PHYSICAL REVIEW D 103, 094512 (2021)

Lattice continuum-limit study of nucleon parton quasidistribution functions

Constantia Alexandrou,'? Krzysztof Cichy,3 Martha Constantinou,” Jeremy R. Green N Kyriakos Hadjiyiannakou,l’2
Karl Jansen,6 Floriano Manigrasso ,1’7’8 Aurora Scapellato,3 and Fernanda Steffens’
IDepartment of Physics, University of Cyprus, P.O. Box 20537, 1678 Nicosia, Cyprus
2Compulation—based Science and Technology Research Center, The Cyprus Institute,

20 Kavafi Street, Nicosia 2121, Cyprus
3Faculz‘y of Physics, Adam Mickiewicz University, Uniwersytetu Poznariskiego 2, 61-614 Poznan, Poland
4Temple University, 1925 N. 12th Street, Philadelphia, Pennsylvania 19122-1801, USA
STheoretical Physics Department, CERN, 1211 Geneva 23, Switzerland
6NIC, Deutsches Elektronen-Synchrotron, 15738 Zeuthen, Germany
" Institut fiir Physik, Humboldt-Universitdit zu Berlin, Newtonstrasse 15, 12489 Berlin, Germany
8Dipartimemf0 di Fisica, Universita di Roma “Tor Vergata”, Via della Ricerca Scientifica I,
00133 Rome, Italy
*Institut fiir Strahlen- und Kernphysik, Universitidt Bonn, Nussallee 14—16, 53115 Bonn, Germany

® (Received 11 November 2020; accepted 25 March 2021; published 18 May 2021)

The parton quasidistribution functions approach provides a path to computing parton distribution
functions (PDFs) using lattice QCD. This approach requires matrix elements of a power-divergent operator
in a nucleon at high momentum and one generically expects discretization effects starting at first order in
the lattice spacing a. Therefore, it is important to demonstrate that the continuum limit can be reliably taken
and to understand the size and shape of lattice artifacts. In this work, we report a calculation of isovector
unpolarized and helicity PDFs using lattice ensembles with Ny = 2 + 1 + 1 Wilson twisted mass fermions,
a pion mass of approximately 370 MeV, and three different lattice spacings. Our results show a significant
dependence on a, and the continuum extrapolation produces a better agreement with phenomenology.
The latter is particularly true for the antiquark distribution at small momentum fraction x, where the

extrapolation changes its sign.

DOI: 10.1103/PhysRevD.103.094512

I. INTRODUCTION

The calculation of parton distribution functions (PDFs)
using lattice QCD has seen renewed interest in recent years
[1-4], driven in part by the introduction of the quasi-PDF
method [5,6]. This method requires nucleon matrix ele-
ments of a nonlocal operator containing a Wilson line,
which must be computed on the lattice. Previous calcu-
lations of quasi-PDFs and related observables using the
same operator by ETMC are given in Refs. [7-15] and by
other collaborations in Refs. [16-44].

The presence of a Wilson line in the nonlocal operator
introduces a power divergence. This divergence must be
exactly removed by the renormalization procedure so that a
finite continuum limit can be obtained. Furthermore, in
contrast to the case of local operators, the use of a lattice
action with exact chiral symmetry or at maximal twist does
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not eliminate all discretization effects linear in the lattice
spacing a [45—47]. This means that in a lattice setup where
most observables have only O(a?) lattice artifacts, quasi-
PDFs can nevertheless have O(a) contributions. For both
of these reasons, it is important to numerically study the
approach to the continuum limit so that future calculations
will be better equipped to control all sources of systematic
uncertainty.

There exist some previous studies using more than one
lattice spacing. Reference [45] includes an early analysis
using two of the three lattice spacings used in this work.
Nonperturbative renormalization was studied using two
lattice spacings in Ref. [30], and the same two lattice
spacings were used for studying pion PDFs in Ref. [42].
After the first version of this paper was submitted, two
more works appeared. Reference [48] presents a study of
nucleon PDFs using three lattice spacings and three differ-
ent pion masses, in which the lowest two pion masses were
each studied using a single lattice spacing and the highest
pion mass was studied using two lattice spacings. Finally,
zero-momentum pion matrix elements were computed in
Ref. [49] using multiple actions and up to four lattice
spacings per action.

Published by the American Physical Society
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TABLE L.

Parameters of the three Ny = 2 + 1 + 1 lattice ensembles: gauge coupling j3, bare light quark mass ay;, and size. The pion

mass m, and lattice spacing a (determined via the nucleon mass) are taken from Ref. [53]. Nucleon three-point functions are computed
with momentum p = (0,0, p,) and source-sink time separation #,. The total number of gauge configurations is given by N ,¢; on each
one, we use an evenly-spaced grid of 32 source positions, with a random overall displacement, yielding Ng,m, = 32Non¢ samples.

Name S ay; Size a (fm) m, MeV) p.L/(2z) p,(GeV) t/a t;(fm) Negr  Nemp
A60 1.90  0.0060 243 x 48  0.0934(13)(35) 365 3 1.66 10 0.934 1260 40320
B55 195 0.0055 323x64 0.0820(10)(36) 373 4 1.89 12 0.984 1829 58528
D45 2.10  0.0045 323 x64 0.0644(07)(25) 371 3 1.80 15 0.966 1259 40288

In this paper, we present a study of the approach to the
continuum limit of isovector nucleon unpolarized and
helicity parton distributions using three lattice ensembles,
each having a different lattice spacing but with otherwise
similar parameters. Section II describes the ensembles and
the observables we compute. A dedicated study on one
ensemble of systematic effects from excited-state contami-
nation is reported in Sec. III. Renormalization factors are
obtained using two different methods in Sec. IV; in
addition, we study a ratio of matrix elements that cancels
the renormalization. In Sec. V, we take the continuum limit,
both for position-space matrix elements and for PDFs.
Finally, conclusions are given in Sec. VI.

II. LATTICE SETUP

We use three lattice ensembles that differ primarily in their
lattice spacings a = 0.0644, 0.0820, and 0.0934 fm. These
have dynamical degenerate up and down quarks with pion
mass approximately 370 MeV and dynamical strange
and charm quarks with near-physical masses, i.e., N; =
2+ 1+ 1. The gauge action is Iwasaki [50,51] and the
fermions use Wilson twisted mass tuned to maximal twist.
These ensembles were generated by ETMC [52]; parameters
for the three used in this work are given in Table I. The
ensemble with intermediate lattice spacing, B55, was pre-
viously used by some of us for studying quasi-PDFs in
Refs. [7-9].

Isovector quasi-PDFs are obtained from nucleon matrix
elements of the nonlocal operator

Or(x,2) =y(x + 2 Wx + 2. x)y(x), (1)

where bold symbols denote Euclidean four-vectors, y is the
doublet of light quarks, W is a Wilson line, 73 selects the
1sovector u — d flavor combination, and we have chosen to
extend the operator in the third spatial direction. We employ
five steps of stout smearing [54] in the definition of W. The
operator’s nucleon matrix elements can be written as

p.5'0r (0. z:p)lp. s) = hr(pe. 2 p)ia(p. s )Tu(p.s).  (2)

where u represents the scale at which O is renormalized.
Taking the Fourier transform, we obtain the unpolarized and
helicity quasi-PDFs,

~ P _
q(x, pz;p) —Zzt/dze BPEh, (P 2ip)s

~ p —ix .
AG(x, pin) = ﬁ/ dze™"P<hy, (pr.zin).  (3)
These are related to physical PDFs through factorization,

d 2 A2
weron [§e(e i) (5 7)

(4)

and a similar expression applies to the helicity case.

The details of our calculation are similar to Ref. [12],
although we use nucleon momenta only in the +Z direction
and do not improve statistics by averaging over equivalent
directions. The proton interpolating operator is defined
using Wuppertal-momentum-smeared quark fields [55,56],
with the smearing performed using APE-smeared gauge
links [57].

III. EXCITED-STATE EFFECTS

On ensemble A60, we performed a dedicated study of
excited-state effects by varying the source-sink separation
t;/a from 4 to 10. The nucleon effective energy on this
ensemble is shown in Fig. 1; although momentum smearing
yields a good signal at moderate source-sink separations,

1.4 4
e 1.2 7 .
S
S L]
1.0 e . l
A 4 * * I
0.8 T T T T T
0 2 4 6 8 10
t/a
FIG. 1. Nucleon effective energy on ensemble A60 with

momentum p, = 3(2z/L). The horizontal line indicates the
predicted energy using the nucleon mass from Ref. [53] and
the continuum dispersion relation.
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TABLE II.  Statistics used for excited-state study on ensemble
A60.

ts/a Nconf Nsrc Nsamp
{4,5,6,7} 315 4 1260
8 315 8 2520
9 315 16 5040
10 1260 32 40320

the statistical uncertainty still grows rapidly at large
separations. Therefore, we use much larger statistics for
the larger separations, as given in Table II.

Matrix elements are obtained from two-point and three-
point correlation functions Cyy(t,) and Cgpzt(r t,), where f,
is the Euclidean time separation between the source and
the sink and 7 is the Euclidean time separation between the
source and Or(z). We consider two estimators for the

matrix element Ap(z):

Sl“,z(ts + Cl)
a

= hr(2) + O(e2"),
! (1)

T/llil Czpt( S)

— St
e (zi1,) = relt)

where Sp_(t,) =a

(6)

and AFE is the energy gap to the lowest excited state.

Results are shown for the unpolarized and helicity matrix
elements in Figs. 2 and 3. For both observables the excited-
state effects are similar. In the real part at small z, the
dependence on 7, is weak, especially for the unpolarized case
where £, (0) is a conserved charge. For z > 6a, he dips
below zero at small 7, and this negative part is substantially
reduced when ¢, is increased. In the imaginary part, the
negative peak around z = 3a is reduced in magnitude when
t, is increased.

For most values of z, h%8°(z) with 7, = 10a is consistent
with the value for #; = 8a and 9a and also with A3 (z) for
t, = S5a and 6a. Therefore we conclude that excited-state

o B Cipi(zs L) effects are reasonably under control using the ratio method
hr eff(Z i) = 4(;21)[ ) with the largest time separation, and we choose to use
' _AELf2 similar separations for the two other ensembles. However,
= hr(z) + O(e™572), (5)  the analysis in the rest of this paper differs slightly from the
1.75 -
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FIG. 2. Effective h, versus z: real part (top) and imaginary part (bottom). For each z, the ratio-midpoint results are shown using seven
source-sink separations, increasing from left to right (red), and the summation-method results are shown using the shortest three source-

sink separations (blue).
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FIG. 3. Effective A, versus z. See the caption of Fig. 2.
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FIG. 4. Bare matrix elements: real part (top) and imaginary part (bottom) for the unpolarized (left) and helicity (right) operators.

excited-state study: instead of simply taking the midpoint
7=1,/2 in Cgr’ft(f, t,), we average over several central
values of 7 to reduce the statistical uncertainty. The
resulting bare matrix elements for all three ensembles
are shown in Fig. 4.

