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We consider a gauge-invariant, mass-independent prescription for renormalizing composite operators,
regularized on the lattice, in the spirit of the coordinate space (X-space) renormalization scheme. The
prescription involves only Green’s functions of products of gauge-invariant operators, situated at distinct
spacetime points, in a way as to avoid potential contact singularities. Such Green’s functions can be
computed nonperturbatively in numerical simulations, with no need to fix a gauge; thus, renormalization to
this “intermediate” scheme can be carried out in a completely nonperturbative manner. Expressing
renormalized operators in the MS scheme requires the calculation of corresponding conversion factors. The
latter can only be computed in perturbation theory, by the very nature of MS; however, the computations are
greatly simplified by virtue of the following attributes: (i) In the absence of operator mixing, they involve
only massless, two-point functions; such quantities are calculable to very high perturbative order. (ii) They
are gauge invariant; thus, they may be computed in a convenient gauge (or in a general gauge, to verify that
the result is gauge independent). (iii) Where operator mixing may occur, only gauge-invariant operators
will appear in the mixing pattern: unlike other schemes, involving mixing with gauge-variant operators
(which may contain ghost fields), the mixing matrices in the present scheme are greatly reduced; still,
computation of some three-point functions may not be altogether avoidable. We exemplify the procedure
by computing, to lowest order, the conversion factors for fermion bilinear operators of the form Ty in
QCD. We also employ the gauge-invariant scheme in the study of mixing between gluon and quark energy-
momentum tensor operators: we compute to one loop the conversion factors relating the nonperturbative

mixing matrix to the MS scheme.
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I. INTRODUCTION

Renormalization of composite operators is essential
when studying matrix elements and correlation functions
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in hadronic physics. It relates bare quantities of the theory
to the physical ones. In order to extract nonperturbative
physical results from numerical simulations on the lattice,
the construction of a proper nonperturbative renormaliza-
tion scheme is needed. A requirement for such a scheme is
to be applicable in both continuum and lattice regulariza-
tions in order to make contact with the continuum schemes.
Nowadays, the most widely used renormalization scheme
in lattice simulations is the modified regularization-inde-
pendent scheme (RI') [1,2]; it considers gauge-variant
Green’s functions (GFs) of composite operators with
external elementary quantum fields in momentum space.
This is not a unique nonperturbative scheme. In this paper,
we consider an alternative approach, which involves gauge-
invariant correlation functions of composite operators in
coordinate space. This approach, called the *“X-space”

Published by the American Physical Society
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scheme, has been considered in Ref. [3] in the context
of lattice studies some years ago. Older investigations of
coordinate-space methods can also be found in, e.g.,
Ref. [4]. To date, there are only limited lattice appli-
cations of the X-space scheme, mainly regarding the
multiplicative renormalization of fermion bilinear oper-
ators. Other applications regarding more complex oper-
ators, such as the four-fermion operators, have been
studied in, e.g., Ref. [5]. X-space is a promising
nonperturbative scheme for the Ilattice simulations,
especially when one considers further applications
involving operators which mix under renormalization.
However, some extensions are necessary in order to deal
properly with the error in nonperturbative calculations
and, most importantly, with operator mixing. In this
paper we implement a number of extensions to this
effect; the resulting scheme will be referred to as the
“gauge-invariant renormalization scheme (GIRS)” to
emphasize the property of gauge invariance, which is
essential when one studies the renormalization of gauge-
invariant operators in the presence of mixing.
GIRS involves two-point GFs of the following form:

(O1(x)0s2 (), (x# ), (1)

where O (x), O,(y) are gauge-invariant operators at two

different spacetime points. In many cases the renorm-

alization factors of the operators in GIRS can be

extracted by studying only two-point functions; how-

ever, as we conclude in this work, in the presence of

mixing the study of three-point functions is also needed

in numerous cases. This scheme has a number of

advantages which make its implementation easier in
the lattice simulations:

(1) The GFs under consideration are gauge invariant.

The benefits from this property are as follows.

First, when mixing occurs, the set of operators

under mixing is reduced. Gauge-variant operators

[Becchi-Rouet-Stora-Tyutin  (BRST) variations

and operators which vanish by the equations of

motion] which mix with gauge-invariant operators

(according to the Joglekar-Lee theorems [6]) do

not contribute in these GFs. This property is very

useful especially when studying the renormaliza-

tion of gauge-invariant operators nonperturba-

tively by lattice simulations; gauge-variant

operators, typically, contain ghost fields and/or

gauge-fixing terms, which are defined in pertur-

bation theory and their study is not obvious in a

nonperturbative context. Second, no gauge fixing

is needed in GIRS. When fixing a covariant

gauge on the lattice, one encounters the problem

of Gribov copies (see, e.g., Refs. [7,8]). Employ-

ing this scheme, we avoid such a problem. Given

that GFs in GIRS are independent of the gauge-

fixing parameter, one can perform perturbative
calculations in the Feynman gauge, where mo-
mentum-loop integrals are simpler.

(2) Contact terms are automatically excluded (x # y) in
contrast to the standard renormalization schemes in
momentum space (e.g., RI' scheme).

(3) In the absence of operator mixing, perturbative
calculations in GIRS involve diagrams with only
one incoming/outgoing momentum. Given that one
may also adopt a massless renormalization scheme,
one can make use of techniques for evaluating such
diagrams which have been developed to very high
perturbative order (see, e.g., Refs. [9-15]). Analo-
gous techniques can be used even in the presence of
mixing.

(4) The fact that GIRS renormalization functions can be
fully obtained nonperturbatively, without recourse to
lattice perturbation theory, has the consequence that
conversion to the modified minimal subtraction
(MS) scheme entails only continuum perturbative
calculations.

There are also some disadvantages of GIRS:

(1) Computations in GIRS, at a given order in pertur-
bation theory, involve diagrams with one more loop.

(2) The cost for not generating contact terms is the
presence of exponentials in Feynman integrals,
which makes their computation somewhat more
complex.

(3) When mixing occurs, one must also often study
(n > 2)-point GFs; this is of course the case not only
in GIRS, but also in other schemes.

Both RI' and GIRS are used as intermediate schemes
in which renormalization functions can be directly
obtained via lattice simulations. The ultimate goal is
to obtain renormalized GFs in the MS scheme, which is
the standard scheme used in the analysis of experimental
data. For this purpose, one must compute appropriate
conversion factors, which are finite and regularization
independent.

Our work is divided into two parts. The first part
focuses on the employment of GIRS in the multiplica-
tive renormalization of fermion bilinear operators. This
serves both as an example for describing the renorm-
alization procedure in GIRS and as a necessary ingre-
dient in possible variants of GIRS appearing in the
second part. The fermion bilinear operators have already
been studied in GIRS in both continuum [16,17] and
lattice regularizations [3,18,19]. A novel aspect of our
calculation is that we provide alternative ways of
implementing GIRS, i.e., using specific values of x,
y, or integrating over time slices. Such choices might
help to reduce statistical noise in the nonperturbative
evaluation. Given that the MS renormalization functions
are independent of the spacetime points x, y, the
nonperturbative estimates can be checked by verifying
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this property. Another aspect is that we also provide
results using the 't Hooft—Veltman d-dimensional def-
inition of ys.

In the second part of our work, we extend the
application of GIRS in the presence of mixing: we
study the renormalization and mixing of the gluon and
quark parts of the QCD energy-momentum tensor
(EMT); this is a subject of research with an increased
interest in recent years [20-24]. EMT is relevant to
the calculation of the renormalized gluon and quark
average momentum fractions, which are involved in the
study of hadron spin decomposition [25]. In this study,
we consider only nondiagonal elements of EMT, which
give a simpler mixing pattern. However, the pro-
cedure can be similarly extended to the renormali-
zation of the diagonal elements. In order to establish
the required number of renormalization conditions we
must also consider three-point GFs. A number of
candidate GFs can be employed for this purpose, such
as (O (x)Oq(y)Oq(z)), where O is the gluon or
quark energy-momentum tensor operator and O;(x) =
w(x)w(x) is the scalar bilinear operator; we compute the
corresponding conversion factors for some of the most
prominent candidates.

