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regularization — the Breitenlohner Maison t’Hooft Veltman (BMHYV) scheme and Naive
Dimensional Regularisation (NDR). The BMHYV scheme is the only algebraically consistent
scheme, but necessitates chiral symmetry restoring counterterms and it is computationally
more expensive, limiting its practical use. We show how the quantum effective action can
be translated between both schemes and present these translation rules for the Wilson
Coefficients of the Standard Model Effective Field Theory (SMEFT), that can easily be
implemented into automated tools for SMEFT computations. Finally, we examine how this
scheme dependence manifests itself in matching calculations, identifying the cases in which
the dependence cancels in the final result. To examplify this, we consider a concrete UV
scenario matched onto the SMEFT at one-loop order in both schemes. Our work aims to
facilitate more accurate SMEFT computations and can be considered as a first step towards
a comprehensive map between the two continuation schemes.
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1 Introduction

The observation of a scalar particle compatible with the Higgs boson of the Standard Model
(SM) in 2012 [1, 2] has completed the mosaic of SM particles. Several hints, such as a
missing dark matter candidate or the baryon asymmetry of the universe point towards the
necessity of extending the SM.

The lack of direct evidence for physics beyond the Standard Model suggests that new
physics may emerge at a scale higher than the electroweak scale. This motivates a general
approach parametrizing new physics by means of an Effective Field Theory (EFT). A
particularly popular approach is Standard Model Effective Field theory (SMEFT) [3, 4] used
to describe the effects of heavy new physics lying beyond the current experimental reach.
These effects are parametrized by higher-dimensional operators that respect the symmetries
of the SM. We will consider operators up to dimension six.

The increasing experimental precision requires more and more precise theory predictions,
for which loop computations are often necessary. In this context, divergences arise; a
regularisation scheme must be prescribed. The most common choice is represented by
dimensional regularisation [5-8],! where the number of space-time dimensions is promoted
to a continuous value, 4 — D = 4 — 2¢. Subtleties arise in presence of chiral interactions,
with the ~5 Dirac matrix being an intrinsically four-dimensional object: a continuation
scheme must be employed. The most common choices are naive dimensional regularisation
(NDR) [10] and the Breitenlohner-Maison-’t Hooft- Veltman scheme (BMHV) [5, 11], on which
we will focus in the following. The consistent continuation of 75 to D dimensions becomes
particularly pressing in the SMEFT, where a large number of operators containing chiral
structures appear in loop computations. The recent years have seen a lot of advances both

See ref. [9] for other regularisation schemes.



in methodology and in precision results in multi-loop EFT computations [12-21], so the
issue is becoming more and more important.

The BMHV scheme is the only self-consistent scheme in which Ward identities have
been proven to be valid to all orders in pertubation theory [22, 23], relying on a rigorous
mathematical definition of 5, while the NDR scheme becomes ambiguous in the presence
of traces involving -5 and at least six v matrices. For this reason, the latter has been
augmented with reading point descriptions [24, 25], which though at three-loop order can
become inconsistent and need to be extended [26, 27]. More importantly, these prescriptions
were not proven to work in general, so one needs to check on a case by case scenario, rendering
it very inefficient. On the other hand, the BMHV scheme breaks chiral symmetries, that need
to be restored by gauge non-invariant counterterms. Those have been computed in various
chiral gauge theories in the recent years [28-34], but unfortunately they are still missing
for the SMEFT, which makes the use of the BMHV scheme cumbersome. Apart from the
necessity of counterterms, the BMHV scheme comes also with some practical issues: being
algebraically more challenging it generates large expressions in intermediate steps of loop
computations. For instance, it requires also extra steps when using the usual key-chain to
perform loop computations at two-loop order or higher, i.e. for instance when using integration
by parts relations to reduce the loop integrals to a smaller set of master integrals [35].

