Scil SciPost Phys. 15, 143 (2023)

Towards the one loop IR/UV dictionary in the SMEFT:
One loop generated operators from new scalars and fermions

Guilherme Guedes!*, Pablo Olgoso?' and José Santiago®*

1 Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany
2 CAFPE and Departamento de Fisica Teérica y del Cosmos, Universidad de Granada,
Campus de Fuentenueva, E-18071 Granada, Spain

* guilherme.guedes@desy.de, T pablolgoso@ugr.es, i jsantiago@ugr.es,

Abstract

Effective field theories offer a rationale to classify new physics models based on the size
of their contribution to the effective Lagrangian, and therefore to experimental observ-
ables. A complete classification can be obtained, at a fixed order in perturbation theory,
in the form of IR/UV dictionaries. We report on the first step towards the calculation of
the one loop, dimension 6 IR/UV dictionary in the SMEFT. We consider dimension-six op-
erators in the SMEFT that cannot be generated at tree level in weakly coupled extensions
of the Standard Model. This includes operators with three gauge field strength tensors,
operators with two field strength tensors and two scalar fields and dipole operators. We
provide a complete classification of renormalizable extensions of the Standard Model
with new scalar and fermion fields that contribute to these operators at one loop or-
der, together with their explicit contribution. Our results are encoded in a Mathematica
package called SOLD (SMEFT One Loop Dictionary), which includes further functional-
ities to facilitate the calculation of the complete tree level and one loop matching of
any relevant model via an automated interface to matchmakereft. All operators in our
list are indeed generated at the one loop order in the extensions considered with the
exception of CP-violating ones with three field-strength tensors.
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1 A new guiding principle in the search of physics beyond the
Standard Model

During a glorious first decade of the century, the naturalness principle guided theorists into
a model-building frenzy. An ever growing list of interesting new physics models was readily
waiting for the Large Hadron Collider (LHC) to find them. An extra decade of intensive ex-
perimental scrutiny, by the LHC and other experiments, has shown that new physics is not
likely to be as close around the corner as we expected. Indeed, there seems to be a mass gap
between the scales we are experimentally probing and the scale of new physics. When this is
the case effective field theory (EFT) becomes the best tool to analyse the phenomenological
implications of experimental data on models of new physics.

The way EFT facilitates this analysis is by splitting the relevant calculations in two indepen-
dent steps. In the bottom-up approach experimental data is parametrised in a very convenient,
mostly model-independent way by means of global fits to a fixed EFT. In the second step, the
top-down approach, specific new physics ultraviolet (UV) models are matched onto the EFT,
thus connecting, via the global fits, theoretical models to experimental data. The matching
calculation, which has to be repeated for each new physics model, can be easily performed
thanks to available automated matching tools like matchmakereft [1] or Matchete [2] (see
also [3]).

While naturalness arguments can still play a relevant role in the discovery and interpre-
tation of new physics beyond the Standard Model (SM), it is clear that it cannot be our only
guiding principle. The pressure from more and more stringent direct limits on the scale of new
physics together with the vast number of models to test indicates that we should find alter-
native guiding principles in our quest to discover physics beyond the SM. It is in this respect
that EFT shows its real power. Perturbation theory and power counting arguments provide
an ordering principle that allows us to estimate the size of the different contributions of an
EFT. Arguments based on symmetry and the topology of the different diagrams then allow
us to completely classify new physics models that contribute up to a certain observable order
in the EFT expansion. This classification leads to the idea of infrared (IR)/UV dictionaries,
which comprise a complete classification of new physics models that contribute to the EFT at a
certain loop and mass dimension order, together with the corresponding matching calculation
at that particular order. The leading, tree level and mass dimension 6, IR/UV dictionary for
the Standard Model effective field theory (SMEFT) was published in [4], building on previous
partial calculations [5-8] (see [9] for an alternative way of constructing the dictionary).


https://scipost.org
https://scipost.org/SciPostPhys.15.4.143

Scil SciPost Phys. 15, 143 (2023)

IR/UV dictionaries have the potential to become a major guiding principle in the search of
physics beyond the SM. They provide a complete list of all models (and only those) that can be
experimentally accessible, including all possible correlations between different experimental
observables and, even more strikingly, including even models that have never been thought
of by theorists. Of course, this requires that the dictionaries be computed up to the relevant
order in perturbation theory to match the experimental precision. The tree level dictionary,
while extremely useful for sizeable effects, runs short when more precise experimental mea-
surements are considered and must be extended to the one loop order. In this article we will
report on the first steps towards the calculation of the complete one loop and mass dimension
6 IR/UV dictionary for the SMEFT.

Given the significant challenges inherent to extending the dictionary to the one loop level,
we will restrict ourselves in this work to a subset of dimension 6 operators, namely those that
cannot be generated at tree level in any weakly coupled extension of the SM[10,11].} We will
also consider extensions of the SM with an arbitrary number of new scalar and fermion fields
and renormalisable interactions. Completing the dictionary will require adding new heavy
vectors, non-renormalisable interactions and extending the classification to all operators in a
physical basis of the SMEFT at dimension 6. We plan to do this in future works.

The rest of the article is organised as follows. We describe the operators considered in this
work and their UV origin in Section 2. The matching procedure used to complete the classifi-
cation and to obtain the corresponding result for the Wilson coefficients (WC) is discussed in
Section 3. The partial result of the dictionary computed in this work is presented in Section 4
in the form of the Mathematica package SOLD, followed by an example of the usage of the
dictionary for phenomenological studies in Section 5. We conclude in Section 6 and leave
some technical particular results for Appendices A, B and C.

2 One loop generated operators in the SMEFT: Classification and
UV origin

Given an EFT, the SMEFT at mass dimension 6 in our case, one can match any new physics
model in several different ways. Our approach is to perform a diagrammatic off-shell matching
which requires the definition of a physical basis and a Green’s basis. The former, for which
we adopt the Warsaw basis [18], is all we need to compute physical observables. The latter,
for which we follow matchmakereft’s convention [1], is needed to perform the off-shell
matching, which amounts to equating the tree level off-shell amplitudes in the EFT to the hard
region contribution of the one-light-particle-irreducible (11PI) amplitudes in the UV model to
the required order in perturbation theory. Redundant and evanescent? operators in the Green’s
basis are then reduced to the ones in the physical basis. Thus, considering the UV origin of a
specific operator in the Warsaw basis requires including the contribution to all redundant and
evanescent operators that contribute to it.

Any operator in an EFT can be generated at different orders in perturbation theory, de-
pending on the UV model considered. Certain operators, however, can never be generated at
tree level in any weakly coupled extension of the SM. This was shown, using simple topological
arguments, in [10] for the SMEFT at dimension 6 in a basis along the lines of what many years

1See [12] for a related analysis and [13, 14] for recent efforts towards the calculation of the dictionary for
four-fermion interactions. See also [15-17] for results on generic UV extensions for a set of operators in the low
energy EFT (LEFT).

2We follow in this work the slightly unconventional nomenclature of matchmakereft by defining evanescent
operators as those that are equivalent to operators in the physical basis in d = 4 space-time dimensions rather than
the more traditional one in which they are defined to be vanishing in d = 4.
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Table 1: one loop generated operators in the Warsaw basis. Shaded operators are
generated at two or higher order loops in SM extensions with fermions and scalars.
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later would become the Warsaw basis, including the redundant operators that contribute to
the ones in the physical basis. The complete list of operators in the Warsaw basis that cannot
be generated at tree level are grouped in three classes. These are operators with three field
strength tensors, class X3, operators with two field strength tensors and two Higgs bosons,
class X?H? and finally dipole operators in class y)2XH. They are all collected in Table 1.

