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Exploiting an evolution scheme for parton distribution functions (DFs) that is all-orders exact, contemporary
lattice-QCD (IQCD) results for low-order Mellin moments of the pion valence quark DF are shown to be
mutually consistent. The analysis introduces a means by which key odd moments can be obtained from the
even moments in circumstances where only the latter are available. Combining these elements, one arrives at
parameter-free 1QCD-based predictions for the pointwise behaviour of pion valence, glue, and sea DFs, with
sound uncertainty estimates. The behaviour of the pion DFs at large light-front momentum fraction, x > 0.85, is
found to be consistent with QCD expectations and continuum analyses of pion structure functions, i.e., damping
like (1 — x)Pron, with fyence ® 2.4, Bote ~ 3.6, By, ~4.6. It may be possible to test these predictions using data
from forthcoming experiments.

1. Introduction

As increasing investment is directed toward uncovering the origin
of a nuclear size mass scale in Nature, i.e., understanding the emer-
gence of hadron mass [1-8], there is a growing appreciation of the role
that can be played by experimental studies of pion (and kaon) struc-
ture [9-17]. This emphasises the need for robust theoretical predictions
of, inter alia, pion distribution amplitudes (DAs) and functions (DFs).
Concerning DAs, modern predictions — see, e.g., Ref. [1, Secs. 3, 8 D],
might be tested using the Drell-Yan process [18,19]; and regarding DFs,
analyses of existing data have been revisited [20-26] and many contin-
uum and lattice studies have recently been completed - see, e.g., Refs.
[1,27-38].

It is worth recalling that a parton DF is a probability density dis-
tribution: p"(x;é' )dx is the number of partons within a hadron 4 that
carry a light-front fraction x of the hadron’s momentum when this is
resolved at scale {. Each DF is an essentially nonperturbative quantity,
relating directly to the wave function of the hadron [39,40]; so, charting
DF x-dependence is one of the keys to understanding hadron structure.
In connection with the pion, almost all theory studies have focused on
valence quark DFs, because they are the most straightforward. Notwith-
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standing that, some analyses have recently tackled sea and glue DFs —
see, e.g., Refs. [27,34,41,42].

Models and continuum Schwinger function methods (CSMs) typi-
cally yield the full x-dependence of the DF [1,43]. Considering lattice-
regularised QCD (IQCD), gaining access to the x-dependence once
seemed an insurmountable problem; yet, today, methods have been
proposed and are being developed for 1QCD that also provide access
to the functional dependence [44-46]. Issues remain, however, in some
cases concerning the domain of support, which should be restricted to
x € [0, 1], and, in others, a need to solve or skirt an “inverse problem”.
Consequently, a continuing focus of 1QCD is the calculation of DF Mellin
moments:

1
M) = (x"), = / dxx" pl: ). b
0
There are also challenges with calculating such Mellin moments
[43]. For instance, the ability to compute higher moments using 1QCD is
limited by statistical precision and, at a more basic level, by the break-
ing of O(4) symmetry introduced by lattice discretisation. In the calcu-
lation of higher-order moments when working with local operators, this
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Table 1

Lattice QCD results for Mellin moments of the pion valence-quark
DF at { ={, =2 GeV [36,38] and {5 =5.2 GeV [35,37]. As dis-
cussed in connection with Eq. (8), the column labelled “G Eq. (8)”
provides the y? odd-moment completion of the Ref. [38] even mo-

ments.

n [36, J] [38, G] G Eq. (8) [35, A] [37, 8]

1 0.254(03) 0.271 0.23(1) 0.18(3)

2 | 0.094(12)  0.1104(73) 0.087(05)  0.064(10)
3 | 0.057(04) 0.054(8) 0.041(04)  0.030(05)
4 0.0388(46) 0.023(05)

5 0.037(24)  0.014(04)

6 0.0118(48) 0.009(03)

introduces lattice-spacing power-divergences in the mixing with lower-
dimensional operators, which restricts access to only those moments
(x"), n <3 [35]. Computation of higher-order moments is possible us-
ing nonlocal operators, in hybrid 1QCD studies that exploit features of
the frameworks introduced to make DF x-dependence available [36,37].
Notably, however, in some implementations of the Ioffe-time approach
[45], only even moments of the valence quark DF are accessible [38].
This is an issue because the n = 1 moment contains much important in-
formation, e.g., it gives the momentum fraction carried by the valence
quarks and can serve as the key to an evolution kernel between the
subject DF at any two resolving scales [47,48].

Given a collection of 1QCD calculations of some sets of low-order
Mellin moments, a number of questions arise. For instance: having been
obtained from distinct lattice setups, at different resolving scales, and
using dissimilar algorithms, are they mutually consistent; and suppos-
ing they are, is it possible to obtain a robust reconstruction of the DF,
with reliable uncertainties, from the available IQCD-determined Mellin
moments? Herein, we exemplify an approach to these questions and
their answers using the pion valence quark DF moments reported in
Refs. [35-38], which are listed in Table 1. Sketching briefly, these
computations, respectively: employ local operators to obtain low-order
moments, with a practitioner-chosen fit used to infer higher moments;
reconstruct the DF from a lattice cross-section using a practitioner cho-
sen fitting function, with low-order moments derived therefrom; extract
low-order moments from a pseudo-DF; and employ a pseudo-DF scheme
that only provides direct access to low-order even moments.

2. DF evolution

In discussing DFs, QCD evolution is crucial [49-52]. We employ the
all-orders scheme described succinctly in Ref. [47, Sec. III] and detailed
in Ref. [48]. Here, to assist in making the presentation self-contained,
we reiterate some points that are pertinent to the analysis of pion DF
moments.

There are two primary principles.

P1 — There exists at least one effective charge, a M(k2 ), such that, when used
to integrate the one-loop DGLAP equations, an evolution scheme for parton
DFs is defined that is all-orders exact.