In this work, we do a first step towards a complete map between the NDR and BMHV
scheme. This will aid to obtain results in the consistent BMHV scheme with tools that
are unable to use it for practical reasons, setting the ground for higher order calculations.
For the moment we restrict ourselves to the gauge interactions being QCD and therefore
vector-like, i.e., the limit g1,g2 — 0, avoiding the need of the gauge symmetry-restoring
counterterms. We pay though special attention to restore also the chiral global symmetry
by following the formalism of [36] such that our results provide a first step towards a map
between the two continuation schemes for the full SMEFT.

This paper is structured as follows: in section 2 we explore the relation between the two
schemes and present the framework we use for our translation. Section 3 is devoted to show
an explicit example of our calculation to further clarify some technical aspects. In section 4 we
describe the implementation of our framework in Matchmakereft [37] that we used to obtain
our results. Finally, in section 5 we comment on scheme differences in matching calculations
and how the scheme differences manifest in an explicit complete one-loop computation. In
section 6 we give our conclusions.

2 Framework

In quantum field theory, loop-order calculations in perturbation theory often contain diver-
gences. In order to remove these divergences from physical predictions, the theory must
be renormalized, requiring a regularization scheme. The most common one is dimensional
regularization, in which the action is extended to D = 4 — 2¢ space-time dimensions, with
divergences regularized by poles in 1/e for € — 0. In theories with fermions this requires the
definition of a D-dimensional Dirac algebra. The physical, four-dimensional properties must
remain unchanged, so different choices involve vanishing quantities in the limit D — 4, referred
to as evanescent objects, and simply define (as long as they are consistent) different schemes.



The straightforward approach is to extend the same anticommutation relations to D-

dimensions, i.e.:

{7}“71/} = QTMV: {7#775} =0. (21)

This strategy is called naive dimensional reqularization (NDR). However, it is not possible to
simultaneously keep the following four-dimensional properties:

i) {7#775} =0,
ii) Tr[7u7u7p7075] = —di€ypo,
iii) Cyeclicity of the trace.

In fact, traces of 75 with six or more v matrices are ambiguous, yielding different results
if one computes the trace from different starting points:

Tr[’Yuﬂuz e Wzn%] = Tr[’)’uz .- -Wuzn%’)’ul] +O(e), n>3. (2.2)

Since the difference is evanescent, traces that multiply divergent integrals can give rise to
finite, inconsistent results if not handled with care. As mentioned in the introduction, there
are reading point prescriptions, based on conventionally keeping the same reading point in
all traces [24, 25], but there is no proof that this works in general. These prescriptions have
been used for renormalizable theories up to two-loop order but it has been shown that at
three-loop level this no longer holds [26]. Moreover, there is no guarantee that these work
for EFTs, especially beyond one loop and leading mass dimension, albeit there does not
seem to be an issue with SMEFT at dimension six and one-loop level. We also note that
higher-dimensional EFT operators may frustrate the choice of a unique reading point.

On the contrary, the Breitenlohner-Maison-t’Hooft- Veltman (BMHV) scheme has been
established to be algebraically consistent at all orders. Relaxing the first property (i), the v
matrices are split into their four-dimensional (v;) and (D — 4)-dimensional (v;) components,
and satisfy different anticommutation properties:

{7753 =0, [a, 5] = 0. (2.3)

This is enough to ensure algebraic consistency. However, the regularized kinetic term of
fermions does not preserve chiral symmetries in this scheme, because the evanescent component
mediates left-right interactions. This breaking in the regularized classical action propagates
into the quantum effective action at loop order, consequently obtaining a theory that does
not respect the original chiral symmetries at quantum level. If the symmetry is gauged, the
consistency of the theory gets spoiled by the regularization scheme. Nevertheless, since the
breaking is unphysical, the symmetry can be restored by the addition of the appropriate
local counterterms.

In the case of gauge theories, their quantization inevitably breaks the original symmetry,
leaving the action invariant under the remnant BRST symmetry. When using BMHV, one
option is therefore to compute the aforementioned counterterms to restore the BRST symmetry
broken by the regularization. These counterterms have already been computed for some gauge



theories [28, 29, 38]. Another option is to use the background field method (BFM). This
consists in splitting the fields into a classical, background part and a quantum fluctuation, and
only fix the gauge for the latter. This leaves the quantum action invariant under background
gauge symmetry. The counterterms in BFM have been computed for renormalizable theories
in [30, 33, 34, 36], but they have yet to be computed for EFTs and SMEFT in particular.

