replace-
ment rules. As an example we show the case of the symmmetries of the Wilson coefficient
of the Weinberg operator (denoted by alphaWeinberg[i, j]=alphaWeinbergl[j,i])
and the four-lepton operator Oy = £;y"4 J-Z kYul (denoted by alphaO11[i, j,k,1]=
alphaOll[k,1,i,j]):
listareplacesymmetry=

{

alphaWeinberg[i_, j_] -> alphaWeinberg([j, il,

alphaWeinbergbar[i_, j_] -> alphaWeinbergbar[j, il,

alpha0l11[i_, j_, k_, 1.1 -> alphaOl1[k, 1, i, j]

}

where the underscore denoting dummy indices on the left hand side of the rules is com-
pulsory and the bar at the end of a name denotes complex conjugation.

Redundancy file (compulsory): a file called modfilen.red that provides the redun-
dancies that express the Wilson coefficient of a physical basis in terms of the ones in the
Green basis. It is compulsory but it can be empty if no redundancies are needed (for
example if the model is a UV model, if the physical and Green bases coincide or if we
just want the results in the Green basis).

3The installation of matchmakereft comes with a number of sample models that can be obtained with the
command copy_models (see below). We encourage the user to check these examples for details on how to
implement new models.
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* Hermiticity properties file: complex conjugation is a very important process inmatchmakereft,

providing extra cross-checks of the correctness of the calculation. For that reason it is im-
portant to provide the information of which WCs have special (anti)hermiticity proper-
ties. A file called modfilen.herm can be provided by the user defining a Mathematica
list called 1istahermiticity defining those WCs whose hermitian conjugate can be
defined in terms of the original coefficient. As an example, for the case of the hermitian
operator ((’)S; )ij =H Ti<l_)>uHE ir"€;, its Wilson coefficient, denoted alphaOHq1[i, j]
satisfies alphaOHqlbar [i, jl=alphaOHql[j,i]. This is provided in the form of the
hermiticity file as follows

1 listahermiticity = {

2 alphaOHqlbar [i_, j_]->alphaOHql[j,il]

3 }

3.2 Gauge structure

Matchmakereft is especially efficient when the matching is performed in the unbroken phase
of gauge theories as it keeps gauge indices as dummy indices during the calculation of the am-
plitudes, replacing them with their explicit values only at the end of the calculation. When
creating a model, all gauge functions, including structure constants, generators in different
representations and Clebsh-Gordan coefficients need to have a specific name that does not
correspond to any function already present in Mathematica or FeynRules. Structure con-
stants and generators do not have to be defined as FeynRules parameters but Clebsch-Gordan
coefficients do. The numerical values of these gauge functions are provided in a file wigh a

modfilen.gauge extension with the definition of a mathematica list called replacegaugedata

that consist of a list of substitutions in the form of Mathematica sparse arrays. As a simple
example, the SU(2); weak gauge group can be defined as follows in one of the . fr files:

M$GaugeGroups = {

SU2L ==
Abelian -> False,
CouplingConstant -> g2,
GaugeBoson -> Wi,
StructureConstant -> fsu2,
Representations -> {{Ta,SU2D}}
}

},

where we have defined the structure constant symbol and one representation with generator
symbol Ta and index definition SU2D. Note that the adjoint representation does not need
to be explicitly defined as it is defined by the structure constants and the definition of the
corresponding gauge bosons which, in this case reads (again, provided in one of the .fr
files),

M$ClassesDescription = {
v[2] ==
ClassName -> Wi,
SelfConjugate -> True,
Indices -> {Index[SU2W]},
Mass -> 0,
FullName -> "light"
X
};

A few things are worth emphasizing from the above example. First, the mass is set to zero
because we are in the unbroken phase of the SM. Second, we define physical fields in entire
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gauge multiplets, rather than components. 4 Finally, we assign the FullName variable to “light”
(FullName->"1ight"). This is compulsory in matchmakereft. Every particle has to be
defined with FullName equal to either "1ight" or "heavy" to define the corresponding
particle as light (and therefore to be kept in the EFT model) or heavy (to be integrated out in
the UV model).

The corresponding indices (not only gauge, also flavour indices if present) have to be
defined with a finite range within the .fr files. As an example the ones corresponding the
the adjoint (SU2W) and fundamental (SU2D) representations of SU(2);, together with flavor
indices for fermion generations (Generation), can be defined as follows

1 IndexRange [Index [SU2W]] = Range [3];

> IndexRange [Index [SU2D]] Range [2];

3 IndexRange [Index [Generation]] = Range [3];
4+ IndexStyle [SU2W ,n];

5 IndexStyle [SU2D,1];

6 IndexStyle [Generation, fl];

Only massless particles can have flavor indices in the current version of matchmakereft
(1.0.0).

In order to show how new particles with non-trivial quantum numbers and Clebsch-Gordan
coefficients are defined we show here the case of a heavy scalar triplet under SU(2); and the
SM Higgs

1 M$ClassesDescription = {

2 S[105] ==

3 ClassName -> tphi,

4 SelfConjugate -> True,

5 Indices -> {Index[SU2W]1},
6 Mass -> Mtphi,

7 FullName -> "heavy",

8 QuantumNumbers -> {Y -> 0}

9 } 5

10

11 S[11] == {

12 ClassName -> Phi,

13 Indices -> {Index[SU2D]},
14 SelfConjugate -> False,

15 Mass -> muH,

16 FullName -> "light",

17 QuantumNumbers -> {Y -> 1/2}

18 }

19

20 };

where the new particle is defined as heavy and has a non-zero mass while the SM Higgs boson is
defined as light (but also has a non-vanishing mass). We also see that U(1) quantum numbers
have to be defined explicitly as is standard in FeynRules. A trilinear coupling between the
heavy scalar and two Higgs bosons, which has a non-trivial gauge structure following the
corresponding Clebsch-Gordan coefficients, has to be defined explicitly like in the following
example

1 M$Parameters = {

2

3 c223 == {

4 ParameterType -> Intermnal,

5 Indices -> {Index[SU2D], Index[SU2D],Index[SU2W]},
6 ComplexParameter -> True

“It is actually possible to define also the field components separately as the physical fields. In fact, this can be
advantageous when creating complicated models that take very long to generate in FeynRules.
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} k]
}
and in the corresponding Lagrangian
Ltot := Block[{ii,jj,nn},
2 €223[ii,jj,nn] kappatphi tphilnn] Phibar[ii] Phil[jj]l + ...]

As mentioned above the explicit values of the gauge functions are given in a file called modfilen. gauge
(assuming the last FeynRules model file is called modfilen.fr) which, in the example we
are showing would contain the following information

replacegaugedata = {
fsu2 -> SparseArray[Automatic, {3, 3, 3}, O,
{1, {{o, 2, 4, 6}, {{2, 3}, {3, 2},
{1, 3}, {3, 1}, {1, 2}, {2, 1}}},
{1, -1, -1, 1, 1, -13}3}1,
Ta -> SparseArray[Automatic, {3, 2, 2}, O,
{1, {{o, 2, 4, 6}, {{1, 2}, {2, 1},
{1, 23}, {2, 1}, {1, 1}, {2, 2}}%},
{1/2, 1/2, -1/2, 1/2, 1/2, -1/2}}]1,
€223 -> SparseArray[Automatic, {2, 2, 3}, O,
{1, {{o, 3, 6}, {{1, 3}, {2, 1}, {2, 2},
{1, 1}, {1, 2}, {2, 3}}},
{1/2, 1/2, -1/2, 1/2, 1/2, -1/2}}1}%}

where we have implemented the usual definitions, fsu2[i, j, k] = elik

and C223[1, j,a] = O'f‘j/2.

, Tala,i,j] = o?j/z

3.2.1 Background field method

Matchmakereft assumes that the BFM is used when gauge theories are involved. Following
the SU(2); example, the associated quantum and ghost fields have to be defined on top of the

(5 T N )

definition of Wi given above

V[102] == {
ClassName -> WiQuantum,
SelfConjugate -> True,
Indices -> {Index[SU2W]},
Mass -> 0,
FullName -> "light"
},
Ul1] == {
ClassName -> ghWi,
SelfConjugate -> False,
Indices -> {Index[SU2W]},
Ghost -> Wi,
QuantumNumbers -> {GhostNumber -> 1},
Mass -> 0,
FullName -> "light"
}’

and the Lagrangian involving the SU(2), part is given by
gotoBFM={Wi[a__]->Wil[al+WiQuantum([a]l};
Ltot :=

Block[{lag,mu,nu,ii,aal},
lag=-1/4 FS[Wi,mu,nu,ii] FS[Wi,mu,nu,ii]

-ghWibar [aa] .DC[(DC[ghWi[aa] ,mul/.gotoBFM) ,mul

10
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-DC[WiQuantum[mu,a] ,mu] DC[WiQuantum[nu,a],nul/2;
lag/.gotoBFM
]

Note the compulsory use of Ltot for the name of the total Lagrangian of the model.

3.3 Defining the EFT model

As we have mentioned above, the EFT model has to be a 1ight model (no heavy particles)
and has to include all the relevant operators in a Green basis. The WCs in the EFT need to
have a special format. They have to be named alphaXXX, where XXX stands for an arbitrary
number of alpha-numeric characters (see Section 3.4). The amplitudes that matchmakereft
computes are defined by the operators in the EFT. In that sense, one does not need to include
all the operators of a Green basis but at least all the operators in a certain class (same fields),
including redundant and evanescent operators. ° Matchmakereft will then generate only
the relevant amplitudes to match these operators. Unless the user is absolutely sure that they
do not need them, renormalizable operators, including kinetic and mass terms, have to be
included in the EFT model.

When performing the matching, matchmakereft will check that all off-shell kinematic
configurations and all gauge directions are correctly matched. If these checks are not satis-
fied, matchmakereft will issue a warning, and store the relevant information. This usually
happens because the user made a mistake when defining the models, either because the model
is not correctly defined or because there are missing operators in the Green basis. See Sec-
tion 5 for common problems and possible solutions when running matchmakereft. When
doing the external momentum expansion all operators of dimension equal or smaller to the
highest dimension of the operators appearing in the EFT will be generated. Thus, one has to
include all operators of smaller dimensions within the same class. Failing to do so will make
the matching fail but the user can check that all problems appear in sectors that are of no
interest for them. Also sometimes some amplitudes are not correctly matched due to the use
of an anticommuting y°. Our proposed solution should be enough to ensure the correct results
in the SMEFT and similar EFTs but a warning will still be issued and the relevant information
stored so that the user can check if the solution is correct or not.

