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1 Introduction

Effective field theories (EFTs) are a key tool in many areas of theoretical physics: the restriction
to the relevant degrees of freedom simplifies calculations that would be difficult or even
impossible to perform based on the underlying ultraviolet (UV) theory. The explicit separation
of scales also enables the resummation of large logarithms, thus improving perturbation
theory. The interest in EFTs describing the low-energy effects of heavy particles beyond the
Standard Model (SM) has considerably increased due to the absence of signals of new physics
in direct collider searches. Under the assumption of linear realization of the electroweak
symmetry, the appropriate EFT at energies above the electroweak scale is the SMEFT [1, 2].
The low-energy EFT below the electroweak scale (LEFT) is obtained by integrating out the



heavy SM particles.! The operator bases of the SMEFT [1, 2, 15-20] and LEFT [13, 21-23]
are known to high dimensions and the complete one-loop renormalization of the two theories
up to dimension six was performed in refs. [24-27]. The renormalization beyond one loop is
partially known, for some sectors of the LEFT even up to four loops [28—44]. Some results
for the SMEFT renormalization beyond dimension six have been obtained as well [16, 45-56].
The status of SMEFT and LEFT was discussed in recent reviews [57, 58].

In order to elevate these EFTs to next-to-leading-logarithmic (NLL) accuracy, match-
ing and matrix elements at one loop and renormalization-group equations (RGEs) at two
loops are required. The one-loop matching between SMEFT and LEFT was computed in
ref. [14] and automated tools enable the one-loop matching of UV models to SMEFT either
diagrammatically or using functional methods [59-63], while a broad effort is ongoing to
compute the complete two-loop RGEs [61, 64-77]. At NLL, scheme dependences start to
show up, which need to cancel between finite one-loop terms in matching contributions and
matrix elements and the two-loop RGEs when NLL resummation is performed. In ref. [71],
we advocated the use of the 't Hooft-Veltman (HV) scheme [78] for the LEFT starting at
NLL. It is the only scheme proven to be algebraically consistent to all loop orders [79-81]
and sometimes it is also called Breitenlohner-Maison/’t Hooft-Veltman (BMHV) scheme.?
It comes with the difficulty of an extended evanescent sector and that the restoration of
symmetries broken by the regulator requires finite counterterms [85-93]. Our NLL scheme
for the LEFT avoids a spurious breaking of chiral symmetry and separates the physical and
evanescent sectors by including such finite renormalizations [71].

Although the computation of higher-order RGEs is well established, the completion
of this program for SMEFT and LEFT is computationally demanding due to the large
number of effective operators. In addition, the dimensional split in the HV scheme typically
leads to a very large number of terms in intermediate results, necessitating an efficient
algorithm and a high degree of automation for these calculations. Some aspects of the
computations can be simplified by making use of the background-field method [94, 95], which
in the LEFT preserves manifest gauge invariance. In the background-field method, gauge-
variant nuisance operators appear in the renormalization of quantum-field sub-amplitudes
as dictated by BRST symmetry [96-100]. For this reason, in previously used approaches
the advantages of the background-field method were partially lost at higher loop orders
and many calculations were instead performed in standard R gauges. We discuss two
methods that avoid the explicit construction of gauge-variant nuisance operators, even when
computing off shell: the first is based on the well-established local R-operation, which
automatically subtracts all sub-divergences from a given two-loop diagram. As an alternative,
we introduce a variant of the infrared (IR) rearrangement, which separates UV and IR

!The LEFT does not make any assumptions about electroweak symmetry breaking, hence it is also
the correct low-energy theory in case of a nonlinear realization of the electroweak symmetry [3-9]. In a
linear realization there exist additional constraints on LEFT operators [10-12], encoded in the matching
conditions [13, 14].

2The simpler naive dimensional regularization (NDR) scheme in general leads to ill-defined vs-odd traces,
see ref. [82] for a review. As an alternative to the HV scheme, one could give up the cyclicity of the trace [83, 84],
but we are not aware of a proof of the consistency of such a prescription that applies to non-renormalizable
theories.



divergences without the need to introduce auxiliary-mass counterterms [39, 91, 101-104].
When combined with the background-field method, we show that the correct renormalization
of the non-redundant physical operators can be obtained from an off-shell calculation without
computing counterterm diagrams with insertions of redundant operators. This method
simplifies alternative approaches based on a global renormalization that require the explicit
construction of gauge-variant operators and their insertion into counterterm diagrams. We
compare this method with the local R-operation and find full agreement.

The article is structured as follows. In section 2, we discuss the role of nuisance operators
in gauge theories, both gauge-invariant redundant operators that vanish by the equations of
motion (EOM) and gauge-variant (class-I1Ib) nuisance operators, using the examples of QED
and QCD augmented by dimension-five operators. In section 3, we discuss two variants of
the IR rearrangement and we show that the expansion of loop integrands allows us to ignore
redundant operators. In section 4, we provide details on our calculation of the two-loop RGEs
for the LEFT at dimension five. Explicit results for the two-loop counterterms of one-flavor
QED and QCD with C P-even dimension-five operators are given in appendix A, whereas the
RGEs for the full LEFT at dimension 5 in the HV scheme can be found in appendix B.

2 Nuisance operators in gauge theories

In this section, we discuss some well-known properties of so-called nuisance operators. These
operators do not contribute to observables and hence they are redundant. In section 2.1,
we review the different types of operators in gauge theories. In section 2.2, we illustrate
the case of gauge-invariant operators that vanish by the EOM with an abelian example,
recalling the connection to field redefinitions and the reason why the redundant operators
do not contribute to the S-matrix. In section 2.3, we extend the discussion to BRST-exact
gauge-variant operators. We will later use these properties to show how the counterterms
of physical operators can be obtained from an off-shell calculation without insertion of
redundant operators.

2.1 Nuisance operators, the background-field method, and sub-divergences

The renormalization of gauge theories in general requires the following operators [96-99].
o class I: physical operators, i.e., gauge-invariant operators that do not vanish by the EOM,
o class ITa: gauge-invariant nuisance operators that vanish by the EOM,
e class IIb: gauge-variant, BRST-exact nuisance operators.

The nuisance operators of class IIb can be constructed as BRST variations of operators with
ghost number —1 [99]. They consist of gauge-variant operators that contain ghost terms or
vanish by the EOM. In the background-field method [94, 95], the one-particle-irreducible
(1PT) effective action can be computed without fixing the gauge of the background fields,
hence manifest gauge invariance is preserved with respect to background-gauge transforma-
tions. Green’s functions of background fields do not require class-IIb operators as overall
counterterms. However, sub-diagrams are given by Green’s functions of quantum fields: the



cancellation of sub-divergences therefore in general still requires the introduction of class-1Ib
operators [100, 101]. The explicit construction of these nuisance operators can be avoided
when using the local R-operation [105-108], which however typically leads to a large number
of sub-diagrams that need to be computed.

In addition to using the local R-operation, in section 3 we will present a variant of the
IR rearrangement that allows us to disregard class-II nuisance operators in sub-diagrams for
the calculation of the two-loop counterterms in the physical sector. Although this procedure
is based on the observation that nuisance operators do not contribute to the S-matrix, the
calculation can be done off shell and does not require a transformation to the mass basis.

2.2 Gauge-invariant redundant operators

We consider an EFT consisting of single-flavor QED augmented by C'P-even dimension-five
operators,

L, J] = —iFWF‘”’ + 4 (i) — m)Y + L 0, F*2p + Rap (i) — m)*ep
+ J + ] + J AP + Ly, (2.1)

where the argument 1) denotes collectively the fields 1, 9, and Ay, and J stands for the
corresponding external sources J, J, and Ju. We provide the two-loop counterterms and
anomalous dimensions for eq. (2.1) in appendix A.1. The covariant derivative is D, =
Oy +ieqA,, the field-strength tensor is given by F),, = d,A, — 0,A,, and the gauge-fixing
Lagrangian is

1
2%

which does not lead to interaction vertices. In QED, ghosts decouple and can be ignored.

Lot = —o-(0"A,)%, (2.2)

Therefore, in the present case no gauge-variant class-IIb counterterms are generated. The
class-ITa EOM operator with coefficient R in eq. (2.1) is redundant, as it can be removed
by a field redefinition.