In practice, the difference between the two schemes lies in the following anticommutator:

0 for NDR,

s = 2.4
{375} {2’m% o MY (2.4)

which is, as it should, an evanescent operator. At one loop, this implies that only the finite
parts of divergent loop amplitudes (with either closed or open fermion lines) or of amplitudes
divergent in intermediate steps are different in the two schemes, and only in chiral theories.
Indeed, for vector-like theories, NDR is a perfectly well-defined scheme and is equivalent to
BMHV. Moreover, it implies that the (finite) differences are local and, as such, they can
be absorbed in the coefficient of local operators.

Thus, we can define a shift Ac; in the Wilson coefficients of the (BMHV) SMEFT basis
ASY ppr = [ dY Ac,0; such that:

FS])DR = }(3‘113/[HV + ASS\)AEFTa (2.5)
where the superscript (V) indicates one-loop order and T is the 1PI effective action of the
standard theory. This shift can be computed explicitly from eq. (2.5), by matching the
difference FI(\%]))R — F](3113/IHV onto the SMEFT basis. Moreover, since this difference originates
from evanescent pieces hitting the poles of divergent amplitudes, it is enough to compute
the hard region of the quantum effective action to extract the UV poles.

The differences in the finite pieces can lead to different bounds on the Wilson coefficients
in both schemes in a bottom-up approach, see [39]. At higher-loop orders the differences
no longer need to only appear in the finite pieces. As for instance shown in [40] in the
context of SMEFT there can be also an apparent difference in the two-loop renormalisation
group equations (RGEs), that though is re-absorbed by other Wilson coefficients. The
scheme-dependence of the anomalous dimension matrix arising at two-loop order was firstly
studied in the context of AS,AB = 1 transitions [41-46].

In a bottom up approach it numerically impacts though the RGE running [17, 47].

Of course, to perform this computation consistently, both sides of eq. (2.5) need to be
gauge invariant, which in chiral gauge theories implies the addition, as discussed above, of
symmetry-restoring counterterms in the BMHV prescription. In the case of the SMEFT,
these counterterms are not yet computed, so we decided to perform this translation in the
limit g1, g2 — 0, in which the SM gauge group reduces to SU(3), which is vector-like.

Besides, we define the regularized action in BMHV prescription with purely four-
dimensional v matrices, employing the substitutions

VﬂPL/R — PR/LVMPL/R and Ouy — O, (26)

except in the fermionic kinetic term, whose treatment we will specify later. This choice,
following refs. [30, 31, 42, 48], is purely a definition of a renormalization scheme, and any other
choice could be put in this form by a finite renormalization (see more details in section 5).



Finally, even though in this limit of vanishing electroweak couplings the gauge symmetry
is not chiral, the SMEFT Lagrangian is, by construction, invariant under a global SU(2) x U(1)
symmetry. This symmetry is violated by the regularization procedure, so I‘BlMHV will not
respect this global invariance. Since the right hand side in eq. (2.5) is invariant, this leads to
an inconsistency. One has two choices to fix this issue. The first one would be to accept the
breaking of this global symmetry, which was only accidental in the limit we are considering,
and add a basis of SU(2) x U(1)-violating operators to ASS\BIEFT to match the offending
terms. Alternatively, as we decided to do in this work, one can maintain the symmetry by
adding the appropriate counterterms to the BMHYV effective action.