Charges of this type are reviewed in Ref. [53]. They need not be
unique, but a suitable process-independent charge is not excluded. That
explained and calculated in Ref. [54] has proved valuable, e.g., serving
to deliver a unified set of predictions for pion, kaon, and proton (unpo-
larised and polarised) DFs, and pion fragmentation functions that agree
with much available data [23,29,33,55]. In being defined via observ-
ables, each such «; f(kz) is [53]: consistent with the renormalisation
group; renormalisation scheme independent; everywhere analytic and
finite; and supplies an infrared completion of any standard running cou-

pling.

P2 — The hadron scale, {3y <m s where m p IS the proton mass, is that scale
at which valence (quasiparticle) degrees-of-freedom carry all properties of
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the given hadron, including, but not limited to, the entirety of its light-front
momentum. {3, is the initial scale for all-orders DF evolution.

It follows from P2 that the glue and sea momentum fractions vanish
at {3, in every hadron; hence, since DFs are nonnegative on x € [0, 1],
F(x;:8) =0= S"(x;¢39). To date, it has been found that the same value
of {3, serves well for all hadrons. Regarding the pion, P2 entails

W) = (1=x:8). 2M, G =1. )

Kaon- and nucleon-like systems are discussed, respectively, in Refs. [28,
29]. It is worth stressing that glue and sea DFs are nonzero V{ > {33
moreover, notwithstanding P2, even on { ~ m ! significant fraction of
a given hadron’s light-front momentum is lodged with glue and sea.

At this point it is, perhaps, worth highlighting that P1 does not
require proof. It is true by definition, as explained in Ref. [56] and re-
viewed elsewhere [53, Sec. 4]. The merits of such a scheme are judged
by its efficacy. Likewise P2, which is definitive of the all-orders scheme.
P2 cannot be invalid, but it might be ineffectual. As noted above, how-
ever, widespread use [23,29,33,55] indicates, on the contrary, that P2
is very effective.

We now list three key corollaries of P1, P2 for pion-like bound states
[47,48].

C1 - Since the hadron scale DF of a ground-state pseudoscalar meson is
necessarily unimodal [1, Sec. 3], then each moment of a realistic DF is
bounded from above and below:

1
2
where the lower bound is provided by the moments of a bound state
built from two infinitely heavy valence degrees-of-freedom and the up-
per expresses the moments of a pointlike system [47].

<M G < @

C2 - Each moment of a DF at scale ¢ is completely determined by the
value of this moment at the hadron scale and the first moment at ¢, viz.
for pion-like systems,

el
M (&) =M G 2L @] @
where 78 =0 and, for n, = 4 quark flavours, y&’z =32/9,50/9. The

higher-n results are listed elsewhere [48, Eq. (6a)]. Hereafter, we write

1 n
v/ =15/7p: . ‘
Using Eq. (4), one obtains a form of Eq. (3) valid at any scale:

1 PN
o < M:ﬂ (C)/[ZMu”(C)] 0 < T+ %)
C3 - Using Egs. (2), (4), one readily finds that each odd-order Mellin
moment is completely determined by the set of lower-order even mo-

ments; hence,

[2.‘M1 (C)]yéznﬂ)/l
2n+1 _ Ur
M ©= 20n+1)
n M (©)
P ] 1 yj
J=0.1,... [2Mu”(g)] 0

Any DF whose Mellin moments satisfy the Eq. (6) recursion relation is
linked by evolution to a symmetric distribution at {;,. This is already
known to be true [47] for the 1QCD studies reported in Refs. [35-37]
and will herein be established for that in Ref. [38].

3. 0dd moments from even
It was shown elsewhere [47] that the moments reported in Refs.

[35-37] are mutually consistent and comply with all constraints de-
scribed in Sec. 2. It is now natural to enquire after the moments in Ref.
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[38, G]. This is a novel case because the method used therein only de-
livers even moments, with good signals for n = 2,4,6 — see Table 1.

The question as to compatibility of the Ref. [38, G] moments with
the earlier studies can be addressed by considering the following x>
measure:

Lo [RME) - R
o= 2 N % 7a)
J=ALS m=2 ([o7')> + o519
m/1
R = MEH/R2M T, 7b)

where we have dropped the u, subscript, because it is understood that
only the pion is being discussed, replacing it with a label that indicates
the source of the moment employed; n; is the number of moments in
1QCD study “j”, with {; being that study’s resolving scale; and aj'." =1
if moment m is reported in study j and zero otherwise, with M™, aj’.”
being the related moment and its uncertainty. Since the “G” moments
do not include m = 1, this measure is presently ill-defined.

One way of proceeding is to introduce Mé () as a parameter and
find that value for this moment which minimises )(é. With that value in
hand, the n = 3,5 moments can be obtained using Eq. (6). Continuing in
this way, one has a five-term minimisation with one fitting parameter,
i.e., four degrees of freedom; and the value

M3 (66) =0.271 (8)

provides the minimum, with ;(é / degree-of-freedom = 0.95/4 = 0.24.
This moment and the n = 3,5 moments obtained by recursion, Eq. (6),
are also listed in Table 1. Standard error propagation methods entail
that the uncertainty grows with . It can only be reduced by increasing
the precision of the lower-order even moments.

It is here worth stressing that our odd-moment completion of the
even moments reported in Ref. [38] makes neither assumptions about
the form of the P1 effective charge nor the value of the P2 hadron scale.
It is therefore significant that using the PI charge elucidated in Ref. [54],
denoted @(k?) and recorded explicitly elsewhere [23, Eq. (13)], along
with the first moment from Ref. [35], one finds

1 %
Y
M\ (L) = My (En) exp —ﬁ / %mzz) (9a)
&
=0.269(9), (9b)

a value which agrees with the minimisation — Eq. (8). It is further no-
table that repeating this procedure for all the moments reported in
Ref. [38], one arrives at the following comparisons:

n \ 2 4 6
MI(Ce) | 0.1104(73) 0.0388(46) 0.0118(48) , (10)
M) | 0.102(11)  0.027(09)  0.011(05)

which provide additional confirmation of both mutual consistency be-
tween 1QCD results and validity of the analysis scheme described in
Sec. 2.