Green’s functions are obtained from the generating functional

Z[J] ="Vl = /sz Dy DA exp {z‘/deﬁ[z/;, J]} (2.3)

by taking functional derivatives with respect to the sources,
1 —id 0 —1i0

Wlee(e)Au(es) ) = Zar s s ST 3T

Z[J] (2.4)

J=0

Field redefinitions, such as those that remove redundant operators, simply reparametrize
the path integral Z[J], and thus leave Z[J] manifestly invariant.> Therefore, the Green’s
functions of the original fields can be computed with a redefined Lagrangian, provided that
the transformation of the source terms is taken into account [109, 110]. Explicitly, under
a field redefinition

A~

¢ = Fl], (2.5)

3In dimensional regularization, the Jacobian is equal to identity for local field redefinitions.




the Green’s functions of the original fields computed with the original Lagrangian

~

(- Sy = (F[] - - - SIFIN (2.6)

are the same as Green’s functions of the original fields computed with the redefined Lagrangian,
which in terms of the new fields correspond to Green’s functions of operators F[1)].
Considering the QED example, we make a field redefinition to remove the redundant

operator,
N A R A
Y =F[] =+ — 5(%13 —m)y, (2.7)
keeping track of the source terms,
L[y, J] = LIF[], J] = LT, J]
— L[, J] — R (i) —m)*) — gz/? (i —m)J — gj(up —m)ih + O(dim-6) .

(2.8)

The redundant operator drops in the difference of the first two terms, but additional source
terms have arisen. We can perform another field redefinition

~  ~ R
=1+ SJ, (2.9)
which brings them back into canonical form,
L', J) = L[, J] — R (i) — m)*) + RJJ + O(dim-6), (2.10)

but introduces a quadratic source term R.J.J. When one takes functional derivatives with
respect to the sources to calculate the two-point function in momentum space, this term
gives a constant contribution proportional to R. Upon amputation of external legs, such a
contribution is proportional to EOM terms p — m and thus vanishes for on-shell external
states. In an off-shell renormalization, it corresponds to an overall contact contribution
of the EOM operator.

L” must give the same off-shell Green’s function as £, since during the field redefinitions
we have kept track of the source terms. When renormalizing the theory at some loop order
[, a given subdivergence-subtracted connected graph has some remaining local divergence.
The same divergence is found with either £ or £”. But £” has no EOM operator, only the
R JJ term, which has no effect on loop diagrams. Therefore, when using £” there are no
insertions of the redundant operator into loop diagrams; there is only the contact term at
tree level, which determines R at [ loops.

Putting everything together, eq. (2.10) states that, using field redefinitions, we can
remove the redundant operator R (i) — m)?y at the cost of introducting a term R.J.J,
which does not enter loops. The procedure must leave Z[J] (which generates all diagrams)
and W[J] (which generates connected diagrams) invariant, since the field redefinition is
merely a change of variables in the path integral. Renormalization calculations are usually
performed in terms of the 1PI effective action I'[J], which is the Legendre transform of W[J].
It turns out that in general I'[J] does change, since non-linear field redefinitions can turn a



1PI diagram into a one-particle-reducible diagram and vice versa. Nevertheless, we argue
that leaving out redundant operators in I'[J] is still possible, see section 3.3.

Having stated the general argument, we would like to explicitly test field-redefinition
invariance for W[J] in a toy calculation for connected diagrams. The result that we find
is that, as expected, connected Green’s functions agree when using £ versus £” up to the
two-loop level covered by our check. Starting at tree level, in the following we briefly discuss
this check. Using crosses for external currents, with £” we find

®R =—iR —= iR(p—m)?, (2.11)

where the arrow means amputation, i.e. multiplication with ( —m)/i from left and right.
The (—1) in the vertex rule of the contact term is due to the Grassmann algebra,

o & _ =
——RJJ=-R. 2.12
8JoJ ( )
The same result is found using £, where at tree level we obtain
> " _iR(p—m) —— 2By R(p—m)?, (2.13)

Ty p-m
with the box denoting insertions of effective operators, which in this case means an insertion
of R4 (i]p — m)*. At one loop, the diagrams obtained from £ are

e e @ - ®—>—iﬁ$—>—® + ®—>—3f::'i—>—® (2.14)

There are no two-point insertions from £”, since the R term contributes only at tree level.
When working with £ there are three more diagrams with two-point insertions (which can
be on external legs)

S el ® + B> ialtr® + @rLrtag. (215

After adding up all diagrams, we find agreement for the 1 propagator at one loop. When
assuming the redundant operator to be generated through renormalization, so R ~ O(1-loop),
the two-loop propagator will automatically agree, since it is calculated from interactions
with R = 0 (so vertices between £ and L£” agree). This verifies that up to the two-loop
order, the 1) propagator does not depend on wether one uses £ or £”. We performed the
same check for the 1) A vertex.

2.3 Gauge-variant sub-divergences

In the case of non-abelian gauge theories, we encounter class-IIb nuisance operators, which
are not gauge invariant but only constrained by BRST symmetry. As an illustration, we use
single-flavor QCD augmented by dimension-five operators [101]

Ll J) = 2G4 G 4 (i) — m + L9 0, G4

4 KV
+ Ry (i — m)* + Ry (15 QD — m)p — (i D + mw)
+ ng + ﬁgh
+ T+ DT + T, (2.16)



where D, = 0, +i9G,, G, = tAGﬁ, G = tAG;;‘V, and the SU(N,) gauge field is split

into background and quantum fields
A _ npA A
G,=B,+Q,. (2.17)

The gauge-fixing term in the background-field method is

1
2%

and Lgy, is the ghost Lagrangian. The form of the single gauge-variant nuisance operator with

ﬁgf — (GA)Z, GA — a,uQ/,L _ ngBCBEQCu (218)

coeflicient Rs is restricted by BRST and C P symmetry, hermiticity, as well as by background-
gauge invariance. Both redundant operators can be removed by a field redefinition, which
modifies the source terms according to
1 _ _
L, J] = = 3GLGM + 6 (i) = m)y + LY 0, G
+ Lot + Lgn
+ J(1 = Ro@)tp 4+ (1 — Re@)J + Ry JJ + O(dim-6) . (2.19)

In contrast to the abelian case, the sources couple non-linearly to the new fields, hence
after the field redefinition the original Green’s functions correspond to Green’s functions of
composite operators. Since any interpolating field with the correct quantum numbers can
be used in the LSZ formula, this field redefinition shows that both the gauge-invariant and
gauge-variant nuisance operators only lead to effects that are compensated by external-leg
corrections, hence they do not affect the S-matrix.

We compute the off-shell renormalization of this EFT at two loops in the modified
minimal-subtraction (MS) scheme. The complete results for the renormalization constants
and RGEs up to two loops are given in appendix A.2. We will use it in the next section as
a test case of different variants of the IR rearrangement. In particular, we will show that
redundant operators do not only leave the S-matrix invariant, but that there is also a way to
obtain the correct RGEs for the coefficients of physical operators from an off-shell calculation
without considering the insertion of redundant class-II operators.

3 Expansion of loop integrands and infrared rearrangement

Although EFTs contain a tower of higher-dimension operators, they are renormalizable
order by order in the power counting, which is most transparent when using dimensional
regularization. As in ordinary renormalizable theories, the counterterms for local EFTs are
polynomials in masses and momenta, and can be determined recursively at each loop order
after the cancellation of non-local sub-divergences of lower loop orders. This cancellation can
be achieved globally at the level of Green’s functions by computing separately the diagrams of
lower loop order with counterterm insertions, or at the level of individual Feynman diagrams by
making use of the R-operation. In section 3.1, we briefly discuss these methods as well as the
Taylor expansion of integrands before integration, which introduces spurious IR divergences.
In sections 3.2 and 3.3, we explain two different approaches to treat these IR divergences.