One risk of studying excited-state effects using just one
ensemble is that insufficiently controlled excited-state
contributions on the other ensembles could be mistakenly
interpreted as discretization effects. To reduce this pos-
sibility, #, was chosen to be slightly larger on the two
ensembles that lack an excited-states study. Furthermore,

our findings in Sec. IV C, that accounting for the leading
effect of small differences in p, improves the approach to
the continuum, and in Sec. V, that the dependence on a is
typically monotonic, are both consistent with discretization
effects and not excited-state effects playing the dominant
role in this study.

IV. RENORMALIZATION

Renormalization of the nonlocal operator O(z) was a
stumbling block in rigorously calculating quasi-PDFs and
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TABLE IIL

Simulation parameters for the N, = 4 ensembles [59] used in the calculation of the renormalization.

The last column indicates which ensembles were used in Secs. IVA (for the whole-operator renormalization)

and IV B (for the auxiliary-field renormalization).

au K AUPEAC aM pg Lattice size Used in
f =190, a =0.0934 fm
0.0080 0.162689 +0.0275(4) 0.280(1) 243 x 48 A
0.163476 —0.0273(2) 0.227(1)
0.0080 0.162876 +0.0398(1) 0.279(2) 243 x 48 AB
0.163206 —0.0390(1) 0.241(1)
B =195, a=0.0820 fm
0.0020 0.160524 +0.0363(1) 243 x 48 AB
0.161585 —0.0363(1)
0.0085 0.160826 +0.0191(2) 0.277(2) 243 x 438 A
0.161229 —0.0209(2) 0.259(1)
f =210, a = 0.0644 fm
0.0030 0.156042 +0.0042(1) 0.127(2) 323 x 64 B
0.156157 —0.0040(1) 0.129(3)
0.0046 0.156017 +0.0056(1) 0.150(2) 323 x 64 A
0.156209 —0.0059(1) 0.160(4)
0.0064 0.155983 +0.0069(1) 0.171(1) 323 x 64 A
0.156250 —0.0068(1) 0.180(4)

was absent in the earliest lattice QCD calculations
[7,8,16,17]. In contrast with local quark bilinears that
diverge logarithmically, O(z) contains a Wilson line that
introduces a power divergence. In order to obtain a
continuum limit, it is essential that this divergence be
removed exactly, meaning that lattice perturbation theory is
inadequate. Nonperturbative renormalization prescriptions
[9,19,45], introduced more than three years after the first
lattice quasi-PDF calculations, are necessary.

We employ two different methods for nonperturbative
renormalization, both of which involve imposing renorm-
alization conditions on Green’s functions evaluated on
Landau-gauge-fixed lattices." For this, we use the N =4
twisted mass ensembles from Ref. [59] listed in Table III.
These have the same action and bare coupling as the
ensembles used for computing nucleon matrix elements.
However, because of the difficulty in reaching maximal twist
with four degenerate light fermions, we instead average over
pairs of ensembles with opposite PCAC masses. After
renormalizing Op(z) in a nonperturbative intermediate
scheme, perturbation theory is used to convert first to
the MS scheme and then to a modified MS (MMS) scheme
[12]. The latter cancels a log(z?) divergence in the MS-
renormalized matrix element at short distance and enables a
matching between quasi-PDF and PDF that conserves charge.

The first method is the whole operator approach, where
renormalization conditions are imposed independently on
Or(z) for each z, producing a separate renormalization
factor for each z. The procedure is very similar to methods

'A hybrid approach that incorporates elements of both meth-
ods was recently proposed in Ref. [58].

commonly used for local quark bilinears, and the non-
perturbative intermediate scheme is RI'-MOM.

The second method is the auxiliary field approach, where
the nonlocal operator is rewritten as a pair of local operators
in an extended theory. Renormalization conditions are
imposed on those local operators and on the action of
the extended theory, producing a minimal set of renorm-
alization parameters. The nonperturbative intermediate
scheme, RI-xMOM, uses a mixture of momentum space
and position space.

When z = 0, it is a special case where Or(z) is a local
operator, namely a vector or axial current. For this point, we
use the renormalization factor for the corresponding local
operator determined in Ref. [59].

In the next two subsections we discuss each method and
their sources of systematic uncertainty. In a third subsec-
tion, we form a ratio of nucleon matrix elements to cancel
the renormalization of Or(z) and study the continuum limit
of the ratio.

A. Whole operator approach and RI"-MOM scheme

The Rome-Southampton approach [60] and its RI")-
MOM schemes are commonly used to determine renorm-
alization factors of local operators. Our prescription for the
nonlocal operator Or(z) closely follows Refs. [9,61] and
the improvements from Ref. [12] for controlling systematic
uncertainties; we refer the reader to those references for a
more detailed discussion.

In Landau gauge and in momentum space, we compute
the fermion propagator S, [Eq. (13)] and the amputated
vertex function Vp, with the operator O inserted at zero
momentum transfer. We impose the conditions
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Z%I(Z,ﬂo,m ) 1

e T TtV (z.p, my ) (V™ (2,p)) M| e = 1,

) V(e VB 2))
(7)

28, mg) = 5 TH(S, (0. ) ST 0] oy (8)

at each value of z, where XB°™ is the tree-level value of X.
As a shorthand, we write Zy, for the renormalization of the
unpolarized operator O, and Z, for the helicity operator
O,.,,- We choose the RI' renormalization scale, y, so that
the vertex momentum p has the same components in all
spatial directions, that is, ap = %—’: (n, + i ,n,n,n) with
integer n and n,. More precisely, we choose momenta
with Py = (3-; p)/(32; p?)? < 0.32, in order to suppress
finite-a effects that break rotational symmetry [59,62].
The renormalization factors are calculated on the Ny = 4
ensembles given in Table III; these have the same bare
coupling f as the Ny = 2 + 1 + 1 ensembles used for the
bare matrix elements. The renormalization procedure can
be summarized in the following steps:
(1) Calculation of Z, for each ensemble of Table III,
and for several values of the renormalization scale
Uo- We use n, € [3,9], n € [2,4] for the 243 x 48
ensembles, and n, € [3,10], n € [3, 5] for the 32 x
64 ensembles, and restrict to the momenta satisfying
P, < 0.3. The range of values for (a)? is [1, 5] and
[1, 4], for 243 x 48 and 323 x 64, respectively.
(2) Averaging of the two ensembles at opposite appéac
values followed by chiral extrapolation of the form
Zo + (ap)Z, (or quadratic in am,) for each lattice
spacing. For f = 1.90 we take the average of the
four ensembles, as there is only one au value
available. For all three f values, we find a very

FIG. 5.

mild dependence on the pion mass, similarly to what
was found for other ensembles [12].

(3) Conversion to the MS scheme and simultaneous
evolution to the scale 2 GeV, using the expressions
from Ref. [61].

(4) Elimination of residual dependence on the RI’ scale
by fitting to extrapolate (auy)*> — 0. An extensive
study on the choice of the renormalization scale and
the corresponding systematic uncertainties can be
found in Ref. [12]. The optimal fit range for all j
values is (aug)* € [1,3].

(5) Conversion to the MMS scheme, which is necessary
in order to apply a matching formula that satisfies
particle number conservation.

The final estimates for renormalization factors are shown
in Fig. 5. For the real part, the results with # = 1.90 and
1.95 are very similar, but the latter has a smaller imaginary
part. The finest lattice spacing, # = 2.10, has a larger real
part. The renormalized matrix elements from the three
lattice spacings are shown in Fig. 11 and their approach to
the continuum limit is discussed in Sec. VA.

B. Auxiliary field approach and RI-xMOM scheme

The auxiliary field approach [45,63—65] introduces a new
field {(z) whose propagator is a Wilson line along the 2
direction. This allows the nonlocal operator in QCD to be
represented using the local operator ¢p = {y in the extended
theory:

Or(x,2) = (p(x + 2)lr3¢(x)),. ©)

The problem becomes that of renormalizing the action for ¢
and the composite operator ¢; one finds that three parameters
are sufficient to renormalize all operators Op(z) [45]:

t B=2.10 t
30 t B=195 .,
§ 204 t B=1.90
&
10 .
TP
O T 7 S .I.- — T T T
0.00 0.25 0.50 0.75 1.00
z (fm)
0+ e ' . L
S T
(ie}

Real part (top) and imaginary part (bottom) of the renormalization factors for the unpolarized (left) and helicity (right)

operators in the MMS scheme at 2 GeV, determined using the whole-operator approach via the RI'-MOM intermediate scheme. Data at
p =210, =195 and f = 1.90 are shown with green diamonds, orange circles, and blue squares, respectively.
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OR(z) = Zie"’"z‘ [Or(2) + 3g0(2) rin Oy 1y + raix Oyry )
(10)

where m is linearly divergent, Z, is logarithmically diver-
gent, and r,,;, is finite and associated with chiral symmetry
breaking on the lattice. For our choices of I, the anticom-
mutator vanishes and the expression simplifies to

Of(2) = Z5(1 = rgy)e™"F10r (2). (11)

We follow the approach in Refs. [45,47] to determine m
and Zj(1—rf;), using the RI-xMOM intermediate

mix

scheme and converting to MS. Calculations are performed
using the most chiral N, = 4 twisted mass ensembles from
Ref. [59], averaging over pairs of ensembles with opposite
PCAC masses rather than directly working at maximal
twist. In addition to the operator with stout-smeared links
used for the bare nucleon matrix elements, we also employ
unsmeared links, which are expected to have reduced
discretization effects, in some intermediate steps. After
fixing to Landau gauge, we compute the position-space ¢
propagator

Sé«(z) = <C<Z2)Z(0)>QCD+§ = (W(zﬁ, 0)>QCD§ (12)
the momentum-space quark propagator,
Sp) = [ e pero). (03

where y is a quark field in the twisted basis; and the mixed-
space Green’s function for ¢,

Gylz.p) = / e (207 E)ocnrs.  (14)

These renormalize as

SB(z) = Zee RIS, (2), (15)
S§(p) = Z,5,(p). (16)
GR(2.p) = Zy/Z;Zye "G y(z.p). (17)

