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We present lattice QCD calculations of the valence parton distribution function (PDF) of pion employing
next-to-next-leading-order (NNLO) perturbative QCD matching. Our calculations are based on three gauge
ensembles of 2+ 1 flavor highly improved staggered quarks and Wilson-Clover valance quarks,
corresponding to pion mass m, = 140 MeV at a lattice spacing a = 0.076 fm and m, = 300 MeV at
a = 0.04, 0.06 fm. This enables us to present, for the first time, continuum-extrapolated lattice QCD results
for the NNLO valence PDF of the pion at the physical point. Applying leading-twist expansion for
renormalization group invariant (RGI) ratios of bilocal pion matrix elements with NNLO Wilson
coefficients, we extract second, fourth, and sixth Mellin moments of the PDF. We reconstruct the
Bjorken-x dependence of the NNLO PDF from real-space RGI ratios using a deep neural network as well
as from momentum-space matrix elements renormalized using a hybrid scheme. All our results are in broad
agreement with the results of global fits to the experimental data carried out by the xFitter and JAM

collaborations.
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I. INTRODUCTION

Pions are the Nambu-Goldstone bosons of QCD with
massless quarks due to spontaneous chiral symmetry
breaking. Understanding the structure of the pion, there-
fore, plays a central role in the study of the strong
interaction, in particular in clarifying the relation between
hadron mass and hadron structure [1]. The collinear
partonic structure of the pion is encoded in the parton
distribution functions (PDFs), which describe the collinear-
momentum fraction x of a hadron carried by the partons,
and can be extracted from deep-inelastic scattering experi-
ments. However, the study of the pion PDFs from experi-
ment is more difficult than the study of the nucleon PDFs
due to the sparseness of the experimental data. As a result,
the pion PDF is less constrained than the unpolarized quark
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nucleon PDF. Therefore, lattice QCD calculations could
play an important role in constraining the pion PDF. The
PDFs are defined as the Fourier transform of light-cone
correlation functions [2] and, therefore, cannot be com-
puted directly on a Euclidean lattice. The Mellin moments
of the PDFs can be directly calculated on the lattice, but in
practice, the calculations are limited to only the lowest
moments due to decreasing signal-to-noise ratios and the
power-divergent operator mixing. In the case of the pion,
the three lowest moments have been calculated [3].

In recent years, significant progress has been made since
large-momentum effective theory (LaMET) [4-6] was pro-
posed. LaMET makes it possible to calculate x-dependent
PDFs on the lattice by computing the boosted matrix elements
of equal-time extended operators; which, for a quark PDF, is
the bilocal quark-bilinear operator,

Or(z) =@ (2)TW(z, 0y, (1)

where W(z,0) is the Wilson line connecting the quark and
antiquark fields, y and v, to preserve gauge invariance. For
the unpolarized PDF, I' can be either I' =y, or I' = y,. The
choice I' = y has several advantages including being free
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of the operator mixing due to the explicit chiral symmetry
breaking at finite lattice spacings [7,8] and the absence of
additional higher-twist effects proportional to z# [9,10]. The
Fourier transform of these equal-time matrix elements defines
the quasi-PDF (gPDF), which, for hadron states with large
momentum, can be perturbatively matched to a light-cone
PDF [6,11] up to certain power corrections. Using the same
operators, several approaches have also been developed to
extract either the Mellin moments of PDFs or x-dependent
PDFs, namely, the Ioffe-time pseudodistributions or the
pseudo-PDF [9,12]. Alternatively, other approaches have
also been proposed such as the short-distance expansion of
the current-current correlator [13,14], the operator product
expansion (OPE) of a Compton amplitude in the unphysical
region [15], the hadronic tensor [16], the heavy-quark
operator product expansion [17,18] and so on. Significant
progress has been made for the study of nucleon isovector
PDFs [19-34] (for reviews, see Refs. [6,35,36]), the flavor
decomposition of nucleon PDFs [37,38], gluon PDFs
[39—41], and PDFs beyond leading twist [42-45].

Several lattice QCD calculations of the pion PDF have
been performed recently [33,46-57] with pion masses
heavier than the physical point. There have also been
exploratory lattice studies of the structure of the pion radial
excitation [58] and of the pion in QCD-like theories [59,60].
In all of these studies, the next-to-leading order (NLO)
perturbative matching between the Euclidean time quantities
and the light-cone PDF have been used. Recently, next-to-
next-to-leading order (NNLO) perturbative matching has
been computed [61,62], which is supposed to be more
reliable by reducing the perturbation theory uncertainty.
Very recently, the NNLO matching has been used to study
the pion PDF using the so-called hybrid renormalization
scheme in x space [63]. Additionally, a NNLO matching in
real space was recently performed in the case of the
unpolarized proton PDF in Ref. [19]. The goal of this paper
is to study the valence PDF of the pion for physical quark
masses with both real-space and x-space matching at NNLO.
The lattice calculations are performed at a single lattice
spacing, @ = 0.076 fm. Combining this calculation with the
previous ones on finer lattices, but with larger than physical
quark mass, we provide estimates of the valence pion PDF
and its moments in the continuum limit at the physical point.

The rest of the paper is organized as follows. In Sec. II,
we present our lattice setup. In Sec. III, we discuss the
lattice calculations of the pion two-point functions, while in
Sec. IV, we discuss the extraction of the matrix elements of

TABLE 1.

the quasi-PDF operator. In Sec. V, we briefly review the
ratio scheme renormalization used in this work. In Sec. VI,
we discuss the determination of even moments of the
valence pion PDF using short-distance factorization. In
Sec. VII, we discuss the determination of the valence pion
PDF through a model-dependent fit of the lattice data. A
determination of the valence pion PDF through a deep
neural network technique is presented in Sec. VIIL. In
Sec. IX, we discuss the PDF from the hybrid-scheme
renormalization and x-spacing matching. Finally, Sec. X
contains our conclusions. Some technical aspects of the
calculations including the NNLO matching and the deep
neural network (DNN) technique are discussed in the
Appendix.

II. LATTICE SETUP

In this paper, the new addition is the dataset at
a = 0.076 fm with a physical pion mass, and we describe
the details for this dataset below. To extract the bare matrix
elements of the pion, we computed the pion two-point and
three-point functions using the Wilson-Clover action with
hypercubic (HYP) smearing gauge fields for the valence
quarks on a 2 + 1 flavor highly improved staggered quark
(HISQ) [64] action generated by the HotQCD Collaboration
[65] with a pion mass of 140 MeV and lattice spacing a
= 0.076 fm. The lattice extent L, x L3 is 64 x 64°. We used
the tree-level tadpole improved result for the coefficients of

the clover term, ¢y, = u, 34 = 1.0372, and the quark mass
has been tuned so that the valence pion mass is 140 MeV as
shown in Table I. Here, 1, denotes the expectation value of
the plaquette on HYP smeared gauge configurations. The
gauge link entering the bilocal quark-bilinear operator has
been 1-HYP smeared for an improved signal. This setup has
recently been used in the calculations of the pion form factor
[66] and pion distribution amplitude [67].

The calculations were performed on GPUs, with the
QUDA multigrid algorithm [68-71] used for the Wilson-
Dirac operator inversions to get the quark propagators. We
used the All Mode Averaging [72] technique to increase the
statistics with a stopping criterion of 107'° and 10~* for the
exact (ex) and sloppy (sl) inversions, respectively. One of
the crucial ingredients to access the parton distribution
functions of the pion is the large momentum. To obtain an
acceptable signal for pions at large momentum, it is
necessary to use boosted sources [73]. With the setup
above, we are able to achieve momentum as large as

Details of the setup of the a = 0.076 fm lattice used in this paper. The number of gauge configuration

(#cfgs) and the number of exact and sloppy inversion samples (#ex,#sl) are shown. The momenta are given in lattice

units and can be computed by P, = 2zn_/(L;a).

Ensembles a, L, x L3 m, (GeV) t, z/a n, #cfgs (#ex, #sl)
a =0.076 fm, 0.14 6,8, [0,32] 0,1,2,3 350 (5,100)
64 x 643 10 4,5,6,7 350 (10,200)

114510-2



CONTINUUM-EXTRAPOLATED NNLO VALENCE PDF OF THE ...

PHYS. REV. D 106, 114510 (2022)

1.78 GeV for the physical pion mass with a reasonable
signal quality. To control the lattice spacing and pion mass
dependence, we combine the analysis with two other
ensembles with a 300 MeV pion mass, lattice spacing a
= 0.04, 0.06 fm and largest momentum up to 2.42 GeV,
which has been discussed in detail and analyzed in
Refs. [48,50].

A. Pion two-point functions
To construct the boosted pion state, we compute the pion
two-point function,
Cin(t3 P2) = (m5(xo, 1), (P, 0)), 2)

using the standard pion operator projected to spatial
momentum P,

”s(xs [s) = Eis(xv ts)YS”S(X’ ts)’

ﬂs(P’ ts) - Z”s(x7 ts)e_ip.x' (3)

The subscript s in 7z, indicates the choice of quark
smearing. In this work, we only work with the choice
P = (0,0, P,). Since we use periodic boundary conditions,
the hadron momentum is given by

2rn
P = < 4
=T )

with n, listed in Table I. The operator will create infinitely
many hadron states with the same quantum numbers as the
pion, which are not only the pion ground states but also the
excited states. We used momentum-smeared Gaussian-
profiled sources in the Coulomb gauge [50] 7z (P,1)
(s = S) to increase the overlap with the pion ground state
and to improve the signal for large momentum. We con-
structed smeared-smeared (SS) correlators (s = s’ = S) and
smeared-point (SP) correlators (s = S, s’ = P) to decom-
pose the energy levels of the pion spectrum. We tuned the
radius of the Gaussian profile to be 0.59 fm for the a =
0.076 fm ensemble. For the boosted smearing, we used the
quark momentum n¥ = 2 and 5 for hadron momentum n, €
[0,3] and [4, 7], respectively. Since the different pion
momentum 7, with the same quark momentum share the
forward propagator, this enabled us to save some compu-
tation time. The details of the other two ensembles can be
found in Ref. [48].

B. Pion three-point functions

We extracted the bare matrix elements from the three-
point functions

Capi(z, 7, 1) = (m5(Xo, 15) Or (2, T)”;(Pv 0), (5

only using the smeared source and sink pion operator
separated by a Euclidean time #,. The isovector operator
Or(z,7) inserted at time slice 7 is defined as

Or(z,7) = Z[ﬁ(x + L)TW (x + L, x)u(x)

X

—d(x+ L)TW,(x + L, x)d(x)], (6)

with x = (x, 7). The quark-antiquark pairs are separated
along the momentum direction £ = (0,0,0,z), and the
Wilson line W_(x + £, x) makes sure such measurements
are gauge invariant. In this work, we consider the choice
I' =y, since it reduces the higher-twist contribution [9]
and is free of mixing due to O(a’) chiral symmetry
breaking [7,74]. The gauge links that enter the Wilson
line were 1-HYP smeared.

ITI. ANALYSIS OF PION TWO-POINT FUNCTIONS

To extract the pion ground-state matrix elements, one
needs to know the energy levels created by the pion
operator, which can be determined by analyzing the two-
point functions. Below, we discuss the analysis of the two-
point function for the a = 0.076 fm, physical quark mass
ensemble. The details for the spectral analysis of the other
two ensembles with a 300 MeV pion mass are given in
Ref. [48]. The pion two-point functions constructed from
Eq. (2) have the spectral decomposition,

Cip(t)) = S ARAL (7Bt e Falalmi)) - (7)
n=0

with E, ;| > E, being the energy level and A}, = (Q|z,|n)
being the pion overlap amplitude. Here, |Q) denotes the
vacuum state.