We opted for this second option because these counterterms are a subset of those which
would be added when restoring the full, gauge SU(2) x U(1) symmetry, that would be needed
to perform this translation in the full SMEFT. The global-symmetry-restoring counterterms
are, however, particularly simple to compute in our case. To this end, we follow the technique
developed in [36], introducing a spurion field € to recover the chiral symmetry. Defining a
)T

fermionic multiplet f = (u,d,v,e)’ we can write a gauge invariant kinetic term for the SM as:

Ly O fidf + fLiQdfr + friQidfL, (2.7)

with © an unitary matrix transforming as Q — [Ué[LJ)(Q) ® Ux(/L) 12 [UX(/R) T], and:

51 31
1 1
- 17 1
O P S 2 IR L T @
~3
_% -1
1 _a
L i a s0%1
US(U)(2) = ¢, T = <2 1a ) ; (2.9)
2

with 6,y the parameter of the global transformation and 1 the 3 X 3 identity matrix in
colour space. Since the SM gauge group does not mix quarks and leptons, we can further

— Qq 0
Q= ( 0 Qz) : (2.10)

parametrize € as:

with €,(s) a 2 x 2 unitary matrix for the quark (lepton) sector. Using a quark (g) and lepton
(¢) doublet we can rewrite eq. (2.7) as:

Cain D i + it + [a,Qqidar + 11 Quidtn + hec.]. (2.11)

The quantum effective action defined with a non-dynamical 2 is gauge invariant by
construction and, in general, can be splitted in a part explicitly containing 2 (I'g) and
a part independent of €2 (I'). As shown in [36], adding a set of local counterterms to
cancel I' restores the gauge invariance of the original theory, which is recovered by setting
Q — 1. In general, identifying these counterterms is only straightforward if one uses a
space-time dependent () that allows to reconstruct its covariant derivatives since some of
these counterterms contain terms that actually do not depend on 2. However, in the case of a



global chiral symmetry, one can choose €2 to be a constant so that there are no counterterms
with D, and they are exactly equivalent to I'n. The only Q-dependence comes through
the definition of the fermion propagators from eq. (2.11). Thus, cancelling I'q equals to send
Q — 0 after imposing QT = 1 (see [36] for further details on this discussion).

Therefore, taking all these considerations into account, we compute the difference between
the two schemes using the formula:

AS&\B[EFT = FI(\111)3R|(h) - F(lﬁﬁvl(h% (2.12)

where the superscript (h) denotes the hard region of the quantum effective action, in which
the loop momentum is much larger than any other scale.

3 Examples

In order to clarify how we perform the calculation in practice, we discuss in detail the specific
example of two different contributions to the Yukawa corrections. The first contribution is
the Yukawa self-correction of O(y?) computed in the Green’s basis, while the second example,
the four-quark contributions, is computed on-shell to match the results of [40].

Given that the spurion 2 intertwines the SU(2) quark components, it is convenient to
work with a quark doublet for both chiralities. For instance, the SM Yukawa Lagrangian
can be written in the following form:

—Lyuk =qi[Hayad2,j0ia + Hliab1 jyulqr
+ @i Haza 01,9k + Hidujb2,i93)a1.4. (3.1)
where the indices indicate the SU(2) components and flavour and color indices are omitted.
We stress that ¢ is a doublet containing the u,d quarks of both chiralities.

3.1 Yukawa self-correction

Let us start by considering the one-loop contribution arising in the SM in figure 1 to the
process Hz — qi1g2. To compute the shift to y, ¢ we compute the one-loop amplitude in both
BMHYV and NDR schemes, extract their hard region and take the difference. We take all
momenta to be incoming. The results for both diagrams are the following:

i/\/lg)DR_BMHV) = {61 P2 8,1, (£ 12,1 (221, 1 [ySwl vl

+ 11 PRrus {552,2511,13 [utlyal + [Qe]2,, Ql,l35lg,2[yuydyd]}}

d°k (4—D\ 1
B (e Rl 2
X/(%)D( D )k‘“ (3.2)
ngbN)DR_BMHV) = {@1PLU2 [511,1612,13 [yl yayl) 511,1[89]13,2[89]12,1[yiyingﬂ

+ v1PRru2 [ - 512,19313 [QTe]ay, [yd?/dyuﬂ }

S oow (57 e @9



Figure 1. Feynman diagrams contributing to the process H3 — ¢1¢2 within the SM (a,b) and with
four-quark SMEFT operators (c).