If the user is interested in the matching result in a physical basis, they have to provide
the corresponding redundancies to reduce the WCs of the Green basis into the ones of the
physical basis. This is done in the file denoted modfilen.red. As an example, let’s consider
the following redundant operators in the SMEFT at dimension 6

Owp = (H'D,H)'(H'D,H), (12)
Rgpy = (H‘t(BuH)avBW —g0pp+..., (13)
2
1 g
Rop = _5(3MBW)(apov) - _?10HD +... (14)

where the — indicates an on-shell equivalence. These redudancies imply the following on-shell
condition for the corresponding Wilson coefficients (with obvious notation)

2
alphaOHD — alphaOHD + 2g;alphaRBDH — g?lalphaR2B, (15)

which we implement in the file modfilen.red as follows

5See section 2.3 for a discussion about evanescent operators.
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1 finalruleordered={
2 alphaOHD ->alphaOHD + 2*xalphaRBDH*gl - (alphaR2Bx*gl~2)/2,

.

3.4 Protected words

There is quite a bit of flexibility in the process of model definition in matchmakereft but
there are a few words that are protected and should be used only for their specific purpose. In
general, all variables in matchmakereft should be made of alphanumeric characters, without
including any special characters. The list of protected variables are the following

* alpha. All WCs should be defined as alphaXXX where XXX is an arbitrary string of
alphanumeric characters. Similarly no other variable in the model should contain the
substring alpha. An exception to this rule is that when computing the RGEs of an EFT
the Wilson coefficients in the UV model can be kept with their original alphaXXX name
as they will be changed into WCXXX automatically by matchmakereft.

* Ltot. Ltot should be used to define the complete Lagrangian of the model (and it should
not be used for anything else).

* Quantum. Gauge bosons are split into a classical background and a quantum excita-
tion. If the classical gauge boson is defined by ClassName->Vname then the quantum
excitation has to be defined by ClassName->VnameQuantum.

* invepsilonbar is used for the dimensional regularization variable 1/€ so it should not
be use explicitly in the definition of a model. Similarly epsilonbar is used of €.

* Eps[] denotes the FeynRules Levi-civita tensor. When used with four indices it is
interpreted by matchmakereft as the Minkowskian (with + — —— metric signature)
totally antisymmetric tensor and should therefore not be used for the Euclidean one
(with a number of indices different from four it can be used as the Euclidean one). In
case one needs to use the totally antisymmetric rank-4 tensor both with Minkowskian
and Euclidean signatures, the latter should be explicitly defined as a gauge function and
its numerical value defined in the corresponding modfilen.gauge file.

* onelooporder is a dummy variable to identify the one-loop order contribution.

* sSS is a dummy variable to identify the order in external momenta of a specific contri-
bution.

* iCPV= €q,3 is used to fix the sign convention for the Levi-Civita symbol.

4 Matchmakereft usage

An updated version of this manual can be found, once matchmakereft is installed, in the di-
rectorymatchmakereft-location/matchmaker/docs/ where matchmakereft-location
is the directory listed under Location when the command pip show matchmakereft is
used or the analogous location in Anaconda (see Appendix A).

Matchmakereft can be run in two different ways. The same commands are available in
all different running modes although the syntax is slightly different on each of them.

12
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4.1 Matchmakereft commmand line interface

The most straight-forward way to run matchmakereft is via the command line interface
(CLI). This is obtained by just typing on the terminal (after matchmakereft has been installed,
see Appendix A for details)

> matchmakereft

The user has then access to the CLI which looks as follows

Welcome to matchmakereft
Please refer to arXiv:2112.10787 when using this code

matchmakereft >

Inside the CLI tab-completion is available and all file paths can be absolute or relative. The
command help gives information on all available commands. The core commands in matchmakereft
CLI are:

matchmakereft> test_installation

This command runs a number of minimal tests to check that matchmakereft has been cor-
rectly installed. The process is verbose and provides information on what is being computed.
It takes about 6 minutes to complete in a core-17@3.00 GHz laptop.

matchmakereft> copy_models Location

This command copies a number of sample models, including the complete baryon-number
conserving SMEFT at dimension 6, in the directory Location (which can be . for the current
directory).

matchmakereft> create_model modfilel.fr ... modfilen.fr

This command creates a matchmakereft model called modfilen_MM from the FeynRules
model defined in one or more files with names modfilel.fr ... modfilen.fr as de-
scribed in detail in Section 3. The matchmakereft model is created in the same directory
modfilen. fr is present. Both relative and absolute paths can be given as input.

matchmakereft> match_model_to_eft UVModelName EFTModelName

This command performs the complete tree-level and one-loop matching of matchmakereft
UV model with name UVModelName onto amatchmakereft EFT model with name EFTModelName.
The result of the matching is written in a file called MatchingResult . dat under file UVMode1Name.
Any possible problems with the matching are reported and stored in a file called MatchingProblems.dat
under the same directory. Matchmakereft automatically checks if the matching is run in
RGEmaker or Matching mode.
The result of the matching stored in MatchingResult.dat is a mathematica list called
MatchingResult with four entries and the following structure
MatchingResult={
{
3 {{GreenTree ,GreenTreeProblems},{GreenLoop,GreenLoopProblems}},
4+ {{NormGreenTree ,NormGreenTreeProblems},{NormGreenLoop,
NormGreenLoopProblems}},
{PhysTreeLoop},

{GaugeCouplingMatching}
}

where GreenTree and GreenLoop stands for the tree level and one-loop matching in the
Green basis, respectively and GreenTreeProblems,GreenLoopProblems are filled if prob-
lems were found in the process of impossing hermiticity as discussed in Section 2.3. The second
level, with the Norm prefix stand for the matching in the Green basis (again separately for tree
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level and one-loop) after canonical normalization. The third level, denoted PhysTreeLoop
stands for the matching in the physical basis in which the tree level and one-loop contribu-
tions have been merged into a single expression (with the dummy variable onelooporder
denoting the one-loop contribution). If no physical basis is defined by providing an empty
modfilen.red file then the Green basis is used as a physical basis. Finally, the fourth level,
denoted GaugeCouplingMatching provides the redefinition of the gauge couplings after
matching as fixed by the corresponding gauge boson canonical normalization in the back-
ground gauge.

matchmakereft> match_model_to_eft_onlytree UVModelName EFTModelName

Identical to match_model_to_eft but only the tree level matching is computed. With this
feature, matchmakereft can be used as an automated basis translator, as one can simply use
the corresponding EFT in a different basis as UV model and the matching will provide the
complete translation between the two bases (see Section 6 for an explicit example).

matchmakereft> compute_rge_model_to_eft UVModelName EFTModelName

This command runs match_model_to_eft UVModelName EFTModelName in RGEmaker
mode (the UV model has to be a light model) and then computes the beta functions for the
WCs of the EFT given the UV model. They are stored in a file called RGEResult.dat under
directory UVModelName. We define the beta function of a WC C as

dc
B(C) =p (16)
w

matchmakereft> clean_model ModelName

Matchmakereft is designed for the maximal efficiency so that if a specific process has been
already computed it is not computed again. If for any reason the user wants to recreate the
calculation of all the amplitudes this command should be invoked to clean the previous calcu-
lations.

matchmakereft> check_linear_dependence EFTModelName

Given a set of operators, defined as an EFT model in directory EFTModelName, this command
checks if they are off-shell linearly independent or not. This command is useful when finding
a Green basis as sometimes the off-shell relations between different operators are difficult to

obtain analytically. If the set is not linearly independent matchmakereft will provide the
relations between the different WCs (see Section 6 for an explicit example).

matchmakereft > exit
This command exits the CLI.

For the sake of flexibility the following commands are also available to perform indepen-
dently some of the steps of the calculations:

matchmakereft> match_model_to_eft_amplitudes UVModelName EFTModelName
This command is used to compute all the relevant amplitudes in the UV model and the EFT
but no calculation of the WCs is attempted.

matchmakereft> match_model_to_eft_amplitudes_onlytree UVModelName
EFTModelName

This command is identical tomatch_model_to_eft_amplitudes but performs only the tree
level calculation.

matchmakereft> compute_wilson_coefficients UVModelName EFTModelName
This command should be run after the call to either match_model_to_eft_amplitudes or

match_model_to_eft_amplitudes_onlytree and it computes the WCs to complete the
matching.

14
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4.2 Matchmakereft as a Python module

The python CLI described in the previous section provides an interactive experience to user.
However, matchmakereft can be also run by importing mat chmakereft into a python script,
a iPython shell or a Jupyter notebook as a module and then running the same commands as in
the CLI adding the parameters of the corresponding function as a string. As an example, the
commands to create a model stored in model UVmodel . fr and to match it to the EFT stored
in directory EFT_MM (which we assume has been already created) are given e.g. by

from matchmakereft.libs.mm_offline import *

> create_model ("UVmodel.fr")
3 match_model_to_eft ("UVmodel_MM EFT_MM")

All other commands in the CLI are also available to use as functions in a script that imports
matchmakereft.

5 Troubleshooting in matchmakereft

Matchmakereft provides a significant number of cross-checks that usually catch problems
with the installation or with the definition of the models. When a problem is encountered,
matchmakereft tries to provide a useful warning message that can be used to figure out
the origin of the problem. If the user encounters a problem that cannot be solved from the
information provided by matchmakereft we encourage them to check the troubleshooting
section in the latest matchmakereft manual and the Gitlab matchmakereft issue tracker
(https://gitlab.com/m4103/matchmaker-eft/- /issues) to see if the problem has been en-
countered by other users and a solution is available. If no solution can be found, the issue
tracker should be use to pose questions to the matchmakereft developers or to file possible
bugs.

Most of the times an unsuccessful matching is due to a badly defined model. Some common
pitfalls are:

* The complete Lagrangian of the model has to be named Ltot. Using a different name
results in matchmakereft not creating the model properly.