It is expected that the boosted Gaussian smeared sources
should have a good overlap with the pion ground state.
In Fig. 1, we show the effective mass of the SS (filled
symbols) and SP (open symbols) correlators from the a =
0.076 fm ensemble. At very small ¢, the effective masses
corresponding to the SS correlators are larger than the ones
corresponding to SP correlator. This is likely due to the
effect that some higher excited states contribute with a
negative weight to the SP correlator. At larger ¢, the
ordering of SP and SS correlators changes and the effective
mass of SS correlators reaches a plateau around 7, < 10a.
For the case of P, =0, we have the pion mass at the
physical point around 140 MeV. The lines in the figure are
calculated from the dispersion relation Ey(P,) =
\/ P2 + m2 with m, = 140 MeV, which show nice agree-
ment with the plateaus. The different behavior of the SS and
SP correlators can help the extraction of the excited energy
states.

We truncated Eq. (7) up to n = N — 1 and performed an
N-state fit to the two-point functions with time separations
in the range [t,;,, 32a]. We show the fit results for n, = 3,5
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FIG. 1. Pion effective masses for the m, = 140 MeV ensemble

are shown. The filled and open symbols correspond to the SS and
SP correlators, respectively. The lines are calculated from

dispersion relation E(P,) = \/P? + m2 with m, = 140 MeV.

in Fig. 2 as examples. In the left panels, we show the lowest
energy E, of the SS correlators extracted from one-state
(red points) and two-state (blue points) fits. The values of
E, from the one-state fits show similar behavior to the
effective mass (see Fig. 1) as a function of ¢,,;,. They reach

SS, P, = 0.76 GeV ® Eo Noare=1 55 P2 =076 Gev ® Ep Noae =2
12 & Eo, Nstare =2 35 E By Noe=3
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FIG. 2. N-state fit results for n, = 3, 5 on the m, = 140 MeV
ensemble. The left panels show E{, from one- and two-state fits to
the SS correlators, while the right panels show E; from con-
strained two- and three-state fits to the SS correlators. The lines in
left panels are computed from dispersion relation E,(P,) =
/P2 +m2 with m, = 0.14 GeV, while the ones in the right
panels are with mj, = 1.3 GeV.

plateaus around f;, < 10a and agree with the red lines
calculated from the dispersion relation. From the two-state
fits, we find that the values of E reach plateaus at smaller
t;, namely, t.;, ~ 3a. Therefore, from one-state and two-
state models of the pion two-point function, we can extract
the pion ground state using ¢, > 10a and t; > 3a, respec-
tively. To determine the first excited state £, we fixed E to
be the best estimate from the one-state fit and performed a
constrained two-state fit. The values of E; from the SS
correlators are shown as red points in the right panels of
Fig. 2. These values are slowly decreasing with increasing
tmin and roughly reach a plateau around 7,,;, ~ Sa within the
statistical errors. The plateaus are consistent with the red
lines calculated from the dispersion relation E(P,) =
V/P? +m? with m, ~1.3 GeV, which may suggest a
single particle state [58]. To decompose the higher energy
states through the three-state fit of the SS correlators, in
addition to fixing the E,, we also added a prior on E; from
the best estimates from the SP correlators with correspond-
ing errors [48]. The E; (blue points) and E, (orange points)
extracted from the constrained three-state fit of the SS
correlators are shown in the right panels of Fig. 2. The three-
state fit only works for #,;, < 3a because of the limited
statistics, and the E, values do not show f.,;, dependence
within errors. But instead of a single-particle state, the E, is
more likely to be the combination of the tower of energies
beyond E/, which, however, cannot be decomposed with the
limited statistics. From this, we conclude that the spectrum
presentin the SS correlators can be described by a three-state
model when ¢, 2 2a and by a two-state model for
tmin 2 Sa. These facts will contribute to the analysis of
the three-point functions in the next section.

IV. GROUND-STATE BARE MATRIX ELEMENTS
FROM THREE-POINT FUNCTIONS

The three-point function defined in Eq. (5) has the
spectral decomposition,

(m5(X0. 1,)Or(z.7)§ (P, 0))
- Z<Q|7zs|m> (m|O|n)(n|z}|Qr)e~Ene=DEN  (8)

m,n

where the overlap amplitudes A} = (Q|zg|n) and the
energy levels E, are, by definition, the same as for the
two-point functions. The quantity #%(z, P.) = (0|Or|0) is
the bare matrix element of the pion ground state. We only
computed the three-point function with both the pion
source and sink smeared. To take advantage of the high
correlation between the three-point and two-point func-
tions, we construct the ratio

C%pt(ts’ T)

Re) =2ss iy

©)
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Ratios R(t,,7) for n, = 3 (upper panels) and 5 (lower panels) of the m, = 140 MeV ensemble are shown. The continuous and

dashed curves are the central values from Fit(3,2) and Fit(2,3), respectively. The horizontal bands differentiated by their colors are the fit

results of SumExp(3), Fit(3,2) and Fit(2,3).

which in the limit 7, — oo approaches R(z,7) = (0|Or|0).
To take care of the possible wraparound effect, we found it
convenient to replace C35(1,) with C35(1,) — |Ag|>e™ 0"
using the value of E(P,) from the best estimate of Sec. III.
We applied the following two methods to extract the bare
matrix elements 75 (z, P,):

(1) As shown in Egs. (7) and (8), the spectral decom-
position is known for both the three-point and two-
point functions. Therefore, we can apply the N-state
fits taking the values of |A,|? and E, from the fits of
Sec. II to extract the bare matrix elements h%(z, P.)
of the pion ground state. We will refer to this method
by Fit(N, ny), with N denoting the N-state fit and
ny being the number of 7 (time insertions) we
skipped on two sides of each time separation.

(2) The sum of the ratios
ty—nga
Rsum(ts) = Z R(tS’T) (10>
T=nga

has fewer excited-state contributions, and its
dependence on ¢, can be approximated by a linear
behavior [75],

Rsum(ts) = (ts - Znska)hB(Z’ Pz)

+ By + O(e~Br=Eos) - (11)

However, when , is too small, the excited-state
contributions cannot be entirely neglected, and one
should include the leading-order correction [48] of
the form

Rsum(ts) = (ts - 2nska)hB(Z’ Pz) + BO

+ Bie BBt 4 O(e~(B~Eols) . (12)
We will refer to the above two summation methods
by Sum(ng) and SumExp(ng ) with ng being the
number of 7 we skipped.

As discussed in Sec. 11, a three-state spectral model can
describe two-point functions with ¢, > 2a; thus, Fit(3,2) is
justified to do the extrapolation of R(z, 7). In addition, we
observed that E, from the two-state fit reaches the plateau
around #.,;, ~3a and 4a, where E; is consistent within
errors as an effective description of the tower of energies
larger than E. Therefore, we also tried the two-state fit as
Fit(2,3) to reduce the number of fit parameters. In Fig. 3, we
show the ratios R(t,,7) for n, = 3,5 with z/a = 0,4,8
as examples, where the central values of the fit for Fit(3,2)
and Fit(2,3) are shown as solid and dashed curves, both
describing the R(7,,7) data well within the errors. We tried
both summation methods Sum(3) and SumExp(3), as
shown in Fig. 4. We show the fit result of the two sum-
mation methods and also reconstruct the corresponding
bands from the two-state fit Fit(2,3) for comparison. As
one can see, SumExp(3) can better describe the data as
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FIG. 4. Ry, (t,) for n, =5 with z/a = 4 and 8 is shown. The
bands are reconstructed from fit strategies Sum(3), SumExp(3),
and Fit(2,3).
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FIG. 5. The bare matrix elements h%(z, P,) of the m, =

140 MeV ensemble extracted from the Fit(2,3) method are shown
for P, from 0 to 1.78 GeV.

compared to Sum(3), and it is consistent with Fit(2,3),
suggesting that the excited-state contamination cannot be
totally neglected in the summation methods. Therefore, we
only used the corrected summation fit SumExp(ny) and
abandoned Sum(ng) in our analysis. Finally, we compare
the extracted bare matrix elements from the N-state fits and
SumExp(3), shown as horizontal bands in Fig. 3, where
consistent results can be observed indicating the robustness
of our analysis. The results from Fit(3,2) are usually noisier
due to having nine fit parameters, whereas Fit(2,3) only has
four fit parameters. Since the summation methods are the
approximated form of Fit(2,3), we will take the results of
Fit(2,3) for our subsequent analysis. To summarize, the
bare matrix elements for all momenta using the Fit(2,3)
method are shown in Fig. 5. The local bare matrix element
hB(z =0, P.), which is the vector current renormalization
factor Zy, has been discussed in Ref. [66].

V. RATIO-SCHEME RENORMALIZATION AND
LEADING-TWIST EXPANSION

In Sec. IV, we extracted the bare matrix elements of the
pion h®(z, P,, a), which then need to be renormalized. It is
known that the operator Or(z) [cf. Eq. (1)] is multiplica-
tively renormalizable [76-78],

hP(z, P, a) = e Z(a)hR(z. P,. ). (13)

with Z(a) coming from the fields and vertices renormal-
ization and "%l coming from the self-energy divergence
of the Wilson line. Nonperturbative renormalization
schemes such as RI-MOM [7,8,21,79-83] and the HYBRID
scheme [63,84—-86] are one possible way to remove the UV
divergences. Alternatively, the renormalization factors,
including the Wilson line renormalization, cancel out in
the ratios of hadron matrix elements evaluated at different
momenta, P,. That is, we construct the renormalization
group invariant (RGI) ratios,

h(z, P, a) _ h*(z,P..p)
M(z, P, PY) = — o) Dol gy
P P = P )~ Wi Py (Y

where the matrix elements in the rightmost term above are
renormalized in the MS scheme due to the ratio being RGI.
For P? = 0, the ratio is usually called the reduced Ioffe-
time distribution [9,12], and the generalization of such a
ratio via the use of nonzero Pg was advocated in Ref. [48].
Because of Lorentz invariance, M(z, P_, Pg) can be
rewritten as M(z%, zP,, zP?), with the term A= zP,
usually referred to as the loffe-time in the literature [9].
For small values of z, one can use the leading-twist (twist-
2) expansion to relate M(z, P, P?) to the PDF, g(x, u), as
[9,12,87,88]

M(z. P..P?)
Yol (#22) T () () + O(Ajep??)

2 , 15
S o€ (1222) T () (1) + O(Aep2?) ")

where ¢, (u*z?) = C,(1*z*)/ Co(u*z*) and where C,,(u?z?)
are the Wilson coefficients calculated from perturbation
theory. The Mellin moments are defined as

() () = / ' dexg(x, ), (16)

1

with g(x, ) being the light-cone PDF. The Wilson coef-
ficients have been calculated at NLO [87,89] as well as at
NNLO [61,62]. It can be seen that the matrix elements in
both numerator and denominator suffer from the higher-
twist effects O(Agcpz?), which are less important when
P, P, > Agep. The ratio-scheme renormalization defined
above has the potential to extend the range of z by reducing
the higher-twist effects O(A{cpz®) through the possible
cancellation between the numerator and denominator. It
was observed in Ref. [48] that the difference in the resulting
PDF when using different P? in the ratio scheme is
marginal within the errors. Since the lattice results of
h®(z, P,, a) for different values of z are strongly correlated
in practical calculations, it is convenient to replace the ratio
defined by Eq. (14) with the following one:
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1.0 pr ey o, my = 140 MeV, P? = 0.25 GeV

08t T
-
0.6 I;
® P,=0.51GeV
0.4 ¥ P,=0.76 Gev E
P,=1.02 GeV
02l X P=127Gev
3 P,=1.53 GeV
ook * Pz=.1.78 GeV. . . .
0 1 2 3 4 5 6
zP,

M(z, P,, P?)