where [; denotes the SU(2) component of the i-th particle and flavor and color indices are
omitted. We have set to zero the external momenta, since we are interested in extracting the
correction for the Yukawa interactions. As expected, the result is proportional to D — 4 and,
as such, will produce a finite, local contribution when multiplying the pole of the integral,
which can be extracted from its hard-region using [ 1/k* — 1/eyy. We left explicit the
dependence to see how the “naive” calculation in BMHV, i.e. setting ) — 1, produces terms
that cannot be absorbed by the SU(2)-symmetric operators in eq. (3.1), which need for the
inclusion of SU(2)-violating structures. In our approach, we send 2 — 0 and, equating to
the tree-level amplitude from eq. (3.1), we obtain:

i foo
\ YuYlyd yiyay
_ u Ayl = —Zudddd 3.4

vd 3272 Yu 3272 (34)

3.2 Four-quark operators

We now consider the contribution to the Yukawa coupling from the four-quark operators
Oqu(LS)’ see figure 1(c). For simplicity, we focus on the contribution to the up-quark Yukawa
coupling.

The Feynman rules for the SMEFT operators are given in ref. [49]. As already detailed,
the difference between the two schemes can arise only from the rational terms, which we
report here:

2 yhtp
.y ((NDR—BMHV) _ . [ prst rst \ MYy
iM =1 (cfz)u(l) +Cr Cgu(S)) 1672 (3.5)

5 )
X [3 (01PRu2) 81, 16050 — U 121,02, = (01PLus) |-

)2 g
To avoid ambiguities, we have reintroduced explicitly the flavour indices. We call ¢ qu(1)/(8)
the Wilson coefficient of the operators Og,1)(s)- In the previous expression Cr = 4/3 is
the quadratic Casimir invariant for SU(3). We stress that this result has been computed
on-shell, setting the Higgs momentum ¢ = m3.

As in the previous case, the BMHYV result features a term which explicitly breaks the chiral
symmetry. In order to restore the broken symmetries symmetry-restoring finite counterterms
are added. Due to the addition of the spurion field, a shortcut for the inclusion of the
counterterms is simply setting 2 — 0, after using the unitarity property QQf = QTQ =1
at intermediate stages.



Dropping the terms proportional to 2 in eq. (3.5) yields a result which is completely
proportional to Pg, as expected from the chiral symmetry. We obtain:

2 it
mHy;rL P

TS ) 75t TSt
Ay =ty (C§u<1> +Cr C§u<8>> 1672

(3.6)

An alternative approach would be using naively the fermion propagator also in BMHV,
which means setting 2 = 1. The result violates manifestly the chiral symmetry. However,
it is possible to focus on the interactions with the physical Higgs boson only, which would
mean considering only the term proportional to the identity in Dirac space in eq. (3.5). This
computation is more intuitive in the broken phase. This choice reproduces the result in ref. [40],

2 it
mHszL P

TS __ st TSt
Ayl = (el + Creis)) 1672

(3.7)
up to a minus sign, once we send m%{ — —\v? to match the conventions. Indeed, the results of
this paper represent the scheme-dependent terms projected to the Warsaw basis. In order to
achieve a scheme-independent result, as in ref. [40], the contributions computed here must be
subtracted accordingly, defining a renormalization scheme and explaining the difference in sign.

4 Results

In this section, we will discuss how we obtained our results. Due to their length, they will
be provided in an ancillary file.

4.1 Implementation

Due to the large number of diagrams to compute for translating the complete SMEFT up to
dimension six, the task is prone to automation. Given that we have to compute the hard
region of a one-loop effective action, we can make use of Matchmakereft [37], an automated
tool for matching calculations in effective field theories. Since Matchmakereft is capable
(in a version that will be made public in the near future) of doing loop calculations in the
BMHYV scheme, it is well-suited for our task.

Since Matchmakereft performs calculations off-shell, in a first step we defined a model
for the SMEFT Green’s basis, expressed only in terms of SU(2) doublets and with g1, g2 — 0.
This model used at tree-level will act as a basis for ASgyerT absorbing the difference
between schemes.