3.1 Renormalization, R-operation, and expansion of integrands

In the approach of global renormalization, counterterms are identified with terms in the
Lagrangian and constructed at the level of Green’s function. Counterterm graphs, which
cancel sub-divergences, are most conveniently obtained through shifts in the couplings
C — C + 0C and multiplication with wave-function renormalization factors, which are
performed after the perturbative expansion. The perturbative expansion is thus carried out
in terms of the bare parameters. The counterterms that need to be explicitly inserted into
counterterm diagrams are extracted from lower-loop Green’s functions of both background
and quantum fields. While the identification with terms in the Lagrangian provides a strong
consistency check across different correlators, it can be cumbersome to perform these steps,
in particular because the counterterms to sub-graphs with quantum fields involve class-IIb
operators. The need to construct a potentially large number of gauge-variant operators (see,
e.g., ref. [111]) and to determine their counterterms is in contrast to the original motivation
of the background-field method.

These complications are avoided in the R-operation [106-108, 112], which can be employed
to automatically subtract sub-divergences from individual graphs.* It does so by identifying
superficially divergent subgraphs and adding countergraphs. The countergraphs are obtained
from the original graph by contracting the subgraph into a point and insertion of a counterterm,
which is simply minus the divergence of R applied to the subgraph itself.

At the two-loop order there are two generic topologies of Feynman diagrams contributing
to 1PI Green’s functions: the sunset and the figure-eight topologies with three and two
possible sub-divergences, respectively. Schematically, the action of R is

1 1 1 9
R @ — @ +(QO+ O+ 0.
3
12 12 1 2
HOONOOLE 0] (31)
where the graphs can have any number of external lines (which are not drawn) and arbitrary
particles in the loops (all of which are drawn as solid lines). The crosses denote insertions
of counterterms into the contracted original graphs, labeled by the propagator chain ¢ with
1 =1,2,3. These chains contain loop momenta ki, ko, and k3 = k1 + ks, respectively. While
the sum of one-loop countergraphs to all two-loop diagrams reproduces the sum of one-loop
counterterm diagrams (including wave-function renormalization) in a global renormalization,
the R-operation splits up the counterterm contributions in such a way that each two-loop
diagram together with its countergraphs gives a local divergence. In the R-operation, all
counterterms including evanescent operators as well as class-II operators, are automatically
generated from the divergent subgraphs, and inserted back into countergraphs. The R-

operation is therefore simpler to use than global renormalization. The drawback is that there
is no direct consistency check on counterterms.

4R only subtracts subdivergences, giving the local divergence. R without the bar also adds the overall
local counterterm, leading to a finite value.



We are interested in the UV divergent parts of eq. (3.1), which is a polynomial in masses
and external momenta of a degree limited by the superficial degree of divergence of the graph.
Therefore, we can apply a Taylor expansion directly at the level of the Feynman integrands,
denoted by an operator T, without changing the overall UV poles,

1 1

R @ =TR @ — (spurious IR poles) + finite . (3.2)

Since we consider off-shell 1PI Green’s functions, the original diagram has no IR singularities.
The expansion of the integrands renders all integrals scaleless, so we can directly set to zero
any integral which is not overall logarithmically divergent.® The expansion turns the original
non-local finite parts of the subdivergence-subtracted graph into spurious IR divergences,
while leaving the overall UV divergence unaltered. The original non-local sub-divergences
of the two-loop graph become local as well and are both UV and IR divergent. However,
non-local divergences are subtracted by R before the Taylor expansion. The same cancellation
happens after expansion, i.e., R cancels terms that are at the same time UV and IR divergent
and leaves only terms that are either UV or IR divergent. In order to determine the UV
counterterms, we need to drop the IR divergences. In practice, the separation of UV and
IR divergences is non-trivial if both are dimensionally regulated. This problem is solved by
so-called IR rearrangement, which can be performed in many different ways, see, e.g., ref. [104].

3.2 Auxiliary mass as IR regulator
3.2.1 Separation of UV and IR singularities

Our first method for extracting UV poles is along the lines of refs. [75, 91]. It is based on
the introduction of an auxiliary dummy mass m as an IR regulator [102], which is inserted
in all propagator denominators after Taylor expansion and after dropping integrals that are
not overall log-divergent. We call this operation 7. Application of 7 leaves the UV poles
unchanged, as they stem from logarithmically divergent integrals, but it regulates the IR
divergences and replaces them by logarithms of m. Putting everything together, we have

1 1
R@:mTR@ — (logs of m) + finite
1 1 2
—mT@—l—mTQ—l—mTO—i—mTO—(logsofm)+ﬁnite. (3.3)
3

It is crucial that the exact same 7 and T operators be used across all terms in eq. (3.3),
especially since different natural choices for m exist. E.g., for fermionic propagators one
could define

o i ik +m) i i il

m:%%k—mikQ—mQ or instead m'%:ﬁ'_)m'

(3.4)

5In the auxiliary mass method this step affects the deformed theory, as explained in section 3.2.2.



We choose the latter definition of m, but both are equally valid, as long as they are used
consistently across all contributions.

A sublety of the method concerns cancellations of loop momenta k2. Generally terms
k?/k?, which can appear after Taylor expansion, should be simplified to speed up the
calculation. But cancelling before application of m gives a different result than cancelling
afterwards, with the difference being terms proportional to the dummy mass,

k2 k2 m?

BOR-—mz R _m? (3:5)

In other words, cancellation does not commute with /. Again, different natural choices for
cancellation prescriptions exist. Here, we apply m directly after Taylor expansion, without
any prior cancellations, which is a simple prescription that ensures a consistent definition of m
across all contributions. Cancellations are then carried out against denominators containing m.

Finally we end up with two-loop vacuum integrals with a single scale m. Due to the
absence of external momenta in denominators, the tensor decomposition is simple. The result
is thus written in terms of scalar integrals of the form

I(ni,n n)_/ ks ATk !
1,702,103 ) — (27T)D (27_(_)[) (k‘% _ m2)n1 (]{2% _ m2)"2(k:§ _ m2)n3 )

(3.6)

which can be reduced via recursion relations to the well-known case I(1,1,1) [102].

3.2.2 Theory deformation due to m

Application of m T changes individual terms in eq. (3.3) but leaves the overall UV divergence
of the sum invariant. The individual terms change because m introduces a dummy mass.
At the level of the Lagrangian these terms correspond to a theory deformation AL, by
additional counterterms proportional to powers of m. Such counterterms can violate gauge or
even BRST symmetry. When working in global renormalization with a dummy mass, these
counterterms need to be constructed and determined at lower loop levels, see, e.g., ref. [103].

In the R-operation, AL, terms are again obtained and inserted automatically, which
renders explicit construction and determination unnecessary. In the end, eq. (3.3) guarantees
that there is no effect on the UV-divergence of the subdivergence-subtracted two-loop graph
RG. The result found with the dummy-mass method corresponds to the true result for the
UV divergence of RG, which is independent of AL,,.

As mentioned in section 3.1 we drop power-divergent two-loop integrals from our calcula-
tion (while retaining power-divergent one-loop integrals which lead to m° terms). Since after
Taylor expansion the only available scale is m, power-divergent integrals would contribute
only to m-dependent two-loop counterterms. Therefore, this step drops AL, at the two-loop
level, while leaving our physical theory of interest invariant.

3.2.3 Scheme definitions and the R-operation

The R-operation must be adapted to the specific definitions of the employed scheme. In
our work, this means that R has to account for (A) finite renormalizations and (B) for the
definition of the complete operator basis, including evanescent operators.

,10,



We discuss issue (A) first. In MS, R applied to a two-loop graph subtracts the sub-
divergences by inserting the divergent part of the subgraphs into countergraphs. Since we
are not using MS in the LEFT (see section 4), we need to modify R to account for finite
renormalizations. Let us define R as the MS operator and R 1 as the version in our scheme with
divergent and finite parts of renormalization constants, denoted as 0C = dCyjy+dCqn. Putting
loop orders in superscripts, the renormalized value of a two-loop diagram in our scheme is

R ) =G5+ o0+ x (502 + 6CY)
- @ * O (50&3 * 50&)) .t (5()(2) + P+ Cé}]f)
= R Crac) + o x (500 + O Htmie. ()

In the last equality we have written the result in terms of the MS R operator, which suggests
a simple way of dealing with finite renormalizations in context of the R-operation: to find
the result in our scheme, we apply the MS operator R, which is easier to implement and
produces the first term. In the second term, only the divergent part of the one-loop diagram
contributes, since it multiplies a finite counterterm 50&). The diagram can be replaced with
the negative of the respective tree-level diagram, with 56’((1113 inserted. Thus, we add the
effects of finite renormalizations separately, as these effects can be obtained from the one-loop
counterterms. We perform this last step globally at the level of the Green’s functions.