IE }E}

FIG. 6. The ratio scheme renormalized matrix elements
M(z,P_, P?) with P?=0.25 GeV are shown for the m,

s Lz

140 MeV ensemble.

hB(z, P,,a)h®(0, P, a)
/’lB(Z, PQ, a)hB(O’ P, a) ‘

M(z, P, P?) = (17)

This ratio is equivalent to the one in Eq. (14) in the continuum
limit, but it achieves two things. First, it imposes the
condition that the value of the z = 0 matrix element is
momentum independent and therefore removes certain
lattice corrections. Second, such a modified ratio has smaller
statistical errors because of the correlations between the z =
0 and z # 0 matrix elements. Therefore, we will use Eq. (17)
to estimate Mz, P,, P?) from our lattice calculations.

The matrix element h5(z, P,) could be affected by the
finite temporal extent of the lattice, L, [90-92]. These
wraparound effects that are proportional to e+t could be
as large as 3% for P, =0 and m,L, <3.5. Such wrap-
around effect was discussed and estimated in Refs. [48,66].
It was found to be important for the zero-momentum case
but negligible for the cases of P, > 0. Thus, the use of
PY # 0 offers yet another practical advantage. For this
reason, for the m, = 140 MeV ensemble, we consider
P =2rn/L;~0.25 GeV and omit the P, = 0 lattice data
from the analysis in what follows. Finally, in Fig. 6, we
show our results for M(z, P, P?) with P? = 0.25 GeV as
a function of 1 = zP_, and different values of P,.

VI. MODEL-INDEPENDENT DETERMINATION
OF EVEN MOMENTS OF THE PION
VALENCE QUARK PDF

A. Leading-twist (twist-2) OPE and the fitting method

The leading-twist expansion formula given by Eq. (15)
tells us that M(z, P., P?) is sensitive to the moments of the
PDF, and these can be extracted by fitting the zP, and z*
dependencies of the lattice data for the ratio. As discussed
in Sec. II, we are interested in the isovector PDF ¢“~¢(x) of
the pion, which is defined on x € [-1,1] and obeys
J1, dxg"=%(x) = 1. Under isospin symmetry, the pion
isovector PDF ¢“~? is symmetric with respect to x =0
and is equivalent to the pion valence PDF defined

on x € [0, 1], namely, ¢“~/(|x]) = ¢"~“(=|x]) = q"(|x]).
Because of this, only the terms even in n contribute to
Eq. (15). If we assume the positivity of the MS pion valence
PDF,' we have (x") > 0. Based on positivity, further
constraints can also be imposed on the moments as [48]

<xn+2> _ <xn> < (),
<xn+2> + <xn—2> _ 2<x

To extract the moments of the PDF using Eq. (15), it is
necessary to ensure that the leading-twist expansion is a
good approximation for the data under consideration. This
implies that z cannot be too large, which, given the fact that
P, is less than 3 GeV in present-day lattice calculations,
also means that the range in 4 is limited. As we see from
Fig. 6, our lattice data cover the range up to 4 ~ 6 with z up
to around 0.608 fm. In this range, the sums in Eq. (15) can
be truncated to a few terms. As discussed in Appendix A,
for realistic pion PDF in this range of A, the sums can be
truncated at n,,, = 8. Here, we note that there are also
higher-twist terms entering the leading-twist formula that
are proportional to (m2z>)", known as target mass correc-
tions. The target mass correctlons can be taken care of by
the following replacement [94,95]:

n/2 2\ k
Z M) 19)
k'n—Zk 4p?

These corrections are small in the case of the pion. We
have to ensure that the higher-twist corrections beyond
the target mass corrections are also small. Furthermore,
we need to ensure that the perturbative expression for ¢,
is also reliable. To do this, we fit the 1 dependence of
M(z,PZ,Pg) at fixed z and check to what extent the
obtained moments are independent of z. We perform fits at
each z (six data points with different P_,) by truncating the
moments up to n™*. To stabilize the fits, we impose
constraints given by Eq (18). We tried n™* = 6 and 8,
where reasonable y3 ;< 1 can always be found when z >
2a for n™* = 6. As for "™ = 8, we found (x®) is always
consistent with 0. We therefore fix n™* =6 for the
following discussion in this section. We use leading-order
(LO), NLO, and NNLO results for ¢,, and fix the scale u to
2 GeV. The coupling constant a,(u) entering c,(u*z*) at
NLO and NNLO is evolved from a,(u = 2 GeV) = 0.293,

which is obtained from AQCD = 332 MeV with the five-
loop f function and n; = 3, as has been calculated using
the same lattice ensembles [96].

In Fig. 7, we show the second moment (x?) extracted from
each fixed z using LO, NLO, and NNLO matching kernels

) (18)

'We are aware of Ref. [93], which shows that positivity is not a
necessary constraint for MS PDFs (also see references therein).
Nevertheless, we still use positivity as a constraint for pion
valence quark PDF in our analysis.
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0.200} NNLO
0.175 §
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o100} A
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FIG.7. (x?) extracted from the ratio-scheme data M(z, P_, P?)

at each z using leading-order, NLO, and NNLO kernels is shown
for the m, = 140 MeV ensemble.

for the a = 0.076 fm ensemble. Clear z dependence can be
observed at LO. Beyond LO, the perturbative kernels are
supposed to compensate the z dependence and produce the z-
independent plateaus of (x?)(u). We see from the figure that
for z > 0.3 fm the NLO and NNLO results show no z
dependence within errors, suggesting that the leading-twist
approximation is reliable in this z range. On the other hand,
for smaller z, we see a clear dependence on z, and there is a
clear difference between the NLO and NNLO result. This
is counterintuitive, as one expects the short-distance
factorization to work better for small z. To understand this,
we performed additional studies using the results for
M(z,P,, P?) calculated on the a =0.04 fm and a =
0.06 fm ensembles. We varied the renormalization scale

roughly by a factor of v/2, i.e., we used yu = 1.4 GeV and
u =2.8 GeV, and also performed an analysis where the
coupling constant was evolved from the scale y = 2 GeV to
a scale proportional to 1/z, which corresponds to resumming
logs, In(u?z?). These additional calculations are discussed in
detail in Appendix B. There, it is also pointed out that for
z/a < 2 the extractions of the moments are affected by lattice
discretization effects. The conclusion of the analysis pre-
sented in Appendix B is that the resummation of logs is
important for z < 0.1 fm and the resummed expressions for
c,(p?z?) work well for z <0.3 fm. For large z, the
resummed results for ¢, are not appropriate as the scale in
the running coupling constant becomes too low. However,
the moments obtained using the resummed result for ¢, and
z < 0.3 fm agree with the ones obtained with the fixed-order
result and z > 0.3 fm. Therefore, it seems the fixed-order
NNLO leading-twist approximation can describe the ratio-
scheme data at least up to 0.7 fm, though it was not expected
from the beginning. But this allows us to determine higher
moments of the pion PDF and constrain the pion PDF in
general, as we discuss later.

B. First few moments from a combined fit

To stabilize the fit and extract the higher moments, we
perform a combined fit over a range of ratio scheme data in

[Zmin> Zmax)- As has been mentioned, we will use the ratio
scheme data M(z, P, P?) constructed from P, > P? =
0.25 GeV. To take care of possible cutoff effects, we apply
the modified form [48],

Mz, P PY) = S (W22?) T (k) 4 r(aP.)?
4 ral z/) — —i 9 n n
S e (W222) FEEL (xny 4 p(aPO)?

n!

. (20)

The fit results are shown in Fig. 8 for the 0.076 fm lattice
as a function of z,,,,, while the other two finer lattices have
been analyzed in Ref. [48], though at NLO level. In the fits,
we truncate the moments up to n™* = 8 and fix z,,, to be
2a to avoid the most serious discretization effect at the first
lattice grid a. We vary z,,,« to check the stability of the fit
and its dependence on the range of z. With a fixed
factorization scale u =2 GeV, we find that the second
moment (x?) can be extracted at a very short distance
~0.2 fm and is almost independent of z,,,,. This suggests a
good predictive power of the NNLO matching coefficients
in the region of z under consideration and that the higher-
twist effects or other systematic uncertainty are under
control within current statistics. Because of the factorial
suppression, the higher moments can only be detected at
larger zP, or z,,,, as seen from the figure. To estimate the
statistical as well as systematic errors from the fit results,
we use the same strategy proposed in Ref. [48]: for each
bootstrap sample, we evaluate the average and standard

deviation of observable A from a range of z,,,, as Mean(A)

and SD(A). Then, we can obtain the statistical errors of

Mean(A) and take SD(A) as the systematic error. The
estimates using Zp,, € [0.48,0.72] fm are shown as the
dark (statistical errors) and light (systematic errors) bands
in Fig. 8. We list the moments up to {x®) extracted from the
three ensembles in Table II, while (x®) is consistent with 0,
limited by the statistics, and thus is not shown. As one can
see, overall agreement can be observed for different

0.16
my = 140 MeV
0.14
(%) o12 e Ees i@
0.10
0.08 T
(X4)0.06
0.04 T 1 I I
(x®) ¥
0.02
0.00 L L L L s
0.2 0.3 0.4 0.5 0.6 0.7
Zmax [fm]

FIG. 8. (x") with n =2, 4, 6 extracted from the combined fit
are shown for the m, = 140 MeV lattice. The darker and lighter
bands correspond to the statistical and systematic errors. The fits
use the ratio-scheme data M(z, P,, P?) for z € [2a, Zyu]
and P_ > P? = 0.25 GeV.
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TABLE II.  (x") with n = 2, 4, 6 extracted from the combined
fit are shown for the three ensembles at g =2 GeV. The
statistical errors are in the first brackets, while the systematic
errors are in the second brackets, which are estimated by varying
Zmax € [0.48,0.72] fm for the fits.

a (fm) (%) () (x°) Yo,
0.076  0.1169(49)(03) 0.0516(110)(19) 0.0267(118)(28) 0.91
0.06  0.1159(35)(09) 0.0385(61)(32) 0.0139(73)(41) 1.4
0.04 0.1108(38)(05) 0.0396(46)(18) 0.0146(43)(16) 0.63
a? — 0 0.1104(73)(48) 0.0388(46)(57) 0.0118(48)(48) 1.3

ensembles including the most precise (x?) with about 5%
accuracy. It is worth mentioning that the a = 0.04 fm and
0.06 fm ensembles have an unphysical pion mass of
300 MeV, while the a = 0.076 fm one is at the physical
point, suggesting the mass dependence of the moments is
only mild within current statistics.