The applicability of both RI'’ and GIRS relies on
the existence of a window: [a, Agtp] (Where a is the
lattice spacing and Agcp is the QCD physical scale),
which must be wide enough in order to keep lattice
artifacts under control and to ensure the reliability of
perturbation theory. Some detailed comparisons of RI’
and coordinate space renormalization was presented
in Refs. [3,18], showing similar estimates of discreti-
zation effects at presently available values of a.
Improvements on the size of the window can be
obtained by subtracting lattice artifacts [18], in leading
orders of perturbation theory. Further improvements are
possible via step-scaling techniques [4,18], or averaging
over operator positions (see, e.g., Ref. [19]). While, for
operators which do not suffer from mixing, intermediate
schemes such as RI' can have similar errors (or even
smaller, depending on the value of a), the advantage of
GIRS becomes more apparent when mixing is present.

[Note that the Green’s functions examined in GIRS
are similar to those studied in the operator product
expansion (OPE). However, the aim here is not that of
taking the limit z=x—y — 0; on the contrary, we are
interested in z strictly different from 0, since we just
want to renormalize each of the operators involved,
rather than study the divergences (contact terms) which
are created as z — 0. Thus also the presence of higher-
twist admixtures in the operator product, which is
expected in this limit, does not affect the coordinate
space renormalization schemes.]

The outline of this paper is as follows. Section II regards
the renormalization of fermion bilinear operators in GIRS,

while Sec. III is devoted to the renormalization and mixing
of the quark and gluon EMT operators. In both sections, we
provide details on the calculational procedure and we
present our tree-level and one-loop results for the bare
GFs of operators under study, as well as for the conversion
factors between GIRS and MS schemes. Finally, we
conclude in Sec. IV with a summary of our calculation
and possible future extensions of our work. We also include
an appendix containing details on technical aspects of the
calculation.

II. RENORMALIZATION OF FERMION
BILINEAR OPERATORS IN GIRS

A. Details of the calculation

Definitions of renormalization factors are related to
specific renormalization schemes. From the perturbative
point of view, these factors depend on properties of the
scheme, such as the renormalization scale, the regulator,
and the imposed renormalization conditions on GFs.
These conditions connect bare and renormalized quan-
tities. There exists a variety of schemes for defining
renormalized quantities. A gauge-invariant renormaliza-
tion scheme, which is not strictly perturbative like MS,
is GIRS. In order to determine renormalization factors
within GIRS, we will examine GFs which contain the
product of two gauge-invariant composite operators,
defined at different spacetime points in the massless
limit. Such GFs, computed in a lattice simulation, will
lead to a nonperturbative determination of the renor-
malized composite operators in this scheme. Having two
different schemes for the same regulator, we can
calculate conversion factors between these two schemes.
The renormalized quantities in one scheme can be
obtained as functions of their values in the other
scheme, with the bare quantities being the same in
both schemes. Perturbatively, we use the dimensional
regularization (DR) and we calculate these conversion
factors, which can take us from GIRS to the MS
scheme. Although we will be presenting results only
up to first order beyond the leading contribution, the
fact that these conversion factors can be calculated in
DR, reinforces the prospect of evaluating higher-order
contributions. To this end, we calculate, in QCD, the
following GF for the case of two local fermion bilinear
operators Oy, Oy:

G(x—y) = (Ox(x)Oy(y)), x#y, (2)

where Op(x) = w(x)['y(x), and I' = X, Y denotes prod-
ucts of Dirac matrices given in Egs. (3)—(7). X can, in
principle, differ from Y. Note that in order to obtain a
nonzero result the flavor of the fermion (antifermion)
field in Oy must coincide with the flavor of the
antifermion (fermion) field in Oy. Depending on the
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FIG. 1. A two-loop order Feynman diagram contributing to the
expectation value (Ox(x)Oy(y)) for flavor singlet operators Oy
and Oy. A wavy (solid) line represents gluons (quarks).

choice of I', the operators behave under Lorentz trans-
formations and under parity as

Oy =yy scalar, (3)

O, = wysy pseudoscalar, (4)

O, =vwrw vector, (5)

O,,,, = Wrsy,w  axial vector, (6)

O,, =vou.y tensor, (7)

where 6, = [r,.7,]/2. The above composite operators,

appear frequently in the study of the eigenstates of the
spectrum of a theory, i.e., hadrons (see, e.g., Ref. [26]),
and therefore it is essential to impose an appropriate
renormalization scheme for them. The GF of these
operators diverges as the fields are brought near each
other. The choice of Eq. (2) ensures that both the GF
and the renormalized operators are independent of the
gauge. On the contrary, the GFs (w(q) >, Or(x)w(q")),
which are typically used for defining the RT' scheme, are
gauge dependent, as they involve fundamental fields,
which are not gauge invariant.

One may consider both flavor singlet (Nif Zf wlyy)

and nonsinglet operators (7 Ty, f # f'). Actually, the
one-loop results do not differ between the two cases and
thus we have omitted flavor indices on w, . Higher-
loop contributions are expected to be different as shown
in the diagram of Fig. 1. Note that if the operators in
Eq. (2) are both scalar flavor singlet, they develop a
finite vacuum expectation value, which gives a mixing
coefficient with the unit operator. To avoid such issues,
we use normal-ordered operators, i.e., Op — (Op)1.

In our work, we extract the renormalization factors of
Or, up to one loop, in both GIRS and MS schemes. We
define the renormalized operators and parameters of the
theory using the following convention:

OR =ZBFOB,  gp=pld=02(ZBR) g, (8)
where ¢ is the coupling constant, and u is a momentum
scale. The superscript B denotes bare quantities in the B
regularization [e.g., B = DR, LR, where DR (LR) denotes
dimensional (lattice) regularization] and the superscript R
denotes renormalized quantities in the R renormalization

scheme (e.g., R = GIRS, MS). The MS renormalization
scale i is defined in terms of yu:

()" ”

e}'E

where yr is Euler’s gamma.

There exist several prescriptions [27] for defining y5 in d
dimensions, such as the naive dimensional regularization
(NDR) [28], the ’t Hooft—Veltman (HV) [29], the DRED
[30] and the DREZ prescriptions (see, e.g., Ref. [31]). They
are related among themselves via finite conversion factors
[32]. In our calculation, we apply the NDR and HV
prescriptions. The latter does not violate Ward identities
involving pseudoscalar and axial-vector operators in d =
4 — 2¢ dimensions. The metric tensor, 7,,, and the Dirac
matrices, y,, satisfy the following relations in d dimen-
sions:

v} =2n,1. (10)

In NDR, the definition of y5 satisfies

’7#”7]/41/ =d,

{7/577//4} :O’ Vﬂv (11)
whereas in HV it satisfies

u=1234, u>4.

(12)

{75’ 7/4} = 0’ [}/57 }//4] - 0,

The renormalization factors in GIRS can be obtained by
imposing the following condition:

(OFIRS (x) OFRS (y))] s
= ZZOSZE S (08 (x) O (9) -y

= (OF" (x) 0P (1)) oy =z (13)

where 7 is the GIRS 4-vector position scale (z # (0,0, 0, 0)).
As we are interested in applying GIRS in lattice simu-
lations, the scale Z may be chosen to satisfy the condition
a < |z < Agtps this condition guarantees that discretiza-

tion effects will be under control and simultaneously we will
be able to make contact with (continuum) perturbation
theory.