Concerning issue (B), we point out that while in the R-operation the counterterms are
constructed automatically, they still need to match the definition of the evanescent operators.
Specifically, if a first evanescent scheme with a physical operator O and an evanescent
operator £ is related to a second scheme by

0=0, £=€+e0, (3.8)

an MS subtraction in the first scheme

b b
2o+ 2= (“ + b) o +2¢ (3.9)
e 9 3 €

does not correspond to MS in the second scheme. Since in the R-operation one usually
does not explicitly map the counterterms to operators, one has to be careful to apply the
subtractions in agreement with the operator definitions. In the LEFT, this becomes relevant
at dimension six, as we will discuss in an upcoming publication [113].

3.3 Dimensional regularization of IR singularities

3.3.1 Separation of UV and IR singularities

The main goal of the IR rearrangement is to disentangle UV from IR singularities in eq. (3.2),
i.e., in integrals obtained by a Taylor expansion of the integrands before integration. In pure
dimensional regularization in D = 4 — 2¢ dimensions, both singularities are treated by the
same regulator &, hence the difficulty consists in distinguishing eyy from ergr. The method
described in section 3.2 circumvents the complication by introducing by hand the auxiliary
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mass as an alternative IR regulator. This changes the theory and in particular the UV
sub-divergences at lower loop levels, however without affecting the overall UV divergences. In
the following, we present a new variant of the IR rearrangement that does not modify the UV
structure at all, but rather achieves the IR rearrangement by separating the UV-divergent
from IR-divergent contributions in eq. (3.2) and thereby allows us to distinguish eyy from
emr- We find this approach particularly useful in combination with global renormalization
and the background-field method. Parts of our method have been presented in appendix A
of ref. [69]. As many other existing variants, it is based on the partial-fraction relation called
tadpole decomposition, which for scalar propagators reads [101, 102]:

Dai(k +p) = Dyn(k) = D (k) (D3 (k + ) = Dy (k) Das(k +p)
= Dy (k) = iDp (k) (M? = m? — p* = 2k - p) Day(k + p) (3.10)
where m is an auxiliary dummy mass, k denotes a generic loop momentum and p an external
momentum, and where
)

Du(p) = 2R (3.11)

In the case of fermionic propagators with generic non-Hermitian and non-diagonal mass
matrices in flavor space, the decomposition reads [71]

Sy(k+p) = S (k) — iSm(k) (My Py + M| Pr —m — p) Sy(k +p). (3.12)

where

m)—l _ i(p +m)

. t -1 .
Sulp) =i (p— MyPL—MJPR) . Sw(p)=i(p- S (3.13)

For a two-loop diagram with loop momenta k1, ko, and k3 = ki + ko, we also use the following
disentanglement identities [69]

Sy(ks +p) = Sm(k1) — iSm(k1) (MwPL + M:LPR —m—p— léz) Sy(ks+p),
S¢(k3 —|—p) = Sm(kg) — ZSm(kQ) (MwPL + MJ)PR —-—m — % — kl) Sw(k;; +p) ,
Sy (k1 +p) = Sm(—k2) — iSm(—k2) <M¢PL + M Pp—m—p— k:z) Sy(k1+p).  (3.14)

Green’s functions at two-loop accuracy are obtained from the sum of two-loop diagrams,
one-loop diagrams with an insertion of a one-loop counterterm (or a one-loop wave-function
renormalization factor), as well as tree-level diagrams with an insertion of a two-loop counter-
term or two one-loop counterterms (or wave-function factors). At the level of amplitudes,
we denote this by

i.ANNLO — Z-AQ-loop + 7:‘Al-loop,ct(l) + ,l-Act(2) ) (315)

In order to extract the RGEs, we are interested in the 1/e divergence of the two-loop
counterterms as well as the one-loop counterterms in case of finite renormalizations, see
section 4. In a global renormalization, the counterterm is determined by calculating the
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divergences of the sum of all two-loop diagrams and all the one-loop diagrams with counterterm
insertion. While these two contributions are separately non-local, the sum of the two needs
to be a polynomial in masses and momenta.

To start the discussion of our IR rearrangement procedure, we consider the application
of tadpole decompositions (3.10) and (3.12) and disentanglement identities (3.14) before
any Taylor expansion, i.e., the decomposition consists of the application of exact identities.
Following the algorithm described in appendix A of ref. [69], these relations allow us to split
each two-loop diagram into a sum of massive divergent two-loop tadpole (vacuum) integrals,
products of two one-loop diagrams, and UV-finite terms, which can be discarded. Next, we
apply the tadpole decomposition both in the product of two one-loop diagrams as well as
the one-loop counterterm diagrams, schematically:

ANNLO _ j2-loop Al loop Al loop | Al loop o Aet(1) 4 A°t(2) 1 finite

tadpole
_ 42-loop 1-loop 1-loop 1-loop 1-loop
- ‘Atadpole + ('AA,tadpole + AA,ﬁnite) X (AB tadpole + ‘AB,ﬁnite)
1-loop 1-loop ct(1 ct(2
+ (AC,tadpole + ‘AC,ﬁnite) X ‘A + ’A + finite . (316)

We split off the UV divergences as follows:

(2,2) (2,1)
2-loop __ ~'tadpole tadpole .
Atadpole = 5 — + + finite ,
9
(1,1)
1-loop __ *'tadpole 1-loop
Atadpole - + ‘Atadpole,ﬁnite )
(2,2) (2,1)
Act(Q) _ th + th
g2 e
1,1)
NG
Act) = et (3.17)
3
which results in
(2,2) _ (2,2) (1,1) (1,1) (1,1) (1,1)
th _Ntadpole — 4V A tadpole NB stadpole ~ *YC,tadpole X th )
(2,1) _ (2,1) (2,1)
Ney'~ = Npure tadpoles Nrest” (318)
where
(2,1) a2 (1,1 1-loop (1,1 1-loop
Npure tadpoles — Ntadpole + NA tadpole ‘AB ,tadpole,finite + NB tadpole ‘AA stadpole,finite
(1 1) Al loop
C\tadpole,finite ’
(2,1) _ Ar(T, 1) 1-loop (1,1) 1-loop (1,1) 1-loop
Nrest NA ,tadpole X ’AB,ﬁnite NB ,tadpole 'AA J[finite + N X AC finite * (319>
2,1) . D . 2,1 .
The counterterm NC(t )is a polynomial in the physical masses and momenta. N;()ure)tadpoles is

already manifestly a polynomial in the physical masses and momenta, but it also depends
on the auxiliary dummy-mass parameter m introduced by the tadpole decomposition. It
follows that also Nr(es’t) is a polynomial in the physical masses and momenta, i.e., non-local

(logarithmic) contributions need to cancel between the different terms in Nr(est) Slnce Nr(gstl )
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is given by finite integrals, it must be a rational function of m and the same then applies to
Néi}le)tadpoley because the sum of Néi}le)tadpoles and Nr(fstl ) is independent of m.

An important simplification of the calculation results from the fact that the integrands
of Nr(ezst1 ) can be expanded in all the physical masses and momenta before integration: this
is allowed provided that no overall IR divergences are generated. Without expansion, IR
divergences are manifestly absent, or naturally regulated by the masses and momenta. Terms
resulting in IR divergences manifest themselves as singularities in the physical scales. While
indiv(idu)al integrals do contain such singularities, they cancel in the sum of all integrals
in N

rest » Which is a polynomial in the physical scales. Likewise, upon expansion the IR

divergences have to cancel in Nrfs’tl ) and expanding the integrands before performing the

loop integral does not change the result for N}fs’tl ). This works even if IR divergences in the

expanded Nr(gstl ) are regulated dimensionally, provided that no eyy-dependence is erroneously

turned into an er-dependence. The correct results are obtained if in Nr(fstl ) one first performs
the Laurent expansion around yy = 0 and evaluates the residues N (L) of the 1 /euv poles.
The contraction of these residues with the finite one-loop integrals can be performed before
applying the Taylor expansion. Since this expression is finite, one can remove the regulator,
i.e., the residues of the 1/eyy poles and all possible contractions are evaluated for D = 4.
In a final step, one continues the finite integrals again to D = 4 — 2¢1g dimensions, applies
a Taylor expansion of the integrands and performs all the remaining algebra, including the
tensor decomposition of the UV-finite one-loop integrals, with the regulator eg.