C. Continuum estimate of the moments making use
of the observed weak quark mass dependence

In Fig. 9, we show the (x?), (x*), and (x®) obtained from
fits of M(z, P,, P?) in z € [2a,0.61] fm as a function of
a’. Notice that we have combined the data from the
physical pion and the 300 MeV pion together in this plot.
As one can see, the mild lattice spacing dependence shows
almost no pion mass dependence. It is then reasonable
to perform continuum extrapolations assuming a or a’
dependence under a justified assumption that we can
neglect the pion mass dependence. Based on the above
observation, we consider two strategies for obtaining the
continuum estimate:

(1) Ignoring the pion mass dependence and performing

a continuum extrapolation using the following

forms:
i 0.12f - @ £
(x*) o0}
0.08 -
a-0 [_Im,=140MeV, 3’ -0
0.06 1 .
as-0
(x4)0.04 i ) $ =
0.02 § X7
(x5) ¢
0.00
0.000 0,001 0,002 0.003 0.004 0.005 0.006 0.007
a?[fm?]
FIG. 9. (x?), {(x*), and (x%) are shown as a function of a2, for

which we fitted the matrix elements M(z, P., P?) with
z € [2a,0.61] fm. The bands are the extrapolation results using
Eq. (21) (blue) and Eq. (22) (orange). The empty boxes are the
continuum extrapolation of the physical pion mass ensemble (see
the text for more details).

<xn>a = <xn>a—>0 + dnav (21)
or
(") a = ()20 + duat®. (22)

We insert the above formulas into Eq. (20) and
perform a joint fit of all the data from the three
ensembles instead of directly extrapolating the
extracted moments.

(2) We only perform the continuum extrapolation of the
two ensembles with a 300 MeV pion mass to obtain
the value of d,, and then apply the parameter d, to
the physical pion ensemble (m, = 140 MeV) to
derive the continuum estimate at the physical point.
In this procedure, we assume (x")_, could have
pion mass dependence, but the values of d, have
negligible pion mass dependence.

The bands in Fig. 9 are derived from the joint fit of all the
three ensembles by applying Egs. (21) (blue) and (22)
(orange) and ignoring the pion mass difference. As one can
see, the two bands overlap with each other and pass through
the data points with reasonable y?/d.o.f. around 1. The
pion mass dependence is indeed only mild for the data
under consideration as also observed in Ref. [3]. To be
conservative, we also apply the second strategy described
above. The extrapolated results are shown as the boxes in
Fig. 9. Limited by the number of ensembles and the
statistics, solving both the lattice spacing and mass
dependence makes the extrapolation rather unstable and
produces large errors bars covering the estimates from the
first strategy. We therefore will simply ignore the pion mass
dependence. Considering that the results from Eq. (21)
overlap with Eq. (22) with only a slightly larger error and
the fact that the Wilson-clover action is O(a) improved, we
will only give the mass-independent continuum estimate
using the a? correction of Eq. (22) in the following analysis.

0.12 A T I E

(x*) o100 =

0.08

0.06 m——BNL20

: == =|AM21nlo ¥
xHouE= 3§ i

0.02
(x5)

0.00

0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007

a?[fm?]

FIG. 10. Our estimates for {x*), (x*), and (x®) as functions of
a? are shown for the three ensembles. The bands are from the >
continuum extrapolation. For comparison, we also show the
moments evaluated from the global fit analysis of JAM21nlo [97]
and our previous estimates with a 300 MeV pion mass using NLO

kernels (BNL20) [48].
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In Fig. 10, we show the moments extracted from the
three ensembles with both statistical and systematic errors,
estimated by varying zp.. € [0.48,0.72] fm. The bands
are the continuum estimate using Eq. (22). It can be
observed that the systematic errors are small compared
to the statistical errors, suggesting the small z,,,, depend-
ence for the data under consideration. Our previous results
obtained from NLO kernels with a 300 MeV pion (denoted
by BNL20 [48]) are shown for comparison. The good
agreement between BNL20 and the new results suggests
that the NNLO corrections make only a small difference,
and the NLO kernels are mostly sufficient to describe
the data evolution with current statistics. The estimated
moments are also close to the values obtained from the
global fit, JAM21nlo [97].

VII. PION VALENCE PDF FROM MODEL
DEPENDENT FITS

As discussed in Sec. VI, our lattice data are only
sensitive to the first few moments of the pion valence
PDEF. Without prior knowledge or constraints on the higher
moments, it is impossible to determine the PDFs uniquely.
Therefore, as is typical in some global analyses of experi-
ment data, in this section, we try two phenomenology
inspired model Ansitze for the PDF to fit the lattice data,

g(x;a, B) = Nx*(1 = x)”,
g a, By, t) = N'x*(1 = x)P(1 + sv/x +tx),  (23)

denoted by Model-2p and Model-4p, in which N and N’
are normalization factors so that [ ¢"(x)dx =1. The
moments of the PDF therefore can be determined from
the model parameters, e.g.,

) = /)1 xX"g"(x;a, ...)dx. (24)

We then reexpress Eq. (20) using the model parameters and
minimize

po S SMEPPY = Mo (3P Phic )
P_>P? Zmin o* (2. P, PY)

(25)

where we truncate the OPE formula Eq. (20) up to 20th
order (n™* = 20), which is much more than sufficient to
describe the data. During the fit, the factorization scale was
chosen to be u =2 GeV, and the correlation between
different P, and z is taken care of by the bootstrap
procedure. To apply the leading-twist approximation, we
need to limit the maximum of z, which is chosen to be
Zmax = 0.72 fm as was done in Sec. VI.

We first perform the model fit for the m, = 140 MeV
ensemble using the matrix elements with z € [2a,0.61 fm]

1.0 g
g
Y
0.8
I
SN
u_& 0.6
Q
N
2 0.4
i m,=300 MeV, a=0.04 fml & L
02 mMy=300 MeV, a = 0.06 fm
i mp=140 MeV, a=0.076 fm
%
zP,
FIG. 11. Ratio scheme renormalized matrix elements

M(z,P,, P?) of P, > P =0.25 GeV are shown for the three
ensembles, with the bands being the fit results of the Model-4p
[cf. Eq. (23)] using z € [2a,0.61 fm].

shown as the black curves in Fig. 12. Then, as with
the calculations of the Mellin moments, we perform the
mass-independent continuum estimate by a joint fit of the
three ensembles with the O(a?) correction of Eq. (22) using
the ratio-scheme renormalized matrix elements with P, >
P =27n?/(L,a) and n? = 1 for all three ensembles. The
fit result of Model-4p using z,,,x = 0.61 fm is shown in
Fig. 11. We see that the bands can describe the data well.
We vary the z,,, € [0.48,0.72] fm to estimate the system-
atic errors and show the fit results in Table III and the
reconstructed PDFs in Fig. 12 as the red and blue bands.
Overall consistency between the two models can be
observed in Fig. 12. Furthermore, the results overlap
with our previous NLO determination (BNL20) [48] but
have smaller errors since we have an additional dataset.

4.0
Z 21 my=140 MeV, Model-2p
35f 1 m; =140 MeV, Model-4p
‘ a2-0, Model-2p
301 a?-0, Model-4p
1 BNL20

qY(x)

X

FIG. 12. The two-parameter and four-parameter fit results from
the m, = 140 MeV ensemble are shown as empty bands. We also
show our mass-independent continuum estimate as the filled
bands using the data with z,,,, € [0.48,0.72] fm to estimate the
statistical errors (darker bands) and systematic errors (light
bands). For comparison, we also show our previous NLO
determination (BNL20) [48].
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TABLE III.

The model parameters from the joint fit using the three ensembles with O(a?) continuum correction at

u =2 GeV are shown. The statistical errors are in the first brackets, while the systematic errors are in the second
brackets, which are estimated by varying z,,, € [0.48,0.72] fm for the fits.

a S t
Model-2p —0.45(18)(6) 0.79(42)(14)
Model-4p ~0.52(12)(3) 1.08(33)(8) —0.34(33)(6) 1.82(99)(11)

The good agreement with the previous results again
suggests that the use of NNLO kernels did not change
the results significantly.

VIII. DNN REPRESENTATION OF IOFFE-TIME
DISTRIBUTION Q(A.)

A. DNN representation

The short-distance factorization formula for the renor-
malized matrix element at leading twist (twist 2) can be
written as

hR(z, P, ) :/ldac(a,ﬂzzz)Q(aﬂ,u), (26)

where

0(h.) = / dy g (y. ) 27)

and C(a,u?z?) is related to the Wilson coefficients
C,(1*z%) [9,12,87]. The explicit form of C(a,u’z?) up
to NNLO is given in Appendix D. Therefore, for the ratio
scheme matrix element, we could write

B = doC(a, u?z%)Q(ad, u) + r(aP,)?
1 daCla. j?2?) Q(ad’, ) + r(aP?)?
(28)

M(z,P,, P?)

where C(a, 4?z%) = C(a, u>z%)/CY¥S (u?z?) so that the inte-
gral (without the lattice correction r(aP,)?) in the numer-
ator and denominator is the standard reduced loffe-time
distribution [9,12]. As mentioned in previous sections, the
range in (@4) in the above equation depends on the largest
Amax = Zmax P2 achieved from the lattice calculation,
which therefore limits the information on the PDFs that
the lattice data carry. One can either reconstruct the PDFs
q(y,u) by a certain model as we did in Sec. VII, or one
can directly extract the light-cone loffe-time distribution
Q(4,u). In other words, Q(A,u) is the first-principles
model-independent observable we can derive from the
ratio scheme renormalized matrix elements. For this,
however, we need to solve the inverse problem in
Eq. (28). So far, the DNN technique is probably the most
flexible way to achieve this [98,99] and has been used to
parametrize the x-dependent PDFs from lattice [100,101]

and also has been proven effective in other physics inverse
problems [102,103].

In this work, we express the Q(4,u) by the DNN
function fpnn(0;4),

fDNN(a;/D
fDNN(a; 0)’

Opnn (4. 4) (29)

where @ are the DNN parameters. The DNN function
fpnn(0;4) is a multistep iterative function, constructed
layer by layer in composite fashion, to approximate a
mapping between two functions in a smooth and unbiased
manner. In each layer, the network first performs a linear
transformation from the previous layer,

& =6+ wial Y, (30)
J

followed by an elementwise nonlinear activation al(-l) =

o) (zgl)) and then propagates to the next layer (I + 1). The
first layer represents the input variable 4, and the last layer
denotes the corresponding output, Qpnn (4, ¢). Here, i =
1,....,nWand I =1, ..., N, with n)) being the width of the
lth layer and N being the depth of the DNN. The bias b"
and the weight ngz_) are the DNN parameters to be

optimized (trained), denoted by 6. We then minimize the
loss function,

1
‘](07"m0d)E 0'0_"5)(2(0’ rmod)’ (31)

N3

where the first term is to prevent overfitting and make sure
the DNN represented function is well behaved and smooth,
while the definition and details of y> can be found
inAppendix D. For the training, we vary 5 from 107! to
10~* and tried network structures of size {1,16, 16,1},
{1,16,16,16,1}, and {1,32,32,1} including the input
and output layers. We found the results remain unchanged.
We therefore chose # = 0.001 and the DNN structure
with four layers, including the input/output layer, to be
{1,16,16,1}. The exponential linear units (elu) were
chosen as the action function,

oen(z) = 0(=2)(e* = 1) + 6(2)z. (32)
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This setup is more than sufficient for the complexity of the
data under consideration.