In Fig. 1, we depict all moments in Table 1, evolved to the hadron
scale using Eq. (4). Evidently, all considered 1QCD studies deliver mo-
ments that are mutually consistent and satisfy the physical bounds, Eq.
3.

Whilst immaterial for the comparisons discussed, it is nevertheless
interesting to identify a typical value of the hadron scale which may
be associated with each 1QCD simulation. This can be achieved by us-
ing the PI charge [23, Eq. (13)] to find that value of {;, for which Eq.
(4) yields :Mj.' (&3) = 1/2 from the first moment associated with simu-
lations j = A, J, S, G at their respective resolving scales, {;. Ignoring
uncertainties, this procedure yields
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Fig. 1. Moments from Table 1, referred to {;, via Eq. (4): black down-triangles
[35, A]; blue up-triangles [36, J]; green diamonds [37, S]; orange circles [38, G]
- even moments; and red squares [38, G] - odd moments, obtained as described
around Eq. (8). Results consistent with the bounds in Eq. (5) fall within the open
band. The excluded regions are shaded lightly in grey. Long-dashed dark-blue
curve: moments of CSM DF [23], Eq. (12). Dotted magenta curve: moments of
the scale-free distribution: ¢*f(x) = 30x(1 — x)2.

1.5}

@1.0

X

S 05

0.0 0.0
00 02 04 06 08 1.0

X

Fig. 2. Referred to the one-parameter function in Eq. (12), pion DF obtained
by requiring a best y? fit to the n > 2 moments in Refs. [35-37] — dashed
dark-green curve; n =2, ...,6 moments associated with Ref. [38] - long-dashed
dark-red curve; all n > 2 moments in Table 1 - solid black curve. The CSM
prediction is drawn as the dot-dashed dark-blue curve.

1QCD study | [35,A] [36,J] [37,8] [38,G]

an
G/GeV | 0379 0351 0287 0381

These values are well clustered, with a mean 0.350(44) GeV that is con-
sistent with the CSM prediction [23, Eq. (15)]: {;; = 0.331(2) GeV.
The moments of the CSM prediction:

W (x; &) = m In[1 + x>(1 = x)? /%], (12)

with p =0.0660 and 7, a constant that ensures unit normalisation, are
also shown in Fig. 1 — long-dashed blue curve: within uncertainties, all
1QCD results are consonant with this curve. Notably, the function in Eq.
(12) is flexible enough to simultaneously express both the dilation that
the phenomenon of emergent hadron mass is known to generate in the
valence quark DF [29] and endpoint (x ~ 0, 1) behaviour matching QCD
expectations — see, e.g., Ref. [47, Sec. V] and Sec. 5 below.

At this point, one may ask for a y? best-fit to all IQCD moments
expressed through a value of p in Eq. (12). Using only the n > 2
moments from Refs. [35-37], the usual )(2 function is minimised by
[47] p =0.048, with )(2/ degree-of-freedom = 0.27. (N.B. Eq. (12) is a
symmetric distribution and M(¢;,) = 1/2 for all studies; hence, only
n > 2 moments are relevant in the minimisation.) Focusing instead
solely on the n=2,...,6 moments associated with Ref. [38], one finds
p =0.088 with y2/ degree-of-freedom = 2.2/4 = 0.55. Combining all
n>?2 moments listed in Table 1, p = 0.061 with y2/ degree-of-freedom
4.8/13 = 0.37. The hadron scale DFs obtained with these values of p
are drawn in Fig. 2: the mean £, difference between all curves drawn
is 4.1(2.3)%; namely, they are practically indistinguishable. The £, dif-
ference between the combined 1QCD result and the CSM prediction is
1.0%. (Since all valence DFs bound unit area, this measure is simply the
integral of the absolute value of the difference between the curves.)
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Fig. 3. Upper panel — A. Randomly distributed ensemble of 1QCD-based — see
Table 1 — valence-quark DFs (orange curves) constructed using the procedure
described in connection with Eq. (14). Lower panel - B. {;; — {5 evolution of
each curve in Panel A. Black circles, data recorded in Ref. [57, E615]; and
teal boxes, reevaluation of that data as presented in Ref. [58]. Both panels.
Dashed purple curve: central p = p, result in Eq. (12). Solid blue curve: CSM
prediction from Ref. [23]. Dotted black curve: scale-free distribution. (All at
scale appropriate to the panel.)

4. Pion DFs from lattice-QCD moments

We have seen that each of the simulations represented in Table 1
is in accord with the valence quark DF features explained in Sec. 2,
viz. P1, P2, and their corollaries; and that these 1QCD studies are all
mutually consistent. Hence, one may combine the moments in Table 1
to obtain an optimal description of the entire collection.

This can be accomplished by first considering the hadron-scale DF
in Eq. (12). Then, denoting the moments of this function by M’ "(p), one
minimises the following uncertainty-weighted y2 measure:

S IMI(p) - RICHP
A=Y Za;TZ”, (13)
J

Jj=AJ.S.G n=2

where a;‘ =1 in all cases with an entry in Table 1 and is otherwise zero;
and M;((), o are the related moment and uncertainty. As reported
above, this yields p, = 0.061, ;(z(po) =4.8/13 =0.37. (The uncertainties
in Eq. (13) are subsequently rescaled such that ;(g = )(z(po) =d -2,
where d =13.)