Since the tadpole decompositions in this procedure are identities, they commute with
the Taylor expansion. The same results for the UV-divergences are obtained if the Taylor
expansion is performed in the very beginning, which simplifies further the entire computation.

As a result, the IR rearrangement takes the following form.

1. expand all integrands of two-loop diagrams and one-loop counterterm diagrams in
masses and external momenta

2. keep only overall log-divergent integrals

3. apply the two-loop tadpole decomposition and disentanglement identities to split the
scaleless two-loop integrals into massive divergent two-loop tadpoles, products of one-
loop integrals, and UV-finite integrals

4. drop UV-finite integrals

5. apply the one-loop tadpole decomposition to the product of one-loop diagrams as well
as the one-loop counterterm diagrams

6. drop UV-finite terms in the products of one-loop integrals
7. evaluate pure (two-loop and one-loop) tadpole contributions as usual

8. evaluate the residue of 1/eyy poles in Nggtl ), performing all possible contractions and

sending eyy — 0 in the residue

9. evaluate the final UV-finite one-loop integrals in D = 4 — 2¢igr dimensions, including
any potentially remaining tensor decomposition or integration-by-part reduction

— 14 —



We checked that this procedure leads to the same results as the one of section 3.2 for the
theories discussed in sections 2.2 and 2.3. In contrast to the method with auxiliary-mass IR
regulator, no additional m-dependent counterterms are generated. The method also does not
rely on a specific uniform choice of momentum routing, hence it is straightforward to treat
two-loop diagrams and one-loop counterterm diagrams separately in a global renormalization.
This can lead to a reduction of the computational cost compared to the local R-operation.
We expect that the procedure can be generalized to higher loop orders, which we leave
for future work.

3.3.2 Omission of class-II operators

Using the described IR rearrangement within a global renormalization instead of the local
R-operation seems to reintroduce the need to consider class-II operators, in particular gauge-
variant class-IIb nuisance operators appearing as sub-divergences. However, it turns out
that the entire renormalization of the physical sector can be performed without considering
nuisance operators.

As discussed in section 2, redundant operators do not influence the calculation of S-matrix
elements: neglecting them would lead to incorrect 1PI Green’s functions, but the discussed
field redefinitions make clear that the modifications affect also the external-leg corrections in
such a way that they drop out upon amputation in the LSZ formula. Hence, it is common
practice to neglect redundant operators in the on-shell calculation of S-matrix elements.
While it is possible to renormalize the physical sector directly on shell, the computation of
S-matrix elements is in general more involved than the computation of the 1PI effective action.

In contrast to S-matrix elements, the situation is different in the calculation of the 1PI
effective action. In this case, the divergences arising in off-shell 1PI Green’s function need to
be mapped to the complete basis of the theory, including on-shell-redundant operators. In
the background-field method, this includes only correlators of background fields, which are
gauge invariant. However, this is only true for the highest considered loop level: in order to
cancel sub-divergences, one has to consider class-IIb operators as explained in section 2.1.
If one neglects the counterterms to redundant operators, one does not obtain the correct
off-shell 1PI Green’s function and the result will contain uncanceled sub-divergences, which
are non-local. A priori, it is not clear how these spurious non-local divergences could be
unambiguously mapped to the operator basis in a way that does not affect the physical sector.

The solution is provided by the procedure described in section 3.3.1. The Taylor expansion
turns the result manifestly into a polynomial in masses and momenta, which can always be
mapped onto the operator basis. The IR rearrangement splits UV divergences from spurious
IR singularities. In the sum of two-loop diagrams and one-loop counterterm diagrams, the
dependence on the dummy mass m drops out. If the full operator basis is included, also all
spurious IR singularities vanish in the UV-divergent part. IR singularities only remain in the
UV-finite part, which is split off by the IR rearrangement. If we do not include the full operator
basis, but neglect the insertion of redundant operators, the result for the UV-divergent part
of the 1PI effective action contains spurious IR singularities, i.e., terms proportional to
1/(euyv X emr). However, due to the prior Taylor expansion, the result is still a polynomial in
masses and momenta that can be mapped onto the operator basis. Doing so, the spurious IR
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singularities reside in the unphysical sector of the theory, i.e., they affect the counterterms to
redundant operators as well as wave-function renormalization factors, which are not physical.
The counterterms of the coefficients of physical operators are not affected by the uncanceled
IR singularities and they are unaltered from the correct result of the full calculation. If it
were different, ignoring redundant operators would also affect the S-matrix, which can be
composed from vertices of the 1PI effective action inserted into tree-level topologies.

We have verified this procedure in the two-loop renormalization of the theories described in
sections 2.2 and 2.3. Indeed, using the IR rearrangement of section 3.3.1 we find that neglecting
the insertion of redundant operators only modifies the counterterms of the redundant operators
and wave-function renormalization factors, while leaving the physical counterterms unchanged,
which also fully agree with the results obtained with the R-operation.

The described method provides an efficient procedure to renormalize the physical sector
in an off-shell calculation. Using the background-field method, no gauge-variant class-IIb
operators need to be considered.

4 Renormalization-group equations of the LEFT at two loops

In this section, we discuss the two-loop RGEs of the LEFT up to dimension five in the
power counting. Our calculation is carried out in the scheme defined in ref. [71], which we
first briefly review in section 4.1. In section 4.2, we mention some details of the calculation.
We discuss a few aspects of our results in section 4.3, whereas the entire two-loop RGEs
are provided in appendix B.

4.1 Operator basis and scheme definition

The Lagrangian for the LEFT is

Lrgrr = Lqep+Qed + Lo+ D> LYo, (4.1)
a>5 1

with the leading-order terms

1 A ~Apv 1 v 92 A ~NAuv 62 Y
ﬁQCD-&-QED = _EGMVG e EF/WFM + HQCD 3972 GMVG 4 QQED@F;LVFM
+ 3 6 (ib - MyPy, — M{Pg)v (4.2)
Pp=u,d,e

and covariant derivative D,, = 0, + igTAGZ‘ +1ieQA,. The LEFT power counting is dictated
by the expansion parameter p/v or m/v, where v denotes the electroweak scale, p an external
momentum, and m a mass of the degrees of freedom in the theory. The effective operators
up to dimension five are given in table 1 (physical and on-shell redundant operators) and
table 2 (evanescent operators). We work with the basis defined in ref. [71]. Note that in
contrast to the sample theories in sections 2.2 and 2.3, the redundant operators are not
written in manifest EOM form, i.e., in our basis the actual class-Ila operators consist of linear
combinations of physical, on-shell redundant, and evanescent operators.

We split G;‘ into background and quantum gluons and implement the standard background-
field gauge fixing [94, 95]. The field-strength tensors and dual field-strength tensors for
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(vv)X + h.c.

(LR)X + h.c.

(vv)D? + h.c.

(LR)D? + h.c.