Let us discuss one loop contributions to each operator class in turn. In particular, we
are interested in the UV origin of such contributions, namely, which heavy scalar or fermion
fields can give rise to these operators at one loop order. The fact that light and heavy fields
are in complete, independent representations of the SM gauge group means that any gauge
boson insertion does not change the type of field in the amplitude. Thus, we do not need to
worry about gauge boson insertions in the following discussion (of course all required gauge
boson insertions will be properly taken into account when computing the actual amplitudes).
Operators in classes X* and X?H? do not receive contributions from redundant or evanescent
operators so we only need to focus on the generation of the physical operators. Operators in the
former class, X2, can be computed from three gauge boson off-shell amplitudes. Neglecting the
gauge boson insertions these amplitudes are simply vacuum bubbles of a single heavy scalar
or fermion that is charged under the corresponding gauge group. Thus, any non-singlet scalar
or fermion multiplet will, in principle, contribute to the corresponding operator. Operators
in the X?H? class can be computed from H'H plus two gauge boson off-shell amplitudes.
Taking into account again that gauge boson vertices do not change the matter content, these
can be computed simply from H'H two-point functions (dressed with insertions of two gauge
bosons). Dipole operators, on the other hand, receive contributions also from redundant and
evanescent operators. All the relevant operators, including redundant and evanescent ones
(see Appendix C for a complete list) can be computed from amplitudes of the form 4(V) and
Y PrHM(V), where V stands for the corresponding gauge boson, 1; = {I;,q; } stand for the
left-handed fermions of the SM, Yz = {ug, dg, eg} for the right-handed ones and v = {{;, Yz}
includes both. Neglecting again the gauge boson insertions we just need to consider 1 and
Y PprH® amplitudes.

Once we know which amplitudes we need to compute we can use topological considera-
tions to fix the actual Feynman diagrams contributing to them. Any one loop Feynman diagram
satisfies the following relation between the number of external particles, E, and the number

of vertices,
E+2

E=) (n—2)V,, (1)
n=3
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where n denotes the order (number of fields) of the vertices and V,, the number of vertices of
order n in the diagram and the sum ends at n = E + 2 because higher order vertices would
result in more than E external legs at one loop. In particular we are interested in the cases
E =2, 3, for which we have

E=2=V;+2V,, 2)
E:3:V3+2V4+3V5. (3)

Using these expressions and the form of possible renormalisable vertices (which further lim-
its n < 4) between light and heavy scalars or fermions one can draw all generic Feynman
diagrams contributing to the hard region of the corresponding 11PI amplitudes.® From these
diagrams one can immediately determine the quantum numbers of possible UV completions of
the operators we are interested in.* In practice, we can also determine the quantum numbers
of possible UV completions a posteriori, by using the explicit result of the matching to a generic
UV model as we describe in detail in the next section. We have cross-checked both ways of
classifying UV models finding full agreement in all cases.

All the operators in Table 1 are indeed generated at one loop order in extensions of the SM
with heavy scalars and/or fermions with the notable exception of the CP-violating operators in
the X3 class, namely O3y and Oz, that can only be generated at the two loop order in these
models. This feature was already pointed out, within some simplifying assumptions, in [20].

3 Computing the implications of new physics models

3.1 Matching procedure

Once we have fixed the list of possible new physics models that contribute at one loop order
to a certain operator (in the Green’s or physical basis) we have to compute their explicit con-
tribution to the corresponding WC. Before explaining how we have performed this calculation
in general, let us emphasize that the operators we are interested in are first generated at the
one loop order. This means that we do not need to keep track of “universal” contributions
in the form of wave-function renormalization or one loop contributions to the renormalizable
couplings, that would give additional contributions to the one loop dictionary only via tree
level generated operators. Thus, tree level generated operators and one loop contribution to
the renormalizable couplings (including kinetic terms) will be disregarded in the following.
The only exception to this is the possible tree level generation of evanescent operators that,
via Fierzing, can give rise to one loop rational contribution to the dipole operators we are
interested in (see Refs. [21,22] for a recent detailed discussion). Given the small number of
extensions in which this effect is relevant we provide the complete list in Appendix B.

We use matchmakereft to perform the matching, which, as mentioned above, follows a
diagrammatic off-shell approach. Since we do not know a priori the quantum numbers of the
heavy particles we have proceeded in two steps. First we have defined a generic model consist-
ing of an extension of the SM with heavy (Dirac or Majorana) fermions and (real or complex)
scalars with the most general couplings, among themselves and with the SM particles, as al-
lowed by Lorentz invariance but leaving their gauge quantum numbers, and therefore hthe

3In particular this means that diagrams with light bridges or loops involving only light particles are not to be
considered.

*See [19,20] for a similar approach to classifying UV completions of the SMEFT with some simplifying assump-
tions.
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corresponding Clebsch-Gordan (CG) coefficients, arbitrary. The only assumptions made on
this generic model are the following:

* Ttrespects the SM gauge group symmetry, under which the new heavy particles transform
in some arbitrary representation.

* The interaction basis coincides with the mass-eigenstates basis, i.e., mass terms are di-
agonal at tree level.

* Heavy fermions are vector-like, i.e., both chiralities transform under the same represen-
tation of the gauge group, so the UV theory has no chiral anomaly.

Denoting all fermions (light and heavy) by a single field ¥, and all scalars (light and heavy) by
another one ®,, where the indices, a, b, run over all relevant multiplets under the SM gauge
symmetry, we can write the generic form of the Lagrangian as follows

Ly = 5%%[@ — Mﬂ,ﬂ]\pa + (Sq,a[|DM<1>a|2 —-MZ |<1>a|2]
YA T v U T X e YvX {Tc T
+ >0 YA P08 + T B, P, 0,81 + X7, BT P, 0y, + K%, T6,P, 03! +h ]
x=L,R
+ [Kabe®a®p@c + KL 20 By @] + Agpea®a®p®ey

+ AL pog@a®p®c® + ALy @, 8,3 10] +hoc ], @

where P, p = (1 F v°)/2 are the usual chirality projectors, ¥¢ = CU' with C the charge con-
jugation matrix, 6y, is 1 (1/2) times the identity matrix for complex (Majorana, satisfying
v. = ¥,) fermions and 5% is 1 (1/2) times the identity matrix for complex (real, satisfying
<I>Z = ®,) scalars and the masses are zero for all the light fields except for the SM Higgs dou-
blet. The remaining couplings represent, for each fixed value of the indices, coupling constants
times CG tensors. Our convention for the covariant derivative is the following:

where Ty, (T;) are the generators of SU(2) (SU(3)) in the representation of ¥, and Yy, is its
hypercharge. Also note that, despite the explicit sign for the interactions in Eq.( 4), we follow
the standard convention for the SM interactions so that

?qlfuj¢ =—io?(Y,);;» (6)
Yie =—Ya)ij, 7)
Y, =— (%), (8)

N =—2/2, 9)

with o2 the second Pauli matrix. Once the generic UV model has been defined we have used
matchmakereft to perform the calculation of the amplitudes, their expansion in the hard
region and the projection over kinematic configurations and we have solved for the WCs of the
different operators. The gauge information is however still left generic at this point. This result
is stored internally, as it will be unchanged for any extension of the SM and the final user does
not need to repeat this calculation. In a second step, once the specific gauge representations for
the heavy fields are fixed, we use GroupMath [23] to perform the remaining group-theoretic
calculation. In order to obtain the results in the Warsaw basis we have computed all the
relevant coefficients in the Green’s basis and the result has then been translated to the physical
basis using the redundancies provided in [1]. We follow the naive dimensional regularization
prescription for y°, as implemented in matchmakereft, which is compatible with the scheme
introduced in [22] to compute the evanescent contributions reported in Appendix B.