The DNN training process works very much like an
interpolation procedure, which is trying to go through the
data points as much as possible with many neurons, but
smoothly forced by the regularization term 76>, In other
words, the > of DNN is approaching 0 as much as possible.
For our specific task of training the ratio-scheme renor-
malized matrix elements, part of our data points share the
same A = zP, but different z connected by the perturbative
matching kernel C(a, 4?z?). The minimum of y? is free of
the goodness of model but will depend on how well the
kernel can describe the data evolution and usually cannot
make it to be zero. In the upper panel of Fig. 13, we show
the M(z, P, P?) obtained from the DNN representation of
the light-cone Toffe-time distribution, Qpnn (4, ). In these

1.0 "E‘%qi& a = 0.076 fm, P%=0.25 GeV
"8,
0.8
R N‘
o
Q: 0.6 >
Q"
N & P,=0.51 GeV
S o4r $ P,=0.76 GeV
P,=1.02 GeV
I P,=1.27 GeV
0.2
3 P,=1.53 GeV
& P,=1.78 GeV
0.0 1 2 3 4 5 6
zP,
1.0
a = 0.076 fm, zmax = .60 fm
0.8
— 06}
3
=
S

0.4 HEE Qpny

JQa»
02k Qabst
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FIG. 13. Upper panel: ratio scheme renormalized matrix
elements M(z, P,, PY) with P, > PY = 0.25 GeV for the m, =
140 MeV ensemble, where the bands are the fit result from the
DNN trained Q(A,p). Lower panel: the corresponding DNN
represented Qpnn (4, ¢) is shown, together with the ones con-
structed from the moments estimated in Sec. VI (Q () as green
curves) and the model fits in Sec. VII (Q,;, and Q,,,; as blue and
yellow curves). All the training and fits in this figure used data on
z € [2a,0.61 fm]. The most recent global analysis result from
JAM [97] (black bands) is also shown for comparison.

training processes, we use the ratio-scheme renormalized
matrix elements on z € [2a,0.61 fm]. As one can see,
the bands smoothly go through the ratio-scheme data. The
results for Qpnn(4,4) are shown in the lower panel
of Fig. 13. For comparison, we also reconstruct and
show the MS ITD from the moments estimated in Sec. VI
(green curves),

Q(x”)(jﬂ :u) = Z (_:j)n

n=0

(x"), (33)
and the model fits in Sec. VII (blue and yellow curves),

l .
s (dost) = A dx et (x;a, ).
Qupes o) = / Lax e gt fost). (34)
0

The Ioffe-time distributions (ITDs) from all the methods
are consistent with each other within the errors. These
observations justify the assertion that our data are only
sensitive to the first few moments (up to around (x°) as
discussed in Sec. VI), though Q. goes out of control
rapidly once 4 is beyond Ay = Znax P2 due to the
truncation of the OPE formula. The Q,(4,x) and
Oupsi(4,4) are more stable by expressing all the Mellin
moments with only a few parameters and modeling the
large A behavior beyond 4,y = zZn.Pr™. The advantage
of the DNN is that it does not truncate the matching formula
compared to the moments fit, particularly for the case in
which the moments are not decaying as fast as a function of
order n, and is much more flexible than the model-based fit.
Opnn (4, ) with Aoy = Zmax P™ is therefore the most
unbiased first-principles result on the ITD that can be
obtained from our lattice data in coordinate space. We also
show Q(4, ) derived from the JAM global analysis results
[97] in Fig. 13, which are in good agreement with our
results.

B. Discussion on the z,,,,, dependence

As has been mentioned, the short-distance factoriza-
tion scheme suffers from higher-twist corrections propor-
tional to O(z2Acp). On the one hand, we want larger z to
achieve larger zP, for a fixed range of P, values and
thereby obtain more information on the PDF from the
lattice data. At the same time, we have to ensure that
the higher-twist contamination is small. In this section,
we discuss how z,,, affects the DNN trained results
Opnn (4, 1)

In Fig. 14, we show Q(4, ) trained from the DNN using
data in the range z € [2d, Zy. With multiple z,,,. The end
of the bands depends on the z,,,, P used in the training
process. As one can see, increasing z,., has little effect
on Q(A,u) for small 1 but does decrease the errors.
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FIG. 14. Q(A,p) trained from the DNN using data with z €
[2a, zmax] on the m, = 140 MeV ensemble. The end of the bands
depends on z,, P,

This observation can be explained from the small 1 region
of Q(4, 1), which is dominated by the lower moments that
are well constrained by the precise ratio-scheme lattice data
with small z. The y?/N gy, are also shown in Fig. 14. As we
mentioned, the matching kernel C(a, 4?z?) is supposed to
connect the spacelike matrix elements with different z
perturbatively. Since the DNN is a flexible parametrization
that could pass through all the data points smoothly as
much as possible, the nonzero y?/N g,., can only come from
the fact that the central values of the lattice data corre-
sponding to the same zP, but different z are slightly
different from the expectation from perturbative evolution.
Therefore, the small y?/Ny,, indicates that the kernel
describes the evolution of the matrix elements as a function
of z well within the statistical errors. We also see that the
Q(4, u) obtained with z,,, = 1.2 fm agrees well with the
results obtained with smaller z,,,, within errors. Thus, it is
natural to ask how large z,,,, in the DNN analysis could be.
To check this, we determine Q(A, u) with very small z,,,,
but large P, and then predict the ratio scheme matrix
elements for smaller P, but larger z through the matching.
This prediction is then compared to the corresponding
lattice result. In Fig. 15, we show the ratio-scheme matrix
elements M(z, P., P?) of P, =0.51 GeV (upper panel)
and 0.76 GeV (lower panel) as the black data points, and
the bands are predicted from the DNN trained results using
P_ up to P7™ = 1.78 GeV. We use the data in the range
Z € [2a, zpmay] With short distances z,,, = 0.23 (black) and
0.31 (red) fm. It is interesting to observe that the predicted
bands from short distances are consistent with the matrix
elements at relatively large distances, suggesting that
the matching kernel works well up to z ~ 0.8 fm from
the prediction of z,,  =0.23 fm and up to z~1 fm
from the prediction of z.,,, = 0.31 fm within our current
statistics. This observation is consistent with what we
observed in Sec. VI for the moments extraction and seems
to support the argument that the ratio scheme indeed
reduces the higher-twist effect O(z2Agcp) by the cancel-
lation between the numerator and denominator, even
though it is naively not expected that the leading-twist
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my = 140 MeV
0.7+

M(z, P, P2)

. 7,,,,=0.23 fm, P1*=1.78GeV
0.6 wwmz,,,=0.31 fm, PMax=1.78GeV
¥ P,=0.51GeV

0'50.0 0.2 0.4 0.6 0.8 1.0

z [fm]
1.0
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% osf
a
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< 07
3

. 7., =0.23 fm, P)"**=1.78GeV
0.6 wwmz,,,=0.31 fm, PMax=1.78GeV
¥ P,=0.76 GeV

0.5t L L L L L L
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FIG. 15. The ratio-scheme renormalized matrix elements
M(z, P,, P?) with P, =0.51 and 0.76 GeV are shown as the
data points. The bands are the prediction from the DNN trained
results using P, up to P = 1.78 GeV with a short range of
Zmax- The end of the bands in z comes from z,,, PT**/P..

OPE can approximately work up to 1 fm. For the following
analysis, we conservatively use z only up to 0.72 fm and
vary Zmn.x between 0.48 and 0.72 fm to estimate the
systematic errors.

C. Discussion on the perturbative
order dependence

In this subsection, we explore the perturbative order
dependence through the DNN approach, which does not
need a truncation of the OPE matching formula. In Fig. 16,
the ratio-scheme matrix elements together with the curves
reconstructed from the central values of the DNN trained
results using LO, NLO, and NNLO matching kernels are
shown in the upper panel. It is obvious that the LO
matching kernel shows the worst performance among the
curves, which only marginally passes within the error bars
of the data points. Beyond LO, the curves tend to pass
through the central values of the data with much smaller y?,
though the difference between NNLO and NLO is only
mild. This indicates that the leading-twist approximation
with fixed-order perturbative kernels works better than LO
for the data under consideration, while with current
statistics the systematic improvement from NLO to
NNLO is small. The distributions for the y? of the bootstrap
samples are shown in the lower panel of Fig. 16, in which
the y? for the LO fit is significantly larger than the other
two cases.
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FIG. 16. Upper panel: M(z, P, P?) reconstructed from the
DNN trained Q(4, u) are shown for the m, = 140 MeV ensemble
using LO, NLO, and NNLO matching kernels. The central values
for the y? of the bootstrap samples are shown in the legends. The
fits use z € [2a, Zmax] With Z. = 0.61 fm. Lower panel: the
corresponding distribution for the y? of the bootstrap samples
with the vertical lines being the median values.

D. Extrapolation of the Qpnn(4.4) and FT to the PDFs

The QOpnn(4,u) trained from the DNN is the most
unbiased and first-principles physical quantity we extracted
from the ratio-scheme matrix elements. It is more flexible
than the truncated moments extraction (cf. Sec. VI) and
the model-based fits (cf. Sec. VII). However, usually one
is more interested in the PDF g(x, ). The Opxn (4, 1) we
obtained is limited by the lattice data up to Ay =
Zmax P, so we need to extrapolate the large A behavior
to infinity to do the Fourier transform (FT).

Inspired by Regge theory, the asymptotic behavior of
Q(4, u) is dominated by the power law (PL) form,

A
OpL(4.u) = WTH . (35)

Limited by the 4,,,x we have, the subleading contribution
could also be significant, and therefore this extrapolation
has systematic errors from the parametrization. We fit the
tail of Qpnn (4, #) with 4 € [A7, Anax] and vary ; to see the
A, dependence of the extrapolation results. We also impose
the constraint A > 0 during the extrapolation to ensure the
extrapolated ITD is positive and decreasing in A. Inspired
by the asymptotic behavior of the Fourier transform of the
two-parameter model NVx%(1 —x)”, we also consider the
form [63,84],

1.0
a =0.076 fm I OQpnn (A, 1)
Zmax = 0.6 fm BmPL, A =3
0.8fF PL, A =4
abAsymp, A, =3
/7 7 abAsymp, A =4
— o6k ymp, AL
3
=
o 0.4}
0.2
0.0 L L L L f ! '
00 25 50 75 100 125 15.0 17.5 20.0
A
4.0
EEmPL, A =3
3.5 PL, A =4
3.0 abAsymp, A =3
' rZlabAsymp, A, =4
25F
x
= 20}
o
15
1.0
05}
0.0 L
0.0 0.2 0.4 0.6 0.8 1.0
X

FIG. 17. Upper panel: the DNN trained Qpnn (4, ¢#) including
the extrapolations using either the power law (denoted by PL)
model or the two-parameter asymptotic (denoted by abAsymp)
model. Lower panel: the Fourier transform of the extrapolated
ITD are shown.

r'l+a)
(=

Quymplh ) = Re [A( G, f”)],

(il
(36)

where we have three parameters and we impose the
constraint A > 0 and f > 0. We then combine the DNN
trained results and the extrapolated results together as

[ Oonw(dop) for A<y
20 ={ oo wang.

The extrapolated results are shown in the upper panel
of Fig. 17, in which Qpnn(4,4) is trained using
z € [2a,0.61 fm] for the m, = 140 MeV lattice. We fit
the extrapolation form using 1 € [A;, Ay ] With 4; = 3 and
4. As one can see, the extrapolation results using different
Ap overlap with each other. The two-parameter model
(abAsymp) extrapolated results always show wider error
bands compared to the PL. model since one more parameter
is used in the fit form. We then perform the Fourier
transform by combining the discrete Fourier transform
and the analytical integral,
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.
max Ai

q(x,p) = Z 25 Opnn (4, p) cos(xA)
0

+2 [T Onnlin)costed). (39
Anax 2T

in which A2 is the step spacing of A that was used when we
trained from the DNN. The results of the Fourier transform
are shown in the lower panels of Fig. 17. The bands from
different extrapolation models and different choices of 1,
overlap with each other, and the discrepancy among them
mainly exists in the small-x region.