To fix m, we evaluate the effective energy of the {
propagator,

E/(z) = —dizlogTrSg(z), (18)

which is renormalized by adding m. We use the nearest-
neighbor lattice derivative. The relative matching among
the three lattice spacings is done at z = 0.61 fm. The
absolute value of m is determined using unsmeared links

z (fm)
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
0‘0 1 1 1 1 1 1 I* 3
021 _L o oot hdele *
0.2 o cno®? "i '+
041 ¢ |
2 ..é relative matching 4 B=210
g —067 %2 ¢ (unsmeared)
0848, ¢ B=195
N P B=190
—1.04 absolute matching |
2l ‘ ‘
1.4

FIG. 6. Renormalized E/(z) versus z. Filled blue squares,
orange circles, and green diamonds show the data with stout-
smeared links on the coarse, medium, and fine lattice spacings,
respectively. Diamonds with black outlines show the data on the
fine lattice spacing without smearing. Note that a hypercubic
rotation has been used to orient the Wilson line in the temporal
direction to reduce finite-volume effects at large z. The curve
shows the perturbative result based on the analytic three-loop
calculation [66,67], the analytic partial four-loop calculations
[68-74], and the numerical full four-loop calculation [72]; its
error band indicates the size of the O(a?) contribution.

on the finest lattice spacing, which is expected to produce
the smallest discretization effects, and matching to the
perturbative results for the static quark propagator known to
O(a?) [47,66-74]. The results are shown in Fig. 6. Except
at short distance where discretization effects are significant,
the three lattice spacings are in good agreement for the
renormalized effective energy.

The other renormalization factors are determined using
conditions designed to eliminate dependence on m:

ﬁ;zngr[S;l(p)p] —1, (19)
ZE[TeS.(2))*
74% =1, (20)
RI ro
iMmTr[(l iyZ)Sgl(z)G(/,(z,p)S;l(P)] = 1.

12 / 7RI 7RI
ZC Zq

(21)

These are evaluated at the scale u> = p?, choosingp = p.Z.
This defines a family of renormalization schemes that
depend on the dimensionless quantity y = p_z. From the
above, we extract the relevant overall renormalization
factor, Z;(l —r2.), at fixed kinematics. We then convert
Z, to the MS scheme using the one-loop expression from
Refs. [45,47] and evolve to the scale 2 GeV using the two-
loop anomalous dimension of the static-light cur-
rent [75,76].
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0 2 4 6 8 10 12 14
12 (GeV?)

FIG. 7. Renormalization factor Z3 (1 — ry; ) determined using
unsmeared links in the RI-xMOM scheme, matched to MS, and
evolved to scale 2 GeV. A hypercubic rotation has been used to
orient the Wilson line and the quark momentum in the temporal
direction. The multiple points at the same x> have different values
of the RI-xMOM scheme parameter y. The lines with error bands
give the extrapolation to ay*> = 0 and the darker part of each
error band indicates the fit range.

The determination of Z3(1 — r;;, ) is shown in Fig. 7. As
this is done at relatively high scales where the perturbative
matching and evolution are applicable, we do this using
unsmeared gauge links. Except at low u?, the statistical
uncertainty is negligible compared with systematics. At
each y?, we estimate the latter such that the spread of results
for different scheme parameters y is covered. For each
lattice spacing, we extrapolate a’u” to zero assuming a
linear dependence; the systematic uncertainty is propagated
assuming a 50% correlation between every pair of points.
Following the approach used in Ref. [45], we match
between unsmeared and smeared links in the infrared
regime at large z and small p?.

Final parameters for operators with stout-smeared links
are given in Table IV. The large uncertainty for the mass
parameter is caused by the absolute matching onto pertur-
bation theory. At each z, this absolute matching produces
an overall factor applied to hp(z) at all three lattice
spacings. Therefore it can be ignored when studying the
approach to the continuum limit. However, this uncertainty
must be included when comparing continuum-limit results
against other renormalization approaches.

TABLE IV. Renormalization parameters from the auxiliary-
field approach, determined via the RI-xXMOM intermediate
scheme. The second uncertainty for the auxiliary field mass
comes from the absolute matching onto perturbation theory and is
fully correlated across the three ensembles.

An additional perturbative conversion [12] yields results
in the MMS scheme; this cancels a log(z?) divergence in
the MS-renormalized matrix element at short distance.
However, this conversion has only been computed at
one-loop order, meaning that the cancellation may be
inexact and some part of the divergence may still remain.
The renormalized nucleon matrix elements for the three
lattice spacings are shown in Fig. 10.

C. Ratio with zero-momentum matrix element

The simplest way to cancel ultraviolet divergences is to
compute matrix elements of the same operator in different
hadronic states and then take their ratio. Here we choose to
take the ratio of matrix elements in a nucleon at nonzero
momentum (i.e., those used throughout this paper) with the
same in a nucleon at rest,

hr(p.. z; 1)

Rr(pZ’Z) hF(O Z‘//l) *

(22)

As the signal-to-noise problem is much milder in a nucleon
at rest, this requires a relatively inexpensive additional
calculation: see Table V.

This ratio is similar to the reduced loffe-time distribution
used in the pseudo-PDF approach for parton distributions
[77]. Although it is a different observable than the MMS-
renormalized matrix elements used for quasi-PDFs, it
provides the opportunity to study the approach to the
continuum limit in a clean, controlled setting. As such, this
section can be seen as a preview of the continuum
extrapolations of the renormalized matrix element A in
Sec. VA.

We consider variations of the continuum extrapolation in
two different ways. First, precisely which points should be
used to obtain Rp-(p,, z) at zero lattice spacing? One option
is to ignore small differences in p, among the three
ensembles, interpolate the lattice data to a common value
of z in physical units, and then perform the extrapolation.
Alternatively, noting that parameter x of quasi-PDFs is
Fourier-conjugate to the product zp,, we can choose to
interpolate to a common value of zp, before extrapolating;
this could be more reliable because it accounts at leading
order for the small differences in p,.

Second, what fit form should be used? As we have three
lattice spacings, we restrict ourselves to two-parameter fits.
At z = 0, the operator O is local, namely a vector or axial

TABLE V. Statistics used for the nucleon matrix elements at
Zero momentum.

ﬂ am Z?}(l - rxznix) Ensemble Nconf Nsamp
1.90 —0.392(1)(57) 0.986(25) A60 79 316
1.95 —0.373(1)(50) 0.908(20) B55 54 216
2.10 —0.305(1)(37) 0.907(11) D45 65 260
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FIG. 8. Real part (top) and imaginary part (bottom) of the ratio of unpolarized matrix elements R, versus z in physical units (left) and
versus zp, (right). The curves with error bands depict the results from the continuum extrapolations assuming leading artifacts linear in a

(red) and quadratic in a (blue).

current; since we work at maximal twist, this calculation
benefits from automatic O(a) improvement [78,79] and we
extrapolate using an affine function of a®. For z # 0 (i.e.,
for the bulk of our data), O is nonlocal and there can be
O(a) contributions that are not eliminated by automatic
improvement [47]. In practice, it is not clear whether we are
in the regime where O(a) contributions dominate; there-
fore, we extrapolate using both affine functions of a and
of a’.

The ratio data and their extrapolations are shown in
Figs. 8 and 9. When plotted versus z in physical units, clear
discrepancies between the three ensembles are visible and
for most of the parameter space, the lattice data from the
coarsest ensemble are more than one standard deviation
away from the extrapolations. These discrepancies are
reduced when plotting the data versus zp_, although they
remain significant for the unpolarized data at large z.

From this study, it appears that performing the extrapo-
lation at fixed values of zp, is a better approach. For the

00 1 1 1 1 1 1
£y % . ! *+ +
& 0.5 1 " a0l } D45
o Lo | BSS
' b A60

unpolarized matrix elements with zp, <5 and for the
helicity matrix elements, lattice artifacts have a modest
effect and are well under control, with the O(a) and O(a?)
extrapolations in good agreement. For the unpolarized
matrix elements with zp, > 5, there is a stronger depend-
ence on a and worse agreement between the two extrap-
olations; this suggests that at longer distances the lattice
artifacts are less well controlled.

V. CONTINUUM LIMIT

A. Renormalized matrix elements

Based on our study of the ratios of matrix elements in the
previous section, we choose to linearly interpolate our
MMS-scheme renormalized matrix elements to common
values of zp, and then perform continuum extrapolations at
each interpolated point. We again extrapolate in two ways,
assuming lattice artifacts are either linear or quadratic in the
lattice spacing.

1.0 A
s 054 <
[
& ¥
0.0
0540 2 4 6 8 10
2Pz
00 L 1 1 1 1 1
TR
@
& —0.5 1 '
& —=0(a) |
~1.0 - 5
=—0(a%)

FIG. 9. Ratio of helicity matrix elements R,,.. See the caption of Fig. 8.
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FIG. 10. Matrix elements renormalized using the auxiliary field approach via matching from the intermediate RI-xMOM scheme: real
part (top) and imaginary part (bottom) of the unpolarized (left) and helicity (right) matrix elements, converted to the MMS scheme at
scale 2 GeV. The curves with error bands depict the results from the continuum extrapolations assuming leading artifacts linear in a (red)
and quadratic in a (blue). The outer error bars (without endcaps) and outer error bands include the uncertainty from the absolute
matching of the auxiliary field mass onto perturbation theory, which is fully correlated among the three ensembles.

Figure 10 shows the matrix elements renormalized using
the auxiliary field approach and their continuum extrapo-
lations. For most values of zp_, there is a large dependence
on the lattice spacing and the extrapolated values are far
from those of the individual ensembles. The extrapolations
tend to reduce the magnitude of the matrix element, except
for the unpolarized case at large zp,, where both the real
and imaginary parts are positive and growing. For the
unpolarized matrix element, the O(a) and O(a?) extrap-
olations are not in good agreement, particularly in the real
part at small zp, and the imaginary part at medium zp..

Matrix elements renormalized using the whole-operator
approach are shown in Fig. 11, along with their continuum
extrapolations. Qualitatively, the picture is similar to the

1_ L
IS ]
P L |
0 T T T "lftrll N
§*+f o
0 2 4 6 l8* |
ipz
L 1 1 1 1 |1
£0 ++1
& s R
|| =ow I
- —0(a?) LI S

auxiliary-field renormalization approach, except that at
small zp,, the real part of the matrix elements from the
three lattice spacings are in better agreement, producing a
milder effect from the continuum extrapolation and a better
agreement between the two extrapolations. The latter is
especially true for the unpolarized matrix element. Details
of these continuum extrapolations for selected values of zp,
are shown in Figs. 12 and 13. Clearly, our lever arm in a is
limited, which makes it difficult to detect a preference for
either of the two fits; this also produces a large uncertainty
for the O(a) extrapolations.