6
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3.2 Model classification

The bottom-up use of the dictionary consists of the classification of all possible renormalisable
SM extensions (including heavy fermion and scalar fields) whose one loop contribution to a
certain WC, either in the SMEFT Warsaw or Green’s basis, is allowed by gauge symmetry. This
classification can be given in a closed form, even if the number of possible models is infinite.
The reason is that, contrary to what happens in the tree level case, quadratic couplings in
heavy fields can contribute for the first time at one loop order. This allows for loop topologies
in which the gauge representations for the fields running in the loop are not fixed, but only
their product is. As a consequence, one can only impose restrictions for the fields to contribute
through a certain diagram, but those can be fulfilled by an infinite number of representations.
Thus, the classification of possible new physics models can be given at two different levels:
on the first level we provide a complete, finite list of the restrictions to be fulfilled by the new
fields; on a second level we give a list of the allowed specific representations that satisfy any
of these conditions, up to certain dimension of such representations (the list being infinite
otherwise). As we will see below, the Mathematica package SOLD, that encodes the one loop
dictionary, includes routines to perform both tasks.

The list of restrictions (first level) can be easily computed in a comprehensive way using
the intermediate results of the matching as discussed in the previous section. Once we have
performed the matching for a specific WC in terms of a combination of CG tensors, we can sim-
ply check the restrictions on the quantum numbers of the heavy fields so that each diagram
is allowed by the gauge symmetry. Note however that we are just imposing that the result is
non-zero a priori; the particular value of the gauge structure depends on specific choices for
the representations, so it could happen that it vanishes for some of them, or even that some
cancellation happens between different diagrams. The list of restrictions for each diagram
defines implicitly a possible new extension and it is added to the complete list. These restric-
tions are then reduced so that they contain the minimum number of different fields needed
to satisfy them. Finally, we eliminate from the complete list those models that are related by
conjugation of one of the fields, since they are physically equivalent. In the case of coefficients
in the Warsaw basis, we compute this list for every coefficient that can contribute to it through
redundancies.

The complete list of models, even at the first level, is too long to report here and is given
in electronic form via the SOLD package. The only exception is the operators in the X2 class,
for which both the classification and the result can be given in closed form. We report on
the results for this class on Appendix A. An interesting result of our calculation is that the
two CP-violating operators with three field strength tensors, namely, Oz and Oz, are not
generated at the one loop order in any renormalizable extension of the SM with heavy scalars
or fermions.

4 SOLD usage

We provide in this section a detailed description of the Mathematica package SOLD, that
encodes the calculation of the part of the SMEFT one loop dictionary as described in this
article.

4.1 Installation

SOLD is publicly available in the following Gitlab repository: https://gitlab.com/jsantiago
ugr/sold. Before installing SOLD, the user should make sure that both GroupMath and
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Figure 1: Loading SOLD.

matchmakereft are already installed.”> There are two ways of installing the package:

1. Automatic installation. SOLD can be installed in a fully automated way by typing the
following command on a Mathematica notebook:

In[1]:= Import["https://gitlab.com/jsantiago_ugr/sold/-/raw/main
/install.m"]

This will download the package and place it in the Applications folder of
Mathematica’s base directory. The same command will (re)install the latest version
available in the repository.

2. Manual installation. The alternative way is to manually download the package from
the SOLD repository and place it in the Applications folder of Mathematica’s base
directory, or a different directory as long as it is included in the variable $Path.

Once installed, SOLD can be loaded in any Mathematica notebook in the usual way

In[2]:= << SOLD"

with an output shown in Fig. 1.

4.2 List of functions

The following functions are available in the SOLD package. The usual help command in
Mathematica can be used to obtain more information on them.® An updated version of
the manual can be found in SOLD’s installation directory.

* OneLoopOperatorsGrid. Displays a grid with the SMEFT operators in the Warsaw
basis whose leading contribution is at one loop. When the mouse is on top of each entry
the expression of the operator is displayed, and when clicked, the different contributions
from coefficients of the Green’s basis are shown.

>Technically matchmakereft is not necessary if the user is only interested in the operators described in this
article. It is necessary if the full one loop matching (including operators not in the three classes studied here) is
required.

5We provide detailed examples of the output for the most relevant functions in the next section.
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e ListModelsWarsaw[coefficient]. Returns a list with all possible SM extensions
(sometimes implicitly defined by restrictions in the product of some representations)
whose contribution to coefficient in the SMEFT Warsaw basis is allowed by gauge
symmetry (the conventions for the coefficients follow matchmakereft and the list of
coefficients is stored in the variable A11CoefficientsWarsaw). Each entry of the re-
sult represents a different SM extension. For each entry of the list, the first item indicates
the field content of the model (number and spin of heavy fields, with ¢i and i indicat-
ing scalars and fermions, respectively, with i a number), the second item contains the
restrictions that the SU(3) x SU(2) representations of the new fields should fulfill, and
the last item indicates the hypercharge restrictions.

* ListModelsGreen[coefficient]. Identical to the previous function but for opera-
tors in the Green’s basis.

* ListValidQNs[listrestrictions,<MaxDimSU3>,<MaxDimSU2>]. Computes the
valid representations under SU(3) x SU(2) representations, up to dimensions MaxDimSU3
and MaxDimSU2, respectively, allowed by listrestrictions, for the fields contained
in it. listrestrictions can be either the direct output of ListModelsWarsaw or
ListModelsGreen, a sublist of its entries or just an entry’s second item. MaxDimSU3
and MaxDimSU2 are optional arguments and their default values are 15 and 5, respec-
tively.

* Match2Warsaw[coefficient, extension]. Computes the contribution to a particu-
lar WC coefficient in the Warsaw basis generated by a model defined by extension,
where extension is a list of replacement rules with a tag to identify the heavy particle
(that must begin with an S or E depending on whether the heavy particle is a scalar or a
fermion respectively and be followed by an identifying letter) and a list of its quantum
numbers under SU(3) x SU(2) x U(1). As an explicit example, if the user is interested in
calculating the matching conditions of (O, ); ; from a full theory with an SU(2) triplet
vector-like lepton of hypercharge -1, a triplet scalar leptoquark of hypercharge -1/3 and
a triplet vector-like quark of hypercharge -4/3 [24], they would need to write:

In[3]:= Match2Warsaw[alphaOeW[i, j],
{Sa—>{33 3 1) '1/3} ,Fa->{1 1) 3 ) -1} ,Fb->{3 ) 3 1) '4/3}}]

Note that the definitions of coefficient follow matchmakereft convention, in par-
ticular iCPV fixes the Levi-Civita convention via iCPV = €(;53. Explicit numerical values
for the flavour indices are also allowed.

In order to allow for different, non-equivalent SU(3) representations of the same dimen-
sion, as well as conjugated ones, Dynkin indices can be used as a valid input for SU(3).
Note that this is not necessary for SU(2). An explicit example of this format is provided
in the next section. Symbolic hypercharges for the heavy fields are also supported, as
long as they are called Yi, where i is an integer character. However, only vertices that
formally conserve hypercharge will be taken as non-zero. This means, for instance, that
fields with symbolic hypercharge will never couple linearly with SM.

Finally, we consider fermions to be Majorana if they transform in a real representation
and Dirac otherwise. In order to obtain the results for a Dirac field in a real representa-
tion, the user should use two degenerate Majorana fields to reproduce this case.

* Match2Green[coefficient,extension]. Computes the contribution to
coefficient in the Green’s basis, defined in [1]. The conventions for coefficient
and extension are the same as for the function Match2Warsaw.
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* NiceOutput[result,<ListSubstitutions>]. Returns a more readable expression
of result. ListSubstitutions is optional and set to False by default; if set to
True, prints a list of the substitutions performed.