Exploiting this result, we generate a set of curves that express the
uncertainty in the 1QCD moments as follows. (a) From a distribution
centred on p, choose a new value of p. (b) Evaluate 72(p) in Eq. (13).
The new value of p is accepted with probability

P(y%d) A/ op
P=—2"—" P(y;d)=-"— 2,
P(x2;d) i) ray ¢

(c) Repeat (a) and (b) until one has a K > 100-member set of hadron-
scale DFs. (One can use more, but the impact is immaterial.) This
procedure yields the ensemble of DFs drawn in Fig. 3A. Plainly, they
properly bracket the central curve, which, itself, is a close match to the
CSM prediction [23].

Capitalising on P1, each curve in Fig. 3A can be evolved to {5 once
2Mul,, (¢5) is known — see Eq. (4). Using an uncertainty weighted average
of the results in Table 1, viz. 291/[111,, (¢5) = 0.438(5), obtained after the
Jj=1J, G ¢, values were evolved to {5 via analogues of Eq. (9a), and

14
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Fig. 4. Glue and sea DFs at {5 = 5.2 GeV. The band associated with each curve
expresses consequences of the uncertainty in the valence momentum fraction:
294} (¢5) 1= 0.438(5); leading to %lﬁ(g) 1= 0.436(1); M (¢5) 1= 0.125(1). For
comparison, CSM predictions from Refs. [23,27] are also drawn: in this case,

20, (&) 2= 0.402); M (¢5) 2= 045(1); M (&) :=0.14(D).

no further information, one obtains the orange curves in Fig. 3B. The
central curve and associated 1o-band are reproduced by

W (xi8s) = 5 x4 (1= )P (1 +yx%), (15)

a=-0.134(62), p =2.55(36), y = 1.62(77), with néS ensuring unit nor-
malisation. Evidently, the 1QCD results are consistent with the reanal-
ysis of E615 data described in Ref. [58], which follows the so-called
Mellin-Fourier approach to resummation of next-to-leading-logarithms
that was also employed with similar effect in Ref. [22].

Exploiting P1, then the results in Fig. 3A also enable prediction of
pion glue and sea DFs [48]. Employing the central curve in Fig. 3A,
generated with p = py =0.061 in Eq. (12), one obtains the DFs in Fig. 4.
On the entire kinematic domain, there is fair agreement between the
1QCD-based results calculated herein and the CSM predictions [23,27].
It is worth stressing that the CSM result for the glue DF [27] agrees
with an independent lattice determination [41]; hence, the 1QCD-based
result calculated herein is also in accord with that study.

5. Pion DFs at large-x

Analyses of the pion valence-quark DF, which incorporate the be-
haviour of the pion wave function prescribed by QCD, predict [24]:

w0 R (1= 7O, 16)

where y({3) =0 and y({ > {3;) > 0 grows logarithmically with ¢, ex-
pressing the physics of gluon radiation from the struck quark. The
powers on glue and sea DFs are, respectively, one and two units greater
[24,29,43,47,59,60]. Nevertheless, long after the first experiment rele-
vant to u”(x 2~ 1) [61], data-based conclusions relating to these predic-
tions remain confused because, amongst the many methods used to fit
existing data, e.g., Refs. [20-26,58], some produce a #” form that vio-
lates Eq. (16) and its corollaries. The results in Fig. 3 bear directly upon
this issue.

As noted in connection with Eq. (15), combined and analysed as
described above, the recent 1QCD studies collected in Table 1 produce a
large-x exponent f({5) = 2.55(36). However, this is the exponent on x =~
1, a domain whereupon data cannot readily be obtained. For empirical
purposes, it is more useful to report an effective exponent, i.e., a slope
parameter averaged over the domain x € [0.85, 1.0] [43]. Working with
the results in Fig. 3B, one finds

off x€[0.85.1]
p valence &) =

Restricting the domain to x € [0.9, 1.0], this value rises 2%, becoming
2.41(31). Analogous results for glue and sea are:

2.36(31). a7

x€[0.85,1]

Bene(©5) 3.56(23), (18a)
P11 25 "= 4 62(26). (18b)
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Modern 1QCD results are thus seen to be consistent with Eq. (16) and
its corollaries.

6. Summary and outlook

Contemporary simulations of lattice-regularised QCD (IQCD) pro-
duce Mellin moments associated with the pion valence quark distri-
bution function (DF) that are consistent with an array of expectations
based on the all-orders evolution scheme [Sec. 2]. Seen from this per-
spective, they are also mutually compatible [Sec. 3]. Consequently,
they may be combined to deliver parameter-free 1QCD-based predic-
tions for the pointwise behaviour (light-front momentum fraction, x,
dependence) of pion valence, glue, and sea DFs, with quantitatively
reliable uncertainties [Sec. 4]. Consistent with modern continuum pre-
dictions at the resolving scale usually associated with E615 data [57],
the large-x behaviour of the 1QCD DFs may be represented via [Sec. 5]

a-x%, (19)

with T » 2.4, ﬂ;ff ~ 3.6, ,B;ff ~ 4.6. These predictions can both serve
as benchmarks for existing data fitting methods and, once those meth-
ods are shown to be reliable, be tested using data from forthcoming
experiments. Moreover, using crossing symmetry [62-64], they can be
used to develop 1QCD-based predictions for pion fragmentation func-
tions [55].

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

This manuscript has no associated data or the data will not be de-
posited. [Authors’ comment: All information necessary to reproduce the
results described herein is contained in the material presented above.]

Acknowledgements

We are grateful to Z.-F. Cui and J.-H. Zhang for valuable discus-
sions. Work supported by: National Natural Science Foundation of
China (grant nos. 12135007, 12205149); Spanish Ministry of Science
and Innovation (MICINN) (grant no. PID2022-140440NB-C22); Junta
de Andalucia (grant no. P18-FR-5057); and STRONG-2020 “The strong
interaction at the frontier of knowledge: fundamental research and
applications” which received funding from the European Union’s Hori-
zon 2020 research and innovation programme (grant agreement no.
824093).