Results from the two renormalization approaches are
compared in Fig. 14. The whole operator approach tends to
produce a smaller central value and a smaller uncertainty

L 1 1 P
§0
o b Das RS v tH t ﬁi
iy } B55 o, 4 ! e t
} A60 A

FIG. 11. Matrix elements renormalized using the whole operator approach via matching from the intermediate RI'-MOM scheme: real
part (top) and imaginary part (bottom) of the unpolarized (left) and helicity (right) matrix elements, converted to the MMS scheme at
scale 2 GeV. The curves with error bands depict the results from the continuum extrapolations assuming leading artifacts linear in a (red)
and quadratic in a (blue).
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1.0
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=
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FIG. 12. Continuum extrapolation of unpolarized matrix elements renormalized using the whole operator approach: real part (top) and
imaginary part (bottom), versus a>. Results are shown for zp. = 1.2 (left), 2.9 (center), and 5.9 (right). Black diamonds show the data
from ensemble D45 and interpolated data from ensembles B55 and A60. The solid red curve and red circle show the O(a) extrapolation;
the dashed blue line and blue square show the O(a?) extrapolation.

than the auxiliary field method. For the imaginary part of
the matrix elements, the O(a?) auxiliary-field extrapolation
is in significant disagreement with both of the whole-
operator extrapolations. In contrast, the O(a) result using
the auxiliary field method is largely compatible with both
whole-operator extrapolations, for low to medium values of
zp.. This suggests that there may be significant O(a) lattice
artifacts in the determination of the auxiliary field renorm-
alization parameters and that it is necessary to account for
them when taking the continuum limit.

Since renormalization in the auxiliary field approach is
determined by just two parameters, one might ask whether

there exist parameters that produce results compatible with
the whole operator method. Figure 15 shows the effect of
reducing the magnitude of the auxiliary-field mass renorm-
alization parameter by 6m = 0.4 GeV. Although this adjust-
ment is hard to justify from the analysis in Sec. IV B, in
Ref. [58] it was shown that its effect on quasi-PDFs is
suppressed by the factor ém/p, at large momentum. This
change produces good agreement for the imaginary part of
the matrix elements. However, some discrepancies remain
for the real part, particularly in the unpolarized case at small
Zp., where the slope of the auxiliary-field result is consid-
erably steeper than the whole-operator data.

o] =12 1.01 2p. =29 p. =59

' 0.4 -
0.8 -

e 107 0.2 1
< 08 4 0.6 1

& 0 0.0 -
0.4 -

0.6 - 02

0.000 0.005 0.010  0.000 0.005 0.010  0.000 0.005 0.010

FIG. 13.
Fig. 12.

Continuum extrapolation of helicity matrix elements renormalized using the whole operator approach. See the caption of
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~— auxiliary field
442 whole operator

FIG. 14.  Comparison of continuum-extrapolated matrix elements: real part (top) and imaginary part (bottom) of the unpolarized (left)
and helicity (right) matrix elements, in the MMS scheme at scale 2 GeV. Solid bands show data using the auxiliary field approach via the
RI-xMOM intermediate scheme and hatched bands show results using the whole-operator approach via the RI'-MOM intermediate

scheme.

Pz

14 ——aux. field (n+0.4 GeV)
“#%: whole operator

£
=
0
-
FIG. 15.

renormalization by 0.4 GeV. See the caption of Fig. 14.

In the rest of this paper where we examine the effect on
parton distributions, we will focus on the more precise data
renormalized using the whole-operator method. However,
we will continue to compare O(a) and O(a?) extrapola-
tions since they are not in complete agreement and we have
no a priori reason to prefer one over the other.

1. Comparison with phenomenology

Before transforming the position-space matrix elements
to obtain PDFs and comparing directly with phenomenol-
ogy, we perform the reverse exercise. Starting with phe-
nomenological parton distributions determined by NNPDF
[80,81], we invert the matching and the Fourier transform
to determine the position-space matrix elements that yield
those PDFs, up to higher-order corrections in the matching.
Figure 16 compares this with the continuum-extrapolated

Comparison of continuum-extrapolated matrix elements, after reducing the magnitude of the auxiliary-field mass

lattice matrix elements. Full agreement cannot be expected,
since the lattice calculation was done at a heavy pion mass
and other systematics such as the dependence on p, and
finite-volume effects have not been included in this study.

The real part of the unpolarized matrix elements show
reasonable agreement for zp, < 5; in the same range, the
helicity matrix elements from the lattice lie below those
from phenomenology. The helicity case can be partly
understood by recalling that at heavy pion masses, the
nucleon axial charge (i.e., the helicity matrix element at
z = 0) lies below its physical value. At short distances, the
imaginary parts of the lattice data have larger (more
negative) slopes than phenomenology; the O(a) extrapo-
lations are consistent with the latter at the 1o level whereas
the O(a®) extrapolations are not. At nonzero lattice
spacing, the slope is even larger and in worse agreement

094512-12
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FIG. 16. Unpolarized (left) and helicity (right) matrix elements from continuum extrapolation of lattice data renormalized using the
whole operator approach via the RI'-MOM intermediate scheme (blue, red) and from the inverse Fourier transform of the quasi-PDFs
obtained by applying inverse matching to phenomenological PDFs from NNPDF [80,81] (dark gray). Note that in the lattice calculation,
the pion mass is much larger than in nature, so that exact agreement should not be expected.

with NNPDF, so that the continuum extrapolation produces
results that lie closer to phenomenology.

At larger values of zp,, there is a qualitative difference:
the phenomenological curves tend steadily toward zero,
whereas the lattice data do not. This is especially true for
the unpolarized lattice matrix elements, of which both the
real and imaginary parts are positive and increasing at large
distances. At the coarsest lattice spacing, the lattice data lie
well below zero (see Fig. 11), so it appears that the
continuum extrapolation may be an overcorrection.
Another way to characterize the imaginary part is via
the position of the minimum of the curve: in the lattice data,
it lies at a shorter distance than in phenomenology. This is
consistent with the general expectation that correlation
functions are shorter ranged at heavier pion masses.

B. Parton distributions

In this section, we present the main results of this paper,
namely the effect of the continuum extrapolation on PDFs.
However, we first discuss another source of systematic
uncertainty: how to perform the Fourier transform in the
definition of the quasi-PDF using a finite set of position-
space data. We illustrate this using data on the finest
ensemble, D45. Next, we perform the continuum extrapo-
lation at fixed x, using the PDFs determined on each
ensemble, and compare the result with the PDF determined
from the continuum-limit matrix elements obtained in the
previous section. Finally, we compare our continuum-limit
PDFs with phenomenology.

1. Reconstruction techniques

As given in Eq. (3), the quasi-PDF g(x) is obtained from
a Fourier transform (FT) of the renormalized matrix
elements /(z). In practice, we obtain h(z) at intervals of

the lattice spacing,2 i.e.,, z/a € Z. 1t is also necessary to
truncate the FT at |z| < z;,., both because of the finite
lattice size, which imposes 7z, < L/2, and because of
growing statistical uncertainty at large |z|. Together, these
have the effect of replacing the continuous FT by a
truncated discrete FT (DFT):

zmax/a

p: [® —i Pz -
rz dZe Xp:2 5 2% a Z e lpoZ. (23)
2 —o0 2z 7/ a==Zmax/a

The discrete sampling makes the result formally peri-
odic, so that it must be cut off at |x| < z/(ap,), which is at
least 4 in our setup. The truncation introduces an additional
systematic uncertainty [12], as shown using ensemble D45
in Fig. 17 for quasi-PDFs and PDFs. The latter are obtained
by applying the matching procedure and nucleon mass
corrections [17]. For the quasi-PDF, the effect of truncation
is that one obtains a convolution of the desired result:

/(ap.) i —x' 2
qDFT(x):%/ P dx/Sll’l(()-C x)pzszmax"'_a/ ))Z](x’)
278 J—z/(ap.) sin((x—x")p.a/2)

a—0 1 o i —x'
_0)_ dx/snl((x X )Zmaxpz)zl<x/)’ (24)

T) o (x=x")

so that any features narrower in x than (zy.p,)”" are
smeared out. This is clearly visible in Fig. 17, where
smaller values of z,..p, are associated with broader
quasidistributions. The effect is reduced after applying
the matching to obtain PDFs: results with z,,,, p, = 4.7 and

*When analyzing the continuum-limit x(z) we sample it at
intervals of the finest lattice spacing, which we simply denote a in
this context.
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FIG. 17. Unpolarized (left) and helicity (right) quasi-PDFs (top panels) and PDFs (bottom panels) of the D45 ensemble for different
values of the cutoff z,,. The curves with cutoff at z,,,,p. = {3.5,4.7,5.9} are depicted in green, blue and gray.

5.9 are very similar. However, for z.,,p, = 3.5, both the
unpolarized and helicity PDFs have qualitatively quite
different behaviour, with a higher value for x between
roughly —0.7 and —0.1 and a larger slope for x less than
—0.3 as well as a smaller slope at small positive x and a
peak at larger x in the positive region.

Since the Fourier transform introduces a systematic
uncertainty, we supplement the naive truncated FT with
more sophisticated reconstruction techniques [82,83]. In
these approaches, obtaining the Fourier transform from a
finite number of data points is seen as an ill-defined inverse
problem. Its solution is not unique and one approach is to
use explicit models for the shape of the (quasi-)PDF. By
contrast, we choose to use two approaches that do not
contain an explicit model: the Backus-Gilbert method, first
applied for PDFs calculations in [82] and the Bayes-Gauss-
Fourier transform (BGFT) [83]. These two procedures
address the reconstruction problem as follows.