* SOLDInputForm[fieldreps]. Translates the gauge representation of a field (includ-
ing its hypercharge) from the output form given by ListValidQNs to a valid input
form usable by Match2Warsaw, Match2Green, Createlag, GenerateMMEModel or
CompleteOneLoopMatching. An explicit example of this function is given in the next
section.

* Createlag[extension]. Returns the full (BSM) Lagrangian internally used to com-
pute results produced by extension, including the numerical values of each of the CG
tensors, which are presented as TSi or TCi for the SU(2) and SU(3) contraction respec-
tively, where i corresponds to an identifying number.

* GenerateMMEModel [extension, modelname, <outputdirectory>]. Generates, in
the outputdirectory, the matchmakereft model needed for the full one loop com-
putation (the files included are useful to use with other tools such as FeynRules). The
modelname. fr file contains the full Lagrangian of extension, the heavy particle defi-
nitions and parameter definitions, all in FeynRules format. The file SM_SOLD. fr con-
tains the SM definition in FeynRules format and in case the heavy particles have exotic
representations under the SM gauge groups, it adds these representations to the defini-
tion of the gauge groups. The file modelname . gauge contains the numerical definitions
of the CG tensors considered in the definition of the Lagrangian. outputdirectory is
optional and set to Mathematica’s current working directory by default.

* CompleteOneLoopMatching[extension, modelname, <EFTname>,
<outputdirectory>]. Runs matchmakereft to obtain the complete one loop match-
ing conditions between a UV extension and an effective theory EFTname. If there is no
modelname_MM in outputdirectory, GenerateMMEModel is called in the first place.
EFTname is an optional argument and takes the default value of the matchmakereft’s
model for the SMEFT, SMEFT_Green_BPreserving_MM. outputdirectory is also op-
tional and set to Mathematica’s current working directory by default.”

Note that matchmakereft must be installed to run these last two functions,
GenerateMMEModel and CompleteOneLoopMatching.

4.3 Example of usage

In this subsection we will show an example of the usage of the package functions in sequential
order. As a matter of example, and in preparation for the phenomenological study in the next
section, let us consider that the user is interested in exploring UV completions which could
generate the SMEFT operator Q.

After loading SOLD we can start by listing the conditions on models that generate this
operator in the Warsaw basis. The corresponding command is

In[4:= ListModelsWarsaw[alphaOdG[i,j]]

whose output is partially shown in Fig. 2. Note that, for the SU(3) x SU(2) quantum numbers
a rule means that the representation for the corresponding particle is fixed whereas when the

’When run from a Mathematica notebook matchmakereft prints the output only at the end of the full
run. For a more informative output we recommend the user to create the model within SOLD using the
GenerateMMEModel function but then run the matching from matchmakereft in the terminal directly.

10


https://scipost.org
https://scipost.org/SciPostPhys.15.4.143

Scil SciPost Phys. 15, 143 (2023)

inz)= listofmodels = ListModelsWarsaw[alphaOdG[i, j]1];

MatrixForm[Join[Take[listofmodels[1], {1, 3}1, {{"....", "....", "...."}}, Take[listofmodels[1], {20, 22}],
(", L, L)), Take[listofmodels[1], {145, 146}, {{"....", "....", "...."}}1]
Out[3]//MatrixForm=
Field Content SU(3) ®SU(2) u(l)
{o1} (615321} {ycﬁi}
{91} {¢1-301} {Yor - ¢}
{61, ¢2} {01802, ¢2042 5833} {Yor> -2, Yo}
{91, Y1} {v1edI>3e1} {Yp1 - % + Yo}
{¢1, y1} {v109I>302} {(Yor > -1+ Yo}
(01, 41, 42} {¥1ledl>302, yley251e2, Yy20¢1>381} Y- -1+ Yo, Y > -1 -VYa)l
{61, vl, ¥2} {Yledl>3®2, y20Ul>102, y209l>3sl} {vv,lﬁféwm,vuﬁ%wm}

Figure 2: Partial output of the command ListModelsWarsaw[alphaOdG[i,jl].

13- modelQNs = ListValidQNs[listofmodels[1l, 145]];
Print["Model restriction :", listofmodels[l, 145], "\nList of Models:\n",
MatrixForm[Join[Take[modelQNs, {1, 3}1, {{"....", "....", "...."}}, Take[modelQNs, {-3, -1}111]
Model restriction :{{qsl, ¥1, v2}, {vledl-3e2, ylov2o1e2, y2esl o301}, {Ywﬁ% Yo, Yd,za—é 7Y@1H
List of Models:

6151818Y,, wla§®2®(fé+YM) w293®1®(7§7v01)
$151820Y, d/l—)?@l@(—é YM) w2ﬁ3®2®(-§-vol)
$l-1020Y, m%s‘@s@(,éwm) w293®2®(7§7\(01)

$1515'040Y,, w1->1e®3®(- +vm1) w2->1'6®4®(-

$1515'040Y,; yl->10050 (7

Wik Wik Wl
I I 1
< =< <
&S & 4§
22 R

1
6
L +YM) V2 > 1004 (7
?13+Y01

91 515'@50Y,; w1910®4®(7 ) w29m®5®(7

Figure 3: Output of the command ListValidQNs for one restriction, that is, one
entry from the output of ListModelsWarsaw[alphaOdG[i, j]1].

symbol D appears only the product is constrained. For the case of U(1) an unconstrained
hypercharge is explicitly written only when it does not appear in other conditions. We also
include redundant restrictions such as $2 ® $2 D 1 ® 1 because while ¢2 in this case can
have any quantum numbers, the information that it exists in the extension must be encoded
so that the field appears when we want to find the valid quantum numbers which respect the
restrictions.

After calculating the restrictions, the next step is to find the actual combinations of quan-
tum numbers which respect them. As such the next step is to use the command

In[5]:= ListValidQNs[conditions]

where conditions stands for the output of the ListModelsWarsaw[...] command or a
sublist of it. A fraction of the resulting list of models, using as condition the second one from
the bottom appearing in Fig. 2, is shown in Fig. 3; the output is given in the format of a list
where each entry corresponds to a restriction given by the previous command.

From the list of possible extensions, let us suppose the user is particularly interested in
studying the first one appearing in Fig. 3, which consists of one heavy scalar and two heavy
fermions with the following quantum numbers: ¢, ~ (1,1,Y1); ¥, ~ (3,2,Y1—1/6) and
Yp ~ (3,1,—Y1—1/3). The complete one loop result for the WC of the (Og4¢);; operator in
this model is simply obtained using the following command (note the Dynkin index notation
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2= Limit[
Match2Warsaw[alphaOdG[i, j], {Sa-> ({0, 0}, 1, Y1}, Fa- {{0, 1}, 2, -(1/6) + Y1},
Fb- {{1, 0}, 1, -(1/3) -Y1}}] /. L1[qLbar, dR, phi][__] » @, {MFa - MSa, MFb » MSa}] //
FullSimplify
out[2l= 7W]é22g3 (L1[Fa, Fb, phi, L] -3 L1[Fa, Fb, phi, R]) - Llbar[dRbar, Fb, Sa][j] = Llbar[Sabar, Fa, qL] [1]
a’

Figure 4: Result for the WC of the (Oy);; operator in the Warsaw basis for a partic-
ular extension in the limit of degenerate masses and neglecting terms proportional
to the down-type Yukawa couplings. See the text for the precise definition of the
model.

for the SU(3) representations)

In[6]:=  Match2Warsaw[alphaOdG[i,j],
{Sa->{{0,0},1,Y1},Fa->{{0,1},2,-(1/6)+Y1},Fb->{{1,0},1,-(1/3)-Y1}}]

Incidentally, the model in the correct format such that it can be used in Match2Warsaw (as
a list of replacement rules between the heavy particles and their quantum numbers) can be
obtained directly from the output of ListValidQNs[...] as follows

In[7]:= ourModel = SOLDInputForm /@ modelQNs[[1]]
Out[7]= {Sa->{{0,0},1,Y1},Fa->{{0,13},2,-(1/6)+Y1},Fb->{{1,0},1,-(1/3)-Y1}}

where modelQNs is defined in Fig. 3. The result from Match2Warsaw is given in Fig. 4, in the
limit of equal masses and vanishing down Yukawa couplings.