To compute the one-loop effective action, we define two models, one for NDR and one
for BMHYV, with only physical operators. The operators in the BMHYV scheme were defined
strictly four-dimensional, as in eq. (2.6). The propagators are also modified to include the
) dependence as in eq. (2.7).

Then, we computed the pertinent one-loop amplitudes, both in BMHV and NDR, took
the difference, and extracted the finite part of its hard-region. This just required minimal
modification of the original Matchmakereft set-up that extracts the UV poles for RGE
calculations. After imposing the unitarity of €2, we sent 2 — 0 to restore the global
SU(2) ® U(1) symmetry, and matched to the tree-level ASgyppr. Finally, the result is
canonically normalized and reduced to the SMEFT physical (Warsaw) basis.



We manually cross-checked several shifts involving different classes of operators making
use of FeynCalc [50, 51], agreeing with the automatized computation.

We provide our results as a Mathematica replacement list, where the rule for each
coefficient returns its corresponding shift in the physical basis. The sign of this shift
corresponds to the difference NDR — BMHYV, i.e. it is the shift to be added to the BMHV
result to obtain the NDR one. We follow the conventions from Matchmakereft for the SM
Lagrangian and nomenclature of Wilson Coefficients, denoted as alphaOxx for the operator
Oxx. We refer to ref. [37] for further details.

4.2 About ambiguous traces in NDR

As discussed in section 2, traces of 75 with six or more v matrices are ambiguous. These traces
can in principle appear in our calculations so we will use a reading point prescription to ensure
the coherence and reproducibility of our results. Given that the ambiguity is proportional to
the Levi-Civita tensor, the potential ambiguities will be in operators of the Green’s basis
with the schematic form gPqG,,, GqG ., H, H'HGG, GGG, fixed by the amplitudes g — G,
Gq — GH, H'H — GG and GG — G, respectively. The requirement of a closed fermion loop
and the number of v matrices greatly restrict the possible contributions to the ambiguity.
The amplitude g¢g — G can only be mediated by a four-fermion operator, and it does not
contain enough v matrices in any case. The amplitude g¢ — G H can, again, only have a

closed fermion loop with a four fermion operator. The only insertion that gives more than
3)

lequ

process. The amplitude GG — G could only give an ambiguity through the usual SM triangle

six v matrices is the operator O that, in our limit g; o — 0, cannot contribute to this
diagram, that vanishes due to anomaly cancellation. No SMEFT operators enter here.

Finally, the amplitude HTH — GG is the only one that can generate ambiguous con-
tributions, absorbed by the coefficient a;5. We performed the calculation implementing
a fixed reading point procedure in Matchmakereft, so that all traces are started from the
same vertex. We found that the ambiguous result is purely imaginary, so imposing the
hermiticity of the action one can actually fix the ambiguity in this case given that ays is
real. Nevertheless, for completeness, we decided to include this (unphysical) result for a
parametrized by a coefficient &gp = £1, which indicates whether the traces should be read
starting from the vertex with H or HT, respectively.

5 Scheme differences in matching calculations

A hidden assumption that we have made when writing eq. (2.5) is that the one-loop SMEFT
Wilson Coefficients, that enter F}(El}?“T at tree level, are the same in both schemes. Indeed,
expanding eq. (2.5):

1 1 !
F1(312/1Hv =50 [Cl(Blz/IHV] + F1(312/1Hv[c(0)] -
= 5O[expr] + Tidr V] + ASsuprr, (51)

where S(© is the tree-level action and T'M[¢(%)] denotes the 1-particle-irreducible diagrams
with insertions of tree-level coeflicients.



This equation, obviously, only holds if cl(\}]))R = CSR/IHV, with ¢ the one-loop order

matching contribution to the Wilson Coefficients, which is implicitly imposed when doing
bottom-up calculations in the EFT. However, matching calculations are of course susceptible
of receiving scheme differences at loop order, for the same reasons stated in section 2. This
would reintroduce a difference between schemes that can be, again, restored by the addition
of appropriate local, finite shifts.