Backus-Gilbert (BG): The inverse problem is obtained

by inverting Eq. (3) to write the real and imaginary
parts of the unpolarized matrix element in terms of the
quasi-PDF:

Nh, (p,.z:p1) = A dx cos(xp.z)q.(x, pip),
Shy, (por2ot) = /0 dx sin(xp,2)q_(x. poip). (25)

where for x > 0, 7 (x) = g(x) £ g(—x), and likewise
for the helicity case.” The reconstruction is applied

For the unpolarized case, this is not the same as the
convention commonly used for PDFs, where ¢, (x)=
q(x) £ g(x) = q(x) F q(—x). For helicity, Aq.(x)= Ag(x)+
Ag(x) = Aq(x) £ Ag(—x).

independently to g, and g_, so for brevity we describe
the procedure applied to g, . We also omit the labels
p. and u. For each x, the solution is assumed to be a
linear combination of the finite set of lattice data:

Zmax/ @

Z a. (x,2)Nhy, (2).

z/a=0

5% (x) = (26)

where a, can be understood as an approximation to
the inverse of the Fourier transform in Eq. (25). The
accuracy of this approximation is governed by the
function

Z|T|Z|X/a
A (x.x) = Z
z/a=0

a,(x,2)cos(¥p.2)  (27)

that approximates 6(x — x’). Specifically, the result is
an integral over the quasi-PDF:

75(x) = / Y aYAL (e )3 (). (28)

The function a, is determined by the Backus-Gilbert
procedure [84], which minimizes the width of
A (x,x"). For more details, see Refs. [40,82].
Bayes-Gauss-Fourier transform (BGFT): Rather than
directly reconstructing g from the lattice data, this
procedure reconstructs a continuous form of the
position-space matrix elements for all values of z:

h(z),z/a € {0, £1,£2, ..., 7. /a}

- hSR(z),z € R. (29)
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Comparison of quasi-PDFs (top panels) and PDFs (bottom panels) of the D45 ensemble obtained from Bayes-Gauss-Fourier

transform (BGFT), Backus-Gilbert (BG) and discrete FT (DFT) for the unpolarized (left) and helicity (right).

For this, we apply a nonparametric regression tech-
nique, based on Bayesian inference, called Gaussian
process regression (GPR) [85]. This allows us to
incorporate into the prior distribution the asymptotic
behavior of the matrix elements (expected to decay to
zero), as well as their smoothness properties. The
result is continuous, defined for all real z, and has a
Fourier transform computable in closed form. Taking
the FT of hSPR(z), we refer to the result as g3 (x).
More details are given in Ref. [83].

In Fig. 18, we compare results from the truncated
discrete Fourier transform, Eq. (23), and the BG and
BGFT reconstruction methods described above, again
using ensemble D45 as our reference data set. For a fair
comparison, in all cases we use z,,,,p, = 4.7. We begin by
discussing the quasi-PDFs (upper two panels). The most
striking difference is that the Backus-Gilbert result has a
discontinuity at x = 0 that is not present in the other results.
This is because §B2Y(x) is not constrained to vanish at
x =0. Such a discontinuity could occur if J4(z) has a
slowly decaying tail ~1/z. For x between —0.5 and 1.0, the
DFT and BGFT results are similar, although the BGFT
distribution is slightly narrower. For larger values of |x|, the
DFT produces stronger oscillations, which are suppressed
by the BGFT. The BG result is the outlier, being consid-
erably smaller at small negative x and also having a smaller
dip below zero.

We next discuss the physically relevant parton distribu-
tions, obtained after matching and nucleon mass correc-
tions (lower two panels). For most values of x, the DFT and
BGFT method produce very similar results, although for
BGFT the dip below zero in the antiquark region occurs at
smaller negative x and the magnitude is smaller at x = —1

and +1. Again, the BG result is somewhat different: in the
antiquark region at small negative x, the small positive
bump is gone and the result is either consistent with zero
(unpolarized) or slightly negative (helicity). This discrep-
ancy at small x may be associated with a lack of data for the
matrix element at large |z|; better data or a more rigorous
understanding of the large-|z| behavior could help to
improve this situation. In the quark region for x greater
than about 0.5, the BG result has a much weaker downward
trend than the other two methods. Given that the DFT
produces a result not substantially different from BGFT, we
exclude the DFT from further analyses presented in the next
sections.

2. Continuum extrapolation

In what follows, we compare the distributions at finite
lattice spacings with continuum extrapolations. In the
reconstruction of the quasi-PDFs we use the lattice data
with |zp.| < zZmap. = 4.7, at which point either the real
part or the imaginary part of the continuum matrix element
is compatible with zero, as shown in Fig. 11. Moreover, we
estimate the systematic uncertainty from this choice of the
cutoff by varying z.:

gcutoff(x) _ |quﬂxpz:5.9<x) . quMpz:?v.S ()C)| ] (30)
Finally, we estimate the combined uncertainty as the
quadrature sum of &, (x) and the statistical uncertainty.

One approach for obtaining continuum-limit PDFs is to
take the PDF determined on each ensemble and then
perform an O(a) or O(a?) extrapolation of the data at

each x. This is shown in Fig. 19, for both unpolarized and
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FIG. 19. Matched unpolarized (left) and helicity (right) PDFs obtained using the gauge ensembles A60 (blue), B55 (orange), D45
(green), whose lattice spacings are reported in Table I. The PDF in the continuum, after O(a) extrapolation (gray) and O(a?)

extrapolation (pink), is also shown.

helicity PDFs determined using the BG and BGFT meth-
ods. In the quark region with x between roughly 0 and 0.7,
the PDFs decrease monotonically with the lattice spacing;
at larger x, the D45 data (with the finest lattice spacing)
move relatively upward to lie between those of the other
two ensembles. For all x > 0, the O(a?) extrapolation lies
below all of the individual lattice spacings and the O(a)
extrapolation is even lower. Using the BGFT approach,
both of the extrapolations are consistent with the expected
value of zero at x = 1, whereas for BG, this is true only of
the O(a) extrapolation. In the antiquark region, the

IxIAg(x)
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extrapolated results lie above the PDFs determined at finite
lattice spacing, except for the BGFT unpolarized distribu-
tion near x = —1. This produces a more prominent positive
region at small negative x, particularly in the unpolarized
case. At larger negative x, the extrapolations are generally
closer to zero.

Another approach is to obtain PDFs from the continuum
limit of h(z) as determined in Sec. VA by extrapolating
data at fixed zp,. By changing the order in which the
continuum limit and the combination of the Fourier trans-
form and PDF matching are performed, we obtain results

BG /
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FIG. 20. Comparison between the results for the unpolarized (left) and helicity (right) PDFs in the continuum limit obtained with the
O(a) extrapolation at fixed x (gray; see Fig. 19) and at fixed zp, (pink, based on the continuum-limit data in Fig. 11). The distributions
has been obtained using the BG (top panels) and BGFT (bottom panels) reconstruction techniques.
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FIG. 21. Unpolarized (left) and helicity (right) distributions in the continuum, using BG (top) and BGFT (bottom) methods. O(a) and

O(a?) extrapolations are shown in gray and pink, respectively. PDFs extracted through global fits from the releases NNPDF [80,81]

(dark gray) are included for qualitative comparison.

affected by different systematic effects. The comparison of
the O(a) extrapolations from both approaches is shown in
Fig. 20. They are consistent within uncertainties, except
near x = 1, where the fixed-x extrapolation is in all cases
lower than the fixed-zp, extrapolation and only the former
is consistent with zero at x = 1.

For comparing with phenomenology in the next section,
we take the fixed-x extrapolation as our central value and
add an additional systematic uncertainty in quadrature,
namely half the difference with the fixed-zp, extrapolation.

3. Comparison with phenomenology

In Fig. 21, we compare the distributions obtained using
O(a) and O(a?) extrapolations with those obtained from
phenomenology by NNPDF [80,81]. This comparison is
intended to be qualitative, since our calculation was not
done at the physical pion mass and does not include a study
of other sources of systematic uncertainty such as finite-
volume effects or the dependence on p,.

In the antiquark region (x < 0), the NNPDF result is
slightly positive for x > —0.25, particularly in the unpo-
larized case. Focusing on the latter case, both of the
extrapolations using both BG and BGFT methods repro-
duce this feature, although the O(a) extrapolation (which
has a larger uncertainty) prefers a wider and larger positive
region. This agreement with NNPDF is only present after
the continuum extrapolation and does not appear in the
analyses of any of the individual ensembles. For larger
negative x, the NNPDF distributions are close to zero.
However, the BGFT result is below zero, particularly when
using an O(a?) extrapolation.

In the quark region (x > 0), the distributions obtained
from our data tend to have smaller peaks at larger x than

phenomenology and fall off more slowly at large x. All of
the analyses are consistent with zero at x = 1, except for the
O(a?)-extrapolated BG data. For small x, the lattice
unpolarized distributions are consistent with phenomenol-
ogy, whereas the lattice helicity distributions have smaller
slopes. In the unpolarized case, the agreement holds for a
wider range of x when using the BGFT approach, and this
approach also produces less disagreement in the helicity
distribution.

VI. CONCLUSIONS

In this work we performed a lattice QCD calculation of
isovector parton distributions via the quasi-PDF approach,
using three twisted mass ensembles with different lattice
spacings. This enabled a study of discretization effects,
which can first appear at linear order in the lattice spacing,
and the approach to the continuum limit.

Although our data are unable to clearly distinguish O(a)
from O(a?) contributions, we nevertheless observed sig-
nificant discretization effects, both in the position-space
matrix elements and in the final parton distributions. In the
antiquark region, taking the continuum limit produces a
reasonable agreement with phenomenology. Previous cal-
culations, such as the one at the physical pion mass in
Ref. [12], have failed to reproduce the phenomenological
behaviour at small negative x; our work suggests that
discretization effects contribute significantly to this discrep-
ancy. At larger negative x, the agreement is better when using
the Backus-Gilbert method, although the uncertainty is also
larger. In the quark region, the continuum extrapolation also
has a significant effect, although large disagreements with
phenomenology remain. The latter is unsurprising, as we
have not controlled other sources of systematic uncertainty.
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Going beyond the naive truncated discrete Fourier
transform, we have compared two reconstruction tech-
niques for obtaining quasi-PDFs from a finite set of lattice
data. We found that the Bayes-Gauss-Fourier-transform
method produces a somewhat better agreement with phe-
nomenology in the quark region and worse agreement in
the antiquark region, although for the latter the Backus-
Gilbert method has a larger uncertainty. Given the uncon-
trolled systematic effects, these observations should be
treated with caution.

We have also compared two different approaches for
nonperturbative renormalization of the nonlocal operator
Or(z). The auxiliary-field approach tends to produce
significantly larger renormalized matrix elements than
the whole-operator approach, particularly at large z. In
this work we chose to study PDFs using the latter because
its results are more precise, but it will be important to
continue studying different renormalization approaches to
understand their different systematics and whether they all
produce the same continuum limit.