E. Continuum estimate of the DNN represented ITD

We summarize the Q(4, ) from the three HISQ ensem-
bles using data with z € [2a,0.61 fm] in Fig. 18. As
expected from the previous analyses of the moments and
model fits, the estimates from the three ensembles are close
to each other. We again consider the continuum extrapo-
lation only of order O(a?) as

QoA pt) = Qo o(d. ) + g(A)a?, (39)
where g(A) is an independent fit parameter for each 4, from
which we then perform the extrapolation using the PL and
the two-parameter asymptotic (abAsymp) models with 4;
varying from 3 to 4.5. As before, we ignore any weak quark
mass dependence in the datasets. To stabilize the two-
parameter asymptotic (abAsymp) extrapolation, we impose
a prior on the exponent @, which dominates the decay rate
as a function of A, using the corresponding value from the
power-law fit sample by sample. The extrapolated results
are shown as the red and blue bands in Fig. 18. We compare
our continuum estimated ITD to the ones from our model fit
Model-4p and the global analysis of JAM21nlo [97]. It can
be seen that our results show good agreement with

1.0~

N Ja=0.04 fm
\ L= 2a=0.06 fm
o8l 1"":a=0.076 fm
’ a2 - 0, abAsymp
a?-0, PL
5 06f . [—IModel-4p
5; JAM21nlo
<o
041
0.2
0'00 2

FIG. 18. The Q(4,u) reconstructed from the DNN using z €
[2a, 0.61 fm] for the three ensembles are shown as the empty
bands, while the orange band is the continuum estimate with
O(a?) corrections. We also show the ITD reconstructed from
JAM21nlo [97] for comparison.

4.0

a2 -0, abAsymp
3.501 a%-0, PL
| [ a%?-0, Model-4p

X

FIG. 19. The results for the pion valence distribution from the
Fourier transform of the mass-independent continuum estimate of
the DNN-based Q(4,p) using either the PL or two-parameter
asymptotic (abAsymp) extrapolations are shown. We also show
the results from the Model-4p fit for comparison.

JAM21nlo in the small-A region, while it only covers the
JAM2nlo at large 4 due to the large errors. In Fig. 19, we
show the results for the pion valence distribution from the
Fourier transform of the extrapolated ITD, where we vary
Zmax € [0.6,0.72] fm to estimate the statistical and system-
atic errors. Overall agreement can be observed compared to
our model based determination Model-4p, while as
expected the DNN-based PDF, which is more flexible,
shows larger errors than our model based determination.
Since the power-law extrapolation (blue band) does not
ensure that the PDFs are only defined in x € [0, 1], it does
not vanish at x = 1. This can be considered as a systematic
error from the extrapolation model which parametrizes the
unknown large-1 behavior. With one more parameter, the
results from the two-parameter asymptotic (red band)
extrapolation show larger statistical errors but are consis-
tent with 0 at x = 1.

IX. PION VALENCE PDF FROM THE
QUASI-PDF APPROACH WITH
HYBRID RENORMALIZATION

Another way to obtain the valence pion PDF from the
matrix elements calculated in this study is to use the quasi-
PDF approach of LaMET. Very recently, using the NNLO
quasi-PDF matching with the novel hybrid renormalization
scheme [84], the valence pion PDF has been calculated
with controlled systematic errors in the range 0.03 < x <
0.8 [63]. In that study, two lattice spacings, a = 0.04 fm
and a = 0.06 fm, were used, and the discretization effects
turned out to be small. On the other hand, the valence
quark masses were larger than the physical ones, corre-
sponding to a pion mass of 300 MeV. In this section we
present a calculation of the valence pion PDF within
the quasi-PDF approach using NNLO matching and the
hybrid renormalization scheme for physical quark masses
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(M, =140 MeV) and a = 0.076 fm. Our analysis closely
follows the strategy outlined in Ref. [63].

The hybrid renormalization scheme is defined by a
combination of the ratio scheme at short distances and
the explicit subtraction of the self-energy divergence of the
Wilson line at large distances:

h®(z.P.a)
R(Z . p ) _ hB(z,O,u) 5 Z S Zs (40)
5 L85 L7 hB(z,P.,a) e5rf1(a)\z—1s\ 72>z
hP(z,0,a) ’ S-

Here, dm(a) is the parameter containing the self-energy
divergence of the Wilson line. It is determined from the
analysis of the free energy of a static quark [104,105]. In
this work, we choose zg = 0.228 fm for the a = 0.076 fm
ensemble. We need to connect A% in the hybrid scheme
to A% in the MS scheme, and to do this, we need to
introduce a parameter, 7, that connects the renormalon
ambiguity in the renormalization of the Wilson line in the
lattice subtraction scheme and MS scheme [63]. As in
Ref. [63], to obtain 7, we fit our results for i?(z, z5,.P,=0)
to the Ansatz

) CONO() + A
CONO () + Alu)zs”
(41)

R(z. 25, P, = 0) = e~z

with another parameter A(u) that approximates the higher-
twist contributions. We perform the above two-parameter
fit with z € [zg + @, Zmax)- At fixed order, 7g(p) and A(u)
are both scale dependent. We choose y = 2 GeV as the
central value of the renormalization scale and vary it by a
factor of v/2 to estimate the perturbative uncertainty. The fit
results are shown in Fig. 20. As one can see from the figure,
the resulting values of my(u) and A(u) show only mild
dependence on z,,,, for u > 2 GeV. For the lowest value of
the renormalization scale, y = 1.4 GeV, on the other hand,
we see significant dependence on z,,,,. This implies that for
such low values of u the perturbative expression for
Co(u*z%) is not very reliable because a, is quite large,
and the Ansatz given by Eq. (41) cannot describe the data
well. We also see that there is a significant scale depend-
ence for the value of mg(u) and A(u), which in turn
translates into an uncertainty for the z dependence of
h®(z,zg, P.). This uncertainty will get smaller as P,
increases and disappears in the P, — oo limit. For our
final estimates of my and A, we chose z,,,, = 0.456 fm.

Following Ref. [63], we calculate the renormalized
matrix element in the ratio scheme as

h®(z,25.P,. 1)

N 1B (z,P..a) Co(2u?)+AZ?
_ R (z,0,a)  Co(Pu?) (42)
n hB(Z'Pz’”> CO(Z.ZY”Z)+AZ§ (Sm’(z—z;)
Nitoa @ ¢
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FIG. 20. The results for mmg(u) and A(u) from fits of
R(z, 75, P, = 0) with z € [z5 + @, Zpa] to Eq. (41) are shown.
We choose the scale y = 2 GeV and vary it by a factor of v/2.

where N = h%(0,0,a)/h®(0,P_,a) and ém’' = ém + in,.
The above expression for iR(z,zg, P.) is equivalent to
Eq. (40) if lattice artifacts and higher-twist contributions
can be neglected. The factor N ensures that the renormal-
ized matrix element is equal to 1 at z = 0 and removes the
lattice artifacts proportional to powers of aP,. The factor
(Co(22u® + Az?)/Cy(z%u?)) was introduced to remove the
leading higher-twist contribution that enters through
hB(z, 0, a). Because of this factor and m, the calculated
renormalized matrix element in the ratio scheme also
depends on u at any given order of perturbation theory
used to evaluate Cy(u?z?). At infinite order, this x4 depend-
ence will disappear. The renormalized matrix elements at
i =2 GeV are shown in Fig. 21. One can observe that 7%
tends to saturate when P, 2 1 GeV, though the statistical
errors are large.

Since the matrix elements at large z are very noisy
and become unreliable, we shall first perform an extrapo-
lation and then do the Fourier transform to obtain the
quasi-PDF §(x). For the extrapolation, we use AF in the
range [Zmin» Zmax)» With Zygn being the first z where
hR(z = zmin) < 0.2 and z,,,, being either the last z where
IR (2, _max) > O or the limit of half the lattice size (32a),
i.e., 32a. Since the spatial correlators of the equal-time
matrix elements decay exponentially at large z (with the
exception of zero modes), we chose the model combining
the exponential and power decay as discussed in detail in
Ref. [63],
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FIG. 21. The hybrid-scheme renormalized matrix elements

hR(z, zg, P, p) as a function of zP. at u = 2 GeV for the m, =
140 MeV ensemble are shown.

A e_mcfflz‘ 43
i (43)
with A =zP,, and the constraints A,d >0 and

mey > 0.1 GeV. A continuity condition is also imposed
at the point connecting the data and the extrapolation
function. The extrapolated matrix elements for P, = 1.53
and 1.78 GeV are shown in the upper panel of Fig. 22.
Then, we perform the FT by combining the discrete FT of
the lattice data for z < z,;, and the continuous FT of the

1.0 ’*\‘ P,=1.53 GeV B
R P,=1.78 GeV
0.8r u=2.0GeV
3
N 06
N
N 0.4f
=
0.2
0.0
4 i\
P,=1.53 GeV
P,=1.78 GeV
d U =2.0GeV

X

FIG. 22. The extrapolated matrix elements ER(z, z5, P.,p) as a
function of zP, at y = 2 GeV are shown in the upper panel for
cases P, = 1.53 GeV and 1.78 GeV. The corresponding quasi-
PDFs after a Fourier transform are shown in the lower panel.

extrapolation function for z > z,;,. The corresponding
results are shown in the lower panel of Fig. 21. The
extrapolation has very weak impact on the moderate-to-
large x region but introduces large uncertainty at small x.
Nevertheless, after perturbative matching, the latter is
beyond the region of x where we have systematic control
over [63].

Next, we match the qPDF §"(x, Ag, P,, ) to the pion
valence distribution ¢(x,u) in the MS scheme through
LaMET [11,84,87,106] using NNLO kernels [61-63],

o dy X U .
q" (x, u) =/ —C"<—,—,|y|/1 )q”(y,/1 Pop)
S AN R o

A(ZQCD A%)CD
" O((xmz = x>P1>2>’ 44)

where Ag = zgP, and zg=0.228 fm. Then, we will
directly derive the PDF with P -controlled power

4.0
P,=0.76 GeV

3.5 u=2.0GeVv B P,=1.02 GeV
my = 140 MeV mP,=127 GeV

3.0F EP,=1.53 GeV

[1P,=1.78 GeV

407
| DNN-abAsymp, a2 -0
351 B P,=1.78 GeV, m;=140 MeV, a=0.076 fm
P,=1.72 GeV, m;=300 MeV, a=0.06 fm
3.0 P,=2.42 GeV, m,;=300 MeV, a=0.04 fm
. JAM21nlo
25F
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05F
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FIG. 23. Upper panel: the pion valence distribution ¢”(x)
obtained from different P, for the m, = 140 MeV ensemble
using NNLO matching is shown. Lower panel: the pion valence
distribution ¢"(x) obtained from P, = 1.78 GeV (blue) on the
m, = 140 MeV lattice, P, = 1.72 GeV (orange), and P, =
2.42 GeV (red) on the m, = 300 MeV lattices are shown. The
darker bands come from the statistical errors, while the weaker
bands are the systematic errors from scale variation. We also
show our best determination from the DNN for comparison.
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corrections for the middle range of x. In the upper panel of
Fig. 23, we show the PDF obtained from matching with
P. €[0.76,1.78] GeV. We see a significant dependence of
the valence pion PDF on P,. However, as P, increases, this
dependence diminishes, and for the largest three P, the
resulting valence pion PDFs agree within the estimated
errors. The value of ¢” for x ~ 1 also decreases with
increasing P,.