There are additional, alternative ways of extracting
renormalization factors in GIRS, using variants of the
GFs of Eq. (2). An option is to take a Fourier transform
of Eq. (2); however, this is not an optimal choice as contact
terms arise. A more promising option is to integrate Eq. (2)
over three of the four components of the position vector
(x —y), while setting the fourth component equal to a
reference scale 7. For the scalar and pseudoscalar operators,
the direction of the unintegrated component is immaterial;
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FIG. 2. Tree-level Feynman diagrams contributing to the
expectation value (Ox(x)Oy(y)). A solid line represents quarks.

for the other operators, there are two possible options,
depending on whether this direction coincides or not with
one of the indices carried by the operators. Due to the
anisotropic lattice employed in simulations, the temporal
direction is a special one. In this sense, a natural choice for
the component 7 is to be temporal; we call this variant t-
GIRS. Without loss of generality, we set x = (x1, x,, x3,0)
and y = (0,0,0,7); then the renormalization condition for
t-GIRS takes the following form:

/ d355<03(—6ms ()—5, O)Oty-GIRS(a ;)>

_ / PEOy(F, 000, (0, 7). (14)
Although the choice of prescription is not unique, we
benefit from the fact that each choice depends on only one
reference scale. In case the renormalization prescription
involves GFs which are not integrated over any spacetime
direction, as in Eq. (13), the quantity (x — y) can be chosen
to take any 4-vector reference value, e.g., the “democratic”
choice 7 = a(ny, n,, n3, ny), where ny = ny = n3 = ny.

In what follows, we will provide, to one-loop order, the
appropriate conversion factor to the MS scheme for all the
above choices; it is given by

DR,MS LR.MS
Zy Zr

IRS,MS
CORSMS _

r = ZIQR,GIRS = ZII:RA,GIRS' (15)

Any GF computed nonperturbatively and renormalized
(also nonperturbatively) according to any of the above
choices should, upon conversion to the MS scheme, lead to

d1 d2

FIG. 3.
(quarks).

renormalized GFs which coincide, regardless of the pre-
scription used; this then provides a very strong consistency
check of the nonperturbative results. The ultimate selection
of a prescription will depend on the statistical errors
involved in each case.

For completeness, we note that there is another variant of
GIRS given in Ref. [19]; in this approach, the average of the
position vector (x — y) is taken over the three-dimensional
surface of a hypersphere with radius |x — y|, centered at the
origin.

B. Tree-level order

The first step in our perturbative procedure is to cal-
culate the tree-level value of the GF, G(x—y)=
(Ox(x)Oy(y)), using dimensional regularization. This
simple exercise serves to explain the procedure applied
beyond tree level. The Feynman diagrams contributing
to this expectation value are shown in Fig. 2. However,
since we will consider the operators Oy and Oy to be
normal ordered, we discard the second diagram of
Fig. 2. We are interested in a mass-independent scheme
and thus all quark masses are set to zero. Then the tree-
level contribution takes the following form:

tree _ ddp d’k
G (x_y)_Nc/(zﬂ_)d/(zﬂ,)de

1
XWTr(kaX),

i(k=p)(x=y)

(16)

where N is the number of colors. Integrating over the
momenta p, k, the resulting expression is

N (T(2-€))* (5 =yu) (¥ =)

G (x—y) = A2 (x—y)2)*2

Tr(y, Yy, X).

(17)

where a summation over repeated indices u, v is under-
stood. One should observe that when X, Y transform

d3

One-loop order Feynman diagrams contributing to the expectation value (O (x)Oy(y)). A wavy (solid) line represents gluons
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TABLE L.  Values of the tree-level contributions to the Green’s functions (Ox (x)Oy(y)) in 4 — 2¢ dimensions in

terms of an overall factor of ' (z) = N (I'(2 — €))%/ (4n*~2¢(z?)*2¢), where z = x — y.

X Y G"(2)/N(2)

1 1 4Z2

75 Vs —47?

Yo, i 82,,2,, = 46,2

Y57y, V5V, 8Zy] 2y, — 451,]1,2

Ouiv, Ouysuy 8(5v1b3zvzzv4 - 5vlu4zu2 lyy — 5b2b3zl/] Ly, + 5u2u4zu1 Zb3) - 4(51/11/361/21/4 - 5b1v461/21/3)zz

The corresponding contributions are shown below.

TABLE II.  Values of the tree-level contributions to the Green’s p &

functions (Oy(X,0)Oy(0, 1)) in four dimensions, in terms of an
overall factor of N,/(z%|t]*), after integrating over X.

X=Y J&@3G™(3,1)/[N./(#*|1])]
1 1/4

Vs —-1/4

Vi 0

Vi -1/6

V5Vt 0

YsYi -1/6

0y 1/12

ojj -1/12

differently under rotations and parity, Eq. (17) gives
zero. The results' for the nonzero cases are listed in
Table I, in terms of an overall factor: N (x—y)=
N (T(2—€))?/(4n* 2 ((x = y)*)*2):

In order to apply t-GIRS, i.e., to integrate over
spatial components, we consider all eight possibilities
for X, Y involving both time-like and space-like direc-
tions of Dirac matrices: 1,7s,7.,Yi¥sVe:VsVisViVisVi¥js
where i# j#t+#i. The only nonvanishing contribution
under integration over the spatial components, stems
from the case X =Y and ¢ = v in Eq. (17). The results
for G"¢(X,t) in four dimensions, after integrating over
the spatial components X, are given, in terms of an
overall factor of N./(#?|¢|*), in Table II. We note that
the integrated GFs for y, and ysy, vanish; the conse-
quence of this fact for the corresponding operators will
be discussed in the following subsection.

C. One-loop order

At one-loop level, the Feynman diagrams which con-
tribute to the GFs G(x — y) are given in Fig. 3.

'The different definitions of ys give identical results at tree
level, since only the first four components of the vectors x and y
can be nonzero.

Diagram 1:

d’k d¢ dq q¢; )
d, :/ p / 4 95 (N2 _ 1)eikx)
2rn)?) 2n)?) 2r)2
1

) {(p - q)*p*(p — k)*¢?

< TE(X Y (o — P — k»] . (18)

(g —k)?

Diagram 2:

dk [ dp [ diq g o
= [ G | G | G5 ¥ e

1
’ {(P e P ey T (T U k))] .
(19)

Diagram 3:

@~ | (ji')‘d / éi’))d / (dd)d%wz

1
x |:(p _ q)Z(pz)Z(p _ k)2q2 Tr(X(p - k)Yﬂ}/ﬂd},ﬂﬁ) .
(20)

1)ekt=y)

Note that for one-loop calculations, the bare and renor-
malized coupling constants differ only by the factor u=¢
[see Eq. (8)], as only the tree-level value of Z, = 1 + O( )
contributes in this case (i.e., Z, — 1).

Our next step is to verify that the one-loop contribution is
indeed gauge invariant, 1 e., to verify that terms depending
on the gauge parameter,’ /)7 cancel out when we sum the
three diagrams. To this end, we may use the following
Ward-like identity:

L1 o

p+K v PEK

8 = 0(1) corresponds to the Feynman (Landau) gauge.
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FIG. 4. Diagrammatic representation of the application of the Ward identity to the three one-loop diagrams.

If we implement this identity on the vertex of a
diagram, the initial diagram gets split into two new
ones that have a fermion propagator removed. The
double application of the above identity on the three
one-loop diagrams is given diagrammatically in Fig. 4.
The tadpole diagrams lead to a scaleless expression,
which therefore vanishes in dimensional regularization.
The remaining contributions (f terms) cancel against
each other when summed. We can thus focus on the
Feynman gauge.