While we have demonstrated the importance of discre-
tization effects, more work will be needed to understand the
relative importance of O(a) and O(a?) effects in typical
calculations. This could be done by performing calculations

using a wider range of lattice spacings or by applying
Symanzik improvement to remove O(a) effects [47].

ACKNOWLEDGMENTS

We thank Bartosz Kostrzewa for useful guidance con-
cerning ensemble D45. K. C. and A. S. acknowledge support
by the National Science Centre (Poland) Grant SONATA BIS
No. 2016/22/E/ST2/00013. M. C. acknowledges financial
support by the U.S. Department of Energy, Office of Nuclear
Physics, Early Career Award under Grant No. DE-
SC0020405. This project has received funding from the
Marie Sktodowska-Curie European Joint Doctorate program
STIMULATE of the European Commission under Grant
agreement No. 765048; F. M. is funded under this program.
This research used resources on the supercomputers
JURECA [86] at Jiilich Supercomputing Centre and Eagle
at Poznan Supercomputing and Networking Center. For the
RI-xXMOM calculation, gauge fixing was performed using
Fourier-accelerated conjugate gradient [87], implemented in
GLU [88]. Calculations were performed using the Grid
library [89] and the DD-aAMG solver [90] with twisted
mass support [91]. Data analysis and plotting were done
using Numpy [92], scipy [93], and MATPLOTLIB [94].

[1] C. Monahan, Recent developments in x-dependent structure
calculations, Proc. Sci., LATTICE2018 (2018) 018
[arXiv:1811.00678].

[2] K. Cichy and M. Constantinou, A guide to light-cone PDFs
from lattice QCD: An overview of approaches, techniques
and results, Adv. High Energy Phys. 2019, 3036904 (2019).

[3] X. Ji, Y.-S. Liu, Y. Liu, J.-H. Zhang, and Y. Zhao, Large-
momentum effective theory, arXiv:2004.03543.

[4] M. Constantinou, The x-dependence of hadronic parton
distributions: A review on the progress of lattice QCD, Eur.
Phys. J. A 57, 77 (2021).

[5] X. Ji, Parton Physics on a Euclidean Lattice, Phys. Rev. Lett.
110, 262002 (2013).

[6] X. Ji, Parton physics from large-momentum effective field
theory, Sci. China Phys. Mech. Astron. 57, 1407 (2014).

[7] C. Alexandrou, K. Cichy, V. Drach, E. Garcia-Ramos, K.
Hadjiyiannakou, K. Jansen, F. Steffens, and C. Wiese,
Lattice calculation of parton distributions, Phys. Rev. D
92, 014502 (2015).

[8] C. Alexandrou, K. Cichy, M. Constantinou, K.
Hadjiyiannakou, K. Jansen, F. Steffens, and C. Wiese,
Updated lattice results for parton distributions, Phys. Rev.
D 96, 014513 (2017).

[9] C. Alexandrou, K. Cichy, M. Constantinou, K.
Hadjiyiannakou, K. Jansen, H. Panagopoulos, and F.
Steffens, A complete non-perturbative renormalization pre-
scription for quasi-PDFs, Nucl. Phys. B923, 394 (2017).

[10] C. Alexandrou, K. Cichy, M. Constantinou, K. Jansen, A.
Scapellato, and F. Steffens, Light-Cone Parton Distribution
Functions from Lattice QCD, Phys. Rev. Lett. 121, 112001
(2018).

[11] C. Alexandrou, K. Cichy, M. Constantinou, K. Jansen, A.
Scapellato, and F. Steffens, Transversity parton distribution
functions from lattice QCD, Phys. Rev. D 98, 091503(R)
(2018).

[12] C. Alexandrou, K. Cichy, M. Constantinou, K.
Hadjiyiannakou, K. Jansen, A. Scapellato, and F. Steffens,
Systematic uncertainties in parton distribution functions
from lattice QCD simulations at the physical point, Phys.
Rev. D 99, 114504 (2019).

[13] C. Alexandrou, K. Cichy, M. Constantinou, K.
Hadjiyiannakou, K. Jansen, A. Scapellato, and F. Steffens,
Quasi-PDFs  with twisted mass fermions, Proc. Sci.,
LATTICE2019 (2019) 036 [arXiv:1910.13229].

[14] Y. Chai et al., Parton distribution functions of A" on the
lattice, Phys. Rev. D 102, 014508 (2020).

[15] C. Alexandrou, K. Cichy, M. Constantinou, K.
Hadjiyiannakou, K. Jansen, A. Scapellato, and F. Steffens,
Unpolarized and Helicity Generalized Parton Distributions
of the Proton within Lattice QCD, Phys. Rev. Lett. 125,
262001 (2020).

[16] H.-W. Lin, J.-W. Chen, S.D. Cohen, and X. Ji, Flavor
structure of the nucleon sea from lattice QCD, Phys. Rev. D
91, 054510 (2015).

094512-18


https://doi.org/10.22323/1.334.0018
https://arXiv.org/abs/1811.00678
https://doi.org/10.1155/2019/3036904
https://arXiv.org/abs/2004.03543
https://doi.org/10.1140/epja/s10050-021-00353-7
https://doi.org/10.1140/epja/s10050-021-00353-7
https://doi.org/10.1103/PhysRevLett.110.262002
https://doi.org/10.1103/PhysRevLett.110.262002
https://doi.org/10.1007/s11433-014-5492-3
https://doi.org/10.1103/PhysRevD.92.014502
https://doi.org/10.1103/PhysRevD.92.014502
https://doi.org/10.1103/PhysRevD.96.014513
https://doi.org/10.1103/PhysRevD.96.014513
https://doi.org/10.1016/j.nuclphysb.2017.08.012
https://doi.org/10.1103/PhysRevLett.121.112001
https://doi.org/10.1103/PhysRevLett.121.112001
https://doi.org/10.1103/PhysRevD.98.091503
https://doi.org/10.1103/PhysRevD.98.091503
https://doi.org/10.1103/PhysRevD.99.114504
https://doi.org/10.1103/PhysRevD.99.114504
https://doi.org/10.22323/1.363.0036
https://doi.org/10.22323/1.363.0036
https://arXiv.org/abs/1910.13229
https://doi.org/10.1103/PhysRevD.102.014508
https://doi.org/10.1103/PhysRevLett.125.262001
https://doi.org/10.1103/PhysRevLett.125.262001
https://doi.org/10.1103/PhysRevD.91.054510
https://doi.org/10.1103/PhysRevD.91.054510

LATTICE CONTINUUM-LIMIT STUDY OF NUCLEON ...

PHYS. REV. D 103, 094512 (2021)

[17] J.-W. Chen, S. D. Cohen, X. Ji, H.-W. Lin, and J.-H. Zhang,
Nucleon helicity and transversity parton distributions from
lattice QCD, Nucl. Phys. B911, 246 (2016).

[18] J.-H. Zhang, J.-W. Chen, X. Ji, L. Jin, and H.-W. Lin, Pion
distribution amplitude from lattice QCD, Phys. Rev. D 95,
094514 (2017).

[19] J.-W. Chen, T. Ishikawa, L. Jin, H.-W. Lin, Y.-B. Yang, J.-H.
Zhang, and Y. Zhao, Parton distribution function with
nonperturbative renormalization from lattice QCD, Phys.
Rev. D 97, 014505 (2018).

[20] K. Orginos, A. Radyushkin, J. Karpie, and S. Zafeiropoulos,
Lattice QCD exploration of parton pseudo-distribution
functions, Phys. Rev. D 96, 094503 (2017).

[21] H.-W. Lin, J.-W. Chen, T. Ishikawa, and J.-H. Zhang (LP?
Collaboration), Improved parton distribution functions at
the physical pion mass, Phys. Rev. D 98, 054504 (2018).

[22] T. Ishikawa, L. Jin, H.-W. Lin, A. Schifer, Y.-B. Yang, J.-H.
Zhang, and Y. Zhao, Gaussian-weighted parton quasi-
distribution (Lattice Parton Physics Project (LP%)), Sci.
China Phys. Mech. Astron. 62, 991021 (2019).

[23] J.-H. Zhang, L. Jin, H.-W. Lin, A. Schifer, P. Sun, Y.-B.
Yang, R. Zhang, Y. Zhao, and J.-W. Chen (LP3? Collabo-
ration), Kaon distribution amplitude from lattice QCD and
the flavor SU(3) symmetry, Nucl. Phys. B939, 429 (2019).

[24] J.-W. Chen, L. Jin, H.-W. Lin, Y.-S. Liu, Y.-B. Yang, J.-H.
Zhang, and Y. Zhao, Lattice calculation of parton distribu-
tion function from LaMET at physical pion mass with large
nucleon momentum, arXiv:1803.04393.

[25] J.-H. Zhang, J.-W. Chen, L. Jin, H.-W. Lin, A. Schifer, and
Y. Zhao, First direct lattice-QCD calculation of the x-
dependence of the pion parton distribution function, Phys.
Rev. D 100, 034505 (2019).

[26] H.-W. Lin, J.-W. Chen, X. Ji, L. Jin, R. Li, Y.-S. Liu, Y.-B.
Yang, J.-H. Zhang, and Y. Zhao, Proton Isovector Helicity
Distribution on the Lattice at Physical Pion Mass, Phys.
Rev. Lett. 121, 242003 (2018).

[27] J. Karpie, K. Orginos, and S. Zafeiropoulos, Moments of
Ioffe time parton distribution functions from non-local
matrix elements, J. High Energy Phys. 11 (2018) 178.

[28] Y.-S. Liu, J.-W. Chen, L. Jin, R. Li, H.-W. Lin, Y.-B. Yang,
J.-H. Zhang, and Y. Zhao, Nucleon transversity distribution at
the physical pion mass from lattice QCD, arXiv:1810.05043.

[29] J.-W. Chen, H.-W. Lin, and J.-H. Zhang, Pion generalized
parton distribution from lattice QCD, Nucl. Phys. B952,
114940 (2020).

[30] T. Izubuchi, L. Jin, C. Kallidonis, N. Karthik, S. Mukherjee,
P. Petreczky, C. Shugert, and S. Syritsyn, Valence parton
distribution function of pion from fine lattice, Phys. Rev. D
100, 034516 (2019).

[31] K. Cichy, L. Del Debbio, and T. Giani, Parton distributions
from lattice data: The nonsinglet case, J. High Energy Phys.
10 (2019) 137.

[32] B. Jod, J. Karpie, K. Orginos, A. Radyushkin, D. Richards,
and S. Zafeiropoulos, Parton distribution functions from
loffe time pseudo-distributions, J. High Energy Phys. 12
(2019) 081.