References

[1] C.D. Roberts, D.G. Richards, T. Horn, L. Chang, Insights into the emergence of mass
from studies of pion and kaon structure, Prog. Part. Nucl. Phys. 120 (2021) 103883.

[2] D. Binosi, Emergent hadron mass in strong dynamics, Few-Body Syst. 63 (2) (2022)
42.

[3] G.F. de Teramond, Emergent phenomena in QCD: the holographic perspective, in:
25th Workshop on What Comes Beyond the Standard Models?, 2022, arXiv:2212.
14028 [hep-ph].

[4] G. Salme, Explaining mass and spin in the visible matter: the next challenge, J. Phys.
Conf. Ser. 2340 (1) (2022) 012011.

[5] M. Ding, C.D. Roberts, S.M. Schmidt, Emergence of hadron mass and structure, Par-
ticles 6 (1) (2023) 57-120.

[6] M.N. Ferreira, J. Papavassiliou, Gauge sector dynamics in QCD, Particles 6 (1)
(2023) 312-363.

[7] D.S. Carman, R.W. Gothe, V.I. Mokeev, C.D. Roberts, Nucleon resonance electroex-
citation amplitudes and emergent hadron mass, Particles 6 (1) (2023) 416-439.

[8] G. Krein, Femtoscopy of the matter distribution in the proton, Few-Body Syst. 64 (3)
(2023) 42.

Physics Letters B 850 (2024) 138534

[9] B. Adams, et al., Letter of intent: a new QCD facility at the M2 beam line of the
CERN SPS (COMPASS++/AMBER), arXiv:1808.00848 [hep-ex].

[10] A.C. Aguilar, et al., Pion and kaon structure at the electron-ion collider, Eur. Phys.
J. A 55 (2019) 190.

[11] X. Chen, F.-K. Guo, C.D. Roberts, R. Wang, Selected science opportunities for the
EicC, Few-Body Syst. 61 (2020) 43.

[12] J. Arrington, et al., Revealing the structure of light pseudoscalar mesons at the
electron-ion collider, J. Phys. G 48 (2021) 075106.

[13] D.P. Anderle, et al., Electron-ion collider in China, Front. Phys. (Beijing) 16 (6)
(2021) 64701.

[14] C. Quintans, The new AMBER experiment at the CERN SPS, Few-Body Syst. 63 (4)
(2022) 72.

[15] R. Wang, G. Xie, W. Xiong, Y. Liang, X. Chen, An impact study on the pion structure
measurement at EicC, Few-Body Syst. 64 (2) (2023) 28.

[16] J.M.M. Chavez, V. Bertone, F. De Soto, M. Defurne, C. Mezrag, H. Moutarde, J.R.
Quintero, J. Segovia, Generalized parton distributions of pions at the forthcoming
electron-ion collider, Few-Body Syst. 64 (2) (2023) 38.

[17] A. Accardi, et al., Strong interaction physics at the luminosity frontier with 22 GeV
electrons at Jefferson lab, arXiv:2306.09360 [nucl-ex].

[18] A. Brandenburg, S.J. Brodsky, V.V. Khoze, D. Mueller, Angular distributions in the
Drell-Yan process: a closer look at higher twist effects, Phys. Rev. Lett. 73 (1994)
939-942.

[19] H.Y. Xing, M. Ding, Z.F. Cui, A.V. Pimikov, C.D. Roberts, S.M. Schmidt, Constraining
the pion distribution amplitude using Drell-Yan reactions on a proton, Phys. Lett. B
849 (2024) 138462.

[20] 1. Novikov, et al., Parton distribution functions of the charged pion within the xFitter
framework, Phys. Rev. D 102 (2020) 014040.

[21] C. Han, G. Xie, R. Wang, X. Chen, An analysis of parton distribution functions of the
pion and the kaon with the maximum entropy input, Eur. Phys. J. C 81 (2021) 302.

[22] P.C. Barry, C.-R. Ji, N. Sato, W. Melnitchouk, Global QCD analysis of pion parton
distributions with threshold resummation, Phys. Rev. Lett. 127 (23) (2021) 232001.

[23] Z.-F. Cui, M. Ding, F. Gao, K. Raya, D. Binosi, L. Chang, C.D. Roberts, J. Rodriguez-
Quintero, S.M. Schmidt, Kaon and pion parton distributions, Eur. Phys. J. C 80
(2020) 1064.

[24] Z.F. Cui, M. Ding, J.M. Morgado, K. Raya, D. Binosi, L. Chang, J. Papavassiliou, C.D.
Roberts, J. Rodriguez-Quintero, S.M. Schmidt, Concerning pion parton distributions,
Eur. Phys. J. A 58 (1) (2022) 10.

[25] W.-C. Chang, C.-Y. Hsieh, Y.-S. Lian, J.-C. Peng, S. Platchkov, T. Sawada, Pion PDFs
confronted by fixed-target charmonium production, AAPPS Bull. 33 (1) (2023) 15.

[26] A. Courtoy, L. Kotz, P. Nadolsky, F. Olness, M. Ponce-Chavez, V. Purohit, Fant6-
mas for QCD: parton distributions in a pion with Bézier parametrizations, in: 30th
International Workshop on Deep-Inelastic Scattering and Related Subjects, 2023,
arXiv:2309.00152 [hep-ph].

[27] L. Chang, C.D. Roberts, Regarding the distribution of glue in the pion, Chin. Phys.
Lett. 38 (8) (2021) 081101.

[28] K. Raya, Z.-F. Cui, L. Chang, J.-M. Morgado, C.D. Roberts, J. Rodriguez-Quintero,
Revealing pion and kaon structure via generalised parton distributions, Chin. Phys.
C 46 (26) (2022) 013105.