Recall that the massless tree-level GFs were proportional
to a trace of the form Tr(ZY7X). The divergent part of the
one-loop contribution is expected to contain the same
traces. After some Dirac trace algebra, it turns out that
the finite parts of GFs are proportional to the tree level as
well. In order to determine the conversion factors between
GIRS and MS, we must compare one-loop GFs to the
corresponding tree-level ones. However, when integrating
over spatial components, the GFs containing the operators
with y, and ysy, vanish at tree level and one-loop order;
thus, this type of GF cannot be used to evaluate the
renormalization factors of these particular operators.
Nevertheless, we can adopt the natural definition that these
renormalization factors be the same as those of y; and ysy;,
respectively.

Higher-loop contributions involve continuum inte-
grands over more than three momenta, including expo-
nentials in the numerator; these make the calculation
process more complicated. Note, however, that the
presence of exponentials in two-point functions amounts
to a simple Fourier transform, once integrals over inner
momenta have been performed; such integrals involve
only one external momentum and massless propagators,
and they have been studied in various contexts in the
literature to higher-loop order. In this study, we limit
ourselves up to one-loop computations. For a four-loop
evaluation, see Ref. [17].

The procedure of formulating a gauge-invariant
renormalization scheme entails performing perturbative
calculations in the continuum, while the necessary
lattice calculations can be performed in a completely
nonperturbative way. Still, calculations in lattice pertur-
bation theory can be used to check the validity of

nonperturbative methods. Also, a perturbative calcula-
tion may be employed in order to reduce cutoff effects
present in the nonperturbative estimates. While pertur-
bative calculations are easier to implement in the
continuum (and also unavoidable by the very nature
of the MS scheme), they become exceedingly com-
plicated on the lattice, and consequently, calculations
beyond two loops are practically unfeasible.” In addi-
tion, even some two-loop calculations become prohibi-
tive for some “improved” actions, such as the ones used
in many large-scale simulations nowadays. Thus, in
practice, lattice results are typically limited to one loop,
and this can lead to large systematic errors. In GIRS,
even the one-loop calculation is not trivial since, as
mentioned in Sec. I, “n-loop” (i.e., order ¢*") calcu-
lations involve (n + 1)-loop Feynman diagrams. Also,
the presence of exponentials in Feynman integrals
makes their computation more complex. A method
for calculating similar integrals on the lattice can be
found in Ref. [37], where the renormalization of non-
local operators was studied; however, in that work only
one-loop Feynman diagrams were considered.

D. Results

In this subsection, we present our results (up to one
loop) on the bare GFs G(x —y), as well as the con-
version factors between all the variants of the GIRS and
MS schemes. As mentioned above, we employ both NDR
and HV prescriptions; HV is more useful for comparison
with experimental determinations and phenomenological
estimates, while NDR is applied for comparison with
previous calculations. The one-loop conversion factor
between NDR and HV prescriptions can be extracted
from our results.

Our resulting expressions for the five nonvanishing bare
GFs are (z=x—1y)

The only three-loop calculations on the lattice that exist thus
far regard “vacuum” diagrams, that is diagrams without external
lines and momenta [33-35]. In addition, stochastic perturbation
theory has been carried out to higher loops [36].
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(OPR(x)ODR (y)) = NeT2 = &) [1 L sCr (g 424 6In(2) + 1275 - 121n(2)> F O ) + O],

ﬂ4—28(z2>3—2s 1671'2
(22)
N(C2—e)?%sCr
<OVD5R(X)O}/D5R()})> = _<O]1])R(X)O]1I)R(y)> - 16CHV ”4_25(22)3_26 1677.'2 + O(QM—S), (23)
N (T2 —¢))? GisCr
<O]}/3,,11{(x)01}?,,§(y)> = W (Zzy] ZDZ - 61/]1./2Z2) 1 + 3 16]'[2 + 0(817 glz\/lis) + O(giflis) ’ (24)
N (T(2—¢))? GeisCr
(P, (IOR, (1)) = (OB (ORI +8Bewy g e (2T = i) s+ Ol (25)
N (T(2-e))?
<O¢]3»11{bz (X)OGDEM (y)> = ﬂ4—28<Z2)4—26 [2(5U1V3ZU2ZD4 - 5U|U4ZV2ZU3 - 51/2”3ZU12U4 + 61/2”421/121/3)
2
95C 2
— (Byr0sBs = BB )2 [ 1+ L (24 6~ 2 In(@222) — 4y + 41n(2)
1¥3 274 174 273 16” e
Ol ) + Olaig)| (26)
where Cp = (N2—-1)/(2N,) is the quadratic Casimir o 2Cr3
operator in the fundamental representation and cyy = ZPRMS _ | _TMS 2F_+ O(g*), (29)
0(1) for the NDR (HV) prescription of ys. Our results 167~ ¢ MS
agree with Ref. [3] (in the limit ¢ — 0),4 in the case cyy =0 DRVS
and N, = 3. These results can be used to derive the Zy =1+ O(gid_s)’ (30)
renormalization factors in MS and in any variant of GIRS. -
In particular, the MS-renormalized GFs are the same as the ZPRMS — 1 L O gi/l_s)’ (31)
above, once the 1/¢ poles are removed and the naive limit
& — 0 1is taken in the remaining terms. The vector and axial- . 2 Cr1
vector cases are free of poles, as expected. ZDRMS 1 4 ZMS =+ O(giﬁ)’ (32)
For another cross-check of our results, we extract the 167~
multiplicative renormalization factors ZFDR’MS, using the  where we use the notation {S,P,V,A, T} for

following relation’:

(OYS (x)OYS () = ZRRMSZDRMS (DR (1) OPR (1))

e—0"

(27)

The renormalization factors can be read directly from the
bare GFs [Egs. (22)-(26)]:

ZDRMS _ | _ gzM_sCF§
§ 1672 &

Olgt).  (28)

4Up to possible typos: an overall minus sign is missing
in the pseudoscalar case. Furthermore, a sign must be altered
in the definition of the parameter & as follows: 1/¢=1/e+
111(477:) —YE- J—

°As usual, perturbative corrections in Z?R‘MS may only be
proportional to inverse powers of ¢, with coefficients chosen in a
way as to give a well-defined limit to the right-hand side of
Eq. (27).

{scalar, pseudoscalar, vector, axial — vector, tensor } opera-
tors. These factors are in agreement with well-known
results in the literature (Ref. [38] and references therein).

Applying the condition of Eq. (13) to the resulting
expressions for the bare GFs [Egs. (22)—(26)], we extract
the conversion factors between the GIRS and MS schemes:

2
— g=—C
Cg}IRS,MS =1+ % [1+ 31In(i#*z?) + 6y — 61n(2)]
4
+ O(dsr5)+ (33)
_ @-C
CgIRS,MS — 1 4 2MS zF [1+ 31n(#%z?)
167
+ 6y —61In(2) 4 8cyy] + O(gi/[s)’ (34)
— QZ—CF 3
GIRSMS __ MS b 4
Cy =1+ 167° <2> i O(gM_S)’ .
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2
COIRSMS _ | | s Cr §+ deyy ) 4+ O(gr) (36)
A N 1672 \2 v fyis”
2
S 9<Cr o
CORSMS _ 1 1;/[637[2 3 — In(#?22) — 27 + 21n(2)]
+ O(gi)- (37)