* Operators badly defined in FeynRules (a common example is indices not properly con-
tracted). This results in wrong Feynman rules that lead to incorrect matching.

* Model generation takes too long. This can happen with complicated models, in partic-
ular with effective operators of high mass dimension. As an example, the generation of
the SMEFT model can easily take more than 30 minutes in a core-i7@3.00 GHz lap-
top. In this case it is useful to compute the Feynman rules directly with FeynRules to
check that the model does not have any obvious problems. Also sometimes expanding
in the gauge components can significantly speed up model creation (at the expense of a
reduced gauge degeneracy and therefore a smaller set of cross-checks).

* QGRAF not running correctly. This could happen when vertices with a larger number of
particles than the limit set in QGRAF are present. The solution is to modify correspond-
ingly the limit in the QGRAF source and compile it again.

* FORM not running correctly. This is normally due to variables not being correctly defined
(again due to an incorrect implementation of the model). Running directly with FORM
the offending file can give hints on what is happening.
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* FORM taking too long to run. Amplitudes with many external legs usually involve a very
large number of diagrams that can take a long time to compute. The simplest solution
is to not include the corresponding operators in the EFT model if the user is not inter-
ested in their matching (in the SMEFT case at dimension 6 the operator Oy = (H'H)®
is usually the one that takes the longest to be matched). Other options could imply
splitting the diagrams into smaller sets and combining the result after the calculation
(this is how the beta function of the (H'H)* operator was computed in [24]) but this
process is not straight-forward. We expect to automate this procedure in future versions
of matchmakereft.

* All amplitudes are computed but the matching is unsuccessful. This can be due to a num-
ber of reasons, the most common ones being: the WCs of the EFT model or the couplings
in the UV model have some symmetry properties that have not been implemented in the
corresponding modfilen. symm file; the hermiticity properties of the couplings in the
EFT or UV models have not been properly defined, either in the definition of the model
itself or in the corresponding modfilen.herm file; there are some missing operators in
the Green basis of the EFT model.

6 Physics applications

A preliminary version of matchmakereft has been already used in a number of physical
applications [24, 66,67] but we list here some of the new applications that matchmakereft
has.

6.1 Cross-checks

As we have emphasized, the large redundancy inherent in the off-shell matching in the BFM
gives us confidence on the correctness of the results computed with matchmakereft. Never-
theless we have tested matchmakereft against some of the few available complete one-loop
matching results in the literature. We have found complete agreement except when explicitly
described. The list of models we have compared to include:

* RGEmaker mode:
— Complete RGEs for the ALP-SMEFT up to mass dimension-5 as computed in [66].

Exact agreement was found up to a typo in the original reference.

— RGE:s for the purely bosonic and two-fermion operators in the Warsaw basis [68] as
computed in [15-17] and implemented in DSixTools [29,30]. Complete agree-
ment was found.

* Matching mode:

— Scalar singlet. The complete matching up to one-loop order of an extension of
the SM with a scalar singlet was recently completed in [69], after several partial
attempts [37,70]. We have found complete agreement with the results in [69].

— Type-I see-saw model, as computed in [71]. Complete agreement was found.

— Scalar leptoquarks, as computed in [64]. We have found some minor differences
that we are discussing with the authors.

— Charged scalar electroweak singlet, as computed in [72]. We agree with the result
except for a sign in Egs. (4.14), the terms with Pauli matrices in (4.15), (B.4) and
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(B.5) (the latter is the culprit of the opposite sign in terms with Pauli matrices) and
a factor of 2 in Eq. (4.17) and of 4 in (B.7). We have contacted the authors about
these differences.

- Some partial cross-checks have been performed against the results in [ 73] with full
agreement.

6.2 Complete one-loop matching of a new charged vector-like lepton singlet

In this section we provide the complete tree-level and one-loop matching of an extension of
the SM with a new hypercharge —1, electroweak singlet vector-like lepton E. The Lagrangian
is given by

L= Lgy+EGP—Mg)E—[Af;¢pEp +h.c.], (17)
where ¢; and ¢ stand for the SM lepton doublets and the Higgs boson, respectively and i is a
SM flavor index. See [74] for direct experimental limits on such an extension of the SM.

This model is included in the distribution of matchmakereft and can be obtained via
the copy_models command. Once the model is downloaded, and inside the corresponding
directory, the following commands will generate the complete one-loop matching, including
the complete matching in the Greeen basis. We use the CLI as an example and replace the
output given by matchmakereft with ... ,
matchmakereft> create_model UnbrokenSM_BFM.fr VLL_Singlet_Y_ml_BFM.fr

matchmakereft> match_model_to_eft VLL_Singlet_Y_ml_BFM_MM
SMEFT_Green_Bpreserving_MM

The non vanishing WCs in the Warsaw basis, including one-loop accuracy are given in the
next sections. In order to reduce clutter we only write explicitly flavor indices when necessary.
Also we use the following notation

with M;; and arbitrary matrix with flavor indices. We also define
Ly =log(u*/M3). (19)

The tree level result agrees with the calculation in [34] (when taking into account the
different notation in the Yukawa coupling).
6.2.1 SM couplings

The SM couplings receive the following (one-loop) corrections:

- (0)4
2 _ (0)2+ LA*AJ 2M2—1 (O)Z_E'UIH_

(0)2 2
Uy =Wy 167T2|: E ZMH 3 MEZ _(.U'H _2ME)LE:|: (20)

g0, L [ — 6A O () + 3M2) + 184 °| A4 )
a 1672 18M2

2M2 — @) Ay @y @17

+ > (21)

ME
1 LA —glP2ulD% 4 62OM2 —3M2| A*4 ]
1672 3A4§

2(—Mb% + MI(L?)Z)Li*Ye(O)Ye(O)TiJ

+ > E> (22)
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17



SciPost Physics Submission

1 p? 1
(@ ”
O T KZ 3M2)Y(O)M A ht MLE]’ >
(0)2 1
_y ) _ O 543 ), 5 %3
vy =y - — [( BMZ)Y (24 571 AJLE], (24)
(0)2 (0)2
1 1 u 3 3u -
_(y©® H )y, | 5+ H +(7(0)
(Ye);; =(Y, ™) — Ton2 [(Z + SMZ)(Y )UM Al+ (8 02 )A’ilk(Ye )kj:|
(0)2
1 |1 e (1 W0, L
T2 [E(Ye“’))um AL+ (z * ﬁ) kixk(Yém)kj} Le, (25)
E

where the (0) superscript denotes the original parameters in the SM Lagrangian. All other
SM couplings receive no corrections. In the following we express our results in terms of the
physical SM couplings, the ones on the left hand side of Egs. (20-25).

6.2.2 Bosonic operators

Turning now to dimension 6 bosonic operators, we obtain the following non-vanishing WCs.

agw :ﬁ%, (26)
Ayp :ﬁ%?, (27)
Agwp = — 1617'52 g1g621t2;*J , (28)

oo~ (5828 i B
+161n2 ML;? (f—i — %g) AL ]+ A", Y, A J]LE, (29)
+161n2 Mig :%%LZX*J + Li*YeY:iJ} L, (30)

oty = 161n2 Mig[(%z — Slggg —oAlAA ]+ LMJB& 2%, Y“AJ)MA*J
+ 2 A, YA —2[)1*YeYteinJ]

+ 161n2 Mig [_27;g§ [AX* |+ 4ALA*Y, YA — 2Li*YeYteinJ} Lg. (31)

All other bosonic operators do not receive any corrections up to one loop.

18



SciPost Physics Submission

6.2.3 Bi-fermion operators

Regarding operators in the Warsaw basis with two fermion fields, the non-vanishing contribu-
tions in our model are the following.

1
(aew)ij = ~ Ton 224g;[27t i (Y ks (32)
1 N
(aop)j == 1o 212g]:/[2 AV (33)
1[ & 13 s, 1 s,
(o) = 6 ZyYe —4—;+ ST M I+ 3elAd JLE:| 5ijs (34)
2 _
17 5 x- 1 :x
e TR L 35
g 1 [ 48 13 ::,, 1 :x
(apy)ij = 167112 M2 451 54[AA*J EM)\*JLE:| ij, (36)
g 1 [28 13 56 .
(apddij :?;'ZIZW 4_51_1_08 J——[/UL JLE]5U, (37)
EL
MAE 11 13g2 A" 31g2 33g%2 13 .. \. .
( (1))11 J+ gl gll- J 5ij+ 81 _ gZ _3|_ A*J All*
Cam2 o 16m2MZ|\15 72 288 32 j
1, i s s
—5 HOATCAITES (Ye)ik(Ye I MA;
N 11 _gf[ii*] ) 25gf_9g2 ii 5
1672 M2 12 Y 48 16 A
15
M A (V) (Y, ) — (Y )ik (A A ] (38)
At 1 1 [ sgd Al 9g2 7782 5 s \: =
3) j L 28 i 2, 255 3
(hedys = aM2 " 16m2 ML%[ 72 Y (32 288 160 J)/Ml
213 9% 2 2 3 3%
1 1| glar] 9¢7 78, 3lAAT]Y ;-
— | = . o1, o2 A4 L
" Ton? Mg[ 2 it e Tt s )M 9
11 2¢2  13|AA*] 1o s
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6.2.4 Four-fermion operators

Finally, the following four-fermion operators receive non-vanishing WCs.

(i) S 5:;6 (44)
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6.3 Basis translation

Given a specific EFT, defined by its field content and symmetries, there are different options to
choose a basis of operators (either Green or physical). Different bases are useful for different
purposes and it is very useful to have a systematic way to translate the results from one basis
to another. The Rosetta code [75] can be used to translate between popular physical bases
for the dimension 6 SMEFT. However a more general approach, applicable to different EFTs
and any two bases (not necessarily physical) would be very welcome. Matchmakereft can
do this in a straight-forward way by performing the tree-level matching of the new basis (as a
UV model) onto the old one (as an EFT).

As a trivial example we consider the following two operators that appear in the one-loop
integration of a scalar singlet as shown in [70]

Og =(H'H)(D,H'D"H)
1 1
—2A0y + EOHD + E((Yu)ij(OuH)ij + (Ya)ij(Ogn)ij + ()i (Oen )i + h-C-), (65)
Or =%(HTBMH)2 — —20yp — %OHEIJ (66)

where in the second equality we have written these operators in terms of the corresponding
ones in the Warsaw basis (see Appendix D for the definition of the operators).