[33] B. Jo6, J. Karpie, K. Orginos, A.V. Radyushkin, D.G.
Richards, R. S. Sufian, and S. Zafeiropoulos, Pion valence
structure from loffe-time parton pseudodistribution func-
tions, Phys. Rev. D 100, 114512 (2019).

[34] H.-W. Lin, J.-W. Chen, Z. Fan, J.-H. Zhang, and R. Zhang,
Valence-quark distribution of the kaon and pion from lattice
QCD, Phys. Rev. D 103, 014516 (2021).

[35] B. Jod, J. Karpie, K. Orginos, A.V. Radyushkin, D.G.
Richards, and S. Zafeiropoulos, Parton Distribution Func-
tions from Ioffe Time Pseudo-Distributions from Lattice
Caclulations; Approaching the Physical Point, Phys. Rev.
Lett. 125, 232003 (2020).

[36] S. Bhattacharya, K. Cichy, M. Constantinou, A. Metz, A.
Scapellato, and F. Steffens, Insights on proton structure from
lattice QCD: The twist-3 parton distribution function gr(x),
Phys. Rev. D 102, 111501(R) (2020).

[37] S. Bhattacharya, K. Cichy, M. Constantinou, A. Metz, A.
Scapellato, and F. Steffens, One-loop matching for the twist-
3 parton distribution gr(x), Phys. Rev. D 102, 034005
(2020).

[38] S. Bhattacharya, K. Cichy, M. Constantinou, A. Metz, A.
Scapellato, and F. Steffens, The role of zero-mode contri-
butions in the matching for the twist-3 PDFs e(x) and /1 (x),
Phys. Rev. D 102, 114025 (2020).

[39] R. Zhang, H.-W. Lin, and B. Yoon, Probing nucleon strange
and charm distributions with lattice QCD, arXiv:2005.01124.

[40] M. Bhat, K. Cichy, M. Constantinou, and A. Scapellato,
Flavor nonsinglet parton distribution functions from lattice
QCD at physical quark masses via the pseudodistribution
approach, Phys. Rev. D 103, 034510 (2021).

[41] Z. Fan, X. Gao, R. Li, H.-W. Lin, N. Karthik, S. Mukherjee,
P. Petreczky, S. Syritsyn, Y.-B. Yang, and R. Zhang,
Isovector parton distribution functions of proton on a
superfine lattice, Phys. Rev. D 102, 074504 (2020).

[42] X. Gao, L. Jin, C. Kallidonis, N. Karthik, S. Mukherjee, P.
Petreczky, C. Shugert, S. Syritsyn, and Y. Zhao, Valence
parton distribution of the pion from lattice QCD: Approach-
ing the continuum limit, Phys. Rev. D 102, 094513 (2020).

[43] J. Bringewatt, N. Sato, W. Melnitchouk, J.-W. Qiu, F.
Steffens, and M. Constantinou, Confronting lattice parton
distributions with global QCD analysis, Phys. Rev. D 103,
016003 (2021).

[44] L. Del Debbio, T. Giani, J. Karpie, K. Orginos, A.
Radyushkin, and S. Zafeiropoulos, Neural-network analysis
of Parton Distribution Functions from loffe-time pseudo-
distributions, J. High Energy Phys. 02 (2021) 138.

[45] J. Green, K. Jansen, and F. Steffens, Nonperturbative
Renormalization of Nonlocal Quark Bilinears for Parton
Quasidistribution Functions on the Lattice Using an Aux-
iliary Field, Phys. Rev. Lett. 121, 022004 (2018).

[46] J.-W. Chen, T. Ishikawa, L. Jin, H.-W. Lin, J.-H. Zhang, and
Y. Zhao (LP3 Collaboration), Symmetry properties of non-
local quark bilinear operators on a lattice, Chin. Phys. C 43,
103101 (2019).

[47] J.R. Green, K. Jansen, and F. Steffens, Improvement,
generalization, and scheme conversion of Wilson-line oper-
ators on the lattice in the auxiliary field approach, Phys. Rev.
D 101, 074509 (2020).

[48] H.-W. Lin, J.-W. Chen, and R. Zhang, Lattice nucleon
isovector unpolarized parton distribution in the physical-
continuum limit, arXiv:2011.14971.

[49] K. Zhang, Y.-Y. Li, Y.-K. Huo, P. Sun, and Y.-B. Yang,
Continuum limit of the quasi-PDF operator using chiral
fermion, arXiv:2012.05448.

094512-19


https://doi.org/10.1016/j.nuclphysb.2016.07.033
https://doi.org/10.1103/PhysRevD.95.094514
https://doi.org/10.1103/PhysRevD.95.094514
https://doi.org/10.1103/PhysRevD.97.014505
https://doi.org/10.1103/PhysRevD.97.014505
https://doi.org/10.1103/PhysRevD.96.094503
https://doi.org/10.1103/PhysRevD.98.054504
https://doi.org/10.1007/s11433-018-9375-1
https://doi.org/10.1007/s11433-018-9375-1
https://doi.org/10.1016/j.nuclphysb.2018.12.020
https://arXiv.org/abs/1803.04393
https://doi.org/10.1103/PhysRevD.100.034505
https://doi.org/10.1103/PhysRevD.100.034505
https://doi.org/10.1103/PhysRevLett.121.242003
https://doi.org/10.1103/PhysRevLett.121.242003
https://doi.org/10.1007/JHEP11(2018)178
https://arXiv.org/abs/1810.05043
https://doi.org/10.1016/j.nuclphysb.2020.114940
https://doi.org/10.1016/j.nuclphysb.2020.114940
https://doi.org/10.1103/PhysRevD.100.034516
https://doi.org/10.1103/PhysRevD.100.034516
https://doi.org/10.1007/JHEP10(2019)137
https://doi.org/10.1007/JHEP10(2019)137
https://doi.org/10.1007/JHEP12(2019)081
https://doi.org/10.1007/JHEP12(2019)081
https://doi.org/10.1103/PhysRevD.100.114512
https://doi.org/10.1103/PhysRevD.103.014516
https://doi.org/10.1103/PhysRevLett.125.232003
https://doi.org/10.1103/PhysRevLett.125.232003
https://doi.org/10.1103/PhysRevD.102.111501
https://doi.org/10.1103/PhysRevD.102.034005
https://doi.org/10.1103/PhysRevD.102.034005
https://doi.org/10.1103/PhysRevD.102.114025
https://arXiv.org/abs/2005.01124
https://doi.org/10.1103/PhysRevD.103.034510
https://doi.org/10.1103/PhysRevD.102.074504
https://doi.org/10.1103/PhysRevD.102.094513
https://doi.org/10.1103/PhysRevD.103.016003
https://doi.org/10.1103/PhysRevD.103.016003
https://doi.org/10.1007/JHEP02(2021)138
https://doi.org/10.1103/PhysRevLett.121.022004
https://doi.org/10.1088/1674-1137/43/10/103101
https://doi.org/10.1088/1674-1137/43/10/103101
https://doi.org/10.1103/PhysRevD.101.074509
https://doi.org/10.1103/PhysRevD.101.074509
https://arXiv.org/abs/2011.14971
https://arXiv.org/abs/2012.05448

CONSTANTIA ALEXANDROU et al.

PHYS. REV. D 103, 094512 (2021)

[50] Y. Iwasaki, Renormalization group analysis of lattice theories
and improved lattice action: Two-dimensional nonlinear
O(N) sigma model, Nucl. Phys. B258, 141 (1985).

[51] Y. Iwasaki, Renormalization group analysis of lattice
theories and improved lattice action. II. Four-dimensional
non-Abelian SU(N) gauge model, University of Tsukuba
preprint UTHEP-118, 1983, http://arxiv.org/abs/1111.7054.

[52] R. Baron et al., Light hadrons from lattice QCD with light
(u, d), strange and charm dynamical quarks, J. High Energy
Phys. 06 (2010) 111.

[53] C. Alexandrou, M. Constantinou, S. Dinter, V. Drach, K.
Jansen, C. Kallidonis, and G. Koutsou, Nucleon form
factors and moments of generalized parton distributions
using Ny = 2 + 1 + I twisted mass fermions, Phys. Rev. D
88, 014509 (2013).

[54] C. Morningstar and M. J. Peardon, Analytic smearing of
SU(3) link variables in lattice QCD, Phys. Rev. D 69,
054501 (2004).

[55] S. Giisken, A study of smearing techniques for hadron
correlation functions, Nucl. Phys. B, Proc. Suppl. 17, 361
(1990).

[56] G.S. Bali, B. Lang, B. U. Musch, and A. Schifer, Novel
quark smearing for hadrons with high momenta in lattice
QCD, Phys. Rev. D 93, 094515 (2016).

[57] M. Albanese et al. (APE Collaboration), Glueball masses
and string tension in lattice QCD, Phys. Lett. B 192, 163
(1987).

[58] X.Ji, Y. Liu, A. Schifer, W. Wang, Y.-B. Yang, J.-H. Zhang,
and Y. Zhao, A hybrid renormalization scheme for quasi
light-front correlations in large-momentum effective theory,
Nucl. Phys. B964, 115311 (2021).

[59] C. Alexandrou, M. Constantinou, and H. Panagopoulos
(ETM Collaboration), Renormalization functions for N, =
2 and Ny =4 twisted mass fermions, Phys. Rev. D 95,
034505 (2017).

[60] G. Martinelli, C. Pittori, C. T. Sachrajda, M. Testa, and A.
Vladikas, A general method for nonperturbative renormal-
ization of lattice operators, Nucl. Phys. B445, 81 (1995).

[61] M. Constantinou and H. Panagopoulos, Perturbative re-
normalization of quasi-parton distribution functions, Phys.
Rev. D 96, 054506 (2017).

[62] M. Constantinou et al. (ETM Collaboration), Non-pertur-
bative renormalization of quark bilinear operators with
Ny =2 (tmQCD) Wilson fermions and the tree-level
improved gauge action, J. High Energy Phys. 08 (2010) 068.

[63] N.S. Craigie and H. Dorn, On the renormalization and short
distance properties of hadronic operators in QCD, Nucl.
Phys. B185, 204 (1981).

[64] H. Dorn, Renormalization of path ordered phase factors and
related hadron operators in gauge field theories, Fortschr.
Phys. 34, 11 (1986).

[65] X. Ji, J.-H. Zhang, and Y. Zhao, Renormalization in Large
Momentum Effective Theory of Parton Physics, Phys. Rev.
Lett. 120, 112001 (2018).