Note that the one-loop results of the bare GFs are propor-
tional to the tree-level ones, and therefore only the length
(not the orientation) of x — y is relevant as a renormaliza-
tion scale. Integrating Eqgs. (22)—(26) over spatial compo-
nents and applying the condition of Eq. (14), we also
extract the conversion factors between the t-GIRS and MS
schemes. As previously mentioned, the integration over
spatial components separates these cases further into eight
possibilities (S, P, V,, V;,A;,A;, T,;, T;;) which depend on
whether (x, —y,) is temporal or not, and they correspond
X =Y ={Lys. 70775V Vst v viv}- Two of them
(V,, A,) give a vanishing contribution, both at tree level,
and one loop; however, it is natural to impose that
V,(A,) has the same renormalization factor as V;(A;).
Thus, below we present results for the remaining six
operators. Note that for extracting the correct one-loop
renormalization factors in GIRS, it is essential to
include O(e!) terms of the tree-level GFs G™(x — y);
we recall that such terms are also necessary in the
evaluation of the MS-renormalized GFs. The conversion
factors are

CTS—GIRS,MS =1

2
9+<C 1 _
poMs T (——+ 6In(i7) + 6;/E>

1672 2
+ O(g3<)- (38)
2
— 9=Cr [ 1 _
CORSMS _ | 11465,12 (—5 +6In(i7) + 6y; + 8CHV>
+O(g3)- (39)
2
~ NS 9<Cr (3
s iGIRS,MS — 1+ 1;/165”2 (E) + @(g;‘/l_s), (40)
~ o< GCr (3
CAIGIRS'MS =1 + 1]\/16877;2 <2+4CHV> + 0(9145)7 (41)
2
CGIRS VS 95isCr (25 .
g™ 155 7 (B o) - 2 ) + Ol
(42)
{~GIRS.MS Q%CF 25 70 4
(43)

III. RENORMALIZATION AND MIXING OF THE
QUARK AND GLUON ENERGY-MOMENTUM
TENSOR OPERATORS IN GIRS

A. Details of the calculation

The gauge-invariant part of the QCD traceless symmetric
EMT [39] contains two flavor-singlet operators, a gluonic
O/" and a fermionic 05":

|
O = 2Tl P F7] = S 2Te[FroFre), (44)
Ny 1 N <
=3 {5 (57" D ¥y + 7 DV yry)
7=
U o
=58 Dyy) |, (45)

where F/* = QUA¥ — YA + iglA*, AY], D* = (D* — D*) /2,
DH = 5” + igA*, and DH = 5” — igA*; a summation
over repeated indices is implied. These two operators are
involved in the structure functions in nucleons [25,40-42]:
the gluon operator appears in the leading-twist approxi-
mation of the gluon parton distribution function, while
the fermion operator is related to the unpolarized quark
parton distribution function. Furthermore, their matrix
elements are directly related to the gluon and quark average
momentum fraction of a nucleon state [25,43]. Also,
these operators are connected to the anomalous magnetic
moment of the muon [44].

A proper renormalization of the above gluon and fermion
operators is required, before one can relate their matrix
elements, as extracted from numerical simulations, to physi-
cal observables. A difficulty in calculating these renormal-
ization factors is that mixing is present; these operators mix
among themselves as they have the same transformations
under Euclidean rotational (or hypercubic, on the lattice)
symmetry. They also mix with other operators, including
gauge-variant operators (BRST variations and operators
which vanish by the equations of motion; see Ref. [45]).
The latter include ghost and gauge-fixing terms, which are
well defined in perturbation theory, while their nonpertur-
bative extensions are not obvious; thus, a nonperturbative
study of such terms by compact lattice simulations is
problematic. However, when implementing a gauge-
invariant renormalization scheme, such as GIRS, which
involves only gauge-invariant GFs, the gauge-variant oper-
ators do not contribute in the renormalization process and
thus, they are excluded. In our study, we consider only the
nondiagonal elements (1 # v) of the above operators, which
give a reduced set of operators under mixing on the lattice,
containing only O} and O5". Thus, the renormalization of
the nondiagonal components of EMT operators entails the
construction of a2 x 2 mixing matrix, which relates the bare
to the renormalized operators:
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FIG. 5. Diagrams which contribute to the tree-level Green’s
functions G}}"***** and G35*****. A diamond (square) denotes an
insertion of 0" (O5).

(0’1‘”R > (zﬁ’R Z35" ) < o > (46)
oyr) " \ztt i) \ogr

The calculation of the 2 x 2 mixing matrix requires a total
of four conditions involving GFs of O}" and O5". Three

different two-point GFs can be constructed by taking vacuum
expectation values between the two mixing operators:

Gy (x = y) = (OF (x) 05 (y)).
(i.j) = (1.1).(1.2). (2.2), (47)

where v # v, and v; # v4. By rotational (or just hyper-
cubic) invariance, G/ (x—y) = G/ (x —y) =

1

G (x = y). As it turns out, the two-point GFs G;; at
one-loop level are proportional to the tree-level values of the
diagonal elements G;;, with a proportionality factor which is

independent of the values of the Lorentz indices v;; as a

FIG. 6. Diagrams which contribute to the one-loop Green’s functions G7}>***, G55***** and G5

consequence, Eq. (47) can lead to only three independent
renormalization conditions. We calculate the above GFs up to
one loop in dimensional regularization. The tree-level con-
tributions come from Feynman diagrams shown in Fig. 5,
while the one-loop contributions stem from the Feynman
diagrams of Fig. 6. Note that G{5° = 0.

From the above GFs we can get three renormalization
conditions by requiring the absence of poles (for MS) or
equality to the corresponding tree-level values in a renorm-
alization position scale (for GIRS). These are not enough to
fully determine the mixing matrix Z;; in a univocal way, in

either MS or GIRS. In order to impose a fourth condition,
we need to compute additional GFs; a most natural choice
involves products of operators O/ with lower-dimensional
operators. The procedure, which was also alluded to in
Ref. [16], has the form of a bootstrap: one starts by
renormalizing lowest-dimensional operators (where no
mixing issues are present), and then proceeds to renorm-
alize operators of increasingly higher dimensionality by
requiring finiteness (or some other normalization condi-
tion) in the GFs involving products of operators up to that
dimensionality. In this case, the only available lower-
dimensional gauge-invariant local operators are the fermion
bilinears, studied in the previous section.

The simplest GF that one might consider is a two-point
function constructed from the product of an EMT operator O%*
and one fermion bilinear Or at two distinct spacetime points:

cuc)

<>
LD
>
(e

_ G;]qu:l/zlm_ Wavy (solid,

dashed) lines represent gluons (quarks, ghosts). A diamond (square) denotes an insertion of Of* (O5)).
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FIG. 7. Diagram which contributes to the tree-level Green’s
functions G4'yy. A square denotes an insertion of 05", A cross
denotes an insertion of a fermion bilinear operator. A diagram
with the arrows of the fermion lines in the counterclockwise
direction must also be considered.

(O (x)Or(y))- (43)

However, such a GF vanishes for any choice of I' to all
perturbative orders: the corresponding two-point GFs with a
scalar, pseudoscalar or tensor operator give traces of an odd
number of Dirac matrices (for massless fermions), while the
GF with an axial vector gives traces containing one ys and
Dirac matrices with symmetrized indices; even the GF with a
vector operator (O0;'"*(x)O,, (y)) vanishes, since 0;'** is C
even, while (’)n3 is C odd.