When using matchmakereft to match at tree level a UV model consisting of the SM plus
the two operators in the new basis, Oz and Of, onto the SMEFT in the basis described in
Appendix D we obtain the following tree-level matching in the physical basis (we use 3 for
the WCs of the operators in the new basis)

1

ay =2APg, agp =—2Pr, AyQ :E(ﬁR = Br), (67)
1 1 1

Qg =§/5R(Yu)ij, Q4dH =5/5R(Yd)ija Qe =§ﬁR(Ye)ij, (68)

which exactly reproduce the above equations. This is of course just a minimal example to show
the application of matchmakereft to basis translation but complete bases (both Green and
physical) can be translated in an automated way using this procedure.

6.4 Off-shell operator independence

Constructing a Green basis, that can match arbitrary off-shell amplitudes, is in principle straight-
forward. One has to simply write all possible operators and then eliminate those that are re-
lated to others by integration by parts (momentum conservation at the amplitude level) or
gauge (Fierz) identities. However, this procedure is sometimes quite cumbersome in practice,
in particular when there are many (space-time) indices involved. Matchmakereft can be
used in this case to check if the operators defined in the EFT are linearly independent for arbi-
trary off-shell kinematics or not. This is done by checking the rank of the system of equations
obtained by matching the EFT to all vanishing amplitudes. If several operators are linearly
dependent, the rank will be smaller than the number of operators and matchmakereft will
solve the system of equations to provide the relationship of the list of the dependent operators
in terms of a particular set of independent ones. This is achieved by defining an EFT with all
the relevant operators (including possibly linearly dependent ones) and running the command
check_linear_dependece EFTModel (see Section 4 for details). As a word of caution it
should be emphasized that matchmakereft makes no assumption about the space-time di-
mension. Thus, operators that are linearly dependent in D = 4 but not in arbitrary D are listed
as linearly independent in matchmakereft.
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7 Conclusions and outlook

EFTs have become a standard tool in quantum field theory to address multi-scale problems.
Using a mass-independent renormalization scheme, the process of computing observables in
models with disparate scales consists of integrating out particles at the highest mass threshold,
running the WCs by means of the RGEs down to the next threshold, integrating out the particles
at that threshold and so on until we reach the energies at which experimental measurements
are performed. We then compute the corresponding experimental observable using the EFT
relevant at that scale.

The current situation in particle physics seems to indicate that indeed, physics beyond
the SM, if present, is likely to be at a scale much larger than the energies at which we are
performing our experiments. In searches beyond the SM, the relevant EFT seems to be the
SMEFT at energies above the electroweak scale and the LEFT below that scale. The process of
running in the SMEFT, matching to the LEFT and running in the LEFT down to experimental
energies has been recently completed, up to mass dimension 6 and one-loop order, and it
is now available in computer tools. The matching of arbitrary models to the (dimension 6)
SMEFT has been also recently solved at tree level. Thus, the only missing piece to perform a
complete one-loop analysis of the implications of experimental data on new physics models is
the one-loop matching of arbitrary models onto the SMEFT.

In this article we have introduced matchmakereft, a computer tool that performs tree-
level and one-loop matching of arbitrary models onto arbitrary EFTs. Matchmakereft is
robust, efficient, flexible and fully automated and can be trivially used to perform the step
to one-loop matching of new physics models onto the SMEFT to complete the program out-
lined above. Due to its flexibility matchmakereft has many more applications than just the
matching of new physics models onto the SMEFT. First it can match any model onto any EFT.
Thus, it can be used to match new physics models to operators of dimension higher than 6
in the SMEFT (see [76] for the definition of the bosonic sector of a complete Green basis for
the SMEFT at dimension 8), or to other EFTs beyond the SMEFT that can be also phenomeno-
logically interesting, including for instance new light (or heavy particles) like an axion-like
particle or a right-handed neutrino [77]. Matchmakereft is also able to match divergences
in EFTs to compute the RGEs of arbitrary theories. Again this includes other EFTs beyond the
dimension-6 SMEFT (or LEFT) but also renormalizable (or not) arbitrary theories. Other ap-
plications of matchmakereft include an automated basis translation between two (Green or
physical) bases of an EFT or the reduction of an off-shell linearly dependent set of operators
to a minimal Green basis. All these applications are performed in an automated way, with
minimal interaction from the user, that only needs to provide the information of the UV and
the EFT models.

Version 1.0.0 of matchmakereft performs an off-shell matching in the background-field
gauge, thus providing a significant (kinematic and gauge) redundancy that is used to perform
numerous cross-checks of the computed WCs. There are nevertheless some limitations in ver-
sion 1.0.0 that we plan to overcome in future versions of matchmakereft. Among these
some of the most significant are the following:

* Flavor indices are currently not supported for massive particles. There is an experimental
version of this in matchmakereft and we expect to implement it in the near future.

* Amplitudes with many external particles (as required to match operators with many
fields) can have a very large number of Feynman diagrams at one loop. When the num-
ber is very large the calculation can become very slow. We plan to introduce new pro-
cedures to deal with this issue, including the splitting of groups of Feynman diagrams
that contribute to a single amplitude and the parallelization of the calculation to allow
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an efficient computation in multi-core or multi-node computer systems.

Matchmakereft has already been used in several physical applications and we have per-
formed an extensive number of non-trivial cross-checks to ensure the robustness of the calcula-
tions produced by matchmakereft. Its flexibility and efficiency will allow the particle physics
community to analyze in a fully systematic and automated way the one-loop phenomenology
or arbitrary new physics models.
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A Matchmakereft installation

A.1 Prerequisites

In order to be able to run matchmakereft, some prerequisites need to be met. First of all,
the following programs need to be installed:

* Mathematica, version 10 or higher.

* FORM : Installation can be checked by typing form -v in a terminal. Binaries or the
source code can be downloaded from http://www.nikhef.nl/~form/

* QGRAF : Installation can be checked by typing qgraf in a terminal. Binaries or the
source code can be downloaded from http://cfif.ist.utl.pt/~paulo/qgraf.html. Please
note that versions of QGRAF earlier than 3.5 had a maximun multiplicity of vertices
equal to 6 particles. If vertices with more than 6 particles are needed (this can happen if
dimension-8 operators are considered for instance) the source code has to be modified
accordingly and compiled again. The maximum multiplicity of QGRAF v3.5 is 8.

The binaries of both FORM and QGRAF need to be located in some path that is included in the
binary path of the system, in such a way that they can be executed from any possible location.
It is also necessary to have installed

* Python (3.5 or higher): Installation can be checked by typing python --version
in a terminal. In some systems python3 might have to be explicitly invoked.
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* FeynRules the mathematica package, is needed for the creation of matchmakereft
models. It can be downloaded from https://feynrules.irmp.ucl.ac.be/.

Matchmakereft is available both in the Python Package Index (PyPI) https://pypi.org/
project/matchmakereft/ as well as in the Anaconda Python distribution https://anaconda.
org/matchmakers/matchmakereft. Moreover,

* pip. Inorder to access packages from PyPI, pip needs to be installed on the system. It is
available in most Linux distributions and can be easily installed on MacOS and Windows.
Installation can be checked by typing pip -V in a terminal. In some systems pip3 has
to be explicitly invoked. General information about installing packages fcan be found
on https://packaging.python.org/en/latest/tutorials/installing-packages/.

* conda. Instructions about Anaconda installation on different OS can be found on https:
//docs.anaconda.com/anaconda/install /index.html. Explicit information about installing
conda packages can be found on https://docs.anaconda.com /anacondaorg/user-guide/
howto/.

A.2 Installing matchmakereft
A.2.1 PyPI

Once pip is installed in the system, matchmakereft can be installed by just typing in a
terminal (we denote the terminal prompt as >)

> python3 -m pip install matchmakereft --user
or by typing
> pip install matchmakereft --user

Alternatively, if the installation has been downloaded from the project web page, it can be
installed via

> python3 -m pip install matchmakereft-x.x.x.tar.gz --user

where the x.x.x correspond to the version being installed.
We can get information about matchmakereft by writing

> pip3 show matchmakereft

Name: matchmakereft

Version: 1.0.0

Summary: One loop matching

Home -page: https://ftae.ugr.es/matchmakereft/

Author: Adrian Carmona, Achilleas Lazopoulos, Pablo Olgoso, Jose
Santiago

Author -email: adrian@ugr.es, lazopoulosQitp.phys.ethz.ch,
pablolgoso@Qugr.es, jsantiagoQugr.es

License: Creative Commons Attribution-Noncommercial -Share Alike
license

Location: /home/user/.local/lib/python3.9/site-packages

Requires: requests, yolk3k, setuptools

Required-by:

If matchmakereft is already installed in the system, it is possible to check for possible updates
by writing

> pip install --upgrade matchmakereft --user

whereas one can remove it by typing

> pip uninstall matchmakereft
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A.2.2 Anaconda

For users employing Anaconda python distribution, matchmakereft can be installed by just
typing

conda install -c¢c matchmakers matchmakereft

A.3 Updating the system path

Once matchmakereft is installed, we have to ensure that the corresponding executable is

included in the user path. This can be easily achieved by copying the following two lines in

the ~/.bashrc file (or the equivalent one if a different shell is used)

export PY_USER_BIN=$(python -c ’import site; print(site.USER_BASE + "/
bin " ) ) )

export PATH=$PY_USER_BIN:$PATH

If the user prefers to install without the --user option (s)he should ensure that the directory

where the executables are installed is included in the path.

B Dealing with y;

When computing the matching equations with matchmakereft, we might encounter loop in-
tegrals that involve fermionic traces with chiral projectors, P . Among such traces, those that
contain an odd number of y5 and six or more y-matrices are known to be ambiguous, due to the
impossibility of finding a regulator that is Lorenz invariant and preserves the chiral structure
of the theory. In matchmakereft we regulate integrals within Dimensional Regularization,
so we have to face the question of how to compute these traces consistently.