In order to perform the matching, it is very useful to use the method of expansion by
regions. This fixes the one-loop matching coefficients by imposing;:

0 1),11PI
Sipple®] = DM M), (5.2)

where FHPI](’Z) denotes the hard-region of the one-light-particle-irreducible effective action.
The scheme dependence manifests in the following way. The finite part of the hard-region
UV effective action can be written as:

Tuy|® =T™ 4 e (A + B). (5.3)
€uv €IR
T is the scheme independent part and I'¢, which is O(e), is different in the two schemes.
euy are the UV poles of the UV theory, while ¢z are spurious IR divergences that arise
from the hard region expansion.
If we insert this in the EFT effective action, we get:

!
Dy = SO[eM] 4+ Trpr + Tgpr ()

€uv

— A B — B’

€uv  €R €uv

=h) = . A — . A
= F%\), + I'egrr + I'yy <> =I'yv +T'yy (), (5.4)

€uv €uv
where F(ElgT can be either FS]))R or F1(3113/1HV' Moreover, in the second line we have inserted
eq. (5.3), and in the third line we have used that I'{;y,B = —I'Gpp B’ and fgl\)/ +Tgrr = Luv

by construction.?

We can extract several lessons from this result. First, we see that the scheme dependence
in the EFT cancels in the matching, as it should, so that I'gpr reproduces I'yy (of course,
in some low-energy limit). Second, we see that the UV effective action can obviously also
be translated between schemes by the addition of ASyy = (I‘EJ(\I\,IDR) — F%(\%MHV)> (ﬁ)
Therefore, in this case the remaining scheme dependence of the matching coefficients, fixed
by FUV|(h), is encoded in I'{;yyB, that is precisely given by the quantity I'fpB’ that we
computed in both schemes for SMEFT.

Finally, as a consequence, notice that for amplitudes that are convergent in the UV, i.e.
A = 0, the scheme dependence in the matching is fixed by the one loop one-particle-irreducible
effective action. Consequently, they cancel to give a scheme independent effective action
that reproduces I'yy which is scheme independent by assumption, since the dependence

arises from divergences.

*We refer to [52] section 5 explaining nicely this point.

,10,



To better exemplify this result we performed the complete one-loop matching of the
SM extended by a heavy vector-like fermion ¥ ~ (3,1,2/3) onto the SMEFT, both in the
NDR and BMHYV schemes. Again, to avoid the inclusion of gauge-restoring counterterms
in the BMHV calculation we take the limit g2 — 0 (nevertheless, we employ the same
technique described above to restore the global SU(2) ® U(1) symmetry). The Lagrangian
for the UV model is the following;:

L= Low+ TPV — MUY + [yrg UeH' + he, (5.5)

where we omitted flavor and gauge indices. We performed the matching using Matchmakereft,
obtaining the results that we give as an ancillary file. All calculations are performed off-shell
in D dimensions, so the result is canonically normalized and subsequently reduced to the
Warsaw basis. For simplicity, we only report the results in the physical basis. To the best of
our knowledge, it is the first example of an automatic complete one-loop matching calculation
in the BMHV scheme with symmetry restoring counterterms.

When comparing matching results with the scheme-translating shifts that we have
computed, one has to take into account that our starting point was a physical, four-dimensional
EFT. Integrating-out heavy particles gives a D-dimensional Green’s basis that has to be
reduced to the former one for a correct comparison. In this reduction, one has to take
special care of tree-level evanescent structures, whose effect in loops can be incorporated by a
(scheme-dependent) shift in the coefficients in the physical basis [53-55].

Integrating eq. (5.5) at tree-level we have:

1 _ i -
Ll = = syr(H'eq,) <5 (aeH) + O

2
T “ -
Z?\Zg (HTﬂqLUDQL - HTUIH@LUIUDQL)-F
T > <~
+ S (B D" Hapivgn — H'o' D" Hayo'ivaw)
"(1)5'(1 "(3) ' (3 1 1 3 3
=B R + BRS¢ ol o) + ol 0 (5.6)

where here we use the notation a(f) to distinguish between the coefficients of physical
(redundant) operators, following ref. [37].