The next most “economic” possibility is to consider a
three-point function constructed from the product of O;”
with two fermion bilinear operators (Oy, Oy) at three
distinct spacetime points:

Gixy(x = w.y =w) = (O (w)Ox (x)Oy (v)).  (49)

where the flavor of the fermion (antifermion) field in Oy
must coincide with the flavor of the antifermion (fermion)
field in Oy. The above GF depends on two position vectors:
(x —w) and (y — w). This fact increases the complexity of

1 (O 2GRS (x) OGRS ()

|x—y:2

2. <OZ] V2 GIRS (X)O;3D4GIRS (y)>

|x—y=2

3. (OO ()05 O )

‘x—yZE

4. (OISO OFR ()OS~ =

the perturbative calculation. This also means that the
renormalization factors defined in GIRS may depend on
two renormalization 4-vector scales. A priori, a possible
way of addressing these issues could be to adopt a zero-
momentum insertion for one of the three operators. To do
this one needs to perform a four-dimensional integration
over the position vector x, y, or w depending on which
operator carries zero momentum. Then, the resulting GF
will depend on only one vector. However, such an inte-
gration over the whole spacetime causes additional com-
plications: contact terms arise when any two position
vectors among {x,y,w}, coincide, giving additional UV
divergences. To eliminate such divergences, further addi-
tive renormalizations would be needed.

One possible alternative way of simplifying the calcu-
lation of Gy (x —w,y —w), which does not create any
contact terms is to choose the vector (y — w) to be parallel
(or antiparallel) to (x —w) (but x # y). In this way, Glyy
will depend on a single position vector. A particular
example, which we apply in our calculations, is (y —w) =
—(x —w) and (without loss of generality) w = 0:

Glixy(x) = (07 (0) Ox (x) Oy (—x)).

L

(50)

The tree-level and one-loop Feynman diagrams contrib-
uting to Glyy, (i =1, 2), are given in Figs. 7 and 8-9,
respectively. Note that (Gjy,)™ =0. A method for
calculating the d-dimensional integrals stemming from
these Feynman diagrams is described in the Appendix.

A most natural set of four conditions for calculating the
mixing matrix in GIRS, involving the above GFs, is

where v; # v, and v3 # 4. Alternatively, we can replace the second condition [Eq. (52)] with

— <OL{1U2GIRS(X)OII3U4GIRS (y)>tree|x_y:z’ (51)
— <O;102GIRS(X)OZZ’3V4GIRS (y)>tree|x_y=2’ (52)
— <(9’;1112GIRS()C>(9;3V4GIRS(y)>trce|x_y:Z =0, (53)
. = (OO (0) OGS (x) OFRS (—x)) ™|, = 0, (54)
(55)

(0525 (0)OFS (x) O~} = (05251 (0) O (1) OF (=)

We only need to make one convenient choice for X and Y. All other choices should be related by conversion factors; it is
useful to check that these factors are indeed finite. Note that some choices of X and Y may give vanishing contributions,
depending on the transformation properties of X and Y under rotations, parity and charge conjugation. The conditions (51)—

(54) can be written in the following explicit form®:

For simplicity, we omit superscripts referring to the regularization and renormalization scheme, as well as Lorentz indices. We also

omit the dependence on spacetime coordinates.
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FIG. 8. Diagrams which contribute to the one-loop level Green’s functions G/'yy. A diamond denotes an insertion of O*. A cross
denotes an insertion of a fermion bilinear operator.

Z3,Gn + 2212136y + 21,6y, = G, (56)

Z5,Gi + 222Gy + 25,6y = G55, (57)
Z0ZnGu+ (ZuZyn + Z19Zy)Gia + Z19ZnGy = G5° =0, (58)
ZxZy(Z11Grxy + Z12Gaxy) = Giyy = 0. (59)

The four elements of the mixing matrix Z;; can be obtained by solving the above system of four equations, once all GFs on
the left-hand sides have been determmed via numerical simulations. Note that the renormalization factors Zy and Zy,
appearing in Eq. (59), are eliminated and thus they do not contribute to the calculation of Z;;.

A proper extension of t-GIRS, analogous to what was defined for the renormalization of fermion bilinears [see Eq. (14)],
can be applied in this case, leading to the following conditions:

1. /d3)_c'<(9‘l/l”2t—GlRS(5€” O)Oll/lvzt—GIRS(()'j» _/d3;<OT1U2t—GIRS(J‘C”O)Oi’l”2t—GIRS(6’E>>tree’ (60)
2. Obll/zt GIRS(X O)Oblvzt GIRS(O t)> /d3)—c'<ogll/zt—GIRS<)—C" O)olzllbzt—GIRS((_)" i))tree’ (61)

B3 (Ot GIRS (% () )OZIUZI—GIRS((_))’ 7)) = /d3}<OII|Vzt—GIRS()-C>’ O)Ogll/zt—GIRS(a’ 7))ree = 0, (62)

A3 (OY1¥1-CIRS (O 0)OLCIRS (3, F) O4-CIRS (_%, 7))

— / d3)—c'<011/1”zt—GIRS (6’ O)OEX_GIRS ()_f, f) Ot}/—GIRS(_)—C" _;)>tree =0. (63)
No summation over vy, v, is implied. Depending on the choice of X and Y, the fourth condition of t-GIRS may involve odd
integrals, which give zero. For example, using X =Y = 1 will lead to two structures: (i) d,,,,, which vanishes since we
study the nondiagonal elements (v; # v,) of O;'"*?, and (ii) x,,X,,» which will vanish upon integration over X for any choices

of vy, v,. In such cases, an appropriate variant of the fourth condition can be applied; e.g., for the case X = Y = 1, a possible
alternative condition, in place of Eq. (63), is

- xy]xu 12923 - 7
/d3x e 2 (O tGlRS(O 0)OL-CIRS (% ) OL-CIRS (_3, _7))

/d3-> u)lcxuz <Ou|l/zt GIRS(O O)Ot GIRS( )O%_GIRS(—)_C), _;)>tree =0, (64)
(no summation over vy, v, is implied), or

/ AB3X eiP* < Omm t—GIRS( )Ot GIRS( )Ot—GIRS( > _;)>

— /d”)_c' ei[)'-)? <(911/1”21—GIRS (6’ O)Ot“—GIRS ()_f, i)otﬂ—GIRS(_)—C" _E)>tree — 0’ (65)
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>
gy

A
A\
&

FIG. 9. Diagrams which contribute to the one-loop level
Green’s functions G’;;"Xy. A square denotes an insertion of
O, A cross denotes an insertion of a fermion bilinear operator.
Diagrams with the arrows of the fermion lines in the counter-
clockwise direction must also be considered.

for a fixed choice of the 3-vector p. These variant schemes
lead to relations analogous to Egs. (56)—(59) for the
determination of Z;;. In this work, we present one-loop
results for three-point GFs with (X, Y) = (1, 1), (vs, 75),
vy Y,)s U570, ¥574,), before performing integration over
X. It is straightforward to integrate all these results over X;
we do so for some specific cases (see next section), which
are likely the most appropriate for nonperturbative
investigations.

After calculating the mixing matrix, we extract the
conversion factors between the GIRS (or t-GIRS) and
the MS schemes for the EMT operators; they have a 2 x 2
matrix form:

The resulting expressions7 for the bare GFs are (z =y — x)

Y7 U3l 3 4 5
<Oll Z(X)OI‘ (y)> - <s£1]l/21/3114 - 2sl[/1]U2U3V4 (Z) + 851[11]1/21131/4 (Z))

1622\ 3

( O,]wm > ( C?]IRS,MS C%IRS,MS ) ( O/leIRS >
= . :>
MS MS MS VGIRS
OgDMS CS}IRS,MS CSQIRS,MS (9/2‘
(66)

( C?IIRS,MS C%IRS,MS )
GIRS,MS GIRS,MS
C21 sz

B.MS BMS B.GIRS B,GIRS \ -1
_ <Zn Zy; ) ) (Zn Zy; ) (67)
o MS MS B,GIRS B,GIRS ’
" zy®) \LitT Zn
The Z factors in Eq. (67) can be computed in any
regularization “B”; given that we are making contact

with MS, the most natural choice for B is dimensional
regularization.