Limiting ourselves, at first, to matching renormalizable UV models to the SMEFT, the cases
we have to deal with, in practice, are few. In order to have a trace in the first place, there can
be no external fermions in the related diagram. Moreover, the ambiguity is proportional to
the fully antisymmetric €,,,,,, tensor, and can therefore contribute to the Wilson Coefficient of
one of the few CP violating bosonic operators of the SMEFT, with two or three field strength
tensors. We therefore need two or three external gauge bosons. In order to have a trace with at
least 6 y-matrices we, therefore need four or three internal fermionic propagators respectively.
In summary, we only need to worry about boxes contributing to H'HX I“X 1Y type operators or
triangles contributing to XX ;’X f; . Triangle diagrams contributing to X5 X ;’X f,f , with fermions
in the internal lines, however, are non-ambiguous because there are no ys’s involved in the
vertices: all heavy fermions have to be vector-like®.

Next, let’s look at the box diagrams contributing to HTHX WX’ #¥ There are four internal
fermionic propagators, of which one or more can correspond to heavy particles in the UV
model. As mentioned, the corresponding traces have ambiguous and non-ambiguous parts.
The unambiguous part can be computed in any ys-scheme. The ambiguous part is proportional
to D—4 and is only of interest if it multiplies one of the singularities of the integral. Moreover,
since the UV theory is renormalizable, the maximum number of y-matrices is 6, which means
that terms in the numerator of such integrals with mass insertions have a lower number of
y’s and are therefore unambiguous. There are two types of singularities: UV singularities
corresponding to the UV structure of the full theory, and IR singularities that appear after
the hard region expansion is performed. The latter correspond to the UV singularities of the
SMEFT.

®Triangle diagrams with only light particles are ambiguous, but they do not concern us during matching. The
corresponding ambiguities are fixed by the anomaly cancellation mechanism that we assume any EFT has built in.
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The generic structure of the potentially ambiguous part of such box integrals is, up to
couplings and group theory factors:

4 .
(k +g;)"
" ~ f T, . — (69)
" 1251 M4.U«V!:1[ (k+qi)2 _m12
where fk = (Zﬂ:)D ,and T, ..y denotes a trace with an odd number of y5 insertions and six
Y’s, e.g.

TrlY p Y5Y s T s Y5Y 0T Y5 1- (70)
Performing the hard region expansion and the tensor reduction we get
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where {{;} = ujuru, with j,k,r #1, and {0;0;} = uru, with k,r #1, j.

The first term, of O(p®), is UV singular. It does not lead to ambiguities, though, since
ghitebsts makes the y5-dependent part of the trace vanish. The rest of the terms, of order
O(p?), are UV finite, but can be IR singular, depending on the number of heavy propagators:
for two, three or four heavy propagators, there is no singularity. For one heavy and three light
propagators, however, we do have an IR singularity.

We, therefore, conclude that ambiguous contributions from ys-odd traces in box integrals
are present only in diagrams with one heavy and three light propagators. They appear as a
product of the ambiguous (D — 4) coefficient of the trace multiplying a 1/€ pole of IR type
resulting from the hard region expansion. We would like to remain within the naive anti-
commuting ys scheme when computing traces in matchmakereft. To this end, we wish to
fix the ambiguous contributions of the y5-odd traces in box integrals with one heavy massive
fermion, a posteriori. We note that the Wilson coefficient we are trying to match must be real:
all operators of the type H'HX wX M are hermitian. Therefore any contribution from ys-odd
traces, being imaginary, must be multiplied by a purely imaginary product of couplings of the
full theory. But, in the case that ambiguities are present, i.e. when the UV theory has Yukawa
terms with the Higgs boson, one heavy and one light fermion, leading to box diagrams with
a single fermionic propagators, the corresponding Yukawa couplings are complex conjugates
of each other, by virtue of the hermiticity of the UV Lagrangian. As a result, the product of
all couplings is real and, therefore, the ys-odd contributions are purely imaginary. They can
be set to zero by hand, at the end of the computation. Note that this does not imply that the
ambiguous contributions are zero: it is the sum of ambiguous and non-ambiguous traces that
are set to zero.
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Note that this procedure also works if the effective theory is not the SMEFT. In such cases,
more than one scalar fields might be present, allowing for non-hermitian operators of the type
¢I¢2X wX #¥_ The constraint that the corresponding wilson coefficient is real does not apply
any more. It is, however still true that the wilson coefficient of this operator should equal the
complex conjugate of the wilson coefficient of the hermitian conjugate operator ¢'2'r 1 X wX wy,
This is, again, enough to remove the ambiguities.

C A minimal complete example

In this section we demonstrate many of the features of matchmakereft with a concrete ex-
ample involving two scalar fields, a light, but not massless, field ¢ and a heavy field ®. Our
model is described by the Lagrangian:

1 1 1 1 A A K
L=2(8,¢0)P—-m2¢p2+=(9,8)> — ~M2&*> — 0¢* - 29282 — ~ %, 2
S —smip?+ (0,00 — IMFe?— D0¢¢—T2p%er — T g%, (72)
which we want to match to the EFT Lagrangian without the heavy scalar,
A4k 2 %9 Y44 @ 6 U6 349 APTIRY
Legpr = —(0 — =P ——¢"——=¢°——¢p°0°¢p——(0 . 73
EFT = (0u9) 5 ¢ 4!¢ 6!¢ 4!43 ¢ 5 (2%¢) (73)

We will use this Lagrangian during off-shell matching. Subsequently, the kinetic term can be
canonically normalized, and the redundant operators can be eliminated. Two of the three
operators of dimension 6 are redundant. We choose ¢ as the independent operator. Using
equations of motion we can readily find that:

1
$°0%p — —ay¢*— §a4¢6, (74)
242, 42420 2% 4 Y4 6
(0%¢)" > aje + ==¢% + 229 (75)

Eliminating these operators from the Lagrangian would induce the shifts

oy — Qg+ a%&(, (76)
A, — ay— A0y +4aya,de (77)
ag — Og—5agay+ 10(316013r (78)

The coupling x of this model is a dimensionful coupling, and is expected to be parametrically
of the order of the heavy mass scale My. Thus, MLH is of O(1) and is kept throughout the
matching procedure consistently.

The Feynrules file for the UV model, saved at two_scalars.fr, is shown below.

(¥ --- Contents of Feynrules file two_scalars.fr --- *)
M$ModelName = "two_scalars";
3 (k *xxx*x Particle classes ***x*x x)

M$ClassesDescription = {

S[1] == {ClassName -> phiH, SelfConjugate -> True, Mass -> MH,
FullName -> "heavy"},

S[2] == {ClassName -> phi, SelfConjugate -> True, Mass -> mL,
FullName -> "light"}

};

(k  kkokkok Parameters kkkkk K)

M$Parameters = {

MH == {ParameterType -> Internal, ComplexParameter -> Falsel,

mL == {ParameterType -> Internal, ComplexParameter -> Falsel,

13
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V == {ParameterType -> Internal, ComplexParameter -> Falsel,
lambdaO == {ParameterType -> Internal, ComplexParameter -> Falsel},
kappa == {ParameterType -> Internal, ComplexParameter -> Falsel},
lambda2 == {ParameterType -> Internal, ComplexParameter -> False}
}
(% kkkkk Lagrangian kkkkk k)
Ltot := Block[{mu},
+ 1/2 * del[phi,mu] * dell[phi,mu] + 1/2 *del[phiH,mu] * del[phiH,
mu ]

- 1/2 * MH~2 * phiH"2 - 1/2 * mL~2 * phi-~2

- lambda0 / 24 * phi~4 - kappa / 2 * phi~2 * phiH
- lambda2 / 4 * phi~2 * phiH~2

1;

Note that we use the keyword FullName to characterize each field as "heavy" or "1ight".
This is mandatory: matchmaker uses this keyword to distinguish between fields that are in-
tegrated out and those that are light and are also present in the EFT. Also note that all the
parameters that are used in the Lagrangian, masses as well as couplings, must be declared. In
this example all parameters are real.

The Feynrules file for the EFT model, saved at one_scalar.fr, is:

(¥ --- Contents of Feynrules file for the EFT model one_scalar.fr ---
*)
M$ModelName = "one_scalar";
(x **xx Particle classes ****x x)
M$ClassesDescription = {
S[2] == {ClassName -> phi, SelfConjugate -> True, Mass -> O,
FullName -> "light"}
}
(& kokkokox Parameters kkokkk k)
M$Parameters = {
alpha4kin == {ParameterType -> Internal, ComplexParameter -> Falsel,
alpha2mass == {ParameterType -> Internal, ComplexParameter -> Falsel},
alpha4 == {ParameterType -> Internal, ComplexParameter -> Falsel,
alpha6 == {ParameterType -> Internal, ComplexParameter -> Falsel},
alpha6Rtilde == {ParameterType -> Internal, ComplexParameter -> False
L,
alpha6Rhat == {ParameterType -> Internal, ComplexParameter -> False}
3
(k kkokkok Lagrangian kkkkk k)
Ltot := Block[{mu,mu2},

1/2 * alphad4kin * del[phi,mu] * del[phi,mul
1/2 * alpha2mass * phi~2
- alpha4/24 * phi~4
- alpha6 * phi~6/720
- alpha6Rtilde/24 * phi~3 * del[del[phi,mul],mul
- alpha6Rhat/2 * del[del[phi,mu],mu] * dell[dell[phi,mu2],mu2]

Note that we have included WCs (denoted by alpha) also for the kinetic and mass terms
(squared), as well as for all operators that are redundant solely due to the equations of motion.

In order for matchmakereft to perform the reduction to the physical basis, we need to
provide a set of relations that express the redundant WCs in terms of the irreducible ones, see
Eq. (78). This is done at one_scalar.red:

(* --- Contents of one_scalar.red --- %)
finalruleordered = {
alpha6 -> - alpha6Rtilde * alpha4 *5 + alpha6Rhat * alpha4~2 *x 10 +
alpha6 ,

alpha4 -> alpha4 - alpha6Rtilde * alpha2mass + 4 * alpha6Rhat x*
alpha2mass * alpha4 ,
alpha4kin -> alphad4kin ,
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alpha2mass -> alpha2mass + alpha6Rhat * alpha2mass~2
b

Note that only the WCs corresponding to physical operators, among those appearing in the
EFT Lagrangian and defined in the file one_scalar.fr, must be present on the left hand side
of the replacement rules in this file. The WCs corresponding to redundant operators appear
only on the right hand side. When these rules are used, both redundant and non-redundant
WCs have been matched and are known as functions of the parameters of the UV theory. The
rules are therefore instructions on how to update the non-redundant WCs, to include the effect
of the redundant ones.