In this output the couplings of the BSM model are defined as Li with i an identifying inte-
ger. A bar is added to this definition when the coupling corresponds to the hermitian conjugate
of the respective operator. These couplings are followed by two possible sets of arguments:
the first one corresponds to the fields which compose the corresponding renormalizable oper-
ator (and an R or L in the case of operators with two heavy fermions corresponding to a right-
or left-handed projector respectively); the second set corresponds to flavour indices in case
the operator contains light fermions. The number i identifies couplings of operators with the
same field content but with different gauge contractions. The masses of the heavy fields are
defined as MX where X is the tag of the BSM state. While this raw result might not be easy to
read, it is the default output as to allow the user to easily make any simplifications they desire,
such as the one shown in Fig. 4, where we took the down Yukawa coupling to zero.

To see a more readable expression one can make use of the NiceQutput function, whose
output is shown in Fig. 5. In NiceQutput couplings are represented by A (or other greek
letters in case there is more than one relevant operator with the same field content), except
for the Yukawa couplings which are hard-coded to be written as y. The subscript of these
couplings is given by the fields composing the corresponding operator, whereas the superscript
can either be R or L, depending on whether the operator has a right- or left-handed projector
(for operators with two heavy fermions) or the flavour indices for operators with light fermions.
Notice that, when set to true, the optional argument in NiceOutput makes it print a list of
the correspondence between the couplings in both the default and the NiceOutput formats.

The precise definition of one coupling can be seen by calling the function CreateLag
which outputs the full BSM Lagrangian of the UV extension. Not only are the interaction
terms defined but also the numerical values used for the CG coefficients for each coupling.
The Lagrangian is presented in FeynRules [25] notation, where the arguments of the fields
correspond to their indices, and the CG tensors are named as TCi and TSi for the SU(3) and
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3= NiceOutput[
Limit[
Match2Warsaw[alphaOdG[i, j], {Sa—- {{0, 0}, 1, Y1}, Fa-> {{0, 1}, 2, -(1/6) +VY1},
Fb- {{1, 0}, 1, -(1/3) - V1}}] /. L1[qLbar, dR, phi][__] - ®, {MFa » MSa, MFb » MSa}] // FullSimplify,

True]

{83~ g3, MSa = Ms,, L1[Fa, Fb, phi, L] =M, ¢ o, L1[Fa, Fb, phi, R] = 2lM¢, o o,
Llbar [dRbar, Fb, Sa] [j] *idR,Fb,Sa.J] , Llbar [Sabar, Fa, qL] [1] %jsa,Fa,thi}

g3 (A[L Fa,Fb,o -32MR Fa,Fb,®) jﬁ,Fb,Sa[j] Iﬁ,Fa,qL i
384 72 MZ,

outi3l= -

Figure 5: Result for the WC of the (Oy);; operator in the Warsaw basis for a partic-
ular extension in the limit of degenerate masses and neglecting terms proportional
to the down-type Yukawa couplings. The NiceOutput function has been used to
obtain a more readable result. The last argument, set to True in this example, prints
a list of the replacements performed to arrive at the output. See text for the precise
definition of the model.

- CreateLag[{Sa- {{0, 0}, 1, Y1}, Fa- {{0, 1}, 2, -(1/6) + Y1}, Fb- {{1, 0}, 1, - (1/3) - Y1}}]
ouzl- {Sa” Sabar? Jg; 5 s 5, + Sa DRbar [spl, ff0, ccO].Fb[spl, ccl] g ppy,sal ' TC51[ccO, ccl] +
Sa Sabar Phi[ss2] < Phibar[ss0] ; s3,4,55 TS11[SS0, s52] +
CC[Fabar[spl, ss0, ccO]].left[Fb[spl, ccl]]  Phi[ss2] A" g, gy, TC31[ccO, ccl]  TS31[ssO, ss2] +
CC[Fabar[spl, ss0, cc0]].right[Fb[spl, ccl]] Phi[ss2] A® e, r,, TC31[ccO, ccl]  TS31[ss0, ss2] +
Sabar CC[Fabar [spl, ssl, ccl]].QL[spl, ss2, ff0O, cC2] Asz ra,qL 0 TC41[ccl, cc2] TS41[ssl, ss2],
(TS11 5 ({1, 0}, {0, 1}}, TC31 > ({1, 0, 0}, (0, 1, 0}, (0, 0, 1}}, TS31 - ({0, -1}, {1, 0}},
TC41- {{1, 0, O}, {0, 1, 0}, {0, 0, 1}}, TS41 > ({0, -1}, {1, O0}}, TC51-> {{1, 0, O}, {0, 1, O}, {0, O, 1}}}}

Figure 6: Output of the CreateLag function.

SU(2) contractions, respectively, with i an identifying integer. Kinetic terms are omitted and
follow the convention in Eq. (4). The explicit values for the group generators can be obtained
using the routine RepMatrices in GroupMath. An example of the output of CreatelLag is
shown in Fig. 6.

Finally, one can be interested in studying the implications of this model in other op-
erators or observables. Using GenerateMMEModel, the user can generate automatically a
matchmakereft model only specifying the representations of the new heavy fields:

In[g]:== GenerateMMEModel [{Sa->{{0,0},1,Y1},Fa->{{0,1},2,-(1/6)+Y1},
Fb->{{1,0},1,-(1/3)-Y1}}, "model"]

In order to perform the complete one loop matching to the SMEFT using matchmakereft
one simply has to run the command CompleteOneLoopMatching:

In[9]:= CompleteOneLoopMatching[{Sa->{{0,0},1,Y1},Fa->{{0,1},2,-(1/6)+Y1},
Fb->{{1,0},1,-(1/3)-Y1}}, "model"]

5 Phenomenological applications: How to use the dictionary

Our final goal when computing the one loop IR/UV dictionary is of course to use it in phe-
nomenological applications. Even in its current partial form it can still be used to classify in a
comprehensive way the origin, and the corresponding phenomenological implications in other
experimental measurements, of experimental anomalies eventually reported. Since there are
currently no significant confirmed anomalies we will consider, for the sake of the exposition,
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a recently reported tension in different non-leptonic decays of B mesons [26]. We refer to the
original article for all the relevant details and simply take at face value one of the possible
explanations of this tension in terms of the following effective Lagrangian

_Gr &

L= 5 a2 b Z Cogq (Vv Vg + Vep Vi )G o* TAbRGl, + .. (10)

q=d,s

where the dots denote the hermitian conjugate and other operators not relevant for our dis-
cussion here. In the Lagrangian above, Gy is the Fermi constant, m; the bottom mass, V;; the
corresponding entries of the CKM matrix, o#” =i/2[y*,y"”] and T# are the SU(3) generators
in the fundamental representation (the Gell-Mann matrices divided by 2). The reported ten-
sion among the different B-meson decays can be alleviated provided Cggq and Cg,, are in the
following ranges (with some correlation on the upper range for the latter)

0.13 < Cgpa(my) S0.33, —0.45 S Cgye(my) < 0.03, (11)

where the value in parenthesis is to remind us that these correspond to renormalized WC at
the scale yu = my,.