Ouy (VEPCGWVLT)FW

éLp6’“’eRT F/JV

Ouy| Urpc™upy Fju
Oday| drpo™dpy Fu
OuG aLpé“”TAuRT Gﬁy

Oac

d1po" TAdp, G2,

O \WE C(id)2vr, O |er,(iD)%ens
01(15)% aLP(i@)QuRr
OEIEB d (lp)zdﬁ’r

Table 1. Physical operators in the LEFT at dimension five (columns 1 and 2), as well as on-shell
redundant operators, which can be removed via field redefinitions (columns 3 and 4), reproduced from

ref. [71].
(vv)D + h.c. (LR)D + h.c. X2 b &
Ep|VEC(iDvr,  Ep|erpiDers €| FuFM —FF™  &| FFm — F, ™
Eup |urp(iP)upe,  Ec|GAGW — GLGAW g4 |GA,GAw — GA GAn
ng de( ]p)dRr 5’7’ FWFW 57’ FWFW
Ear Ga,GAm Ear G4, GAm
(fL)D2 (ER)D2 (l/l/)D2 + h.c. (ZR)D2 + h.c.
by | vLplid), (iD)lvee €Ny | erpl(iDD), (iB)]en, ELE|\WE,CP) D), ELF|ery(ilD)(ilD)ers
el e, [(iD). (iB)er, ED |umy[(ilD), (ilb))ury ELE Ly (i) (iDD)ur,
by lury[(iD), (i) ury ELy|dnpl(i)), (i))dpy ER dp, (i1D) (i) d
by | dup (i), (iP))dpr
(fL)X (RR)X (vv)X + h.c. (fR)X + h.c.
EL | (PLpiduyuvie) F* EE| (ErpiApTvern) F*  ERF\(vL,Copvrr)F* ELR| (ELpbuvers) FM
geL»Y ( LpZ’Yu’erLr)FMU Sqﬁy (ﬁRpiﬁ/uﬁ/uuRr)F'uy ELR ('aLpa'u,uuRr)Flw
L (ur mﬂyqu)FW EX 1 (drpiduyvdry) F* ELR| (drpbuwdpr) FH
E(f;/ (devfyH’yl,dLr) ER\ (uppid 7 TAu gy ) GAHY ELE (upp6,0 TAuR, ) GAHY
gqu (ﬂLP":ﬁ’uﬁ’vT U'LT)GA#" gcll?G (JRP":'AYM’%TAdRr)GAW gdLC}v‘? (JLP&MVTAdRr)GA#V
g(fG (JLPiﬁu:YVTAdLr)GAW

Table 2. Evanescent operators in the LEFT at dimension four (first row) and five (second and third

row),

reproduced from ref. [71].
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photons and gluons are

~ 1
B =0,A, —0,A,, FM= 55“”/\"}7,\0,
~ 1
Gloy = 0uGy = 0,G} —gfYPOGIGT . G = S G, (4.3)

with the Levi-Civita sign convention €pi193 = +1. For the definition of £, and the remaining
conventions used we refer to ref. [71]. We work in D = 4 — 2¢ dimensions and we use the HV
scheme for 75 [78]. Our operator basis defines effective operators from the physical basis over
four (instead of 4 — 2¢) space-time dimensions, for instance the electron dipole operator is

E:LeyéLpa—“”eRer,+h.c.+... , (4.4)
pr

with flavor indices p,r and the bar restricting the Lorentz indices to u,v € {0,1,2,3}. Using
a D-dimensional o*” instead corresponds to an evanescent shift, which is a scheme change
under which the one-loop RGE is invariant. The two-loop RGE however is not: in general,
it depends on the scheme, including the 5 prescription, the operator definition, and the
renormalization conditions. In particular, it is affected by finite counterterms. In our scheme,
the parameters X; of the theory are renormalized at one loop according to

Xi= anE(XI(M) + XiCt)7 Xth = Xi,diV + Xi),(ﬁn + 'i\én ’ (45)

where X giv cancel all one-loop divergences and in addition we define finite renormalizations

to take care of two effects: the compensation of evanescent-operator insertions through

ev
i,finy

the divergent and the finite counterterms X giv, X7g,, and ch,}fliln are provided explicitly in

ref. [71]. The finite one-loop renormalizations affect both the finite parts of one-loop Green’s

as well as the restoration of chiral symmetry in the spurion sense through X7 . Both

functions as well as the two-loop RGEs, as will be discussed below. We treat gauge couplings,
masses, and Wilson coefficients on an equal footing. In general, the counterterms X§* are
expanded in loops and powers of ¢,

oo 1
X =25 gy X AR D. (4.6)

I=1n=0

where L; and K; denote physical and evanescent Wilson coefficients. Note that we do not

. L . . 1,0
perform finite renormalizations in the evanescent sector, i.e., Z-( ) — 0.

4.2 Loop calculation

We compute the renormalization of the LEFT diagrammatically. At dimension five and
two loops, this involves the computation of 1491 Feynman diagrams. A breakdown into
different Green’s functions is given in table 3. As an example, we show in figure 1 explicitly
the topologies for the gluon propagator.

We use QGRAF [114] for diagram generation and our own routines for the derivation and
application of Feynman rules. Small expressions are processed in Mathematica. For critical
steps with large expressions we make heavy use of FORM [115, 116] and Symbolica. The
slowest step in the calculation is Dirac-algebra simplification: in the HV scheme, due to the
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AA | GG

ee

uu

dd

eeA

uuA

ddA

uuGG

ddG

GGG

AASC

GG o6C

total

21 |83

6

41

41

17

80

80

207

207

487

79

142

1491

Table 3. Number of diagrams for the different Green’s functions computed for the two-loop
renormalization of the LEFT at dimension five. The labels mean e = lepton, u = up-type quark, d =
down-type quark, A = photon, G = gluon, and ¢ = dummy field used in the calculation of the 6
terms. The GGG Green’s function is not independently needed at dimension five but serves as a

cross-check.

Figure 1. The two-loop diagrams for the gluon propagator in dimension-five LEFT. Diagrams
obtained from those by exchange of external legs or reflection of a fermion loop are not displayed.
There exist also diagrams with different fermions in loops, and diagrams with internal photons, totaling
to 83 diagrams (see table 3). Some diagrams vanish trivially, e.g., due to the EFT power counting.
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presence of 75 in Dirac chains and traces, the required dimensional split results in a large
number of terms. A comparable calculation using NDR is found to be two to three orders
of magnitudes faster. In the HV scheme, the calculation is considerably faster when one
uses Hermitian mass matrices instead of generic masses: due to the absence of projectors
from mass insertions, the bulk of the Dirac simplification can then be carried out without a
dimensional split, thus speeding up the calculation by one to two orders of magnitudes.

The RGEs are derived from the UV countertems. In the presence of finite renormalizations,
the relation at two loops is [71]

(1,1) 3L( 0

D22 aL Z 2K .
]

1,1)
Z p) J e Z oL

where for MS only the first term contributes. In our scheme with finite shifts the remaining
terms also contribute: they cancel (A) the dependence on the coefficients K; of evanescent
operators and (B) chiral-symmetry-breaking terms, both of which can be present in the
first term of eq. (4.7). The cancellation (A) was not checked as it would require evanescent
insertions into two-loop diagrams.6 Instead, we assign a loop counting to evanescent operators
and assume their coefficients to be one-loop generated, hence we neglect all dependence on
the coefficients K; in two-loop terms and the two-loop RGEs are only affected by evanescent-
operator insertions into one-loop diagrams. The cancellation (B) can be verified explicitly and
provides a useful check of the consistency across loop orders: indeed, all symmetry-breaking
terms are absent in our results for the RGEs.

The cancellation of sub-divergences is done automatically with the R-operation in MS;
finite renormalizations were accounted for separately and globally, see section 3.1. As a result,
counterterms and RGEs were obtained in MS as well as in our scheme with finite shifts.

The complete calculation is based on two independent implementations of the R-operation
(one in FORM, the other in Symbolica) described in section 3.2 and a cross-check of the
resulting counterterms and RGEs. In addition, we performed partial cross-checks based on
a global renormalization and the IR rearrangement presented in section 3.3. The entire
calculation was done with generic QED and QCD quantum gauge parameters &, and &,.
Gauge-parameter independence of the RGEs of physical operators provides another useful
check on the calculation.

4.3 Results

In appendix B, we provide the results for the LEFT RGEs in our chirally symmetric scheme
at dimension five, i.e., including all effects from a single insertion of a dimension-five operator
suppressed by 1/v in the power counting. The results are given for the physical sector of the
theory after having performed the field redefinitions that remove redundant operators.
Our chirally symmetric HV scheme has a more complicated counterterm structure than
MS. However, it is interesting to note that Green’s functions and RGEs are more compact due
to the absence of evanescent and chiral-symmetry-breaking terms. We emphasize that in the
LEFT, which is a vector-like gauge theory, these finite renormalizations are a scheme choice

5This is expected to be a computationally expensive task due to the large number of evanescent operators.
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and one could consistently calculate as well in the MS scheme. While MS is the natural choice
for pure QED and QCD, the presence of chiral structures in higher-dimension operators makes
our chirally symmetric scheme much more appealing: without the finite symmetry-restoring
counterterms, one needs to take into account chiral-symmetry-breaking terms in matching
contributions, in RGEs, as well as matrix elements. Overall, these effects have to cancel
each other in relations between observables. In our scheme, chiral-symmetry-breaking terms
are manifestly absent not only in relations between observables, but also in intermediate
steps, such as matching contributions or RGEs.