With these files prepared we are ready to proceed with matching. In the matching direc-
tory, where two_scalars.fr,one_scalar.fr,one_scalar.red are present, we can run
matchmakereft:

>matchmakereft

upon which we enter the python interface

Welcome to matchmakereft
Please refer to arXiv:2112.10787 when using this code

matchmakereft >

We first need to create the matchmaker models, i.e. the directories with all the necessary
information for the UV and the EFT models. We do this by

matchmakereft> create_model two_scalars.fr

which has the response

Creating model two_scalars_MM. This might take some time depending on
the complexity of the model

Model two_scalars_MM created

It took 7 seconds to create it.

We can now observe that the directory two_scalars_MMis created. We proceed with creating

the EFT model

matchmakereft> create_model one_scalar.fr

Creating model one_scalar_MM. This might take some time depending on
the complexity of the model

Model one_scalar_MM created
It took 7 seconds to create it.

The one_scalar_MM directory is now created as well, and we are ready for the matching
calculation. This is performed by the match_model_to_eft command:

matchmakereft> match_model_to_eft two_scalars_MM one_scalar_MM

Upon completion, the results of the matching are stored in the UV model directory, in this
case two_scalars_MM. The file two_scalars_MM/MatchingProblems .dat contains trou-

bleshooting information in case the matching procedure failed. In our case it is an empty list,
indicating no problems:

problist = {}

The result of the matching procedure is in two_scalars_MM/MatchingResults.dat,
a Mathematica file with a list of lists of replacement rules. The off-shell matching gives the
following results for the WCs of the Green basis. At tree level the non-vanishing contributions
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As can be seen in the equations above, the kinetic operator receives a correction and there-
fore ¢ is no longer canonically normalized. A field redefinition is needed to obtain a canoni-
cally normalized theory on which we can apply the corresponding redundancies to go to the
physical basis. Matchmakereft does these two processes (canonical normalization and going
to the physical basis) automatically. The resulting WCs in the physical basis read, up to one
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loop order
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Next, we would like to compute the RGE equations for both models. For each model we
need a new pair of Feynrule files as a starting point. We start for the RGEs for the UV model.
The corresponding UV model, located in the file rge_two_scalars_uv.fr is the same as
two_scalars.fr with the very crucial difference that the heavy field H is also declared as
"light" here.

S[1] == {ClassName-> H, SelfConjugate->True, Mass->MH,
FullName—>"light"}

The target model is now at rge_two_scalars_eft.fr. It consists of an EFT Lagrangian
with the field H considered as a light field:

(¥ --- Contents of rge_two_scalars_eft.fr --- x)

M$ModelName = "rge_two_scalars_eft";

(% **x*x Particle classes ***x x)

M$ClassesDescription = {

S[1] == {ClassName -> phiH, SelfConjugate -> True, Mass -> 0,
FullName -> "light"},

S[2] == {ClassName -> phi,SelfConjugate -> True,Mass -> O,
FullName -> "light"}

3

(% kokkxx Parameters *okkkk k)

M$Parameters = {

alphad4kinphi == {ParameterType -> Internal, ComplexParameter -> False

},

alpha4kinH == {ParameterType -> Internal, ComplexParameter -> Falsel},

alpha2MH == {ParameterType -> Internal, ComplexParameter -> Falsel},

alpha2ML == {ParameterType -> Internal, ComplexParameter -> Falsel},
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alpha4 == {ParameterType -> Internal, ComplexParameter -> Falsel,
alphaV == {ParameterType -> Internal, ComplexParameter -> Falsel,
alphal == {ParameterType -> Internal, ComplexParameter -> Falsel},
alpha4H == {ParameterType -> Internal, ComplexParameter -> False},
alpha2 == {ParameterType -> Internal, ComplexParameter -> Falsel,
alpha3 == {ParameterType -> Internal, ComplexParameter -> Falsel}
};

(k kokokokok Lagrangian kkkkk k)

Ltot := Block[{mu},

alphaV * phiH

+1/2 * alphadkinphi* del [phi,mu] * del[phi,mul]

+ 1/2 * alphadkinH * del[phiH,mul] * del[phiH,mul]

- 1/2 * alpha2MH * phiH"2

-1/2 * alpha2ML * phi-~2

- alpha4 / 24 * phi~4

- alphal / 2 * phi~2 * phiH

- alpha2 / 4 * phi~2 * phiH"2

-alpha3 * phiH~"3

-alpha4H * phiH"4
1 g
Note the presence of the new interaction terms &3, ®*: all possible operators of dimension up
to 4, compatible with the symmetries should appear here. Also note that we now have a WC
also for the kinetic term of the & field.

We don’t need a rge_two_scalars_eft.red file at all, since all operators of dimension

four present are physical. We can now create the two models with

matchmakereft> create_model rge_two_scalars_uv.fr

and

matchmakereft> create_model rge_two_scalars_eft.fr

and then we can proceed with the RGE computation via

matchmakereft> compute_rge_model_to_eft rge_two_scalars_uv_MM
rge_two_scalars_eft_MM

We then get, as before, inside the rge_two_scalars_uv_MM directory an empty problem
file MatchingProblems.dat, as well as a MatchingResults.dat file. Moreover, there is
another file produced, RGEResult .dat which contains the explicit form of the beta functions
for our UV model.
RGEResult = {
\[Beta][alphaV] -> -1/32*(kappa*mlL~2)/Pi~2
\[Beta][alphad4kinphi] -> O,
\[Beta][alphad4kinH] -> O,
\[Beta] [alpha2MH] -> kappa~2/(16*Pi~2)+(lambda2*mL"~2)/(16*Pi~2),
\[Beta][alpha2ML] -> kappa~2/(8*Pi~2)+(lambda2*MH"~2)/(16*Pi~2) +
(lambda0O*mL~2) /(16xPi~2),
\[Beta]l[alphad4] -> (3*lambda0~2)/(16*Pi~2) +
(3*1lambda2~2) /(16*Pi~2),
\[Betal[alphal]l ->(lambdaOxkappa)/(16*Pi~2) + (kappa*lambda2)/(4*Pi~2)

\[Betal[alpha2] -> (lambdaO*lambda2)/(16*Pi~2) + lambda2-~2/(4xPi~2),
\[Betal[alpha3] -> (kappax*lambda2)/(32*%Pi~2),
\[Beta][alphad4H] -> lambda2~2/(128%Pi~2)}

Let us now touch upon the topic of tadpole contributions, which will also explain the reason
for the a,® operator defined in line 25 of rge_two_scalars_eft.fr. In our model there are
tadpole contributions to many 1LPI diagrams, due to the operator x¢2®. They would vanish,
up to one loop, if the mass of the light field was set to zero, but are non-vanishing otherwise.
The resulting finite contributions are taken into account by our matching procedure. However,
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the corresponding poles, which contribute to the beta functions of m; and k are disregarded,
during the RGE computation. However, there is an easy way to account for them. By adding
the ay® term in the Lagrangian of rge_two_scalars_eft.fr, we induce the computation
of the one-point function beta-function: as we see from line 2 of RGEResult .dat, we have

play) = 17r Km% (94)

If, instead of working with tadpole contributions, we would have shifted the field ® - &+ V
we would have induced an explicit linear term VMI%d) and, due to the operators ¢2® and
$2®2, we would modify the mass term for the light scalar, m; and the k coupling:

1
ﬁ’l% =m%—KV+§KV2 , IZ'ZK_).zv. (95)

By setting the tree-level contribution of V such that it cancels loop corrections order by order,
we could eliminate tadpoles from the theory completely. Instead, here, we include their finite
part in the calculation, and we absorb the pole in the renormalization of m% and x. We should
therefore modify the beta functions we read from RGEResult . dat, to account for the tadpole
pole, by

2 m?
2y _ mp
5P(M2) = KB(V)= 2/3( ay) = 16n2M2, (96)
5H) = M) = 22 play)=— P2 L ©7)
N VL T S Ve
Reading the results of RGEResult.dat and adding these contributions we get
M2 2 Qom? 2 m?
pomzy=22Mh I Jomy KM (98)
16n2 ~ 8n2  16m2 1672 M2
2 sz%
()= 37L2 3)\3 (100
PAo)= 1602 ¥ 162 )
AoK lzK KAZ m%
= — —, 101
pl)= 1602 ' 4n?  16m2 M2 (10D
23 L oA
Ap) = —2 4 022, 102
BO) = 5+ T2 (102)

We can perform the same procedure, but now with the EFT model. We create the model
via the following rge_one_scalar_uv.fr file

M$ModelName = "rge_one_scalar_uv";
(* *x*xx Particle classes ****x x*)
3 M$ClassesDescription = {
S[2] == {ClassName -> phi,SelfConjugate -> True,Mass -> mL,
FullName -> "light"}
+
(% Hokokokok Parameters kokkokk k)
M$Parameters = {
mL == {ParameterType -> Internal, ComplexParameter -> Falsel,
a4 == {ParameterType -> Internal, ComplexParameter -> False},
a6 == {ParameterType -> Internal, ComplexParameter -> Falsel}
+
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13 (*%  kokkxoxk Lagrangian *okkkk k)

14 Ltot := Block [{mu,mu2},

15 1/2 * del[phi,mu] * del[phi,mul] - 1/2 * mL~2 * phi~2
16 -a4/24 phi~4 - a6 * phi~6/720

17 1;

18

which contains the physical operators of the EFT model. Note that we have changed the names

of the couplings to something other than alphaXXX’. We also create rge_one_scalar_eft.fr
andrge_one_scalar_eft.red thatareidentical with one_scalar.fr and one_scalar.red
defined above. Once again, we can create the two models and run compute_rge_model_to_eft.
The result is

Aoy

Blaz) = 16 > (103)
_ a2a6
Plad=1g; T6n2 " Ten2’ (109
15a404
Plag)=—c 5 (105)