[29] Y. Lu, L. Chang, K. Raya, C.D. Roberts, J. Rodriguez-Quintero, Proton and pion
distribution functions in counterpoint, Phys. Lett. B 830 (2022) 137130.

[30] J. Lan, K. Fu, C. Mondal, X. Zhao, J.P. Vary, Light mesons with one dynamical gluon
on the light front, Phys. Lett. B 825 (2022) 136890.

[31] W. de Paula, E. Ydrefors, J.H. Nogueira Alvarenga, T. Frederico, G. Salme, Parton
distribution function in a pion with Minkowskian dynamics, Phys. Rev. D 105 (7)
(2022) L071505.

[32] M. Ahmady, S. Kaur, C. Mondal, R. Sandapen, Pion spectroscopy and dynamics
using the holographic light-front Schrodinger equation and the ’t Hooft equation,
Phys. Lett. B 836 (2023) 137628.

[33] P. Cheng, Y. Yu, H.-Y. Xing, C. Chen, Z.-F. Cui, C.D. Roberts, Perspective on polarised
parton distribution functions and proton spin, Phys. Lett. B 844 (2023) 138074.

[34] B. Pasquini, S. Rodini, S. Venturini, Valence quark, sea, and gluon content of the
pion from the parton distribution functions and the electromagnetic form factor,
Phys. Rev. D 107 (11) (2023) 114023.

[35] C. Alexandrou, S. Bacchio, I. Cloet, M. Constantinou, K. Hadjiyiannakou, G. Koutsou,
C. Lauer, Pion and kaon (x?) from lattice QCD and PDF reconstruction from Mellin
moments, Phys. Rev. D 104 (5) (2021) 054504.

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

[37] R.S. Sufian, J. Karpie, C. Egerer, K. Orginos, J.-W. Qiu, D.G. Richards, Pion valence
quark distribution from matrix element calculated in lattice QCD, Phys. Rev. D 99
(2019) 074507.

[38] X. Gao, A.D. Hanlon, N. Karthik, S. Mukherjee, P. Petreczky, P. Scior, S. Shi, S.
Syritsyn, Y. Zhao, K. Zhou, Continuum-extrapolated NNLO valence PDF of the pion
at the physical point, Phys. Rev. D 106 (11) (2022) 114510.

[39] S.J. Brodsky, G.P. Lepage, Exclusive processes in quantum chromodynamics, Adv.
Ser. Dir. High Energy Phys. 5 (1989) 93-240.

[40] C. Mezrag, Generalised parton distributions in continuum Schwinger methods: pro-
gresses, opportunities and challenges, Particles 6 (1) (2023) 262-296.

[41] Z. Fan, H.-W. Lin, Gluon parton distribution of the pion from lattice QCD, Phys. Lett.
B 823 (2021) 136778.