Finally, we show P, =1.78 GeV (blue) for the m, =
140 MeV lattice and P, =1.72 GeV (orange) and
242 GeV (red) for the m, = 300 MeV lattices from
Ref. [63] in Fig. 23, with the darker bands being the
statistical errors and the lighter bands being the systematic
errors from scale variation. It can be seen that the
systematic errors estimated from scale variation are small,
even though () shows sizable u dependence. That is
because the renormalon effect, which depends on z,
contributes less for larger momentum and is supposed to
disappear for infinite momentum. The results from similar
momentum, such as 1.78 and 1.72 GeV, basically overlap
with each other within the statistical errors, implying both
the lattice spacing and mass dependence are small (more
details can be found in Appendix C), but differ from the one
with larger momentum P, =2.42 GeV. The the best
determination from the DNN in the continuum limit and
the JAM21nlo [97] results are also shown for comparison.
Though all three LaMET results show some agreement
with JAM21nlo in the middle-x region, the one with the
highest momentum (P, = 2.42 GeV) overlaps the best.

X. CONCLUSION

We presented lattice calculations of the pion bilocal
matrix elements for physical quark masses and a lattice
spacing of a = 0.076 fm. These results were combined
with our previous results for m, = 300 MeV, but with very
fine lattice spacing of a = 0.06 fm and a = 0.04 fm. This
allowed us to obtain continuum-extrapolated results for
pion valance PDF at the physical point. We used the NNLO
short-distance factorization of RGI invariant matrix ele-
ments to determine up to sixth-order Mellin moments of the
pion valance PDF. The inclusion of the NNLO corrections
to the perturbative matching did not result in significant
changes to the numerical values of the moments, which
indicates the convergence of leading-twist approximation
with fixed-order perturbation theory. The NNLO correction
also played a significant role in our test of the validity of the
short-distance factorization as discussed in Appendix B.
The pion mass dependence of the moments were found to
be very mild. As summarized in Fig. 24, our results for the
Mellin moments of the pion valance PDF are in excellent
agreement with that from the different phenomenological
global fits to experimental data. By fitting model functional
forms of the PDF to the zP, dependence of RGI matrix
elements, we inferred its x dependence. Further, we
reconstructed the x dependence of the PDF from the

(x?) (x*) (x®)
u=2 GeVv
This work (nnlo) Hom| oy
xFitter | A A
JAM21nlo |- B e
JAM21nlonll | K g
0.12 0.08 0.04 0.00

FIG. 24. (x") with n =2, 4, 6 from the mass-independent
continuum estimate using NNLO matching at y =2 GeV are
shown in the first row. The statistical errors are in the first
brackets, while the systematic errors are in the second brackets,
which are estimated by varying z,,,, € [0.48,0.72] fm for the fits.
For comparison, we also show the moments evaluated
from global analyses of xFIirTeErR [107], JAM2INLO, and
JAM2INLONLL DOUBLE-MELLIN [97].

RGI matrix elements using a DNN. We found that the
model fits and the DNN-based reconstruction of the PDF
are in very good agreement among themselves, as well as
with the phenomenological global fits of experimental data;
see Fig. 25. Next, we obtained the x-dependent quasi-PDF
from the matrix elements, renormalized in a hybrid scheme.
From this quasi-PDF, we determined the x dependence of
the PDF using NNLO perturbative matching. As illustrated
in Fig. 23, we found the pion mass dependence of the PDF
to be small for pion momenta 21.5 GeV and that the x

4.0 5
0 DNN-abAsymp B JAM21nlo
351 I Model-4p L= JAM21nlonll
‘ — - xFitter
3.0f §
251
x
= 20t
(o))

1.5

1.0

0.5

0.0+

FIG. 25. We show our DNN-based PDF determination in the
continuum limit, together with the four-parameter fit results
Model-4p, and the global analyses of the experimental data with
NLO fixed-order perturbation theory from xFITTER [107] and
JAM21INLO [97] as well as the results considering threshold
resummation using the double-Mellin method (JAM2I1NLONLL).
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dependence of the PDF are in good agreement with that
from the DNN reconstruction and phenomenological
global fit results. To conclude, we presented continuum-
extrapolated lattice QCD results of the Mellin moments and
the x dependence of the valance PDF of pion for physical
values of quark masses. The Mellin moments and the
x-dependent PDF, determined in multiple ways, agree with
each other and with that form phenomenological global fits.
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APPENDIX A: TRUNCATION OF THE
OPE FORMULA

In this Appendix, we discuss the truncation of the short-
distance factorization expression. As mentioned in the main
text, in lattice calculations, one probes the reduced loffe-
time distribution in a limited range of zP,, namely, up to
(2P.) max = 6, and therefore the short-distance factorization

u=2GeV, P2 =025 GeV

o JAM21, Nipoms=2
0.4 1 FEJAM21, Nioms=4
I JAM21, Nimoms=6

JAM21, Nmoms=8

021" s JAM21, Ninoms=20
% a=0.076 fm, P,=1.53 GeV
0.0 1 2 3 4 5 6
zP,
1.0

u=2GeV, P? =025 GeV

o
o

 JAM21, Nppoms=2
JAM21, Nipoms=4
. AM21, Npyoms=6
JAM21, Ninoms=8

Mn(z, Pz, P?)
Mn(z, P, PO)
I
i

02 ot JAM21, Nipoms =20
¥ 2=0.076 fm, P,=1.78 GeV
0.0 1 2 3 3 5 6

zP,

FIG. 26. The reconstructed ratio-scheme matrix elements
M(z, P_, P?) from the JAM21 global analysis [97] with P? =
0.25 GeV and NNLO matching are shown for P, = 1.53 GeV
(top) and P, =1.78 GeV (bottom). The width of the band
corresponds to the uncertainty due to the variation of the
renormalization scale.

formula given by Eq. (15) can be truncated. To test how
many terms we need to keep in the sums entering Eq. (15),
we construct the reduced loffe-time distribution using the
NNLO global analysis of the pion valence PDF by the JAM
Collaboration (JAM21) [97] with NNLO matching, keep-
ing different numbers of terms. We also compare it with our
lattice results. This analysis is shown in Fig. 26. Keeping
ten terms in the sum, i.e., considering up to the 20th
moment, almost reproduces the exact result. Keeping only
the first four terms in the sum results in truncation errors
that are smaller than the scale uncertainty, and given the
errors of the lattice results, it is even possible to truncate the
sum at the term proportional to (x®). We note our lattice
results for reduced Ioffe-time distribution agree very well
with those obtained from JAM21.

APPENDIX B: THE RELIABILITY OF THE
PERTURBATIVE MATCHING AT DIFFERENT z

In this Appendix, we scrutinize the validity of the
perturbative matching for different values of z. To do this,
we revisit our results for the ratio scheme matrix elements
and the extraction of the moments at smaller lattice
spacings, a = 0.04 and 0.06 fm, and unphysical pion
mass, m, = 300 MeV. In Fig. 27, we show the second
moment extracted for fixed values of z at LO, NLO, and
NNLO. We see the same tendencies as for a = 0.076 fm
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0.250 {
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0175}
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$35355335558585%5
0.100 F Y iz
FEXR
0.075}
0.0 Ofl Of2 0:3 0f4 OTS 0:6 0.7
z (fm)
0.250
u=2GeV,a=0.06fm X LO
0225} 3 NLO
0200 § NNLO
0175}
% o1sof
0125} cwfﬁﬁrg%
0100 x = & &
0.075}
00 01 02 03 04 05 06 07
z (fm)
FIG. 27. (x?) extracted from the ratio-scheme data

M(z, P, P?) at each z using LO, NLO, and NNLO kernels is
shown for the a = 0.04 fm ensemble (top) and 0.06 ensemble
(bottom).

shown in Fig. 7. In particular, the NNLO result has the
smallest z dependence. At the smallest two values of z, the
second moment is too high. However, in physical units,
the values of z for which the second moment is too high are
shifted to smaller z, confirming that this effect is mostly due
to lattice discretization.

The ratio-scheme matrix element defined in Eq. (14) is a
RGI quantity, from which we can extract the Mellin
moments perturbatively through the leading-twist OPE
formula Eq. (15). For the following discussion, we consider
the P, = 0 case and write the OPE formula as

(—izP,)"
n!

M(z. P, P2=0)=>"

n=0

(")o(z),  (BI)

where we define

(o) = e YW, cale) gg;;;

(B2)

On the lattice side, (x");(z) is obtained by fitting the
results for the reduced loffe-time distribution with the
polynomial form, and the results are shown in Figs. 7
and 27 as open triangles. At leading order, ¢, = 1 and
(x™)1 0 (z) is just the usual Mellin moment. Beyond leading
order, the z dependence of (x");(z) should match the
z dependence obtained in lattice QCD calculations if

perturbation theory is sufficiently accurate. This ensures
that the (x")(u) extracted from the lattice are independent
of z. We study (x"); o(z) for x < 0.3 fm where perturbation
theory may be reliable.

In this work, we used perturbative kernels up to NNLO
level,

2
CNNLO(4222) = | 4 “sz(ﬂ) Cﬁll)(/ﬂzz) + “sz(ﬂ) CELZ)(/ﬂZz)’
T T

(B3)
where C{") (42z%) and CS) (4272 are the one-loop and two-
loop coefficients that contain terms proportional to

In(u2z2¢%'¢ /4). For example, at NLO, C\ (4272) reads [87]

[22e

(1), 2 o 34+ 2n
Cn =C — =+ 2H, | 1
(=) F[<2+3n+nzJr >n

542n 2)
-+ 2(1-H,)H, - 2H, |,
2+3n+n2+ ( nH,

(B4)

with H, being the harmonic numbers. If g is not too
different from 2/(ze’*), the logarithms are not too large,
and the perturbative expansion for the Wilson coefficients
is well behaved. However, if z is varied in a large range,
then the logarithms could become large and need to be
resummed. This can be done with the help of the renorm-
alization group equation

d d
<—aln,uz + Blay) oa.

in which the anomalous dimension reads (up to NNLO)

rn) C,(2?u*) =0, (B5)

3C 1
Yo = 4 {TF - / dxx”P<O)qq(x)}

0

1
+ ag{ A dxx” [ng” (x)0(x) — P (x)e(x)]
5 2x? 49 72
2 .= —_
—F[CF< > )-%c;c¢<24 6)

cemr(-3)]}

= ay + a2y ?, (B6)

and the running coupling a; = a,/(2x) obeys

dag
ﬁ(as) = dln;uz = —a%ﬁo - a?ﬂl»
11C4 —4n T 102 — 38n,/3
) :%’ X :+’ (B7)

114510-20



CONTINUUM-EXTRAPOLATED NNLO VALENCE PDF OF THE ...

PHYS. REV. D 106, 114510 (2022)

Then, solving the RG equation with boundary condition
Qo= kze_zw» one obtains the leading-logarithm (LL)
resummed NLO kernels (NLOevo),

ozt = cyto(gier) () )_y("””’" (B5)
" evo M z — n z SN /7 s

0 as(QO)
or NLL resummed NNLO kernels (NNLOevo),

MO (u222) = CINO(F)

D ) (g, 1),

(1) (2)) nfotPras()

"n"ay(0p) Bo+P1as(Qp)
xe M Pol , (B9)
1 2 . .
where yfi ) and yE, ) are the anomalous dimension of the nth
. . 2
moments. For a conventional choice k = 1 of Qf = =%,

terms proportional to logarithms In(u?z?e%/4) are all
cancelled. For example, the NLO + LL kernels read

CII:ILOevo (Iu2z2)

as(Qo) 3 + 2n >
=<1 —— =+ 2H, | In(k
{ T CF[<2+3n—|—n2+ ) (k)

5+2n 2
T +2(1-H,)H, -2H
24+3n+n
(1)
ag(u) \ i
K] 0
X < ‘ ) . (B10)
as(QO)
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FIG. 28.