We do not generate any evanescent structure directly. In order to reduce to the phys-
ical basis, equations of motion need to be applied. Not having to use Fierz relations or
any four-dimensional identity, the reduction in the NDR scheme does not generate any
evanescent structure. However, deriving the equation of motion in the BMHV scheme from
eq. (2.11) reads:

Eq = —QqéqR — Q:;@QL + non evanescent terms. (5.7)
So we implicitly define the following evanescent lagrangian:

£ = —Bléz)HTHéLqu&qR - 5;§i)HTJIHqLquUI‘?QR +he. (5.8)

ev
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Therefore, we need to compute the shift to 01(3112/[HV induced by eq. (5.8) to compare correctly.

Indeed, if we examine, for instance, the matching contribution to the chromomagnetic
operator Oy in the physical basis, we can see that

T
 93(yr)i(yr), (Ya) k;
where we defined dayq = ang — odecl\;/IHV. The shift to ayg that we computed reads instead:
T
93(y1)i (Y1) 1, (Ya)
A = . 5.10
(Aaac)i 1927202 (5.10)
However, correctly accounting for the evanescent correction stemming from eq. (5.8) modifies
odegIHV in such a way that:

/ 1 / 3
BMHV BMHV (ﬁh(fq) + BBfErq))ik(yd)kj
Rrel

@dc 7 9672
1
gs(yT)'(yT) (yd)k'
= (5adG)ij = — 19127_(2]\22 ‘7’ (511)

so that the scheme differences cancel, as it should, since the UV amplitude of qr.dgr — HG
is convergent. The result presented in the ancillary file contains this evanescent correction.
We stress that this does not have to be the case in general. In particular, kinetic terms
receive scheme-dependent corrections which stem from UV poles that, when normalizing
canonically, propagate into several coefficients.

6 Conclusions

Dimensional regularization is commonly used in the particle physics community to perform
loop computations. In chiral theories, a prescription for the treatment of ~s, which is
purely four-dimensional, needs to be defined. The most common choice, naive dimensional
regularization, is widely adopted because of its simplicity, but gives ambiguous results in
higher order calculations. On the other hand, the BMHV scheme is algebraically consistent,
but more cumbersome to implement.

In this work we have studied the relation between both schemes in an EFT framework,
showing how EFT loop calculations can be translated between both schemes via a finite
renormalization. In particular, we computed the translating shifts for the SMEFT up to
dimension six, in the limit g1,go — 0. This simplification allows to avoid the inclusion
of gauge-restoring counterterms in BMHV because, even though the use of the technique
introduced in [36] greatly simplifies their calculation, the computation in SMEFT is still
quite involved and beyond the scope of this work. Once these gauge-restoring counterterms
are computed for the SMEFT, the extension of our results is technically straightforward.

Likewise, we have shown how matching calculations introduce a scheme-dependence in
the Wilson Coeflicients, that could always be compensated with a finite renormalization
in the same fashion, but in a model dependent way. In other words, one could translate a
NDR-computed one-loop process in SMEFT to the BMHYV result using our shifts, but should
then perform matching in BMHYV to interpret the result in specific UV scenarios. As an
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example, we performed the complete one-loop matching of the SM extended with a heavy
up-type quark in both schemes, again introducing symmetry-restoring counterterms, using
Matchmakereft. We chose an example in which, after combining the matching results and
the one-loop EFT computation, the scheme dependence dropped out. This though holds
only true in general in the absence of UV divergencies in the UV theory. We emphasise that
both schemes are, in absence of ambiguous traces, valid choices. Any remaining differences
after consistent matching can be considered as differences in the renormalization scheme,
which can be fixed with finite counterterms.

At higher loop orders, where ambiguous traces are recurrent in calculations in the
NDR scheme, it is crucial that we have a consistent prescription, to ensure the validity
of our results. The automatization of these calculations in the BMHYV scheme would be
very convenient. In that sense, using our mapping avoids the implementation of BMHV in
existing automatic EFT tools, making it a very efficient way of recycling already known
NDR results in the BMHV scheme.
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