As an example, omitting from eq. (B.8) the contribution of quarks, the two-loop RGE
for the electric charge in MS is (see eq. (B.1) for the notation)

VS : 224 , .
(€3 = 4 neePql + 48 e4qg(< Ley M) + <LLYM€)> - Te4q§(< Ley M) + <L1,YM§)) , (4.8)

where (-) denotes the trace in flavor space, n. is the number of charged lepton flavors, and
gde = —1 the electron charge. In contrast, our scheme with finite shifts leads to the simpler
and chirally symmetric result

[él2 = 4 nee®ql — 80¢'q? ((Ley Me) + (LE, M])) (4.9)

which is free of spurion-symmetry-breaking terms of the form LM, LM, as expected.
We note that the QED parts of egs. (4.8) and (4.9) agree, as they should. The reason is
that this term can be extracted from a single-parameter calculation, for which the scheme
dependence starts at three loops.

In addition to the gauge couplings e and g, we compute the RGEs for the QED and QCD
f-parameters, using the method of ref. [117]. The results are given in egs. (B.10) and (B.11).
Considering the linear combinations

Am OqeD _ Am fOqep
TQCD—292+ o

(4.10)

we find that our scheme respects holomorphy at two loops and dimension five in the case
of Tqrp [27, 118], but we observe a violation of holomorphy in 7qcp proportional to IV,
leading to a dependence of the RGE for 7qcp on the anti-self-dual gluonic dipole-operator
coefficients LLG and LIIG. However, we note that these are scheme-dependent statements,
which are affected by finite renormalizations and the definition of physical and evanescent
operators. We expect that one could perform an additional finite renormalization that
restores holomorphy of 7qcp at dimension five.

We apply our chirally symmetric HV scheme throughout. In the case of pure QED or
QCD, the finite renormalizations lead to unusual RGEs for the masses. In the limit of pure
QED, the anomalous dimension of the electron mass in our scheme is given by

[Me)2 = —¢*q? (4ne + 3) M , (4.11)

which is chirally symmetric in the spurion sense. In contrast, the MS result in the HV scheme

32
(MY = —e'qc(dne + 3)Me + e'qe -

3 ne M (4.12)
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contains a chiral-symmetry-breaking contribution proportional to Mf. In the case of a
Hermitian mass matrix, m, := M, = ]\46T , the MS expression reduces to the well-known result

S 20
[y = e'a; (3ne - 3) Me, (4.13)
which agrees with the NDR scheme because no 5 appears in QED with a Hermitian mass
matrix. Analogously, in the limit of pure QCD our scheme leads to the quark-mass anomalous
dimension

[M,]2 = —g*Cr (3(Cr + N.) + 2n,) My, (4.14)

where n, denotes the number of quark flavors, whereas in MS, the HV scheme produces
an additional symmetry-breaking contribution,

8
(M3 = —g*Cr (3(CF + N.) + 2n,) M, — §g4CF (11N, — 2ng) M} . (4.15)
For a Hermitian mass matrix my := My, = M, ;f , the MS result reduces to the known expression

5" = —g*Cr <3CF + %71\70 - 130nq) my, (4.16)
which again coincides with the result in the NDR scheme.

The complete results for the two-loop RGEs of the mass matrices are given in appendix B.1.
We stress that these results are not unique: since we are working in a basis of generic non-
diagonal and non-Hermitian mass matrices, there is always the freedom to perform further
chiral rotations in flavor space, which changes the mass matrices, see refs. [14, 27, 71]. Indeed,
we find chirally symmetric and gauge-parameter-independent two-loop RGEs for the mass
matrices only after performing such a chiral field redefinition at the two-loop level. Regarding
the gauge-parameter independence, the same observation was already made in refs. [14, 71].
The necessary chiral field redefinitions turn out to be purely axial rotations, hence they
affect the f-parameters at the three-loop level. Due to the freedom of performing chiral
rotations, our results in appendix B.1 should be understood as the definition of the field
basis. As in refs. [14, 71], we choose the gauge-parameter-dependent axial rotation to be
proportional to &, — 1 or § — 1. The ambiguity in the basis choice drops out when one
computes a matrix element: at this point, one has to apply a transformation to the mass
basis, which renders the mass matrices real and diagonal.

The chiral rotation that brings us to the basis in which we report our results is suppressed
by one factor of the LEFT power counting. Therefore, at dimension five it has no effect
beyond the mass matrices. This will no longer be the case at dimension six [119].

5 Conclusions and outlook

In this article, we have presented the first part of a complete calculation of the two-loop
RGEs of the LEFT in a HV scheme that respects chiral symmetry in the spurion sense,
as previously established in ref. [71]. The HV scheme is the only one that is proven to be
consistent to all loop orders [81], but due to the dimensional split it comes with significant
computational challenges.
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Here, we have concentrated on several technical aspects of the calculation: we have
elaborated on the advantages of the background-field method and the problem of gauge-
variant nuisance operators in sub-divergences. We have discussed how the construction
and identification of these class-1Ib operators can be avoided, either by making use of the
automatic subtraction in the R-operation, or by avoiding their insertion completely, using a
modification of the IR rearrangement. In both cases, one can obtain the renormalization of
the physical sector of the theory from an off-shell calculation of 1PI Green’s functions.

We have subsequently presented the results for the complete LEFT two-loop RGEs up
to dimension five in our scheme. They consist of the two-loop renormalization of the dipole
operators, as well as their mixing into the fermion masses and the gauge couplings, including
the 0-parameters, which in the case of 0gcp is of phenomenological interest in the context of
searches for a neutron electric dipole moment [120]. When using our results, it is important
that all parts of the calculation be performed in the same scheme (or scheme changes be
correctly taken into account), in particular matching calculations for the LEFT, either at the
electroweak scale [14] or the hadronic scale [121-123]. Adapting these matching calculations
to our chirally invariant HV scheme is work in progress [124].

The techniques and methods presented here are not restricted to dimension five. The entire
results for the LEFT RGEs at dimension six, which have a wider range of phenomenological
applications, will be presented in forthcoming publications [113, 119]. They are part of a
wider effort to establish a complete EFT framework for physics beyond the SM at next-
to-leading-log accuracy.
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A Counterterms and RGEs for C' P-even dipole operators

Below we give the MS renormalization constants and RGEs for the U(1) and SU(3) EFT
models discussed in sections 2.2 and 2.3. We use the short-hand notation {X}; = X/(1672)
and {X}2 = X/(167%)? for the one-loop and two-loop contributions, respectively. In contrast
to our full LEFT calculation, the results in this appendix are obtained in a scheme where
the dipole operators are defined in D dimensions and pure MS is employed. Since no s
shows up in these toy EFTs, no dimensional split is needed and there is no difference between
NDR and HV prescriptions.
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A.1 Single-flavor QED with CP-even dipole

For the theory defined in eq. (2.1) we find the renormalization constants (before field

redefinition)
deq(eq — 12Lm) 16e3q3Lm  2e3q3(eq — 24Lm)
6ZA - - + 2 - 9
3e 1 € € 9
eq(6Lm — eqf) e3q® (eq€? +4Lm(5 — 3¢))  eq®(2leq — 652Lm)
0Zy =3 —— L% 4 . + :
€ 1 2e 12¢ 9
_ 343 343 _
Sm — {_3eqm(eq 4Lm)} n {e q m(56q2—|— 16Lm) n 11e’g°m(eq 112Lm)} ,
€ 1 2e 12¢ 9
S — { e“q(eq 12Lm)} n {26 q°(eq — 36Lm) L (eq 24Lm)} ’
3e 1 3e? € 9
2.2 4.4 4.4
6L_{17eqL} +{11962qL_587eqL} ’ (A1)
3e 1 be 36e 9
SR — {_eq(equ —6L) } N {63q3 (eqRE* + L(38 — 6¢)) N e3q®(21eqR + 4L(3¢ — 70)) }
B 5 1 2e2 12¢ 5

The coefficient of the redundant operator R only mixes into R itself and does not affect the
physical sector. The field redefinition sets d R = 0 and leaves the remaining renormalization
constants unchanged. The I-loop anomalous dimensions in MS are simply given by 2/ times
the 1/e poles (using the notation & = ,u%x)

11 1232
™m = {—GquQm + 24equ2} + {e4q4m - e3q3Lm2} ,
1 2

3 3
{4e3q2
3

— 16€2qu} + {4e5q4 — 9664q3Lm} ,
1 2

L= {3462q2L} + {—58764q4L} . (A.2)
3 1 9 2

A.2 Single-flavor QCD with C P-even dipole

Below, we list the MS renormalization constants and RGEs for the case of QCD with a
CP-even D-dimensional dipole operator, as defined in section 2.3. We treat the theory
using the background-field method.