As discussed above, the coefficients ¢, (u>z?) are sup-
posed to compensate the z dependence of (x?);(z) and
produce a z-independent (x?)(u). Now, we can contrast the
z dependence of (x?); o(z) with the perturbative prediction
of ¢,(u*z?) at different order and different choices of
the renormalization scale. We perform such a comparison
for the a = 0.04 fm ensemble, where we have the largest
range in z and the smallest discretization errors. To see the
predictive power of the perturbative result, we can fix
(x*)(u) at some z, and then predict the (x?);(z) at
different values of z. Here, we choose z5 = 0.16 fm, which
is in the middle of the range z € [0,0.3 fm]. In the upper
panels of Fig. 28, we show the fixed-order predictions, i.e.,
NLO (left) and NNLO (right), for (x?); 5 (z). We choose the
factorization scale 4 = 2 GeV as the central value and vary
it by a factor of V2. As one can see, the NLO result with
122 GeV can describe most of the data points. For
z > 0.1 fm, the NLO result can describe the z dependence
of (x?)1o(z) reasonably well for u =2 GeV and
u = 2.8 GeV. However, the scale variation of the NLO
result is quite large, and for lower values of the renorm-
alization scale, e.g., u = 1.4 GeV, the NLO result fails to
describe the lattice data. On the contrary, the NNLO result
shows a very small scale dependence for z > 0.1 fm and
describes the lattice data very well. Thus, the use of NNLO
largely improves the quality of the perturbative matching.
For small separations, z < 0.1 fm, the NLO result fails
to describe the lattice calculations and has large scale

0.14 :
! ———u=1.4GeV
\ —=u=2.0 GeV
0.121 ——u=2.8GeV
011 | ¥ a=0.04fm

0.13F| |

0.10

(x2)L0(2)

0.09

0.08

0.07

C,’;‘NLO(HZZZ)
0.06 L L L L L
0.00 0.05 0.10 0.15 0.20 0.25 0.30

z [fm]

——k=1 /

[ ——k=2 ,
0.12f —k=4 "4

| ® a=0.04fm " A

(x2)L0(2)

0.07
C[l;lNLOeVO(HZZZ)
0.06 L L L L L
0.00 0.05 0.10 0.15 0.20 0.25 0.30

z [fm]

(x?); o(z) extracted from the ratio scheme matrix elements for the a = 0.04 fm ensemble compared to the perturbative

predictions at NLO and NNLO (top panels) and NLO,,, and NNLO,,, (bottom panels) for different renormalization scales. The
perturbative results have been normalized to the lattice result at z = 0.16 fm.
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dependence. The NNLO result for these distances does a
better job in describing the lattice data but has large scale
dependence. Furthermore, the NLO and NNLO results
have very different shapes for z < 0.1 fm, explaining the
discrepancy between the NLO and NNLO results seen in
Figs. 7 and 27 at the smallest z. From this, we conclude that
there are large logs in the perturbative result which need to
be resummed. The resummed results given by Eqgs. (B8)
and (B9) are shown in the lower panels of Fig. 28. Here, we
use 4 =2 GeV and set k = 1,2,4 for Q, = k-2 As one

Ze'E"
2

can see, the naive choice Qg = —or (k=1) that eliminates

all the logarithms In(u?z%e%#/4) does not give the best
description of the lattice data points. When k 2 2, the data
under consideration can be well described except the first
two points which suffer from significant discretization
effects. This suggests Q ~ zeiVE is the better choice to set
the scale in a, for the renormalization group improved
perturbative result. We also note that NLO,,, and NNLO,,,
results are very similar and describe the lattice data for
7z < 0.3 fm, except when the scale Q, becomes too low and
ay is very large.

We summarize the above discussion with the following.
the fixed-order NLO and NNLO results describe the z
dependence of the lattice results well for z > 0.1 fm,
provided p > 2 GeV, but are not reliable for z < 0.1 fm.
For NNLO, smaller values of the scale i are possible since
the scale variation is tiny. The NNLO result also works at
larger z, which shows a controlled scale dependence. The
RG-improved results, NLO,,, and NNLO,,,, describe the
lattice data well for z < 0.3 fm, if the coupling is fixed at
Qo =~ zeiVE’ suggesting that this scale sets the running of «; in
the perturbative expression.

It may appear surprising that the NNLO result seems to
capture the z dependence of the ratio scheme matrix
elements at z~ 0.3 fm or even larger. In Ref. [48], it is
suggested that this may be due to the fact that higher-twist
contributions, while non-negligible for z > 0.3 fm, cancel

4.0 4.0

out in the ratio scheme. In Ref. [63], it is shown that the
NNLO and NNNLO corrections to Cy(u?z?) are large for
z > 0.3 fm (cf. Fig. 6 in that paper). Our analysis suggest
that some of these large corrections, which are also present
in C,(4*z%),n > 0, cancel out in the ratio ¢, = C,/C,
rendering the perturbative expansion reliable even at
relatively large values of z. The analysis in this
Appendix shows that moments of the pion PDF can be
reliably extracted using only z < 0.3 fm if RG-improved
matching is used. In this region of z, the perturbative
matching is reliable. We also see, however, that using
the fixed-order NNLO result allows the moments to be
obtained reliably at large z, where the applicability of the
perturbative matching may seem to be doubtful. But the
two determinations agree. This is because some higher-
order perturbative corrections to the Wilson coefficients C,,
cancel out in C,,/C and there are also cancellations of the
higher-twist contributions. This opens up the possibility to
reliably determine the PDF using the ratio scheme in
current lattice calculations, which are typically performed
on lattices with @ > 0.04 fm.

APPENDIX C: MASS DEPENDENCE
OF PDF FROM HYBRID RENORMALIZATION
AND x-SPACE MATCHING

To understand the pion mass and lattice spacing depend-
ence of the results, we compare the pion valence PDF
obtained in this work with the earlier calculation performed
at two lattice spacings, a = 0.04 fm and @ = 0.06 fm, with
a pion mass m, = 300 MeV [63] in Fig. 29. It can be
observed that the ¢”(x) from different calculations show
some discrepancy at P, ~ 1 GeV, while they start to
overlap when P, 2 1.5 GeV. On the one hand, the lattice
spacing dependence is mild as expected from previous
sections, and on the other hand, it also suggests the pion
mass may play a role for low momenta but decay rapidly
for large P,.

[ p,=1.02 GeV, m;=140 MeV, a=0.076 fm
3.5 [ P,=0.97 GeV, m;=300 MeV, a=0.04 fm 3.5r)

3.0r

251

q'(x)
q¥(x)

2.0

i P,=1.53 GeV, m;=140 MeV, a=0.076 fm
B P,=1.45 GeV, mz=300 MeV, a=0.04 fm 3.5

4.0

i P,=1.78 GeV, m;=140 MeV, a=0.076 fm
i P,=1.72 GeV, m;=300 MeV, a=0.06 fm

3.0f

251

g¥(x)

X

L L L L X L L
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4

L s _ L L L L
0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

X X

FIG. 29. The pion valence distribution ¢”(x) obtained from an NNLO LaMET matching is shown. We show the results from the
m, = 140 MeV case (blue) and the m, = 300 MeV cases [63] (red) for comparison.
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APPENDIX D: THE MATCHING STRATEGY
AND THE DNN REPRESENTATION
OF THE ITD Q(Ap)

In Sec. VIII, we apply Eq. (28) to solve for the light-cone
ITD Q(4,u) from the ratio-scheme matrix elements.
Starting from the standard reduced loffe-time distribution,
one has the factorization formula

2.2
Bep) = /1 " Cla. u?z?)
-1

W Q(a/l» :u)
1
= QA pu) + /_1 da[Q(ak, p) — Q(4, )]

nNNLO(aa /l222>

) D1
dxniLo (/4222) ( )

where we rewrite the perturbative kernels C(a, u>z%) by
2 o\ ‘
nNNLO(&/lzZZ) = Z (ﬁ) ”i,j(a) [L(/lzzz)]J’

2 ;
dawio(W?z?) = 1+ Z (a_;> dijIL(#22?)), (D2)

i=1 j=0 2
and
2.2

L) =2y +In (D3)

5C
dip= TF, (D4)

3Cr

= D
1,1 2 ’ ( 5)
b —C 4696, 223Cp—94Cy4
S T 96
2(8Cr — 15C
HEEE B e, —acni)|. - o6)
5 2x2 49 72
22 Z_*

5 5Cr (3

— 6CanTF:| + TF (2 CF +ﬁo> y (D7)
3Cr (3
dyy = TF (5 Cr +ﬂo>7 (D8)
1+ 4In(l-a
mole) = € 201 -0 -2 - 2= o)
1 +a?

nyi(a) =—=Cr l—a’ (D10)

as well as n, o(@), np (@), and ny 5 (@) in more complicated
forms. The constants in the formulas are Cp =4/3,

Trp=1/2, C4 =3, n =3 (3 flavor in this work), and
po = (11C4 — 4n,T)/6. With this setup, we then numeri-
cally saved nynpo(a,u?z?) [mainly for n, ;(a)] for fre-
quent calls.

As discussed in the main text of Sec. VIII, we express the
light-cone ITD Q(4, i) by the DNN,

SoNn (0§ /1)
0 ) ="——=, D11
DNN( ) fDNN(0§0> ( )
and minimize the loss function,
1
1(0’ rmod) E%O-O—FE)(Z(O, rmod)' (Dlz)

The %6 -6 term is to make sure the DNN represented
function has good shape and is smooth. The y? is defined as

)(2 (0’ rmod)
P;HJX

= Z ?: (M(z, P, P?) = Mpn(z, Pes P30, Tinga))?
Uz(Z, Pzan) ’

P.>P? Zmin
(D13)
with o(z, P,, P?) being the statistical errors of the ratio-
scheme matrix elements M(z, P_, P?). We analytically
solve the gradients of y?,
ay?
20r, ‘mod
Pmax

_ 3SR Me PP = Moz PP

PZ>P(:) Zmin gz(z’ PZ’ P?)[QDNN(Z’ P?) + rmOd(an)2}

X [(aPz)2 - MDNN(Z,PZ’P(Z))(C’P?)ZL (D14)
Ve)fz

- Z W M(2, P PY) = Mpww (2. P PY)
GZ(Z’PZ’PB)[QDNN(Z’P;))+rmod(aP(Z))2]

PZ>P9 Zmin
y 1
Jonn(0)

1 n a, 222
+/ [vafDNN(aZPZ)_vafDNN(ZPz)]M/;z)da
- dNNLO(,“ < )

{Vof pan (2P2)

— Mpxn (2, P, PY) |:v0fDNN<PgZ)

| n a,u7?
+/ [VBfDNN(aP?Z)_vofDNN(PSZ)]Mlzz)da}
) dNNLo(ﬂ %)

+rmodKaPz)Z—MDNN@,PZ,PS)(aPS)ﬂvefDNN(m}.

(D15)

To optimize the parameters, we apply the Adam optimi-
zation method [108] for the gradient descent in this work.
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