We can now check whether the matching conditions and the RGE equations are consistent
with each other: if we match at u = My and we evolve all couplings using the RGEs of the
UV and the EFT model, to a lower scale Q, we should find the same expressions as when we
match directly at u = Q. Let’s see how this works in the case of the mass coefficient, a,. The
matching condition for a,, at scale u = My, gives, see Eq. (91),

1 (111(‘2 m;  3x*m? 1
2

+ +=A,M2 + 106
167>\ 3M7 2M2 2™ K) (106)

ay(My) = m%(MH) -

We can use Eq. (103) to evolve a, from My to a lower scale Q. In the leading-log approxima-
tion it reads,

1 ara
a,(Q) = ay(My) + = LQﬂ(az) = ay(Mpy) + 5 Lq 12 g, (107)
where L = IOg(M_fz)' Replacing the tree-level matched values of a, and a4 we get
1 11x%m 4 3K2m% 1
Q) = mi(My)— ( o S A MY+ K (108)
1672\ 3Mp 2M; 2
4 2 :
162\ M} 2M7 2

If the matching condition for a, had no tree-level contribution, this would be the full expres-
sion for a,(Q). In our case, however, there is a tree-level contribution, m%(MH). We need to
use the RGE equation of the UV model, for m;, Eq. (98) to evolve it to the scale Q. We then
get

1 11x*m}  3x*m? 1
Q) = mi(Q)— (

2
16m2 \  3M} “t 2M2 _AZM +K) (110)

2.4 2.2 2

LQ 2K“m L 3Kk“m L A‘ZMH 9

- + + + 2k ).
16n2\ My 2Mj 2

(111)

Had we match directly at the scale u = Q using Eq. (91), we would have found exactly the
same result.

7If alphaXXX names are used then matchmakereft automatically changes them to WCXXX.
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Similarly for a4, matching at u = My and evolving to u = Q, with the help of the RGEs for
both the UV and the EFT couplings, gives

4x®m? 32 1 (332«*m?  149A,k*m?  80AgkZm?
2,(Q) = Ag———3 Tz 16m2 6 T A 4
M} 2 16n2\ 3M§ 3M; 3M;
Aim? 25kt 204,62 TAgK2 1 60k*m?  34A,x*m>
a2 T T 2 2 Lq 6 T 4
3MZ M} M2 M2 1672 M M
16A0k*m?  16k*  14A,k%  6Agk2 343
— — 2| (112)
M ME o M2 M2 2

in agreement with what we would get by matching directly at u = Q, see Eq. (93).

D SMEFT Green basis

Here we present a Green basis of the dimension 6 SMEFT including two and four-fermion
evanescent operators. As far as possible, we will follow the notation and the conventions
used in the model file included with matchmakereft. We present first the renormalizable SM
Lagrangian, which reads
1 1 1 - . .
Loy = —ZGﬁvGA‘“’ — ZWJVW““’ — ZBWB‘“’ +(D,H)'D"H —m*H'H — AM(H'H)?
+ i[€pe +elpe + qlpq + ulpu+ dpd]—[LY,eH + qY,uH +qY,;dH +h.c.]. (113)

Hereinafter, we omit flavor and gauge indices whenever possible. Otherwise, we use i, j, k, L, ...
as flavor indices and A,B,C,... and I,J,K,... for the adjoint representation of SU(3) and
SU(2), respectively. We will use on the other hand a, b, c,... and r,s, t, ... for the fundamental
representation of the color and the electroweak group, respectively. In the model file com-
ing along with matchmakereft we use a slightly different notation for the couplings in the
renormalizable Lagrangian. For instance,

Y, — alphaOlambdau, A — alphaOlambda, m? — alphaOmuH2, ... . (114)

We refer the reader to the model file SMEFT_Green_Bpreserving.fr for more details.
The doublet H is defined by H = ioc2H* as usual and we assume the following definition
for the covariant derivative

1
. . O .
D,q= (9, —1g3TAG2 —1g2?WPIL —ig1YB,)q, (115)

where T4 = A*/2 with A% and o the Gell-Mann and Pauli matrices, respectively. Correspond-
ingly, the field strength tensors are

Gy, = 09,G,—09,G,+gsf"G G, (116)
Wy, = W, —3,W, +g e WIwr, (117)
B, = aqu_ava (118)

and their covariant derivatives

(DpG)Y' = 8,G), +eg3fPCGG, (119)
(DpW,u,v)I = apwdv +826UKW5W5W (120)
(DpBuv) = 8pB,uv: (121)
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with f4B¢ and €!/X the SU(3) and SU(2) structure constants, respectively.

The B-number preserving dimension 6 Green basis is presented in Tables 1-9. We follow
the convention of denoting operators in the Warsaw basis [68] by O, whereas redundant and
evanescent operators are denoted by R and &, respectively. We should stress that in our case,
redundant and evanescent operators do not vanish when using equations of motion or going
to D = 4 dimensions, being reduced to the operators in the physical basis in this case. We
follow the notation of [64] regarding redundant operators and include evanescent operators
with two and four fermions as well as possibly featuring charge conjugation. We use the
shorthand notation y*1~#» = y#1 y"» with no (anti)symmetrization. In the case of four
fermion operators with charge conjugation we do not include for the moment structures with
three gammas, which we plan to include in the near future.

We denote by iCPV = €53 € {1,—1} with e*P*” the Levi-Civita tensor, in such a way that
forD=4e.g.

o€ ypo = 21CPVio 675, (122)
with o#” = %[y“,y”] and

. - .
rs=ir%r'y*y’ = 1CPV  €unap "y "y rP. (123)

At any rate, dual tensors are defined by

Xy = S€umapX"”,  with X =G,W,B. (124)
We follow [27] for our definitions of evanescent operators, with the difference that we do

not define them to be zero. Considering at most three gamma matrices, they read

Egz) =PLy""P ® Py uyPr = 4(1+ aey€)P, ® Py, (125)
ENy = PRy Pr® Pry,, Py = 4(1+al,€)Py 8 P, (126)
EfY = Pry"" Py @ Pay Py = 4(4— bey€)Pry" P ® Py ,Py, (127)
Ega) =P y"" " Pr® Ppy v Pr=4(4—Db_,€)P Y PR ® Py, Pg, (128)
ES;) = Prr""* P ® Pyy 00 Pr = 4(1 + Cey€)Pry" P, ® Py, P, (129)
Egy = Py Pr® Py Py = 4(1+ L )Py ' P ® Pey P, (130)
while
P y*"P, ® Py, P, = (4—2€)P, ® P, — P 0""P, ® P TP, (131)
Pry""Pr ® Pry,yPr = (4 —2€)Pg ® P — Pro"”"Pg ® PRo PR, (132)

assuming the following basis of the space of Lorentz singlets and pseudo-singlets in D =4

{rierili=1,...,10} = {P, ® P, Py ® Py, P, ® Py, Py ® P, Pry"P, ® Py, Py,
PLy"Pg ® Ppy, P, PRY" P, ® Py, Pr, Py Pr ® PRy, Py,

PLGH'P, ® P, Py, Pro* Py ® PR, Pr ). (133)
In order to be consistent with flavor, we further assume that a., = a,,ce, = c,,. There-
fore, at the end of the day the one-loop matching will be dependant on four free parame-

ters: iCPV,aEV,bEV and cEV. However, physical observables computed with the obtained
dimension-6 EFT can not depend on such parameters.
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One final important remark should be made. In the model file . fr of the SMEFT used by
matchmakereft to do the matching, the operator of the Warsaw basis (’)ﬁ; . 1s replaced by

[2]
5€equ

since matchmakereft and FORM use always y*” instead of its antisymmetric version

o"?. After doing the matching, such operator is reduced onto the one present in the Warsaw
basis by the relation (we use a, 8 and y for the WCs of physical, redundant and evanescent

operators, respectively)

(agi()lu)ijkl - (Ygzeglu)ijkl N (1 B Z) (Ygiglu)ilkj N % (n”qe)ilkf

L €\ (2]
8 (Yuefq)ljik B (1 B Z) (Yuefq)zjik : (134)
X3 X2H? H2D*
Bp ~C ¥
Oy f¥¢6GF 6" Ope G),GM'(H'H) Ry, (D,D*H)'(D,D"H)
~Av ~Bp ~C =
O fABCG‘:”vaGp“ O.= G’:vGA“”(H'H) H*D?2
Oy eWhwWPWy" 0y,  WLWWEH'H) O (H'H)o(HTH)
LKy Ivpd Py KH w! wl i f F(pgt
O e wiTw,Pw, O, W, WW(H'H) Oy, (H'D"H)'(H'D,H)
X2Dp2 Oup B,,B*"(H'H) Ryp (H'H)(D,H)'(D"H)
R L, DrPGr) O - B,,B*"(H'H) R (H'H)D,(H'i'D “H)
2G 20 foX% HB wy HD u
Raow _%(DMWIW)(DPWév) Ouws WJVBW(HTUIH) HS
R,z  —3(8,B"")(8"B,,) O, WJVBW(HTGIH) Oy (H'H)?
H2XD?
I 1571
Rypn DWW (H'iD | H)

e d
Repy  OB*(H'i D ,H)

Table 1: Physical and redundant bosonic operators.
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y2D? Y2XD p2DH?
— - - —
Ryp  30{DD%B}q Rg, — @Try"QD’GL, Oy (@r*q)H'iD ,H)
s _ .(_) _‘(_)
Ry  s{D,D*Blu Ry 3@My*iD’q)Gh, Ry (@iP q)HH)
P _ > ~ _ .
Ry 3d{D,DM, B} R 3@YMDTQG, Ry @r"9)d.(HH)

- - ~ o
Rip s¢{D, D", B} ¢ Ruvg (qaly“q)D"Wiv (9}2 (qo'y*q)(HTi D LH)
R iz {p, 0" BYe Rl, L@o'yiDow!, R (@GP lQHoH

o  2¢1D,D, wq 2@ YMiDYQW,, Ry’  (qiP'q)(H'o H)
Y2HD? + h.c. R/’Wq %(c_laly“i?”q)ﬁ/gv RZ(;) (qo'y*q)D,(H o'H)
Rumi ~ @OD,DMH Ry @r"q)d"B,, Oy,  (@"u)(H'ID ,H)
_. ~ _ e _ = R