[66] K.G. Chetyrkin and A.G. Grozin, Three loop anomalous
dimension of the heavy light quark current in HQET, Nucl.
Phys. B666, 289 (2003).

[67] K. Melnikov and T. van Ritbergen, The three loop on-shell
renormalization of QCD and QED, Nucl. Phys. B591, 515
(2000).

[68] D.J. Broadhurst and A.G. Grozin, Matching QCD and
heavy-quark effective theory heavy-light currents at two
loops and beyond, Phys. Rev. D 52, 4082 (1995).

[69] A. Grozin, J. M. Henn, G. P. Korchemsky, and P. Marquard,
The three-loop cusp anomalous dimension in QCD and its
supersymmetric extensions, J. High Energy Phys. 01 (2016)
140.

[70] A. Grozin, Leading and next-to-leading large-n; terms in
the cusp anomalous dimension and quark-antiquark poten-
tial, Proc. Sci., LL2016 (2016) 053 [arXiv:1605.03886].

[71] A. Grozin, J. Henn, and M. Stahlhofen, On the Casimir
scaling violation in the cusp anomalous dimension at small
angle, J. High Energy Phys. 10 (2017) 052.

[72] P. Marquard, A.V. Smirnov, V.A. Smirnov, and M.
Steinhauser, Four-loop wave function renormalization in
QCD and QED, Phys. Rev. D 97, 054032 (2018).

[73] A. Grozin, Four-loop cusp anomalous dimension in QED, J.
High Energy Phys. 06 (2018) 073; J. High Energy Phys. 01
(2019) A134.

[74] R. Briiser, A. Grozin, J. M. Henn, and M. Stahlhofen, Matter
dependence of the four-loop QCD cusp anomalous dimen-
sion: from small angles to all angles, J. High Energy Phys.
05 (2019) 186.

[75] X. Ji and M.J. Musolf, Sub-leading logarithmic mass-
dependence in heavy-meson form-factors, Phys. Lett. B
257, 409 (1991).

[76] D.J. Broadhurst and A. G. Grozin, Two-loop renormaliza-
tion of the effective field theory of a static quark, Phys. Lett.
B 267, 105 (1991).

[77] A.V. Radyushkin, Quasi-parton distribution functions, mo-
mentum distributions, and pseudo-parton distribution func-
tions, Phys. Rev. D 96, 034025 (2017).

[78] R. Frezzotti and G. C. Rossi, Chirally improving Wilson
fermions 1.0(a) improvement, J. High Energy Phys. 08
(2004) 007.

[79] A. Shindler, Twisted mass lattice QCD, Phys. Rep. 461, 37
(2008).

[80] R.D. Ball et al. (NNPDF Collaboration), Parton distribu-
tions from high-precision collider data, Eur. Phys. J. C 77,
663 (2017).

[81] E.R. Nocera, R. D. Ball, S. Forte, G. Ridolfi, and J. Rojo
(NNPDF Collaboration), A first unbiased global determi-
nation of polarized PDFs and their uncertainties, Nucl. Phys.
B887, 276 (2014).

[82] J. Karpie, K. Orginos, A. Rothkopf, and S. Zafeiropoulos,
Reconstructing parton distribution functions from Ioffe time
data: From Bayesian methods to neural networks, J. High
Energy Phys. 04 (2019) 057.

[83] C. Alexandrou, G. Iannelli, K. Jansen, and F. Manigrasso
(Extended Twisted Mass Collaboration), Parton distribution
functions from lattice QCD using Bayes-Gauss-Fourier
transforms, Phys. Rev. D 102, 094508 (2020).

[84] G.Backus and F. Gilbert, The resolving power of gross earth
data, Geophys. J. Int. 16, 169 (1968).

[85] C. K. I. Williams and C. E. Rasmussen, Gaussian Processes
Sfor Machine Learning (MIT Press, Cambridge, MA, 2006),
Vol. 2, http://www.gaussianprocess.org/gpml/.

[86] Jiilich Supercomputing Centre, JURECA: Modular super-
computer at Jiilich Supercomputing Centre, J. Large-Scale
Res. Facil. 4, A132 (2018).

094512-20


https://doi.org/10.1016/0550-3213(85)90606-6
http://arxiv.org/abs/1111.7054
http://arxiv.org/abs/1111.7054
http://arxiv.org/abs/1111.7054
https://doi.org/10.1007/JHEP06(2010)111
https://doi.org/10.1007/JHEP06(2010)111
https://doi.org/10.1103/PhysRevD.88.014509
https://doi.org/10.1103/PhysRevD.88.014509
https://doi.org/10.1103/PhysRevD.69.054501
https://doi.org/10.1103/PhysRevD.69.054501
https://doi.org/10.1016/0920-5632(90)90273-W
https://doi.org/10.1016/0920-5632(90)90273-W
https://doi.org/10.1103/PhysRevD.93.094515
https://doi.org/10.1016/0370-2693(87)91160-9
https://doi.org/10.1016/0370-2693(87)91160-9
https://doi.org/10.1016/j.nuclphysb.2021.115311
https://doi.org/10.1103/PhysRevD.95.034505
https://doi.org/10.1103/PhysRevD.95.034505
https://doi.org/10.1016/0550-3213(95)00126-D
https://doi.org/10.1103/PhysRevD.96.054506
https://doi.org/10.1103/PhysRevD.96.054506
https://doi.org/10.1007/JHEP08(2010)068
https://doi.org/10.1016/0550-3213(81)90372-2
https://doi.org/10.1016/0550-3213(81)90372-2
https://doi.org/10.1002/prop.19860340104
https://doi.org/10.1002/prop.19860340104
https://doi.org/10.1103/PhysRevLett.120.112001
https://doi.org/10.1103/PhysRevLett.120.112001
https://doi.org/10.1016/S0550-3213(03)00490-5
https://doi.org/10.1016/S0550-3213(03)00490-5
https://doi.org/10.1016/S0550-3213(00)00526-5
https://doi.org/10.1016/S0550-3213(00)00526-5
https://doi.org/10.1103/PhysRevD.52.4082
https://doi.org/10.1007/JHEP01(2016)140
https://doi.org/10.1007/JHEP01(2016)140
https://doi.org/10.22323/1.260.0053
https://arXiv.org/abs/1605.03886
https://doi.org/10.1007/JHEP10(2017)052
https://doi.org/10.1103/PhysRevD.97.054032
https://doi.org/10.1007/JHEP06(2018)073
https://doi.org/10.1007/JHEP06(2018)073
https://doi.org/10.1007/JHEP01(2019)134
https://doi.org/10.1007/JHEP01(2019)134
https://doi.org/10.1007/JHEP05(2019)186
https://doi.org/10.1007/JHEP05(2019)186
https://doi.org/10.1016/0370-2693(91)91916-J
https://doi.org/10.1016/0370-2693(91)91916-J
https://doi.org/10.1016/0370-2693(91)90532-U
https://doi.org/10.1016/0370-2693(91)90532-U
https://doi.org/10.1103/PhysRevD.96.034025
https://doi.org/10.1088/1126-6708/2004/08/007
https://doi.org/10.1088/1126-6708/2004/08/007
https://doi.org/10.1016/j.physrep.2008.03.001
https://doi.org/10.1016/j.physrep.2008.03.001
https://doi.org/10.1140/epjc/s10052-017-5199-5
https://doi.org/10.1140/epjc/s10052-017-5199-5
https://doi.org/10.1016/j.nuclphysb.2014.08.008
https://doi.org/10.1016/j.nuclphysb.2014.08.008
https://doi.org/10.1007/JHEP04(2019)057
https://doi.org/10.1007/JHEP04(2019)057
https://doi.org/10.1103/PhysRevD.102.094508
https://doi.org/10.1111/j.1365-246X.1968.tb00216.x
http://www.gaussianprocess.org/gpml/
http://www.gaussianprocess.org/gpml/
http://www.gaussianprocess.org/gpml/
https://doi.org/10.17815/jlsrf-4-121-1
https://doi.org/10.17815/jlsrf-4-121-1

LATTICE CONTINUUM-LIMIT STUDY OF NUCLEON ...

PHYS. REV. D 103, 094512 (2021)

[87] R.J. Hudspith (RBC and UKQCD Collaborations), Fourier
accelerated conjugate gradient lattice gauge fixing, Comput.
Phys. Commun. 187, 115 (2015).

[88] R.J. Hudspith, Gauge link utility, https://github.com/
RJhudspith/GLU.

[89] P. A. Boyle, G. Cossu, A. Yamaguchi, and A. Portelli, Grid:
A next generation data parallel C++ QCD library, Proc. Sci.,
LATTICE2015 (2016) 023 [arXiv:1512.03487].

[90] A.Frommer, K. Kahl, S. Krieg, B. Leder, and M. Rottmann,
Adaptive  aggregation-based domain  decomposition
multigrid for the lattice Wilson—Dirac operator, SIAM J.
Sci. Comput. 36, A1581 (2014).

[91] C. Alexandrou, S. Bacchio, J. Finkenrath, A. Frommer, K.
Kahl, and M. Rottmann, Adaptive aggregation-based domain

decomposition multigrid for twisted mass fermions, Phys.
Rev. D 94, 114509 (2016).

[92] C.R. Harris, K. J. Millman, S. J. van der Walt, R. Gommers,
P. Virtanen, D. Cournapeau, E. Wieser, J. Taylor, S. Berg,
N.J. Smith, R. Kern et al., Array programming with Numpy,
Nature (London) 585, 357 (2020).

[93] P. Virtanen, R. Gommers, T. E. Oliphant, M. Haberland, T.
Reddy, D. Cournapeau, E. Burovski, P. Peterson, J.
Weckesser, W. Bright, S.J. van der Walt et al., scipy 1.0:
Fundamental algorithms for scientific computing in
PYTHON, Nat. Methods 17, 261 (2020).

[94] J.D. Hunter, Matplotlib: A 2D graphics environment,
Comput. Sci. Eng. 9, 90 (2007).

094512-21


https://doi.org/10.1016/j.cpc.2014.10.017
https://doi.org/10.1016/j.cpc.2014.10.017
https://github.com/RJhudspith/GLU
https://github.com/RJhudspith/GLU
https://github.com/RJhudspith/GLU
https://doi.org/10.22323/1.251.0023
https://doi.org/10.22323/1.251.0023
https://arXiv.org/abs/1512.03487
https://doi.org/10.1137/130919507
https://doi.org/10.1137/130919507
https://doi.org/10.1103/PhysRevD.94.114509
https://doi.org/10.1103/PhysRevD.94.114509
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1109/MCSE.2007.55