Our goal is to completely classify all possible extensions of the SM (with new scalars or
fermions) that can generate these non-vanishing values up to one loop order. This can be done
by first expressing the WC Cg,, in terms of the corresponding WC in the LEFT, then using the
LEFT one loop RGEs, computed in [27] to express them in terms of the relevant LEFT WC at
the matching scale with the SMEFT. Using the one loop matching between the SMEFT and the
LEFT, computed in [28], we can express them in terms of the SMEFT WC at the electroweak
scale. Finally, using the SMEFT RGEs, computed in [29-31], we can express them in terms of
the SMEFT WC at the cut-off scale whose values we can read off from our dictionary (all these
steps can be simplified by automated tools like DSixTools [32,33]). In this process we can
take into account that certain WC in the SMEFT can only be generated at one loop order at
the cut-off scale and therefore their effect via running or one loop matching is formally a two
loop effect that can be disregarded.

Denoting generically the anomalous dimension of a WC «;

da:
& = 16m2u"H (12)
du
and working to the leading log approximation (fixed order one loop effects), we have
al a;ree) ‘Lllz
a;(w) = a;(ue) + —5 5 log| —5 |, (13)
321 Uy

where @; can be evaluated at any scale and, as we have explicitly written, only the contribution
from tree level generated WC needs to be included. Note that we follow the matchmakereft
convention for the covariant derivative D,, = J, —ig..., which is the opposite to the one used
in the references above. Thus, we have changed the signs of the gauge couplings whenever
necessary.

The corresponding effective Lagrangian in the LEFT reads

Lygrr = (LdG)ijC_ZLiUWTAdeGﬁ,, +.o, (14)

resulting in

Fqy
Cegq = g—(de)qb , (15)
S
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where

[ Gp i N 1.8 x 10° e®917 Tev | [q=d],
Fq= [@mb(vubvuq“/cbch)] 3.8 x 10* TeV, [q=s]. (16)

The relevant part of the LEFT RGEs, in the up basis, reads

. 1
_ S1,RR [ SSRR
(Laglij =—8s Z mQu[(Luddu )gujiq, — g( uddu )quﬂqu] +.

qu=u,c

=& Z [(C(lqd)lququj - _( (uqd)lquun] T 17)

q,=u,c

where the dots stand for contributions that are one loop generated or receive no contribution

from the SMEFT and we have used the following tree level matching between the SMEFT and
the LEFT
(LSLRR

cW . S8RR
uddu )l]kl ( quqd)klij ) (

8
wddu Jijkt = —( éuid)kuj . (18)
We can therefore write

8s

Cosa | = (Laglay
82q Fq u=m, dGJqgb

u=A ’
(19)

where the SMEFT WC on the last term can be evaluated already at the cut-off scale (other
effects being formally of two loop order) and for later convenience we have chosen the top
quark mass for the matching scale between the SMEFT and LEFT.

Using the matching of the SMEFT onto the LEFT up to one loop we have

2
_ 8s 1 RPN my
- (LdG)qb ‘Mth + 3272 qZuc [(Cquqd )‘MuQub 6(Cquqd )q(ZuQub] log ( m%

T V,ym
Vo4 qt tb'h
(Lagdgp = —=Vp(Cacdin + — 5 Frlew)——5—
dGJqb /2 qk\~dGJkb 64 51Xy VT
8s

m2
w .
* 3672 (1 B m_é) mg(Cha)gy + 647 2F2(XW)m rt(CHud)tb

_ & (1+2m2) Vi),V
) m% Mp Vi \Crq ki Vv

2
— = my {8 ( 74+ 27 Vi — 9F e LV (€ Vi + Vi (C e Vi
T76m2 mz ) Vo CrigiaVio = 9F1 G Ve tk Vb ke Vib

s (20)

where the dots stand for two loop effects and, at the order given, v &~ 246 GeV. This equality
should be understood at a scale u = m, but, again, all terms but the first one can be already
evaluated at the cut-off scale as any running effect will be of two loop order. We have defined

Xw =—o, (21)
m;
1—6x + 3x2 4+ 2x3 — 6x%log(x
R = o ee), 22
1—3x2 +4x3 —6x%log(x
Fyx) = T B, (23)
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The last term in the first line of Eq. (20) corresponds to the SM contribution which, using the
relation between the measured Fermi constant in muon decay and the Higgs vacuum expecta-
tion value (vev), vy, [31]

1 1
Wi V2G; + E[(Cll)zuz + (Cira21]—[(C 3))11 (C(B))zz] = vV2Gy + AGy, (24)
T

gives the following new physics contribution

& qtvtb

6472

2 642

The last piece that we need is the RGE of Cy; in the SMEFT, which reads,

. n 1 _
(Caglgp = (c;u;d— 6C§u31d Dt (26)

where the dots denote, as always, terms that correspond to two loop effects. We therefore
have

2
& (- _1.® T m
(CdG)qb |IJ«: |:(CdG)qb + 32772 (Cquqd 6Cquqd)qklb (Yu )kl log A2 A +..., (27)

where, as explicitly stated, the right-hand side of this equation is evaluated at the cut-off scale,
and we have followed matchmakereft’s convention for the Yukawa couplings.
Putting everything together we obtain the new physics contribution to be

2
S _ gs (1) . 1 (8) ﬂ
u=my N 3271'2 Z mq“ I:(Cquqd )qququb 6 (Cquqd )qququb] log ( m2 )

F w=u,c t

Cqu

[ qk(CdG)kb+64 5 F10ew )V, Veymy AGR

2
w8 (1= ) o (Cutdos + =2 Fy e )MV (Crrua)
3672 m% q\“~Hd/Jqb 64 o 2\Aw qt\“Hud/Jtb

2
8 2myy,
. (1+ m%) v (C q))lelb

 72m2
&s my, i (3) i

- 576n2mb{8(7+2m_%)vqk(c D Vip — 9F1(Xw)[Vqt( )thkb+Vk( )ktth]}
[ & (0 _1.® m;

+ Vq'k[ 3972 (Cquqd - gcquqd)qkkb (my)x log (F) ] +..., (28)

where in the last line we neglected higher-loop and mass dimension effects to write the mass
of the up-type quarks in terms of their Yukawa couplings and the Higgs vev. In the equation
above the first line corresponds to the running in the LEFT between y = mj and u = m,, the
second to fifth to the matching between the SMEFT and the LEFT at u = m, and the last to
the running between y = m, and the cut-off scale u = A. All the SMEFT WC on the RHS of
this equation are to be evaluated at the cut-off scale and only their tree level contributions are
relevant except for Cy;.

Equation (28) allows us to directly write the low-energy measurements of Cg,, in terms of
the SMEFT WC at the cut-off scale. This is where the dictionary can be directly used to fully
classify all SM extensions (with scalars and fermions for the one loop case) that contribute
to this observable. It receives contribution from tree level generated operators, that can be
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directly read off from the tree level dictionary [4], and one contribution from the one loop
generated WC Cy;, that we classify in this work. In order to simplify the discussion here we
will check first which WCs can give a sizeable contribution to our observable. In order to do
that we will take a benchmark point with

benchm. __ benchm. _
Coon™ =025,  Cherm™ =—0.1, (29)
allowed from the study of [26]. We will now rescale the WC with an explicit power of the
cut-off

<
with ¢ now a dimensionless coefficient and drop all contributions that require the relevant ¢
to be larger than 10 (to be on the conservative side) to reproduce the benchmark points. With

these restrictions we find, for A = 2 TeV,

ngd o [—6.9 + 291] X 103 (CdG)1,3 + [1.6—0.661] X 103 (CdG)2,3 —655 (CdG)B,?)
+[3.22—1.34i] x 1072 (cl(};)l,z +[0.80 — 0.33i] (633)1’3 —[0.18 —0.08i] (c}};)z,g