B. Results
In this subsection, we present our results (up to
one loop) for the bare GFs (O;"*(x)O7"(y)), and
(O072(0)Ox (x)Oy(=x)) for i, j=1, 2 and (X,Y) =
(1.1). (5. 75)s (ruys 70,)s (s7u,s ¥s7u,)s as well as the
conversion factors between all variants of GIRS and MS.

The results are expressed in terms of the following Lorentz
structures:

1
st (x) = e (68)
2 xlexvz
Sz[/]]u2y3z/4 (x) = xz 51/31/47 (69)
3] _
Svinvy = 5b11/351/21/4 =+ 51/]1/45v21/37 (70)
4 X, Xy, 'xl/')'xl/g Xy Xy,
Sl[/l]u2u3v4 ()C) = 5y]y3 ;2 . +5v]1/4 ;Cz + 51/21/3 )162 .
Xu X,
o7 (71)
5 Xu Xy Xy Xy
Sl[/]]DQIJ3L/4 ()C) = W . (72)
AN, Cr(1 = 26)(T(2 - £))?
ﬂ.4—2$(z2)4—2€
2
95< (4N, (1 1 20N,
x [1==MS (2 (24 0y, —21n(2) 4 In(i#?2?) + = | + ——<
£ 6 9
(73)

+0(e%, g55) + O(e'. g5) + Olg55)

MS

"For brevity, decimal numbers in our results are presented only with six digits after the decimal point; they are known to higher

accuracy.
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NN;(2-€)(C(2—¢))*(1 —3¢)

20% \ZY7 3 4
<C)11 2(x) 02‘ 4<y)> = (Sl[/l]”2”3l/4 - 2Sl[/1]l/21/3l/4 (Z) + 8Sl[/5|]ﬂzl/3'/4 (Z)> 27[4_2£<12)4_2€

Gors 16C 1
X 1245 3 E ( + 2y —2In(2) + In(@?z?) — 6) +0(e', o) + Olgirs)- (74)
it (N s NNy (2-€)(T(2—¢))
(05 ()05 () = (i = 258w (2) + 85 () == S = (75)
2
Y (16C 59
[1 - 16M;2 ( 3 F) (e 2yg —21n(2) + In(@%z?) — 48)} +O0(e?, gi) + Ole!. ) + O(gi<). (76)
2
Uivy B 1 NCNf(F(Z — 8))2F(3 - 8) N SCF 1 _
(O (0)01 ()04 (=) = =501, () =3 6 =T 24;27 ~+In(@’x?) — 0701491
O )+ Ogh). (77)
(O1"2(0)0y, (x) Oy (=x)) = =(O]"2(0) Oy (x) Oy (—x)). (78)
. NeN(T(2 = €)2T(3 - €) Gas 8Ce
(O (O)On; (X)Om(_x)) 232 76-3¢ (2)5-3 124;2 3
1
X (Sl[jt]l/zl%'/zt (X) + ZSI[/QI]Dzl/}M ()C) - 8Sl[/51]1/21/3l/4 (x)) <; + ln(ﬁ2x2> - 1701491)
5B () 43 5t = s ()| + O, ) + Ol) (79)
2 V1Ll V1Ualsly V1Ll ngS ng s
(01(0)0,, (¥)0,,,, (=x)) = (O1*(0)0,, (x)O,, (—x)). (80)

, —e)T(3-¢
(40001301 () = sl ) S )

y [1 ng 10Cy

4
o2 3 < + In(fa%x? +2639169>} + O(e! g +(’)(gm), (81)

2 — &
<O’£1”2(0)Oy5 (x)075<—x)> = —<Ogly2(0)on (x)Oy(=x)) + CHVS’[’II]UZ (x) o Ag;(ze( 6— 36()) ;(33& : lgévlsz

16Cr + O( )

(82)

NN T(2-¢€)T(3—e¢)
<02 (O>On3 (x)(/)yb4 (_x)> = 22_28 6—38( 2)5_36 (Sl[jt]l/zﬂsw (X) + 251[/2111/2»31/4 (x) - 8S1[J51]V2V3U4 (x))

% 8C
1M o 1 —3.201491
x< o2 3(+n( )309))

2
Ivs 8Cr (11 9
_@ 3 4 svlvmm(x) +§S01V21/3D4 s”lvzl/zlm(x) (el,gi/ls) + O(gids)’ (83)

NN (T2 = €)’T(3 - ¢)

(05" (O)Oysm (x)orsm(_x» = (0" (O)Om (X)Om(_x)) + cny 2326 763 (3 2)53
4] 5] gMS
X (SU1V2V1U4 (x) + 2SV1”2U31/4 (x) 8s”1U2U3V4 (X)) 8CF =+ O( ) (84)

1672
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The above GFs lead to the following results for ZDR NS,

ZRNS _ T L2 85
o =1+ ]+ (QM—S)’ (85)

16726 \3
s = o1 ( )+Og—> (%6)
ZDRMS 2 1 ) (87)
16ﬂ " Olorzs)-
ZDRMS _ +—21 8¢ +0(gt).  (88)
1672¢\3 F Ivs/-

These are consistent with the results found using GFs with
elementary external fields [46]. The corresponding MS-
renormalized GFs, defined as in Eqgs. (48) and (49) with
renormalized operators, can be easily obtained by express-
ing these equations in terms of the bare GFs [Eqgs. (73)—
(84)], multiplied by the appropriate renormalization factors
[Egs. (28)—(31), (85)—(88)], and taking the limit £ — O.
By solving the system of four equations (56)—(59), we
extract the conversion factors between different variants of
GIRS and MS. Below, we present results for five specific
variants of GIRS. All these variants are expected to lead to
the same MS-renormalized operators, but their respective
numerical signals may favor one variant over the others.
(1) GIRS;: X =Y = T; no integration over X.
Similarly, by choosing X = Y = y5, we will arrive
at the same one-loop conversion factors, since
the cyy coefficient, which would have made a
difference, appears only in the one-loop GF
(05*2(0)0,,(x)O,.(—x)), which does not contrib-
ute in the calculation of the conversion factors to one
loop. Nevertheless, numerical data will be much
different; thus, this provides for an interesting
comparison of the corresponding MS-renormalized
GFs, which are obtained from the lattice.
(2) GIRS;: X =y,,.Y =y,,; no integration over X;
11, Uy, U3, Uy are all different. Since the three-point
functions  (0;"**(0)0,, (x)O,, (—x)) have more
than one Lorentz structure, it is necessary to isolate
a structure by using projectors or by making specific
choices for the indices v1—v4 and/or the components
of x. In this variant, we isolate the structure
s,[,sl],,zy3,,4( ) by choosing vy, v,, v3, v4 to be all
different. In this case all four components of x must
be nonzero. Similarly, the choice of X = ysy,,, Y =
sy, Will give the same conversion factors to
one loop.
(3) GIRS3: X =vy,,,Y =7y,,; no integration over X;
vz = Uy, 3 # (V1,1,); and x,, = 0.