Ruups  (@io,,D*u)D"H qu %(qy“l D "q)B,, Ry (ui P u)(H'H)

— ~ — i ed ~ _

Rbp3 (gD, D*u)H ngq %(qy“l D "q)B,, Ry, (uy*u)d,(H'H)

Ruws  @D'H Ry @YHu)D’GE, Oy, (dy"d)H'ID ,H)

> )

Rawprn  @DD*H Ry, 3@ry"iDwGh, Ry,  (diB d)(H'H)

Raupy (@0, DU)D’H R Y@ry"iD wGi, Ry,  (dy"d)a,H'H)

Raups  (@DDFAH Ry, (uy*u)a "B, Ouu  (@"d)H'iD,H)

Rywpa (@D, dD*H R, s@*iD'ws,, 0% (ZWQ()H'H‘B’NH)

Ry (ED,DMH  RL - Y@*iD wB,, RY (@B OEHH)

Reps  (Li0,,DHe)D’H Ry, (dTd)DYGA, Ry (r*0)3,(H'H)

Ry (DDYOH Ry, 3dT4Dd)6, 0F)  (to'y*e)(H'iDLH)

—_ — ~ P d
Reps ~ UDD'H  RL ATiDd)GL, Ry @B OH o H)
Y2XH +h.c. Rug (dy*d)d"B,, RGP (Lo"y*0)D,(H' o H)
TTAGHY NHGA / 1 g.,u: 7 = U 55
O (qT o u)HGW Ryq 5(dy*i D "d)B,, Oy (ex*e)(H'i D ,H)
~ - ~ H N
Ow @™uwo'Aw!, R, @D B, Ry, (Ei B e)(H'H)
O,z (qa‘”u)ﬁBW R (EGI)/“E)D”WJV R};e (Ey“e)au(HTH)
O, @™ dHGE, R, i@o'yiD OW., Y2H? + h.c.
0 o) HW! R LEolyHiDOW! O H'H)qH
aw (@oWd)o HW,, Ry, Loy iD"OW,, Oy (H'H)qHu
Oy _@ol”d)HBW Ry (_Ky“f)(_)a "By Oy (HTH)csz
Oy (Uo™e)o HW,, Ry, %(fy“i DYOB,, Oy (H'H)tHe
0,, (Co""e)HB,,  RL ~ 3(y"iD V0B,
Rp. (er€)2" B,
R, %(Ey“igve)BW
nge s(er*iD ”e)gw

Table 2: Physical and redundant operators with two fermions.
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Four-quark Four-lepton Semileptonic

0N @rEra O, GrOErL O ey 0)(@r,a)
0P @"o'd@o'd) 0, @"Ere) O  Erto'O@r.o’q)
O,  @ruru) 0, EOEre) O, (& e) (i ,u)
O (@r'd)(dy,d) Oy (Er"e)(dy,d)
O @'u)(dy,d) Oy @r*q)(@Erue)
0% (@' T u)(dy,TAd) 0y, (Ey"0)(ay )
o) (@) (ay,w) Oy (ey"0)(dy,d)
og? @ T*q)(@y, T*u) Oy (Ce)(dq)
o @rdy,d) Oy {o)en@uw)
O;} (@r"T4q)(dy, Td) O, (60" e)ers(q,0 1)
O%u;d (@,we (@)

Opna @ T"we (@, 1)

Table 3: Baryon and lepton number conserving operators with four fermions.

¥2XH +h.c. W2XD
& QTAO"U’quéﬁv qu qTA(o"yP + )(/_pa‘“’)qu éﬁv Eca dTA(o"yP + }(f_pa‘“’)de éﬁv
Ew qgla“”uﬁwlﬁv Séq ig(TAo™ —Iﬁo“”TA)qGﬁv E6q ici(TAo‘“’lﬁ—l,ﬁa‘“’T"‘)dG’;‘v
Ep QG‘“’uﬁEW 5’qu ig(TAo™"p —Ba’“’TA)qéﬁv S’ad i&(TAo“"ID—BGWTA)déﬁv
Eic QTAU‘“’dHéﬁv qu gol(o"yP +}(f_pcr“”)quWPIW Epa d(o"7yP +)f’j_0“")d8pgw
Ew qglo’”dHWJv S;Vq iq(ala“vlﬁ—lﬁawal)qwlﬁv Epa ic_i(o“”lﬁ—lﬁa““’)dBﬁv
Eip EIU‘”dHEW Equ iq(olo“"D—Ba””ol)qW;v Séd ic_l(a“”l,D—Ba“”)dEW
Ew Zala‘“’eHWZv ng q(o*ryP +ypa“”)q3pl~?w Ewe (ol (atvyP +YPO“V)€DPWPIW
&z Zo’“’eHIABJW Sl;q iq(o“”lﬁ—Ba“")qBW Ewe il(clo" 1 —BO"‘”O‘I)EWJV
Y2HD? + h.c. Eéq ig(o"'p— Ba“v)qﬁw Em il(clo*p— Ba“”ol)éwliv
uH QO“"DPuD"ITIeWpU Eau aTA(o"yP + )fpo‘”)qu@ﬁv Ex ((o™yP + YPO'“")EapEM
Euy Qo"'DPADHe,p &g,  iu(TAo™B —BU“”TA)uGﬁv e it(c""p —Ba‘”)ﬁBW
En ZG‘“’D%D"HEWPU é’éu i(TAc*" p —BUWTA)uN@’:v 61/55 iZ(U“VD—BU“”)EEMJ
Ex, u(o"ryP +y’(’_a“”)u8pBW Exe e(oryP +)/’<’_GW)63PBW
Ep (o P —Ppo*")uB,,, Epe ie(o"”p—po+")eB,,,
éu iu(o*p —Bo“”)uﬁw Eée ie(c*'p —Ba’“’)egw

Table 4: Evanescent operators with two fermions.
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LRRL RRRR LLRR
5?u (qu)(aq) &) (@y" Tu)(@y, Tu) &l @r*"P @)@y uypu)
£ (@T*u)(@r’q) el @)@y puw)  EL® @r*PTAQ(@y y, T )
E.q (gd)(dg) ERND @ P TRy TR ) (@ )(dyrpd)
£ (@rd)(dT*q) &9 @rTAddy, ) £ @ TAq)(dyy, TAD)
£l @r*u)(iy,,q) e (dy""P d)(dy upd) LLIL
RO (g Ty, Th)  E® Ay PTAd)dy,,, TAD)  ED @r*TAq)@r, T q)
el @r*"d)(dy,,q) £ (ar*d)(dy,u) EED  (arto’ TAq)@r,o' )
O @TAd)dy,, T £Y @tTAd)dy,Th)  ERIO @r**P (@Y e )

LRIR ) @) dyupw)  EFP @0’ )@rpo'e)
QE%d @ wer@rd)  EFY @ PTAD(dy,, T ERN® @y TA)( @y, T )
XY@y TMe @y TA) £ @ Pw)(dyd)  ERIRS (g P ol TAQ)(Gyp 0 TAG)

gB1I®  (gyure Ay)(dy,,, TAd)

Table 5: Evanescent operators with four fermions involving only quarks.

LRRL RRRR LLRR
£ (Tu)(@t) b @RS Ey (Tr"q)(dye)
Euq @CH £,  (@rddrye) 5%3] @yt )@y o)
£, (e)(eq) B @rru)ymee) &y BP0y yed)
Eog  @redrng)  E @ ddriee)  ERT @)@y umpe)
g2 @y u)ar,t) R @re)arun)  Ey  @r"PQ(dygpe)
g3 @y d)dy,)  ER (@t Pe)(dyy,d) LLLL
e @) ey, E1q (Er*Q)@r,6)
LRIR 52) (Ey“clq)(cjyualﬁ)
Eoan L Oer (@) %i P9Vl
e (L) (@e) ETD Uy 09)(@Y 0’ )
Eouge L Wer(@yme) £ PO up0)
R A CYEy

Table 6: Semileptonic four-fermion evanescent operators. We use the shorthand
notation y#1#n = yH1 | vMn with no (anti)symmetrization.
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RRRR LLLL LLRR

gl (er"*Pe)(Ey uype) D (@yratOEy,o') & @ D(Er mpe)
LRRL & Er*P DY ypl)

5%5) (E}f”alﬁ)@yuolﬂ) 55?](3) (ZYW”UIZ)(ZYWPUIE)

£ @Dy yp0)

56[(3&3) (Lyre 011)(Eymp olt)

Table 7: Leptonic four-fermion evanescent operators. We use the shorthand notation
yhr-tn =M1 [ yHn with no (anti)symmetrization.

LeLLL® R°RRR¢ R°RLLS
ggq (q_carqbs)(Qbsq;r) gﬁu (Eaub)(ﬁbusl) chqu? (Fadb)(Qbrersqzs)
£l (@ arQbs)(@as T5,) £ (@adp)(dpdS)  E Wy dy)(@prrsyndss)
ER (@™ W) @osTindS) €y (lqdp)(dpus) L°RRL
EM (o 0s)asTurd,) €S | (Wdy)(douf) £, (" up)(@y7,,95)
e @ up) @y ) €y (@€ar"dp)(dpy,qs)
2] (FC 3 — _
5;%21 (deardp)(dprnds) g (@ ar"up)(iar,g;)
Ead . Wy dp)(dpyauy) €5 (q°qr*dp)(dqypugs)

£ (W dy ) gy putts)

Table 8: Evanescent operators with four fermions involving only quarks and featur-
ing charge conjugation. We use the shorthand notation y*1#» = y#1 __ y#» with no

(anti)symmetrization.

L°LLL® R°RRR¢ R°RLL¢
£y (L)L) &, (ece)(ee) 5;@% | @etrerg)
&, @ e &, (ew)(@es) & @y e T,y merdl)
£ @)@t &, (Ed)ded) LRRLS
Gl Er ) Eyg) EED @Ererne) &, ErteEnt)
E @) @rngd) ER @Eru)arme) &, @rre)Eru)
EL (@@t €57 @D drme) &, Eru)ar,ds)

£, @) dr.)
Eqe  @rte)dr,td)

Table 9: Semileptonic and leptonic evanescent operators with four fermions featur-
ing charge conjugation. We use the shorthand notation y*1#» =y y#n with no
(anti)symmetrization.
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