+[0.11 — 0.04i] (c}f;)m +[2.38—0.99i] (CS{;)M —[2.5—1.0i] x 1072 (c,(j;)z,2

. 3 . 1
—[0.55—0.231] (cfp1)2,3 = 0-39 (cprua)s +[1.23—0.51i] (L) D1.2.23

+1.18 (¢ 13,33 —[0.21—0.09] (o) )1225—0.20 (clor 133,35 31
Cags ~ [373 + 7i] (cqg)1.3 + [1600 + 30i] (cag)a,s — 65.5 (¢46)3 3

—0.043 (c;;)15 — 0.18 (ci;))23 — 0.13 (cio)1,3—0.025 (i)

—[0.55+0.01i] (i )3 +0.02 (c)3.3 — 0.39 (Cprya)33 — [0.58 +0.01i] (céi; D223

1 . 8 8
+1.2(c$}) )23.3.3 +10.096 +0.002i] (o) 1)3.5,5,5 —0.20(c) 2333 (32)

As mentioned above we can use the tree level dictionary to completely classify the models that
induce a sizeable value for Cg,, from running of tree level generated operators but we prefer
to focus here on the direct one loop contribution to C4. taking full advantage of the part of
the one loop dictionary computed in this work. We will therefore stick to models that do not
give any tree level contribution to the SMEFT operators and consider the simpler case of

ngd N [—6.9 + 2.91] X 103 (CdG)l,?J + [16—0661] X 103 (CdG)2,3 —65.5 (CdG)3,3
=[—27.6+11.6i] x 10® (C4¢)1.3 + [6.4 —2.64i] x 10% (C45)2.3 —262. (C4¢)33, (33)
CSgS 2 [373 + 71] (CdG)1,3 + [1600 + 301] (CdG)2,3 —65.5 (CdG)3,3
=[1492 + 28i] (CdG)l,S +[6400 + 120i] (CdG)Z,S —262. (CdG)S,B s (34)

where in the second line of each equation we have gone back to dimensionful WC (arbitrary
A) and all dimensionful quantities are measured in TeV. There is a continuum of solutions for
these observables to match the benchmark values. An example of such solution is

(Cag)13~—(1.140.31) x 107>, (Cyglaz~®—1x107°, (Cyg)ss~ 1074, (35)

all in units of TeV~2 and the complex value for the 1,3 entry is just to accommodate the
assumption of real WC made in [26].

It is easy to generate these values in phenomenologically viable models. We have described
in the previous section how to use SOLD to list all the models that generate the C;; WC in the
Warsaw basis. From the (long) list we eliminate the cases in which at least one heavy field has
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all its quantum numbers fixed as they correspond to linear couplings to the SM and therefore
they have tree level contributions to other operators.

All the remaining models have three heavy fields. We choose one of the simplest ones that
has contributions not suppressed by the down-type quark Yukawa couplings (for simplicity we
use the conjugated field of the first fermion with respect to the one given by SOLD):

q) ~ (13 1)Yq, 5 \Ijl ~ (3’ 2)%_Yq> 1) ‘1"2 ~ (3) 1)_%_Yq> 1) (36)

where the hypercharge of the heavy scalar Yy is arbitrary up to the limitation of no tree level
contributions that restricts Y3 # 0,—1. The complete expression is provided by the command

In[10]:= Match2Warsaw[alphaOdG[i,j],{Sa ->{1,1,Y1},Fa->{3,2,1/6-Y1},
Fb->{3,1,-1/3-Y1}}]

For simplicity we reproduce it in the large scalar mass limit and neglecting terms suppressed
by the down-type quark masses, that reads

2
&3 1 Ma R
(Caglij =— [ZM M, log(—)l
U eam2 MMz —M2)LT e M2 )b
M2 M2 M2,
+(2M§10g(—“)+(M2—M,f)(s+2log(—“)))ALb](Aqa)-(Abd)j+(9( 2,
M? e M2 ¢ ’ M}
(37)

where the masses and couplings are defined by the following Lagrangian

L=—Me'®— M, ¥, ¥, — My¥, ¥,
=, [AL, P+ 2R PRIW, — (M 0)iGiPr¥a® — (Apa); Bp Prdi® + ..., (38)
with P g =(1¥ v°)/2 the chirality projectors.

Using the full expression given by SOLD we obtain that the following values of the param-
eters give the values for the WC in Eq.(35),

M,=15TeV, M,=20TeV, M,=4.0TeV,

L _ (0.084 +0.023i,0.077,—0.776)
A‘ab — O) (Aqa)i — AR 2
wp(Abe)s

(39)

We have then proceeded to perform the full one loop matching with matchmakereft via
the function CompleteOneLoopMatching of this model. The result has been exported to
WCxf format [34] and smelli [35-37] has been used to check the viability of the model.
Indeed the following values of the remaining parameters

AR ==0.7, (Ap)3=0.9, (40)

relax the corresponding tension for the considered operators without conflicting with other
experimental observables (the global pull with respect to the SM is of 3.4 o when considering
all other relevant observables encoded in smelli).

Note that, given the choice of quantum numbers, there is no linear coupling of the new
fields to SM particles. This means that the lightest one, ¥, in our case, is stable. We can
make a choice of Y3 that ensures that ¥, can still decay via higher dimensional operators,
with a non-standard decay pattern, making it evade current experimental limits. See [38] for
a detailed discussion.
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6 Conclusions and Outlook

Effective field theories offer a new guiding principle in the quest of searching for new physics.
The bottom-up approach provides an essentially model-independent parametrisation of exper-
imental data and the top-down approach gives us the opportunity, via IR/UV dictionaries, to
completely classify models of new physics with observable consequences. These dictionaries
consist of a complete classification of new physics models that contribute to the effective La-
grangian at a certain order in the loop and operator dimension expansion, together with the
explicit calculation of the WCs that each of these models generate. In this way, assuming that
the dictionaries are computed up to the relevant order in the double (loop and operator di-
mension) perturbative expansion, we can use them to obtain in a systematic way the complete
phenomenological implications of any observable model of new physics.

In this work we have reported the first step towards the calculation of the IR/UV dictionary
for the SMEFT at mass dimension 6 and one loop order. In particular we have completely clas-
sified the most general renormalisable extension of the SM with new scalar or fermion fields
that contribute to operators in the Warsaw basis containing at least one gauge field-strength
tensor. These operators are the only ones in the Warsaw basis that cannot be generated at
tree level in weakly coupled extensions of the SM and therefore the one loop contribution we
have computed is the leading one for them. The complete list of models is of infinite length
but it can be given in a closed form as a finite number of conditions on the quantum num-
bers of the new fields. Together with this classification we have also computed the WCs of
the operators we are interested in for any of the allowed extensions. All these results have
been encoded in the Mathematica package SOLD (SMEFT One Loop Dictionary), which re-
lies heavily on GroupMath [23] for the group theoretic calculations. Since, for a particular SM
extension, the user can be also interested in the WCs of the remaining operators in the Warsaw
basis, SOLD has functions to call matchmakereft so that the complete tree level and one loop
matching can be performed in a fully automated way for any model of interest (in practice for
any model that is an extension of the SM with an arbitrary number of heavy scalar or fermion
fields in any gauge representation). Incidentally, we have found that all the operators in our
list can indeed be generated at the one loop order with the exception of the CP-violating oper-
ators with three field-strength tensors, which can only be generated, at least in the extensions
considered, at the two loop order.