This variant is similar to GIRS, with the differ-

ence of isolating the structure s[pzl]ymm (x).
4) +GIRS;: X =y,,,Y =y,,; integration over X;
V| = U3, Uy = Uy; Uy, Uy are both spatial.
The integration over the spatial components of x
will give zero unless the four indices are paired
(both in the two-point and three-point GFs), e.g.,
vy = vs3, Uy = vy. In principle, there are two distinct
possibilities: v, v, are both spatial or v; is spatial
and v, is temporal. However, the latter case will
be impossible to satisfy, since the combination
(Sl[fl]”zl/ﬂ/zt zsl[j:]’/zvsw (Z) + 8s[051]1/21/3v4 (Z))/(Z2)4 appear-
ing in the two-point functions [see Egs. (73)—(76)]
vanishes upon integration over spatial components.
(5) t-GIRS,: X =Y =1, integration over X; v, =
U3,Uy =1y, Uy, U, are both spatial; projector:
x,,%,,/x* (see Eq. (64).
The conversion factors for the above variants of GIRS are
given below:

2
9 [10 2
CGIRS MS _ _12452{ N, +C“Nf+3Nfln( )]
+O(gt), (89)

9 8
C?zms MS _ lévls Cr {012 —gln( )} + O( ) (90)

GIRS; MS g
Gy, o = lgdssz [021 —gln( 2)] +O(9§Ts)’ (1)
CCIRSIMS _ | _ gM_  Cr|en +§1n( |+ O(g).
22 1672 3 MS
(92)
(-GIRS, M5 _ gms 10 2
4
+ o<ng>, 43)
(~GIRS,; MS __ ng i 8 (227 4
Ciy BERTT-hti _gln(ﬂ t )_ Ol
(94)
(-GIRS, NS _ Ris N [ 21 27| O(g*
s o |2 73T | Oldigg).
(95)
2
t-GIRS, MS
Cy =1-1c =5 Cp {sz + 3 In(@? t2)} + Ol4ygs)-

(96)

where i =1, 2,3, j = 1, 2 and the coefficients c;; are given
in Table III for each variant of GIRS.
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TABLE III.  Values of the one-loop coefficients c¢;; in the definition of the conversion factors of EMT operators,
given in Egs. (89)—(96).

GIRS; GIRS, GIRS; t — GIRS; t — GIRS,
c —0.043464 —0.043464 —0.043464 0.236288 0.236288
cip 1.870642 4.537309 3.870642 —7.848365 —0.181699
c1 0.063712 —0.602954 —0.436288 1.933961 0.017294
C —3.896079 —3.896079 —3.896079 =2.777072 =2.777072

The use of Eq. (65) as an alternative renormalization
condition requires the integration of various expressions of
the form

eiﬁ‘;‘xmxm Xy (ln(xz))i

()

(i, j, k: nonnegative integers),
(97)
over spatial components of x = (X, 7). All these integrals

can be performed by using the following generating
integral function:

X eiPE  05/2-a3/2 v
/d\x(xz)a_ ey PV Kapama(lple).

(98)

where K, (z) is the modified Bessel function of the second
kind and a may take noninteger values. Then, differ-
entiating with respect to a or to individual components
of p, we can calculate all necessary integrals arising in
t-GIRS.

IV. SUMMARY

In this paper, we study a gauge-invariant, mass-inde-
pendent renormalization scheme (GIRS) for composite
operators, which is applicable in both perturbative and
nonperturbative studies. This is an extended version of
the coordinate space (X-space) renormalization scheme
studied in, e.g., Refs. [3,4]. This scheme involves vacuum
expectation values of products of gauge-invariant operators
located at different spacetime points. The expectation
values are gauge-independent and thus, gauge fixing is
not needed in this scheme. Also, gauge-variant operators,
which may mix with gauge-invariant operators, do not

|

contribute in such Green’s functions; as a consequence,
they can be safely excluded, leading to a reduced set of
mixing operators. In this work, we applied GIRS in the
renormalization of fermion bilinear operators, as well as in
the renormalization and mixing of the gluon and quark
parts of the QCD energy-momentum tensor. We proposed
different variants of GIRS, e.g., using specific values for the
position vectors of the operators under study, or integrating
over time slices (t-GIRS), which may lead to reduced
statistical noise in the nonperturbative calculations via
lattice simulations. We provided results, up to one loop,
for the conversion factors between the different versions of
GIRS and the MS scheme.

As for future plans, GIRS and our proposed variants (t-
GIRS, etc.) could be immediately implemented on similar
operators, e.g., four-fermi operators and supersymmetric
operators (gluino-glue, Noether supercurrent).
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APPENDIX: TECHNICAL ASPECTS OF THE
CALCULATION

There are three types of scalar Feynman integrals
appearing in our calculation:

ddp eipl'fl
L(¢sa) = —(27r)1d—(p2)"1’ (A1)
ddplddp2 eiP]f] eip2'§2
L& Sy o, a0 z/ - - —, A2
o & @0 @) = | o e (2 (s + pa)) (2)
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I3(&1. &5 a1, a0, a3, 04, t5) E/ . (A3)
Q@) (P (P ((=p1 + P2)?)= (P3)“ ((=p1 + p3)*)™
For simplicity, we write down only scalar integrals for each 1 ® w1 g (A4)
type; integrands containing additional factors of p;,, ps, (P)@ () Jo ¢
can be handled in a similar way, or by taking derivatives of
the results with respect to &;,, &,,, respectively. Below, we After integrating over p; and A, we get
briefly describe the procedure for calculating each type of
integral.
(- d/? 2\ —d/2
(1) Integral I,: L&) = s j d//2 e . (A5)
We introduce Schwinger parameters: 44n°T ()
(2) Integral I,:
We introduce Schwinger parameters:
1 1 /°° © *© 1= ga3=1 3 2=}, p2—is(— 2
= cmfcm/tmﬂﬂﬁxﬁewwmﬂmww
(D)™ (p3)2((=p1 + p2)?)®  Tla)T(ax)l(a3) Jo 0 0 e
(A6)

3

After integrating over p; and p,, we make a change of variables: x; = A3/(d, + 43), xo = 1 = A3/ (4142 + 4143 +
Mds) and x3 = 41443/ (A1ds + 4143 + Ao43). Integrals over x, and x; can be calculated algebraically, while the
remaining integration over x; cannot be obtained in a closed form (for general values of ;). The resulting expression
takes the following form:

I(—a; +d/2)T(~a; — ar — a3 + d)
4o tartas ﬂdr(az)r(a3)r(d/2)

1
_ — -1 —d/2
X/ dxl[(l _xl) I4a;+a, d/2x1 +a;taz—d/
0

12(51’ 52; ay, o, a3) — (5%)(1]+(12+a3—d

(& X &)? )]

X2F1( a;+d/2,—ay —ay —a3+d,d/2; U-nnd)) | (A7)
where (a; +a, + a3 —d) <0, (—a; + d/2) > 0, a; > 0. The next step is to examine whether the integration over
x; and the limit of vanishing regulator (¢ — 0, ¢ =2 —d/2) can be safely interchanged without leading to
divergences. For this check, it is useful to express the hypergeometric function appearing in Eq. (A7) as a power
series in x; and (1 — x; ), by applying an appropriate transformation formula (see Ref. [47]). In case the interchange is
indeed permissible, the integration over x; can be performed after taking the limit ¢ — 0; in all other cases, it turns
out that the hypergeometric function can be expressed in terms of simpler functions, allowing a direct integration
over x;. The Laurent expansion of the hypergeometric function ,F; over € = 0 has been performed with the help of
the Mathematica package HypExp introduced in Ref. [48].

Integral I5:
We introduce

1 8[71
== L. A8
d;aplp ( )

After integrating by parts, we get the following recursive relation, which can eliminate inverse powers of p?, or p3, or p3:

1
—2a; —az—as +d
X [a3(I3(¢1, Sz — Lag, a3 + Loay, a5) — 3(E1. s ap — Loz + 1, g, 05))
+as(I(¢1, 6o — Loz, oy, a5 + 1) = I3(81, Sz o, ag, a3, 00 — Loas + 1))
(A9)

13(51752;(1]7(12’(13,(14, aj) -
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In the case where a;, a,, a, are positive inte-
gers, which is true in the computation at hand, an
iterative implementation of Eq. (A9) leads to terms
with one less propagator. One momentum can then

be integrated using a well-known one-loop formula
[see Egs. (A.1)~(A.2) in Ref. [49]]; the remaining
integrals are of type 1 or 2.
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