575 — {g(g(llNc —2)+24Lm) }
3e 1

{_4g3Lm (N2 +1) N 9% (9 (34N? — 13N?2 + 3) + 24Lm (8N? — 3)) }
27

N g2 6N
52 = {Q(Q(Nc(13 — 3¢) — 4) + 48Lm) }
1

6e
N {g4Nc(2§ + 3)(Ne(3¢ — 13) +4) — 48¢°Lm (N2(26 + 5) + 2) /N,

24e?
g3 (9 (N2(—2€% — 11€ + 59) — 28N2 + 8) + 16Lm (25N?2 — 12)) }
2

+ 16N e
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57, — {_g (VZ —1) (g€ —6(L — Rz)m)}
2N e 1
N g3 (N2 —1) (g€ (N2(26 +3) — &) + Lm (— (12§ + 65) N2 + 8N, + 12(¢ — 1))
8N2e?
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The expressions for the physical sector (m, g, L) are é-independent. For the RGEs we obtain

2 _ _
L {_3gm (N2—1) (g 4Lm>} A
N. )
{g3m (1 - N2) (g (203N2 — 20N, — 9) — 8Lm (145N2 — 124N, + 30)) }
+ )
12N2 )

1 4 (g (34N2 — 13N?2 24Lm (8N?2 —
g= {—gQ(g(llNc—2)+24Lm)} +{_g (g (34N 3Ne +3) + m (8N 3))} ,

3 1 3N, )
i_ {92L (8N2 — 2N, + 15) } N {g4L (161N} — 164N?2 + 1196 N2 — 128N, + 459) }

- 3N, ) 36 N2 5

The result for I agrees with ref. [101], the remaining terms with L are new to the best of
our knowledge. For N, = 3 the expressions reduce to

1172 ¢* 1712
m:{—8g2m+329Lm2} +{— gm g3Lm2} :
1 2

9 3
. 31° 5 268¢° 4
g=93- —8¢°Lm +q— —184¢*Lm |
3 1 3 2
L:{ 9g2L} +{ 1621 4L} : (A.5)
1 27 2

B LEFT RGEs at dimension five in the HV scheme

In the following, we provide the results for the RGEs of the LEFT in our chirally symmetric
HYV scheme, at dimension five in the power counting, i.e., including all effects resulting from
a single insertion of a dimension-five operator suppressed by 1/v. Since neutrino interactions
start at dimension five, at this order there is no dependence on the number of neutrino flavors
ny. We compute the complete set of RGEs, including the mixing into the QED and QCD
theta parameters. We use the short-hand notation

d 1 . 1

= Tiogn = 16,2 X0 (igrze Xl (B.1)

and we only list the two-loop contribution [X ]2 to the RGEs; the scheme-independent one-
loop contribution [X]; to the RGEs has been computed to dimension six in ref. [27] (and
independently confirmed in ref. [71]). All RGE results are given in a compact matrix notation
in flavor space. We define the running of the gauge couplings in pure QED plus QCD by

(-1

[ele=—ed b1 2R g2k gle = —g z b7 1 gHEP ek, (B.2)
k=0

where the coefficients of the S-functions up to two loops are

4
8,0 = 3 (nqu + Nc(nuqi + ndq§)> )

11 2
bho = 3 Ne = 5 (u +na),
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1o=—4 (nqu + Nc(nuqi + ndqé)) ) 11 =—4N.Cr (nuqi + ndq62l> )

34 10
bl o= chz —2Cp(ny +ng) — ENC(nu +ng), bl =2 (nuqi + ndq3> , (B.3)

with Cp = (N2—1)/(2N.) the coefficient of the quadratic Casimir operator in the fundamental
representation of SU(N.). In the following, we use Cr to write the results in a compact
way, but we do not claim them to be valid for gauge groups different from SU(N.). In
particular, we do not distinguish C'4 from N..

B.1 Dimension 3: masses

Since neutrinos do not interact in QED or QCD, the Majorana neutrino mass does not receive
an anomalous dimension in the LEFT at dimension five to any loop order, hence

The RGEs for the other fermion mass matrices are

(M) = —e'q? (a2(4ne + 3) + ANe(mua? + nadl) ) Me
+2€%qe (a2(4ne +7) + ANe(nuq? + ngad) ) (LL, MIM, + M MILL )
+ §E3Qe (qi(Sne +15) + 8N, (nuq2 + ndqﬁ)) MLy M,
— 40€*q2 (Ge((Ley Me) + (LE, M)
+ NeGu({Lay Ma) + (L3, M) + Neaa((Lay Ma) + (Ll M) ) Mo
— 192¢%q, (G2 (M. M) + NogZ (M, M) + Noa(MaMJ)) LL, (B.5)
(M) = —e*qZ (4neq? + (AN ny, + 3)a2 + ANenga3 ) M,
— ¢*Cr (66202 + g7 (3(Cr + No) + 2(nu + ng)) ) My
+ 2eq, (7(920F + €%q2) + 4% (neq? + Ne(n.,q2 + ndq?z))) (LL, MM, + M ML)
+ %equ (15(9°Cr + €2a%) + 86*(neq? + No(nud, + 14q3)) ) Moy Luy My
+29Cr (7(4*Cr + €%a2) + g*(19N. + 2(nu + na)) ) (Ll MM, + M ML)
+ (§g3cp(15cp — TNe + 4(ny + na)) + zoche2q§> M, Ly M,
— 4002 (qe((Ley Me) + (LT, M)
+ NeGu({Lay My) + (L3, M) + Nea({Lay Ma) + (L, M) ) M,
— 209°Cr ({LueMu) + (Lo ME) + (LagMa) + (Lo M) ) M.,
— 192¢*qu (G2 (M M) + Nea (M M) + NoaZ (M M) ) L,

— 969°C (M, M) + (MaMJ)) L (B.6)
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- 9693CF(<MUMJ> + <MdMg>)LLG . (B.7)

B.2 Dimension 4: gauge couplings

The two-loop running of the gauge couplings in the LEFT to dimension five is given by

[€]2 = —bioeﬁ - 55,16392
- 8¢ (106262 (Lo, M) + (L1, 1)
+ Neau(99°Cr + 106%02) ((Luy M) + (L], M) )
+ Neaa(99°Crr +106%63) ((Lay Ma) + (LE, M)
+ egN.Cra2 ((Lug M) + (Lo M)
+egN.Crad ((LaoMa) + (L) ). (B5)
[9]2 = —b‘i],og5 - bg,lg%?
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+ degqu ((Luy M) + (LT, M)

+ degaq((Lay Ma) + <L27M;f>)> . (B.9)
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The two-loop running of the #-parameters is

faen)s = 257 (106262 (L 0) - (2L, 0]))
+ Neu(992Cr + 106202) ({Lus M) — (L], M)
+-JVeqd(9g2C7F-+-1062q§)(<Ld7A4a>-— <L27ﬂ4§>)
+ egNeCrpa? ((LugM.) — (Lo M]))
+ echCFq?l<<LdGMd> - <L1T1GM;>>> ; (B.10)
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+ (20°(20Cr + 3No) + 36¢°3) ((LacMa) — (L M)
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B.3 Dimension 5: dipole operators

At dimension five, the AL = 2 neutrino dipole operator obtains with our normalization an
anomalous dimension only through the photon field,

Loz = — (05 ge* + b5 16%9%) L . (B.12)

The RGEs for the remaining dipole operators are
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