http://refhub.elsevier.com/S0370-2693(24)00092-3/bibD9B9090A1D75924A2F69C292ED80DD92s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibD9B9090A1D75924A2F69C292ED80DD92s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib0F0B8C5BFC387D39CD8B5A41E8CA38F5s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib0F0B8C5BFC387D39CD8B5A41E8CA38F5s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib18CD044692852B723AF6577AFD9BB898s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib18CD044692852B723AF6577AFD9BB898s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib18CD044692852B723AF6577AFD9BB898s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib12CA7C390BF33A39815BA9A7B6248B5Es1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib12CA7C390BF33A39815BA9A7B6248B5Es1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibAFEF3030003785398FFD4096839A960Fs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibAFEF3030003785398FFD4096839A960Fs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibEF9135AC06F111994CC98D09178D3848s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibEF9135AC06F111994CC98D09178D3848s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib2CEF21C499766D67084E5802BD859582s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib2CEF21C499766D67084E5802BD859582s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib4C4140A92ACC3F98009066870FCB262Ds1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib4C4140A92ACC3F98009066870FCB262Ds1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib59BC9081C00C3ACD357AB3CCA31AA8CEs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib59BC9081C00C3ACD357AB3CCA31AA8CEs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib58C168F66CE53C6E85B5A17AC8745D76s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib58C168F66CE53C6E85B5A17AC8745D76s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib9134F98F311B5DABE0661383AB2F1957s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib9134F98F311B5DABE0661383AB2F1957s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib7E2580180E58364EC16997F978F26EE9s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib7E2580180E58364EC16997F978F26EE9s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibABE4217AC74EEDD96D2FEA5D390A0D3Cs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibABE4217AC74EEDD96D2FEA5D390A0D3Cs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibF5CFA638C56DCEB37717391F1CA3A232s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibF5CFA638C56DCEB37717391F1CA3A232s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibA2E31FF3FDA23E47620007500AA6797As1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibA2E31FF3FDA23E47620007500AA6797As1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibA05642F42D55AD13C8C1F3C2BB59785Cs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibA05642F42D55AD13C8C1F3C2BB59785Cs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibA05642F42D55AD13C8C1F3C2BB59785Cs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibB0F131822CEB11B375DB5CCE2BE981AFs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibB0F131822CEB11B375DB5CCE2BE981AFs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibA8C1A7DE0EEE76667BF79402F0C112CAs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibA8C1A7DE0EEE76667BF79402F0C112CAs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibA8C1A7DE0EEE76667BF79402F0C112CAs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibC7074D2BC1AD193B1C0042C357454547s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibC7074D2BC1AD193B1C0042C357454547s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibC7074D2BC1AD193B1C0042C357454547s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibD948F54CC96FB54658661088F08CBFB2s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibD948F54CC96FB54658661088F08CBFB2s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibFB7C9E33D5D34509CB94AC3AB88529B3s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibFB7C9E33D5D34509CB94AC3AB88529B3s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib88698479AE88AB1270A7DA10BEDC7434s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib88698479AE88AB1270A7DA10BEDC7434s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib9864DF2603BBCB4D684876EFE9B167DCs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib9864DF2603BBCB4D684876EFE9B167DCs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib9864DF2603BBCB4D684876EFE9B167DCs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib04EE8E20D74DD5756788A9D7D769DB6Es1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib04EE8E20D74DD5756788A9D7D769DB6Es1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib04EE8E20D74DD5756788A9D7D769DB6Es1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib4BEC0654B7755FCB103CBCE567182454s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib4BEC0654B7755FCB103CBCE567182454s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibFDD47CC0DA7D9363D9EDD4EBF441E208s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibFDD47CC0DA7D9363D9EDD4EBF441E208s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibFDD47CC0DA7D9363D9EDD4EBF441E208s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibFDD47CC0DA7D9363D9EDD4EBF441E208s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib43CAE5C07D769A4403902E96A42F7FA2s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib43CAE5C07D769A4403902E96A42F7FA2s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibFE113ABC067A37876512D668D28B86A2s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibFE113ABC067A37876512D668D28B86A2s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibFE113ABC067A37876512D668D28B86A2s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibA298B592FB74FA2A9BE4C49DF61A6743s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibA298B592FB74FA2A9BE4C49DF61A6743s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib6C137EC4B9CA6C224AE82FED6233E3D3s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib6C137EC4B9CA6C224AE82FED6233E3D3s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib12DCC2500BD7B5BC80B017FB3E622BF9s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib12DCC2500BD7B5BC80B017FB3E622BF9s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib12DCC2500BD7B5BC80B017FB3E622BF9s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibE8410B547B2136F5337ED271D3D33650s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibE8410B547B2136F5337ED271D3D33650s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibE8410B547B2136F5337ED271D3D33650s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib77E6A9184E933BAB5FBE579969EC832Cs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib77E6A9184E933BAB5FBE579969EC832Cs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib426E9F0D58132A87D3859C6C78AC5928s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib426E9F0D58132A87D3859C6C78AC5928s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib426E9F0D58132A87D3859C6C78AC5928s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib0F7FD048DE3ABC0ABD9A723D0BA0ACF6s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib0F7FD048DE3ABC0ABD9A723D0BA0ACF6s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib0F7FD048DE3ABC0ABD9A723D0BA0ACF6s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib0E78788A95FCAB468BA8F4076EA0783Fs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib0E78788A95FCAB468BA8F4076EA0783Fs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib0E78788A95FCAB468BA8F4076EA0783Fs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib3877FED21030D10EEF410FE7320E8D87s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib3877FED21030D10EEF410FE7320E8D87s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib3877FED21030D10EEF410FE7320E8D87s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibF9C74B8876C3FC0B2B468BFA3CE71908s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibF9C74B8876C3FC0B2B468BFA3CE71908s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibF9C74B8876C3FC0B2B468BFA3CE71908s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib38664B44FB0B9E9B6E9B0C3C0987CD0Cs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib38664B44FB0B9E9B6E9B0C3C0987CD0Cs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibCB0E5325390ADA8A5D1C5559D9864096s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibCB0E5325390ADA8A5D1C5559D9864096s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib02CD7175093652CC4FC68FB6339FF3A1s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib02CD7175093652CC4FC68FB6339FF3A1s1

Y. Ly, Y.-Z. Xu, K. Raya et al.

[42] C. Bourrely, W.-C. Chang, J.-C. Peng, Pion partonic distributions in the statistical
model from pion-induced Drell-Yan and J /¥ production data, Phys. Rev. D 105 (7)
(2022) 076018.

[43] R.J. Holt, C.D. Roberts, Distribution functions of the nucleon and pion in the valence
region, Rev. Mod. Phys. 82 (2010) 2991-3044.

[44] X. Ji, Parton physics on a Euclidean lattice, Phys. Rev. Lett. 110 (2013) 262002.

[45] A.V.Radyushkin, Quasi-parton distribution functions, momentum distributions, and
pseudo-parton distribution functions, Phys. Rev. D 96 (2017) 034025.

[46] Y.-Q. Ma, J.-W. Qiu, Exploring partonic structure of hadrons using ab initio lattice
QCD calculations, Phys. Rev. Lett. 120 (2) (2018) 022003.

[47] Z.F. Cui, M. Ding, J.M. Morgado, K. Raya, D. Binosi, L. Chang, F. De Soto, C.D.
Roberts, J. Rodriguez-Quintero, S.M. Schmidt, Emergence of pion parton distribu-
tions, Phys. Rev. D 105 (9) (2022) L091502.

[48] P.-L. Yin, Y.-Z. Xu, Z.-F. Cui, C.D. Roberts, J. Rodriguez-Quintero, All-orders evo-
lution of parton distributions: principle, practice, and predictions, Chin. Phys. Lett.
Express 40 (9) (2023) 091201.

[49] Y.L. Dokshitzer, Calculation of the structure functions for deep inelastic scattering
and e* e~ annihilation by perturbation theory in quantum chromodynamics (in
Russian) Sov. Phys. JETP 46 (1977) 641-653.

[50] V.N. Gribov, L.N. Lipatov, Deep inelastic electron scattering in perturbation theory,
Phys. Lett. B 37 (1971) 78-80.

[51] L.N. Lipatov, The parton model and perturbation theory, Sov. J. Nucl. Phys. 20
(1975) 94-102.

[52] G. Altarelli, G. Parisi, Asymptotic freedom in parton language, Nucl. Phys. B 126
(1977) 298-318.

[53] A. Deur, S.J. Brodsky, C.D. Roberts, QCD running couplings and effective charges,
Prog. Part. Nucl. Phys. 134 (2024) 104081.