We have shown how to use the dictionary contained in SOLD which, despite the fact that
is only a first step towards the complete dictionary, is already very useful for phenomeno-
logical studies. Nevertheless we plan to extend it in the near future to obtain the complete
one loop dictionary at dimension 6 for the SMEFT. The next steps are the inclusion of heavy
vectors and non-renormalisable interactions and the consideration of the remaining operators
in the Warsaw basis, operators that can be potentially generated at tree level in weakly cou-
pled extensions of the SM. All these results will be incorporated in SOLD. Future versions of
matchmakereft will include a Mathematica interface to the MatchingDB format [39] that
will allow for a flexible use of these highly non-trivial dictionaries.
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A Complete results for the X3 class

The contributions for the X class are simple enough that the complete classification and even
the full result can be given in closed form. We can define the following operator:

Ozy = agvaBCV;vvfpvﬁf“ , (A1)

for a general (non-abelian) gauge symmetry, with f48¢ the structure constants of the group.
This allows us to give the results for both as,, and as; in the SMEFT. The only restriction
on the heavy fields is that they are charged under the gauge symmetry, irrespectively on their
hypercharge. The matching condition is the following [40]:

Dirac fermions,
Majorana fermions,
complex scalars,
real scalars,

-

-

(A.2)

-

1 Crg
Ay = — R), R =
3V (47m)2 ER:QOMI%‘UI( ) R

DIENIEN= =

-

with Tr(TATB ) = w(R)58 where R runs over all the heavy fields in the model, Ty are the
generators of the group in R’s representation, g is the gauge group’s coupling constant.

B Evanescent contribution to the dipole operators

We discuss in this section the one loop effects induced by the tree level generation of evanescent
operators. This has been studied in detail in [22] with the result that, among the three classes
of operators considered in this work, only the dipole operators receive a contribution from
evanescent ones. The shifts in the dipole operators, as computed in [22], using the conventions
in [1], read:

(e = (s + Ty | 20— 3= Erp L (e

+20- 5rp)(mqe)itsj(yu);] , ®.D)
(ks = el + T | =5 0 + 51— Erp )R (e

2= £ i | B2
(@) = (@un) = s g radie (.3)
(s = @y = oz S Crade (B4
(u6)ij = ()i — (4%2;1( Yo r e (8.5)
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1
(agp)ij = (agp)ij + (le)zg(Yd)ts(qu)ijst , (B.6)
3
(@awly = @anly = G 255 g sraaise ®.7)
(agglij = (ag6)ij — WZ(Yd)tS(Y(S))USt (B.8)

In the equations above Y, 4, stand for the up-type, down-type and charged electron Yukawa
couplings, respectively, and &, represents a reading point parameter and has xRP as output
format in SOLD. More information on this parameter can be found in [22]. The remaining
coefficients correspond to tree level contributions to evanescent structures. Using the notation
in the tree level dictionary [4] they correspond to the following expressions

(e )5 (Yo
(Viediju = ;\ld—z , (B.9)
. )i,
(Yietgdijkt = M—2 ; (B.10)
w1
(}’ )l](y;q Tk
(Yluqe)ijkl —7 P (B.l].)
M2
IT;
)i (o
(Yqudijia = %—zw , (B.12)
12
O Da
14 14
(Yoadijit = ;\14—2 (B.13)
(yq;) (.yq) Ik
(i = =5 (B.14)
]
CZACFI
8 $ P
gt = —— 7 (B.15)
(]
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C Redundant and evanescent operators

In this appendix we list the redundant (Table 2) and evanescent (Table 3) operators that are

relevant for the calculation of the physical operators considered in this work.

Table 2: One loop generated redundant operators. Operators in gray do not con-
tribute to one loop generated operators in the Warsaw basis. Shaded operators are
generated at two or higher order loops in SM extensions with fermions and scalars.

’II)ZDS ’lszD
Ry 34DuD%BYq R, @IY'QD'GL, Ry, (dy'd)d'By,
i— 1 =rA iy A gy
7zuD _%E{DMDH’M}H R/Gq E(qT Yulivq)guv R;Bd i(iyulg vd)?l“’
Ry 3d{D,D%P}d R @YD QG Rp  3(@*iD d)B,,
Rip  st{DDHDBYL Ry @o'y'QD'W,, Ry, ({Lo'y"OD'W,
Rp  zeiDDHBle Ry, 3@o'y"iD’Qw,, Ry, 3{o’y*iD OW],
Y2HD? + h.c. R 3@ D W, RE 3o’y DOW,,
Rqul @U)DHD“I? R[—;q @Y”qw VB,u % RB( (Z}/uf)a VB,u v
—_— -~ — -H 3 -H
Rup2 (qio,,D*u)D"H qu 1@ D "B, Ry, 1y D "0)B,,
—_ ~ — S N — >~
R i3 (g, D*wH R’Eq 5(@*i D"q)B,, iy s(Ey*iDV0)B,,
R b4 (gD, u)D*H Reu (ETAY'UI(‘)_? VGﬁv Rge (Eyu‘i)_a) "Buy
R iup1 (qd)D,D"H R, s@Ty*iD WG, R, 3(&y*iD ve)B,,
— u v / 1r—7A w5y, VA / = Ui VoD
Raup, (qio,,D*d)D'H Rﬁu 5(@T”y*i D u)G‘w REe s(er¥i D Ye)B,,,
Ryups  (@D,DFH Ry, (wr*u)d"B,,
— — .
R aupa (gb,d)D*H Ry, %(uy“l D "u)B,,
— _ e o~
R ouip (te)D,D*H R 3@*iDwB,,
Ropy (io,,D*e)D’H R,  (dT%y"d)D'G!,
Ryms  (EDD*OH Ry, LAT**iDd)G,
Reps  (EDe)DHH  RL. HdTy#iD*d)GA,

22


https://scipost.org
https://scipost.org/SciPostPhys.15.4.143

SciPost Phys. 15, 143 (2023)

Table 3: One loop generated evanescent operators. Operators in gray do not con-
tribute to one loop generated operators in the Warsaw basis. Shaded operators are
generated at two or higher order loops in SM extensions with fermions and scalars.

¥2XH +h.c. ¥2XD
&G EITAO'“"uPNIGﬁ,, E6q qT(o""yP +yPo#")qD,, 5;‘], Egqy ATAo™yP +yPot)dD,, 5;",)
- quaWuHWév Eé;q iq(TAU“”lﬁ—Ba“”TA)qGﬁv &y id(TAc* —BU‘”TA)ng,,
Es go*ufB,, L (T - Do TG, €L id(TAo™P—DPo TA)AE:,
(A c']TAa""VdHéﬁv Ewq go'(a"yP +yPct")qD, le y  Epa d(oc"yP +yPot)d %EH )
Eqw qglaw'dHWMIV E;Vq iq(ala“”lﬁ—Ba’”UI)quv Epg i&(a“”E—BaW)dBﬁv
£ GOWdHB, & i0lo"P-PoWol) W, &,  ido"B-DBo")db,,
s Zo’a“veHI/\Nf!‘”v 51;(1 q(a™*7yP 4+ yP ot ")qé’pE‘u ” Ewe lol(o” "yP +yPot)D, V’Vlf )
i @o“"eHEH,, Sl;q iq(a“"lﬁ—BU””)qBM Ewe il(clo*'p —BO"”O‘I)EWJV
¥2HD? + h.c. éq ig(oc"’p —BU“”)qEW E;NW il(clo™p —Bo“”o')ﬁ/\vdlh,
Eg  GOMDPuD°He,,o &g, UTA(M"yP +yPot")ub, 5!/}1, Epe t(a""yP +yPo?")3,B,,
Ep AOVDPADIHe,,,  Eh,  E(TACHP—Boh TG, &), 10" — PoH)B,,
Em Z(T‘”D”eDUHe“,,pCr Eéu iﬁ(TAa“"lD—Bo“"TA)uéﬁv é{ iZ(O"L”D—BO'W')fgl”,
Ep, u(o"vyP 4+ yPot ”)uﬁpgu N Ep, e(a"’yP +yP ot ")eé’[,gu .
Ep iﬂ(a“”D—BO'W)uBW Epe ié(O'“”ID—BUW)eBW
éu iﬂ(a“"LD—Bo“”)Llﬁw Sée ié(a-‘“’D—Bo“")eEl“,
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