Physics Letters B 850 (2024) 138534

[54] Z.-F. Cui, J.-L. Zhang, D. Binosi, F. de Soto, C. Mezrag, J. Papavassiliou, C.D. Roberts,
J. Rodriguez-Quintero, J. Segovia, S. Zafeiropoulos, Effective charge from lattice
QCD, Chin. Phys. C 44 (2020) 083102.

[55] H.Y. Xing, Z.Q. Yao, B.L. Li, D. Binosi, Z.F. Cui, C.D. Roberts, Developing predictions
for pion fragmentation functions, Eur. Phys. J. C 84 (1) (2024) 82.

[56] G. Grunberg, Renormalization scheme independent QCD and QED: the method of
effective charges, Phys. Rev. D 29 (1984) 2315.

[57] J.S. Conway, et al., Experimental study of muon pairs produced by 252-GeV pions
on tungsten, Phys. Rev. D 39 (1989) 92-122.

[58] M. Aicher, A. Schifer, W. Vogelsang, Soft-gluon resummation and the valence parton
distribution function of the pion, Phys. Rev. Lett. 105 (2010) 252003.

[59] S.J. Brodsky, M. Burkardt, I. Schmidt, Perturbative QCD constraints on the shape of
polarized quark and gluon distributions, Nucl. Phys. B 441 (1995) 197-214.

[60] F. Yuan, Generalized parton distributions at x — 1, Phys. Rev. D 69 (2004) 051501.

[61] M. Corden, et al., Production of muon pairs in the continuum region by 39.5-GeV/c
7%, K*, p and p beams incident on a tungsten target, Phys. Lett. B 96 (1980)
417-421.

[62] S.D. Drell, D.J. Levy, T.-M. Yan, A theory of deep inelastic lepton-nucleon scattering
and lepton pair annihilation processes. 1, Phys. Rev. 187 (1969) 2159-2171.

[63] V. Gribov, L. Lipatov, Deep inelastic e p scattering in perturbation theory, Sov. J.
Nucl. Phys. 15 (1972) 438-450.

[64] V.N. Gribov, L.N. Lipatov, e+ e- pair annihilation and deep inelastic e p scattering
in perturbation theory, Sov. J. Nucl. Phys. 15 (1972) 675-684.


http://refhub.elsevier.com/S0370-2693(24)00092-3/bibA56808499913D51D3BEB9DD97CAE0C44s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibA56808499913D51D3BEB9DD97CAE0C44s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibA56808499913D51D3BEB9DD97CAE0C44s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibA7ECB2409538248B7FFEDA186890C3C1s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibA7ECB2409538248B7FFEDA186890C3C1s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib4FE1C9C9322E522254C56D90576198F6s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibC063782B484CF4825A17BF8F0429B8BFs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibC063782B484CF4825A17BF8F0429B8BFs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibC1927C00016EDEFC86E8EBB7CD878E34s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibC1927C00016EDEFC86E8EBB7CD878E34s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibEB10A333F9C73C87959A33F40D751D72s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibEB10A333F9C73C87959A33F40D751D72s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibEB10A333F9C73C87959A33F40D751D72s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib685D4E85B614E601DCFE460A38F4071Es1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib685D4E85B614E601DCFE460A38F4071Es1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib685D4E85B614E601DCFE460A38F4071Es1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib3767F19DC174158114B59F54B4FAE418s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib3767F19DC174158114B59F54B4FAE418s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib3767F19DC174158114B59F54B4FAE418s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibC91D650BFC8612A98FFDB3D907220677s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibC91D650BFC8612A98FFDB3D907220677s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibBE96F27791BCE4CA060DAB56AC9EDF6Bs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibBE96F27791BCE4CA060DAB56AC9EDF6Bs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib883B331F5A5634DCB9985B7201728307s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib883B331F5A5634DCB9985B7201728307s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib50D3C07068470AE32F7D2DBD3A41AA7Bs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib50D3C07068470AE32F7D2DBD3A41AA7Bs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib1774C555B15E0E4D04327C5C2E0F31C7s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib1774C555B15E0E4D04327C5C2E0F31C7s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib1774C555B15E0E4D04327C5C2E0F31C7s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib0F8C26C34A4458F725F622F87C78CDF2s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib0F8C26C34A4458F725F622F87C78CDF2s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib9297E2A696C972568F6C6946700E0B6Cs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib9297E2A696C972568F6C6946700E0B6Cs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibF22DCE82F88BF6A9E3DAAB8B015E2A64s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibF22DCE82F88BF6A9E3DAAB8B015E2A64s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibAF2FC74105FCDE461DEA34E9B86AE34Bs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibAF2FC74105FCDE461DEA34E9B86AE34Bs1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib6D295D718F5D8BA6767D8A646BD51800s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib6D295D718F5D8BA6767D8A646BD51800s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibD50C244F31F7C478D607E678A37BAD78s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibF9949FF8256346E395512132A33195D3s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibF9949FF8256346E395512132A33195D3s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibF9949FF8256346E395512132A33195D3s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib70B1D231A1B9CC5F62951B5DD4F554F2s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib70B1D231A1B9CC5F62951B5DD4F554F2s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibC0D8F050AC313B4E2E4399B928AC11E2s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bibC0D8F050AC313B4E2E4399B928AC11E2s1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib02C069443BDE01DA012D3D2329765D1As1
http://refhub.elsevier.com/S0370-2693(24)00092-3/bib02C069443BDE01DA012D3D2329765D1As1

	Pion distribution functions from low-order Mellin moments
	1 Introduction
	2 DF evolution
	3 Odd moments from even
	4 Pion DFs from lattice-QCD moments
	5 Pion DFs at large-x
	6 Summary and outlook
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


